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Abstract

A mechnism of transfer learning is analysed, where samples drawn
from different learning tasks of an environment are used to improve the
learners performance on a new task. We give a general method to prove
generalisation error bounds for such meta-algorithms. The method can
be applied to the bias learning model of J.Baxter and to derive novel
generalisation bounds for meta-algorithms searching spaces of uniformly
stable algorithms. We also present an application to regularized least
squares regression.

1 Introduction

We formally study the phenomenon of transfer, where novel tasks and concepts
are learned more quickly and reliably through the application of past experience.
Transfer is fundamental to human learning (see [13] for an overview of the
psychological literature) and offers a way to partially escape the implications of
the No Free Lunch Theorem (NFLT).

The NFLT states that no algorithm is superior to another when averaged
uniformly across all learning tasks. In a real environment, however, not all
learning tasks occur equally likely. They are distributed according to some en-
vironmental distribution £, which is far from uniform. By gathering information
on this distribution of tasks, a learner can possibly find an algorithm to out-
perform other algorithms, but, of course, only on average over the distribution
E.

This mechanism of meta-learning has been analysed by Jonathan Baxter ([2],
[3]) and there have been several successful experiments in practical machine-
learning contexts (see [5],[14],[15] and section 6). In this paper we extend the
results in [3] and offer a general method to control the generalization error of
meta-learning. We begin by reviewing some notions of learning theory.

Generalization error bounds. Statistical learning theory deals with data
and hypotheses. A data point z may be an input-output pair z = (x,y) and a



hypothesis ¢ may be some function  — ¢ (z), but for many theoretical results
data and hypotheses can be arbitrary objects z and ¢, related only through a
nonnegative loss function 1 (c,z) which measures how poorly the hypothesis ¢
applies to the data point z. The familiar square loss I (¢, (z,y)) = (¢ (z) —y)*
is an example where z = (z,y) with y e R and ¢: z — c(z) € R.

A learning task is modelled by a probability distribution D on the set of
data points, D (z) being interpreted as the probability that the data point z
will be encountered under the conditions of the task D. For a given hypothesis
c the risk

R(e,D) = Beup [l (c,2)] (1)

measures how poorly the hypothesis ¢ is expected to perform on D.

A learning algorithm A takes a sample S = (z1,..., zm) of data, drawn iid
from the distribution D defining the learning task, and computes a hypothesis
A (S). The returned hypothesis should work well on the same learning task D,
so we want the risk R (A (S), D) to be small. The quantity

Es~pm [R(A(S),D)] (2)

would be a natural measure for the performance of a given algorithm A with
respect to a given learning task D.

Unfortunately the distribution D itself is generally unknown, so that we
cannot compute or bound (2) directly. We do, however, know the sample S
which was drawn from D, and we may give a performance guarantee for A
conditioned on S, but for arbitrary D. Such a generalization error bound is
typically given by specifying a two argument function B (d,.5), where § > 0 is
a confidence parameter, and the requirement that

VD,D™{S:R(A(S),D) < B(6,5)}>1-6. (3)

The bound above states that with high probability (1—¢) in S the learning-result
A (S) will have risk bounded by B. Section 3 will give examples of generalization
error bounds.

Meta-Learning. This paper describes a mechanism by which a sequence
S=(951,...,S,) of samples, drawn from different learning tasks Dy, ..., D,, can
be used to improve and predict the performance of a learner on an unknown
future task. We will give bounds analogous to (3) and also present a practical
algorithm.

The crucial idea, due to J.Baxter ([2], [3]), is that the learning tasks D;
originate from an environment of tasks, which is a probability distribution £
on the set of learning tasks. The encounter with a new learning task is thus
modelled as a random event, a draw D ~ & of a task D. Subsequent to the draw
of D a sample S = (21, ..., 2, ) may be generated by a sequence of m independent
draws from D. Let D¢ (S) be the overall probability for an m-sample S to arise
in this way,

D¢ (S) = Ep.s[D™(9)].



The accumulation of experience is then modelled by n independent draws of sam-
ples S; ~ D¢, resulting in the sample-sequence or meta-sample S= (S, ..., Sp)
(also called ’support sets’ by S.Thrun in [15] or (n,m)-samples in [3]). The
probability for S to arise in this manner is (Dg)"™ (S) and depends completely
on the environment £. We generally use m to denote the size of the ordinary
samples and n for the size of the meta samples. We also use bold letters D, S,
1, etc to distinguish objects of meta-learning from the corresponding objects of
ordinary learning D, S, [, etc.

A learners behaviour is formally described by a learning algorithm A. To
say that the meta-sample S is used to determine the behaviour of the learner
on future learning tasks can therefore be expressed in the equation

A=A(S)

where A is a function which returns a learning algorithm for every meta-sample
S. The object A will be called a meta-algorithm. Since A (S) is an algorithm
we can train it with a sample S to obtain a hypothesis A (S) (5).

An example of a meta-algorithm is feature-learning where A selects a feature
map to preprocess the input of a fixed algorithm. Another example is given in
section 6. In general, any method that adjusts the parameters of an algorithm
on the basis of the experience made with other learning tasks can be regarded
as a meta-algorithm.

To state generalization error bounds for meta-algorithms, we need to define
a statistical measure of the performance of an algorithm A with respect to an
environment £, analogous to the risk R (¢, D) of a hypothesis ¢ with respect to a
task D. The risk (1) measures the expected loss of a hypothesis for future data
drawn from the task distribution D, so the analogous quantity for an algorithm
should measure the expected loss of the hypothesis returned by the algorithm
for future tasks drawn from the environmental distribution £. A corresponding
experiment involves the random draw of a task D from &, training the algorithm
with a sample S drawn randomly and independently from D, and applying the
resulting hypothesis to data randomly drawn from D. Formally

R(A,&) = Ep~¢ [Es~pm [R(A(S),D)]] = Ep~g [Es~pm [E-~p [L(A(S),2)]]] -

(4)
The transfer risk R (A, £) measures how well the algorithm A is adapted to the
environment £. If £ is non-uniform the NFLT doesn’t apply, and we may hope
to optimize R (4, &) in A.

If the environment was known, we could in principle select A so as to min-
imize (4), but the only available information is the past experience or meta-
sample S. The situation is analogous to ordinary learning. Now suppose that
A is a meta algorithm. The idea is to bound R (A (S),€) in terms of S with
high probability in S, as S is drawn from the environment £ for every enwvi-
ronment €. Given S we can then reason that, regardless of £, the bound is



true with high probability. Formally we seek a function B such that, given a
confidence parameter ¢,

VE, (De)" {S R (A(S),£) < B(6,8)} >1—4. (5)

The principal contribution of this paper is a general method to prove bounds
of this type for different classes of meta-algorithms.

The Method. Given an algorithm A, let 1(A,S) be an estimator for the
risk of A (S) given the sample S = (21, ..., 2p). For example set 1 = I.,,,, with
the empirical estimator

m

leﬂLP(A7S) :ZZ(A(S)WZ%)

i=1
We then write, using Esp, [f (S)] = Ep~g [Es~p= [f (S)]],

R(A(S),€)
= Es~p; [1(A(S),9)] + Ep~¢ [Es~p [R(A(S)(S), D) —1(A(S),5)]]
< Eswp. [1(A(S),9)] + sup |Es~pm [R(A(8')(S),D) —1(A(8),9)]|

(6)
To control the first term in the last line it suffices to prove a bound of the type
VD e M, (Z™),D"{S: Es.p[1(A(S),S)] <II(4,S)} >1-4, (7)

where D € M; (Z™) refers to any probability distribution on the set Z™ of
m-samples. Notice that (7) has exactly the same structure as an ordinary gen-
eralization error bound (3) where D has been repaced with D, S with S, A with
A, [ with 1, and B with II. We therefore propose to use established results of
learning theory to obtain the statement (7). Because it controls future values
of the estimator, a two-argument function IT satisfying (7) will be called an
estimator prediction bound for A with respect to the estimator 1.

The simplest case, where a nontrivial estimator prediction bound can be
found, occurs when A searches only a finite set of algorithms, but there are
many other possibilities, some are listed in section 3.

Suppose that we have established (7). To obtain (5) it will be sufficient to
bound the second term in the last line of (6).

Methods for deriving ordinary generalization error bounds often use an in-
termediate bound on the estimation error

[R(A(S), D) —1(A,9)],

valid for all distributions with high probability in S, for example by bounding
the complexity of a hypothesis space searched by A. Such bounds lead to a



general method to control the second term in (6) and to prove (5). Theorem 5
states a corresponding result, which is applied in section 5.2 to improve on the
results in [3].

A second method to bound the estimation error in (6) involves the notion
of algorithmic stability. This method is less general but more elegant and often
gives tighter bounds. Bousquet and Elisseeff [4] have shown how generalization
error bounds for learning algorithms can be obtained in an easy, elegant and
direct way. Instead of measuring the size of the space which the algorithm
searches, they concentrate directly on continuity properties of the algorithm in
its dependence on the training sample. A learning algorithm is uniformly (-
stable if the omission of a single example doesn’t change the loss of the returned
hypothesis by more than 3, for any data point and training sample possible.
Many algorithms are stable and stable algorithms have simple bounds on their
estimation error. Corresponding theorems can be found in [4]. The requirement
of stability has been weakened and the results have been extended by Nyogi and
Kutin in [10].

If for some 8 and all S the algorithm A (S) is uniformly S-stable, then the
estimation term in (6) can be bounded in a particularly simple way, namely by
23, as stated in Theorem 6.

Results. Algorithmic stability is also useful at a different level to prove
that a meta-algorithm A has an estimator prediction bound. This can be done
by appealing to Theorem 12 in [4] (stated as Theorem 2 in section 3). The
following is an immediate consequence of this theorem in combination with our
Theorem 6:

Theorem 1 Suppose the meta-algorithm A satisfies the following two condi-
tions:

1. For every meta sample S= (S, ..., Sy), let S\ be the same as S except
that one of the S; has been deleted. Then for every S,8\' and every ordinary
sample S we have

lemp (A (S),9) — Lemp (A (s\i) ,S) ] <g.

2. For every ordinary sample S = (21, ..., z2m), let S\ is the same as S except
that one of the z; has been deleted. Then for every meta sample S and every S
and S\' we have

‘Z(A (S)(8),2) —1 (A(S) (s\i) z)‘ < 8.

Then for every environment & we have, with probability greater than 1 —§
in the meta-sample S= (S, ..., Sp) drawn from (Dg)", the inequality

In (1/4)

R(A(S).6) < 5

> lemp (A(S), Si)+28"+ (4np’ + M) +28. (8)
i=1



The left hand side of the last inequality measures the expected performance
of the algorithm A (S) for all, and potentially yet unknown, tasks of the en-
vironment £. The right side is composed of an empirical estimate and terms
depending on the sample sizes n and m, the stability parameters 3’ and 3 and
the confidence parameter 6. If 8’ ~ 1/n® and 8 ~ 1/mb, with a > 1/2 and
b > 0, the bound of the theorem becomes non-trivial.

We apply these results to a practical meta-algorithm for least squares re-
gression. This meta-algorithm is related to the Chorus of Prototypes intro-
duced by Edelman in [8], so we call it CP-Regression. CP-Regression takes the
meta-sample S=(S1,...,.5,) and uses a primitive algorithm Ay to compute a
set of corresponding regression functions hq, ..., h,. For any new input object
x the feature vector of x is then mixed with (or even replaced by) the vec-
tor (hy (), ..., hpn (x)). Finally A (S) is defined to be regularized least squares
regression with this modified input representation. We show that Theorem 1
applies to this meta-algorithm, with 8’ ~ 1/n and 8 ~ 1/m as required.

CP-Regression can be implemented in practice and preliminary experiments
seem to indicate that meta-learning gives a practical advantage over ordinary
regularized least squares regression.

Outline of the Paper. In section 2 we give a summary of the definitions
and notation used in the paper. This section is intended as a reference for the
reader. In section 3 we show how to obtain estimator prediction bounds from
standard results in learning theory. In section 4 we derive transfer risk bounds
for meta-algorithms. In section 5 we attempt a comparison of our bounds to
ordinary generalization error bounds and compare our method and results to
the approach taken by J.Baxter in [3]. In section 6 we discuss regularized least
squares regression, introduce CP-regression, analyse its properties and present
some preliminary experimental results.

2 Definitions and Notation

This section is intended as a reference for the notation and definitions used in
the paper.

Measurability. Any subset which we explicitely define on a measurable
space will be assumed measurable, as will be any function. Thus for example
"F C R’ is shorthand for the statement 'F' C R and F' is Lebesgue-measurable’.
M (X)) will always denote the space of probability measures on a measurable
space X. We supply M; (X) with any o-algebra containing the o-algebra gen-
erated by the set of functions

pe My (X) = By lf]

for all bounded measurable functions f and all singleton sets {u} for pn € M7 (X).
In this way M; (X) becomes itself a measurable space and it makes sense to talk
about M (M; (X)).



Learning and Algorithms. Throughout Z will be a measurable space of
data-points z € Z, C a space of hypotheses or concepts c € C and [ : C x Z —
[0, M] a loss function. Samples are polytuples S € |J-_; Z™, and learning
algorithms are symmetric functions

A: GZmHC.

m=1

Symmetry, which will be essential for our use of stability, means that for any
permutation 7 on {1,...,m} and any S € Z™ we have A (7 (S)) = A(S) where
7 (S) refers to the permuted sample

T (21,00 Zm) = (Zr(1)s - Zn(m) ) -
The set of such algorithms depends only on C' and Z and will be denoted by
A(C, Z). The hypothesis A (S) is what results when A is trained with S.

Learning Tasks and Risk. A learning task is specified by a probability
measure D € My (Z). Given such a task D and a hypothesis ¢ € C and a loss

function [ we use
R(¢,D)=E..p|l(c, 2)]

to denote the risk (=expected loss) of the hypothesis ¢ in task D w.r.t. the loss
function I.

Generalization Error Bounds. A function B : (0,1]xJ,~_, Z™ — [0, M]
is a generalization error bound for the algorithm A € A(C, Z) with respect to
the loss function [ iff

VD e M (Z),¥ >0,D™{S: R(A(S),D) < B(5,5)} >1—06.

Estimators and Algorithmic Stability. The leave-one-out estimator l;o,
and the empirical estimator l.p,, are the functions (the notation is from [4])

lloovlemp : A(Ca Z) X (Zm) - [OvM}

defined for A € A(C,Z) and S = (21, ..., 2m) € Z™ by

lioo (A, S) = %Em:z (A(8).%).
i=1

where S\* generally denotes the sample S with the i-th element deleted, and

m

Loy (A4,8) = S 1(A(8) ).

i=1



For 8 > 0 an algorithm A € A(C, Z) is called uniformly B-stable w.r.t. the loss
function [ if

|l(A(S),z)—l(A (S\)z) | < B,

for every m, for every S € Z™, z € Z and i € {1,...,m}.

Environments and Induced Distributions. A meta-learning task is
specified by an environment

£ e M1 (Ml (Z))

which models the drawing of learning tasks D ~ £. The environment £ defines
an induced distribution Dg € My (Z™), by

D¢ (F) = Ep.g [D™ (F)] for F C Z™ measurable. (9)
The corresponding expectation for a measurable function f on Z™ is then

Es.p; [f] = Ep~¢ [Es~p= [f (5)]].

The induced distribution Dg models the probability D¢ (S) for an m-sample
S to arise when a task D is drawn from the environment &, followed by m
independent draws of examples from the same distribution D. D¢ is not a
product measure, but a mixture of symmetric product measures, and therefore
itself symmetric. Repeated, independent draws from D¢ give rise to meta-
samples (see below).

Transfer Risk. Given an environment & € M; (M (7)), an algorithm
A€ A(C,Z) and a loss function [ : C' x Z — [0, M] the transfer risk of A in
the environment £ w.r.t. the loss function [ is given by

R (A, &) = Ep¢ |[Espn [R(A(S),D)]].

It gives the expected risk of the hypothesis A (S) for a task D randomly drawn
from the environment and the sample S randomly drawn from this task. It
measures how poorly the algorithm A is suited to the environment &.

Meta-Samples and Meta-Algorithms. We use the letter S to denote a
meta-sample, S = (S1,...,8,) € (Z™)". Such can be generated by a sequence
of n independent draws from some distribution DeM; (Z™), typically the dis-
tribution D¢ induced by an environment &, that is S ~ (Dg)".

A(A(C,Z),Z™) is the set of meta algorithms. Thatisfor A € A(A(C,Z),Z™)
and S € |2, (Z™)" the object A (S) is the algorithm A = A (S) € A(C, Z)
which results from training A with the meta-sample S. Given an m-sample 5,
the object A (S)(S) is the hypothesis returned by the algorithm A (S), when

trained with an ordinary sample S.



m)"

Estimator Prediction Bounds. A function IT : (0,1] x [J;2; (
€ A(A(C, ) Zm)

[0, M] is an estimator prediction bound for the meta-algorithm A
with respect to the estimator 1: A (C, Z) x (Z™) — [0, M] iff

VD e My (Z™),¥6 > 0,D"{S: Eg.p[1(A(S),S)] <II(6,S)} >1—4. (10)

An estimator prediction bound is formally equivalent to an ordinary generaliza-
tion bound under the identifications Z <« Z™, C — A(C,Z) ,l <1, A < A,
B« II.

Meta-Estimators. Given an estimator 1 : A(C,Z) x (Z™) — [0, M] the
empirical meta-estimator le,,, is the function

Lomp : A(A(C,2),Z™) x (Z™)" — [0, M]
defined for A € A(A(C,Z),Z™) and S = (S, ..., 5,) € (Z™)" by

Lomp (A, S) Zl

The meta-estimator 1;,, is defined analogously. These definitions depend on the
choice of the estimator 1 itself. For example if 1=[;,, then

(llw)emp (A,S) = % Z lioo (A.(S),5;) .
i=1

The table below relates the descriptions of ordinary and meta-learning tasks.

Ordinary learning Meta learning

Data z2€Z S=(21,.r2m) € Z™

Samples S = (21y.er2m) € Z™ S =(S1,...,59,) € (Zm)"

Hypotheses ceC Ac AC,2)

Algorithms Aec AC,2) AcAAC,Z),2™)

Loss function | [:C x Z — [0, M] 1: A(C,Z) x Z™ — [0, M],
where 1 = lep,p o1 1160

Learning Task | D € M; (Z) D € My (Z™), typically

D = D¢ where D¢ is
induced by an environment

E e M (M;(Z)) (see(9))

Empirical lemp (4,5) = Lmp (A,S) =
estimator =23 1(A(S), 2) =157 1(A(S),S)
Risk R(¢,D)=E,.pll(c,z)] | Es~p[l1(4,5)]

Bound Generalization error Estimator prediction

An important object which is not mapped is the transfer risk R (A4, ). Cor-
respondingly an estimator prediction bound is not a generalization error bound
for the transfer risk.



Covering Numbers (these definitions are taken from [1]). Let X be a set,
Xo C X. For € > 0 and a metric d on X the covering numbers N (¢, Xo, d) are
defined by

N (e, Xo,d) =min {N € N: 3 (z1,...,an) € XN vz e X, 3i,d(z,z;) < €}.
For a class F of real functions on X and S = (z1, ..., z,) € X" define F [¢C R"

by
Fls ={(f(@1),.... f(zn)) : f € F},

and define, for € > 0 and any given n,

M (e, F,n) = sup N (¢, Fls,d1),

Sexn

where d; is the metric on R™ defined by

1 n
di (z,y) = ﬁzm—yﬂ-
i=1

Loss Function Classes. Let H C C. The loss function class F (H,1) is
the family of real functions

FH,N)={2€Z—1(c,Z):ceH}.

For F (H,1) we use the topology of pointwise convergence which it inherits as
a subset of [0, M]?. A set H C C is called closed if F (M, 1) is closed in this
topology (and therefore also compact by Tychonoffs theorem). If H is closed
then any finite linear combination of functions ¢ € H — ) . a;l(c, z;) attains
minima and maxima in H.

For H C A(C,Z) and a given estimator 1 : A(C,Z) x Z™ — [0, M] we
define an analogous (meta-) loss function class

FMH,)={SeZ"—1(A,S): AcH}.

3 Estimator Prediction Bounds

In this section we give examples of estimator prediction bounds obtained from
established results of statistical learning theory.

Selection from a Finite Set. Set the bound on the loss function M to
be equal to 1 for simplicity and suppose that there is a finite set of hypotheses
H ={ec1,...,cx} C C. Define the algorithm A for a sample S = (z1, ..., zp,) € Z™
by

1 m
A(S) = argmin — Z l(c,zj).
Jj=1

ceEH M “

10



A well known application of Hoeffdings inequality and a union bound (see e.g.
[1]) give, for any 6 > 0,

i (c,25)| < In(K/9) >1-46, (11)

2m

1
vD,D™ < S :sup |R(¢,D) — —
ceEH m-—

which gives the following generalization error bound for A:
VD e M, (Z),¥6 >0,D™{S:R(A(S),D)<B(§,5)}>1-§

with
InK +1n(1/9)
B(6,S) =lemp (A, S)+ o .
Note that this bound also holds for every algorithm searching a finite set of
hypotheses of cardinality at most K, that is for every algorithm with A (S) € H
for all S and some set H with |H| <K.

We now use the table at the end of the previous section. Substituting Z™
for Z, A(C,Z) for C, 1 = lepy or 1 = 1y, for I and a finite set of algorithms
{Ay, ..., Ak} for {c1,...,cx }, we arrive at the following statement:

Every meta algorithm A that such A (S) € {Ay, ..., Ak} for all S= (51, ..., S,)
has the estimator prediction bound

VD € My (Z™),¥6 >0,D"{S: Es.p[l1(A(S),9)] <I(4,S)} >1-9§
with

In K +1n(1/6)

1(5,S) = lom, (A, S) + o

(12)

Selection from a Set of Bounded Complexity. Again with M = 1
consider a subset H C C. It follows from the analysis in chapter 17 in [1] and
Theorem 21.1 of [1], that the following holds for every 0 < € < 1 and every
distribution D on Z:

1 m
D™{ S e Z™:VeeH, EZNDU(C,Z)]fEZZ(c,zj) <e

i=1
>1— 4N, (gf(H,Z) ,2m) =" (13)

which implies the following generalization error bound, valid for every algorithm
A searching only the hypothesis space H:

B(6,5) = lemp (A, S)+1nf{t AN ( F(H,1),2 )e 5" <5} (14)

11



Suppose now that H C A (C, Z) is a space of algorithms and fix an estimator
1 =150 0r 1 = l¢pp. Substituting Z™ for Z, A(C, Z) for C, 1 for | and H for H,
and F (H,1) for F (H,!1) in the above, we obtain analogous to (13):

For every 0 < € < 1 and every distribution D on Z™:

D" { S (2" :vA € B, |Fsop [1(.475)}—%21(,4,5]») <e

j=1
—e2n
>1—4N; (é,]—'(H,l),Zn) e 57,

Every meta-algorithm A such A (S) € H for all S has thus the estimator
prediction bound

T1(5,S) = Loy (A, S) +inf{t L AN, (é,}"(H,l)ﬂn) e < 5}. (15)

Uniformly Stable Algorithms. Now let M > 0 be arbitrary. Bousquet
and Elisseeff ([4]) prove that uniformly S-stable algorithms have a generalization
error bound with sample-independent bound on the estimation error:

Theorem 2 Let A € A(C,Z) be uniformly B-stable. Then for any learning
task D € My (Z) and any positive integer m, with probability greater 1 — 4 in a
sample S drawn from D™

Ini

Z(A(S),D)SllOO(A,S)+ﬁ+(4mﬂ+M) Tn;s,

and

1
h’lg

L(A(S) D) < lomp (A4, 5) + 26+ (4mB + M) 1 3 L.

These bounds are good if we can show uniform S-stability with 8 ~ 1/m¢®,
with @ > 1/2.  The notion of uniform stability easily transfers to meta-
algorithms to give estimator prediction bounds. Fix an estimator 1 = [;,, or
1 = lcmp and suppose that the meta-algorithm satisfies the following condition:

For every meta sample S= (51, ..., Sp,), if S’ is the same as S except that one
of the S; has been deleted, and for every ordinary sample S we have

1(A(S),5) —1(A(S),9) < 8.

Theorem 2 then gives the estimator prediction bounds

Ini

Moo (6,S) = Ligo (A, S) + B + (4n3 + M) 2—"5 (16)
and
1
Memp (3,8) = Lomyp (A, S) + 26 + (4nB + M) 1;75 (17)

12



4 Transfer Risk Bounds for Meta Algorithms

To derive the results in this section we need the following simple lemma, which
can also be found in [4].

Lemma 3 Let A€ A(C,Z). Then for any learning task D € My (Z)
1. We have Eg.pm [lioo (A,S)] = Egrpm-1 [R(A(S"), D)].
2. If A is uniformly 3-stable then |Eg. pm [lemp (4, S)]|—Es~pm [lioo (4,5)]] <
B.

Proof. Using the permutation symmetry of A and of the measure D™ we get

Bsuom (48] = 13" B 1(4(5) )]

= > Bypet [Bep [HA(S), )]
=1

— Bs_pet [R(A(S),D)].
Also
|ES~D’” [lemp (A S) — 100 (A, S)] |

|5 [14(9). 20 - 1(4 () )]

1
< =
m

i

]
Suppose now that we have an estimator prediction bound II for the meta-
algorithm A with respect to the estimator 1, so that, for all § > 0,

VD e My (Z™),D"{S: Es.p[1(A(S),S)] <I(5,8)} >1—4, (18)

where the estimator 1:4 (C, Z) x Z™ — [0, M] refers to either e, or ljp,. We
have outlined several ways to obtain such bounds in section 3.

When 1 = [, the bound (18) is already powerful by itself. By the definition
of D¢ and the first conclusion of Lemma 3 we have

Es-p¢ [lioo (A(S),S)] = Epee[Es~pm [lioo (A(S),S)]]
— Bpee[Bspst [R(A(S)(5"), D).

Substituting D¢ for D in (18) we conclude

Theorem 4 If the meta-algorithm A satisfies the estimator prediction bound
(18) with 1 = l;5, then for every environment &, with probability greater than
1 — 8 in the meta sample drawn from (Dg)" we have

Ep~g [Es~pm-1 [R(A(S)(5),D)]] <I1(4,8). (19)
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The left side of (19) is not quite equal to the transfer risk R (4,&). Here
is a first application of this bound: Let {Aj,..., Ax} be a finite collection of
algorithms. For any meta sample S = (51, ..., S,,) define A (S) to be

1 n
A (S)=ar min — lioo (A, S;) .
e, in S 45

The meta-algorithm A selects the algorithm with the lowest leave-one-out error
on average over the meta-sample. Applying the estimator prediction bound (12)
for this type of algorithm in combination with (19) above then gives, for any &£
and with probability greater than 1 — ¢ in the meta sample drawn from (Dg)",

Epe [Bs s [R(A(S) (8). D) =3 1oy (A (), 8,4/ 0D (a0

A similar result should hold if [;,, is replaced by any other, nearly unbiased
estimator. A popular procedure, for example, is dividing the samples S € S
into training- and test-samples to estimate the generalization performance of an
algorithm. If we chose from a finite set of candidates the algorithm A (S) which
performs best on average over the test data in S, when trained with the training
data in S, then we are implementing a version of the above meta-algorithm, and
a corresponding version of (20) gives a probable performance guarantee for A (S)
on future learning tasks drawn from the same environment as S.

For more sophisticated meta-algorithms we need to consider the case 1 =
lemp. In this case an estimator prediction bound only bounds the expected
empirical error lem,, (A (S),S) of A(S) for a sample S drawn from Dg, but it
does not give any generalization guarantee for the hypothesis A (S) (S). For
example A (S) could be some single-nearest-neighbour algorithm for which we
would have lepmp (A (S),S) = 0 for almost all S, but A (S) would have poor
generalization performance.

Recall the decomposition of the transfer risk (6) in the introduction:

R(A(S),€)
< Es~p, [L(A(S),59)] + sup |Es~pm [R(A(S"),D) —1(A(S),9)]].

The estimator prediction bound controls the first term above, so it remains
to bound the second term which is independent of S. We need to bound the
expected estimation error of the estimator 1 uniformly for all distributions D
and all algorithms A (S) for all meta-samples S.

Theorem 5 Suppose the meta-algorithm A has an estimator prediction bound
IT with respect to the estimator 1 = leyy, , and that for every n > 0 there is
a number B (n) such that for every distribution D € My (Z), and every meta-
sample S we have

D" {8 |R(A(S)(5), D) = lemp (A(S),S)| <Bm}=1-n  (21)
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Let € = inf, (B (n) + Mn). Then for every environment £ , with probability
greater than 1 — & in S as drawn from (Dg)" we have

R(A(S),E) <II(4,S)+e
Proof. For any D, S and arbitrary n we have
Eg~pm [R(A(S)(S),D)]

< Es~pm [lemp (A (S),9)] + Es~pm [|[R(A(S) (5), D) — lemp (A (S),5)]
< Espm [lemp (A (S), )] + B (n) + Mn,

where (21) was used in the last inequality. Taking the expectation D ~ & gives
R(A(S),E) = Ep~e([Es~pm[R(A(S)(S),D)]]
ED~5 [E1A5'~Dm [lemp (A (S) ’ S)H te

ESNDg [lemp (A (S) ) S)] +e
I1(4,8) + ¢,

A

IN

where the last inequality holds with probability greater than 1 — § in the meta-
sample S as drawn from (Dg)" by virtue of the estimator prediction bound (18)
applied with D¢ in place of D. m

The condition (21) is often satisfied, typically with B (d) decreasing as
In(1/6) in 6 and as m~/? in m, so we should get a bound € decreasing about
as quickly as y/In(m) /m. Using the results in section 3, now on the level of
ordinary learning, we see that the above theorem can be applied

o if every A (S) selects a hypothesis from a finite set H (S) of choices with
|H (S)| < K for all S. This follows from (11) The H (S) may of course be
different for different S..

o if every A (S) selects a hypothesis from a set H (S) C C' with uniformly
bounded complexities. Here we use (13). An application is given in section
5.2.

e if every A (S) is uniformly S-stable with 8 ~ 1/m. This follows from
Theorem 2.

In the last case we can give a much better bound, where the additional error
term € is often of order 1/m:

Theorem 6 Suppose the meta-algorithm A has an estimator prediction bound
IT with respect to the estimator 1 = lopmyp , and that for some (B the algorithms
A (S) are uniformly B-stable for every meta-sample S. Then for any environ-
ment € and § > 0, with probability greater than 1—3§ in S as drawn from (Dg)"

R(A(S),E) <II(5,S) + 28.
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Proof. We have

Espn [R(A(S)(S).D)] < Espns [R(A(S)(S). D)+
= Eswpm [lico (A(S),9)] + 8
< Egepm [lemp (A(S),5)] + 28,

where the first inequality follows directly from uniform stability and the next
lines follow from Lemma 3. Taking the expectation D ~ £ and using the
estimator prediction bound (18) with D¢ in place of D gives the result in just
as in the proof of the previous theorem. m

Theorem 1 now follows immediately from Theorem 6 and from the estimator
prediction bound (17) in section 3. In section 6 an application of this theorem
to a practical meta-learning algorithm is discussed.

The estimator prediction bound II (§, S) will typically depend on the size n
of the meta-sample S = (51, ..., Sy,), and not on the size m of the constituting
samples S;. One may therefore wonder, how we can have an m-dependence
of the estimation error as 283 (often order 1/m), while in Theorem 2 [4] it is

284+ 0 (\/1 / m). The reason for this difference is that to bound the transfer-

risk in the above proof we only need to bound the expectation in S of the random
variable R (A (S)(S), D), whereas the proof of Theorem 2 in [4] needs to use
McDiarmid’s concentration inequality to bound this random variable itself with

high probability in S, which is where the O (\/ 1 /m) term comes from.

5 Comparison to Other Results

In this section we relate our results to others, beginning with a comparison to
ordinary generalization bounds. Then we compare our method to the approach
taken by J.Baxter in [3] where the generalization of meta-algorithms is also
studied.

5.1 Comparison to Ordinary Generalization Error Bounds

Are our results better or worse than ordinary generalization error bounds? This
question is at the same time very important and very imprecise, because the
two kinds of results refer to different objects and situations.

The ordinary generalization error bound (examples in section 3) applies to
a situation where a sample S has already been drawn from an unknown task D
and the estimator le,,, (A4, S) already has a definite value. It typically has the
structure

VD, D™ {S : R(A(S),D) < lomp (A, S) + e} >1—6

where ¢ is a bound on the estimation error. Often ¢y = 1/1/m.
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Our bounds on the other hand apply to a situation where only the meta-
sample S is known, and typically have the structure

VE,(De)" {S: R(A(S).E) <I(5,S) +ehl >1—4

where II (9, S) is the estimator prediction bound and €, is again a bound on the
estimation error, uniformly valid for all algorithms A = A (S) for any S.

To get €, our method always requires some condition (uniform bounds on
estimation errors, S-stability) on the algorithms A (S), which is also sufficient
to prove an ordinary generalization error bound for such algorithms A (S). The
corresponding estimation errors are about the same in our bounds and in the
ordinary generalization error bounds. In case of Theorem 5 our ¢ is slightly
worse than that of the ordinary bound (i.e.\/In(m) /m vs y/1/m), in case of

Theorem 6 it is actually better (28 vs 28 + O (\/1/ ) . Let’s ignore these

differences and put ¢y = ¢,. Comparing the two bounds therefore involves a
comparison of the estimator prediction bound II (4, S) to a ’generic’ value of the
estimator e, (4, S).

Our bound II (4, S) has the disadvantage that it contains an additional error
of meta-estimation. But as the size n of the meta-sample S becomes large,
corresponding to an experienced meta-learner, this additional term tends to
zero, and II (9, S) is likely to win over the ’generic’ lemy (A, S), because A (S) is
likely to outperform the ’generic’ algorithm A on the meta-sample S. To make
this precise we have to give more meaning to the word ’generic’.

While it is easy to define a generic value of S (simply taking S ~ Dg if
some environment £ is given), it is not so clear how we should pick a generic
algorithm A. For simplicity consider a finite set of algorithms {A;, ..., Ax}. We
should select A uniformly at random from this set to obtain a generic algorithm.
The generic value of ey (A, S) is then

K

1
I = Es.p, lK > lemp (Ag, S)
k=1

The meta algorithm to consider for comparison is

1
A(S) =arg AE{AI?,IH Y 2 lemp (A4, 5)

with the estimator prediction bound

1 1D(K75k”
ES"’DQ Uemp (A(S),9)] < II?: n Z lemp (Ax, Si ~on
S; €S
= II(0p,S), (22)

where d,; is the confidence parameter associated with the draw of the meta-
sample S. Now let

Kfzz: E:lemp Ak7 HE?%:E:lemp Aka

Ses Ses
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A (S) will be positive unless all algorithms behave the same on the meta-sample,
in which case it is zero and meta-learning is indeed pointless (essentially an em-
pirical instantiation of the NFLT). With the bound M on the loss function equal
to 1, an application of Hoeffding’s inequality gives, with probability greater than
1 — dp7 in a meta sample S drawn from (Dg)",

1n(1/5A4)

1 1 &
= <
nls K llemp(A’“’S)—F+ m

Ses k=

so with probability greater than 1 — 2§, in the meta-sample S we have

B VIn(1/60) +/InK +1n(1/850)
V@E )

in addition to validitiy of our bound (22). So for large meta-samples S our
bounds will very probably be true and better than the generic value of ordinary
generalization bounds by a margin of roughly A (S).

For a practical perspective consider image recognition, when the tasks in the
support of € share a certain invariance property (say image rotation), and there
is only one algorithm in {A;, ..., Ax} having this invariance property. We can
then expect the wrong algorithms to have fairly large losses for a given meta
sample S, so that A (S) will have order = 1.

I —11(5,,8) > A(S)

(23)

5.2 Comparison to the Bias Learning Model

The approach taken in [3] can be partially reformulated in our framework. We
will consider only ERM-algorithms in A (C, Z) which have the form

1
A - in — 4 24
7 (9) argggllm;e;l(c,zz), (24)

for some closed set H C C (the assumption of closure ensures existence of
the minimum). Actually [3] allows any algorithm searching the set H, such as
regularised algorithms, but the analysis in [3] does not exploit the advantages
of regularisation and we stick to ERM for definiteness and motivation.

The traditional method to give generalization error bounds for such algo-
rithms is described in [1] or [16] and involves the study of the complexity of
the function space Fy = {z — [ (c, 2) : ¢ € H} in terms of covering numbers or
related quantities, and proceeds to prove a uniform bound on the estimation
error, such as (13) in section 3, valid for all ¢ € H, and with high probability
in the sample S. This leads to corresponding generalization error bounds. We
have sketched a version of this approach which can be applied both to ordinary
and to meta algorithms in section 3.

The choice of the hypothesis space H completely defines the algorithm (24).
A collection of such algorithms can therefore be viewed as a family H of closed
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subsets H C C which define the algorithms Ay by virtue of formula (24). A
corresponding meta-algorithm takes a meta-sample S, sampled from an environ-
ment £ as usual, and returns an algorithm A (S) = Ay g) for some hypothesis
space H (S) € H. The meta-algorithm can thus be equivalently considered as a
map S —H (S) or
H:J(Zzm)" > H
n=1

Such a meta-algorithm effectively learns the hypothesis space H (S), and in [3] it
is called a bias learner. For the remainder of this section take H to be fixed and
let A be any meta-algorithm defined by the ERM formula A (S) = Ay for

some map S —H (S) € H. We also assume the bound M on the loss function
to be equal to 1.

In our framework it is natural to study covering numbers for the space of
algorithms
Hy= {AH :H EH}

and use them to derive an estimator prediction bound (15) as outlined in section
3. Imposing a uniform bound on the complexities of the hypothesis spaces in
H then allows the application of Theorem 5. Putting together the estimator
prediction bound (15), the uniform bound on the estimation error (13) and
Theorem 5, we arrive at

Corollary 7 Let

_ 1 —v2m/32
eo—’lyr;f(){’y-l—él?s{lé%/\/l(8,.7-'(H,l),2m)e }

and, for 6 >0,
€ :inf{t SN (;,f(H,l),%) e m < 5}.

Then for any environment &, with probability at least 1 — § in the draw of a
meta-sample S from (Dg)", we have

1
R (Ays), €) < - Z lemp (Arg(s), Si) + e1+€o.
S; €S

For convenience of comparison we give implicit bounds on the sample com-
plexities, which are easily derived using ¢y = €; = ¢/2 and v = €/4:

Corollary 8 Forany0<e<1,9 >0, if

128 <4N1 (%ﬁaf(HH;lemp) ,271))
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and

m Z 5 111 I (26)

€2

512 <4supH€HJ\/1 (3627F(H7l),2m)>
€

then for any environment £ , with probability greater than 0 in the draw of a
meta-sample S from (Dg)", we have

1
R (A'H(S)a g) < E Z lemp (A'H(S), S’L) + €.
S;€S

J.Baxter in [3] also defines capacities for H, but aims at giving a bound on

sup
HeH

. 1
ED~S |:C1é17f_.{R(C7D):| - Esv‘zeslemp (A'Hasi)

valid with high probability in S as drawn from (Dg)" for any £. A corresponding
bound on
H(S)):= Ep_g | inf R(c,D 927
ere (1 (8)) = Ep~s | inf R(e.D) (21)
(which in [3] is called the generalization error of the bias learner), results. This
is Theorem 2 in [3]. The expression (27) is the expected risk of the optimal
hypothesis in H (S) as D is drawn from the environment.
The inequality

€re (H (S)) = EDNg l:ESNDm |:C€i7r_;fs) R (C, D):l :l
< Ep~e [Es~pm [R(Ans) (5), D)]]
= R (AH(S), 5) (28)

shows that our bounds on the transfer risk also provide bounds on (27). Note
however that a bound on (27) does not itself guarantee generalization, because
we may not find the optimal hypothesis from a finite future sample. This is
similar to the estimator prediction bounds in our approach and contrary to our
bounds on the transfer risk.

In Theorem 3 of [3] the capacity of a given H is used to formulate a uni-
form bound on the estimation error of the hypotheses in H similar to (13). If
corresponding capacity bounds held for all hypothesis spaces H € H, a bound
on the transfer risk R (AH(S)7 S) would result from the bound on (27) in a way
parallel to our approach (in [3] a bound on the transfer risk comparable to our
bounds is never stated). In this case the results become comparable and the
bounds on the sample complexities look similar. This is not surprising since
both derivations of bounds are rooted in the same classical method (see e.g.

[16]).
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The sample complexity bounds on the m-sample depending on the uniform
capacity bound are then essentially the same in [3] as in (26) (if we disregard
that [3] imposes additional conditions on m in Theorem 2). For a comparison
we therefore focus on the sample complexity bounds on the size n of the meta-
sample. In [3], Theorem 2, to get

1
€Te (H (S)) < - Z lemp (AH(S)a Sz) +e€

n S; €S
with probability at least 1 — § in S, it is required that

256 . 8C (55, H*
n > =2 In %, (29)
and there is an additional condition on m.

To compare (29) with our bound (25), we disregard the constants (which
are better in (25)) and concentrate on a comparison of the complexity measures
C (e, H*) and N; (6, F (Hu, lemp) , n).

In [3] the capacity C (e, H*) is defined as follows: For H € H define a real
function H* on My (Z) by

H* (D) = clgf{R(c,D).

In [3] there are assumptions to guarantee that H* is measurable on M; (Z), and
since it is obviously bounded we have H* € Ly (M; (Z), Q) for any probability
measure Q €M, (M (Z)). Use dq to denote the metric in Ly (M; (Z),Q) and
denote

H* ={H":HeH}.
Then

C (e, H*) = sup N (e,H",dq).
QeM1(M1(Z))

It turns out that our complexity measures are bounded by those in [3].
Proposition 9 For all e, n
J\/l (67.7:(HH, lemp) ,TL) S C (E,H*) .

Proof. For a sample S = (z1,...,2m) € Z™ use Dg to denote the empirical
distribution Dg € M; (Z) induced by S:

m

DS = %Zfszm
=1

where §, is the unit mass concentrated at z € Z. Note that for H € H we have

H* (Dg) = inf 1 > (e 2i) = lemp (An, S) .



For a meta-sample S =(S51,...,5,) € (Z™)" use Qg to denote the empirical
distribution QseM; (M; (Z)) induced by S:

Qs = ;;5%1.7

where dp is the unit mass concentrated at D € M; (Z).

Now take any meta-sample S = (51, ..., S,,) € (Z™)" and let N = N (e, H*, dqg).
Then there is a set of functions {Uq,...,¥x} C Ly (M; (Z)) such that for every
‘H € H there is some ¢ such that

€ 2 dos (M, ¥)

= N (Ds) - W (Ds)
j=1
= 0 ey (A5 55) — W (D). (30)

On the other hand we have

f(HH, lemp) |S = {(lemp (AH7 Sl) g eeey Ze’mp (A'H7 Sn)) H e H}7

so, setting z; € R" with (z;), = ¥; (Ds, ), we see from (30) that every member
of F (Hu, lemp) |s is within d;-distance € of some z;. It follows that

N(G,f(HHv lemp) |S7d1) S N(EaH*v dQS) )
whence
Nl (eaf(HHJemp) ,Tl) = sup N(€7‘7:<HHalemp) |Sad1)

Se(zm™)"

sup N (e, H*,dqg)
se(zm)
sup N (e, H*,dq)
QeM1(M1(2))

= C(e,H)

IN

IA

]

We can conclude that our bounds are normally applicable when those in [3]
are. It may however happen, that our covering numbers increase polynomially
in n, in which case we still get tight bounds, but the capacities in [3] are infinite.

6 A Meta-Algorithm for Regression
In this section we present a meta-learning algorithm for function estimation.

The algorithm is based on reqularized least-squares regression, or ridge regression
(as in [4] or [6]) and preliminary experiments appear promising.
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To implicitely also define a 'kernelised’ version of the algorithm, we describe
it in a setting where the input space is a subset X of the unit ball {||z|| < 1} in a
separable, possibly infinite dimensional Hilbert space H, with an appropriately
defined inner product.

The output space ) is the interval [0, 1], the data space Z is given by Z =
X x Y C{]lz|| <1} x [0,1] and a learning task is given by a distribution D €
My (X xY). Then D (z,y) is interpreted as the probability of finding the input
value = associated with the output value y in the context of the task D.

As a hypothesis or concept space we consider the bounded linear functionals
h on H which can be identified with members h € H via the action of the inner
product h (z) = (h,z) in H.

As a loss function we use [ : H x Z — R, given by

l(hv (m,y)) = (<h,$> - y)2 :

This loss function is unbounded contrary to what is generally required in this
paper. It will however turn out that the effective hypothesis space searched
by the algorithms in this section is the ball {||h|| < )\_1/2} where \ is the

regularization parameter introduced below.

6.1 Regularized least squares Regression

A standard algorithm A € A (H, Z) for this type of problem is defined as follows:
Let S = (21, 2m) = (1,91) s -y (T, Ym)) € Z™ be a sample. We write, for
h e H,

L) =3 () o) + Al
i=1
and define
A(S)=argminL (h). (31)

heH
Note that A||A (S)||* < L(A(S)) < L(0) < 1so|A(S)| < A~Y2. The effective
hypothesis space is then {Hh” < )\71/2}, as claimed above. Thus |(h,z)| <
2712 and the loss function is bounded by AL
Any component of h perpendicular to all the x; will only increase L, so we

may assume that A (S9) is in the subspace generated by {z1, ...,z }, in other
words

for some (possibly non-unique) vector a € R™. To find o we substitute (32) in
L and equate the gradient to zero. The result of this well known computation
is the formula

(G+mA)a=y (33)

where G;; = (x;,x;) is the Gramian matriz, here considered as an operator on
R™, I = 4,5 is the identity, and y = (y1, ..., Ym) the set of target values in the
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sample, here considered as a vector y € R™. Equation (33) can be efficiently
solved for « using the Cholesky decomposition method. The formula for the
empirical loss of A (59) is, using (32) and (33)

1 m
lemp (A,8) = Ez
=1

1
= Z ((G+mAl) )fyifm)\ozi)Q
m’Ll

1
= ; m/\al

= m)\? Z ol (34)
i=1

It follows from example 3 in [4] that the algorithm A so defined is S-stable
with 8 =2/ (Am).

6.2 A Meta-Algorithm

Consider now a meta sample S = (51, ...,.S,,), drawn from (Dg)" for some en-
vironment &, and suppose that we have used some ’primer’ algorithm A, (for
example the regression algorithm above for an appropriate value of A = Ag)
to train corresponding regression functions hy = A (Sx) € H. The sequence
of vectors (4o (S1), ..., A0 (Sn)) = (h1, ..., hy) in some way contains our experi-
ences with the environment £. The idea of the meta-algorithm is now to use
the hy as additional features to describe a given new data-point z. We do
this by combining the n-dimensional vector (h; (z), ..., h, (x)) with the existing
description x € H.

The intuitive motivation is that we expect the h; to already describe relevant
properties (symmetries, elimination of irrelevant features) of the environment,
that we rely on, in particular if the sample-sizes are rather small. Imagine the
classification (by thresholding of a regression functions) of character-images of
a new character set, say the greek characters, after having learnt other char-
acter sets (roman, gothic etc). We could attempt to describe the image of the
character a by saying that ’it looks a little bit like an x and a lot like an a, but
rather unlike an I’. On the basis of this description a person might recognize
the character «, without any previous wvisual training data for «.

The terms a little bit like, a lot like and unlike are quantifications given by
previously learnt regression functions for z, a and [, which may already have
a certain robustness relative to deformations, changes in scaling or variations
in line thickness. If the sample-size m is large we can derive such robustness
more directly and reliably from the training data for « itself, but for a very
small sample-size we expect the new features to be helpful. The whole idea is
strongly related to the Chorus of Prototypes introduced by Edelman in [8], so
we will call our algorithm CP-Regression.
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To formally define the algorithm, consider a ’primer’ algorithm Ay € A (H, Z)
such that ||4g (5)|| < & for all S € Z™. For example we could take for Ay the
regularized least squares regression, as defined above, with a regularization pa-
rameter \g, in which case we would have k = A\j 12 Fix a mixture parameter
w € [0, 1] which will be used to interpolate between the old and the new features

and a regularization parameter A > 0.

Now let the meta-sample S = (S, ...,S,) be given. We have to define an
algorithm A (S) € A(H,Z). On the vectorspace H we define a new inner
product (.,.)g by

n

(z1,22)g = (1 — p) (z1,22) + # > (Ao (Sk),21) (Ao (Sk),22),  (35)
k=1

which is positive definite for 0 < g < 1 (in the case u = 1 we can use a quotient
construction to replace H, which then becomes n'-dimensional with n’ < n).
We will use ||.||g to denote the norm corresponding to (.,.)g.

Let S € Z" be any sample, S = (21, ..., 2m) = ((1,Y1) , -y (T, Ym)) With
z; € H, ||z;|| <1, y; €[0,1]. We define

m

_ . N2 2
A(S) (S)—arghmelgEZ(%,ms yi)” + Allhlls

=1

and the corresponding regression function

Note that
2 2 H -
[zlls = (1 —p)l=| +%Z<Ao(5k)7w>
k=1
2 H . 2 2
< A=wlel®+ 5= R ol = [l
i=1

so X C {|lz||g < 1}. Therefore A (S) is ordinary regularised least squares re-
gression with the modified inner product (.,.)g. It follows from the analysis in
[4] that the algorithms A (S) are uniformly -stable with 8 = 2/ (mA), for every
meta-sample S, with respect to the square loss function we use.

The implementation of A is straightforward: Given S = (5i,...,.S,) one
computes the vectors hy, = Ag (Sg). Now for any new m-sample S the Gramian

(Gs)yy = (@isws)s = (1= 1) (@i s) + = 3 (i) (o, 32)
k=1

25



is determined, and the equation (Gs + mAI) a = y is solved for « using Cholesky
decomposition. We then get the regression function

m
z Zai@ci,x)S:
i=1
m

= (1=pY ailzia)+p) v (hi,a)
k=1

i=1

with

m

1
Vi = %;al <hk7xi>-

In a nonlinear case, when the inner product in H is defined by a complicated
kernel, this regression function may be cumbersome to compute since all the
computations of (hy,z) will each again involve m computations of the kernel.
Also the entire meta-sample S has then to be present in memory. In a linear
case, when the vectorspace operations in H can be performed explicitly, the
computational burden is significantly reduced to the computation of a single
inner product (h,z) of x with the vector

h=(1- M)Zam +/~LZ'7khk
i=1 k=1

which is determined once during training.

6.3 Analysis of CP-Regression

As already noted the algorithms A (S) are uniformly S-stable with 8 = 2/ (),
for every meta-sample S, with respect to square loss. This gives condition 2 for
the application of Theorem 1.

The first condition, essential for the estimator prediction bound, is satisfied
by virtue of the following proposition which is proven in the next subsection:

Corollary 10 The algorithm A is uniformly ('-stable w.r.t. lemyp in the sense
that, if S = (S1,., Sk, .., Sn) is a meta sample and S'= (S1, ., Sk—1, Sk41.-, Sn) 18
the same as S, with only some Sy deleted, then

|lemp (A (S) 75) - lemp (A (S/) ’ S)| < 6/

for every sample S € Z™, with

r_ 4p
b= Aln—1)"
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Substitution in Theorem 1 gives, for every environment £ with probability
at least 1 — ¢ in a meta-sample S drawn from (Dg)",

R(A(S),8) < % > lemp (A(S),8:) +

Sies
8 16un 1 In(1/9) 4
Jr)\(n—l) (A(n—1)+)\> o mn (36)

The bound gives a performance guarantee of the algorithm applied to future
tasks on the basis of the empirical term

(o) ey (A:8) = = " Ly (A (5),51). (37)
S, €S

If 4 = 0, corresponding to no meta-learning at all, the bound (36) becomes
more attractive to look at, but we expect the empirical term to be larger. For
small n it is better to take small p, while for very large values of n the value
of y which results in the smallest empirical term is best. It is tempting to
minimize the bound with respect to u. Unfortunately (36) applies only if the
parameters of A have been fixed in advance, it does not justify the selection
of the parameters A, i or the choice of the primer algorithm Ay which enters
the bound only indirectly through the term (37)). Although this problem can
be partially eliminated (see the method of sieves as used in [1]), it remains a
major weakness of our algorithm. A more principled approach would involve
the direct minimization of

1
=3 lemp (4,8:) + N (4)
n S; €S

where N (A) would be some meta-regularizer. Our algorithm attempts to de-
crease the quantity (37) only indirectly by the passage to (presumably) more
reliable features.

6.4 Stability of CP-Regression

In this subsection we prove Proposition 10. For a bounded operator T on a real
Hilbert space H we use ||T||, to denote its operator norm

1Tl = sup [[Tz]|= sup [(Tz,y)|
Izl <1 el lvli<1

and use T, Ker (T) and Ran (T) to denote its transpose, nullspace and range
respectively. A symmetric operator satisfies (T'z,y) = (x,Ty) for all  and y
(i.e. T =T?), and a positive operator is a symmetric operator also satisfying
(Tz,z) > 0 for all z.

Lemma 11 Let G1 and Gs be positive operators and A > 0. Then
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1. G; + M is invertible,
Q.H(Gi +/\I)*1H <1/X and

3. we have
@+ 207 = @+ 207 < 5161 - Gl
4. Let x1 and xo satisfy (G; + M) x; =y. Then
[0l — flzal| < 2272 G — Gl Il

Proof. 1. If (G; + A\I) z = 0 then —\ ||z|| = (Giz,x) > 0so x = 0. Thus G;+AI
is 1-1, and since Ran (G; + AI) = Ran ((Gi + /\I)t> = Ker (G; + \[)* = {0}L
it is also onto.
2. Suppose (G; + AI)x = y. Then
Mlal* = lly - Gial* = llyll* - 2 (Giz,y) + |G|
= |yl* - 2(Giz, Giz + Az) + || Gyal|”
= lyl* = 1Gsz]|* = 2X (z, Giz) < |ly]*,
which proves the second conclusion.
3. We have
((G1 FAD T (Gt )\I)_l) (G + AI)
= (G1+ M) (Gr + M 4 Gy — Gy) — (G2 + M) (Gy + AD)
= (G1+ )" (G2 — Gy),

so, using the second conclusion,

H(G1 FADT — (Ga /\I)_lH

oo

= [+ a0 (G2 -GG+ a7

<@ +an7Y| 16z - Gl [z a0 7Y
<A?Gy = Gl -

Finally, using the first three conclusions, if x; = (G; + A\I )"'y, then

a1l = loall?| = Ior + 22,21 = 22)]
(el + llz2l) s — 2]

@2 yl) (A2 1161 = Galle llyl) -

INIA
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Proof. of Proposition 10. Suppose S = (S, ., Sky, --; Sn) is @ meta sample and
that S'= (51, ., Sko—1, Ske+1-+, Sn) is the same as S, with only some Sy, deleted.
We have to show that

4p
lemp (A (S),8) = lemp (A(S'),9)] < =1
for every sample S = (21, ..., 2m) = (x1, Y1) 5 s (T, Ym)) € Z™.
Let G and G’ be the gramian matrices arising from the vectors z; and the
inner products (.,.)g and (.,.)g respectively, that is

Gij = <£Ei,$j>s and G;j = <l‘i,l‘j>s,.

We regard G and G’ as operators on R™ and use |.||,,, and (.,.),, for the canon-
ical norm and inner product in R™ respectively.
We have, using (35) and denoting hy, = Ag (S),

—H H
Cii =G = Bt 1) k;; (i 3) (o 25) + —5 = (g 23) (g 25)
0

so, if n and ~y are any two unit vectors in R™, we have, with v = Y"1 | n,z; and
m
w = VT

el S o S N
(G =Gl = H2n(n—1)k; (i 0) (s w) + 5 (kg 0) (g, )
K 2 K 2
QR A — h NS
S Pn(n-1) k; s ll™ o Tl + 5 o [ 1] ool
24
< 7 vl
n

Now using the triangle and Cauchy Schwarz inequalities

2
S | < 3 I sl < Wl (z o] ) < 2
1=1 =1 =1

[ol] =

and similarly
lwll < m?/2,

so that [((G — G")n,7),,| < (2um) / (n —1). Since n and v were arbitrary unit

vectors we have

2um

n—1
Now if a and o’ are vectors in R™ which are solutions of (G — mAl)a =y

and (G' —mAI) o’ =y respectively, and y € R™ is a vector with |y;| < 1, then,

using the last conclusion of Lemma 11 together with (38),

IG =Gl = (38)

2

el

< 2mN G-l vl
< Am A pyll?, / (n - 1)
<

4m~ A3/ (n—1).

2
= [l 11
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Using the formula (34) for the empirical error in regularised least squares
regression then gives

[lemp (A (S),S) = lemp (A (S/) ,9) = mA’ ”O‘”?n - ”O‘/an
Ap
< .
- A(n-—-1)

7 Conclusion

We have employed established analytical tools of statistical learning theory to
analyze transfer learning. The notion of uniform algorithmic stability has proven
to be particularly useful. Many interesting problems remain, of which we men-
tion only two:

1. The unnatural requirement, that all sample-sizes be equal to the meta-
learner, should be eliminated.

2. CP-Regression could be implemented and more systematically tested with
a nonlinear kernel.
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