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Abstract This paper presents the first generalization bounds for time series prediction with
a non-stationary mixing stochastic process. We prove Rademacher complexity learning
bounds for both average-path generalization with non-stationary S-mixing processes and
path-dependent generalization with non-stationary ¢-mixing processes. Our guarantees are
expressed in terms of f- or ¢-mixing coefficients and a natural measure of discrepancy
between training and target distributions. They admit as special cases previous Rademacher
complexity bounds for non-i.i.d. stationary distributions, for independent but not identically
distributed random variables, or for the i.i.d. case. We show that, using a new sub-sample
selection technique we introduce, our bounds can be tightened under the natural assumption
of asymptotically stationary stochastic processes. We also prove that fast learning rates can
be achieved by extending existing local Rademacher complexity analyses to the non-i.i.d. set-
ting. We conclude the paper by providing generalization bounds for learning with unbounded
losses and non-i.i.d. data.
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1 Introduction

Given a sample ((X1, Y1), ..., (X, Yin)) of pairs in Z = X x ), the standard supervised
learning task consists of selecting, out of a class of functions H, a hypothesis h: X — ) that
admits a small expected loss measured using some specified loss function L: ) x Y — Ry.
The common assumption in the statistical learning theory and the design of algorithms is
that samples are drawn i.i.d. from some unknown distribution and generalization in this
scenario has been extensively studied in the past. However, for many problems such as
time series prediction, the i.i.d. assumption is too restrictive and it is important to analyze
generalization in the absence of that condition. A variety of relaxations of this i.i.d. setting
have been proposed in the machine learning and statistics literature. In particular, the scenario
in which observations are drawn from a stationary mixing distribution has become standard
and has been adopted by most previous studies (Alquier and Wintenberger 2010; Alquier et al.
2014; Agarwal and Duchi 2013; Berti and Rigo 1997; Shalizi and Kontorovich 2013; Meir
2000; Mohri and Rostamizadeh 2009, 2010; Pestov 2010; Ralaivola et al. 2010; Steinwart
and Christmann 2009; Yu 1994). In this work, we seek to analyze generalization under the
more realistic assumption of non-stationary data. This covers a wide spectrum of stochastic
processes considered in applications, including Markov chains, which are non-stationary.

Suppose we are given a doubly infinite sequence of Z-valued random variables {Z;}2_
jointly distributed according to P. We will write Z» to denote a vector (Z4, Zg41, - .., Zp)
where @ and b are allowed to take values —oo and oco. Similarly, P% denotes the distribution
of Zg. Following Doukhan (1994), we define B-mixing coefficients for P as follows. For each
positive integer a, we set

Bla) = sup P @PY, — P APY, IV, ey

where P A PY, denotes the joint distribution of Z  and Z7%,. Recall that the total
variation distance | - ||Tv between two probability measures P and Q defined on the same
o-algebra of events G is given by ||P — Q|lTv = supycg |P(A) — Q(A)|. We say that P
is B-mixing (or absolutely regular) if f(a) — 0 as a — oo. Roughly speaking, this means
that the dependence with respect to the past weakens over time. We remark that f-mixing
coefficients can be defined equivalently as follows:

B@)=sup E [IPF,¢1Z00) = P,lv] @)
N/

oo

where P(-|-) denotes conditional probability measure (Doukhan 1994). Another standard
measure of the dependence of the future on the past is the p-mixing coefficient defined for
alla > 0 by
¢(a) = sup sup P77, (-[B) =P, lItv, (3)
t BeF;

where F; is the o-algebra generated by Z . A distribution P is said to be @-mixing if
¢(a) — 0as a — oo. Note that, by definition, 8(a) < ¢(a), so any ¢-mixing distribution
is necessarily B-mixing. All our results hold for a slightly weaker notion of mixing based on
finite-dimensional distributions with 8(a) = sup, E|[P;4,(-|Z_ ) — PiigllTv and ¢(a) =
sup, supger, IPr+a(:|B) — PriqllTy. We note that, in certain special cases, such as Markov
chains, mixing coefficients admit upper bounds that can be estimated from data (Hsu et al.
2015).
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We also recall that a sequence of random variables Z% is (strictly) stationary provided

t+m+k

1k admit the same

that, for any ¢ and any non-negative integers m and k, Z§+m and Z
distribution.

Unlike the i.i.d. case where E[L(h(X), Y)] is used to measure the generalization error of
h, in the case of time series prediction, there is no unique commonly used measure to assess
the quality of a given hypothesis &. One approach consists of seeking a hypothesis / that
performs well in the near future, given the observed trajectory of the process. That is, we

would like to achieve a small path-dependent generalization error

Lrest = E [L0Xre). Yrapl2] |, @
T+s
where s > 1 is fixed. To simplify the notation, we will often write £(h, z) = L(h(x), y),
where z = (x, y). For time series prediction tasks, we often receive a sample YlT and wish
to forecast Y745. A large class of (bounded-memory) auto-regressive models use the past ¢
observations Y;_ g+1 10 predict Yr. Our scenario includes this setting as a special case
where we take X = Y9 and Z; 4, = (Yf_ g+1° Y,H).1 The generalization ability of stable
algorithms with error defined by (4) was studied by Mohri and Rostamizadeh (2010).
Alternatively, one may wish to perform well in the near future when being on some
“average” trajectory. This leads to the averaged generalization error:

Lrs(h) = %ET[LT+s(h)] = E [b(h, Zr45)]. (&)
1

T+s

We note that L7 (h) = L4s(h) when the training and testing sets are independent. The
pioneering work of Yu (1994) led to VC-dimension bounds for /:T+s under the assumption
of stationarity and S-mixing. Later, Meir (2000) used that to derive generalization bounds
in terms of covering numbers of H. These results have been further extended by Mohri
and Rostamizadeh (2009) to data-dependent learning bounds in terms of the Rademacher
complexity of H. Ralaivola et al. (2010), Alquier and Wintenberger (2010), and Alquier
et al. (2014) provide PAC-Bayesian learning bounds under the same assumptions.

Most of the generalization bounds for non-i.i.d. scenarios that can be found in the machine
learning and statistics literature assume that observations come from a (strictly) stationary
distribution. The only exception that we are aware of is the work of Agarwal and Duchi
(2013), who present bounds for stable on-line learning algorithms under the assumptions of
asymptotically stationary process.? The main contribution of our work is the first generaliza-
tion bounds for both L7 and E_Tﬂ when the data is generated by a non-stationary mixing
stochastic process.> We also show that mixing is in fact necessary for learning with L7,
which further motivates the study of L.

Next, we strengthen our assumptions and give generalization bounds for asymptoti-
cally stationary processes. In doing so, we provide guarantees for learning with Markov
chains—most widely used class of stochastic processes. These results are algorithm-agnostic
analogues of the algorithm-dependent bounds of Agarwal and Duchi (2013). Agarwal and

I Observe that if Y is B-mixing, then so is Z and Bz,(a) = Py (a — q). Similarly, the ¢-mixing assumption is
also preserved. It is an open problem [posed by Meir (2000)] to derive generalization bounds for unbounded-
memory models.

2 Agarwal and Duchi (2013) additionally assume that distributions are absolutely continuous and that the loss
function is convex and Lipschitz.

3 While this work was under review, Kuznetsov and Mohri (2015) used techniques that appeared in the
extended abstract of this work (Kuznetsov and Mohri 2014) to establish generalization bounds for learning
with non-stationary non-mixing processes.
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Duchi (2013) also prove fast convergence rates when a strongly convex loss is used. Similarly,
Steinwart and Christmann (2009) showed that regularized learning algorithms admit faster
convergence rates under the assumptions of mixing and stationarity. We show that this is in
fact a general phenomenon and use local Rademacher complexity techniques (Bartlett et al.
2005) to establish faster convergence rates for stationary mixing or asymptotically stationary
processes.

Finally, all the existing learning guarantees only hold for bounded loss functions. However,
for a large class of time series prediction problems, this assumption is not valid. We conclude
this paper by providing the first learning guarantees for unbounded losses and non-i.i.d. data.

A key ingredient of the bounds we present is the notion of discrepancy between two
probability distributions that was used by Mohri and Muiioz (2012) to give generalization
bounds for sequences of independent (but not identically distributed) random variables. In
our setting, discrepancy can be defined as

d(t1,12) = sup |Lyy (h) — Ly, ()] (6)
heH

Similarly, we define d (t1, t2) by replacing £; with L; in the definition of d (11, 7). Discrep-
ancy is a natural measure of the non-stationarity of a stochastic process with respect to the
hypothesis class H and a loss function L. For instance, if the process is strictly stationary,
then d (t1, 1) = 0 for all #1, 1, € Z. As a more interesting example, consider a weakly sta-
tionary stochastic process. A process Z is weakly stationary if E[ Z;] is a constant function of
t and E[Z;, Z,,] only depends on t; — . If L is a squared loss and a set of linear hypothesis
H = {Y[T_qul = ow - Y,T_q_H: w € RY} is used, then it can be shown (see Lemma 12;
“Appendix 17 that in this case we again have d(t;, 1) = O forall |, 1, € Z. This example
highlights the fact that discrepancy captures not only properties of the distribution of the
stochastic processes, but also properties of other important components of the learning prob-
lem such as the hypothesis set H and the loss function L. An additional advantage of the
discrepancy measure is that it can be replaced by an upper bound that, under mild conditions,
can be estimated from data (Mansour et al. 2009; Kifer et al. 2004).

The rest of this paper is organized as follows. In Sect. 2, we discuss the main technical tool
used to derive our bounds. Sections 3 and 5 present learning guarantees for averaged and path-
dependent errors respectively. In Sect. 4 we establish that mixing is a necessary condition
for learning with averaged path-dependent errors. In Sect. 6, we analyze generalization with
asymptotically stationary processes. We present fast learning rates for the non-i.i.d. setting
in Sect. 7. In Sect. 8, we conclude with generalization bounds for unbounded loss functions.

An extended abstract of this work appeared as (Kuznetsov and Mohri 2014). This version
includes complete proofs of the results in Sects. 2 and 6 as well as a detailed discussion of
the results of Sects. 3, 5 and 6. We have also clarified the proofs in Sect. 7. The material in
Sects. 4, 8 and Appendix is also entirely new.

2 Independent blocks and sub-sample selection

The first step towards our generalization bounds is to reduce the setting of a mixing stochastic
process to a simpler scenario of a sequence of independent random variables, where we can
take advantage of known concentration results. One way to achieve this is via the independent
block technique introduced by Bernstein (1927) which we now describe.
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We can divide a given sample ZlT into 2m blocks such that each block has size a; and we
require 7 = lez] a;. In other words, we consider a sequence of random vectors Z(i) =
Z,”(E’)), i=1,... 2mwherel(i) = 14+ 3} ajandu(i) = 3_, a;.Ttwill be convenient to
refer to even and odd blocks separately. We will write Z° = (Z(1),Z(3) ..., Z(2m — 1)) and
7¢ = (Z(2),Z(4),...,Z2m)).In fact, we will often work with blocks that are independent.

Leii" = (Z(l), cees Z(2m — 1)) where Z(i),i =1,3,...,2m — 1, are independent and
each Z(i) has the same distribution as Z(i). We construct Z¢ in the same way. The following
result enables us to relate sequences of dependent and independent blocks.

Proposition 1 Let g be a real-valued Borel measurable function such that —M| < g < M
for some My, M> > 0. Then, the following holds:

m—1

[E[g(Z%)] — EIg(Z)]| < (My + M2) D Bla).

i=1

The proof of this result is given in Yu (1994), which in turn is based on Eberlein (1984) and
Volkonskii and Rozanov (1959).* For the sake of completeness, we present the full proof of
this result below. We will also use the main steps of this proof as stand-alone results later in
the sequel.

Lemma 1 Let Q and P be probability measures on (§2, F) and let h: §2 — R be a Borel
measurable function such that —M; < h < M» for some M|, My > 0. Then

I%[h] —Ig[h]l = (M + M) P — Qllrv.

Proof We start by proving this claim for simple functions of the form

k

h=>cjla;, @

j=1

where A s are in F and pairwise disjoint. Note that we do not require ¢; > 0. Observe that
in this case

k
Eh—Eh= > cj(Q(A;) = P(A)))
[
< D ¢ (Q(A) — P(A)) + D cj(Q(A)j) — P(A))

Jjeh Jjeh

4 The bound stated in Yu (1994) only holds in case M| = 0, i.e. for non-negative g and a; = a for all 1.
Indeed, to see that if |g| < M it need not be the case that [E[g(Z?)] — E[g(Z°)]| < M (m — 1)B(a), consider
Zy = Z forall t, where P(Z = 1) = p and P(Z = —1) = q. Suppose g: R > Rt gzt vvzma) =1
ifz] = ... = zyma and —1 otherwise. Then one can show that Eg(S;) — Eg(S;) = 2 — 2(p™ + (1 — p)™ and
B(a) = p(1 — p) for any a. For any m we can find p such that 2 —2(p"™ + (1 — p)™ > (m — 1)p(1 — p).
For instance, if m = 2 then p = % will suffice.
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where J1 = {j: (Q(A;)—P(A;)) <0,c; <0}and J» ={j: (Q(A;)—P(A;)) >0,¢; >
0}. Therefore,

Eh—Eh< M3 (P(A) = Q(A)) + M2 3 (0(A)) = P(Ap)

J€N Jeh
= Ml(P(Ujelej) - Q(Ujelej)) + MZ(Q(UjeJZAj) - P(UjerAj))

< (M + M)||Q — Plitv,

where the equality follows from the fact that A ;s are disjoint. By symmetry, Eph — Egh <
(M1 4+ M>3)|| Q — P|tv and combining these results shows that the lemma holds for all simple
functions of the form (7). To complete the proof of the lemma we use a standard approximation
argument. Set ¥, (x) = min(n,27"[2"x]) for x > 0 and ¥,,(x) = —min(n, 27" |[—-2"x])
for x < 0. From this definition it is immediate that ¥, (h) converges pointwise to 7 asn — 0o
and —M;| < ¥, (h) < M,. Therefore, by the bounded convergence theorem, for any € > 0,
we can find n such that [Eph — Ep¥, (h)| < € and [Egh — Ep¥,(h)| < €. Since ¥, (h) is
a simple function of the form (7), by our previous result and the triangle inequality, we find
that

[Eh—Eh| < |Eh —E¥ ()| + [E¥,(h) — E¥,(h)| + [Eh — EW, (h)|
P 0 P P P 0 0 o

<2e+ M+ M)|Q — Plv.

Since the inequality holds for all € > 0, we conclude that |[Eph —Egh| < (M| + M>)| QO —
Plltv. ]

Note that, if |g| < M, then |[Egg — Epgll < 2M|P — Q|ltv and the factor of 2 is
necessary in this bound. Consider a measure space 2 = {0, 1} equipped with a o -algebra
F = {0,{0}, {1}, £2}. Let Q and P be probability measures on (£2, F) such that Q{0} =
P{l} = 1and Q{1} = P{0} = 0. If 2(0) = 1 and h(1) = —1 then |Egh — Eph| =2 >
1 =||P — Q|tv. Lemma 1 extended via induction yields the following result.

Lemma 2 Letm > 1 and ([T, 2. [ 1= Fi) be a measure space with P a measure on
this space and P; the marginal on (]_[,i:1 2, Hi:l Fi)- Let Q j be a measure on (82, F)

and define
J
Pj+l(' Ika) —Q0j+1 ]
k=1 v

for j = land By = | P1 — Qi lltv. Then, for any Borel measurable function h: []j—, 2x —
R such that —M1 < h < M> for some M1, My > 0, the following holds

|

m—1
[E[R] — E[R]| < (M1 + M) D B,
P 0 =

where Q0 =01 ® 02®...Q On.

Proof We will prove this claim by induction on m. First suppose m = 1. Then, the conclusion
follows from Lemma 1. Next, assume that the claim holds for m — 1, where m > 2. We will
show that it must also hold for m. Observe that

[Eh —Eh|<|ER— E hl+| E h— E hl
P (9] P Pp—1®0m Pu_1®0m 018..90m
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For the first term we observe that
[Eh — E hl=]|E E h— E Eh|
P mel®Qm melpm('lgm—l) melQm

< E| E h— Eh|,
Pu—1 Pn(C1Gm-1) Om

where G; = Hi: 1 Fk- Applying Lemma 1 we have that the first term is bounded by (M) +
M>3)Bm—1. To bound the second term we apply Fubini’s Theorem, Lemma 1 and inductive
hypothesis to get that

E h-— E hl=|E E h— E E h|
mel®Qm Q1®~~-®Qm Qumfl QmQ1®~-®mel
<E|E h-— E h|
Qm Py—1 Q1®~--®mel
m—2
< (M + M) D B
j=0
and the desired conclusion follows. O

Proposition 1 now follows from Lemma 2 by taking Q; to be the marginal of P on
(£2;, F}) and applying it to the case of independent blocks.

Proof of Proposition 1 We start by establishing some notation. Let P; denote the joint
distribution of Z(1), Z(3), ..., Z(2j — 1) and let Q ; denote the distribution of Z(2j — 1) (or
equivalently Z(2j —1)). We will also denote the joint distribution of Z(2j+1), ..., Z(2m—1)
by P/.Set P =P,and Q = Q1 ® ... ® Q,,. In other words, P and Q are distributions of
Z° and Z° respectively. Then

m—1

[Eg(Z°) — Eg(Z°)| = g —Egl < (M1 + M) D8
j=0

by Lemma 2. Observing that 8; < B(az;) and By = 0 completes the proof of the Proposi-
tion 1. O
Proposition 1 is not the only way to relate mixing and independent cases. Next, we introduce
an alternative technique that we name sub-sample selection, which is particularly useful
when the process is asymptotically stationary. Suppose we are given a sample ZIT. Fixa > 1
such that T = ma for some m > 1 and define a sub-sample 70) = Ziyjs s Zin—14))s
j=0,...,a— 1. An application of Lemma 2 yields the following result.

Proposition 2 Let g be a real-valued Borel measurable function such that —M < g < M»
for some My, My > 0. Then

|E[g(Z7)] — E[g(ZD)]] < (M} + Ma)m B(a),

where B(a) = sup, IE[||]P,+¢,(-|Z’1) — I||tv] and Zn is an i.i.d. sample of size m from a
distribution I1.

The proof of Proposition 2 is the same as the proof of Proposition 1 modulo the definition

of measure Q which we set to I7". Proposition 2 is commonly applied with I7 the stationary
probability measure of an asymptotically stationary process.
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3 Generalization bound for the averaged error

In this section, we derive a generalization bound for averaged error £7 ;. Given a sample
ZIT generated by a (8-)mixing process, we define Q>(Z1T) as follows:

i} 1L
o7 = (c J(h) — — Eh,Z). 8
@h sup T4s(h) thzl( ) (8)

We assume that @ is measurable which can be guaranteed under some additional mild
assumption on Z and H. We will also use /1 to denote the set of indices of the elements from
the sample ZIT that are contained in the odd blocks. Similarly, /5 is used for elements in the
even blocks.

We establish our bounds in a series of lemmas. We start by proving a concentration result
for dependent non-stationary data.

Lemma 3 Let L be a loss function bounded by M, and H an arbitrary hypothesis set. For
any ay, ...,ayy > 0such that T = le | @i, partition the given sample Z into blocks as
a’escrlbed in Sect. 2. Then, for any ¢ > max(E[® (Z")] E[® (Ze)]) thefollowmg holds:

2m—1
P(@(Z]) > €) < P(D(Z°) —E[®(Z°)] > €1) +P(D(Z*) —E[®(Z)] > e2) + > Blai),
i=2

where €] = € — E[®(Z°)] and €, = € — E[®(Z°)].
Proof By convexity of the supremum @ (Z]) < o (Z2)+ L2l (2¢). Since |1 | +|1| = T

for @ D(Z2°)+ % @ (Z°) to exceed € at least one element of {@ (Z?), @ (Z¢)} must be greater
than €. Thus, by the union bound, we can write

]P’(QD(ZIT) >€) < P(P(Z°) > €) + P(P(Z°) > ¢)
=P(P(Z°) — E[®(Z%)] > €1) + P(P(ZE) — E[P(Z°)] > €2).

We apply Proposition 1 to the indicator functions of the events {®(Z°) — E[® (Z”)] > €1}
and {@(Z¢) — E[® (Z°)] > €} to complete the proof. O

Lemma 4 Under the same assumptions as in Lemma 3, the following holds:
2T2 2 2m—1

T - €]
P(®(Z]) > €) <exp (”aOH%MZ) +exp (” 6||2M2) Z Bar),

where a° = (ay, as, ..., am—1) and a® = (az, aq4, ..., Aym).

Proof We apply McDiarmid’s inequality (McDiarmid 1989) to the sequence of independent
blocks. We note that if Z° and Z are two sequences of independent (odd) blocks that differ
only by one block (say block i) then @ (Z") - (Z) <a; % and it follows from McDiarmid’s
inequality that

P(®(Z°) — E[@(Z%)] > ) < (_ZTZGIZ)
— > —_— .
V=P ez

Using the same argument for Z¢ finishes the proof of this lemma. O
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The next step is to bound max (E[& (20)], E[@(ZE)]). The bound that we give is in terms
of the block Rademacher complexity defined by

R(Z°) = LE[ sup Za, (h, Z2i — 1))] )

Wl Lhen 4

where o; is a sequence of Rademacher random variables and I(h, Z(2i — 1)) = >, £(h, Z;)
and where the sum is taken over ¢ in the ith odd block. Below we will show that if the block
size is constant (i.e. a; = a), then the block complexity can be bounded in terms of the
regular Rademacher complexity.

Lemma5 Forj=1,2, let AJ = ﬁ Z,elj d(t, T + ), which is an average discrepancy.
Then, the following bound holds:

max(E[®(Z%)], E[®(Z°)]) < 2 max(R(Z%), R(Z?)) + max(A', A?). 10)

Proof In the course of this proof, Z; denotes a sample drawn according to the distribution
of Z° (and not that of Z°). Using the sub-additivity of the supremum and the linearity of
expectation, we can write

[ sup L1y (h) — — Ze(h Zz)]

|1|t€,

_ _ 1 -
_ E[::g Lrslh) — W Zmz) * i ZM’”

Zah Z»]

te]
_E[sup Lris(h) - Z&(h)ﬂup—z Li(h) — Zah za]
heH | & 1 =
Lris(h) — L)+ — L (h L(h, Z
- T ere - Bl [::,%,EZ, = 3520.2)

=Al + LE[ sup ZIE I(h, Z(2i — 1))] — 1(h, Z(2i — 1))]

heH

The second term can be written as

|11| [sup ZA (h)]

heH 5
with A; (h) = E[l(h, 2(21' —1)] —1l(h, Z(Zi — 1)) foralli € [1, m]. Since the terms A; (h)
are all independent, the same proof as that of the standard i.i.d. symmetrization bound in

terms of the Rademacher complexity applies and A can be bounded by R(Z). Using the
same arguments for even blocks completes the proof. O

Combining Lemma 4 and 5 leads directly to the main result of this section.
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Theorem 1 With the assumptions of Lemma 3, for any § > 21222_ ! B(a;), with probability
1 — 4, the following holds for all hypotheses h € H:

L i d 70 e 1 2
res(h) < 7 DL, Z0) +2max(R(Z7), REZ) +max(4', 4%)
t=1

log 2
P , a° 8 i
+ max(fla®(l2, [[a”[|2)4/ 72

where 8’ = § — er-";zl B(a;).

The learning bound of Theorem 1 indicates the challenges faced by the learner when presented
with data drawn from a non-stationary stochastic process. In particular, the presence of
the term max(A!, A%) in the bound shows that generalization in this setting depends on
the “degree” of non-stationarity of the underlying process. The dependency in the training
instances reduces the effective size of the sample from 7 to (T /(||a’||» + ||a® [l2))2. Observe
that for a general non-stationary process the learning bounds presented may not converge
to zero as a function of the sample size, due to the discrepancies between the training and
target distributions. In Sects. 6 and 7, we will describe some natural assumptions under
which this convergence does occur. However, in general, a small discrepancy is necessary
for learning to be possible, since Barve and Long (1996) showed that O(yl/ 3) is a lower
bound on the generalization error in the setting of binary classification where the sequence
ZlT is a sequence of independent but not identically distributed random variables and where
y is an upper bound on discrepancy. We also note that Theorem 1 can be stated in terms of
a slightly tighter notion of discrepancy supy, |L74s — (1/|1 D> e I L, | instead of average

instantaneous discrepancies A7,

When the same size a is used for all the blocks considered in the analysis, thus 7 = 2ma,
then the block Rademacher complexity terms can be replaced with standard Rademacher
complexities. Indeed, in that case, we can group the summands in the definition of the block
complexity according to sub-samples 7 and use the sub-additivity of the supremum to find
that R(Z°) < %z‘;:, Ry (ZD)), where R,y (Z) = LE[supy, .y 3, 0il(h, Z; ;)] with
(07)i a sequence of Rademacher random variables and (Z; ;); ; a sequence of independent
random variables such that Z; ; is distributed according to the law of Z, ;1) from ZIT.
This leads to the following perhaps more informative but somewhat less tight bound.

Corollary 1 With the assumptions of Lemma 3, and T = 2am, for some a, m > 0, for any
8 > 2(m — 1)B(a), with probability 1 — §, the following holds for all hypotheses h € H:

1< i 2 & 10gg
Lrosh) <=3 C0h,Z)+=> R ZDY+ =54, T M il
m()_T;( ’H“; n( )+T§< )+

8m

If the process is stationary, then we recover as a special case the generalization bound of
Mohri and Rostamizadeh (2009). If ZlT is a sequence of independent but not identically
distributed random variables, we recover the results of Mohri and Mufioz (2012). In the i.i.d.
case, Theorem 1 reduces to the generalization bounds of Koltchinskii and Panchenko (2000).

The Rademacher complexity R, (Z(f )} that appears in our bound is not standard. In
particular, the random variables Z s Zza+ oo Zza(m_l)Jr ;j may follow different distribu-
tions. However, $R,,(Z) can be analyzed in the same way as the standard Rademacher
complexity defined in terms of i.i.d. sample. For instance, it can be bounded in terms
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of distribution-agnostic combinatorial complexity measures such as the VC-dimension or
growth function using standard results such as Massart’s lemma (Mohri et al. 2012). Alter-
natively, for p-Lipschitz losses, Talagrand’s contraction principle can be used to bound the
Rademacher complexity of the set of linear hypotheses H = {x — w - ¥ (x): |w|y < A}
by pr A//m, where H is a Hilbert space associated to the feature map ¥ and kernel K and
where r = sup, K (x, x).

4 Mixing and averaged generalization error

In this section, we show that mixing is in fact necessary for generalization with respect to
averaged error.

We consider a task of forecasting binary sequences over ) = {+1} using side information
in X’ and history of the stochastic process. That is, a learning algorithm A is provided with a
sample ZIT € XT x {£1}7 and produces a hypothesis hZIT. Attime T + 1, side information
X741 is observed and I’lZIT (X741) is forecasted by the algorithm. The performance of the

algorithm is evaluated using L(y, y') = 1y2y.
We have the following result.

Theorem 2 Let H be a set of hypotheses withd = VC —dim(H) > 2. For any algorithm A,
there is a stationary process that is not B-mixing and such that for each T, there is T' > T
such that

_ . _ 1 1
P(LT/H(hZIT/) — inf Lpiyi(h) 2 5) z 3 (11)

Proof Since d > 2, there is X’ = {x1, xo} C X such that this set if fully shattered, that is
each of the dichotomies is possible on this set. The stochastic process we will define admits
X’ for support. We will further assume H = H’, where H' = {hy, hy, h3, hs} is a set of
hypotheses that represent all possible dichotomies on X'.

Now let St be sample of size T drawn i.i.d. from a Dirac mass §(y,,1) and let hg, be a
hypothesis produced by .4 when trained on this sample. Note that &g, is a random variable
and the randomness may come from two sources: the sample St and the algorithm A itself.
Thus, conditioned on St, let pr be the distribution over H used by the algorithm to produce
hs, . Note that pr is completely determined by (x1, 1, T'). If the algorithm is deterministic
then pr is a point mass.

Consider now a sequence of distributions py, pa, ..., define

ht = argmax pr (h)
heH

and observe that pr(hr) > %. Let 4™ be an element of H that appears in the sequence
hi, ha, ... infinitely often. The existence of 2* is guaranteed by the finiteness of H.

Let yo = —/*(x2). We define a distribution D = 18(y, 1)+ 28(x»,y0)- Then let (X1, ¥1) ~
D and forall t > 1,

Sy, f X1 =x1,
8(x2,y0),  Otherwise.

(Xl’ Yt) ~ ‘
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We first show that this stochastic process satisfies (11). Indeed, observe that inf e L4
(h)y =0andif Er = {[;TH(thT) > %}

1 1 1
P(Er) = EP(ET’|X1 =x1)+ E]P(ET’|X1 #X1) > EP(ET’|X1 = Xx1).
Choose T’ such that 7 = h* and observe that in that case
1 1 N 1
SP(Ep| X1 =x1) = cP(Ep|h™ = hyr = hgr, X1 = x1) = 2,
2 8 1 8
where the last equality follows from:

)

| =

- 1 1
Lrilhgr) = 5Lty (), 1) + S L (), —hy (x2)) =

when we condition on h* = h7' = hyr and X = x;.
We conclude this proof by showing that this process is stationary and not S-mixing. One

can check that for any ¢, and any k and any sequence (zy, ..., zx), the following holds
I ifa=...=u =@,
P(Zi =z, Zipk =2) = { 5. ifz1 =... =z = (x2, Y0),
0, otherwise.

Since the right-hand side is independent of ¢ it follows that this process is stationary. Now
observe that for any event A

1
IPrya(A1Z) = (x1, 1), Z3) — Pria(A)] = §|8(xz,yo)(A) — 8y, (A)]

and taking the supremum over A yields that |Pr1,(-|Z) = (x1, 1), Z]) — Pryqllty = 3.
Similarly, one can show that |P,4,(:|Z1 = (x2, yo), Z2T) —PriallTy = %, which proves that
Ba) = % for all a and this process is not S-mixing. O

We note that, in fact, the process that is constructed in Theorem 2 is not even ¢-mixing.
Note that this result does not imply that mixing is necessary for generalization with respect
to path-dependent generalization error and this further motivates the study of this quantity.

S Generalization bound for the path-dependent error

In this section, we give generalization bounds for a path-dependent error L7, under the
assumption that the data is generated by a (¢-)mixing non-stationary process. In this section,
we will use @(ZlT) to denote the same quantity as in (8) except that L7 is replaced with
LT4s.

The key technical tool that we will use is the version of McDiarmid’s inequality for depen-
dent random variables, which requires a bound on the differences of conditional expectations
of @ [see Corollary 6.10 in McDiarmid (1989) or “Appendix 3”’]. We start with the following
adaptation of Lemma 1 to this setting.

Lemma 6 Let ZlT be a sequence of Z-valued random variables and suppose g: Z¥tJ — R
is a Borel-measurable function such that —M| < g < M» for some M, M> > 0. Then, for
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any zi, ..., 2 € Z, the following bound holds:

[Elg(Z1, ..., Zk, Z1—j+1s -+ s Z7)I21s - z] —Elg(za, ooy 2k, Zr—jt1s -0 Z7)]]
< (M + Mo)p(T + 1 — (k + j)).

Proof This result follows from an application of Lemma 1:

[Elg(Z1, ..., Zk, Zr—js1, - Z7)lz1, - o ] — Blg @1, ooy 2k, Zr—jgts -+ o5 Z7)]]
< (My+M)IPE_ 4 Clzra -z = PT_ o llty

<My + M)e(T +1 —(k+ j)),

where the second inequality follows from the definition of ¢-mixing coefficients. O
Lemma 7 Forany zy, ..., 2k, z}c € Zandany 0 < j < T — k with k > 1, the following
holds:

[E[@Z])lz1. ... %] = E@Z]Dlz1. ... 21| < 2M (52 + yo(j +2) + o(s)),

where y = 1iff j +k < T and 0 otherwise. Moreover, if L115(h) = L115(h) then the term
@(s) can be omitted from the bound.

Proof First, we observe that using Lemma 6 we have |L7ys(h) — ET_H (h)| < Mo(s).
Next, we use this result, the properties of conditional expectation and Lemma 6 to show that
E[®(ZT)|z1, ..., z] is bounded by

_ 1 <
E[ sup (z:m(h) - 2t Z,))
=1

Zl,...,Zk] + Mo(s)

heH
1 T =
< E[;gg (£T+x(h) — 7 2 U Zy =5 > th, z,>) LT Zk] +1
t=k+j =1
1 T =
< E[;gg (£T+x(h) — 7 2 U Zy =5 > th, zt))] +Myp(j +2)+1,
t=k+j =1
where n = M(% + ¢(s)). Using a similar argument to bound E[¢(Z1T)|Z1, o, z}c] from

below by —M (ye(j +2) + % + ¢(s)) and taking the difference completes the proof. O

The lastingredient needed to establish a generalization bound for L7 isabound on E[@].
The bound we present is in terms of a discrepancy measure and the sequential Rademacher
complexity introduced in Rakhlin et al. (2010) and further shown to characterize learning in
scenarios with sequential data (Rakhlin et al. 2011a,b, 2015). We give a brief overview of
sequential Rademacher complexity in “Appendix 2”.

Lemma 8 The following bound holds
T seq s—1
E[®@(Z))] < E[A] +2R,7 (He) + MT’
where %ST@Y (Hy) is the sequential Rademacher complexity of the function class Hy = {z

Uh,2):heHyand A= L3177 d@ +5,T +5).
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Proof First, we write E[®(Z])] < E [suphE a(Lras(h) — L0 e(n, z,))] + M7t
Using the sub-additivity of the supremum, we bound the first term by

1 T—s 1 T—s
[sup = Z(zfﬂ(h) e(h, Zm»} +E [sup - Z(cm(h) czﬂ(h))}

heH heH

The first summand above is bounded by 2%t} (Hy) by Theorem 2 of Rakhlin et al. (2015).
Note that the result of Rakhlin et al. (2015) is for s = 1 but it can be extended to an arbitrary
s. We explain how to carry out this extension in “Appendix 2”. The second summand is
bounded by E[A] by the definition of the discrepancy. O

Note that Lemma 8 and all subsequent results in this Section can be stated in terms of a
slightly tighter notion of discrepancy E[sup;, [L14+s — (1/T) th=1 L;]] instead of average
instantaneous discrepancy E[A].

McDiarmid’s inequality [Corollary 6.10 in McDiarmid (1989)], Lemma 7 and Lemma 8
combined yield the following generalization bound for path-dependent error L7 (h).

Theorem 3 Let L be a loss function bounded by M and let H be an arbitrary hypothesis
set. Letd = (dy, ...,dr) withd, = J'+ + Y0 +2) + @(s) where 0 < j, < T —t and
vi = 1iff ji +t < T and O otherwise (m case training and testing sets are independent we
can take d; = j’;fl + v (ji +2)). Then, for any § > 0, with probability at least 1 — §, the
Sollowing holds for all h € H:

s—l
T

1
Lris(h) < = sz Z0) + ELA]+ 29077 (Hy) + M|dll2y 2log < + M

Observe that for the bound of Theorem 3 to be nontrivial the mixing rate is required to
be sufficiently fast. For instance, if ¢(log(T)) = O(T~2), then taking s = log(T) and
Jj: = min{t, log T} yields ||d|» = O(y/(log T)3/T). Combining this with an observation
that by Lemma 6, E[A] < 2¢(s) + % th=1 d(t, T + s) one can show that for any 6 > 0
with probability at least 1 — &, the following holds for all & € H:

3
Lrsth) < *Zﬁ(h Z) + 287 (Ho) + - Zd(t T+s)+0( e )

T

As commented in Sect. 3, in general, our bounds are convergent under some natural assump-
tions examined in the next sections.

6 Asymptotically stationary processes

In Sects. 3 and 5 we observed that, for a general non-stationary process, our learning bounds
may not converge to zero as a function of the sample size, due to the discrepancies between the
training and target distributions. The bounds that we derive suggest that for that convergence
to take place, training distributions should “get closer” to the target distribution. However,
the issue is that as the sample size grows, the target “is moving”. In light of this, we consider
a stochastic process that converges to some stationary distribution /7. More precisely, we
define

Bla) = S?PE[IIPt+a(-IZQOO) — Mv] 12)
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and define ¢(a) in a similar way. We say that a process is - or ¢-mixing if B(a) — 0 or
d(a) — 0as a — oo respectively. We define a process to be asymptotically stationary if
it is either - or ¢p-mixing.” This is precisely the assumption used by Agarwal and Duchi
(2013) to give stability bounds for on-line learning algorithms. Note that the notions of f-
and ¢-mixing are strictly stronger than the necessary mixing assumptions in Sects. 3 and 5.
Indeed, consider a sequence Z; of independent Gaussian random variables with mean ¢ and
unit variance. It is immediate that this sequence is S-mixing but it is not f-mixing. On the
other hand, if we use finite-dimensional mixing coefficients, then the following holds:

B(a) = sup E[|IP;14 (-1ZL o) = PrialiTy]
t
< sup E[|[P;44(|1Z- ) — [ |ITv] + sup sup IE[EH[IAIZ’_OO]] — 1]
t toA

< 2f(a).

However, note that a stationary S-mixing process is necessarily f-mixing with IT = Py.

Asymptotically stationary processes constitute an important class of stochastic processes
that are common in many modern applications. In particular, any homogeneous aperiodic
irreducible Markov chain with stationary distribution /7 is asymptotically stationary since

®(a) = supsup [|[P;q(-|2]) — Mllrv] = sup [[Ps(-]z) — M iry] — O,
! le €2

where the second equality follows from homogeneity and the Markov property and where
the limit result is a consequence of the Markov Chain Convergence Theorem. Note that, in
general, a Markov chain may not be stationary, which shows that the generalization bounds
that we present here are an important extension of statistical learning theory to a scenario
frequent appearing in applications.

We define the long-term loss or error L7 (h) = E[€(h, Z)] and observe that L7 (h) <
L(h) + M B(T) since by Lemma 1 the following inequality holds:

|L7(h) — Lir(h)| < M||Py — IT|iry < ME[||P7(-|Fo) — Mllv]
< sup E[IP74 () — M lirv] = M B(T).
t
Similarly, we can show that the following holds: L74(h) < L (h) + Md(s). Therefore,
we can use L7 as a proxy to derive our generalization bound. With this in mind, we consider
CD(ZIT) defined as in (8) except L1 is replaced by L. Using the sub-sample selection

technique of Proposition 2 and the same arguments as in the proof of Lemma 3, we obtain
the following result.

Lemma9 Ler L be a loss function bounded by M and H any hypothesis set. Suppose that
T = ma for some m,a > 0. Then, for any € > E[D (Z7)], the following holds:

P(@(Z]) > €) < aP(@(Zn) — E[@(Zm)] > €) + T p(a), (13)
where €' =€ — E[® (Zn)] and Zn is an i.i.d. sample of size m from I1.

Proof By convexity of the supremum, the following holds:

1 a 1 m—1
®(Z]) < P Z::g (ﬁn(h) - >, Z,a+,-)).
Jj=1 t=0

5 Note that asymptotically stationary processes are called convergent (Kuznetsov and Mohri 2014).
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We denote by @ (Z))) the j-summand appearing on the right-hand side. For @ (ZIT) to exceed
€ at least one of @ (Z(f ))s must exceed €. Thus, by the union bound, we have that

P@(Z]) =€) < D P(@ZY) = ¢).
j=1

Applying Proposition 2 to each term on the right-hand side yields the desired result. O

Using the standard Rademacher complexity bound of Koltchinskii and Panchenko (2000)
for P(@(Z7) — E[®(Z7)] > €') yields the following result.

Theorem 4 With the assumptions of Lemma 9, for any § > a(m — 1) B(a), with probability
1 — 6, the following holds for all hypothesis h € H:

T
1
Lnh) < — ;ah, Z0) + 2% (H, IT) + M
where §' = 8 — T B(a) and Ry (H, IT) = LE[sup,cy 30, 0ib(h, Zn,)| with o; a
sequence of Rademacher random variables.

|

log %
2m

)

Note that our bound requires the confidence parameter § to be at least 7' $(a). Therefore,
for the bound to hold with high probability, we need to require 7 f(a) — 0 as T — oo. This
imposes restrictions on the speed of decay of . Suppose first that our process is algebraically
B-mixing, that is B(a) < Ca=? where C > 0 and d > 0. Then TB(a) < CoTa=¢ for
some Co > 0. Therefore, we would require a = T% with 5 < o < 1, which leads to a

convergence rate of the order /7 (©@~1 log T. Note that we must have d > 1. If the processes
is exponentially p-mixing, i.e. p(a) < Ce~? for some C, d > 0, then setting a = log T%/¢
leads to a convergence rate of the order /7 ! (log T)2.

The Rademacher complexity R, (H, IT) can be upper bounded by distribution-agnostic
combinatorial measures of complexity such as VC-dimension using standard techniques.
Alternatively, using the same arguments, it is possible to replace 2R, (H, IT) by its empirical
counterpart %]E[suphE H Z’,":_O] ol (h, Za,+A,-)|Z(j )] leading to data-dependent bounds.

Corollary 2 With the assumptions of Lemma 9, for any 6 > 2a(m —1) B(a), with probability
1 — 4, the following holds for all hypothesis h € H:

l — 2 < log 24

72 72:" %) 5

L(h) < T[ lﬁ(l’l,Z[)-Fa . li)%m(H,Zf)+3M o
= j=

where§' = 8—T p(a) and R (H, Z9)) = LE[sup,cy 70" 0,£(h, Zary j)|Z9)] is empir-
ical Rademacher complexity with o; a sequence of Rademacher random variables.

Proof By union bound, it follows that

P (H, 1T) — ;;ﬁmm Z0)ze) < ;sz(-")) > o),

where W (Z()) = R,,(H, IT) — R,,(H, ZY)). By Proposition 2, we can bound the above by
aP(¥ (Zn) > €) + T B(a),
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where Z 7 is ani.i.d. sample of size m from I7. The rest of the proof follows from the standard
result for Rademacher complexity of i.i.d. random variables, McDiarmid’s inequality and
union bound. O

The significance of Corollary 2 follows from the fact that R (H, ZD) can be estimated
from the sample ZIT leading to learning bounds that can computed from the data.

We conclude this section by observing that Theorem 1 and 3 could also be used to derive
similar learning guarantees to the ones presented in this section by directly upper bounding
the discrepancy:

A(T +5,1) = 5up | £, () = £,()| < 5up |£r-5(h) = L7 ()| + sup
h h h

Ly = Lr(h)|
<]E[sup ‘E[Z(h, Zr )20 1 — En(h)‘
+ Elsup [BLeG, Z01Z0 ] = £ ()

=BT + ) +BQ),

and similarly for d(T +s,1) < $(T +5) + d(¢) +2¢(s). However, we chose to illustrate our
sub-sample selection technique in this simpler setting since we will use it in Sects. 7 and 8
to give fast rates and learning guarantees for unbounded losses for non-i.i.d. data.

7 Fast rates for non-i.i.d. data

For stationary mixing processes, Steinwart and Christmann (2009) established fast conver-
gence rates when a class of regularized learning algorithms is considered.® Agarwal and
Duchi (2013) also showed that stable on-line learning algorithms enjoy faster convergence
rates if the loss function is strictly convex. In this section, we present an extension of the
local Rademacher complexity results of Bartlett et al. (2005) which imply that, under some
mild assumptions on the hypothesis set (that are typically adopted in i.i.d. setting as well),
it is possible to achieve fast learning rates when the data is generated by an asymptotically
stationary process.

The technical assumption that we will exploit is that the Rademacher complexity R,, (He)
of the function class Hy = {z +> €(h,z): h € H} is bounded by some sub-root function
¥ (r). A non-negative non-decreasing function v (r) is said to be sub-root if ¥ (r)/ /7 is
non-increasing. Note that in this section R, (F) always denotes the standard Rademacher
complexity with respect to distribution I7 defined by R, (F) = E[sup feF m Zl 10i f (Z)]
where Z; is an i.i.d. sample of size m drawn according to I7 and F is an arbitrary function
class. Observe that one can always find a sub-root upper bound on R, ({ f € F: E[f?] < r})
by considering a slightly enlarged function class. More precisely, for

R ((f € F1E[f21<7r) <Rn(g: Elg’) <r,g=af.a €[0,1], f € F}) = ¢ (r),

¥ (r) can be shown to be sub-root [see Lemma 3.4 in Bartlett et al. (2005)]. The following
analogue of Theorem 3.3 in Bartlett et al. (2005) for the i.i.d. setting is the main result of this
section.

6 In fact, the results of Steinwart and Christmann (2009) hold for a-mixing processes which is a weaker
statistical assumption than S-mixing.
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Theorem 5 Let T = am for some a,m > 0. Assume that the Rademacher complexity
Rn({g € He: E(g2] < r)) is upper bounded by a sub-root function v (r) with a fixed point
r*.7 Then, for any K > 1 and any § > T B(a), with probability at least 1 — 8, the following
holds forall h € H:

T
K 1 Cylog &
Lh<7—§zh,z Cyr*+ —=9 14
n()_(K_l)Tt:] (h, Z) +Cir™ + - (14)

where 8 =8 — T B(a), C; = 704K /M, and C, =26 MK + 11 M.

Before we prove Theorem 5, we discuss the consequences of this result. Theorem 5 tells
us that with high probability, for any & € H, L7(h) is bounded by a term proportional to the
empirical loss, another term proportional to r*, which represents the complexity of H, and a
term in 0(%) = 0(27“). Here, m can be thought of as an “effective” size of the sample and
a the price to pay for the dependency in the training sample. In certain situations of interest,
the complexity term r* decays at a fast rate. For example, if Hy is a class of {0, 1}-valued
functions with finite VC-dimension d, then we can replace r* in the statement of the Theorem
with a term of order d log 7 /m at the price of slightly worse constants [see Corollary 2.2,
Corollary 3.7, and Theorem B.7 in Bartlett et al. (2005)].

Note that unlike standard high probability results, our bound requires the confidence
parameter § to be at least 7 B(a). Therefore, for our bound to hold with high probability, we
need to require 7 B(a) — 0 as T — oo which depends on mixing rate. Suppose that our
process is algebraically mixing, that is f(a) < Ca~¢ where C > 0 and d > 0. Then, we
can write T B(a) < CTa~? and in order to guarantee that T B(a) — 0 we would require
a = T% with % < o < 1. On the other hand, this leads to a rate of convergence of the order
7%~ 1]og T and in order to achieve a fast rate, we need % > o which is possible only if d > 2.
We conclude that for a high probability fast rate result, in addition to the technical assumptions
on the function class H;, we may also need to require that the process generating the data
be algebraically mixing with exponent d > 2. We remark that if the underlying stochastic
process is geometrically mixing, that is f(a) < Ce™“ for some C,d > 0, then a similar
analysis shows that taking a = log T>/? leads to a high probability fast rate of 7~ (log 7).

We now present the proof of Theorem 5.

Proof First, we define
»(Z]) = sup (£n<h> - Zah Z,>)

Observe that @ (ZlT) < % 2?21 @ (Z9) and at least one of @ (Z/))s must exceed € in order
for event {® (ZIT) > €} to occur. Therefore, by the union bound and the sub-sample selection
technique of Proposition 2, we obtain that

P(®(Z]) > €) < aP(@(Zn) > €) + T B(a),
where Z 7 is an i.i.d. sample of size m from I1. By Theorem 3.3 of Bartlett et al. (2005),

ife = Cyr* + % then aIP’(cb(Zn) > €) is bounded above by § — a(m — 1) B(a),
which completes the proof Note that Theorem 3.3 requires that there exists B such that
Emg [g2] BE[g] for all g € H,. This condition is satisfied with B = M since each
g € Hy is a bounded non-negative function. O

7 The existence of a unique fixed point is guaranteed by Lemma 3.2 in Bartlett et al. (2005).
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We remark that, using similar arguments, most of the results of Bartlett et al. (2005) can
be extended to the setting of asymptotically stationary processes. Of course, these results
also hold for stationary S-mixing processes since, as we pointed out in Sect. 6, these are just
a special case of asymptotically stationary processes.

8 Unbounded loss functions

The learning guarantees that we have presented so far only hold for bounded loss functions.
For a large variety of time series prediction problems, this assumption does not hold. We now
demonstrate that the sub-sample selection technique of Proposition 2 enables us to extend the
relative deviation bounds (Cortes et al. 2013; Vapnik 1998) to the setting of asymptotically
stationary processes, thereby providing guarantees for learning with unbounded losses in
this scenario. In fact, since stationary mixing processes are asymptotically stationary, these
results are the first generalization bounds for unbounded losses even in that simpler case.

The guarantees that we present are in terms of the expected number of dichotomies gen-
erated by aset Q = {(z,1) = L¢,7)>:: h € H, t € R} over the sample ZlT that we denote
by So (ZlT). We will also use the following notation for the oth moment of the loss function
with respect to stationary distribution: L7 (h) = E[€(h, Z)*]. Define

Lah)y— 12> e,z
¢r,a(Z1T) :sup( o) — 7 Zt*ll ( t)).
h (L + D)/

Lemmal0 Let0 <e < 1,1 <a <2 and0 < 1%1 < €aT. Let L be any (possibly
unbounded) loss function and H any hypothesis set such that L7 (h) < oo forall h € H.
Suppose that T = ma for some m, a > 0. Then, for any € > 0, the following holds:

P(®ro(Z]) > I'(t, €)€) < aP(Pro(Zir) > (@, €)€) + T B(a),

5 . .. . _ 1 _
where Ly is an i.i.d. sample of size m from I1 and I' («, €) = "‘a—l(l—i-r)a +$(ﬁa 1)(1+

(Sherie [14 (25 log(1/e) |

a—1
o

Proof We observe that the following holds:

(@r0(Z]) > T'(@, )¢}
T
= ‘Elh: % > (Lrh)y =€, Z))) > (Lo +T)/* (e, e)e]

t=1

a m—1
1
= [ah: — > > Lrh) = th, Zigs ) > (Lo +0) T (@, e)e}
j=11=0

1 m—1
< Ui [Hh: — 2 (L) =L, Zias ) > L+ 0T @, e)e]

t=0
= UI_{®ro(ZYV) > I'(a, €)e}.
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Therefore, by Proposition 2 and the union bound the following result follows:

P(®ro(Z]) > [(@,€)€) < D P(®ro(ZY) > (@, €)e)
j=1
< aP(@ro(Zp) > I'(@,€)€) + T p(a),

and this concludes the proof. O

Lemma 10, Corollary 13 and Corollary 14 in Cortes et al. (2013) immediately yield the
following learning guarantee for o = 2.

Corollary 3 With the assumptions of Lemma 10, for any § > a(m —1) B(a), with probability
1 — 4, the following holds for all hypothesis h € H:

T
Li(h) < > L0, Z) + 23/ L 2(h) By TH(2By)

t=1

where 8' = 8§ — T B(a), Io(e) = 5 + /1 + 3 log 1 and

210 En[So(Z])] + log 5
B, = - .

This result generalizes i.i.d. learning guarantees with unbounded losses to the setting of
non-i.i.d. data. Observe, that I(2By,) scales logarithmically with m and this bound admits
O (log(m)/+/m) dependency. It is also possible to give learning guarantees in terms of higher
order moments o > 2.

Lemmall LetO < e < 1,0 > 2, and 0 < T < €2 Let L be any (possibly unbounded)
loss function and H any hypothesis set such that L., (h) < oo for all h € H. Suppose that
T = ma for some m,a > 0. Then, for any € > 0, the following holds:

P(Pra(Z]) > Ale. €)€) < aP(Pro(Zp1) > A, €)€) + T B(a),

where Zpy is an i.i.d. sample of size m from IT and A(a, €) = 2‘”"‘(&)(%&;1 + aajt%

Finally, it is also possible to extend the guarantees for the ERM algorithm with unbounded
losses given for i.i.d. data in Liang et al. (2015), Mendelson (2014, 2015) to the setting of
asymptotically stationary processes using our sub-sample selection technique.

9 Conclusion

We presented a series of generalization guarantees for learning in presence of non-stationary
stochastic processes in terms of an average discrepancy measure that appears as a natural
quantity in our general analysis. Our bounds can guide the design of time series prediction
algorithms that would tame non-stationarity by minimizing an upper bound on the discrep-
ancy that can be computed from the data (Mansour et al. 2009; Kifer et al. 2004). The learning
guarantees that we present strictly generalize previous Rademacher complexity guarantees
derived for stationary stochastic processes or a drifting setting. We also presented simpler
bounds under the natural assumption of asymptotically stationary processes. In doing so, we
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have introduced a new sub-sample selection technique that can be of independent interest.
We also proved new fast rate learning guarantees in the non-i.i.d. setting. The fast rate guar-
antees presented can be further expanded by extending in a similar way several of the results
of Bartlett et al. (2005). Finally, we also provide the first learning guarantees for unbounded
losses in the setting of non-i.i.d. data.
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to this research. This work was partly funded by the NSF awards 1IS-1117591 and CCF-1535987, a Google
Research Award, and the National Science and Engineering Research Council of Canada PGS D3 award.

Appendix 1: Proofs

Lemma 12 Let Y be a weakly stationary processes, L be a squared loss function and H =
{YLqJrl - w- Y§7q+l cw e R} Thend(ti, 1) =0 forall ty, to.

Proof Observe that for any #; we can write

B[ (W Y = Yas) | = E[ (W Vi) ]+ BLY2 0 = 2B[ (W Y0, Vi -

The first term on the right-hand side can be written as

q q
D wiwiEYy i1 Yy jral = D wjwi f(i — )

ji=l ji=1

for some function f, since Y is weakly stationary. Similarly we can write the last term as
q
D wifs+j—1)
j
and the second term is f'(0). Therefore, we have that

q q
2 . .
E[(W Vi = Yous)'| = D0 wjwifG = )+ FO©) =22 w5+ j = ).
ji=1 j
Observe that the right-hand side in the last equation is independent of 7. This implies that
Ly (h) = Ly, (h) forall #1, 1, and all h € H, concluding the proof that d(#1, ) = 0. ]

Appendix 2: Review of sequential rademacher complexity

One of the main ingredients for our generalization bounds in Sect. 5 is so called sequential
Rademacher complexity originally introduced in Rakhlin et al. (2010). Let G be a set of
functions from Z to R. Sequential Rademacher complexity of a function class G is defined
to be

veq(g) T sup E[supZe,g(z,(e))] (15)
zeZ g€g =1

where supremum is taken over all complete binary trees of depth T with values in Z and
€ is a sequence of Rademacher random variables. For our purposes we adopt the follow-
ing definition of a complete binary tree. A Z-valued complete binary tree z a sequence
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(z1,...,z7) where z;: {£1}'~! — Z. The reader should think of the root z; as some con-
stant in Z. The left child of the root is z2(—1) and the right child is z2(1). A path in the tree is
€ = (€1, ..., er—1). To simplify the notation we will write v;(¢) instead of z; (€1, ..., €,—1).

The following symmetrization result from Rakhlin et al. (2015) is needed in the proof of
Lemma 8.

Theorem 6 [Theorem 2 in Rakhlin et al. (2015)] The following bound holds

—E[ up 2 Z (Ele@es01zi] - g(ztﬂ))] < 2%7(9).
ge

Proof The proof of this result is given in Rakhlin et al. (2015) for the case s = 1. We will
now demonstrate that the same proof is valid for an arbitrary s. Let {Z;} be a decoupled
tangent sequence to {Z;}. That is, Z;, - is drawn from P, (-|Z’1) independently of Z77,. 8
We will carry out the formal construction of this sequence at the end of this proof and in the
meantime we assume that such a sequence always exists. Observe that definition implies that

Elg(Zi15)1Z] = Elg(Z;)|Z}] = Blg(Z;, )|Z] ]

and also we have that g(Z;4,) = IE[g(Z,+S)|Z1T+S]. Following the argument from Rakhlin
et al. (2015), we have that

[supZ(E[g(Zers)lZ’] _g(Zt+v))] [supz [g(ztﬂ 8(Zt+.c)|Z1T+S]]

8€9 11 8€9 11

= E|: sup Z 8(Zys) — g(Zt+s))],
8€9 11

where the inequality is a consequence of the linearity of expectation and Jensen’s inequality.
The next step in the proof of Rakhlin et al. (2015) is to appeal to Lemma 18. Since Lemma 18
in Rakhlin et al. (2015) is stated in terms of decoupled tangent sequences with s = 1, we
repeat the argument here for s > 1.

Observe that since Z;, and Z; ; are independent and identically distributed given VA
if Er denotes expectation with respect to Z/T 450 ZT+s, We must have that

[sup ( Z(g(z,ﬁ — 8(Zies) + @(Zr1) — 8(Zr4)) 2] Z’ﬂ

geg

- 15[ S9p (Z(g(zm — 8(Zi45)) = (8(Z74y) — g(ZT+S)))|ZT, z/{}

T-1
= EE[sup ( Z(g(zm §(Zirs)) + €r(8(Zry)) — 8(Zris))) 2], Z’T]
€rT | geg

T-1
—EE[sup(Z(g(Z,ﬂ) 8(Zise) + er(@(Zy) — g(ZT+s>>)|ZT,Z/f]
Ter geg

T-1
< swp [sup(Z(g(zm)—g(zt+s)>+er(g(z”s> g(zm)))].

ir4sTpy €22 TLgeg YT

8 Note that the regular conditional law Py (- |Z'i) exists provided Z is a Polish space (Dudley 2002).
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Iterating the above inequality and using the tower property of the conditional expectation as
in Rakhlin et al. (2015), we obtain

T
E[ sup > (Elg (Zu0)IZ4] - g(zm))]

8€9 1

T
< sup E... sup E[sup(ZQ(g(zéﬂ)—g(Zt+s)))]

’ € €T
453 4 ! ZT+va/T+S TLgeg =1

T
<2supE...sup E[sup (Zetg(ztﬂ))]

Zl4s €1 2745 €T geg =1

The last upper bound precisely matches Eq. (14) from Rakhlin et al. (2015) (up to re-
parametrization) and the rest of the argument is the same.

To complete the proof we show that the decoupled tangent sequence always exist. Exis-
tence of such a sequence in case s = 1 is well-known [see for example De la Pefia and
Giné (1999)]. We show that the standard construction also works for an arbitrary s. If Z is a
sequence of random variables defined on the probability triple (£2, X', P) and taking values
in (Z, B), where Z is a Polish space and B is its Borel o-algebra. Then consider a measure
space a measure space (£2 x ZN, ¥ x BY). Define a probability measure P on this extended
measure space by

P(4 x B) = LG, P (BIZ) 14 = /A ®2° Py (BIZ)) (w)dP(w)

With out loss of generality, we may assume that Z; is defined on the extended measure space
by Z;(w,z) = Z;(w) since Z;(w, z) and Z; have the same finite dimensional distributions.
We define Z(w, z) = z;. From this construction, it follows that Z, and Z’T are decoupled
tangent sequences and the proof is complete. O

Appendix 3: McDiarmid’s inequality for dependent random variables
One of the main ingredients of our bounds in Sect. 5 is a version of McDiarmid’s inequality

for dependent random variables from McDiarmid (1989). For convenience of our reader, we
state this result in the next theorem.

Theorem 7 [Corollary 6.10 in McDiarmid (1989)] Let Zy, ..., Zt be Z-valued random
variablesand @ : ZT — R be a Borel-measurable function such that there exist non-negative
constants cy, . .., cr satisfying

IE[®(Z])z1, ..., 2] —E[@(EZDlz1, ..., 1l <

forallzi, ...,z 2, € Z. Then for any € > 0 the following inequality holds

P(®(27) —E®(2]) > €) < exp (_262)
: e ZtT:I Cr2
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