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Abstract

We consider the framework of competitive prediction, where one provides guar-
antees compared to other predictive models that are called experts. We propose
a universal algorithm predicting finite-dimensional distributions, i.e. points from
a simplex, under Kullback-Leibler game. In the standard framework for predic-
tion with expert advice, the performance of the learner is measured by means
of the cumulative loss. In this paper we consider a generalisation of this setting
and discount losses with time. A natural choice of predictors for the probabil-
ity games is a class of multinomial logistic regression functions as they output
a distribution that lies inside a probability simplex. We consider the class of
multinomial logistic regressions to be our experts. We provide a strategy that
allows us to ‘track the best expert’ of this type and derive the theoretical bound
on the discounted loss of the strategy. We provide the kernelized version of
our algorithm, which competes with a wider set of experts from Reproducing
Kernel Hilbert Space (RKHS) and prove a theoretical guarantee for the kernel-
ized strategy. We carry out experiments on three data sets and compare the
cumulative losses of our algorithm and multinomial logistic regression.
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1. Introduction

In statistical learning, usually some assumptions are made about the data
generation process, and guarantees are given for a method working under these
assumptions. Unlike in statistical learning theory, we consider the adversarial
setting, where no stochastic assumptions are made about the data. We consider
an online sequential prediction protocol where at each trial t = 1,2,... alearner
observes x; and attempts to predict an outcome y;, which is shown to the
learner later. We work in the framework of competitive prediction and look for
performance guarantees relative to other predictive models called experts. In the
standard setting of prediction with expert advice, the performance of a learner
is measured by its cumulative loss. In this paper, we consider a generalisation
of this setting and discount losses by some factor a; € (0,1] revealed at the
beginning of each trial. When all oy = 1, our framework reverts to the standard
one.

An important class of games of prediction are probability forecasting games,
where the predictions and outcomes are probability distributions on some finite
set. In this paper, we consider the Kullback-Leibler game, which is one of the
most important probability games. Our experts are a wide class of multinomial
logistic regression functions. Each expert follows a particular strategy, which
means that it uses some particular parameters of a logistic regression function.
Our goal is to develop a merging strategy that suffers loss comparable to the
retrospectively best expert. If we use weights decreasing for old data, we get
a strategy that performs as well as the best expert on recent trials; this can
be thought of as a way of tracking the best expert alternative to fixed share
techniques.

In this paper we develop a universal algorithm for predicting finite- dimen-
sional distributions, i.e., points from a simplex, under Kullback-Leibler loss.
Related problems have been considered in the literature. Online convex opti-
mization is a similar area where a decision-maker makes a sequence of decisions

from a fixed feasible set. After each point is chosen, it encounters a convex



cost functions. In [I] a logarithmic regret bound was obtained for a-convex cost
functions, which have a lower bound on the second derivative; these bounds are
not applicable here for the lack of such bound. A similar problem was consid-
ered in [2], where the authors proposed a general additive algorithm based on
gradient descent and derived loss bounds that compare the loss of the result-
ing online algorithm to the best offline predictor from the relevant model class.
They considered a softmax transfer function (Example 4 in [2]) and achieved a
theoretical bound with a multiplicative coefficient of two in front of the loss of
the best expert; whereas we achieved a multiplicative coefficient of one, which
indicates that our theoretical bound is better for large losses.

Our approach is based on the Aggregating Algorithm (AA), which was first
introduced in [3]. AA works as follows: we assign initial weights to experts
and at each step the weights of experts are updated according to their current
performance. The approach is similar to the Bayesian method, where the pre-
diction is the average over all models based on the likelihood of the available
data. For the case of finitely many experts, AA gives a guarantee ensuring that
the learner’s loss is as small as best expert’s loss plus a constant.

We formulate AA for the case of discounted loss along the lines of [4]. Dis-
counting allows us to give less importance to older losses, which is an important
property for practical applications. Discounted loss in the online prediction
framework was analyzed in [5] in the setting where only the losses of the ex-
perts are known. In [5] the authors noticed that in the context of prediction
with expert advice, the discounted loss provides an alternative to ‘tracking the
best expert’ framework of [6]. Indeed, if the best expert changes after some
steps, an algorithm that competes under discounted loss will not take into ac-
count small losses of the old best expert because they are strongly discounted,
and will switch to track the new best expert. An important special case is ex-
ponential discounting where oy = a € (0,1), which is widely used in finance,
time series analysis and other applications (see [7] for a review of exponential
smoothing). Note that for the standard undiscounted loss a; = 1 at each step

t and the algorithm coincides with AA.



Interesting results were achieved for the class of problems with an infinite
decision pool of experts. Aggregating Algorithm for Regression was proposed in
[8] for the case of linear experts under the squared loss. The generalisation for
the case of discounted squared loss for linear regression was proposed in [4]. The
case of generalised linear regression experts under log-loss was introduced in [9],
and the case of the squared loss was considered in [10]. The multidimensional
prediction problem was considered in [I1], where the authors introduced an
algorithm competitive with linear functions under the squared loss. One of the
drawbacks of introducing linear experts for probability games is that predictions
of linear experts could lie outside a probability simplex. In all the above cases the
authors achieved the theoretical bounds which were logarithmic in the number
of steps. In a recent paper [12] an algorithm was constructed for the case where
outcomes and predictions are distributions on a finite set, the loss function is
logarithmic, and competitors are linear functions with softmax applied on top
of them. The paper contains an excellent survey of application domains. We
propose an algorithm for the similar setting, but improve the regret term in
the upper bound on the loss. Our regret bound has a lower growth rate w.r.t.
the number of dimensions and does not contain the linear term on the number
of steps. Asymptotically in T the regret is still of the order C'InT, but our
multiplicative constant C' is lower.

In this paper we provide an explicit universal algorithm for predicting prob-
ability distributions, which can ‘track the best expert’ in terms of discounted
cumulative Kullback-Leibler loss function. Kullback-Leibler game is one of the
most important probability games ([8]). Kullback-Leibler divergence is a mea-
sure of discrepancy between two probability distributions ([13]), and it is widely
used in different areas such as applied statistics, econometrics, risk manage-
ment and machine learning. An excellent survey of application of entropy and
divergence measures in econometrics can be found in [I4]. Useful applications
of the entropy and Kullback-Leibler divergence for studying income inequality
and welfare economics are described in [I5] and [16]. The Kullback-Leibler loss

function is also used in optimal portfolio selection and solving portfolio diversi-



fication problem ([I7]).

We apply AA with Discounting to multinomial logistic regression experts.
Multinomial logistic regression predictors are a natural choice for probability
games as they output predictions that lie inside a probability simplex. We pro-
vide a strategy that ‘tracks the best expert’ of this type and derive the theoreti-
cal bound on the discounted loss of the strategy. We generalise our algorithm to
allow it to compete with wider set of experts from Reproducing Kernel Hilbert
Space (RKHS) and prove the theoretical guarantee for the kernelized strategy.

Theoretical bounds obtained for Kullback-Leibler game are valid for loga-
rithmic loss game. Indeed, Kullback-Leibler loss function is a generalisation of
log-loss function where outcome space is the whole simplex instead of only ver-
tices of the simplex as in the case of log-loss game. Therefore, theoretical bounds
obtained for Kullback-Leibler game can be applied to the important problem of
probabilistic multi-class classification under logarithmic loss function.

We conduct experiments to compare the performance of our algorithm with
multinomial logistic regression. In our experiments we check that the theoretical
bound for our algorithm is not violated. Owur prediction algorithm is using
Markov chain Monte Carlo (MCMC) method in a way which is similar to the
algorithm introduced in [I0], where AAR was applied to the generalised linear
regression class of functions for making a prediction in a fixed interval. MCMC
is only a method for evaluating the integral and it can be replaced by a different
numerical method. Theoretical convergence of the Metropolis-Hastings method
in this case follows from Theorems 1 and 3 in [I8]. Estimating the convergence
speed is more difficult. With the experiments provided we show that by tuning
parameters online, our algorithm moves fast to the area of high values of the
probability function and gives a good approximation of the prediction, and

theoretical bounds are not violated.



2. Framework

A game of prediction contains three components: a space of outcomes €, a
decision space I', and a loss function A : Q x I' = R . We consider a probability
game on some finite set = = {1,...,d}, where space of outcomes Q = P(Z) =
(D, .y @Dy Yy =1, 0 < y@ < 1}, decision space T = P(E) =
(v, 4Dy s 2 40 =1, 0 < 40 < 1} are simplices in d-dimensional
space, and for any y € 2 and v € T we define the Kullback-Leibler loss

d (@)
) I
My.y) = y()lnw), (1)
i=1

where y* and () are the i-th coordinate of the respective vectors. As in ([I13],

. 0 _ —
Section 2.3) we assume that for p,g > 0 we have Olng =0, plnf = +oo,
and Oln% = 0. The loss function A defined in this way is continuous in ~ and
satisfies Assumptions 1-4 from [I9].

Learner and experts work according to the following protocol:
Protocol 1.

Ly:=0

Lg =

fort=1,2,...
Accountant announces a1 € (0, 1]
Nature announces x; € X C R"
Ezxperts output §.(0), 0 € ©
Learner outputs v, € T C R
Nature announces y; € Q C R4
LY=oy 1LY | 4+ My, &(0)), 0 €O
Ly =y 1Li—1 + My, 7e)

end for

The learner in the game of prediction plays against experts 6 from some pool
O, and also accountant and nature. The aim of the learner is to keep his total

loss L; small as compared to the total losses LY of all experts 6 € ©.



In the standard framework of online learning the performance of learners is
evaluated by means of cumulative loss. The standard protocol of prediction with
expert advice is a special case of Protocol [[] where accountant always announces
a; = 1 at each step. In this paper, we consider the generalisation where we
discount the previous losses with the discount factor which is announced at
each time step.

The cumulative losses of the learner are discounted with a factor «; € (0, 1]
at each step. If Lp_; is the discounted cumulative loss of the learner at step

T —1, then the discounted cumulative loss of the learner at step T' is defined by

-1 (T-1
Ly :=ar 1Lry+Ar(yr,ve) = Y [ [T s | M@e,ve) + Ar(yr,vr). (2)
=1 \ j=t

If LY. | is the discounted cumulative loss of the prediction strategy 6 at the
step T'— 1, then the discounted cumulative loss of the prediction strategy 6 at

the step T is defined by

T-—1 T-—1
Ly = ar Ly + M (yr &00) = Y | T @i | Me(we, &(0)) + Ar(yr, &0 (6)).
=1 \ j—t

(3)
In the beginning the losses Ly, Lg are initialized to zero. If all the discount
factors are the same, i.e. «; = --- = ar = «, then we have a case of exponential
smoothing. At each step the dependence on the loss at the previous steps
exponentially decreases: the initial loss is discounted by a7 ~! at the step T.
We want to find a strategy which is capable of competing in terms of cu-
mulative losses with all prediction strategies which at step ¢ output &:(0) =
(€4(6), ... £1(6)):
) =040,2,), i=1,...,d, (4)

where 0;(6, x;) is multinomial logistic regression function:

69,2-11

U‘(eaxt) = d=1 0.
Z NSRS

i=1,...,d—1, (5)



1
Syl 41

and 0 = (05,...,0, ) € RV 0, = (0;1,...,0;,) € R".

Ud(ea 'Tt) =

3. Theoretical Bounds

Theorem 1. Let a > 0. There exists a prediction strategy for Learner such
that for every positive integer T, every sequence of outcomes of length T and
every sequence a; € (0,1], t =1,...,T, and every 0 € R™4=D) the cumulative
loss Lt of the Learner satisfies

Ly < LS +al|8)* + 5

L I det (I + dng’WTX> : (7)
a

where X is the matriz with rows !, ..., 2%, and Wr = diag(wi r,...,wrr),

where wy 7 = HJT;tI a;. If in addition ||z¢|leo < B for all t then

d—1_,
B? :
S Y)®

Note that for the undiscounted losses we have:

d—1
Ly < LY + a0 + n(2)1n<1 +

Corollary 1. Let a > 0. There exists a prediction strategy for Learner such
that for every positive integer T', every sequence of outcomes of length T, and

every 0 € R™94=1) the cumulative loss L of Learner satisfies

d—1 d—1
Ly < LY +all6)* + 5 lndet<I+8aZwth>. 9)

t=1

If in addition ||z¢||cc < B for all t then

d—1 d—1
Ly §L%+a9||2+n(2)1n<1+8aB2T>. (10)

4. Aggregating Algorithm

We will use prediction with expert advice to create the strategy for Kullback-

Leibler game. In the framework of prediction with expert advice we have access



to experts’ predictions at each time step and the learner has to make a prediction
based on experts’ past performances. We use an approach based on the AA.
The AA is given a parameter 7 and an initial distribution on experts Py(df).

After each step t it updates the experts’ weights according to their losses:
P,(df) = e~ we& @D p,_ (dg). (11)

The weights of experts which suffer large loss at some step will have a smaller
importance for making further predictionsﬂ
First, we introduce the Aggregating Pseudo-Algorithm (APA) which at step

t outputs generalised prediction

1
g:(y) = _5m/@e—n/\(y,&(é’))pt*il(dg), (12)
where P/ (df) are normalized weights:
P,_1(df)
P (do) = =)
t 1( ) Pt71(®)

where O is a parameter space, i.e. experts § € © can output prediction & (0) € T’
at time .

The generalised prediction can be seen as a weighted average of the experts’
predictions in a way which is similar to the Bayesian method.

The AA is obtained from the APA by replacing each generalised prediction g;
by a permitted prediction %(g:), where the substitution function ¥ maps every
generalised prediction g : Q@ — [0,00] into a permitted prediction 3(g) € T’
satisfying

Yy = Ay, E(9)) < 9(y). (13)

Let us define P(0O) as the set of all probability measures over ©. If a sub-
stitution function satisfying for any distribution P} ,(df) € P(O) exists,
we say that the loss function is n-mizable. The loss function is mizable if it is
n-mixable for some 1 > 0. The game is called mizable if the loss function of it

is mixable in the setting of the game.

For t = 1 we have P;_1(df) = Py(df), which is an arbitrary distribution. Thus, any

distribution can appear as P;_1(d6).



Lemma 1. (Lemma 4 in [8]). The Kullback—Leibler game is 1-mizable.
The AA for the Kullback—Leibler game with learning rate 1 coincides with the

Bayesian mizture.

In Section [7] we will obtain this result by reducing the Kullback-Leibler game

to the logarithmic game.

5. Aggregating Algorithm with Discounting

In this section, we formulate AA for the case of discounted loss. It is es-
sentially equivalent to the method in [4]. The Aggregating Algorithm with
Discounting (AAD) differs from AA only by the use of the weights in the com-
putation of generalised prediction g; and the update of the weights.

The pseudocode for AAD is given below

The Aggregating Algorithm with Discounting

Initialize prior distribution on experts Py(df), 6 € ©.
Initialize discounted weights of experts Pg(0) = Py(6) = 1.
fort=1,2,... do

Get discount a1 € (0,1].

Get experts’ predictions &;(0), 6 € ©.

90(y) = =11 f,c Po(d0) (P, (0))

Output 7 := 3(g;) € T.

Update the weights 1375(9) = (]315,1(6))

Normalize the weights P (6)

Qt—1

e~ M) for all y € Q.

at

-t e—ﬁ/\(ytaft(9))7 0 e 0O.

S ST C)
f@e(—) PU(dG)Pt—1(9) !

end for

Lemma 2. For any learning rate n > 0, prior Py and T =1,2,...,
1
Lr(AAD(), Py)) < —~1n / e~ Py (dB). (14)
n S}

Proof The weights update for AAD is

Qt—1

Pt(o) = (pt—l(e))

ean(yt,ﬁt(e)) — gfan. (15)

10



We will prove by induction. At step t + 1 we can re-write inequality
as follows

e~ M W1 741) > / Py(db) <15t*(9))a‘ e~ M e+1,6e+1(0))
e

e—ﬁatL?

= Py(do NG
/@ ( )(fePO(dH)e_"Lt)

Suppose that is true for the step t. By putting the inequality for

e~ M Wi+1:€41(0)) (16)

step t in the power 0 < a; < 1 we obtain

el > (/ Po(dﬂ)e"Lf> .
(C]

By putting the last inequality in the denominator of we obtain

f@ =M We+1,6e41(8))—ne LY Py(do)
e—nLtat

e~ M We+1,741) >

By multiplying by the denominator we have
e bt z/e_anﬂPo(dG).
e
By taking a natural logarithm of both parts and multiplying by f% we
obtain .
6. Proof of Theoretical Bounds

In this section we provide the proof of Theorem [[ We choose the normal

initial distribution of parameters
Py(df) = (a/m)™ " V/? exp(—al|0||*)do (17)

for some a > 0.
Applying Lemma [2[ for initial distribution and putting n = 1 from
Lemma [I] for Kullback- Leibler loss function we obtain

T d ;
Z we, T Z ylzf In yfi S —In ((a/ﬂ')n(d_l)/Q /
t=1 i=1

e—J<9>de> : (18)
Vi e)

11



where
T-1

Wy = H aj, wrr =1
j=t

ZthZytln

We use Taylor expansion (Sectlon 1.7¢ in [20]) of J(#) at the point 8y where

and

+aH9||2

min J(6) is obtained:

1
J(0) = J(0o) + 5(9 —00) H(¢)(0 — 6o),
where ¢ is a convex combination of 6y and @, and H is the Hessian matrix of
J(0).
The second partial derivative of J(6) by the I-th, j-th components of 85 and

0., respectively is expressed as follows:

0%J(0) j 1 90y(0,x¢) 0o (0, )
0y 100, ~ 210K +Z“’”Z( 0,2 O00s 0,

1 820i(0,$t)
Y6, aek,laew)’ (19)

where

1, ifk=m
6,1;3”2

0, ifk#m
is Kronecker delta.

The first and second partial derivatives of the function o;(8, x;) are as follows:

a i 9,x
M = xtwl()'i(g,xt)(éf - O'k(e,xt));
0y,
820'i 0,z m m i
Poi0,21) _ Te12¢,505(0, T4) (% — 010 (0, x0) — 570w (0, x1) — 67" 0k (6, z1)
001,100, ;

+ 2Jk(9, xt)am(Q, l't)) .
Expression can be re-written as follows:

92J(0)

T
m = 20;6276]?" + Z wt,Txt,lmt,jfk,m(07 xt)) (20)

t=1

12



where
Jrm(0,2¢) = 03(0,24) (6} — om (0, 24)).

We denote W = diag(wy 7, w21, . .., wr,r) the diagonal matrix 7' by T'. Let
X be the T x n matrix with the rows i, ..., 2% and Iy, (¢) be the diagonal
T x T matrix that has fi (¢, 21,91); - -, fo,m(¢, zr, yr) on the diagonal. Let

Z be the block matrix as follows:

Xl,l . X17d_1
Z = ,
Xa—11 - Xa—1,d-1
where
VWr X, ifk=m
Xk,m =

0, if k% m

Let T'(¢) to be a block matrix as follows:

I'ia(é) ... T14-1(0)
L(p) = : ' :
Tg—11(6) ... Ta—1,4-1(0)

Then Hessian matrix of J(f) can be written in the matrix form:
H(¢) =2al + Z'T(¢)Z. (21)
Since I'(¢) is a symmetric matrix, we can see (Theorem 21.5.6 in [21]) that:

VT(D)Y < Y Amax(T(8))¥,

for any 1 € RT(@=1) where Apax(I'(#)) is the supremum over maximum eigen-
values of T'(¢).
We will now show that matrix I'(¢) is positive definite. The absolute value

of the diagonal element of T'(¢) is

| frk(0,2¢)| = 010, 24) (1 — 018, 21)),

13



the sum of the absolute values of non-diagonal elements on the row is

S fem(@, 20 = > | = 0%, 24)0m (0, 71)]

m#k m#k

=ox(0,20) Y om(0,31) = 0k (0, 20)(1 — 0k(0, 71) — 0a(6, 71)).
m#k

AS | fer(0 )] > 30,k [ fom (0, 2e)], forall k =1,...,d—1,t=1,...,T, then
by Diagonal Dominance Theorem 6.1.10 in ([22]) I'(¢) is positive definite.
By Theorem [3| (see Appendix), we can upper bound Ap.x(I'(¢)), the maxi-

mum eigenvalue of T'(¢), by the sum of maximum eigenvalues of diagonal blocks

Lii(9):

QU

-1

)\max(l—‘((b)) < )\max(l—‘i,i(qs))'
1

7

Since T'; ;(¢) is diagonal then:
)\max(l—‘i,i((b)) = sup fi,i(97 xt)
gcRn(d=1)  z,cRn

1
= sup oi(0,24)(1 — 04(0,2¢)) = —.
eeRn(d—l)7 thR" 4

By taking ¢ = Z(6 — 6y) and using (21)):
I d—1 ’
J(0) < J(6) + (0 —6p) (ol + TZ Z)(0 — 8o).
We can obtain the lower bound on the integral in :

/671(9)d9>67‘1(00)/ o~ (0—60)' (al+ 951 2" Z)(6—60) 79
S °)

The integral in the right-hand side can be calculated analytically (see Section
15.12 in [21]):

n(d—1)

/ o~ (0-00) (al+-452 2/ 2)(6-00) g _ T
© \/det(al +4172'7)

14



After putting this expression in we obtain the upper bound:

n(d—1)

Ly < —1In [ e 7() (E)Tﬂ_% )
T \/det(aI+ %Z’Z)

1 d—1
= J(00) + 5 Indet(I + 8—2’2) = L% + al|6o]?
a

d—1
+

In det (I + d_lX’WTX> .
8a

If |2¢]loc < B the determinant of a symmetric positive definite matrix is
upper bounded by the product of its diagonal elements (see Chapter 2, Theorem
7 in [23]):

det ( 1+ xmwpx) < 1+E32§T;w n
S8a T - 8a — i

7. Prediction Strategy

In this section we will provide a strategy for calculating predictions for
Kullback-Leibler game. First, we will define a log-loss game. A log-loss game of
prediction contains three components: a space of outcomes 2, a decision space

I', and a loss function A : 2 x I' — R. We consider the problem of probabilistic

classification with d classes 2 = {1,...,d}. As the outcome space Q2 we take
d-dimensional unit vectors eq,...,eq, i.e. the distributions concentrated on the
vertices of the simplex. The vectors e, es,...,eq form the standard basis in

R?; the vector e; has one at the i-th position and zeros elsewhere. The decision
space ' = P(Z) = {(vV), ..., y(®D) . Zle 7@ =1, 0 <4 < 1} is a simplex in

d-dimensional space, and for any y € 2 we define the logarithmic loss function
d
Ay.7) ==y Iy,
i=1

where 4 and v are the i-th coordinates of the respective vectors.
Kullback-Leibler game is a generalisation of log-loss game where outcome
space is the whole simplex instead of only vertices of the simplex as in the

case of log-loss game. Therefore, theoretical bounds obtained in Theorem

15



and Corollary [I] are valid for the problem of multi-class classification under

logarithmic loss game.

Lemma 3. Letvy €T is a permitted prediction for log-loss game, i.e. A(e;,7y) <
gr(e;), fori =1,...,d. Then v is a permitted prediction for Kullback-Leibler
game, i.e. Ay,v) < gr(y) for aly € P(Z).

PrROOF. Let v € T be a permitted prediction for log-loss game. From

Kullback-Leibler loss function is

d

Zy()lny() Zy D n gy Zy()ln'y
d
= Z y Oy +> "y D A(es, 7).
i=1 i=1

Generalised prediction for Kullback-Leibler game is

1
or(s) =~ 1n /@ ¢ Py (d6)

”'M& M‘“ i M&

y D Iny® — 1 1n/ —n i vNei) p _1(do)
n )
y @ Iny® — fln/ H =y O A( (e P (df)
) 1ny@ — flnH/ 7’7)‘(61 NP (d9)>
; : : 1
_ Zym my + Zyu) <_77 In /@ P p;_l(d9)>
i=1

d d
=Sy my® + 3y D gr(er)
=1 1=1

d d
>y DIy + > "y DA (es, ) = A, ).
1=1

i=1

(i)

The first inequality follows from the generalised Holder inequality (this fol-
lows from the version of the inequality in Section 9.3 of [24] by induction). The
second inequality follows from the fact that v is a permitted prediction for log-
loss game. We showed that prediction  satisfies the inequality for any
y € P(Z). Therefore, v is a permitted prediction for Kullback-Leibler game. O

16



We calculate generalised prediction for AAD from unnormalised weights (15])
and taking initial parameter distribution

1 ~ arT—1
Gr(ey) = —;ln/ Py(do) (PT-l(H)) e~ (e €7 ()
©

= —lln/ Po(dg)e—nLT(ekéT(e))
n e

T-1 T-1 d i v} 2
—n 3o TS ) iy y5In i —allfll

=~ In(a/m) 7 [ (eho)e g0 g,

k=1,....d. (22)

Generalised prediction calculated from unnormalized weights will differ
from the generalised prediction calculated from normalized weights by only
an additive constant.

By putting n = 1 from Lemma |I| and applying substitution function e~()

prediction at step T predicts is expressed as follows

- /@ 5 O)gp_, (0)d0, k=1,....d, (23)
where
T-1 [T-1 d_ i
4i(0) = Car(0) = Coxp(= 3 | [T s | Xvitn s —allel?). 29
t=1 \ j=t i=1 t

and C' is the normalising constant ensuring that [ ¢7(6)d6 = 1.

Integral is a Bayesian mixture, where function ¢% () needs to be in-
tegrated with respect to the normalized distribution ¢}.(). It is possible to
avoid the calculation of normalization constant C' as it is a computationally
inefficient operation, and integrate function &% () from the unnormalized dis-
tribution ¢r(#). In order to calculate the integral , it is possible to use
MCMC algorithms. MCMC techniques are often applied to solve integration
and optimisation problems in large dimensional spaces. MCMC is a strategy
for generating samples while exploring the state space using a Markov chain
mechanism. This mechanism is constructed so that the chain spends more time
in the most important regions. The good introduction of MCMC for Machine

Learning can be found in [25].

17



We will use Metropolis-Hastings algorithm for sampling parameters 6 from
the posterior distribution P. As a proposal distribution we chose Gaussian dis-
tribution N(0, 02) with some parameter o. We start with some initial parameter

0y and at each step m we update:
0™ = 0™t + N(0,0%), m=1,..., M,

where M is a maximum number of iterations in MCMC method.

The update parameter 0™ at step m is accepted with probability
min (1, %), where fp(0) is the density function for the distribution P
at point 0. At each step by accepting and rejecting the updates of parameters
0 we move closer to the maximum of the density function. At the beginning
it is common to use ‘burn-in’ stage when the integral is not calculated till we
will not reach the area of high values of density function fp. Thus, we per-
form integration only from the area with high density of P. Some values of 6
are accepted even when the calculated probability is less than 1, it allows the
algorithm to move away from local minimum of the density function. Because
we are interested only in the ratio of density functions of generated parameters,
we can generate new parameters 6 from the unnormalized posterior distribu-
tion ¢r(f) and avoid the weights normalization at each step, which is more
computationally efficient.

At time t = 0 the algorithm starts with the initial estimate of the parameters
6o = 0. At each iteration ¢ > 0 we start with parameter 6™ calculated at the
previous step ¢t — 1. It allows the algorithm to converge faster to the correct

location of the main mass of the distribution.

Algorithm

Parameters: number M > 0 of MCMC iterations,
standard deviation o > 0,
regularization coefficient a > 0

n:=1

initialize 0} :=0 € ©
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define go(0) := exp(—an||0]|?)
fort=1,2,... do
Yi=0,i=1,...,d
read z; € R”
initialize 09 = OM,
form=1,2,...,M do
0 == 0" + N(0,021)
flip a coin with success probability
min (l,qt_1(9*)/%—1(9;n_1))

if success then

o = 0*
else
0" =04
end if
V= ng0r), i=1,....d

end for

output predictions 7§ = ~{ /M, i =1,...

end for

where Wr = diag(/01,1, \/WaT, - -

. Kernelized Algorithm

In this section we kernelize the algorithm and prove upper bounds on the

We start with the following lemma restating Theorem [I|in the dual form.

Learner satisfies

2

d—1 d—1
Ly < L + a0 + mda<1+8a\/w&X}XTvﬂh>, (25)

19
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PRrROOF. The lemma follows from (7)) and the Sylvester identity (Lemma (7). O

Kullback-Leibler loss of the algorithm competing with wider class of experts.

Lemma 4. Under the conditions of Theorem[1], the cumulative loss Lt of the



The lemma opens the way for the kernelization of the loss bound along the
usual lines, but one should be careful. We do not have an explicit formula for
the universal algorithm and cannot state it in the dual form straightforwardly.

We will now define the kernel form of the algorithm. Our starting point is

the representation given by .

Lemma 5. Let J be an orthogonal (n x n)-matriz. If all vectors x; are replaced

by Jag, t =1,2,..., T, the value of vF given by will not change.

PROOF. Vectors z; appear in the integral of only in scalar products x}0;.
Let us replace all z; by Jx;. We have (Jx;)'0; = x;(J'0;). The substitution

0; = J'0; reduces the integral to the same form as before because [|f]|2 =
S0 I8 = 16012 = (16])? and | det(diag(J, J,. .., J))| = 1. O
Lemma 6. Let all xy, t =1,2,...,T, belong to an m-dimensional subspace Sy,

of R™, m < n. Then the integral in can be taken over ©,, = (S,,)%1, so
that

2 = / E5(0) @, (0)db,
O,

with
~ T-1 (T-1 d_ yi
Gra(0)=Cexp | = | [[ ey | Dovim s —allol® |, (26)
t=1 \ j=t i=1 £ (0)

where C is such that Jo, @r(0) = 1.

PROOF. Lemmal5|implies that without restricting the generality we can assume
that vectors in S,,, have their last n—m coordinates equal to 0. We can then split
0; as 0, = (6),0!), where 6; has m and 6; has n—m coordinates (i = 1,2,...,d—
1), and take 6 = (6},...,8,_,) and § = (},...,0,_,)". Since z; € S,,, one can

split them as x} = (&},0), where 0 is of dimension n —m. We have x}8; = &,0;,

and therefore £5((6;,6,...,8, ,,8, )) = €((6},0,...,8, ,,0)).
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‘We have
2 = /@ E5(0)gh_, (0)d6 =

:/ / 5172((9/1’07""5;—1a0)/)
Rm(d—1) JR(n—m)(d—1)

d—1
<G ewn (a3 101 ) e, 27

i=1

where C' is such that

d—1
0/ Gr—1(0) exp (—az ||9i||> df = 1.
© i=1
An application of Fubini’s theorem to [27] completes the proof. O

Let k: X x X — R, where X is some domain, be a kernel and let F with the
scalar product (-,-) 7 and norm || - || be the corresponding RKHS (see [26] for
definitions). Let ® : X — F be the feature mapping given by ®(x) = k(z, -).

Consider the kernelized modification of Protocol [1] with nature outputting
z¢ € X. We want to compete with predictors of the following kind. Take an

array of d — 1 functions f = (f1, fa,..., fa_1) € F4~1. At step t array f outputs
& () = (E4(F), ..., &X(F)) such that

) =o0i(f,2y), i=1,...,d, (28)

where o;(f, x;) are multinomial logistic regression functions:
efi(zt)

Ui(f,l't) B e —
Yo et +1

i=1,...,d—1, (29)

1
sy el 41

The discounted cumulative loss L is defined similar to .

Ud<f7 mt) =

We will now construct a universal algorithm working according to the ker-
nelized Protocol I} The algorithm works as follows.
On step T let Fr C F be the span of ®(z1), P(x2),...,P(xr). It is a

space of finite dimension 7" < T and it is isomorphic to RZ". We define fyé,i
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by with © = RT'(@=1) and x, € R’ being the values corresponding to
O(xt), t =1,2,...,T. Lemma [5| implies that the algorithm is well-defined and
independent of the choice of a linear isomorphism.

The values of 752 can be computed by evaluating the integral in as
follows. Each 6 in © corresponds to a predictor (oy(h,z),...,04(h,z)), where

h = (hy,ha,...,hg_1) € F4 ' is defined by hi(z) = Y1, aik(zs,z), where

ai,ab, ... al € R are some constants. The density
-1 [T-1 d i d—1
gr@) ocexp (=Y | [T e | Doviln5 0 —ay %], B3
t=1 \ j=t i=1 & (h) i=1

where |/h;||% = ZtTl 1a—1 04,04, k(24 4,), may be evaluated (up to a multiplica-
tive constant) once we know at,aj, ..., ak. Therefore we can use MCMC doing

a random walk over the space of coefficients al, i.e., RT(d=1)

Theorem 2. Leta > 0. There exists a prediction strateqy S for the learner such
that for every positive integer T, for every sequence of outcomes of the length T,
and every sequence oy € (0,1], t=1,...,T, and any £ = (f1,..., fa_1) € F¢71

, the loss Lt of the learner satisfies

d—1
d—1 d—1
Ly < LfT—l—aZHfZHfr—&- 5 Indet <I+ W\/ WrKr/ VVT>7 (32)
i=1
where
k(x1,22) ... k(x1,27)
Kr = - )
k(l‘T,l‘l) e k(a:T,xT)
and Wrp = diag(w1,7, w2, 1, ..., wr,T), where wyr = H;‘ttl aj.

Proor. Fix a positive integer T. The distribution ~; output by our algorithm
is constructed using Fr of dimension 7" isomorphic to some RT". For t < T the
construction relies on a different F; isomorphic to R? . However, F; C Fr and
F: is isomorphic to a subspace of RT’. Lemmas [5| and |§| imply that ~; could be

calculated by integration over the same R” (4~1) with the same .. a.
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Let f1, fo,..., fa—1 € Fr. Then each is isomorphic to a #; with the same
norm and the theorem follows from Lemma [l

Let f1, fo,..., fa—1 € F be arbitrary functions from the RKHS. Using the
Representer Theorem argument, we can project each f; on Fr and write f; =
fiH + fi+, where fiH € Fr and fi* is orthogonal to Fr. By the construction
of Fr, we have fi(z;) = fl(z:) i = 1,2,...,d—1and t = 1,2,...,T, but
I fiHH 7 < |Ifill#z- Thus the orthogonal component does not affect predictions

but increases the norm. The theorem follows. O

Note that for the undiscounted losses we have:

Corollary 2. Let a > 0. There exists a prediction strategy S for the learner
such that for every positive integer T, for every sequence of outcomes of the

length T, and any £ = (f1,..., fa_1) € F¢=1, the loss Ly of the learner satisfies

P e d-1 d—1
LTSLT+GZ||fiH,F+ 3 In det I+8TKT ) (33)
i=1
where
k(x1,22) ... k(x1,27)
Kr =
k(l‘T,J?l) N k‘(IT,.’ET)

The order of the regret term in [33] may vary. However, we show that it has
the order O(v/T) in many cases. We will use the notation ¢2 = sup,¢ y k(2, z)

and assume c%_— < 0.

Corollary 3. Under the conditions of Corollary | and if the number of steps
T is known in advance, the kernelized algorithm with a = cxVT achieves loss

satisfying

Ly < Lf + dzil||f.||2+u VT 34
T > L il F 16 CF . (34)
=1

PROOF. The determinant of a symmetric positive definite matrix is upper

bounded by the product of its diagonal elements (see Chapter 2, Theorem 7 in
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[23]) and thus

_ _1\,2 )2
In det <]+ dSlKT> <Th (1 " (d l)C}') < T(d l)C}"
a

8a 8a

If we know the number of steps 7" in advance, then we can choose a specific
value ¢ = C]-‘\/T .

In a case when the number of trials is not known in advance, it is still possible
to use a suitable initial weights distribution over the parameter a to achieve a

similar bound using the AA (see [27]). O

9. Experiments

In this section we apply our algorithm on three data sets and compare its
performance with the multinomial logistic regression. For simplicity we apply
our algorithm for multi-class classification problems and put oy = 1 for all
t=1,...,T. We obtained the best parameters of multinomial logistic regression

by using function ‘multinom’ from library ‘nnet’ in R. E|

9.1. Synthetic Data Set

We generated the synthetic ‘Smiley’ data set that consists of two Gaussian
eyes, a trapezoid nose and a parabola mouth. The function for generating this
data set was taken from R library ‘mlbench’. Figure[l|shows the data set which
contains 1000 observations with two features and four classes: left eye, right eye,
nose, and mouth. We divide our data in a way that each class will have half of
its observations in training and test data sets. Figure|2]illustrates the generated
training data set. The split of the training and test data set is not random to
show that sometimes the training data set does not describe the ‘underlying
nature’ of the data. The training data set is obtained so that there are infinite
number of linear classifiers that could classify the training data set correctly.

First, we will run our algorithm and train the multinomial logistic regression

on training data set and compare their performance. We run our algorithm for

2The code written in R is available at https://github.com/RaisaDZ/LogisticRegression.
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the number of MCMC iterations M = 3000 and ‘burn-in’ period My = 1000 for
different parameters of regularization a and standard deviation o.

Table [I] shows the total loss of our algorithm on training data set. Low
values of losses are achieved with small regularization parameters a and large
standard deviation . Very small values of o lead to big losses as the algorithm
is not able to reach the area of high values of density function fp.

Table |2] illustrates the acceptance ratio of new sampling parameters of our
algorithm. Large values of o and large values of regularization parameter a
result in low acceptance ratios. With large values of ¢ we move faster to the
area of high values of density function while smaller values of o can lead to
more expensive computations as our algorithm would require more iterations
to find the optimal parameters. Figure [3] illustrates logarithm of parameters
likelihood ¢(#) defined in for a = 0.001 and o = 0.1 and 1.5. We can see
from the graphs that for ¢ = 1.5 the algorithm reachs maximum value of log-
likelihood quite fast while for ¢ = 0.1 it still tries to find maximum value after
3000 iterations. It is important to keep track on the acceptance ratio of the
algorithm, as high acceptance ratio means that we move too slowly and need
more iterations and larger ‘burn-in’ period to find the optimal parameters.

Now we want to demonstrate the ‘power’ of online learning compared to
batch learning. We train the multinomial logistic regression on training data
set and will compare its performance with our algorithm applied to test data
set. We choose parameters of algorithm to be M = 3000, ‘burn-in’ period
My = 1000, regularization parameter a = 0.001 and standard deviation ¢ = 1.5.
Note, that even we though use the prior knowledge about optimal parameters
of our algorithm using results on training data set, we do not actually train our
algorithm, and start with initial value 6y = 0. Figure [4] shows the difference
between cumulative losses of the multinomial logistic regression and our algo-
rithm L,OT* — L7 on test data set, where 8* was obtained by multinomial logistic
regression model on training data set. We can see from the graph that our al-
gorithm needs a little time to train and after a few steps it becomes better than

multinomial logistic regression trained on training data set. It is obvious from
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Figure |2 that there are infinite number of linear classifiers that could classify
data correctly as training data set contains linearly separable classes. Training
data set does not describe the ‘underlying nature’ of the generated data. As a
result, retrespectively best model that was trained on training data set does not
perform good on test data set.

Now we will train multinomial logistic regression on test data set to find
retrospectively the best model with parameters 6*. Figure[5|shows the difference
between cumulative losses of retrospectively best expert 6* on test data set and
the cumulative loss of our algorithm. We also plot the theoretical bound for
our algorithm. The initial large gap corresponds to the value —al|0*||?, which
gives the initial start to Learner on expert #*. As time increases, we add an
additional value —@ In(1 + %)@T) to the bound. We can see from the
graph that initially the loss difference is decreasing fast which means that loss
of our algorithm becomes larger compared to the loss of multinomial logistic
regression model. The initial start —al|6*||? gives us some time for training.
After the initial training time passes, the difference between cumulative losses
becomes smoother and behaves in a similar way with the theoretical bound of

our algorithm which is decreasing logarithmically with the number of steps.
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Figure 1: Smiley data set Figure 2: Training data set

9.2. Glass Identification Data Set
We conduct similar experiments on Glass Identification data set which is the

part of the library ‘mlbench’ in R or could be downloaded from UCI Machine

26



Table 1: Total Losses of our algorithm on training set

a\o |01 0.5 1.0 1.5 3.0

0.001 | 218.52 2.11  0.82 0.68 1.10
0.005 | 220.23 231 224 2.05 144
0.010 | 21993 293 295 3.18 3.89
0.050 | 20749 9.99 10.06 10.21 7.65
0.100 | 226.51 16.72 16.50 22.15 7.30
0.500 | 214.10 54.74 54.06 71.29 307.79
0.700 | 207.18 69.12 73.36 65.90 312.76
1.000 | 222.63 86.55 99.73 79.63 278.83

Table 2: Acceptance ratio of our algorithm on training set

a\o |01 05 1.0 15 30

0.001 | 0.82 0.74 0.58 0.38 0.03
0.005 | 0.81 0.75 0.39 0.10 0.01
0.010 | 0.81 0.70 0.29 0.05 0.00
0.050 | 0.82 0.56 0.08 0.01 0.00
0.100 | 0.80 0.46 0.05 0.01 0.00
0.500 | 0.80 0.24 0.01 0.01 0.00
0.700 | 0.82 021 0.01 0.01 0.00
1.000 | 0.82 0.16 0.01 0.00 0.00
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Figure 3: Log-likelihood of parameters depending on iteration step

Learning Repository. The goal is to classify the six type of glasses. The study
of classification of types of glass was motivated by criminological investigation.
At the scene of the crime, the glass left can be used as evidence. The data set
contains nine features and total 214 observations. As there were no timestamps
in the data sets, observations were randomly shuffled, and this order was used
as a time. We normalise all the features between -1 and 1 and add addition bias
1 to all observations.

Similar to the previous experiment, we find retrospectively the best multino-
mial logistic regression with parameters 8* using the whole data set. We want to
compare the performance of retrospectively best expert 8* with the performance
of our algorithm.

Now we will show how the performance of our algorithm and the behavior
of the loss bound depend on the different parameters of regularization a. We
choose number of steps M = 3000, ‘burn-in’ period My = 1000 and o = 0.1.
First, we run our algorithm for small regularization a = 0.001. Figure [f] shows

the difference between cumulative losses of multinomial logistic regression and

28



Loss difference Loss difference

o
o
3 |
© o
=N
I
o
g |
© o
2
I
o
g |
< o
8
3|
« % B
v bound
o
0 100 200 300 400 500 0 100 200 300 400 500
Time Time

Figure 4: Comparison with logistic regression Figure 5: Comparison with retrospectively

trained on training set best logistic regression

our algorithm. Small values of regularization gives small start on the initial
parameters —al|6*||? at time ¢+ = 0. However, the theoretical bound will grow
faster with time —@ In(1 + %X 2T) as it is inversely proportional to the
logarithm of the regularizalion parameter a.

We will conduct the second experiment for larger regularization a = 0.01.
Figure [7] shows the difference between cumulative losses of logistic regression
and our algorithm LHT* — Lp. For larger regularization we allow larger initial
start on the parameters —al|0*||>. Hovewer, the theoretical bound decreases
slower with time compared to the previous experiment.

The choice of the regularization parameter a is important as it affects the
behaviour of the theoretical bound of our algorithm. Larger parameters of

regularization gives larger start on the parameters of the best model, however

the theoretical bound will have smaller growth rate as time increases.
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9.8. Football Data Set

The third data set was compiled from historical information on football
matches and bookmakers odds ﬁ The data set covers three seasons, 2014/2015,
2015/2016 and 2016/2017 of the English Premier League and total 1140 matches.
Each match can have three outcomes: ‘home win’, ‘draw’, or ‘away win’. The
data contains the historical information such as total number of goals, shots,
corners, yellow and red cards after half-time and full-time and bookmakers’ odds
from different providers. For each team we generated features such as average
number of games won / lost, average number of goals scored / conceded, average
number of shots during the first-half, etc. In addition, we combined the odds of
different bookmakers provided for the current match. There were total 46 gen-
erated features. The first two seasons were used for the training of multinomial
logistic regression and the last season was left for test. We want to check if our
algorithm could perform close to the model of logistic regression that will be
trained in online mode. We choose the parameters of our algorithm M = 2000,
‘burn-in’ period My = 500, regularization parameter ¢ = 0.05 and standard

deviation ¢ = 0.2. At the initial step multinomial logistic regression uses the

3 Available at http://football-Data.co.uk
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parameters of the model that was trained on the first two seasons. After that,
we add data sequentially and re-train the model after each match. Figure[§]illus-
trates the difference between cumulative losses of multinomial logistic regression
trained online and our algorithm Lgf — L. Initially our algorithm performes
much worse than logistic regression in online mode as the difference of cumu-
lative losses decreases fast. However, after around 200 steps the difference of
cumulative losses stabilizes and becoming more ‘flattened’ which indicates that
the performance of our algorithm becomes close to the performance of logistic

regression.

Loss difference

-50 -40 -30 -20 -10

-60

0 100 200 300
Time

Figure 8: Comparison with multinomial logistic regression trained in online mode

9.4. Conclusions

We carry out the experiments on artificial data set to evaluate the perfor-
mance of our algorithm. Results show that our algorithm could outperform the
model of retrospectively best model of multinomial logistic regression trained
on training data set. We also compare the difference between the cumulative

losses of retrospectively best multinomial logistic regression trained on the test
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data set and our algorithm, and we check that the theoretical bound of our
algorithm is not violated.

One of the disadvantages of our algorithm is that it might perform much
worse with non-optimal input parameters of regularization a and standard de-
viation o. If no prior knowledge is available, one can start with some reasonable
values of input parameters and keep track on the acceptance ratio of new gen-
erated 6. If the acceptance ratio is too high it might indicate that the algorithm
moves too slowly to the area of high values of the probability function of 8, and
standard deviation o should be increased. Another option is to take very large
number of steps and larger ‘burn-in’ period. The choice of the regularization
parameter a is important as it affects the behaviour of the theoretical bound of
our algorithm. Larger parameters of regularization gives larger start on the pa-
rameters 0* of the best model, however the theoretical bound will have smaller
growth rate as time increases. The choice of the regularization parameter de-
pends on the particular task and goals that desired to be achieved. Another
disadvantage of our algorithm against the competitors is in its training speed.
Increasing the training speed of our algorithm is an interesting area of future

research.
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Appendix

Theorem 3. Let A is positive symmetric semidefinite block matriz such as

A171 ALQ . Al,d
A1 Azp Aza
A= ,
Ad,l Ad,g e Ad7d
where A;;, 1 =1,...,d are square matrices. Then A;;, i =1,...,d are positive

semidefinite and Amax(A) < 2?21 Amax (4; 7).

PROOF. Let A be an n x n-matrix and A;; be an n; X n;-matrix, i =1,...,d.
Every vector z € R", ||z|| = 1 can be partitioned as x = (21,...,2))", where
x; € R™, ¢ =1,...,d. Define ¢; and u; by z; = |la;]| - Hizjl = c¢;u;, where

d d .
Syt =30 lzl? =1, and ||Ju;| = Toqg =1lfori=1,....d Ifz; =0 we
put ¢; = 0 and u; be any vector such that ||u;||=1fori=1,...,d.

We have

Amax(4) = max 2’ Ax
[lz|l=1
and
£C/A£L' = Z x;Aw—xj = ZC;U;ALJ"LL]'CJ' = ZC;aiﬁjCj, (35)
4,5:24,2; 70 1,J i,

where a; ; = u}A; ju; and

dd,1 C dd,d

Matrices A4, ;, i =1,...,d are positive semidefinite (by Observation 7.1.2 in

[22]) and A is positive semidefinite by . Then

d d d
chai,jcj < Amax(A) <trd = Z&m‘ = Zu;Azzuz < Z)\max(Ai,i)~
i=1 i=1 i=1

,J



Lemma 7. (Sylvester Identity) For any n x m matriz B, any m x n matriz

C, and any number a
det(al, + BC) = det(al,, + CB),

where I,, I, are unit matrices n X n and m X m, respectively.

PROOF. It follows from matrixz multiplication rules that

I, B al, + BC O al, aB
o I, -C al,, -C al,
aly, 0 I, B

-C al,+CB o I,

Taking the determinant of both sides and using rules of taking the determinant

of block matrices we get the statement of the lemma. O
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