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Introduction

Classical bandits: Ad _selection

 Slot machine:
 Unknown rewards;
* Stationary;
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’ O(logT? regret. Users click with Reward=
However, inreal world  ynknown prob. ) # of clicks

problems, non-stationary
* User preference drift;

* Big event;

* Aging.

Existing methods:
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* Passively adaptive policies - D-UCB, SW-UCB, Rexp3- with guarantee
* Actively adaptive policies - AdaptEVE, CTS - without guarantee

Model

Basic setting:

* Discrete time model of horizon T, there are K arms:

* Ateach time t, choosing an arm I, returns a reward X(I,) ;

* The expectations, p (1), may change over time;

 i":arm with the highest expected reward at time t.

* vy number of change points up to time T.

* Regret: expected loss compared to the oracle that plays arm i”, each time.

R.(T)=FE

T

D (Xe(iF) — Xo(1y))

| t=1

Assumption 1: (piecewise stationarity) The shortest interval is larger than KM.
Assumption 2: (detectability) The expectation drift is no less than 3e€.
Assumption 3: Bernoulli rewards.

Algorithm

confidence bounds (CD-UCB).

We propose change-detection based upper Chamse
detection
algorithm

* The change detection algorithm controls the

restarting of UCB 1ndex;

@ “alarms’ to restart

Bandit
e Mix the UCB decision with uniform L algorithm }

sampling to feed CD algorithm. X(I)
We propose a tailored CUSUM algorithm for [

bandit problems.

reward

bandit

Non-stationary
environment

Algorithm 1 CD-UCB

Algorithm 2 Two-sided CUSUM

Require: 7', o and an algorithm CD(-, -)
Initialize 7, = 1, V.
for ¢t from 1 to 7' do
Update according to equations (3-5).
Play arm [; and observe X; (/).
if CD(It, Xt (It)> —=1 then
17, =t + 1; reset CD(1y, ).
end if
end for

Require: parameters €, M, h and {y }x>1
Initialize g; = 0 and g5 = 0.
for each £ do
Calculate s, and s,j according to (6).
Update g,j and g, according to (7).
ifg/;r > horg, > hthen
Return 1

end if
end for

t K
Ni(i) = > Lyro—ip, ne= Y Ne(d),
S=T; 1=1

t

Xi(i)=) X0 Ci (1) = o L

N, (’l) {Is=i}>

S=T;

Ny (i)

[ _ Jargmaxicc (Xo(i) + Co(i)), wp.1-a
t Ly Vie K,wp. %

(si,sp) = (yr — o — €, G0 — Yx — €)Lggsnry.  (6)

S)

gl‘: = max((),g,,j_1 + 5:), g, =max(0,g9, |+ s, ).
7

Analysis
Theorem 1. (CD-UCB) Let & = 1. Under Assumption 1, for any o € |0,1) and any arm i €
{1,..., K}, the CD-UCB policy achieves,

E[Nr(i)] < (yr + E[F]) - (éiog(i)T)Q | 7;) ™ - E[D]+ 22

3 K
Corollary 1. (CD-UCB|a = 0) If « = 0 and £ = 1, then the regret of CD-UCB is
R coves(T) = O((yr + E[F]) log T+~ - ]E[D]))

Theorem 3. (CUSUM-UCB) Let & = 1. Under Assumptions 1, 2 and 3, for any oo € (0, 1) and any
armi € {1,..., K}, the CUSUM-UCB policy achieves,

~ w2 ol
EN . < R ¢ R I [ ’
N7 ()] < Ry - Ry %

o7 4logT 72 Co(h + 1)K
or Ri = I , Ry = | - M 4 :
s 1 =T (1 — 2exp(—2e2M)) exp(C1h) 2 (AMT(i))Q 3 o

Corollary 2. Under the Assumptions 1, 2 and 3, if horizon I' and the number of breakpoints vy are

known in advance, then we can choose h = —log == and a = K Coyr log L= so that
C1 YT C1T YT

v log T T
Rﬂ-CUSUM-UCB (T) = () | T’)/T log — .
((AMT(i))Z \/ ’VT)

Passively adaptive Actively adaptive

D-UCB SW-UCB Rexp3 Adapt-EVE | CUSUM-UCB lower bound
(Kocsis and Szepesvari 2006)|(Garivier and Moulines 2008)|(Besbes, Gur, and Zeevi 2014)|(Hartland et al. 2007) (Garivier and Moulines 2008)

Regretl O(\/T~yrlogT) O(v/T~rlogT) O(V:,{/STQ/?’) Unknown O(\/TfyT log %) Q(/T)

Policy

Evaluation

Experiment 1: Flipping environment. 2 Bernoulli arms with p,(1)=0.5,
0.5 — L << 2L
(@) =07 s StE S
0.3, otherwise
Experiment 2: Switching environment.

(i) — (1), with probability 1 — 3(t)
PO =\~ U[0,1], with probability A(t)

Experiment 3: Yahoo! Front Page dataset.
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