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1 INTRODUCTION

Online Algorithms (OA)! [14, 15, 37] and Online Convex Optimization (OCO) [9, 23, 38] are two
important settings of online decision making. Methods in both OA and OCO settings are designed
to make a decision at every round and then use the decision as a response to the environment.
Their major differences are outlined as follows.

e For every round, methods in the setting of OA are able to know a loss function first and
then make a decision as the response to the environment.

e However, for every round, methods in the setting of OCO have to make a decision before
knowing the loss function. Thus, the environment may be adversarial to decisions of those
methods.

Both of them have a large number of practical scenarios. For example, both the k-server problem
[4, 26] and the Metrical Task Systems (MTS) problem [1, 4, 10] are usually studied in the setting of
OA. Other problems include online learning [29, 39, 42, 43], online recommendation [41], online
classification [6, 18], online portfolio selection [28], and model predictive control [36], which are
usually studied in the setting of OCO.

Most recent research has begun to investigate performance of online methods in both OA and
OCO settings by using dynamic regret with switching cost [15, 30]. It measures the difference be-
tween the cost yielded by real-time decisions and the cost yielded by the optimal decisions. Com-
paring with the classic static regret [9], it has two major differences.

e First, it allows optimal decisions to change within a threshold over time, which is necessary
in the dynamic environment.?

e Second, the cost yielded by a decision consists of two parts: the operating cost and the switch-
ing cost, while the classic static regret only contains the operating cost.

The switching cost measures the difference between two successive decisions, which is needed in
many practical scenarios such as service management in electric power network [35] and dynamic
resource management in data centers [31, 33, 40]. However, we still have little knowledge about
the relation between the dynamic regret and the switching cost. In the article, we are motivated
by the following fundamental questions:

e Does the switching cost impact the dynamic regret of an online method?
e Does the problem of online decision making become more difficult due to the switching cost?

To answer those challenging questions, we investigate online mirror descent in settings of OA
and OCO and provide a new theoretical analysis framework. According to our analysis, we find an
interesting observation, that is, the switching cost does impact on the dynamic regret in the setting
of OA. But it has no impact on the dynamic regret in the setting of OCO. Specifically, when the
switching cost is measured by [|x;+1 — %;]|? with 1 £ ¢ < 2, the dynamic regret for an OA method
is O(TﬁDﬁ ), where T is the maximal number of rounds and D is the given budget of dynamics.
But the dynamic regret for an OCO method is O(VTD + VT), which is same with the case of
no switching cost [20, 21, 50, 51]. Furthermore, we provide a lower bound of dynamic regret,
namely Q(VTD + VT) for the OCO setting. Since the lower bound is still same with the case of
no switching cost [50], it implies that the switching cost does not change the difficulty of the online
decision making problem for the OCO setting. Comparing with previous results, our new analysis is

1Some literature denote OA by “smoothed online convex optimization.”
2Generally, the dynamic environment means the distribution of the data stream may change over time.
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more general than previous results. We define a new dynamic regret with a generalized switching
cost and provide new regret bounds. It is novel to analyze and provide the tight regret bound in the
dynamic environment, since previous analysis cannot work directly for the generalized dynamic
regert. In a nutshell, our main contributions are summarized as follows:

e We propose a new general formulation of the dynamic regret with switching cost and then
develop a new analysis framework based on it.

e We provide O(TﬁDﬁ) regret with 1 < ¢ < 2 for the setting of OA and O(VTD + VT)
regret for the setting of OCO by using the online mirror descent.

e We provide a lower bound Q(VTD + VT) regret for the setting of OCO, which matches with
the upper bound.

The article is organized as follows. Section 2 reviews related literature. Section 3 presents the
preliminaries. Section 4 presents our new formulation of the dynamic regret with switching cost.
Section 5 presents a new analysis framework and main results. Section 6 presents extensive em-
pirical studies. Section 7 conludes the article and presents future work.

2 RELATED WORK

In the section, we review related literatures briefly.

2.1 Competitive Ratio and Regret

Although the competitive ratio is usually used to analyze OA methods, and the regret is used to
analyze OCO methods, recent research aims to develop unified frameworks to analyze the per-
formance of an online method in both settings [1-3, 8, 11-13]. Reference [8] provides an analysis
framework that is able to achieve sublinear regret for OA methods and constant competitive ra-
tio for OCO methods. References [1, 11, 12] use a general OCO method, namely online mirror
descent in the OA setting, and improve the existing competitive ratio analysis for k-server and
MTS problems. Different from them, we extend the existing regret analysis framework to handle
a general switching cost and focus on investigating the relation between regret and switching
cost. Reference [3] provides a lower bound for the OCO problem in the competitive ratio analysis
framework, but we provide the lower bound in the regret analysis framework. References [2, 13]
study the regret with switching cost in the OA setting, but the relation between them is not stud-
ied. Comparing with References [2, 13], we extend their analysis and present a more generalized
bound of dynamic regret (see Theorem 1).

2.2 Dynamic Regret and Switching Cost

Regret is widely used as a metric to measure the performance of OCO methods. When the envi-
ronment is static, e.g., the distribution of data stream does not change over time, online mirror
descent yields O(VT) regret for convex functions and O(log T) regret for strongly convex func-
tions [9, 23, 38]. When the distribution of data stream changes over time, online mirror descent
yields O(NTD + VT) regret for convex functions [20], where D is the given budget of dynamics.
Additionally, Reference [51] first investigates online gradient descent in the dynamic environment
and obtains O(VTD + VT) regret (by setting 1 oc \/é) for convex f;. Note that the dynamic regret
used in Reference [51] does not contain swtiching cost. References [21, 22] use similar but more
general definitions of dynamic regret and still achieves O(VTD + VT) regret. Furthermore, Refer-
ence [50] presents that the lower bound of the dynamic regret is Q(VTD + VT). Other previous

research investigates the regret under different definitions of dynamics such as parameter variation
[19, 34, 44, 47], functional variation [7, 25, 46], gradient variation [17], and the mixed regularity
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Table 1. Summary of Differences between OA and OCO

Algo. | Make decision first? | Observe f; first? | Metric | Has SC?
OA no yes competitive ratio yes
0CO yes no regret no

SC represents “switching cost.”

[16, 24]. Note that the dynamic regret in those previous studies does not contain switching cost,
which is significantly different from our work. Our new analysis shows that this bound is achieved
and optimal when there is switching cost in the regret (see Theorems 2 and 3). The proposed anal-
ysis framework thus shows how the switching cost impacts the dynamic regret for settings of OA
and OCO, which leads to new insights to understand online decision making problems.

3 PRELIMINARIES

In the section, we present the preliminaries of online algorithms and online convex optimization
and highlight their differences. Then, we present the dynamic regret with switching cost, which
is used to measure the performance of both OA methods and OCO methods.

3.1 Online Algorithms and Online Convex Optimization
Comparing with the setting of OCO [9, 23, 38], OA has the following major difference.
e OA assumes that the loss function, e.g., f;, is known before making the decision at every
round. But OCO assumes that the loss function, e.g., f, is given after making the decision
at every round.

o The performance of an OA method is measured by using the competitive ratio [15], which
is defined by

|27 (o) + lixe = %0l
(20 (fe) + I = x;_11)]

Here, {x’;}tT:1 is denoted by

T
() = argmin > (filze) + llze = zal),

{z:} e L] 1=1

where £~l§ = {{zt}tT=1 : Zthl 1z — z;—1]] < D}. D is the given budget of dynamics. It is the
best offline strategy, which is yielded by knowing all the requests beforehand [15]. Note
that ||x} — x}_, Il is the switching cost yielded by A at the tth round. But OCO is usually
measured by the regret, which is defined by

T T
DAy - min > fi(z),
=1 (ze)im€Lp 45

where Lg = {{zt}tT=1 : Zth_ll l1z;+1 — z¢|| < D}. Dis also the given budget of dynamics. Note
that the regret in classic OCO algorithm does not contain the switching cost.

To make it clear, we use Table 1 to highlight their differences.
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3.2 Dynamic Regret with Switching Cost

Although the analysis framework of OA and OCO is different, the dynamic regret with switching
cost is a popular metric to measure the performance of both OA and OCO [15, 30]. Formally, for
an algorithm A, its dynamic regret with switching cost RS is defined by

T -1 T T-1
RA .= (x¢) + [1Xs41 — X¢|| = min (z¢) + 1ze+1 = 2ell |, (1)
b ;ﬁ : ; o=l = min ;ﬁ ' ; =2

where LE = {{zt}tT:1 : ZtT;f [1z;+1 — z¢|| < D}. Here, ||x;+1 — X;|| represents the switching cost at
the tth round. D is the given budget of dynamics in the dynamic environment. When D = 0, all
optimal decisions are same. With the increase of D, the optimal decisions are allowed to change
to follow the dynamics in the environment. It is necessary when the distribution of data stream
changes over time.

3.3 Notations and Assumptions

We use the following notations in the article.

e The bold lowercase letters, e.g., x, represent vectors. The normal letters, e.g., i, represent a
scalar number.

||-|| represents a general norm of a vector.

XT represents Cartesian product, namely, X X X X --- X X. ¥ T has the similar meaning,

T times

Bregman divergence By (X, y) is defined by By (x,y) = ®(x) — ®(y) — (VO(y),x — y).

A represents a set of all possible online methods, and A € A represents some a specific
online method.

e < represents ‘less than equal up to a constant factor’.

e [ represents the mathematical expectation operator.

Our assumptions are presented as follows. They are widely used in previous literature [9, 15,
23, 30, 38].

AssuMpTION 1. The following basic assumptions are used throughout the article.

For anyt € [T], we assume that f; is convex and has L-Lipschitz gradient.
The function @ is py-strongly convex, that is, for anyx € X andy € X, Bo(x,y) > %HX -yl
Foranyx € X andy € X, there exists a positive constant R such that

max {Bq;(X, Y)’ ”X - YHZ} < R
e Foranyx € X, there exists a positive constant G such that

max {[V£, I Ve’ < ¢

4 DYNAMIC REGRET WITH GENERALIZED SWITCHING COST

In the section, we propose a new formulation of dynamic regret, which contains a generalized
switching cost. Then, we highlight the novelty of this formulation and present the online mirror
decent method for setting of OA and OCO.

4.1 Formulation

For an algorithm A € A, it yields a cost at the end of every round, which consists of two parts:
operating cost and switching cost. At the tth round, the operating cost is incurred by f;(x;), and the

ACM Transactions on Intelligent Systems and Technology, Vol. 11, No. 3, Article 28. Publication date: April 2020.



28:6 Y. Zhao et al.

switching cost is incurred by ||x;4+1 — x;||” with 1 < o < 2. The optimal decisions are denoted by
{y}‘}thl, which is denoted by

(yt}iz; = argmin Zfz yi) +leyt+1 -yell”-

lyedl e LE =
Here, LIT) is denoted by

T-1
L{) = {{Yt}thl : Z lyrs1 —yell < D} .
=1

D is a given budget of dynamics, which measures how much the optimal decision, i.e., y; can
change over t. With the increase of D, those optimal decisions can change over time to follow the
dynamics in the environment effectively.

Denote an optimal method A*, which yields the optimal sequence of decisions {y}}’_,. Its total

cost is denoted by
cost(A th(yt + Z [V

Similarly, the total cost of an algorithm A € A is denoted by
T T-1
cost(A) = > fi(xe) + D Ixeer = x|
=1 =1

Definition 1. For any algorithm A € A, its dynamic regret Rg with switching cost is defined by
RS := cost(A) — cost(A"). (2)

Our new formulation of the dynamic regret RB makes a balance between the operating cost and
the switching cost, which is different from the previous definition of the dynamic regret in [20, 21,
51].

Note that the freedom of o with 1 < ¢ < 2 allows our new dynamic regret R%} to measure the
performance of online methods for a large number of problems. Some problems such as dynamic
control of data centers [32], stock portfolio management [27], require to be sensitive to the small
change between successive decisions, and the switching cost in these problems is usually bounded
by ||x;+1 — X¢||. But many problems such as dynamic placement of cloud service [49] need to bound
the large change between successive decisions effectively, and the switching cost in these problems
is usually bounded by [|x;41 — x;||%.

4.2 Novelty of the New Formulation

Our new formulation of the dynamic regret is more general than previous formulations [15, 30],
which are presented as follows.

e Support more general switching cost. Reference [15] defines the dynamic regret with
switching cost by Equation (1). It is a special case of our new formulation (2) by setting
o = 1. The sequence of optimal decisions {y}}’_, is dominated by {f;}!_, and D and does
not change over {xt} ﬂA is thus impacted by {xt} , for the given ﬁ _, and D. Gen-
erally, ||x;+1 — X¢|| is more sensitive to measure the shght change between X;+1 and x;
than ||x;4; — x,||°. But, for some problems such as the dynamic placement of cloud ser-
vice [49], the switching cost at the ¢th round is usually measured by ||x,4; — x;||?, instead
of ||x;+1 — X¢||. The previous formulation in Reference [15] is not suitable to bound the
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ALGORITHM 1: MD-OA: Online Mirror Descent for OA.

Require: The learning rate y, and the number of rounds T.
1: fort=1,2,...,T do

2 Observe the loss function f;. >> Observe f; first.
3: Query a gradient g; € Vf;(x¢-1).
4 X = argming ¢ x (8¢, X — X-1) + %B@(X, Xf-1). > Play a decision after knowing f;.

5: return xr

switching cost for those problems. Benefiting from 1 < ¢ < 2, (2) supports more general
switching cost than previous work.

e Support more general convex f;. Reference [30] defines the the dynamic regret with
switching cost by

T T-1 T T-1

2 s 2
DU+ Y ke = x P = min (Y fiz) + Yl -zl
=1 =1 (20} €XT \ {7 =1

and they use ZtT;ll Ix;,, — x7|l to bound the regret. Here, x; = argminycx f;(x). It implicitly
assumes that the difference between x; | and x} are bounded. It is reasonable for a strongly
convex function f; but may not be guaranteed for a general convex function f;. Additionally,
Reference [30] uses [Ix},, — x}||* to bound the switching cost, which is more sensitive to
the significant change than ||x}, , — x}||. But it is less effective to bound the slight change
between them, which is not suitable for many problems such as dynamic control of data

centers [32].

4.3 Algorithm

We use mirror descent [5] in the online setting, and present the algorithm MD-OA for the OA
setting and the algorithm MD-OCO for the OCO setting, respectively.

As illustrated in Algorithms 1 and 2, both MD-OA and MD-OCO are performed iteratively. For
every round, MD-OA first observes the loss function f; and then makes the decision x, at the ¢tth
round. But MD-OCO first makes the decision x; and then observes the loss function f;. Therefore,
MD-OA usually makes the decision based on the observed f; for the current round, but MD-OCO
has to predict a decision for the next round based on the received f;.

Note that both MD-OA and MD-OCO need to solve a convex optimizaiton problem to update x.
The complexity is dominated by the domain X and the distance function ®. Besides, both of them
lead to O (d) memory cost. They lead to comparable cost of computation and memory.

5 THEORETICAL ANALYSIS

In this section, we present our main analysis results about the proposed dynamic regret for both
MD-OA and MD-OCO and discuss the difference between them.

5.1 New Bounds for Dynamic Regret with Switching Cost
The upper bound of dynamic regret for MD-OA is presented as follows.

THEOREM 1. Choosey = min{%, T we D¥s ) in Algorithm 1. Under Assumption 1, we have

sup RAD/[D’OA < T DT + TonD o,
(fe)l eFT

That is, Algorithm 1 yields O(Tﬁ D#+1) dynamic regret with switching cost.
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ALGORITHM 2: MD-OCO: Online Mirror Descent for OCO.
Require: The learning rate 1, the number of rounds T, and xq.
1: fort=0,1,...,T - 1do
2: Play x;. > Play a decision first before knowing f;.
3 Receive a loss function f;.
4: Query a gradient g; € Vf;(x;).
5 X1 = argming e x (8s, X — Xz) + %B@(x,xt),

6: return xp

Remark 1. When o = 1, MD-OA yields O(VTD) dynamic regret, which achieves the state-of-
the-art result in Reference [15]. When ¢ = 2, MD-OA yields O(T%D%) dynamic regret, which is a
new result as far as we know.

However, we find different result for MD-OCO. The switching cost does not have an impact on
the dynamic regret.

THEOREM 2. Choose n = min{%, DTJrG} in Algorithm 2. Under Assumption 1, we have

sup RAD/ID‘OCO < VTD + VT.
{ft}{zleTT

That is, Algorithm 2 yields O(NDT + VT) dynamic regret with switching cost.

Remark 2. MD-OCO still yields O(VTD + VT) dynamic regret [20] when there is no switching
cost. It shows that the switching cost does not have an impact on the dynamic regret.

Before presenting the discussion, we show that MD-OCO is the optimum for dynamic regret,
because the lower bound of the problem matches with the upper bound yielded by MD-OCO.

THEOREM 3. Under Assumption 1, the lower bound of the dynamic regret for the OCO problem is

inf  sup RpH=Q (\/ﬁ+ \/T)

ACA T eF T

Remark 3. When there is no switching cost, the lower bound of dynamic regret for OCO is
O(VTD + VT) [50]. Theorem 3 achieves it for the case of switching cost. It implies that the switch-
ing cost does not let the online decision making in the OCO setting become more difficult.

5.2 Insights

Switching cost has a significant impact on the dynamic regret for the setting of OA. Ac-
cording to Theorem 1, the switching cost has a significant impact on the dynamic regret of MD-OA.
Given a constant D, a small ¢ leads to a strong dependence on T, and a large o leads to a weak
dependence on T. The reason is that a large o leads to a large learning rate, which is more effective
to follow the dynamics in the environment than a small learning rate.

Switching cost does not have an impact on the dynamic regret for the setting of OCO.
According to Theorem 2 and Theorem 3, the dynamic regret yielded by MD-OCO is tight, and
MD-OCO is the optimum for the problem. Although the switching cost exists, the dynamic regret
yielded by MD-OCO does not have any difference.

As we can see, there is a significant difference between the OA setting and the OCO setting. The
reasons are presented as follows.
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e MD-OA makes decisions after observing the loss function. It has known the potential op-
erating cost and switching cost for any decision. Thus, it can make decisions to achieve a
good tradeoff between the operating cost and switching cost.

e MD-OCO make decisions before observing the loss function. It only knows the historical
information and the potential switching cost, and does not know the potential operating
cost for any decision at the current round. In the worst case, if the environment provides
an adversary loss function to maximize the operating cost based on the decision made by
MD-OCO, MD-OCO has to lead to O(VTD + VT) regret even for the case of no switching
cost [20]. Although the potential switching cost is known, MD-OCO cannot make a better
decision to reduce the regret due to unknown operating cost.

6 EMPIRICAL STUDIES

In this section, we evaluate the total regret and the regret caused by switching cost for settings
of both OA and OCO by running online mirror decent. Our experiments show the importance of
knowing loss function before making a decision.

6.1 Experimental Settings

We conduct binary classification by using the logistic regression model. Given an instance a € R¢
and its label y € {1, —1}, the loss function is

f(x) =log (1 + exp (—yaTx)) .

In experiments, we let ®(x) = % [Ix]]2.

We test four methods, including MD-OA, i.e., Algorithm 1, and MD-OCO, i.e., Algorithm 2, on-
line balanced descent [15] denoted by BD-OA in the experiment, and multiple online gradient
descent [48] denoted by MGD-OCO in the experiment. Both MD-OA and BD-OA are two variants
of online algorithm, and similarily both MD-OCO and MGD-OCO are two variants of online con-
vex optimization. We test those methods on three real datasets: usenet1,? usenet2,* and spam.S The
distributions of data streams change over time for those datasets, which is just the dynamic envi-
ronment as we have discussed. More details about those datasets and its dynamics are presented
at: http://mlkd.csd.auth.gr/concept_drift.html.

We use the average loss to test the regret, because they have the same optimal reference points
{y;}]_,- For the tth round, the average loss is defined by

t t—1
% Z log (1 +exp (—yzAlsz)) + % Z X141 — x4l ,
=1 =0

average loss caused by operating cost average loss caused by switching cost

where A; is the instance at the /th round and y; is its label. Besides, we evaluate the average loss
caused by operating cost separately and denote it by OL. Similarly, SL represents the average loss
caused by switching cost.

In experiment, we set D = 10. Since G, y, and L are usually not known in practical scenarios,
the learning rate is set by the following heuristic rules. We choose the learning rate y; = n; = %
for the tth iteration, where J is a given constants by the following rules. First, we set a large value
& = 10. Then, we iteratively adjust the value of § by § < §/2 when § cannot let the average loss

3http://lpis.csd.auth.gr/mlkd/usenet1.rar.
*http://Ipis.csd.auth.gr/mlkd/usenet2.rar.
Shttp://Ipis.csd.auth.gr/mlkd/concept_drift/spam_data.rar.

ACM Transactions on Intelligent Systems and Technology, Vol. 11, No. 3, Article 28. Publication date: April 2020.


http://mlkd.csd.auth.gr/concept_drift.html
http://lpis.csd.auth.gr/mlkd/usenet1.rar
http://lpis.csd.auth.gr/mlkd/usenet2.rar
http://lpis.csd.auth.gr/mlkd/concept_drift/spam_data.rar

28:10 Y. Zhao et al.
4 5
35 a5 P!
s N QS\S\@\S\( N 4 A 776\\6\@\&
2 " 9 3 a 2 & A —
82s NN 38 B o “ N o
S - a 025 a @3 Siin
A =3 A
g 2 a g I
3 g 2 g
2 2
<15 < <2
-~ MD-0CO 1.5 [~=-mp-0CcO ~©-MD-OCO
£-MGD-0CO £-MGD-0CO £-MGD-0CO
T [|-—mp-0a 1 |=+—MD-0A 4 L{~—Mmp-0A
©-BD-OA ©-BD-OA ©-BD-OA
0.5 05
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
Number of rounds Number of rounds Number of rounds
(a) usenetl, total loss, o = 1 (b) usenet]l, total loss, o = 1.5 (c) usenetl, total loss, o = 2
= 1.6 S
15 To—e—06—_ 7ﬁ_€,\@\ 1.8 \@\9\9
PRV ) SN SN 16F 4 a *“’\@\(
o o Doipn &
a a Ana
@ a 014 A
2 212 4 2
k<] —5-MD-0CO o —5-MD-0CO S ~=-MD-0CO
S £-MGD-OCO o £-MGD-OCO @ 1214 MGD-0CO
& 1|~—mp-oa & 17[~+—mp-0A & ——MD-OA
o ©-BD-OA o ©-BD-OA ¢ 1r|-0-BD-0A
< <os <
0.8
0.6 06
08—t 2

200 400

Number of rounds

600

¥
800 1000

(d) usenet2, total loss, o = 1

200 400 600

Number of rounds

(e) usenet2, total loss, o = 1.5

800

1000

~5-MD-0CO 3 ~©-MD-0CO ° f:mggggo
A -( A - 4 !
25 MGD-0CO MGD-0CO i ——MD-OA
25 4 A ©+BD-OA
o 2 @ 2
0 13 o A
k] o 2 23
o Py 9 N
218 g |4 2
s 515 o VS
> > =3
< < <

o
@

o
@

200 400 600

Number of rounds

800 1000

(f) usenet2, total loss, o = 2

N

1000 2000

3000

4000

Number of rounds

1000 2000 3000

Number of rounds

4000

1000 2000 3000 4000

Number of rounds

(g) spam, total loss, o =1 (h) spam, total loss, o = 1.5 (i) spam, total loss, o =2

Fig. 1. OCO methods leads to large average loss than OA methods.

converge. If the first appropriate § can let the average loss converge, then it is finally chosen as the
optimal learning rate. We use the similar heuristic method to determine other parameters, e.g., the
number of inner iterations in MGD-OCO. Finally, the mirror map function is % |I]|? for BD-OA.

6.2 Numerical Results

As shown in Figure 1, both MD-OA and BD-OA are much more effcetive than MD-OCO and MGD-
OCO to decrease the average loss during a few rounds of begining. Those OA methods yield much
smaller average loss than OCO methods. The reason is that OA knows the loss function f; before
making decision x;. But, OCO has to make decision before know the loss function. Benefiting from
knowing the loss function f;, OA reduces the average loss more efffectively than OCO. It matches
with our theoretical analysis. That is, Algorithm 1 leads to O(TﬁD%) regret, but Algorithm 2
leads to O(VTD + VT) regret. When o > 1, OA tends to lead to smaller regret than OCO. The
reason is that OA knows the potential loss before making a decision for every round. But, OCO
works in an adversary environment, and it has to make a decision before knowing the potential
loss. Thus, OA is able to make a better decision than OCO to decrease the loss. Additionally, we
observe that both MD-OA and BD-OA reduce much more average loss than MD-OCO and MGD-
OCO for alarge o, which validates our theoretical results nicely. It means that OA is more effective
to reduce the switching cost than OCO for a large o. Specifically, as shown in Figure 2, the average
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Fig. 2. Comparing with MD-OCO. The superiority of MD-OA becomes significant for a large o.
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Fig. 3. MD-OCO leads to more average loss caused by switching cost than MD-OA, especially for a large o.

loss caused by switching cost of OA methods, i.e., MD-OA(SL), has unsignificant changes, but that
of OCO methods, i.e., MD-OCO(SL), has remarkable increase for a large o.

When handling the whole dataset, the final difference of switching cost between MD-OA and
MD-OCO is shown in Figure 3. Here, the difference of switching cost is measured by using average
loss caused by switching cost of MD-OCO minus corresponding average loss caused by switching cost
of MD-OA. As we can see, it highlights that OA is more effective to decrease the switching cost. The
superiority becomes significant for a large o, which verifies our theoretical results nicely again.
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7 CONCLUSION AND FUTURE WORK

We have proposed a new dynamic regret with switching cost and a new analysis framework for
both online algorithms and online convex optimization. We find that the switching cost signifi-
cantly impacts on the regret yielded by OA methods but does not have an impact on the regret
yielded by OCO methods. Empirical studies have validated our theoretical result.

Moreover, the switching cost in the article is measured by using the norm of the difference
between two successive decisions, that is, ||x;+1 — X¢||. It is interesting to investigate whether the
work can be extended to a more general distance measure function such as Bregman divergence
dp(Xs41, X;) or Mahalanobis distance dar(X;11, X;). Specifically, if the Bregman divergence® is used,
then the switching cost is thus dp (X/+1,X;) = ¥(Xp41) — U(x¢) — (VY¥(Xs), X141 — X; ), where /() is
a differentiable distance function. If the Mahalanobis distance’ is used, then the switching cost is
thus dp(xz41,X;) = \/(XH.l —X;)TS(x441 — X;), where S is the given covariance matrix. We leave
the potential extension as the future work.

Besides, our analysis provides regret bound for any given budget of dynamics D. It is a good
direction to extend the work in the parameter-free setting, where analysis is adaptive to the dy-
namics D of environment. Some previous work, such as Reference [45], has proposed the adaptive
online method and analysis framework. But Reference [45] works in the expert setting, not a gen-
eral setting of online convex optimization. It is still unknown whether their method can be used
to extend our analysis.

APPENDIX
PROOFS

LEMMA 1. Given any vectors g, u; € X,u" € X , and a constant scalar A > 0, if

_ 1
Uy = argmin{(g,u—u;) + IB(P(U’ u;),
ueX

we have
<g, Ure1 — 0 > < I (Bo(u®,us) = Bo(u®,ur41) — Bo(urer,uy)) .

Proor. Denote h(u) = {(g,u—u;) + %Bq)(ll, u;),andu; = usqq + 7(u” — us4q). According to the
optimality of x;, we have

0 < h(ur) = h(uss1)

1
=(g u; — 1)+ ; (Bop(ur,uy) — Bo(usi1,up))

=(g, 7(u" —uzyy)) + % (@(ur) = D(use1) + (VO(uy), 7(uryy —u’)))
< <g, r(u* - Uz+1)> + % <V®(Ut+1), T(u" — Ut+1)> + % <V<I>(ut)’ T(Upyr — U*)>
=(g, t(u" —u;41)) + % (VO(u;) — ®(uss1), t(upeg —u’)).

Thus, we have

* 1 *
(g up —u') < ;l (VO(u;) — D(ups1), upq —u)

1 * *
=7 (Bop(u*,uz) — Bop(u*, up41) — Bo(usrr,uy)) .

%See details in https://en.wikipedia.org/wiki/Bregman_divergence.
7See details in https://en.wikipedia.org/wiki/Mahalanobis_distance.
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It completes the proof. O
LEMMA 2. Foranyx € X, we have
Bo(¥y41-%) = Ba(ys %) < 2G|y — yill - 1)
Proor. According to the third-point identity of the Bregman divergence, we have
Bo(Y141-X) — Bo(yy. x)
=(VO(y;11) = VO(X), ¥ri1 = ¥1) = Ba(¥1,¥i11)
ey, - V060, vi - vi)
<IVe(yri1) = Ve llyres - yill
< (Ve DIl + 1IVRE)ID [lyre = yill
<26y — il ()
@ holds, because Bg(u, v) > 0 holds for any vectors u and v. It completes the proof. O
LemMA 3. Givenx,_; € X and g;, if x; = argmingex (§;, X — X;—1) + %B@(X, X;_1), we have

ZG)/
Ixr = X1l £ —

Proor.
N N 1
(8- Xt — Xp-1) + % lIx¢ = x-1]I? CSD (8- Xt —Xp-1) + ;Bqa(xt,xt-l)g)O-
@ holds due to ® is p-strongly convex, and @ holds due to the optimality of x,. Thus,

u R .
E 1% — xe1ll* < (8, —x¢r +xp-1) < |8l l=%¢ + X1 ll < G ll=%¢ + %11l -

That is,

2Gy
Ixr = X1l £ —

It completes the proof. O
Proof to Theorem 1:

Proor.
fe(xe) = fe(y?)
=fi(xe) = fr(xe-1) + fr(xe-1) = fi(y7)
<fi(xe) = fr(Xem1) + (8o X1 — V3)
ft(xt) - ft(Xt 1) — <8t,Xt - X 1) + (gt,Xt Y?)
D s = el + e - v

L 1 N «
?E lIxe—1 = x¢]1> + " (Bo(yy»Xt-1) — Ba(yy.X:) — Bo(Xs,X1-1))

L - 1 * *
O H s = xe P + — (Bo(yisxe—1) = By x1))
2y Y
1 * *
D (Ba(y; xi1) - Baly}sx1)).- 3)
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(Dholds, because f; has L-Lipschitz gradient. @ holds due to Lemma 1 by setting g = g;, u; = x;_1,
Uy = X, 0" =y;, and A = y. @ holds, because that ® is p-strongly convex, that is, By (x¢, Xs—1) >
L llxe = x—1]I>. @ holds due to y < £.

Thus, we have

filxe) = foly?) + lxe = %1l = an yill®

<

(fe(xe) = fi(yy) + l1xe = x,407)

t

M’*! &M’*} Il MH

\/\@

Ix; — %1017 + —Z (Ba( Yz,xt 1) — B@(Y?’Xt))

t=1

~
Il
—

T-1
1 % 1 * *
lIx; — x4 + ; (Bcb(yl,xo) Bo( yT,XT ; Z (Bo(¥741-X¢) — Bo(yi. x¢))
=

~
1l
—

T T-1
2G «
D3 e =xeall” + 22 S i =il - (Balyi ) = Balyxn)
=1 t=1
T 2G T-1
<l = xall” + 203 My -~ yill + ~Balyi o)
t=1 Y t=1 Y
T
2GD R?
SZHXt X;- 1||U+—+7
t=1

I/\@
—_
[\

G)" o, 26D+ R

H Y

D holds due to (3). @ holds due to

Bo(y}41-Xt) = Ba(y}. xt) < 2G|y}, — vl

according to Lemma 2. @ holds due to Lemma 3.
Choose y = mln{ LT~ 1+ch1+cr} We have

T T
D felx) = filyD) + e = xeal9) = D llys = viill°

26\’ 1 o L2GD+R?*) _ 1 o 9 oL
<|— To+1 Do+l 4+ max —’TUH (2GD0-+1 + R*D o'+1)
H H
<T#1 D& + TenD 7.
Since it holds for any seqence {f;}]_, € T, we finally obtain

1 1 1
sup  RMD-OA <TZADoH 4 TorAD on,
ft T E'fT

It completes the proof. ]
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Proof to Theorem 2:
Proor.
fe(xe) = fi(yy) + l1xe = X001l = |ly; = yiall®
<K& X —yi) + 1% = Xpqa[?

=(8r. Xt — Xp41) + (B> Xew1 — Vi) + 1Xe — X117

— 1 S * (e
?(gt,xt = Xpp1) + E (B<I>(Y;,Xz) = Bo(ys> Xr+1) = Bo (X415, %1)) + 1% — Xp |

— 1 % *
?(gt,xt —Xt41) = Zy_r] x4t — xe|I” + p (Ba(yy»Xt) = Bo(y;> Xr41)) + 11%e — Xpia[I©

- 1 * *
?7—1 IIgtIIZ + (_f_ﬂ [Ix¢41 — Xt||2 + |Xp41 — Xt||0) + E (BQJ(thXt) - B@(yt’xt+1))
2

G o\T5 (4n)\ e o\% (4n\ e 1 . N
) () 17 (2ot

2
Sﬁ + (—) (4’7) + - (be(yth) BCI)(Yt’XHl))

H 2 H
D holds due to Lemma 1 by setting g = g, u; = Xs, Upyq = le, u* =yj,and A = 1. @ holds due to
® is p-strongly convex. @ holds, because (u,v) < £ |[u]|® + ||v|| holds for any u, v, and a > 0.

The last inequality holds duetonp < £ and1 < o < 2.
Telescoping it over ¢, we have

T T-1
D (filxd) = fiy)) + Z (Il = xe1ll = llys = ¥l
t=1

L o
Z (Ba(yr>xe) = Ba(yr Xe41)) + ( ) B (47’7)

T77G2

+

QI'—‘

TryG2

T
%(Z (Bo(y:xt) — Bo(y;- 1,Xt))) t (Ba(y.x1) = Ba(yy.X141))

2 T e
T’YG %(tz( (y5, %) - Bq»(y?_pXt)))JfquJ(yl’le(z) 6(4:)
2 T-1
9T”G 2 Sl -vills pi + (5)7 ()
DG 20D (o) (31)
<= T g p
<VTD + VT.

@ holds due to
Bo(Yp41sXe+1) — Bo(yz, Xe+1) < 2G|lyp — yill

according to Lemma 2. The last inequality holds by setting 7 = min{/2 ;G, %}.
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Since it holds for any seqence of f; € #, we finally obtain

sup  RMDOCO < TD + VT.
{fz},T:l efT

It completes the proof. ]

Proof to Theorem 3:

Proor. This proof is inspired by Reference [50], but our new analysis generalizes [50] to the
case of switching cost.

Construct the function f;(x;) = (v;,x;) for any t € [T]. Here, v; € {1, —-1}4, and every element
v;(j) with j € [d] is a random variable, which is sampled from a Rademacher distribution inde-
pendently. For any online method A € A, its regret is bounded as follows:

sup ‘Ré > ‘Rg

i) ,Tl
_VIFTZﬁ(xt +Z”Xt_xt 1l I}nrelﬂ (Zﬁ yt) +Z||Yt yeoill° )
T
E X;) + X, — X _
vﬂ(;ﬁ t) ZH ¢t = X1l ) VlT{yt]T eLT( th()’t) Z”Yt yeall® )
= IE | maxLTZ(ft(Xt - fi( (ye) = llye —ye- 1|| ) + IE Zth_xt e
Vel €
= IEI » ;’naX‘CTZ(<V£,X[ ye) = llye = yeall”) + E ant_xt e (4)
Yeip= €

For any optimal sequence of {y;}7. =1

E(vi, X1 = Yiq) = <IE Vi, Xpo1 — y?1> =(0,%;-1 —y,_;)=0.

Thus, for any optimal sequence of {y}}7_,, we have

=1’

E  max Z«vt,x[ ye) = llye =yeall%)

Vi.T {yt}t IELD =

T
(Z Vi Xt = Yi) = Z lly; - Y?lll")
=1 t=1

~

T
E 2 veoxi =X +yia =) = B Dy~ yial®
<Vt,xt Xi-1) + E (Z Ve Y=Y - Z”Yt Vi 1”0)

Ve, xe =X+ E max (Z Ve Vi1 =Yy — Z ly: — Ytl”tr)
D =1

=l ity b € Lp \ 53

~
1l

Mﬂ I M'ﬂ

IEI
vi.T

E

~
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Substituting it into Equation (6), we have

sup RY
ff 3—1

Vi, X — X + X; — X

VIT(ZM = Xer) Znt Hn)
T

+ E max (Z (Vt,yt—1—Yt>—Z||Yt—Yt—1||U)
— t=1

VT {ye ) € LE \ 1o

T T
@ .
E  max Vi, Vo — _ E: v,
= Vit {y, )], eL] (Z< t-Ye-1 Yt> 4 ”yt y: 1” )

t=1

T
>E  max Z<vt,yu—yt>— max an yell”

vViT {Yt}T ELT t]t 1€

®]E max Z(Vt,Ytl—Yt> D°

Z vir lyeVieLh 4=

:©IE max Z(Vt, —y:y—D°?

Vit {y; }t IELT

) Z (vi,ye) = D°.

viT [y,}t IELT

@ holds due to

E (ve, Xy = %p21) + 1% —%41]17) = <E Vi, Xp — Xt—1> + 1% — x4 117 = lIxr = x¢1]|7 2 0.
Vi

Vi

@ holds, because, for any sequence {y;}!_,, it lly: = yeaill < D. Thus,

max ley: yell? (Zuyt yi- 1||)

Yt} Dtl yttl

@ holds, because, for any vector y;_,

E{Vi Y1) = <E Vt,Yt—1> =(0,y;-1) = 0.
Vi Vi

@ holds, because the domain of v, is symmetric
Furthermore, we construct a sequence {yt} _, as follows.

(1) Evenly split {yt}tT:1 into two subsets: {yt} ; and {YT1+t} .Here, T, =T, = I

T le

(2) After that, evenly split {y,},L h | into N := mm{ ,T;} subsets, that is, {yt}t ” {yt} ,

T
N+
3T1

{Yt} RETUPLEE {Yz} LRI

+1 t=

(3) For the ith subset of the sequence {yt} let the values in it be same, and denote it by u;

t=1°

with |Ju;|| < %. For the whole sequence {YT1+t} let all the values be same, namely uy.

t=1°
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(4) For the sequence of {yt} ;1> elements in different subsets are different such that ||u;;; -
Uil < [Jusall + llugll < R. Thus,

Z Iyess = yell = Z lyeer = yell + Z Iyess = el

t=Ty
= Z lgss = will +0
i=1

<(N-1)R
<D.

The last inequality holds due to (N — 1)R < D. It implies that {y, }zT=1 under our construc-
tion is feasible.

Then, we have

max Z(vt,y[)— max Z(vt,yt)+ Z (Vi ¥e)

T
V1T Ytt1€£ (=T

N N T
= IE} Z maxR< Z V,,u,->+ [E maxR< Z V;,IIN>

ViT flun (I3

Vi Gy Ieall=2 N TG (=Ti+1
N
Ti
N N T
@R N
= 5 Z Vil + E E Vi
vir i=1 f=1+ T(}i\;l) virT t=Ti+1
o R N d 5 d| T
STREL| 2 w0+ EE D ), vl
2Vd vir i=1 =1 |,_ 4 1D 2Vd v T521 |t=T +1
N

Do (VID + V7).

D holds, because the maximum is obtained at the boundary of the domain. @ holds, because, for
any v € R4, |Iv]l, < Vd [[v]l5. @ holds due to a classic result [23], that is,

i T
E vi()|=Q(+/ =)
VT ZT(:‘—D 0 ( N)
=14 1D

@ holds due to D — R < NR < D + R, which implies that NR < D holds for D > 0.
Therefore, we obtain

sup‘R > E  max Z(vt,yt) D% =Q (‘/ﬁ+ﬁ)

ft T, vi.T {yt I 16/\’

The last equality holds, because D? is a constant, and it does not increase over T.
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Since it holds for any online algorithm A € A, we finally have

inf . sup =Q (\/ﬁ + \/T)

AeA |ft},T:1€7'-T

It completes the proof. O
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