Algorithmic Challenges in Green Data Centers

Thesis by

Minghong Lin

In Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

2013
(Defended June 6, 2013)



ii

© 2013
Minghong Lin
All Rights Reserved



iii

This thesis is dedicated to
my wife Xuefang,
whose love made this thesis possible,
and my parents,

who have supported me all the way.



Acknowledgements

First, I would like to express my deepest gratitude to my advisor, Adam Wierman, for his thoughtful
guidance, insightful vision and continuing support. His patience and encouragement helped me
overcome many crisis situations. I am thankful for the opportunity to learn from him.

Next, I am grateful to my collaborators, Lachlan Andrew, Bert Swart, Eno Thereska, Steven
Low, Zhenhua Liu, Lijun Chen, Jian Tan and Li Zhang. It is a great pleasure to work with them.
They have always provided insightful discussions and constructive suggestions. I am also thankful
to my former research advisors, John C.S. Lui and Dah-Ming Chiu, for their guidance during my
M.Phil study in Hong Kong. They were the reason why I decided to go to pursue a Ph.D. I would
also like to take this opportunity to express my gratitude to Mani Chandy. His comments and
questions were very beneficial in my completion of the thesis.

I greatly enjoyed the opportunity to study in Computer Science at Caltech, which provides
amazing supportive environment for students. It is wonderful to have so many intelligent professors
and outstanding students around to ask for advice and opinions. I would also like to thank the
helpful administrative staff in our department, especially Sydney Garstang.

Finally, I wish to thank my family for providing a loving environment for me. My parents and
my brother receive my deep gratitude for their dedication and the many years of support. I would
like to thank my wife Xuefang for her understanding and love during the past few years. Her support

and encouragement was what made this thesis possible.



Abstract

With data centers being the supporting infrastructure for a wide range of I'T services, their efficiency
has become a big concern to operators, as well as to society, for both economic and environmental
reasons. The goal of this thesis is to design energy-efficient algorithms that reduce energy cost while
minimizing compromise to service. We focus on the algorithmic challenges at different levels of
energy optimization across the data center stack. The algorithmic challenge at the device level is to
improve the energy efficiency of a single computational device via techniques such as job scheduling
and speed scaling. We analyze the common speed scaling algorithms in both the worst-case model
and stochastic model to answer some fundamental issues in the design of speed scaling algorithms.
The algorithmic challenge at the local data center level is to dynamically allocate resources (e.g.,
servers) and to dispatch the workload in a data center. We develop an online algorithm to make
a data center more power-proportional by dynamically adapting the number of active servers. The
algorithmic challenge at the global data center level is to dispatch the workload across multiple data
centers, considering the geographical diversity of electricity price, availability of renewable energy,
and network propagation delay. We propose algorithms to jointly optimize routing and provisioning
in an online manner. Motivated by the above online decision problems, we move on to study a general
class of online problem named “smoothed online convex optimization”, which seeks to minimize the
sum of a sequence of convex functions when “smooth” solutions are preferred. This model allows
us to bridge different research communities and help us get a more fundamental understanding of

general online decision problems.
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Chapter 1

Introduction

Data centers provide the supporting infrastructure for a wide range of IT services and consume a
significant amount of electricity. According to the US EPA Report to the Congress on Server and
Data Center Energy Efficiency in 2007, US data centers consume 61 billion kWh in 2006 (1.5% of
total U.S. electricity). Moreover, it is growing exponentially at an annual rate of 15%. A recent
report [76] revealed that although the growth rate slowed down a little recently, electricity used by
data centers worldwide increased by about 56% from 2005 to 2010. Further, from an operator’s
stand point, the energy cost has grown to exceed the server costs in data centers. Thus, it is not
surprising that optimizing energy cost in data center is receiving increasing attention. However,
saving energy and improving performance are usually in conflict with each other, and thus the joint

optimization is a challenge.

1.1 Energy efficiency of data centers

Traditionally computer systems usually focused on performance and throughput. Energy efficiency
as a new focus has been studied in the mobile and embedded areas due to the limited battery
capacity. As the IT becomes a significant consumer of energy resources and a substantial source of
greenhouse gas pollution, the focus on energy-efficient computing has expanded to general-purpose
computing over the past decade, including servers and data centers. Many energy-saving techniques
developed for mobile devices directly benefit the design of energy-efficient servers, such as clock
gating and DVFS technique. However there are also many differences. For example, the activity
pattern for mobile devices is very different than that of the servers [16]. Mobile devices need high
performance for short periods and then remain idle for a long periods. Therefore, the design of
mobile devices can focus on the energy efficiency in peak performance mode and idle mode. On
the other hand, servers operate at a mild load level for most of the time, i.e., they are rarely idle
or operating at maximum load. As a result, servers do not benefit much from inactive low-energy

states like sleep or standby that work very well for mobile devices. Instead, speed-scaling technique



may be more useful for servers.

For a data center, besides the energy consumed by the servers performing the computation, a
large fraction of energy is consumed by the cooling and provisioning infrastructure. To capture
this consumption, power usage effectiveness (PUE) measures the ratio of total building power to
IT power, i.e., the power consumed by the actual computing equipments such as servers, network
equipments and so on. It is reported that PUE was greater than 2 for typical data centers [52].

Fortunately, PUE can be substantially improved by careful design for energy efficiency. The
most energy-efficient data centers today have PUE < 1.2 [17]. This is achieved via a few steps
(a) maintaining data centers at a higher temperature. It has been shown that increasing the cold
aisle temperatures to 25-27°C' can save a large amount of cooling energy without causing higher
equipment failures. (b) using more efficient air-flow control to reduce the energy needed for cooling.
This is one of the primary reasons why container-based data centers are more efficient, because
the hot air is isolated from the cold air and the path to the cooling coil is short. (c) adopting
more efficient gear to reduce the UPS and power distribution losses. For example, using per-server
UPSs instead of a facility-wide UPS will increase the efficiency of the overall power infrastructure
by eliminating the AC-DC-AC overhead.

Beyond these engineering improvements, there is also significant energy reduction to be achieved
via improved IT design in data centers [18, 3]. From the hardware perspective, according to [95],
the main part of the power in a server is consumed by CPU, followed by the memory and the
power loss. However, CPU no longer dominates the power consumption of the server. This is
because the modern CPUs are adopting much more energy-efficient techniques than other system
components. As a result, they can consume less than 30% of their peak power in low-activity mode,
i.e., the dynamic power range is more than 70% of the peak power [16]. In contrast, the dynamic
power ranges of all other components are much narrower: less than 50% for DRAM, 25% for disk
drives, 15% for network switches, and negligible for other components. The energy efficiency of
IT components has been widely studied from an algorithmic perspective as well. The goal here
is usually to design energy-efficient algorithms that reduce energy consumption while minimizing

compromise to service.

1.2 Algorithmic challenges in energy efficiency

Generally the literature on energy-efficient algorithms can be classified into three categories based
on the “layer” of the data center that is the focus: server level, local data center level and global
data center level. The optimization at the server level is to improve the energy efficiency of a single
server via techniques such as scheduling and speed scaling. The optimization at the local data center

level is to decide how many resources (e.g., servers) to use and how to dispatch the workload among
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servers. The optimization at the global data center level is to dispatch the workload across multiple
data centers, considering electricity price diversity and propagation delay diversity. We focus on the
algorithmic challenges at all three levels in this thesis.

At the server level, many energy-saving techniques developed for mobile devices directly benefit
the design of energy-efficient servers such as power-down mechanism and speed-scaling technique.
However, because of the activity pattern, speed-scaling technique is more useful than power-down
mechanism for servers. The basic idea behind speed scaling is that running at a low speed consumes
less energy. But running at a low speed will make the user delay increase. Thus the speed scaling
algorithms need to make a tradeoff between performance and energy usage. Depending on the
objective, we may want to minimize the energy usage while meeting job deadlines, optimize user
experience given energy budget, or minimize a linear combination of user delay and energy usage.

At the local data center level, a guiding focus for research into ‘green’ data centers is the goal
of designing data centers that are ‘power-proportional’; i.e., use power only in proportion to the
load. However, current data centers are far from this goal — even today’s energy-efficient data
centers consume almost half of their peak power when nearly idle [16]. A promising approach for
making data centers more power-proportional is using software to dynamically adapt the number of
active servers to match the current workload, i.e., to dynamically ‘right-size’ the data center. The
algorithmic question is, how to determine how many servers to be active and how to control servers
and requests.

At the global data center level, as the demand on Internet services has increased in recent years,
enterprises have move to using several distributed data centers to provide better QoS for users. To
improve user experience, they tend to disperse data centers geographically so that user requests from
different regions can be routed to data centers nearby, thus reducing the propagation delay. Recently,
since the energy cost is becoming a big fraction for the total cost of the data centers, it has been
proposed that the energy costs, both monetary and environmental, can be reduced by exploiting
temporal variations and shifting processing to data centers located in regions where energy currently

has low cost. Lightly loaded data centers can then turn off surplus servers.

1.3 Overview of this thesis

This thesis is divided into four components. In Chapter 2 we focus on the speed scaling problem at
the server level. In Chapter 3 we study the capacity management problem at the local data center
level. In Chapter 4 we investigate the geographical load balancing problem at the global data center
level. Finally, in Chapter 5 we move beyond the data center area and study a general optimization

framework for online decision problems.*

1Note that the notations in different chapters are independent.



Chapter 2: Server speed scaling

Algorithmic work at the server level focuses on designing algorithms to reduce energy consumption
while minimizing compromise to performance. Most of the algorithms studied are online algorithms
since the device has to decide which action to take at the current time without knowing the future.

The algorithmic questions that have been studied most widely at the server level are power-down
mechanisms and speed scaling. Our focus is on speed scaling algorithms, but we begin by briefly
surveying power-down mechanisms.

Power-down mechanisms are widely used in mobile devices, e.g., laptop goes to sleep mode if it
has been idle longer than a certain threshold. The design question is how to determine such idle
thresholds. Generally, a device has multiple states, each state has its own power consumption rate,
and it consumes a certain amount of energy to transit from one state to others. The device must
be at active state to serve tasks, and it may go to some sleep states during idle periods to save
energy. The goal is to minimize the total energy. It has been shown that the energy consumed by
the best possible deterministic online algorithm is at most twice that of the optimal solution, and
randomized algorithms can do even better [65]. Many generalizations of this problem have been
studied, including stochastic settings [10].

Speed scaling is another way to save energy for variable speed devices, since running at a low
speed consumes less energy. Fundamentally, a speed scaling algorithm must make two decisions at
each time:(i) a scheduling policy must decide which job(s) to service, and (ii) a speed scaler must
decide how fast to run the server. The analytic study of the speed scaling problem began with Yao
et al. [124] in 1995. Since [124], three main performance objectives balancing energy and delay have
been considered: (i) minimize the total energy used in order to meet job deadlines [14, 101], (ii)
minimize the average response time given an energy budget [32, 125], and (iii) minimize a linear
combination of expected response time and energy usage per job [4, 13].

Despite the considerable algorithmic literature, there are many fundamental issues in the design
of speed scaling algorithms that are not yet understood. Can a speed scaling algorithm be optimal?
What structure do (near-)optimal algorithms have? How does speed scaling interact with scheduling?
How important is the sophistication of the speed scaler?” What are the drawbacks of speed scaling?

Our results show that “emergy-proportional” speed scaling provides near-optimal performance,
i.e., running at the speed such that the power is proportional to the number of jobs in the system.
Additionally, we show that speed scaling can be decoupled from the scheduler. That is, energy-
proportional speed scaling performs well for the common scheduling policies. Further, our results
show that scheduling is not as important once energy is considered, i.e., policies that differ greatly
when optimizing for delay have nearly the same performance when energy is considered. Our results
highlight that the optimal gated-static speed scaling algorithm performs nearly as well as the optimal

dynamic speed scaling algorithm. Thus, sophistication does not provide significant performance



5

improvements in speed scaling designs. Finally, our results uncover one unintended drawback of
dynamic speed scaling: speed scaling can magnify unfairness.

The work presented in this chapter is based on the publications [7, 85].

Chapter 3: Dynamic capacity provisioning in data centers

Algorithmic questions at the local data center level focus on allocating compute resources for incom-
ing workloads and dispatching workloads in the data center. The goal of design is to achieve “energy
proportionality” [16], i.e., use power only in proportion to the load. A promising approach for mak-
ing data centers more power-proportional is to dynamically ‘right-size’ the data center. Specifically,
dynamic right-sizing refers to adapting the way requests are dispatched to servers in the data center
so that, during periods of low load, servers that are not needed do not have jobs routed to them and
thus are allowed to enter power-saving modes (e.g., go to sleep or shut down).

Technologies that implement dynamic right-sizing are still far from standard in data centers due
to a number of challenges. First, servers must be able to seamlessly transition into and out of
power-saving modes while not losing their state. There has been a growing amount of research into
enabling this in recent years, dealing with virtual machine state [39], network state [37] and storage
state [108, 5]. Second, such techniques must prove to be reliable, since administrators may worry
about wear-and-tear consequences of such technologies. Third, it is unclear how to determine how
many servers to toggle into power-saving mode and how to control servers and requests.

We provide a new algorithm to address this third challenge. We develop a simple but general
model that captures the major issues that affect the design of a right-sizing algorithm, including:
the cost (lost revenue) associated with the increased delay from using fewer servers, the energy cost
of maintaining an active server with a particular load, and the cost incurred from toggling a server
into and out of a power-saving mode (including the delay, energy, and wear-and-tear costs). First,
we analytically characterize the optimal solution. We prove that it exhibits a simple, ‘lazy’ structure
when viewed in reverse time. Second, we introduce and analyze a novel, practical online algorithm
motivated by this structure, and prove that this algorithm guarantees cost no larger than 3 times the
optimal cost, under very general settings arbitrary workloads, and general delay cost and general
energy cost models provided that they result in a convex operating cost. Further, in realistic settings
its cost is nearly optimal. Additionally, the algorithm is simple to implement in practice and does
not require significant computational overhead. Moreover, we contrast it with the more traditional
approach of receding horizon control and show that our algorithm provides much more stable cost
saving with general settings.

Furthermore, we validate our algorithm using two load traces (from Hotmail and a Microsoft
Research data center) to evaluate the cost savings achieved via dynamic right-sizing in practice. We

show that significant savings are possible under a wide range of settings.
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The work presented in this chapter is based on the publications [83].

Chapter 4: Cost-effective geographical load balancing

The algorithmic questions at the global data center level focus on exploring the diversity of power
prices and the diversity of propagation delays given geographically distributed data centers. Further,
electricity prices and workloads are time-varying, which makes the joint optimization on energy and
performance even more challenging. There is a growing literature related to the energy optimization
of geographic dispersed data centers, but is still a fairly open problem. So far, [104] investigates the
problem of total electricity cost for data centers in multi-electricity-market environment and propose
a linear programming formulation to approximate it. They consider the queueing delay constraint
inside the data center (assumed to be an M /M /1 queue) but not the end-to-end delay of users, thus
the diversity of propagation delay has not been explored. Another approach, DONAR [118] runs a
simple, efficient algorithm to coordinate their replica-selection decisions for clients with the capacity
at each data center fixed. The distributed algorithm solves an optimization problem that jointly
considers both client performance and server load. However, DONAR does not optimize the capacity
provision at each data center and thus does not explore the diversity of power price. Moreover,
neither approach considers the time variation of power price and workloads in the optimization
problem.

We developed a framework to jointly optimize the total energy cost and the end-to-end delay of
users by considering the price diversity and delay diversity. Our goal is to find a global dispatching
scheme to route the workload from different regions to certain data centers dynamically, while
considering the capacity optimization at each data center. Similar to the energy optimization at the
local data center level, we would like to optimize both the operating cost for providing the service
and the switching cost for changing the provisioning in an online manner. A commonly suggested
algorithm for this setting is “receding horizon control” (RHC), which computes the provisioning
for the current time by optimizing over a window of predicted future loads. We show that RHC
performs well in a homogeneous setting, in which all servers can serve all jobs equally well; however,
we also prove that differences in propagation delays, servers, and electricity prices can cause RHC
to perform badly. So, we introduce variants of RHC that are guaranteed to perform as well in the
face of such heterogeneity.

We then uses these algorithms to study the environmental potential of geographical load balanc-
ing. We illustrate that the geographical diversity of Internet-scale services can significantly improve
the efficiency of the usage of renewable energy and this potential can be realized by our online al-
gorithms. The numerical experiments show that using our algorithms for “follow the renewables”
routing can provide significant environmental benefits. These algorithms are then used to study

the feasibility of powering a continent-wide set of data centers mostly by renewable sources, and to
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understand what portfolio of renewable energy is most effective. The numerical results reveal that
the optimal renewable portfolio may include more wind power than solar power, though solar power
seems to have better correlation with the workload shape.

The work presented in this chapter is based on the publications [82, 88, 87].

Chapter 5: Smoothed online convex optimization

The optimization problems in Chapter 3 and Chapter 4 share a similar property: We would like to
adapt our decision (e.g., capacity, routing) based on the time-varying environment (e.g., workload,
electricity price, renewable availability), but we do not want to adapt it too frequently because
changing the decisions incurs overhead (e.g., service migration, data movement, wear-and-tear con-
sequence). Actually this property also exists in many other problems even outside of the data center
environment. For example, video streaming [67], where the encoding quality of a video needs to
change dynamically in response to network congestion, but where large changes in encoding quality
are visually annoying to users; optical networking [126], in which there is a cost to reestablish a light
path; and content placement problems for CDN, in which there is a cost to move data. In addition
to applications within computer systems, there are a number of problems in industrial optimization
having similar property. One is the dynamic dispatching of electricity generators, where a particu-
lar portfolio of generation must be allocated to cover demand, but in addition to the time-varying
operating costs of the generators there are significant “setup” and “ramping” costs associated with
changing the generator output [69].

In this chapter we consider the general “smoothed online convex optimization” (SOCQO) prob-
lems, a variant of the class of online convex optimization (OCO) problems that is strongly related to
metrical task systems. Actually, many applications typically modeled using online convex optimiza-
tion have, in reality, some cost associated with a change of action; and so may be better modeled
using SOCO rather than OCO. For example, OCO encodes the so-called “k-experts” problem, which
has many applications where switching costs can be important, e.g., in stock portfolio management
there is a cost associated with adjusting the stock portfolio owned. In fact, “switching costs” have
long been considered important in related learning problems, such as the k-armed bandit problem
which has a considerable literature studying algorithms that can learn effectively despite switching
costs [9, 54]. Further, SOCO has applications even in contexts where there are no costs associated
with switching actions. For example, if there is concept drift in a penalized estimation problem,
then it is natural to make use of a regularizer (switching cost) term in order to control the speed of
the drift of the estimator.

Prior literature on these problems has focused on two performance metrics: regret and the
competitive ratio. There exist known algorithms with sublinear regret and known algorithms with

constant competitive ratios; however, no known algorithm achieves both simultaneously. We show
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that this is due to a fundamental incompatibility between these two metrics — no algorithm (deter-
ministic or randomized) can achieve sublinear regret and a constant competitive ratio, even in the
case when the objective functions are linear. However, we also exhibit an algorithm that, for the im-
portant special case of one-dimensional decision spaces, provides sublinear regret while maintaining
a competitive ratio that grows arbitrarily slowly.

The work presented in this chapter is based on the publications [84, 6].



Chapter 2

Server Speed Scaling

Computer systems must make a fundamental tradeoff between performance and energy usage. The
days of “faster is better” are gone — energy usage can no longer be ignored in designs, including
chips and servers. The importance of energy has led the designs to move toward speed scaling. Speed
scaling designs adapt the “speed” of the system so as to balance energy and performance measures.
Speed scaling designs can be highly sophisticated — adapting the speed at all times to the current
state (dynamic speed scaling) — or very simple — running at a static speed that is chosen a priori
to balance energy and performance, except when idle (gated-static speed scaling).

The growing adoption of speed scaling designs for systems from chips to disks has spurred analytic
research into the topic. The analytic study of the speed scaling problem began with Yao et al. [124]
in 1995. Since [124], three main performance objectives balancing energy and delay have been
considered: (i) minimize the total energy used in order to meet job deadlines, e.g., [14, 101] (ii)
minimize the average response time given an energy/power budget, e.g., [32, 125], and (iii) minimize
a linear combination of expected response time and energy usage per job [4, 13]. We focus on the
third objective. This objective captures how much reduction in response time is necessary to justify
using an extra 1 joule of energy, and naturally applies to settings where there is a known monetary
cost to extra delay (e.g., many web applications). This is related to (ii) by duality.

Fundamentally, a speed scaling algorithm must make two decisions at each time: (i) a scheduling
policy must decide which job(s) to service, and (ii) a speed scaler must decide how fast to run
the server. It has been noted by prior work, e.g., [101], that an optimal speed scaling algorithm
will use shortest remaining processing time (SRPT) scheduling. However, in real systems, it is
often impossible to implement SRPT, since it requires exact knowledge of remaining sizes. Instead,
typical system designs often use scheduling that is closer to processor sharing (PS), e.g., web servers,
operating systems, and routers. We focus on the design of speed scalers for both SRPT and PS.

The study of speed scaling algorithms for these two policies is not new. There has been significant
prior work, which we discuss in Sections 2.2.1 and 2.2.2, studying speed scaling for SRPT [4, 12,
13, 15, 81] and for PS [30, 42, 48, 117, 120]. Interestingly, the prior work for SRPT is entirely done
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using a worst-case framework while the prior work for PS is done in a stochastic environment, the
M/GI/1 queue.

Despite the considerable literature studying speed scaling, there are many fundamental issues in
the design of speed scaling algorithms that are not yet understood. This work provides new insights

into four of these issues:
I Can a speed scaling algorithm be optimal? What structure do (near-)optimal algorithms have?
II How does speed scaling interact with scheduling?

IIT How important is the sophistication of the speed scaler?

IV What are the drawbacks of speed scaling?

To address these questions we study both PS and SRPT scheduling under both dynamic and
gated-static speed scaling algorithms. Our work provides (i) new results for dynamic speed scaling
with SRPT scheduling in the worst-case model, (ii) the first results for dynamic speed scaling with
PS scheduling in the worst-case model, (iii) the first results for dynamic speed scaling with SRPT
scheduling in the stochastic model, (iv) the first results for gated-static speed scaling with SRPT in
the stochastic model, and (v) the first results identifying unfairness in speed scaling designs. Table
2 summarizes these.

These results lead to important new insights into Issues I-IV above. We describe these insights
informally here and provide pointers to the results in the body of the chapter.

With respect to Issue I, our results show that “energy-proportional” speed scaling provides
near-optimal performance. Specifically, we consider the algorithm which uses SRPT scheduling and
chooses s, the speed to run at given n jobs, to satisfy P(s,) = nf (where P(s) is the power
needed to run at speed s and 1/ is the cost of energy). We prove that this algorithm is (2 + ¢)-
competitive under general P (Corollary 2.1). This provides a tight analysis of an algorithm with
a considerable literature, e.g., [4, 12, 13, 15, 81] (see Section 2.2.1 for a discussion). It also gives
analytic justification for a common heuristic applied by system designers, e.g., [16]. Further, we
show that no “natural” speed scaling algorithm (Definition 2.1) can be better than 2-competitive
(Theorem 2.2), which implies that no online energy-proportional speed scaler can match the offline
optimal.

With respect to Issue II, our results uncover two new insights. First, we prove that, at least
with respect to PS and SRPT, speed scaling can be decoupled from the scheduler. That is, energy-
proportional speed scaling performs well for both SRPT and PS (and another policy LAPS studied
in [34]). Specifically, we show that PS scheduling with speeds such that P(s,) = n, which are

optimally competitive under SRPT, is again O(1)-competitive! (Theorem 2.3). Further, we show

O(;)O]() and o(-) are defined in [20]; f = w(g) © g=o0o(f); fF=Q(g) ©g=0(f); f=06(9) © [f =0(g) and g =
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that using the speeds optimal for an M/GI/1 PS queue to control instead an M/GI/1 SRPT queue
leads to nearly optimal performance (Section 2.2.2). Second, our results show that scheduling is
not as important once energy is considered. Specifically, PS is O(1)-competitive for the linear
combination of energy and response time; however, when just mean response time is considered PS
is Q(v'/3)-competitive for instances with v jobs [96]. Similarly, we see in the stochastic environment
that the performance under SRPT and PS is almost indistinguishable (e.g., Figure 2.1). Together,
the insights into Issue II provide a significant simplification of the design of speed scaling systems:
they suggest that practitioners can separate two seemingly coupled design decisions and deal with
each individually.

With respect to Issue III, our results add support to an insight suggested by prior work. Prior
work [120] has shown that the optimal gated-static speed scaling algorithm performs nearly as well
as the optimal dynamic speed scaling algorithm in the M/GI/1 PS setting. Our results show that the
same holds for SRPT (Section 2.3). Thus, sophistication does not provide significant performance
improvements in speed scaling designs. However, sophistication provides improved robustness (Sec-
tion 2.4). To support this analytically, we provide worst-case guarantees on the (near) optimal
stochastic speed scalers for PS and SRPT (Corollary 2.3). Note that it is rare to be able to provide
such guarantees for stochastic control policies. The insights related to Issue III have an interesting
practical implication: instead of designing “optimal” speeds it may be better to design “optimally
robust” speeds, since the main function of dynamic speed scaling is to provide robustness. This
represents a significant shift in approach for stochastic speed scaling design.

With respect to Issue IV, our results uncover one unintended drawback of dynamic speed
scaling: speed scaling can magnify unfairness. Unfairness in speed scaling designs has not been
identified previously, but in retrospect the intuition behind it is clear: If a job’s size is correlated
with the occupancy of the system while it is in service, then dynamic speed scaling will lead to
differential service rates across job sizes, and thus unfairness. We prove that speed scaling magnifies
unfairness under SRPT (Theorem 2.5) and all non-preemptive policies, e.g., FCFS (Proposition 2.6).
In contrast, PS is fair even with dynamic speed scaling (Proposition 2.5). Combining these results
with our insights related to Issue II, we see that designers can decouple the scheduler and the speed
scaler when considering performance, but should be wary about the interaction when considering
fairness.

Our results highlight the balancing act a speed scaling algorithm must perform in order to achieve
the three desirable properties: near-optimal performance, robustness, and fairness. It is possible to
be near-optimal and robust using SRPT scheduling and dynamic speed scaling, but this creates
unfairness. SRPT can be fair and still near-optimal if gated-static speed scaling is used, but this is
not robust. On the other hand, dynamic speed scaling with PS can be fair and robust but, in the

worst case, pays a significant performance penalty (though in stochastic settings is nearly optimal).
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Name | Scheduler | Speed scaler: s, | P(s) | Optimal? | Robust? | Fair?
SRPT-INV SRPT Dynamic: P~1(nB) | General | 2-competitive (Theorem 2.1). yes no
SRPT-DP SRPT Dynamic: Prop. 2.1 s¢ O(1)-competitive for a < 2 yes no

(Corollary 2.3).

SRPT-LIN SRPT Dynamic: n+v/B8 52 No guarantee, simulation re- weakly no
sults in Figure 2.7.

SRPT-GATED SRPT Gated: (2.20) Regular | O(1)-competitive in M/GI/1 no yes
under heavy traffic with
P(s) = s? (Corollary 2.2). Op-
timal gated in M/GI/1 under
heavy traffic (Theorem 2.4).

PS-INV PS Dynamic: P~1(ng) 5 O(1)-competitive ~ (Theorem yes yes
2.3).
PS-DP PS Dynamic: Prop. 2.1 s O(1)-competitive for a < 2 yes yes

(Corollary 2.3).
Optimal in M/GI/1 PS [120].

PS-LIN PS Dynamic: ny/B 52 O(1)-competitive in M/GI/1 weakly yes
with P(s) = s2 [120].

PS-GATED PS Gated: (2.17) Regular | O(1)-competitive in M/GI/1 no yes
with P(s) = s2 (Corol-
lary 2.2). Optimal gated in
M/GI/1 [120].

Table 2.1: Summary of the speed scaling schemes in this chapter.

Thus, the policies considered in this chapter can achieve any two of near-optimal, fair, and robust
— but not all three.

Finally, it is important to note that the analytic approach in this chapter is distinctive. It is
unusual to treat both stochastic and worst-case models together; and further, many results depend
on a combination of worst-case and stochastic techniques, which leads to insights that could not

have been attained by focusing on one model alone.

2.1 Model and notation

We consider the joint problem of speed scaling and scheduling in a single-server queue to minimize
a linear combination of expected response time (also called sojourn time or flow time), denoted by
T, and energy usage per job, &:

z =E[T] +E[£]/5. (2.1)

By Little’s law, this may be more conveniently expressed as

Az = E[N] + E[P]/8

where N is the number of jobs in the system and P = A€ is the power expended.
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Before defining the speed scaling algorithms, we need some notation. Let n(t) be the number of
jobs in the system at time ¢ and s(t) be the speed that the system is running at time ¢. Further, define
P(s) as the power needed to run at speed s. Then, the energy used by time ¢ is £(t) = f(f P(s(1))dr.

Measurements have shown that P(s) can take on a variety of forms depending on the system being
studied; however, in many applications a low-order polynomial form provides a good approximation,
ie., P(s) = ks* with « € (1,3). For example, for dynamic power in CMOS chips o 2 1.8 is a good
approximation [120]. However, this polynomial form is not always appropriate. Some of our results
assume a polynomial form to make the analysis tractable, and particularly o = 2 provides a simple
example which we use for many of our numerical experiments. Other results hold for general, even
non-convex and discontinuous, power functions. Additionally, we occasionally limit our results to
reqular power functions, which are differentiable on [0, 00), strictly convex, non-negative, and 0 at
speed 0.

Now, we can define a speed scaling algorithm: A speed scaling algorithm A = (7, X)), is a pair
of a scheduling discipline 7 that defines the order in which jobs are processed, and a speed scaling
rule ¥ that defines the speed as a function of system state, in terms of the power function, P. In
this chapter we consider speed scaling rules where the speed is a function of the number of jobs in
the system, i.e., s, is the speed when the occupancy is n.2

The scheduling algorithms 7 we consider are online, and so are not aware of a job j until it arrives
at time r(j), at which point 7 learns the size of the job, x;. We consider a preempt-resume model,
that is, the scheduler may preempt a job and later restart it from the point it was interrupted without
any overhead. The policies that we focus on are: shortest remaining processing time (SRPT), which
preemptively serves the job with the least remaining work, and processor sharing (PS), which shares
the service rate evenly among the jobs in the system at all times.

The speed scaling rules, s,,, we consider can be gated-static, which runs at a constant speed while
the system is non-idle and sleeps while the system is idle, i.e., s, = sgs1,20; or more generally
dynamic s, = g(n) for some function g : NU {0} — [0,00). Note that the speed is simply the rate
at which work is completed, i.e., a job of size = served at speed s will complete in time x/s. To
avoid confusion, we occasionally write s as the speed under policy m when the occupancy is n. The
queue is single-server in the sense that the full speed s, can be devoted to a single job.

We analyze the performance of speed scaling algorithms in two different models — one worst-case

and one stochastic.

2This suits objective (2.1); e.g., it is optimal for an isolated batch arrival, and the optimal s is constant between
arrival/departures. For other objectives, it is better to base the speed on the unfinished work instead [15].
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Notation for the worst-case model

In the worst-case model we consider finite, arbitrary (maybe adversarial) deterministic instances of
arriving jobs. A problem instance consists of v jobs, with the jth job having arrival time (release
time) 7(j) and size (work) z;. Our objective is again a linear combination of response time and
energy usage. Let £(I) be the total energy used to complete instance I, and T be the response time
of job j, the completion time minus the release time. The analog of (2.1) is to replace the ensemble

average by the sample average, giving the cost of an instance I under a given algorithm A as

AT = % (Zj T, + ;5(1)> .

In this model, we compare the cost of speed scaling algorithms to the cost of the optimal offline

algorithm, OPT. In particular, we study the competitive ratio, defined as
CR = sup zA(I)/2°(I),
T

where 29 (I) is the optimal cost achievable on I. A scheme is “c-competitive” if its competitive ratio

is at most c.

Notation for the stochastic model

In the stochastic model, we consider an M/GI/1 (or sometimes GI/GI/1) queue with arrival rate
A. Let X denote a random job size with c.d.f. F(z), c.c.d.f. F(x), and continuous p.d.f. f(x). Let
p = AE[X] € [0,00) denote the load of arriving jobs. Note that p is not the utilization of the system
and that many dynamic speed scaling algorithms are stable for all p. When the power function is
P(s) = s®, it is natural to use a scaled load, v := p/B%/®, which jointly characterizes the impact of
p and B (see [120]).

Denote the response time of a job of size x by T(x). We consider the performance metric (2.1)
where the expectations are averages per job. In this model the goal is to optimize this cost for a

specific workload, p. Define the competitive ratio in the M/GI/1 model as

CR =sup z4/2°
F

where 2@ is the average cost of the optimal offline algorithm.
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2.2 Dynamic speed scaling

We start by studying the most sophisticated speed scaling algorithms, those that dynamically adjust
the speed as a function of the queue length. In this section we investigate the structure of the
“optimal” speed scaling algorithm in two ways: (i) we study near-optimal speed scaling rules in the
case of both SRPT and PS scheduling; (ii) we study each of these algorithms in both the worst-case

model and the stochastic model.

2.2.1 Worst-case analysis

There has been significant work studying speed scaling in the worst-case model, focusing on SRPT. A
promising algorithm is (SRPT, P~!(n)), and there has been a stream upper bounds on its competi-
tive ratio for objective (2.1): for unit-size jobs in [4, 15] and for general jobs with P(s) = s* in [12, 81].
A major breakthrough was made in [13], which shows the 3-competitiveness of (SRPT, P~'(n+ 1))
for general P.

Our contribution to this literature is twofold. First, we tightly characterize the competitive ratio
of (SRPT, P~1(nf)). Specifically, we prove that (SRPT, P~!(nf3)) is exactly 2-competitive under
general power functions (see Theorem 2.1 and Corollary 2.1). Second, we prove that no “natural”
speed scaling algorithm can be better than 2-competitive. Natural speed scaling algorithms include
algorithms which have speeds that grow faster, slower, or proportional to P~1(n3), or that use
a scheduler that works on exactly one job between arrival/departure events (see Definition 2.1).
Thus, the class of natural algorithms includes energy-proportional designs for all schedulers and
SRPT scheduling for any s,. We conjecture that this result can be extended to all speed scaling
algorithms, which would imply that the competitive ratio of (SRPT, P~(n4)) is minimal.

In contrast to this stream of work studying SRPT, there has been no analysis of speed scaling
under PS. We prove that (PS, P~1(nf)) is O(1)-competitive for P(s) = s* with fixed a, and in
particular is (4da — 2)-competitive for typical «, i.e., @ € (1,3]. This builds on [34], which studies
LAPS, another policy “blind” to job sizes. (LAPS, P~1(nf)) is also O(1)-competitive in this case.
For both PS and LAPS the competitive ratio is unbounded for large «, which [34] proves holds for
all blind policies. But, note that a € (1, 3] in most computer systems today; thus, asymptotics in «
are less important than the performance for small .

The results in this section highlight important insights about fundamental issues in speed scaling
design. First, the competitive ratio results highlight that energy-proportional speed scaling (P(s,) =
nf) is nearly optimal, which provides analytic justification of a common design heuristic, e.g., [16].
Second, note that energy-proportional speed scaling works well for PS and SRPT (and LAPS). This
suggests a designer may decouple the choice of a speed scaler from the choice of a scheduler, choices

that initially seem very intertwined. Though we have seen this decoupling only for PS, SRPT, and
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LAPS, we conjecture that it holds more generally. Third, scheduling seems much less important
in the speed scaling model than in the standard constant speed model. For an instance of v jobs,
PS is Q(v'/3)-competitive for mean response time in the constant speed model [96], but is O(1)-
competitive in the speed scaling model. Again, we conjecture that this holds more generally than

for just PS.

Amortized competitive analysis

The proofs of the results described above use a technique termed amortized local competitive analysis
[44, 107]. The technique works as follows.

To show that an algorithm A is c-competitive with an optimal algorithm O PT for a performance
metric z = [ ((¢)dt it is sufficient to find a potential function ® : R — R such that, for any instance
of the problem:

1. Boundary condition: ® = 0 before the first job is released, and ® > 0 after the last job is
finished;

2. Jump condition: At any point where ® is not differentiable, it does not increase;
3. Running condition: When & is differentiable,

A + 5 < ), (22)

where ¢ (t) and ¢(©(t) are the cost ((t) under A and OPT respectively.

Given these conditions, the competitiveness follows from integrating (2.2), which gives

24 <2 4 B(00) — B(—00) < e2©.

SRPT analysis

We now state and prove our results for SRPT.

Theorem 2.1. For any regular power function P, (SRPT, P~Y(nf)) has a competitive ratio of
exactly 2.

The proof of the upper bound is a refinement of the analysis in [13] that accounts more carefully

for some boundary cases. It uses the potential function:

n[g;t]

B(t) = /OOO > A(i)dg (2.3)
i=1
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for some non-decreasing A(-) with A(7) = 0 for i < 0, where n[g; t] = max(0,n[q;t] — n®[q; t]) with
n“[q; t] and n®[g; t] the number of unfinished jobs at time ¢ with remaining size at least ¢ under the
scheme under investigation and the optimal (offline) scheme, respectively.

The following technical lemma is the key step of the proof and is proven in Appendix 2.A.

Lemma 2.1. Let n > 1 and ® be given by (2.3) with

A) = HT”P’ (P2 (iB)). (2.4)

Let A= (SRPT,s,) with s, € [P~Y(nB), P~*(nnB)]. Then at points where ® is differentiable,

w4 PB4 < (L m)n® + P(2)/8). (2.5)

Using the above Lemma, we can now prove Theorem 2.1.

Proof of Theorem 2.1. To show that the competitive ratio of (SRPT, P~1(nf3)) is at most 2, we
show that ® given by (2.3) and (2.4) is a valid potential function.

The boundary conditions are satisfied since ® = 0 when there are no jobs in the system. Also,
® is differentiable except when a job arrives or departs. When a job arrives, the change in n4[q]
equals that in n©[q] for all ¢, and so ® is unchanged. When a job is completed, n[q] is unchanged
for all ¢ > 0, and so ® is again unchanged. The running condition is established by Lemma 2.1 with
n =1

To prove the lower bound on the competitive ratio, consider periodic unit-work arrivals at rate
A = s, for some n. As the number of jobs that arrive grows large, the optimal schedule runs at rate
A, and maintains a queue of at most one packet (the one in service), giving a cost per job of at most
(1+ P(\)/B)/A. In order to run at speed A, the schedule (SRPT, P~!(nj3)) requires n = P()\)/3
jobs in the queue, giving a cost per job of (P(A\) + P()\))/(AB8). The competitive ratio is thus at

least ;fgx). As X becomes large, this tends to 2 since a regular P is unbounded. O

Theorem 2.1 can easily be extended to non-negative power functions by applying the same

argument as used in [13].

Corollary 2.1. Let ¢ > 0. For any non-negative and unbounded P, there exists a P such that
emulating (SRPT, P~1(nB)) yields a (2 + ¢)-competitive algorithm.

This emulation involves avoiding speeds where P is not convex, instead emulating such speeds
by switching between a higher and lower speed on the convex hull of P.

Corollary 2.1 shows that (SRPT, P~1(n3)) does not match the performance of the offline optimal.
This motivates considering other algorithms; however we now show that no “natural” algorithm can

do better.
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Definition 2.1. A speed scaling algorithm A is natural if it runs at speed s, when it has n unfinished

jobs, and for convex P, one of the following holds:

(a) the scheduler is work-conserving and works on a single job between arrival/departure events; or
(b) g(s)+ P(s)/B is convez, for some g with g(s,) = n; or

(c) the speeds sy, satisfy P(s,) =w(n); or

(d) the speeds s, satisfy P(s,) = o(n).

This fragmented definition seems “unnatural”, the class contains most natural contenders for
optimality: all algorithms that use the optimal scheduler SRPT, and all whose speeds grow faster
than, slower than, or proportional to P~!(n). To be “unnatural”, an algorithm must have speeds

which increase erratically (or decrease) as n increases.

Theorem 2.2. For any € > 0 there is a reqular power function P. such that any natural algorithm

A on P- has competitive ratio larger than 2 — €.

This theorem highlights that if an algorithm does have a smaller competitive ratio than (SRPT,
P~1(nB)), it will not use “natural” scheduling or speed scaling. Though the result only applies to
natural algorithms, we conjecture that, in fact, it holds for all speed scaling algorithms, and thus

the competitive ratio of (SRPT, P~1(n3)) is minimal.

Proof. Consider the case when P(s) = s, with a yet to be determined. We show that, for large «,
the competitive ratio is at least 2 — €, by considering two cases: instance Ip(,) is a batch arrival of
v jobs of size 1 at time 0 with no future arrivals, and instance I, y) is a batch of b jobs at time 0
followed by a long train of periodic arrivals of jobs of size 1 at times k/) for k € N.

Fix an € > 0 and consider a speed scaling which can attain a competitive ratio of 2 — ¢ for all
instances Ig(..). For Ig(. y), with large A, the optimal algorithm will run at speed exceeding A for
a finite time until the occupancy is one. After that, it will run at speed A so that no queue forms.
For long trains, this leads to a cost per job of (1 + P(\)/8)/A.

First, consider a “type (d)” natural A. For sufficiently large A, n > ks& for all s,, > A/2, where
k =222 /3. Between arrivals, at least 1/2 unit of work must be done at speed at least \/2, in order
for A not to fall behind. The cost per unit work is at least (1/s)(ks* + s*/8), and so the total cost
of performing this 1/2 unit is at least (k + 1/8)A*~1/2% > 4X®~1/B. For large ), this is at least
twice the cost per job under the optimal scheme: (1 + P()\)/8)/\ <2 \*~1/p.

It remains to consider natural algorithms of types (a)—(c).

7

Consider a “type (a)” natural A on the instance Ig(y s,y for some n. It will initially process
exactly one job at speed s,, which it will finish at time 1/s,. From this time, a new arrival will

occur whenever a job completes, and so the algorithm runs at speed s,, with occupancy n until the
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last arrival. So, the average cost per job tends to (n+ P(s,)/8)/s» on large instances, leading to a
competitive ratio of:
n—1
14+ ———F—— < CRperiodic <2 —¢. 2.6
P(s,)/p 11 = Cleri (20

Consider a “type (b)” natural A. On Ig(, ), A also satisfies (2.6): Let 5 to denote the time-
average speed. For all ¢ < 1, for sufficiently long instances we need 5§ > ¢s,, to prevent an unbounded
queue forming. By Jensen’s inequality, the average cost per job satisfies z > (g(3) + P(5)/8) >
(9(psn) + P(¢sn)/B). Since ¢ can be arbitrarily close to 1, the cost can be arbitrarily close to
n+ P(s,)/B, implying (2.6).

For a “type (¢)” natural A, P(s,)/n — oo for large n.

Thus, for types (a)—(c), Ing such that for all n > ng:

Sp > 8n = P! <1 1‘22) . (2.7)

We now show that this condition precludes having a competitive ratio of 2 — ¢ in the case of batch
arrivals, Ip(,).

For Ip(,), the optimal strategy is to server one job at a time at some speeds s;,, giving cost

v (a—1)/« B 1/« :(La (a—1)/a
ZO(IB(u)):Z 55* Zn51/a [((;)a> +((Snﬂ) > ]

nl"

The unique local minimum of ¢(-) = (-)(@~1/® 4 (-)=1/® occurs at 1/(a — 1). This gives a minimum

cost of
O[EZ:1 n(a—l)/a
,61/0‘(04 _ 1)(a71)/a

ZO (IB(II)) =

for s* = (nB/(a — 1))/*. More generally, the optimum is
fn = s P'(sk) — P(s}). (2.8)
Under A, when more than n — 1 work remains, there must be at least n unfinished jobs. Thus,

2(Ipw)) = Z ﬁl/a . K(;ﬁa) N <(%ﬁ)a>(al)/a] '

n=no

fora—1>1-¢/2,

since the minimum of ¢(-) subject to (2.7) then occurs at (5,)%/(np).
Since (§,)%/(nB) = 1/(1 — €/2), this gives

CR . Zz—ng nla—1)/a (CY _ 1)(04—1)/04 1 (a=1)/a N 1 —1/a
bateh =\ S0 pla=D/a a 1—¢/2 1—¢/2 '
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For any ¢ € (0,1), the product of the last two factors tends to 1+ 1/(1 —&/2) as a — oo, and
hence there is an a = «a(e) for which their product exceeds 1/(1 —¢/3) + 1. Similarly, for all o > 1,
there is a sufficiently large v that the first factor exceeds 1/(14¢/9). For this « and v, CRpgtcn > 2.

So, for P(s) = s(€) if the competitive ratio is smaller than 2 — ¢ in the periodic case, it must

be larger than 2 in the batch case. O

Theorem 2.2 relies on P being highly convex, as in interference-limited systems [58]. For CMOS
systems in which typically a € (1, 3], it is possible to design natural algorithms that can outperform

(SRPT, P~(nf)).

PS analysis

We now state and prove our bound on the competitive ratio of PS.
Theorem 2.3. If P(s) = s then (PS, P~1(nB)) is max(4a — 2,2(2 — 1/a)%)-competitive.

In particular, PS is (4da — 2)-competitive for « in the typical range of (1, 3].
Theorem 2.3 is proven using amortized local competitiveness. Let n > 1, and T' = (1 + n)(2a —

1)/BY . The potential function is then defined as

n? (1)

=T Z /e max(O,qA(ji;t) —q%@i;t)) (2.9)

i=1

where ¢™(4;t) is the remaining work on job j at time ¢ under scheme 7, and { ji}?jl(t) is an ordering
of the jobs in increasing order of release time: r(j1) < r(j2) < -+ < r(jpa(y)). Note that this is a
scaling of the potential function that was used in [34] to analyze LAPS. As a result, to prove Theorem
2.3, we can use the corresponding results in [34] to verify the boundary and jump conditions. All
that remains is the running condition, which follows from the technical lemma below. The proof is

provided in Appendix 2.B.

Lemma 2.2. Let ® be given by (2.9) and A be the discipline (PS, s,,) with s, € [(nB)"*, (nnB)/*].
Then under A, at points where ® is differentiable,

w4 (548 + 07 < e(n® 4 ()0 /8) (2.10)
where ¢ = (1 +n) max((2a — 1), (2 — 1/a)?).

2.2.2 Stochastic analysis

We now study optimal dynamic speed scaling in the stochastic setting. In contrast to the worst-case

results, in the stochastic setting, it is possible to optimize the algorithm for the expected workload.
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In a real application, it is clear that incorporating knowledge about the workload into the design can
lead to improved performance. Of course, the drawback is that there is always uncertainty about
workload information, either due to time-varying workloads, measurement noise, or simply model
inaccuracies. We discuss robustness to these factors in Section 2.4, and in the current section assume
that exact workload information is known to the speed scaler and that the model is accurate.

In this setting, there has been a substantial amount of work studying the M/GI/1 PS model
[30, 42, 48, 117]3. This work is in the context of operations management and so focuses on “operat-
ing costs” rather than “energy”, but the model structure is equivalent. This series of work formulates
the determination of the optimal speeds as a stochastic dynamic programming (DP) problem and
provides numeric techniques for determining the optimal speeds, as well as proving that the op-
timal speeds are monotonic in the queue length. The optimal speeds have been characterized as

follows [120]. Recall that v = p/B'/*.

Proposition 2.1. Consider an M/GI/1 PS queue with controllable service rates s,,. Let P(s) = s*.
The optimal dynamic speeds are concave and satisfy the dynamic program given in [120]. For a = 2

and any n > 2, they satisfy
Sn .

’y+\/n—27§ﬁ§’y+\/ﬁ+mm<%, 71/3). (2.11)

For general o > 1, they satisfy*
« « /(a—1)

Sn 1 . (n4+o*—7 ¥ !

— < | = 2.12

< (T ) (242

s n 1/«
2 > — . .
() o

Proof. Bounds (2.11) and (2.12) are shown in [120]. Additionally, the concavity of s,, follows from

results in [120]. To prove (2.13), note that when p = 0 the optimal speeds are those optimal for batch
arrivals, which satisfy (2.13) by (2.8). Then, it is straightforward from the DP that s, increases

monotonically with load p, which gives (2.13). O

Interestingly, the bounds in Proposition 2.1 are tight for large n and have a form similar to the
form of the worst-case speeds for SRPT and PS in Theorems 2.1 and 2.3.

In contrast to the large body of work studying the optimal speeds under PS scheduling, there
is no work characterizing the optimal speeds under SRPT scheduling. This is not unexpected since
the analysis of SRPT in the static speed setting is significantly more involved than that of PS.

Thus, instead of analytically determining the optimal speeds for SRPT, we are left to use a heuristic

3These actually study the M/M/1 FCFS queue, but since the M/GI/1 PS queue with controllable service rates is
a symmetric discipline [72] it has the same occupancy distribution and mean delay as an M/M/1 FCFS queue.
4In [120] the range of minimization was misstated as o > 0.
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approach.

Note that the speeds suggested by the worst-case results for SRPT and PS (Theorems 2.1 and 2.3)
are the same, and the optimal speeds for a batch arrival are given by (2.8) for both policies. Motivated
by this and the fact that (2.8) matches the asymptotic form of the stochastic results for PS in
Proposition 2.1, we propose to use the optimal PS speeds in the case of SRPT.

To evaluate the performance of this heuristic, we use simulation experiments (Figure 2.1) that

compare the performance of this speed scaling algorithm to the following lower bound.

Proposition 2.2. In a GI/GI/1 queue with P(s) = s,

29 > Zmax(y®, ya(a — 1)/ 71,

> =

This was proven in [120] in the context of the M/GI/1 PS but the proof can easily be seen to
hold more generally.

Simulation experiments also allow us to study other interesting topics, such as (i) a comparison of
the performance of the worst-case schemes for SRPT and PS with the stochastic schemes and (ii) a
comparison of the performance of SRPT and PS in the speed scaling model. In these experiments,
the optimal speeds for PS in the stochastic model are found using the numeric algorithm for solving
the DP described in [48, 120], and then these speeds are also used for SRPT. Due to limited space,
we describe the results from only one of many settings we investigated.

Figure 2.2 shows that the optimal speeds from the DP (“DP”) have a similar form to the speeds
motivated by the worst-case results, P~*(nj3) (“INV”), differing by ~ for high queue occupancies.
Figure 2.1 shows how the total cost (2.1) depends on the choice of speeds and scheduler. At low loads,
all schemes are indistinguishable. At higher loads, the performance of the PS-INV scheme degrades
significantly, but the SRPT-INV scheme maintains fairly good performance. Note though that if
P(s) = s* for a > 3 the performance of SRPT-INV degrades significantly too. In contrast, the DP-
based schemes benefit significantly from having the slightly higher speeds chosen to optimize (2.1)
rather than minimize the competitive ratio. Finally, the SRPT-DP scheme performs nearly opti-
mally, which justifies the heuristic of using the optimal speeds for PS in the case of SRPT®. However,
the PS-DP scheme performs nearly as well as SRPT-DP. Together, these observations suggest that

it is important to optimize the speed scaler, but not necessarily the scheduler.

2.3 Gated-static speed scaling

Section 2.2 studied a sophisticated form of speed scaling where the speed can depend on the current

occupancy. This scheme can perform (nearly) optimally; however its complexity and overheads may

5Note that the peak around v = 1 in Fig. 2.1(b) is most likely due to the looseness of the lower bound.
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Figure 2.1: Comparison of SRPT and PS scheduling under both s,, = P~!(n3) and speeds optimized
for an M/GI/1 PS system, using Pareto(2.2) job sizes and P(s) = s°.

be prohibitive. This is in contrast to the simplest non-trivial form: gated-static speed scaling, where
Sn, = S8gs1p20 for some constant speed s4s. This requires minimal hardware to support; e.g., a CMOS
chip may have a constant clock speed but AND it with the gating signal to set the speed to 0.

Gated-static speed scaling can be arbitrarily bad in the worst case since jobs can arrive faster
than sgs. Thus, we study gated-static speed scaling only in the stochastic model, where the constant
speed sy, can depend on the load.

We study the gated-static speed scaling under SRPT and PS scheduling. The optimal gated-
static speed under PS has been derived in [120], but the optimal speed under SRPT has not been
studied previously.

Our results highlight two practical insights. First, we show that gated-static speed scaling can
provide nearly the same cost as the optimal dynamic policy in the stochastic model. Thus, the
simplest policy can nearly match the performance of the most sophisticated policy. Second, we
show that the performance of gated-static under PS and SRPT is not too different, thus scheduling
is much less important to optimize than in systems in which the speed is fixed in advance. This

reinforces what we observed for dynamic speed scaling.

2.3.1 Optimal gated-static speeds

We now derive the optimal speed sgs, which minimizes the expected cost of gated-static in the
stochastic model under both SRPT and PS. First note that, since the power cost is constant at

P(s4s) whenever the server is running, the optimal speed is

8¢5 = arg msin BE[T] + %P(s) Pr(N #0). (2.14)
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In the second term Pr(N # 0) = p/s, and so multiplying by A and setting the derivative to 0 gives
that the optimal gated-static speed satisfies

dE[N] P*(s)
= 2.1
p— Fr—— =0, (2.15)
where r = p/s is the utilization and
P*(s) = sP'(s) — P(s). (2.16)

Note that if P is convex then P* is increasing and if P” is bounded away from 0 then P* is
unbounded.
Under PS, E[N] = p/(s — p), and so dE[N]/ds = E[N]/(p — s). By (2.15), the optimal speeds
satisfy [120]
BE[N] = (1 —r)rP*(s). (2.17)

Unfortunately, in the case of SRPT, things are not as easy. For s = 1, it is well known, e.g., [75],

that
’ E[T] = /°° /“” dt Ay T dF(7) 4+ 2 F(x) AF(z)
=0 Jt=0 1-— >\f0t

TdF(r) 21— A J7 rdF(r))?

The complexity of this equation rules out calculating the speeds analytically. So, instead we use

simpler forms for E[N] that are exact in asymptotically heavy or light traffic.

A heavy-traffic approximation

We state the heavy-traffic results for distributions whose c.c.d.f. ' has lower and upper Matuszewska
indices [20] of m and M. Intuitively, C12™ < F(x) < Cox™ as x — oo for some Cy, Ca. So, the

Matuszewska index can be thought of as a “moment index.” Further, let G(z) = [ tf(t) dt/E[X]



25

be the fraction of work coming from jobs of size at most . The following was proven in [85].

Proposition 2.3 ([85]). For an M/GI/1 under SRPT with speed 1, E[N] = ©(H(p)) as p — 1,
where
H(p) = E[X?]/((1 = p)G~(p)) Z:fM < -2 (2.18)
E[X]log(1/(1 - p)) if m > —2.

Proposition 2.3 motivates the heavy-traffic approximation below for the case when the speed is

E[N] ~ CH(p) (2.19)

where C'is a constant dependent on the job size distribution. For job sizes which are Pareto(a) (or
more generally, regularly varying [20]) with @ > 2, it is known that C' = (7/(1 — a))/(2sin(7r/(1 —
a))) [85]. Figure 2.3 shows that in this case, the heavy-traffic results are accurate even for quite low
loads.

Given approximation (2.19), we can now return to equation (2.15) and calculate the optimal

speed for gated-static SRPT. Define h(r) = (G=1)'(r)/G~1(r).
Theorem 2.4. Suppose approximation (2.19) holds with equality.
(i) If M < =2, then for the optimal gated-static speed,

2—7r
1—r

BE[N] ( - rh(r)) = rP*(s). (2.20a)

(i) If m > —2, then for the optimal gated-static speed,

1 *
= (gt ) = 7 (2:200)

Proof. For brevity, we only prove the second claim.

If m > —2, then there is a C’ = CE[X] such that

E[N] = % log <1 _1p/s> . (2.21)

for speed s. Now

dE[N] 72’10 1 0y
ds 2 08 1—p/s $2(s—p)

__E[N] p 1
=T (1 TS /) los1)(1 = p/s») /

and the factor in brackets is dominated by its second term in heavy traffic. Substituting this

into (2.15) gives the result. O
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Figure 2.4: Comparison for gated-static: PS using (2.17) and SRPT using (2.22), with P(s) = s%.
(a) Utilization given Pareto(2.2) job sizes. (b) Dependence of speed on the job size distribution, for
Pareto(a).

To evaluate the speeds derived for heavy-traffic, Figure 2.4(b) illustrates the gated-static speeds
derived for SRPT and PS, for P(s) = s? and p = 10 and varying job size distribution. This suggests
that the SRPT speeds are nearly independent of the job size distribution. (Note that the vertical
axis does not start from 0.) Moreover, the speeds of SRPT and PS differ significantly in this setting
since the speeds under SRPT are approximately minimal (the speeds must be larger than 7), while

the PS speeds are v + 1.

Beyond heavy-traffic regime

Let us next briefly consider the light-traffic regime. As p — 0, there is seldom more than one job in
the system, and SRPT and PS have nearly indistinguishable E[N]. So, in this case, it is appropriate
to use speeds given by (2.17).

Given the light-traffic and heavy-traffic approximations we have just described, it remains to
decide the speed in the intermediate regime. We propose setting

SS{%PT

PS _SRPT(HT
o (HT)y, (2.22)

= min(s,, s,

where sF'S satisfies (2.17), and satPTHT)

is given by (2.20) with E[N] estimated by (2.19).
To see why (2.22) is reasonable, we first show that (2.20) often tends to the optimal speed as

p— 0.

Proposition 2.4. If m > —2 or both M < —2 and arbitrarily small jobs are possible (i.e., for all
x>0 there is a y € [0, z] with F(y) > 0), then (2.20) produces the optimal scaling as p — 0.

Proof. For p — 0, also r — 0, and E[N]/r — 1. By L'Hospital’s rule (1 —r)log(1/(1 —r))/r ~ 1,

and (2.20b) gives 8 = P*(s). If arbitrarily small jobs are possible, then G=1(0) = 0, and rh(r) — 1
by L’Hospital’s rule, whence (2.20a) also becomes § = P*(s).
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Figure 2.5: Comparison of PS and SRPT with gated-static speeds (2.17) and (2.22), versus the
dynamic speeds optimal for an M/GI/1 PS. Job sizes are distributed as Pareto(2.2) and P(s) = s2.

From (2.8), this is the optimal speed at which to server a batch of a single job. Since, as p — 0,

the system almost certainly has a single job when it is non-empty, this is an appropriate speed. [

Although (2.20) tends to the optimal speeds, (2.19) over estimates E[N] for small p and so
555 PTHT) i higher than optimal for small loads. Conversely, for a given speed, the delay is less
under SRPT than PS, and so the optimal speed under SRPT will be lower than that under PS.

SRPT(HT)

Hence sy < 8555 in the large p regime where the former becomes accurate. Thus, the min

operation in (2.22) selects the appropriate form in each regime.

2.3.2 Gated-static vs. dynamic speed scaling

Now that we have derived the optimal gated-static speeds, we can contrast the performance of gated-
static with that of dynamic speed scaling. This is a comparison of the most and least sophisticated
forms of speed scaling.

As Figure 2.5 shows, the performance (in terms of mean delay plus mean energy) of a well-tuned
gated-static system is almost indistinguishable from that of the optimal dynamic speeds. Moreover,
there is little difference between the cost under PS-GATED and SRPT-GATED, again highlighting
that the importance of scheduling in the speed scaling model is considerably less than in standard
queueing models.

In addition to observing numerically that the gated-static schemes are near optimal, it is possible
to provide some analytic support for this fact as well. In [120] it was proven that PS-GATED is
within a factor of 2 of PS-DP when P(s) = s®. Combining this result with the competitive ratio

results, we have

Corollary 2.2. Consider P(s) = s*>. The optimal PS and SRPT gated-static designs are O(1)-
competitive in an M/GI/1 queue with load p.



28

20 20
15 1 15
@ @
[e] o
o o
10 1 10
SRPT-GATED PS-GATED
SRPT-DP PS-DP
5 SRPT-LIN ] 5 PS-LIN
0 10 20 30 40 0 10 20 30 40
designy designy
(a) SRPT (b) PS

Figure 2.6: Effect of misestimating v under PS and SRPT: cost when v = 10, but s,, are optimal
for a different “design 7”. Pareto(2.2) job sizes; P(s) = s.

Proof. Let m € {PS, SRPT} and sgs be the optimal gated-static speed for 7 and sPP be the optimal
speeds, which solve the DP for the M/GI/1 PS queue. Then

2(m550) < S(PSs7) < 9,(PSsT) < 9 (PS,PTI(nB)) < 19,0,

The last three steps follow from [120], the optimality of DP for PS in M/GI/1, and Theorem 2.3. [

2.4 Robustness and speed scaling

Section 2.3 shows that near-optimal performance can be obtained using the simplest form of speed
scaling — running at a static speed when not idle. Why then do CPU manufacturers design chips
with multiple speeds? The reason is that the optimal gated-static design depends intimately on the
load p. This cannot be known exactly in advance, especially since workloads typically vary over time.
So, an important property of a speed scaling design is robustness to uncertainty in the workload, p
and F', and to model inaccuracies.

Figure 2.6 illustrates that if a gated-static design is used, performance degrades dramatically
when p is mispredicted. If the static speed is chosen and the load is lower than expected, excess
energy will be used. Underestimating the load is even worse; if the system has static speed s and
p > s then the cost is unbounded.

In contrast, Figure 2.6 illustrates simulation experiments which show that dynamic speed scaling
(SRPT-DP) is significantly more robust to misprediction of the workload. In fact, we can prove this
analytically by providing worst-case guarantees for the SRPT-DP and PS-DP. Let sP% denote the
speeds used for SRPT-DP and PS-DP. Note that the corollary below is distinctive in that it provides

worst-case guarantees for a stochastic control policy.
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Corollary 2.3. Consider P(s) = s* with® o € (1,2] and algorithm A which chooses speeds sPF
optimal for PS scheduling in an M/GI/1 queue with load p. If A uses either PS or SRPT scheduling,

then A is O(1)-competitive in the worst-case model.

Proof. The proof applies Lemmas 2.1 and 2.2 from the worst-case model to the speeds from the
stochastic model.
By Proposition 2.1, s, > (n8/(a — 1))/®. Since a < 2, this implies s,, > P~!(nB). Further,

(2.12) implies that s27 = O(n!/®) for any fixed p and 3 and is bounded for finite n.

DP

2+ are of the form given in Lemmas 2.1 and 2.2 for some finite 1 (dependent

Hence the speeds s

on 7 and the constant p), from which it follows that A4 is constant competitive. O

For a = 2, Proposition 2.1 implies s < (2y + 1)P~1(n3), whence (SRPT, sPP) is (27 + 2)-
competitive.

Corollary 2.3 highlights that s designed for a given p leads to a speed scaler that is “robust”.
However, the cost still degrades significantly when p is mispredicted badly (as shown in Figure 2.6).

We now consider a different form of robustness: If the arrivals are known to be well approximated
by a Poisson process, but p is unknown, is it possible to choose speeds that are close to optimal for
all p? Tt was shown in [120] that using “linear” speeds, s,, = n\/j, gives near-optimal performance
when P(s) = s? and PS scheduling is used. This scheme (“LIN”) performs much better than using
sp = P~Y(nB), despite the fact that it also uses no knowledge of the workload. Given the decoupling
of scheduling and speed scaling suggested by the results in Section 2.2, this motivates using the
same linear speed scaling for SRPT. Figure 2.7 illustrates that this linear speed scaling provides
near-optimal performance under SRPT too. The robustness of this speed scaling is illustrated in
Figure 2.6. However, despite being more robust in the sense of this paragraph, the linear scaling is
not robust to model inaccuracies. Specifically, it is not O(1)-competitive in general, nor even for the

case of batch arrivals.

2.5 Fairness and speed scaling

To this point we have seen that speed scaling has many benefits; however we show in this section
that dynamic speed scaling has an undesirable consequence — magnifying unfairness. Fairness is
an important concern for system design in many applications, and the importance of fairness when
considering energy efficiency was recently raised in [109]. However, unfairness under speed scaling
designs has not previously been identified. In retrospect though, it is not a surprising byproduct of
speed scaling: If there is some job type that is always served when the queue length is long/short

it will receive better /worse performance than it would have in a system with a static speed. To see

6This is proven in [121] for a € (1, 00).
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Figure 2.7: Comparison of PS and SRPT with linear speeds, s, = nv/B, and with dynamic speeds
optimal for PS. Job sizes are Pareto(2.2) and P(s) = s>

that this magnifies unfairness, rather than being independent of other biases, note that the scheduler
has greatest flexibility to select which job to serve when the queue is long, and so jobs served at that
time are likely to be those that already get better service.

In this section, we prove that this service rate differential can lead to unfairness in a rigorous
sense under SRPT and non-preemptive policies such as first come first serve (FCFS, which serves

jobs in order of arrival). However, under PS, speed scaling does not lead to unfairness.

2.5.1 Defining fairness

The fairness of scheduling policies has recently received a lot of attention in computer systems
modeling, which has led to a variety of fairness measures, e.g., [11, 105, 122], and the analysis of
nearly all common scheduling policies, e.g., [74, 103, 122]. Refer to the survey [119] for more details.

Here, we compare fairness not between individual jobs, but between classes of jobs, where a class
consists of all jobs of a given size. Since we focus on delay, we compare E[T'(z)] across . For this

purpose, fairness when s = 1 has been defined in prior work as follows [119]:

Definition 2.2. A policy 7 is fair if for all x

E[T"(2) _ BI™5@)]

This metric is motivated by the fact that (i) PS is intuitively fair since it shares the server
evenly among all jobs at all times; (ii) for s = 1, the slowdown (“stretch”) of PS is constant,
ie, E[T(z)]/x = 1/(1 — p); (iii) E[T(z)] = ©(x) [59], so normalizing by = when comparing the
performance of different job sizes is appropriate. Additional support is provided by the fact that
min, max, E[T™(x)]/z =1/(1 — p) [122].
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Using this definition, it is interesting to note that the class of large jobs is always treated fairly
under all work-conserving policies, i.e., lim,_, o E[T(x)]/z < 1/(1 — p) [59] — even under policies
such as SRPT that seem biased against large jobs. In contrast, all non-preemptive policies, e.g.,
FCFS have been shown to be unfair to small jobs [122].

The foregoing applies when s = 1. The following proposition shows that PS still maintains a
constant slowdown in the speed scaling environment, and so Definition 2.2 is still a natural notion

of fairness.

Proposition 2.5. Consider an M/GI/1 queue with a symmetric scheduling discipline, e.g., PS with
controllable service rates. Then, E[T ()] = = (E[T]/E[X]) .

The proof follows from using Little’s law for jobs with size in [z, z + €] and is omitted here.

2.5.2 Speed scaling magnifies unfairness

Now that we have a natural criterion for fairness, we prove that speed scaling creates/magnifies

unfairness under SRPT and non-preemptive policies such as FCFS.

SRPT

We first prove that SRPT treats the largest jobs unfairly in a speed scaling system. Recall that the
largest jobs are always treated fairly in the case of a static speed.
Let 5™ be the time-average speed under policy m, and let m + 1 denote running policy 7 on a

system with a permanent customer in addition to the stochastic load (e.g., s79+1).

Theorem 2.5. Consider a GI/GI/1 queue with controllable service rates and unbounded inter-

arrival times. Let sSRPT < sPS pe weakly monotone increasing and satisfy 8751 > p and

gS’RPT-H > P-7 Then

TPS TSRPT
tm T g )

T—00 x T —r00 T
The intuition behind Theorem 2.5 is the following. An infinitely sized job under SRPT will
receive almost all of its service while the system is empty of smaller jobs. Thus it receives service

during the idle periods of the rest of the system. Further, if s38P7 < sP

S then the busy periods will
be longer under SRPT and so the slowdown of the largest job will be strictly greater under SRPT.

This intuition also provides an outline of the proof.

Proof. By Lemma 2.6 in Appendix 2.C, T™(x)/z — 1/(57t! — p) a.s. in each case.

PS+1 > ESRPT+1

Lemma 2.9 completes the proof by showing s . It considers the average speed

between renewal instants in which both queues are empty, which it maps to renewal periods. It then

"Note that the conditions 575+ > p and 85EPT+1 >  are equivalent to the stability conditions for sS7PT and

sPS.
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Figure 2.8: Slowdown of large jobs under PS and SRPT under Pareto(2.2) job sizes, v = 1, s, =
P~Y(n), and P(s) = s?. Note the fairness of PS.

uses Lemma 2.7, which shows that a busy period is longer under SRPT than PS, to show that less

work is done on the permanent customer in the renewal period under SRPT than under PS. O

Figure 2.8 shows that unfairness under SRPT can be considerable, with large jobs suffering a
significant increase in slowdown as compared to PS. However, in this case only around 10% of the
jobs are worse off than under PS. Note that this setting has a moderate load, which means that
SRPT with static speeds would be fair to all job sizes. Figure 2.8 was generated by running a
simulation to steady state and then injecting a job of size z into the system and measuring its
response time. This was repeated until the 90% confidence intervals (shown on Figure 2.8(a) for
SRPT) were tight around the estimate.

Theorem 2.5 proves that SRPT cannot use dynamic speeds and provide fairness to large jobs;
however, by using gated-static speed scaling SRPT can provide fairness, e.g., [122]. Further, as
Figure 2.5 illustrates, gated-static speed scaling provides nearly optimal cost. So, it is possible to

be fair and near-optimal using SRPT scheduling but, to be fair, robustness must be sacrificed.

Non-preemptive policies

The magnification of unfairness by speed scaling also occurs for all non-preemptive policies.
In the static speed setting, all non-preemptive policies are unfair to small jobs [122] since the

response time must include at least the residual of the job size distribution if the server is busy, i.e.,
E[T(2)]/2 > 1+ pE[X?]/(2E[X]a),

which grows unboundedly as x — 0. However, if we condition on the arrival of a job to an empty
system (i.e., the work in system at arrival W = 0), then non-preemptive policies are “fair”, in the

sense that the slowdown is constant: T'(xz|W = 0)/x = 1. Speed scaling magnifies unfairness under
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non-preemptive policies in the following sense: T'(z|W = 0)/x can now differ dramatically across

job sizes.

Proposition 2.6. Consider a non-preemptive GI/GI/1 speed scaling queue with mean inter-arrival
time 1/X\ and speeds s, monotonically approaching so, € (0,00] as n — oco. Then, with probability

1

7

fim LEW=0) 1 gy TEW=0) 1
x—0 x S1 T — 00 x Soo

The intuition behind this result is that small jobs receive their whole service while alone in the
system; whereas large jobs have a large queue build up behind them, and therefore get served at
a faster speed. Thus, the service rate of large and small jobs differs, magnifying the unfairness of

non-preemptive policies.

Proof. First, the limit as z — 0 follows immediately from noting that as x shrinks the probability
of another arrival before completion goes to 0.

To prove the limit as x — oo, let fl(a:) be such that

—~

)

A(z)
S Si
; < 5%

s
Il
o

and let € > 0 be arbitrary. This fl(m) can be thought of as the number of arrivals before  work is
completed if jobs arrived periodically with inter-arrival time 1/\.

Since speeds are non-decreasing, the time to finish the job can be bounded above by the time to
reach speed s; plus the time it would take to finish the whole job at speed s;. Further, we can use

the law of large numbers to bound the time to reach speed s; as © — oo. This gives

T = 1 Az 1
pp [ LW =0) VAL (2.23)

x N x A
Since {s;} are non-decreasing and A(x) = O(z), it follows that the right hand side inside the brackets
approaches 1/s4, as * — 0.
Conversely, a lower bound on the time to finish the job is given by the time to finish it at

maximum speed:

T = 1
Pr (WO) > ) =1w.p.l (2.24)
x Soo
Together, (2.23) and (2.24) establish the result. O

In general, speed scaling based on the occupancy n may magnify unfairness in any policy for
which n(t) is correlated with the size of the job(s) being processed at time ¢t. Note that gated-
static scaling does not magnify unfairness, regardless of the scheduling discipline, since all jobs are

processed at the same speed.
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2.6 Concluding remarks

This chapter has studied several fundamental questions about the design of speed scaling algorithms.
The focus has been on understanding the structure of the optimal algorithm, the interaction between
speed scaling and scheduling, and the impact of the sophistication of the speed scaler. This has led
to a number of new insights, which are summarized in the introduction.

The analytic approach of this chapter is distinctive in that it considers both worst-case and
stochastic models. This combination of techniques is fundamental in obtaining two of the main re-
sults of the work: Corollary 2.3 providing worst-case guarantees for policies designed in the stochastic
model, and Theorem 2.5 identifying unfairness in expected performance under dynamic speed scaling
with SRPT. Further, the combination of stochastic and worst-case analysis adds support to many
of the other insights of the chapter, e.g., the decoupling of scheduling and speed scaling.

These results suggest many interesting topics. Foremost, it will be interesting to see if the
lower bound of 2-competitive for natural speed scaling algorithms extends to all algorithms. It is
also important to understand the range of applicability of the insights that speed scaling can be
decoupled from scheduling with little performance loss, and that scheduling is less important when
energy is added to the objective. Further, the implications for fairness were only touched on briefly.
Finally, it is important to address all of the issues studied here in the context of other performance
objectives, e.g., when temperature is considered or when more general combinations of energy and

response time are considered.

Appendix 2.A Running condition for SRPT

The proof of Lemma 2.1 uses the following lemmas, which parallel those in [13]. Let n“(-) and n(-)
be arbitrary unfinished work profiles, n* = n4(0), n® = n9(0), and let s* and s© be arbitrary

non-negative speeds, with s© = 0 if n® = 0.

Lemma 2.3. For any non-decreasing A with A(i) = 0 for i < 0, if n© < n? then, under SRPT,

where ® is differentiable either

both 4£& < A(n*—n® +1)(—s* +59) (2.25a)
and n® >1, (2.25b)
or 4& < A(n? —n®)(—s 4 59). (2.25¢)

Proof. Consider an interval I = [¢, ¢+ dt] sufficiently small that no arrivals or departures occur. Let
O(t 4 dt) — B(t) = d®* + dPO, where d®* reflects the change in n and d®© reflects the change
due to OPT. On I, n®[q] decreases by 1 for ¢ € [¢° — s dt, ¢°], for x = A,OPT. Then A will remove
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a term from the sum in (2.3), and OPT may add an additional term. Let ¢* (¢©) be the remaining
work of the job being processed by algorithm A (OPT). If ¢* # ¢©, these intervals do not overlap,

and so

do? = —A(n?g?] — nO[¢)) s dt (2.26a)

do° < A(n?[q°] — (n°[¢°] — 1))s° dt. (2.26b)

The result follows from one of the following cases, divided by dt. The improvement from [13] comes

from handling the boundary case n® = 0 more carefully.

q* < ¢ The second term in (2.26a) becomes n°[¢*] = n°[¢°] = n?, whence d®4 = —A(n? —

n)s4 dt. Since ¢* < ¢© implies n[¢?] < n[¢] — 1, and A is non-decreasing, A(n“[q°]

(n°[q°] — 1)) < A(n?[g?] — n9[¢?]). Thus dd4 + dP° < A(n4 —n9)(—s4 + s9) dt.

q

q* = ¢° If s* > s then one term is removed from the sum in (2.3) for ¢ € [¢* — s? dt, ¢* — s© dt],

which gives ®(t + dt) — ®(t) = A(n4 —n®)(—s4 + s9) dt.

If s© > 54, then one term is added for ¢ € [¢* — s dt, ¢* — s dt], whence ®(t + dt) — ®(t) =

A(n?A —n® +1)(—s +59)dt. As s9 > s >0, n® # 0, whence n® > 1.

q* > q© If n© = 0 then, n®[¢] = 0 = n© whence d®* < —A(n? — n?)sA dt, and s® = 0 whence
d®° =0 = 2A(n* —n®)s® dt. This implies (2.25¢).
If n© > 1 then ¢4 > ¢© implies n?[¢g] < n®[¢°] — 1. Since A is non-decreasing, (2.26a)
becomes d®4 < —A(n? —n® + 1)s?dt. Since ¢* > ¢°, n*[¢°] = n?[¢"] = n?, and (2.26b)
becomes d®° < A(n? —n® 4 1)s? dt. This implies (2.25a) and (2.25b).
O
This differs from the corresponding result in [13] in condition (2.25b), which ensures that the

argument of A in (2.25) is always at most n? and gives the following.
Lemma 2.4. Consider a reqular power function, P, and let A(i) be given by (2.4) for i > 0. If

n® < n? and n? < P(s?)/B then (2.25) implies

< L n(PEO)/B — it +n0),

Proof. Since P is regular, A is non-decreasing. Now, consider two cases.

If (2.25a) and (2.25b) holds, then let ¥(s) = P(s)/3 and set i = n* —n® + 1 in Lemma 2.5
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below to give

(0]
Cth < A(n® = n© +1)(=s + 5°)

1+ (T nA —n? +1))(—s* + 59)

<A+ (= s+ T A= 0O+ D))V (T (A - 0O+ 1) + (1L + ) ((s9) —n? +n° —1)

< (L4 0)(¥(s?) = n? +n9)
where the last inequality follows from
n®>1 = A>P 08>0 (n?—n%+1). (2.27)

Otherwise (2.25¢) holds. Since s4 > P~1(n4p) > U1 (n4 — n?), the above manipulations go

through again, with i = n® — n® in Lemma 2.5. O

Next, we need the following result, Lemma 3.1 of [13].

Lemma 2.5. [13] Let U be a strictly increasing, strictly conver, differentiable function. Leti,s?,s@ >

0 be real. Then
V(U (0) (=5 4 59) < (=5t + U)W (UTH(6)) + U(sO) — .

We can now prove Lemma 2.1.

Proof of Lemma 2.1. When n* = 0, (2.5) holds trivially. Consider now three cases when n? > 1:
If n© > n4, then d®° = 0, since there is a dt > 0 such that n®[q] > n[q] for ¢ € [¢© — s dt, ¢°],
which implies that n?[g] —n“[g] < 0 for all times in [¢,t+dt]. Since d®4 < 0 on any interval, d® < 0.
Thus (2.5) holds, since P(s4)/8 < nn.
Consider next n© < n?. Since the optimal scheme runs at zero speed when it is empty, s© =0
if n° = 0, and so Lemma 2.3 applies. Then by Lemma 2.4, d®/dt < (14 1)(P(s?)/8 — n? + n?),

whence

n+

P(s4 P(s°
(s )+%<I>§nA+nnA+(1+77)(L)

e 5 —n4n9) = (1 +n)(n° + P(s°)/8).

Finally, if n© = n?, then either d® < 0 or (2.25) holds:

1. If ¢* < ¢9, then n?[q] — n®[q] becomes negative for ¢ € [¢* — s4 dt,q*] (whence n[q] =
max (0, [q] —n°[q]) remains 0), and remains negative for ¢ € [¢© — s dt, ¢°]. Hence nlq] is

unchanged, and d® = 0.
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2. If ¢4 = ¢q©, consider two cases. (i) If s > s© then n[q] — n®[q] becomes negative for
q € [¢* — s4dt,q* — sPdt] and remains zero for ¢ € [¢4 — s© dt,q?], whence n[q] again
remains unchanged. (ii) Otherwise, n[q] increases by 1 for ¢ € [¢4 — s dt, ¢ — s4 dt], and
d® = A(n? —n% + 1)(—s* + s9)dt. Again, n® > 1 since s > s > 0, and the optimal is

idle when n© = 0.
3. The case ¢* > ¢© is identical to the case in the proof of Lemma 2.3, and (2.25) holds.

Again, if (2.25) holds, then (2.5) holds. If instead d® < 0, then the left hand side of (2.5) is at
most (1 +n)n?, which is less than the first term on the right hand side. O

Appendix 2.B Running condition for PS

Proof of Lemma 2.2. First note that if n = 0 then the LHS of (2.10) is 0, and the inequality holds.
Henceforth, consider the case n > 1.

The rate of change of ® caused by running OPT is at most I'(n4)!=1/@s0

, which occurs when
all of the speed is allocated to the job with the largest weight in (2.9).

Let [ > 0 be the number of zero terms in the sum (2.9), corresponding to jobs on which PS
is leading OPT. The sum in (2.9) contains n — I non-zero terms, each decreasing due to PS at
rate i'~Ydg? /dt = i'~Y/*s4/nA. The sum is minimized (in magnitude) if these are terms i =

1 ,n — 1. Thus, the change in ® due to PS is at least as negative as

P

A

nt—l $A nA—1 $A
-T § il_l/a7 -T il_l/ajdi

1 n 0 n

i=

IN

(67

< _ A nN2—-1/apl/a/r, A\(1/a)—1 )
<D (1 g ) (2.28)

since s4 > (n4B)Y/«. This gives

1/«
ae [(n?)i-1t/esO - i / () M/ )=L(pA _y2-1/e

dt — 200 — 1

Moreover, since (s4)*/8 < nn? and I < n®, we have n? + (s4)*/8 < (1 + n)n? and n° +

(s9)2/B > 1+ (s°)*/B. To show (2.10), it is sufficient to show that

171/0580_ Faﬁl/a(nA)(l/a)fl(nA _ l)271/a

—— < ll+ (2)°/8).

(1 +n)n4T(n?)

Since n? > 0, dividing by n? gives the sufficient condition

aﬂl/a
200 — 1

0 < ¢(s9)%/(Bn?) —=Ts? /()™ + el /n* +T (1—1/n)2" e — (1 47). (2.29)
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To find a sufficient condition on ¢, we take the minimum of the right hand side with respect to s,

I and n“. Following [35], note that the minimum of the first two terms with respect to s occurs

for s© = (%)1/(0‘*1)@‘4)1/0‘, at which point the first two terms become

_ (1 _ ;) <Bcza>1/(a_l)_ (2.30)

Now consider a lower bound on the sum of the terms in . Let j = [/n“, and minimize this with

respect to j > 0. Setting the derivative with respect to j to 0 gives ¢ = f%/°T(1 — j)' =/, Hence
the minimum for j > 0 is for j = 1 — (min(1,¢/(8/°T)))*/ (=1, For ¢ > B'/°T, the sum of the
terms in | achieves a minimum (with respect to 1) of 8%/*Ta/(2a — 1) at [ = 0, for all n. In this

case, it is sufficient that

ax 1/(a—1)
0§—<1—1) (M ) AT (147,

o co 200 —1

Rearranging shows that it is sufficient that ¢ > /°T and

c>p (Z)a (aﬁl/g‘ = 3(—2#0;7)_(22 — 1)>a_1

_(1+n)(2aa—1>a.

where the equality uses T' = (1 + n)(2« — 1)/8%/. 0

Appendix 2.C Proof of unfairness of SRPT

The following lemmas establish Theorem 2.5.
We start by characterizing the limiting slowdown in terms of the average speed in a system with

a permanent customer.

Lemma 2.6. Consider a GI/GI/1 queue with service discipline m € {PS,SRPT} with controllable

service rate sT such that s™ ! > p, then

. T™(x) 1
ST T R,

Proof. We prove only the case of PS. The proof for SRPT is analogous.

Consider a PS+1 system. Let S(¢) be the total work completed (service given) by time ¢. Let
R(t) be the service given to the permanent job by time ¢ and R(t) be the service given to all other
jobs by time t. Note S(t) = R(t) + R(t).

Since the system is stable, we have lim;_, o, R(t)/t =4.s. p, and by definition, we have lim; o S(t)/t =q.s.
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PS5+ Thus,
. _ “PS+1
Jm R(t)/t =5 p-

To complete the proof note that R(T'(x)) = x and so

t 1

lm = fm e =y e
s 1 toee R(E) &% 3PSH_,

O

Next, we focus on relating the length of the busy periods in the PS and SRPT systems. This
eventually lets us conclude that 579+ > g5FPTHL Let ¢™(w) be the time when w work has been

completed under policy 7.

Lemma 2.7. Consider a single server with a controllable service rate. Assume st > sSEPT for

all n and that sP and s3BFT are both weakly monotonically increasing. Then
tPS(’LU) < tSRPT(w).

Hence, busy periods are longer under SRPT than under PS.

Proof. We prove the result only in the case where s09 = s5FPT for all n and s£S and s55P7 are
both strictly monotonically increasing; the general proof is analogous.

Observe that ¢(w) is continuous under both PS and SRPT. So, it is sufficient to show that at
every point v when t9(v) = t9BPT () ceases to be true it is because t79(v+) < t5°PT (v+). Thus,
we induct over moments when t7%(v) = t5FFT (v) and t7% (w) < t5FFT (w) for all w < v.

The base case follows from noting that t7°(0) = t+9#PT(0) = 0 and that sP¥ = sSFPT until
the moment of the first completion, which happens under SRPT due to the optimality of SRPT.
Let wy be the work that has been completed at this moment. Then, if the system is not empty,
tPS(wd) < t9BPT (w) since s, is strictly monotonically increasing.

Next, consider a point v such that t£9(v) = t9FFT(v) and t79(w) < BT (w) for all w < v.

There are three cases:
P3PS (v)) > nSBPT (#SRPT (y)): In this case, t75(vT) < t9BPT (v+) since s, is strictly increasing.

nPS (PS5 (v)) = nBPT (#SRPT (4)): In this case, 75 (w) = t5BPT (w) for all w > v until the next
completion moment, wy. Applying Lemma 2.8 below, we know that this completion happens

under SRPT. So, t7%(wg) < t5BPT (w{) since s, is strictly increasing.

nP3 (S (v)) < nSBPT (#9RPT (y)): Lemma 2.8, below, proves that this cannot happen.
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Lemma 2.8. Consider a single server with a controllable service rate. At moments when t7%(v) =

tSEPT (v) and t75 (w) < 3BT (w) for all w < v,
nPS(tPS(v)) > nSRPT(tSRPT(U)).

Proof. The first step is to warp time separately for each system such that the server is always
working at rate 1 until v work has been done. To do that, scale time by 1/s,,(;) at all times ¢ until
that point. The warping, and hence the arrival instance, will be different in each system. Call the
resulting instances I7° and I91°FT

These two instances satisfy the following relationships:
(i) The number of arrivals is the same in both instances.
(ii) The size of the ith arrival is the same in both instances for all 4.
(iii) The inter-arrival times of the two instances may differ.

(iv) The ith arrival in %7 happens no later than the ith arrival in 77, This follows from the

hypothesis of the lemma that t%(w) < 98T (w) for all w < v.

Let n™(t,I) denote the number in system at time ¢ in instance I under policy 7. Now, it is

enough to prove that nS(t,1F%) > nSBPT (¢ [SEPT)  Intuitively, this should be true because

(i) the arrivals are happening earlier in I°#P7 and (ii) SRPT minimizes the queue length.

To prove this formally, note that the optimality of SRPT immediately gives n®(t, I7%) >

nSBPT (¢ 1P9). Second, consider C™(t,I), the number of completions by time ¢ under policy 7

CSRPT(t,IPS) S CSRPT(t,ISRPT)

and instance I. To finish the proof, we claim that , whence

nSEPT (¢, [P9) > nSBPT (¢ [SEPT) To prove the claim, first define a (non-work-conserving) policy
Q, which, when run on instance I°FFT has exactly the same completion instants as SRPT does on
instance 775, Such a Q exists since all arrivals happen no later under ISF7 than 179,
By the optimality of SRPT and the definition of @,
CSRPT(t IPS) _ CQ(t ISRPT) < CSRPT(t ISRPT)
) b —_ b

b

which completes the proof of the claim and the lemma. O

Finally, we use the above results to prove that 558FPT+1 < gPS+1

Theorem 2.5.

, which completes the proof of

Lemma 2.9. Consider a GI/GI/1 queue with a controllable service rate and an unbounded inter-

arrival time distribution. Assume sPS > sSEPT for all n and sPS and s57PT are both weakly
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monotonically increasing with s; > 0. Further, assume that sup,, st > p and sup, s5BFPT > p.

Then both systems are stable and

p< ESRPTJrl < §PS+1

Proof. First, note that the stability of 7 and sT > 0 guarantees that 37+! > p for 7 € {SRPT, PS}.

We will prove the result in the case that sI9 = sSFPT for all n. The case of s£'5 > s3RPT
follows immediately. We refer to the PS+1 or the SRPT+1 system as “empty” when it is empty
except for the permanent customer. Define a renewal point as occurring when both the PS+1 and
SRPT+1 systems are “empty”. Since both systems are stable and the inter-arrival time distribution
is unbounded, there are infinitely many such renewals.

At the moments when both systems are “empty”, the same customers have been completed in
both systems. The only difference is how much work has been done on the permanent customer. So,
the policy which has completed the most of the permanent customer has the largest average service
rate.

We now focus on a single renewal and determine the time-average speeds under SRPT+1 and
PS+1. By the renewal reward theorem, this is enough to prove the lemma. Let time 0 be when the
sub-busy period began (when both systems were last empty). Let t. be the first time when both
systems are “empty”. Let v be the amount of work completed on the permanent customer under
PS during this sub-busy period.

Now, consider an instance that is unchanged except that the permanent customer is replaced
by a job of size z that arrives at time 0 and that no new arrivals occurs after time t.. Choose z
large enough that it will always have lowest priority in the SRPT+1 system. By Lemma 2.7, this
PS — gSRPT

busy period is at least as long under SRPT+1 as under PS+1. Thus, since s , at time

te SRPT+1 must have completed no more than v work on the permanent customer. So, within this
renewal, §SRPTHL < gPS+L

Finally, the stronger statement s57FPT+1 < sPS+1 holds since with positive probability the
renewal will include exactly 2 arrivals that are both in the system at the moment of the first

departure under SRPT+1, which guarantees that this completion instant is strictly earlier under

SRPT+1 than under PS+1. O
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Chapter 3

Dynamic Capacity Provisioning in
Data Centers

Energy costs represent a significant fraction of a data center’s budget [57] and this fraction is expected
to grow as the price of energy increases in coming years. Hence, there is a growing push to improve
the energy efficiency of the data centers behind cloud computing. A guiding focus for research into
“green” data centers is the goal of designing data centers that are “power-proportional”, i.e., use
power only in proportion to the load. However, current data centers are far from this goal — even
today’s energy-efficient data centers consume almost half of their peak power when nearly idle [16].

A promising approach for making data centers more power-proportional is using software to
dynamically adapt the number of active servers to match the current workload, i.e., to dynamically
‘right-size” the data center. Specifically, dynamic right-sizing refers to adapting the way requests
are dispatched to servers in the data center so that, during periods of low load, servers that are not
needed do not have jobs routed to them and thus are allowed to enter a power-saving mode (e.g.,
go to sleep or shut down).

Technologies that implement dynamic right-sizing are still far from standard in data centers due
to a number of challenges. First, servers must be able to seamlessly transition into and out of
power-saving modes while not losing their state. There has been a growing amount of research into
enabling this in recent years, dealing with virtual machine state [39], network state [37] and storage
state [108, 5]. Second, such techniques must prove to be reliable, since administrators we talk to
worry about wear-and-tear consequences of such technologies. Third, and the challenge that this
chapter addresses, it is unclear how to determine the number of servers to toggle into power-saving
mode and how to control servers and requests due to the lack of knowledge about future workloads,
which means that a server that is put to sleep may soon need to be woken again. Although receding
horizon control has been proposed for the online control [116, 78], as shown in Section 3.2, its
performance really depends on the prediction window and the toggling cost of servers, which may

vary widely in different data centers.
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A goal of this chapter is to provide a new algorithm to address this challenge for general settings.
To this end, we develop a general model that captures the major issues that affect the design of a
right-sizing algorithm, including: the cost (lost revenue) associated with the increased delay from
using fewer servers, the energy cost of maintaining an active server with a particular load, and the
cost incurred from toggling a server into and out of a power-saving mode (including the delay, energy,
and wear-and-tear costs).

This chapter makes three contributions: First, we analytically characterize the optimal offline
solution (Section 3.3). We prove that it exhibits a simple, “lazy” structure when viewed in reverse
time.

Second, we introduce and analyze a novel, practical online algorithm motivated by this structure
(Section 3.4). The algorithm, named lazy capacity provisioning (LCP(w)), uses a prediction window
of length w of future arrivals and mimics the “lazy’ structure of the optimal algorithm, but proceeding
forward instead of backwards in time. We prove that LCP(w) is 3-competitive, i.e., its cost is at
most 3 times that of the optimal offline solution. This is regardless of the workload and for very
general energy and delay cost models, even when no information is used about arrivals beyond the
current time period (w = 0). Further, in practice, LCP(w) is far better than 3-competitive, incurring
nearly the optimal cost.

Third, we validate our algorithm using two load traces (from Hotmail and a Microsoft Research
data center) to evaluate the cost savings achieved from dynamic right-sizing in practice (Section
3.5). We contrast our new algorithm with receding horizon control and confirm that our algorithm
provides much more stable cost saving. We show that significant savings are possible under a wide
range of settings and that savings become dramatic when the workload is predictable over an interval
proportional to the toggling cost. The magnitude of the potential savings depends primarily on the
peak-to-mean ratio (PMR) of the workload, with a PMR of 3 being enough to give 30% cost saving.
In the context of these real traces, we also discuss when it does and when it does not make sense
to use dynamic right-sizing versus the alternative of “valley-filling”, i.e., using periods of low load
to run background/maintenance tasks. We find that dynamic right-sizing provides more than 15%
cost savings even when the background work makes up 40% of the workload when the PMR is larger

than 3.

3.1 Model and notation

Right-sizing problems vary between data centers: some systems have flexible quality of service (QoS)
requirement, others have hard service level agreements (SLAs); the electricity price may be time-
varying or fixed; workloads can be homogeneous or heterogeneous, etc. We first introduce a general

model which captures the main issues in many right-sizing problems in different systems. We then
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give examples and show how they fit into this general model.

3.1.1 General model

We now describe the general model used to explore the cost savings possible from dynamic right-
sizing. An instance consists of a constant 3 > 0, a horizon® T' > 0, a sequence of non-negative
convex functions g¢(-) for t = 1,...,T — 1; g¢(-) can take on the value oo but cannot be identically

oo. For notational simplicity, let gr(z) =0 and g = ¢ = 0. The model is:

T T
minimize th(xt) +p Z(:ct —z )" (3.1)
t=1

L1y TT—1
t=1

subject to x; >0

where ()" = max(0,x), and {z;} are non-negative scalar variables. The solution to optimization
(3.1) may not be unique. By Corollary 3.1 in Appendix 3.A, there exists a solution that is the
element-wise maximum. Unless otherwise stated, “the solution” refers to this maximum solution.
We discuss the extension to vector z; in the next chapter.

To apply this to data center right-sizing, recall the major costs of right-sizing: (a) the cost
associated with the increased delay from using fewer servers and the energy cost of maintaining an
active server with a particular load; (b) the cost incurred from toggling a server into and out of a
power-saving mode (including the delay, migration, and wear-and-tear costs). We call the first part
“operating cost” and the second part “switching cost” and consider a discrete-time model where
the timeslot length matches the timescale at which the data center can adjust its capacity. There is
a (possibly long) time-interval of interest ¢ € {0,1,...,T} and the capacity (i.e., number of active
servers) at time ¢ is z;.

The operating cost in each timeslot is modelled by g¢;(x;), which presents the cost of using x;
servers (z; has a vector value if servers are heterogeneous) to serve requests at timeslot ¢t. Moreover,
g¢(+) captures many other factors in timeslot ¢, including the arrival rate, the electricity price, the
cap on available servers, the SLA constraints.

For the switching cost, let 8 be the cost to transition a server from the sleep state to the active
state and back again. We deem this cost to be incurred only when the server wakes up. Thus
the switching cost for changing the number of active servers from z; 1 to zy is 8(zs — x4_1)". The
constant 3 includes the costs of (i) the energy used, (ii) the delay in migrating connections/data/etc.
(e.g., by VM techniques), (iii) increased wear-and-tear on the servers, and (iv) the risk associated
with server toggling. If only (i) and (ii) matter, then S is either on the order of the cost to run a

server for a few seconds (waking from suspend-to-RAM or migrating network state [37] or storage

1If parameters such as 8 are known in advance, then the results in this chapter can be extended to a model in
which each instance has a finite duration, but the cost is summed over an infinite horizon.
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state [108]), or several minutes (to migrate a large VM [39]). However, if (iii) is included, then
B becomes on the order of the cost to run a server for an hour [27]. Finally, if (iv) is considered
then our conversations with operators suggest that their perceived risk that servers will not turn
on properly when toggled is high, so 8 may be many hours’ server costs. Throughout, denote
the operating cost of a vector X = (z1,...,27) by cost,(X) = Ethl gt(z¢), the switching cost by
costs(X) = 62?:1(@ —24_1)T, and cost(X) = cost,(X) + costs(X).

Constraints on x; are handled implicitly in functions g;(-) by extended-value extension, i.e.,
defining ¢;(-) to be oo outside its domain. This extension makes our description/notation more clear
without introducing particular constraints in different data centers.

Formulation (3.1) makes a simplification that it does not enforce that x; be integer valued. This
is acceptable since the number of servers in a typical data center is large. This model also ignores
the requirement to maintain availability guarantees. Such issues are beyond the scope of this thesis,
however previous work shows that solutions are possible [108].

This optimization problem would be easy to solve offline, i.e., given functions g;(-) for all ¢.
However, our goal is to find online algorithms for this optimization, i.e., algorithms that determine
x, using only information up to time 7 + w, where the “prediction window” w > 0 is part of the
problem instance. Here, we assume that the predictions [g, ..., gr+w] are known perfectly at time
7, but we show in Section 3.5 that our algorithm is robust to this assumption in practice.

We evaluate the performance of an online algorithm A using the standard notion of competitive
ratio. The competitive ratio of A is defined as the supremum, taken over all possible inputs, of
cost(A)/cost(OPT), where cost(A) is the objective function of (3.1) under A and OPT is the
optimal offline algorithm. The analytic results of Sections 3.3 and 3.4 assume that the service has
a finite duration, i.e., T < 0o, but hold for arbitrary sequences of convex functions g;(-). Thus,
the analytic results provide worst-case guarantees. However, to provide realistic cost estimates, we

consider case studies in Section 3.5 where g.(-) is based on real-world traces.

3.1.2 Special cases

Now let us consider two choices of g¢(-) to fit two different right-sizing problems into Formulation
(3.1). The discrete-time model consists of finitely many times ¢ € {0,1,...,T}, where T may be
a year, measured in timeslots of 10 minutes. Assume the workload affects the operating cost at
timeslot ¢ only by its mean arrival rate, denoted \;. (This may have a vector value if there are
multiple types of work). This assumption is reasonable for many services such as web search, social
network or email service since the request interarrival times and the response times are much shorter
than the timeslots so that the provisioning can be based on the arrival rate.

We model a data center as a collection of homogeneous servers (The heterogeneous systems will

be studied in the next chapter.) and focus on determining x;, the number of active servers during
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each time slot ¢. For notational simplicity, we assume a load balancer assigns arriving jobs to active
servers uniformly, at rate \;/x; per server (which is widely deployed and turns out to be optimal
for many systems). Assume the power of an active server handling arrival rate X is e()), and the
performance metric we care about is d(\) (e.g., average response time or response time violation
probability). For example, a common model of the power for typical servers is an affine function
e(A) = eg + e1 A where e¢g and e; are constants; e.g., see [1]. The average response time can be
modeled using standard queuing theory results. If the server happens to be modeled by an M/GI/1
processor sharing queue then the average response time is d(\) = 1/(— A), where the service rate of
the server is p [75]. Other examples include, for instance, using the 99th percentile of delay instead
of the mean. In fact, if the server happens to be modeled by an M/M/1 processor sharing queue
then the 99th percentile is log(100)/(x— A), and so the form of d(\) does not change [75]. Note that,
in practice, e(\) and d()) can be empirically measured by observing the system over time without
assuming mathematical models for them. Our analytical results work for any e(-) and d(-) as long
as they result in convex g;(-). But for simplicity, we will use e(A) = ey + e1 A and d(\) = 1/(n — A)

for our numerical experiments.

Example 1: Services with flexible QoS requirement

Many Internet services, such as web search, email service and social network are flexible in response
time in certain range. For such applications, it is hard to find a threshold to distinguish “good
services” and “bad services”. Instead, the revenue is lost gradually as the response time increases
and thus our goal is to balance the performance and the power cost [110, 43, 78, 36]. One natural
model for the lost revenue is di A(d(\) — dg)™ where dp is the minimum delay users can detect and
dy is a constant. This measures the perceived delay weighted by the fraction of users experiencing
that delay. For the energy cost, assume the electricity price is p; at timeslot ¢, then the energy cost
is pre(N). There may be a time-varying cap M; on the number of active server available due to other
activities/services in the data center (e.g., backup activities). The combination together with the

dispatching rule at the load balancer gives

= (A A * A o
minimize th ( ; : (d (;) — d0> + pie (;)) + /J’Z(xt —mxp )" (3.2)
t ¢ ¢ et

t=1
subject to Ay < zy < M,
Compared to Formulation (3.1), we have

gt(xt) = " (d;j\t (d <%f) B d0>+ tpe (ii>> if )‘t < < Mta

00 otherwise.
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We can see that g;(z;) is in the form of the perspective function of f(2) = d12(d(z)—do) T +pre(z),
which is convex under common models of d(-) and e(-), such as M/G/1 queueing models with or

without speed scaling of individual servers. Thus g;(-) is convex under common models.

Example 2: Services with hard QoS constraints

Some data centers have to support services with hard constraints such as SLA requirement or delay
constraints for multimedia applications. For such systems, the goal is to minimize energy cost while

satisfy the constraints, as shown in [104, 115]. The optimization becomes

T T
minimize Z Tipie (?) + 3 Z(mt —x )"t (3.3)
¢ t=1

t=1

A
subject to z; > A\; and d <t> < D,
Tt

where d(-) can be average delay, delay violation probability or other performance metrics. This
constraint usually defines a convex domain for z;. Actually if we assume that d(-) is an increasing
function of the load, then it is equivalent to imposing an upper bound on the load per server (i.e.,
A¢/xy is less than certain threshold) and thus results in a convex optimization problem.

The corresponding ¢;(-) can be defined as follows:

Tipre (i—:) if z; > Ay and d (i—:) < Dy,
gi(we) =
00 otherwise.

3.2 Receding horizon control

As motivation for deriving a new algorithm, let us first consider the standard approach. An online
policy that is commonly proposed to control data centers [116, 78] (and other dynamic systems)
is receding horizon control (RHC) algorithms, also known as model predictive control. RHC has a
long history in the control theory literature [79, 80, 90] where the focus was on stability analysis.
In this section, let us introduce briefly the competitive analysis result of RHC for our data center
problem (The result will be proven in the next chapter where we study the performance of RHC in
both homogeneous systems and heterogeneous systems.) and see why we may need a better online
algorithm.

Informally, RHC(w) works by solving, at time 7, the cost optimization over the window (7, 7+w)
given the starting state x,_1, and then using the first step of the solution, discarding the rest.

Formally, define X7 (2, _1; G - .. griw) as the vector in R¥T! indexed by t € {r,...,7+w}, which
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is the solution to

T+w T+w
minimize Z ge(ze) + B Z (vy —z_1)" (3.4)
t=71 t=1

subject to z; >0

Then, RHC(w) works as follows.

Algorithm (Receding horizon control: RHC(w)). For allt < 0, set the number of active servers to

x; = 0. At each timeslot T > 1, set the number of active servers to

Lr = X:(mT—l;gT .- -gT-i-w)

Note that (3.4) need not have a unique solution. We define RHC(w) to select the solution with
the greatest first entry. Define ey the minimum cost per timeslot for an active server, then we have

the following theorem:

Theorem. RHC(w) is (1+ ﬁ)—competitive for optimization (3.1) but not better than (%ﬁ +

ﬁ )-competitive.

This highlights that, with enough lookahead, RHC(w) is guaranteed to perform quite well. How-
ever, its competitive ratio depends on the parameters 3, eg and w. These parameters vary widely in
different data centers since they host different services or have different SLAs. Thus, RHC(w) may
have a poor competitive ratio for a data center with big switching cost or small prediction window.

This poor performance is to be expected since RHC(w) makes no use of the structure of the
optimization we are trying to solve. We may wonder if there exists better online algorithm for this
problem that performs well for a wider range of parameters, even when the prediction window w = 0

(no workload prediction except current timeslot).

3.3 The optimal offline solution

In order to exploit the structure of the specific problem (3.1), the first natural task is to characterize
the optimal offline solution, i.e., the optimal solution given g:(-) for all ¢. The insight provided by
the characterization of the offline optimum motivates the formulation of our online algorithm.

It turns out that there is a simple characterization of the optimal offline solution X* to the
optimization problem (3.1), in terms of two bounds on the optimal solution which correspond to
charging cost [ either when a server comes out of power-saving mode (as (3.1) states) or when it
goes in. The optimal x% can be viewed as “lazily” staying within these bounds going backwards in

time.
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U

More formally, let us first describe lower and upper bounds on z*, denoted zZ and z¥, respec-
tively. Let (x£,,...,2% ) be the solution vector to the optimization problem
T T
minimize th(xt) +p Z(:ct —z )" (3.5)
t=1 t=1

subject to x; >0

where 2o = 0. Then, define X = zZ_. Similarly, let (2¥,,...,2¥ ) be the solution vector to the
optimization
T T
minimize th(ﬂct) +p Z(ﬂct,l — )" (3.6)
=1 =1

subject to z; >0

Then, define 2V = $£_]7T.

Notice that in each case, the optimization problem includes only times 1 < ¢ < 7, and so ignores
the future information for ¢ > 7. In the case of the lower bound, 3 cost is incurred for each server
toggled on, while in the upper bound, 8 cost is incurred for each server toggled into power-saving

mode.

Lemma 3.1. For all 7, vl < 27 < 2V.

b

Given Lemma 3.1, we now characterize the optimal solution x¥. Define (z); = max(min(z,b),a)

as the projection of z into [a, b]. Then, we have:

*

Theorem 3.1. The optimal solution X* = (z7,...,x%) of the data center optimization problem

(3.1) satisfies the backward recurrence relation

0, T>1T;

(m;“.H)i , T<T.

RisRls!

Theorem 3.1 and Lemma 3.1 are proven in Appendix 3.A.

An example of the optimal z} can be seen in Figure 3.1(a). Many more numeric examples of the
performance of the optimal offline algorithm are provided in Section 3.5.

Theorem 3.1 and Figure 3.1(a) highlight that the optimal algorithm can be interpreted as moving
backwards in time, starting with z7, = 0 and keeping x7 = z7,, unless the bounds prohibit this, in
which case it makes the smallest possible change. This interpretation highlights that it is impossible
for an online algorithm to compute z¥ since, without knowledge of the future, an online algorithm

cannot know whether to keep z, constant or to follow the upper/lower bound.
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Figure 3.1: Ilustrations of (a) the offline optimal solution and (b) LCP(0) for the first day of the
MSR workload described in Section 3.5 with a sampling period of 10 minutes. The operating cost
is defined in (3.2) with dy = 1.5, dy =1, p =1, p, =1, ¢ = 1 and e; = 0 and the switching cost
has 8 = 6 (corresponding to the energy consumption for one hour).

3.4 Lazy capacity provisioning

A major contribution of this chapter is the presentation and analysis of a novel online algorithm,
lazy capacity provisioning (LCP(w)). At time 7, LCP(w) knows only g¢:(-) for ¢ < 7 4+ w, for some
prediction window w. As mentioned before, we assume that these are known perfectly, but we show
in Section 3.5 that the algorithm is robust to this assumption in practice. The design of LCP(w) is
motivated by the structure of the optimal offline solution described in Section 3.3. Like the optimal
solution, it “lazily” stays within upper and lower bounds. However, it does this moving forward in
time instead of backwards in time.

Before defining LCP(w) formally, recall that the bounds ¥ and % do not use knowledge about
the loads in the prediction window of LCP(w). To use it, define refined bounds %% and L% such
that 2 = 2%, _ in the solution of (3.6) and zt* = L, in that of (3.5). Note that w = 0
is allowed (no future prediction) and z¥"* = 2V and z£° = L. The following generalization of

Lemma 3.1 is proven in Appendix 3.B.

Lemma 3.2. zf < zLv <z* <z2Vv <2V for allw > 0.

U,w

L,w
2% and z7v.

Now, we are ready to define LCP(w) using x
Algorithm 3.1 (Lazy capacity provisioning: LCP(w)).

Let XLCPw) — (:rgcp(w) :E;CP(“))) denote the vector of active servers under LCP(w). This

geeey

vector can be calculated using the following forward recurrence relation

0, T < 0;
U,w
T
(xf_?lp(w)) 5 T > 1.

w ?
’
xT

xfCP(w) _

Figure 3.1(b) illustrates the behavior of LCP(0). Note its similarity with Figure 3.1(a), but with

the laziness in forward time instead of reverse time.
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The computational demands of LCP(w) may initially seem prohibitive as 7 grows, since calcu-

L,w
p

lating Y% and z requires solving convex optimizations of size 7 + w. However, it is possible to
calculate ¥ and zL* without using the full history. Lemma 3.10 in Appendix 3.B implies that it
is enough to use only the history since the most recent point when the solutions of (3.5) and (3.6) are
either both increasing or both decreasing, if such a point exists. In practice, this period is typically
less than a day due to diurnal traffic patterns, and so the convex optimization, and hence LCP(w),
remains tractable even as 7 grows. In Figure 3.1(b), each point is solved in under half a second.
Next, consider the cost incurred by LCP(w). Section 3.5 discusses the cost in realistic settings,
while in this section we focus on worst-case bounds, i.e., characterize the competitive ratio. The

following theorem is proven in Appendix 3.B.

Theorem 3.2. cost(XTCPW)) < cost(X*) + 2costy(X*). Thus, LOP(w) is 3-competitive for op-
timization (3.1). Further, for any finite w and € > 0 there exists an instance, with g; of the form

e f(At/xe), such that LCP(w) attains a cost greater than 3 — e times the optimal cost.

Note that Theorem 3.2 says that the competitive ratio is independent of the prediction window
size w, the switching cost 3, and is uniformly bounded above regardless of the form of the operating
cost functions g;(-). Surprisingly, this means that even the “myopic” LCP(0) is 3-competitive,
regardless of {g:(-)}, despite having no information beyond the current timeslot. It is also surprising
that the competitive ratio is tight regardless of w. Seemingly, for large w, LCP(w) should provide
reduced costs. Indeed, for any particular workload, as w grows the cost decreases and eventually
matches the optimal, when w > T. However, for any fixed w, there is a worst-case sequence of
cost functions such that the competitive ratio is arbitrarily close to 3. Moreover, there is such a
sequence of cost functions having the natural form x; f(\;/x;), which corresponds to a time-varying
load A being shared equally among x; servers, which each has a time-invariant (though pathological)
operating cost f(A) when serving load A.

Finally, though 3-competitive may seem like a large gap, the fact that cost(XLCP®)) < cost(X*)+
2costs(X™) highlights that the gap will tend to be much smaller in practice, where the switching
costs make up a small fraction of the total costs since dynamic right-sizing would tend to toggle

servers once a day due to the diurnal traffic.

3.5 Case studies

In this section the goal is two-fold: The first is to evaluate the cost incurred by LCP(w) relative to the
optimal solution and RHC(w) for realistic workloads. The second is more generally to illustrate the
cost savings and energy savings that come from dynamic right-sizing in data centers. To accomplish

these goals, we experiment using two real-world traces.
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Figure 3.2: Tllustration of the traces used for numerical experiments.

3.5.1 Experimental setup

Throughout the experimental setup, the aim is to choose parameters that provide conservative

estimates of the cost savings from LCP(w) and right-sizing in general.

Cost benchmark

Current data centers typically do not use dynamic right-sizing and so to provide a benchmark against
which LCP(w) is judged, we consider the cost incurred by a “static” right-sizing scheme for capacity
provisioning. This chooses a constant number of servers that minimizes the costs incurred based on
full knowledge of the entire workload. This policy is clearly not possible in practice, but it provides
a conservative estimate of the savings from right-sizing since it uses perfect knowledge of all peaks
and eliminates the need for overprovisioning in order to handle the possibility of flash crowds or

other traffic bursts.

Cost function parameters

The cost is of the form (3.2), characterized by the parameters dy, di, u, pt, eo and ey, and the
switching cost 5. We normalize ;4 = 1, p; = 1 and choose units such that the fixed power is eg = 1.
The load-dependent power is set to e; = 0, because the energy consumption of current servers is

dominated by the fixed costs [16].
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The delay cost d; reflects revenue lost due to customers being deterred by delay, or to violation
of SLAs. We set dy/eg = 1 for most experiments but consider a wide range of settings in Figure 3.8.
The minimum perceptible delay is set to dyg = 1.5 times the time to serve a single job. The value 1.5
is realistic or even conservative, since “valley filling” experiments similar to those of Section 3.5.2
show that a smaller value would result in a significant added cost when using valley filling, which
operators now do with minimal incremental cost.

The normalized switching cost 3/ep measures the duration a server must be powered down to
outweigh the switching cost. We use 8 = 6ey, which corresponds to the energy consumption for one
hour (six samples). This was chosen as an estimate of the time a server should sleep so that the

wear-and-tear of power cycling matches that of operating [27].

Workload information

The workloads for these experiments are drawn from I/0 traces of two real-world data centers. The
first set of traces is from Hotmail, a large email service running on tens of thousands of servers.
We used traces from 8 such servers over a 48-hour period, starting at midnight (PDT) on Monday
August 4 2008 [108]. The second set of traces is taken from 6 RAID volumes at MSR Cambridge.
The traced period was 1 week starting from 5PM GMT on 22nd February 2007 [108]. These activity
traces represent respectively a service used by millions of users and a small service used by hundreds
of users. The traces are normalized such that the peak load is 100, which are shown in Figure 3.2.
Notice that this normalization does not affect the experiment results since only the shape of trace
matters for cost saving. Both sets of traces show strong diurnal properties and have peak-to-mean
ratios (PMRs) of 1.64 and 4.64 for Hotmail and MSR respectively. Loads were averaged over disjoint
10 minute intervals.

The Hotmail trace contains significant nightly activity due to maintenance processes (backup,
index creation, etc.) which is not shown fully in Figure 3.2(a). The data center, however, is
provisioned for the peak foreground activity. This creates a dilemma: should our experiments
include the maintenance activity or to remove it? Figure 3.5 illustrates the impact of this decision.
If the spike is retained, it makes up nearly 12% of the total load and forces the static provisioning
to use a much larger number of servers than if it were removed, making savings from dynamic right-
sizing much more dramatic. To provide conservative estimates of the savings from right-sizing, we
chose to trim the size of the spike to minimize the savings from right-sizing. This trimming makes

the nightly background spike have value roughly equal to 100 (the peak foreground activity).

3.5.2 When is right-sizing beneficial?

Our experiments are organized in order to illustrate the impact of a wide variety of parameters on the

cost savings provided by dynamic right-sizing with LCP(w). The goal is to better understand when
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Figure 3.3: Impact of prediction window size on cost incurred by LCP(w).

dynamic right-sizing can provide large enough cost savings to warrant the extra implementation
complexity. Remember that throughout, we have attempted to choose experimental settings so that
the benefit of dynamic right-sizing is conservatively estimated.

The analytic results show that the performance of RHC(w) is more sensitive to the prediction
window w and the switching cost 3/eq while LCP(w) works well for general settings. The first two
experiments consider the realistic cost saving from RHC(w) and LCP(w) with varying w and §/eg

under real-world traces.

Impact of prediction window size

The first parameter we study is the impact of the predictability of the workload. In particular,
depending on the workload, the prediction window w for which accurate estimates can be made
could be on the order of tens of minutes or on the order of hours. Figure 3.3 illustrates its impact
on the cost savings of RHC(w) and LCP(w), where the unit of w is one timeslot of is 10 minutes.
The first observation from Figure 3.3 is that the savings possible (“Optimal”) in the MSR trace
are larger than in the Hotmail trace. Second, the cost saving of LCP(w) is similar to RHC(w) when
w > 3. However, RHC(w) can be much worse when w < 2, i.e., LCP(w) has more stable cost
saving than RHC(w), which supports the analytic results very well. In both traces, a big fraction
of the optimal cost savings is achieved by LCP(0), which uses only workload predictions about the
current timeslot (10 minutes). The fact that this myopic algorithm provides significant gain over
static provisioning is encouraging. Further, a prediction window that is approximately the size of

B =6 (i.e., one hour) gives nearly the optimal cost savings.

Impact of switching costs

One of the main worries when considering right-sizing is the switching cost of toggling servers, 3,

which includes the delay costs, energy costs, costs of wear-and-tear, and other risks involved. Thus,
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Figure 3.4: Impact of switching cost, against time on a logarithmic scale.

an important question to address is: “How large must switching costs be before the cost savings
from right-sizing disappears?”

Figure 3.4 shows that significant gains are possible provided [ is smaller than the duration of
the valleys. Given that the energy costs, delay costs, and wear-and-tear costs are likely to be on the
order of an hour, this implies that unless the risks associated with toggling a server are perceived
to be extreme, the benefits from dynamic right-sizing are large in the MSR trace (high PMR case).
Though the gains are smaller in the Hotmail case for large (3, this is because the spike of background
work splits an 8 hour valley into two short 4 hour valleys. If these tasks were shifted or balanced
across the valley, the Hotmail trace would show significant cost reduction for much larger 3, similarly
to the MSR trace.

Another key observation is that the cost saving of LCP(w) is similar to that of RHC(w) when
B is small or moderate. However, when § becomes big, LCP(w) is much better than RHC(w),
which confirms that LCP(w) provides more stable cost saving than RHC(w). Since we use moderate
prediction window and moderate switching cost as the default setting in our experiments, we will

show only the LCP(w) results but not RHC(w) results for the remaining experiments.

Prediction error

The LCP(w) algorithm depends on having estimates for the arrival rate during the current timeslot
as well as for w timeslots into the future. Our analysis in Section 3.4 assumes that these estimates
are perfect, but of course in practice there are prediction errors. Figure 3.6 shows the cost reduction
for the Hotmail trace when additive white Gaussian noise of increasing variance is added to the
predictions used by LCP(w), including the workload in current timeslot. A variance of 0 corresponds
to perfect knowledge of the near-future workload, and this figure shows that the performance does
not degrade significantly when there is moderate uncertainty, which suggests that the assumptions
of the analysis are not problematic. The plot for the MSR trace is qualitatively similar, although

the actual cost savings are significantly larger.
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Even very inexact knowledge of future workloads can be beneficial. Note that LCP(0)’s upper and
lower bounds zV and z” implicitly assume that future workloads will be infinite and 0, respectively.
Performance can be improved if either of these bounds can be tightened. For example, it may be
possible to use daily trends to predict a lower bound on the load, while the upper bound is still
taken to be infinite to allow for flash crowds. Given that prediction errors for real data sets tend
to be small [51, 78], based on these plots, to simplify our experiments we allow LCP(w) perfect

predictions.

Impact of peak-to-mean ratio (PMR)

Dynamic right-sizing inherently exploits the gap between the peaks and valleys of the workload, and
intuitively provides larger savings as that gap grows. To illustrate this, we artificially scaled the PMR
of each trace and calculated the resulting savings. The results, in Figure 3.7, illustrate that the intu-
ition holds for both cost savings and energy savings. The gain grows quickly from zero at PMR=1,
to 5-10% at PMR=a 2 which is common in large data centers, to very large values for the higher
PMRs common in small to medium sized data centers. This shows that, even for small data centers
where the overhead of implementing right-sizing is amortized over fewer servers, there is a significant
benefit in doing so. To provide some context for the monetary value of these savings, consider that
a typical 50,000 server data center has an electricity bill of around $1 million/month [57].

The workload for the figure is generated from the Hotmail workload by scaling A, as A, = k(\)®,
varying « and adjusting k to keep the mean constant. Note that though Figure 3.7 includes only
the results for Hotmail, the resulting plot for the MSR trace is nearly identical. This highlights that
the difference in cost savings observed between the two traces is primarily due to the fact that the

PMR of the MSR trace is so much larger than that of the Hotmail trace.
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Figure 3.8: Impact of increasing energy costs.

Impact of energy costs

Clearly the benefit of dynamic right-sizing is highly dependent on the cost of energy. As the economy
is forced to move towards more expensive renewable energy sources, this cost will inevitably increase
and Figure 3.8 shows how this increasing cost will affect the cost savings possible from dynamic
right-sizing. Note that the cost savings from dynamic right-sizing grow quickly as energy costs rise.
However, even when energy costs are quite small relative to delay costs, we see improvement in the

case of the MSR workload due to its large PMR.

Impact of valley filling

A common alternative to dynamic right-sizing that is often suggested is to run very delay-insensitive
maintenance/background processes during the periods of low load, known as “valley filling”. Some
applications have a huge amount of such background work, e.g., search engines tuning their ranking
algorithms. If there is enough such background work, then the valleys can in principle be entirely
filled and so the PMR& 1 and thus dynamic right-sizing is unnecessary. Thus, an important question

is: “How much background work is enough to eliminate the cost savings from dynamic right-sizing?”
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Figure 3.9: Impact of background processes. The improvement of LCP(w) over static provisioning
as a function of the percentage of the workload that is background tasks.

Figure 3.9 shows that, in fact, dynamic right-sizing provides cost savings even when background
work makes up a significant fraction of the total load. For the Hotmail trace, significant savings
are still possible when background load makes upwards of 10% of the total load, while for the MSR
trace this threshold becomes nearly 60%. Note that Figure 3.9 results from considering “ideal”
valley filling, which results in a perfectly flat load during the valleys, but does not give background

processes lower queueing priority.

Impact of capacity limits

Energy-related expenses account for almost half of the cost of a data center. However, many of
those, such as power supply and cooling infrastructure, depend on the peak power rather than the
total energy. This raises the question of whether LCP increases the peak number of servers used, or
equivalently the peak power consumption. The dotted line of Figure 3.10 shows the optimal static
number of servers to use, which we call M, while the dashed line in Figure 3.10(a) shows the optimal
number and that in Figure 3.10(b) shows the number used by LCP. Dynamic provisioning uses a
higher peak number of servers, which would increase the cost.

However, the LCP algorithm (and off-line optimization) can impose an additional constraint
x; < My = M to ensure that the infrastructure cost is not increased. Indeed, when M; is independent
of ¢ the constrained optimum appears to have the very simple form min(M, z}) — the unconstrained
optimum clipped to M — though this structure does not hold for general time-varying bounds. An
example of z; is shown by the solid lines in Figure 3.10. Despite the additional constraint, most of
the potential gains are still realized by dynamic right-sizing. In this case, the gain of the optimal

solution drops from 8% to 6.5%, and that of LCP drops from 5.1% to 4.4%.
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Figure 3.10: Illustrations of (a) the offline optimal solution and (b) LCP(0) for the Hotmail workload
described in Section 3.5 with a sampling period of 10 minutes. The operating cost is as in Figure 3.1.
The dotted line shows the optimal static number of servers to use, the dashed line shows the optimal
or LCP provisioning without constraints, and the solid line shows the constrained optimum or
constrained LCP solution. Notice that the constrained optimum turns out to correspond to simple
clipping of the unconstrained optimum.

3.6 Concluding remarks

This chapter has provided a new online algorithm, LCP(w), for dynamic right-sizing in data centers.
The algorithm is motivated by the structure of the optimal offline solution and guarantees cost no
larger than 3 times the optimal cost, under very general settings — arbitrary workloads, and general
delay cost and general energy cost models provided that they result in a convex operating cost.
Further, in realistic settings the cost of LCP(w) is nearly optimal. Additionally, LCP(w) is simple
to implement in practice and does not require significant computational overhead. Moreover, we
contrast LCP(w) with the more traditional approach of receding horizon control RHC(w) and show
that LCP(w) provides much more stable cost saving with general settings.

Additionally, the case studies used to evaluate LCP(w) highlight that the cost and energy savings
achievable by dynamic right-sizing are significant. The case studies highlight that if a data center
has PMR larger than 3, a cost of toggling a server of less than a few hours of server costs, and less
than 40% background load then the cost savings from dynamic right-sizing can be conservatively
estimated at larger than 15%. Thus, even if a data center is currently performing valley filling, it

can still achieve significant cost savings by dynamic right-sizing.
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Interest in right-sizing has been growing since [36] and [99] appeared early last decade. Ap-
proaches range from very “analytic” work focusing on developing algorithms with provable guar-
antees to “systems” work focusing on implementation. Early systems work such as [99] achieved
substantial savings despite ignoring switching costs in their design. Other designs have focused on
decentralized frameworks, e.g., [73], [88] and [68], as opposed to the centralized framework considered
here. A recent survey is [18].

Related analytic work focusing on dynamic right-sizing includes [100], which reallocates resources
between tasks within a data center, and [64], which considers sleep of individual components, among
others. Typically, approaches have applied optimization using queueing theoretic models, e.g., [47,
46], or control theoretic approaches, e.g., [63, 38, 110]. A recent survey of analytic work focusing on
energy efficiency in general is [3]. Our work is differentiated from this literature by the generality of
the model considered, which subsumes most common energy and delay cost models used by analytic
researchers, and the fact that we provide worst-case guarantees for the cost of the algorithm, which
is typically not possible for queueing or control theoretic algorithms.

The model and algorithm introduced in this chapter most closely ties to the online algorithms
literature, specifically the classic rent-or-buy (or “ski rental”) problem [28]. The best deterministic
strategy for deciding when to turn off a single idle server (i.e., to stop “renting” and to “buy”) is
2-competitive [71]. Additionally, there is a randomized algorithm which is asymptotically e/(e — 1)-
competitive [70]. The “lower envelope” algorithm of [64], which generalizes the standard rent-or-buy
algorithm, puts a device into deeper sleep mode m at a time ¢ such that the optimal solution would
use m if the idle period finished right after ¢. This is like LCP following ¥ downward; in [64] a
device must be fully on to serve work, and so there is no equivalent to 2* forcing the system to turn
on in stages.

An important difference between these simple models and this chapter is that the cost of the
“rent” action may change arbitrarily over time in the data center optimization problem. Problems
with this sort of dynamics typically have competitive ratios greater than 2. For example, when
rental prices vary in time, the competitive ratio is unbounded in general [19]. Further, for “metrical
task systems” [29], which generalize rent-or-buy problems and the data center optimization problem,
there are many algorithms available, but they typically have competitive ratios that are at best poly-
logarithmic in the number of servers. Perhaps the most closely related prior work from this area is
the page-placement problem (deciding on which server to store a file), which has competitive ratio 3
[21]. The page replacement-problem is nearly a discrete version of the data center optimization
problem where the cost function is restricted to f(z) = |z — 1].

The general model proposed in this chapter captures many applications other than the right-
sizing problems in data centers. Intuitively, this model seeks to minimize the sum of a sequence

of convex functions while “smooth” solutions are preferred. Other applications may be captured
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by this model, such as video streaming [127], in which encoding quality should vary depending on
network bandwidth, but large changes in encoding quality are visually annoying to users. A natural
generalization of the framework of (3.1) is to make x; a vector, corresponding to managing resources
of multiple different types. This extension has many important applications, including joint capacity
provision in geographically distributed data centers [88], automatically switched optical networks
(ASONS) in which there is a cost for re-establishing a lightpath [126], and power generation with
dynamic demand, since the cheapest types of generators typically have very high switching costs [69].

In the next chapter, we are going to study this generalization and develop online algorithms for it.

Appendix 3.A Analysis of the offline optimal solution

In this section we will prove Lemma 3.1 and Theorem 3.1. Before beginning the proofs, let us first

rephrase the data center optimization (3.1) as follows.

T T
minimize Z ge(ze) + B Z Yt (3.7)
t=1 t=1

subject to  y; > x4 — w41, ¢ >0, y >0.

Next, we want to work with the dual of optimization (3.7). The Lagrangian (with respect to the

first constraint) is

MH

L(z,y,v) = ge(xt) +5Z%+ZW (¢ — xp—1 — Yt)

T-1

(ge(xe) + (B —ve)ye) + Z(Vt — Vp41)Tt + vz — V120
t=1

*
Il
-

M 1

o~
Il
_

and the dual function is D(v) = inf;>0 >0 L(z,y, ). Since we are interested in the maximum of
D(v) in the dual problem, we need only to consider the case 8 — vy > 0. Then the dual function

becomes

T T—1
1nf th () Z (V¢ — Vi) e + vy — 1120

t=1

== Z 9t Wir1 — ) — gp(—vr) — nizo.

where g; (+) is the convex conjugate of function g:(-) (enforcing ¢;(z:) = co when z; < 0). Therefore
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the corresponding dual problem of (3.7) is

T-1

max — > g (i1 — v) — gp(—vr) — vizo (3.8)
t=1

subject to 0 < vy < 3,

where the complementary slackness conditions are

Vt(il't — Xt—1 — yt) = 0 (39)

B-wv)ye = 0, (3.10)

and the feasibility condition is 2y > 0, y > 0, ¢ > x4 — 2,7 and 0 < v, < 5.

Using the above, we now observe a relationship between the data center optimization in (3.7)
and the upper and lower bounds, i.e., optimizations (3.6) and (3.5). Specifically, if ;41 = 0 in a
solution of optimization (3.8), then vy, ..., v, is a solution to:

T—1

max — ng(uwrl — 1) — gi(—v,) — 11z (3.11)
t=1

subject to 0 < 1 < 3,

which is identical to the dual problem of optimization (3.5). Thus, the corresponding 1, ...,z is
a solution to optimization (3.5). On the other hand, if v, = § in a solution of optimization (3.8),
then vq,..., v, is a solution to:

T—1

max — 3 g (viy1 — 1) — g2(8 — vs) — 10 (3.12)

t=1

subject to 0 < 1y < .
Let v; = B — v, which makes (3.12) become
T—1
max — Y g; (v — Vi) — g5 (V) + vize — Bxo
t=1
subject to 0 < v, < . (3.13)

It is easy to check that the corresponding z1, ..., 2, is a solution to optimization (3.6).

We require some notation and two technical lemmas before moving to the proofs of Lemma 3.1
and Theorem 3.1. Denote h; j(z;xs;25) = Soi_, gi(x:) + Blai — xs)T + ﬁzgzi+1(xt -z )t +
Blxp —x;)* for j >4, and hj j(z;25;08) = ZZ:Z gi(zy) + Blxs —x)* + ﬁzg:iﬂ(xt,l —z)t +
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B(xj —xg)T for j > i. Then the objective of (3.5) is hy (x;20;0). Similarly, the objective of (3.6)
is hy (@5 0;22r) Where

Ty = max(matx zY,, max xy). (3.14)
T, ’
The first lemma is to connect h; j and h; ;:

Lemma 3.3. Givenzg and xg, any solution minimizing h, j(x; xs; ¢ E) also minimizes hg’j (x;zs;2R)

and vice versa.

Proof.
hij(z;esiap) — b j(2;25;28)
J
=B(xi —as) + P Z (vy —x¢1) + Blwe — x5)
t=i+1

=fB(xg — xs),

which is a constant. Thus any minimizer of h; j(z;zs;25) or i ;(z;25;7E) is also a minimizer of

the other. O
Lemma 3.4. Given zg and v < &g, let X = (z;,...,x;) minimize h; ;(x;zs;TE), then there
exists an X = (24, ... ,&5) minimizing h; j(x;25;85) such that X < X.

Proof. If there is more than one solution minimizing h; j(z; zs; Zg), let X be a solution with greatest
Z;. We will first argue that z; < ;. By definition, we have h; ;(X;zg;2z5) < hiJ()A(;xS;xE) and
hi; (X';:cg;;iE) < h; ;j(X;zs;2g). Note that if the second inequality is an equality, then z; < &;.

Otherwise, sum the two inequalities, to obtain the strict inequality
(zp—2)T+ (@r—2)" <@g —2))" + (25 — &5)T.

Since g < &g, we can conclude that z; < £;. Therefore, we always have z; < ;.
Next, recursively consider the subproblem h; ;_1(-) with g = z; and &g = #,;. The same
argument as above yields that z;_1 < ;_1. This continues and we can conclude that (z;,...,z;) <

@i, 25). =
Lemma 3.4 shows that the optimizations have a unique maximal solution, as follows.

Corollary 3.1. If there is more than one solution to optimization problem (3.1), (3.4), (3.5) or

(5.6), there exists a maximum solution which is not less than others element-wise.

Proof. Let us consider problem (3.1) with multiple solutions and prove the claim by induction.

Assume that z* is a solution with the first 7 (7 > 1) entries not less than those in other solutions,
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but 23, < 27, , where &* is a solution with the greatest (741)th entry. Since (z1,...,z}) minimizes
hy+(x;0; 2%, 1), Lemma 3.4 implies there exists a solution (z7,...,Z}) minimizing hy - (z; 203 23, ;)
which is not less than (z7,...,2%). Thus we can replace (&7,...,2%) in * by (Z7,...,ZE) to get a

solution with the first 7+ 1 entries not less than other solutions. The proof for optimization problem

(3.4), (3.5) and (3.6) are similar and thus omitted. O
We now complete the proofs of Lemma 3.1 and Theorem 3.1.

Proof of Lemma 3.1. Let X} = (£, xL,,... 2k ) be the solution of optimization (3.5) at time
7 and define XV symmetrically for (3.6). Also, let X* = (z%,...,2}) be the first 7 entries of the
offline solution to optimization (3.1).
We know that X* minimizes hy ,(2;20;0) and X minimizes hy - (z; zo; 2%, ). Since 25, > 0,
Lemma 3.4 implies X* > X and thus, in particular, the last entry satisfies 2 > zfﬁ.
Symmetrically, XY minimizes h{ ,(x;xo;2a) where xp satisfies (3.14). By Lemma 3.3, XY
also minimizes hy (x;xo; ). Since x%,, < xp7, Lemma 3.4 implies that X} < XY, and thus

T

i < xTU,T. O

Proof of Theorem 8.1. As a result of Lemma 3.1, we know that x* € [zL, 2U] for all 7. Further, if
x¥ > x% 1, by the complementary slackness condition (3.9), we have that v,;; = 0. Thus, in this
case, z solves optimization (3.5) for the lower bound, i.e., ¥ = zZ. Symmetrically, if 2} < %4,
we have that complementary slackness condition (3.10) gives v,11 = 8 and so x* solves optimization
(3.6) for the upper bound, i.e., z* = z¥. Thus, whenever z is increasing/decreasing it must match

the upper/lower bound, respectively. O

Appendix 3.B Analysis of lazy capacity provisioning, LCP (w)

In this section we will prove Lemma 3.2 and Theorem 3.2.

Proof of Lemma 3.2. First, we prove that L% < z*. By definition, L% = xf_i_wﬁ,

and so it
belongs to a solution minimizing hy -4, (x; 2o;0). Further, we can view the optimal z* as an entry in
a solution minimizing hy ;4. (2; o5 234, 1). From these two representations, we can apply Lemma
3.4, to conclude that L% < z*.

Next, we prove that 2L < L%, To see this we notice that 2 is the last entry in a solution mini-

Lw

mizing hy - (2; 20;0). And we can view z2* as an entry in a solution minimizing hy - (2; xo; 22,y 7 41)

where x£+w,r+1 > 0. Based on Lemma 3.4 we get xL < xLw,

The proof that 7 < 2¥* < 2U is symmetric. O

From the above lemma, we immediately obtain an extension of the characterization of the offline

optimum.



65

Corollary 3.2. The optimal solution of the data center optimization (3.1) satisfies the following
backwards recurrence relation
0, T>1T;

T, = Uw

(z r+1) Low> T<T.

Moving to the proof of Theorem 3.2, the first step is to use the above lemmas to characterize

LCP(w) LCP(w) __ LCP(w)

the relationship between z7 and z;. Note that z =x5=ap;; =xp,=0.

Lemma 3.5. Consider the timeslots 0 = tg < t1 < ... < t,, = T such that xLCP(w) = z;,. Then,
during each segment (t;_1,t;), either
(i) xLCP(w) > xy and both xLCP(w) and x} are non-increasing for all t € (t;—1,t;), or

LCP(w)

(i) xLCP(w) < zy and both x; and x} are non-decreasing for all t € (t;—1,1;).

Proof. The result follows from the characterization of the offline optimal solution in Corollary 3.2

and the definition of LCP(w). Given that both the offline optimal solution and LCP(w) are non-

constant only for timeslots when they are equal to either x? " or astL " we know that at any time ¢;
where xLCP(w) x;, and x; if(w) # x}. 1, we must have that both :ELCP(w) and zj, are equal to

Uw L,
either z; " or z,7".

Now we must consider two cases. First, consider the case that a:tL if(w) > xy, - It is easy to
see that xt +1 P does not match the lower bound since xf, 41 is not less than the lower bound.
Thus xfcp(w) > xfcl( w) since, by definition, LCP(w) will never choose to increase the number of

servers it uses unless it matches the lower bound. Consequently, it must be that zj, = xtL CPw) >

LCP(w) LCP(w)

Ty p1 > @4y Since z* is decreasing, both x; and xj, match the lower bound. Further, the

next time, ¢;41, when the optimal solution and LCP(w) match is the next time either the number

L% o1 the next time the number of servers in the

of servers in LCP(w) matches the lower bound x;
optimal solution matches the upper bound z; Uw, Thus, until that point, LCP(w) cannot increase
the number of servers (since this happens only when it matches the lower bound) and the optimal
solution cannot increase the number of servers (since this happens only when it matches the upper

bound). This completes the proof of part (i) of the lemma. The proof of part (ii) is symmetric. [

Given Lemma 3.5, we bound the switching cost of LCP(w).
Lemma 3.6. cost, (X CPW)) = cost (X*).

Proof. Consider the sequence of times 0 = tg < t; < ... < t,,, = T such that xLCP(w) oy, identified
in Lemma 3.5. Then, each segment (¢;_1,t;) starts and ends with the same number of servers being
used under both LCP(w) and the optimal solution. Additionally, the number of servers is monotone
for both LCP(w) and the optimal solution, thus the switching cost incurred by LCP(w) and the

optimal solution during each segment is the same. O
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Next, we bound the operating cost of LCP(w).

Lemma 3.7. cost, (X CPW))<cost,(X* 3 Zthl |oy —xF_4].
Proof. Consider the sequence of times 0 = tg < t; < ... < t,,, = T such that xtLiCP(w) = xy, identified

in Lemma 3.5, and consider specifically one of these intervals (¢;—1,¢;) such that xtLq ?f(w) = a7
xtl;CP(w) _ LC;'

ti—19

There are two cases in the proof: (i) xtLCP(w) > x¥ for all 7 € (t;-1,t;) and (ii) xtLCP(w) < xzk
for all t € (ti—17ti)~

We handle case (i) first. Our goal is to prove that

t; t;
Yo o a@ )< DT gelad) + Blai, —ail. (3.15)
t=t;_1+1 t=t;_1+1
Define X: = (%71, ..., Trr—1, meP(w)) where (271, ..., % 1) minimizes by , _ (; 2o; meP(w)).
Additionally, define X, = (z/ ,...,2, ) as the solution minimizing h’l,T(x;xo;xECP(w)); by
Lemma 3.3 this also minimizes hy r(z; zo; szP(w))'
We first argue that z/ , = 22O Gia a proof by contradiction. Note that if 2 . > xfcp(w),

L which contradicts the

T

based on similar argument in the proof of Theorem 3.1, we have z/ . = x

fact that 27 . > gEOPW) > zk. Second, if #, . < ECPW)

LCcP
T (w),

, then we can follow a symmetric argument
to arrive at a contradiction. Thus o/ _ =

Consequently, 2] , = x,; for all t € [1,7] and we get

I 4 !
1 (X o aar) = hi (X7 203 20) (3.16)
. Lcp o
Next, let us consider Xr 41 = (Trq1,1,. .+, Trp1,r, T (w)) where (€411, .., Tr+1,7) Minimizes
LCP . LCP(w) . . L .
R (x5 w05 2774 (w)). Recalling x; () g non-increasing in case (i) by Lemma 3.5, we have X1 <

X’ by Lemma 3.4. In particular, .41, < 2ECP)  Thys

LCP(1
Lt (X205 200) 2R (@r11, - Trgnr); 03 20r) + Grgn (20 0y ) (3.17)
LCP
:hll,T((xT+1,17 ce ey Try1,7)i To; xfcp(w)) + g7'+1('777—+1 (w))

By definition of X/, we get

Wy (@rg11s s T r); 0; R CP ) (3.18)

> (X5 ;w2 CF)) > 1y (XL o; )

T
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Combining equations (3.16), (3.17) and (3.18), we obtain

LCP
Ry i (Xri1; 203 Tar) = B (Xos 20s @ar) + grpn (2250 0.

By summing this equality for 7 € [t;_1,t;), we have

ti

> g (xP)y < Py, (Xeszoszar) — b4, (X205 o).

t=t; _1+1

LCP(w) _ & LCP(w)

Since ;| =y, Ty, = a7, we know that both X;,_, and X;, are prefixes® of the offline

i1
solution z*, thus X;,_, is the prefix of X;,. Expanding out h’(-) in the above inequality gives (3.15),
which completes case (i).

In case (ii), i.e., segments where xtLCP(w) < af for all t € (t;_1,t;), a parallel argument shows
that (3.15) again holds.

To complete the proof we combine the results from case (i) and case (ii), summing equation

(3.15) over all segments (and the additional times when sctLCP(w) = 7). O

We can now prove the competitive ratio in Theorem 3.2.

Lemma 3.8. cost(XFOPW)) < cost(X*) +2costs(X*). Thus, LOP(w) is 3-competitive for the data

center optimization (3.1).

Proof. Combining Lemma 3.7 and Lemma 3.6 gives that cost(XEPC(W) < cost(X*) + Blaf — xF_,]|.
Note that, because both LCP(w) and the optimal solution start and end with zero servers on, we

have Zthl ley — 2 1] =2 EtT:l(xZ —xj_,)", which completes the proof. O

All that remains for the proof of Theorem 3.2 is to prove that the bound of 3 on the competitive

ratio is tight.
Lemma 3.9. The competitive ratio of LCP(w) is at least 3.

Proof. The following is a family of instances parameterized by n and m > 2, whose competitive
ratios approach the bound of 3. The operating cost for each server is defined as f(z) = 2™ + fy for
0 <z <1and f(z) = co otherwise, whence g:(x:) = z¢f(At/x¢). The switching cost is § = 0.5. Let
§ € (1,1.5) be such that n = logs s=. The arrival rate at time i is \; = 6! for 1 < i < n, and
Ni=0forn<i<T, WhereT>ﬂ/fo+nwithf0:%.

For the offline optimization, denote the solution by vector z*. First note that =} = z for

i € [1,n] since x} is non-decreasing for ¢ € [1,n] and, for the above f,

%[xf()\l/x)} <0 for z € [N,z ). (3.19)

2That is, X¢;_, is the first t;_1 components of * and Xy, is the first ¢; components of x*.
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Moreover, z; = 0 for ¢ € [n + 1,T]. Hence the minimum cost is Y .-, # + (nfo + B)xk. Then

by the first order (stationarity) condition we get

(z

which is smaller than A" because nfy+ /5 <1, m—12>1and 6 > 1. Thus it is feasible (f(\;/x})

is finite). The cost for the offline optimal solution is then

m

C* =
m—1

(nfo + Bz,

We consider LOP(w) with w = 0 before considering the general case. Let Cj; j; denote the cost
of LCP(0) on [, j].

For the online algorithm LCP(0), denote the result by vector Z. We know ; is actually matching

xlin [1,n] (2V

; . is not less than =¥ = z7), thus &; is non-decreasing for ¢ € [1,n] and &, = z}. By

the same argument as for z7,, we have

(Tfo+B)(6™ - 1)

@) = =D = 1)

(3.21)

Thus the cost for LCP(0) in [1,n] is

am A .
Chn = ;<(CET)m_1+fo$r>+5$n
m—1

- m(T— (Tf +6)(6m71) " *
> Lo () o

T=1

m—1

n

Be™ —1)\ ™ e a
(m_1> > 5+ B,

T=1

V

m—1

B — 1)\ 5 o1 .
( mo 1 ) 1m0

Thus by (3.20)

Clin on—1 B(6™ —1)

T =D = )6 - Do

5 — 1 B(s™ — 1)
s (m—1)(—1)

n +8
'ITL

>

6m—1 + ﬂ

As n — oo, both § — 1 and (6" — 1)/6™ — 1, since n = logs 515. Since m is independent of 4,
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L’Hospital’s Law gives

lim Cin > lim pmém T
n—oo ¥ T 51 (m—1)(mém1 — (m—1)§m—2)

m
L

+5

Now let us calculate the cost for LCP(0) in [n + 1,T].

For 7 > n, by LCP(0), we know that x, will stay constant until it hits the upper bound. Let
X: = {z,1} be the solution of optimization (3.6) in [1,7] for any 7 > n. We now prove that for 7
such that (1 —n)fo < 8, we have z, » > z}, and thus &, = z.

Note that z,,, > x;, since x;, belongs to the lower bound. Given z, ,, we know that z, p41,..., %7+

is the solution to the following problem:

minimize Z foXre+ 5 Z (Xrp1— X7e) "

t=n+1 t=n+1
subject to X, ; >0

Let Zymin = min{z; ,, ..., 2, . Then

Z fOl'T,t + B Z (xT,t—l - xT,t)Jr

t=n+1 t=n+1
T
Z Z fOxmin + 6(-r77n - xmin)
t=n-+1

> (1—n)forrn

The last inequality is obtained by substituting 8 > (7 — n)fo,. We can see that z,; = =, ,(i €
[n+1,7]) is a solution, thus z,, > x¥. (Recall that, if there are multiple solutions, we take the

maximum one). Therefore, we have
Chut1,7) = (T —n) fozy,.
Since fo — 0 as § — 1, we can find an 7 so that (7 —n)fy — S, and thus
Cing1,7 — By, (3.22)
By combining the cost for LCP(0) in [1,n] and [n + 1,T], we have
B +28 3-2/m

Cun/C 2 R B T Tk

Using the relationship between n, fy and §, we can choose a large enough m and n to make this
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arbitrarily close to 3. This finishes the proof for LCP(0).
Now let us consider LCP(w) for w > 0. Denote the solution of LCP(w) by &’. At time 7 €
[1,n—w], LCP(w) solves the same optimization problem as LCP(0) does at 74+ w. Thus & = &4

of LCP(0). Thus

n—w Am
Clinw = D ((f') r + fol ) + B,

= A
= wmA‘Ffﬂ?-,—) +,B$:L
T:;w (6 (@)=t 70

1
> C[l—i—w n)

5wm

By pushing n — oo, and hence 6 — 1, we have C’[’1 nfw]/C[lyn] — 1.
And for 7 > n+ 1, if fo(r —n) < B, then Cn+1 r—] = = (1 — w — n) fox}. By pushing § — 1,

we can find a 7 such that Cf — Pxf, the same as (3.22). Therefore, as § — 1, we have

[n4+1,7—w]
C[’1 T]/C’[l,T] — 1, thus the supremum over arbitrarily large m > 2 and arbitrarily small § > 1 of the

competitive ratio of LCP(w) on this family is also 3. O

Finally, the following lemma ensures that the optimizations solved by LCP(w) at each timeslot

7 remain small.

Lemma 3.10. If there exists an index T € [1,t — 1] such that J:ET_H < ng or m£T+1 > xtLJ, then
(xfy, ... 2f,) = (zfy,...,xf,). No matter what the future functions g;(-) are, solving either (3.5)
or (3.6) in [1,t'] for t' > t is equivalent to solving two optimizations: one over [1,7] with initial

U

condition xo and final condition xy . and the second over [T + 1,t'] with initial condition ¥

t,7°

Proof. Consider the case xtL,T 11> a:tLJ. By the complementary slackness conditions (3.10), the
corresponding dual variable v,1; = 8. Based on the argument in the proof of Theorem 3.1, we know
the dual problem up to time 7 is (3.12), which is identical to (3.13), the dual problem of (3.6). Since
the optimal z; depends only on v; and v;11, the optimal z; for ¢ < 7 are completely determined by
v; for i € [1,7 4 1], with v, 1 = 8. Hence (zfy,...,zf,) = (z},...,2},). The proof for the case
xgjﬂ_l < xtUT is symmetric.

Notice that (#;,...,,) minimizes h} ,(z;xo;2n) and thus hy(x;20; xa) based on Lemma
3.3, (zfy,...,xf,) minimizes hy 4(x;20;0). No matter what the future functions g;(-) are, the first
t entries of its solution must minimize hy ¢(x; xo; 4+1) for some z441 € [0, 23] by the maximality
of z;. Based on Lemma 3.4, the first ¢ entries are bounded by (zf,,...,2z,) and (zf1,...,zf,).
However, we have seen that (:Ut 1.~ ,l‘gT) = (.Z'tljl, e T L), thus the first 7 entries of its solution

are equal to (zf}, ...,z ) no matter what the future is. O



71

Chapter 4

Cost-Effective Geographical Load
Balancing

As shown in the previous chapters, energy consumption of data centers is a major concern to both
operators and society. Electricity for Internet-scale systems costs millions of dollars per month [102]
and, though IT uses only a small percentage of electricity today, the growth of electricity in IT
exceeds nearly all sectors of the economy. For these reasons, and more, IT must play its part
in reducing our dependence on fossil fuels. This can be achieved by using renewable energy to
power data centers. Already, data centers are starting to be powered by a greener portfolio of
energy [114, 91, 93]. However, achieving a goal of powering data centers entirely with renewable
energy is a significant challenge due to the intermittency and unpredictability of renewable energy.
Most studies of powering data centers entirely with renewable energy have focused on powering
individual data centers, e.g., [50, 49]. These have shown that it is challenging to power a data center
using only local wind and solar energy without large-scale storage, due to the intermittency and
unpredictability of these sources.

The goal of this chapter is twofold: (i) to illustrate that the geographical diversity of Internet-
scale services can significantly improve the efficiency of the usage of renewable energy, and (ii) to
develop online algorithms that can realize this potential.

Many papers have illustrated the potential for using “geographical load balancing” (GLB) to
exploit the diversity of Internet-scale service and provide significant cost savings for data centers;
see [102, 98, 104, 106]. The goal of this chapter is different. It is to explore the environmental
impact of GLB within Internet-scale systems. In particular, using GLB to reduce cost can actually
increase total energy usage: reducing the average price of energy shifts the economic balance away
from energy-saving measures. However, more positively, if data centers have local renewable energy
available, GLB provides a huge opportunity by allowing for “follow the renewables” routing.

Research is only beginning to quantify the benefits of this approach, e.g., [88] and [87]. Many

questions remain. For example: Does “follow the renewables” routing make it possible to attain
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“net-zero” Internet-scale services? What is the optimal mix of renewable energy sources (e.g., wind
and solar) for an Internet-scale service? To address these questions, we perform a numerical study
using real-world traces for workloads, electricity prices, renewable availability, data center locations,
etc. Surprisingly, our study shows that wind energy is significantly more valuable than solar energy
for “follow the renewables” routing. Commonly, solar is assumed to be more valuable given the
match between the peak traffic period and the peak period for solar energy. Wind energy lacks this
correlation, but also has little correlation across locations and is available during both night and
day; thus the aggregate wind energy over many locations exhibits much less variation than that of
solar energy [8].

Our numerical results suggest that using GLB for “follow the renewables” routing can provide
significant environmental benefits. However, achieving this is a challenging algorithmic task. The
benefits come from dynamically adjusting the routing and service capacity at each location, but
the latter incurs a significant “switching cost” in the form of latency, energy consumption, and/or
wear-and-tear. Further, predictions of the future workload, renewable availability, and electricity
price are inaccurate beyond the short term. Thus online algorithms are required for GLB.

Although the distant future cannot be known, it is often possible to estimate loads a little in the
future [123]. These predictions can be used by algorithms such as receding horizon control (RHC),
also known as model predictive control, to perform geographical load balancing. RHC is commonly
proposed to control data centers [116, 78] and has a long history in control theory [79]. In RHC, an
estimate of the near future is used to design a tentative control trajectory; only the first step of this
trajectory is implemented and, in the next time step, the process repeats.

Due to its use in systems today, we begin in Section 4.2 by analyzing the performance of RHC
applied to the model of Section 4.1. In particular, we study its competitive ratio: the worst-case
ratio of the cost of using RHC to the cost of using optimal provisioning based on perfect future
knowledge. We prove that RHC does work well in some settings, e.g., in a homogeneous setting
(where all servers are equally able to serve every request) RHC is 1 + O(1/w)-competitive, where
w is the size of the prediction window. However, RHC can perform badly for the heterogeneous
settings needed for geographical load balancing. In general, RHC is 1+ Q(3/¢eg)-competitive, where
[ measures the switching cost and eg is the cost of running an idle server. This can be large and,
surprisingly, does not depend on w. That is, the worst-case bound on RHC does not improve as the
prediction window grows.

Motivated by the weakness of RHC in the general context of geographical load balancing, we
design a new algorithm in Section 4.2 called averaging fixed horizon control (AFHC). AFHC works
by taking the average of w + 1 fixed horizon control (FHC) algorithms. Alone, each FHC algorithm
seems much worse than RHC, but by combining them AFHC achieves a competitive ratio of 1 +

O(1/w), superior to that of RHC. We evaluate these algorithms in Section 4.3 under real data
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center workloads, and show that the improvement in worst-case performance comes at no cost to
the average-case performance.

Note that the analysis of RHC and AFHC applies to a very general model. It allows hetero-
geneity among both the jobs and the servers, whereas systems studied analytically typically have

homogeneous servers [46, 36] or disjoint collections thereof [63].

4.1 Model and notation

Our focus is on understanding how to dynamically provision the (active) service capacity in geo-
graphically diverse data centers serving requests from different regions so as to minimize the “cost”
of the system, which may include both energy and quality of service. In this section, we introduce
a simple but general model for this setting. Note that the model generalizes most recent analytic
studies of both dynamic resizing within a local data center and geographical load balancing among

geographically distributed data centers, e.g., including the previous chapter and [88, 53, 102].

4.1.1 The workload

Similar to the workload model in Chapter 3, we consider a discrete-time model whose timeslot
matches the timescale at which routing decisions and capacity provisioning decisions can be updated.
There is a (possibly long) interval of interest ¢t € {1,...,T}. There are J geographically concentrated
sources of requests, and the mean arrival rate at time ¢ is denoted by A\; = (At ;);equ,...,.73, Where
A¢,j is the mean request rate from source j at time t. We set Ay =0 fort <1 and ¢ > T. In a real

system, T" could be a year, a timeslot could be 10 minutes.

4.1.2 The Internet-scale system

We model an Internet-scale system as a collection of S geographically diverse data centers, where
data center s € S is modeled as a collection of M, homogeneous servers.! We seek the values of two

key GLB parameters:

(i) Atj,s, the amount of traffic routed from source j to data center s at time ¢, such that

S
D1 Ags = b

(ii) 2t = (v¢,5)se(1,...,53, where 2, € {0,..., M} is the number of active servers at data center s

at time t.

The objective is to choose A; ;s and x; to minimize the “cost” of the system, which can be decom-

posed into two components:

INote that a heterogeneous data center can simply be viewed as multiple data centers, each having homogeneous
servers.
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(i) The operating cost incurred by using active servers. It includes both the delay cost (revenue
loss) which depends on the dispatching rule through network delays and the load at each data

center, and also the energy cost of the active servers at each data center with particular load.

(ii) The switching cost incurred by toggling servers into and out of a power-saving mode between

timeslots (including the delay, migration, and wear-and-tear costs).

We describe each of these in detail below.

Operating cost

The operating cost is the sum of the delay cost and the energy cost. Each is described below.

Delay cost: The delay cost captures the lost revenue incurred because of the delay experienced
by the requests. To model this, we define r,(d) as the lost revenue associated with a job experiencing
delay d at time ¢, which is an increasing and convex function. The delay has two components: the
network delay experienced while the request is outside of the data center and the queueing delay
experienced while the request is at the data center.

We model the network delays by a fixed delay ; ; ¢ experienced by a request from source j to
data center s during timeslot . We make no requirements on the structure of the d; ; . We assume
that these delays are known within the prediction window w.

To model the queueing delay, we let gs(zy s, Ej At,j,s) denote the queueing delay at data center
s given z; , active servers and an arrival rate of ) j At j,s- Further, for stability, we must have
that Zj Atjs < Tyslts, Where g is the service rate of a server at data center s. Thus, we define
s (Tt,5, D5 Atyjs) = 00 for D05 Aejis > Tt shls.

Combining the above gives the following model for the total delay cost D, , at data center s

during timeslot t:
J
D, = Ar((x )\vs>+§-s). 41
¢, ; tg,sTe (s (2, Zj, 44, ¢4, (4.1)

We assume that D, s is jointly convex in z;s and A; ;. Note that this assumption is satisfied by
most standard queueing formulae, e.g., the mean delay under M/GI/1 processor sharing (PS) queue
and the 95th percentile of delay under the M/M/1.

Energy cost: To capture the geographic diversity and variation over time of energy costs, we let
frs(xes, Zj At,j,s) denote the energy cost for data center s during timeslot ¢ given z; ; active servers
and arrival rate Zj At,j,s- For every fixed t, we assume that f; s(z¢ s, Zj At,j,s) is jointly convex in
x¢,s and Ay ;5. This formulation is quite general, and captures, for example, the common charging
plan of a fixed price per kWh plus an additional “demand charge” for the peak of the average power
used over a sliding 15 minute window [97]. Additionally, it can capture a wide range of models

for server power consumption, e.g., energy costs as an affine function of the load, see [45], or as a
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polynomial function of the speed, see [120] and Chapter 2. One important property of f; s for our
results is eg 5, the minimum cost per timeslot for an active server of type s, i.e., fi (@ts,) > €0,5%1,s-

The total energy cost of data center s during timeslot ¢ is

5t,s = ft,s (mt,sa Zj )\t,j,s) . (4'2)

Switching cost

For the switching cost, let 85 be the cost to transition a server from the sleep state to the active
state at data center s. The same as in Chapter 3, we assume that the cost of transitioning from
the active to the sleep state is 0. If this is not the case, we can simply fold the corresponding cost
into the cost B¢ incurred in the next power-up operation. Thus the switching cost for changing the

number of active servers from z;_; s to s is

d(Te—1,5,T1,5) = Bs(Tt,s — T4-1,6) 7,
where ()T = max(0,x). The constant S5 includes the costs of (i) the energy used toggling a server,
(ii) the delay in migrating state, such as data or a virtual machine (VM), when toggling a server, (iii)
increased wear-and-tear on the servers toggling, and (iv) the risk associated with server toggling. If
only (i) and (ii) matter, then B is either on the order of the cost to run a server for a few seconds
(waking from suspend-to-RAM or migrating network state [37] or storage state [108]), or several
minutes (to migrate a large VM [39]). However, if (iii) is included, then S5 becomes on the order of
the cost to run a server for an hour [27]. Finally, if (iv) is considered then our conversations with
operators suggest that their perceived risk that servers will not turn on properly when toggled is

high, so 85 may be even larger.

4.1.3 Cost optimization problem

Given the workload and cost models above, we model the Internet-scale system as a cost-minimizer.
In particular, we formalize the goal of the Internet-scale system as choosing the routing policy A¢ ;

and the number of active servers ;s at each time ¢ so as to minimize the total cost during [1,7].

This can be written as follows:
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T S
minimize Z Z Ets +Dis+d(Ti—1,5,Trs) (4.3)

Tt,s5,A¢,j,s =1 s—1
. S s
subject to 2321 Atgs = Arj, VL,V
)\t,j,s > 07 Vtavja Vs

0= Zo,s < Tt,s < Msa Vtavs

The above optimization problem is jointly convex in A; ;s and x;,, thus in many cases the
solution can be found easily offline, i.e., given all the information in [1,7]. However, our goal is
to find online algorithms for this optimization, i.e., algorithms that determine A; ;s and z;, using
only information up to time t + w where w > 0 is called the “prediction window”. Based on the
structure of optimization (4.3), we can see that A, ; s can be solved easily at timeslot ¢ once z; , are

fixed. Thus the challenge for the online algorithms is to decide x; ; online.

4.1.4 Generalizations

Although the optimization problem (4.3) is very general already, the online algorithms and results

in this chapter additionally apply to the following, more general framework:

T T
minimize Z hi(xy) + Z d(x—1, ) (4.4)
R t=1
subject to 0 <z € RS, zo = 0.

where x; has a vector value and {h:(-)} are convex functions. Importantly, this formulation can easily
include various SLA constraints on mean queueing delay or the queueing delay violation probability.
In fact, a variety of additional bounds on x; can be incorporated implicitly into the functions hs(-)
by extended-value extension, i.e., defining h:(-) to be oo outside its domain. Clearly the optimization
problem (4.4) is a vector version of the optimization problem (3.1) in the previous chapter.

To see how the optimization problem (4.3) fits into this general framework, we just need to define

hi(x¢) for feasible z; as the optimal value to the following optimization over \; ; s given x . fixed:

S
minimize Zs:l (&s +Dys) (4.5)

t,j,s

s
subject to Zszl Atjs = Mgy Vi

)\t,j,s Z Oa Vj,Vs

For infeasible z; (x5 & [0, M) for some s) we define hi(x;) = co. We can see that the optimal
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workload dispatching has been captured by the definition of h:(z:). Note that other restrictions of
workload dispatching may be incorporated by the definition of h;(x¢) similarly.

Intuitively, this general model seeks to minimize the sum of a sequence of convex functions when
“smooth” solutions are preferred, i.e., it is a smoothed online convex optimization problem. This
class of problems has many important applications, including more general capacity provisioning
in geographically distributed data centers, video streaming [66] in which encoding quality varies
but large changes in encoding quality are visually annoying to users, automatically switched optical
networks (ASONS) in which there is a cost for re-establishing a lightpath [126], and power generation
with dynamic demand, since the cheapest types of generators typically have very high switching
costs [69].

In order to evaluate the performance of the online algorithms we discuss, we focus on the com-
petitive ratio again. Actually the geographical load balancing problem (4.3) and the generalization
(4.4) are instances of the class of problems known as “metrical task systems (MTSs)”. MTSs have
received considerable study in the algorithms literature, and it is known that if no further structure is
placed on them, then the best deterministic algorithm for a MTS has competitive ratio proportional
to the number of system states [29], which is infinity in our problem.

Note that the analytic results of Section 4.2 focus on the competitive ratio, assuming that the
service has a finite duration, i.e., T < oo, but allowing arbitrary sequences of convex functions
{ht(-)}. Thus, the analytic results provide worst-case (robustness) guarantees. However, to provide
realistic cost estimates, we also consider case studies using real-world traces for {h:(:)} in Section

4.3.

4.2 Algorithms and analytical results

We can now study and design online algorithms for geographical load balancing. We start by ana-
lyzing the performance of the classic receding horizon control (RHC). This uncovers some drawbacks
of RHC, and so in the second part of this section we propose new algorithms which address these.

We defer the proofs to the appendix of this chapter.

4.2.1 Receding horizon control

RHC is classical control policy [79] that has been proposed for dynamic capacity provisioning in
data centers [116, 78].
Informally, RHC works by, at time 7, solving the cost optimization over the window (7,7 + w)

given the starting state x,_;. Formally, define X7 (x,_1) as the vector in (R®)**! indexed by
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t € {r,...,7+ w}, which is the solution to

T+w T+w

minimize Z hi(z) + Z d(xi—1,xt) (4.6)

Ly Trtw
t=1 t=1

subject to 0 <ax; € RS.

Algorithm 4.1 (Receding horizon control: RHC). For all t < 0, set the number of active servers

to trpc: = 0. At each timeslot T > 1, set the number of active servers to
rraC,: = X1 (TRHC,—1)-

In studying the performance of RHC there is a clear divide between the following two cases:

1. The homogeneous setting (S = 1): This setting considers only one class of servers, and thus
corresponds to a single data center with homogeneous servers. Under this setting, only the
number of active servers is important, not which servers are active, i.e., x; is a scalar (In

Chapter 3, we have seen some numerical results of RHC compared with LCP in this scenario.).

2. The heterogeneous setting (S > 2): This setting allows for different types of servers, and thus
corresponds to a single data center with heterogeneous servers or to a collection of geographi-
cally diverse data centers. Under this setting, we need to decide the number of active servers

of each type, i.e., x; is a vector.

To start, let us focus on the homogeneous setting (i.e., the case of dynamic resizing capacity
within a homogeneous data center). In this case, RHC performs well: it has a small competitive
ratio that depends on the minimal cost of an active server and the switching cost, and decays to one

quickly as the prediction window grows. Specifically:
Theorem 4.1. In the homogeneous setting (S =1), RHC is (1 + ﬁ)-competitwe.

Theorem 4.1 is established by showing that RHC is not worse than another algorithm which
can be proved to be (1 + ﬁ)—competitive. Given Theorem 4.1, it is natural to wonder if
the competitive ratio is tight. The following result highlights that there exist settings where the

performance of RHC is quite close to the bound in Theorem 4.1.

Theorem 4.2. In the homogeneous setting (S = 1), RHC is not better than (%H + ﬁ)-

competitive.

Tt is interesting to note that [77] shows that a prediction window of w can improve the performance
of a metrical task system by a factor of at most 2w. If 8/eg > 1 then RHC is approximately within

a factor of 2 of this limit in the homogeneous case.
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The two theorems above highlight that, with enough lookahead, RHC is guaranteed to perform
quite well in the homogeneous setting. Unfortunately, the story is different in the heterogeneous

setting, which is required to model the geographical load balancing.

Theorem 4.3. In the heterogeneous setting (S > 2), given anyw > 0, RHC'is > (14+maxs(5s/eo,s))-

competitive.

In particular, for any w > 0 the competitive ratio in the heterogeneous setting is at least as large
as the competitive ratio in the homogeneous setting with no predictions (w = 0). Most surprisingly
(and problematically), this highlights that RHC may not see any improvement in the competitive
ratio as w is allowed to grow.

The proof, given in Appendix 4.D involves constructing a workload such that servers at different
data centers turn on and off in a cyclic fashion under RHC, whereas the optimal solution is to avoid
such switching. Therefore, {h:(-)} resulting in bad competitive ratio are not any weird functions but
include practical cost functions for formulation (4.3). Note that the larger the prediction window w
is, the larger the number of data centers must be in order to achieve this worst case.

The results above highlight that, though RHC has been widely used, RHC may result in unex-
pected bad performance in some scenarios, i.e., it does not have “robust” performance guarantees.
The reason that RHC may perform poorly in the heterogeneous setting is that it may change provi-
sioning due to (wrongly) assuming that the switching cost would get paid off within the prediction
window. For the geographical load balancing case, the electricity price based on the availability
of renewable power (e.g., wind or solar) may change dramatically during a short time period. It
is very hard for RHC to decide which data centers to increase/decrease capacity without knowing
the entire future information, thus RHC may have to change its decisions and shift the capacity
among data centers very frequently, which results in a big switching cost. Notice that this does not
happen in the homogeneous setting where we do not need to decide which data center to use, and
the new information obtained in the following timeslots would only make RHC correct its decision
monotonically (increase but not decrease the provisioning by Lemma 4.3).

In the rest of this section we propose an algorithm with significantly better robustness guarantees

than RHC.

4.2.2 Fixed horizon control

In this section, we present a new algorithm, averaging fixed horizon control (AFHC), which addresses
the limitation of RHC identified above. Specifically, AFHC achieves a competitive ratio for the
heterogeneous setting that matches that of RHC in the homogeneous setting.

Intuitively, AFHC works by combining w + 1 different bad algorithms, which each use a fixed

horizon optimization, i.e., at time 1 algorithm 1 solves and implements the cost optimization for
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[1,1+ w], at time 2 algorithm 2 solves and implements the cost optimization for [2,2 + w], etc.
More formally, first consider a family of algorithms parameterized by k € [1,w+1] that recompute

their provisioning periodically. For all k =1,...,w+1,1let Q. ={i: ¢ =k mod (w+1)}N[—w, c0);

this is the set of integers congruent to & modulo w + 1, such that the lookahead window at each

T € Q) contains at least one t > 1.

Algorithm 4.2 (Fixed horizon control, version k: FHC®)). For all t < 0, set the number of active
servers to a:%){c,t = 0. At timeslot 7 € Qy, for allt € {r,...,7 +w}, use (4.6) to set

k o (k
x%f)ic,t =X/ (wgu)qc,f—1> . (4.7)

For notational convenience, we often set z(*) = ngl)qc Note that for & > 1 the algorithm starts
from 7 = k — (w + 1) rather than 7 = k in order to calculate xﬁf}ic,t for t < k.

FHC can clearly have very poor performance. However, surprisingly, by averaging different
versions of FHC we obtain an algorithm with better performance guarantees than RHC. More

specifically, AFHC is defined as follows.

Algorithm 4.3 (Averaging FHC: AFHC). At timeslot T € Qy,, use FHC®) to determine the provi-

sioning I ,.%‘S_ljzw, and then set Tarmpcot = ZZLl xgn)/(w +1).

Intuitively, AFHC seems worse than RHC because RHC uses the latest information to make the
current decision and AFHC relies on FHC which makes decisions in advance, thus ignoring some
possibly valuable information. This intuition is partially true, as shown in the following theorem,
which states that RHC is not worse than AFHC for any workload in the homogeneous setting
(S=1).

Theorem 4.4. In the homogeneous setting (S = 1), cost(RHC) < cost(AFHC).

Though RHC is always better than AFHC in the homogeneous setting, the key is that AFHC

can be significantly better than RHC in the heterogeneous case, even when S = 2.

Theorem 4.5. In heterogeneous setting (S > 2), there exist convex functions {hi(-)} such that
cost(RHC) > cost(AFHC).

Moreover, the competitive ratio of AFHC is much better than that of RHC in the heterogeneous

case.

Theorem 4.6. AFHC is (1 + maxg ﬁ) -competitive in both the homogeneous setting and the

heterogeneous setting.
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Figure 4.1: HP workload traces.

The contrast between Theorems 4.3 and 4.6 highlights the improvement AFHC provides over
RHC. In fact, AFHC has the same competitive ratio in the general (possibly heterogeneous) case
that RHC has in the homogeneous case. So, AFHC provides the same robustness guarantee for

geographical load balancing that RHC can provide for a homogeneous local data center.

4.3 Case studies

In the remainder of the chapter, we provide a detailed study of the performance of the algorithms
described in the previous section. Our goal is threefold: (i) to understand the performance of the
algorithms (RHC and AFHC) in realistic settings; (ii) to understand the potential environmental
benefits of using geographical load balancing to implement “follow the renewables” routing; and (iii)

to understand the optimal portfolio of renewable sources for use within an Internet-scale system.

4.3.1 Experimental setup

This study uses the setup similar to that of [88], based on real-world traces for data center locations,

traffic workloads, renewable availability, energy prices, etc., as described below.?

The workload

We consider 48 sources of requests, with one source at the center of each of the 48 continental US
states. We consider 10-minute time slots over two days.

The workload \; is generated from two traces at Hewlett-Packard Labs [49] shown in Figure 4.1.
These are scaled proportional to the number of Internet users in each state, and shifted in time to

account for the time zone of that state.

2Note that the setup considered here is significantly more general than that of [88], as follows. Most importantly,
[88] did not model switching costs (and so did not consider online algorithms). Additionally, the current work
investigates the optimal renewable portfolio more carefully, using multiple traces and varying the renewable capacity
among other things.
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Figure 4.2: Renewable generation for two days.

The availability of renewable energy

To capture the availability of solar and wind energy, we use traces with 10 minute granularity from
[111, 112] for global horizontal irradiance (GHI) scaled to average 1, and power output of a 30 kW
wind turbine. The traces of four states (CA, TX, IL, NC) are illustrated in Figure 4.2. Note that we
do not consider solar thermal, because of the significant infrastructure it requires. Since these plants
often incorporate a day’s thermal storage [94], the results could be very different if solar thermal
were considered.

These figures illustrate two important features of renewable energy: spatial variation and tem-
poral variation. In particular, wind energy does not exhibit a clear pattern throughout the day and
there is little correlation across the locations considered. In contrast, solar energy has a predictable
peak during the day and is highly correlated across the locations.

In our investigation, we scale the “capacity” of wind and solar. When doing so, we scale the
availability of wind and solar linearly, which models scaling the number of generators in a wind farm
or solar installation, rather than the capacity of each. We measure the “capacity” c of renewables
as the ratio of the average renewable generation to the minimal energy required to serve the average
workload. Thus, ¢ = 2 means that the average renewable generation is twice the minimal energy
required to serve the average workload. We set capacity ¢ = 1 by default, but vary it in Figures 4.5

and 4.7.

The Internet-scale system

We consider the Internet-scale system as a set of 10 data centers, placed at the centers of states known
to have Google data centers [92], namely California, Washington, Oregon, Illinois, Georgia, Virginia,
Texas, Florida, North Carolina, and South Carolina. Data center s contains M, homogeneous
servers, where M, is set to be twice the minimal number of servers required to serve the peak

workload of data center s under a scheme which routes traffic to the nearest data center. Further,



83

the renewable availability at each data center is defined by the wind/solar trace from a nearby
location, usually within the same state.

We set the energy cost as the number of active servers ezcluding those that can be powered by
renewables. Note that this assumes that data centers operate their own wind and solar generations
and pay no marginal cost for renewable energy. Further, it ignores the installation and maintenance
costs of renewable generation. Quantitatively, if the renewable energy available at data center s at
time t is 7, 5, measured in terms of number of servers that can be powered, then the energy cost of

data center s at time ¢ is

St,s = Ps (xt,s - rt,s)Jr- (48)

Here p; for each data center is constant, and equals to the industrial electricity price of each state
in May 2010 [113]. This contrasts with the total power cost psz; s typically used without owning
renewable generation.

For delay cost, we set the round-trip network delay ¢; ;s to be proportional to the distance
between source and data center plus a constant (10ms), resulting in round-trip delays in [10ms,
260ms]. We model the queueing delays using parallel M/GI/1/processor sharing queues with the
total load Zj At j,s divided equally among the x;, active servers, each having service rate us =

0.2(ms)~!. Therefore, the delay cost of data center s at time ¢t is

1
Dy s = Atis + s |- 4.9
" ! EJ: " (Ms - Zj Abjs/Tt,s " > (49)

Here we consider linear lost revenue function 7:(d) = «d, where + is set to be 1. Measurements [56]
show that a 500 ms increase in delay reduces revenue by 20%, or 0.04%/ms. To get a conservative
estimate of the benefit from geographical load balancing, we pick v = 1, which is slightly higher than
[56], so that the penalty for the propagation delay of geographical load balancing is high compared
to the benchmark policy. Later we scale ps (with v = 1 corresponding to the default setting) in
Figure 4.4(a) to show the impact of relative energy cost to delay cost as energy price possibly goes
high in future, or the delay penalty is lower for the systems.

For the switching cost, we set § = 6 by default, which corresponds to the operating cost of an
idle server for about half an hour to one hour. We vary f in Figure 4.4(b) to show its impact on
cost saving. For the prediction window, we set w = 3 by default, which corresponds to half an hour
prediction of workload and renewable generation. We vary w in Figure 4.3 to examine its impact on

cost saving.



84

11

RHC
1.05 ~ — —AFHC

normalized cost

I

I

I

>

m

T

(@]
normalized cost

=

I

|

I

|

|

|

I

0.95

2 4 6 8 10 2 4 6 8 10
prediction window w prediction window w

(a) Cost using workload used in the proof (b) Cost using Trace 1
of Theorem 4.3
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Algorithms

We use optimization (4.3) with energy cost (4.8) and delay cost (4.9) for the geographical load
balancing. We use “GLB” to denote the offline optimal solution to (4.3). The online solutions of
algorithms receding horizon control and averaging fixed horizon control are denoted by “RHC” and
“AFHC”, respectively.

As a benchmark for comparison, we consider a system that does no geographical load balancing,
but instead routes requests to the nearest data center and optimally adjusts the number of active
servers at each location. We call this system ‘LOCAL’ and use it to illustrate the benefits that come

from using geographical load balancing.

4.3.2 Experimental results

With the foregoing setup, we performed several numerical experiments to evaluate the feasibility of
moving toward Internet-scale systems powered (nearly) entirely by renewable energy and the optimal

portfolios.

The performance of RHC and AFHC

Geographical load balancing is known to provide Internet-scale system operators cost savings. Let
us first study the cost saving from geographical load balancing and how much of it can be achieved
by the online algorithms RHC and AFHC. Figure 4.3(a) shows the total cost in the bad scenario
with an artificial workload used in the proof of Theorem 4.3 (with J = (w + 1)? types of jobs),
which illustrates that AFHC may have much better performance in the worst case. The degradation
in the performance of RHC as w grows is because J also grows. In contrast, Figure 4.3(b) shows
the total cost of RHC and AFHC (with default settings but 8 = 6 min(ps), the same as in the bad
scenario) under HP Trace 1. We can see that both RHC and AFHC are nearly optimal for the real
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Figure 4.5: Impact of the renewable capacity when solar percentage is 20%.

workload. Figure 4.3 confirms that AFHC is able to provide worst-case guarantee without giving
up much performance in common cases.

This behavior under real workload is further illustrated in Figure 4.4, which shows the total cost
under GLB, RHC, AFHC, and LOCAL as energy price or switching cost is increased. The cost
saving of GLB over LOCAL becomes large when the energy price is high because GLB can save a
great deal of energy cost at the expense of small increases in network delay since requests can be
routed to where energy is cheap or renewable generation is high. Moreover, the cost saving of GLB,

RHC and AFHC over LOCAL looks stable for a wide range of switching cost.

The impact of geographical load balancing

Geographical load balancing is much more efficient at using renewable supply than LOCAL because
it can route traffic to the data center with higher renewable generation. Figure 4.5 illustrates the
differences of brown energy usage as a function of the capacity of renewable energy for both traces.

The brown energy consumption is scaled so that the consumption is 1 when there is no renewable
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Figure 4.7: Optimal portfolios for different PMRs and capacities.

(¢ = 0). Interestingly, Figure 4.5 highlights that when there is little capacity of renewables, both
GLB and LOCAL can take advantage of it, but that as the capacity of renewables increases GLB
is much more efficient at using it, especially for Trace 1. This is evident by the significantly lower
brown energy consumption of GLB that emerges at capacities > 1. For Trace 1 in Figure 4.5(a), the
capacities of renewables necessary to reduce brown energy usage to 20% and 10% under LOCAL are
1.9 and 4.3, respectively, while those required under GLB are only 1.5 and 2.3. Similar reductions
can be observed for Trace 2 in Figure 4.5(b).

As in Figures 4.3(b) and 4.4, the performance of RHC and AFHC is again quite close to that
of the optimal solution GLB, which reinforces that both RHC and AFHC are nearly optimal in

common cases. Therefore we will show only GLB and LOCAL for the remaining experiments.

The optimal renewable portfolio

We now move to the question of what mix of solar and wind is most effective. A priori, it seems that
solar may be the most effective, since the peak of solar availability is closely aligned with that of the

data center workload. However, the fact that solar is not available during the night is a significant
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drawback, which makes wind necessary to power the data centers during night. Our results lend
support to the discussion above. For each data center under LOCAL, the optimal wind percentage
is quite different for each location because of different renewable generation qualities, as shown in
Figure 4.6(a). There are also similarities for different locations, e.g., the optimal portfolios contain
both solar and wind, and wind has a large percentage, 60%- 90%.

Once GLB is used, it becomes possible to aggregate wind availability across geographical lo-
cations. This makes wind more valuable since wind is not correlated across large geographical
distances, and so when aggregated, the availability smoothes. As illustrated in Figure 4.6(b), the
optimal renewable portfolio for Trace 1 contains 80% wind. We can also see that the optimal port-
folio is affected significantly by the workload characteristics. Compared with Trace 1, Trace 2 has
less base load during night, requiring less wind generation.

The impact of workload characteristics becomes more clear in Figure 4.7, where we use loads

Ny =AY

G =1,1.251.5,1.75,2, to get different peak-to-mean ratios. For large diurnal peak-to-

mean ratios the optimal portfolio can be expected to use a higher percentage of solar because solar
peak is closely aligned with the workload peak, which is validated in Figure 4.7. Also, when renewable
capacity is fairly large and we plan to install extra capacity, since solar generation can already provide
enough power to serve the workload peak around noon, the increased renewable capacity can then
be almost from wind generation to serve the workload during other times, especially night. This will
make the solar ratio lower in the optimal portfolios, which can be seen from the lines of different

renewable capacities in Figure 4.7.

4.4 Concluding remarks

This chapter studies online algorithms for geographical load balancing problem in Internet-scale
systems via both theoretical analysis and trace-based experiments. The optimization problem in this
chapter can be seen as a vector generalization of the optimization problem in the previous chapter.
We show that the classical algorithm, receding horizon control (RHC), works well in homogeneous
setting (where all servers are equally able to serve every request). However, in general, RHC can
perform badly for the heterogeneous settings needed for geographical load balancing. Motivated by
the weakness of RHC, we design a new algorithm called averaging fixed horizon control (AFHC)
which guarantees good performance. We evaluate RHC and AFHC under workloads measured on a
real data center. The numerical results show that RHC and AFHC are nearly optimal for our traces,
which implies that the improvement in worst-case performance of AFHC comes at negligible cost to
the average-case performance. The experiments also reveal vital role of geographical load balancing
in reducing brown energy consumption to (nearly) zero. We also perform a detailed study on the

impact of workload characteristics and renewable capacity on the optimal renewable portfolio under
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Appendix 4.A Notation

We first introduce some additional notation used in the proofs. For brevity, for any vector y we
write y;.; = (¥4, ..,y;) for any ¢ < j.

Let z* denote the offline optimal solution to optimization (4.4), and OPT be the algorithm that
uses z*. Further, let X be the result of RHC, and recall that (*) is the result of FHC(*)

Let the cost during [tq,t2] with boundary conditions be

tz t2
Gt o (T3 53 2E) = Z he(x) + d(xs, ze,) + Z d(zi—1,2¢) + d(zg,, ).
t=t, t=t1+1

If 2 is omitted, then by convention xp = 0 (and thus d(xt,,zg) = 0). If xg is omitted, then by
convention xg = x¢, 1. Note that g, +,(z) depends on z; only for ¢; — 1 <1 < to.

For any algorithm A € {RHC, FHC, AFHC,OPT?}, the total cost is cost(A) = g1 7(x4).

Appendix 4.B Proof of Theorems 4.6

Lemma 4.1. Since d(-) satisfies triangle inequality, we have

cost(FHC™) < cost(OPT) + Z d(x (k) ).

LTrl1pXTr_1

TEQ
Proof. For every k=1,...,w+ 1 and every 7 € Q,
= k (k k
gr, T+w Z h ( ) Z iZ?t )17I§ )
T+w T+w *)
< S hED+ Y dlwy )+ d@an) + diy, )
t=7+1
=grrru(a®) +d@ly, 27 y). (4.10)
Summing the above over 7 € ), establishes the lemma. O

Proof of Theorem 4.6. Substituting d(x,y) = 8- (y — x)" into Lemma 4.1, by the convexity of h
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(and thus g1,7),

cost(AFHC) < A, g1.7(z®)) - 8- Z;le i
cost(OPT) — w+1 Pt cost(OPT) — (w + 1)cost(OPT)
T T
<14 B2 i1 % <1 B2 i1 Tia
- *\ T *
(w+1) Sy hu(a7) (w+ 1o S, 2
< 1+ max L
s (w+1)eogs

where the second step uses Lemma 4.1, and the last step uses the facts that 5;/eo; < max, 3s/eos,

and 0 < Zle xi_q < Zthl x; element-wise as zf = 0. O

Appendix 4.C Proofs of Theorems 4.1 and 4.4

The following lemma says that the optimal solution on [i, j] is non-decreasing in the initial condition

x;—1 and the final condition x;4;.

Lemma 4.2. Let S = 1. Given constants x;_1,z;4+1 € R, let 2% = (xzj,...,xy) be a wvector
manimizing g; j(x; xi—1;x;41). Then for any &;—1 > x;—1 and Tj41 > xj11, there exists a vector
9 = (2,...,23) minimizing gi j(x; #i-1;3541) such that 37 > x¥.

7

Proof. Since % and #*/ minimize their respective objectives, we have g; ; (%; x;—1;2j41) < i j (875 2i-1;741)

and g;_; (2752 _1; Zit1) < g (292 _1; Zj41). If thereis an x¥ such that the latter holds with equal-

~1J

ity, then we can choose 2, x;’ and consider the problem with g;1 ; recursively. Otherwise, i.e.,

the latter is a strict inequality, summing the two inequalities and canceling terms gives

(@) =) T+ (3 =) (&0 =27 )T+ (20—

<@ —wim1) ™ (@ —im1) ™+ (@41 —xé-j)++ (zj+1 —i%;j)f

Since #;—1 > ;—1 and 41 > 11, it follows that either 1;23 < 9%2] or J:;J < ﬁcé-j, by the submodularity
of ¢(z,y) = (z — y)T. In either case, we can continue recursively, considering g; 41 ; in the former
case or g; j—1 in the latter.

Finally we have Y >z, O

The next technical lemma says that RHC has larger solutions than related algorithms that look

less far ahead.

Lemma 4.3. Consider a system in the homogeneous setting (S = 1), and constants t, X;—1 >
Tt >0, and k € [t,t + w]. Let & = (Zy,...,Tx) minimize gy (x;T1—1), and let X = xrpc. Then

< Xy k.
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Proof. The proof is by induction. By hypothesis, ;1 < X;_1. We need to prove that if £, <
X,_1, then 2, < X.

Notice that Z, is the first entry of a vector minimizing g, j,(z;z,—1). Similarly X, is the first
entry of a vector minimizing ¢r.r 44 (x, X-—1). If £ = 7 4+ w, we have %, < X, by Lemma 4.2 and
the tie-break rule of RHC. Otherwise, i.e., k < 7 + w, we know that X is the first entry of a vector
minimizing g, (z; X7 _1; 7, ;) with zj,_; > 0. By Lemma 4.2 and the RHC tie-break we again have

T, < X;. O
Next comes the first main lemma used to prove Theorem 4.4.

Lemma 4.4. In the homogeneous setting (S = 1), each version k of FHC allocates fewer servers
than RHC:

SC%CI)_IC S TRHC - (411)

Hence xargc < TruC-

Proof. Let X = zrpgc be the result of RHC, and = = :z:gfl)ic The proof is by induction. By
definition, xg = Xog = 0. To see that z,_; < X,_; implies x, < X, notice that z, is the first entry
of a vector minimizing g, x(z; z,_1) for some k € [1, 7 +w], with k+1 € Q. The implication follows

by Lemma 4.3 and establishes (4.11). The proof for z 4rgc is immediate. O

Lemma 4.5. In the homogeneous setting (S = 1), for any given vector x < xgrpc, we have

gi.7(zrEC) < 1,70(T).

Proof. Denote X = zpuc. It is sufficient to construct a sequence of vectors &7 such that: ¢! = z,
& = X, for t <7, and ¢g1,7(£7) is non-increasing in 7. The sequence can be constructed inductively
with the additional invariant ¢7 < X as follows.

At stage 7, we calculate £7T1. Apply RHC to get X7 (X, 1) = (%7,...,%,4w). Note that
T, = X; > &7 since 7 < X by the inductive hypothesis. Moreover Z, 4, < X7 r4w by Lemma 4.3.

If 7 74w > & .4, clement-wise, then replace elements 7 to 7 4+ w in &7 to get {71 =
€ rtTrrtw, §pwrr.r) 2 & Then 917+w(€) < 91,740 (€7) by the optimality of &, ;4.
Since &7, < &4 and d(z,y) = B(y — x)* is non-increasing in its first argument, we also have
Griwi1,7(E) < griwi1,7(E7). Therefore, g1 7(£771) < g1.7(£7). Finally, to see that 77! < X,

note that £ < X and 2, ;44 < X; 744 as remarked above.

Otherwise, let k € [7+1, 7+w] be the minimum index that #, < &]. Let &7 = (§] 1, &r k-1, &]

€7. Note that k > 7 + 1 since &, = X, ; this ensures £ = X; for t < 7. Again, {1 < X as in the
previous case. It remains to prove gi 7(§7) < g1 7(€7).
Let uy = f:..kfh ug = f;g“,rer, U = Tr p—1 and U = Tk..r+w- Let vectors (UA,UB), (ﬂA,uB),

(ua,ip) and (@4, ap) be indexed by ¢t € {7,...,7 + w}. To see how replacing &7 , | by &+ x—1

Y
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affects the cost in [1,T], note

gl7T(§T+1) - gl7T(§T) = gT,T+w((aA7 uB)) - g‘nr-i-w((uAa UB))

Now since Ty < &f, Tx—1 > &, and ¢(x,y) = (z — y) T is submodular, we have

(9rr+w((Ba,uB)) = Grr+w((Wa, up))) + (grrtw((Ua, UB)) = Grr+w((Ga,UB))) (4.12)
=B —Th-1)" = (& — &)+ (@ — &)t — (@ — Tr-1)T)
<0.

But since (@4, #p) optimizes (4.6), we have

gT,T+w((uA7 QNLB)) - g‘r,‘rer((ﬂA’ ﬂ’B)) = 0.

Thus the first bracketed term in (4.12) is non-positive, whence

gl,T(é-TJrl) - gl,T(gT)) S g’T‘,T+w((ﬂA7U’B)) - g‘r,'rer((uAyuB)) S 0.
[

Proof of Theorem 4.4. By Lemma 4.4 and AFHC, we have & < xgyc. By Lemma 4.5, g1, 7 (zgnc) <
g1,7(%). O

Proof of Theorem 4.1. The bound on the competitive ratio of RHC follows from Theorems 4.4
and 4.6. ]

Appendix 4.D “Bad” instances for receding horizon control
(RHC)

We now prove the lower bound results in Section 4.2 by constructing instances that force RHC to

incur large costs.

Proof of Theorem 4.2. Consider the operating cost hi(x:) = egwy for A < x4 and hy(zy) = oo for
A > ;. Note that this cost function is convex. Now consider the arrival pattern A = {A\ }1<i<r
where Ay(y42)41 = A > 0 for £ =0,1,... and other \; are all 0. It is easy to see that RHC will

give the provisioning Xj(,42)+1 = A and Xy = 0 for other . Thus we have

T T
g1.7(X) = w —|—2A60 + w + QﬁA'
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Now consider another provisioning policy & = {&; = Ahi<i<r. Its cost is g1,7(%) = TAeg + BA.

Thus

60+5 ~ 1 + B
(w+2)(eo+B8/T) w+2 (w4 2)e

. 7(X)/g1,7(x") > g1,7(X)/91,7(2) =

as T — oo. O

Note that the cost function in the proof of Theorem 4.2 is applicable to data centers that impose

a maximum load on each server (to meet QoS or SLA requirements).

Proof of Theorem 4.5. When S = 2, the following geographical load balancing instance causes
cost(AFHC') < cost(RHC).

Choose constants f; > fo and 31 < B2 such that (w+1)f; < (w+1)fo+ Bs < (w+1)f1 + 31 and
wfi + B1 < wfe + B2. These can simultaneously be achieved by choosing an arbitrary f; — fo > 0,
then choosing 82 — 1 € (w,w + 1)(f1 — f2), and then B2 > (w+ 1)(f1 — fa).

Let the switching cost for data center ¢ be §;. Let the operating cost be hy(z:) = fizi1 + fozi2
for Ay < 41 + @2 and hy(zy) = oo for Ay > @1 + x42. Note that this function is convex. In this
system, the servers in the second data center have lower operating cost but higher switching cost
(e.g., more expensive, energy-efficient severs).

Choose constants T' > w + max(1, 82/(f1 — f2)), and A > 0. Now consider the cost of schemes
AFHC and RHC under the load such that: (a) Ay+1 =0, (b) A\ = A for all other ¢ € [1,T], and (c)
At =0 fort ¢&[1,T).

Under AFHC: At time ¢t = 1, FHCW sees A1,y Adws1 and so uses A servers in data center 1 for
the first w timeslots and turns off all servers at timeslot w + 1. From timeslot ¢ = w + 2 onwards,
it sees A = A until time 7', and so uses A servers in data center 2 until 7.

For 2 <i:<w+1, FHC® initially sees a window of loads in which w or fewer time slots have
non-zero load, and so again chooses servers in data center 1. However, the last slot in the first
window, slot ¢ — 1, has load A, and so servers remain on. In the second and subsequent windows,

the cost of switching is greater than uses servers in data center 1 until 7. Thus its total cost is

cost(AFHC) = wLH(flAT + B1A) (fidw + B1A + foA(T —w — 1) + B2A).

L1
w+1
Under RHC: RHC uses only servers in data center 1 forever, for the same reason as FHC® for

2 < i <w+ 1. Thus its total cost is
cost(RHC) = f1AT + B1A

The choice of T implies f1(T — w) > fo(T —w — 1) + Po, and thus cost(AFHC) < cost(RHC). O
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Proof of Theorem 4.3. The proof will be by construction. Consider an Internet-scale system with S
data centers and J types of jobs (e.g., workload from different locations). Let J > S > w. Let the
switching cost for servers in data center s be 85 = By + 2esw. Denote the type-j workload at time
tby Atj (j €{1,...,J}). Let the operating cost be hi(x:) = Zle(eo — se+ CZZI:sH At1)xy,s for
Zle Ty > Z‘j]:l At,; and hy(z;) = oo otherwise, where € > 0 is a small constant and C' > max, s
is a large constant. Intuitively, this operating cost function means that servers in data center s
consume a little bit more energy when s is smaller, and they are very ineflicient at processing
workload of types higher than s. Also, the switching cost increases slightly as s increases. This may
occur if all servers use roughly the same hardware, but data center s store locally only data for jobs
of types 1 to s.

Consider the workload trace which has A¢y = A fort = 1,...,w+1 and A\ y— = A for
t=w+2,...,w+ 5. All the other arrival rates A\;; are zero. Then RHC would start with A
servers in data center 1 (the cheapest to turn on) at timeslot 1, and then at each t € [2,S] would
switch off servers in data center (¢ — 1) and turn on A servers in data center ¢ (the cheapest way
to avoid the excessive cost of processing type t jobs using servers in data center s with s < t). For
sufficiently small €, the optimal solution always uses A servers in data center S for ¢ € [1,w + S5].
Therefore the total costs in [1,w + S] for small € are cost(RHC) = A(w + S)eg + ASBy + O(e) and
cost(OPT) = A(w + S)eg + ABy + O(e). Therefore,

cost(RHC) - (S—1)B

cost(OPT) (w+ S)eog + Po +0().

For S > w and Seg > Sy and small e, this ratio will approach 14y /eg, which implies the result. [
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Chapter 5

Smoothed Online Convex
Optimization

In Chapter 3 and Chapter 4 we have seen that many data center management problems can be
formalized as optimization problems whose objective has two components: one is the operating
cost given the decision in each timeslot, the other is the switching cost for changing the decision
between timeslots. Intuitively, we seek to minimize the sum of a sequence of convex functions
when “smooth” solutions are preferred, i.e., it is a smoothed online convexr optimization (SOCO)
problem. This class of problems also has many other important applications outside of data center
area, including video streaming [66], automatically switched optical networks (ASONs) [126], power
generation with dynamic demand [69] and so on. Given the fact that so many applications can
be captured by SOCO, without a doubt similar online problems have been studied in different
research communities such as online algorithm community, online learning community and control
community. For example, in an online convezx optimization (OCO) problem in the online learning
community, a learner interacts with an environment in a sequence of rounds. During each round ¢:
(i) the learner must choose an action x! from a convex decision space F'; (ii) the environment then
reveals a cost convex function ¢, and (iii) the learner experiences cost c!(x!). The goal is to design
learning algorithms that minimize the cost experienced over a (long) horizon of 7" rounds.

The SOCO model we study in this chapter is a generalization of online convex optimization. The
only change in SOCO compared to OCO is that the cost experienced by the learner each round is
now cf(x?) + ||zt — 2?71, where || - || is a seminorm.! That is, the learner experiences an additional
“smoothing cost” or “switching cost” associated with changing the action.

Many applications typically modeled using online convex optimization have, in reality, some cost
associated with a change of action. For example, switching costs in the k-armed bandit setting have
received considerable attention [9, 54]. Further, SOCO has applications even in contexts where there

are no costs associated with switching actions. For example, if there is concept drift in a penalized

IRecall that a seminorm satisfies the axioms of a norm except that ||z|| = 0 does not imply = = 0.
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estimation problem, it is natural to make use of a regularizer (switching cost) term in order to
control the speed of the drift of the estimator.

Though the precise formulation of SOCO does not appear to have been studied previously, there
are two large bodies of literature on closely related problems: (i) the online convex optimization
(OCO) literature within the machine learning community, e.g., [128, 60], and (ii) the metrical task
system (MTS) literature within the algorithms community, e.g., [29, 89]. We discuss these literatures
in detail in Section 5.2. While there are several differences between the formulations in the two
communities, a notable difference is that they focus on different performance metrics.

In the OCO literature, the goal is typically to minimize the regret, which is the difference between
the cost of the algorithm and the cost of the offline optimal static solution. In this context, a number
of algorithms have been shown to provide sub-linear regret (also called “no regret”). For example,
online gradient descent can achieve O(\/T )-regret [128]. Though such guarantees are proven only in
the absence of switching costs, we show in Section 5.2.1 that the same regret bound also holds for
SOCO.

In the MTS literature, the goal is typically to minimize the competitive ratio, which is the
maximum ratio between the cost of the algorithm and the cost of the offline optimal (dynamic)
solution. In this setting, most results tend to be “negative”, e.g., when ¢! are arbitrary, for any
metric space the competitive ratio of an MTS algorithm with states chosen from that space grows
without bound as the number of states grows [29, 25]. However, these results still yield competitive
ratios that do not increase with the number of tasks, i.e., with time. Throughout, we will neglect
dependence of the competitive ratio on the number of states, and describe the competitive ratio as
“constant” if it does not grow with time. Notice that positive results are possible when the cost
function and decision space are convex, as shown in Chapter 3 and Chapter 4.

Interestingly, the focus on different performance metrics in the OCO and MTS communities has
led the communities to develop quite different styles of algorithms. The differences between the
algorithms is highlighted by the fact that all algorithms developed in the OCO community have poor
competitive ratio and all algorithms developed in the MTS community have poor regret.

However, it is natural to seek algorithms with both low regret and low competitive ratio. In
learning theory, doing well for both corresponds to being able to learn both static and dynamic
concepts well. In the design of a dynamic controller, low regret shows that the control is not more
risky than static control, whereas low competitive ratio shows that the control is nearly as good as
the best dynamic controller.

The first to connect the two metrics were [22], who treat the special case where the switching
costs are a fixed constant, instead of a norm. In this context, they show how to translate bounds
on regret to bounds on the competitive ratio, and vice versa. A recent breakthrough was made by

[31] who use a primal-dual approach to develop an algorithm that performs well for the “a-unfair
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competitive ratio”, which is a hybrid of the competitive ratio and regret that provides comparison
to the dynamic optimal when o = 1 and to the static optimal when o = oo (see Section 5.1). Their
algorithm was not shown to perform well simultaneously for regret and the competitive ratio, but
the result highlights the feasibility of unified approaches for algorithm design across competitive
ratio and regret.?

This chapter explores the relationship between minimizing regret and minimizing the competitive
ratio. To this end, we seek to answer the following question: “Can an algorithm simultaneously
achieve both a constant competitive ratio and a sub-linear regret?”

To answer this question, we show that there is a fundamental incompatibility between regret and
competitive ratio — no algorithm can maintain both sublinear regret and a constant competitive ratio
(Theorems 5.1, 5.2, and 5.3). This “incompatibility” does not stem from a pathological example:
it holds even for the simple case when ¢! is linear and z! is scalar. Further, it holds for both
deterministic and randomized algorithms and also when the a-unfair competitive ratio is considered.

Though providing both sub-linear regret and a constant competitive ratio is impossible, we show
that it is possible to “nearly” achieve this goal. We present an algorithm, “randomly biased greedy”
(RBG), which achieves a competitive ratio of (1 + ) while maintaining O(max{T/v,~}) regret for
v > 1 on one-dimensional action spaces. If v can be chosen as a function of T, then this algorithm
can balance between regret and the competitive ratio. For example, it can achieve sub-linear regret
while having an arbitrarily slowly growing competitive ratio, or it can achieve O(v/T) regret while
maintaining an O(v/T) competitive ratio. Note that, unlike the scheme of [31], this algorithm has a
finite competitive ratio on continuous action spaces and provides a simultaneous guarantee on both

regret and the competitive ratio.

5.1 Problem formulation

An instance of smoothed online convex optimization (SOCO) consists of a convex decision/action
space F' C (RT)™ and a sequence of cost functions {c!,c?,...}, where each ¢! : F — R*. At each

time ¢, a learner/algorithm chooses an action vector z' € F and the environment chooses a cost

t+1 L t+1

function ¢’. Define the a-penalized cost with lookahead i for the sequence ..., x¢, ct, !+t ¢!l ... to
be
T
Ca A T Z ot +ath+z - $t+171”
where 2',..., 27 are the decisions of algorithm A, the initial action is ' = 0 without loss of
generality, the expectation is over randomness in the algorithm, and || - || is a seminorm on R™. The

2There is also work on achieving simultaneous guarantees with respect to the static and dynamic optima in other
settings, e.g., decision making on lists and trees [24], and there have been applications of algorithmic approaches from
machine learning to MTS [23, 2].
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parameter T' will usually be suppressed.

In the OCO and MTS literatures the learners pay different special cases of this cost. In OCO
the algorithm “plays first” giving a 0-step lookahead and switching costs are ignored, yielding CJ.
In MTS the environment plays first giving the algorithm 1-step lookahead (i = 1), and uses a = 1,
yielding C{. Note that we sometimes omit the superscript when o = 1, and the subscript when
1 =0.

One can relate the MTS and OCO costs by relating C® to C? ,, as done by [22] and [31]. The

penalty due to not having lookahead is
c'(z') = (@) < v (@') (' — ™) < [[ve' @)z - [la* — 2" a, (5.1)

where || - ||2 is the Euclidean norm. We adopt the assumption, common in the OCO literature, that
[[vct(-)|l2 are bounded on a given instance; which thus bounds the difference between the costs of

MTS and OCO (with switching cost), C; and C.

Performance metrics. The performance of a SOCO algorithm is typically evaluated by compar-
ing its cost to that of an offline “optimal” solution, but the communities differ in their choice of
benchmark, and whether to compare additively or multiplicatively.

The OCO literature typically compares against the optimal offline static action, i.e.,

T
OPT, = gél%l ; c(z),

and evaluates the regret, defined as the (additive) difference between the algorithm’s cost and that
of the optimal static action vector. Specifically, the regret R;(A) of Algorithm A with lookahead i

on instances €, is less than p(T) if for any sequence of cost functions (c!,...,cT) € €7,
CY%(A) — OPT, < p(T) (5.2)

Note that for any problem and any ¢ > 1 there exists an algorithm A for which R;(A) is non-positive;

however, an algorithm that is not designed specifically to minimize regret may have R;(A4) > 0.
This traditional definition of regret omits switching costs and lookahead (i.e., Rg(A4)). One can

generalize regret to define R’(A), by replacing C?(A) with C}(A) in (5.2). Specifically, R(A) is less

than p(T) if for any sequence of cost functions (c!,...,cT) € €7
C}(A) — OPT, < p(T) (5.3)

Except where noted, we use the set €! of sequences of convex functions mapping (R*)" to Rt with
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(sub)gradient uniformly bounded over the sequence. Note that we do not require differentiability;
throughout this chapter, references to gradients can be read as references to subgradients.

The MTS literature typically compares against the optimal offline (dynamic) solution,

T
OPTy; = min ) + ||at — 2L,
1= min 3 5| ||
and evaluates the competitive ratio. The cost most commonly considered is C;. More generally,
we say the competitive ratio with lookahead 4, denoted by CR;(A), is p(T) if for any sequence of

cost functions (c!,...,cT) e €T
Ci(A) < p(T)OPT; + O(1). (5.4)

Bridging competitiveness and regret. Many hybrid benchmarks have been proposed to bridge
static and dynamic comparisons. For example, adaptive-regret [61] is the maximum regret over
any interval, where the “static” optimum can differ for different intervals, and internal regret [26]
compares the online policy against a simple perturbation of that policy. We adopt the static-dynamic
hybrid proposed in the most closely related literature [25, 22, 31], the a-unfair competitive ratio,
which we denote by CR(A) for lookahead i. For oo > 1, CR{(A) is p(T) if (5.4) holds with OPTy
replaced by
OPT$ = min ch) + al|zt — 2.
= iy Do ee) +al [
Specifically, the a-unfair competitive ratio with lookahead i, CR$(A), is p(T') if for any sequence of

cost functions (c!,...,c") € T
Ci(A) < p(T)OPTS + O(1). (5.5)

For o =1, OPTY is the dynamic optimum; as o — oo, OPT}3" approaches the static optimum.
To bridge the additive versus multiplicative comparisons used in the two literatures, we define
the competitive difference. The a-unfair competitive difference with lookahead i on instances €,

CD$(A), is p(T) if for any sequence of cost functions (c!,...,cT) € €7,
Ci(A) — OPTS < p(T). (5.6)

This measure allows for a smooth transition between regret (when « is large enough) and an additive

version of the competitive ratio when o = 1.
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5.2 Background

In the following, we briefly discuss related work on both online convex optimization and metrical

task systems, to provide context for the results in this chapter.

5.2.1 Online convex optimization

The OCO problem has a rich history and a wide range of important applications. In computer
science, OCO is perhaps most associated with the k-experts problem [62, 86], a discrete-action
version of online optimization wherein at each round ¢ the learning algorithm must choose a number
between 1 and k, which can be viewed as following the advice of one of k “experts.” However, OCO
also has a long history in other areas, such as portfolio management [41, 33].

The identifying features of the OCO formulation are that (i) the typical performance metric
considered is regret, (ii) switching costs are not considered, and (iii) the learner must act before
the environment reveals the cost function. In our notation, the cost function in the OCO literature
is C°(A) and the performance metric is Ry(A). Following [128] and [60], the typical assumptions
are that the decision space F' is non-empty, bounded and closed, and that the Euclidean norms of
gradients ||Vc!(+)||2 are also bounded.

In this setting, a number of algorithms have been shown to achieve “no regret”, i.e., sublinear
regret, Ro(A) = o(T). An important example is online gradient descent (OGD), which is parame-

terized by learning rates ;. OGD works as follows.

Algorithm 5.1 (Online gradient descent, OGD). Select arbitrary x' € F. In time step t > 1, select
it = P(xt — nyvel(at)), where P(y) = argminger || — yl|2 is the projection under the FEuclidean

norm.

With appropriate learning rates 7;, OGD achieves sub-linear regret for OCO. In particular, the
variant of [128] uses 7, = ©(1/y/t) and obtains O(v/T)-regret. Tighter bounds are possible in
restricted settings. [60] achieves O(logT') regret by choosing n; = 1/(+¢) for settings when the cost
function additionally is twice differentiable and has minimal curvature, i.e., V2¢!(x) — I, is positive
semidefinite for all x and ¢, where I,, is the identity matrix of size n. In addition to algorithms based
on gradient descent, more recent algorithms such as online Newton step and follow the approximate
leader [60] also attain O(log T')-regret bounds for a class of cost functions.

None of the work discussed above considers switching costs. To extend the literature discussed
above from OCO to SOCO, we need to track the switching costs incurred by the algorithms. This
leads to the following straightforward result, proven in Appendix 5.A.

Proposition 5.1. Consider an online gradient descent algorithm A on a finite dimensional space

with learning rates such that Z;‘le ne = O(p1(T)). If Ro(A) = O(p2(T)), then RL(A) = O(p1(T) +
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p2(T)).

Interestingly, the choices of n; used by the algorithms designed for OCO also turn out to be
good choices to control the switching costs of the algorithms. The algorithms of [128] and [60],
which use 7; = 1/v/t and n; = 1/(vt), are still O(v/T)-regret and O(log T)-regret respectively when
switching costs are considered, since in these cases p1(T") = O(p2(T")). Note that a similar result
can be obtained for online Newton step [60].

Importantly, though the regret of OGD algorithms is sublinear, it can easily be shown that the

competitive ratio of these algorithms is unbounded.

5.2.2 Metrical task systems

Like OCO, MTS also has a rich history and a wide range of important applications. Historically,
MTS is perhaps most associated with the k-server problem [40]. In this problem, there are k servers,
each in some state, and a sequence of requests is incrementally revealed. To serve a request, the
system must move one of the servers to the state necessary to serve the request, which incurs a cost
that depends on the source and destination states.

The formulation of SOCO in Section 5.1 is actually, in many ways, a special case of the most
general MTS formulation. In general, the MTS formulation differs in that (i) the cost functions ¢!
are not assumed to be convex, (ii) the decision space is typically assumed to be discrete and is not
necessarily embedded in a vector space, and (iii) the switching cost is an arbitrary metric d(x?, x*=1)

rather than a seminorm ||z¢ — z!=1].

In this context, the cost function studied by MTS is typically
C and the performance metric of interest is the competitive ratio, specifically CR;(A), although
the c-unfair competitive ratio CR{ also receives attention.

The weakening of the assumptions on the cost functions, and the fact that the competitive ratio
uses the dynamic optimum as the benchmark, means that most of the results in the MTS setting
are “negative” when compared with those for OCO. In particular, it has been proven that, given
an arbitrary metric decision space of size n, any deterministic algorithm must be Q(n)-competitive
[29]. Further, any randomized algorithm must be Q(y/logn/loglogn)-competitive [25].

These results motivate imposing additional structure on the cost functions in order to attain
positive results. For example, it is commonly assumed that the metric is the uniform metric, in
which d(z,y) is equal for all x # y; that assumption was made by [22] in a study of the tradeoff
between competitive ratio and regret. For comparison with OCO, an alternative natural restriction
is to impose convexity assumptions on the cost function and the decision space, as done in this
chapter.

Upon restricting ¢! to be convex, F' to be convex, and ||-|| to be a semi-norm, the MTS formulation

becomes quite similar to the SOCO formulation. This restricted class has been the focus of Chapter
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3 and Chapter 4 in this thesis and we know that positive results are possible. For example, when F'
is a one-dimensional normed space,® lazy capacity provisioning (LCP) is 3-competitive.
Importantly, though the algorithms described above provide constant competitive ratios, in all

cases it is easy to see that the regret of these algorithms is linear.

5.3 The incompatibility of regret and the competitive ratio

As noted in the introduction, there is considerable motivation to perform well for regret and com-
petitive ratio simultaneously. See also [25, 22, 31, 61, 26]. None of the algorithms discussed so far
achieves this goal. For example, online gradient descent has sublinear regret but its competitive
ratio is infinite. Similarly, lazy capacity provisioning is 3-competitive but has linear regret.

This is no accident. We show below that the two goals are fundamentally incompatible: any
algorithm that has sublinear regret for OCO necessarily has an infinite competitive ratio for MTS;
and any algorithm that has a constant competitive ratio for MTS necessarily has at least linear
regret for OCO. Further, our results give lower bounds on the simultaneous guarantees that are
possible.

In discussing this “incompatibility”, there are a number of subtleties as a result of the differences
in formulation between the OCO literature, where regret is the focus, and the MTS literature, where
competitive ratio is the focus. In particular, there are four key differences which are important to
highlight: (i) OCO uses lookahead ¢ = 0 MTS uses ¢ = 1; (ii) OCO does not consider switching costs
(o = 0) while MTS does (a = 1); (iii) regret uses an additive comparison while the competitive ratio
uses a multiplicative comparison; and (iv) regret compares to the static optimal while competitive
ratio compares to the dynamic optimal. Note that the first two are intrinsic to the costs, while the
latter are intrinsic to the performance metric. The following teases apart which of these differences
create incompatibility and which do not. In particular, we prove that (i) and (iv) each create
incompatibilities.

Our first result in this section states that there is an incompatibility between regret in the
OCO setting and the competitive ratio in the MTS setting, i.e., between the two most commonly
studied measures Ry(A) and CR;(A). Naturally, the incompatibility remains if switching costs are
added to regret, i.e., Rj(A) is considered. Further, the incompatibility remains when the competitive
difference is considered, and so both the comparison with the static optimal and the dynamic optimal
are additive. In fact, the incompatibility remains even when the c-unfair competitive ratio/difference
is considered. Perhaps most surprisingly, the incompatibility remains when there is lookahead, i.e.,

when C; and C;11 are considered.

3We need only consider the absolute value norm, since for every seminorm | - || on R, ||z|| = ||1|||z].
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Theorem 5.1. Consider an arbitrary seminorm ||-|| onR™, constantsy >0, « > 1 and i € N. There
is a € containing a single sequence of cost functions such that, for all deterministic and randomized

algorithms A, either R;(A) = Q(T) or for large enough T, both CR{, (A) > v and CDj (A) > ~T.

The incompatibility arises even in “simple” instances; the proof of Theorem 5.1 uses linear cost
functions and a one-dimensional decision space, and the construction of the cost functions does not
depend on T or A.

The cost functions used by regret and the competitive ratio in Theorem 5.1 are “off by one”,
motivated by the different settings in OCO and MTS. However, the following shows that parallel
results also hold when the cost functions are not “off by one”, i.e., for Ry(A) vs. CR§(A) and R} (A)
vs. CRY(A).

Theorem 5.2. Consider an arbitrary seminorm || - || on R™, constants v > 0 and o > 1, and a
deterministic or randomized online algorithm A. There is a € containing two cost functions such

that either Ro(A) = Q(T) or, for large enough T, both CRS(A) > v and CD§(A) > ~T.

Theorem 5.3. Consider an arbitrary norm || - || on R™. There is a € containing two cost functions
such that, for any constants v > 0 and a > 1 and any deterministic or randomized online algorithm

A, either R} (A) = Q(T), or for large enough T, CR{(A) > ~.

The impact of these results can be stark. It is impossible for an algorithm to learn static
concepts with sublinear regret in the OCO setting, while having a constant competitive ratio for
learning dynamic concepts in the MTS setting. More strikingly, in control theory, any dynamic
controller that has a constant competitive ratio must have at least linear regret, and so there are
cases where it does much worse than the best static controller. Thus, one cannot simultaneously
guarantee the dynamic policy is always as good as the best static policy and is nearly as good as
the optimal dynamic policy.

Theorem 5.3 is perhaps the most interesting of these results. Theorem 5.1 is due to seeking to
minimize different cost functions (c* and ¢!*1), while Theorem 5.2 is due to the hardness of attaining
a small CR§, i.e., of mimicking the dynamic optimum without 1-step lookahead. In contrast, for
Theorem 5.3, algorithms exist with strong performance guarantees for each measure individually,
and the measures are aligned in time. However, Theorem 5.3 must consider the (nonstandard) notion
of regret that includes switching costs (R’), since otherwise the problem is trivial.

We now prove the results above. We use one-dimensional examples; however these examples can
easily be embedded into higher dimensions if desired. We show proofs only for competitive ratio;
the proofs for competitive difference are similar.

Let & = max(1, [|f]). Given a > 0 and b > 0, define two possible cost functions on F' = [0,1/a]:
fo(x) = b+ axa and f§(z) = b+ a(l — za@). These functions are similar to those used by [55] to
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study online gradient descent to learn a concept of bounded total variation. To simplify notation,

let D(t) = 1/2 — Ex'a, and note that D(t) € [-1/2,1/2].

Proof of Theorem 5.1

To prove Theorem 5.1, we prove the stronger claim that C R, | (A) + R;(A)/T > .

Consider a system with costs ¢! = f{* if ¢ is odd and f$ if ¢ is even. Then C;(A) > (a/2+b)T +
a Zthl(fl)tD(tJri). The static optimum is not worse than the scheme that sets x* = 1/(2a) for all
t, which has total cost no more than (a/2 4+ b)T + ||1/2||. The a-unfair dynamic optimum for C;q
is not worse than the scheme that sets ' = 0 if ¢ is odd and z* = 1/a if ¢ is even, which has total

a-unfair cost at most (b+ 1)T. Hence

>az D(t+1i) —|]1/2]

(a/24+b0)T+a thl(—l)tD(t +i+1)

Thus, since D(¢t) € [-1/2,1/2],

b+ DT(CR 1 (A) + Ri(A)/T) + (b + DII1/2]| = (/2 + )T

>az D(t+i+1)+ (b+1)D(t+1))
—=ab Z(—l)tD(t +i)—a(D(i+1)+ (-)TD(T +i+1)) > —abT/2 - a

To establish the claim, it is then sufficient that (a/2 4 b)T — (b+1)||1/2|| — abT/2 —a > 4T (b+1).
For b=1/2 and a = 30y + 2 + ||6], this holds for T" > 5.

Proof of Theorem 5.2

To prove Theorem 5.2, we again prove the stronger claim CR§(A) + Ro(A)/T > 7.

Consider the cost function sequence with c!(-) = f9 for Ez* < 1/2 and c!(-) = f? otherwise,
on decision space [0,1], where z' is the (random) choice of the algorithm at round ¢. Here the
expectation is taken over the marginal distribution of z! conditioned on cy,...,c;—1, averaging out
the dependence on the realizations of x1,...,2z;_1. Notice that this sequence can be constructed by
an oblivious adversary before the execution of the algorithm.

The following lemma is proven in Appendix 5.B.

Lemma 5.1. Given any algorithm, the sequence of cost functions chosen by the above oblivious
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adversary makes

T
Ro(A), Ry(A) = ay [1/2— Ea'| - [|1/2], (5.7)

a/2+b)T +a> |12 — Ez!|
b+ llal)T

CRo(4) > ¢ (5.8)

From (5.7) and (5.8) in Lemma 5.1, we have CR§(A) + Ro(A)/T > ((gﬁ:ﬁ))g _ |\142H' For
a > 2v(b+ ||), the right hand side is bigger than ~ for sufficiently large T', which establishes the

claim.

Proof of Theorem 5.3

Let a = ||1]|/2 and b = 0. Let M = 4av|1||/a = 8ary. For T > M, divide [1,T] into segments
of length 3M. For the last 2M of each segment, set ¢! = f. This ensures that the static optimal
solution is = 0. Moreover, if, for all ¢ in the first M time steps, ¢’ is either f{* or f§, then the
optimal dynamic solution is also z* = 0 for the last 2M time steps.

Consider a solution on which each segment has non-negative regret. Then to obtain sublinear
regret, for any positive threshold € at least T'/(3M) — o(T) of these segments must have regret below
€||1]]. We will then show that these segments must have high competitive ratio. To make this more
formal, consider (w.l.o.g.) the single segment [1,3M].

Let ¢ be such that ¢t = f& for all t € [1, M] and ¢! = f{ for t > M. Then the optimal dynamic
solution on [1,3M] is !, = 1;<as, which has total cost 2a[1].

The following lemma is proven in Appendix 5.C.

Lemma 5.2. For any ¢ € (0,1) and integer T > 0, there exists an €(6,7) > 0 such that, if ¢! =
f& foralll <t <7 and 2t > § for any 1 < t < 7, then there emists an m < T such that
C1(z,m) — C1(OPTs,m) > €(6,7)|1]|-

Choose 6 = 1/[5max(1, ||a|])] € (0,1) such that, for any decisions such that z* < ¢ for all
t € [1, M], the cost of x under ¢ is at least 3ay||1||. Let the adversary choose a ¢ on this segment
such that ¢! = f$ until (a) the first time ¢ty < M that the algorithm’s solution x satisfies Cy (z, to) —
C1(OPTs,tg) > €(6, M)||1]], or (b) t = M. After this, it chooses c' = f{*.

In case (a), Cy(z,3M) — C1(OPTs,3M) > €(6,M)||1]|, since OPTs incurs no cost after tg.
Moreover Cy(x,3M) > C1(OPTy,3M).

In case (b), C1(2,3M)/C1(OPT4,3M) > 3av||1]|/(2a|1]]) = 3v/2.

To complete the argument, consider all segments. Let g(T') be the number of segments for which

case (a) occurs. The regret then satisfies

Ry (A) > (8, M)||1]|g(T).
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Similarly, the ratio of the total cost to that of the optimum is at least

i) [1/EM) —gMBarl| _ 3 (| 3Mg(T)
C1(OPTy, T) — [T/(3M)]2a|1]] 2 T ’

If g(T) = Q(T) then then R} (A) = Q(T'). Conversely, if g(T) = o(T) then for sufficiently large T,

3Mg(T)/T < 1/3 and so CR}(A) > .

5.4 Balancing regret and the competitive ratio

Given the above incompatibility, it is necessary to reevaluate the goals for algorithm design. In
particular, it is natural now to seek tradeoffs such as being able to obtain €T" regret for arbitrarily
small € while remaining O(1)-competitive, or being log log T-competitive while retaining sublinear
regret.

To this end, in the following we present a novel algorithm, randomly biased greedy (RBG), which
can achieve simultaneous bounds on regret R, and competitive ratio C' Ry, when the decision space
F is one-dimensional. The one-dimensional setting is the natural starting point for seeking such a
tradeoff given that the proofs of the incompatibility results all focus on one-dimensional examples
and that the one-dimensional case is of practical significance like the data center management in

Chapter 3. The algorithm takes a norm N as its input:

Algorithm 5.2 (Randomly biased greedy, RBG(N)).
Given a norm N, define w’(xz) = N(z) for all x and w'(z) = min, {w'~!(y) + c'(y) + N(z — y)}.
Generate a random number r uniformly in (—1,1). For each time step t, go to the state x* which

minimizes Y(xt) = wi=1(zt) + rN ().

RBG is motivated by [40], and makes very limited use of randomness — it parameterizes its “bias”
using a single random r € (—1,1). It then chooses actions to greedily minimize its “work function”
w(x).

As stated, RBG performs well for the a-unfair competitive ratio, but performs poorly for the
regret. Theorem 5.4 will show that RBG(||-||) is 2-competitive,* and hence has at best linear regret.
However, the key idea behind balancing regret and competitive ratio is to run RBG with a “larger”
norm to encourage its actions to change less. This can make the coeflicient of regret arbitrarily

small, at the expense of a larger (but still constant) competitive ratio.

Theorem 5.4. For a SOCO problem in a one-dimensional normed space ||-||, running RBG(N ) with
a one-dimensional norm having N(1) = 0||1|| as input (where 8 > 1) attains an a-unfair competitive

ratio CRY of (1+6)/ min{f,a} and a regret Rj of O(max{T/0,0}).

4Note that this improves the best known competitive ratio for this setting from 3 (achieved by lazy capacity
provisioning) to 2.
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Note that Theorem 5.4 holds for the usual metrics of MTS and OCO, which are the “most
incompatible” case since the cost functions are mismatched (cf. Theorem 5.1). Thus, the conclusion
of Theorem 5.4 still holds when Ry or Ry is considered in place of Ry,.

The best CRY, 1+ 1/«, achieved by RBG is obtained with N(-) = «af| - ||. However, choosing
N() = |- ||/€ for arbitrarily small €, gives eT-regret, albeit larger CR{. Similarly, if T is known in
advance, choosing N (1) = §(T') for some increasing function achieves an O(6(T')) a-unfair compet-
itive ratio and O(max{T/0(T),0(T)}) regret; taking 0(T) = O(vV/T) gives O(V/T) regret, which is
optimal for arbitrary convex costs [128]. If T is not known in advance, N(1) can increase in ¢, and

bounds similar to those in Theorem 5.4 still hold.

Proof of Theorem 5.4

To prove Theorem 5.4, we derive a more general tool for designing algorithms that simultaneously
balance regret and the a-unfair competitive ratio. In particular, for any algorithm A, let the op-
erating cost be OC(A) = Y7_, ¢ (z'*1) and the switching cost be SC(A) = 321, [|lz+! — &, so
that C1(A) = OC(A) + SC(A). Define OPTx to be the dynamic optimal solution under the norm
N(1)=0|1|| (¢ > 1) with & = 1. The following lemma is proven in Appendix 5.D.

Lemma 5.3. Consider a one-dimensional SOCO problem with norm || - || and an online algorithm
A which, when run with norm N, satisfies OC(A(N)) < OPTn + O(1) along with SC(A(N)) <
BOPTN + O(1) with = O(1). Fiz a norm N such that N(1) = 0||1|| with 0 > 1. Then A(N) has
a-unfair competitive ratio CR$(A(N)) = (14 8) max{£,1} and regret Ry(A(N)) = O(max{BT, (1+
B)0}) for the original SOCO problem with norm | - ||.

Theorem 5.4 then follows from the following lemmas, proven in Appendices 5.E and 5.F.
Lemma 5.4. Given a SOCO problem with norm || - ||, EOC(RBG(N)) < OPTy.

Lemma 5.5. Given a one-dimensional SOCO problem with norm || - ||,

ESC(RBG(N)) < OPTy /6 with probability 1.

5.5 Concluding remarks

This chapter studies the relationship between regret and competitive ratio when applied to the class
of SOCO problems. It shows that these metrics, from the learning and algorithms communities
respectively, are fundamentally incompatible, in the sense that algorithms with sublinear regret
must have infinite competitive ratio, and those with constant competitive ratio have at least linear
regret. Thus, the choice of performance measure significantly affects the style of algorithm designed.
It also introduces a generic approach for balancing these competing metrics, exemplified by a specific

algorithm, RBG.
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There are a number of interesting directions that this work motivates. In particular, the SOCO
formulation is still under-explored, and many variations of the formulation discussed here are still
not understood. For example, is it possible to tradeoff between regret and the competitive ratio
in bandit versions of SOCO? More generally, the message from this chapter is that regret and the
competitive ratio are incompatible within the formulation of SOCO. It is quite interesting to try
to understand how generally this holds, for example, under the settings where the cost functions
are random instead of adversarial, e.g., variations of SOCO such as k-armed bandit problems with

switching costs.

Appendix 5.A Proof of Proposition 5.1

Recall that, by assumption, ||[Vc!(+)||2 is bounded. So, let us define D such that ||[Vcf(+)|]2 < D. Next,
due to the fact that all norms are equivalent in a finite dimensional space, there exist m, M > 0 such

that for every x, m||z|lo < ||z|s < M||z||o. Combining these facts, we can bound the switching cost

incurred by an OGD algorithm as follows:

T T T T
Dollat =T < MY flat — T e < MY ml|ve ()l < MDY e
t=1 t=1 t=1

t=1

The second inequality comes from the fact that projection to a convex set under the Euclidean norm
is nonexpansive, i.e., |P(z) — P(y)|l2 < ||x — y||2- Thus, the switching cost causes an additional

regret of Zthl e = O(p1(T)) for the algorithm, completing the proof.

Appendix 5.B Proof of Lemma 5.1

Recall that the oblivious adversary chooses ct(-) = f2 for Ext < 1/2 and ¢!(-) = f? otherwise, where

2t is the (random) choice of the algorithm at round ¢. Therefore,

T a(l=—at)+b ifEzt<1/2
CO(A)ZEZ< ) /

t=1 |ax' +b otherwise
T
=EbT +a»  (1/2+ (1/2 - 2')sgn(1/2 — Ea'))

t=1

T
=0T +a  (1/2+ (1/2 - Ea')sgn(1/2 — Ea'))
T
=(a/2+4b)T +a)_[1/2—Ea'|

t=1
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where sgn(x) = 1 if x > 0 and —1 otherwise. The static optimum is not worse than the scheme that
sets 2' = 1/2 for all ¢, which has total cost (a/2 + b)T + ||1/2|. This establishes (5.7).
The dynamic scheme which chooses x!*1 = 0 if ¢! = f and 2!+ = 1 if ¢! = f9 has total a-unfair

cost not more than (b + ||a||)T. This establishes (5.8).

Appendix 5.C Proof of Lemma 5.2

Proof. We prove the contrapositive (that if Cy(z;m) — C1(OPTs,m) < € for all m then 2 < ¢ for
all t € [1,7]). We consider the case that 2! are non-decreasing; if not, the switching and operating
cost can both be reduced by setting (z') = max;<; z* .

Note that OPTj sets 2t = 0 for all ¢, whence C;(OPT,, m) = am, and that

Cy(x;m) = ™1 —azgci + am.

i=1

Thus, we want to show that if ™ ||1|| —a > /", 2" <€ for all m < 7 then 2 < § for all ¢ € [1,7].
Define f;(-) inductively by fi(y) =1/(1 —y), and

i—1
fi(y):% 1+y) £
y =

If y < 1 then {fi(y)} are increasing in .
Notice that {f;} satisfy

m—1
Fn@A =)=y > fily) =1
i=1
Expanding the first term gives that for any é,
. 4 N~ ,
éfm(a/lI1]) = mzefi(a/\llﬂ) =& (5.9)
i=1
If for some é > 0,
™ — ﬁ Zl‘j <é (5.10)
j=1

for all m < 7, then by induction z° < éf;(a/||1|) < éf-(a/||1]]) for all i < 7, where the last inequality
uses the fact that a < ||1|| whence {f;(a/||1]|)} are increasing in i.

The left hand side of (5.10) is (C (z; m)—C1 (OPTs,m))/||1||. Define e = €||1|| = &||1||/(2f-(a/|I11]]))-
Then if (Cy(x;m) — C1(OPTs,m)) < € for all m, then (5.10) holds for all m, whence x! <
éfr(a/||1|]) =d/2 < 6 for all t € [1,7]. O
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Appendix 5.D Proof of Lemma 5.3

We first prove the a-unfair competitive ratio result. Let 2%, 22,...,27 denote the actions chosen by
algorithm ALG when running on a normed space with N = ||-|| arg as input. Let ¢, 92, ...,97 be the
actions chosen by the optimal dynamic offline algorithm, which pays « times more for switching costs,

2 ..., 27 be the actions chosen by the

on a normed space with || - || (i.e., OPTY). Similarly, let 2!, 2
optimal solution on a normed space with || - || arg, namely OPT).|,,. (without an unfairness cost).
Recall that we have Oy (ALG) = Y1, ¢ (#11) + [|&t+! — 21|, OPTS = Y1, ¢t (@") + allg* — 5",
and OPT|.,.c = SO (8 + ||2" — 27| ane. By the assumptions in our lemma, we know that

C1(ALG) < (14 B)OPT), . + O(1). Moreover,

T

T
[ ~ ~ ~t— ~ . At —
OPT; :th(yt) +algt =g > th(yt) + gHyt — 9" Maze =
t=1 t=1

OPT) s

max{l,g}

The first inequality holds since || - [[arg = 0| - || with § > 1. Therefore, C1(ALG) < (1 +
B) max{1, g}OPTCf‘.

We now prove the regret bound. Let dpax denote the diameter of the decision space (i.e.,
the length of the interval). Recall that Co(ALG) = Zthl (@t + |2t — 271 and OPTs =
min, 23:1 c(x). Then we know that Co(ALG) < Cy(ALG) + DEtT:l |zt — 2| + ||dmax]| for
some constant D by (5.1). Based on our assumptions, we have >, ¢/(2'*') < OPTj,,. + O(1)
and Y, ||t — 2| < BOPT).|,.c + O(1). For convenience, we let £ = D +1 = O(1). Then
Co(ALG) is at most:

3@ 4 Bt — &) + [l dimaxl| + O(1)

t=1

S(l + EB)OP:TH'HALG + ”dmax” + O(l)

S(l + Eﬂ)(OPTS + ”dmaXHALG) + ”dmaXH + 0(1)
Therefore, we get a regret Co(ALG) — OPT; at most

EBOPT + [|dmax [ (1 + E(1 + 5)0) + O(1)

=0(BOPT; + (14 )0) = O(max{BOPT, (1 + 5)0})

In the OCO setting, the cost functions cf(x) are bounded from below by 0 and are typically
bounded from above by a value independent of T, e.g., [62, 86], so that OPTs = O(T). This
immediately gives the result that the regret is at most O(max{ST, (1 + 8)6}).
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Appendix 5.E Proof of Lemma 5.4

In this section, we argue that the expected operating cost of RBG (when evaluated under || - ||)
with input norm N(-) = 0| - ||, € > 1, is at most the cost of the optimal dynamic offline algorithm
under norm N (i.e., OPTy). Let M denote our decision space. Before proving this result, let us
introduce a useful lemma. Let #',42,...,27T! denote the actions chosen by RBG (similarly, let

TEppy - -+ T b denote the actions chosen by OPTl).
Lemma 5.6. w!(&t!) = wt=1(&41) + ct(ztH).

Proof. We know that for any state 2 € M, we have w'(z) = minyep{w' 1 (y) + c'(y) + 0]z — yl|}.
Suppose instead w'(#111) = w!=1(y) + ¢! (y) + 0]|2tF! — y|| for some y # 2*+1. Then

YY) =t (3) 4 or 6t
=w'(y) + ' (y) + 012 — g + orf
> w' ™ (y) + cHy) + orlly]|
=Yy,

which contradicts 27! = argmingeps Y (y). Therefore w(2!) = w!=1(2'+1) + (&), O

Now let us prove the expected operating cost of RBG is at most the total cost of the optimal

solution, OPTy .

Yt+1(.’i’,'t+1) _ Yt(‘%t)
>Yt+1(.’%t+1) _ Yt(‘,%t-ﬁ-l)
=(w' (@) + or||2)) — (@) + orf|l2)

:Ct(i‘tJrl)

Lemma 5.4 is proven by summing up the above inequality for ¢t = 1,...,T, since Y7+ (z7+1) <
YT+ (25 5y) and EY T+ (2 5h) = OPTy by Er = 0.

Note that this approach also holds when the decision space F' C R™ for n > 1.

Appendix 5.F Proof of Lemma 5.5

To prove Lemma 5.5 we make a detour and consider a version of the problem with a discrete state
space. We first show that on such spaces the lemma holds for a discretization of RBG, which we name

DRBG. Next, we show that as the discretization becomes finer, the solution (and hence switching
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cost) of DRBG approaches that of RBG. The lemma is then proven by showing that the optimal
cost of the discrete approximation approaches the optimal cost of the continuous problem.

To begin, define a discrete variant of SOCO where the number of states is finite as follows.
Actions can be chosen from m states, denoted by the set M = {x1,...,2,,}, and the distances
0 = x;41 — z; are the same for all ¢. Without loss of generality we define 1 = 0. Consider the

following algorithm.

Algorithm 5.3 (Discrete RBG, DRBG(N)).
Given a norm N and discrete states M = {z1,...,2,}, define w°(z) = N(x) and w'(x) =
mingep {w' = (y) + ¢! (y) + N(z — y)} for all x € M. Generate a random number r € (—1,1).

For each time step t, go to the state ' which minimizes Y (zt) = w'=1(2') + rN(z?).

Note that DRBG looks nearly identical to RBG except that the states are discrete. DRBG is
introduced only for the proof and need never be implemented; thus we do not need to worry about

the computational issues when the number of states m becomes large.

Bounding the switching cost of DRBG

We now argue that the expected switching cost of DRBG (evaluated under the norm || - || and run
with input norm N(-) = ]| - ||) is at most the total cost of the optimal solution in the discrete
system (under norm N). We first prove a couple of useful lemmas. The first lemma states that if
the optimal way to get to some state x at time ¢ is to come to state y in the previous time step,
incur the operating cost at state y, and travel from state y to state x, then in fact the optimal way
to get to state y at time ¢ is to come to y at the previous time step and incur the operating cost at

state y.
Lemma 5.7. If 3z,y : w'(z) = w'(y) + ' (y) + 0|z — yl|, then w'(y) = w1 (y) + ' (y).
Proof. Suppose towards a contradiction that w!(y) < w!=!(y) + c!(y). Then we have:
w'(y) + Ollz =yl < w' ™ (y) + ' (y) + Ollz — yl| = w' (@) < w'(y) + 0llz —y]
(since one way to get to state x at time ¢ is to get to state y at time ¢ and travel from y to ). This

is a contradiction, which proves the lemma. O

We now prove the main lemma. Let SC* = Y'_ |lz* — 2'~!|| denote the total switching cost
incurred by DRBG up until time ¢, and define the potential function ¢' = 5 (w'(z1) + w'(2y,)) —

M. Then we can show the following lemma.

Lemma 5.8. For every time step t, ESCt < ¢t.
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Proof. We will prove this lemma by induction on t. At time ¢t = 0, clearly it is true since the
left hand side ESC? = 0, while the right hand side ¢ = 55 (w’(z1) + w°(2)) — w =
55(0+ 0|2y, — 21]|) — Hgﬂ%“” = 0. We now argue that at each time step, the increase in the left
hand side is at most the increase in the right hand side.

Since the operating cost is convex, it is non-increasing until some point ,,;, and then non-
decreasing over the set M. We can imagine our cost vector arriving in e-sized increments as follows.
We imagine sorting the cost values so that ¢!(i1) < ¢'(iz) < -+ < ¢*(4,,), and then view time step
t as a series of smaller time steps where we apply a cost of € to all states for the first ¢!(i1)/e time
steps, followed by applying a cost of € to all states except state i1 for the next c¢f(iz) — c¢t(i1)/e time
steps, etc., where € has a very small value. If adding this epsilon-sized cost vector would cause us
to exceed the original cost ¢!(ij) for some k, then we just use the residual ¢ < € in the last round
in which state i, has non-zero cost. Eventually, these e-sized cost vectors will add up precisely to

the original cost vector ct

. Under these new cost vectors, the behavior of our algorithm will not
change (and the optimal solution cannot get worse). Moreover, we would never move to a state in
which e cost was added. If the left hand side does not increase at all from time step t — 1 to ¢, then
the lemma holds (since the right hand side can only increase). Our expected switching cost is the
probability that the algorithm moves multiplied by the distance moved. Suppose the algorithm is
currently in state . Observe that there is only one state the algorithm could be moving from (state
x) and only one state y the algorithm could be moving to (we can choose € to be sufficiently small
in order to guarantee this). Notice that the algorithm would only move to a state y to which no
cost was added. First we consider the case £ > Tyin.-

The only reason we would move from state z is if w!(z) increases from the previous time step, so
that we have w'(x) = w'~!(x)+e. Notice that for any state z > x, we must have w'(z) = w'~1(2)+e.
If not (i.e., w'(z) < w'=1(2) + €), then we get a contradiction as follows. The optimal way to get
to 2 at time step ¢, w'(z), must go through some point j in the previous time step and incur
the operating cost at j. If j > z, then we know w'=1(j) + e + 0|z — j|| = wi(2) < w1 (2) + € <
w!=1(§)+0]|z—j| +¢, which cannot happen. On the other hand, by Lemma 5.7, if j < x then we get
w'(2) + 612 —al| < w! () + 01z — | +6]1] 2 2] = w' () + 8|z — ji| = w1 (i) +c!(j) + 6]l — sl =
wh(z) < wl(2) + € < w'(x) + 0|z — z|| + ¢, which cannot happen either. Hence, we know
wh(z) = w'1(2) + € for all z > .

By the above argument, we can conclude a couple of facts. The state y we move to cannot be
such that y > x. Moreover, we also know that w!(z,,) = w'~!(x,,) + € (since x,, > x). Notice that

for us to move from state x to state y, the random value r must fall within a very specific range. In
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particular, we must have Y!(z) < Y!(y) and Y (y) < YiTi(z):

('™ (@) + Orl[1]lz < w' ™ (y) + Or[[Llly) A (w'(y) +0rllLlly < w'(@) + or|1]|z)

= (y) —w' (@) — e Sw'(y) —w'(z) < Orfla —yll <wTHy) - w' T (@)

This means r must fall within an interval of length at most €/0||x — y||. Since r is chosen from
an interval of length 2, this happens with probability at most €/(20||z — y||). Hence, the increase
in our expected switching cost is at most ||z — y|| - €/(20]|z — y||) = €¢/20. On the other hand, the
increase in the right hand side is ¢! — ¢' ™! = L (w'(z1) — w1 (21) + w'(zm) — W (zm)) > /20
(since w'(x,) = w'=1(2,,) + €). The case when & < Z,,i,, is symmetric. This finishes the inductive

claim. 0

Now we prove the expected switching cost of DRBG is at most the total cost of the optimal
solution for the discrete problem.

By Lemma 5.8, for all times ¢t we have ESC* < ¢*. Denote by OPT" the optimal solution at
time ¢ (so that OPT* = min, w'(z) and OPTT = OPTy). Let 2* = argmin,w'(x) be the final

state which realizes OPT? at time t. We have, for all times ¢:

1 m —
ESC' <¢' = o5 (w' (1) + w' (@) - ”5672“”
1 .
< g (@) 010" — ]+ 0 (@) + O — a7 — 122
1
=_OPT".
90

In particular, the equation holds at time T', which gives the bound.

Convergence of DRBG to RBG

In this section, we are going to show that if we keep splitting 4, the output of DRBG, which is
denoted by zt,, converges to the output of RBG, which is denoted by zf..

Lemma 5.9. Consider a SOCO with F = [xp,xy]. Consider a sequence of discrete systems such
that the state spacing § — 0 and for each system, [x1,x,] = F. Let x; denote the output of DRBG
in the ith discrete system, and & denote the output of RBG in the continuous system. Then the
sequence {x;} converges to & with probability 1 as i increases, i.e., for all t, lim; o |2t — 2 =0

with probability 1.

Proof. To prove the lemma, we just need to show that x; converges pointwise to & with probability
1. For a given 4, let Y}, denote the Y used by DRBG in the discrete system (with feasible set
M = {z1,...,zy} C F) and Y/} denote the Y' used by RBG in the continuous system (with
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feasible set F'). The output of DRBG and RBG at time ¢ are denoted by zt, and z’, respectively.
The subsequence on which |z}, — z%)| < 2§ clearly has z%, converge to zl,. Now consider the
subsequence on which this does not hold. For each such system, we can find a z& € {z1,..., 2}
and |z5 — 2t | < § (and thus |25, — 21| > §) such that Yi(zL) < Yi(zt), by the convexity® of
Y. Moreover Y} (zh) < Yi(zh) and Yi(zh,) < Yh(2),). So far, we have only rounded the tth
component. Now let us consider a scheme that will round to the set M all components 7 < t of a
solution to the continuous problem.

For an arbitrary trajectory z = (z')L,, define a sequence zg(z) with 2%, € {z1,...,2,,} as
follows. Let | = max{k : xx < 27}. Set zF, to z; if ¢"(x;) < ¢"(x141) or | = m, and x;4+1 otherwise.
This rounding will increase the switching cost by at most 20||§]| for each timeslot. If { = m then the
operating cost is unchanged. Next, we bound the increase in operating cost when [ < m.

T

For each timeslot 7, depending on the shape of ¢ on (z;,2;11), we may have two cases: (i) ¢

7 is non-monotone. In case (i), the rounding does not make the operating cost

is monotone; (ii) ¢
increase for this timeslot. Note that if 27, € {zp,xx} then for all sufficiently small J, case (ii)
cannot occur, since the location of the minimum of ¢” is independent of §. We now consider case (ii)
with z7, € (21, zm). Note that there must be a finite left and right derivative of ¢™ at all points in
(zr,zg) for ¢™ to be finite on F'. Hence these derivatives must be bounded on any compact subset of
(xr,zm). Since xf, € (xr,xH), there exist a set [, 2] C (21, zm) independent of § such that for
sufficiently small § we have [z}, zj41] C [z, 2/;]. Hence there exists a H” such that for sufficiently
small ¢ the gradient of ¢” is bounded by H™ on [z, x;+1]. Thus, for sufficiently small §, the rounding
will make the operating cost increase by at most H”J in timeslot 7.

Define H = max,{H"}. If we apply this scheme to the trajectory which achieves Y/ (z%), we get
a decision sequence in the discrete system with cost+ 16| z% || not more than YA (zL)+ (Hd6+26]|5]))¢
(by the foregoing bound on the increase in costs) and not less than Y}, (z}) (because the solution
of Y} (&%) minimizes cost + r0||z%|)). Specifically, we have Y (zh) < Yi(zL) + (HS + 204]))t.
Therefore,

Y (30) < Yé()) = Yo(ah) < Yp(ah) < Yp(To) < Yo (Te) + (HO +20]8]))t.

Notice that the gradient bound H is independent of § and so (Hé + 20|/6||)t — 0 as § — 0.
Therefore, |V} (xl) — Y4 (ZL)| converges to 0 as 7 increases.

Independent of the random choice r, the domain of w}(-) can be divided into countably many
non-singleton intervals on which w (+) is affine, joined by intervals on which it is strictly convex.
Then YZ(-) has a unique minimum unless —r is equal to the slope of one of the former intervals,

since Y4(-) is convex. Hence it has a unique minimum with probability one with respect to the

5The minimum of a convex function over a convex set is convex, thus by definition, w?

induction. Therefore, Yé is convex as well.

is a convex function by
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choice of r.

Hence w.p.1, z}, is the unique minimum of Y. To see that Y/(-) is continuous at any point
a, apply the squeeze principle to the inequality w§(a) < wg(z) + 0|z — a|| < wh(a) + 20|z — al,
and note that YZ4(-) is w’(-) plus a continuous function. The convergence of |Z5 — x}| then implies
[Yi(zh) — Yi(2h)| — 0 and thus [Yi(zh) — Yi(zh)| — 0, or equivalently YA (z!) — Yi(zL). Note
that the restriction of Y/ to [, z%] has a well-defined inverse Y ~!, which is continuous at Y/ (z%,).

Hence for the subsequence of z! such that ! < zl,, we have zf = Y~ 1(Yi(2!)) —» Y1 (Vi(2h)) =

O

xt,. Similarly, the subsequence such that x! > zf, also converge to zt.

Convergence of OPT in discrete system

To show that the competitive ratio hold for RBG, we also need to show that the optimal costs

converge to those of the continuous system.

Lemma 5.10. Consider a SOCO problem with F = [xp,xzy]. Consider a sequence of discrete
systems such that the state spacing § — 0 and for each system, [v1,xm,] = F. Let OPTY denote
the optimal cost in the ith discrete system, and OPTe denote the optimal cost in the continuous
system (both under the norm N ). Then the sequence {OPT4} converges to OPT¢ as i increases,
i.e., lim; o0 |[OPTE — OPTe| = 0.

Proof. We can apply the same rounding scheme in the proof of Lemma 5.9 to the solution vector of

OPTc to get a discrete output with total cost bounded by OPT¢ + (H§ + 20]|6]|)T, thus
OPT}, < OPTc + (HS + 20|6|)T.

Notice that the gradient bound H is independent of § and so (Hd+26||6||)T — 0 as 6 — 0. Therefore,

OPT}, converges to OPT¢ as i increases. O
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