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We thank the reviewers for their detailed and thoughtful
comments. We have incorporated the suggestions into the
revision and believe that the paper is significantly improved.

In the following, we walk through the reviewers’ comments
and detail our thoughts and the changes we made to the
paper as a result. Although we have adopted nearly all
suggestions of the reviewers, one comment that we did not
adopt is the comparison between our algorithms and state-
of-the-art centralized solvers. This is because we believe
there are indispensable advantages provided by distributed
algorithms other than speedup. For example, distributed
algorithms can increase scalability, deal with diversity in
large systems more efficiently, reduce communication over-
head, and be more robust to failure. Our distributed algo-
rithms do not require centralizing information, and therefore
can be deployed even when different parties (data centers,
proxy routers) belong to different administration domains.
For more details, please refer to our last two responses.

1. RESPONSES TO REVIEWS

1.1 Reviewer 1

Reviewer comment. 1 propose to accept this paper, for the
following reasons:

- The paper tackles an interesting and current problem, of
data-center load-balancing with both energy cost and green
impact taken into account. While the problem might be
solved centrally, the bulk of the paper considers the reason-
able scenario where each proxy generating load on the data-
centers must make its own decisions, leading to a distributed
algorithm. With three distributed algorithms developed, the
authors consider many aspects of their performance and con-
vergence.

- The paper is well-rounded, supplying a strong and gen-
eral model for the problem, theoretical proofs for optimiza-
tion properties, and extensive experimental support.

- The paper is well written, very clear and with good
structure. Assumptions and proofs are well detailed, and
modeling justification as well as gaps for future work are
clear.

Response. Thanks for your support.

1.2 Reviewer 2

Reviewer comment. Your distributed algorithms solve GLB-
Q, which depends on your assumptions that (a) lost revenue

is a linear function of delay, and (b) servers are power-
unproportional (that is, each active server consumes the
same amount of energy regardless of the load). Can you
give some intuitions for how inaccurate your distributed al-
gorithms would become if these assumptions are violated?
For example, what happens if lost revenue is a piece-wise lin-
ear function, representing several different regime: (i) slow
growth of lost revenue up to some acceptable delay, (ii) much
sharper growth of lost revenue, (iii) slow growth of lost rev-
enue again (most clients have abandoned). For (b), archi-
tects are working to make servers more power-proportional,
so it may be important to examine the sensitivity to your
assumption.

Response. We thank the reviewer for this helpful comment.
Although in this paper we restrict our attention to GLB-Q
in algorithm design, our distributed algorithms can be easily
extended to more general cases. For example, any convex
piece-wise linear lost revenue function containing, e.g., (i)
slow growth of lost revenue up to some acceptable delay and
(ii) much sharper growth of lost revenue. This will certainly
make the expressions more complicated, but the theoretical
component of the paper still works. The addition of (iii) slow
growth of lost revenue again (most clients have abandoned)
is tricky. One way to deal with it is to let the cost function go
to infinity in this region because this region is what we want
to avoid, then our algorithms apply naturally. Otherwise we
need different techniques to deal with the problem since it
makes the objective function non-convex, which is beyond
the scope of this paper.

If servers are more power proportional, this can be cap-
tured by extending current model slightly. Assume the server
power consumption at data center ¢ follows the popular re-
lationship

Ai

bl
mi i

S; = ¢ +;

where ¢; and v; are the constant and variable parts of server
power consumption, respectively, and can be measured. pu; is
the service capacity of a single server and can be measured,
therefore ﬁ is the per server utilization level. Then the
energy cost of data center i becomes

Vi
DiMiSi = Ds <Cimz' + _)\i> ,
fi
which is still jointly convex in m; and \;. Therefore the
theoretical results of our paper still apply and our algorithms
can be adapted to this power form with minor changes.



P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

IEEE/ACM Transactions on Networking

Reviewer comment. 11.B: While it is fine to focus on just
the server costs of the data center, and it is true that “min-
imizing server energy consumption also reduces cooling and
power distribution costs”, you are ignoring an important
cost factor in geographical load balancing: the different
PUEs of different data centers due to geographical factors
such as temperature (leading to higher cooling costs). In
“Reducing Electricity Cost Through Virtual Machine Place-
ment in High Performance Computing Clouds”, Supercom-
puting 2011, Le et al. show that ignoring cooling costs in
geographical load balancing can increase cost. You should
mention that you are ignoring this factor.

Response. We agree that cooling cost is an important fac-
tor. We have added a discussion and references [16]-[18] in
Section II.B and II.C of the revised version. Note that our
model is general enough to include different cooling efficien-
cies of different data centers in the energy cost part. In
particular, the problem of utilizing different cooling efficien-
cies has been studied in

Amip Shah et al. Thermal Management Considerations
for Geographically Distributed Computing Infrastructures.
ASME 2010.

For more details about cooling micro-grid modeling, please
refer to Section 3.1 of our recent work

Zhenhua Liu et al. Renewable and cooling aware workload
management for sustainable data centers. Sigmetrics 2012.

With added complexity, models from these can be incor-
porated.

Reviewer comment. Figure 3: why does delay increase
with beta? If I understand your formulation correctly, r(d)
represents lost revenue, so that larger beta means higher lost
revenue given a delay. Thus, would not higher betas lead to
lower delay while increasing energy cost?

Response. This is a typo. Thanks for pointing this out.
We have corrected it to read “Circles, x-marks, and triangles

correspond to 8 = 0.4, 1, and 2.5, respectively.”.

Reviewer comment. 11.B.“Energy cost”: You mention that

a gi(t,ms, yi) that is strictly increasing in m; and non-decreasing

in y; can represent a charging plan that includes a “demand
charge” for the peak power usage period. I don’t quite un-
derstand this if server power consumption is dependent on
load. In particular, if server power consumption depends on
load, a smaller y; but with load concentrated in an interval
(e.g., 15 minutes) can lead to higher peak power charge than
a higher y; but with load evenly spread out across t.

Response. We have clarified this point in Section II.B.
gi(t,ms,yi) is the energy cost during timeslot ¢. Given m;(t)
and y;(t) for all timeslots, the total power cost >, g:(t, mq, yi)
can capture the charging plan including a “demand charge”
for the peak power usage period. We focus on the issue of
peak pricing in our recent work “Data Center Demand Re-
sponse: Avoiding the Coincident Peak via Workload Shift-
ing and Local Generation”. It requires slightly different ap-
proaches, but they can be merged. We also assume the
length of each timeslot matches or is smaller than that used
in the charging scheme.

Reviewer comment. - Equations (2) and (3a): I'm sur-
prised that D;(t) is not multiplied by |¢| (I'm assuming that
yi; is a rate), since g;(t,mq, y;) gives the energy usage for all
of t.

Response. The paper works in discrete time, with timeslots
normalized to length 1. (Section II.A now explicitly says
“We consider a discrete-time model with time step duration
normalized to 1, such that...”. Note that g;(t,m;,y;) gives
the energy use only for a single time slot. The variable ¢
identifies the time slot; it is not the duration of the time
slot.

Reviewer comment. V.B.4: it seems counter-intuitive that
poor estimates of d;; and L; have little effect on cost. I
think it’s worthwhile to expand a bit on this (even if space
constraints require cutting a bit elsewhere).

Response. We have added more details on this point in
Section V.B.4. Specifically, our sensitivity analysis shows a
20% prediction error (i.i.d. uniform distribution with mean
absolute error 20%) in propagation delay d;; only increases
total cost by 2%. The reason behind this is that the total
delay cost is comparable to the total energy cost, and net-
work delay is roughly 30% of the total delay, therefore the
network delay cost is roughly 15% of the total cost. Addi-
tionally, our solution is robust to moderate prediction error.
For example, if the data center(s) chosen by a particular
proxy are still optimal with prediction error, the prediction
error does not change the optimality of our solution.

For load prediction error, the impact is minimal because of
two reasons. For proxy, our solution provides how to spread
the traffic among all data centers. When facing load pre-
diction error, the proxy can still spread the traffic according
to the fraction obtained by our solution and scale up/down
according to prediction error. Usually this does not change
the optimality of our solution. For each data center, it al-
ways chooses the optimal number of servers according to
incoming load, even when there is load prediction error at
proxies. This will greatly alleviate the negative impacts of
load prediction error. Our results show a 20% prediction
error (i.i.d. uniform distribution with mean absolute error
20%) in load L; only increases total cost by less than 1%.

Reviewer comment. What beta did you use for Figure 47

Response. We use 8 = 1 for figures in Section V except
that in Figure 3 we vary [ to study its impacts. We note
this in V.A.3.

1.3 Reviewer 3

Reviewer comment. This paper studies how to explore ge-
ographical diversities of Internet systems to optimize per-
formance, e.g., delay, energy cost as well as social impact
such as consumption of green energies. This work proposes
three distributed algorithms that provably converge to the
optimal solutions. It also demonstrates the importance of
dynamic pricing for achieving the benefit of brown energy
reduction.

Overall the paper is well written with general problem
formulations and rigorous proof. The third distributed al-

Page 2 of 18
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Figure 1: Routing stability in our simulations.

gorithm has significant practicality for its sound convergence
speed, in contrast to prior work that mostly applies Gauss-
Seidel iterative algorithms.

One minor comment: in large-scale data centers, routing
stability is an important concern. Have you compared shifts
in routing table entries during the convergence for three al-
gorithms respectively?

Response. The actual shifts in routing table entries for dif-
ferent algorithms depend delicately on parameter settings.

Intuitively, our second and third algorithms consider the
interactions between different proxies, and therefore could
reduce the routing oscillation. In particular, Algorithm 2
moves more conservatively, therefore probably has lowest
oscillation.

In our simulations, routing is quite stable. Figure 1 in this
response shows the traffic going from one proxy to all data
centers for all our three algorithms over time.

We do not change the routing inside a data center.

1.4 Reviewer 4

Reviewer comment. With respect of the network, the mod-
elling part consider only the delay among data centers. De-
lay is an input data taken from a present configuration. In
this way, the delays that the new routing can produce is not
taken into account. Furthermore no consideration about the
energy consumption of the network is present.

Response. In this paper, we assume the data center’s job
requests are only a small fraction of the network traffic.
Therefore the update in routing does not change network de-
lay significantly. Also, our algorithms work at a timescale of
minutes. At this timescale, it is reasonable to approximate
the end-to-end delay by the average delay. Our algorithms
react to the average delay at this timescale, not to the delay
variations at second or ms timescale such like TCP does.

The energy consumption of the network is a big problem
by itself and there are huge efforts on this topic. We did
not aim to solve the problem in this paper. However, if the
network power consumption is known then d;; can simply be
set to the delay plus the incremental energy cost of sending
one request over the path from i to j. More general network
power function can also be included if needed.

Our coauthor Steven Low also has recent work specifically

on network power consumption
Lingwen Gan et al. Energy-efficient congestion control.
Sigmetrics 2012.

Reviewer comment. The data center model is very simple,
just considering the number of machine on (with continuos
variables), with no consideration of switching on and off
costs and consumptions.

Response. We definitely agree that we have made simpli-
fying assumptions, however, we feel that this model and its
associated results are a useful step towards results about a
more detailed model. In this paper, we assume that servers
are either active or in a low power state, and the switching
cost is small as argued by the following paper.

David Meisner, et al. PowerNap: eliminating server idle
power. ACM Sigplan Notices. Vol. 44(3). 2009.

We also see great efforts are undergone to improve the
power proportionality of commercial servers, in that case
our model applied naturally.

Switching costs are a more different issue to discuss. Note
also our recent paper focused on the impacts of switching
costs and showed with careful algorithm design, the impacts
can be minimal.

Minghong Lin, et al. Online algorithms for geographical
load balancing. IGCC 2012.

Reviewer comment. From the methodological point of view,
the authors add a further algorithm for the resolution of the
problem with respect of the conference paper. In my opin-
ion there is no need of such an algorithm, or at least is not
justified by the authors. First of all, the authors themselves
claims that ”Algorithm 1 [not distributed], converges, fast
enough to provide near-optimal costs.”.

Response. We agree with the reviewer that nowadays there
is enough computing power in the cloud to solve many large
problems centrally, e.g., Yahoo conducts on the order of a
billion real-time options a day (though that’s not exactly
solved in a centralized manner). We emphasize, however,
that distributed algorithms provide other (more) important
advantages than potential speedup, and for some applica-
tions, these advantages are indispensable. For example:

1. In a large-scale system such as the one studied in the



P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

IEEE/ACM Transactions on Networking

paper, we can use local update instead of global up-
date, and therefore react only when necessary. This
is more efficient to deal with diversity in large asyn-
chronous systems. In contrast, a naive centralized al-
gorithm will need to execute periodically and to effi-
ciently match the execution to the asynchronous changes
over a large network, an appropriate update frequency
needs to be chosen for the global problem (which is
hard). Also the global problem needs to be broken
down into subproblems so that only those subproblems
whose states have changed needs to be solved, which
probably will lead to something like the distributed
algorithms developed in this paper.

2. Most importantly for deployment, since distributed al-
gorithms do not require centralizing information, they
can be deployed where different parties (data centers,
proxy routers) belong to different administration do-
mains (or even different third-part companies) and shar-
ing of data among them is difficult. It also does not
require customers to share their private information.
In this situation, a centralized algorithm cannot be
deployed.

3. Communication overhead: In our distributed algorithms,
there is no need to transfer most information, e.g., net-
work delay can be measured locally by each proxy. De-
tailed routing decisions for each proxy and each data
center is not needed, but only the aggregated incom-
ing load is measured by data center to decide the right
number of active servers. This minimizes the commu-
nication overhead in the distributed system.

4. Our distributed solution is more robust to single-node
failure compared with centralized solution. Even though
we can use duplicated nodes for the centralized infor-
mation collection and computation to improve, this
can definitely bring more overhead for communication
and synchronization.

We proposed three algorithms with different degrees of
distributed computation. In Algorithm 1, proxies can only
update one by one, which makes its convergence rate the
slowest among all three algorithms. We therefore proposed
Algorithm 2 in which proxies can update simultaneously,
which improves the convergence rate, and increases respon-
siveness of all proxies. Due to the computational overhead
of projection computation in Algorithm 2, we design Al-
gorithm 3 with even better convergence while avoiding the
need for projection in each iteration. Algorithm 3 is espe-
cially interesting for its low computational overhead and fast
responsiveness.

From theoretical perspective, our algorithms provide guar-
anteed convergence even though the objective function does
not satisfy smoothness condition, i.e., Lipschitz condition,
which is required by traditional distributed algorithms. This
can also be useful for the analysis of other distributed algo-
rithms.

Reviewer comment. Second, models with linear constraints
and a non linear objective function are nowadays solved by
state of the art (commercial and free) solvers. For this rea-
son, before developing a new algorithm is advisable to assess
that these solvers are not able to solve the problem with
enough accuracy or efficiency.

Response. As we just described, our focus is the design
of distributed algorithms. Such algorithms are necessarily
slower than centralized solutions. Thus the relevant compar-
isons are with other distributed algorithms and this is also
our motivation for including all three algorithms, since this
allows us to compare the convergence rates. Given the space
constraints, we have chosen not to include the comparison
with start-of-the-art centralized solvers.
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Greening Geographical Load Balancing

Zhenhua Liu, Minghong Lin, Adam Wierman, Steven Low, Fellow, IEEE and
Lachlan L. H. Andrew, Senior Member, IEEE

Abstract—Energy expenditure has become a significant fraction
of data center operating costs. Recently, “geographical load
balancing” has been proposed to reduce energy cost by exploiting
the electricity price differences across regions. However, this
reduction of cost can paradoxically increase total energy use.

We explore whether the geographical diversity of Internet-
scale systems can also provide environmental gains. Specifically,
we explore whether geographical load balancing can encourage
use of “green” renewable energy and reduce use of ‘“brown”
fossil fuel energy. We make two contributions. First, we derive
three distributed algorithms for achieving optimal geographical
load balancing. Second, we show that if the price of electricity is
proportional to the instantaneous fraction of the total energy that
is brown, then geographical load balancing significantly reduces
brown energy use. However, the benefits depend strongly on
dynamic energy pricing and the form of pricing used.

Index Terms—data centers, geographical load balancing, re-
newable energy, distributed algorithms, demand response.

I. INTRODUCTION

Increasingly, web services are provided by massive, geo-
graphically diverse “Internet-scale” distributed systems, some
having several data centers each with hundreds of thousands
of servers. Such data centers require many megawatts of
electricity and so companies like Google and Microsoft pay
tens of millions of dollars annually for electricity [1].

The enormous, and growing, energy demands of data centers
have motivated research both in academia and industry on
reducing energy usage, for both economic and environmental
reasons. Engineering advances in cooling, virtualization, DC
power, etc. have led to significant improvements in the Power
Usage Effectiveness (PUE) of data centers; see [2]-[5]. Such
work focuses on reducing the energy use of data centers and
their components.

A different stream of research has focused on exploiting
the geographical diversity of Internet-scale systems to reduce
the energy cost. Specifically, a system with clusters at tens or
hundreds of locations around the world can dynamically route
requests/jobs to clusters based on proximity to the user, load,
and local electricity price. Thus, dynamic geographical load
balancing can balance the revenue lost due to increased delay
against the electricity costs at each location.

The potential of geographical load balancing to provide
significant cost savings for data centers is well known; see [1],
[6]-[10] and the references therein. The goal of the current
paper is different. Our goal is to explore the social impact
of geographical load balancing systems. In particular, because
GLB reduces the average price of electricity, it reduces the
incentive to make other energy-saving tradeoffs.

In contrast to this negative consequence, geographical load
balancing provides a huge opportunity for environmental ben-
efit as the penetration of green, renewable energy sources

This is an extension of our conference paper in SIGMETRICS 2011.
Zhenhua Liu, Minghong Lin, Adam Wierman, and Steven Low are
with the Department of Computing and Mathematical Sciences, Cal-
ifornia Institute of Technology, Pasadena, CA, 94706 USA e-mail:
{zhenhua,mhlin,adamw,slow } @caltech.edu, Lachlan L.H. Andrew is with
Swinburne University of Technology, Australia, e-mail: landrew @ swin.edu.au.

increases. Specifically, an enormous challenge facing the elec-
tric grid is that of incorporating intermittent, non-dispatchable
renewable sources such as wind and solar. Because generation
supplied to the grid must be balanced by demand (i) in-
stantaneously and (ii) locally (due to transmission losses and
the prohibitive cost of high-capacity long-distance electricity
transmission lines), renewable sources pose a significant chal-
lenge. A key technique for handling the non-dispatchability of
renewable sources is demand response, which entails the grid
adjusting the demand by changing the electricity price [11].
However, demand response entails a local customer curtailing
use. In contrast, the demand of Internet-scale systems is
flexible geographically; thus requests can be routed to different
regions to “follow the renewables” to do the work in the right
place, providing demand response without service interruption.
Since data centers represent a significant and rapidly growing
fraction of total electricity consumption, and the IT infrastruc-
ture with necessary knobs is already in place, geographical load
balancing can provide an inexpensive approach for enabling
large scale, global demand response.

The key to realizing the environmental benefits above is for
data centers to move from the typical fixed price contracts
that are now widely used toward some degree of dynamic
pricing, with lower prices when renewable energy generation
exceeds expectation. The current demand response markets
provide a natural way for this transition to occur, and there
is already evidence of some data centers participating in such
markets [12].

The contribution of this paper is twofold. (1) We develop
distributed algorithms for geographical load balancing with
provable optimality guarantees. (2) We use the proposed al-
gorithms to explore the feasibility and consequences of using
geographical load balancing for demand response in the grid.

Contribution (1): To derive distributed geographical load
balancing algorithms we use a simple but general model,
described in detail in Section II. In it, each data center
minimizes its cost, which is a linear combination of an energy
cost and the lost revenue due to the delay of requests (which
includes both network propagation delay and load-dependent
queueing delay within a data center). The geographical load
balancing algorithm must then dynamically decide both how
requests should be routed to data centers and how to allocate
capacity in each data center (e.g., speed scaling and how many
servers are kept in active/energy-saving states).

In Section III, we characterize the optimal geographical load
balancing solutions and show that they have practically appeal-
ing properties, such as sparse routing tables. In Section IV, we
use the previous characterization to design three distributed
algorithms which provably compute the optimal routing and
provisioning decisions and require different degrees of coordi-
nation. The key challenge here is how to design distributed
algorithms with guaranteed convergence without Lipschitz
continuity. Finally, we evaluate the distributed algorithms using
numeric simulation of a realistic, distributed, Internet-scale
system (Section V). The results show that a cost saving of
over 40% during light-traffic periods is possible.
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Contribution (2): In Section VI we evaluate the feasibility
and benefits of using geographical load balancing to facilitate
the integration of renewable sources into the grid. We do
this using a trace-driven numeric simulation of a realistic,
distributed Internet-scale system in combination with real wind
and solar energy generation traces over time.

When the data center incentive is aligned with the social
objective for reducing brown energy by dynamically pricing
electricity proportionally to the fraction of the total energy
coming from brown sources, we show that “follow the re-
newables” routing ensues (see Figure 5), providing significant
social benefit. We determine the wasted brown energy when
prices are static, or are dynamic but do not align data center
and social objectives enough, also later shown by [13].

II. MODEL AND NOTATION

We now introduce the workload and data center models,
followed by the geographical load balancing problem.

A. The workload model

We consider a discrete-time model with time step duration
normalized to 1, such that routing and capacity provisioning
decisions can be updated within a time slot. There is a (possibly
long) interval of interest ¢ € {1,...,7}. There are |J|
geographically concentrated sources of requests, i.e., “cities”,
and work consists of jobs that arrive at a mean arrival rate of
L;(t) from source j at time ¢ is. Jobs are assumed to be small,
so that provisioning can be based on the L;(¢). In practice,
T could be a month and a timeslot length could be 1 hour.
Our analytic results make no assumptions on L;(t); however
numerical sections V and VI use measured traces to define
L;(t).

B. The data center cost model

We model an Internet-scale system as a collection of |N|
geographically diverse data centers, where data center ¢ is
modeled as a collection of M; homogeneous servers. The
model focuses on two key control decisions of geographical
load balancing at each time ¢: (i) determining A;;(t), the
amount of requests routed from source j to data center ¢;
and (ii) determining m;(t) € {0,...,M;}, the number of
active servers at data center ¢. Since Internet data centers
typicall contain thousands of active servers, we neglect the
integrality constraint on m;. The system seeks to choose \;; (¢)
and m;(t) in order to minimize cost during [1,7"]. Depending
on the system design these decisions may be centralized or
decentralized. Section IV focuses on the algorithms for this.

Our model for data center costs focuses on the server costs
of the data center.! We model costs by combining the energy
cost and the delay cost (in terms of lost revenue). Note that,
to simplify the model, we do not include the switching costs
associated with cycling servers in and out of power-saving
modes; however the approach of [14], [15] provides a natural
way to incorporate such costs if desired.

Energy cost. To capture the geographical diversity and vari-
ation over time of energy costs, we let g;(t,m;, \;) denote the
energy cost for data center ¢ during timeslot ¢ given m; active
servers and arrival rate \; including cooling power [16]-[18]. .
For every fixed ¢, we assume that g;(¢, m;, \;) is continuously
differentiable in both m; and J\;, strictly increasing in my,

'"Minimizing server energy consumption also reduces cooling and power
distribution costs.

2

non-decreasing in \;, and jointly convex in m,; and \;. This
formulation is quite general. It can capture a wide range of
models for power consumption, e.g., energy costs as an affine
function of the load, see [19], or as a polynomial function of
the speed, see [20], [21]%.

Defining \i(t) = >_,c; Aij(t), V¢, the total energy cost of
data center ¢ during timeslot ¢, denoted by &;(t), is simply

Ei(t) = gi(t,m;(t), Ai(1)). (1)

Delay cost. The delay cost captures the lost revenue incurred
from the delay experienced by the requests. To model this, we
define r(d) as the lost revenue associated with average delay
d. We assume that r(d) is strictly increasing and convex in d.

We consider the two components of delay: the network delay
while the request is outside the data center and the queueing
delay within the data center.

Let d;;(t) denote the average network delay of requests from
source j to data center ¢ in timeslot ¢. Let f;(m;, \;) rate of
Ai. We assume that f; is strictly decreasing in m;, strictly
increasing in \;, and strictly convex in both m,; and \;. Further,
for stability, we must have that \; = 0 or \; < m;u;, where p;
is the service rate of a server at data center 7. Thus, we define
fi(mi, \;) = oo for A\; > m;u;. For other m;, we assume f; is
finite, continuous and differentiable. Note that these assump-
tions are satisfied by most standard queueing formula, e.g.,
the average delay under M/GI/1 Processor Sharing (PS) queue
and the 95th percentile of delay under the M/M/1. Further, the
convexity of f; in m; models the law of diminishing returns
for parallelism.

Combining the above gives the following model for the total
delay cost D;(t) at data center ¢ during timeslot ¢:

Di(t) = ZJEJ Aij (f)T(fi(mi(t)a Ai(t)) + dij (t))- 2

C. The geographical load balancing problem

Given the cost models above, the goal of geographical load
balancing is to choose the routing policy A;;(¢) and the number
of active servers in each data center m;(t) at each time ¢ in
order minimize the total cost during [1, T"]. Because this model
neglects the cost of turning servers on and off, the optimization
decouples into independent sub-problems for each timeslot ¢.
For the analysis we consider only a single interval.® Thus the
minimization of the aggregate of &;(t) + D; (i) is achieved by
solving, at each timeslot,

iEN ieEN jeJ
s.t. ZieN Nij = Lj, VielJ (3b)
)\ij >0, ViEN,VjEJ 3¢c)

where m = (m;);eny and A = (N\ij)ien,jes. We refer to this
formulation as GLB. Note that GLB is jointly convex in A;;
and m,; and can be efficiently solved centrally [23]. However, a
distributed solution algorithm is usually required by large-scale
systems, such as those derived in Section IV.

In contrast to prior work on geographical load balancing,
this paper jointly optimizes total energy cost and end-to-end

2We focus on the issue of peak pricing in our recent work [22]. It requires
slightly different approaches, but they can be merged.

3Time-dependence of L; and prices is re-introduced for, and central to, the
numeric results in Sections V and VI.
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user delay, with consideration of both price and network delay
diversity. To our knowledge, this is the first work to do so.

GLB provides a general framework for studying geograph-
ical load balancing. However, the model still ignores many
aspects of data center design, e.g., reliability and availability,
which are central to data center service level agreements. Such
issues are beyond the scope of this paper; however our designs
merge nicely with proposals such as [24] for these goals.

The GLB model is too broad for some of our analytic results
and thus we often use two restricted versions.

Linear lost revenue. There is evidence that lost revenue is
linear within the range of interest for sites such as Google,
Bing, and Shopzilla [25], [26]. To model this, we can let
r(d) = fd, for constant 5. GLB then simplifies to

min Z gi(ms, Ni)+ B Z i fi(mi, Ai) +Z Z dijNij
€N €N €N jeJ
“)
subject to (3b)—(3d). We call this optimization GLB-LIN.

Queueing-based delay. We occasionally specify the form
of f and g using queueing models. This provides increased
intuitions about the distributed algorithms presented.

If the workload is perfectly parallelizable, and arrivals are
Poisson, then f;(m;, A;) is the average delay of m; parallel
queues, with arrival rate \;/m,. Moreover, if each queue is
an M/GI/1 PS queue, f;(m;, \;) = 1/(p;i — Ai/m;). We also
assume g;(m;, \;) = pim;, which implies that the increase in
energy cost per timeslot for being in an active state, rather than
a low-power state, is m; regardless of \;. Note that cooling
efficiency of data center ¢ can be integrated in p;, which allows
incorporation of cooling power consumption.

Under these restrictions, the GLB formulation becomes:

min dopimi+BY D N (m " dij) oo

)

iEN jeJieN
subject to (3b)—(3d) and the additional constraint
Ni <mgu; Vi€ N. (5b)

We refer to this optimization as GLB-Q.

Additional Notation. Throughout the paper we use |S| to
denote the cardinality of a set S and bold symbols to denote
vectors or tuples. In particular, A\; = (X;;);en denotes the
tuple of \;; from source j, and A_; = (Nix)ien,kes\{5}
denotes the tuples of the remaining \;;, which forms a matrix.

We also need the following in discussing the algorithms.
Define F;(mi,\;) = gi(mi, Ni) + BAi fi(m4, A;), and define
F‘(I‘l’l7 A) = ZiEN E(mz, )\1) + E”A”d” Further, let T?LZ()\l)
be the unconstrained optimal m; at data center 7 given fixed
i, i.e., the unique solution to OF;(m;, \;)/0m; = 0.

D. Practical considerations

Our model assumes there exist mechanisms for dynamically
(i) provisioning capacity of data centers, and (ii) adapting
the routing of requests from sources to data centers. With
respect to (i), many dynamic server provisioning techniques are
being explored by both academics and industry, e.g., [27]-[30].
With respect to (ii), there are also a variety of protocol-level
mechanisms employed for data center selection today. They
include, (a) dynamically generated DNS responses, (b) HTTP
redirection, and (c) using persistent HTTP proxies to tunnel
requests. Each of these has been evaluated thoroughly, e.g.,
[10], [31]-[33], and though DNS has drawbacks it remains
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the preferred mechanism for many industry leaders such as
Akamai, possibly due to the added latency due to HTTP
redirection and tunneling [34]. Within the GLB model, we
have implicitly assumed that there exists a proxy/DNS server
co-located with each source. The practicality is also shown by
[35]. Our model also assumes that the network delays, d;; can
be estimated, which has been studied extensively, including
work on reducing the overhead of such measurements, e.g.,
[36], and mapping and synthetic coordinate approaches, e.g.,
[37], [38]. We discuss the sensitivity of our algorithms to error
in these estimates in Section V.

III. CHARACTERIZING THE OPTIMA

We now provide characterizations of the optimal solutions
to GLB, which are important for proving convergence of the
distributed algorithms in Section IV. They are also necessary
because, a priori, one might worry that the optimal solution
requires a very complex routing structure, which would be
impractical; or that the set of optimal solutions is very frag-
mented, which would slow convergence in practice. The results
here show that such worries are unwarranted.

Uniqueness of optimal solution

To begin, note that GLB has at least one optimal solution.
This can be seen by applying Weierstrass’ theorem [39],
since the objective function is continuous and the feasible
set is compact subset of R". Although the optimal solution
is generally not unique, there are natural aggregate quantities
unique over the set of optimal solutions, which is a convex set.
These are the focus of this section.

A first result is that for the GLB-LIN formulation, under
weak conditions on f; and g;, we have that )\; is common
across all optimal solutions. Thus, the input to the data center
provisioning optimization is unique.

Theorem 1. Consider the GLB-LIN formulation. Suppose that
for all i, F;(m;, \;) is jointly convex in \; and m,;, and
continuously differentiable in \;. Further, suppose that 1;(\;)
is strictly convex. Then, for each i, \; is common for all optimal
solutions.

The proof is in the Appendix. Note that theorem 1 implies
that the server arrival rates at each data center, i.e., \; /m;, are
common among all optimal solutions.

Though the conditions on F; and m; are weak, they do not
hold for GLB-Q. In that case, 7;()\;) is linear, and thus not
strictly convex. Although the \; are not common across all
optimal solutions in this setting, the server arrival rates remain
common across all optimal solutions.

Theorem 2. For each data center i, the server arrival rates,
Ai/m;, are common across all optimal solutions to GLB-Q.

Sparsity of routing

It would be impractical if the optimal solutions to GLB
required that requests from each source were divided up among
(nearly) all of the data centers. In general, each A;; could be
non-zero, yielding |N| x |J| flows of requests from sources
to data centers, which would lead to significant scaling issues.
Luckily, there is guaranteed to exist an optimal solution with
extremely sparse routing. Specifically, we have

Theorem 3. There exists an optimal solution to GLB with at
most (|N|+ |J| — 1) of the \;j strictly positive.
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Though Theorem 3 does not guarantee that every optimal
solution is sparse, the proof is constructive. Thus, it provides an
approach which allows one to transform any optimal solution
into a sparse optimal one.

The following result further highlights the sparsity of the
routing: any source will route to at most one data center that
is not fully active, i.e., where there exists at least one server
in power-saving mode.

Theorem 4. Consider GLB-Q where power costs p; are drawn
from an arbitrary continuous distribution. If any source j € J
has its requests split between multiple data centers N' C N
in an optimal solution, then, with probability 1, at most one
data center 1 € N' has m; < M;.

IV. ALGORITHMS

We now present three distributed algorithms and prove
their convergence. For simplicity we focus on GLB-Q; the
approaches are applicable more generally, but become much
more complex for richer models.

Since GLB-Q is convex, it can be efficiently solved centrally
if all necessary information can be collected at a single point,
as may be possible if all the proxies and data centers were
owned by the same system with real-time synchronization.
However there is a strong case for Internet-scale systems
to outsource route selection [10]. To meet this need, the
algorithms presented below are decentralized and allow each
data center and proxy to optimize based on partial information.

These algorithms seek to fill a notable gap in the grow-
ing literature on algorithms for geographical load balancing.
Specifically, they have provable optimality guarantees for a
performance objective that includes both energy and delay,
where route decisions are made using energy price and network
propagation delay information. The most closely related work
[8] investigates the total electricity cost for data centers in a
multi-electricity-market environment. It contains the queueing
delay inside the data center (assumed to be a centralized
M /M /1 queue) but neglects the end-to-end user delay. Con-
versely, [10] uses a simple, efficient algorithm to coordinate
the “replica-selection” decisions for load balancing. Other
related works, e.g., [1], [7], [8], either do not provide provable
guarantees or ignore diverse network delays and/or prices.

Algorithm 1: Gauss-Seidel iteration

Algorithm 1 is motivated by the observation that GLB-
Q is separable in m;, and, less obviously, also separable in
Aj := (Xij,% € N). This allows all data centers as a group
and each proxy j to iteratively solve for optimal m and A;
in a distributed manner, and communicate their intermediate
results. Though distributed, Algorithm 1 requires each proxy

to solve an optimization problem. )
To highlight the separation between data centers and proxies,
we reformulate GLB-Q as:

. . B
A?lelf\lj mriléljl\l/li . (pimi + m + 8 Z Z Aijdij
iEN ieEN jeJ

(6)

M= [0, M), Ay o= {A5|A; >0, Xy = Ly, A < miapus}

iEN

@)
Since the objective and constraints M, and A; are separable,
this can be solved separately by data centers ¢ and proxies j.

The iterations of the algorithm are indexed by 7, and are
assumed to be fast relative to the timeslots ¢. Each iteration

4

7 is divided into |J| + 1 phases. In phase 0, all data centers
i concurrently calculate m;(7 + 1) based on their own arrival
rates A;(7), by minimizing (6) over their own variables m;:

BAi(7)
pi — Xi(T)/m
In phase j of iteration 7, proxy j minimizes (6) over its own
variable by setting A;(7+ 1) as the best response to m(7+1)
and the most recent values of A_; := (A, k # j). This works

because proxy j depends on A_; only through their aggregate
arrival rates at the data centers:

Ai(T,7) = Z/\iz(7'+ 1) +Z/\il(7'), Vied (9

1<j 1>

m;EM;

min (pimi + ) , VieN. (8)

To compute \; (7, ), proxy j need not obtain individual A; (1)
or \;; (7 + 1) from other proxies [. Instead, every data center i
measures its local arrival rate \;(7,j) + A;;(7) in every phase
7 of the iteration 7 and sends this to proxy j at the beginning
of phase j. Then proxy j obtains \;(7,j) by subtracting its
own \;;(7) from the value received from data center 7. This
has less overhead than direct messaging.

In summary, Algorithm 1 works as follows (note that the
minimization (8) has a closed form). Here, [z]* := min{z, a}.

Algorithm 1. Starting from a feasible initial allocation A(0)
and the associated m(X(0)), let

M;
<1+ ! ) : Ai(ﬂ] . VieN, (10)
pi/B Wi

. AT, 5) + Nij
Njeh; = i — (ANi(T, ) + Aig) /ma(T + 1)

+ ZieN )\ijdij- (11)

Since GLB-Q generally has multiple optimal )\;, Algorithm
1 is not guaranteed to converge to one particular optimal
solution, i.e., for each proxy j, the allocation \;; (1) of job
J to data centers ¢ may oscillate among multiple optimal
allocations. However, both the optimal cost and the optimal
per-server arrival rates to data centers will converge.

mi(T+ 1) :=

Theorem 5. Let (m(7), (7)) be a sequence generated by
Algorithm 1 when applied to GLB-Q. Then
(i) Every limit point of (m(7), X(7)) is optimal.
(ii) F(m(7), A(T)) converges to the optimal value.
(iii) The per-server arrival rates (X\;(1)/m;(7),i € N) to
data centers converge to their unique optimal values.

The proof of Theorem 5 follows from the fact that Algo-
rithm 1 is a modified Gauss-Seidel iteration. This is also the
reason for the requirement that the proxies update sequentially.
The details of the proof are in Appendix C.

Algorithm 1 assumes that there is a common clock to
synchronize all actions. In practice, updates will likely be asyn-
chronous, with data centers and proxies updating with different
frequencies using possibly outdated information. The algorithm
generalizes easily to this setting, though the convergence proof
is more difficult. The convergence rate of Algorithm 1 in a
realistic scenario is illustrated numerically in Section V.

Algorithm 2: Distributed gradient projection

Algorithm 2 reduces the computational load on the proxies.
In each iteration, instead of each proxy solving a constrained
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minimization (11) as in Algorithm 1, Algorithm 2 takes a single
step in a descent direction. Also, while the proxies compute
their A;(7 +1) sequentially in |.J| phases in Algorithm 1, they
perform their updates all at once in Algorithm 2.

To achieve this, rewrite GLB-Q as

| Fi(A 12
nin J; 5 () (12)

where F'(A) is the result of minimization of (6) over m; € M,
given \;. As explained in the definition of Algorithm 1, this
minimization is easy: if we denote the solution to (10) by

1 Ai
14— 2
< pi/ﬁ) i

._ _— BAi ey
FA) =) (pz () + o )\i/mi()\i)> +6%:Azl,dzl,.

i€EN

M;

We now sketch the two key ideas behind Algorithm 2.
The first is the standard gradient projection idea: move in the
steepest descent direction

O (OF(N)  0F()
“VEN = _< or; 8/\N|j>

and then project the new point into the feasible set Hj A;
with A; given by (7). The standard gradient projection algo-
rithm will converge if VF'(X) is Lipschitz over []; A;. This
condition, however, does not hold for our F' because of the
term B\;/(pi — Ai/m;). The second idea is to construct a
compact and convex subset A of the feasible set ] ;A with
the following properties: (i) if the algorithm starts in A, it
stays in A; (ii) A contains all optimal allocations; (iii) VF'(X)
is Lipschitz over A. The algorithm then projects into A in each
iteration instead of [] j A;. This guarantees convergence.
Specifically, fix a feasible initial allocation A(0) € [] A
and let ¢ := F(A(0)) be the initial objective value. Define

A= A) = A N {A N < OMip
J

S ST w}. (14)

Even though the A defined in (14) indeed has the desired
properties (see Appendix D), the projection into A requires
coordination of all proxies and is thus impractical. In order for

each proxy j to perform its update in a decentralized manner,
we define proxy j’s own constraint subset:

Aj(T) = Ajﬁ{Aj ijSFﬂHM’VZ }

where A\;(7,—j) = >, ,; Au(7) is the arrival rate to data

)\'L'(Tv _.]) + A

center ¢, excluding arrivals from proxy j. Even though A;(7)
involves \; (7, —j) for all 4, proxy j can easily calculate these
quantities from data center i’s measured arrival rates \;(7),
as done in Algorithm 1 in (9) and the discussion thereafter,
and does not need to communicate with other proxies. Hence,
given \; (1,—j) from data centers i, each proxy can project
into A;(7) to compute the next iterate A;(7 + 1) without the
need to coordinate with other proxies.* Moreover, if A(0) € A
then A(7) € A for all iterations 7.

4The projection to the nearest point in Aj (7) is defined by P‘][\-(r) = 9j (7’) =min<{ x :
J

argminyE;\j(T) ly = Xlly-
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Algorithm 2. Starting from a feasible initial allocation A(0)
and the associated m(X(0)), each proxy j computes, in each
iteration T:

zj (T +1) :=[X;(7)

J -1
)\j(T"‘l) 2:| ||J|

where v; > 0 is a stepsize.

=% (VE AR,y Vi€d, (15)
L
]

Ai(T)+ —=zj(t+1), Vje (16)

All data centers ¢ must compute m;(\;(7)) according to
(13) in each iteration 7. Each data center ¢ measures the local
arrival rate \;(7), calculates m;(\;(7)), and broadcasts these
values to all proxies at the beginning of iteration 7+ 1 for the
proxies to compute their A; (7 + 1).

Algorithm 2 has the same convergence property as Algo-
rithm 1, provided the stepsize is small enough.

Theorem 6. Let (m(7), (7)) be a sequence generated by
Algorithm 2 when applied to GLB-Q. If; for all j, 0 < ~; <
mingey B2uZ M2/ (|J|(¢ + BM;)?), then
(i) Every limit point of (m(7), X(7)) is optimal.
(ii) F(m(7),X(7)) converges to the optimal value.
(iii) The per-server arrival rates (\;(7)/m;(7),i € N) to
data centers converge to their unique optimal values.

Theorem 6 is proved in Appendix D. The key novelty of the
proof is (i) handling the fact that the objective is not Lipshitz
and (ii) allowing distributed computation of the projection. The
bound on «; in Theorem 6 is more conservative than necessary
for large systems. Hence, a larger stepsize can be choosen to
accelerate convergence. The convergence rate is illustrated in
a realistic setting in Section V.

Algorithm 3: Distributed Gradient Descent

Like Algorithm 2, Algorithm 3 is a gradient-based algo-
rithm. The key distinction is that Algorithm 3 avoids the need
for projection in each iteration, based on two ideas. First, in-
stead of moving in the steepest descent direction, each proxy j
re-distributes its jobs among the datacenters so that ) . A (7)
always equals to L; in each iteration 7. Second, instead of a
constant stepsize, Algorithm 3 carefully adjusts a time-varying
stepsize in each iteration to ensure that the new allocation is
feasible without the need for projection. The design of the
stepsize must be such that each proxy j can set its own v;(7)
in iteration 7 using only local information. Moreover, 7, (7)
must ensure: (i) collectively A(7 + 1) must stay in the set
A’ over which VF is Lipschitz; (ii)) A(7 + 1) > 0; and (iii)
F(A(7)) decreases sufficiently in each iteration. Define

¢+ BM;/2
¢+ BM;
Specifically, let V;; denote 0/0\;j, choose a small e €

(0, min; (pil/ﬁMl/M)), and let
(1+/pi/B)1J|

Qj(T, ,T) = {Zl/\lJ(T) > € or V”F()\(T)) <z, i€ N}

A= N(¢) =1LA; N {)\|)\i < MiﬂiaVi}

be the set of data centers that either are allocated significant
amount of data, i.e., larger than ¢, from j in round 7 or will
receive an increased allocation from j in round 7 + 1, i.e.,
those with a gradient less than x. Then let

S VL FAM) =2l(ra) y A7)

1€Q;(T,x)
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and Q;(7) := Q,;(7,0;(7)). Note that i ¢ Q;(7) implies
)\ij(T) = )\ij(T—F 1) <e.

Let T'¥(7) == {i|\i;(7) > € and Vi F(A(T)) > 60;(7)} be
the set of data centers which will receive reduced load from j,
and T7(r) := {i|Vi;F(A(7)) < 6,(7)} be the set which will
receive increased load. Then, let

. Aij (1)
+ iJ
i (T) = min { }
7 iert(r) L Vig F(A(7)) = 6;(7)

be the maximum step size for which no data center will be
reduced to an allocation below 0 and

{ i M;p; —

P+BM;

Ai(T)
0;(1) = Vi F(A(1))

be a lower bound on the maximum step size for which no data
center will have its load increased beyond that permitted by
A’ (7). Algorithm 3 proceeds as follows.

min

T = —
K 7) | /] i€l ()

Algorithm 3. Let K' = max; ISP Select g € (0,2)
Starting from a feasible initial allocation X(0), each proxy j

computes, in each iteration T:

7 (r) = min {7} (1) 7] () 0/ h, 1)

)\ij(T—f— 1) =

{)\z‘j(T) —%(7) (Vi F(A(7)) = 0;(7)) if i € (1) (19

Aij (1) <€ otherwise

As in the case of Algorithm 2, implicit in the description
is the requirement that all data centers i compute m;(\;(7))
according to (13) in each iteration 7. The procedure for this is
the same as discussed for Algorithm 2.

GLB-
value
where

Theorem 7. When using Algorithm 3 in the
Q  formulation, F(X(T)) converges to a
no greater than optimal value plus Be,

B=plJ3, ((1 + \/Pi—/ﬁ)Q/m + 2 max; dz‘j)

Also, as with Algorithm 2, the key novelty of the proof of
Theorem 7 is the fact that we can prove convergence even
though the objective function is not Lipschitz. The proof of
Theorem 7 is provided in Appendix E. Finally, note that the
convergence rate of Algorithm 3 is even faster than that of
Algorithm 2 in realistic settings, as we illustrate in Section V.
We can consider € as the tolerant of error when the optimal
allocation \;; = 0. In practice, we can set € to a small value,
then Algorithm 3 will almost converge to the optimal value.

V. CASE STUDY

The remainder of the paper evaluates the algorithms pre-
sented in the previous section under a realistic workload.
This section considers the data center perspective (i.e., cost
minimization) and Section VI considers the social perspective
(i.e., brown energy usage).

A. Experimental setup

We aim to use realistic parameters in the experimental setup
and provide conservative estimates of the cost savings resulting
from optimal geographical load balancing. The setup models an
Internet-scale system such as Google within the United States.
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Fig. 1. Hotmail trace used in numerical results.
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Fig. 2. Convergence of all three algorithms.

1) Workload description: To build our workload, we start
with a trace of traffic from Hotmail, a large Internet service
running on tens of thousands of servers. The trace represents
the I/O activity from 8 servers over a 48-hour period, starting
at midnight (PDT) on August 4, 2008, averaged over 10 minute
intervals. The trace has strong diurnal behavior and has a
fairly small peak-to-mean ratio of 1.64. Results for this small
peak-to-mean ratio provide a lower bound on the cost savings
under workloads with larger peak-to-mean ratios. As illustrated
in Figure 1(a), the Hotmail trace contains significant nightly
activity due to maintenance processes; however the data center
is provisioned for the peak foreground traffic. This creates a
dilemma about whether to include the maintenance activity
or not. We have performed experiments with both, but report
only the results with the spike removed (as illustrated in Figure
1(b)) because this leads to a more conservative estimate of the
cost savings. Building on this trace, we construct our workload
by placing a source at the geographical center of each US
state, co-located with a proxy or DNS server (as described in
Section II-D). The trace is shifted according to the time-zone
of each state, and scaled by the size of the population in the
state that has an Internet connection [40].

2) Data center description: To model an Internet-scale sys-
tem, we have 14 data centers, one at the geographic center of
each state known to have Google data centers [41]: California,
Washington, Oregon, Illinois, Georgia, Virginia, Texas, Florida,
North Carolina, and South Carolina.

We merge the data centers in each state and set M; propor-
tional to the number of data centers in that state, while keeping
YienM;p; twice the total peak workload, max; ¥jc s L;(t).
The network delays, d;;, between sources and data centers are
taken to be proportional to the geographical distances between
them and comparable to the average queueing delays inside the
data centers. This lower bound on the network delay ignores
delay due to congestion or indirect routes.

3) Cost function parameters: To model the costs of the
system, we use the GLB-Q formulation. We set p; = 1 for all ¢,
so that the servers at each location are equivalent. We assume
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the energy consumption of an active server in one timeslot
is normalized to 1. We set constant electricity prices using
the industrial electricity price of each state in May 2010 [42].
Specifically, the price (cents per kWh) is 10.41 in California;
3.73 in Washington; 5.87 in Oregon, 7.48 in Illinois; 5.86 in
Georgia; 6.67 in Virginia; 6.44 in Texas; 8.60 in Florida; 6.03
in North Carolina; and 5.49 in South Carolina. In this section,
we set S = 1 according to the estimates in [26]; however
Figure 3 illustrates the impact of varying 3.

4) Algorithm benchmarks: To provide benchmarks for the
performance of the algorithms presented here, we consider
three baselines, which are approximations of common ap-
proaches used in Internet-scale systems. They also allow im-
plicit comparisons with prior work such as [8]. The approaches
use different amounts of information to perform the cost
minimization. Note that each approach must use queueing
delay (or capacity information); otherwise the routing may lead
to instability.

Baseline 1 uses network delays but ignores energy price
when minimizing its costs. This demonstrates the impact of
price-aware routing. It also shows the importance of dynamic
capacity provisioning, since without using energy cost in the
optimization, every data center will keep every server active.

Baseline 2 uses energy prices but ignores network delay.
This illustrates the impact of location-aware routing on the
data center costs. Further, it allows us to understand the perfor-
mance improvement of our algorithms compared to those such
as [8], [9] that neglect network delays in their formulations.

Baseline 3 uses neither network delay information nor en-
ergy price information when performing its cost minimization.
Thus, the traffic is routed so as to balance the delays within
the data centers. Though naive, designs such as this are still
used by systems today; see [43].

B. Performance evaluation

The evaluation of our algorithms and the cost savings due
to optimal geographic load balancing will be organized around
the following topics.

1) Convergence: We start by considering the convergence
of each of the distributed algorithms. Figure 2(a) illustrates
the convergence of each of the algorithms in a static setting
for t = 11am, where load and electricity prices are fixed and
each phase in Algorithm 1 is considered as an iteration. It
validates the convergence analysis for both algorithms. Note
here Algorithm 2 and Algorithm 3 use a step size v = 10;
this is much larger than that used in the convergence analysis,
which is quite conservative, and there is no sign of causing
lack of convergence.

To demonstrate the convergence in a dynamic setting, Fig-
ure 2(b) shows Algorithm 1’s response to the first day of the
Hotmail trace, with loads averaged over one-hour intervals for
brevity. One iteration is performed every 10 minutes. This
figure shows that even the slower algorithm, Algorithm I,
converges fast enough to provide near-optimal cost. Hence,
the remaining plots show only the optimal solution.

2) Energy versus delay tradeoff: The optimization objective
we have chosen to model the data center costs imposes a
particular tradeoff between the delay and the energy costs, 3.
It is important to understand the impact of this factor. Figure
3 illustrates how the delay and energy cost trade off under the
optimal solution as 3 changes. Thus, the plot shows the Pareto
frontier for the GLB-Q formulation. The figure highlights that
there is a smooth convex frontier with a mild ‘knee’.
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Fig. 3. Pareto frontier of the GLB-Q formulation as a function of 3 for three
different times (and thus arrival rates), PDT. Circles, x-marks, and triangles
correspond to B = 0.4, 1, and 2.5, respectively.

3) Cost savings: To evaluate the cost savings of geograph-
ical load balancing, Figure 4 compares the optimal costs to
those incurred under the three baseline strategies described in
the experimental setup. The overall cost, shown in Figures 4(a)
and 4(b), is significantly lower under the optimal solution than
all of the baselines (nearly 40% during times of light traffic).
Recall that Baseline 2 is the state of the art, studied in recent
papers such as [8], [9].

To understand where the benefits are coming from, let us
consider separately the two components of cost: delay and
energy. Figures 4(c) and 4(d) show that the optimal algorithm
performs well with respect to both delay and energy costs
individually. In particular, Baseline 1 provides a lower bound
on the achievable delay costs, and the optimal algorithm nearly
matches this lower bound. Similarly, Baseline 2 provides a
natural bar for comparing the achievable energy cost. At
periods of light traffic the optimal algorithm provides nearly the
same energy cost as this baseline, and (perhaps surprisingly)
during periods of heavy-traffic the optimal algorithm provides
significantly lower energy costs. The explanation for this
is that, when network delay is considered by the optimal
algorithm, if all the close data centers have all servers active, a
proxy might still route to them; however when network delay
is not considered, a proxy is more likely to route to a data
center that is not yet running at full capacity, thereby adding
to the energy cost.

4) Sensitivity analysis: We have studied the sensitivity of
the algorithms to errors in the inputs load L; and network
delay d;;. Estimation errors in L; only affect the routing.
In our model the data centers adapt their number of servers
based on the true load, which counteracts suboptimal routing.
In our context, network delay was 15% of the cost, and so
large relative errors in delay had little impact. Baseline 2 can
be thought of as applying the optimal algorithm to extremely
poor estimates of d;; (namely d;; = 0), and so the Figure 4(a)
provides some illustration of the effect of estimation error.

VI. SOCIAL IMPACT

We now shift focus from the cost savings of the data center
operator to the social impact of geographical load balancing.
We focus on the impact of geographical load balancing on
the usage of “brown” non-renewable energy by Internet-scale
systems, and how this impact depends on electricity pricing.

Intuitively, geographical load balancing allows the traffic
to “follow the renewables”; thus providing increased usage
of green energy and decreased brown energy usage. How-
ever, such benefits are only possible if data centers forgo
static energy contracts for dynamic energy pricing (either
through demand response programs or real-time pricing). The
experiments in this section show that if dynamic pricing is
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done optimally, then geographical load balancing can provide
significant social benefits by reducing non-renewable energy
consumption.

A. Experimental setup

To explore the social impact of geographical load balancing,
we use the setup described in Section V. However, we add
models for the availability of renewable energy, the pricing of
renewable energy, and the social objective.

1) The availability of renewable energy: To capture the
availability of wind and solar energy, we use traces of wind
speed and Global Horizontal Irradiance (GHI) obtained from
[44], [45] that have measurements every 10 minutes for a year.
The normalized generations of four states (CA, TX, IL, NC)
and the West/East Coast average are illustrated in Figure 5(a),
where 50% of renewable energy comes from solar.

Building on these availability traces, for each location we let
a;(t) denote the fraction of the energy that is from renewable
sources at time ¢, and let @ = (|[N|T)"" 27, 3oy ci(t)
be the “penetration” of renewable energy. We take & = 0.30,
which is on the progressive side of the renewable targets among
US states [46].

Finally, when measuring the brown/green energy usage of
a data center at time ¢, we use simply >, a;(t)m;(t) as
the green energy usage and ) (1 — a;(t))m4(t) as the
brown energy usage. This models the fact that the grid cannot
differentiate the source of the electricity provided.

2) Dynamic pricing and demand response: Internet-scale
systems have spatial flexibility in energy usage that is not
available to traditional energy consumers; thus they are well
positioned to take advantage of demand response and real-time
pricing to reduce both their electricity costs and their brown
energy consumption.

To provide a simple model of demand response, we use
time-varying prices p;(t) in each time-slot that depend on the
availability of renewable resources «;(t) in each location.

The way p;(t) is chosen as a function of «a;(t) will be of
fundamental importance to the social impact of geographical
load balancing. To highlight this, we consider a parameterized
“differentiated pricing” model that uses a price p, for brown
energy and a price p, for green energy. Specifically,

pi(t) = po(l — ai(t)) + pycui(t).

Note that p, = p; corresponds to static pricing, and we
show in the next section that p, = 0 corresponds to socially
optimal pricing. Our experiments vary p, € [0,pp]. pp is the
same price as used in the previous section.

(b) Total cost (% improvement vs.

time(hour) time(hour)

(c) Delay cost (d) Energy cost

Impact of ignoring network delay and/or energy price on the cost incurred by geographical load balancing.

3) The social objective: To model the social impact of
geographical load balancing we need to formulate a social
objective. Like the GLB formulation, this must include a
tradeoff between the energy usage and the average delay users
of the system experience, because purely minimizing brown
energy use requires all m; = 0. The key difference between
the GLB formulation and the social formulation is that the
cost of energy is no longer relevant. Instead, the environmental
impact is important, and thus the brown energy usage should
be minimized. This leads to the following simple model for
the social objective:

T
min(t) Z Z ((1 — a;(t)) £i(t) + BDz(t)) (20)

m(t) X0 =] ‘=N pi(t)

where D;(t) is the delay cost defined in (2), &;(t) is the energy
cost defined in (1), and S is the relative valuation of delay
versus energy. Further, we have imposed that the energy cost
follows from the pricing of p;(t) cents/kWh in timeslot ¢. Note
that, though simple, our choice of D;(t) to model the disutility
of delay to users is reasonable because lost revenue captures
the lack of use as a function of increased delay.

An immediate observation about the above social objective
is that to align the data center and social goals, one needs
to set p;(t) = (1 — a4(t))/B, which corresponds to choosing
py = 1/ and p, = 0 in the differentiated pricing model above.
We refer to this as the “optimal” pricing model.

B. The importance of dynamic pricing

To begin our experiments, we illustrate that optimal pricing
can lead geographical load balancing to “follow the renew-
ables.” Figure 5 shows this using the renewable traces shown in
Figure 5(a). By comparing Figures 5(b) to Figure 5(c), which
uses static pricing, the change in capacity provisioning, and
thus energy usage, is evident. For example, Figure 5(b) shows
a clear shift of service capacity from the west coast to the east
coast as solar energy becomes highly available in the east coast
and then switch back when solar energy is less available in the
east coast but high in the west coast. Though not explicit in
the figures, this “follow the renewables” routing has the benefit
of significantly reducing the brown energy usage since energy
use is more correlated with the availability of renewables. Thus,
geographical load balancing provides the opportunity to aid the
incorporation of renewables into the grid.

Figure 5 assumed the optimal dynamic pricing, but currently
data centers negotiate fixed price contracts. Although there are
many reasons why grid operators will encourage data center
operators to transfer to dynamic pricing over the coming years,
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Fig. 5. Geographical load balancing “following the renewables”. (a) Renewable availability. (b) and (c): Capacity provisionings of east coast and west coast
data centers when there are renewables, under (b) optimal dynamic pricing and (¢) static pricing. (d) Reduction in social cost from dynamic pricing compared
to static pricing as a function of the weight for brown energy usage, 1/3, and 8 = 0.1.

this is likely to be a slow process [13]. Thus, it is important to
consider the impact of partial adoption of dynamic pricing in
addition to full, optimal dynamic pricing. Figure 5(d) focuses
on this issue. To model the partial adoption of dynamic pricing,
we can consider p, € [0, pp]. This figure shows that the benefits
provided by dynamic pricing are moderate but significant, even
at partial adoption (high p,). Another interesting observation
about Figure 5(d) is that the curves increase faster in the range
when 1/( is small, which highlights that the social benefit
of geographical load balancing becomes significant even when
there is only moderate importance placed on energy. When
pg is higher than p,, which is common currently, the cost
increases and geographical load balancing can no longer help
to reduce non-renewable energy consumption. We omit the
results due to space constraints. For more recent results about
geographical load balancing in Internet-scale systems with
local renewable generation and data center demand response
to utility coincident peak charging, please refer to [22], [47]

VII. CONCLUDING REMARKS

This paper has focused on understanding algorithms for
and social impacts of geographical load balancing in Internet-
scaled systems. We have provided three distributed algorithms
that provably compute the optimal routing and provisioning
decisions for Internet-scale systems and we have evaluated
these algorithms using trace-based numerical simulations. Fur-
ther, we have studied the feasibility and benefits of providing
demand response for the grid via geographical load balancing.
Our experiments highlight that geographical load balancing can
provide an effective tool for demand response: when pricing
is done carefully, electricity providers can motivate Internet-
scale systems to “follow the renewables” and route to areas
where green renewable energy is available. This both eases the
incorporation of non-dispatchable renewables into the grid and
reduces brown energy consumption of Internet-scale systems.

While we have more recent results about online algorithms
for geographical load balancing [14] and workload manage-
ment for local data center [18], there are a number of interest-
ing directions for future work. With respect to the design of
distributed algorithms, one aspect that our model has ignored
is the switching cost (in terms of delay and wear-and-tear)
associated with switching servers into and out of power-saving
modes. Our model also ignores issues related to reliability
and availability, which are quite important in practice. With
respect to the social impact of geographical load balancing, our
results highlight the opportunity provided by geographical load
balancing for demand response; however there are many issues
left to be considered. For example, which demand response

market should Internet-scale systems participate in to minimize
costs? How can policy decisions such as cap-and-trade be used
to provide the proper incentives for Internet-scale systems, such
as [6]? Can Internet-scale systems use energy storage at data
centers in order to magnify cost reductions when participating
in demand response markets? Answering these questions will
pave the way for greener geographic load balancing.
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APPENDIX

We now prove the results from Section III, beginning with
the illuminating Karush-Kuhn-Tucker (KKT) conditions.

A. Optimality conditions

As GLB-Q is convex and satisfies Slater’s condition, the
KKT conditions are necessary and sufficient for optimal-
ity [23]; for the other models they are merely necessary.

10

GLB-Q: Let w;, > 0 and w; > 0 be Lagrange multipliers
corresponding to (3d), and d;; > 0, v; and o; be those for
(3¢), (3b) and (5b). The Lagrangian is then

L= Zmzpl +ﬂzz (Nz — /\ /m +)\zjdzj)

i€EN jeJIEN

DI ED 2 P PP
iEN jEJ jeJ iEN

—|—Z wi(m; — M;) —w;m; —l—ZUZ (mip; — i)
ieN €N

The KKT conditions of stationarity, primal and dual feasibility
and complementary slackness are:

B <7(M. gt dz-j> —vj =8 =01 =0, Vi,j @D

0ijAij = 0; 05 20, Aj 20, Vi, j (22)
oiMmii—X\) =0; 0, >0, mp;—\ >0, Vi (23)
> Nj=Lj, Vi 24)
iEN 2
Ai/m; _ .
pi — B <¢> +w; —w; oy =0, Vi (25)
i — Ai/m;

wi(m; — M;) =0; @; >0, m; <M;, Vi (26)
w;m; = 0; w; >0, m;>0, Vi (27)

The conditions (21)—(24) determine the sources’ choice of
Aij, and we claim they imply that source j will only send data
to those data centers ¢ which have minimum marginal cost
dij + (1 + /p;/B)?/pi» where p; = pi — w; + @;. To see
this, let \; = \;/m;. By (25), the marginal queueing delay
of data centre i with respect to load \;; is u;/(p; — Ai)? =
(14 +/pi/B)?/u;. Thus, from (21), at the optimal point,

PR/ PR
! i (i = Ni)? s 5
with equality if A\;; > 0 by (22), establishing the claim.
Note that the solution to (21)—(24) for source j depends on
Aik>» k # j, only through m;. Given );, data center ¢ finds
m; as the projection onto [0, M;] of the solution m; = \;(1 +
pi/B)/(in/pi/B) with @; = w; = 0; = 0. .
GLB-LIN again decouples into data centers finding m;
given J\;, and sources finding \;; given the m;. Feasibility and

complementar}g slackness conditions (22), (24), (26) and (27)
are as for GLB-Q; the stationarity conditions are:

=di; + (28)

9gi(mi, Xi) | 5y Ofi(mi, Xi)

Note the feasibility constraint (5b) of GLB-Q is no longer

explicitly required to ensure stability. In GLB-LIN, it is instead
assumed that f is infinite when the load exceeds capacity.

The objective function is strictly convex in data center i’s

decision variable m;, and so there is a unique solution 772;(\;)

to (30) for w; = w; = 0, and the optimal m; given J\; is the

projection of this onto the interval [0, M;].

LB in its general form has the same KKT conditions as
GLB-LIN, with the stationary conditions replaced by

Ogi(mis )i) 4 (a QAufilmi, ) d> vy =8, =0, Vi,j(29)

+@i—w, =0,Yi.  (30)

dgi , af; o
O\ +rfitdig) + ;E:J)‘W’ (fi+ dik)a)\i —vj — 065 = 0,Vi,j
0g: STTITINIC) (R _ ‘
8mi + J;I )\1]7' (f’L + dz])ami + w; w; = 07 )
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where 1’ denotes the derivative of r(-).

GLB again decouples, since it is convex because r(-) is
convex and increasing. However, now data center ¢’s problem
depends on all \;;, rather than simply ;.

B. Characterizing the optima
Lemma 8 will help prove the results of Section III.

Lemma 8. Consider the GLB-LIN formulation. Suppose that
Sor all i, F;(m;, \;) is jointly convex in \; and m,;, and
differentiable in \; where it is finite. If, for some i, the dual
variable w; > 0 for an optimal solution, then m; = M; for
all optimal solutions. Conversely, if m; < M; for an optimal
solution, then w; = 0 for all optimal solutions.

Proof: Consider an optimal solution S with ¢ € N such
that @w; > 0 and hence m; = M,;. If there exists another
optimal solution S’ such that m; < M;. Since the cost function
is jointly convex in A;; and m;, any convex combination of
S and S’ must also be optimal. However, since F;(m;, \;)
is strictly convex in m;, the linear combination of S and S’
strictly decreases the cost, which contradicts with the fact that
S and S’ are optimal solutions. ]

Proof of Theorem 1: Consider first the case where there
exists an optimal solution with m; < M;. By Lemma 8, w; =0
for all optimal solutions. Recall that 1;();), which defines the
optimal m;, is strictly convex. Thus, if different optimal solu-
tions have different values of )\;, then a convex combination
of the two yielding (m}, \}) would have m;(\;) < m}, which
contradicts the optimality of m/.

Next consider the case where all optimal solutions have
m; = M;. In this case, consider two solutions S and S’ that
both have m; = M;. If )\; is the same under both S and S’,
we are done. Otherwise, since Fj;(m;, \;) is strictly convex in
i, the linear combination of S and S’ strictly decreases the
cost, which contradicts with the fact that S and S’ are optimal
solutions. ]

Proof of Theorem 2: The proof when m; = M; for all
optimal solutions is parallel to that of Theorem 1. Otherwise,
when m; < M; in an optimal solution, the definition of
gives % = n;/(\/Bi/pi + 1) for all optimal solutions. [ |

Proof of Theorem 3: For each optimal solution .S, con-
sider an undirected bipartite graph GG with a vertex representing
each source and each data center and with an edge connecting
1 and 7 when A;; > 0. We will show that at least one of these
graphs is acyclic. The theorem then follows since an acyclic
graph with X nodes has at most X — 1 edges.

To prove that there exists one optimal solution with acyclic
graph we will inductively reroute requests in a way that re-
moves cycles while preserving optimality. Suppose G contains
a cycle. Let C' be a minimal cycle, i.e., no strict subset of C'
is a cycle, and let C' be directed.

Construct a new solution S(§) from S by adding £ to \;; if
(i,7) € C, and subtracting £ from \;; if (j,7) € C. Note that
this does not change the \;. To see that S(&) is maintains the
optimal cost, first note that the change in the objective function
of the GLB between S and S(&) is equal to

€ 50 (rlay+ lmaA) = rldi+ Sims A7) ) G
(4,9)eC
Next note that the multiplier §;; = 0 since A\;; > 0 at S.

Further, the condition for stationarity in A;; can be written as
X +r(dij+ fi(mg, Ni)) —v; =0, where X; does not depend
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on the choice of j. Since C is minimal, for each (i,5) € C
where ¢ € I and j € J there is exactly one (j’,4) with j’ € J,
and vice versa. Thus,

0= Z (Xi +r(dij + filmi, i) —vy)

— Z (Xi +r(dij + fi(mi, i) —vy)
(i,5)eC
= Z r(dij + fi(mi, Mi)) — Z r(dij + fi(mi, Ai)).
(4,1)eC (i,7)eC

Hence, by (31) the objective of S (5) and S are the same.

To complete the proof, we let (i, j*) = argming jyec Aij-.
Then S(Ai- j«) has Aj« j+ = 0. Thus, S(Ai+ ;) has at least one
fewer cycle since it has broken C. Further by construction, it
is still optimal. [ ]

Proof of Theorem 4:

It is sufficient to show that, if A\x;Az/; > 0 then either my, =
M;j, or mys = M. Consider a case when Ap;\pr; > 0.

For a generic i, define ¢; = (14 +/pi/B)%/u; as the
marginal cost (28) when the Lagrange multipliers w; = w; = 0
Since the p; are chosen from a continuous distribution, we have
that with probability 1

Cl — Cp/ 75 dk/j — dkj. (32)

However, (28) holds with equality if A;; > 0, and so
dij + (1 + \/pp/B8)? /e = dyprj + (1 + \/pi /B)?/ s By
the definition of ¢; and (32), this implies either p; # pj or
pi, # pi. Hence at least one of the Lagrange multipliers w,,
Wy, Wy, Orf Wiy must be non-zero. However, w, > 0 would
imply m; = 0 whence \;; = 0 by (23), which is false by
hypothesis, and so either wy or wys is non-zero, giving the
result by (26). [ ]

C. Proofs for Algorithm 1

To prove Theorem 5 we apply a variant of Proposition 3.9
of Ch 3 in [48], which gives that if

(i) F(m, ) is continuously differentiable and convex in the
convex feasible region (3b)—(3d);
(i) Every limit point of the sequence is feasible;
(iii) Given the values of A_; and m, there is a unique
minimizer of F' with respect to \;, and given A there
is a unique minimizer of F' with respect to m.
Then, every limit point of (m(7), A(7))r=1,2,.. is an optimal
solution of GLB-Q.

This differs slightly from [48] in that the requirement that
the feasible region be closed is replaced by the feasibility of
all limit points, and the requirement of strict convexity with
respect to each component is replaced by the existence of a
unique minimizer. However, the proof is unchanged.

Proof of Theorem 5: To apply the above to prove Theorem
5, we need to show that F'(m, \) satisfies the differentiability
and continuity constraints under the GLB-Q model.

GLB-Q is continuously differentiable and, as noted in Ap-
pendix A, a convex problem. To see that every limit point
is feasible, note that the only infeasible points in the closure
of the feasible region are those with m;u; = A;. Since the
objective approaches oo approaching that boundary, and Gauss-
Seidel iterations always reduce the objective [48], these points
cannot be limit points.

It remains to show the uniqueness of the minimum in m and
each A;. Since the cost is separable in the m;, it is sufficient
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to show that this applies with respect to each m; individually.
If \; =0, then the unique minimizer is m; = 0. Otherwise

O?F(m, \) 22
om; 2o (mipi — Ai)?

which by (5b) is strictly positive. The Hessian of F(m, )
with respect to A; is diagonal with ¢th element

m?
208 (o — )7 >0

which is positive definite except the points where some m; =

0. However, if m; = 0, the unique minimum is A;; = 0. Note

we cannot have all m; = 0. Except these points, F'(m, A) is

strictly convex in A; given m and A_j;. Therefore \; is unique

given m.

Part (ii) of Theorem 5 follows from part (i) and the conti-
nuity of F'(m, A). Part (iii) follows from part (i) and Theorem
2, which provides the uniqueness of optimal per-server arrival
rates (\;(7)/m;(7),i € N). [ |

D. Proofs for Algorithm 2

As discussed in the section on Algorithm 2, we will prove
Theorem 6 in three steps. First, we will show that, starting
from an initial feasible point A(0), Algorithm 2 generates a
sequence A(7) that lies in the set A := A(¢) defined in (14), for
7 =0,1,.... Moreover, VF(A) is Lipschitz over A. Finally,
this implies that F'(A(7)) moves in a descent direction that
guarantees convergence.

Lemma 9. Given an initial point X(0) € [[; A;, let ¢ :=
F(X(0)). Then

1) A0) € A == A(¢);

2) If X* is optimal then X* € A;

3) If X(1) € A, then A(T +1) € A.

Proof: We claim F(X) < ¢ implies A € A. This is true
because ¢ >F(A) > >, e /\f/)‘;lk()\k) 2 o= )\B//\,;T(,\) >
w Vi. Therefore \; < FTAG —=—— M, u;, Vi. Consequently,
the intial point A(0) € A and the optimal point A* € A because
F(N) < F(\).

Next we show that A(7) € A implies Z7 (7 + 1) € A, where
Z7(1+1)is A(7) except A;(7) is replaced by z; (7). This holds
because Z7, (7 +1) = A\ip (1) > 0,Vk # j,Vi and >, Z7, (7 +

1) = >, Aie(1) = Li,Vk # j. From the definiition of the
projection on A;(7), Z7 (7'—!—1) >0,Vi, >, ZJ (r+1)=Lj,

and m(T +1) < M, p;, Vi. These together ensure

T
Zi(t+1) €A
The update A;(7 + 1) = ‘Jl‘Jll)\ (1) + rlj‘zlj(T),Vj is
>, 2 (r+1)

equivalent to A(7+1) = 77— Then from the convexity
of A, we have A(T +1) € A. [ |

Let F'(M, \) be the total cost when all data centers use all
servers, and VF' (M, \) be the derivatives with respect to A. To
prove that VF'(\) is Lipschitz over A, we need the following
intermediate result. We omit the proof due to space constraint.

Lemma 10. For all \*, A € A, we have

HVF()J’) ~VE(AY)

< HVF(M,)J’) — VEML Y|

Lemma 11. HVF(AI’) _vFAY|| <K Hv — Al
2 2
VAL AP € A, where K = |J| max; 2(¢ + BM;)? /(B2 M} 1i2).
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Proof: Following Lemma 10, here we continue to show
HVF (M, AY) - VEM, AY)|| < KHAb A“
The Hessian VZF (M, \) of F(M,A) is glven by

_28pi/Mi e
VQFij (M, A) = { (pi—X: JM;)3 ifi==k
7 0

otherwise.

Then, by the matrix form of Holder’s mequahty and
the symmetry of VZF(M,\), we have HVQFH <

|V2F||, ||[V2F||.. = |[V?F||.. Finally, we have

|V2F(M, )| _I%?X{ZVQFZ-J-_M(M,)\)}

l
28 /M; 2(¢ + BM;)?
:m?x{|J|(/Li_M/\w} < |J|mlaX7.

In the last step we substitute \; by (ﬁé}&
2;1.7;/1\'{1 ‘

M;p;, Yo and (ST is increasing in \;. |
K k3 k3

because \;

IN

24
$+BM,;
Lemma 12. When applying Algorithm 2 to GLB-Q,

(a) FXr + 1)) < F(\(1)) - (%n -
YA +1) = A(r) 3 where K =
|| max; 2(¢ + BM;)3 /(B2 Mu?), Ay = max; ;. Therefore
FA(T+1) < FIA(1)) if 0 <y < 2/K.

(b) X(T 4+ 1) = X(7) if and only if X(T) minimizes F(X)
over the set A.

(¢) The mapping T'(A(1)) =

AT + 1) is continuous.

Proof: From the Lemma 11, we know

HVF()\b) ~VF(AY) YAC € A, VAL € A

gKH)\b—A“
2 2

where K = |J|max; 2(¢ + BM;)3 /(B2 M} i?).
Here Z7 (1 + 1) € A, A(7) € A, therefore we have

|VF(Z)(r+1)) = VF(A(M))||, <K | Z (7 +1) -

), -
From the convexity of F'(X), we have

Zij(T—i-l))

FA(r+1)=F < T

< ﬁZF(ZKT%—l))
gﬁ;(ﬂw))— (7—1]—_) 1 (r + 1) — A()|| )

|27 (r +1)

-rom -3 (5 5) o

J Vi

T ||2

1K\ S 2+ ) - A0l
<FAT)—|——-=) & 2
<Fom=(5:-3) 7

where K = |J| max; 2(¢ + BM;)3 /(B2 Miu?).

The first line is from the update rule of A(7). The second
line is from the convexity of F(A). The third line is from
the property of gradient projection. The last line is from the
definition of v,,.
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Then from the convexity of ||||§, we have

2

LillZ @+ -0, | X, (27 +1) - Am)
7] - 7] 2
ZI(r+1 2
2
Therefore we have
1 K 2
FO+1) < FAM) - (= = 5 ) IAG +1) = 2013
®)A(T+1) = A(7) is equlvalent to ZI(1+1) = XAj(7), V5.

Moreover, if Z7 (7 + 1) = X;(7), V4, then from the deﬁnltlon
of each gradient projection, we know it is optimal. Conversely,
if X(7) minimizes F'(A(7)) over the set A, then the gradient
projection always projects to the original point, hence Z7 (7 +
1) = X;j(7), V. See also [48, Ch 3 Prop. 3.3(b)] for reference.
(c) Since F'(A) is continuously differentiable, the gradient
mapping is continuous. The projection mapping is also con-
tinuous. 7' is the composition of the two and is therefore
continuous. [ ]
Proof of Theorem 6: Lemma 12 is parallel to that of
Proposition 3.3 in Ch 3 of [48], and Theorem 6 here is parallel
to Proposition 3.4 in Ch 3 of [48]. Therefore, the proof for
Proposition 3.4 immediately applies to Theorem 6. We also
have F'(A) is convex in A, which completes the proof. [ |

E. Proofs for Algorithm 3

We use the following additional lemmas to prove the con-
vergence result of Algorithm 3.

Lemma 13. Under Algorithm 3, A(t) € A/, V7 =0,1,2,...

Proof: Since A C A’, we know the intial point A(0) € A’
and the optimal solution A* € A’
If A(7) € A/, then the choice of ﬁ ensures \; (7+1) > 0.
Moreover, the choice of 6;(7) and the update rule (19) give

Z /\ij(T + 1)

1€Q;(7)
= D> M) =M YD (ViF(r) = 6,(r)
iey(r) 1€Q; (1)
> ()
’L‘GQj(T)

Since Ai; (T+1) = Xi;(7) for i & Q;(7), we have >, Xi; (7 +
1) =22, Aij(7) = Lj.

Finally, the definition of 'yT ensures
= 3 D+ Y A1)
VE ZEFI (7) j:iQF;(T)

< Y (M) =l OV EE) = 05(r

W(T+1)

j:iGFT(T) j:i¢F;(T)
¢+ﬁM /2
<Z)\” gf)—l—ﬂM z i Z)\u
¢>+BM /2
= M; p;
¢+ BM; a m

D)+ > Ai()
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Lemma 14. For all A\* € A, and all A\’ € A/,

’VF()\b) ~VF(AY)

< K'||IAb = e
2 2

where K’ is defined in Algorithm 3.
The proof of this lemma is s1m11ar to that of Lemma 11

except that the constraint \; < pra B A —=——M,;p; is replaced by

Ai < qj:f /ﬁ/ 2 M i, resulting in different Lipschitz modulus.

Lemma 15. Ler v(7)
FA(T+1)) < F(AMT)) -

= max; v, (7). Then under Algorithm 3,

(5 — B AT+ 1) = A3,

Although this result seems similar to a standard one proved
by the projection argument, here we do not have a projection.
Therefore we devise a different proof technique.

Proof: From Lemma 14 and Proposition A.32 in [48],

FX(141)) SE(T) + (AT +1) = X(1))VF(1)
A3,

K
where we take A(7) as a |N||.J|-dimension vector. The proof
is completed by expanding the second term as

(A(T+1) = X(1))VE(7)

=Y > (Vi F)

J i€Q;(r)

= _Z%

— 0;(1)) Vi F(1)

> (Vi F(r) = 0;(r)(Vi; F (1) — 0;(7))

1€Q; ()
__Z Aij(r+1) =N (T))2
<——— AT+ 1) = A2,
WH( )= A3
where the second step uses the definition in (17). [ |

With the lemmas above, we now prove Theorem 7.

Proof of Theorem 7: Let J° = {(i,7) : 0 < \ijj < ¢
and V; F(A(1)) > 0;(7)} be those loads prevented from
decreasing in (19). We first show that Algorithm 3 has an
accumulation point A satisfying the KKT conditions except
for (22) for (i,j) € J°. We then construct an optimization
GLB’ solved by A® whose KKT conditions match GLB-Q
except for (22) for (¢,7) € J¢, and bound the difference
between its optimum and that of GLB-Q.

(1) Note 'yj(T) is bounded below since A;;(7) > e for
any i € I‘jf(r) and V;; F(A(1)) — 6,(7) is bounded above;

7} 1\(4T) is also bounded below since ‘b;rfg% 2 Mg — Ni(1) >
%Mﬁh and V;; F(X(7))—0;(7) is bounded above. Since

the third case in (18) is constant, ~,(7) is bounded below.
Hence || A(T+1) — A(T)Hg converges to 0 only if the corre-
sponding KKT conditions hold except for the complementary
slackness conditions in (22) for the (i,7) € J¢. Since there
is an € > 0 such that v(7) < 2/K’ — ¢, Lemma 15 ensures
Algorithm 3 makes a substantial decrease each step until the
KKT conditions hold except for (22) for (i,5) € J¢.

(2) Algorithm 3 has an accumulation point, A%, since F'(X)
converges due to being bounded below, and A comes from a
compact set. Next, we construct GLB’ solved by A whose
KKT conditions match those of GLB-Q except for (22) for
(i,7) € J*¢, and show that |[F(A") — F(A")| = O(e), where €
is the error tolerance in A;;.
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Let A° be the matrix with Af; = A, if (4,7) € J¢, and
Aj; = 0 otherwise. Define A\j = >, A7, and denote by A;
the vector of ()\f-j )je- Define GLB’ to be solving (5a) subject
to (5b), (3b), (3d) and A;; > Aj; forall i € N and j € J.
The KKT conditions of GLB’ match those of GLB-Q, except
that the analog of (22) is d;;(A\i; — Af;) = 0. For (i,j) € J¢,
this holds by the definition of A°. All other conditions were
established in step 1) above, and so A® optimizes GLB'.

If A* > X, A\ optimizes GLB-Q, and the result is proved.
Otherwise, we perturb A* to yield A" which is feasible for
GLB’, and bound the resulting increase in cost, as follows.

First construct a solution A" from A* where \, > \¢. If
there exist some 7 € S¢ with A} < A§, we construct the new
A by moving some traffic A — A} from i ¢ S to these data
centers i € S¢ to make \, = A\S. Now we compare F'(\’) and
F(A"). By moving A — A\, we decrease the cost on some
i ¢ S¢, but increase that on ¢ € S€. Since A\§ — A7 < A < [J]e

and ¢ < min, (Miui/(l n \/ﬂ/pi)) JIIL N = X6 < e <
Mip; /(1 4+ +/B/pi) for i € S Within this region, m, =
(1 + \/B/pi)N;/ i optimizes (5a). Neglecting delay d;;, the
2

increase in term i is no larger than |J]e (1 + \/pi/ﬁ) / 1.
The delay cost increase is at most [3|.J|emax;d;;. Thus
F(XN) < F(X) +BlJ]e xS, ((1 +v/pi/B)? /i + max; dij)~

From X' we construct A" by reassigning traffic cycli-

cally to make \/; > Af;,Vi,j. The total cost increase is
bounded by 3| J]e >, max; d;;. Therefore F(X") < F(X*) +

B1T1e X (14 V/if B/ + 2max; dij) = F(X) + Be.
To complete the proof, note F(A*) < F(X”), since A" is
feasible for GLB'. [
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