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Network Scenario

Cloudlet (Zoom In)

Cloudlet

Figure: Typical cloudlet network structure (e.g., Base Stations as cloudlets in C-RAN)

Users:
@ Connect to a given cloudlet by contracts or principles (i.e., local cloudlet)

@ Upload a portion of workloads to process at cloudlet on the fly
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Network Scenario

Cloudlet (Zoom In)

Cloudlet

Figure: Typical cloudlet network structure (e.g., Base Stations as cloudlets in C-RAN)

Cloudlets:
@ Limited processing capacity
@ Fast wired connection among cloudlets

o User workloads processed at other cooperative cloudlets, not necessarily
the local one
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Network Scenario

Cloudlet (Zoom In)

Cloudlet

Figure: Typical cloudlet network structure (e.g., Base Stations as cloudlets in C-RAN)

Central Controller:
@ From user perspective — Satisfied QoS (i.e., low latency)

@ From cloudlet perspective — Satisfied OPEX (i.e., low energy cost)
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Network Scenario

Cloudlet (Zoom In)

Cloudlet

Figure: Typical cloudlet network structure (e.g., Base Stations as cloudlets in C-RAN)

Central Controller:
o From user perspective — Satisfied QoS (i.e., low latency)
@ From cloudlet perspective — Satisfied OPEX (i.e., low energy cost)

Question: How to design a resource allocation policy to jointly achieve them?
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Is It A Novel Question?

Operating cost of activating the servers in cloudlets for time-varying inputs
(i.e., user workloads) + User QoS (i.e., a function of latency)

@ Inputs for the current time slot are known; future inputs all unknown

@ One-shot optimum
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Is It A Novel Question?

Operating cost of activating the servers in cloudlets for time-varying inputs
(e.g., user workloads)

@ Inputs for the current time slot are known; future inputs all unknown

@ Nontrivial to make good decisions, as any decision for the current time
slot will affect the switching cost between the current time slot and the
next one

Switching cost of turning on/off servers in cloudlets

@ Server initialization, hardware wear and tear, etc. incurred between two
sequential time slots’

!Dynamic right-sizing for power-proportional data centers. INFOCOM 2011 (best paper award).
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Is It A Novel Question?

Operating cost of activating the servers in cloudlets for time-varying inputs
(e.g., user workloads)

@ Inputs for the current time slot are known; future inputs all unknown

@ Nontrivial to make good decisions, as any decision for the current time
slot will affect the switching cost between the current time slot and the
next one

Switching cost of turning on/off servers in cloudlets

@ Server initialization, hardware wear and tear, etc. incurred between two
sequential time slots!

@ Twisted with the cloudlet switching cost
Switching cost of turning on/off cloudlets

@ System cooling, network initialization, user authentication, etc. incurred
between two sequential time slots

@ Small data centers (less than 500 servers) typically have Power Usage
Effectiveness (PUEs) of 1.5 to 2.1, while large data centers, such as
Google's, with PUEs as low as 1.12

1Dynamic right-sizing for power-proportional data centers. INFOCOM 2011 (best paper award).
2Shining a Light on Small Data Centers in the US. EEDAL 2017:
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It Is A Novel Question!

Multiple granularity control decisions:

Which cloudlets should be on, how many servers should be on inside each
cloudlet, and how much workloads should go to each cloudlet?
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It Is A Novel Question!

Multiple granularity control decisions:

Which cloudlets should be on, how many servers should be on inside each
cloudlet, and how much workloads should go to each cloudlet?

Straightforward ideas (e.g., one-shot optimization) are inefficient:

Online resource allocation léo resourCﬁ reconfiguration Workload & Resource allocation
esource allocation Resource reconfiguration

S

Capacity Capacity

Amount

>
Time

Time
(a) Following the workload (b) Overprovisioning

Figure: The two (extreme) cases of allocating cloudlets and/or servers
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Problem Formulation and Challenges

The multi-granularity control problem

min P=>2 Zj dijXije + D20 D2 PiYie + D, Z,p,‘;z,—t
+Zt Z,‘ ci (yie — y/'f*1)++zt Z,- C,'b (zie — Z/t71)+

s. t. o Xije > Ajt, Vj,Vt, (1a)
yie > Ri Zj Xijt, Vi, Vt, (1b)
Cizie > Yir, Vi, Vt, (1c)
xijt > 0, V), Vi, Vt, (1d)
zp <1, Vi, Vt, (1e)
yie € {0,1,2,3,...},z € {0,1}, Vi, Vt. (1f)
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Problem Formulation and Challenges

The multi-granularity control problem

min P =320 % dixie + 30, X2 P + 22, X, Pz
+> .0 ¢ (vie — th71)++zt > c? (zie — zie—1)"

s. t. Zi Xijit > Ajt, vy, Vt, (la)
Yit > R; Zj Xijt \V/I',Vt, (lb)
Cizi > Vit, Vi,Vt, (1C)
Xjje > 0, Vj,Vi,Vt, (1d)
zi <1, Vi, Vt, (1e)
Yit € {0,172,37...},2,} € {071},VI’,V1‘. (lf)

Z: set of cloudlets; J: set of users

System time-slotted t € T {1,2,..., T}

djj: delay between cloudlet /i € 7 and user j € J

Ajt, J € J, t € T: Workload originated from user j at time t

Ri,': the number of requests handled by a single server of cloudlet /

Ci: the total number of servers of cloudlet i

pr, ¢, Vi, Yt: the operating cost for operating one server at cloudlet i at
time t, and the switching cost for turning on one sever at cloudlet i

o pl, P, Vi: the operating cost for operating cloudlet i at time t, and the
switching cost for turning on cloudlet /
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Problem Formulation and Challenges

The multi-granularity control problem

min P =30, %, dixie + 30, X Phyie + X0 X Phzie
+3 06 (e — yie 1) T+, 3 o (zie — ziea) T

s. t. Zi Xijt > Ajt, vy, Vt, (la)
Yie > Ri Zj Xijt Vi, Vt, (1b)
Cizi > Yit, Vi,Vt, (1C)
xjje > 0, Vj, Vi, Vt, (1d)
zi <1, Vi, Vt, (1e)
yie € {0,1,2,3,...}, z € {0,1}, Vi, Vt. (1f)

Control decisions:

@ xj > 0,Vi,j, t: the amount of the workload distributed to the cloudlet i
from the user j at the time slot t

e yir €{0,1,2,3,...},Vi, t: the number of servers activated at the cloudlet i
at the time slot t

e ziy € {0,1},Vi,Vt: whether to activate cloudlet i at the time slot t
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Problem Formulation and Challenges
The multi-granularity control problem

min P= Zt Z;Zj dUXUf+Zt Zip?fy"t—i_Zt Z,-P,%Zit
+> o006 (yie — th71)++zt > e (zie — zie1) "

s.t. Do Xt 2 Ajt, Vj, Vt, (1a)
yie > Ri 32, Xiie, Vi, Vt, (1b)
Cizit > yit, Vi, Vt, (1C)
xje > 0, Vj, Vi, Vt, (1d)
ze < 1, Vi, Vt, (le)
yie € {0,1,2,3, ...}, z € {0,1}, Vi, Vt. (1f)

The problem P is online.

def
S (vie — yiee1) T+, Y € (zie — zie1) T, where (7)T = max{r, 0},
couples every two sequential time slots t — 1 and t. At t — 1, without any
knowledge about t, it is nontrivial to make good control decisions.
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Problem Formulation and Challenges

The multi-granularity control problem

min P= Zt Zi Zj dijXije + Zt Zi PiYit + Zt Z,‘ szit
+3°.30 ¢ (ie — yiee1) T+, S P (zie — zie—1) T

s.t. Do Xije 2 Ajt, Vj, Vt, (1a)
Yit > R; Ej Xijt » W,Vt, (1b)
Cizie 2 Yit, Vi, Vt, (1c)
xje > 0, Vj, Vi, Vt, (1d)
ze < 1, Vi, Vt, (le)
yie € {0,1,2,3, ...}, zc € {0,1}, Vi, Vt. (1f)

The problem P is non-convex and intractable.

yie € {0,1,2,3, ...}, zi € {0,1},Vi,Vt make a NP-hard problem. It is often
difficult to design approximation algorithms for an “offline” NP-hard problem,
not to mention we are in an “online” setting.
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Problem Formulation and Challenges
The multi-granularity control problem

min P= Zt Ei Zj dijXije + Zt Zi PiYit + Zt Z,‘ P,{,J:Zit
+3°.50 ¢ (e — yiee1) T+, Y ¢ (zie — ziee1) T

s.t. > Xie > Agt, Vj,Vt, (1a)
Yie > Ri Zj Xijt, Vi, Vt, (1b)
Cizit > Yit, Vi, Vt, (1c)
Xijje > 0, Vj,Vi,Vt, (1d)
zir < 1, Vi, Vt, (1e)
yie €{0,1,2,3,...}, z € {0,1}, Vi, Vt. (1f)

Main Challenges:
o Online: (vie — yie—1)" and (zir — zir—1)"
o Non-convex: (i — yir—1)" and (zit — zz—1)"
@ Intractable: y; € {0,1,2,3,...} and z; € {0,1}

Multiple Granularity Online Control of Cloudlet Networks for Edge Computing  IEEE SECON 2018, Lingjun Pu (NKU)



Problem Formulation and Challenges
The multi-granularity control problem

min P= ZthZj dijXije + 32, D0 PreYie + 20, Zipilzz"t
+3°.50 ¢ ie — yiee1) T+, Y ¢ (zie — ziee1) T

s.t. > Xit > Agt, Vj,Vt, (1a)
Yie 2> R; Zj Xijt, W,Vt, (1b)
Ciziy > Yit, VI',VI', (1C)
Xjje > 0, Yj,Vi,Vt, (1d)
zir < 1, Vi, Vt, (1e)
yir € {0,1,2,3,...},zi € {0,1},Vi,Vt. (1f)

Main Challenges:
o Online: (vie — y,-t_l)+ and (zjx — z,-t_l)+
o Non-convex: (yii — yi—1)" and (zit — zz—1)"
o Intractable: y; € {0,1,2,3,...} and z; € {0,1}
Covering chain of control variables (i.e., 1 5>z—y—x—\)
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Basic Ideas (Non-convex)

The original problem

min P =350 5% dixie + 30, 3 phyie + 3, 3 piizie

+Zt Zi ¢ (vie — )/ft—1)++zt Zi C,»b (zie — z;t_l)+
s. t. (1a) ~ (1e),
yie € {0,1,2,3,...},z € {0,1}, Vi, Vt.

Non-convex (taking (vic — yir—1)" as the example):
o (yi — y,-t,l)Jr can be approximately interpreted as the L1-distance
@ The relative entropy is an efficient alternative regularizer to the
L1-distance in online learning problems

@ The relative entropy (yir + €)In % — yir, which is convex, is

introduced to substitute (yi: — yie—1)"
(g is an arbitrary positive value to guarantee the non-zero denominator)
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Basic Ideas (Non-convex)

The regularized problem P
min P =55 %) dixie + 3 X piie + 200 s Pz

s
i

+>: i = <(yfr +e)In s — yfr)

(s}

i Yit—1t€
b s
+Zt Z,— s <(Zit +e)In anﬁ — Zr't)
s.t. (1a) ~ (1e),

Yit € {Oa 1,2,3, “'}’fo € {07 1},Vi,Vt.

Non-convex (taking (vic — yi—1)" as the example):
o (yi — y,-t,l)Jr can be approximately interpreted as the L1-distance
@ The relative entropy is an efficient alternative regularizer to the
L1-distance in online learning problems

@ The relative entropy (yir + €)In % — yir, which is convex, is
introduced to substitute (yi: — yie—1)"
(g is an arbitrary positive value to guarantee the non-zero denominator)
@ o set to In(1 + %) and o’ set to In(1 + %) which are used in the
performance analysis
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Basic Ideas (Online)

The regularized problem P

min P=>, E;‘Z] dijXije + 32, D0 PeYie + 20, E,-Pﬁ:zit
+5. 50 L (et ) n 225 — i)
+> 0 % ((z;t +e)ln Zte — Zit)

s. t. (1a) ~ (1e),
yie € {0,1,2,3,...},z € {0,1}, Vi, Vt.

3

Online:

@ If we can optimally solve the one-shot regularized problem at any a time
slot, then we can prove that Y. P{ < nPopr (n is competitive ratio)
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Basic Ideas (Online)

The regularized problem Ist. Vt

min P = > ZJ- dijXije + D2 PRYie + D0 D phzie
5 E (e +e)in s — i)
b ~
- ((Zit +e)ln At — Zit>

s. t. (1a) ~ (1e), without "Vt"
vie € {0,1,2,3, ...}, zi € {0,1},Vi.

Online:
o If we can optimally solve the one-shot regularized problem, then we can
prove that =, P{ < nPopr (1 is competitive ratio)

o But how to (optimally or approximately) solve that problem in
polynomial time??
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Basic Ideas (Intractable)

The regularized problem P, Vt

min ﬁt = Z,‘ Zj dijxje + Z,‘ PiYic + Et Z,‘ PﬁZit
+55 L (e +€) In 222 — )

0

b
+> ((z,-r +e)in A — z,-t>
s. t. (1a) ~ (1e), without “Vt”

yvie € {0,1,2,3,...}, z¢ € {0, 1}, Vi.

Intractable:
@ Relax the integer variables y, z to take real values
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Basic Ideas (Intractable)

The regularized and relaxed problem P}, Vt

min Pi=30 5 dixie + 32, Phyie + 32, 3, Pz
+>0; ((y/r +¢e)In ﬁ = yn)
s ((z,-t +¢)ln thzfi?; — z,-t>

s. t. (1a) ~ (1e), without “Vt”
yie > 0,z € [0,1], V.

£

o 9
& =

qQ

Intractable:
@ Relax the integer variables to real ones

@ Invoke interior point methods to “optimally” solve the relaxed convex
problem {xi,¥t,z:} in polynomial time
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Basic Ideas (Intractable)

The regularized and relaxed problem Isé Vvt

min =3, ZJ- dijXijt + > PrYie + D . D i pPhzit
5 ((y:'t +¢e)ln Jete — yn)
b =
+55 % (2 + ) In 222 — 2,
s. t. (1a) ~ (1e), without "Vt"

yie > 0, zi € [0,1], Vi.

Intractable:

@ Relax the integer variables y, z to take real values

@ Invoke interior point methods to “optimally” solve the relaxed convex
problem {xi,yt,Z:} in polynomial time

@ Rounding the fractional z and y sequentially to generate the final solution

{X:*v th zt}

Multiple Granularity Online Control of Cloudlet Networks for Edge Computing
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Online Algorithm

The regularized and relaxed problem I?’é YVt

min Pi=> Zj dijXije + D2 PiYie + D2 D pizit
+55 E (e +2)In 22 — i)
Cb Z, £
+Z,- o7 <(Zit a4 5) In z,tii?r-: — Zit)

s.t. (1a) ~ (1le), without “Vt"
yit > 0,z € [0,1],Vi.

Algorithm 1: Online algorithm, Vt

Solve ﬁ{ to obtain its solution (X, yt,Zt);

Invoke Algorithm 2 to round (Xt, yt, zt) to (Xt, Yt, Zt);
Fix (Z¢), solve P; to obtain its solution (x;,y;, Zt);
Invoke Algorithm 2 to round (x;',y{,Zt) to (X, ¥t, Zt);

B W N

Fix (¥t, Zt), solve 5{ to obtain its solution (x{*, ¥t, Zt).
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Nontrivial Rounding Algorithm (i.e., Algorithm 2)

Rounding each control variable independently is not a good choice:
@ all variables are rounded up — inefficient
@ all variables are rounded down — infeasible

o all variables are rounded with their fractional values — maybe infeasible
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Nontrivial Rounding Algorithm (i.e., Algorithm 2)

Rounding each control variable independently is not a good choice:
@ all variables are rounded up — inefficient
o all variables are rounded down — infeasible
@ all variables are rounded with their fractional values — maybe infeasible

A feasible and efficient rounding algorithm is required!
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Nontrivial Rounding Algorithm (i.e., Algorithm 2)

Rounding each control variable independently is not a good choice:

@ all variables are rounded up — inefficient

@ all variables are rounded down — infeasible

@ all variables are rounded with their fractional values — maybe infeasible
We introduce a randomized dependent rounding algorithm:

o Basic idea: compensate the round-down variables with the round-up ones

@ Require to round the outermost variables sequentially, due to the covering
chain of control variables
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Nontrivial Rounding Algorithm (i.e., Algorithm 2)

We introduce a randomized dependent rounding algorithm:
@ Basic idea: compensate the round-down variables with the round-up ones

@ Require to round the outermost variables (i.e., z), due to the covering
chain of control variables

Take 01 = 0.8, 6, = 0.6 as example:

e we want 1 = 1, 6, = 0.4 with a given probability p or 61 = 0.4, 6, =1
with the probability 1 — p

o wedonotwanty =1.4,6,=00r6;=0,0,=14
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Nontrivial Rounding Algorithm (i.e., Algorithm 2)

We introduce a randomized dependent rounding algorithm:
o Compensate the round-down variables with the round-up ones
@ Require to round the outermost variables (i.e., z), due to the covering
chain of control variables
Take 61 = 0.8, 6> = 0.6 as example:
e we want ¢; =1, 6, = 0.4 with a given probability p or ;1 = 0.4, 6, =1
with the probability 1 —
owedonotwant91—14 92—Oor61 :1.

7
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" ) \
| |
} =iyt +wy !
| |
| [ |
} 9i2t = Hm — W1
w1+w2 |
T
|
71f 1— 622t | }
‘ \
|
|
“t 721‘ I |
wl ! 2175 = 9111‘ wa)
|
T

w1+wz
wr = min{l — 6,05, }

- mi \ it -
wo = min{6;,¢,1 — 0,1} N (€;,¢) 1/1// Vit 2t)

~

Figure: lllustration of Algorithm 2
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Nontrivial Rounding Algorithm (i.e., Algorithm 2)

-
N

Multiple Granularity Online Control of Cloudlet Networks for Edge Computing

Algorithm 2: Randomized dependent rounding, Vt

To round Z, replace uj; by z;, U by Zj, and U; by G, Vi;

To round yy, replace T by ¥, Ui by yi, and U; by %, Vi,

def ~

def .
O = Tie — [T, Vi, T, S T\ {i|0; € {0,1} };

while |Z{| > 1 do
Select iy, i € T, Where i # ip;

def
w1 = min{l — 9,1“ U

With the probability = +w , set 9
With the probability = +w , set 9,1t
Set T ; = \_thJ + Ollt,

Set Tjr = |Upe| + 0,
end
if |Z;| = 1 then

Set by = [Uj¢] for the only i € Z};
end

=T\ {in}, if 0],
Lo TL=Ti\ i),

def . U;
Igt}’ w2 = mm{@,—lt, (Ti(l - efgt)};

U.
/ — [ .
=0it +w1 79/‘21‘ =0t — 7U,~; w1;
I . i W
_e,lt w2,9i2t—9,2t+ Ui2w2'

€ {0,1};

if 6” € {0,1};

it
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Performance Analysis

We can establish the following:

E(P({x™, ¥t, Zt, Vt})) (6a)
< RP({Xt, yt,Zt, Vt}) < Rounding (6b)
< nnD({mr(xt, Y, zt), Vt}) < Regularization (6¢)
< nrP({Xt, ¥, zt, Vt}) + Weak duality (6d)
< nnPopr + Relaxation (6e)

“E"” refers to expectation, as we use randomized rounding.
ry is the multiplicative approximation ratio due to dependent rounding.

n is the multiplicative approximation ratio due to regularization.

rir: is the competitive ratio.
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Performance Analysis

Theorem 1: We can prove P({it,yt,it,Vt})<r1D({W(§t,yt,§t) Vt}), where
n=1+(1+¢)In(l+ é)z & L+ max;{(Ci +5)|n(1+ )}Z R%.

Proof sketch: using P.'s KKT conditions to bound the static (i.e., delay plus
operation) cost and the dynamic (i.e., switching) cost respectively

Theorem 2: We can prove E(P({x;™, ¥t, Zt, Vt}))<rP({Xt, Yt, Zt, Vt}), where
r» = 0x + 0y + 0, + 0w + dy, ”:maxf#fz?x[' and

max; C
0x = (1 + &) m":fR” maxi,e

/t
dy

C.
(1 + ) max;,: pj, max;,¢ P—é,

0, (1+/<;)max,tc max,t;:

it
8w = (14 &) max; ¢ max; ¢ <,

G
oy = (14 k) max; C—'I max; ; —
it

Proof sketch: using the definition of Algorithm 2 to show (x{,y;) always
exists, given z;; x¢* always exists, given (¥t, Zt).
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Numerical Study: Settings

Cloudlets and Delay
o Envisage cloudlet deployments at London underground stations
@ Use 100 largest stations based on annual passenger count
@ Use geographic distance to represent delay

Workload

@ Quarterly (i.e., 15 min.) passenger numbers at each station obtained from
Transport for London for Nov. 2016

1.2 100
. —— Waterloo .
——King's Cross St. Pancras K=
1.0 Victoria 8();
= ——ELIX electrlclly =
=08 & O‘JE
=4
=1 @
0.6 2
5] 40
204 g
2 =
20.2 209
5}

ol—1t ! 18 & 5}
1 100 200 300 400 500 600
quarter (15 min.)

Figure: Dynamic inputs
Electricity Price (Unit Operating Cost)

@ European Electricity Index (ELIX) reported by EPEX SPOT for Monday,
Nov. 14 through Sunday, Nov. 20, 2016.
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Numerical Study: Settings (Cont.)

Cloud Capacity

Use the workload to estimate the cloudlet capacity

Algorithms for Comparison

reg+r: (our algorithm) regularization, randomized pairwise rounding;
lcp+r: the existing Lazy Capacity Provisioning algorithm, randomized
pairwise rounding;

grb: Gurobi, the state-of-the-art mixed integer linear program solver
(one-shot optimum)

grb(s): Gurobi for server control (i.e., single granularity)—an cloudlet is
on if the number of servers is non-zero, and is off otherwise.
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Numerical Study: Settings (Cont.)

For combinations of different fractional online algorithms and rounding
algorithms, we further compare our algorithm reg+r to

o ipt+d: IPOPT, deterministic rounding (rounding all variables up)
o reg+d: regularization, deterministic rounding
e ipt+r: IPOPT, randomized pairwise rounding

where IPOPT is the state-of-the-art interior point convex program solver.

Weights and PUE
@ We vary the weight x of the switching cost for both cloudlets and servers.
Specifically, we vary log x as an integer in [0, 4].
@ We vary the PUE in [1, 2] for the cloudlet operating cost; we always set 1
as the weight of the server operating cost.
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Numerical Study: Results

15
k7] k7 Bl reg+r -
8 8 Il icp+r
g ol
S S T |[Lgrb(s)
o o
N N
S 505
£ £
o )
c < 5 ]
0 1 2 3 4 12 14 16 18 20
weight on switching PUE
Figure: Impact of switching cost Figure: Impact of the PUE

@ reg+r incurs 15% ~ 65% less cost than lcp+r, grb, and grb(s).
o As the weight grows, the gap between reg+r and others expands.
o As the PUE grows, the gap between reg+r and others shrinks.
e lcp+r does not do well, as its Lazy Capacity Principle cannot suit well for
the multi-granularity control.
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Numerical Study: Results (Cont.)
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@ reg+r incurs 5% ~ 25% less cost than the next best algorithm.
o For all rounding algorithms, our regularization algorithm reg is better.
o For all fractional online algorithms, our randomized rounding r is better.
@ grb is rather unscalable; ipt+r and our reg+r scale much better and
the execution time grows more slowly.
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Take away messages

o Different from large data centers, turning on/off cloudlets or small data
centers makes sense to save their energy consumption.
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o Different from large data centers, turning on/off cloudlets or small data
centers makes sense to save their energy consumption.

@ Proposing an online approximation algorithm with regularization and
dependent rounding technique, which is a general tool to deal with the
optimization problem including the “ramp objective” such as [x¢ — x¢—1]"
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Take away messages

o Different from large data centers, turning on/off cloudlets or small data
centers makes sense to save their energy consumption.

@ Proposing an online approximation algorithm with regularization and
dependent rounding technique, which is a general tool to deal with the
optimization problem including the “ramp objective” such as [x; — xt_l]+

@ Exploiting the real traces of city underground stations or Starbuck
locations may be an alternative choice for cloudlets or edge clouds
simulations

Multiple Granularity Online Control of Cloudlet Networks for Edge Computing  IEEE SECON 2018, Lingjun Pu (NKU)
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o Different from large data centers, turning on/off cloudlets or small data
centers makes sense to save their energy consumption.

@ Proposing an online approximation algorithm with regularization and
dependent rounding technique, which is a general tool to deal with the
optimization problem including the “ramp objective” such as [x; — x;—1]"

@ Exploiting the real traces of city underground stations or Starbuck
locations could be a choice for cloudlets or edge clouds simulations

o Tighter theoretical bound will be explored (e.g., using different regularizer
and/or designing novel rounding policies)
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Take away messages

o Different from large data centers, turning on/off cloudlets or small data
centers makes sense to save their energy consumption.

@ Proposing an online approximation algorithm with regularization and
dependent rounding technique, which is a general tool to deal with the
optimization problem including the “ramp objective” such as [x: — x;—1]"

o Exploiting the real traces of city underground stations or Starbuck
locations could be a choice for cloudlets or edge clouds simulations

o Tighter theoretical bound will be explored (e.g., using different regularizer
and/or designing novel rounding policies)

@ Ramp objective + Ramp constraints???
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