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The Virtual Network Embedding Problem (VNEP)

Physical Network
,- CPU
- RAM
*- Disk

- latency
‘- bandwidth
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The Virtual Network Embedding Problem (VNEP)

Physical Network Virtual Network Requests
- CPU |
B n e e 3
- 6 -
! - 20 GB Disk
- latency

‘- bandwidth R & —0—@

- map virtual onto substrate nodes
- map virtual links onto substrate paths
- obeying the substrate’s capacities

Embedding
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Facets of the VNEP

Setting Objectives Algorithms

(De)centralized
Access Control
Multi-Provider Exact
Load Balancing
Reliability Heuristic
Energy Savings
Reconfigurations
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Related Work

Ou r Contribution: Tem pOr.a.I'i’ty |
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Introduction

Our Model
Offline scenario
n e e 3
1 7 50°GB Disk
' duration
earliest latest end
start

o—0 0
—

> time
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Motivation #1: Business



Introduction Motivation

Provider Incentives: Minimizing Load

Ry
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Introduction Motivation

Provider Incentives: Maximizing Utilization by Collocation

Ry

 ———_—

I
Ry

—

-

> time
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Motivation #2: Modeling Opportunities



Ml
Modeling Opportunities: Evolution of VNets

Distribution Mapping  Shuffle Reduce  Storing

@ B I
P P / ! : 7 i
_ ! 1 |
; :
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RS ~ A I
e N )

*> time

Reservation of maximal allocations over the whole time?
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Introduction Motivation

Modeling Opportunities: Migrations

Matthias Rost (TU Berlin)

It's about time: Optimal Temporal Virtual Network Embeddings

May 22th, 2014

11



Ml
Modeling Opportunities: Migrations

In previous work instantaneous operation!
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Introduction Motivation

Modeling Opportunities: Migrations

> time
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Introduction Motivation

Modeling Opportunities: Fine-grained Migrations

» time
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Introduction Motivation

Important Decision: Continuous-Time Model!

Discretization

granularity
A

coarse

fe |(HEHENNNNNNNNNEE

> {ime
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Introduction Motivation

Important Decision: Continuous-Time Model!

No Discretization!

granularity

A

v
coarse \\ A

L~ N
fine P NN

] \ﬁme

y
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Problem Statement



Introduction Problem Statement

Notation

Substrate S
topology S = (Vs, Es)
capacities cg : Vg UEg — RT
time horizon T >0

Requests R = {Ry,...,Rn}
topologies (VR;, Er;)
resources Cg, : Vg, U Eg, = RT

temporal spec interval [t?ﬁ’t%;]
duration dg, < teRi — tsRi
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Introduction Problem Statement

Temporal Virtual Network Embedding Problem (TVNEP)

Access Control Decide which of the requests to embed.
Resource Mapping Map virtual onto substrate resources, obtaining
allocy : R x Vg — R>¢ and
a//ocE R x Es — Rzo.

Scheduling Find start t,'{ >t} and end time tg <tf for R€ R,
such that tg + t; = dgr holds.
Feasibility For each point in time t € [0, T] ensure:
VNs € Vs.cs(Ne) > > allocy(R, Ne)
R € R with
te (tg tg)
VL, €Es.cs(Ls)> Y alloce(R, Ls) .
R € R with
te (t, tg)
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Introduction Problem Statement

Local Embedding

Mapping process will be explained in a bit.

Classic VNEP Task
Access Control Decide which of the requests to embed: xz : R — B.

Resource Mapping Map virtual onto substrate resources, obtaining
allocy : R x Vg — R>¢ and
alloce : R x Es — R>o.
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Introduction Overview

Overview

Contributions
@ Continuous-time Mixed-Integer Programming formulations for TVNEP

@ cX-Model utilizes state-space and symmetry reductions to render
solving TVNEP (computationally) feasible

© Greedy polynomial time heuristic which is based on cX-Model

@ |Initial computational evaluation

Why Mixed-Integer Programming?

@ TVNEP is a novel problem: baseline for further work

e Offline scenario: trade-off runtime with solution quality
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Mixed-Integer Programming Models



Mixed-Integer Programming Models Introduction

Standard VNEP

Access Control

Decide which of the requests to embed: xz : R — B.

Resource Mapping Map virtual onto substrate resources, obtaining

allocy : R x Vg — R>¢ and
a//ocE R x Es — RZO'

Novel: Continuous-Time Scheduling

Scheduling

Feasibility

Find start t;i > tsRi and end time tr, < tei, such that
tg, + tgi = dg, holds.
For each point in time t € [0, T]:
VNs € Vs. cs(Ne) > > allocy(R, Ne)
R € R with
te (ty, tg)
VL. €Es.cs(Ls)> Y alloce(R, Ls) .

R € R with
t € (tg, tg)
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Mixed-Integer Programming Models Introduction

Standard VNEP Access Control & Resource Mapping

Variables
Access Control xr: R — B

Node Mapping VR € R. xy : Vg x Vg — B
Link Mapping VR € R. xg: Eg x Eg — [0, 1]

Node mapping
Map each virtual onto a substrate node, if the request is embedded.

Link mapping
Map each virtual link onto multiple paths in the substrate (splittable flows).

May 22th, 2014 23
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Mixed-Integer Programming Models Introduction

Standard VNEP Access Control & Resource Mapping

Variables
Access Control xR R—B
Node Mapping VR € R. xy : Vg x Vg — B
Link Mapping VR € R. xg: Eg x Eg — [0, 1]

Node mapping: VR € R. VN, € Vg.

xr(R) = > xv(Ny, Ns)
NSEVS

Link mapping: VR € R.VL, = (N}, N, ) € Eg.YNs € Vs

Z XE(LV, Ls) = Z XE(LV, Ls) = Xv(NV_, NS) = Xv(N‘_,'_, Ns)

Ls€dt(Ns) Lsed—(Ns)

(\VENSGTEER O M@ UUAETGIN  It's about time: Optimal Temporal Virtual Network Embeddings
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Mixed-Integer Programming Models Introduction

Standard VNEP Access Control & Resource Mapping

Variables
Access Control xR R—B
Node Mapping VR € R. xy : Vg x Vg — B
Link Mapping VR € R. xg: Eg x Eg — [0, 1]

Node mapping: VR € R. VN, € Vg.

xr(R) = > xv(Ny, Ns)
NSGVS

Link mapping: VR € R.VL, = (N}, N, ) € Eg.YNs € Vs

Z XE(LV7LS)_ Z XE(LV7LS) :XV(N\/_’NS)_XV(N\_/'_aNS)
Ls€dt(Ns) Ls€d—(Ns)

Macro allocy (R, Ns): VR € R.YNs € Vs Macro allocy (R, Ns): VR € R.VLs € Eg
allocy (R, Ns) = 3"y, evi CR(NY) -xv(Ny, Ns) | allocg(R, Ls) =37, cg. cr(Lv) - xe(Ly, Ls)

(\VENSGTEER O M@ UUAETGIN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014 24




Modeling Continuous-Time: Checking Feasibility

Assume for now:
Local embeddings and start / end times are fixed.



Mixed-Integer Programming Models Introduction

Modeling Continuous-Time: Checking Feasibility

Local I
Embedding ./[ ,,,,, ,/1
on Substrate 7””17”,,,,,:,

R
v v v v v Y time
T + T - -
tR] tRz tR] tR'{ tRR tR‘Z
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Mixed-Integer Programming Models Introduction

Modeling Continuous-Time: Checking Feasibility

Local e
Embedding ./[ ,,,,, ./[
on Substrate j :

Rs
v v v v v Y b time
t;l th tl_%l tE:s tﬁ:s tl}z
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Mixed-Integer Programming Models Introduction

Modeling Continuous-Time: Checking Feasibility

Check the feasibility of the 2 - |R| — 1 states.

feasible?

i, i, v . v Y e ime

tRl th tRz
Substrate
State

state1 statey states statey states
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Abstract Event Model



Mixed-Integer Programming Models Introduction

Modeling Continuous-Time: Abstract Event Model

event; eventy eventy eventy event; eventg

Mapping Variables Bijective Mapping
E=1{e1,...,eor} VR ER.ZX*"{(e,-)zl/\ ng(e;)
e;e€ e;e€

VR e R. X;:8—>IB:’>
VReER. xg: € + B RER RER

Ve, € £. Z g (e) =1A Z Xg (&)

(VENSGIEERCE M@ UUAEEIN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014
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Mixed-Integer Programming Models ARV

Reconstructing States: A-Model

Local S
Embedding -/[——”f 77777 /1
on Substrate : S

X =1 Xmleo) =1
Xk, (e1) =1 X, (€3) = 1 Xpy(€)- Xp,(es)
v v v v v v - t|me

Idea

o Compute state changes via mapping variables x (&), xg (&)

(VESSGIEERCE M@ UUAETGIN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014
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Mixed-Integer Programming Models ARV

Reconstructing States: A-Model

Local S
Embedding /[ ,,,,, /[
on Substrate S

Ry
Xihy(e2) =1 < Xp,l€6) = 1
Xk, (e1) =1 Xp,(e3) =1 xp,(e) xgiles). |
v L] L] L] Y Y . time

A Do, A Ao A A
Il I Il Il Il Il
+Ry +Ry —Ry +R3 —Rs —Rs

Idea
o Compute state changes: A, : Vs UEs — R via xi (&), xg (&)

(VENSGTEERCE M@ UUAETITN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014
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Mixed-Integer Programming Models ARV

Reconstructing States: A-Model

Local e
Embedding /[——Nf 77777 ./[
on Substrate : S

R3
Aeli Aeg; Aeg; A(34' Aeg,' AGG Y . time
Sub 1 2 -3 ! 5
ubstrate
State Z AeU Z Ae77§ Z Aei§ Z Aei§ Z Aei
i=1 i=1 i=1 i=1 i=1
Idea

© Compute state changes: Ae, : Vs UEs — R via x¢ (&), g (&)
@ Enforce Z_;::]_ Ae,; < cg for each state

(\VESSGTEERECE M@ UUAETGITN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014
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At
A-Model: Computing State Changes

Conditional Assignment
Ve; € £. VN € Vs.
(—i—a//ocV(Rl, Ng)  if XJer (e))=1
—allocy (Ry, Ns)  if xg,(e)) =1
De;(Ns) = 4 ¢
+allocy (Ry, Ns) , if X;k(ei) =1
—allocy(Rk, Ns) , if xg (&) =1
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At
A-Model: Computing State Changes

Conditional Assignment via Big-M Constraints
VR € R. Ve; € £. VNs € Vs.

Ae,;(Ns) <+ allocy (R, Ns) + es(Ns)(1 — xg (e7))
De;(Ns) > + allocy (R, Ns) — cs(Ns)(1 — 7 (e7))
Ae;(Ns) < — allocy (R, Ng) + cs(Ns)(1 — xg (ei))
Ae;(Ns) > — allocy (R, Ns) — es(Ns)(1 — xg (ei))

(VENSGTEERCE M@ UUAETGIN  It's about time: Optimal Temporal Virtual Network Embeddings
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Mixed-Integer Programming Models ARV

A-Model: Computing State Changes

Big-M Assignment of Start
VR € R. Ve; € £. VNs € Vs.

De;(Ns) < + allocy (R, Ns) + cs(Ns)(1 — xif, (e7))
Ae;(Ns) > + allocy (R, Ns) — cs(Ns)(1 — xif, (e7)) - 2

X—Rs_(e:) =0 unbounded
De,(Ns) < + allocy (R, Ns) + cs(Ns) Ae;(Ns) <cs(Ns)
Ae(N5) > + allocy (R, Ns) —2-cs(Ns) | 7 Dey(Ns) > — cs(Ns)
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Mixed-Integer Programming Models ARV

A-Model: Computing State Changes

Big-M Assignment of Start
VR € R. Ve; € £. VNs € Vs.

De;(Ns) < + allocy (R, Ns) + cs(Ns)(1 — xif, (e7))
Ae;(Ns) > + allocy (R, Ns) — cs(Ns)(1 — xif, (e7)) - 2

Xg(e) =1
e;(Ns) <+ allocy (R, Ns)
e;(Ns) > + allocy (R, Ns)

equal
A q
A

= A¢(Ns) =allocy (R, N )J

(VESSGTEER O M@ UUAEIITN  It's about time: Optimal Temporal Virtual Network Embeddings



At
Short Excursion: B&B

Branch-and-Bound
@ branch-and-bound algorithms are in most cases used to solve MIPs
@ branching generates subproblems (in a tree)

@ subproblems can be cut off by bounding via computing LP relaxations

e subproblem might be infeasible
o subproblem might have worse objective value than best known solution

4
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Mixed-Integer Programming Models ARV

A-Model Issue: LP Smearings!

LP Relaxation Example
Xg,(e) = 0.5 for j € {1,2}:

—cs(Ns) + allocy (R, Ns) < Ae;(Ns) < allocy (R;, Ns) + 0.5 - cs(Ns)

(\VESSGTEERCE M@ UUAEIGIN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014 33



Mixed-Integer Programming Models ARV

A-Model Issue: LP Smearings!

LP Relaxation Example
Xg,(e) = 0.5 for j € {1,2}:

—cs(Ns) + allocy (R, Ns) < Ae;(Ns) < allocy (R;, Ns) + 0.5 - cs(Ns)

4

Implications
Q Ag;(Ns) < 0'is always feasible (when X;:j(ej) = 0.5 for j € {1,2})
Q Ae;(Ns) = —cs(Ns) possible if allocy (R, Ns) =0

(\VESSGTEERCE M@ UUAEIGIN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014 33



At
A-Model Issue: LP Smearings!

LP Relaxation Example
Xg,(e) = 0.5 for j € {1,2}:

—cs(Ns) + allocy (R;j, Ns) < Aej(Ns) < allocy(R;, Ns) + 0.5 - cs(Ns)

Implications
Q@ Ag;(Ns) < 0is always feasible (when X;:j(ej) = 0.5 for j € {1,2})
Q Ae;(Ns) = —cs(Ns) possible if allocy (R, Ns) =0

This is really bad!

@ states do not ‘materialize’ well in LP relaxations:
allocations will never be accounted for in the substrate's state

@ bounding is unable to reduce search space

v
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Mixed-Integer Programming Models ESMVIELHE

Y -Model: Intuition

Requirement

Resource allocations must materialize in the substrate's state. J
R

LOCaI // \\ // \\

Embeddlng /// \\\ /// \\\

on Substrate \ Xk(ei) =05 ie{1,2} ; ' Xr(€gr100) = 0.5
r 1 r + . time

€1 ) €101 €102
Substrate
State

(\VESSGTEER O M@ UUAETIN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014



Mixed-Integer Programming Models ESMVIELHE
> -Model: Intuition
R
Local 7% i
Embedding LN ;N
on Substrate /' xh(e;) = 0.5 i€ {1,2} C N Xr(ea00) = 0.5
r 1 r . time
€1 €2 €101 €102
Substrate 1
State \
Y(R,e1) =05 Y(R,e;) =1 T(R,e101) = 0.5
jef{2,...,100}
”
VR € R.Ve; € £.
) — (e _ —(e:
T(Re)= > xi(e,R) - > xz(eR)
j:17"'7i .j:]'?"'?i
”
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Zevilod
> -Model: State Computation

Request allocations are computed for each state
o States S = {s1,...,So.r|-1}
e VR e R.Vs; € S.YN;s € Vs.

allocy (R, s;i, Ns) > allocy (R, Ns) — cs(Ns) - (1 — (R, €/))
e Vs; € SVN; € Vs.

cs(Ns) > Z allocy (R, s;, Ns)
ReER

VR € R.Ve; € E.
(Re)= Y xi(e,R)— Xr(e); R)

J=1,.0i j=1,...,i

(\VENSGTEER O M@ UUAETGIN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014
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Zevilod
> -Model: State Computation

Request allocations are computed for each state
o States S = {s1,...,Sr|-1}
@ VR e R.Vs; € S.YN;s € Vs.

allocy (R, s;, Ns) > allocy (R, Ns) — cs(Ns) - (1 — X(R, €/))
o Vs; € S.VNs € Vs.

cs(Ns) > > allocy (R, si, Ns)
ReR

LP-Smearings

State allocations fully ‘materialize’ if £(R,e;) = 1.

(VENSGIEER O M@ UUAEIITN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014 36



Local
Embedding
on Substrate

Ry
Allocations
for each R
state and
request R

'3

Substrate
State

R3
Y Y Y Y Y v
€1 €2 €3 €4 €5 €6



c2-Model



Mixed-Integer Programming Models R9M\V[YH]

c2-Model: Overview

Computational Trade-Off
@ The X-Model is provably stronger than the A-Model.

o However, the X-Model uses (approximately) 2 - |R| more variables!

> -Model can be strengthened: cX-Model

Compactification Consider only partial event order. Yields state-space and
symmetry reductions.

User cuts Use temporal information to reduce state-space and
strengthen formulation.

(\VESSGTEERCE M@ UUAETIN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014 39



cX Optimization: State Compactification



Mixed-Integer Programming Models R9M\V[YH]

cX-Model: State Compactification

Local ”7”? ,,,,,,,,,
Embedding /[ ,,,,, ./[
on Substrate A

" v ' ' ' v, time
€1 €2 €3 €4 es €6
Substrate
State IR ; 3 |

We only need to check feasibility after a request'’s start!

(\VESSGTEER O M@ UUAETGIN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014
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Mixed-Integer Programming Models R9M\V[YH]

cX-Model: State Compactification

Local S
Embedding /[ 77777 /[
on Substrate j :

Ry
€1 €9 €3 €4

@ consider only |R| + 1 event points

@ injective mapping of request starts onto first |R| event points
e mapping of request R's end onto event e;:
R ends after ej_; and before g;
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Mixed-Integer Programming Models R9M\V[YH]

cX-Model: State Compactification

Local 7”,4 ,,,,,,,,,
Embedding /[ ,,,,, /]
on Substrate e :

Ry
. ' “ ¥ time
€1 €2 €3 €4
State-space reduction
Number of states is halved = number of variables is halved. J
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Mixed-Integer Programming Models R9M\V[YH]

cX-Model: State Compactification is Symmetry Reduction

Local 77”4 ,,,,,,,,,
Embedding /[ 77777 /[
on Substrate S :

R
€1 €9 €3 €4
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Mixed-Integer Programming Models R9M\V[YH]

cX-Model: State Compactification is Symmetry Reduction

Ry
R - -

Local o
Embedding /[ 77777 /[
on Substrate S :

€1 €9 €3 €4
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Mixed-Integer Programming Models R9M\V[YH]

cX-Model: State Compactification is Symmetry Reduction

Local ﬁ ,,,,,,,,,,,,,
Embedding /[ S /]
on Substrate : ﬁ ,,,,,,,,,,,,, \

v W time
€1 €2 €3 €4

Same order as beforel!
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Mixed-Integer Programming Models R9M\V[YH]

cX-Model: State Compactification is Symmetry Reduction

Local ﬁ ,,,,,,,,,,,,,
Embedding ./[ demeeee - /‘
on Substrate ﬁ ,,,,,,,,,,,,, \

€] €9 €3 €4
Theorem
Compactification is symmetry reduction. J
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Intermezzo: Incorporating Time



e
c2-Model: Incorporating Time

Ve; € {el,...,e|R|}. VR € R.
tei S tei+1 J

VR € R.Ve; € {el, oc .,e|R|}.

ty < te, +(1—xg(eiR))-
tl—?’— > te; — (1 - X—Ffi—(eiv R)) )

4

VR € R.Ve,‘ S {ez, cooy E|R|+1}.

ty <te + (1 — xg(enR))-T
tr > te —(1—xg(erR))-T
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e
c2-Model: Incorporating Time

Ve, E{el,...,e|R|}. VR € R.
tei S tei+1 J

— = _ gt
dr =t — t8

VR € R.Ve; € {el, .. .,E|R|}.
t; < tei + (1 - Z XJRr(eja R)) -T

j=1,....i

H2ta=(= T h(eR)-T
J=iy...,

VR € R.Ve; € {eg, co0g e|72|+1}.
R Ste+(1— > xg(eR))-T
=2, i

tlgztei—l_(l_ ZI |X§(ef’R))'T
e
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e
c2-Model: Incorporating Time

Ve, E{el,...,e|R|}. VR € R.
tei S tei+1 J dR S t_ - t;
VR € R.Ve; € {el, R ,e|R|}.
t; < tei + (1 - Z XJRr(e_Ia R)) T
j=L..i
tk >te, —(1— X xg(enR)-T B
J=i, €| ) I
G
VR € R.Ve; € {eg,...,E|R|+1}. ‘
=2
tr Ztei—l_(l_ ) E XE(ej,R))'T
J=i,..|E|

v
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Optimizations: Temporal Dependency Graph User
Cuts



Optimizations: Temporal Dependency Graph User Cuts
Temporal Dependency Graph

R, —
R, — |

> time
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Optimizations: Temporal Dependency Graph User Cuts
Temporal Dependency Graph

Ry —
Ry —— .
Ry — |

> time

Latest possible point in time for Ry to start is less than the
earliest point in time at which R, can start.

= We know that R; must start before Rs.
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Optimizations: Temporal Dependency Graph User Cuts
Temporal Dependency Graph

Ry — . —
R ——
Ry — |

> time
Rf »| Ry
Ry »| Ry
Ry »| R5

Figure: Temporal Dependency Graph

May 22th, 2014 46

(\VESSGTEER O M@ UUAETGIN  It's about time: Optimal Temporal Virtual Network Embeddings



Optimizations: Temporal Dependency Graph User Cuts
Temporal Dependency Graph (Formal)

Definition
° Gdep(R) = (Vdepa Edep)
® Viyep = R x {start, end}
° Eyop = {(v,w) € Vjep|/atest(v) < earliest(w)}

t3 , if t = start

liest((R, t) € Vigep) =
earliest((R, t) € Viep) {tf;,erR i t— end

tg —dr , if t = start
th , if t = end

latest((R, t) € Viep) :{
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Mixed-Integer Programming Models Optimizations: Temporal Dependency Graph User Cuts

Weighted Temporal Dependency Graph

R »| Ry

1
Ry 1 »| Ry

Ry

v

Ry

1
Figure: Temporal Dependency Graph with weights

By computing maximal distances (in polynomial time) we obtain:
@ End of Ry: e, e3,¢e4

o End of Ro: e3,¢4

o End of Ry: e

o Start of Ry: e
o Start of R>: &
o Start of R3: e3
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Optimizations: Temporal Dependency Graph User Cuts
First Set of User Cuts (Valid Inequalities)

Vv € Vdep-

|R|4-1—|distmax (V)|
XEvent(ei7 V) =1
i=|disthax(v)|+1

Macro X Event

n :
Xg(ei) if t = start

vent(€i € E, (R, t) € Vygep) =
XE ent(e ( ) deP) {Xg(el) |f = end

State-space reduction!

© Effectively eliminates all mapping variables outside the interval
{|di5tr—'r|1—ax(v)| + 1a 000y |R‘ +1- |di5t;ax(v)|}

v
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Optimizations: Temporal Dependency Graph User Cuts
First Set of User Cuts (Valid Inequalities)

Vv € Vdep-

|RI+1—|distmax(v)|

XEvent(ei7 V) =1
i=|disthax(v)|+1

Macro X Event

xg(e;) if t = start

vent(€i € E, (R, t) € V, = .
Xeven( (R, 1) dep) xg(ei) if t=end

State-space reduction!

© Effectively eliminates all mapping variables outside the interval
{Idistdax (V)] +1,..., [R + 1 = |distma, (V)[} - -
@ and also state variables!

v
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Mixed-Integer Programming Models Optimizations: Temporal Dependency Graph User Cuts

Elimination of State Variables

R
Local o A
Embedding // ! \\ A
on Substrate Lo // ‘\\
1 —u : 1 ’ \ ——=time
€1 €2 €3 €4 €5 €100 €101 €102 €103
Allocations
for each state ? ? ?
I(R,e1)=0 — Y(Re)=1 T(Rye)) =0 —
Z(R, 61) =7 Z(R7 61) =7
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Optimizations: Temporal Dependency Graph User Cuts
Second Set of User Cuts (Valid Inequalities)
dist

max

(BRI, Ry) =2

2
RN 270\
VAN BTN PN TN
AT RN < 7 NN
’ / \ N PR / \ N
/ / | \ N - 4 ; | \ N
/ | N - 7 | N
Y / \ N - e / \ N
’ / | \ v 7 4 / | \ N
7
7/ / | <N, / | \ N
s - N
/ | v > / | \
’ 0N , N
s / | P N | \ N
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Optimizations: Temporal Dependency Graph User Cuts
Second Set of User Cuts (Valid Inequalities)

dist .

(R, Ry) =2

R{ R3

Xr,(€14) = Xp,(e5) = 0.5
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Optimizations: Temporal Dependency Graph User Cuts
Second Set of User Cuts (Valid Inequalities)

dist (R, RY) =2

time
€1 €9 €3 €4 €x €6 €7 €38

Xr,(€e3) =1
Xr,(€1) = Xr,(e5) = 0.5

Mapping xg,(€s) > 0 should be forbidden!
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Optimizations: Temporal Dependency Graph User Cuts
Second Set of User Cuts (Valid Inequalities)

v € Viep w € disty,. (v)
R Ry
po—r W T time
€1 €9 €3 €4 €x €6 €7 €3

Vv € Vyep Vw € disty, (v).Ve; € &, distmax(v, w) +1 < i < |R].
>
ej€£
with j<i—distmax(v,w)

Zj’:l XEvent(eja W) < XEvent(ej, V)
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Optimizations: Temporal Dependency Graph User Cuts
Temporal Dependency Graph User Cuts

Vv € Vdep'

|R|+1_|di5tn_13x(v)|
XEvent(eh V) =1
i=|disthax(v)|+1

Vv € Vygep. Vw € dist, . (v).Ve; € £, distmax(v,w) +1 < i < |R].

Zi':]_ XEvent(eja W) < Z xEve,,t(ej, V)
Y]
CHS
with jgi—-,dist,;ax(v,w)

Strengthen formulation!
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Overview c2-Model



Access Control & Resource Mapping

Variables
Access Control xg R —B
Node Mapping VR € R. xy : Vg x Vs — B
Link Mapping VR € R. xg: Er x Es — [0, 1]

Node mapping: VR € R. VN, € Vg.

xr(R) = sz xv (Ny, Ns)
s€EVg

Link mapping: VR € R.VL, = (N}, N, ) € Er.YNs € Vg

Z XE(Lst)_ Z XE(LV;LS) :Xv(Nv_,Ns)—Xv(N\j—,
Ls€dt(Ns) Ls€d—(Ns)

Ns)

Macro allocy(R, Ns): VR € R.YNs € Vg Macro allocy (R, Ns): YR € R.VLs € Eg
a”OC\/(R7 Ns) = ENVE\/R CR(NV) 0 X\/(NV7 NS)J allocE(R, L ) ZL cEr CR - XE L\,7 L

S>J




Access Control & Resource Mapping

Mapping onto Event Points
Variables

o‘v’RGR.X‘R":é’—)IB%

e VReR. xg : &~ B

Mapping each start / end: VR € R.

> xh(e)=1 Y xple) =t

eicler,...er|} eic{ez,..er|+1}

Mapping start injectively: Ve; € {ei, ..., ez}

> (xit(en) =1

ReR




Access Control & Resource Mapping

Mapping onto Event Points

Guaranteeing State Feasibility

Variables
allocy : R x S xVs = R>y  alloce : R xS x Es — Ry

Computing allocations at states: VR € R.Vs; € S.¥N;s € Vg/VL, € Es.
e allocy(R,s;, Ns) > allocy (R, Ns) — cs(Ns) - (1 — £(R,e;))
e alloce(R,sj, Ls) > alloce(R, Ls) — cs(Ls) - (L — (R, e;))

Ensuring feasibility: Vs; € S.VN,; € Vg/Ls € Es.
@ cs(Ns) > > allocy(R,s;, Ns)
ReR

o cs(Ls) > > allocg(R,sj, Ls)
RER




Access Control & Resource Mapping

Mapping onto Event Points

Guaranteeing State Feasibility

Guaranteeing Temporal Feasibility

Variables VR € R.
VR € R.tg,trx € Rsg  Ve; € E.te; € Rxg J dr =t — ty

Setting start times: VR € R.Ve; € {e1,...,eig|}-

t; <ty +(1— . IZ XJRr(eij))’T t; Ztei_(l__ ‘Z‘S‘XJRr(ejzR))'T
J

=1, i

Setting end times: VR € R.Ve; € {ea,...,eg|+1}-

tl; Stei‘i’(l*. 22 'XE(eJ'vR))'T tl; Ztei—17(17 Zl lXE(eij))'T
Jj=2,..., i =




Access Control & Resource Mapping

Mapping onto Event Points

Guaranteeing State Feasibility

Guaranteeing Temporal Feasibility

e S S N

Temporal Dependency Graph User Cuts
Yv € Vdep-

|R|+1_|di5tr;ax(v)|
XEvent(eh V) =1
i=|disthax(v)|+1

Vv € Viyep Vw € disty, (v).Ve; € &, distmax(v, w) +1 < i <|R].

Zji'zl XEvent(ej’ W) < Z XEvent(ej; V)

eje£
with j<i—distmax(v,w)




Access Control & Resource Mapping

Mapping onto Event Points

Guaranteeing State Feasibility

Guaranteeing Temporal Feasibility

Temporal Dependency Graph User Cuts

Some further optimizations
@ Big-M constants are chosen as tight as possible

@ virtual links can be aggregated if their virtual source or their virtual
destination is the same




Greedy Heuristic cX$



Greedy Heuristic cX$



Greedy Heuristic ng

Setting J

Node placements are fixed.

Outline
@ Order requests according to their earliest start time.

@ lteratively try to embed requests as soon as possible using cX-Model
@ |If the request was embedded: fix start and end time.
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Greedy Heuristic CZE

Setting J

Node placements are fixed.

Outline
@ Order requests according to their earliest start time.

@ lteratively try to embed requests as soon as possible using cX-Model
@ If the request was embedded: fix start and end time.

Theorem: CZE is polynomial-time algorithm

There are maximally |R| many possible orderings to consider.

Important
All link allocations are re-computed in each iteration.J
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Computational Evaluation



Scenario: One day workload
@ 20 requests (star-graphs) are to be embedded on 4 x 5 grid
@ Expected inter-arrival time of one hour [Poisson]

Expected duration of 3.5 hours [Weibull: heavy-tailed]

@ Node-mappings are fixed to concentrate on temporal aspects
@ Link-mappings are not fixed

@ Increasing temporal flexibility: 0,30, 60,...,300 minutes.

Computational Setup
@ 24 independently generated scenarios

@ Limited runtime of one hour for MIPs [Gurobi]

Task: Maximize revenue o load - duration
@ Decide which requests to embed (access control).
@ Find time-invariant embedding (routing of data).
© Decide when to embed the requests.




Objective Gap: MIP Formulations
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(\VESSGTEER O M@ UUAETGIN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014 61



Computational Evaluation

Runtime: MIP Formulations
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Benefit of Flexibility

o
8 - o] o
—_
- - !
— ' _ ' '
[l ' ' !
- ' ' '
o T ' ! '
1 -l
' '
I : Q
'

improvement of objective [%0]
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Computational Evaluation

Performance of cZﬁ

= 9 =
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Computational Evaluation

Peannanceochﬁ

= 9 =

S a0 —
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Fast: runtime of few seconds.
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Conclusion



Related Work

Chemical plants [3]
Business Perspective [4]

MapReduce [5]

VNet Survey [2]

Google B4 [6]

Utilize similar event abstraction, but no re-
source sharing.

Marketplace based on temporal flexibilities.

Consider  temporally  predictable  jobs
(MapReduce-like) and allow for tempo-
rally interleaved resource sharing.

There is no comparable work on TVNEP.

Software-defined network (wide-area) con-
necting data centers.  Only some dozen
locations.

(\VESSGTEER O M@ UUAETGIN  It's about time: Optimal Temporal Virtual Network Embeddings May 22th, 2014 66



Future Work / Discussion

Modeling
@ Consider flexible duration of requests.
o Consider delay-tolerant VNets.

@ Consider more complex scenarios, e.g. migrations.

Algorithmic

@ Incorporate other heuristical embedding approaches.

@ Develop local-search algorithms for the TVNEP.
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The End

© Abstract event point model
Q@ A-, - and cX-Model
e state-space reductions
e symmetry reduction
© Greedy heuristic cX§ based on cX
@ Initial computational evaluation

e A K <ck
e cX: near optimal solutions within one hour
o cX$ only approx. 5-10% off optimum
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Applications

Data center

@ e.g. MapReduce cycles through different phases, traffic only during
30-60% of execution [7]

@ price incentives for customers and providers to allow for / harness
temporal flexibility [5]

Wide area networks
@ Google uses SDN in the WAN to connect data centers [6]

@ scheduling of bandwidth-intensive synchronizations

@ is necessary to achieve good utilization and resource isolation
e is enabled by central SDN control
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