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IP Networks:

Intra-Domain Traffic
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IP Networks:
Intra-Domain Traffic

E ngmeermg{
» How to minimize~the delay Tor packets

transversing through the networks?

- How to determine (costs) of links so that
the shortest paths are determined in a
way minimizing the delay as an overall
network goal?

- How to formulate the problem of
minimizing the maximum link utilization

given under routing policies imposed by
OSPF and IS-15?
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IP Networks

Intra-Domain Traffic Engineering (3.1.1)
indices
d=1,2,....D demands
p=1,2,...,P; candidate paths for flows realizing demand d
e=1,2,...,F links

constants
Ce capacity of link e
deap =1, Iiflink e belongs to path p realizing demand d; O, otherwise
hg volume of demand d
variables
We metric of link e, w = (w1, wa, ..., wg) (primary)
zqp(w)  flow allocated to path p of demand d determined by the link system w
Y, w) load of link e determined by the link system w
r maximum link utilization variable, r = e:r{lf’.).(,E {ge(w)/ce}

The problem of minimizing the maximum link utilization can be formulated as

minimize,, , F=r

subject to Zpa;dp(w) = hy d=1,2,...,.D
>a2pledpTap(w) <cer  e=1,2,., F
r continuous

we NON-negative integers.



MPLS Networks:
Tunneling Optimization

FIGURE 32 MPLS Metwork
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MPLS Networks:
Tunneling Optimization

» End-to-end virtual paths of predefined
capacities to different streams
associated to different service classes

+ How to carry different traffic
classes in an MPLS network through
the creation of tunnels in such a way
that the number of tunnels on each
MPLS router/link is minimized and
balanced?
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MPLS Networks

Tunneling Optimization (3.2.1)

indices
d=1,2,....D demands

p=1,2,...,P; number of possible tunnels for demand d
e=12,..,F links

constants
Ce capacity of link e
deap =1, Iiflink e belongs to tunnel p realizing demand d; O, otherwise
hg volume of demand d
variables
xqp  fraction of the demand volume d carried over tunnel p
€ lower bound on fraction of flow on a tunnel (path)
uqp = 1, to denote selection of a tunnel if the lower bound is satisfied; O, otherwise
r maximum number of tunnels over all links.

(Contd.)



MPLS Networks
Tunneling Optimization (3.2.1)

(Contd.)

The problem of minimizing the number of tunnels on each MPLS router/link and
load balancing in an MPLS network can be formulated as

minimize, ,, ., F=r

subject to prdp =1 d=1,2,...,D
Zdhdzpéedpwdp <ce e=1,2,..,F
EUgp < hqTgp d=1,2,....D p=1,2,
Tap < Udp d=1,2,....D p=1,2,
Zdzp(Sedpudp <r e=1,2,...F

xqp Continuous and non-negative
uqp binary, r integer.



ATM Networks:
Virtual Path Design

FIGURE 33  ATM Network
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ATM Networks:
Virtual Path Design

* Permanent and semi-permanent virtual
paths with guaranteed data rates

+ How to determine link capacity so
that the total link cost is minimized
given that the ATM virtual path
demand requirement and so that link

capacacity can be in modular units
such as 155 Mbps?
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ATM Networks
Virtual Path Design (3.3.2)

indices
d=1,2,....D demands
p=1,2,...,P; number of possible paths for a virtual path (VP) for demand d
e=1,2,...,.F links

constants

deap =1, if VP path p for demand d uses link e; 0, otherwise

hg volume of demand d (Mbps)

€, unit cost of a 155 Mbps link(LCU) on link e

M capacity unit of an ATM link (in terms of the the number of modules)
variables

uqp =1, if path p for demand d is selected link e; 0, otherwise

Ye capacity of link e (expressed in 155Mbps modules)

The problem of determining the link capacity so that the total cost is minimized
given that the ATM virtual path demand requirement and link capacity is in
modular units (155 Mbps)

minimize,, ,  F =3 & ye
subject to Zpudp =1, d=1,2,...,D

Zdhdeéedpudp S My€7 € — 17 23 RS E
uqp binary, ye integers.



Telephone Networks
Single-busy and Multi-busy hours

Network Dimen<gionina

WIEAIRITY

LETTHTIV A

FIGURE 34 Circuit-Swilched Network
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Telephone Networks
Single-busy and Multi-busy hours

Network Dimensioning
» Access hodes (end nodes) and digital

exchanges (switches)
+ Deman expressed in Erlangs

* Trunk-groups of 24 (T1) or 30 (E1)
voice channels of 64 kbps

» Single-busy hour - peak offered traffic
estimated over the entire day

» Multi-busy hours - different offered
traffic during the day
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Telephone Networks
Single-busy and Multi-busy hours

Network Dimensionin
» Originally fixed order of trying different

routes, in the 80's changed with the
introduction of dynamic non-hierarchical
rputing (DNHR), dynamically controled
routing (DHR) etc

» How to do modular capacity design given
that traffic volume is different for
different hours of a day, and by taking
into account functional characteristics of
routing scheme?
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Digital Circuit-Switched Telephone Networks
Single Busy-Hour Network Dimensioning (3.4.2)

indices
d=1,2,...,.D demands
e=12,..,F links
p=12,...,P; number of available routes for demand d

constants

deap =1, Iiflink e belongs to path p realizing demand d; O, otherwise

hg volume of demand d in Erlangs(Erl)

£, unit modular capacity cost of link e

be call blocking probability for link e to maintain a certain grade of service

M modular capacity (e.g., in T1 — 24 voice circuits, or, E1 — 30 voice circuits)
variables

xzqp  flow allocated to path p of demand d
Ye capacity of link e expressed as number of modules M.
The problem of determining the modular capacity needed in a network so that
offered traffic is carried with an acceptable grade -of-service can be formulated as
minimize,, , F =3 £ ye
subject to Zpacdp = hy, d=1,2,....D
Fe(zdzp(sedpxdp) < Mye, e=1,2,...,F
xqp CONtinuous, non-negative
yeintegers
where Fe(a) = C(a;be). The function C(a; b) is the inverse of the Erlang blocking
formula foroffered load a and blocking b.



Digital Circuit-Switched Telephone Networks
Multi Busy-Hour Network Dimensioning (3.4.3)

indices
d=1,2,...,.D demands
e=12,..,F links
p=1,2,..., P; number of available routes for demand d
t=1,2,...,T number of traffic hour partitions

constants
hgt volume of demand d in Erlangs(Erl) for time partition (hour) ¢
deapt =1, iflink e belongs to path p demand d for time partition ¢;
= 0, otherwise
bet call blocking probability for link e for time partition ¢
€, unit modular capacity cost of link e
variables
zqpt  flow allocated to path p of demand d for time partition ¢
Ye capacity of link e expressed as number of modules M.

The problem of determining the modular capacity given that traffic volume is
different for different hours of a day

minimize, ,  F =3} _§.ve

subject to prﬁdpt = hyt, d=1,2,...D t=1,2,...
Fet (L aX captapt) < Mye,  e=1,2,,E t=12,.
T qpt CONtinuoOuUs, non-negative Ye integers,

where F.:(a) = C(a; bet). The function C(a; d) is the inverse of the Erlang
blocking formula for offered load a and blocking b.



SONET/SDH
Capacity and Protection Design

Backbome ring Backbone ring
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FIGURE 35 Elements of a SONET Infrastructure
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SONET/SDH
Capacity and Protection Design

TABLE 3.1 Transmission Rates for SOMET/SIH.

SONET Signal SDH Signal — Bit Rate (Mbps)

ST8-100C-1) - 5184
STS-310C-3) STM-1 155.52
5T8-12 (0C-12) STM-4 022,08
STS-48 (OC-48) STM-16 248832
STS-192 (0C-192)  5TM-64 953 28

TABLE 3.2 Rates for VT (Subrates for STM) and VC
(subrates for TS

VO Type  Bit Rate (Mbps) VT Type  Bit Rate ( Mbps)
VE-11 |.728 VT1-1.5 |.728
ViC-12 23 V-2 2,304
V-3 48 960 V1-3 3456
V-4 | 50.336 V-6 6.912
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SONET/SDH

Capacity and Protection Design
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FIGURE 26 SONET Muoltiplexing Interfacing
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SONET/SDH Transport Networks
Capacity and Protection Design (3.5.1)

indices
d=1,2,....D demands
e=12,...,.F links
p=1,2,..., P; number of available routes for demand d

constants
deap =1, Iiflink e belongs to path p realizing demand d; O, otherwise
hg volume of demand d in term,s of VC-12s

€, cost of one LCU(STM-1 system ) on link e
M= 63 (Each STM-1 module can carry 63 VC-12 containers)

variables
zqp  flow allocated to path p of demand d

Ye capacity of link e (expressed in STM-1 modules)

The SDH transport network capacity design problem can be formulated as

follows :
minimize, ., F =3} £ ve
subject to prdp = hy, d=1,2,...,.D

Zde(Sedpxdp S My€7 € = 1,2,...,E
Tdp, Ye NON-Negative integers



SONET/SDH Transport Networks
Capacity and Protection Design (3.5.2)

indices
d=1,2,...,.D demands
e=12,..,F links
p=12,...,P; number of available routes for demand d

constants
dedqp =1, iflink e belongs to path p realizing demand d; O, otherwise
hg volume of demand d in term,s of VC-12s
Een cost of one transmission system STM-n realized on link e
My, = 63 n, the modularity of STM-n system
variables

xzqp  flow allocated to path p of demand d
Yen, ~NUMber of STM-n systems realized on link e

The SDH transport network capacity design problem that differentiates costs of
STM modules can be formulated as follows :

minimize, ,  F =33 §.nYen
subject to prdp = hy, d=1,2,...,D

dadpledpTap < D MnYen, e=1,2,..,F
Tdp, Yen NON-Negative integers



SONET/SDH Transport Networks
Capacity and Protection Design (3.5.5)

indices
d=1,2,...,.D demands

e=12,..,F links
qg=1,2,...,Q. list of restoration paths available for link e

constants
€, unit cost of link e
hg volume of demand d in Erlangs(Erl)
Ce capacity of link e

Breq =1, 1flink f belongs to path g restoring link; O, otherwise
variables

Ye protection capacity of link e

Zfq  Capacity restored by path g that restores link f

The problem of minimizing the cost of the necessary link protection capacity can
be formulated as follows :

minimize, , F =3 _§.Ye
subject to Zqzeq = Ce, e=1,2,.... F

Zezqﬁfekzeq =Yf, f=1,...,FE, e=1,2,...,F,
Zeq, Ye NON-NEQative integers.



SONET/SDH RINGS:
RING BANDWIDTH DESIGN




SONET/SDH RINGS:
RING BANDWIDTH DESIGN

- Restoration intrinsic to network

functionality: < 50 ms restoration capability
from single-link failure

+ ADM nodes capable of extracting containers

+ Given the inherent routing nature of a
SONET/SDH ring and the demand volume,
how do we determine what is the minimal
number and type of (parallel) rings
needed?
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SONET/SDH RINGS:
RING BANDWIDTH DESIGN

@

FIGURE 3.8  Node and Segment Labeling of BILSRE
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SONET/SDH Rings
Ring Bandwidth Design (3.6.1)

indices
v=12,..,V  nodes
e=1,2,..,.FE segments
constants
hyw demand volume between nodes v and w, with v < w
M Modularity of the STM system
devw =1,1fv<e<w;O0, otherwise
variables
uyw  flow on the clockwise path from w to v
zvw  flow on the clockwise path from v to w

The problem of determining the minimal number and type of (parallel) rings
needed can be formulated as
minimize,, , ,. T
subject to Upw + Zow = hvw, v,w=12,.... V.o <w
devwlow + (1 — devw)z2ow < Mr, e=1,2,...,F
Uyw, Zvw, T NON-Negative integers.



WDM Networks:

Restoration Design
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FIGURE 3.9  WDM Network
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WDM Networks:
Restoration Design
* Wavelengths typically carries 10 Gbps (1
DVU = 10 Gbps)

* Optical cross connect with and without
wavelength conversion

* A light-path (route) can use different
colours
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WDM Networks

Restoration Design with Optical Cross-Connects (3.7.1)
indices
c=1,2,...,C colors
e=1,2,....FE links
v=12,...,V  nodes

s=20,1,...,S failure situations
constants

hgs (d=1,2,...,D) volume of demand d to be realized in situation s,
E.(e=1,2,..,FE) cost of one LCU (i.e., optical fibre) on link e

Qes = 0 if link e is failed in situation s ; 1, otherwise

dedp = 1 if link e belongs to path p realizing demand d, ; 0, otherwise

Odps =0 if path p of demand d is failed in situation s ; 1, otherwise
variables

zape  flow (number of light-paths) realizing demand d in color c on path p

Zce number of times the color ¢ is used on link e

Ye capacity of link e expressed in the number of fibers

The optimization problem for the OXCs without wavelength conversion can be
formulated as

minimize, ., F =3 .&.ye

subject to Zpedpszca:dpc > hgs, d=1,2,....D s=0,1,2,...,8
Zd2p5edpxdpc = Z2ce, c¢c=1,...C, e=1,2,...,F
Ye = Zce, c=1,...,.C, e=1,2,...,FE.

Tdpc, Zees Yes non-negative integers



WDM Networks:

Restoration Design with Optical Cross-Connects (3.7.2)

indices
c=1,2,...,C colors
e=1,2,...,.FE links
v=12,...,V nodes
s=0,1,...,S failure situations
constants
has volume of demand d to be realized in situation s,
€, cost of one LCU (i.e., optical fibre) on link e
Ke link opening cost for the link e
Qes = 0 if link e is failed in situation s ; 1, otherwise
deap = 1iflink e belongs to path p realizing demand d, ; O, otherwise
0aps =0 if path p of demand d is failed in situation s ; 1, otherwise
variables
zape  flow (number of light-paths) realizing demand d in color c on path p
Zce number of times the color c is used on link e
Ye capacity of link e expressed in the number of fibers
Ue =0 if the link e is installed; 1, otherwise

(Contd.)



WDM Networks

Restoration Design with Optical Cross-Connects (3.7.2)
(Contd.)

The optimization problem for the OXCs without wavelength conversion that takes
In to account the link opening costs can be formulated as

minimize, , . . F =2, (§.Ye + Kete)
subject to Zpedpszcccdpc > hgs, d=1,2,....D s=0,1,2,...,8
Zdzp5edp$dpc —Z2ce, c¢c=1,...C, e=1,2,..,F
Ye = Zce, c=1,...,.C, e=1,2,...,F
Ye < Mue, e=1,2,.. F.
Tdpc, Zee, Yes non-negative integers

M is a large number
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IP Over SONET
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IP over SONET

* Given an IP intra-domain network and
that the IP links are realized as
tfransmission paths over a capacitated
SONET network, how do we determine
capacity required for the IP links, and
the routing of these links in the SONET
network in an integrated manner to
minimize the IP network cost?
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IP Over SONET: Combined Two-Layer Design (3.8.1)

indices
d=1,2,....D demands
e=12,...,.F links
qg=1,2,...,Q. list of candidate paths for link e

constants
Cg capacity of link g in the SONET network expressed in OC-48 modules
deap =1, Iiflink e belongs to path p realizing demand d; O, otherwise
hg volume of demand d
€, link termination cost by the cost of the OC-3 interfaces at the end routers of link e

Ceq routing cost at the SONET layer

P link utilization coefficient

M =size of the link capacity in IP network(e.g., 155.52 Mbps)

N =size of the link capacity in SONET network (e.g., 2,488.32 Mbps)

variables
We metric of link e, w = (w1, wa, ..., wg)
zqp(w)  flow allocated to path p of demand d determined by the link system w
Ye modular capacity of the IP layer link e
Zeq flow allocated to path g realizing capacity link e
Ygeq =1, if path ¢ on the transport layer for demand e uses link g ; and 0, otherwise

(Contd.)



IP Over SONET: Combined Two-Layer Design (3.8.1)

(Contd.)

The problem to determine the capacity required for the IP links, and the routing of
these links in the SONET network in an integrated manner to minimize the IP
network cost can be formulated as

minimize,, o, » > .8e¥e + 2D CeqReq

subject to > pTdp(w) = hq, d=1,2,....D
Zdzpaedpwdp(w) < pMye, e=1,2,.... FE
D g docReq = Ye, e=1,2 .. E
D MY Vgeqzeq < Neg, =1,2,...,G

we NON-negative integer
Ye, Zeq NON-Negative integer .



	ch03-figures+tables-for-presentation2
	dm-chapter03-slides-aug05
	IP Networks\ Intra-Domain Traffic Engineeringquad (3.1.1)

	MPLS Networks\ Tunneling Optimizationquad (3.2.1 )
	MPLS Networks\ Tunneling Optimizationquad (3.2.1)
	ATM Networks\ Virtual Path Designquad (3.3.2)

	 Digital Circuit-Switched Telephone Networks\ Single Busy-Hour Network Dimensioningquad (3.4.2)
	Digital Circuit-Switched Telephone Networks\ Multi Busy-Hour Network Dimensioningquad (3.4.3)
	SONET/SDH Transport Networks \Capacity and Protection Designquad (3.5.1)
	SONET/SDH Transport Networks \Capacity and Protection Designquad (3.5.2)
	SONET/SDH Transport Networks \Capacity and Protection Designquad (3.5.5)
	SONET/SDH Rings\ Ring Bandwidth Designquad (3.6.1)
	WDM Networks\ Restoration Design with Optical Cross-Connectsquad (3.7.1)
	WDM Networks: \Restoration Design with Optical Cross-Connectsquad (3.7.2)
	WDM Networks \Restoration Design with Optical Cross-Connectsquad (3.7.2)
	IP Over SONET: Combined Two-Layer Designquad (3.8.1)
	IP Over SONET: Combined Two-Layer Designquad (3.8.1)




