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Intra Domain Routing

• Routing innerhalb eines eigenen Netzes

• Protokoll relativ frei wählbar

• OSPF, IS-IS, RIP, BGP, ...

• Hier: „Standardnetz“
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Figure 1: Shortest path routing within an Autonomous System based on OSPF/IS-IS link weights: each link
has an integer weight.

networks run Interior Gateway Protocols (IGPs) such as OSPF (Open Shortest Path First) or IS-IS (Interme-

diate System-Intermediate System) that select paths based on static link weights. These weights are typically

configured by the network operators. Routers use these protocols to exchange link weights and construct a

complete view of the topology inside the AS, as shown in Figure 1. Then, each router computes shortest

paths (where the length of a path is the sum of the weights on the links) and creates a table that controls the

forwarding of each IP packet to the next hop in its route.

On the surface, shortest-path routing does not seem flexible enough to support traffic engineering in a

network supporting a diverse set of applications. First of all, these IGPs are limited to routing scenarios

that can be specified with a single integer weight on each link. However, we argue that link weights suffice

to specify near-optimal routing for large, real-world networks. Second of all, in their basic forms, the

OSPF and IS-IS protocols do not adapt the link weights in response to changes in traffic or the failures of

network elements, and the path-selection process does not directly incorporate any performance objectives.

Recent standards activity has proposed traffic-engineering extensions to OSPF and IS-IS to incorporate

traffic load in the link-state advertisements and path selection decisions. However, these extensions require

modifications to the routers to collect and disseminate the traffic statistics and establish paths based on the

load metrics. Instead, we argue that it is often possible to select static link weights that are resilient to traffic

fluctuations and link failures, allowing the use of the traditional incarnations of OSPF and IS-IS.

The example in Figure 2 shows how to control the distribution of traffic in a network by tuning the IGP

weights. All three diagrams concern the same network where all links have the same capacity and each of

the nodes , , , and have one unit of traffic to send to node . The simple performance objective here is

to minimize the maximum link load.

Initial configuration with unit weights: The first diagram shows the results of having the same
weight of on every link. This directs all of the traffic from nodes , , and through node , forcing

units of load on link .
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Routing

• Ausfallsicherheit

• Kurze Wege
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Figure 1: Shortest path routing within an Autonomous System based on OSPF/IS-IS link weights: each link
has an integer weight.

networks run Interior Gateway Protocols (IGPs) such as OSPF (Open Shortest Path First) or IS-IS (Interme-

diate System-Intermediate System) that select paths based on static link weights. These weights are typically

configured by the network operators. Routers use these protocols to exchange link weights and construct a

complete view of the topology inside the AS, as shown in Figure 1. Then, each router computes shortest

paths (where the length of a path is the sum of the weights on the links) and creates a table that controls the

forwarding of each IP packet to the next hop in its route.

On the surface, shortest-path routing does not seem flexible enough to support traffic engineering in a

network supporting a diverse set of applications. First of all, these IGPs are limited to routing scenarios

that can be specified with a single integer weight on each link. However, we argue that link weights suffice

to specify near-optimal routing for large, real-world networks. Second of all, in their basic forms, the

OSPF and IS-IS protocols do not adapt the link weights in response to changes in traffic or the failures of

network elements, and the path-selection process does not directly incorporate any performance objectives.

Recent standards activity has proposed traffic-engineering extensions to OSPF and IS-IS to incorporate

traffic load in the link-state advertisements and path selection decisions. However, these extensions require

modifications to the routers to collect and disseminate the traffic statistics and establish paths based on the

load metrics. Instead, we argue that it is often possible to select static link weights that are resilient to traffic

fluctuations and link failures, allowing the use of the traditional incarnations of OSPF and IS-IS.

The example in Figure 2 shows how to control the distribution of traffic in a network by tuning the IGP

weights. All three diagrams concern the same network where all links have the same capacity and each of

the nodes , , , and have one unit of traffic to send to node . The simple performance objective here is

to minimize the maximum link load.

Initial configuration with unit weights: The first diagram shows the results of having the same
weight of on every link. This directs all of the traffic from nodes , , and through node , forcing

units of load on link .
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Gewichte

• Jede Verbindung hat ein Gewicht

• Niedrigste Summe = gewählter Weg
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Figure 1: Shortest path routing within an Autonomous System based on OSPF/IS-IS link weights: each link
has an integer weight.

networks run Interior Gateway Protocols (IGPs) such as OSPF (Open Shortest Path First) or IS-IS (Interme-

diate System-Intermediate System) that select paths based on static link weights. These weights are typically

configured by the network operators. Routers use these protocols to exchange link weights and construct a

complete view of the topology inside the AS, as shown in Figure 1. Then, each router computes shortest

paths (where the length of a path is the sum of the weights on the links) and creates a table that controls the

forwarding of each IP packet to the next hop in its route.

On the surface, shortest-path routing does not seem flexible enough to support traffic engineering in a

network supporting a diverse set of applications. First of all, these IGPs are limited to routing scenarios

that can be specified with a single integer weight on each link. However, we argue that link weights suffice

to specify near-optimal routing for large, real-world networks. Second of all, in their basic forms, the

OSPF and IS-IS protocols do not adapt the link weights in response to changes in traffic or the failures of

network elements, and the path-selection process does not directly incorporate any performance objectives.

Recent standards activity has proposed traffic-engineering extensions to OSPF and IS-IS to incorporate

traffic load in the link-state advertisements and path selection decisions. However, these extensions require

modifications to the routers to collect and disseminate the traffic statistics and establish paths based on the

load metrics. Instead, we argue that it is often possible to select static link weights that are resilient to traffic

fluctuations and link failures, allowing the use of the traditional incarnations of OSPF and IS-IS.

The example in Figure 2 shows how to control the distribution of traffic in a network by tuning the IGP

weights. All three diagrams concern the same network where all links have the same capacity and each of

the nodes , , , and have one unit of traffic to send to node . The simple performance objective here is

to minimize the maximum link load.

Initial configuration with unit weights: The first diagram shows the results of having the same
weight of on every link. This directs all of the traffic from nodes , , and through node , forcing

units of load on link .
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Gewichte II

• Traditionell: Jede Kante hat Gewicht von 1

• Cisco: Gewicht invers zu Bandbreite
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Figure 1: Shortest path routing within an Autonomous System based on OSPF/IS-IS link weights: each link
has an integer weight.

networks run Interior Gateway Protocols (IGPs) such as OSPF (Open Shortest Path First) or IS-IS (Interme-

diate System-Intermediate System) that select paths based on static link weights. These weights are typically

configured by the network operators. Routers use these protocols to exchange link weights and construct a

complete view of the topology inside the AS, as shown in Figure 1. Then, each router computes shortest

paths (where the length of a path is the sum of the weights on the links) and creates a table that controls the

forwarding of each IP packet to the next hop in its route.

On the surface, shortest-path routing does not seem flexible enough to support traffic engineering in a

network supporting a diverse set of applications. First of all, these IGPs are limited to routing scenarios

that can be specified with a single integer weight on each link. However, we argue that link weights suffice

to specify near-optimal routing for large, real-world networks. Second of all, in their basic forms, the

OSPF and IS-IS protocols do not adapt the link weights in response to changes in traffic or the failures of

network elements, and the path-selection process does not directly incorporate any performance objectives.

Recent standards activity has proposed traffic-engineering extensions to OSPF and IS-IS to incorporate

traffic load in the link-state advertisements and path selection decisions. However, these extensions require

modifications to the routers to collect and disseminate the traffic statistics and establish paths based on the

load metrics. Instead, we argue that it is often possible to select static link weights that are resilient to traffic

fluctuations and link failures, allowing the use of the traditional incarnations of OSPF and IS-IS.

The example in Figure 2 shows how to control the distribution of traffic in a network by tuning the IGP

weights. All three diagrams concern the same network where all links have the same capacity and each of

the nodes , , , and have one unit of traffic to send to node . The simple performance objective here is

to minimize the maximum link load.

Initial configuration with unit weights: The first diagram shows the results of having the same
weight of on every link. This directs all of the traffic from nodes , , and through node , forcing

units of load on link .
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Lastverteilung?

• Netzausbau teuer

• Effiziente Ressourcennutzung

• Traditionelle Routingprotokolle haben 
keinen „Überblick“

• Aufwendigeres Protokoll = Neue Hardware
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Ziel: AdvancedOSPF

• Gleichmässige Lastverteilung

• Kein neues Protokoll

• Ideal: Komplett Transparent für Router

• Seltene Routingänderung

• Ausfallsicherheit & Redundanz
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Figure 2: Routing the same demands with different weight settings: each link has an integer weight, arrows
illustrate the flow of traffic, the thickness of the arrows indicates the volume of traffic traversing the link,
and a dashed line represents a link that carries no traffic.

Local change to the weight of the congested link: A naive approach to reducing the load is to
increase the IGP weight on the overloaded link . In the second diagram, the weight of
is increased to . This configuration results in two shortest paths for nodes , , and , and an even
splitting of traffic over paths via and . However, this solution places units of load on the link

.

Global optimization of the link weights: A global optimization of the weights would produce a
weight setting like the one in the third diagram, with no link carrying more than units of traffic.
This distribution of traffic is optimal with regard to the maximum load. Since units of traffic have to
reach node along its two incoming edges, no other routing scheme could produce a better solution.

In this example, changing the link weights to alleviate the congestion on the link is an attractive

alternative to buying and deploying additional bandwidth between routers and .

1.2 Advantages of Using Traditional OSPF/IS-IS

This paper presents an overview of a practical approach to working within the existing framework of static

link weights, without modification to the routing protocols or the routers themselves. The paper brings to-

gether the work in various papers that describe individual components of this approach to traffic engineering.

The main point underlying this body of work is that the process of arriving at good values for the weights, or

a good set of changes to the existing values of the weights, is handled externally from the routers. This pro-

cess could depend on traffic measurements and topology data collected from the operational network. The

selection of the weights may also depend on a wide variety of different cost, performance, and reliability

constraints. The link weights are configured by an external entity, such as a network management system or

a human operator, to achieve certain traffic engineering goals. Generally, we view a modification of the link

weights as a significant change to the network that is performed on a relatively coarse time scale.
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Figure 2: Routing the same demands with different weight settings: each link has an integer weight, arrows
illustrate the flow of traffic, the thickness of the arrows indicates the volume of traffic traversing the link,
and a dashed line represents a link that carries no traffic.

Local change to the weight of the congested link: A naive approach to reducing the load is to
increase the IGP weight on the overloaded link . In the second diagram, the weight of
is increased to . This configuration results in two shortest paths for nodes , , and , and an even
splitting of traffic over paths via and . However, this solution places units of load on the link

.

Global optimization of the link weights: A global optimization of the weights would produce a
weight setting like the one in the third diagram, with no link carrying more than units of traffic.
This distribution of traffic is optimal with regard to the maximum load. Since units of traffic have to
reach node along its two incoming edges, no other routing scheme could produce a better solution.

In this example, changing the link weights to alleviate the congestion on the link is an attractive

alternative to buying and deploying additional bandwidth between routers and .

1.2 Advantages of Using Traditional OSPF/IS-IS

This paper presents an overview of a practical approach to working within the existing framework of static

link weights, without modification to the routing protocols or the routers themselves. The paper brings to-

gether the work in various papers that describe individual components of this approach to traffic engineering.

The main point underlying this body of work is that the process of arriving at good values for the weights, or

a good set of changes to the existing values of the weights, is handled externally from the routers. This pro-

cess could depend on traffic measurements and topology data collected from the operational network. The

selection of the weights may also depend on a wide variety of different cost, performance, and reliability

constraints. The link weights are configured by an external entity, such as a network management system or

a human operator, to achieve certain traffic engineering goals. Generally, we view a modification of the link

weights as a significant change to the network that is performed on a relatively coarse time scale.
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Figure 2: Routing the same demands with different weight settings: each link has an integer weight, arrows
illustrate the flow of traffic, the thickness of the arrows indicates the volume of traffic traversing the link,
and a dashed line represents a link that carries no traffic.

Local change to the weight of the congested link: A naive approach to reducing the load is to
increase the IGP weight on the overloaded link . In the second diagram, the weight of
is increased to . This configuration results in two shortest paths for nodes , , and , and an even
splitting of traffic over paths via and . However, this solution places units of load on the link

.

Global optimization of the link weights: A global optimization of the weights would produce a
weight setting like the one in the third diagram, with no link carrying more than units of traffic.
This distribution of traffic is optimal with regard to the maximum load. Since units of traffic have to
reach node along its two incoming edges, no other routing scheme could produce a better solution.

In this example, changing the link weights to alleviate the congestion on the link is an attractive

alternative to buying and deploying additional bandwidth between routers and .

1.2 Advantages of Using Traditional OSPF/IS-IS

This paper presents an overview of a practical approach to working within the existing framework of static

link weights, without modification to the routing protocols or the routers themselves. The paper brings to-

gether the work in various papers that describe individual components of this approach to traffic engineering.

The main point underlying this body of work is that the process of arriving at good values for the weights, or

a good set of changes to the existing values of the weights, is handled externally from the routers. This pro-

cess could depend on traffic measurements and topology data collected from the operational network. The

selection of the weights may also depend on a wide variety of different cost, performance, and reliability

constraints. The link weights are configured by an external entity, such as a network management system or

a human operator, to achieve certain traffic engineering goals. Generally, we view a modification of the link

weights as a significant change to the network that is performed on a relatively coarse time scale.
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Figure 3: Key components of the traffic engineering framework

We show that good settings of the static link weights allow OSPF and IS-IS perform almost as well as an

optimal routing scheme that has complete flexibility in selecting paths for the traffic. Section 4 concludes

the paper with a summary of our approach.

2 Traffic Engineering Framework

Our approach to traffic engineering has three main steps—measure, model, and control—as illustrated in

Figure 3. First, the operator needs to measure the network topology and the offered traffic; in practice, this

measurement data are necessary for other optional tasks, such as network visualization, usage-based billing,

and capacity planning. Second, evaluating possible settings of the link weights requires a way to predict

how the IGP configuration affects the flow of traffic. Third, after deciding on the values of the weights, an

automated system or a human operator needs to change the IGP configuration on one or more routers.

2.1 Measure: Topology/Configuration and Traffic Demands

Selecting good link weights depends on having a timely and accurate view of the current state of the network.

This view includes the operational routers and links in the network, as well as the capacity of the links and the

current configuration of the IGP parameters (e.g., OSPF/IS-IS weight and area). Topology and configuration

information are available from a variety of sources. Link capacity and IGP parameters are available from

router configuration data (such as configuration files) and may also be stored in external databases that drive

the provisioning of the network elements. The Simple Network Management Protocol (SNMP) provides

information about the status of the network elements, either by polling or via traps. In addition, it is possible
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Messung: Topology

• Netzstatus

• Traffic

• Auslastung

• Bisherige Konfiguration

• SNMP-Daten
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Figure 3: Key components of the traffic engineering framework

We show that good settings of the static link weights allow OSPF and IS-IS perform almost as well as an

optimal routing scheme that has complete flexibility in selecting paths for the traffic. Section 4 concludes

the paper with a summary of our approach.

2 Traffic Engineering Framework

Our approach to traffic engineering has three main steps—measure, model, and control—as illustrated in

Figure 3. First, the operator needs to measure the network topology and the offered traffic; in practice, this

measurement data are necessary for other optional tasks, such as network visualization, usage-based billing,

and capacity planning. Second, evaluating possible settings of the link weights requires a way to predict

how the IGP configuration affects the flow of traffic. Third, after deciding on the values of the weights, an

automated system or a human operator needs to change the IGP configuration on one or more routers.

2.1 Measure: Topology/Configuration and Traffic Demands

Selecting good link weights depends on having a timely and accurate view of the current state of the network.

This view includes the operational routers and links in the network, as well as the capacity of the links and the

current configuration of the IGP parameters (e.g., OSPF/IS-IS weight and area). Topology and configuration

information are available from a variety of sources. Link capacity and IGP parameters are available from

router configuration data (such as configuration files) and may also be stored in external databases that drive

the provisioning of the network elements. The Simple Network Management Protocol (SNMP) provides

information about the status of the network elements, either by polling or via traps. In addition, it is possible
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Messung II: Demands

• Traffic - Prognosen

• Verträge

• Kundenzahlen
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Figure 3: Key components of the traffic engineering framework

We show that good settings of the static link weights allow OSPF and IS-IS perform almost as well as an

optimal routing scheme that has complete flexibility in selecting paths for the traffic. Section 4 concludes

the paper with a summary of our approach.

2 Traffic Engineering Framework

Our approach to traffic engineering has three main steps—measure, model, and control—as illustrated in

Figure 3. First, the operator needs to measure the network topology and the offered traffic; in practice, this

measurement data are necessary for other optional tasks, such as network visualization, usage-based billing,

and capacity planning. Second, evaluating possible settings of the link weights requires a way to predict

how the IGP configuration affects the flow of traffic. Third, after deciding on the values of the weights, an

automated system or a human operator needs to change the IGP configuration on one or more routers.

2.1 Measure: Topology/Configuration and Traffic Demands

Selecting good link weights depends on having a timely and accurate view of the current state of the network.

This view includes the operational routers and links in the network, as well as the capacity of the links and the

current configuration of the IGP parameters (e.g., OSPF/IS-IS weight and area). Topology and configuration

information are available from a variety of sources. Link capacity and IGP parameters are available from

router configuration data (such as configuration files) and may also be stored in external databases that drive

the provisioning of the network elements. The Simple Network Management Protocol (SNMP) provides

information about the status of the network elements, either by polling or via traps. In addition, it is possible
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Modellierung

• Berechnung des Traffics zwischen allen  
Endpunkten

• „Theoretische Linkauslastung“

• Optimierung der Gewichte zur idealen 
Lastverteilung
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Konfiguration

• Konfiguration der neu berechneten 
Linkgewichte in den Routern

• Änderungen bringen vorübergehend 
inkonsistentes Routing mit sich

• Möglichst „selten“
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Analyse

• OPT: Idealer Algorithmus

• Vollständig flexibel, theoretisch, Berechnung in 
Echtzeit

• UnitOSPF: Gleiches Gewicht für jeden Link

• InvCapOSPF: Inverses Gewicht zu Kapazität 
(Cisco)

• AdvancedOSPF: Modellierte OSPF-Gewichte
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Statische Analyse I

• Geplantes AT&T Netz

• Gleichbleibender Verkehr

• 90 Router, 274 Verbindungen
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Statische Analyse II

• Höchste Mehrauslastung gegenüber OPT 
auf einem Link:

• AdvancedOSPF: 3%

• UnitOSPF + InvCapOSPF: <50%

• AdvancedOSPF: Bis zu 50% mehr Traffic 
möglich gegenüber UnitOSPF
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Link Kosten Funktion

• AdvancedOSPF kann wesentlich längere 
Routen verursachen

• Nicht immer sinnvoll

• 20% statt 30% Maximal-Last, dafür 
deutlich längere Routen?
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Link Kosten Funktion

• Entlastung eines vollen Links „wertvoller“ 
als Entlastung eines leeren Links

• Nicht linear
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Figure 4: Link cost as a function of the load for a link capacity

costs. Figure 5 shows the results for a proposed AT&T backbone with a projected traffic matrix based on

traffic measurements and growth trends. Each element in the traffic matrix represents the expected traffic

from one router to another. The experiment varied the traffic by multiplying each element by a scaling factor,

plotted on the -axis. The graph plots the network-wide cost normalized to make the threshold for an

overloaded network. We see that AdvancedOSPF can handle 70% more demands than the InvCapOSPF and

UnitOSPF defaults before passing the threshold. In this graph, OPT is the optimal general routing solution

with respect to the network-wide cost, but it can only handle 2% more demands than AdvancedOSPF.

Figure 6 plots the maximum link utilization for same networks, demands, and weight settings as those

used for Figure 5, but in Figure 6, OPT is the optimum with respect to maximum link utilization. Thus Fig-

ure 6 illustrates how the weight optimization for Figure 5 performs in terms of the maximum link utilization.

In particular, we see that the curve for AdvancedOSPF gets very close to OPT when the maximum utilization

passes 100%. This is because AdvancedOSPF tries to avoid the high penalty for utilizations above 100%.

We see that keeping the maximum utilization below 100%, AdvancedOSPF can handle 50% more traffic

than the InvCapOSPF and UnitOSPF defaults whereas OPT can only handle 3% more than AdvancedOSPF,

matching our earlier claims for maximum utilization. It is important that the weight settings found by Ad-

vancedOSPF are simultaneously good both with respect to the sum of the link costs and with respect to the

maximum link utilizations when it matters. In general, we have found that good weight settings are not

very sensitive to the exact details of the objective function. Good weight settings according to one objective

function were simultaneously good for other objective functions, as long as the objective function assigns

an increasing penalty to links with load approaching capacity.
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Statisch, steigend

• Gleiches Szenario wie vorhin

• Mit Link-Kosten-Funktion

• Traffic wird mit einer Konstanten 
multipliziert
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Steigender Verkehr
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Figure 5: Network-wide cost vs. demand for a proposed AT&T backbone
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Figure 6: Maximum link utilization vs. demand with same weights as in Figure 5

11

cost: Normalisierte Summe der Linkgewichte
>1 = überlastetes Netz
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Steigender Verkehr II

Maximale Linkauslastung

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 10000 20000 30000 40000 50000 60000 70000

c
o
s
t

demand

InvCapOSPF
UnitOSPF

AdvancedOSPF
OPT

Figure 5: Network-wide cost vs. demand for a proposed AT&T backbone

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 10000 20000 30000 40000 50000 60000 70000

m
a
x
-
u
t
i
l
i
z
a
t
i
o
n

demand

InvCapOSPF
UnitOSPF

AdvancedOSPF
OPT

Figure 6: Maximum link utilization vs. demand with same weights as in Figure 5
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Dynamischer Verkehr

• Traffic ist selten statisch

• Tag/Nacht, Wochenende, ...

• Linktraffic wird zufällig mit 0..2 multipliziert

• Nahezu gleiche Ergebnisse
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Änderungshäufigkeit

• Netz ist auf homogene Auslastung 
optimiert

• Robust gegenüber Schwankungen

• Einzelne Ausfälle kein Problem
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Reaktionsdauer

• Änderungen werden zentral berechnet

• Fehlererkennung schneller

• Vorausberechnung möglich
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Fazit

• AdvancedOSPF erfüllt alle Anforderungen

• Fast optimaler Algorithmus

• Keine „feste“ Formel

• Weiche Kriterien wie neue Verträge 
werden ebenfalls eingerechnet
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