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Abstract—Ethernet has spread its territory into metro and
backbone networks. Since spanning tree protocol (STP) is im-
practical for backbone networks routing, many spanning tree
based Layer 2 routing schemes have been proposed, such as mul-
tiple spanning tree protocol (MSTP) and MSTP based shortest
path bridging (MSTP-SPB). We have developed three analytical
models for evaluating these routing schemes, but they failed to
analyze Intermediate System to Intermediate System protocol
based shortest path bridging (ISIS-SPB), which forwards data
from source to destination by multiple shortest path trees. This
paper improves previous models by redefining the routing scheme
variables, and presents an analytical model for evaluating Layer
2 routing schemes even for multi-path routing. Numerical results
from this analytical model verify that the ISIS-SPB is much better
than MSTP-SPB and STP.

Index Terms—Analytical model, Layer 2 routing, Spanning
tree, STP, MSTP, MSTP-SPB, ISIS-SPB

I. I NTRODUCTION

Ethernet is initially designed for data transport in LAN.
Over the years, Ethernet has become the default Layer 2
(Data Link Layer) mechanism. To date, Ethernet has spread its
territory into Metro Area Network (MAN) as well as Provider
Backbone Bridged Network (PBBN).

A PBBN connects separate metro networks and other back-
bone networks. It consists of two types of bridges, Backbone
Edge Bridges (BEB) and Backbone Core Bridges (BCB).
BEBs are located at the edge of network, they are in charge
of bridging metro networks or small backbone networks and
reformatting frames. BCBs are located in a core network and
forward frames in large scale. A BEB connects several small
bridged networks, whereas a core network integrates BEBs.
A BEB receives frames and forwards them to other BEBs
via backbone core network. For simplicity, edge bridges, core
bridges and backbone network are used for describing BEBs,
BCBs, and PBBN respectively. Throughout the whole paper,
the term node is used interchangeably with a bridge.

Ethernet starts with the Spanning Tree Protocol (STP)[1]
for forwarding data in LAN. STP generates a single spanning
tree for the whole network, which provides the shortest path
for traffic destined to the root bridge. STP is impractical
for backbone networks due to its poor link utilization and
bad convergence time. All inactive links excluded from the
spanning tree are not used at all. Furthermore, STP can not
always guarantee the traffic to be forwarded along the shortest
path. STAR[2], TRE[3] and TRE+[4] attempt to forward

frames via alternate paths which are shorter than the paths
calculated by STP. However, they all run on the basis of
STP, so they are still constrained by slow convergence, low
utilization ratio and poor throughput.

MSTP, or Multiple Spanning Tree Protocol[5] extends STP
by dividing a network into multiple regions and allowing
multiple spanning trees in a region. A backbone network can
be a central region and every independently bridged network
can be a region. There is a common spanning tree that connects
all bridges of all regions for control purpose. Data frames
may be sent across multiple regions, in each of which a
selected spanning tree is used. MSTP reduces failover latency
by simply swapping currently selected spanning tree to an-
other. Alternative Multiple Spanning Tree Protocol (AMSTP)
proposes to establish spanning trees as many as the number
of nodes in an Ethernet Backbone network, so as to maximize
the delivery capability. As a result, each AMSTP node has a
tree rooted at itself. A set of these trees is referred to as a tree
set in this paper.

The IEEE 802.1aq Shortest path bridging (SPB) project
started from how to generate the tree set, and proposed the
MSTP-SPB[6], [7], [8]. When MSTP-SPB runs, each bridge
generates its own shortest path tree (SPT) by acting itself as
the root bridge, then each data package is forwarded along the
shortest path. Edge Node Divided Spanning Tree (ENDIST)[9]
extends the MSTP-SPB by creating multiple tree sets. ENDIST
allows an edge node to build up trees as many as the
number of its links connected to core nodes. About the same
time, the SPB project proposed the ISIS-SPB[10] to generate
multiple tree sets. ISIS-SPB uses the Intermediate System to
Intermediate System (ISIS) protocol for the network topology
discovery, it calculates 16 different equal cost shortest path
trees for each bridge, so that multiple shortest paths routing
from source to destination become possible, as a result, ISIS-
SPB can achieve better link utilization and faster convergence
time. Nowadays, ISIS-SPB has been standardized by the IEEE
as the evolution of the various spanning tree protocols.

To evaluate spanning tree based Layer 2 routing schemes,
we have proposed three analytical models[11]. They are
developed for different packet drop policies, and analyze
the throughput of network under different routing schemes.
Unfortunately, they did not consider the situation where the
edge node uses multiple shortest path trees to forward data, so
they cannot evaluate the ISIS-SPB routing scheme. This paper
addresses this problem by improving the definition of routing
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scheme variables, so that our previous proposed models can
still be available even for multiple paths routing.

The rest of this paper is organized as follows. Section II
gives a whole description of our analytical model. Then, the
analytical model is implemented by an linear programming
package in section III. Section IV evaluates the Layer 2 routing
schemes for a given small PBBN. Finally, a conclusion is made
in section V.

II. A NALYTICAL MODEL

Our analytical model is aimed to evaluate the spanning tree
based Layer 2 routing schemes in terms of throughput, that
means, once network topology, traffic distribution and packet
drop policy are specified, then the analytic model is going to
calculate the network throughput for different routing schemes.
In this section, we describe the definition of our model from
the aspect of network topology, traffic distribution, packet drop
policies, and routing schemes.

A. Symbol definition

An analytical model is composed of a set of mathematical
equations that describe relationships among physical charac-
teristic variables, so we firstly define some basic variables for
the network, which are itemized as below.

• N : a set of entire nodes(N = NE ∪NC).
• NC : a set of core nodes(|NC | = nc).
• NE : a set of edge nodes(|NE | = ne).
• u : the only gateway node to a upper level network, so

u ∈ NE .
• NP : a set of busy edge nodes that attracts flow more

than unbusy edge nodes(|NP | = np, NP ⊂ (NE − u)).
• L : a set of entire links in a backbone network.
• l(i, j) : a directed link from nodei to nodej, so l(i, j) ∈

L, wherei, j ∈ N .
• c(i, j) : the capacity of linkl(i, j).

We use variablesa and z to denote source edge node and
destination edge node respectively. Unless otherwise stated,a

and z are two different edge nodes.|A| is the cardinality of
the setA.

B. Network traffic assumption

It is usually very difficult to model the network traffic, as
there are too many events and too random quantities. However,
it is simply easy to define steady state traffic.

We assume the steady state network traffic as follows. The
edge bridgea has a constant inflow trafficK(a) from outer
bridged networks, it is going to send the trafficg(a, z) to the
destination edge bridgez, so K(a) =

∑

{z|z∈NE−a} g(a, z),
wherea, z ∈ NE , a 6= z. Specially, each edge bridge sends
data packets to gateway bridgeu with the same upward traffic
ratio r (0 ≤ r ≤ 1), then the rest(1− r) data packets will be
sent to other edge bridges. The ‘busy’ edge bridge is assumed
to receives data trafficm (m ≥ 1) times as much as ‘unbusy’
bridge does. If there is no ‘busy’ edge bridge in the network,
data traffic distribution is considered to be even, otherwise, it
is considered to be uneven. For simplicity, it is assumed that

both busy edge bridges and unbusy edge bridges are loaded
with same amount of input flow from outer bridged network.
The gateway edge nodeu receives traffic from upper level
network as much as the traffic it sends to upper level network.

Based on the traffic distribution stated above, the loaded
traffic g(a, z) for all pairs of a and z can be calculated and
summarized in TABLE I.

TABLE I: Loaded trafficg(a, z) for all pairs ofa andz.
P
P
P
P
PP

Src. a
Des.z

u NP NE −NP − u

u •
m·K(a)

ne+(m−1)np−1
K(a)

ne+(m−1)np−1

NP e ·K(a) m·(1−e)·K(a)
ne+(m−1)np−m−1

(1−e)·K(a)
ne+(m−1)np−m−1

NE −NP − u e ·K(a)
m·(1−e)·K(a)

ne+(m−1)np−2
(1−e)·K(a)

ne+(m−1)np−2

C. Packet drop policy

We represent a network as a system of connected bridges. A
bridge is regarded as a black-box with constant service time for
incoming packets and infinite capacity buffers, and it consumes
received packets immediately. Normally, a bridge processes
the incoming packets with the below procedure.

1) Group the incoming packets by their outgoing links.
2) Sum the total traffic that flows to the same outgoing link,

and compute the overflowed traffic to be dropped.
3) Apply the drop policy on the affected inflows.
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Fig. 1: Data forwarding at nodei

Fig. 1 demonstrates how data flows forwarded, where node
i is executing the packet drop procedure, the data flow denoted
with dashed arrow line is destined toz1, the data flow drawn
with solid arrow line is destined toz2. After step 1, inflowsf1,
f2, f3 andf4 are grouped together, as they are being forwarded
to the same outgoing linkl(i, j). Then, step 2 calculates the
total traffic asf1 + f2 + f3 + f4, and overflowed traffic as
f1 + f2 + f3 + f4 − c(i, j). Finally, step 3 will apply the
packet drop policy on the affected flows.

Our previous three analytical models are defined for differ-
ent packet drop policies. Both pathwise fair drop policy[11]
and maximum throughput drop policy[12] allow packet drop-
ping only at edge node and no packet loss at core node,
while linkwise fair drop policy[11] allows packet dropping
at any node. Take Fig. 1 for example, when nodej takes
either pathwise fair drop policy or maximum throughput drop
policy, it should satisfyf5 = f1 + f2 and f6 = f3 + f4.
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When linkwise fair drop policy is adopted, if the sum off1,
f2, f3 and f4 is larger thanc(j, k), thenf5 = (f1+f2)·c(j,k)

f1+f2+f3+f4

and f6 = (f3+f4)·c(j,k)
f1+f2+f3+f4

. All these policies are included in this
model.

D. Routing scheme

For defining routing scheme, our previous models use
variableB(a, z) to describe a set of active links that belongs
to the spanning tree used to deliver the traffic froma to z,
variabled(a, z) to represent the traffic successfully delivered
from sourcea to destinationz, and variablep(i, j, z) to denote
the sum of flow destined toz on the link l(i, j). These
variables can clearly define the routing scheme for STP and
MSTP-SPB, but fail to define ISIS-SPB routing scheme. For
making up, we introduce the concept of tree set. MSTP-SPB
makes each node have a shortest path tree rooted at itself, all
these trees are generated by the same tie-breaking algorithm,
a set of these trees is referred to as tree set. ISIS-SPB can
generates 16 tree sets with different tie-breaking algorithms,
then each node has 16 trees for forwarding data. To clearly
define the routing scheme constructed by these tree sets, we
introduce some extra variables shown as below.

• T : a set that contains all the tree sets in the network.
• x : the index of a tree set inT , it ranges from0 to |T |−1.
• t(x) : a tree set inT , and it is indexed byx, so t(x) ∈ T

andT =
⋃|T |−1

x=0 t(x).

Also the variablesB(a, z), d(a, z) andp(i, j, z) should be
improved as below.

• B(x, z) : a spanning tree in tree sett(x), it is adopted
to forward packets toz. It is a set of links that construct
the spanning tree.

• d(x, a, z) : the traffic successfully delivered from source
a to destinationz by the spanning tree whose tree set
index isx.

• p(x, i, j, z) : the traffic forwarded toz by the link l(i, j)
through the spanning tree whose tree set index isx.

Base on these new variables, we can efficiently define any
spanning tree based Layer 2 routing schemes, especially the
ISIS-SPB routing scheme. Next section will give a detailed
implementation when pathwise fair drop policy is adopted.

III. L INEAR PROGRAMMING MODELING

For pathwise fair drop policy, we are using linear program-
ming modeling to implement the proposed model. All the
equations needed for linear programming modeling are listed
as below. Equation (1) is the objective function, and equations
from (2) to (13) are the conditions to be satisfied, in whicha,
z1 andz2 are three different edge nodes,z1 ∈ (NE − u) and
z2 ∈ (NE −NP − u).
Maximize

|T |−1
∑

x=0

∑

{z|z∈NE}

∑

{a|a∈NE−z}

d(x, a, z) (1)

subject to
K(z1) = K(z2) (2)

g(a, z1) =

{

g(a, z2) if z1 ∈ (NE −NP − u)
m · g(a, z2) if z1 ∈ NP

(3)

g(a, u) = r ·K(a) (4)
∑

{z1|z1∈NE−u}

g(a, z1) = (1− r) ·K(a) (5)

K(u) =
∑

{a|a∈NE−u}

g(a, u) (6)

g(u, z) =

{

K(u)
ne+np−1 if z ∈ (NE −NP − u)
m·K(u)
ne+np−1 if z ∈ NP .

(7)

d(x, a, z) =
∑

{j|l(a,j)∈B(x,z)}

p(x, a, j, z) (8)

|T |−1
∑

x=0

d(x, a, z) ≤ g(a, z) (9)

d(x, a, z1) =

{

d(x, a, z2) if z1 ∈ (NE −NP − u)
m · d(x, a, z2) if z1 ∈ NP

(10)
d(x, a, u) = r ·

∑

{z|z∈NE}

d(x, a, z) (11)

∑

{j|l(j,i)∈B(x,z)}

p(x, j, i, z) =
∑

{k|l(i,k)∈B(x,z)}

p(x, i, k, z)

(12)
|T |−1
∑

x=0

∑

{z|z∈NE}

p(x, i, j, z) ≤ c(i, j) (13)

According to the distribution of traffic mentioned above, we
have equations (2) to (7). The successfully delivered traffic
never exceed the offered load, so (9) is needed. In this model,
we give a strict constraint, requiring the successfully delivered
traffic from one edge node to other edge nodes are fair, that
means (10) and (11). There is no data loss in core node
during data forwarding, then traffic conservation (12) must
be satisfied. Definitely, the traffic transferred on a link does
not exceed the capacity of the link, so the constraint (13) are
required.

IV. PERFORMANCE ANALYSIS

A. Experiment setting

Many metro and backbone networks have been designed and
deployed with regular topology or quasi-regular topology[13],
because regular topology naturally distribute traffic with bal-
ance and provides good network robustness and better through-
put. Fig. 2 shows an example topology of backbone networks,
in which a box represents an edge bridge and a circle denotes
a core bridge. The number inside of either box or circle is
bridge identifier. Bridge ‘11’ is the unique gateway bridge in
this backbone network, it is in charge of forwarding frames
between this network and upper network. The line between
two bridges denotes a physical link, each link is full duplex.
The number close to each link represents the link capacity,
and its unit is Gigabit per second (Gbps). Any link capacity
higher than 10Gbps is achieved via link aggregations[14].
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Fig. 2: A small backbone network

In the experiment, the valuem is set with2, the value of
r is set with0.2 and0.5 for two different traffic distribution
respectively.m = 2 means the busy edge node is going to
attract flow twice than unbusy edge node.r = 0.2 implies the
data packets is mainly forwarded to edge bridges, andr = 0.5
indicates a large mount of data packets flood into the gateway
bridge. When network traffic distribution is uneven, bridges ‘9’
and ‘10’ are assumed to be ‘busy’ bridges. Lingo 11.0 package
is used to program and run linear programming modeling.

B. Results and analysis

Fig. 3 to Fig. 6 show all the results with line charts, where
the ISIS-SPB is compared with STP, MSTP-SPB and Perfect
routing. Perfect routing allows all links in the network to be
active for forwarding data frame.

In four figures, the vertical axis indicates the throughput
of whole network, and the horizontal axis indicates the data
traffic loaded to each edge bridge, denoted with percentage.
Each edge bridge is connected to two 100Gbps links, so 100%
means the loaded traffic is 200Gbps.

0 20 40 60 80 100
0

200

400

600

800

1,000

1,200

1,400

1,600

Loaded Traffic(in %)

T
hr

ou
gh

pu
t(

in
G

bp
s)

Perfect

ISIS-SPB

MSTP-SPB

STP

Fig. 3: Throughput when loaded traffic is even and upward
traffic ratio r is 0.2

The curves shown in Fig. 3 and 4, demonstrate how the
throughput changing with different loaded traffic when the data
traffic distribution is even. On different upward ratios, perfect
routing performs well without any packet loss, and the ISIS-
SPB outperforms MSTP-SPB.

Fig. 5 and 6 shows the throughput as a function of different
loaded traffic when the data traffic distribution is uneven. It
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Fig. 4: Throughput when loaded traffic is even and upward
traffic ratio r is 0.5
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Fig. 5: Throughput when loaded traffic is uneven and upward
traffic ratio r is 0.2
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Fig. 6: Throughput when loaded traffic is uneven and upward
traffic ratio r is 0.5

also shows that the ISIS-SPB outperforms MSTP-SPB. Due
to uneven data traffic distribution, the throughput achieved by
perfect routing does not change in linear mode with loaded
traffic.

TABLE II compares the ISIS-SPB with MSTP-SPB from
the numerical value standpoint when the loaded traffic is at
90%, it take the throughput produced by perfect routing as
the reference, so all the values in the ‘Perfect’ row are all
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100%. It is obvious that the ISIS-SPB performs much better
than MSTP-SPB, no matter when the network traffic is even or
uneven and upward traffic ratio is high or small. The bottom
line of the table shows that, ISIS-SPB can achieve much better
throughput than MSTP-SPB in the range of27.7% to 67.9%
increase.

TABLE II: Throughput comparison when loaded traffic is at
90% and perfect routing is used as reference

Even Uneven
e = 0.2 e = 0.5 e = 0.2 e = 0.5

Perfect 100% 100% 100% 100%

ISIS-SPB 91.5% 100% 92.8% 92.4%

MSTP-SPB 66.0% 59.6% 72.7% 62.8%

STP 41.0% 36.7% 50.5% 43.9%

ISIS-SPB
MSTP-SPB− 1 38.6% 67.9% 27.7% 47.1%

V. CONCLUSION

We proposed an analytic model for evaluating the spanning
tree based Layer 2 routing schemes in terms of throughput.
It introduces tree set variables, and improves the definition of
routing scheme variables, so that our previous models can still
be available even for multiple paths routing. It also implements
a linear programming modeling for pathwise fair packet drop
policy. Given a backbone network, we program and run the
analytical model by Lingo 11.0 package. Numerical results
obtained by this model verify that ISIS-SPB routing is much
better than MSTP-SPB in the range of27.7% to 67.9%
increase.
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