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One novel strategy for the link-state shortest-path routing algorithins is proposed. It
combines the features of the minimum-hop and the shortest-path strategies and is based on
calculation of minimum-hop flow-augmenting path for cach destination. This path contains
minimum number of links while avoiding those that are congested. The strategy introduces
a unique property of being able to trigger the congestion control scheme when neccssary. Its
performance was investigated upon the flow model of a sample network. The results obtained
are encouraging and favor the proposed strategy in terms of lower resource usage, higher
reliability, smaller processing time and possibility for tradeoff between delay performance and

throughput.

0. Introduction

The function of a routing algorithm in a wide area network is to select the
best set of available links to transfer packets between a source and destination.
The objective is to minimize the average delay at lower network loads and keep
it reasonable at high throughput and at the same time to make the efficient
use of the expensive long-distance links. It is very difficult to achieve all of
these requirements at the same time, particularly in situations, where changes
in traflic statistics are difficult to predict.

Various dynamic routing techniques have been conceived to provide dif-
ferent levels of adaptation to network traflic, as well as to efficient link usage.
Their primary goal is to determine the path for every source-destination pair.
The routes assigned must be adaptive to survive network failures and to ac-
commodate distributions of traffic that differ from those for which the network
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was designed. Moreover, effective and fair usage of network resources should
be provided. To achieve these prerogatives, all adaptive routing techniques pro-
cess the information about the network state in periodical time intervals and
recalenlate the paths. The frequency with which a route is modified can vary.
A new route can be selected when the network topology changes, for a source-
destination session, for all the packets in the message or for cach packet. The
choice of frequency for the routes updates is mainly dependent on the statistical
parameters of the network traflic.

1. Shortest-path algorithms

A number of dynamic routing algorithins is known as a class of shortest-
path routing algorithms. Naturally, these algorithms select a single shortest-
path for every source-destination pair, i. e. the path with the minimum
"length”. The "length” of the path is computed as the sum of the "lengths” of
the links comprising that path. In such a case, the routing problem is equivalent
to that of finding the shortest path through a graph. The metrics chosen or the
"lengths” for the links differ from algorithm to algorithm. The most common
metrics used are:

1. the "length” of each link is considered to be 1, which means that the
minimum-hop paths are actually the shortest paths, [1];

2. the "length” of each link is configurable by the network administrator,

(2);

3. the "length” is equal to the average delay experienced in the measuring
interval, [3].

The advantages of the first strategy that uses the hop-count metrics are:

e minimum network resources are used,

o the reliability of the transmission is higher,

e the traffic that informs every node about the network topology is low
since it is broadcasted only in case of topology changes,

e the processing time for obtaining minimum-hop tree is smaller.

The main disadvantage is the inability to spread the traflic over the
other links of the network when some ol the links contained in the minimum-
hop path are overloaded. In such cases loss of packets might be experienced
unless additional congestion control scheme is implemented. This is especially
evident in cases when the high traffic in the network is generated from a small
number of source-destination pairs.

The other two strategies try to avoid this disadvantage and to adapt
the routing paths to any situation that might appear. They have variable link
metrics that require additional traffic to be propagated through the network
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quite frequently. The purpose ol these updates is to inform all the nodes about
the link states in terms of the metric chosen by the network administrator (in
case of algorithm 2) or the delay measured upon the link (in case of algorithm
3). The more frequent these updates are, the more additional update traflic
is conveyed through the network. At the same time the additional calculation
of shortest-path trees is needed in the nodes that obviously requires significant
processing time.

However, the better performance is obtained in terms ol keeping delay at
reasonable level at higher throughput, even when the source-destination pairs
are unevenly spread throughout the network. These kinds of strategics provide
avoidance of congestion to a certain level of input traffic, yet need additional
technique that will find congested ink and throttle the sources that cause the
excess traffic. In addition to the higher processing time and the large quan-
tity of additional update traffic, another disadvantage of these algorithms are
the calculation of source-destination paths with unnecessarily large number of
hops. The appearance of such paths is particularly frequent in presence of lower
network loads.

The set of shortest paths from a source to all the destinations forms a
tree with the source as root node. The two algorithms most commonly used
in communication networks shortest- path calculation are Dijkstra’s algorithm,
[4] and Bellman-Ford algorithm, [5]. The former is usually associated with the
link-state algorithms (also called topology-broadcast algorithms), and the latter
with the distance-vector algorithms. In a link-state algorithm, every node is
informed about the entire network topology, as well as the state of each link
represented by its "length”. To reduce the update traffic every node broadcasts
the information about its adjacent links only. In a distance-vector algorithm,
the "length” from the current node to all another nodes is updated based on
the information received from the adjacent nodes and the state of the adjacent

links.

3. One novel strategy

It seems natural to try to combine the strengths of the two kinds of
shortest-path strategies: the minimum-hop strategy and the shortest-path strat-
egy where the links have variable "length”. The idea behind the new strategy
is to keep the minimum-hop path whenever the state of the links in it satisfy
a certain level of "goodness”. When some of the links in the network are not
"good”, the routing algorithm should try to find the minimum-hop path that
avoid the links that are not "good”. In the text the shortest-path tree obtained
in this way will be called a minimum-hop flow-augmenting tree, since all the
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paths in it are actually the minimum-hop paths that allow additional flow of
traffic, [6]. At higher network loads, situations where it is not possible to con-
struct the flow-augmenting tree without including some of the links that are not
"good” might appear. Then the links that are not "good” have to he inclnded
in the tree. They are a potential danger to bhecome bottlenecks and to cause
unpleasant congestion effects. That is why the inclusion of such links in the tree
should always trigger the congestion control scheme. Henee, this strategy has a
unique property that none of the above mentioned strategies has. and that is the
property to use the parameters that represent the state of the links twice: first
for purpose of routing, and second for activating the congestion control scheme.

The term of a "good” link, as used in the previous text as a broad term.
The parameters that characterize the links can be defined in different ways and
should be dependent on the requirements of the network. The following criteria
consider that a link is "good” as long as:

o the average delay upon the link does not exceed a certain limit,

o the cost assigned to the link by the network administrator is below
some upper limit,

e the percent of occupied buffers for the link is less than some specified
value,

e the utilization of the link is limited with some upper bound.

The choice of the parameter that characterize the state of the links can
be made variable and dependent on the certain requirements for the network
performance. For example, if the low average delay is the most important, then
the upper limit of the delay over the link should be small. If higher throughput
is of primary concern then the bound on the link utilization should be at its
maximum possible value.

The detailed description of the novel strategy is given through the pre-
sentation of the a-routing algorithm that was developed upon the flow model
of a network.

3.1. The a-routing algorithm

The algorithm belongs to the class of link-state algorithms. It is distribu-
tive in nature and constructs the routing tables according to global knowledge
about the network state. The link states are updated in regular measuring inter-
vals, but they are broadcasted through the network only when there is a change
in a link state. Each node broadcasts the information about the state of its
outgoing links. That way the update traflic in each measuring interval is kept
small. The update of databases in all the nodes provides avoidance of loops.
As with other link-state algorithms, loops may appear only during the short
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updating interval. Consider the graph G(N I'L) with n nodes and | links that
symbolize the network. Furthermore, let the average traflic of the link (i,7) in
some measuring interval be represented as a flow on that link. If the capacity of
the link, Cjj, and the flow, fi;, are expressed in the same units, than we define
the residual capacity as:

(1) Cii=Cii— [

The residual capacity is representative of the additional flow that can he pushed
through the link before the congestion appears. It is assumed that when it
approaches 0, the probability of the link getting congested is very high. In order
to avoid this critical point when the congestion will be certainly manifested,
we proclaim that additional flow is admissible or the link is "good” when the

following condition holds:

(2) C;'j > aCjj,

where « is a parameter that can take values between 0 and 1, 0 < a < 1. If
the condition (2) is satisfied, the link is considered under loaded or "good”.
Otherwise it should be avoided in the flow augmenting tree calculations. If a
link that does not satisfy this condition has to be included in the tree, it is
considered as a bottleneck.

The parameter « provides the flexibility in the traflic management. The
situation when « is close to 0 provides maximal utilization of the links, but
promotes a high risk of congestion appearance. Hence, with this value of a it is
reasonable to expect large average delay in the network. For greater values of
« the throughput might be smaller, but the delays are also kept small.

Once all the nodes in the network have the identical topological data base
that contains the states of all the links, each of them performs the bread first
search on a first label, first scanned (FLI'S) principle to obtain the minimum-
hop flow-augmenting tree with itself as a root, [6]. The fact that the data base
is identical in each of the nodes, and the search is made on the first labeled first
scanned principle, provides consistency in routing tables at different nodes and
avoids the possibility of loops to appear. It is assumed that at the beginning,
when there is no traffic in the network, the routing table based on the minimum-
hop metrics exists at each of the nodes.

For calculation of the minimum-hop flow-augmenting tree, the algorithm
considers every node j to be in one of the three states:

¢ unlabelled, which means that there is no label associated with node j,

¢ labelled, but not scanned, which means that label (i, k) is associated
with node j. The first term in the label denotes the previous node in the tree,
and the second denotes the order in which the node j was labeled,
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e scanned, which means that all nodes ¢ adjacent to j for which condition
(2) holds have been labeled.

The steps of the a-algorithm are:

Step 1: Initialization

Label the root (0,k), k = 1.

At this point the root is labeled. hut not scanned and all the ather nodes
are unlabelled.

Step 2: Put all labeled nodes on tree in order in which they were labeled.

If all nodes are on the tree, go to Step 5.

Step 3: If there are nodes that are labeled, but not scanned, go to Step
4. Otherwise, from the previous rooting table find the next node j for the last
node put on tree i. Label it by (¢,k), K — max(k) + 1 and consider the link
(,7) as a bottleneck.

Step 4: I'ind the node ¢ that is labeled, but not scanned with the max-
imum value of k-term in the label.

For each link (z,7) that is "good”, i.e. C; > aCyy, label j with (i, k),
ko— max(k) + 1.

At this point the node i is considered scanned. Go to Step 2.

Step 5: If there are bottlenecks included in the tree activate the conges-
tion control scheme.

Exit.

The algorithm presented, is actually an extension of the Edmonds-Karp’s
algorithm, [6] for obtaining minimum-hop flow augmenting path hetween a
source and a single destination.

A simple example: Figure la represents a graph of a simple network
with 6 nodes and 9 links. The capacities of all the links are equal, C' = 5. For
the node 1 as a root, the minimum-hop path tree is presented on I'igure 1b, the
shortest-path tree with the flow as a metrics on I'igure lc, and the minimum-hop
flow-augmenting tree for a = 0.2 on Figure 1d.

The numbers besides the links on Figure la and Figure lc represent the
flow on the links. On Figure 1d they are representatives of the residual capacities
of the links. When a = 0.2, only the links with the residual capacities that
are bigger than 1 can be included in the minimum-hop tree flow-augmenting
tree. The minimum-hop tree as well as minimum-hop flow augmenting tree are
obtained using FLI'S principle.

4. Performance comparison

The strategy proposed here was developed with intention to combine
the good features from the minimum-hop and shortest-path strategies. The
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minimum-hop flow-augmenting path is a path with the minimum number of
network resources used, yet it avoids the over loaded parts of the network. At
the point at which a congested link is included in the tree, the congestion control
mechanism is to be activated. Hence, the unique feature of the flow-augmenting
path strategy is that it is tightly connected with the congestion control scheme.
The point at which the congestion control mechanism is triggered is variable
and depends on the choice of the parameter a used.

To get better insight into the performance of the a-algorithm in terms of
the average delay, the three routing strategies without any congestion control
scheme implemented, were examined upon the flow model of a sample network.
An analytical simulation method and the 19-node network from [8], were used.
The network was subjected to two different matrices with 32 and 98 one-way
traffic sessions, respectively, [8]. The M/D/1 statistics for each quene through-
out the network was chosen.

The total delay function for each link (¢,7), Dij(fi;), is deflined as the
expected delay/packet times the expected number of packets/second and for
the M/D/1 statistics it is expressed as:
®) Dij(fij) = FE3%i— 1),

2C;(Cij - fij)

The expected end-to-end delay per packet is determined as 7' = Dy /v, where
Dy = 33, ; Di;j(fij) and v is the expected number of packets/second entering
the network. The network examined is presented on Figure 2. The capacities of
all the links are equal, C;; = C, j =1,2,...,19.

Figure 3a and 3b shows the curves obtained for the minimum-hop, shortest-
path and minimum-hop flow-augmenting strategy with different values for the
parameter . The influence of the parameter on the performance of the algo-
rithm was as expected. The higher values of o provide better delay performance,
while the lower values move the knee of the curves on the left and provide rea-
sonable delays for higher throughput. The knees of the curves are the points at
which the congestion control should be activated, thus protecting the network
from the excess input traffic. '

5. Conclusion

' One novel shortest-path routing strategy was presented in the paper.
The strategy suggest a routing algorithm which provides paths with minimum
number of links, but avoids the links that do not obey to a certain condition.
The strategy was described through the a-algorithm. The parameter a was
introduced to offer a possibility for tradeoff between the delay and the through-
put. The results presented on Figure 3 show that the algorithm is sub optimal
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in terms of the average delay for high network loads. However, it has other
advantages:

¢ saves network resources,

e increases the reliability of the transmission,

o triggers the congestion control scheme,

¢ offers a possibility for tradeoll between the delay and the throughput,

o requires lower update traffic.

The a-algorithmn proposed here is only a theoretical version of the im-
plementation of the novel strategy. For practical implementation, specification
of terms such as flow and residual capacity are required, which is the subject of
our further research.

Figure Ic  Shortest-path tree Figure Id Minimum-hop flow-augmenting tree
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Figure 2 Topclogy of the examined network
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Figure 3a Stcady-state delays as a function of input traffic with 32 session load
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Figure 3b Steady-state delays as a function of the input traffic with 98-session load
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