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Abstract—We present a new multi-path routing methodology
called MLB-routing based on multinomial logit model, which is
well known as the random utility theory. The key concept of the
study is to incorporate multiple paths from same origin to desti-
nation, and distribute packets followed by the multinomial logit
type probability. Since MLB-routing is pure multi-path routing,
it reduce the severe convergence to same links and increases the
bandwidth utilization in the network. Compared to the existing
multi-path routing schemes that select pre-determined alternate
paths, the proposed method can dynamically distribute packets
to every possible paths and thus is more efficient than them.
Furthermore, it should be mentioned that this methodology could
be implemented as both link-state protocol and distance-vector
protocol. Therefore, it has enough affinity for present Internet
mechanism. Using simulations, we have also shown that this
methodology produces more efficient use of network and causes
significant improvements in end-to-end delays and jitter times.

I. INTRODUCTION

Lots of routing mechanisms in the Internet network have
been based on single-shortest path routing in various metrics.
This strategy seems rational because all packets on the net-
works should be delivered as soon as possible. However, it is
cautious that some of same links are heavily used as a shortest
paths in different node pair. Hence, routing protocols based on
single-shortest path method cause the severe convergence of
packets to same links, and results to traffic congestion.

Traditionally, the main methodology to reduce traffic con-
gestion is end-to-end control. It is well known that TCP
mechanism [10], which is the most commonly used in Internet,
has implemented end-to-end congestion controls. It basically
means to control the “quantity” of packets on the networks.
On the other hand, there are several idea to solve the traffic
congestion by controlling the “routing” methodology. For ex-
ample, PB-routing protocol proposed by Basu et al. considers
the traffic potential fields on the network, and tries to avoid the
congested links by making a detour to an alternate route [3].
However, even if they consider link traffic (i.e. adopting the
traffic-aware routing), the fact of “single-shortest path” routing
is not changed at all. That is, same links would be often used,
and some alternative links become new bottlenecks.

Meanwhile, the techniques of multi-path routing have been
focused as another methodology to ease traffic congestion. The
basic idea of multi-path routing is to split the packets with
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the same origin and destination along multiple alternate paths.
Hence, multi-path routing encourages the effective utilization
of network resources. First, the number of packets per each
path is decreased, so the emergence of bottleneck will be
prevented. In addition, multi-path routing means to use more
links than single routing, and it is favorable in terms of the
load-balancing of traffics. Consequently, multi-path routing
contributes the various things, such as the improvement of
the quality of service (QoS), minimizing delay, the increase
of reliability of delivery, and so on.

It is well known that some protocols such as OSPF and BGP
implement equal-cost multi-path (ECMP) [7], [11]. However,
there is less likelihood that multiple paths with equal distance
exist between each source-destination pair, which means the
full connectivity of the network is still not used for load-
balancing. Therefore, other multi-path routing methodologies,
which also use “near-optimal paths”, have been discussed in a
number of researches (see e.g. [2], [4], [8] and the references
therein). Although, to calculate the multi-path routing, it is
necessary to enumerate the multiple candidate paths to split.
Hence, lots of multi-path routing protocols adopted the idea
of the link-state protocols, and only a few researches are
implemented as distance-vector protocols [14], [15].

In this paper, we present a new multi-path routing method-
ology which is based on multinomial logit model (MNL).
We call this methodology “(multinomial) logit based routing”,
or “MLB-routing”. Since MLB-routing is pure multi-path
routing, it is supposed to reduce the severe convergence to
same links and increases the bandwidth utilization in the
network. It also should be mentioned that this methodology
could be implemented as both link-state protocol and distance-
vector protocol. Therefore, it has enough affinity for present
Internet mechanism.

The key idea of MLB-routing is to determine the route of
packets based on MNL. MNL is a classical model of random
utility theory, which is used to assess the individual’s choosing
behavior [12]. Since the behavior of “choosing something” is
brought on by various psychological factors, it is difficult to
estimate exactly what to be selected. Hence, in random utility
theory, we estimate the “probability” to be chose toward to
each alternatives, and it is the most interesting point of the



theory.

MLB-routing has many advantages over traditional multi-
path routing system. There are enormous candidate paths
between same origin-destination pair. In lots of existing multi-
path routing protocol, nevertheless, some of paths are only
considered because of limitations of their algorithms. Mean-
while, it is noteworthy that MLB-routing aims to consider “all
of paths”. Thus, it contributes to more effective utilization of
network resources. It seems impractical to consider all possible
paths in large scale networks. However, this strategy paradox-
ically decreases the computational complexity, and enables us
to implement MLB-routing as distance-vector protocol. This
discussion results from the equivalency between MNL and
Markov model in network flow [1].

Furthermore, owing to the property of MNL, in MLB-
routing, the choice probability for each path decrease expo-
nentially as the length of path becomes longer than shortest
one. It means that high utility paths are frequently selected
and less utility ones are not, which is a favorable structure we
hope. Hence, we can avoid another problem that impractical
paths are often used, because the probability for impractical
path becomes quite low value. We believe that the general
framework of MLB-routing could be adapted for various
situation through the careful arrangement of algorithm.

The rest of the paper is organized as follows. In the next
section, we describe the MLB-routing model in greater detail
and clarify the structure of system analytically. This is fol-
lowed by Sections 3 where we describe our implementation of
the routing and evaluate its performance. Finally, we conclude
and mention about future works in Section 4.

II. THE LOGIT BASED ROUTING METHODOLOGY

In this section, We present the basic idea of MLB-routing
methodology. We first explain the brief summary of multi-
nomial logit model (MNL) which is well known in random
utility theory. We then describe how to apply the MNL to the
routing system, and formulate MLB-routing system with an
algorism to calculate the routing effectively.

A. Multinomial Logit Model

Let us suppose a situation that an individual is going
to choose an alternative j from an alternative set N &
{1,2,---,J}. Furthermore, we assume that the individual
recognizes the following utility

U; o« [utility when he chooses the alternative j], (1)

and the individual is supposed to choose the alternative to
maximize his utility. Our first objective is to analyze which
alternative the individual would choose.

If we “precisely” know his utility Uj;, then we can figure
out which alternative the individual would choose. However,
it is impossible to figure out the individual’s utility without
the least difference, because utility U; would be affected to
various elements such as his character, preference, and so on.
Therefore, it is undeniable that some errors are mixed in “the
utility estimated by researchers”.

In view of these facts, let us assume the utility U; when an
individual choose the alternative j as follows:

Uj=Vj+ej, @

where V; is a function estimated by a researcher, and ¢; is a
random variable. V; depends on the observed characteristics of
the alternative j, and generally U; # V;. Hence we introduce
the term ¢;.

The definition stated above indicates that each utility U; is
a random variable, so it is impossible to identify one and only
alternative the individual would choose. This fact implies that
we should analyze the choice behavior as a stochastic event.
Now, choosing the alternative j means that U; is the highest
value. Therefore, we can formulate the probability P; that the
individual choose the alternative j as follows:

Pj:Pr[Uj>Uj/ (fOI'Vj/GN,j/#j)]. 3

Specific form of (3) is identified when we define the distribu-
tion of random variable ¢;. the procedure explained above is
the formulation of random utility model.

In the MINL, it is assumed that the random factors of utilities
€1,€2, -+ ,€5 are independent random variables from the
identical Gumbel distribution, where the Gumbel distribution
with parameters (a,7y) is

(c.df) F(e) = exp[—exp[—y(e—a)]], @)
(p-d.f) f(€) =vexp[—y(e—a)lexp[—exp[—y(e—a)].
(&)
In this case, we can obtain the probability P; as follows:
bVl ©)
> exp[Vj]
JEN

This is the probability derived by the MNL. As understood
by (6), when v = oo, only the best alternative is used, and if
~v = 0, then all alternatives are used equally likely.

B. MLB-Routing Assignment

As described above, MNL is not only simple but also
quite persuasive model, so it is used in various fields. One
typical example is a routing behavior in transportation network
model. The general objective of transportation network model
is to describe transportation flows in road networks, and
therefore it is an essential issue to predict driver’s routing
behavior [9]. MNL is also utilized to describe such routing
behavior, and the number of researches have been discussed
for effective calculation. We incorporate their researches and
propose MLB-routing in the following.

In order to describe the MLB-routing protocol, we first
define a system model assumed in this study. We assume a
network of nodes connected by directed links as a directed
graph G = (N, E). The set of nodes in the networks is labeled
by the N, and the set of edges E. Furthermore, e;; index a
directed edge from vertex 7 to vertex j with cost metric c¢;;.
For the rest of this paper, we shall use the terms nodes (links)



and vertices (edges) interchangeably. Each node v can act as
a traffic source and /or sink. Finally, every node v has a set
of Z (v) neighbors denoted by nbr (v).

Now we explain the concept of MLB-routing protocol. let
us consider any packet p at a origin node o going to destination
node d. There are not only the shortest path but also several
way of paths to reach the destination d, and we try to use
“all” of paths (theoretically). However, it doesn’t mean to use
all route equally; naturally the shortest path should be most
often used, and as the longer the cost of path becomes, the
less the path used. To incorporate this idea, let us define the
probability that packet p use the rth path P°? as follows:

exp [—C2Y)

> exp [P

redod

Pt = )

The above expression comes from the definition of MNL,
where C2¢ denotes the costs for the rth path between nodes
o and d, and ®°? is the alternative set of paths from node
o to d. In this study, the each pass cost is calculated by the
summation of link cost, namely
) A—1
ng dC:f~ Cov, + Z Cv;,vl_H + Copd (8)
=1
where rth pass is 0 — v; — vg — -+ — vy — d.

Now let us discuss how to define the alternative set ®°¢. The
natural definition of the alternative set is “simple path”; the
path which does not pass through same link more than once.
In this study, however, we do not introduce any restriction, and
consider all of path including “cyclic path”. This strategy has
a possibility that the definition generates very long detours
which should not be assigned. Furthermore, it seems to be
difficult to calculate the probability in a large scale network.

On the contrary, this definition is made from the viewpoint
of the computational feasibility. As shown in later sections,
this definition enables us to calculate the stochastic assignment
in large scale networks. Moreover, the definition is useful in
some iterative algorithms for solving the assignment which
means to expand to distance-vector protocol. From next sub-
section, we discuss the structure of MLB-routing system, and
effective algorisms for calculation.

C. The Structure of MLB-routing Model

Let us now discuss the structure of the MLB-routing system.
First, we explain how to allocate packets to various paths.
Obviously we can allocate packets to any arbitrary paths by
source routing. However, to apply MLB-routing to the present
Internet network, it had also better to setup MLB-routing as
hop-by-hop routing system.

Fortunately, it is proved that the network flow generated by
(7) is equivalent to the following Markov assignment flow [1]:

0. Wia
i) = exp |[—v¢ii| =, 9
p(j9) p [—7cis] W ©)
Wia & > exp [-1CH], (10)

redid

where p (j|i) is a transition probability that a packet in node
1 select the next hop j. This formulation satisfy the condition

=1

enbr(s) €XP [—Ci; | W
T pil = iz o] (11)

jENbr() Wia
which is required to be regarded as the conditional probabil-
ities. Furthermore, the equivalency between two assignments
is easily confirmed by
A-1

P"?d = p(?}llo) X H p (Ul+1|Ul) X p (d|UA)
=1

= exp [_7001)1] —ad X €Xp [_’chlvz] vad
Wod Wvld
X exp I:_’YC'UA—IUA] ol exp [—7Cy,d @
W’UA_ld WvAd
A—1
Waa
= exp [’7 <Cov1 + ; Coyv4q + szd)] Wou
exp [—~Co?
_exp O] a2

3" exp [-1C21]
k=1

The existence of equivalent Markov assignment implies that
we can apply the simple rule to all nodes (routers). More
clearly say, if each node choose the next node to pass through
the packet following (9), the network flow consequently equal
to the assignment which discussed in II-B.

Since the above method distributes packets to every possible
next nodes in a packet-by-packet manner, there would be a
possibility of out-of-order packet delivery. In this paper, we
will not further argue this problem, but we believe the problem
can be solved by, for example, re-sequencing at the end host
or using special random functions that select same next node
for packets of the same flow.

Now, please note that p (j|¢) does not depend on the node
of origin. It is confirmed that there are no subscript notation
related to origin in (9). Thus, if each router follows the above
Markov assignment, every packets which start from arbitrary
node spontaneously hold by (7). Generally, existing routing
table also does not depend on the origin, so it is quite favorable
feature of the MLB-routing. The example of the routing table
assumed in the MLB-routing is shown in Table I. Since it is
multi-path routing, there are multiple candidate nodes for next
hop even if packets go to same destination.

D. How to Calculate W4

To determine the value of p (j|i), we have to calculate the
W4 which is included in p (j]¢). Since the summation in W;,4
means to consider all of path from node ¢ to d, it is hard to
derive them natively.

Consider a matrix A with N rows and N columns, whose
[i, j]lelement is given as follows:

w = J P[]
Y 0 (otherwise)

(if node i to j is connected) (13)



TABLE I
AN EXAMPLE OF ROUTING TABLE

destination [ next router | probability [ weight |

router;i pa (41]7)

network A . Wia
routerj y pa (GNTE)
router;p pB (71]7)

network B . Wig
routerj y pe (JN]7)
routerj pc (7117)

network C . Wic
routerjy | pc (GnT9)

The element of A? yields

N
a[2] = Qi QL
ij ik Wk j
k=1

- Z exp [~ (¢ik + ckj)]

{kleik,ek]‘EE}

=Y exp [0,

redy’

(14)

where <I>iLj is the set of paths which connect nodes ¢ and j in
L steps. Similarly, the typical element of Al s given by

aid = 3 exp [0 (15)

redr,

From the definition, we have
P =0V oY @ . (16)

Consequently, we can obtain the value of W4 as follows:

W=A+A>+A%+... (17)
where the element of matrix W is
Wij = > exp[—C/] (18)

redii

Furthermore, if the matrix A satisfied the Haskins-Simon
condition, the following formula is obtained:

I—A '=T+A+A%+A%+.... (19)
Therefore, we derive the value of W;; as follows:
W=[I-A"-1I (20)

As indicated above, if we know the link weighted matrix
A, then transition probability p (j|i) is clearly determined.
It means that all routers (nodes) will work appropriately for
MLB-routing. Since the link weighted matrix A is derived
by assuming a link-state routing protocol (such as OSPF [7]),
we obtained the methodology to implement MLB-routing as
link-state routing protocol.

E. As a Distance-vector Routing Protocol

From the above discussion, we represented the method-
ology to implement MLB-routing as a link-state protocol.
Meanwhile, such as RIP [6], distance-vector routing protocol
which is based on Bellman-Ford algorithm is still a major
method. Hence, it is worth enough to implement MLB-routing
as distance-vector protocol. We explain the methodology to
achieve this idea in the following.

The idea of distance-vector routing protocol is that exchang-
ing information (such as routing tables) between neighborhood
routers. Thus, we present how to calculate W;; (and it means
p(jli)) by iterative exchange of information. It is easy to
understand that

W=AIT+A+A*+A%+...)

=A(I+W) 21
is satisfied from (17). Furthermore, it is equivalent to
Wia= Y expl=yey](Wia+6a),  (22)

jENbr(i)
where 0;4 is Kronecker delta. The recurrence formula (22)
implies that each node can update their own weight W, by
exchanging the weight information for neighborhood nodes.
In other word, W;; could be calculated by Bellman-Ford
algorithm. As a result, we obtain another method to calculate
MLB-routing as a distance-vector protocol.

FE. Traffic-aware Case

We now show how MLB-routing could be used to construct
traffic-aware routing algorithms. This expansion enables us to
incorporate the traffic congestion in the model. In order to
do this, we have to design the link costs to include a traffic
component. In this paper, we use the outgoing queue sizes to
a network link 75 as a measure of traffic at each link.

Let ();; denote the queue length on the outgoing link e;;
and B;; be the bandwidth associated with e;;. Furthermore,
we assume that d;; is the standard delay in the link e;;. Then,
we redefine the cost of link e;; as follows:

_ Qij
cij = di; + Bij.
The above expression (23) represents the expectation time to
path through the link e;; under the condition of current queue
length @Q;;. Hence, using (23) when we calculate the MLB-
routing, packets are supposed to avoid the traffic congestion
spontaneously (because the cost of congested link will take a
great value).

(23)

G. Properties of MLB-routing

Finally, we discuss some properties of MLB-routing
methodology. At first, we summarize the stability of MLB-
routing algorithm. Earlier, we mentioned that the matrix A
should be satisfied the Haskins-Simon condition for equation
(20). It means that W;4 and p (j]¢) are both stable. Further-
more, Haskins-Simon condition is equivalent to

p(A) = max {|]A} < 1, 24)



where p (A) is the spectral radius of the matrix A and A is the
eigenvalue of A. The value of max {|A|} clearly decrease as v
become small. Therefore, setting the value of - appropriately,
we can construct the stable routing system.

The advantages of MLB-routing depend on the situation.
Clearly, if the sending rates are low compared to the link
capacities, then end-to-end delays do not happen even in
single-shortest path algorithm. In such situation, there are no
significant improve by using MLB-routing. Some packets are
allocated to non-optimal route in MLB-routing, it results to
the increase of end-to-end delays.

III. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the MLB-
routing algorithm using simulations. We first describe the
implementation of algorithm, and then explain the network
topologies, followed by the experimental results.

A. Implementation

First, we describe our implementation of the MLB-routing
algorithm. As discussed above, MLB-routing methodology is
able to be implemented as both link-state routing protocol and
the distance-vector routing protocol.

To implement the MLB-routing as link-state protocol, we
need to determine both the route computation algorithm and
the information to disseminate. The route computation algo-
rithm described in Section II-D requires not only the link
metric information but also the queue length information.
Therefore, in addition to other link-state information, the
queue length information should be added to the information
dissemination process. Similarly, routers running the Bellman-
Ford algorithm compute routes based on information obtained
from neighborhood nodes. To calculate the route based on
Section II-E, besides the routing table which is assumed in
RIP, node weight W, should be also exchanged (see Table I).

In this study, we implement the MLB-routing protocol
as follows. First, we calculate the initial value of W;; by
implementing the MLB-routing as link-state protocol. Then,
update the each node of weight W, iteratively by calculating
the MLB-routing based on the Bellman-Ford algorism.

B. Experimental Methodology

We ran simulation under the following methodology. To
begin with, in order to evaluate the MLB-routing algorithm,
we generated the network topologies using the Waxman
model [13]. In this model, nodes are randomly placed on a
2-dimensional plane, and links are added incrementally. The
values of the Waxman-parameters were set to a = 0.5 and
(8 = 0.15 respectively. We distributed 100 nodes in plane, and
created the networks. The number of links is 392.

The link cost (delay) is set in proportion to the distance of
two nodes, and the link bandwidths B is set to uniform value
in all links; we calculated in three cases (B = 40, 50, and
60 [packet/unit time]). In addition, top left 20 nodes is set as
origin nodes, and bottom right 20 nodes as destination nodes.
During 200 [unit time], every node-pair is sent 1 [packet/unit

time], which means the 400 packet generation at each unit
time. The simulation is continued till all the data packets in
transit reached their destinations.

To compare the performance of the MLB-routing algorithm
to the single-shortest path algorithm (SPP), we set the max-
imum queue size at each network node to infinity. In other
words, no packet is lost at any node. This assumption enables
us to make meaningful comparisons between the delay values
for viable source-destination pairs when the two different
routing schemes are used.

C. Performance Analysis

Using the condition stated above, we ran simulation for both
the MLB-routing algorithm and single-shortest path algorithm
(SPP). In this paper, we compare two methodologies in terms
of (i) end-to-end delay, and (ii) jitter times, respectively.

Now, let us briefly discuss the value of v for MLB-routing.
In the above example network, v > 0.875 is required to satisfy
p(A) < 1. Hence, we calculated MLB-routing in three cases
that v = 1.0, 2.0, and 8.0. The simulation result is shown in
Figure 1 and Figure 2.

First, we compare end-to-end delay in each algorithm.
Figure 1 indicates the scatter plot of mean transit times
for each origin-destination pair. Each subfigure compares the
result of MLB-routing and that of SPP, where the diagonal
line indicates the break-even point. From the figures, we can
confirm that a large majority of plots lie above the diagonal
line for lots of simulation cases. It means that MLB-routing
outperforms SPP with respect to transit times.

The efficiency of MLB-routing scheme depends on the
situation. As previously mentioned, MLB-routing is effective
when traffic is congested (B = 40). On the other hand, when
the link bandwidths is high enough (B = 60), end-to-end
delays do not occur in SPP and there are no improve by
MLB-routing. The value of ~ is also an important factor for
MLB-routing. If v is too high, MLB-routing becomes equal-
cost multi path, and cannot achieve its full potential. In the
case of {v,B} = {8.0,40}, some plots are scattered under
the diagonal line, and it implies that some other links become
bottlenecks. On the contrary, if ~ is too low, MLB-routing
allocates some packets to impractical path. Actually, MLB-
routing is inferior to SPP in the case of {7, B} = {1.0, 60}, it
result from the MLB’s ineffective detouring. We are supposed
to determine the value of v with respect to the congestion of
network (the value of B). In this simulation, v = 2.0 seems
to enhance the potential of MLB-routing. Especially, the case
of {7, B} = {2.0,40} is best-performed, and 39.1% decrease
of mean transit times are observed.

We now compare both protocol in terms of jitter times
(standard deviation of transit times). Just as Figure 1, the
scatter plot of jitter times for each origin-destination pair
is shown in Figure 2. In the case of v = 1.0 and 8.0,
though significant improvements by our methodology are not
observed, the scatter plot for v = 2.0 (Figure 2-(b)) lies above
the diagonal line. That is, MLB-routing has a possibility to
improve not only transit times but also jitter times by setting
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parameters appropriately. Therefore, we can conclude that
there is an appropriate value of ~ which ensures maximum
performance of MLB-routing.

IV. CONCLUSION AND FUTURE WORKS

In this paper, we have applied the idea of random utility
theory to Internet routing to develop a multi-path routing
methodology called MLB-routing. The key concept of the
study is to incorporate the multiple paths from same origin
to destination, and distribute the packets followed by the
multinomial logit type probability. We have described that
MLB-routing is implemented as not only link-state protocol
but also distance-vector protocol. Furthermore, we have shown
that our methodology produces more efficient use of network
and causes significant improvements in end-to-end delays and
jitter times. the performance of MLB-routing clearly depends
on the value of parameter ~, so it would be the subject of
future work how to determine the appropriate value.
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