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ABSTRACT

We propose a compact routing architecture to support mo-
bility in a scalable manner. Our routing architecture re-
quires a route table of size of O(y/nlog(n)) in order to pro-
vide a path stretch with a provable upper bound of 3. This
is the optimal path stretch.

Our architecture is built upon the theory of compact rout-
ing, which has so far been utilized in static networks only.
This is the first attempt to the best of our knowledge to
transpose such architecture into a network with mobility
support. Our contribution is to adapt the static theory of
compact routing to a class of networks with mobile leaf nodes
and a static core infrastructure.
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1. INTRODUCTION

The issue of scalability in routing has been identified in the
wired networks context [11, 10, 1, 15]. In order to contain
the growth of the route table size, new architectures are re-
quired to support the explosion of route tables (please refer
to [15] for a list of recent works dealing with this topic). The
field of compact routing addresses the scalability of the rout-
ing table infrastructure by defining routing schemes with a
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small route table size, at the expense of a slightly suboptimal
path instead of the shortest path.

Dealing with mobility inserts a layer of complexity in the
routing architecture that impacts scalability. In particu-
lar the consistence of the naming with the topology might
get distorted by the mobility of the nodes. Mobility thus
imposes frequent updates of the routing information dis-
tributed in the network layer.

Updating the network topology due to mobility of the
nodes requires disseminating and updating route informa-
tion. A natural idea is to apply the concept of compact
routing to a mobile environment, so as to keep the amount
of information small in each node, and as a consequence, to
limit the exchange of information throughout the network
due to the mobility of the nodes.

We present necessary and sufficient conditions to support
mobility using a compact routing algorithm located strictly
inside a static infrastructure.

The paper is organized as follows. In Section 2 we present
some related work. In Section 3, we give a brief description
of compact routing. We describe our network model in Sec-
tion 4 and introduce our compact routing architecture for
mobility in Section 5, as well as the necessary and sufficient
conditions introduced by the architecture. We then discuss
the properties of the architecture in Section 6 and offer some
concluding remarks in Section 7.

2. RELATED WORK

Mobile routing architectures are commonly based on ex-
panding the wired network infrastructure to a mobile net-
work. Most architectures attempt to extend IP routing to
work in a mobile scenario. Two approaches to mobile rout-
ing have been taken in this context: extending routes to
mobile nodes through overlays and modification of routing
tables within a local domain to reflect the new identity to lo-
cation mapping after a movement event. Other approaches,
such as HIP [18] maintain routing tables at end hosts and
therefore involve no change in the routing and addressing ar-
chitecture, so these approaches will not be discussed further
here.

The overlay approach is represented by many schemes,
including some that have seen commercial deployment. Ex-
amples of such schemes include Hierarchical Mobile IP [4,
22], Mobile IP [19, 12, 20] and the Internet Indirection In-
frastructure (I3) extension ROAM [25]. In these schemes,
the identity function of the IP address is fixed by assigning
the mobile node an IP address in a fixed subnet. Depending
on the scheme, the subnet may be either within the local



access network (Hierarchical Mobile IP) or at a potentially
remote network somewhere in the Internet (Mobile IP), or
potentially either (ROAM). A specialized router within the
fixed subnet contains a routing table mapping the fixed iden-
tifier address to a variable locator address. The mobile node
maintains the binding between the identifier address and lo-
cator address by signaling to the specialized router when a
movement to a new subnet requiring a new locator address
occurs.

Correspondent nodes communicate with the mobile node
through the fixed identifier address which does not change
as the mobile node moves. The specialized router takes care
of forwarding packets through overlays constructed to the
locator address. Newer schemes such as Proxy Mobile IP [9]
transfer the burden of maintaining the binding between the
fixed identifier address and changing locator address to the
access router. This approach allows the mobile node to
maintain a fixed and unchanging identity address while it
moves, since the mapping between the identity address and
locator address is handled by the network. The routing ta-
bles involved in all the various overlay schemes scale linearly
as the number of mobile nodes handled by the specialized
router because the routing table must include an identity to
location mapping for each mobile node.

The routing table modification approach essentially re-
quires a new intra-domain routing protocol that functions
over a restricted topological area at the wireless edge of
the access network, called a micromobility routing domain.
Two examples of such schemes are Cellular IP [24] and
HAWAII [21]. The micromobility routing domain is iso-
lated from that part of the networking using standard IP
IGP routing by a gateway router. All packets to and from
a mobile node within the micromobility domain are routed
through the gateway router, including packets between two
mobile nodes within the micromobility domain.

When a mobile node moves between two access routers,
the routing tables in the routers on the path between the
new access router and the crossover router are modified to
include host routes reflecting the new forwarding path from
the gateway router. The crossover router is the first router
on the path back from the new access router to the gateway
router where the path to the old access router intersects
the path to the new. Since packets in transit between the
crossover router and the old access router are dropped if
no additional measures are taken, the micromobility proto-
cols include various measures to ensure seamless handover;
that is, in-order forwarding of in-transit packets, to main-
tain good TCP performance and avoid noticeable glitches
in real time traffic. The routing tables in these schemes
also scale linearly in the number of mobile nodes covered
by the router; in particular, the size of the routing table
in the gateway router reflects all mobile nodes within the
micromobility routing domain which limits the size of the
micromobility domain.

Some efforts have been made to provide a naming archi-
tecture independent of the topology. VRR [2] presents a
naming structure which is independent of the node location.
This scheme is expanded in [3] into a naming and routing
architecture based on flat identifiers. A flat identifier is a
name drawn from an address space with no location seman-
tics. The naming of the nodes does not vary with the node
mobility, but support for the mobility of the node should
be embedded into the routing substrate, by way of a dis-

tributed hash table maintained at each node for routing.
Krioukov [14] reviews results showing that routing tables in
topology independent (what is called “name independent”
by the compact routing community) schemes scale polyno-
mially in general, with optimal stretch 3 routing. These
results apply to VRR as well.

3. COMPACT ROUTING

Compact routing [16, 14] studies the trade-off between
the route table size at any given node, and the path stretch.
If all nodes have route information for any other node in
the network, then routing can be performed on the shortest
path. However, if nodes only have partial route information,
in order to reduce the route table size explosion, then packets
will not follow the shortest path, but a longer path. The
ratio of the longer path followed by the packets over the
shortest possible path is the path stretch. The path length
is computed along some graph metrics based on link costs
to define a distance measure.

To achieve a path stretch of 1, [8] shows that, in a network
with N nodes and degree d, the route table size must be of
size (N log(d)) bits at ©(N) nodes. Since it is easy to
construct a routing scheme which achieves stretch 1 routing
with N log(d) bits at each node, the bound is tight. This
means that to reduce significantly the route table size, then
one must give up some slack in the path stretch.

At the opposite of the route table size/path stretch trade-
off, we find [3] for instance, which provides a route table
size which scales as ©(v/N), but with no guarantees on the
path stretch. The architecture presented in [3] is built upon
the VRR protocol introduced in [2], which can have a path
stretch of ©(NV) in the worst case.

In a generic static network, the theory of compact routing
provides algorithms to achieve a path stretch of 3. Before
we describe such algorithms, it is important to note that a
path stretch of 3 is the best value one can hope to achieve
with a route table size scaling as o(N). Indeed, Gavoille
and Gengler [7] showed that for any path stretch strictly
less than 3 requires almost the same amount of memory as
shortest path routing, namely Q(NV) bits at some nodes.

While a path stretch of 3 seems like a high bound, one
must keep in mind that it is the worst case stretch for a
generic network topology, and that in practice, the average
path stretch is much closer to 1. For instance, [14] computes
the average stretch of a stretch-3 algorithms on an Internet
topology, and finds an average path stretch of 1.1, with 70%
of the paths actually finding the shortest path. This is the
reason for us to focus on stretch-3 schemes.

In [6], Cowen presents a routing scheme with a route table
size of O(N?3log*® N) which achieves a worst case path
stretch of 3. In [23], Thorup and Zwick are able to achieve
the same path stretch with a storage size of O(1/ N log(N)).

Both schemes in [6] and [23] function roughly along the
same principles. Given a graph G = (V, FE) with positive
weight associated to the edges, and a distance § so that
Yu,v € V,6(u,v) is the distance between u and v on the
graph, the idea is to define a set A C V' of vertices, denoted
centers [23] or landmarks [6]. One can define the distance
from a node v to a set B as:

d(B,v) = min d(u,v)

For a node v, A(v) denotes the closest landmark, namely
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Figure 1: s routes to d by sending the packet to A(s).
The identifier of d contains A(d), and A(s) knows the
shortest path to all other nodes in A, including A(d).
d is in C4(A(d), thus A(d) knows the path to d. The
path stretch of 3 comes from the 3 phases in the
route, s — A(s), A(s) — A(d) and A(d) — d.

u € A,d(u,v) = §(A,v), with ties broken by ordering in the
address name space. For each w € V| one can define the
cluster of w as the set of vertices closer to w than to any
landmark:

Ca(w) ={v € V|§(w,v) < §(A4,v)}. (1)

One can view the set C'a(w) as some type of Voronoi tes-
sellation. The construction of the set A is different for [6]
and [23]. The routing and addressing however is similar.
Every node v keeps track of the shortest path to:

e every node in C4(v);

e every node in A.

This entails a hierarchical structure, where nodes in close
proximity have a direct path maintained in the route table,
whereas nodes further away are routed by way of the nearest
landmark. The bounds on the route table size come from
computing clusters and landmarks sets with size satisfying
the right properties.

Routing works as follows: the identifier is a triplet of the
node address v, its closest landmark address A(v), and the
port at A(v) routing towards v, denoted pa()(v). Any node
u which receives a packet with the triplet (v, A(v), pa(w)(v))
can then route according to the following algorithm:

o If u = A(v), then route along p.(v) = pa()(v);
e Else, if u € Ca(v), route along py(v);
e Else route along (A(v), pu(A(v))).

The algorithm is depicted on Figure 1, where a packet
is routed between a source s to a destination d using the
clusters Ca(s), Ca(A(d)) and the landmark set A.

Each node in A stores a route to all other nodes in A, while
all nodes v not in A store a path to all nodes in Cx(v).
Cowen [6] describes a scheme to construct a set A of size

O(N?%3) such that |Ca(w)| = O(n?/3), while Thorup and
Zwick [23] achieve |A] = O(N'/?) and |Ca(w)| = O(N'/?),
which is optimal up to a polylogarithmic factor. The no-
tation O(f(N)) means O(f(N)log?(N)) for some 3, that
ist O(f) up to a polylogarithmic multiplier. We denote the
Thorup-Zwick scheme as the TZ construction.

The schemes described so far have been considered in
static contexts. [17] has defined a routing protocol for sensor
networks called S4, for Small State, Small Stretch routing
protocol. [5] have defined a different routing protocol for use
in ad hoc networks. The goal is to use compact routing to
minimize the amount of information during proactive route
maintenance in ad hoc networks. There has been some ef-
forts to consider dynamic networks (see for instance [13]),
but the dynamic parameter is not the topology, which is
static, but the cost associated with an edge in the graph
(V, E).

We study now an architecture that uses compact routing
to support mobility in wide area wireless networks.

4. NETWORK MODEL

We consider the issue of compact routing in a network
where mobile nodes are attached to a static infrastructure
(cellular networks, or wide-area mesh networks). The dis-
tance § we consider is the hop count. We consider a fixed
infrastructure with mobile nodes as leaf nodes in the net-
work.

The network is composed of n static nodes, and m mobile
nodes, so that the total number of nodes N = n + m. The
relationship between n and m will be discussed later on.
Each mobile nodes attaches to one, and only one, of the
static nodes. In essence, we assume that each mobile node
only has one WAN wireless interface.

The static infrastructure is represented by a graph G =
(V, E), with |V| = n. The whole graph is a dynamic graph
G = (V',E') where |V'| = N =n+m and |E'| = |E| + m,
where each one of the m mobile node is attached to one node
v € V by an edge in E'\ E. Technically, V' depends on the
time instance ¢, but for simplicity of notation, we keep the
time dependency implicit.

We do not allow direct communication between two mo-
bile nodes. That is, the minimum hop count between two
mobile nodes, even if they are within range of each other, is
two. We impose this requirement since it is true in practice,
either because the mobile device does not have the capabil-
ity to communicate directly with another device on its WAN
interface (cellular network case) or because the network pol-
icy requires the communication to go over the infrastructure
(as is the case in most wireless mesh networks).

Mobile nodes have no routing information, and only for-
ward packets to the infrastructure node at the edge of the
network they are connected to. There is no routing intelli-
gence in the mobile device, only in the network. Again, this
assumption is required in many practical situations. We do
not consider for now multi-homed terminals.

We make no assumption regarding the topology of the
network in this work. We consider the naming and routing
for the mobile nodes, as well as the impact of mobility on
the protocols within the fixed network infrastructure.

We consider a routing algorithm which is adapted from the
T7Z scheme as follows. A set A of landmarks is constructed.
We will see below how this set is constructed to conform
to a mobile scenario. The set A is a subset of the static



infrastructure: A C V.

The routing is performed as follows: each mobile node
u, connected to the infrastructure through the node v is
identified as a quadruplet composed of u and the triplet of
identifiers of v in the graph (V, E'). This means the identifier
u is added to the routing header. A packet is thus routed
first to u’s access point using the TZ scheme on (V, E), and
is forwarded by the access point to u over the last hop.

S. COMPACT ROUTING ARCHITECTURE
FOR MOBILITY

While the compact routing architecture described above
has been defined only for use in static networks, the at-
tractive features of the architecture merit to be extended to
the mobile situation. In particular, a key issue of support-
ing mobility is to update the routing tables after a mobility
event has occurred. One would hope that the compactness
of the routing facilitates updating the route information in
a dynamic network. This is what we set to investigate in
the reminder of this document.

Mobility introduces several issues with regards to the com-
pact routing architecture defined above. The issues pertain
to:

e Dimensioning the network. Due to the dumb terminal
assumption, the set A has to be included in the static
infrastructure, and such a set can be constructed only
if some relationship is satisfied between the number of
mobile terminals and the number of static nodes.

e Creating the set of landmarks. Landmarks are chosen
so that the cardinality of A and C4(w) satisfies some
nice properties to ensure the bounds on the route table
size. However, if A were set once and for all, mobility
alters the cardinality of C4(w) for some nodes w.

e Adapting the routing procedures to the case of mobile
nodes.

e Updating the routing path after a mobility event has
occurred.

We will detail each one of these issues in the following
sections.

5.1 Necessary Condition on the Network Com-
position
We investigate the relationship between n and m in or-
der to successfully implement compact routing in the mobile
network architecture described in Section 4.
We assume that the number m of mobile node is related
to n according to:

Ja > 0,m = n. (2)

THEOREM 5.1. For the TZ compact routing algorithm in
Section 3 to be applicable in a mobile environment, a neces-
sary condition is that a < 2.

ProOF. We first prove that a > 2 leads to a contradic-
tion. Assume « > 2, then the set A constructed according
to the TZ algorithm, has cardinality:

|A| = /Nlog(N) = (n+n°‘)1/210g1/2(n+n0‘) (3)

As a > 2, the term n® is dominant over n, and Equa-
tion (3) becomes:

4] = O(n*/*10g"*(n) (4)

Since per assumption, the mobile nodes have no routing
information, the set A is a subset of the static infrastruc-
ture. We then have that |A| < n, and combining this with
Equation (4) yields a contradiction if & > 2. [

There are two scenarios to consider which satisfy the nec-
essary condition:

e Scenario (i): In the first scenario, and in many common
practical applications, individual nodes attach to the
infrastructure. The number of mobile nodes attaching
to each edge node of the static infrastructure will be
independent of n, and each edge node can support only
gamma mobile nodes, so that m < n for v > 0.
This means that for practical purposes, the necessary
condition of Theorem 5.1 is satisfied. We take m < yn
in the remainder of this document.

e Scenario (n): In the second scenario, it is whole net-
works which attach to the mobile node, as opposed
to single devices. In this case, the number of nodes
might be greater than v per edge node, but the nec-
essary condition imposes that the number be o(n), so
that m < n?.

In this initial step to bring mobility to compact routing,
we focus exclusively on the first scenario. This is also con-
sistent with our assumption that mobile nodes do not com-
municate directly with each other.

5.2 Construction & Update of the Landmark
Set

The T7Z algorithm specifies a landmark set A once and for
all, since it focuses on a static network. However, in a mobile
environment, the set A must be updated as the distribution
of the nodes evolves within the network. In particular, the
cardinality of the sets A and Ca(w),Vw € V must always
satisfies the proper bounds to ensure the scalability of the
route table at each node.

[23] constructs the set A using the following algorithm:
the set A is initially set to empty. A set W is initialized
as equal to V. Set a value s = /n/log(n). Then, while
W # 0, the following procedure is repeated:

e A is replaced by A|JW,. Ws is a random subset of
W where each element of W is included independently
in W, with probability s/|W/|. If s/[W| > 1, then
W, =W is added to A.

e Ca(w) is computed for each w € V as per Equa-
tion (1).

e W is replaced by the set {w € V| |Ca(w)| > 4n/s}

When W is equal to @, then the landmark set A is re-
turned. For the value of s chosen above, this ensures the
proper cardinality of A and Ca(w) for all w € V.

In our mobile architecture, we now consider the added
constraint that the set A is included in the static infrastruc-
ture.



THEOREM 5.2. For scenario (i), the TZ cluster construc-
tion performed on (V, E) at the exclusion of the mobile nodes,
applies to the mobile network as well. In particular, |A| and
|Ca(w)| are O(y/nlog(n)) for allw € V.

PROOF. For scenario (i), if we apply the TZ cluster con-
struction on (V, E), we end up with a set A with the re-
quired cardinality, and cluster C'a(w)’s such that |Ca(w)| =
O(y/nlog(n)). However, because we constructed A and C4
using exclusively (V, E), |Ca(w)| does not account for any
mobile nodes. In the scenario (i), for each nodes v in V| there
are at most v nodes attached to v. We define by C’ (w) the
set:

Chw) = fveViww<sanl) 6
{v e V\V|§(v, Ca(w)) = 1}.

For w € V, C’y(w) is the set of nodes v in V closer to w that
to A plus all the mobile nodes attaching to such v. Thus
C)(w) < yCa(w). Thus |C)y(w)] = O(y/nlog(n)) and the
sets A and Cy (w) satisfy the required properties for scalable
routing. [

One important point is that, despite the mobility, under
the assumptions of scenario (i), the cluster construction is
independent of the node mobility, and does not need to be
updated as nodes move about. This means that the routing
infrastructure stays simple to manage, since the landmark
set and the cluster sets do not have to be recomputed at
every mobility event.

5.3 Routing Algorithm

After constructing the set A of landmarks, and the clus-
ters C'a(w) associated with each node w € V, we can now
describe the routing in a mobile compact routing architec-
ture.

Routing works as follows. For a mobile node v € V'\V,
we define by e(v) to be the infrastructure edge node it at-
taches to. For v € V, then e(v) = v. The identifier is then
a quadruplet (v, e(v), A(e(v)),Pa(ew))(e(v))). The naming
can be simplified if one is allowed to re-name the nodes.
For instance, for a node in V, the identifier is redundant as
v = e(v), and the redundancy can easily be removed. How-
ever, this only affects the routing overhead for each packet,
but not the scalability or the stretch of the routing algo-
rithm.

Any node u which receives a packet with the quadruplet
(v,e(v), A(e(v)), pa(e(w)) (€(v))), then the routing works as
follows.

e If u is a mobile node, u € V'\V forwards packets with
destination other than u to e(u).

e Otherwise, if u = e(v), then u hands off the packet to
.

o Otherwise, if u = A(e(v)), then route along p 4(e(vy) (e(v));

e Else, if u € Ca(e(v)), route along py(e(v));
e Else route along (A(e(v)), pu(A(e(v)))).

5.4 Route Updates

The identifier depends on the v and e(v). When node
v moves from one access point node to the next, then its
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Figure 2: s routes to d by sending the packet to
e(s). If e(d) is not in Ca(e(s)), the identifier of d
contains A(e(d)), and e(s) routes to A(e(s)). A(e(s))
knows the shortest path to all other nodes in A,
including A(e(d)). e(d) is in C4(A(e(d)), thus A(e(d))
can route to e(d).

identifier must be updated. In order to preserve the scala-
bility, the use of an indirection architecture, as described in
Section 2, would be required.

In order to reach a node v € V'\V, one needs to know the
quadruplet of node names which is used as an identifier. v
thus should update a location repository with this identifier.
At minima, the mapping between v and e(v) should be pro-
vided to a fixed node inside the static infrastructure, since
it is the least amount of information required to reconstruct
the identifier from v.

Figure 2 represents the compact routing mobility archi-
tecture.

6. OPTIMALITY OF THE MOBILITY AR-
CHITECTURE

We now show that the scheme we constructed in the pre-
vious section sill preserves the optimality of the compact
routing architecture it is based upon.

THEOREM 6.1. The compact routing algorithm for mobile
architecture described above satisfies a path stretch less than
8 in the worst case scenario, while the route table size is

O(y/nlog(n)).

PROOF. Since by Theorem 5.2, we have that |A| and |Ca(w)|
satisfy O(y/nlog(n)), and since the identifiers draw from
only these sets, then the route table size also satisfies this
property.

We need to check that the stretch is less than 3. There
are three scenarios to consider for the stretch of the path
u,v where u,v € V'. If u and v are both in V, then the TZ
algorithm is identical as its static counterpart, and thus the
stretch 3 is satisfied. If v and v is in V'\V, then the path
follows three legs: from u to e(u), from e(u) to e(v), and
from e(v) to v.

Per our assumption on the connectivity of u, any packets
leaving u will go to e(u), and thus u, e(u) is the shortest path



between these two points. Similarly for e(v),v. Further,
u, e(u) must be included in any path from u to any other
node, and thus must belong to the shortest path.

Thus, the shortest path between u and v can be divided
into three legs as well: wu,e(u), then the shortest path be-
tween e(u) and e(v) and then e(v),v. In terms of hop count,
the distance of e(u), e(v) is di, in our architecture, and dsp
for the shortest path. The path stretch is thus, for hop
count:

14+dez +1 2+ di
th stretch = =
P e T T d, 11~ 244y

<3 (6)

The last inequality comes from the fact that since e(u) and
e(v) are in V, then d;, < 3dsp per the TZ construction. [

This is a constructive proof that, under scenario (i), the
condition m < yn is sufficient to apply the TZ scheme in
a mobile environment. Note that there is a gap of a factor
n between the necessary condition of Theorem 5.1 and the
sufficient condition constructed above.

7. CONCLUSIONS

In this paper we studied the implications of using com-
pact routing models, originally designed for a static infras-
tructure, into a mobile system. We saw that under some
reasonable assumptions, the compact routing architecture
could be adapted to a system with mobile, while preserving
the scalability of the routing and the path stretch bounds.

The scalability is preserved as the size of the landmark set
A and the routing clusters C'a(w) scale as O(y/nlog(n)) in
the mobile case as in the static scenario. C'a(w) is larger by
a constant factor, but scales according to the same polylog-
arithmic polynomial.

The path stretch satisfies the same optimal stretch 3. As
we have discussed in the motivation, stretch 3 is optimal, as
any stretch lower than 3 would require a route table scaling
as O(n) instead of O(y/n) (up to a log factor).

Future work includes the implementation of the scheme
and its numerical evaluation. Further, future work also in-
cludes the specification of the integration of the mobile com-
pact routing architecture with an indirection scheme to lo-
cate the mobile nodes and enable all-the-time reachability.
In particular, the scalability of the route look-up should be
of the same order as that of the routing.

Also, the gap between the necessary condition o < 2 and
the sufficient condition a > 1 should be studied and, if pos-
sible, bridged.
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