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ABSTRACT

This paper deals with bandwidth allocation in
multi-hop mobile radio networks. The proposed
assignment of transmission rights provides colli-
sion free, deterministic access to the channel by
more than one node at a time thus increasing net-
work utilization through channel reuse. The ass-
ingment of transmission rights at each node is
obtained by executing a distributed algorithm.
The algorithm works for unrestricted topologies of
both stationary and mobile networks. Utilizing
prevailing operational assumptions the algorithm
deals wilh assingrienl changes caused by nelwork
reconfigurations without the use of a centralized
factor. Depending on the nature of the topological
change the effect of transmission rights reassign-
renl can be limiled Lo the locality of thal change.

1 INTRODUCTION

In most packet radio networks not all nodes
are in line of sighl and wilhin range of each olher
[7.8,10,9]. In the resulting “muiltiple-hop” network
the broadcasting nature of the radio becomes a
dominating factor in the channel access protocol
design and ibs performance. Specifically, il is gen
erally assumed that every transmission reaches
all nodes in line of sight of the transmitting node
and multiple transmissions arriving concurrently
will "collide” and be subsecquently lost. Tt is casy
to see that a channel access (transmission right)
policy which does not account for these properties
may rely on a random access policy with compen-
sation for collisions obtained by retransmissions
[1.4). For many applications and networks, e.g..
military networks, a more deterministic type of
channel control is required [7,8]. A controlled
access policy must take into account the complex
dependencies between the ready nodes wishing to
transmit. Optimal assignments were shown to be
intractable for a variety of criteria even in the
case of stationary networks [2]. Existing con-
trolled access allocation policies rely heavily on
additional mechanisms, utilizing special control
channels, regional control nodes, etc [3,5,6]. In
this paper we present a channel access policy
buased v a siiple distribuled algoritiun execuled
by all active nodes in the network without central-
ized or regional agents. The execution of the algo-
rithms is invoked at network initiation or following
a topological {network graph) change which may
result from failure or node movements. The
obtained assignment of transmission rights, in
units of time slots or frequencies at each node
guarantees freredom from ecollisions, and an upper
bound on the total collection of distinct units allo-

CH2153-5/85/0000/0389$01.00 © 1985 IEEE

Israel Institute of Technology
Haifa 32000, Israel

cated by the algorithm. This bound is only the
function of the number of neighboring nodes
rather than the total number of network nodes
and thus channel reuse can be provided.

The allocation algorithm is linear in the
number of control messages and limits the effect
of a local topological change on the slot assign-
ment to a local subset (subgraph) of network
nudes. The only vperalivual assuinplions made
are the node’s knowledge of its neighbors and the
ability of each node to detect a topological change
caused by one of its neighbors [5].

2 MEDIUM AND MODEL DESCRIPTION

A node wishing to transmit a message can use
time and bandwidth, considered to be the shared
nelwork resowrves. Resovurce sharig is aceoln-
plished by allocation of basic units we term
phases. FE.g. if time division is used, phases
correspond to time slots; using frequency division
a phasc corresponds to a band. Without defining
exactly at this point the way phases are con-
structed, we make the following model related
assumption which must always hold: transmissions
in different phases will not eollide. The collision of
transmissions is defined below.

An undirected graph G(V,E) represents the
network with vertices in V the network nodes, and
an undirccted edge ¢ £ E interpreted as two anti
parallel directed edges. Each directed edge u » v
corresponds to the following - relation between u
and v: v receives every signal transmitted by u.
In nther words 2 > ¥ denntes that v is in line of
sight and within range of u.

To ensure that v not only receives but also
correctly interprets a transmission initiated by u,
the following conditions must also be satisficd:

Condition 2.1: v does not transmit in the same
phase u does. Y

Definition: A neighbor, w, of v is an incoming
neighbor if there is an edge directed from w to v.

Condition 2.2: © is the only incoming neighbor of
v transmitting in the same phase.

If condition 2.1 does not hold we say that u's
transmission collided in w. If condition 2.2 does
nnt. hold, we say that the transmission of the
incoming heighbors, © and w, have collided in v.

3 THE TRANSMISSION RIGHTS ALLOCATION ALGORITHM

We look for a phasc allocation among all net-
work nodes which guarantees that a transmission
by a network node will be correctly received by all
its neighbors.
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The proposed dislribuled algorillun generales
such an allocation for unrestricted network graphs

and provides for distributed network
reconfiguration. The collection of all distinct
phases assigned by the algorithm is proovably
bounded. If e.g. the phase is implemented by time
division the resulting collection of time slots
defines a cycle of constant, known length.

Since the number of phases will be generally
smaller than the number of network nodes, the
radio channel will be reused for simulataneous non
colliding transmissions, i.e., a spatial reuse is
obtained.

3.1 Description of the Phase Assingment Algo-
rithm

The following distributed algorithm phases
the network graph in such a way that each node is
assigned a phase which is different from the
phases of all it’s neighbors, and it's neighbors’
neighbors. Thus phasing the network’s graph
corresponds to the coloring of a graph whose
nodes are the network's nodes and it’s set of
edges, E, includes an edge between every two
neighbors in the network, and between every two
nodes having a vounniwon neighbor in e nelwork.
We term that graph the supergraph of the
network’s graph.

The algorithm is based on the following cen-
tralized graph coloring greedy algorithm: number
the colors, then repeat the following. Choose an
uncolored node, i, and assign it the color having
the smallest number among the colors which are
not dlready forbidden by Lhe fullowing restriclion:
when acting on the supergraph the assigned color
is not yet assigned to a neighbor of i. Thus, when
acting on the network graph the assigned color
must be one which is not yet assigned to a neigh-
bor of i, and to a neighbor of i's neighbor. Now let
K be the maximum number of neighbors of a node
in the network’s graph. Then K? is the maximum
number of neighbors a node in the supergraph
may have and K?+1 is the upper bound on the
number of colors assigned by the algorithm color-
ing the supergraph (and thus the upper bound on
the number of phases assigned to the network’s
graph nodes).

We now informally describe the distributed
algorithm. {In the following simplified description
several redundant messages may he sent without
changing the Order of the number of messages. A
way to avoid the redundant messages will be
described later.

We assume that the nctwork nodes have dis-
tinct, fully ordered identities (IDs). Node's ID is
known to the node itself in (LOCAL.ID) and to its
neighbors (in their ListOfNeighbors- which is
ardered from the highest neighbor's D to the
lowest). Any nonempty subset of nodes can ini-
tiate the algorithm. A node enters the algorithm
either on receiving the message Wake caused by
an upper layer algorithm {protocol) or by the first
reception of a message sent by another node
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executing the algorithm. On entering the algo-
rithm each node, i, needs the permission of all it’s
neighbors and all it's neighbors' neighbors in
order to assign itself a phase. This is done in order
Lo simulale the chousing of e nexl node by Lthe
centralized graph coloring algorithm: whenever a
node, i, may assigns itself a phase, no neighbor of,
i, or of i's neighbor, is allowed to assign itself a
phase till it receives i's permission. Neighbors’
permission is accepted directly from the neigh-
bors. The neighbors' neighbors’ permission is
accepted through the neighbors. Permissions are
passed in messages fogether with a set of RES-
TRICTIONS specifying phases a node will not assign
itself. Node i keeps the phases it will assign itself
in LOCAL.RESTRICTIONS, initially empty. Each time
i receives a permission, together with RESTRIC-
TIONS it adds the  RESTRICTIONS to
LOCAL.RESTRICTIONS. Node i also maintains
LOCAL.OneHopRestrictions initially empty. Restric-
tions will also be added to
LOCAL.OneHopRestrictions only when they are res-
trictions caused by neighbors, and not by
neighbor’s neighbors. In order to achieve this
selective addition a node distinguishes between
the source of the restrictions: The node will send
(1) neighbors’ phases (LOCAL OneHopRestrictions)
and (2) its own phase (LOCAL.Phase) 1f when send-
ing a permission the node’s own phase is not yet
assigned, the node will send a DummyFhase.

Two types of messages are used by nodes to
send permissions to their neighbors: TwoHopsPer-
mit and OneHopPermit. Node i sends TwoHopsPer-
mit to node j if node j is the largest (identity)
among i's neighbors (including i itself) not yet hav-
ing a phase. OneHopPermit is sent by node i {to all
neighbors others than those to which TwoHopsPer-
mit has been sent) when it has assigned itself a
phase. This frees its neighbors to send
TwoHopsPermit to other nodes. As explained above
both messages are sent together with
LOCAL.OncHopRestrictions, - LOCALTPHASE and
LOCAL.ID.

We now describe the actions of a node partici-
pating in the algorithm. On waking node i sets to
"true"” the variable NodeAwake and sends Wake to
its neighbors. (We assume‘that only the first such
message will generate the neighbor's Wake event.)
If the identity of node i (ID) is not larger than the
ID-s of all its ncighbors, nodc i scnds the largest
identity neighbor, j, a TwoHopsPermit message.
(Notice that at this point the set of Restrictions is
still empty.) If j receives TwoHopsPermit with no
restrictions from all its neighbors than clearly j's
identity is larger than the identity of all it’s neigh-
bors’ neighbors. In general a node which has
received TwoHopsPermit(RESTRICTIONS) from all
its neighbors can choose a phase number not
included in the accumulated restrictions. Having




eventually chosen a phase (its LOCAL.PHASL),
node i sends OneHopPermit to all neighbors
except the next largest neighbor (among
neighbor’s not yet having a phase) which is sent a
TwoHupsPermil). Togellier wills Lhe permils node i
sends its own LOCAL.PHASE, and from its
OneHopRestrictions. At i's  neighbor i's
LOCAL.PHASE becomes part of OneHopsRestric-

tions and i's OncHopRestrictions become
LOCAL.Restrictions.

3.2 Phases Assignment Algorithm

Type ToWhomPermit=(MYSELF,0THER,NONE),
Function NextPermit:ToWhomPermit;
begin
if HEAD(ListOtNeighbors) > LOCAL.ID
then NextPermit:=0THER;
{*HEAD(list) returns the value of the first item
(the highest ID) in the list
(without removing the item from the list ¥)
else begin
if [ForbiddingNcighbors|—0 then nextPermit:~
MYSELF;
(*he set. of ForbiddingNeighbors contains T's
of
those neighbors from which a TwoHopsPer-
mit
has not yet been received*)
else NextPermit: =NONE;
end

end;

Procedure SendPermil;

begin
v:=RemoveFirstIn(ListOfNeighbors);

(* the highest 1D is removed from
the list and put in v*)
send TwoHopsPermit(
LOCAL. SetofRestrictions, LOCAL. PHASE,LOCAL.|
)

tov;

end;

Procedure AssignPhase;
begin
LOCAL PHASE: =
MIN(SetOfAllPositivelntegers-
LOCAL RESTRICTIONS);
send Permit;
for each v in ListOINeighbors do
send OneHopPermit(
LOCAL.RESTRICTION 5, LOCAL. FIIASE, LOCAL.1D)
tow;

cnd;

on{* reception of *) Wake

begin
LOCAL.NodeAwake: =true;
{w1) LOCAL.PHASE: =DummyPhase;
(w2) if NextPermit=MYSELF then AssignPhase
(w3) else if NextPermit=UTHER then SendPer-

mit;
(w4) else (*NextPermit=NONK*)
(w5) for each u in LOCAL.ListOfNeighborsv

do concurrenlly
send (*message*) Wake to u;

wait (*for a message®);
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end;

on (*reception of *)
TwoHopsPermit(RESTRICTIONS, PHASE,NODE)
begin
if not LOCAL NodeAwake then perform Wake
excluding statements w2 to w4;
LOCAL RESTRICTIONS: =LOCAL. RESTRICTIONS+
RESTRICTIONS;
OneHopRestrictions: =OneHopRestrictions+{ PHASE}
ForbiddingNeighbors: =ForbiddingNeighbors-
{NODE};
if NextPermit=MYSELF then AssignPhase
else if Next\Permil=0THER then SendPermil;
end;

on (*reception of*)
OneHopPermit(RESTRICTIONS, PHASE, NODE)
begin
OneHopRestrictions: =OneHopRestrictions+§{ PHASE];
LOCAL RESTRICTIONS: =LOCAL. RESTRICTIONS +
RESTRICTIONS+{PHASE} ;
if NextPermit=MYSELF then AssignPhase
else if NextPermit=OTHER then SendPermit;
if JListOfNeighbors|=0 then Terminate;
end;

3.3 Properties of the Phases Assignment Algo-
rithm

Definition: Let N(i) be the set of i's neighbors and
neighbors’ neighbors.

Lemma 1: When node i assign itself a phase, no
node j in N(i) has a TwoHopsPermit from all nodes
in N(j).

Proof: We prove by induction on the number of
nodes in the graph. If n=1 then the lemma is
trivial. Assume the lemma holds for every graph
containing less than n nodes and let G(V,E) contain
n nodes. Lel 1 be e node in V wilthh Lthe lowesl
identity. Let G’ be G with the following changes.
Remove i from G and connect with an edge every
two neighbors of i. For G’ the lemma holds by the
induction hypothesis. If i is not removed (and the
new connecting edges are not added) then MYSELF
must be the value given by NextPermit only in it's
last call (by i) as i's identity is always smaller than
HFEAD(ListOfNerighhors). Thus the algorithm on G
works as on G’ till i has sent TwoHopsPermit to all
it’s neighbors. Thus and by the need for i to
receive TwoHopsPermit from all neighbors- the
lemma holds.

lemma 2: Eventually all nodes are assigned
phases.

Proof: The proof is similar to the proof of lemma 1.

THEOREM 1: Eventually all nodes are assigned
phases which meet the restrictions and the
number of phases is bounded by K.

Proof: The theorem follows from the lemmas, from
the centralized graph coloring algorithm
described earlier and from the use of the assem-
bled RESTRICTIONS in the phase assignment pro-
cess.

THEOREM 2: No more than B|E| message are sent
by the algorithm.

Proof: Each node sends over each link one Wake
messoge, al mosl one OncllopPermil, and onc
TwoHopsPermit.

Observation: The Wake message from a node i to
node j from which i has already received a mes-
sage is redundant (see seclion 3.1). -
THEOREM 3: The computation time complexity of
the algorithm is O(|E}).

Proof: By noticing that a constant number of com-
putation steps is performed per each message.

3.4 Adapting to Topological Changes

When topological changes occur, changes in
the phases assignments may be necessary. We
assume that a node whose set of neighbors has
been changed is aware of such a change [5]. One
way to achieve the required change in the phase
assignment is to cause a Wake event in every node
which notices a change in its set of neighbors and
to execute the algorithm as described in 3.2. How-
ever, the changes in phase assighment can often
be restricted to a locality smaller than the whole
network saving control. messages, computation
time and possibly reconfiguration time as follows.

in this discussion we shall assume that the
changes are handled serially s.t., the update pro-
cess for a given change is started only after the
previous update has been terminated.



Definition: For any V' ¢ V define a bordering set of
V', Bs(V') as a set of nodes for which the following
holds. Every path from a node in V' to a node not
in V' UBs(V’) passes through a node in Bs(V’).

Let G be a network graph for which the
Phases assignment algorithm has been invoked
and terminated and in which a topological change
has occurred. Let V' be the set of nodes neighbor-
ing the topological change. Assume that in a new
invokation of the algorithm V' has a bordering set
s.t. every node in the bordering set has a
LOCAL.RESTRICTIONS which is included in the
LOCAL.RESTRICTION sel generaled al lhe previous
invocation. Clearly every node not in V' {UBs(V*)
can be assigned the same phase as the one assined
to it before the new invocation. Based on this
vbservalion we now can define an updale pro-
cedure to deal with topological changes.

Instead of a Wake message being sent by
every waking node, Wake messages will be sent
only in two cases:

(1) By a node which has received it's first
TowHopsPermit.

(2) By a node which has been awaken by an upper
layer protocol (and not by a message) and it’s
identity is larger than the identity of all it's
neighbors.

This change in lhe wuaking policy cnables
nodes to stop the coloring process from covering
the whole network. When a node assigns itself a
phase and finds out that its new set of
LOCATL.RESTRICTIONS is included in the old set, it
adds the field CANCEL to the permission messages
it sends to its neighbors. Let j be a node which has
been awaken by a message and not by an upper
layer protocol. Let W(j) {clearly W(j) ¢ V' L)
Bs(V")), be the set of j's neighbors which have sent
it the message Wake. When ] receives Permissions
with the field CANCEL from all the nodes in W(j), j
still does not know whether a neighbor k not in
W(j), has not sent a message, or k has sent a mes-
sage which has not yet arrived. Thus, j sends mes-
sages to all its neighbors not in W(j) asking for a
REPLY. {Notice that if k did send a Wake message,
then the Wake message must have been received
at j before the REPLY message.) When j has
received a REPLY from all neighbors not in W(j)
{and a CANCEL from all neighbors in W(j)) the algo-
rilhm in j will lerminale.

Notice that the update procedure can also be
used to generate the initial phase assignment,
although at a lower concurrency level. This obser-
vation well corresponds with the intuition which
views network initialization as an instance of a
topological update.

The construction of an example in which, fol-
lowing a topological change, only two neighbors
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and their neighbors will be awaken before termina-
tion is trivial. .

Finally we note that it would have been nice if
we could maximize the number of local maximum
IDs in the network, as it would have made the exe-
cution of the algorithm more parallel. However it
is easy to see that this problem is NPH (by a
reduction from the Independent Set problem
[10]). As an heuristic we may suggest to use the
nodes phased by 1 in previous algorithm invoka-
tion, as candidates for local maximum (and their
ID will thus become the less significant field in the
lexicographical vrdering of Uhe nodes).

-

SUMMARY

We have proposed a "phase allocation” algo-
rithm for assigning channel access rights in
multi-hop, mobile radio networks. The algorithm is
totally distributed and adaptive and provides each
node with collision free channel access.

The phase allocation produced by the algo-
rithm can be implemented by techniques of time
division, frequency division or a combination of
both. The phase allocation process is completely
distributed and can be initiated by any node or a
set of nodes as needed. Furthermore, it has the
potential of localizing topological changes. Net-
work protocols based on the resulting TDMA or
FDMA prolucols can provide Wherelore prediclable
service in both stationary and mobile radio net-
works.
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