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whole network topology, and compute the most efficient
Abstract path from itself to every other computer in the network.

The distance vector routing protocol satisfies the follow- .In dlstance-vec'tor. routing, each computer m'a|nta|ns a
ing property. If this protocol is used to route a Sequencedlstan(:e vector Wlth_lts current estimate of the dlsyanpe (or
of data messages from a source to a destination, then the<e?St) to each destination. Each computer periodically
data messages will follow the same shortest-distance patt$€nds a copy of this vector to each of its neighbors. By
from the source to the destination. In this paper, we showcomparing its distance vector with that of its neighbors,
how to modify this protocol, without adding new mes- the computer determines which neighbor is the closest to
sages, in order to satisfy the following load balancing €ach destination. , _
property. If the modified protocol is used to route a se- Both link-state routing and_dls_tance-vector routing may
quence of data messages from a source to a destinatiorﬁUﬁer performgince degradation if all data messages are al-
then these messages will be uniformly distributed over all Ways routed via the same shortest path to the destination.
k-monotonic paths from the source to the destination, That is, the shortest path becomes congested. Thus, per-
i.e., over all paths whose distance to the destination neveformance is significantly improved if data messages are
increases at each hop, and may remain constant in at mogeuted via multiple paths to the destination. Two tech-
k hops. In particular, by choosing k to be zero, the modi- Niques to do so are emergency-exits in link-state routing
fied protocol distributes the data messages over all short{12], and multiple disjoint paths to the destination in

est-distance paths from the source to the destination. distance-vector routing [10]. However, these techniques
either require the network to be flooded with additional
1. Introduction messages (as in [12]) or increases the complexity and

overhead of the routing algorithm (as in [10]).

D S ) L In this paper, we propose a simple and efficient tech-
works. Their objective is to find an efficient path from a nique to perform load balancing in a computer network

fri)igr;eextao gg:?gr}?s“mbggtdotr? ;zltj\}veo?katniwoerﬁ:r?gs ?L%r\.glhose routmg.protocol is based on distance-vector rout-
routing p;rotocol must be chosen carefully. The chésen'ng' The techmquga requires very small_changes o Fhe dis-
protocol must be fault-tolerant, due to .the possible tance-vector routing protocol._ It requires no additional

' message overhead, and requires only a small amount of

chagges :nk}h? t°p°|ﬁg¥1 Or]: the rllte;\:vortkb an(%iﬁitin:]l:st r?r} additional storage overhead, namely, a small bit-map (two
Spona quickly 1o such changes. ust be eticient, Dot ;o per neighbor) for every destination in the routing

in terms of message overhead and space overhead, in ord%bI e
to avoid interfering with the resources necessary to store )
and forward data messages.

There are mainly two types of routing protocols: [9]
[11] distance-vector routing, used in the RIP Internet
protocol [7], and link-state routing, used in the OSPF

Routing protocols are fundamental for computer net-

The technique consists of uniformly distributing the
data messages along each path to the destination that sat-
isfies the following constraint. In each hop along the
path, the distance to the destination either decreases or re-
Internet protocol [8] mains the same. F_urthermore, the number of hops where

: the distance remains the same is bounded by a constant,

In link-state routing, each computer determines which thus ensuring that each message reaches its destination.
computers are its neighbors, and whether or not the chan- We organize the paper as follows. In Section 2, we pre-

nels between itselfl anq its neighbors are _operational. Each5ent the protocol notation used throughout the paper. The
computer then periodically broadcasts this local topology notation consists of a shared memory model in which

information to all other computers in the network. Since computers may read but not write the variables of its

Zﬁcgtﬁg:ngg;?rdfggv?ts i;h(;l;?ga:otoaﬂllggg m:grmhag;)rsh%f neighbors. We chose this shared memory model because it
P ' grap simplifies significantly the exposition of the protocols.



We relax this model into a message passing model in ais a shorthand notation for the following two actions.
later section. x[0]<0 - y[0] := false
In Sections 3 and 4, we present two protocols based on [xil1<0 - y[1]:=false
the distance-vector approach. The purpose of these proto-
col_s is to coII(_act routing information and determi_ne ';he 3. Single Path Protocol
neighbors which offer the best path to the destination. ) ) )
The first protocol is the well-known distance vector rout- N this section, we present the well-known distance-vec-
ing protocol, and the second is our improved protocol tor routing protocol, which has been studied and proven
which maintains additional information for purposes of correct in the literature [1] [2] [3] [4]. This protocol finds
load-balancing. a single path from each source process to each destination
In Section 5, we describe in detail how the routing in- Process, and is the foundation of the RIP routing protocol
formation collected by the protocol of Section 4 may be P€ing used in the Internet [7]. To simplify the exposition,
used to route data messages to the destination in a balvé present a version of the protocol that finds a path to a
anced manner. In Section 6, we present the protocol in deSPecific destination process. Extending the protocol to
tail using a message passing model. In Section 7, wefind a path to each destination process is straightforward
consider how explicit congestion notification between and is presented in Section 6. ,
neighbors may be used as an aid in load balancing. In We assume there exists a designated process in the net-
Section 8, we present concluding remarks and futureWork, namely, process r. The objective of the protocol is

work. to build ashortest-distance spanning tree (defined below)
of the network graph, with process r as the root of the
2. Protocol Notation tree.

A path isrooted iff r is the last process in the path. A

ath P from process u to process v ghertest-distance

}Eath iff there is no path from u to v whose number of
dges is less than those of P. A spanning tree T is a

shortest-distance spanning tree iff every rooted path in T

The network consists of a set of processes, which readp
but do not write the variables of other processes. Two
processes are neighbors iff they read the variables of eac
other. Let u and v be neighbors. Expression z.v in the
code of process u yields the current value of variable z ofiS a shortest-distance path.
process v.

The network mav be viewed as a araph. where each pro- To represent the tree edges, each process maintains in
. nay grapn, ! ; PrO%ariable par the identity of the neighbor it has chosen as
cess is a node in the graph, and gach pair of neighborin s parent in the tree. An edge (u, v) isarent edge iff u
processes correspond to an edge in the graph. The networ, as chosen v as its parent in the tree, i.e., par.u = v.
grg’;trl]s a;?ggg?;%gﬁ n(;%ngec;egét of alobal constants In addition to its parent variable, each process maintains
Cof | P Linout tof | y | vari blg d t of ' 4n variable dis its current estimate of the distance to the
Set ot’ocal Inputs, a et of local vanables, andia Set of ac, o4 - pacpy process computes this distance by simply

tions. Th_e actions of a process are separated by the Symédding one to its parent's distance.
bol |:| using the following syntax:

. i i ) To choose a neighbor as its parent, each process fol-
begin action [] action[] .. .[] action end lows a simple greedy strategy: the neighbor with the
Each action is of the formguard — command. A guard smallest distance is chosen.
is a boolean expression involving the constants, inputs, The single path protocol for a non-root process u can be
and variables of the process. A command is constructeddefined as follows.
from sequencing (;) conditionailf (fi), and looping flor
4 . process u
rof) constructs that group togethaip and assignment
statements. Similar notations for defining network proto- constants .
cols are discussed in [5] and [6]. D : integer {upper bound on network diameter}

An action in a process @abled if its guard evaluates  inputs

to true in the current state of the network. Axecution N : set {v|vis aneighbor of u }
step of a protocol consists of choosing any enabled actionyariables
from any process, and executing the action's command. dis : 0..D {distance to the root}
Ex_ecutions are maximal., i.e., either they consis_t of an in- par : integer {parent of u}
finite number of execution steps, or they terminate in a
state in which no action is enabled. Executions are as_parameters ;
. . : ; . : N {v ranges over all neighbors}
sumed to be fair, i.e., each action that remains continu- ,
ously enabled is eventually executed. begin

If multiple actions in a process differ by a single value, dis# min(dis.par + 1, D) dis := min(dis.par +1, D)
we abbreviate them into a single action by introducing pa-
rameters. For example, let j be a parameter whose type is
the range 0 . . 1. The action

X[l <0 - V[ := false

dis > dis.v + 1 - par:=v;
dis:=disv+1
end



The above process contains two actions. In the first ac-

tion, the process compares its distance estimate with the o

distance estimate of its parent. If these disagree, u's dis-

tance is corrected. This step is necessary because, at any

time, the distance to the root via the parent may change

due to changes in the topology of the network. o @ °
In the second action, the process checks if a neighbor is

closer to the root, i.e., has a smaller distance, than the

current parent. If this is the case, the process chooses this o o
neighbor as its new parent, and updates its distance accord- .
ingly. Figure 1
The root process r can be defined as follows.
process r Thus, the neighbors of a process u can be divided into
constants three disjoint sets: thgarents, whose distance is smaller
D . integer {upper bound on network diameter}  than u's distance, ttseblings, whose distance is equal to
variables u's distance, and thehildren, whose distance is greater
dis :0..D ({distance to the root} than u's distance.

The set of parents of u consists of those neighbors

begin o which are the parent of u in some shortest-distance span-
en((j:ils;t o - dis := 0 ning tree. The set of siblings of u consists of those neigh-

. . . bors which, although they may not have the same parent
Since process r is the root, it has no parent, and thusas u, have the same depth in each shortest-distance span-
no variable par. However, it does require a distance vari-ning tree as the depth of u.

able dis, whose value should always be zero. Each process u maintains two variables of type set,
The single path protocol satisfies the following theo- namely, prn and sbn. These correspond to the set of par-

rem, which has been proven in [1] and [2]. ents and the set of siblings of u, respectively.

Theorem 1 Consider the network in Figure 1. There are two short-

Regardless of the initial state of the variables of each pro_est—d|stance paths from process u to the root process r,
namely, (u, v, r) and (u, w, r), and one shortest-distance

gteasbslév;gltlg ig(lvar)]ig%(gcutlon steps, the protocol reaches apath from y to the root, namely, (y, x, r). Hence, prn.u =

a) the parent edges define a shortest-distance spanninév’ w} and pr.y = {x}. In addition, sbn.u = {y} and sbn.y
tree. = {u}, since the distances of u and y are equal.
b) d.r = 0. Sets prn and sbn may be used in the routing of d_ata
c) for each parent edge (u, v), dis.u = dis.v + 1. messages towards Fhe_root as follows. For load balancing,
each process will distribute the data messages to each of
¢ its parent neighbors in a uniform manner. However, to
Theorem 1 shows the correctness and fault-tolerantenhance load balancing, each process will on occasions
properties of the protocol. If the network topology forward data messages to its sibling neighbors. Although
changes due to faulty channels, the protocol will updatein doing so the data messages do not decrease their dis-
its parent and distance variables to reflect a new shortesttance to the root, their distance does not increase either.

distance spanning tree. This load balancing approach will be described in more de-
) tail in Section 5.
4. Multiple Paths Protocol The multiple path protocol can be defined as follows.

We next extend the protocol of the previous section to process u
discover all shortest-distance paths to the destination,constants
rather ﬁhan @sc_ovgmg just a single shortest_—dlstance path. p - integer {upper bound on network diameter}
In addition, it will discover paths where the distance to the .
root either decreases or remains constant with each hop. Inputs . . :

Letdistance.u be the length of a shortest-distance path N. - set{v]vis aneighbor of u},
from u to the root r. Hence, dis.u is the current estimatevariables
of distance.u maintained by process u. ds :0..D {distance to the root}

Note that for any network edge (u, v), par : integer {parent}

0 < Odistance.u - distancelk 1. pm : subset of N {parent neighbors}

. _ ) sbn : subset of N {sibling neighbors}
Note also that if for edge (u, v), distance.u > distance.v,

then (u, v) is an edge in some shortest-distance path fronparamet.ers .
U to the root. % : N {v ranges over all neighbors}



begin This final version of the protocol satisfies a property
similar to Theorem 1 for the single path protocol, which

) o we state below. The proof of the theorem is given in the
dis := min(dis.par + 1, D) appendix.

dis# min(dis.par + 1, D) -

I] dis>disv +1 - par :=v, Theorem 2
dis ;= dis.v + 1 Regardless of the initial state of the variables of each pro-
[| vOpmOdis=disv+1 - prm = prU v} cess, within O(D) execution steps, the protocol reaches a

stable state in which:

[| 0 Odisz disv+1 o = . a) for each process u, distance.u = dis.u.
VP disz dsy prn := prm - {v} b) for every network edge (u, v), M prn.u iff dis-
v O sbnOdis = dis.v - sbn := sbru {v} tance.u = distance.v + 1.
f h network ed , bn.u iff dist .
0\ o sbnodis# disw L sbni=sbn-{v} ©) ey T eaae (U, V)Fvsbn.uiff distance.u
end

: ) . ¢
The process has four actions. The first two actions are

the same as in the single path protocol. Recall that, fromnei hbor in set brn. then the message is forwarded along a
Theorem 1, variable dis will contain the shortest-distance "€'9 . prm, 9 ; 9
to the root. Thus, in the next two actions, neighbors areshortest—d|stance path to the root. Hence, the distance to

; he root will decrease for the message. If the message is
added to, or removed from, set prn depending on whethet X . ;
their distance plus one is equal to, or not equal to, the disforwarded to a neighbor in set sbn, then the distance to the

tance of u, respectively. Similarly, the last two actions root remains constant for the message. .
add or remove neighbors from set sbn depending on Notice that the additional space required is small. Two

whether their distance is equal to or not equal to the dis-bItS per neighbor suffice to implement sets prn and sbn.

tance of u, respectively. Achieving Balanced Routing
The root process remains the same as in the single pathl':' )
protocol. In this section, we describe in more detail how data
Notice that since the values of variables par and dis aremessages are routed towards the root. Each process will
not affected by variables prn and sbn, then Theorem 1 stilicreate data messages and receive data messages from its
holds for this protocol. Thus, the neighbors in prn are the neighbors. The process should forward these data mes-
next-hop neighbors of every shortest-distance path to theSages to its neighbors so that the number of edges tra-
root, and shn are the neighbors whose shortest-distance tgersed by each data message is as small as possible, while
the root equals that of the process. at the same time attempting to distribute these messages
Notice also that in the above protocol, the neighbor par uniformly throughout the network to avoid congestion.
will always be a member of set prn. Furthermore, any The specification of this protocol using a message pass-
member of prn could have been the parent of the processing model will be given in the next section.
since the distance to the root is the same for all members. Consider Figure 2. Process u has two parent neighbors,
This implies that variable par is not necessary. That is,namely, v and w. For load balancing, u should distribute
each element of prn can be viewed as a parent of the prothe data messages evenly between neighbors v and w.
cess. We thus remove variable par, and substitute the firsProcess u may accomplish this by selecting at random be-

two actions of the above protocol by the single action be-tween u and w whenever it forwards a data message.
low. If we restrict data messages to be forwarded only to the

prn =0 Odis > dis.v + 1 - parent neighbors, then this severely restricts the routing
i choices. For example, y only has a single parent neighbor

From Theorem 2, if a data message is forwarded to a

dis = mir.1(dis.v +1, D); x, and thus it has no routing freedom. Furthermore, the
pm = vk traffic of both z and u is routed through v, which may
sbn :=0 cause congestion. Process y could take advantage of its

In this action, if there is a neighbor whose distance is sibling neighbor u and route some of its traffic to u, and u
less than the distance of the elements of prn, then thiscould also take advantage of y and route some of its traffic
neighbor is chosen as the new parent. That is, the sole elto y.
ement of prn is this neighbor, and the distance is updated We thus conclude that when a process receives its data
to reflect the new parent's distance. If other neighborsmessage, it should choose a process at random from the
have the same distance as the new parent, they will lateunion of its parent neighbors and its sibling neighbors,
be added to set prn by the third action. Since the distanceand forward the message to the chosen neighbor.
has changed, set sbn is emptied. If any neighbors are sib- The above, however, has a weakness. Although un-
lings, they will later be added to set sbn by the fifth ac- likely, it is possible that a message is perpetually routed
tion. to sibling neighbors, and never becomes closer to the

root. For example, in Figure 2, a data message could be



Figure 2
forwarded along the path (u, y, z, u, y, z, . . . ) and never
reach the root. )
To resolve this problem, each data message contains a Figure 3

count field which is decreased by one every time the mes-
sage is routed to a sibling neighbor. Once this count
reaches zero, the message is forbidden from being for-

warded to sibling neighbors. From then onwards, the ;
We next give a more concrete example of the advan-

message will be forwarded only to parent neighbors, . . ; ) ) !
which decreases the distance to the root. In this way, if at2g€s of this form of routing. Consider Figure 3, in which

data message is created at process u, where distance.u = gf0C€SSes are arranged as a mesh, and the number in eact
and the count of the message is k, then the data messad¥©cess corresponds to the distance to the root. In addition
will arrive to the root within d + k hops. 0 the usual mesh edges, the network contains some diag-

We say that a rooted path P i&-aonotonic path iff, onal edges. _ . . .
for all ed)ées (u, V) in P %istanceuﬂistance vpand fur- Consider process u in the third row and in the third col-
thermore. the number of edges (U, V) in P where dis-Umn, whose distance to the root is four. It has a total of

tance.u = distance.v is at most k. six shortest-distance paths to the root. Thus, if the count
It follows from this definition that the route taken by a ©f ach data message is initially set to zero, the data mes-

data message whose count is initially k will be a k-mono- S29€s originating at this process will be uniformly dis-
tributed over all six paths.

tonic path. If the count of a message is zero, then the hat th ¢ hd .
message is routed via a shortest-distance path to the root, ASSUme now that the count of each data message is

If the count is k, where k > 0, then the message will be eight. In this case, there are a total of 48 8-monotonic
routed via any k-,monotonic pa,th to the root. paths from this node to the root, and the data messages

The value chosen for this count affects both delay angWill be uniformly distributed over these 48 paths.
load balancing. If the count is zero, the delay is mini- More drastic is the case of process v in the fifth row and

mized, because the message is routed via shortest—distanr%@e first column, whose distance to the root is also four.
t has only a single minimum distance path to the root,

path to the root. However, this could cause congestion in - ' h | of ; h h
processes which have only a single shortest-distance patfUt it has a total of 48 8-monotonic paths to the root.

to the root. On the other hand, if the count is non-zero, a .
larger number of routing paths exist, which will alleviate 6. Balanced Routing Protocol
congestion, but at the expense of increasing the delay by a In this section, we present the full version of the bal-
few hops. anced routing protocol. It consists of the multiple paths
protocol of Section 4, with the additional feature of creat-
ing and routing data messages as described in the previous
section. In addition, we allow every process in the net-
work to be the destination of a data message.

The protocol is presented using a message passing
model. To this end, we enhance the notation as follows.

. For every pair of neighboring processes u and v, there is a
b) for every k-monotonic path P, and for every edge (u, gjrg cthpnel from 3 tov a%o?a FIFO channel from v to
v) in P, if distance.u = distance.v, thefilsbn.u. u. The statemengend msg(var)to v in process u ap-
¢ pends a message of type msg to the channel from u to v,
Coro”ary 1 |mp||es that after the mu|tip|e path proto- and the f|6|d in the message is the current value of vari-

col reaches a stable state, then a process will route its datable var in process u.

messages with a count equal to k uniformly over every k-
monotonic path originating at the process.

Corollary 1
Regardless of the initial state of the variables of each pro-
cess, within a finite number of execution steps, the proto-
col reaches a stable state in which:
a) for every k-monotonic path P, and for every edge (u,
v) in P, if distance.u > distance.v, thefil\prn.u.



In addition to boolean expressions, guards in each pro-

cess u are allowed to be of the forov msg(var)from
any v. This guard is enabled iff there is a message of
type msg at the head of an incoming channel of u. If the

command of an action with this receive guard is chosenl]
for execution, then, before the command is executed, the

message is removed from the channel, and its field is
copied into the local variable var. Furthermore, variable v
is set to the identity of the neighbor from which the mes-
sage is received.

Each process has an input set Z with the identities of a

the processes in the network. Note that since each proce
is a possible destination, there is no longer a single root

process. Thus, each process 4] Z, is the root of the

shortest-distance spanning tree over which data message

are routed if their destination is z.

Since now each process is allowed to be a destination
variables prn, sbn, and dis, become arrays, whose indice
are the elements of Z, and the value of each element is
subset of the neighbor set N. The inputs and variables o
each process are now defined as follows.

inputs
N : set {v]|vis aneighbor of u},
z : set {v|vis aprocess in the network }
variables
prn : array [ Z] of subset of N,
{parent neighbors to each destination}
sbn : array [ Z] of subset of N,
{sibling neighbors to each destination}
dis : array[Z]of0..D,

{distance to each destination}
Thus, if z[O Z, prn[z] stores the parent neighbors to reach

destination z, sbn[z] stores the sibling neighbors to reach [1z# uUprn[z]# 0 Odis[z] < D

destination z, and dis[z] stores the distance to reach desti
nation z.

The balanced routing protocol can now be defined as
follows.

process u
constants
D . integer {diameter of the network}
cmax : integer {max. number of sibling hops}
inputs
N . set {v|vis aneighbor of u},
z . set {v]|visaprocess in the network }
variables
prn : array [ Z] of subset of N,
{parent neighbors to each destination}
sbn : array [ Z] of subset of N,
{sibling neighbors to each destination}
dis : array[Z]of 0..D,
{distance to each destination}
d . array[Z]of 0..D, {neighbor distance}
% . N, {neighbor}
z D Z, {message destination}
c : 0..cmax {message sibling hops}

begin
true - Z :=any;
c :=any;
RTMSG
rcv data(z, c)fromany v —
RTMSG
true - for each vdo

send upd(dis)to v

| r of

rcv upd(d)from any v -

UPDTBL
end
3n the first action the process creates a data message. It
first chooses a destination and an upper bound on the
number of sibling hops, and then routes the created data

?‘nessage using statement RTMSG, which is defined be-

fow.

In the second action, the process receives a data message
and then routes the message to a neighbor using statement
RTMSG.

In the third action, the process sends a copy of its dis-
tance array to each of its neighbors.

In the last action, the process receives a copy of the dis-
tance array from one of its neighbors, and updates its par-
ent, sibling, and distance tables using statement
UPDTBL, defined below.

Statement RTMSG is defined as follows

ifz=u skip {arrived, deliver message}
[z#uO(prn[z] =0 Odis[z] = D) skip
{destination not reachable}

—

-

—

{destination is reachable}

if c=0 - v:=random(prn[z])

[ c>0 - v:=random(prn[z] U sbn[z]);
ifvOsbn[z] - c==c-1
0 vOsbn[z] -  skip
fi

fi;

send data(z, cYov

fi

In this statement, the process checks first if the destina-
tion is itself, and also if the message is not deliverable. If
the message is deliverable, it checks the count in the mes-
sage. If the count is zero, it chooses a neighbor at random
from the parent neighbors of the destination. If the count
is non-zero, it chooses a neighbor at random from the
union of the parent neighbors and the sibling neighbors of
the destination.

Statement UPDTBL is defined as follows.



dis[u] := 0; va_riables
for each z, where z# u,do ' : subset of N
if d[z] + 1 < dis[z]0 prn[z] =0 N The statement RTMSG can now be defined to take ad-
. . . vantage of congestion information as follows.
dis[z] := min(d[z] + 1, D); ) . . .
om[z] = vk ifz=u - skip {arrived, deliver message}
b '__D’ lz#uO(prn[z] =0 Odis[z] =D) - skip
) sbn[z] := ) {destination not reachable}
P.?(d[z] +1<dis[z[dpmz] =00) - skip [z#uOpm[z]# 0 Odisz] <D -
% {destination is reachable}

if v O prn[z] O disé)[rzg[:]c:iizg);]é]u W - if c=00(prn[z] - cgn) =0 - i:=pm[z]
0 vOpmiz)Odis)z dizl+1 - e O] e ] - cam

prnz] := prn[z] - {v}
I (vOprn[z]Odis[z] =d[z] + 1)T
(vO prn[z] Odis[z] # d[z] + 1) - skip

[c>00((prn[z]U sbn[z]) - cgn) 41 -
i ;= prn[z] U sbn[z]

fi: lc>00((prn[z] U sbn[z]) - cgn O -

if v O sbn[z] O dis[z] = d[z] - _ i := (prn[z] U sbn[z]) - cgn
sbn[z] := sbn[zJ {v} fis N

I vO sbnfz]Cldis[z] # d[z] - AT Al U
sbn[z] := sbn[z] - {v} oo

[ (vOsbnz]0dis[z] = d[z])0 fﬂi vOsbniz] - skip

) (v sbn[z] U dis{z] # d[z]) - skip ) sond data(z, cYo v

r of , !

. If the data message is deliverable, then the process
In this statement, the process checks for three cases foFoutes the message as before, according to the count c of
P 9 . : routed to congested neighbors. For example, if the count
was received has a distance smaller than the distance of the  * - 0. =P it randomly routes the message to a par-
ﬁg{eﬁgo?e;gnzbﬁrjait;(;ﬂc\é :2 Shé)jtzg as the single parentng or sibling neighbor that is not congested. If all parent
g ' P ’ . . and sibling neighbors are congested, then one of them is
In the second case, the process checks if neighbor Vehosen randomly
should be added to or removed from the parent neighbors '
set according to its current distance to the destination z. Ing Concluding Remarks
the last case, the process checks if neighbor v should be

added to or removed from the sibling neighbors set accord- N this paper, we have presented a new routing strategy
ing to its distance to the destination. based on the well-known distance vector routing. The

strategy does not require any additional overhead in terms

7. Balanced Routing with Congestion of message passing, and requires very little overhead in
. . terms of storage. Namely, the storage required is a small
In the previous section, the process routes the messagsit_map for each entry in the routing table, and the bit-
to any parent or sibling neighbor when thga count in the map consists of two bits per neighbor '
mesﬁzge. Is greater thap fzero. In ;t]hlsthsectlgn, tvﬁ assume there are many directions possible for future work. One
neignboring processes inform each other about their conyq 4, perform simulations with different topologies, differ-
gestion status, such as their average buffer ut”'zaﬂonient source locations, and different traffic generation distri-

Thus, each process learns whether each of its neighbors 'Butions, to determine the appropriate value for the count

congested or not. If a neighbor is congested, the ProCeS%ia |4 in each data message to improve load balancing and

gg(rasmpts to send data messages to non-congested neig Ainimize de!ay. | | |
To. accomplish this, we introduce a new input, cgn Another direction of future work is to generalize the al-
which indicates which ,neighbors of the process are ,exper’i-gomhr-n to allow edges to have different costs, and find all
the minimum cost paths to the destination. Currently,

encing congestion. The new input and a new auxiliary each edge is considered to have a cost of one, and thus the

yarlable are defined as follows. shortest path to the destination is also a minimum cost
Inputs ) ) _ path. However, in this case, the definition of k-monotonic
cgn : subset of N {neighbors with congestion} needs to be generalized. Rather than considering the sib-

lings to be all neighbors whose cost to the destination is
equal to the process' own cost, the siblings could be all



neighbors whose cost is within a small constant from the

eventually prn.z £1. Then, the first action is enabled,

cost of the process. This is necessary since it is unlikelyand continues to be enabled since no neighbor can be
that those neighbors will have a cost precisely equal toadded to prn.z. Thus, eventually the action is executed,

the cost of the process.
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Appendix

Proof of Theorem 2

Let T.i be the set of processes v such that distarce.v
i. We show by induction over i that eventually parts (a)
and (b) of Theorem 2 hold for processes in T.i, and con-
tinue to hold forever. Also, all processes z not in T.i have
dis.z= i, and this holds forever. Once parts (a) and (b)
hold for all i, it follows immediately that part (c) will
hold and continue to hold forever.

For the base case, i = 0, and T.0 = {r}. After r executes
its single action, dis.r = 0. Also, all processes z other
than r have dis.2 0. This continues to hold forever.

Next, assume parts (a) and (b) of Theorem 2 hold for i,
each process z not in T.i has dig.g and this holds for-
ever. We show that this will also be the case for i+1.

Let z be any process not in T.i. Note that all neighbors
w of z will always have dis.& i. If dis.z =i and prn.z

setting dis.z > i and prn# . Note that dis.z > i holds
forever, since all neighbors w have disw

Let distance.u = i+1, i.e., u has a neighbor v in T.i
with dis.v = distance.v = i. From above, eventually dis.u
> i. Assume first that dis.m i+2. The first action of u is
enabled, because dis.v = i. It remains enabled since dis.v
doesn't change, and if u chooses a neighbor z not in T.i as
a new parent, then disa1i+2 remains, since dis.z > i,
(shown above). Thus, the action executes eventually, set-
ting prn.u = {v}, dis.u = i+1. We consider this next.

Let dis.u = i+1, and an element v of T.i is in prn.u.
Notice that u never changes dis.u, i.e., dis.v =i, so v
cannot be removed from prn.u, and each neighbor w has
dis.w = i. This disables the first action. Any neighbor z
not in T.i (thus dis.z > i) will be removed from prn.u by
the third action, and all neighbors of u in T.i will be added
to prn.u in the second action. Also, neighbors not in T.i
are never added to prn.u. Hence dis.u = i+1 remains true
forever, and prn.u obtains and maintains its correct value.

Assume next that dis.u = i+1, and no element of T.i is
in prn.u. Then one of two things will occur. If an element
of T.i is added to the set, then we have the above case.
Otherwise, prn.u eventually becomes empty. That is, each
element z of prn.u has dis.z > i = dis.u-1, and is removed
from the set. Similarly, a neighbor not in T.i cannot be
added to prn.u. Then, the first action is executed, yielding
two choices. If the new parent is in T.i, then dis.u = i+1
and we have the case considered earlier. Otherwisezdis.u
i+2, which was also considered above.

Thus, Theorem 2 parts (a) and (b) hold for T.(i+1) and
continue to hold, and all processes not in T.(i+1) have dis
> i+1. By induction, Theorem 2 holds for all T.i.

O, no neighbor is added to prn.z, and all elements are re-

moved eventually by the fourth action, which is continu-
ously enabled as long as prZ] and dis.z = i. Thus,



