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1. Introduction

OSPF [1] is a link state routing protocol used for intra-AS
routing. OSPF has been a popular choice for intra-AS rout-
ing and enjoys a large deployed base as it has a robust de-
sign that provides a good trade-off between the protocol’s
processing load/control traffic and the speed with which
it converges to topology changes. However, over the past
several years, the convergence speed requirements as well
as the nature and size of the networks that OSPF serves
have changed significantly. Hence, in recent times, there
has been a significant effort to reevaluate the OSPF design.
The primary goal of this effort has been to suggest proto-
col changes that speed up its operation/convergence speed
without increasing the processing load on the routers. It
is critical that the proposed modifications do not exacer-
bate the processing load on the routers since CPU overload
in some routers may snowball into network-wide rout-
ing instability. In this article, we propose modifications
to OSPF’s interface state machine to speed up the leader
election process in a broadcast local-area network (LAN)
environment while reducing the processing requirements.

In OSPF, two neighbor routers are said to be fully adja-
cent to each other if their link state databases are synchro-
nized. The need for database synchronization makes adja-
cency establishment and maintenance a costly process in
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terms of processing and time required. In a broadcast LAN
environment, where every other router can be considered to
be aneighbor, establishment/maintenance of full adjacency
with every neighbor may put significant burden on a router.
Hence, to reduce the number of full adjacencies required,
the OSPF protocol requires the routers on a LAN to elect
a leader among themselves to function as the designated
router (DR). The DR originates a network-LSA (Link State
Advertisement) on behalf of the LAN and establishes full
adjacency with every other router on the LAN. The routers
on the LAN also elect a backup-designated router (BDR)
among themselves, which also establishes full adjacency
with every other router on the LAN. In the event of the DR’s
failure, the BDR can quickly take over the responsibilities
of the DR since it is already fully adjacent to all the other
routers on the LAN. The other routers that are neither DR
nor BDR establish full adjacency only with DR and BDR
and consider themselves to be DR Other. The transition
of a broadcast LAN interface from its initial Down state
to one of the DR/BDR/DROther states is determined by
OSPF’s interface state machine (Fig. 1). Depending on the
order in which different routers on the LAN come up, the
routers may take a long time before settling on the identity
of the DR and BDR for the LAN, performing several DR
elections in the process.

Note that the leader election problem has been exten-
sively studied in the context of the distributed systems
[2-5]. In this article, we are concerned with the behav-
ior of a particular leader election algorithm implemented
by OSPF’s interface state machine [1]. Furthermore, we
are concerned with the behavior of OSPF’s interface state
machine in a broadcast LAN environment (e.g., Ethernet).
The broadcast networks differ from nonbroadcast networks
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in their ability to “broadcast” single physical messages to
all of the routers on the network. In such networks, a router
discovers other routers on the LAN dynamically by peri-
odically broadcasting a Hello message [1]. On the other
hand, in nonbroadcast networks (e.g., X.25), dynamic dis-
covery may not be possible, and neighbors may need to be
configured.

Network Model and Performance Metrics. The net-
work model considered in this article consists of a number
of routers connected over a broadcast LAN. Initially, all
routers are down. The routers come up in a random or-
der at random times. Once up, the routers stay up. Each
router broadcasts its first Hello immediately upon coming
up and subsequently after every hello interval H (10 sec-
onds by default). Every Hello message carries the sending
router’s Router ID and Router Priority (discussed later),
the list of known neighbors on the LAN, and the sending
router’s idea of DR and BDR for the LAN. We assume
that no Hello packet is lost and the time required for a
Hello to reach other routers as well as the time required
for a router to process a Hello and perform a DR election
is negligible. Let the DR/BDR settling time for a router be
the time required by the router to settle on the final identity
of the DR and BDR for the LAN (i.e., the time after which
the router does not alter its view of the identity of DR and
BDR routers). The DR/BDR settling time for the LAN as a
whole can be defined as the latest DR/BDR settling time for
a router on the LAN. In other words, the DR/BDR settling
time for the LAN is the time required for all the routers on
the LAN to settle on the identity of the DR and BDR for the
LAN. In this process, each router may perform several DR
elections. Some of these elections may be performed after
the settlement of DR/BDR identity. We use the DR/BDR
settling time for the LAN and the number of DR elections
each router performs in the process as the metrics in our
analysis.

Terminology. In the following discussion, we use the term
router to mean its interface on the broadcast LAN where it
is more convenient to do so. Also, the term arrival refers
to the event of a router coming up. A received Hello is
characterized as two-way or one-way based on whether
it lists the receiving router as a neighbor. A router asso-
ciates a two-way or better state with a neighbor when it re-
ceives a two-way Hello from the neighbor' [1]. A router is
said to have established bidirectional communication with
a neighbor when it associates a two-way or better state
with the neighbor. A router elects a DR and a BDR from
the set of routers consisting of itself and its bidirectional
neighbors. Henceforth, we refer to this set as the set of eli-
giblerouters. Finally, we define an eligible router’s claim to
DR/BDRship as follows. If the eligible router is the router
itself, we say that it claims DRship if the router considers
itself to be the DR for the LAN. If the eligible router is a

1. The neighbor state can also reach a two-way or better status when
the router receives a Database Description packet from the neighbor [1].
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bidirectional neighbor, we say that it claims DRship if it
has declared itself to be DR in its most recent Hello. The
claim to BDRship is defined similarly.

The rest of the article is organized as follows. Sec-
tion 2 explains the current interface state machine used
by the OSPF protocol, and section 3 analyzes its behavior
in different broadcast LAN scenarios. Section 4 contains
a stochastic analysis for the expected number of DR elec-
tions performed by a router under the current interface state
machine assuming exponentially distributed arrival times
for the routers. Section 5 introduces the proposed modi-
fications to the interface state machine and analyzes the
behavior of the modified state machine in different scenar-
ios. Section 6 obtains the expected number of DR elections
performed by a router under the modified interface state
machine, again assuming exponentially distributed arrival
times for the routers. Section 7 compares the performance
of the two state machines using testbed experiments. Fi-
nally, section 8 concludes the article. Note that this article is
a significant extension of an earlier study [6], which did not
contain stochastic analysis of the interface state machine
before and after the proposed modifications (sections 4 and
6). The earlier study did not contain the experimental ver-
ification results either (section 7 and the appendix).

2. OSPF’s Interface State Machine

Figure 1 illustrates the state machine followed by a router
interface on a broadcast LAN. The interface is considered
to be in the down state if it is not operational. On coming
up, the interface starts the wait timer and transitions to the
waiting state. The purpose of the waiting state is to allow
the interface to establish bidirectional communication with
other routers on the LAN and determine the identity of
existing DR and BDR if any. The interface does not perform
a DR election while it is in the waiting state. The interface
emerges from the waiting state when one of the following
events takes place:

* Wait timer fires. This happens when the wait time
duration, W, is over since the coming up of the in-
terface. The wait time duration W is set to be same
as the RouterDeadlnterval, which is four times the
hello interval H (i.e., W = 4H) [1]. The wait time
duration is set to a large value so as to allow the new
interface to establish bidirectional communication
with all the other routers on the LAN before it does
its first DR election.

* BackupSeen event is generated. This happens
when the interface has detected the presence or ab-
sence of a BDR either on receiving a two-way Hello
claiming the BDRship for the sending router or re-
ceiving a two-way Hello claiming DRship for the
sending router with no router listed as BDR.

The interface performs a DR election on emerging out of
the waiting state and transitions to the DR/BDR/DROther
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Figure 1. The current interface state machine in OSPF

state. Once out of the waiting state, the interface will per-
form a DR election whenever a NeighborChange event
is generated. This event indicates a change in the set of
bidirectional neighbors associated with the interface and
is generated when

« the bidirectional communication is established (or
breaks down) with a neighbor on the LAN,

* a bidirectional neighbor newly declares (or is no
longer declaring) itself as DR/BDR for the LAN,

» the Router Priority changes for a bidirectional
router. The Router Priority is used in the DR election,
as described next.

The DR Election Algorithm. The DR election takes place
in one or two passes. The second pass is performed if the
router performing the DR election newly elects itself as
DR/BDR in the first pass or had elected itself as DR/BDR
in the previous election but does not do so in the first pass.
The BDR election takes place first, as discussed next. If an
eligible router claims DRship, it is not considered for elec-
tion as BDR. If one or more eligible routers have claimed
BDRship, the router with highest Router Priority is elected
as BDR. In case of a tie, the router with highest Router ID is
chosen as BDR. If no eligible router has claimed BDRship,
the eligible router with highest Router Priority is elected
as BDR. The ties are again broken using the Router ID.
Once a BDR has been elected, the router elects a DR. If
more than one router has claimed DRship, the router with
highest Router Priority is chosen as DR. The ties are bro-
ken using Router ID. If no router has yet claimed DRship,
the router elected as BDR is elected to be DR as well.

In the following analysis, we assume that all the routers
have the same Router Priority.

Do DR election

NeighborChange/
Do DR election

DR/BDR/
DRother

3. Analyzing the Interface State Machine

In this section, we analyze the behavior of OSPF’s inter-
face state machine over a broadcast LAN. As discussed
earlier, the network model consists of n routers coming
up on a broadcast LAN in a random fashion. Based on the
manner in which different routers arrive, we consider three
different scenarios.

3.1 Scenario 1: A New Router Comes Up on a LAN
with Settled DR/BDR

Consider the scenario where the first # — 1 routers in the
LAN already agree on the DR/BDR identity by the time
the nth router, router z, comes up (Fig. 2). Let us assume
that routers x and y are the existing DR and BDR, respec-
tively, for the LAN. The router z sends out its first Hello
immediately after coming up, which is received by all the
other routers on the LAN and ensures that these routers
mention router z as a neighbor in their next Hello. Within
the next hello interval, router z will receive two-way Hel-
los from the other routers on the LAN (including routers
x and y). On receiving the Hello from router y, router z
will generate a BackupSeen event, come out of the waiting
state, and do a DR election. If by this time, router z has
already received a Hello from router x, it will elect router x
as DR and router y as BDR. Otherwise, at this time, router
y will be elected as both DR and BDR, and when the Hello
from router x arrives, router x will be elected as DR. Thus,
the new router elects the existing DR/BDR for the LAN
as its own DR/BDR within one hello interval of coming
up. Within this interval, the router may perform several
DR elections. The first DR election is performed when the
router receives the first two-way Hello from BDR. Every
subsequent establishment of bidirectional communication
with a new neighbor causes router z to perform a new DR
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Figure 2. Scenario 1: A new router comes up on a local-area
network (LAN) with settled designated router/backup desig-
nated router (DR/BDR)

election. Thus, router z may end up doing anywhere be-
tween 1 and n—1 DR elections. Assuming that router z may
receive two-way Hellos from other routers on the LAN in
any order with equal probability, it can be shown that the
expected number of DR elections performed by router z is
n/2.

3.2 Scenario 2: All Routers Bidirectional before the
First Router’s First DR Election

Now consider the scenario, shown in Figure 3, where all the
n routers on the LAN are bidirectional with each other by
the time the firstrouter does a DR election on the firing of its
wait timer. Let router x be the router with the highest Router
ID among all the routers on the LAN, and let router y be the
router with next highest Router ID. As the wait timer fires
on a router, the router (except router x) will perform a DR
election and elect router x as both DR and BDR. Router
x will elect itself as DR and router y as BDR. In its next
Hello, router x will declare itself to be the DR for the LAN.
This Hello will be sent within one hello interval of router x
electing itself as DR. On receiving this Hello, every router
not in waiting state will perform a DR election electing
router x as the DR and router y as the BDR. A router coming
out of the waiting state subsequent to receiving this Hello
will also elect router x as DR and router y as BDR. When
router y sends out its next Hello, it will declare itself to
be the BDR. On receiving this Hello, all the routers still
in the waiting state will generate a BackupSeen event and
perform a DR election. Other routers not in waiting state
will also perform a DR election as a NeighborChange event
is generated on receiving this Hello. In this DR election,
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Figure 3. Scenario 2: All routers bidirectional before the first
router’s first designated router (DR) election

each router will (re)elect routers x and y as the DR and
BDR, respectively.

3.3 Scenario 3: All Routers Not Necessarily Bidirec-
tional before the First Router’s First DR Election

Now we consider the most general scenario, shown in Fig-
ure 4, where all the routers on the LAN may not have es-
tablished bidirectional communication with each other by
the time the first router comes out of the waiting state.
In fact, some of the routers may not yet be up by this
time. In the following discussion, we make certain claims
about the behavior of OSPF’s interface state machine in this
scenario.

Claim 1. If a router, say router x, is the only router to elect
itself as DR by the time its Hello claiming the DRship is
received by other routers, then the other routers will not
elect themselves as DR and will eventually elect router x
as DR.

Proof. Suppose router x is the only router to elect itself
as DR by the time its first Hello claiming the DRship is
received by other routers on the LAN. On receiving this
Hello, all the routers not in waiting state will do a DR
election and elect router x as DR since router x is the only
router with a claim to DRship. Consider the routers that
are in the waiting state when they receive this Hello. As
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Figure 4. Scenario 3: All routers not bidirectional before the first router’s first designated router (DR) election

each such router comes out of the waiting state, it will
elect router x as DR since router x will still be the only
router to claim DRship. Now consider the routers that come
up after the time when router x sends out the first Hello
claiming DRship. Suppose router c is the first such router
to come out of the waiting state. If router ¢ comes out of
the waiting state as the result of its wait timer’s firing, it
would have received a Hello from router x claiming the
DRship and would not have received any other claim to
DRship. Hence, router ¢ will elect router x as DR. Suppose
router ¢ comes out of the waiting state as the result of the
BackupSeen event. If the BackupSeen event was caused by
receiving the Hello from router x (the only DR) or router ¢
had received a Hello from router x claiming DRship before
the BackupSeen event, router ¢ will elect router x as DR. If
the BackupSeen event was caused by receiving the Hello
from a BDR and router ¢ had not received a Hello from
router x claiming DRship by this time, router ¢ will elect
the BDR as both DR and BDR. When it finally receives the
Hello from router x, it will elect router x as DR. Similarly,
any other router that comes up after the time when router
x sends out the first Hello claiming DRship will also elect
router x as DR.

Claim 2. A router must have declared itself as the DR in
its Hello, before another router elects itself as BDR.

Proof. If router y considers itself to be DR before a DR
election and has not yet received any other DRship claim,
it will not elect itself as BDR. Suppose router y does not
consider itself to be DR before a DR election and elects

itself as BDR in the first pass of the election. If no router
has declared itself to be DR in its Hello so far, router y
will elect itself as DR as well and perform the second pass
of the DR election in which it will elect some other router
as BDR. Thus, router y can elect itself as BDR in a DR
election only if some other router has declared itself to be
DR in its Hello.

Claim 3. If a router elects itself as DR for the LAN, it must
have done so in its first DR election after coming out of the
waiting state.

Proof. Consider a router, a, as it does a DR election on
coming out of the waiting state. If, by this time, router
a has received Hellos from one or more routers claiming
the DRship, router a will always elect one of these routers
as DR and will not claim DRship itself now or in future
(as long as one or more of these routers continue to claim
themselves as DR). If router a has not yet received a Hello
claiming the DRship for the sending router but has received
Hellos from one or more routers claiming the BDRship,
router a will elect one of these routers as BDR as well as
DR. Since, in this case, one or more routers are claiming
BDRship, as per claim 2, one or more routers must have
already claimed the DRship. When router « finally receives
these claims, it will elect one of the claimant routers as DR
and not claim DRship itself now or in future. If router a
has not yet received any Hello claiming either DRship or
BDRship for the sending router, it will elect the router
with the highest Router ID among its set of eligible routers
as DR. If, at this time, router a does not elect itself as
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DR, there must be another bidirectional neighbor with a
higher Router ID than router @, and in any subsequent DR
election, router a will not elect itself as DR ahead of this
router. Hence the proof.

Claim 4. Only one router elects itself as the DR for the
LAN.

Proof. Suppose router x elects itself as DR at time W,.
According to claim 3, router x must have just come out
of the waiting state. Also, by this time, router x must not
have received a Hello from another router claiming the
DR/BDRship (otherwise it would have elected this other
router as DR and not itself). So, router x came out of the
waiting state as the result of its wait timer firing and hence
must have been up since time 0, = W, — W = W, —4H.
Router x will send out a Hello declaring itself as DR within
one hello interval of electing itself as DR (i.e., within time
W, 4+ H). According to claim 1, if router x is the only
router to have elected itself as DR by the time router x’s
Hello claiming DRship is received by other routers on the
LAN, then the other routers will not elect themselves as
DR. Suppose the precondition for claim 1 does not hold;
that is, another router z elects itself as DR at time W, before
receiving the Hello from router x claiming DRship (W, <
W, + H). Using the same reasoning as above, we can claim
that router z must have just come out of the waiting state
at time W, and must have been up since time 0, = W, —
W = W. — 4H. Also, router z sends out a Hello within
time W, + H claiming Drship, and router x must have
come out of the waiting state before receiving this Hello
(W, < W, + H). Clearly, |W, — W,| < H and hence
|0, —0.] < H; that is, routers x and z must have come up
within one hello interval of each other and hence must have
been up for at least three hello intervals together before
the first one among them comes out of the waiting state.
Hence, routers x and z must have established bidirectional
communication with each other by the time they come out
of the waiting state. Therefore, both routers x and z cannot
elect themselves as DR. Assuming that router x does elect
itself as DR, router z cannot elect itself as DR, and hence
the precondition for claim 1 holds, and no router other than
router x elects itself as DR.

Claim 5. Each non-DR router may potentially elect itself
as BDR for the LAN.

Proof. Consider the scenario where router x does not have
any bidirectional neighbor when it comes out of the waiting
state at time W. Router x does a DR election and elects
itself as DR for the LAN with no BDR. All the other routers
come up simultaneously a little while before router x sends
out a Hello claiming DRship (say at time W + H — 1).
These routers will send out their first Hellos immediately
on coming up. Suppose router x receives these Hellos and
immediately afterwards sends out its own Hello listing all
other routers as neighbors and declaring itself as DR with
no BDR. On receiving this Hello, every other router will
generate a BackupSeen event (Hello from DR withno BDR
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indicated) and perform a DR election. Since at this time,
router x is the only bidirectional neighbor for each of the
other routers, these routers will elect themselves as BDR
in the DR election.

Claim 6. If router y is the only router to elect itself as BDR
by the time its first Hello claiming the BDRship is received
by other routers on the LAN, then the other routers will not
elect themselves as BDR and will elect router y as BDR.

Proof. When a router, a, receives the Hello from router y
newly claiming the BDRship, it will perform a DR election
irrespective of whether it was in the waiting state before
receiving the Hello. If router y is the only router with a
claim to BDRship at this time, it will be elected as BDR
in this DR election. Thus, all the routers “up” at the time
of receiving the Hello from router y claiming BDRship
will elect router y as BDR. Consider the first router, b, to
come up after router y sends its first Hello claiming BDR-
ship. Router b will receive a two-way Hello from router y
within a hello interval of coming up, thereby generating a
BackupSeen event, and will elect router y as BDR in the
subsequent DR election. Thus, all the newly up routers will
also elect router y as BDR.

Claim 7. If a router elects itself as BDR for the LAN, it
must have done so in its first DR election after receiving a
Hello claiming DRship for the sending router.

Proof. Consider a router, a, that is not in the waiting state.
Router a will perform a DR election on receiving the first
Hello claiming DRship for the sending router. According
to claim 2, router a could not have elected itself as BDR
before this time. If, by this time, router a has received other
claims to BDRship, it will always elect one of the claimant
routers as BDR and will not claim BDRship itself now or
in future (as long as one or more of these routers continue
to claim BDRship). If router a has not yet received a claim
to BDRship, it will elect the router with the highest Router
ID among its set of eligible routers (excluding the DR) as
BDR. If, at this time, router a does not elect itself as BDR,
there must be another bidirectional non-DR neighbor with
a higher Router ID than router a, and in any subsequent
DR election, router a will not elect itself as BDR ahead of
this router. Similarly, it can be proved that a router a, if it
is in waiting state when it receives the first Hello claiming
DRship for the sending router, will either elect itself as
BDR in its first DR election on coming out of the waiting
state or will not elect itself as BDR then or in future.

Claim 8. If the first Hello from a router claiming the DR-
ship also mentions a BDR, only one router will elect itself
as BDR.

Proof. Suppose the first Hello from router x claiming the
DRship also mentions another router as the BDR. Receiv-
ing this Hello will not cause other routers in the waiting
state to generate a BackupSeen event and perform a DR
election. Suppose, as per claim 7, router y elects itself
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as BDR in its first DR election after receiving this Hello.
Router y must not have received another claim to BDR-
ship by this time (otherwise it would not have elected itself
as BDR). Hence, router y could not have come out of the
waiting state because of the BackupSeen event and must
have been up for at least W seconds before electing itself
as BDR. Router y will send out a Hello claiming BDR-
ship within one hello interval of electing itself as BDR.
As per claim 6, if router y is the only router to elect itself
as BDR by the time its first Hello claiming the BDRship
is received by other routers on the LAN, then the other
routers will not elect themselves as BDR. Using the same
methodology as in the proof for claim 4, it can be shown
that no other router elects itself as BDR before receiving
router y’s Hello claiming BDRship. Hence, as per claim 6,
only router y elects itself as BDR.

3.4 Upper Bounds on the Number of DR Elections
Performed by a Router

Consider the scenario where multiple routers elect them-
selves as BDR. It is possible that each one of these routers
sends out a Hello claiming BDRship. On receiving the
BDRship claims from other routers, all these routers ex-
cept one will renounce their claims. A router performs a DR
election both on receiving a Hello newly claiming BDR-
ship for the sending router and on receiving a Hello re-
nouncing the sending router’s claim to BDRship. Since, in
aLAN of n routers, up to n — 1 routers may elect themselves
as BDR, a router may perform up to n — 1 DR elections
on receiving new claims to BDRship and n — 2 elections
as all the claims except one are renounced. Thus, a router
may perform up to 2n — 3 DR elections in this manner.
In addition, up to n — 1 DR elections may be performed
as a router establishes bidirectional communication with
its neighbors after coming out of the waiting state. Two
more DR elections may be performed as the result of the
wait timer’s firing and receiving a Hello from DR newly
claiming the DRship. Thus, a router may perform up to
3n — 2 DR elections in its DR/BDR settling process. Note
that if only one router elects itself as BDR for the LAN,
the upper bound on the number of DR elections per router
decreases to n + 2. If all the routers establish bidirectional
communication with each other before coming out of the
waiting state (as in scenario 2), each router may need to
perform at most 3 DR elections.

3.5 DR/BDR Settling Time

In the following discussion, we start counting time from
the instant the first router comes up. Suppose router z is
the last router to come up at time 0,. Clearly, the overall
DR/BDR settling time for the LAN will be at least 0,. Also,
the overall DR/BDR settling time for the LAN should at
least be W, before which all the routers are either in waiting
state or not up yet. Thus, the DR/BDR settling time for
the LAN must at least be max(W, 0,). To determine the

upper range for the DR/BDR settling time for the LAN,
we consider all the possible scenarios:

* Consider the case where the other n — 1 routers have
already elected routers x and y as the DR and BDR
by the time router z comes up at time 0,. In this
scenario, router z will come out the waiting state on
receiving its first two-way Hello from router y (the
BDR) and elect routers x/y as DR/BDR within one
hello interval of coming up (i.e., within time 0,4 H ).
Thus, the overall DR/BDR settling time for the LAN
in this case will be within 0, + H.

¢ Consider the case where one router (router x) has
elected itself as DR, and multiple routers have
elected themselves as BDR by the time router z
comes up. Thus, router z will receive one or more
claims to BDRship within one hello interval of com-
ing up and come out of the waiting state. Router z
will also receive one claim to DRship (from router
x) within one hello interval of coming up. After pro-
cessing all these claims, router z (and other routers
on the LAN) would have elected router x as DR and
the router with the highest Router ID among all the
claimants to BDRship as the BDR. Thus, in this case
too, the overall DR/BDR settling time for the LAN
will be within 0, + H.

* Consider the case where one router (router x) has
elected itself as DR but no router has elected itself
as BDR by the time router z comes up. Clearly, the
router(s) to elect itself (themselves) as BDR in future
is (are) still in the waiting state. Router z is the last
router to come up and will come out of the waiting
state within time 0, + W (= 0, + 4H). Therefore,
all the future claimants to BDRship will also come
out of the waiting state and elect themselves as BDR
by time 0, + W. These routers will send their claims
to BDRship within time 0, + W + H. By this time,
the other routers must have also received router x’s
claim to DRship. On processing all these claims, all
the routers will (re)elect router x as DR and the router
with the highest Router ID among all the claimants to
BDRship as the BDR. Thus, in this case, the overall
DR/BDR settling time for the LAN will be within
time0,+ W+ H (=0, +5H).

* Consider the case where no router has elected it-
self as DR or BDR by the time router z comes up.
Clearly, the router to elect itself as DR in future is
still in the waiting state. Router z is the last router
to come up and will come out of the waiting state
within time 0, + W (= 0, + 4H). Therefore, the
future claimant to DRship, say router x, will also
come out of the waiting state and elect itself as DR
by time 0, + W and send its first claim to DRship by
time 0, + W+ H. On processing this claim, the other
routers will (re)elect router x as DR, settling the DR
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identity. Now we consider the time taken to settle
the BDR identity. Since the last router comes up at
time 0,, all the routers on the LAN would have estab-
lished bidirectional communication with each other
by time 0, + H. If router x sends out its first claim
to DRship after this time, it would have elected (and
will mention in its Hello carrying its DRship claim)
the router with the highest Router ID among all the
routers, excluding itself (say router y) as BDR. The
other routers on the LAN, when they receive the DR-
ship claim from router x, will also elect router y as
BDR. Thus, in this case, the BDR identity will also
settle by time 0, + W + H. If router x sends its
first claim to DRship before time 0, + H, it is pos-
sible that multiple routers may elect themselves as
BDR. These routers will send their claims to BDR-
ship within time 0, + 2H. After processing these
claims, each router would have elected the router
with the highest Router ID among all the claimants
to BDRship as BDR and router x as DR. Thus, in this
case, the DR/BDR settling time for the LAN will be
within time 0, + 2H.

Thus, we can claim that the DR/BDR settling time for the
LAN ranges between max(W,0,) and 0, + W + H.

4. A Stochastic Analysis of DR Elections
Performed by a Router

As discussed above, a router may perform a large number
of DR elections in its DR/BDR settling process. Most of
these elections will be caused by multiple routers initially
electing themselves as BDR and a router establishing bidi-
rectional communication with its neighbors after coming
out of the waiting state. In the following, we analyze these
two scenarios assuming that the router arrival times are ex-
ponentially distributed with parameter \. Thus, the mean
arrival time for a router is 1/\ with a variance 1/)\%.

4.1 Expected Number of Routers Initially Electing
Themselves as BDR

As per claims 5 and 8 in section 3.3, multiple routers may
elect themselves as BDR initially if the DR is their first
bidirectional neighbor and the first two-way Hello they
receive from the DR does not list any router as BDR. The
Hello from DR will not list any router as BDR as long
as the DR is not bidirectional with any other router. This
will happen if the DR is the first router to come up on the
LAN and the second router comes up at least 3H seconds
after the DR. Suppose the DR (first router) comes up at
time #; and the second router comes up at time f,; then,
multiple routers may elect themselves as BDR initially if
t, > t; + 3H. Otherwise, only one router will elect itself
as BDR.

Suppose the second router arrives at least 3H seconds
after the first one (i.e., , > #; + 3H). This event hap-

114 SIMULATION Volume 82, Number 2

pens with probability 3"~V M Let £, + ¢ be the time
when the DR sends its first Hello after the coming up of
the second router. Since the DR will become bidirectional
with the second router at time ¢, + H, the Hello it sends
at time t, + t' + H will list some router as BDR. Hence,
only the routers coming up between times ¢, and t, 4 ¢’ (in-
cluding the second router) will elect themselves as BDR
initially. Assuming that ¢/, the time interval between the
second router’s arrival and the DR sending its next Hello,
is uniformly distributed between 0 and H, the conditional
probability that m routers elect themselves as BDR initially
given that the second router arrives at least 3 H seconds af-
ter the first one is given by P(m BDRs|t, > t, +3H) =

= fOH (;:f)(l—e’)"/)m’l(e’)‘")”*’”’ldt’. Hence, the condi-
tional expectation of the number of routers electing them-
selves as BDR initially given that the second router ar-
rives at least 3H seconds after the first one is given by
E[#BDRs|t, > 1, +3H] = Z:'”_:ll m x P[m BDRs|t, >

t; + 3 H]. Finally, the expected number of routers electing
themselves as BDR can be expressed as

E[ #BDRs ]
= E[#BDRs|t, <ty +3H]|P[t, <t +3H]+

E[#BDRs|t, > t, +3H|P[t, > t, + 3H]
= 1Ix(l- e—S(u—l))\H) +

E[#BDRs|t, > 1, +3H] x e 3n-DNH
= 1+ (E[#BDRs|t, > t, +3H] — 1)6—30«71))\11‘

Figure 5 shows the expected number of routers that ini-
tially elect themselves as BDR, using the expression above
for A = 0.02 and \ = 0.05 corresponding to mean router
arrival times 50 seconds and 20 seconds, respectively. For
reasonable mean router arrival times, the probability that
the second router arrives at least 3H seconds after the
first one becomes very small as the number of routers on
the LAN increases. Consequently, the expected number of
routers that initially become BDR is close to 1.

4.2 Expected Number of BDRship Claims if Multiple
Routers Elect Themselves as BDR Initially

Suppose multiple routers elect themselves as BDR initially.
On receiving a BDRship claim from another router, the
remaining BDR claimants will perform a DR election and
may no longer consider themselves as BDR as a result.
Thus, very few of the initial claimants will be able to send
out BDRship claims forcing other routers to perform a
DR election. In the following, we show that if m routers
elect themselves as BDR initially, the expected number of
routers that will be able to send out BDRship claims is just
H,,, the mth harmonic number.

Suppose m routers elect themselves as BDR initially
(m > 1). Based on their router priority/Router ID combi-
nation, these routers can be ranked in a certain order such
that on receiving a BDRship claim from a higher ranked
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Figure 5. Expected number of routers that initially elect
themselves as the backup designated router (BDR). H = 10
seconds.

router, all the lower ranked routers will give up their claim
to BDRship. Thus, if the ith ranked router is the first router
to send a BDRship claim, only i claimants will remain af-
terwards (all the routers with a higher ranking than i and the
ith ranked router itself), and only top i — 1 claimants may
send any further claims. Since each router has equal proba-
bility of being the first router to send a BDRship claim, the
expected number of total BDRship claims sent by m initial
claimants can be written as X(m) = 1+ 1/m Z:”Zl Y(@@),
where Y (i) is the expected number of claims sent if top i
claimants remain.

Suppose there are i claimants to BDRship at some stage.
This means that top i — 1 claimants are yet to send their
BDRship claims. Since each one of these claimants is
equally likely to send its claim first, using the same logic
as above, the recurrence equation for Y (i) is given by

1 i-1 . L.
yiy =1 T Xia YO o iz2
0 : i=1
Using the equations above, we get
X(m)

1 m
= 14+ — Y@
+m; (i)
m—1

1 1 ,
= ”a”’"”agm

m—1

1 1 _ 1
= 1+Z(1+mgy(l))+;;YU)

1 1 m—1
= 14+ —4+— Y (@i
+m+m—1; @

1 1 1=
= 1+—4+——+—3NY0
+m+m—1+m—2§ @
= 1+1+ ! + ! + +1+Y(1)
- m m—1 m—2 2
= 14+—+4+ ! + ! + +1
- -1 -2 2
= 14+-—4---4 ! +1
- 2 -1 m
= H,.

Hence, if m routers elect themselves as BDR initially,
the expected number of routers that will be able to send
out BDRship claims is just H,,, the mth harmonic number,
which increases very slowly with increasing m. The results
of this section and the previous one imply that the possibil-
ity of multiple routers electing themselves as BDR initially
may not cause a significant number of DR elections.

4.3 Expected Number of DR Elections as a Router
Establishes Bidirectional Communication with Other
Routers

If a router is not in the waiting state, the establishment of
bidirectional communication with a new neighbor causes
a new DR election to take place. In this section, we deter-
mine the expected number of DR elections performed by
a non-BDR router (say router z) as it establishes bidirec-
tional communication with its neighbors. In this analysis,
we assume that router z may come out of waiting state
as a result of its wait timer firing or on receiving a BDR-
ship claim from a neighbor. Furthermore, we assume that
router z does not receive a DRship claim that does not list
any router as BDR, and it does not receive BDRship claims
from multiple routers. As discussed in sections 4.1 and 4.2,
the probability of occurrence of these events is fairly low.

Suppose router z arrives at time ¢ and the router that
ultimately becomes BDR arrives at time ¢'. In the follow-
ing discussion, we divide the time line in three parts based
on t,t’ values and calculate the expected number of DR
elections performed by router z in each case. By multi-
plying the probability of occurrence of each case with the
expected number of DR elections in that case and summing
up the results, we can obtain the overall expected number
of DR elections performed by router z.

t < t'. If router z arrives before the BDR, it will come
out of waiting state as a result of its wait timer firing at
time ¢ + 4H. Hence, router z will be bidirectional with
all the routers that arrive before time ¢ + 3H. Assum-
ing that the total number of routers on the LAN is n,
the routers may arrive in any order with equal probabil-
ity, and the probability that m routers arrive before router
z (0 < m < n—1)is 1/n. Given that the remain-
ing n — m — 1 routers arrive after time ¢, the probabil-
ity that p routers arrive between times ¢ and ¢ 4 3H is
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("ha —e M yp (¢=3My-n=1-p Hence, the probability
that g routers (excluding router z) arrive before time t +3 H
IS glven by Zm_o L (n m— l)(l e—%)\.H)q m (e—"é)\.H)n gq—1 Ifq

routers (excluding roillter z itself) arrive before time r+3 H ,
router z would have established bidirectional communi-
cation with all these routers before coming out of wait-
ing state at time t + 4H. Thus, router z will perform
just one DR election for these g routers. For each one of
the remaining n — 1 — g routers, router z will establish
bidirectional communication with the router after com-
ing out of waiting state and consequently perform one
DR election. Thus, if g routers (excluding router z) ar-
rive before time ¢ 4+ 3H, router z will perform a total of
n — g DR elections as it establishes bidirectional com-
munication with each router. Therefore, if ¢t < ¢/, the
expected number of DR elections performed by router

z is given by E[#DR elections|r < 1] = Y ((n —

Do (n "N - e 3N yam (g=3MHy1—a-1 Note that
the probablllty that r < ¢’ is simply 0.5.

t'" <t <t 4+ 3H. In this case, the BDR arrives at time
t' and will come out of the waiting state at time ' + 4H
and elect itself as BDR. We assume that immediately af-
terwards, the BDR sends out a Hello claiming BDRship.
Thus, router z, arriving at time ¢, will receive this Hello and
come out of the waiting state at time ¢’ + 4 H. Thus, router
z will be bidirectional with all the routers coming before
time ¢’ + 3H, including the BDR. The probability that m
routers arrive before the BDR (0 < m < n —2)is 1/n.
Given that the BDR arrives at time ¢ and the remaining
n — m — 2 routers (excluding router z) arrive after time
t’, the probability that p routers arrive between times ¢’
and ' +3H is ("_']:’_2)(1 — e 3Ny (=3 y1-m=2-p Hence,
the probability that g routers (excluding router z but in-
cluding the BDR) arrive before time ' 4 3H is given by
YU L) (1 — e Myt ek el g routers
(excluding router z but including the BDR) arrive before
time ¢’ + 3 H, router z would have established bidirectional
communication with all these routers before coming out of
waiting state at time ¢’ + 4 H. Thus, router z will perform
just one DR election for these g routers. For each one of
the remaining n — 1 — g routers, router z will establish
bidirectional communication with the router after coming
out of waiting state and consequently perform one DR elec-
tion. Thus, if g routers (excluding router z but including the
BDR) arrive before time t'+3 H , router z will perform a to-
tal of n —g DR elections as it establishes bidirectional com-
munication with each router. Therefore, ift' <t < t'+3H,
the expected number of DR elections performed by router
z is given by E[# DR elections|t’ < t < ¢ + 3H] =
ZZ;:)(”_Q) i—:lo 5(::2:?) (1 _e—SXH)q—m—l (e—SXH)nfq*l'
Note that the probability that t > ¢’ is simply 0.5, and the
conditional probability thatt < + 3H, given thatt > ¢/,
is (1—e~?M). Hence, the probability thatt’ < t < t'+3H

is 0.5(1 — e3M)y,
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t' < t,t' +3H < t. In this case, the BDR will come
out of waiting state at time ¢’ 4+ 4H, and router z will
come out of waiting state some time between ¢ and r + H
on receiving a BDRship claim Hello from the BDR. We
assume that the time, ¢ + ¢”, when router z comes out of
waiting state is uniformly distributed between ¢t and t + H.
The probability that m routers come up before router z is
1/n. One of these routers is the BDR. Among the remaining
m — 1 routers, the expected number of routers with whom
router z establishes bidirectional communication by the
time it comes out of waiting state at time # + ¢ is “=D"
Router z establishes bidirectional communication with the
BDR at time ¢ +t”. Thus, router z establishes bidirectional
communication with the remaining (n —m — 1) 4+ (m —
na — %) routers after coming out of waiting state and

thus doesatotalof 1 + (n —m — 1) + (m — 1)(1 — %) =

n—1—(m-— l)% DR elections. Thus, the expected number
of DR elections performed by router z can be expressed as

E[# DR elections|t’ < t,t'+3H <t] = ”mlo’llfo (n—
1—(m— l)ﬁ)gdt” = 3"4—]

Note that the probability that + > ¢’ is 0.5, and the
conditional probability that ¢ > t' 4+ 3H, given thatt > ¢/,
is (6’3)‘”). Hence, the probability thatt’ < ¢, +3H <t
is 0.5(e= M),

Figure 6 shows the expected number of DR elections
performed by router z as it establishes bidirectional com-
munication with other routers in the LAN, obtained by
multiplying the probability of occurrence of each sce-
nario mentioned above with the expected number of DR
elections performed in that scenario and summing up the
results. Clearly, the expected number of DR elections
performed increases almost linearly with the number of
routers in the LAN. Also, as the mean router arrival time
increases, the number of bidirectional communications es-
tablished before a router comes out of waiting state de-
creases, and hence the expected number of DR elections
performed increases.

5. The Proposed Modifications to OSPF’s
Interface State Machine

In the previous section, we saw that a router, on a broad-
cast LAN of routers, may perform a large number of DR
elections in the DR/BDR settling process. Most of these
elections take place as the result of the router coming out of
waiting state before establishing bidirectional communica-
tion with all the other routers on the LAN. Furthermore, it
is possible that multiple routers elect themselves as BDR
and force more DR elections as they send their BDRship
claims and later retract them. A router may come out of
the waiting state before establishing bidirectional commu-
nication with all the other routers on the LAN because of a
BackupSeen event or because of the static/fixed wait time
duration. Multiple routers may elect themselves as BDR
because of the BackupSeen event generated on receiving
a Hello from DR listing no router as BDR.
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(BDR) based on how many neighbors achieve bidirectional
status after it comes out of waiting state

We also derived the DR/BDR settling time for the LAN
torange between max (W, 0,) and0,+W+H (= 0,4+5H).
The DR/BDR settling time can be improved if the routers
on the LAN could come out of waiting state soon after
establishing bidirectional communication with all the other
routers on the LAN rather than waiting for a fixed duration
W. Further improvement can be achieved if a router sends
out a Hello immediately after electing itself as DR/BDR.

Note that there is a trade-off involved in setting the value
for the wait time. A small wait time duration may hasten the
DR/BDR settling process but may cause a router to come
out of the waiting state before establishing bidirectional
communication with all the neighbors (and hence end up
performing several DR elections). A large wait time dura-
tion may minimize the DR elections performed but cause
a large delay in the DR/BDR settling process. It is possi-
ble to speed up the DR/BDR settling process and at the
same time avoid too many DR elections if the wait time
duration is adjusted dynamically as described next. The
idea is to start the wait timer to fire after a small duration
W (such that H < W < 2H) and restart the wait timer
whenever a one-way Hello is received. In the following,
we propose several modifications to the OSPF’s interface
state machine to improve its performance in terms of DR
elections performed and the time required for the DR/BDR
settling process.

Dynamic Wait Time Adjustment. We propose that a
router must (re)start the wait timer whenever it receives
a one-way Hello indicating the coming up of a new neigh-
bor on the LAN. The wait time duration W is set to be
sufficiently larger than one hello interval, thereby ensuring
that the router would have established bidirectional com-

munication with the new neighbor before the wait timer
fires.

H < W < 2H. With the proposed restarting of the wait
timer on receiving a one-way Hello, it is no longer required
to set the wait time duration to be as large as four hello in-
tervals. The wait time should just be large enough to allow
a router to establish bidirectional communication with the
neighbor whose one-way Hello triggered the (re)start of
the wait timer. Assuming that the Hello packet losses are
rare, it is sufficient that the wait time duration W is com-
fortably larger than one hello interval H (to take care of
any randomization routers perform in determining the next
time to send a Hello) but less than 2H.

No BackupSeen Event. The BackupSeen event causes a
router to detect the presence or absence of a BDR and come
out of the waiting state immediately, thereby potentially
speeding up the DR/BDR settling process. However, the
BackupSeen event is also responsible for multiple routers
electing themselves as BDR and a router coming out of
the waiting state before establishing bidirectional commu-
nication with all the other “up” routers on the LAN. Thus,
the BackupSeen event is responsible for most of the DR
elections making up the 3n — 2 upper bound on the num-
ber of DR elections performed by a router in the DR/BDR
settling process. We propose eliminating the BackupSeen
event from the interface state machine. As discussed later,
the absence of the BackupSeen event does not cause any
significant increase in the DR/BDR settling times because
of speedup provided by dynamic wait time adjustment.

A New Waiting?2 State. If the LAN interface is in the wait-
ing state (i.e., has not yet elected a DR or a BDR), restarting
the wait timer on receiving a 1-way Hello ensures that a
router does not come out of the waiting state while it has
not yet established bidirectional communication with other
“up” routers on the LAN. If the LAN interface is no longer
in the waiting state, we would still like the router to avoid
doing one DR election for every bidirectional communica-
tion it establishes with a new neighbor. We can achieve this
by introducing a new waiting2 state in the interface state
machine. The new interface state machine is shown in Fig-
ure 7. Under the new state machine, the DR/BDR/DRother
state is called the nonwaiting state. If the LAN interface
is in the nonwaiting state, the receipt of a one-way Hello
causes a transition to the waiting?2 state, and the wait timer
is started. In the waiting?2 state, establishing bidirectional
communication with a new neighbor does not cause a DR
election. The other events leading to the generation of a
NeighborChange event (e.g., a router newly declaring it-
self as DR/BDR or taking its claim back) still cause a DR
election to take place. This definition of NeighborChange
event applicable during the waiting2 state can be called
NeighborChangelLite. Receiving another one-way Hello
while in the waiting2 state will cause the wait timer to be
restarted. When the wait timer ultimately fires, the router
does a DR election and transitions to the nonwaiting state.
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Figure 7. The proposed Interface State Machine for OSPF

Thus, under the new state machine, after coming out of the
waiting state, a router does not perform one DR election for
each newly bidirectional neighbor. Rather, the router per-
forms one DR election after it has established bidirectional
communication with all the neighbors from whom it has
received a one-way Hello. Note that, under the new state
machine, an interface’s status as DR/BDR/DROther/none
is an attribute of the state, called DRAttribute. In the wait-
ing state, the interface has not performed a DR election,
and its DRAttribute is none. In the nonwaiting and wait-
ing?2 states, the DRAttribute of the interface is either DR
or BDR or DROther.

A Router Immediately Sends Out a Hello on Newly
Electing Itself as DR/BDR. With this requirement, a router
does not have to wait for up to one hello interval be-
fore sending out its claim to DR/BDRship. This provision
speeds up the DR/BDR settling time for the LAN.

In the following, we analyze the performance of the new
interface state machine in different scenarios.

Scenario 1: A New Router Comes Up on a LAN with
Settled DR/BDR. Immediately after coming up, the new
router will send out a one-way Hello to other routers on
the LAN. On receiving this Hello, the other routers will
start their wait timers and enter the waiting2 state. Thus,
all the routers on the LAN (including the new router) will
perform a DR election at time W after the arrival of the new
router. By this time, the new router must have received the
two-way Hellos from all the other routers on the LAN,
including the current DR/BDR. Thus, in the DR election
at time W, all the routers (including the new router) will
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(re)elect the existing DR/BDR as the DR/BDR. Thus, the
settling time will be W, and only one DR election will
be performed in the process. Under the old state machine,
the router would have elected the existing DR/BDR as its
DR/BDR within one hello interval of coming up but would
have performed potentially several DR elections in the pro-
cess. Since W has a value between H and 2H, the delay
in the settling time in the new scheme over the old scheme
is not significant.

Scenario 2: Each Router Comes Up within Time W of
Coming Up of the Previous Router. In this scenario, as a
new router comes up and sends out a one-way Hello, all the
other “up” routers will restart their wait timers. If the last
router comes up at time 0, all the routers will come out of
the waiting state at time 0, + W and do a DR election. Let
routers x and y have the highest and next highest ID among
all the routers. In the DR election at time 0, + W, each router
(except router x) will elect router x as both DR and BDR.
Router x will select itself as DR and router y as BDR.
Immediately afterwards, router x will send out a Hello
claiming DRship. When other routers (including router y)
receive this Hello, they will perform another DR election
and elect router x as DR and router y as BDR. On electing
itself as the BDR, router y will also immediately send out
a Hello claiming BDRship, which will cause every other
router to perform another DR election reelecting routers x
and y as DR and BDR, respectively. Thus, the DR/BDR
settling time for the LAN will be slightly more than 0, +W.
Routers x and y perform two DR elections each while other
routers perform three DR elections each.
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Scenario 3: Each Router Does Not Come Up within
Time W of the Previous Router. Consider a LAN of n
routers, where the routers come up in two batches of p and
n — p routers, respectively. In each batch, each router (ex-
cept the first one) comes up within time W of coming up
of the previous router. The first router in the second batch
comes up after a delay more than W of coming up of the
last router in the first batch. Suppose 0, is the time when
the last router in the first batch comes up. The p routers,
up by time 0, will come out of the waiting state at time
0, + W and soon after elect two routers with the high-
est Router ID among themselves (say routers x and y) as
DR/BDR performing two or three DR elections in the pro-
cess, as discussed under scenario 2. When the first router in
the second batch comes up and sends a one-way Hello, all
the routers in the first batch will enter the waiting? state.
As the subsequent routers in the second batch come up and
send their one- way Hellos, all the previously up routers
will restart their wait timers. Suppose the last router in
the second batch comes up at time 0,. All the routers will
emerge out of waiting or waiting2 state at time 0, + W
and perform a DR election. By this time, all the routers in
the second batch must have received two-way Hellos from
routers x and y claiming DRship and BDRship, respec-
tively. Hence, in the DR election at time 0, + W, all the
routers will (re)elect routers x and y as DR and BDR, re-
spectively. Thus, the overall DR/BDR settling time for the
LAN s 0, + W. Note that the routers in the first batch need
to perform just one DR election for all the routers coming
up in the second batch. The routers in the second batch
perform just one DR election. Generalizing this scenario,
suppose the routers on the LAN come up in m batches. The
DR/BDR will be selected from the first batch of routers.
The overall DR/BDR settling time for the LAN will still be
0,4+ W, where 0, is the time when the last router comes up.
The routers in a particular batch will need to perform just
one DR election for each batch of subsequently coming
up routers. Specifically, the routers in the first batch will
perform m + 1 or m 4 2 DR elections, and the routers in
the rth batch (¢ > 1) will perform m — ¢ + 1 DR elections.

In the following, we make certain claims about the be-
havior of the new interface state machine.

Claim 1. When an interface comes out of the waiting or
waiting?2 state, it has established bidirectional communi-
cation with all its known neighbors.

Proof. When router a receives a one-way Hello from a new
neighbor router b, it restarts the wait timer. In addition, if
the interface is not already in waiting or waiting?2 state,
it will transition to the waiting2 state. In its next Hello,
router a will list router b as a neighbor. Router b receives
this Hello and in its next Hello lists router a as a neighbor.
Thus, router a will establish bidirectional communication
with router b within one hello interval of router b’s coming
up. Since the wait time W is more than the hello interval
H, router a would have established bidirectional commu-
nication with all its known neighbors by the time the wait

timer fires, which also causes a transition out of the wait-
ing/waiting? state.

Claim 2. If a router, say router x, is the only router to elect
itself as DR by the time its Hello claiming the DRship is
received by other routers, then the other routers will not
elect themselves as DR and will elect router x as DR.

Proof. Suppose router x is the only router to elect itself as
DR by the time its Hello claiming the DRship is received
by other routers on the LAN. On receiving this Hello, all
the routers not in waiting state will do a DR election and
elect router x as DR since router x is the only router with a
claim to DRship. Consider the routers that are in the waiting
state when they receive this Hello from router x. As each
such router comes out of the waiting state, it will elect
router x as DR since router x will still be the only router to
claim DRship. Now consider the routers that come up after
the time when router x sends out the first Hello claiming
DRship. When each such router comes out of the waiting
state, it would have received a two-way Hello from router
x claiming DRship and would not have received any other
claim to DRship. Hence, it will also elect router x as DR.

Claim 3. A router must have declared itself as the DR in
its Hello, before another router elects itself as BDR.

Proof. The proof is similar to the proof for claim 2 in
section 3.

Claim 4. If a router elects itself as DR for the LAN, it must
have done so in its first DR election after coming out of the
waiting state.

Proof. The proof is similar to the proof for claim 3 in
section 3.

Claim 5. Only one router elects itself as the DR for the
LAN.

Proof. Suppose router x elects itself as DR at time W,.
According to claim 4, router x must have just come out of
the waiting state. So, router x must have arrived by time
0, = W, — W. Router x must not have received a Hello
from another router claiming DR/BDRship by time W,
(otherwise it would have elected this other router as DR and
not itself). Router x will send out a Hello claiming DRship
immediately after electing itself as DR (say at time W, +¢,
where € is a very small time duration). According to claim
2, if router x is the only router to have elected itself as DR
by the time its Hello claiming DRship is received by other
routers, then the other routers will not elect themselves as
DR. Suppose the precondition for claim 2 does not hold;
that is, another router z elects itself as DR at time W, before
receiving the Hello from router x claiming DRship (W, <
W, + ¢€). Using the same reasoning as above, we can claim
that router z must have just come out of the waiting state
at time W, and must have arrived by time 0, = W, — W.
Also, router z sends out a Hello claiming DRship at time
W. + €, and router x must have elected itself as DR before
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receiving this Hello (W, < W_+-¢). Clearly, |W,—W_| < €
and hence |0, — 0,| < € (i.e., routers x and z must have
been “up” together for atleast W seconds.) Since W is more
than hello interval H, routers x and z must have established
bidirectional communication with each other by the time
they come out of the waiting state. Therefore, both routers x
and z cannot elect themselves as DR. Assuming that router
x does elect itself as DR, router z cannot elect itself as DR.
Hence, the precondition for claim 2 holds, and no router
other than router x elects itself as DR.

Claim 6. If a router, say router y, is the only router to elect
itself as BDR by the time its Hello claiming the BDRship
is received by other routers, then the other routers will not
elect themselves as BDR and will elect router y as BDR.

Proof. The proof is similar to the proof for claim 2.

Claim 7. If a router elects itself as BDR for the LAN, it
must have done so in its first DR election after receiving
the Hello from DR claiming the DRship.

Proof. Consider a router, a, that is not in the waiting state.
Router a will perform a DR election on receiving the first
Hello from DR claiming the DRship. According to claim 3,
router a could not have elected itself as BDR before this
time. If, by this time, router a has received Hellos from
one or more routers claiming the BDRship, router a will
always elect one of these routers as BDR and will not claim
BDRship itself now or in future (as long as one or more
of these routers continue to claim themselves as BDR). If
router a has not yet received a Hello declaring the sending
router as BDR, it will elect the router with highest Router
ID among its set of eligible routers (excluding the DR) as
BDR. If at this time, router a does not elect itself as BDR,
there must be another bidirectional non-DR neighbor with
a higher Router ID than router a, and in any subsequent
DR election, router a will not elect itself as BDR ahead
of this neighbor. Similarly, it can be proved that if router
a is in waiting state when it receives the first Hello from
a router claiming the DRship, it will either elect itself as
BDR in its first DR election on coming out of waiting state
or will not elect itself as BDR then or in future.

Claim 8. Only one router, say router y, elects itself as
the BDR for the LAN. Other routers will eventually elect
router y as the BDR.

Proof. Suppose router x elects itself as DR and sends out
the first Hello claiming DRship at time W,. According to
claim 7, no router can elect itself as BDR before this time.
Suppose router y elects itself as BDR at time E| in its first
DR election after receiving a Hello from router x claim-
ing DRship (E, > W,). Since router y does a DR election
at time E, it must have arrived by time 0, = E, — W.
Router y must not have received a Hello from another
router claiming BDRship by time E, (otherwise it would
not have elected itself as BDR). Router y will send out a
Hello claiming BDRship immediately after electing itself
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as BDR (say at time E, +e¢, where € is a very small time du-
ration). According to claim 6, if router y is the only router
to elect itself as BDR by the time its Hello claiming BDR-
ship is received by other routers, then the other routers will
not elect themselves as BDR. Suppose the precondition for
claim 6 does not hold; that is, another router z elects itself
as BDR at time E, before receiving the Hello from router
y claiming BDRship (E, < E, + €). Using the same rea-
soning as above, we can claim that router z elected itself
as BDR after receiving the Hello from router x claiming
DRship (E, > W,), router z must have arrived by time
0, = E, — W, and router z sends out a Hello claiming
BDRship at time E, + € immediately after electing itself
as BDR. Since router y elects itself as BDR before receiv-
ing any other claim to BDRship, E, < E, + €. Clearly,
|E, — E,| < ¢, and hence |0, — 0,| < € (i.e., routers y
and z must have been “up” together for at least W sec-
onds). Since W is more than hello interval H, routers y
and z must have established bidirectional communication
with each other by the time they elect themselves as BDR.
Therefore, both routers y and z cannot elect themselves
as BDR. Assuming that router y does elect itself as BDR,
router z cannot elect itself as BDR. Hence the precondition
for claim 6 holds, and no router other than router y elects
itself as BDR.

Bound on Number of DR Elections Performed. On the
basis of three scenarios discussed earlier and the claims
made above, we can claim that, in a LAN of n routers,
each router will perform at most n + 2 DR elections in
the DR/BDR settling process. The first DR election will be
performed as a result of the wait timer’s firing. Upton — 1
DR elections may be performed as the other n — 1 routers
on the LAN come up in up to n — 1 “batches.” If the router
is not in waiting state, it may perform a DR election each
on receiving claims to DR/BDRship from other routers.
As per claims 5 and 8, only two such DR elections may be
performed.

Bounds on DR/BDR Settling Time. With the assumptions
that the time taken by a Hello packet to reach all the routers
on the LAN, the time required to process/generate a Hello
packet, and the time required to perform a DR election are
negligible, we can claim that 0, + W and 0, + W + H
constitute the lower and upper bounds on the DR/BDR
settling time for the LAN, where 0, is the time when the
last router comes up. 0, + W is the lower bound on the
DR/BDR settling time for the LAN since the last router
to come up at time 0, will not come out of the waiting
state before time 0, + W. The other routers will also come
out of the waiting/waiting?2 state at time 0, + W and settle
on DR/BDR identity soon after. Thus, in most cases, the
DR/BDR settling time for the LAN is 0, + W. However,
in some cases, it is possible that a router does not come
out of the waiting/waiting2 state until time 0, + W + H.
For example, this will happen if router z starts its wait
timer on receiving the first one-way Hello from the last
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router at time 0, and does not send its own Hello until after
receiving the second one-way Hello from the last router at
time 0, + H. The second one-way Hello will cause router
Z to restart its wait timer at time 0, 4+ H. Thus, it is possible
that router z does not settle on the DR/BDR identity until
time 0, + H + W.

6. A Stochastic Analysis of DR Elections
Performed by a Router under the Modified
Interface State Machine

In the following, we determine the expected number of
DR elections performed by a router under the modified
interface state machine as it establishes bidirectional com-
munication with its neighbors. As before, we assume that
the router arrival times are exponentially distributed with
parameter A. Consider a router z in a LAN of n routers.
Suppose router z is the (n — m)th router to arrive (i.e., m
routers arrive after router z). Since the routers are equally
likely to arrive in any order, the probability that m routers
arrive after router z is 1/n.

Let N (m) denote the expected number of DR elections
performed by router z if m routers will arrive after it. Since
each one of these m routers arrives after an exponentially
distributed time with parameter X, the time interval, X,
between the arrivals of router z and the next router will
be exponentially distributed with parameter m\. Clearly,
if router z is the last router to arrive, it will perform just one
DR election, that is, N(0) = 1. We now derive a closed-
form expression for N (m), m > 1. If the next router arrives
within W seconds of router z, router z will restart its wait
timer, and the expected number of DR elections it does
will be N (m — 1). Otherwise, the expected number of DR
elections can be expressed as 1 + N (m — 1). Conditioning
on X, we write

N@m —1)
1+ N(m—1)

x<Ww

N(m|X=x)={ W

Applying the law of total probability, we obtain N (m) =
Nm — D1 — ey + (1 + Nim — 1)e "M =
—m\ m _iN _e—mtD AW
e L Nm—-1)=3" e W:ﬁ.Hence,
the expected number of DR elections performed by router
z is given by E[# DR elections] = Y "' 1 by

m=0 n l_e—‘>\.W -
1 e—)\.W(lie—n-}\.W)

l,g—)\.W N n(lfe’-}\'w)2

Figure 8 shows the expected number of DR elections
performed by a router for A = 0.05 (mean router arrival
time 20 seconds) for different values of W as the number
of routers in the LAN increases. As expected, a smaller
value of W results in more DR elections. Figure 9 shows
the expected number of DR elections for different A\ val-
ues and fixed W (15 seconds) as the number of routers
in the LAN increases. A decrease in \ means an increase
in mean router arrival time as well as in the variance of

lambda = 0.05
2.4 - : : : : : - - -
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Figure 8. Expected number of designated router (DR)
elections performed by a non-backup designated router
(BDR) under the modified interface state machine based on
when the router establishes bidirectional communication with
its neighbors
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Figure 9. Expected number of designated router (DR)
elections performed by a non-backup designated router
(BDR) under the modified interface state machine for different
mean router arrival times

router arrival times. Consequently, the probability that the
next router will arrive within W seconds of the previous
one decreases, which causes an increase in the expected
number of DR elections. Finally, Figure 10 compares the
expected number of DR elections performed by anon-BDR
router as it establishes bidirectional communication with
other routers before and after the proposed modifications.
Clearly, the proposed modifications result in a significant
decrease in the expected number of DR elections.
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Figure 10. Expected number of designated router (DR)
elections performed by a non—backup designated router
(BDR) under the current (old) and modified (new) interface
state machines

7. Experimental Verification

We compared the performance of the current and mod-
ified interface state machines via experiments as well.
The experiments were conducted on an Ethernet LAN of
eight Linux PCs running J Moy’s OSPFD routing software
[7]. This software already contains an implementation of
OSPF’s current interface state machine. We implemented
the modified interface state machine in the software. By
carefully selecting the times when the routers come up,
we were able to create scenarios that highlight key differ-
ences in the performance of the two state machines. We
used the multixterm script [8] running on a “control” PC
to issue a command to all the router PCs simultaneously
and thereby precisely control (within a few milliseconds)
the router “up” times. The experiments for the modified
state machine used a wait time of 15 seconds (W = 15).
The router “up” times used in the experiments are shown
in Table 1. The number of DR elections performed by each
router and the DR/BDR settling times for the LAN in these
experiments under the current and modified state machines
are shown in Tables 2 and 3, respectively. In the follow-
ing, we briefly discuss the experiments and the results. A
detailed explanation of the results for each experiment can
be seen in the appendix.

In experiment 1, all the routers were scheduled to come
up at time 0. As per our analysis for the current state ma-
chine, routers 1 through 6 should perform three DR elec-
tions each, and routers 7 and 8 (the BDR and DR, re-
spectively) should perform two DR elections each. The
DR/BDR settling time for the LAN should be either 40
seconds or 50 seconds. A slight variation of a few millisec-
onds between the actual and scheduled “up” times resulted
inrouters 5, 7, and 8 starting a bit earlier than other routers,
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resulting in the observed results. Similarly, for the modified
state machine, randomization in determining the next time
to send Hello resulted in a few routers restarting their wait
timers at time 10 on receiving a second one-way Hello from
their neighbors. Thus, some routers emerge from waiting
state at time 25.

Experiments 2 through 5 were designed to show the im-
pact of the number of “batches” on the DR elections per-
formed under the modified state machine. In experiment 2,
each router comes up 12 seconds after the previous router,
but clearly, all the routers still come up in one batch. Notice
the significantly better performance of the modified state
machine over the current state machine in this case. Also,
note that router 2 performs just one DR election, while
other non-DR, non-BDR routers perform three DR elec-
tions. This is because routers 8 and 7 (the DR and BDR, re-
spectively) sent their Hellos claiming DR/BDRship imme-
diately after electing themselves as DR/BDR (as required
under the modified state machine), and router 2 was still
in the waiting state when it received these Hellos. We ob-
served the same phenomenon in several other experiments
as well.

In experiment 3, each router comes up 20 seconds after
the previous router. Thus, in this experiment, each router
constitutes a separate batch. Hence, the modified state ma-
chine does not perform much better than the current state
machine in terms of DR elections. However, the DR/BDR
settling time is still better under the modified state machine.
In experiments 4 and 5, the routers come up in two and three
batches, respectively. The performance under the modified
state machine is much better in these experiments when
compared to performance under the current state machine.

Experiment 6 was designed to show the impact of mul-
tiple routers electing themselves as BDR under the current
state machine. Here, each one of routers 1 through 7 ini-
tially elects itself as BDR under the current state machine.
Notice the significantly reduced number of DR elections
performed under the modified state machine. However, the
current state machine performs better than the modified
state machine in terms of DR/BDR settling time.

Experiment 7 was designed to show the impact, un-
der the current state machine, of the routers establishing
bidirectional communication with other routers after com-
ing out of the waiting state. In this experiment, under the
current state machine, routers 1 through 6 have not es-
tablished bidirectional communication with any router by
the time they come out of the waiting state. Hence, each
one of these routers ends up performing seven DR elec-
tions as it establishes bidirectional communication with
its seven neighbors on the LAN. Routers 7 and 8 are also
out of waiting state when routers 1 through 6 come up and
hence perform six additional DR elections as they establish
bidirectional communication with routers 1 through 6. Un-
der the modified state machine, routers 1 through 6 come
out of waiting state only after establishing bidirectional
communication with all the other routers on the LAN and
hence perform only one DR election each. Routers 7 and 8
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Table 1. Router “up” times

Exp ID Router 1 Router 2 Router 3 Router 4 Router 5 Router 6 Router 7 Router 8
1 0 0 0 0 0 0 0 0
2 0 12 24 36 48 60 72 84
3 0 20 40 60 80 100 120 140
4 0 1 2 3 20 21 22 23
5 0 1 2 34 35 36 57 58
6 58 58 58 58 58 58 58 0
7 58 58 58 58 58 58 9 0
8 0 4 8 12 16 20 24 28
9 28 24 20 16 12 8 4 0
10 5 5 5 5 5 10 5 102
11 1 1 1 1 1 10 1 102

Table 2. Designated router (DR) elections performed and DR/backup designated router (BDR) settling time under current interface

state machine

DR/BDR

Settle

Exp ID Router 1 Router 2 Router 3 Router 4 Router 5 Router 6 Router 7 Router 8 Time
1 1 1 1 1 3 1 2 2 40
2 8 7 6 5 4 3 2 2 134
3 9 8 7 6 5 4 2 2 190
4 3 3 3 3 3 3 2 2 73
5 8 8 7 2 2 2 2 1 98
6 10 10 10 11 10 9 10 15 68
7 7 7 7 7 7 7 8 8 60
8 3 3 3 3 3 3 2 2 78
9 1 1 1 1 2 3 2 2 54
10 4 4 4 4 4 3 3 1 110
11 4 4 4 4 4 3 3 7 111

Table 3. Designated router (DR) elections performed and DR/backup designated router (BDR) settling time under modified interface

state machine

DR/BDR

Settle

Exp ID Router 1 Router 2 Router 3 Router 4 Router 5 Router 6 Router 7 Router 8 Time
1 2 2 2 2 2 2 1 2 25
2 3 1 3 3 3 3 2 2 99
3 9 7 6 5 4 3 2 1 155
4 2 3 2 3 1 1 1 1 38
5 5 4 4 2 2 2 1 1 73
6 2 2 2 2 2 2 1 3 83
7 1 1 1 1 1 1 3 3 83
8 1 3 1 1 3 1 1 2 43
9 1 1 1 1 3 1 2 2 43
10 2 4 2 4 2 3 3 1 117
11 2 2 4 4 4 3 3 1 117

perform just one additional DR election for routers 1
through 6 coming up in one “batch.” However, the
DR/BDR settling time is better under the current state ma-
chine as routers 1 through 6 accept routers 8 and 7 as DR
and BDR, respectively, within 2 seconds of coming up. Un-
der the modified state machine, routers 1 through 6 need

to wait for up to 25 seconds before electing routers 8 and
7 as DR/BDR.

Experiments 8 and 9 cover the scenario where, under
the current state machine, each router is bidirectional with
other routers before coming out of the waiting state. The
two experiments differ in the time when router 8 (the DR)
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comes out of waiting state. Under the modified state ma-
chine, in both experiments, the DR/BDR identity is settled
15 seconds after the coming up of the last router. However,
under the current state machine, the time when router 8
comes out of waiting state determines the overall DR/BDR
settling time for the LAN. In these experiments, the mod-
ified state machine performs better than the current state
machine in terms of DR/BDR settling time. Both state ma-
chines complete the DR/BDR settling process with a small
number of DR elections.

Experiments 10 and 11 cover the scenario where the
first seven routers have settled on the DR/BDR identity by
the time router 8§ comes up. The two experiments differ
in how many DR elections are performed by router 8 in
its DR/BDR settling process under the current state ma-
chine. In experiment 11, under the current state machine,
router 8 comes out of waiting state without establishing
bidirectional communication with any router and ends up
performing seven DR elections in total. Under the modi-
fied state machine, router 8 performs just one DR election
in both experiments. However, the DR/BDR settling time
for router 8 is shorter under the current state machine.

8. Conclusion

In this article, we analyzed the behavior of OSPF’s inter-
face state machine in a broadcast LAN environment. We
showed that, under the current state machine, a router may
need to perform several DR elections as it settles on the
identity of DR and BDR for the LAN. Most of these elec-
tions are caused by the fact that the BackupSeen event or
the fixed wait time may cause the router to come out of the
waiting state before it has established bidirectional com-
munication with all the other routers on the LAN. Further-
more, it is possible that multiple routers elect themselves
initially as BDR and cause a large number of DR elec-
tions to take place as multiple BDRs stake their claims to
BDRship and later retract them. Also, a fixed wait time of
40 seconds may cause the DR/BDR settling process to get
unnecessarily delayed. Based on these observations, we
suggested the following modifications to OSPF’s interface
state machine:

1. Wait timer should be restarted whenever a new one-
way Hello is received.

2. Wait time should just be large enough to allow the
router to establish bidirectional communication with
the neighbor whose one-way Hello triggered the
restart of the wait timer.

3. BackupSeen event should be eliminated.
4. A new waiting? state should be introduced in the
interface state machine to allow a router that is no

longer in the waiting state to avoid doing DR elec-
tions on establishing a new bidirectional communi-
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cation while some of the neighbor states are not yet
bidirectional.

5. A router should immediately send a Hello on newly
electing itself as DR or BDR.

We analyzed the performance of the interface state ma-
chine before and after the modifications. We obtained up-
per bounds on the number of DR elections performed and
the DR/BDR settling time in both cases. We performed a
stochastic analysis to obtain an expected number of DR
elections performed by a router in both cases, assuming
that router arrival times are exponentially distributed. We
also compared the performance in both cases via carefully
controlled test-bed experiments. Based on this comprehen-
sive comparison, we can state that the suggested modifica-
tions result in fewer DR elections and, in most cases, faster
conclusion of the DR/BDR settling process.

9. Appendix: Detailed Explanation for Each
Experiment

Experiment 1. In this experiment, all the routers were sup-
posed to come up at time 0. Rather than coming up simul-
taneously, the routers come up within a few milliseconds
of each other.

Current state machine: In the experiment performed us-
ing the current state machine, routers 5, 7, and 8 come up
a little earlier than other routers. All the routers establish
bidirectional communication with each other by the time
they come out of the waiting state. Since routers 5, 7, and
8 start a bit earlier than other routers, the other routers are
still in the waiting state when the following events take
place: (1) routers 5, 7, and 8 come out of the waiting state;
(2) router 8 elects itself as DR and immediately afterwards
sends out a Hello claiming DRship; and (3) router 7 per-
forms a DR election on receiving this Hello, elects itself
as BDR, and sends out a Hello claiming BDRship. The
other routers come out of the waiting state on receiving the
Hello from router 7 claiming BDRship and perform their
only DR election. Router 5 comes out of the waiting state at
approximately the same time as routers 7 and 8 and hence
does its first DR election as the result of its wait timer’s
firing. It does two more DR elections as it receives the first
Hellos from routers 7 and 8 claiming BDRship and Dr-
ship, respectively. The DR/BDR settling time for the LAN
in this experiment was 40 seconds.

Modified state machine: At time 10, router 2 receives a
second one-way Hello from router 8. This is because router
8 came up a little while after router 2 and did not receive a
Hello from router 2 until after sending its Hello at time 10.
The one-way Hello from router 8 causes router 2 to restart
its wait timer at time 10. The same thing happens to router
4 and router 7, with the difference that router 4 receives
the one-way Hello from router 6 and router 7 receives from
router 1. So routers 2, 4, and 7 come out of the waiting state
at time 25, while routers 1, 3, 5, 6, and 8 come out of the
waiting state at time 15. All routers establish bidirectional
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communication with each other by the time they come out
of the waiting state. Router 8 comes out of the waiting
state first, elects itself as DR, and immediately sends out
a Hello claiming DRship. At this time, the other routers
are still in the waiting state. Then routers 1, 3, 5, and 6
come out of the waiting state and perform their first DR
election. They elect router 8 as DR and router 7 as BDR.
At time 25, routers 2, 4, and 7 come out of the waiting
state. Router 7 elects itself as BDR and sends out a Hello
claiming BDRship instantly. On receiving this Hello, all
other routers perform their second DR election and reelect
router 8 as DR and router 7 as BDR. So under the modified
interface state machine, the DR/BDR settling time for the
LAN is 25 seconds, and each router performs one or two
DR elections in the process.

Experiment 2. Current state machine: Under the current
state machine, router 1 has established bidirectional com-
munication only with routers 2 and 3 by the time it comes
out of waiting state at time 40 seconds. It will perform five
more DR elections as it establishes bidirectional commu-
nication with routers 4 through 8. It will perform two more
DR elections when it receives the Hellos from routers 8
and 7 claiming DRship and BDRship, respectively. Thus,
router 1 will perform eight DR elections in total. Similarly,
it can be seen that routers 2, 3, 4, 5, and 6 will perform 7,
6, 5, 4, and 3 DR elections, respectively. Routers 7 and
8 perform two DR elections each, one on coming out of
waiting state and the other on receiving the first DR/BDR
claim from each other. Router 8 comes out of the wait-
ing state at time 124, electing itself as DR and router 7
as BDR. It sends out the first Hello claiming DRship at
time 134 seconds. On processing this Hello, every other
router (re)elects routers 8 and 7 as DR and BDR, respec-
tively. Thus, the DR/BDR settling time for the LAN is 134
seconds.

Modified state machine: In this experiment, all the
routers come up in one “batch,” with each router coming up
12 seconds after the previous router. The last router comes
up at time 84 seconds. Hence, under the modified interface
state machine, the DR/BDR settling time for the LAN is
99 seconds, and each router performs one, two, or three
DR elections in the process. Router 1 comes up at time 0
and restarts its wait timer after every 12 seconds due to
the one-way Hello from a newly coming up router. When
it comes out of waiting state at time 99 seconds, router 1
performs its first DR election and elects router 8 both as
DR and BDR. Routers 3, 4, 5, 6, and 7 also behave simi-
larly. Router 8 comes up at time 84 seconds and comes out
of the waiting state at time 99 seconds. Router 8 performs
the DR election and elects itself as DR and router 7 as
BDR. It sends out a Hello claiming DRship immediately.
On receiving this Hello, routers 1, 3, 4, 5, 6, and 7 perform
their second DR election and elect router 7 as BDR. On
electing itself as BDR, router 7 instantly sends out a Hello
claiming BDRship. Routers 1, 3, 4, 5, 6, and 8 receive this
Hello and perform another DR election. This DR election

does not change DR and BDR identity. Router 2 is still in
the waiting state when it receives the Hellos from routers 8
and 7 claiming DRship and BDRship, respectively. Router
2 performs a DR election on firing of its wait timer and
elects router 8 as DR and router 7 as BDR. In summary,
routers 1, 3,4, 5, and 6 perform three DR elections; routers
7 and 8 perform two DR elections; and router 2 performs
one DR election.

Experiment 3. Current state machine: Under the current
state machine, router 1 has established bidirectional com-
munication only with router 2 by the time it comes out of
waiting state at time 40 seconds. It will perform six more
DR elections as it establishes bidirectional communica-
tion with routers 3 through 8. It will perform two more DR
elections when it receives the Hellos from routers 8 and 7
claiming DRship and BDRship, respectively. Thus, router
1 will perform nine DR elections in total. Similarly, it can
be seen that routers 2, 3, 4, 5, and 6 will perform 8, 7, 6,
5, and 4 DR elections, respectively. Routers 7 and 8 per-
form two DR elections each, one on coming out of waiting
state and the other on receiving the first DR/BDR claim
from each other. Router 8 comes out of the waiting state
at time 180 seconds, electing itself as DR and router 7 as
BDR. It sends out the first Hello claiming DRship at time
190 seconds. On processing this Hello, every other router
elects routers 8 and 7 as DR and BDR, respectively. Thus,
the DR/BDR settling time for the LAN is 190 seconds.

Modified state machine: In this experiment, routers
come up in eight batches, with each router coming up 20
seconds after the previous router. The last router comes up
at time 140 seconds. Hence, under the modified interface
state machine, the DR/BDR settling time for the LAN is
155 seconds. Router 1 performs nine DR elections, router
2 performs eight DR elections, and so on. Router 8 per-
forms one DR election. Router 1 comes up at time 0 and
comes out of the waiting state at time 15 seconds. Router
1 performs the first DR election and elects itself as DR
with no BDR. At time 20 seconds, router 2 comes up and
sends out a Hello. On receiving this one-way Hello from
router 2, router 1 goes into waiting2 state and comes out
of it at time 35 seconds. In the second DR election, router
1 elects itself as DR and router 2 as BDR. Router 1 will
go into waiting2 state and perform DR election six more
times when routers 3 through 8 come up. All these DR elec-
tions will not change DR and BDR. Another DR election
is performed by router 1 when it receives the first BDR-
ship claim from router 2 at time 35 seconds. Thus, router
1 performs nine DR elections in total. Router 2 performs
its first DR election on coming out of the waiting state at
time 35 seconds and elects router 1 as DR, itself as BDR.
Then, similar to router 1’s behavior, router 2 will perform
six more DR elections as routers 3 through 8 come up. We
can explain the behavior of other routers similarly. Routers
3,4,5,6,and 7 will perform 6, 5, 4, 3, and 2 DR elections,
respectively. Router 8 performs one DR election on coming
out of waiting state.
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Experiment 4. Current state machine: Under the current
state machine, all the routers have established bidirectional
communication with other routers when they come out
of the waiting state. On coming out of the waiting state,
routers 1, 2, 3,4, 5, 6, and 7 elect router 8 as both DR and
BDR, while router 8 elects itself as DR and router 7 as
BDR. Routers 1, 2, 3, 4, 5, 6, and 7 perform another DR
election when they receive the first Hello claiming DRship
from router 8. They reelect router 8 as DR and router 7 as
BDR. Routers 1, 2, 3, 4, 5, 6, and 8 will perform one more
DR election on receiving the first Hello claiming BDRship
from router 7. Since the other routers perform the DR elec-
tion on receiving the DRship claim from router 8 at time
73 seconds, the DR/BDR settling time for the LAN is 73
seconds.

Modified state machine: In experiment 4, different
routers come up in two distinct batches, one after the other.
Among the routers in the first batch (routers 1, 2, 3, and 4),
router 4 is the first one to come out of the waiting state.
Router 4 elects itself as DR and router 3 as BDR. Router
4 sends out a Hello claiming DRship immediately after-
wards. Router 2 and router 3 receive this Hello just before
they come out of the waiting state. So when they come out
of waiting state, router 2 and router 3 elect router 4 as DR
and router 3 as BDR. Router 3 sends out a Hello claim-
ing BDRship immediately afterwards. On receiving this
Hello from router 3, router 2 and router 4 perform another
DR election. At this time, router 1 is still in the waiting
state. When it comes out of the waiting state, router 1 per-
forms one DR election and elects routers 4 and 3 as DR
and BDR, respectively. Thus, before the coming up of the
second batch, routers 1, 2, 3, and 4 perform one, two, one,
and two DR elections, respectively. With the coming up of
the second batch routers, routers in the first batch transition
to waiting? state. At time 38 seconds, all the routers come
out of the waiting/waiting?2 state and perform one DR elec-
tion. Each router (re)elects router 4 as DR and router 3 as
BDR. Hence, the DR/BDR settling time for the LAN is 38
seconds.

Experiment 5. Current state machine: Under the current
state machine, routers 1, 2, and 3 have not established bidi-
rectional communication with routers 4, 5, and 6 by the
time they come out of the waiting state. On coming out of
the waiting state (at time 40 seconds), routers 1 and 2 elect
router 3 as both DR and BDR, while router 3 elects itself
as DR and router 2 as BDR. Soon afterwards, routers 1, 2,
and 3 establish bidirectional communication with routers
4,5, and 6 and do three more DR elections in the pro-
cess. After establishing bidirectional communication with
these routers, routers 1, 2, and 3 consider router 6 to be
the BDR. Some time afterwards, router 3 sends out its first
Hello claiming Drship, causing routers 1 and 2 to perform
one more DR election. Routers 4, 5, and 6 do not perform
any DR election on receiving this Hello since they are still
in the waiting state at that time. Routers 4, 5, and 6 are
still in the waiting state when routers 7 and 8 come up.
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Routers 1, 2, and 3 perform two more DR elections each
as they establish bidirectional communication with routers
7 and 8. In these DR elections, they also elect router 8 to
be the new BDR. When routers 4, 5, and 6 come out of the
waiting state, they have established bidirectional commu-
nication with routers 7 and 8 and hence elect router 3 as
DR and router 8 as BDR. Finally, routers 7 and 8 come out
of the waiting state and perform one DR election, electing
router 3 as DR and router 8 as BDR. Router 8 comes out
of waiting state at time 98 seconds. Thus, the DR/BDR
settling time for the LAN is 98 seconds. Every other router
performs one more DR election when router 8 sends out
the first Hello claiming BDRship. This election does not
change the DR and BDR identity.

Modified state machine: In experiment 5, different
routers come up in three distinct batches, one after the
other. When routers in the first batch (routers 1, 2, and 3)
come out of the waiting state, the routers in the second
batch (routers 4, 5, and 6) and the third batch (routers 7
and 8) are yet to come up. On coming out of the waiting
state, router 1 and router 2 elect router 3 as both DR and
BDR, while router 3 elects itself as DR and router 2 as
BDR. Router 3 sends out a Hello claiming DRship imme-
diately. On receiving this Hello, routers 1 and 2 perform
another DR election and reelect router 2 as BDR. Router
2 sends out a Hello claiming BDRship right after the elec-
tion. Routers 1 and 3 do one more DR election on receiving
this Hello. Thus, before the coming up of the second batch,
routers 1, 2, and 3 perform three, two, and two DR elec-
tions, respectively. At time 34 seconds, router 4 comes up.
On receiving the one-way Hello from router 4, routers in
the first batch transition into waiting2 state. These routers
restart their wait timers on receiving the one-way Hello
from router 5 and router 6. Routers 1, 2, 3, 4, 5, and 6
come out of the waiting2/waiting state at time 51 seconds
and perform a DR election. All the routers elect router 3 as
DR and router 2 as BDR. The same thing happens when
routers in the third batch (router 7 and router 8) come up.
Routers in the first and second batches transition into the
waiting? state at time 57 seconds and come out at time
73 seconds. Router 7 and router 8 also come out of the
waiting state at time 73 seconds and perform one DR elec-
tion, electing router 3 as DR and router 2 as BDR. So the
DR/BDR settling time of the LAN is 73 seconds.

Experiment 6. Current state machine: Under the current
state machine, router 8 is the only router on the LAN when
it comes out of the waiting state at time 40 seconds and
elects itself as DR with no BDR. The other routers come up
at time 58 seconds and send out their first Hellos. Router 8
receives these Hellos and lists the other routers as neighbors
inits next Hello at time 60 seconds. On receiving this Hello,
the other routers generate a BackupSeen event and elect
themselves as BDR since they are not yet bidirectional with
any other router on the LAN except router 8, the DR. As
these routers receive the other claims to BDRship, they will
elect the router with the highest Router ID among them-
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selves (router 7) as BDR. It turns out that routers 2, 4, 6,
and 7 still consider themselves as BDR when they send
their next Hello. Receiving each one of these Hellos will
cause the other routers to perform a DR election. In their
next Hellos, routers 2, 4, and 6 will take back their claims
to BDRship and cause the routers receiving these Hellos to
perform one more DR election per Hello. The routers will
perform more DR elections as they establish bidirectional
communication with other routers on the LAN. In many
cases, a router, say router a, sends a two-way Hello to an-
other router, say router b, which performs a DR election as
aresult, (re)elects itself or router a as DR/BDR, and initi-
ates adjacency establishment with router a. On receiving a
Database Description packet from router b, router a ele-
vates the neighbor state associated with router b to bidirec-
tional status and performs a DR election as a result. Later
on, router a does another DR election as it receives a Hello
from router b claiming DR/BDRship. Let us examine the
DR elections performed by routers 2 and 8 in more detail.
Router 2 does one DR election on coming out of waiting
state on receiving the Hello from router 8 claiming DRship
with no router mentioned as BDR. Three DR elections are
performed as it establishes bidirectional communication
with routers 3, 4, and 5 on receiving Database Descrip-
tion (DD) packets from them. Three more DR elections
are performed as router 2 receives Hellos from routers 4,
6, and 7 claiming BDRship. One DR election is performed
as router 1 sends its first two-way Hello. Finally, two more
DR elections are performed as routers 4 and 6 take back
their claims to BDRship. The DR elections performed by
routers 1 and 3 through 7 can be explained similarly. Router
8 does 15 DR elections, as described next. First DR elec-
tion is performed as its wait timer fires. The other routers,
when they receive their first Hello from router 8 claiming
DRship, elect themselves as BDR and hence initiate adja-
cency establishment with router 8 by sending it their DD
packets. On receiving these packets, router 8 associates
bidirectional status with these seven routers and performs
seven more DR elections. Four DR elections are performed
as routers 2, 4, 6, and 7 claim BDRship, and three DR
elections are performed as routers 2, 4, 6 take their claims
back. Let’s consider the DR/BDR settling time. Routers 1
through 6 and 8 settle on the DR and BDR identity (router
8 as DR and router 7 as BDR) at time 68 seconds after
they receive the Hello claiming BDRship from router 7.
The DR/BDR settling time for router 7 is 60 seconds (i.e.,
when it comes out of the waiting state). So the DR/BDR
settling time for the LAN is 68 seconds.

Modified state machine: In this experiment, only router
8 comes up at time 0, while all other routers come up at
time 58 seconds. At time 15 seconds, router 8 comes out of
the waiting state and perform the first DR election, electing
itself as DR with no BDR. At time 58 seconds, all other
routers come up. On receiving one-way Hellos from these
routers, router 8 transitions into the waiting2 state. Due
to the differences between scheduled and actual router up
times, router 1 comes up a little earlier than router 7. So,

router 7 does not receive its first Hello from router 1 until
time 68 seconds. Receiving a one- way Hello from router
1 at time 68 seconds causes router 7 to restart its wait
timer. Thus, routers 1, 2, 3, 4, 5, 6, and 8 come out of
the waiting/waiting2 state at time 73 seconds, but router
7 comes out of the waiting state at time 83 seconds. On
coming out of the waiting state at time 73 seconds, routers
1,2,3,4,5, 6, and 8 perform one DR election, electing
router 8 as DR and router 7 as BDR. At time 83 seconds,
router 7 comes out of the waiting state and elects itself
as BDR. Router 7 sends out a Hello claiming BDRship
immediately. On receiving this Hello, routers 1, 2, 3, 4, 5,
6, and 8 perform one more DR election. Thus, routers 1, 2,
3,4, 5, and 6 perform two DR elections in total, router 7
does one DR election, and router 8 does three DR elections.
The DR/BDR settling time for the LAN is 83 seconds.

Experiment 7. Current state machine: Under the current
state machine, router 8 comes out of the waiting state at
time 40 seconds and elects itself as DR and router 7 (its
only bidirectional neighbor) as BDR. Router 7 comes out
of the waiting state at time 49 seconds and elects router 8 as
both DR and BDR. At time 50 seconds, router 8 will send
its first claim to Drship, causing router 7 to perform a DR
election, electing itself as BDR. The other routers, routers
1 through 6, come up at time 58 seconds and come out of
the waiting state at time 59 seconds on receiving a Hello
from router 7 claiming BDRship. Router 8 also performs
a DR election on receiving this Hello. Soon afterwards,
routers 1 through 6 will receive a Hello from router 8§ claim-
ing DRship at time 60 seconds. Thus, routers 1 through 6
elect routers 8 and 7 as DR and BDR, respectively. They
also initiate adjacency establishment with routers 8 and
7, causing routers 8 and 7 to establish bidirectional com-
munication with them and perform six DR elections, one
for each router. Thus, routers 8 and 7 end up doing eight
DR elections each. Routers 1 through 6 will perform five
more DR elections as they establish bidirectional commu-
nication with their remaining five neighbors. Thus, routers
1 through 6 end up doing seven DR elections each. The
DR/BDR settling time for the LAN is 60 seconds.
Modified state machine: In this experiment, router 8
comes up at time 0, router 7 comes up at time 9 seconds,
and all the other routers come up at time 58 seconds. Router
8 restarts its wait timer when it receives the one-way Hello
from router 7 at time 9 seconds. Router 8§ comes out of
the waiting state at time 24 seconds and elects itself as DR
and router 7 as BDR. Router 8 sends out a Hello claiming
DRship immediately afterwards. Router 7 also comes out
of the waiting state at time 24 seconds and elects router 8 as
both DR and BDR. On receiving the Hello from router 8§,
router 7 does its second DR election and elects router 8 as
DR and itself as BDR. Router 7 sends out a Hello claiming
BDRship immediately afterwards. On receiving this Hello,
router § performs a DR election. At time 58 seconds, other
routers come up. Routers 7 and 8 go into the waiting2
state when they receive the one-way Hellos from other
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routers. All routers come out of the waiting/waiting2 state
and perform a DR election at time 73 seconds, except router
2. As it happened in experiment 6, rather than coming up
simultaneously, router 1 comes up a little earlier than router
2. At time 68 seconds, router 2 receives its first one-way
Hello from router 1, which restarts router 2’s wait timer.
Router 2 comes out of the waiting state at time 83 seconds
and does a DR election. Thus, the DR/BDR settling time
for the LAN is 83 seconds.

Experiment 8. Current state machine: Under the current
state machine, routers 1 through 7 have established bidi-
rectional communication with all other routers by the time
they come out of waiting state at times 40 to 64 seconds.
They elect router 8 as both DR and BDR. Router 8 comes
out of the waiting state at time 68 seconds and elects itself
as DR with router 7 as BDR. At time 78 seconds, router
8 sends out its first Hello claiming DRship. On receiving
this Hello, routers 1 through 7 perform one DR election
and reelect router 8 as DR and router 7 as BDR. At time 84
seconds, router 7 sends out its first Hello claiming BDR-
ship. On receiving this Hello, routers 1 through 6 and 8
perform another DR election. But this election does not
change the DR and BDR identity for the routers. Thus, the
DR/BDR settling time for the LAN is 78 seconds.

Modified state machine: In this experiment, all the
routers come up in one “batch,” with each router com-
ing up 4 seconds after the previous router. The last router
comes up at time 28 seconds. Hence, under the modified
interface state machine, the DR/BDR settling time for the
LAN is 43 seconds, and each router performs one, two, or
three DR elections in the process. Router 1 comes up at
time 0 and restarts its wait timer every 4 seconds due to
the one-way Hello from a newly up router. Routers 2, 3,
4,5, 6, and 7 behave similarly. Router 8 comes up at time
28 seconds and comes out of the waiting state at time 43
seconds. Router 8 performs a DR election and elects itself
as DR and router 7 as BDR. It sends out a Hello claiming
DRship immediately. When router 7 receives this Hello, it
is still in the waiting state. Soon after, router 7 comes out
of the waiting state and elects router 8§ as DR and itself as
BDR. Router 7 also sends out a Hello claiming BDRship
immediately. On receiving this Hello, router 8 performs
one more DR election. Routers 1, 3, 4, and 6 also receive
the Hellos claiming DRship/BDRship from router 8/router
7 before they come out of the waiting state. So when they
come out, they also elect router 8 as DR and router 7 as
BDR. Routers 2 and 5 come out of the waiting state before
they receive the Hellos from router 8 and router 7. Thus,
they perform three DR elections.

Experiment 9. Current state machine: Under the current
state machine, the DR/BDR settling time of the LAN is 54
seconds, as discussed next. Router 8 comes up at time 0.
When it comes out of the waiting state at time 40 seconds,
it elects itself as DR and router 7 as BDR. Then at time
44 seconds and 48 seconds, router 7 and router 6 come
out of the waiting state, respectively, and both elect router
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8 as DR and BDR. At time 50 seconds, routers 7 and 6
receive the first Hello claiming DRship from router 8. This
triggers a DR election. They reelect router 8§ as DR and
router 7 as BDR. At time 52 seconds, router 5 comes out
of the waiting state and performs a DR election. At time
54 seconds, routers 1 through 6 and 8 all receive the first
Hello claiming BDRship from router 7. On receiving this
Hello, routers 5, 6, and 8 perform another DR election,
and routers 1, 2, 3, and 4 come out of the waiting state due
to the BackupSeen event. Thus, these routers perform one
more DR election, and the DR/BDR settling time for the
LAN is 54 seconds.

Modified state machine: In this experiment, each router
comes up 4 seconds after the previous router. Thus, all the
routers come up in one batch. But this time, the coming-up
sequence is 8 and 7 through 1. The DR/BDR settling times
and the reasons for DR elections are same as in experiment
8. But this time, routers 1, 2, 3, 4, and 6 receive the Hellos
claiming DRship/BDRship from router 8/router 7 just be-
fore they come out of the waiting state. Thus, these routers
perform just one DR election. Router 5 receives the Hellos
after coming out of the waiting state, so it performs three
DR elections. Router 7 also comes out of the waiting state
before receiving the Hello from router 8. Hence, router 7
performs two DR elections.

Experiment 10. Current state machine: Under the current
state machine, routers 1 through 5 and 7 come out of the
waiting state at time 45 seconds. Routers 1 through 5 elect
router 7 as both DR and BDR, while router 7 elects itself
as DR and router 6 as BDR. Router 6 comes out of the
waiting state at time 50 seconds and elects router 7 as both
DR and BDR. At time 55 seconds, routers 1 through 6
receive the first Hello claiming DRship from router 7. They
perform a DR election and reelect router 7 as DR and router
6 as BDR. At time 60 seconds, routers 1 through 5 and 7
receive the first Hello claiming BDRship from router 6 and
perform one more DR election. Thus, before the coming up
of router 8, routers 1 through 5 perform three DR elections
and routers 6 and 7 perform two DR elections. Then router
8 comes up at time 102 seconds and immediately sends out
a Hello. The other routers in the LAN receive this Hello
and hence will list router 8 as a neighbor in their next Hello.
Routers 1 through 5 and 7 will send their next Hello around
time 105 seconds. On receiving these Hellos, router 8 will
establish bidirectional communication with these routers
but will not perform any DR election since it is still in the
waiting state. At time 110 seconds, router 6 will send out
a Hello, causing router 8 to generate a BackupSeen event
and perform a DR election. In this DR election, router 8
will select routers 7 and 6 as DR and BDR, respectively. No
more DR elections will be performed by router 8 since it
has already established bidirectional communication with
the other routers on the LAN. Thus, the DR/BDR settling
time of the LAN is 110 seconds.

Modified state machine: In this experiment, router 8 is
the last router to come up at time 102 seconds. By this time,
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the other routers in the LAN have already elected routers
7 and 6 as DR and BDR, respectively. Let’s first consider
the DR elections done by routers 1 through 7. Routers 1
through 5 and 7 come up at time 5 seconds, while router 6
comes up at time 10 seconds. Routers 2, 4, 6, and 7 come
out of the waiting state at time 25 seconds. Routers 2, 4,
and 6 elect router 7 both as DR and BDR, while router 7
elects itself as DR and router 6 as BDR. Router 7 sends
out a Hello claiming DRship immediately. On receiving
this Hello, routers 2, 4, and 6 do another DR election and
reelect router 7 as DR and router 6 as BDR. Router 6 also
sends out a Hello claiming BDRship immediately. This
Hello triggers another DR election in routers 2, 4, and 7.
Routers 1, 3, and 5 have received the DRship Hello from
router 7 and the BDRship Hello from router 6 before they
come out of the waiting state. Thus, they perform just one
DR election and elect router 7 as DR and router 6 as BDR.
At time 102 seconds, routers 1 through 7 receive a one-
way Hello from router 8, and all of them transition into the
waiting? state. All the routers, including router 8, come
out of the waiting2/waiting state at time 117 seconds and
perform a DR election. Hence, the DR/BDR settling time
for the LAN is 117 seconds. In total, routers 1, 3, and 5
perform two DR elections; routers 2 and 4 perform four
DR elections; routers 6 and 7 perform three DR elections;
and router 8 performs one DR election.

Experiment 11. Current state machine: In this experiment,
router 8 comes up at time 102 seconds. It does its first DR
election at time 110 seconds on receiving a Hello from
router 6 (the BDR) and elects router 6 as both DR and
BDR. Router 8 does six more DR elections at time 111
seconds on establishing bidirectional communication with
routers 1 through 5 and 7 (on receiving their two-way Hel-
los). In the DR election triggered by the Hello from router
7, router 8 elects router 7 as DR and router 6 as BDR. Thus,
in this experiment, router 8 does seven DR elections, and
the DR/BDR settling time is 111 seconds.

Modified state machine: In this experiment, router 8 is
the last router to come up at time 102 seconds. Routers
1 through 5 and 7 come up at time 1 second, and router
6 comes up at time 10 seconds. The DR elections per-
formed in this experiment can be explained in a similar
manner as in experiment 10. Since router 1 and router 2
receive the Hellos claiming DRship/BDRship from routers
7 and 6 before they come out of the waiting state, the two
routers perform just one DR election before the coming
up of router 8. Routers 3, 4, and 5 come out of the waiting
state before receiving the DR/BDRship claims from routers
7 and 6. Hence, they perform three DR elections before the
coming up of router 8 at time 102 seconds. Routers 6 and
7 perform two DR elections before time 102 seconds, as

was the case in experiment 10. On receiving a one-way
Hello from router 8 at time 102 seconds, routers 1 through
7 enter the waiting2 state. All the routers come out of the
waiting2/waiting state at time 117 seconds, performing one
more DR election and (re)electing routers 7 and 6 as DR
and BDR, respectively. Hence, the DR/BDR settling time
in this experiment is 117 seconds.
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