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ABSTRACT

In the mid 2000s there was some concern in the research and op
erational communities over the scalability of BGP, the finét's
interdomain routing protocol. The focus was wpdate churr(the
number of routing protocol messages that are exchanged tliken
network undergoes routing changes) and whether churn veas gr
ing too fast for routers to handle. Recent work somewhayedia
those fears, showing that update churn grows slowly in Pw4,
the question of routing scalability has re-emerged with6lPin
this work, we develop a model that expresses BGP churn irstefm
four measurable properties of the routing system. We shoytid
number of updates normalized by the size of the topology iis co
stant, and why routing dynamics are qualitatively simikaifPv4
and IPv6. We also show that the exponential growth of IPvGrchu
is entirely expected, as the underlying IPv6 topology i giow-
ing exponentially.
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1. INTRODUCTION

The Internet has sustained tremendous growth over thedast ¢
ple of decades, but not without concerns about the scdlabiti-
itations of underlying protocols [17]. During 2005, the Igiaiate
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why churn in IPv4 and IPv6 shows such fundamentally differen
characteristics, and raised concerns about the futuratstigl of
the developing IPv6 ecosystem. Our recent work [5] showedl th
BGP dynamics in IPv4 and IPv6 are qualitatively similar wkeen

in relation to the size of the underlying topology — the magphé

of update churn normalized by the size of the underlying lapo

is constantfor both IPv4 and IPv6.

Despite this prior empirical work on measuring and characte
izing BGP churn (see Section 2 for more related work), we kck
model that can express the aggregate amount of BGP chummia te
of a few easily measurable properties of the topology antimgu
system. Such an explanatory model is useful to predict how BG
churn will evolve in the future, given that the interdomaapal-
ogy, routing policies, and traffic characteristics are sargusly
changing. For example, with the impending exhaustion ofl |&d-
dresses and the advent of IPv4 transfer markets, routihgstaay
become more fragmented, and routing policies more graniar
would like to be able to predict the impact of such changesGR B
churn, but currently do not have the tools to do so.

In this paper, we develop a model that expresses BGP update
churn as a function of certain measurable factors such aawthe
erage AS path length of the underlying topology, the fractd
prefixes announced by an AS that experience routing updates s
multaneously, and the likelihood of observing routing upddo a
given AS. Our model illustrates why routing dynamics areliqgua
tatively similar in both IPv4 and IPv6. We believe that thisdel
can help to track and explain the evolution of update chutvoit
IPv4 and IPv6 in the future. As the adoption of IPVv6 is likedy t
be an ongoing process for years to come, a continuing lodkeat t
properties of BGP churn in IPv6, along with explanatory msde
would help reveal insights into how the transition is pragiag.

2. RELATED WORK

of BGP updates seen by a measurement point inside the Telstra The characteristics of BGP churn and its impact on routiag st

network (AS1221) almost doubled. The number of IPv4 prefixes
meanwhile, grew by only 18% [13], suggesting that routedhar
ware would need significant upgrades within 3-5 years inrotole
cope with projected churn. On the contrary, our later stusipg
more monitors and spanning a longer time frame (seven yeas)
vealed that after filtering out temporary artifacts, BGPraohn the
IPv4 topology grows more slowly than the number of IPv4 pre-
fixes [7]. This slow growth was also later confirmed by othadq [
Studying churn in the IPv6 topology has not received much at-
tention, mostly due to the fact that IPv6 deployment is stilits
nascent stages. Geoff Huston presented the first study comgpa
update churn in IPv4 and IPv6 in late 2011 [12]. He found that
while churn in IPv4 does indeed appear “flat”, it increasegsoex
nentially in IPv6. That article further speculated on thasens

bility and scalability have been the subject of much redeaxer

the last decade and a half. Seminal papers by Labovitz et4l. |
15] studied pathologies of updates and BGP convergence- Sub
sequent work investigated BGP path exploration and theipcti
patterns of prefixes [18, 19]. Geoff Huston has been monigori
and reporting on BGP churn and instabilities via his webaitd
blog [10]. In 2006, Huston and Armitage warned of an alarming
growth in BGP update churn [13]. Later, using data from more
vantage points, Huston revised the growth trend to a slavedli)
growth [11]. Concerns about the inability of BGP to cope with
increasing churn [17] and the impact of routing updates arnero
CPU utilization [1] spurred some of our own previous reskdéc

7] and other efforts [3, 12] on characterizing the evolutidrup-
date churn. Our findings indicate that the sustained levehafn



grows at a pace slower than the routing table size, and shwavs t
same trend as the growth in the number of ASes. In 2007, Li et
al. [16] revisited BGP update dynamics, comparing with algtu
conducted a decade earlier. They found that BGP update dgsam
showed fewer pathologies as compared to the previous stiwge
measurement studies have revealed insights into BGP ugphiaie
and its evolution, but have not attempted to model the uwioheyl
factors that affect the amount of churn in the routing system

In the area of modeling BGP dynamics, there is much work on
modeling BGP convergence (see [8] and related refereniglese
recently, Valler et. al [20] modeled the propagation of B@fta-
bility, exploring the interaction between BGP dynamics &mjb-
logical amplification. Zhao et. al [23] proposed an ON/OFFdelo
which they used to classify bursts of BGP updates as “stalbie r
ing changes” or route flapping. Zhao et al. [24] developed deho
that captures the impact of the location of failures on thseilteng
routing dynamics. The goal of our paper is not to capture BGP
dynamics and their propagation on short timescales; idstea at-
tempt to model the sustained level of update churn, and h@w th
depends on various properties of the routing system.

3. DATASETS

Our analysis of routing dynamics and network sizes of thelIPv
and IPv6 infrastructures is based on BGP updates and rotaing
ble dumps collected by the Routeviews project. RoutevieMisc
tors run BGP sessions with routers (oonitorg in many networks.
Each monitor sends a BGP update to the collector every tiere th
is a change in the preferred path from the monitor to a destina
tion prefix. We use update traces from two Routeviews callsct
Routeviews6 for IPv6 data and Oregon-IX for IPv4 data. ThetlP
updates span the period from Jan 1, 2003 to Feb 16, 2012; ¢be IP
updates span the period from May 7, 2003 through Feb 16, 2012.

We analyze data from monitors in five networks that contgdut
both IPv4 and IPv6 routing data throughout the study pedd& T
(AS7018), Hurricane Electric (AS6939), NTT-America (AS29,
Tinet (AS3257), and 11J (AS2497). All these networks aregdar
transit providers, except 113 which is a small transit pdevi We
have also looked into networks of different types (e.g., AR#hich
is a Content/Access/Hosting provider according to oursifas-
tion) and they showed similar overall trends as our five nuogit
We cannot include graphs from all monitors due to space con-
straints. AT&T's IPv4 monitor was unavailable for three rttmin
2003, and its IPv6 monitor was unavailable between May 2005 a
May 2007, while Tinet's IPv6 monitor was unavailable betwee
June 2008 and June 2010, causing the observed gaps in thestime
ries for these monitors. In some cases, the IP address of @amon
changed during our study period. We identified the corredimon
IP addresses and concatenated the update time seriesoaftieme
ing that they correspond to the same actual monitor.

If the multi-hop BGP session between a monitor and the col-
lector is broken and re-established (session reset), tmtonae-
announces all its known paths, producing large bursts oatgsd
This is a local artifact of the Routeviews measurement &tfte-
ture, and does not represent genuine routing dynamics. @/ghas
method developed by Zhang et al. [22] to identify and remqwe u
dates caused by session resets.

We use topology and AS classification data to evaluate oueinod
in Section 5. This data comes from our previous work [4], Whic
used a machine learning decision tree classifier to clagsys
into four classes in terms of their function and busines$sge&n-
terprise Customer (EC), Small Transit Provider (STP), eaftan-
sit Provider (LTP), and Content/Access/Hosting ProvideAKiP).
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Figure 1: Churn over time in IPv4 (top) and IPv6 (bottom),
measured as the average number of daily updates received fro
each monitor over a week. The AT&T* and NTT* time series
are obtained by removing updates related to non-stationarpe-
riods from the AT&T and NTT raw time series respectively, as
described in [7].

4. COMPARING CHURN EVOLUTION IN
IPV4 AND IPV6

Figure 1 shows the raw BGP churn time series for IPv4 and IPv6
respectively. Each point on the plot is the average numbdaiby
updates received from that monitor over the course of a wéék.
also examined hourly and daily aggregates of updates, amdifo
the same growth pattern persisted at these different gueties,
albeit noisiert. Our goal is to study the evolution of update churn,
but long-term trends in IPv4 churn can be difficult to spot thuthe
presence of non-stationary periods, causing jumps in dilyn
that lasted for weeks or months, such as for AT&T from Jan®4 t
Jun’05 and for NTT from Sep’07 to Dec’07. These periods ate us
ally caused by misconfigurations or other monitor-speciients
(e.g., flapping), and are not related to the long-term eiaiuof
churn. We reuse results from our previous work to analyze the
AT&T and NTT time series after removing updates related &s¢h
periods. The filtered time series are shown in Fig 1 (top paael
AT&T* and NTT*. We refer the reader to [7] for a detailed discu
sion about the non-stationary periods and their removan ftioe
AT&T time series.

We observe two distinct differences between IPv4 and IPv@BG
dynamics. First, the growth trends are qualitatively défe in
IPv4 and IPv6. Second, IPv6 churn exhibits more similarityoas
monitors than IPv4 churn. We quantify these differencefiére-
mainder of this section.

Churn growth trends

To examine the difference between the growth of churn in IPv4
and IPv6, we divide each time series into two segments. Téie fir
starts on January 1, 2004 and ends on June 30, 2008, while the
second starts on July 1, 2008 and ends on December 31, 2011. We
then compute the ratio of average daily churn in the last girtims

of a segment to that in the first six months of the same segment.
We denote this ratio a&'. The IPv4 time series shows simil&f
values for both segments. Averaging across monit@rs 1.45 in

the first segment and 1.47 in the second, indicating thatrérelt

"We show the weekly average of daily churn to avoid visuaketut
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Figure 2: Churn growth in relation to topology size in IPv4
(top) and IPv6 (bottom). BGP churn, in both IPv4 and IPv6,
grows linearly with the number of ASes.

of churn growth in IPv4 has not changed significantly betwtben
first and second half of the measurement duration.
the other hand(7 is ~ 1 in the first segment (denoting no growth),
while itis 9.67 in the second segment, almost an order of iihadm
higher. This confirms that the trends in IPv6 churn evolutoa
qualitatively different from those in IPv4.

Similarity across monitors

We use Kendall's- rank correlation coefficient [9] to estimate the
extent of correlation in daily churn between all pairs of teeye
points in IPv4 and IPv6 respectively. The IPv4 pairs exHiltie
correlation;r < 0.4 for all pairs. The IPv6 pairs, however, demon-
strate strong positive correlation with> 0.5 for seven out of the
ten pairs. This is likely because the IPv6 topology is muchlim
and thus provides less isolation (i.e., routing changekhaive a
larger scope of impact).

Churn as a function of topology size

Churn in IPv4 and IPv6 grows at different rates, but so do tire u
derlying topologies. The IPv4 topology now grows lineavigile
the IPv6 topology grows exponentially, as shown in [5]. Te un
derstand how churn has evolved with respect to network siee,
track growth in the number of updates, normalized by the sfze
the underlying AS topology. To calculate this metric, we thia to-
tal number of updates per day into three-month windows, fired t
median daily churn for each window, and divide it by the agera
number of ASes in the graph during that time window. Figure 2
plots this metric for IPv4 (top) and IPv6 (bottom). In IPvAsth
number has remained mostly stable since Jan 2004 &tto 3
updates per AS.

In IPv4, except for the AT&T and NTT monitors, this metric-sta
bilized in 2006 at- 5 to 8 updates per AS. Other monitors that peer
with the Oregon-IX collector show similar behavior. We comied
that the discrepancy in AT&T and NTT is due to the presence of
non-stationary periods as mentioned previously. The AT &ifte-
series, that is obtained after filtering out these perioldews a ra-
tio of 5 updates per AS. Similarly, the filtered NTT* time =i
exhibits a stable ratio betweéhand 8 starting from 2006. We
emphasize that this stability does not imply that differesatitage
points experience the same level of churn. It means thahceen
by different vantage points grows linearly as a functionopidiogy
size. In fact, different vantage points experience varyawgls of
churn depending on their topological location (i.e., diet net-

In IPv6, on

works have different sets of neighbors) and configuratiofbe
ratios in Figure 2 illustrate this fact. For instance, gitbat there
were abouB8 K ASes at the end of 2011, a variation in the number
of updates per AS between 5 and 8 means that our vantage points
experienced daily churn levels betweEd0 K updates and04 K
updates.

Our analysis reveals th8GP dynamics measured in relation to
the topology size in IPv4 and IPv6 are qualitatively simikard the
number of updates grows at the same rate as the number of ASes
However, we still lack an explanation of why this is so, anavbly
the multiplicative constants turn out to be between 5 and &4
and between 2 and 3 for IPv6. Hence, a model that breaks down
the observed churn into easily measurable parameters ¢asthe
mental for answering these questions. Such a model is iupiort
in two respects. First, it acts as a tool for estimating theeeted
sustained level of churn given the values of a few topoldgoal
routing parameters. Hence, it can help predicting churel$avhen
these parameters vary, as well as detecting anomalous jarttpes
sustained level of churn. Second, it can be used as an eohahati
tool for explaining the elementary factors behind BGP chamd
their contribution to the overall picture. We develop sudimaple
model for BGP churn in the next section.

5. DISSECTING BGP CHURN

BGP churn results from a complex interaction that involv&B
configuration, the interdomain topology, and routing iecits. To
understand the dependence of churn on these propertiesgwe d
velop a simple approach that dissects churn into a set ofitaersts.

At a high level, BGP routing is a collection of prefixes and ASe
In terms of dynamics, however, we can view it as a collectifcace
tivity units. An activity unit is a single prefix or a group ofgdixes
originated by the same AS and share a common routing fatg, i.e
whenever a BGP update is received for one prefix in the agtivit
unit, updates for all other prefixes in that activity unit aeeeived
as well. An activity unit is different from a BGP policy atorf][
which is a group of prefixes that share the same AS path. IndHct
activity units are atoms but not vice versa; prefixes mayestize
same AS path but differ in the router level path and consetyuen
have different fates. To estimate the average number oftepda
U(T) in a time window of lengthl’, we need to quantify the fol-
lowing:

1. The average number of activity unidshat undergo a change
inT.

2. The average number of timasan activity unit experiences
a change i7"

3. The average number of updateés observed following a
routing change to an activity unit.

U(T) can be expressed formally as
U(T) = AnUx @)
In the remainder of this section, we investigate and quaeiifch

term that contributes to'(7") in Equation 1 above.
5.1 The activity unit

The average granularity of an activity unit, denoteduasep-
resents the average number of prefixes of the same origin &S th
share a common fate. We believe thathanges over relatively
large time spans (months or years), because it is relatezlitmg
practices followed by network operators. Therefore, wesussu
using four snapshots from each year in our study period. ényev
year, we use all BGP updates observed in February, May, Augus
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Figure 3: The average size of the activity unit from the perspc-
tive of the 11J monitor. IPv4 (top) and IPv6 (bottom). In IPv4 ,
except for LTPs, ASes of different types mostly act as a sing|
unit. In IPv6, ASes of all types act a single unit.

and November. To measufe we start by grouping together up-
dates for the same prefix that are temporally close to eadr,oth
and refer to these avents The rationale is to cluster updates that
are likely triggered by the same underlying routing charje.em-
ploy the prefix event definition suggested by Wu et. al [21]:0Tw

updates for the same prefix are part of the same event if the tim

interval between them is not more than 70 seconds.
After identifying all single prefix events, we investigabettem-
poral correlation between events affecting prefixes thataaigi-

After grouping prefixes into different activity sets, we @ahte
for each origin ASi the largest fraction of prefixes that frequently
change together, denoted s Next, we compute the average of
fi across all ASes of the same type. The top panel in Figure 3 il-
lustrates the average maximum fraction of prefixes that ghao-
gether for different AS types in the IPv4 topology, while tbeer
panel shows the same for IPv6. A larger fraction indicatesaaser
granularity (i.e., more prefixes originated by the same A&nge
together). Both plots are from the perspective of the 11J itoon
other monitors show similar results, which we omit due tocepa
constraints. We observe that for IPv4,is becomingfiner (de-
creasing fraction in Figure 3) over time across all AS typgdso, 1
becomes coarser (increasing fraction in Figure 3) as we rinoxe

nated by the same AS. Assume that we record prefix events thatLarge Transit Providers to Enterprise Customers. The firemg

affect prefixe P1, P, Ps, ..., P), which belong to the same AS,
at times(t1, t2, ts, ..., t») in an ascending order. We traverse the
event list and assign every two consecutive prefides {, P;) to
the same activity set ift;+1 — t;) < The seconds. We séthe

to 60 seconds (i.e., about two MRAI timer intervals). Snrala-
ues may lead to false negatives, since the MRAI timer careass
the spacing of outgoing updates that are initially spaced Bgw
seconds to a full MRAI timer interval. Settiifjhe to a bigger
value in the order of minutes can result in false positiveisT
process leaves us with multiple activity sets. As a first,ste@
remove all redundant sets. The remaining sets, however,noiay
be disjoint. For instance, an IGP change inside the monit®r A
can trigger a change in preferred egress points. This leatiset
re-announcement of all prefixes belonging to the same oA@n
at about the same time. Consequently, our approach wilepdc
these prefixes in one activity set. We therefore, follow aseon
vative approach to prune superfluous correlations. Ourcagbr
compares each activity set to all other sets to identify compre-
fixes. We then remove these common prefixes from the largigr act
ity set if their fraction is less thaifih; of its size. More formally,
when comparing two set$; and.S; where|S;| > |S;|, we remove
all prefixes that belong t& = {p|p € S; andp € S,} from S;

if % < Thy, otherwise we remove them frosy; we setT'hy

to 0.8. In other words, the common prefixes are removed fram th

bigger activity set, unless they constitute 80% of its mensiip.
Hence, our approach is very conservative in grouping prefixe
the same activity set. This way we obtain disjoint activigyssand
minimize the membership of each set by limiting it to the desl
number of prefixes that appear to change simultaneously.

We experiment with different values @fhe andT hy to check

larity for LTPs is expected since these networks serve & lamgn-
ber of non-BGP speaking customers, operate in larger gpbigia
areas, and may advertise different prefixes in differeribreg It is
thus natural that a smaller fraction of their prefixes shieesame
fate. Most (92%) ASes in the Internet according to our ASsitas
fication are ECs, and hence we can safely approximatsing the

fi for ECs. The upper panel in Figure. 3 demonstrates thétr
ECsis~ 0.95 —meaning that virtually all prefixes originated by an
EC change together. We also investigated the distributiofy tor
ECs. The median is one throughout our study period, and tste fir
quartile is over 0.9 in two thirds of the snapshots and alvianger
than 0.81. Furthermore, the lower panel in Figure. 3 showkf6
and across AS types that prefixes originated from the samecAS a
on average, as a single unit. This is plausible since IPv@taao

is still in early stages with little traffic, which nullifiesé need for
sophisticated routing strategies (e.g., traffic engimegriBased on
these observations we conclude that virtually all prefixégimated
from the same AS, in both routing systems, act on averageias a s
gle unit. Hencethe total number of activity units is equal to the
number of ASes

5.2 How many activity units?

Having established that prefixes originated from the same AS
usually act as a single activity unit, the next question i neany
ASes are seen active in a time window of lengthin other words,
what is the average number of unique origin ASes we receive ro
ing updates to il". To answer this question, we analyze BGP up-
dates between February 1st and May 1st in each year of our stud
period 2. We identify the origin AS of each updated prefix and

2 For 2012 we consider the period from mid-November 2011 to the
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Figure 4: The average fraction of origin ASes with updated
prefixes over time in IPv4(top) and IPv6 (bottom), from the
perspective of the HE monitor. The inset plots show the dis-
tribution of this fraction measured per day A4, hour A, and

minute A, in a typical month.

then count the unique number of origin ASes seen every minute
hour, and day. We hypothesize that this fraction will desesaver
time due to topological densification [4] which makes a rdets

central, limiting the impact scope of routing changes.

Figure 4 shows the evolution of the average daily fraction of
uniquely updated origin ASes for IPv4 (top panel) and IPwogvér
panel). The mean shows a clear decreasing trend, confirniing o
hypothesis. Furthermore, the IPv4 and IPv6 values are cahlga
suggesting that there are no fundamental differences ifikéle
hood that a destination experiences a routing change. Eaction

shows a decreasing trend, albeit with different rates ofeese.

The inset plots show the distribution of uniquely updatedior
ASes measured per minutd.(,), hour(4;), and day @,), respec-
tively. A,, demonstrates greater variability over several orders of
magnitude. The variability decreases as we incréaseA, for
instance, exhibits clear symmetry around its mean with mmathi
variability. These distributions remain stable over thargeand

only shift towards the left as a result of a decreasing mean.

5.3 How many times is an AS active inr?
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Figure 5: Multihoming degree over time (top) and average péh
length over time (bottom).

causing a larger likelihood of repeated failures for thoSeé We
plan to investigate this point more closely in future work.

5.4 Activity magnitude

The last variable in our model is the average number of ugdate
Ua observed following a routing change to an activity unit,,i.e
how many updates do we expect to see following a routing ahang
towards a destination AS? This question can be split intogarts.

First, how many prefixes does an AS announce on average? Sec-
ond, how many updates do we observe on average following a sin
gle prefix event Uz)? Multiplying these two quantities answers
our initial question.

Prefixes per AS

We find that the average number of prefixes per AS grows slawly i
both routing systems. In IPv4, this number grew by 24% froén 7.
in 2004 to 9.7 in early 2012. In the same period, the routildeta
size and the number of ASes grew by 204% and 145% respectively
Interestingly, the average number of prefixes per AS shom#asi
growth in IPv6, where it grew by 23% from 1.3 in 2004 to 1.6 in
2012. The routing table size and the number of ASes grew glurin
the same period by 1969% and 1639% respectively. The number
of prefixes and the number of ASes grow linearly in IPv4, anithbo
these quantities grow super-linearly in IPv6. This caukesab-

The second constituent of our model is the average number of Served slow growth in the average number of prefixes per AS for

timesn that an AS is active ir¥". To estimaten, we count the
number of prefix events per day for prefixes originated by #mees

both IPv4 and IPv6.
Average number of updates per prefix event{Uz)

AS for every day between February 1st and May 1st in each year The average number of updates per prefix evéntis directly re-

in our study period. We then divide by the average number of

lated to the path vector nature of BGP, unlike the granylaoft

prefixes per AS to get an estimate of how many times an origin AS the activity unit and the average number of prefixes per ASghvh

is seen per day, and next average across all origin ASesrséeat i
day. We limit this analysis to ECs because of their coarsegigct
granularity as shown in Section 5.1. Finally, we calcul&i me-
dian of average daily values. The median is more suitable agr
opposed to the mean since it is more robust to outliers caged

highly active prefixes [18].

In IPv4, the number of times an origin AS is seen per day is
between 1.1 and 1.4. In IPv6, however, this number fluctuatas
wider range between 2 and 7.5. This implies that IPv6 rousng
~ 6 times less stable than IPv4. Interestingly, this suggéstisthe
IPv6 routing system, though qualitatively similar to thatliev4,
is less stableA plausible explanation is that the IPv6 deployment
for some organizations may be experimental (“non-produat}i

end of our study period in mid-February 2012.

depend on how networks are engineered and how IP addresses ar
allocated. Before measuririgz, we develop a simple expression
for the magnitude o/ in terms of the properties of the underlying
topology.

Assume that we have a routing monitor at the top of the AS-
level hierarchy observing the activity of a prefix origindtey a
stub AS®. The monitor and the origin AS are, on averabjbpps
apart, wherd is the average AS path length seen from the moni-
tor. Assuming for simplicity a strict hierarchical strustuthere are
[ — 1 transit ASes between the origin and the monitor ASes. The
average number of paths available at the monitor can be ®ppro

3Most of the route monitors we have used to measure update chur
in Section 4 are indeed high-degree ASes, and are thus reseopth
of the AS-level hierarchy
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Figure 6: Average updates in a prefix event from the perspec-

tive of the HE monitor
mated as

Avg Updates per event

Pa = dcd]\g/171 2
wheredc is the average provider degree of stubs @nd is the
average provider degree of transit providers.

When a route to a prefix changes, BGP starts exploring avail-
able alternate paths until it converges to a new route, optetely
withdraws the affected prefix. The alternate paths are hbksed
on their preference and explored accordingly. A low rankethp
may never be explored if the decision process picks a higimed
alternative or if it is withdrawn earlier during the converge pro-
cess. Thus, due to the path vector nature of BGP, the liketiho
of exploring a path decreases as its rank increases. Toreapig
effect, we assume that the likelihood to explore tffepath ()
is inversely related to its rank. More precisely; is equal toC; /7,
where(C; is a multiplicative factor that is function in the rank of
thes*" path. Note that the expected number of explored path is di-
rectly related toUg. Equation 3 gives an estimate B seen by

our monitor above.
Pa C
= E = 3
ve i=1 i ( )

The contribution of the numeratdar; varies depending on the
type of routing change. In transient changes it diministoeddw
ranked paths, because BGP quickly converges to an altesrtth
that is highly ranked. It is, however, more important in fogt
changes that end with a withdrawal of the affected prefixcesin
many alternative paths are likely to be explored. Given thast
routing changes do not lead to the complete withdrawal ofea pr
fix [19], we assume that the likelihood to explore a path isntyai
determined by its rank and thus ignore the contributio@’pfThe
summation in Equation 3 is a partial sum of harmonic serias th
converges tex in(Pa) + v for a largei, v = 0.5772 is called the
Euler’s constant. SubstitutinBa from Equation 2 gives:

Ug =~ In(dc) + (I — D)in(da) + 4)

The top panel in Figure 5 shows the evolution of provider degr
for ECs @dc¢) and STPsdas) in IPv4 and IPv6. The bottom panel
illustrates the evolution of the average path length. Thellsmea-
sured value ofl in both IPv4 and IPv6 suggests that it has limited
influence onUx. Ug grows as the logarithm afy;, andds grew
from 3 in 2003 to 4 in 2011. Consequently, the influencel gf
on Ug increased only marginally, from 1.1 to 1.3. Hen¢€g; is
mainly influenced by the average path lendth; ~ [ — 1.

Figure 6 shows the evolution of the measured average nunfiber o
updates in a single prefix event from the perspective of theiHu
cane Electric (HE) monitor. We omit the graphs for other ransi
(which show similar values) due to space constraints. Taifoc
on routing changes that involve path exploration, we onlyséaer
prefix events that include at least one AS-PATH change. @ |Pv
this number mostly oscillates between 3 and 3.5 updatesrpéx p
event. This matches our approximation, which predictsttiaav-
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Figure 7: Validating churn dissection
path length was between 4 and 4.5 before 2008 and has drapped t
around 3.8 since. The approximatiéfh; =~ [ — 1 thus holds for
both IPv4 and IPv6, indicating that the simplifications matieve
have little effect on the approximatddz. Hence, when averag-
ing over a large number of events, the likelihood to explopath
is mainly determined by its rank and that the contributiorthef
numeratorC’; evens out.

5.5 Putting things together

In the previous subsections, we have measured the average gr
ularity of the routing activity unit, then estimated andified our
model’s constituents empirically. Next, we proceed to &heleether
our model captures the observed stability in the sustaies bf
churn with respect to the topology size. We start by settirg t
length of the time windov” in Equation 1 to one day, then divide
both sides of the equation by the number of ASes present in the
routing system per day. The equation can be re-written as:

Ua(d) = AqgnUa (5)

WhereU, (d) is the number of daily updates per A8, is the
average daily fraction of uniquely updated origin ASesis the
number of times an origin AS is seen active per day, @nds the
average number of updates we expect to see following a gutin
change towards a destination AS. Note that we have empyrical
quantified A4 andn in Section 5.2 and Section 5.3 respectively.
Furthermore, we have shown analytically in Section 5.4 that
can be expressed @%.(I — 1), whereP,; is the average number
of prefixes per AS andlis the average AS-PATH length. Based on
this we can re-write Equation 5 above as follows.

Ua(d) = AanPus(l = 1) (6)
Finally, we estimaté/, (d) by substituting the measured values
in the previous subsections back into Equation 6. Figureowsh
the estimated/, for IPv4 and IPv6.U, is between 5.8 and 7.5 for
IPv4, while it is between 1.5 and 3.2 for IPv6, closely matghtihe
actual values measured in Section 4.

6. DISCUSSION AND CONCLUSIONS

The Internet’s interdomain routing system has grown anti/edo
tremendously over the last two decades, increasing cosedrout
possible scalability limitations. Although worries abdbe scal-
ability with respect to dynamics were shown to be overblo®n [
11], the reasons behind the slow growth of update churn resdai
unexplained. Also, BGP dynamics in the IPv6 Internet wergdly
not studied. We presented a model that dissects BGP update ch
into its principal components. Our model is the first to esp@GP
churn in terms of four feasibly measurable properties of tlting
system. Hence, it can be used both as an educational and mea-
surement tool to explain and monitor the factors behind B@Rrc

erage number of updates should be one less than the avetthge pa and their interplay. Our findings confirm that IPv4 and IPv6BBG
length; figure 5 shows that the average IPv4 AS path length hasdynamics areharacteristically similay in that the growth trends

been between 4 and 4.3 since 1998. The average number oéapdat
in IPv6 has remained stable at around 3, while the averageABv

match those of the underlying topologies. But, the IPv6rheeis
less stable than IPv4; we see up to 6 times more routing epents



origin AS per day in IPv6. Our model identifies several fastiiat
affect the observed routing dynamics. It will be interegtio mea-
sure how these factors evolve, and then use our model toastim
the impact of that evolution on BGP churn.

Prefixes of the same AS mostly share the same fat&Ve find,
empirically, that all prefixes for a majority of ASes share game
routing fate, thus acting as a single atomic unit. In the rigar
ture, however, IPv4 run-out and IP address transfer madcetkl
make the routing system more fragmented, meaning that degsmal
fraction of prefixes from the same AS may share routing fate.
Prefixes and ASes grow in a qualitatively similar fashion.The

number of ASes and the number of prefixes grow linearly in the

IPv4 routing system. Both numbers, however, grow supeality
in the IPv6 routing system. This makes the average numbeieef p
fixes per AS increase at a pace order of magnitude slower tigan t

number of prefixes and ASes. Consequently, the average magni

tude of activity that an AS contributes remains small coragan
the overall growth in the routing system. Prefix deaggregatind

IP transfers may cause an increase in this metric.

The stability of the average AS path length, multihoming, aml
densification. The extent of BGP path exploration is mainly deter-
mined by the depth of the hierarchy. A stable average patithen
results in convergence sequences with a stable length. hir ot
words, the prefix activity footprint remains, on averageaimant

over time. The average AS path length (as measured from Route [12]

views/RIPE monitors) has largely been stable over timesiypre

ably due to alensificatiorprocess that increases the average degree [13]

in the interdomain topology [4]. Increasing multihoming aimy
in the core — increases the number of available alternatespand
also limits the impact scope of routing changes. This isrblea
captured by the decrease in the fraction of unique activesA8en
from our vantage points. The average path length, multihgmi
trends, and densification are the result of complex interection
incentives of ASes which could change over time, thus dffgct
routing scalability.

Going forward, this work can be extended in several direstio
Setting up a system to continuously monitoring the conestits of
our model can help tracking and predicting changes in thaiisiesl
level of churn. Such changes might happen in the foresea#hle
given the unanticipated effects of the impending exhanstfathe
IPv4 address space. Itis also interesting to investigatethe ob-
served stability in churn with respect to the topology sizarges if
the properties of the routing system change. We also platutly s
the origin of the measured difference in stability betweRvd and
IPv4.
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