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Modeling the Adoption of new Network Architectures

Dilip Joseph

Abstract

We propose an economic model based on user utility
to study the adoption of new network architectures
such as IPv6. We use analysis and simulation stud-
ies to understand the role of various factors such as
user and network benefits, switching costs, and the
existence of converters on new network architecture
adoption. We find that carefully engineered convert-
ers, that offer a new network architecture user with
partial benefits of the existing network architecture,
hasten the adoption of the new network architecture.

1 Introduction

IPv6 has not achieved widespread adoption even af-
ter over a decade of existence. Neither the loom-
ing threat of IPv4 address exhaustion, IPv6’s close
resemblance to IPv4 nor the widespread availabil-
ity of dual stack IPv4+IPv6 operating systems has
spurred IPv6 onto the mainstream Internet [2]. In
the meanwhile, the networking research commu-
nity has proposed many more new network architec-
tures [3, 9], some of them radically different from
IPv4 and some without clear transition and deploy-
ment mechanisms. What factors will aid the deploy-
ment of these new network architectures? In this re-
port we construct a model of new network architec-
ture adoption and analyze this question from an eco-
nomics standpoint.

Our model is based on the user utility concept. A
user represents a single individual or an entire orga-
nization. A user of a particular network architecture
receives standalone benefits which are unaffected by
the presence or absence of other users, as well as
network benefits arising from the ability to commu-
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nicate with other users of the same architecture. A
user can switch to a new network architecture that
offers better utility or can adopt a converter that pro-
vides partial benefits of the new architecture while
still remaining with the old architecture. We math-
ematically analyze the model from the standpoint of
aggregate utility of all users in the system in order to
understand the impacts of new network architecture
adoption on the society as a whole. As the decision
to adopt a new technology is in practice made by an
individual user, we also study the system dynamics
from the perspective of an individual user via math-
ematical analysis and simulations.

The analytical and simulation studies confirm
some of the obvious and intuitive observations about
new network architecture adoption. For example,
higher the standalone benefits offered by the new ar-
chitecture, the faster is its adoption. Adoption of a
new network architecture happens faster if users get
the news about other users adopting the new archi-
tecture more quickly. Our study also exposes some
non-obvious results and observations about new net-
work architecture adoption. For example, adoption
of a new network architecture stalls if the network
effects do not fall within an upper and lower bound
determined by the current network conditions. An-
other example is that increasing the efficiency of con-
verters sometimes slows down the adoption of a new
network architecture rather than quickening it. Some
of the key insights revealed by the analysis and sim-
ulation study are as follows:

e New network architecture adoption needs to
withstand a period of decreasing total system
utility till a critical mass of users is reached.
Incentives from the government or an industry
champion can encourage users to adopt the new



architecture and expedite the attainment of crit-
ical mass.

e Converters aid the adoption of new network ar-
chitectures by reducing the loss in total utility
before critical mass is attained. However, con-
verters may be detrimental to complete adop-
tion of the new network architecture unless they
are carefully designed and engineered.

e Adoption of a new network architecture hap-
pens faster if users get the news about other
users adopting the new architecture more
quickly.

e New network architecture adoption stalls if the
network effects do not fall within an upper and
lower bound determined by the current network
conditions.

We describe these and other results in detail in
Sections 4 and 5.

This work is only an initial step in studying the
adoption of new network architectures. Our eco-
nomic model is very basic. The parameter values
used in the analytical and simulation studies do not
directly map on to real world numbers. We discuss
these and other limitations of our work in 6.

2 Reated Work

Adoption of new technologies and products has been
extensively studied in Economics (For example, [6,
5]). Adoption of new network architectures is similar
to the adoption of any new technology in many ways
- for example, switching costs and network benefits
are important to both. However, there are some im-
portant differences. In most new technology adop-
tion scenarios, there are multiple organizations com-
peting with each other to further one particular tech-
nology. The adoption of the new technology depends
on how these organizations compete with each other
on price and features. For new network architectures,
especially in the case of IPv6, there are no oppos-
ing organizations, each pushing its own technology.
Opposition to a new network architecture will come

from organizations unwilling to foot the switching
costs.

There have been few papers which study the adop-
tion of new network architectures. [2] estimates the
progress and costs of IPv6 adoption based on inter-
views with infrastructure providers, application ven-
dors, ISPs and users. We propose a general user-
focused model for new network architecture adop-
tion and study it using mathematical analysis and
simulations. The Internet Standards Adoption (ISA)
framework proposed by [7] identifies usefulness of
features and ervironmental conduciveness as the fac-
tors influencing the mode of adoption of a new Inter-
net standard. These factors are similar to the stan-
dalone utility and network benefits considered in our
model. However, [7] uses case studies to construct
and illustrate the model and does not perform an an-
alytical or simulation study. Unlike [2] and [7], our
report focuses on the role of converters in the adop-
tion of new network architectures. In [4], the au-
thors model and simulate the adoption of secure BGP
protocols and define the switching threshold as an
adoptibility metric. Our report models adoption of
generic new network architectures instead of a sin-
gle class of protocols.

3 Modd

Our model to study the adoption of new network
architectures is based on the utility or benefits of-
fered by the network architecture to a user. We be-
lieve that individual consumers and organizations,
and Killer applications enabled by new network ar-
chitectures will be the key drivers for new architec-
ture adoption [2]. Hence, a user in our model rep-
resents an individual consumer or an organization,
and not ISPs or infrastructure vendors. A user of a
particular network architecture receives two types of
benefits: (i) Standalone benefits which do not depend
on the presence or absence of other users of the same
architecture. For example, an IPv6 user derives stan-
dalone utility from the vast address space and auto-
matic host address configuration provided by IPv6.
(i) Network benefits derived from the ability to com-
municate with other users of the same architecture.



For example, i3 [9] users benefit from the ability to
communicate with all other i3 users. Our model con-
sists of IV users, each of whom has adopted either
network architecture A or B. Network architecture
A represents the incumbent architecture (for exam-
ple, IPv4) and B represents the new architecture (for
example, IPv6 or i3). Fraction x4 of the IV users in
our model are users of architecture A, while the frac-
tionxp = 1 — x4 are B users. Table 1 describes the
notation used in this report.

An A user switches to B if B offers higher util-
ity than A even after accounting for switching costs.
Rather than making a complete switch from A to B,
an A user may also choose to remain with A and use
an AB converter. An AB converter provides a por-
tion of the standalone and network utility offered by
B to an A user. An IPv4-1Pv6 gateway and client side
software like the Hexago Gateway6 client [1] are ex-
amples for IPv4-1Pv6 converters. OCALA [8] is a
generic converter for new network architectures. A
fraction x 45 of A users run AB converters; A frac-
tion x g4 of B users run BA converters. We assume
that converters are two-way, i.e., an AB converter en-
ables an A user to communicate with all B users and
also enables all B users to communicate with A users
running an AB converter.

The utility enjoyed by an A user who does not use
an AB converter, i.e. an AONLY user, is given by:

Usonty = @a + fNzg+ BN2zpazp(l —qa) (1)

a4 is the standalone benefit provided by A. Nz 4
is the network benefit due to the ability to commu-
nicate with the Nx 4 A users. For model simplic-
ity and ease of analysis, we have assumed the com-
monly used linear model of network effects [6], with
a single parameter 3 controlling the importance of
the network effects. SNzpazp(1 — qa) is the net-
work effect benefit due to the Nxg4x 5 B users who
have adopted BA converters. A BA converter does
not offer full compatibility with A. Hence an A user
communicating with a B user who has adopted a BA
converter receives only a fraction (1 —q4) of the net-
work benefits of communicating with an A user.

Similar to Equation 1, the utility enjoyed by a B
user who does not use an BA converter, i.e. a BONLY

user, is given by:
UBonly = ap + BNxp + BNz apra(l —qB) (2)

The utility enjoyed by an A user who uses an AB
converter, i.e. an AB user, is given by:

Uap = (1-ra)(aa+BNza)+OBNzp(l—gp)+tpap
(©)

Parameter r4 captures the potential degradation
caused by an AB converter on the utility offered by
A. For example, a user running the OCALA proxy to
communicate with i3 users may experience slightly
increased latencies for regular IPv4 communication
due to the packet interception and processing per-
formed by the OCALA proxy.

For simplicity, we treat all B users (both BONLY
and BA) alike and apply only a single degradation
factor (1 — g ) on the network benefit due to B users
contactable via the AB converter. In addition to the
ability to communicate with B users, an AB con-
verter can also provide an A user with a fraction (¢ )
of the standalone benefits offered by B. For example,
the OCALA proxy provides i3-style mobility support
to a user’s applications, while enabling communica-
tion with other i3 users.

Similar to Equation 3, the utility enjoyed by a B
user who uses a BA converter, i.e. a BA user, is
given by:

Upa = (1-rp)(ap+0BNzp)+BNza(1-qa)+taca

(4)

The total utility enjoyed by all the users in the sys-
tem is given by the following expression:

TU = N(1 — 2aB)T AU ponty + N apraUap+
N(1 —2pa)rUBonty + NxparpUpa

Q)

4 Mathematical Analysis

In this section, we analyze the model formulated in
the previous section to quantify the impact of vari-
ous parameters on the adoption of the new network
architecture B. We first study the case when all users



A Incumbent network architecture (e.g. 1Pv4)
B New network architecture (e.g. IPv6)
A(B) user A user of architecture A(B) with or without an AB(BA) converter

AONLY (BONLY) user

An A(B) user not using an AB(BA) converter

AB(BA) user

An A(B) user who uses an AB(BA) converter

N Total number of users in the system

I} Parameter controlling the magnitude of network effects
x4 (zB) Fraction of the IV users who are A (B) users

B (xBA) Fraction of the A (B) users with AB (BA) converters
a4 (ap) Standalone utility offered by architecture A (B)

(1 —qa) (O —gqB))

Fraction of network benefits of A (B) offered by a BA (AB) converter

ra (rp)

Degradation in utility offered by A(B) due to AB (BA) converter use

ta (tB)

Fraction of A(B) standalone utility provided by a BA (AB) converter

Table 1: Notations used in this report.

collectively make the switching decision in order to
maximize the total utility of all users in the sys-
tem. We then study the case where a user makes the
switching decision purely to maximize his individual
utility.

4.1 Analysis of the Total Utility

Studying the model from a total utility standpoint
helps us understand the impacts of new network ar-
chitecture adoption on the society as a whole. Max-
imizing the aggregate utility enjoyed by all users is
a desirable social goal'. Maximizing aggregate util-
ity usually requires coordinated action by all users.
One way to attain coordinated action is through gov-
ernment mandate. The total utility of the system de-
pends on the number of users of each kind. We sim-
plify our analysis into 4 distinct cases: (0) AONLY
users, (2) AONLY and BONLY users, (2) AB and
BONLY users, and (3) BA and AONLY users.

Our analysis leads us to two main observations.
First, as expected, there is a period of decreasing to-
tal system utility associated with the adoption of a
new network architecture. Government intervention
and economic incentives may be needed to achieve
a critical penetration level. Second, while convert-
ers aid the adoption of new network architectures in

1Except in cases where there is gross inequality in distribu-
tion of utility among different users.

the initial phase, they may be detrimental to com-
plete adoption if they are “too good”. This observa-
tion advocates a controversial strategy of intention-
ally keeping the standalone utility of the converter
low to promote complete adoption of the new archi-
tecture.

411 Case0: AONLY users

In Case 0, we assume that everyone in the system
uses A alone, i.e. 4 =1, 24 = xpa = g = 0.
The total utility of the system is given by:
TUOZNOZA+N2/8 (6)
Unsurprisingly, the total utility increases with in-
creasing V.

412 Casel: AONLY and BONLY users

When no AB and BA converters are available, all
users in the system are of type AONLY or BONLY,
i.e. zap = xpa = 0. We study the total utility
under different system conditions as the fraction of
B users varies.

The total utility is at its minimum when the frac-
tion of B users, xg, equals % + O‘IZ&E‘B. If tech-
nologies A and B have equal standalone utilities, i.e.
as = ap, then the minimum utility occurs when

there are equal number of A and B users.




In the initial phase of B adoption (when zp
is low), adoption is infeasible from a total utility
standpoint—the system as a whole has to bear a util-
ity hit of up to 25% of the current utility in order
to go past 50% B penetration. If the system can be
coerced to go beyond 50% B penetration, adoption
of B becomes feasible and proceeds automatically as
the total utility keeps increasing when users switch
from A to B. Hence, overcoming the initial switching
threshold is crucial. Government intervention to co-
erce A users to switch to B and economic incentives
to offset the initial loss in utility can aid in achieving
the critical penetration level. The critical penetra-
tion level required and the loss in utility decrease as
the relative superiority of B over A increases. Fig-
ure 1 shows that penetration threshold is 37.5% and
the maximum utility loss is 14% when the standalone
utility of B is 1.5 times that of A. Thus higher the
standalone benefit offered by B, easier is its adop-
tion.
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Figure 1. Total utility for different standalone utili-
ties of B

Figure 2 shows the impact of network effects in
Case 1. As N3 increases, the total utility increases
and the fraction of B users to overcome the trough
increases. The size of the trough also increases - both
in terms of absolute utility and as a fraction of the
utility at zp = 0. This implies that technology B
has a greater chance of adoption when the network
effects are lower.

Figure 2 also shows that the number of users has
a greater effect on the total utility than the network
effect parameter 5. In terms of absolute utility, it
appears to be more difficult to overcome the trough
when there are more number of users than when S is
higher. The increased utility obtained by completely
switching to B is also higher. However, if measured
as a percentage of the utility at zz = 0, the size
of the trough and the increased benefits are identical
when N = 2¢ + 9,3 = le — 6 and when N =
le+9,06 =2e—6.

x 101 Impact of Network Effects
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e
V3/aa = 2.00 .

.

6%, ===N=2e+9, 3 = le6

Total Utility

. . . . . . . . . )
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Tp

Figure 2: Impact of Network Effects (ap /a4 = 1.5)

413 Case?2: AB and BONLY users

In Case 2, we study the system utility when all A
users have deployed AB converters and none of the
B users have BA converters (possibly due to non-
availability), i.e. zap = 1 and zgpq = 0. If
Ua = Uduoniy, there is clear incentive for all A
users to deploy AB converters. The total system util-
ity is minimized (if gz > r4/2) or maximized (if
qp < ra/2) when

. qg—ra aa(l—ra)—ap(l—1tp)
Tp = (7
29 — A 28N (2qB —ra)
Uap >  Usony holds only if zp >

ra(ea+BN)—tpap

AN(I—qpFra) If the AB converter causes no




degradation in the standalone and network benefits
of A, i.e. r4 = 0, then this condition trivially holds
true for all values of 0 < zp < 1.

Let us assume that technology B offers 1.2 times
the standalone benefit of A and the AB converter
does not cause any degradation in the standalone or
network benefits associated with A nor does it pro-
vide A with any of the standalone benefits associated
with technology B. Thus ap/aq = 1.2, 74 = 0 and
tg = 0.

Figure 3 shows the impact of the efficiency (¢p)
of the AB converter. As the converter becomes more
efficient (¢ — 0), the trough in total utility needed
to be overcome before all the users convert to tech-
nology B decreases. The fraction of early adopters of
B required to get across the trough also decreases as
the efficiency of the AB converter increases. In Fig-
ure 3, the system can smoothly move from xp = 0
to xp = 1 without any trough if the AB converter
has efficiency greater than 90%. Thus, from a total
utility standpoint, more efficient AB converters help
in complete adoption of B.
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Figure 3. Impact of AB Converter Efficiency (IV =
10,8 =10"% ag/as = 1.2)

What happens if an AB converter, in addition to
enabling A users to communicate with B users, also
provides an A user with some part of the standalone
benefits associated with B? Equation 7 implies that
as tp increases, a larger number of early adopters of

B is required for the system to overcome the decrease
in utility and move towards full B deployment. In
Figure 4, as tp increases, full deployment of B be-
comes more difficult. The fraction of early adopters
of B required to overcome the trough increases. For
sufficiently large values of ¢ g, full deployment of B
looks impossible. If an AB converter provides a suf-
ficiently large portion of the standalone benefits of
B, then there is no incentive for a user to switch to
technology B.
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Figure 4: Impact of tz (N = 10°,8 =
1075, ap/aa =12, =0.1,r4 =0

When r4 > 2qp, the AB converter imposes a
heavy degradation on the standalone and network
benefits associated with A. Even in this scenario, as
Figure 5 shows, a high ¢z does not aid in the com-
plete deployment of B. It increases the total utility at
xp = 0 and hence reduces the additional utility to be
gained by switching to x 3 = 1. This leads to a con-
troversial question - In order to promote the adoption
of the new technology B, should we on purpose en-
sure that ¢ g is low?

414 Case3: BA and AONLY users

In Case 3, we study the system utility when all B
users have deployed BA converters and none of the
A users have deployed AB converters, i.e. xp4 =
land zap = 0. If Uga > Upgoniy, there is clear
incentive for all B users to deploy BA converters.
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Figure 5: Impact of tz (N = 10°,8 =
107% ag/aa = 1.2,qg = 0.1,74 = 0.21). W
consider only the range 0.06 > xp < 1 in order to
ensure that U < U4 holds.

The total system utility is minimized (if g4 > rp/2)
or maximized (if g4 < r5/2) when

OéA(l — tA) — aB(l — ’I“B)
26N (294 —rB)

Ua = UBonly holds only when x5 < (aAtA +
NB(1—qa))/(NB(1+7rp —qa)). Forrg = 0and
t4 = 0, the condition reduces to zg < 1, which is
true by definition.

Figure 6 shows the impact of the degradation of
the BA converter under conditions similar to Fig-
ure 3 (ap/aa = 1.2, rg = 0 and t4 = 0), which
analyzed the impact of an AB converter. The two
figures exhibit identical trends. This result directly
follows from Equation 5, on substituting appropri-
ate parameter values. Thus, whether we are build-
ing an AB converter or a BA converter, greater con-
verter efficiency increases the widespread deploy-
ment chances of technology B.

Figure 7 shows that increasing ¢4 increases the
total additional system utility attained as more and
more users adopt technology B. Higher values of ¢ 4
aid the widespread deployment of technology B. In
Case 2, we saw that higher values of ¢z hamper de-
ployment of B. Thus, in order to hasten the deploy-
ment of technology B, we should build BA convert-
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Figure 6: Impact of BA Converter Efficiency (IV =
10%, 6 =107°, 52 = 1.2)

ers that offer a substantial portion of the standalone
benefits of A, or build AB converters which do not
offer the standalone benefits of B.
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Figure 8 shows that it is important to minimize any
degradation caused by a BA converter in the stan-
dalone and network benefits associated with B. Full
deployment of B is viable from a total system utility
standpoint as long as r is smaller than a threshold.
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Figure 8: Impact of rz (N = 10,8 = 1075, B=

1.2, g4 = 0.1). We consider only the range zp <
0.9 in order to ensure that Ug 4 < Up holds.

4.2 Analysis of Individual Utilities

The decision to adopt a new technology is often
made by users themselves, while considering only
their individual benefits. In this section, we compare
the individual utilities associated with the different
technology adoption scenarios and study the factors
which promote switching to a different technology.
The main result of this section is that incentivizing
individual users to switch to a new architecture is
easier than coercing users to switch collectively. Fur-
thermore, we show that as converter efficiency in-
creases, the gap between the ease of switching indi-
vidually and collectively widens. As in Section 4.1,
for simplicity, we limit our analytical study to three
distinct cases.

421 Casel: AONLY and BONLY users

In Case 1, we assume that users have deployed ei-
ther technology A or technology B but with no con-
verters, i.e. x4 = xzpa = 0. At a particu-
lar instant of time, a user switches from A to B if
UBonty = Uaoniy +S, Where S is the switching cost.

This holds true if x5 > & + 5=(32-24)  When

Tp = 3+ % the user is ambivalent be-
tween technologies B and A. We call this value of z 5

x 10 Converter Efficiency versus Standalone Benefit Degradation
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Figure 9: Impact of rp (N = 10%,8 = 107, §2=
1.2). We consider only the range zp < 0.9 in order
to ensure that U4 < Ug holds.

the Equivalence Point, x%. The equivalence point is
lowered by a higher value of a.z and by lower net-
work effects (assuming ap > «4) — lesser number
of existing B users are required to encourage more
users to switch to B. If we assume a zero switching
cost, the expression for =% is similar to the expres-
sion for the point of least total utility (Section 4.1.2),
wh = 5 — 24554, Comparing, x5 and x4, we find
that 27, = 2 + “532. Assuming ap > aa, this
implies that we need a lower seed population of B
alone users to entice other users to switch to B in-
dividually rather than collectively. Thus it may be
more rewarding to focus on getting individual users
to switch to B rather than trying to switch the whole
population in one go. This becomes more prominent
if technology B is very superior to A, as the gap be-
tween x; and x% widens. Intuitively, % is smaller
than z7; because x7; takes into account the network
effects between all pairs of users, while =% is very

myopic in scope.

422 Case?2: AB and BONLY users

Now we consider the case when all A users have con-
verters, i.e. xap = 1, and no B users have con-
verters, i.e. g4 = 0. This makes sense only if

; aara—aptg—NpBra ic triv-
Uap > Uy, ie. zp > (—aprr NG This triv




ially holds if r 4, = 0.
A user with an AB converter switches to B if

Up > Uap + S. The equivalence point % =

S ap(l-tp)—aa(l-ra) 4+ 4B=TA  Com-

NBQR2gg—ra) 2NB(29B—7A) 2qp—ra

paring with z7 from Section 4.1.3, we find that

* __ € OlB(l_tB)_OéA(l—T’A) H H
TR = Tp T = NBapora) U_nllke in the case
with no converters, we cannot identify an order rela-
tionship between 7 and x% without plugging in the
various parameter values. For example, if tg = 0
and r4 = 0, then l’ikB_: x%_ + %, rh > 2%
As the converter efficiency increases, gap between
the ease of switching individually and collectively

widens.

423 Case3: BA and AONLY users

Let us now consider the case when all B users
have converters and no A users have converters, i.e.
xpa = land x4 = 1. One reason why z 25 = 0
could be due to the non-availability of an AB con-
verter. x4 = 1 makes sense only if Ug4 > Ug.
This trivially holds true if r5 = 0.

An A user switches to B with a BA converter
if Usa > Ua. The equivalence point is 24 =

A — — aB(lJ;ggL;iig)_tA). Comparing with %
from Section 4.1.4, z}; = «% + GR54. Asin case

2, whether x% is greater or whether x7; is greater de-
pends on the parameter values.

4.3 Take Aways

e Analysis of the total utility of the entire popula-
tion shows a trough in the total utility that needs
to be overcome for complete adoption of B. A
critical mass of early adopters of B is required
to go past the point of minimum total utility in
this trough. Once past the minimum point, sys-
tem dynamics to maximize the total utility lead
the entire population to adopt B.

e Increasing the standalone utility of B (ap) de-
creases the depth of the trough as well as de-
creases the number of early adopters of B re-
quired to go past the trough in total utility.

e Higher network effects (/V3) makes adoption

of B more difficult — it increases the depth of
the trough as well as increases the number of
of early adopters of B required to go past the
trough in total utility. The number of users (V)
has a higher effect on the absolute magnitude of
the trough depth than 5. Both IV and 3 have the
same influence on the trough depth, when con-
sidered as a percentage of the total utility when
all users are AONLY.

Both AB and BA converters aid the adoption of
B by decreasing the trough as well as by reduc-
ing the critical mass of BONLY users required in
the initial population. More efficient customers
are more effective in aiding the deployment of
B.

For speedy adoption of B, an AB converter
should not provide a large portion of the stan-
dalone benefits of B, even in order to offset
any degradation in the standalone benefits of A
caused by using the AB converter. Providing a
portion of the standalone benefits of A ina BA
converter aids the deployment of B.

Complete adoption of B appears feasible from
a total utility standpoint only if the self-
degradation caused by the use of converters is
below a threshold.

The fraction of B users in the total population
at which two different user types offer the same
utility to an individual user is called the equiv-
alence point for those two user types. In the
absence of converters, the equivalence point of
AONLY and BONLY is always less than the min-
imum point in the total utility curve. This means
that it is easier to convince each individual user
to adopt B than trying to collectively move the
entire system past the minimum point in the to-
tal utility curve, i.e. a smaller number of of
early adopters of B is required. There is no or-
der relationship between the equivalence point
and the minimum point of the trough when con-
verters are present. The gap between the equiva-
lence point and the minimum point widens with



increasing converter efficiency. The gap also
widens with increasing ap irrespective of the
presence or absence of converters.

5 Simulation Study

Some aspects of our model, like the switching be-
havior of users in the presence of randomness, are
difficult to study by mathematical analysis alone. We
use a custom simulator to study the behavior of our
model in these complex scenarios. In addition to sup-
porting the observations in the previous section, our
simulation results reveal two key insights. First, the
adoption of a new network architecture accelerates
when users get the news about other users adopting
the new architecture more quickly except when con-
verters are super efficient. Second, the adoption of
a new network architecture may stall, if the network
effects do not fall within an upper and lower bound
determined by the current network conditions.

Each user in our simulation study closely resem-
bles the user model described in Section 3. In ad-
dition to the standalone utility (), the network ef-
fect parameter () and technology type (AONLY,
BoNLY, AB and BA), each user is associated with
a switching cost, a limit on the maximum of number
of switches and a degree of randomness in switch-
ing. Randomness in switching is defined by a Ran-
dom Switch Threshold (RST) and a Random Switch
Probability (RSP). We initialize the simulator with a
pool of users having different technology types. At
each instant of simulation time, the simulator iter-
ates through all users in random order. Using the
formulae from Section 3, each user calculates the
difference in the utilities associated with different
technology types and the sum of his current utility
and switching cost. The user switches to the tech-
nology type offering the largest difference which is
greater than the RST. If none of the differences is
greater than the RST, the user decides to switch or
not with probability RSP. If the user does decide to
switch, he randomly chooses one of the technology
types for which the absolute value of the difference
is less than the RST. A user will not switch if he has
already reached the maximum switch limit. We con-

sider two models by which the information about a
user’s switch spreads to other users. In the ENDOF-
ITER model, other users know about a switch only
at the beginning of the next time instant (iteration).
In the INSTANT model, all users immediately know
about the switch.

Table 2 shows the parameter values used in the
simulations.  When simulating different scenar-
ios, we varied the relevant parameters. We re-
fer to RST=100,RSP=0.25 as low randomness and
RST=500,RSP=0.25 as high randomness. Unless
explicitly mentioned otherwise, the ENDOFITER
switching model is used. The number of users is
limited to 10 million to keep simulation run-times
tractable. We admit that the absolute values cho-
sen for most of the parameters have no direct bearing
to the real world. The observations which we sum-
marize below focuses on the relative importance of
different parameters. Real-life parameter values, if
available in the future, can be easily plugged into our
simulator.

We start by analyzing the importance of the stan-
dalone utilities offered by A and B in the next sec-
tion. Many interesting behaviors and observations
are common across analysis sections. In order to
avoid repetition, these are explained in detail only
in the first section. Hence, the first section is much
larger in size than the rest.

5.1 Standalone Utilities

We study the importance of the standalone utilities
(x4 and ap) of technologies A and B by varying
the g—j ratio. Adoption of B lags till g—f reaches a
critical threshold, after which users switch to BONLY
or BA rapidly. We expect the new technology B to
be superior to A and hence the ratio g—f to be greater
than 1. Nevertheless, we start with case when both
A and B have the same standalone utility.

When g—j =1, there is no incentive for any of the
users to switch to B or to adopt a BA converter. This
is due to the tremendous network effects associated
with the large number of AONLY users in the ini-
tial population. Under the ENDOFITER model (Fig-
ure 10), the BONLY users in the initial population
immediately switch to AB while some AONLY users

10



Converter Properties

User Properties

ga | 0.1 I} 0.001
gs | 0.1 Qg 1000
ry | 0.0 ap 1800
rg | 0.0 Switching Cost Uniformly random between 0 and 1500
ta | 0.0 Random Switch Threshold (RST) | oo
tg | 0.0 Random Switch Probability (RSP) | 0
Maximum Number of Switches No limit
Initial Population Distribution
A 9000000 B 1000000
AB |0 BA 0
Table 2: Parameter values common across simulations
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with low switching costs adopt an AB converter.
However, under the INSTANT model (Figure 11),
most users become AONLY and do not adopt an
AB converter. This occurs because the news about
BONLY users switching to AB immediately reaches
all users contemplating adoption of an AB converter
for communicating with BONLY users. Lesser the
number of BONLY users, lesser is the necessity of an
AB converter. In either model, all BONLY and BA
users disappear after the very first time instant.



Utility of each type versus Time
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Figure 12: Individual utilities of the various technol-
ogy types when g—f = 1 under the INSTANT infor-
mation spread model, no randomness and no switch
limit.

After the number of BONLY and BA users in the
system goes to 0, AONLY and AB users have identi-
cal utilities (Figure 12), as the AB converter does not
degrade the benefits associated with A (i.e. 74 = 0).
This means that an AB user has no incentive to incur
switching costs and give up his AB converter, even
if the converter is useless when there are no BONLY
users. In the ENDOFITER model, the number of AB
users at convergence is greater than the number of
AONLY users. However, under high randomness, the
number of AONLY users is greater than the number
of AB users. High randomness encourages users to
jump from AB to AONLY even if the utilities offered
by AONLY and AB are identical. In the INSTANT
model, the number of AONLY users is greater than
the number of AB users irrespective of randomness.

When randomness in switching is present, if no
limit on the number of switches per user is imposed,
users forever keep switching back and forth between
AONLY and AB (Figure 13) as the utilities offered by
AONLY and AB are identical after all B users have
adopted A. However, even under high randomness,
the number of AoONLY and AB users converges af-
ter a few iterations. If we limit the maximum num-
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ber of switches per user to 2 , in the ENDOFITER
model, there are more AONLY users than AB users
at convergence. If we limit the number of switches
to 1, the system converges to having more AB users
than AONLY users. This is because users cannot dis-
card the AB converters they initially adopted when
they were unaware that most of the BONLY users
had switched to AONLY or AB. This does not oc-
cur in the INSTANT model — the number of AONLY
users is always greater than the number of AB users
at convergence, irrespective of the maximum num-
ber of switches allowed. The maximum switch limit
does influence the magnitude of the difference be-
tween the number of AONLY and AB users at con-
vergence in the INSTANT model. If only one switch
is allowed (Figure 14), the number of AONLY users
is only slightly greater than the number of AB users
— the users who initially converted to AB cannot
discard their converters even if they wanted to. If
two switches are allowed (Figure 15), the number
of AONLY users is much greater than the number of
AB users, as most AB users discard their convert-
ers on finding that all BONLY users have switched
to AONLY or AB. The number of AONLY users in
this case is even greater than the case when infinite
number of switches are allowed (Figure 16). This
is because some AONLY users randomly switch to
AB as part of the continuous back and forth switch-
ing between AONLY and AB. The maximum switch
limits do not affect the scenarios where there is no
randomness.

Complete adoption of B never happened in any of
the scenarios were O‘B = 1. Inreal life, the new tech-
nology B will have hlgher standalone utility than A.
For example, IPv6 has more number of IP addresses
than 1Pv4 and also enables host auto-configuration.
Thus, g—i is greater than 1. There exists a sharp
threshold for g—i above which complete adoption of
B takes place. The value of this threshold can be
analytically derived from the equations in Section 3.
For the model parameters chosen in our simulation,
this threshold is 1.8. Under zero or low randomness,
the system converges to a combination of AONLY
and AB users if ap is 1.8 times a4. However, un-
der high randomness, the number of AONLY and AB
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Figure 13: Cumulative number of switches between
the various technology types g—i = 1 under the IN-
STANT information spread model, high randomness
and no switch limit.
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Figure 17: Population distribution when g—f = 1.8
under the ENDOFITER information spread model,
high randomness and no switch limit.

users in the system slowly declines till all users be-
come BONLY or BA (Figure 17). Complete adoption
of B is faster in the INSTANT model (7 iterations)
(Figure 18) than in the ENDOFITER model (16 iter-
ations) — more and more users adopt B quickly if the
news about other users’ adoption of B reaches their
ears quickly. This implies that publicizing adoption
statistics is very important. In the INSTANT model,
adoption of B stalls if we limit each user to a sin-
gle switch (Figure 19). This is obvious as all users
initially switch to AoNLY or AB due to lack of in-
formation about the ongoing adoption of B, and get
stuck with their initial choice.

When g—f is greater than the threshold of 1.8 adop-
tion of B happens even in the ENDOFITER model,
irrespective of randomness (Figure 20). As before,
adoption of B is faster in the INSTANT model (2 it-
erations) (Figure 21) than in the ENDOFITER model
(4 iterations). However, contrary to prior behavior
where randomness aided the adoption of B, random-
ness in switching slows down the adoption of B -
3 iterations versus 2 (Figure 22). Thus randomness
in switching is beneficial to the adoption of B when
g—i is below the threshold and detrimental otherwise.

14

Population Fractions versus Time

l T T T T
o Aonly —+—
a2y Bonly
091 AB k-
| a = BA &
08‘1 DDDDDDDDDDDDE‘DD'
8
| ]
5 O7f 1
8 ‘
3 |
=3 06| O B
£ \
< |
- 05 Ll -
g ot
S \
§ oaf | .
3] X
@ \
£ 03f |\ i
\
X
0.2 \ i
01} N g
0 *"%~\D N N N

25
Time

Figure 18: Population distribution when O‘B = 1.8
under the INSTANT information spread model high
randomness and no switch limit.
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Figure 20: Population distribution when g—f = 1.801
under the ENDOFITER information spread model, no
randomness and no switch limit.

Adoption of B is much faster (4-5 epochs) when £
is above the threshold even with zero randomness
than when below the threshold even with high ran-
domness (15-16 epochs). Above the threshold, limit-
ing the maximum number of switches per user does
not affect the system behavior.

The O‘B threshold depends on the initial popula-
tions of AONLY and BONLY users. If we decrease
the number of AONLY users in the initial population
by 1 million, the threshold drops to 1.7. When g—i is
above this lower threshold, all users adopt B under
all cases of randomness and in both switching mod-
els. However, in all cases, adoption of B is slower
than the corresponding case when the threshold was
1.8. Hence, a lower initial population of AONLY
users decreases the standalone benefits required to
be provided by B for complete adoption. However,
the standalone benefits provided by B still needs to
be high in order to achieve fast adoption of B.

As ZB increases, adoption of B is quickened.
When the standalone utility of B reaches double that
of A, all users switch to BONLY or BA in just 1 iter-
ation even in the ENDOFITER model with zero ran-
domness. In the ENDOFITER model, if there is no
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Figure 21: Population distribution when O‘B = 1.801
under the INSTANT information spread model no
randomness and no switch limit.
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randomness, all users adopt BA converters and never
give them up. In the presence of randomness, users
first adopt BA converters and then some of them dis-
card the converters, making them BONLY users. Of
course, this does not happen if we limit the maximum
number of switches per user to 1. Many users forever
hold on to their BA converters even in the presence
of randomness and no switch limit 2. This is a result
of high switching cost and the lack of degradation on
benefits of B caused by the converter (rg = 0). We
need to decrease the switching cost associated with
discarding BA converters in order to encourage users
to become BONLY. This factor must be kept in mind
while designing BA converters.

Another way to promote adoption of BONLY is
to encourage A users to directly convert to BONLY
users without adopting BA converters. This is easier
in the INSTANT model — the number of BONLY users
never goes to 0 like in other scenarios (Figure 23)
However there are still a large number of users un-
necessarily hanging on to their BA converters. If we
limit the maximum number of switches per user to 2,
the fraction of BONLY users at the end of the simula-
tion is higher (Figure 24) — users are prevented from
switching back and forth between BONLY and BA.

511 TakeAways

e There exists a sharp threshold value for Z—f
above which complete adoption of B is quick.
We should thus strive to increase the standalone
utility of B and move g—i above the threshold.
The threshold can be analytically determined
using the equations in Section 3.

e A lower initial population of AONLY users de-
creases the standalone benefits required to be
provided by B for complete adoption. However,
the standalone benefits provided by B needs to
be high in order to achieve fast adoption of B.

e Randomness in switching is beneficial to the
adoption of B when g—i is below the threshold
but detrimental when above the threshold.

2|f there is no switch limit, people keep converting back and
forth between BoNLY and BA
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Figure 23: Population distribution when O‘B = 4.0
under the INSTANT information spread model low
randomness and no switch limit.
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e Adoption of B is quicker in the INSTANT model
than in the ENDOFITER model. Thus, publiciz-
ing adoption statistics leads to quicker adoption
of the new technology.

INSTANT information spread aids users to avoid
adopting BA converters which they do not have
incentive to discard even if the converter be-
come useless. In order to encourage all users
to become BONLY, BA converters must be de-
signed to be easily discardable, i.e the switching
cost from BA to BONLY is very low. Another
way to encourage BA users to discard their con-
verters is to have a positive value for the self-
degradation factor 5. However a positive rg
can be detrimental to the adoption of B during
the initial phases.

5.2 Network Effect Parameter 3

In this section, we study the impact of network ef-
fects by varying &. If there are no network effects,
i.e. B = 0, a large number users (the ones with
low switching costs) immediately become BONLY,
while others remain AoONLY (Figure 25). Note that
g—f = 1.9 has been chosen such that switching to
B is attractive. In the absence of network effects,
the ENDOFITER and INSTANT models behave iden-
tically. Limiting the number of switches has no effect
either.

When network effects are low, all users slowly
switch to BA (Figure 26) if there is no randomness.
In the presence of randomness (Figure 27), some of
these users become BONLY if more than one switch
is allowed. Higher the randomness, more the num-
ber of BONLY users. The number of BONLY users
is greater when the maximum number of switches is
limited to 2 rather than when it is unbounded. This
is because back and forth switching between BA and
BONLY is prevented by the switch limit. However,
limiting the maximum number of switches to 1 in
the ENDOFITER model results in a different behav-
ior. Most users become BA, some become AB and
very few become BoONLY (Figure 28). This is be-
cause users get stuck with their initial choices. As ex-
pected, adoption of B is faster in the INSTANT model
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than in the ENDOFITER model.

If the network effects become high (Figure 29),
adoption of B does not happen at all — all users adopt
A, with or without an AB converter. In the presence
of randomness in switching and a maximum switch
limit of at least 2, some users convert to AONLY,
thus resulting in the system having a mix of AB and
AONLY users (Figure 30). The number of AONLY
users in the system is higher when the maximum
switch limit is 2 rather than oo (Figure 31). This is
because the maximum switch limit of 2 avoids users
from switching back and forth between AoNLY and
A.

521 TakeAways

e Small network effects aid in complete adoption
of B while zero or very high network effects im-
pede complete adoption.

Majority of BA users never discard their con-
verters even after all AONLY users have disap-
peared. When there is randomness in switching,
some BA users discard their converters and be-
come BONLY.

When the system converges to a mix of BONLY
and BA users or to a mix of AONLY and AB
users, the number of BONLY or AONLY users
is more if the maximum number of switches is
limited to 2 than when unbounded.

Complete adoption of B is faster in the IN-
STANT model than in the ENDOFITER model.

5.3 Converter Efficiency ¢

Converters typically offer only a fraction of the ben-
efits of the other technology. In this section, we an-
alyze how converter efficiencies impact the adoption
of B. In the absence of converters, all users switch
to AONLY in order to reap the network benefits as-
sociated with the large initial population of AONLY
users (Figure 32)3. Adoption of B has no chance in

3Note that we are using the default value of SE=18
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and g—i = 1.9 in the ENDOFITER model, zero ran-
domness and no switch limit.
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Figure 30: Population distribution when g = 0.01
and g—f = 1.9 in the ENDOFITER model, high ran-
domness and 2 switch limit.
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this scenario unless we increase factors like the stan-
dalone utility of B, as analyzed earlier or we deploy
converters.

When both AB and BA converters have low effi-
ciency (10%), users switch to AB or remain AONLY
(Figure 33). The little extra network effects enabled
by the inefficient BA converter is not enough to over-
come the huge network effects obtained by being an
AONLY or AB user in the large population of AONLY
users.

All users adopt B when both AB and BA convert-
ers are 90% efficient (Figure 34). In the absence of
randomness in switching, all users adopt BA con-
verters. If there is randomness in switching, the sys-
tem converges to a mix of BONLY and BA users
(Figure 35). Higher the randomness, higher is the
number of BONLY users. Randomness also delays
the complete adoption of B. This is because of the
random back and forth switching between BONLY
and BA. Adoption of B is faster in the INSTANT
model than in the ENDOFITER model (Figure 36) —
6 iterations versus 8 iterations.

If the BA converter is 100% efficient and the
AB converter is only 10% efficient, in the END-
OFITER model, all users switch to BA immediately
(Figure 37). However, in the INSTANT model, the
number of AONLY users never goes to 0 and com-
plete adoption of B never takes place (Figure 38).
As the BA converter is 2-way, even AONLY USers
can benefit from BA converters adopted by previ-
ously BONLY users. So A users are less inclined to
switch as they immediately come to know about the
extra network effects from the BoNLY to BA con-
verts. Under high randomness, complete adoption
of B takes longer in the INSTANT model than in the
ENDOFITER model. Hence, depending on the BA
converter efficiency, INSTANT information spread is
sometimes beneficial to the adoption of B while it is
detrimental at some other times.

When the AB converter is 10% efficient and the
BA converter is 92.5%, all users adopt B immedi-
ately in the ENDOFITER model. Complete adop-
tion of B happens faster when the BA converter ef-
ficiency is 98%. However, if the BA converter ef-
ficiency is 94.5%, complete adoption of B does not
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Figure 35: Population distribution with 90% efficient
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Population Fractions versus Time

l T T T T
. Aonly —+—
5] Bonly
0.9 2] AB -k
| 5] g BA -8
\‘ DDDDDDDDDDDDDDDD
0.8 |r
|
\
g o7
ks \
3
g 06ro
< \
o |
g os|
= !
5 |
5 04 |
o \
© \
L 0.3 | \\\
X
\
02| \\
\
\
0.1 ,
O ¥ %‘%ﬁ \ N3 N3 N3
0 5 10 15 20 25
Time
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and no switch limit.
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Figure 37: Population distribution with 100% effi-
cient BA converter and 10% efficient AB converter
in the ENDOFITER model, 0 randomness and no

switch limit.
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take place at all. Figure 39 shows how the fraction
of B users varies with time for the three values of
converter efficiency under consideration. When the
converter efficiency is 94.5%, the penetration of B
gets stuck at around 95%. This behavior occurs even
in the presence of maximum switch limits, but does
not happen when there is randomness or in the IN-
STANT model. Further analysis found that adoption
of B progresses via AONLY users switching to BA
only if the difference in utilities between BA and
AONLY increases at the end of each iteration. For
this to hold true at the end of an iteration, the follow-
ing condition (derived from equations in Section 3)
must hold true:

)

At high values of BA efficiency (i.e. lower ¢4),
a larger number of A to B switches are required to
prevent the adoption of B from stalling. Although,
higher converter efficiency leads to higher number of
switches, other model parameters influence the num-
ber of switches and can make it fail to satisfy Equa-
tion 9. This happens when the BA converter is 94.5%
under model parameter values used in the simulation.
Hence, converters must be carefully engineered such
that their efficiencies are neither too low nor too high
to promote quick and complete B adoption.

2NA—>Bswitches > NBonly(l/QA - 1)

5.3.1 TakeAways

e When the BA converter efficiency is very high,
adoption of B is faster in the ENDOFITER
model than in the INSTANT model.

e Higher BA converter efficiency does not always
lead to quicker adoption of B.There exists val-
ues ei, eo and ez for BA converter efficiencies
(e1 < ea < eg) such that complete adoption of
B happens under e; and eg, but stalls under es.
Thus, converters must be engineered to have the
right value of efficiency.

5.4 Performance Hit due to Converter r

A converter enables a user to communicate with
users belonging to a different technology and reap

the network benefits. But in many cases, running a
converter detrimentally affects the benefits provided
by the user’s current technology choice. For ex-
ample, running an IPv4 to IPv6 converter may ex-
pose the user to more attacks due to outdated firewall
rules. Running the OCALA proxy on a user’s desk-
top may decrease the desktop’s computation and net-
work performance due to packet interception by the
OCALA proxy. In this section, we study the impact
of the performance hit caused by converters on the
adoption of the new technology by varying the pa-
rameters r 4 and r .

When neither the AB nor the BA converter causes
any performance degradation, i.e. r4 = rg = 0, all
users adopt BA converters (Figure 40). As seen in
results earlier, adoption of B is slower in the presence
of randomness while the INSTANT model quickens
it. The system converges to a mix of BONLY and BA
users when randomness is present or in the INSTANT
model. Higher the randomness, more the number of
BONLY users in the mix.

When both AB and BA converters cause a 3.25%
hit in the benefits provided by A and B respectively,
complete adoption of B still occurs (Figure 41), al-
beit 16 times slower than in the previous case. As the
number of BA users increases, the individual utility
associated with a BONLY user keeps increasing and
goes higher than the individual utility associated with
a BA user (Figure 42). At this point, users with small
switching costs discard their BA converters and be-
come BONLY users. Although the number of BONLY
users when the system converges is greater than the
number of BONLY users in the initial population, ma-
jority of the users are still BA. The performance hit
caused by the BA converter is not large enough to
prompt the majority of the population to discard their
BA converters which are now useless in the absence
of AONLY users. In the presence of high random-
ness, there are more BONLY users than BA users
when the system converges (Figure 43). The IN-
STANT model greatly speeds up the adoption of B -
complete adoption of B in the INSTANT model takes
approximately one-fifth the time taken in the END-
OFITER model (Figure 44). Adoption of B takes a
very long time irrespective of any limit on the maxi-
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Figure 39: Penetration of B over time for different
values of BA converter efficiencies.
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Figure 40: Population distribution when r 4 = rg =
0 in the ENDOFITER model, 0 randomness and no
switch limit.

mum switches. Even if we limit the maximum num-
ber of switches to 1 we see some BONLY users when
the system converges. The high performance hit of
the BA converter made these users directly jump to
BONLY unlike in previous scenarios when users first
convert to BA and get stuck there.

If we increase the performance hit of the convert-
ers to 5%, complete adoption of B stalls in the zero
randomness scenario (Figure 45). Under high ran-
domness, adoption of B still proceeds to completion,
resulting in a mix of BA and BONLY users, with
BONLY users in the majority.

In all cases considered so far, both AB and BA
converters cause an equal performance hit. If only
the AB converter causes a performance hit, the re-
sults remain the same. If only the BA converter
causes a hit, adoption of B stalls as most users re-
main with A and adopt the superior AB converters.

54.1 TakeAways

e Users are more encouraged to discard their BA
converters if the performance hit on the benefits
provided by B is high. However if the perfor-
mance hit is too high, adoption of B stalls.

e As the performance hit caused by the BA con-
verter increases, the time for complete B adop-
tion increases. Adoption of B is faster in the
INSTANT model than in the ENDOFITER model
by a factor of 16.

5.5 Switching Costs

We study the impact of the switching cost on the
adoption of B by varying the range from which the
switching costs of individual users are picked. When
the switching cost is negligible, all users adopt B
immediately (Figure 46). If there is randomness in
switching and no limits on the maximum number of
switches per user, equal number of BONLY and BA
users are present during convergence Randomness
in switching leads to users continuously switching
back and forth between BONLY and BA. Random-
ness in switching is thus highly detrimental to con-
vert all users to BONLY, especially when the switch-
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Population Fractions versus Time

Figure 41: Population distribution when r4 = rp =
0.0325 in the ENDOFITER model, 0 randomness and
no switch limit.
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Figure 43: Population distribution when r4 = rp =
0.0325 in the ENDOFITER model, high randomness
and no switch limit.
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ITER model, no randomness and no switch limit.

Figure 44: Population distribution when r 4 = rp =
0.0325 in the INSTANT model, 0 randomness and no
switch limit.
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ing costs are low. (Figure 47). Under the ENDOF-
ITER model, all users convert to BA before becom-
ing BONLY. In the INSTANT model, the number of
BONLY users never goes to 0 — some users directly
convert from AONLY to BONLY. If the maximum
number of switches per user is limited to 2, all users
convert to BoNLY (Figure 48).

As the switching costs increase, adoption of B
slows down as expected (Figure 49). Adoption of B
is faster in the INSTANT model than in the ENDOF-
ITER model. Randomness in switching delays the
adoption of B. If the switching cost becomes very
high, adoption of B gets stalled (Figure 50).

55.1 TakeAways

e Increased switching costs slow down the adop-
tion of B.

e All users convert to BoNLY if the maximum
number of switches limited to 2. Under very
low switching costs, if there is no limit on the
number of switches, the system converges to an
equal mix of BONLY and BA users.

e As in prior sections, adoption of B is faster in
the INSTANT model than in the ENDOFITER
model. Randomness in switching slows down
the adoption of B.

5.6 External Benefits of the Converter, ¢

A BA converter often provides a fraction of the stan-
dalone benefits of A in addition to the network bene-
fits of being able to communicate with AONLY users.
The same applies for AB converters. In this section,
we study the impact of this feature of a converter on
the adoption of B, by varying the parameters ¢ 4 and
tp.

When both AB and BA converters provide a small
fraction (t4 = tp = 0.01) of the standalone benefits
of the other technology, all users switch to BA (Fig-
ure 51). Like in previous results, randomness slows
down the complete adoption of B and adoption is
faster in the INSTANT model than in the ENDOFITER
model. In the ENDOFITER model, all users first be-
come BA and then some of them discard their con-
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Figure 45: Population distribution when r4 = rg =
0.05 in the ENDOFITER model, 0 randomness and
no switch limit.
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Figure 47: Population distribution when the switch- Figure 49: Population distribution when the switch-
ing cost range is 0-1 in the ENDOFITER model, high ing cost range is 0-1800 in the ENDOFITER model,
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verters to become BONLY. In the INSTANT model,
some users directly convert to BONLY; the number
of BONLY users in the system never goes to 0. If
the number of switches is limited to 1, a very small
fraction of users get stuck with AB converters, AB
converters are now more attractive.

In the ENDOFITER model, complete adoption
of B takes place as long as t4 and ¢p are below
11.111111%. This threshold was derived by analyz-
ing the equations in Section 3. Above this threshold,
the individual utility associated with AB is greater
than that associated with BA and complete adoption
of B does not happen (Figure 52). All users switch to
AONLY or AB. The number of AB users in the IN-
STANT model is less than that in ENDOFITER model.
Users directly convert to AONLY and avoid convert-
ing to AB as the information about the diminish-
ing number of BONLY users reaches their ears more
quickly in the INSTANT model. Under very high ran-
domness in switching, complete adoption of B takes
place even above the threshold value.

In the previous case, both AB and BA converters
offered the same fraction of the standalone benefits
of B and A respectively. If only the BA converter
offers the extra benefits, adoption of B is easier as
BA converters are more attractive than AB convert-
ers. If only AB converters offer the extra benefits,
complete adoption of B still happens if the percent-
age of the standalone benefits of B offered by the AB
converter is less than 5.26%. This threshold was de-
rived from the equations in Section 3 and verified by
simulation (Figures 53 and 54).

5.6.1 TakeAways

e Complete adoption of B happens as long as the
fraction of standalone benefits of the competing
technologies offered by the AB and BA con-
verters is less than a threshold.

o |f only the AB converter offers a fraction of the
standalone benefits of B, complete adoption of
B still happens if this fraction is lower than a
threshold. The value of this threshold is lower
than the threshold when both AB and BA con-
verters offer an equal fraction of the standalone
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Figure 51: Population distribution whent 4 = tg =
0.01 the ENDOFITER model, 0 randomness and no
switch limit.
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Figure 52: Population distribution whent 4 = tp =
0.11111112 in the ENDOFITER model, 0 random-
ness and no switch limit.
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Figure 53: Population distribution whent, = tp =
0.0526 in the ENDOFITER model, 0 randomness and
no switch limit.
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Figure 54: Population distribution whent 4 = tp =
0.0527 in the ENDOFITER model, 0 randomness and
no switch limit.

benefits of the respective competing technolo-
gies.

5.7 INSTANT versus ENDOFITER

In this section, we summarize the impacts of the
ENDOFITER and INSTANT information spread mod-
els seen so far. Complete adoption of B is faster un-
der the INSTANT information spread model than un-
der the ENDOFITER model. However, if the BA con-
verter is close to 100% efficient, the reverse is true.
This is because converters are two-way and INSTANT
information spread quickly informs A users about
the increased number of BA users they can talk to,
without switching to B. INSTANT information about
increasing B penetration also encourages A users to
directly switch to BONLY without getting stuck with
BA converters they are loath to incur switching costs
and discard even after all A users have switched to B.
Hence, in most scenarios, information about B adop-
tion should be publicized and quickly dispersed to all
users.

6 Limitations

This report is only a first step in modeling and analyt-
ically studying the adoption of new network architec-
tures. Our current model of new network architecture
adoption is very basic and simple. Many missing as-
pects like interactions between ASes, infrastructure
vendors, application vendors and organizations, dif-
ferent switching costs and utility functions for differ-
ent users, economies of scale and learning as pene-
tration increases and impact of geo-political bound-
aries and influences are part of our ongoing research
agenda. The parameter values used in our simulation
studies do not directly map onto real-world numbers.
We attempt only to draw general conclusions about
the relative importance of the model parameters and
how they relate to the real world.

7 Conclusion

Studying the adoption of new network architectures
through mathematical analysis and simulations is a
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fruitful research area. It corroborates intuitive results
such as more superior the new network architecture
is to the current one, the easier it is to deploy. At
the same time, it brings our attention to non-obvious
results like higher efficiency converters do not al-
ways aid the adoption of the new network architec-
ture. This report increases our understanding of the
factors that influence adoption and gives insights into
how we can improve network architecture design and
engineering to achieve quick adoption of a new net-
work architecture like IPv6.
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