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Abstract

We consider a stochastic SIR (susceptible — infective — removed) epidemic on arandom
graph with specified degree distribution, constructed using the configuration model, and
investigate the ‘acquaintance vaccination’ method for targeting individuals of high degree
for vaccination. Branching process approximations are developed which yield a post-
vaccination threshold parameter, and the asymptotic (large population) probability and
final size of a major outbreak. We find that introducing an imperfect vaccine response
into the present model for acquaintance vaccination leads to sibling dependence in the
approximating branching processes, which may then require infinite type spaces for their
analysis and are generally not amenable to numerical calculation. Thus, we propose and
analyse an alternative model for acquaintance vaccination, which avoids these difficulties.
The theory is illustrated by a brief numerical study, which suggests that the two models
for acquaintance vaccination yield quantitatively very similar disease properties.
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1. Introduction

In the past decade there has been an abundance of research published concerning the
modelling of stochastic epidemics spreading on networks of ‘individuals’ connected by ‘rela-
tionships’ which in some way model the social networks that people establish with, for example,
their families, friends, coworkers, and classmates. Early work on epidemic models on random
graphs includes that of Diekmann et al. (1998), Andersson (1997), (1998), (1999), and also
Newman (2002) (see also Kenah and Robins (2007)). Epidemics evolving on extensions of the
basic configuration model (see, for example, Durrett (2007, Chapter 3)) have been studied by,
for example, Kiss et al. (2006), Ball and Neal (2008), Ball ez al. (2009), and Ball and Sirl (2012).
Alternative random graph structures have been considered by, amongst others, Newman (2002,
Section V), Britton et al. (2008), and Ball et al. (2013).

In this paper we address the question of vaccination in what we refer to as the standard
network model (SNM), an SIR (susceptible — infective — removed) epidemic model on a
network structure specified via the configuration model. Vaccination of individuals in these
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network models seems to have first been investigated by Cohen et al. (2003); their work was
extended and put into a more rigorous framework by Britton et al. (2007). However, these papers
considered only perfect vaccines, where vaccination of an individual renders them completely
immune to the disease, and assumed a fixed infectious period. The primary motivation for this
paper is to derive analogous results for other vaccine action models where vaccination might
confer only a partial resistance to infection or where there might be several possible responses
to vaccination (see Becker and Starczak (1998)). In addition to allowing for individuals chosen
uniformly at random to be vaccinated, the above-mentioned works of Cohen et al. (2003) and
Britton er al. (2007) focused on modelling acquaintance vaccination, where neighbours of
individuals chosen uniformly at random from the population are vaccinated. This has the effect
that vaccinated individuals tend to have a higher degree and this targeting of well-connected
individuals increases the effectiveness of vaccination.

We continue the work of Cohen et al. (2003) and Britton et al. (2007) by seeking to extend
their results to allow for more general infectious period distributions and vaccine action models.
The key tool in the analysis is branching process approximation, which enables the probability
and relative final size of a major outbreak to be approximately determined for large networks.
We find that, with an imperfect vaccine response, the models of Cohen et al. (2003) and Britton et
al. (2007) for acquaintance vaccination lead to approximating branching processes with sibling
dependence (cf. Olofsson (1996)), which may then require infinite type spaces for their analysis
and are thus not generally amenable to numerical calculation. Thus, we modify the model of
acquaintance vaccination slightly to avoid these difficulties. We find that the performance of
the modified model is quantitatively very similar to that of the original model.

The remainder of the paper is organised as follows. In Section 2 we recall the definition of the
basic SNM and its analysis as well as outlining the vaccine action models we use. In Section 3 we
extend the above-mentioned analysis of Britton et al. (2007) to include nonconstant infectious
period distributions and imperfect vaccines. In order to compare the quantitative properties
of the two acquaintance vaccination models, we nevertheless analyse the original model with
an imperfect vaccine. In Section 4 we propose a modification of the acquaintance vaccination
model and completely analyse the basic final size properties of the SNM with this vaccination
model (see Propositions 2—4). In Section 5, the performance of the old and new acquaintance
vaccination models are illustrated numerically, and compared with each other and with that of
uniform vaccination. We also compare these with the performance of an optimal vaccination
scheme (analysed in Appendix B), in which we assume that the degrees of all individuals are
known and the individuals of high degree are vaccinated.

1.1. Notation

We denote by R, and Z the nonnegative real numbers and integers, respectively. For
any x € Ry, we define the usual floor function |x| = max{k € Z,: k < x}. For suitable

vectors x = (x1,x2,...,x¢) and y = (y1,¥y2,..., ye), we define x! = I—[lex,-!, x)V =
[Ti_; x, and (;) = T4, ();;), and we say that x < y if the inequality holds componen-
twise. We also adopt the convention that summations over vector indices are rectangular,
ie. Z;v:x = lyl l=x1 3/[ (:x[. We denote the probability generating function (PGF) of a
random vector X = (X1, X3, ..., X¢) taking values in the range R < Z‘i by fx(s) =
> rer P(X = x)s%, s € [0, 114, and, forany k = (ki, k2, ..., k) € Z&, we denote by f® (s)
the mixed derivative of f(s) of order k; with respect to s;, j € {1,2,..., £}. Of course, for
a scalar random variable X taking values in Z, this notation simplifies to f )((k) (s), s €10, 1],
k=0,1,....
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For a scalar random variable X, we write ux and 0)2( for its mean and variance, respectively,
and we denote by 1 a vector of appropriate length with all entries equal to 1.

2. Epidemic and vaccine models

2.1. Standard network model

We consider an epidemic evolving amongst a closed population of n individuals. We specify
a degree distribution D by its mass function py = P(D =k), k =0, 1,2, ..., and assume that
the mean (up) of D is finite. To construct the graph describing possible infectious contacts, we
follow Newman et al. (2001), so each individual is assigned a number of half-edges according
to independent draws from D. We then pair these half-edges uniformly at random to form the
edges of the random graph. (If the total number of half-edges is odd then the leftover half-
edge is ignored.) The epidemic is defined as follows. Each individual is assumed to be either
susceptible, infectious, or removed. We assume that initially all individuals are susceptible
except for a single individual, chosen uniformly at random from the population, who is infective.
(Extensions to other initial conditions, in which the number of initial infectives remains fixed as
n — 0o, are easily treated.) An infective individual remains so for a random time determined
by a realisation of a random variable 7, most conveniently specified by its Laplace transform
¢0) = E[e~?7], & > 0. At the end of its infectious period an infectious individual becomes
removed, whence it plays no further role in the epidemic. During its infectious period an
individual makes infectious contacts with any given neighbour in the random graph at the
points of a Poisson process of rate A. If an individual so contacted is susceptible then it
becomes infectious; otherwise, nothing happens. We assume that the contact processes and
infectious periods associated with every individual are all independent. The epidemic continues
until there is no infective remaining in the population.

2.1.1. Forward process. We analyse the early stages of epidemic spread by approximating the
number of infected individuals with a (forward) branching process. The ancestor (generation
zero) of the branching process corresponds to the initially infected individual. Then generation
k comprises those previously uninfected individuals who are contacted by individuals in gen-
eration k — 1. The branching property arises because, in the early stages of the epidemic, every
individual contacted by an infective is susceptible with probability tending to 1 asn — oco. The
offspring distribution for the initial generation of the branching process is generally different
from that of all subsequent generations. The initial infective is chosen uniformly at random
from the population, and, hence, has degree distribution D. Subsequent infectives are chosen
as the individual from which a randomly chosen half-edge emanates, and, hence, the number of
uninfected neighbours of subsequent infectives is distributed as D—1 , where D is the size-biased
version of D defined by the mass function py = kpx/uup, k = 1,2, .... The approximating
branching process is thus defined by the distributions of C, the number of neighbours infected
by a typical individual chosen uniformly at random from the population and of C, the number of
neighbours infected by an individual that is infected by one of its neighbours. This often-used
approximation is made fully rigorous, for a more general (network and households) model, in
Ball et al. (2009).

The branching process approximation for the early stages of the epidemic justifies the
use of Ry = E[C] as a threshold parameter for the epidemic model, determining whether
major outbreaks (that infect at least logn individuals) are possible. It is easy to show (see,
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e.g. Andersson (1999)) that

~ 0'2
Ro=E[C]=pp_p' = <MD+—D—1)p’, (1
KD
where p! = 1 — ¢ () is the marginal probability that an infected individual makes infectious
contact with a given neighbour. As n — oo, the probability of a major outbreak converges to
the survival probability of the forward branching process, so such outbreaks occur with nonzero
probability if and only if Ry > 1. Note that if ‘712) = oo then Ry = oo and, as long as p! > 0,
the limiting probability of a major outbreak is strictly positive.
To find the probability py,j of a major outbreak, it is necessary to determine the PGFs fc
and fz. Conditioning on the infectious period and degree of the individual of interest yields

fe(s) = Z% 5(s) and  fa(s) = 2%@1;(»
i=0 ' i=0 :

Standard branching process theory then gives pmyj = 1 — fc (o), where o is the smallest
solution of fz(s) = s in [0, 1] (cf. Kenah and Robins (2007, Section 1IL.B.1)).

2.1.2. Backward process. We can also calculate the asymptotic (as n — 00) expected relative
final size of a major outbreak, that is, the proportion of individuals infected by a major
outbreak, as the survival probability of a branching process which approximates an individual’s
susceptibility set, defined as follows. For every individual in the population, suppose that
it is infected, choose its infectious period using the distribution of /, and determine, using
independent Poisson processes with rate A, which of its neighbours it would infect. Now
construct a directed graph in which nodes represent individuals and an arc from individual
i to individual j is present if and only if individual i, were it to be infected, would make
infectious contact with individual j. The susceptibility set of an individual, i* say, comprises
all individuals j from which there is a path to i * in this (random, directed) graph, including i*
itself. Observe that i* is infected by the epidemic if and only if its susceptibility set includes
the initial infective.

Suppose that i* is chosen uniformly at random from the population. The (backward)
branching process that approximates i*’s susceptibility set is similar to the forward process
describing the early stages of epidemic spread, but rather than considering how many neighbours
an individual makes infectious contact with we consider how many neighbours make infectious
contact with that individual. Individual i* is the ancestor (zeroth generation) of the branching
process and generation k consists of the individuals who join the susceptibility set by way of
an infectious contact with an individual in generation k — 1. The offspring distributions, which
define the branching process, are thus the distributions of B, the number of neighbours of i*
that, if infected, would make contact with i*, and 1§, the number of neighbours (excluding i *)
of one of these contacting individuals, j* say, that, if infected, would make contact with j*.
Similarly to the forward process, B describes the offspring distribution for the initial generation
of the branching process and B that for subsequent generations. As each neighbour of a given
individual makes infectious contact with that individual independently with probability p’, the
offspring PGFs are

fe(s) = fo(1—p'+pls) and fz(s) = f5_,(1 = p' + pls).

Let 7™ be the number of initial susceptibles ultimately infected by a major outbreak.
Then, as proved formally for a more general model in Ball ef al. (2009), E[T™]/n — z as
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n — 00, where 7 is the survival probability of the backward branching process. Furthermore,
the argument of Ball et al. (2013) (who consider an SIR epidemic on a random intersection
graph) can be used to show that 7" /n — z in probability as n — oo. Standard branching
process theory yields z = 1 — fg (&), where & is the smallest solution of fz(s) = s in [0, 1]
(cf. Andersson (1999, Equations (11) and (12)) and Newman (2002, Equations (25) and (26))).
Thus, with probability tending to 1 as n — 0o, a major outbreak infects exact order n (and not
just log n) individuals.

2.2. Vaccination

We work within the quite general framework of the vaccine action model proposed by
Becker and Starczak (1998), in which the vaccine responses of individuals are described by
independent copies of a random vector (A, B) taking values in Ri (usually in [0, 1]%). Here A
denotes the relative susceptibility (compared to a nonvaccinated individual) and B denotes the
relative infectivity of the vaccinated individual if he/she becomes infected. Thus, all Poisson
processes concerning potential infection of the individual have their rates multiplied by A and
the Poisson processes governing infection by the individual have their rates multiplied by B.
Becker and Starczak (1998) allowed for a finite number of possible outcomes of (A, B), but
we restrict attention to two special cases. The first of these is the nonrandom vaccine, where
P((A, B) = (a,b)) = 1 for some given (a, b) € ]Ri and the vaccine has the same effect
on every vaccinated individual; the second is the all-or-nothing vaccine (see Halloran et al.
(1992)), where P((A, B) = (0,0)) =1 — P((A, B) = (1, 1)) = ¢, so vaccinated individuals
are rendered completely immune with probability € and otherwise the vaccine has no effect. If
a nonrandom vaccine has » = 1 then it is called leaky (see Halloran et al. (1992)). A vaccine
which renders all vaccinees completely immune is called perfect.

Vaccine allocation models are the primary focus of this paper. Perhaps the simplest strategy is
to vaccinate individuals chosen uniformly at random from the population. Cohen et al. (2003)
introduced the idea of acquaintance vaccination, where individuals are chosen uniformly at
random from the population, but rather than vaccinating that individual, they are asked to name
an acquaintance (a neighbour in the random graph) and that person is vaccinated. As we detail
in Section 3, this has the effect of targeting individuals of higher degree and, therefore, has more
impact on disease spread. In either situation an important quantity is the vaccine coverage c,
the proportion of the population that is vaccinated.

Analysis of the case where individuals to be vaccinated are chosen uniformly at random
from the population is relatively straightforward, since the vaccination status of an individual
is independent of its degree. Note that, with a perfect vaccine and coverage ¢, Ry is reduced
to (1 — ¢)Ro; so, from (1), if og = oo then the critical vaccination coverage to eliminate the
possibility of a major outbreak is 1.

3. Original acquaintance vaccination model

In this vaccine allocation model we sample individuals uniformly at random from the
population and vaccinate a neighbour chosen uniformly at random. Thus, the degree of a
vaccinated individual is distributed as D rather than D. An individual that is sampled but
has no neighbours is ignored and an individual is vaccinated only once, even if it is chosen
to be vaccinated more than once. Adopting most of the language and notation of Britton et
al. (2007), assume that we sample (with replacement) a random number of individuals with a
Poisson distribution with mean «n for some ¥ > 0. The corresponding vaccine coverage c(k)
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is easily shown to be 1 — fp(«), where
oo
a=> e*p, )
d=1

is the probability that an individual is not named by a given neighbour.

3.1. Perfect vaccine

The approximating forward branching process involves only unvaccinated (i.e. unnamed)
individuals, since the vaccine is perfect. Consider a typical individual in a noninitial generation
of this branching process and denote its degree by Dy. Unconditionally, this individual’s
degree is distributed as D, but we know that this individual (i) is unvaccinated and (ii) does not
name its infector for vaccination. Denote these events by U and N, respectively. Hence, for

d=1,2,...,

P(D=d,U N  pgaile </
P(U, N°) - Z]?o:l ﬁkak_le_"/k

P(Dy =d)=P(D=d | U, N°) =

and

DI A AR - S EP
PWU | N°) = ==x— =Y praf eIk,
2121 Pke_K/k ;

Then the mean of the offspring random variable C, in this forward branching process is given
by

o0 o

R, =E[C,] =) P(Dy =d)(d— e *p'PWU | N) = p' Y paa’2e /4 — 1).
d=1 d=2

3)

This is the same threshold parameter that appears as Equation (3.13) of Britton et al. (2007),
though we use a different branching process approximation. (We find that our branching process
approximation is easier to generalise than that given in Britton et al. (2007).) Note from (3)
that, in contrast to uniform vaccination, the critical vaccination coverage is strictly less than 1

2 _
when op = 0.

The PGFs of C, and the random variable C, corresponding to the initial generation may be
calculated in a form that is amenable to numerical evaluation but, unless the infectious period
is constant, the expressions are cumbersome and give little insight, so we do not present them
here.

Turning to the backward process, the same arguments given to justify the calculation of
R, (with ‘an individual’s infector’ replaced by ‘the neighbour the individual contacted to join
the susceptibility set’) can be used to derive the PGF f B, of the offspring distribution B, in
noninitial generations. Let i* denote a typical noninitial individual in the susceptibility set.
Given i*’s degree d (distributed as DU), each neighbour of i* (except the one it contacted
to join the susceptibility set) joins the susceptibility set independently by making infectious
contact with i* if it (i) is not named by i *, (ii) is not named by any of its other neighbours, and
(iii) makes infectious contact with i *. These events are independent and occur with respective

https://doi.org/10.1239/jap/1389370105 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1389370105

Acquaintance vaccination 1153

probabilities e %/, P(U | N¢), and p’, so
fp,() = Efs?]
=Ep, [Ej [s% | Dyl
=Ep, 11— e /PUp(U | NOpl + se~*/Dup | NC)pI)DU—l]
N\ paad=2ex/d

=) T {1 (1 -s)ePWU | N)p'yL. 4

For the initial generation, writing Dy for the degree distribution of an unvaccinated individual
chosen uniformly at random from the population, we have, foralld =0, 1,...,P(Dy =d) =
P(D=d | U)= pga?/fp(e); and arguing as in the derivation of (4) gives

o0
pac?

= In@)

fB,(s) = {1—1-s)e ™ Pw | N)p".

The proportion of the population infected by a major outbreak is z = fp(a)(1 — fp,(&)),
where £ is the smallest solution of f B, (s) = s in [0, 1]. If the infectious period is constant, it is
easily verified that fc, = fp, and ffu = fév’ SO Pmaj = 2, and that the above expression for
z (and, hence, py;;) is the same as that obtained using Equation (3.11) of Britton et al. (2007).

3.2. Imperfect vaccine

Applying the above approach directly to deal with imperfect vaccines introduces sibling
dependence (see Olofsson (1996)) into the branching processes, unless we use multitype
branching processes. This is because both the forward and backward processes may now
involve vaccinated individuals and, given that an individual is vaccinated, the degrees of its
neighbours are not independent (see (5), below). Thus, we type infected individuals according
to both their degree and their vaccination status. For every d = 1, 2, ..., define the types Ny,
Vi, and Uy. Here d denotes an individual’s degree, N means an individual was named by
its infector (and is therefore vaccinated), V means it is not named by its infector but is still
vaccinated (i.e. is named by another neighbour), and U means that it is unvaccinated.

We consider a forward process approximating the proliferation of infective individuals in the
early stages of an epidemic. We focus on the means of the offspring distributions corresponding
to a noninitial generation, with a view to calculating a threshold parameter. Define the mean
matrix M = (my, t,t' € T), where T is the type space {Ng, Vg, Ug: d = 1,2,...}. Also,
define the marginal transmission probabilities pyy, puv, pvu, and pyy between unvaccinated
and vaccinated (or named) individuals. If the vaccine is all-or-nothing then these are given by

AN _AoN
pAON _ PvYV PYU _ ! (1—8 1)
Py POy 1-¢ 1

and if the vaccine is nonrandom then they are given by

pNR _ (PVV PVD :<1—¢(abx) 1—¢<m)>
PR R T\ 1—g@n  1-9m) )

First consider an individual of type Ng. The degrees of its d — 1 uninfected neighbours
are independent copies of D. Each such neighbour is named with probability 1 — ™/,
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If a neighbour is of degree d’ and not named then it is unvaccinated with probability ad =l

otherwise, it is vaccinated. Therefore, for all d,d” = 1,2,..., it can easily be seen that
myy Ny = (d = DA = e jypyy, my,v, = (d— De ™/ pp(l —a?Npyy, and
my, v, = (d— De ™/ ppa? ' pyy.

Next consider an individual of type Uy. Since it is unvaccinated, all of its uninfected
neighbours failed to name it; so, letting DY, Dg e Dgfl denote the degrees of its d — 1
uninfected neighbours, we have

P(DY =d;, DY =dj,...,DY | =d,_))
d—1 = —«k/d
Pa€ !
=[—/—— di.d....dj =12
o
i=1

The same arguments as above show that

mugny = (d — DA —e ™/ e o™ pyy,

mu,.v, = (d—1e ™M ppe= o (1 —a? Npyy,

and
my,u, =(d—De ™ pye/ at 2 pyy.

Finally, consider a typical individual of type V; and write DY, D; e, DX_I for the degrees
of its d — 1 uninfected neighbours. Since the individual is of type V we know that at least one
of these neighbours named the individual of interest, so it follows that, for d{,d;, ..., d;_; =
1,2,...,

P(D{ =d|,Dy =d},...,D)_ =d;_))
Pa Bay - By, (1 — e /Hie*/h . re T i)
- 1 — -1 ’ ©®)
Note that DY, Dg e, D[‘l/_l are identically distributed but not independent. Summing (5)
overd),d;, ..., d)_, and recalling the definition of o given in (2) yields, ford = 2,3, ...,
v / Pa; —k/d d—2 /
P(Dl =d])=m(l—e lo ), d1=1,2,....

Then, by the same arguments as before,
my, N, = (d— DA —e ™)y — e a2y (1 — o) pyy,
my,v, =(d—1De ™ py1 —e ™/ ad"2) 1 — a1 — o’ pyy,
and
my,u, = (d—De™ 5y —e /a2y (1 —adH e pyy.

When the support of D is finite, the above branching process may be analysed using standard
multitype branching process theory (see, e.g. Mode (1971)), so suppose that D has countable
support. For ease of exposition, we assume that p; > O foralld = 1, 2, .. . ; the theory is easily
modified if this condition is relaxed. Note that, except for the initial generation, individuals
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with degree 1 have no offspring in the above branching process, so let 8B be the Galton—Watson
process with type space T = {Ng,Vq,Ug:d = 2,3,...} and offspring random variables
as described implicitly above. We assume that pyy and pyy are both strictly positive. If
puu = 0, vaccination is not required, and if pyy = 0, the vaccine is effectively perfect.

For d* = 2,3,..., let 81" be the branching process derived from B by ignoring all
individuals with degree strictly greater than d* and all descendants of such individuals. Let
M denote the mean offspring matrix for B and, for 1 € 7, let #; be the probability that
B becomes extinct given that 1n1t1a11y there is one 1nd1V1dual whose type is . For d* =
2,3,...,define M@ and n (t eTW) =(Ny, Vg, Ug:d =2,3,. d*}) snnllarly for
the branchmg process B9 and let R(d ) be the dominant eigenvalue of M @) Then, R
is strictly increasing in d* (see Seneta (1973, Theorem 6.8)). Let Ry = limg«_, R A
comparison with the model without vaccination shows that R4 is finite if alz) < o0o. The
following proposition, proved in Appendix A, shows that R4 is a threshold parameter for the
original acquaintance vaccination model with imperfect vaccination.

Proposition 1. Foranyt € T (1) Ty = limgs o0 7T n, ) and (i) 7y < lifand only if R4 > 1.

Similar results to the above hold for the corresponding backward branching process. Al-
though it may be computationally feasible to approximate the threshold parameter R4, or
calculate it exactly if the support of D is not too large, approximation of major outbreak
probabilities and expected relative final sizes is likely to be computationally infeasible, unless
the support of D is small. Hence, we believe that a better approach is to modify the formulation
of the acquaintance vaccination model slightly, so as to obtain numerically tractable branching
process approximations.

4. New acquaintance vaccination model

In this model each individual in the population is sampled independently with probability
ps, each sampled individual then names each of its neighbours independently with probability
pn and finally any individual that is named at least once is vaccinated. Thus, the probability
that an individual is not named by a given neighbour is 1 — pgpy, so the probability that
an individual chosen uniformly at random from the population is vaccinated (i.e. the vaccine

coverage) is
(0.¢]

pv =1=> pel = pspn)* =1— fp(l = pspn). (6)
k=0

The modification of the naming process so that the chance an individual names a given
neighbour is independent of that individual’s degree means that we do not have to type indi-
viduals by their degree in order for a branching process approximation to work and we obtain
a branching process with finitely many types. However, vaccination is still targeted at higher-
degree individuals since neighbours of sampled individuals are vaccinated. We now describe
the typing required for the forward and backward branching processes, which we denote by
Br and Bp, respectively.

In BF, infected individuals are typed by (i) whether they are named (N), vaccinated (V),
or unvaccinated (U), as before, and (ii) whether or not they are sampled and, thus, might name
their neighbours for vaccination (S and S¢). Thus, there are six types of individuals involved
in the noninitial generations of BF, labelled 1-6 as indicated in Table 1.

The typing required for the initial generation is somewhat simpler: the initial individual
clearly cannot be named since it does not have a parent and we can easily condition on whether
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TABLE 1: The six types of individuals involved in the noninitial generations of 8Br.

Label 1 2 3 4 5 6
Type (N,S) (V,S) (U,S) (N,S9 (V,S89 (U, S

or not it was sampled; thus, we need only distinguish between vaccinated and unvaccinated
individuals. We denote these types by V and U. Therefore, the forward process BF is specified
by the (joint) distributions of the random variables C’i = (C‘ij, j=12,...,6)fori =
1,2,...,6, where C; ; is the number of type-j individuals infected by a typical type-i infective,
and of the random variables C4 = (C4j, j = 1,2,...,6), for A = U, V. The same typing
is used in Bp, so, for example, a noninitial member of a susceptibility set is named if its
parent in the susceptibility set names it for vaccination. Thus, in an obvious notation, the
backward process Bp is specified by the distributions of I§,~ = (éij, j=12,...,6) for
i=12,...,6,and B4 = (B4j, j=1,2,...,6)for A = U, V. When analysing the forward
branching process BF, it is useful to think of a generation as consisting of two phases. In the
first phase we determine the types an infective’s neighbours, which we call potential offspring,
would be if they were infected, i.e. whether they are named, vaccinated, or unvaccinated and
whether or not they are sampled. Then in the second phase, conditional on this information, we
determine which of these neighbours actually are infected. A similar decomposition is used for
the backward process Bp. Note that, fori = 1, 2, .. ., 6, the random vector giving the number
of potential offspring of individuals of the six types from a typical type-i individual has the
same distribution in both Br and Bp.

Before analysing 8 and Bp, we determine the degree distribution of individuals of each
type. Note that this is independent of whether or not an individual is sampled, so types 1 and
4, types 2 and 5, and types 3 and 6 have the same degree distributions; we denote generic
random variables with these distributions by Dy, Dy, and Dy, respectively. The degree
distribution of a typical named individual follows the size-biased degree distribution, so Dy
has the same distribution as D. Next, consider a typical ‘vaccinated’ individual (type 2 or 5).
It has unconditional degree distribution D, but we also know that it is named by at least one of
its neighbours, though not by its infector. Thus, ford =2, 3, ...,

P(D=dP(V |D=d) _ pal — (- pyps)*™"

P(Dy =d) = .
pPv pv

(N
where py = 372, pi(1— (1 — pyps)' 1) = 1— f5_,(1 — py ps) is the a priori probability
that the individual is vaccinated. Similarly, a typical unvaccinated (type 3 or 6) individual has
unconditional degree distribution D, but we also know that it avoids vaccination by all of its
neighbours, so

pa(l = pyps)*™!

1—py
Turning now to initial individuals, recall that these can be of only two types, V and U. If the
initial individual is chosen uniformly at random from the population then a priori its degree is
distributed according to D and it is vaccinated with probability py given by (6). If the initial
individual is vaccinated then the distribution of its degree, say Dy, is given by

— —(1— d
P(szd):P(D—d,V):Pd(l a pspzv))’ d=1.2.... ©)

pv pPv

P(Dy =d) = , d=1,2,.... (8)
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If, on the other hand, it is unvaccinated then the distribution of its degree, say Dy, is given by

_ pa=pspy)?

P(Dy = d) —

d=0,1,.... (10
We also define the marginal infection probabilities piI . = DA@),A(j) for the types i, j =
1,2,...,6,where A(i) = Vifi € {1,2,4,5}and A(i) = U ifi € {3, 6}.

4.1. Threshold parameter

We now set out to calculate the mean matrix M = (m;;, i, j = 1,2, ..., 6) of the offspring
distributions for the noninitial generations of the forward branching process 8. The dominant
eigenvalue R, of M will serve as a threshold parameter determining whether or not major
outbreaks infecting a significant fraction of the population are possible.

Consider a typical type-1 (i.e. (N, S)) individual. On average it has @z _, uninfected
neighbours. Since a type-1 individual is sampled, each of these neighbours is named with
probability py; if such a neighbour is not named then it is vaccinated with probability py .
Independently, each such neighbour is sampled with probability ps. Fori = 1,2,...,6, let
p1i be the probability that a given potential offspring of a type-1 individual is of type i. Then
pii = pnps, prz = (1 = pn)pvps, p13 = (1 = py)(A = pv)ps, pia = py(1 = ps),
pis = (1 — pn)pv(l — pg), and pig = (1 — py)(1 — py)(1 — ps). Furthermore, each
potential type-i offspring actually is an offspring with probability p{ ;- Therefore, the first row
of the matrix M is specified by m1; = up_,p1; pf I For a type-4 individual, the situation is
very similar, the difference being that since the individual is not sampled its neighbours cannot
be named by it. Thus, my4; = “b—1ﬁ4jpz{j’ where p41 = 0, par = pv ps, pa3 = (1 — py)ps,
pas =0, pas = py (1 — ps), and pss = (1 — pv)(1 — ps).

Consideration of a typical unvaccinated (i.e. type 3 or 6) individual follows very similar
arguments, the key difference being that we know that the potential offspring do not name
their parent (since the parent is unvaccinated), so the probability that each potential offspring
is sampled is

1-— 1—
Psu = IP(S | does not name parent) = ps(1 = pw) = ps( pN). 11
ps(l—pN)+1—ps 1 — pspn
Thus, for j =1,2,...,6,m3; = MDU—IPAngj and mg; = ,uDUflﬁﬁjpéj,where, using (8),
(eY)
e pr (1 — k=1 fz_,(1 = pnps)
pr(1 — pnps) D1
My =) (k=1) = =1 -pyps)————
O ; L —py L —py

and the potential offspring type probabilities are p3; = pnpsv, p32 = (1 — pn)pv psu,
P33 = (1 = pn)( = pv)psu, p3a = pn(1 = psu), p3s = (1 = pn)pv(l = Psu), P36 =
(1 = pv)(A = py)A = psu), Pt = 0, pe2 = pvpsu, Pes = (1 — pv)psu. Pes = 0,
Pes = pv(1 — psu), and pes = (1 — py)(1 — psu).

Now consider a typical type-2 (i.e. (V, S)) individual, i* say. Its degree is distributed as
ﬁv. Let Ng and Ngc be the number of uninfected neighbours of i* that are sampled and
unsampled, respectively. For d = 1, 2, ..., the conditional distribution of Ng, given that i *’s
degree Dy =d, is given by

NPk = po)? 1R = (1 = pa)b)
1—(1—pnps)d!

P(Ns =k | Dy =d) = . k=0,1,....d—1.

(12)
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Hence, using (7), tns = py' ps(up_; — (1 — pzv)fg_)l(l — pspn)) and, since Ngc = Dy —
1—Ng, wehave uy, = ﬁ‘_,l (I=ps)(up_ = fgil (1—pspn)). Now, note that each potential
offspring, whether sampled or not, is named with probability py and otherwise vaccinated
(with probability (1 — py)py) or unvaccinated (with probability (1 — py)(1 — py)). Thus,
we have my; = ,uNSﬁszéj (j = 1,2,3) and my; = pLNScﬁszéj (j = 4,5,6), where
P21 = p2 = pN, P22 = p2s = (1—pn)pv,and pr3 = pre = (1— pn)(1—py). Foratype-5
(i.e. (V, §9) individual, the situation is exactly the same except that the potential offspring
cannot be named, so ms; = ,uNSﬁ5jp§j (j=1,2,3) and ms; = MNscﬁSjpéj (j =4,5,6),
where ps1 = psa = 0, psa = pss = pv, and ps3 = ps¢ = 1 — py.

Using similar coupling arguments to those in Ball and Sirl (2012, Section 6.2), the approxi-
mating branching process B and a sequence (™) of epidemic processes with acquaintance
vaccination, indexed by the population size n, may be constructed on the same probability
space so that the number of individuals infected in (§ ) converges almost surely to the total
progeny of Bf as n — oo. Moreover, if 0[2) < 00, similar coupling arguments to those in
Ball et al. (2009) show that the probability that & infects at least log z individuals tends to
the survival probability of B8r as n — co. We then have the following proposition, in which a
major outbreak is one that infects at least log n individuals. We conjecture that, as for the model
without vaccination, in the limit as n — 00, a major outbreak almost surely infects exact order
n individuals (see Proposition 4, in Section 4.4; cf. final paragraph of Section 2.1.2).

Proposition 2. The quantity R, is a threshold parameter for our epidemic model in the usual
sense that, as the population size n — 00, a major outbreak occurs with strictly positive
probability if and only if R, > 1.

4.2. PGFs of potential offspring distributions

First we consider individuals in a noninitial generation. Fori = 1,2,...,6, let X P =
(Xi1, Xi2, ..., Xi¢) be the number of potential offspring of each type of a typical type-i
individual in a noninitial generation. (Recall that X; has the same distribution in both the forward
and backward processes.) For types 1, 3, 4, and 6, each neighbour of the individual under
consideration takes its type independently with fixed probability so, conditional on the degree
of the individual, the numbers of potential offspring follow a multinomial distribution. Thus, for
s € [0, 11%, we have f;(i(s) = fp_1(&i(s)), i = 1,4, and fj,i(s) = fDU_l(gi(s)), i =3,6,
where g;(s) = Z?Zl pijsj. i =1,3,4,6.

Now consider a typical type-2 individual. Conditioning on its degree (distributed according
to Dy) and then on the number N of its potential offspring that are sampled, we have

6 - 6 -
X . X . ~
B[ [T5% ] =55, [ B0 | TT5 | ¥s.0v] |
j=1 j=1

Since each potential offspring, independently of whether or not it is sampled, is named, vacci-
nated, or unvaccinated with probability D21 = Da4, P22 = pas, and pp3 = pag, respectively,
we have (note that Ng + Ngsc = Dy — 1)

° %
- 2j
2| [T
j=1

N, Nsc] = (821(5) "5 (g2 (s)™s, (13)

where, for s € [0, 11°, g21(s) = Z?:] p2js; and gao(s) = Z?=4 p2js;. Together with the
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conditional distribution of Ng given by (12), it then follows that, ford = 2,3, ...,
° %,
e[ [T | o =]

1
1—(1—pspy)d-!

d—1
d—1
x> :( L >(P5821(S))k((1 — ps)gn6)N* R - (1 - pa)b)
k=1

1
= T T L6205 P ) = (eas. ps. pw)) ™) (14)

where g2(s, ps, pn) = ps(1 — pn)gai(s) + (1 — ps)gaa(s). Taking the expectation of (14)
with respect to Dy, using the mass function (7), then yields

1
fx,8) = ﬁ—v[fls_l(gz(s, Ps,0) = fp_1(g20s, ps, pn))]-

A similar calculation for a type-5 individual, noting that its offspring cannot be named, yields
1
SAOKES ﬁ_v[fb—l(gS(s’ Ps,0) — f5_,(g5(s, ps, pn))],

where g5(s, ps, pn) = ps(1 — pn)gsi1(s) + (1 — ps)gsa(s), with g51(s) = 2321 psjsj and
g52(s) = Z?=4 DsjS.

For individuals in the initial generation the calculations are very similar. Recall that initial
individuals are typed only by whether they are vaccinated (type V') or unvaccinated (type U).
For A =V,U,let Xa = (Xaj, j = 1,2,...,6) be the number of potential offspring of an
initial individual of type A. A typical type-U initial individual is sampled with probability ps
and has degree distributed as Dy defined by (10). If it is sampled then each of its neighbours
(potential offspring) is of type j independently with probabilities (p3;, j = 1,2,...,6) and
if it is not sampled then these probabilities are (ﬁ()j, j=1,2,...,6). Thus, for s € [0, 1]6,

Sxy(8) = psfpy(g3(s)) + (1 — ps) fp, (gs(s)),

where, using (10), fp,(s) = fp(s(1 — pspn))/(1 — py). Now consider a typical type-V
individual, i* say. As before, let Ng and Ngc be the number of i*’s neighbours that are sampled
and unsampled, respectively. Since i* must be named by at least one of its neighbours, it
follows that, ford =1, 2, ...,

@) Pk — ps)d*1 — 1 — pw)h)

PNs =k | Dy =d) = 1—(1—pspn)?

) k=1,2,...,d.

Furthermore, since i* is sampled with probability pg, we have

6 X
\4
]EXV|:| | 5 J
j=1

Ns. Nsv} = ps(8216)™ (g22()™ + (1 = ps)(gs1 ()™ (g2 ()™

https://doi.org/10.1239/jap/1389370105 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1389370105

1160 F. BALL AND D. SIRL

This is an analogue of (13) in the derivation of fi’z and the corresponding equation in the
derivation of f- s Arguing as in those cases and recalling the mass function (9) yields

1
fxy,(8) = p—v(ps[fp(gz(s, ps,0)) — fp(ga(s, ps, pn))]

+ A = po)lfpless, ps,0)) — fp(gs(s, ps, pn))D.

4.3. Probability of a major outbreak

It is convenient to treat the nonrandom and all-or-nothing vaccine responses separately.
Consider first the nonrandom vaccine action model and, fori = 1, 2, ..., 6, define a; to be the
relative susceptibility and b; the relative infectivity of a type-i individual. Thus, a; = b; = 1
fori =3,6anda; =a,b; =bfori =1,2,4,5. Fori = 1,2,...,6, conditioning on the
potential offspring vector X; and infectious period I of a typical noninitial generation type-i
individual yields

fe. (9 =E; 3 [Eé,- [H S,-Cij

j=1

6 ~
X Iﬂ =Ex, [H<e‘“f”"“+(1 —e‘“f”"“)sﬂx”}' (1)

j=1

Then, using the same manipulations as at the end of Section A.2 of Ball ef al. (2010) and
employing the vector notation defined in Section 1.1, we find that

1—s)*nf (k
fo =y T b, (16)

6
keZy

where th(k) = ¢ (biA Z?:l ajkj).
Exactly the same arguments apply for the initial generation, whence, for A = U, V and
s €011,
(1 =) nf k)
fea®) = Y ). a7

6
keZ3

where hf; = h{ and hf, = hf.
If the infectious period is constant then (16) and (17) simplify appreciably, since it follows
directly from (15) that, with pi]j defined using PNR fors € [0, 1]6,

fe,) = fg ([ (), i=1,2,...,6, and  fc,(s) = fx,(h}(s), A=U,V,
(18)

where Y (s) = (1 — p,’j + p{jsj, j=1,2,...,6), ki (s) = hf (s), and hf (s) = kL (s).

Turning to the all-or-nothing vaccine response model, since vaccinated individuals are either
rendered completely immune or are unaffected by the vaccine, in 8fr we need only keep track
of unvaccinated individuals and vaccinated individuals for whom the vaccine fails. Thus, we
still have six types of individual, labelled 1 to 6 as before, but with the implicit assumption
that ‘named’ and ‘vaccinated’ types are fully infectious, i.e. we ignore individuals who become
fully immune. (Of course, the different types still have different degree distributions.) A similar
argument to that used above shows that (15) holds but with e =% bird 4 (1—e % birl )s j replaced
by e + (1 —eM)s; for j = 3,6, and by e + (1 —e)e ™ + (1 —e)(1 —e *)s; for
j =1,2,4,5. Analogous expressions to (16) and (17) then follow. If the infectious period is
constant then (18) holds with the p[’ [ defined using PA°N,

https://doi.org/10.1239/jap/1389370105 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1389370105

Acquaintance vaccination 1161

The probability of a major outbreak in our epidemic model is approximated by the survival
probability of the forward branching process Br. By standard branching process theory this
is, assuming that the initial individual is of type A € {U, V}, p(A) =1- fc,(0), where o
is the smallest solution of f(s) = s in [0, 116 and fe(s) = (fC (s) i =1,2,...,6). The
following proposition then follows by conditioning on the type of the initial 1nfect1ve.

Proposition 3. Consider the epidemic taking place on the network with vaccination according
to our (new) acquaintance vaccination model and a single initial infective chosen uniformly
at random from the population. As the population size n — oo, the probability that a major
outbreak occurs is given by

)

PVPmaJ + (= pv)pm, nonrandom vaccine,
Pmaj =

py(l — s)pfnaj) + (- pV)pma] all-or-nothing vaccine.

The probability pmy; is strictly positive if R, > 1, if Ry < 1 then pmaj = 0.

4.4. Final size of the major outbreak

The expected relative final size of a major outbreak is approximated by the survival prob-
ability of the backward process Bp. Standard branching process theory tells us that if we
write fz(s) = (fg B, (s), i =1,2,...,6) then the expected relative final size amongst type-A
individuals (A = U, V) can be written as z4) =1 — fp . (§), where & is the smallest solution
of fz(s) =sin][0, 1]°.

To calculate the PGF fl?,- (s), we firstly condition on )~(,~ = ()~(,~j, j=1,2,...,6), the
number of potential offspring of each type. Since each potential offspring joins the susceptibility
set independently, type j potential offspring joining with probability pf ;» we find that

f3,8) = fg, (B} (5)),

wherehf(s) = —pJI.i—i—pfl.sj, j=12,...,6) andpjl. (i,j=1,2,...,6)are the marginal
infection probabilities, using PA°N or PNR as appropriate. As with B, the calculations relating
the potential to the actual offspring distribution are exactly the same when dealing with the initial

generation; in this instance we have

IB,(5) = fx, (h5(5)), A e{U, V),

where h = h% and h8 = h5.

These formulae hold equally for all-or-nothing and nonrandom vaccine action models if
we make the same implicit assumption as above, namely that with the all-or-nothing vaccine
action model we count only those individuals for whom the vaccine fails in the ‘named’ and
‘vaccinated’ types. We expect that the arguments of Ball ez al. (2009) can be adapted to prove
that, as supported by extensive numerical simulations, the relative final size of a major outbreak
converges in probability to the survival probability of Bp as n — oo (cf. final paragraph of
Section 2.1.2). A simple conditioning on the type of the randomly chosen initial susceptible
thus suggests the following result.

Proposition 4. Consider the epidemic taking place on the network with vaccination according
to our (new) acquaintance vaccination model and a single initial infective chosen uniformly at
random from the population. As the population size n — 00, the proportion of the population
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that is ultimately infected by a major outbreak is given by

_ pvz(v) + (1 — pv)z(U) nonrandom vaccine,
N pv(l —e)zV) + (1 — py)zY)  all-or-nothing vaccine.

5. Properties of the new vaccination model

In this section we briefly investigate some of the properties of our new model for acquaintance
vaccination. We use the notation ¢ for the vaccine coverage; as pointed out earlier it is the
same as the probability py but the interpretation as the coverage is more pertinent here. We
begin by examining the trade-off between pgs and py. Clearly, the vaccine coverage ¢ =
1 — fp(1 — pspn) depends only on the product pgpy, but the precise values of ps and py
affect how effective the vaccination is. Analytical progress in this direction is possible in the
case where the vaccine is perfect, we later use numerical methods to explore the situation for
imperfect vaccines.

When the vaccine is perfect, only unvaccinated individuals can be infected and the ap-
proximating branching processes involve only two types of individual, (U, S) and (U, S°).
Moreover, in both B and Bp unvaccinated individuals are sampled independently, so these
processes are essentially single type. The threshold parameter R, may be obtained as follows.
A typical infected individual, i * say, in a noninitial generation of B is sampled with probability
Psu, has on average u Dy—1 forward neighbours (potential offspring) and fails to name a
given forward neighbour with probability 1 — psy + psy(l — py). Furthermore, each
unnamed forward neighbour is vaccinated with probability py. Thus, i* has on average
/LDU_I(l — psu + psu(1 — pn))(1 — py) susceptible forward neighbours, so

Ry =p g, (1= psv + psu(l = p)(1 = pv) = p' (1 =2p"+ p'pn) 3 (1= p),

using (8) and (11) and writing p’ for ps py. Thus, for fixed p’, i.e. fixed coverage, R, is strictly
increasing in py. The best we can do with fixed coverage is to take (ps, py) = (1, p’), and
the worst we can do is to take (ps, py) = (p’, 1); these give

Ry =p'(1=p)fy) (1=p) and RY =p'(—p)f5) (a—p).

Clearly, the factor 1 — p’ between Rfj and R gives the greatest difference when p’ is large,
i.e. the coverage ¢ = 1 — fp(1 — p’) is large. This suggests that when coverage is high
the balance between pgs and py is more important than when the coverage is low. However,
when the coverage is high with a perfect vaccine, the epidemic is likely to be subcritical in any
event. The nature of the dependence on pg and py is also perhaps not surprising: the effect of
vaccination is greater if everyone in the population names a few friends to be vaccinated than
if a few people in the population name all of their friends to be vaccinated. As is seen below,
however, our numerical studies indicate that the observed differences between these ‘best” and
‘worst’ strategies are very small. With a perfect vaccine in the old model, expression (3) for R,
is explicit but cannot easily be compared to the corresponding formulae above for the new
model.

Turning to the case of an imperfect vaccine, we numerically compare the performance of
the old and new acquaintance vaccination models, ‘uniform vaccination’ (selecting individuals
to be vaccinated uniformly at random), and the best possible scheme in the SNM, where the
highest-degree individuals are vaccinated. The latter scheme, which we call ‘SNM-optimal’, is
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FIGURE 1: Plots of the post-vaccination threshold parameter and the expected relative final size of a major

outbreak versus vaccine coverage ¢ for various vaccine allocation regimes, using a perfect vaccine and

with degree distributions D ~ Poi(10) (left) and D ~ Pow(12, 3.4) (right), which (to 1 decimal place)

has up = 10.0 and 612) = 176.7. Other model parameters are A = 1 and I ~ exp(3) (left), I ~ exp(10)
(right), where exp(1) denotes the negative exponential distribution with mean p~!.

of course impossible to implement in any real-world setting, but nevertheless it gives a guide to
help understand how well the various acquaintance vaccination models perform and we would
hope that the performance of the acquaintance vaccination schemes comes close to that of the
SNM-optimal scheme. Details of the calculations involved are given in Appendix B.

In Figure 1 we plot (using two different degree distributions) the post-vaccination threshold
parameter R, and the expected relative final size of a major outbreak z against vaccine coverage,
using a perfect vaccine with a range of vaccine allocation regimes. The regimes we compare
involve choosing individuals (i) uniformly at random, (ii) with the worst ‘new’ acquaintance
vaccination regime, (iii) with the best ‘new’ acquaintance vaccination regime, (iv) with the
‘old’ acquaintance vaccination regime, and (v) according to the SNM-optimal regime. The
degree distributions we use are the Poisson distribution with mean u, denoted by Poi(u), and
a distribution with a power law tail, for which we write D ~ Pow(k,, a) to mean

k79 fork =0,1,..., ki

P(D =k) =
( ) k™% fork=ke+ 1, ki +2,....

In Figure 2 we present the same plots as in Figure 1 except the vaccine action model used is
all-or-nothing with success probability 0.8. In the upper-right plot of Figure 2 we do not include
the perf. ; . L . L (d*)

performance of the old acquaintance vaccination model, since the approximations R, * of
R, (described in Section 3.2) are very slow to converge as d* — oo when D is heavy tailed
and we have not been able to implement satisfactory numerical methods to approximate R, in
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FIGURE 2: Plots of the post-vaccination threshold parameter and the expected relative final size of a major

outbreak versus vaccine coverage for various vaccine allocation regimes, using an all-or-nothing vaccine

with ¢ = 0.8 and with degree distributions D ~ Poi(10) (leff) and D ~ Pow(12, 3.4) (right). Other
model parameters are A = 1 and I ~ exp(3) (left), I ~ exp(10) (right).

this situation. Very similar plots to those in Figure 2 are obtained when using a nonrandom
vaccine with parametersa = b = V0.2 (chosen so that the efficacy 1 —E[ A B] of the imperfect
vaccines are the same).

Unsurprisingly, we see the various acquaintance vaccination regimes perform better than
vaccinating individuals chosen uniformly at random but not as well as vaccinating individuals of
highest degree. It also appears that the advantage acquaintance vaccination offers over uniform
vaccination is more pronounced for the more widely spread degree distribution—the effect of
selecting individuals to vaccinate whose degree is distributed according to D rather than D being
greater when the degree distribution has greater variability. Additionally, the extent to which
the SNM-optimal allocation regime outperforms acquaintance vaccination is rather smaller for
the widely spread degree distribution. This suggests that it is in realistic networks, in which
individuals have vastly differing connectivities, that acquaintance vaccination both outperforms
naively vaccinating uniformly at random to the greatest extent and best approximates the optimal
vaccine allocation regime. We also note that the best and worst new acquaintance vaccination
regimes and (when we can do the necessary calculations) also the old acquaintance-based
regime all perform very similarly.

Figures 1 and 2 suggest that the difference between the best and worst performances of the
new acquaintance vaccination model is very small indeed, especially for the power law degree
distribution. Whilst we can analytically compare the threshold parameters of the best and worst
models when the vaccine is perfect and we find that the differences are quite small, results
such as those in Figure 2 and similar plots for other vaccine action models (not shown) indicate
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that the discrepancy is also quite small when considering imperfect vaccines. In Figure 2 we
have used the labels ‘best” and ‘worst’ as with the perfect vaccine even though we have no real
reason to do so. Extensive numerical results (not shown) indicate that for fixed p’ = pgpy the
performance of an imperfect vaccine (measured by R, or z) is always monotonic in py and,
whilst the direction of the monotonicity is not fixed, the magnitude of the differences between
best and worst is very small.

Appendix A. Proof of Proposition 1

Let 79 denote the type U, and suppose that Bhasa single ancestor whose type is #p. Let Bo
be the single-type (#p) Galton—Watson process embedded in B, in which, apart from the initial
ancestor, for each type-fo individual in 8, its mother in By is given by its most recent type- 1o
ancestor when looking backwards in the family tree. Note that the offspring distribution of £0
may have a mass at co. Let 7 be the extinction probability of By. Ford* = 2,3, ..., let £
be the single-type Galton—Watson process derived from 8" in the same fashion and let rr(d )
denote the extinction probability of 580 k

Ford =2,3,...,let py, be the probability that a given type-N,; individual in B has at least
one child of type Up. Then py, > mpy, v,/(d — 1) > e 2 prapyy. Similarly, in obvious
notation, py, > e “ papyy. Also, py, > e /4 By (1— e”(/zad’z)(l—ad’l)’lapvu (ford =

3,...). Now (1 —e*/2092)(1 — ¥ 1)~ increases with d if « < e /% and decreases
with d if @ > e /2. Thus, pv, = e */2py min(1, (1 — e */?)/(1 — a))apyy. Hence, there
exists pgp > 0 such that the probability that any given individual has at least one child of type
Us is at least po, so, by the strong law of large numbers, if 8B survives (i.e. does not become
extinct) then almost surely so does ;Bo Clearly, 5[30 becomes extinct if B becomes extinct.
Thus, 77, = 7, and a similar argument gives n,( h =A@ (@*=23,...).

Let the random variable Cy be distributed accordlng to the offspring distribution of By and,
for d* = 2,3,. let the random variable C0 ) be d1str1buted accordlng to the offspring
distribution of i)’ . Construct coupled realisations of Cop and C (d *=2,3,...) using the
progeny of the ancestor in 8. If Cy < oothen only finitely many types in B8 contrlbute to Co, S0
Co= C0 " for all sufficiently large d*. Alternatively, if Co = oo then, for any integer K > 0,
let T (K ) be the maximum of the degrees of individuals used in 8 when C o firstexceeds K. Then
C0 > K forall d* > T(K). Thus, C0 converges almost surely to Co as d* — oo. Hence,
by the dominated convergence theorem, limg+_, o f~ &) (s) = fC0 (s), 0 <s < 1, whence
T =limgs_00 = = 7@ (cf. Britton et al. (2007, Lemnia 4.1)), so Ty = limgr o0 nt(od

Suppose now that B has a single ancestor whose type is ¢ # 1. Let o’B,,o be the single-type
Galton—Watson process, consisting of the ancestor and all type-fy individuals in B, that is
embedded in B analogously to By above. Note that the offspring distribution of the ancestor
in j?,,o may be different from that of subsequent indiViduals The above argument may be
modified in the obvious fashion to show that 7; = limg+_, nt ). thus, completing the proof
of Proposition 1(i).

To prove Proposition 1(ii), note that every element of M is strictly positive, so, for any
te€T,7 < 1ifand only if 77;;, < 1. Suppose that 7;, < 1. Then, since 7 = 7, and
T = hmd*_morr( ) , there exists d* such that 7@ < 1, whence, since n(d ) — = 7@ , Mode
(1971, Theorem 1.7. 1) 1mphes that R( R 1,s0 R4 > 1. Conversely, if R A > 1, then there

exists d* such that R > 1, whence nt(d ) < 1 which implies that 77, < 1, since 77, < n,(d ),
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Appendix B. SNM-optimal vaccination

Clearly, the best possible vaccination strategy in the SNM is to vaccinate all individuals
of ‘high’ degree and no individuals of ‘low’ degree, the cutoff between low and high being
determined by the coverage available. Given c, the smallest degree of individual which we
vaccinate is given by d. = max{k € Z: Z'j‘;(l) pj < 1—c}. We then vaccinate no individuals
of degree d. — 1 or smaller, some proportion § € (0, 1] of individuals of degree d., and all
individuals of degree d. + 1 and higher. Setting § = (¢ — Y do+1Pi)/ pd, gives the desired
coverage c.

Let py be the probability that the individual from which a randomly chosen half-edge
emanates is vaccinated. The degree of this individual is distributed as D,so py =& Dd. +
Z?o:dr 41 Pj. The degree distribution of a typical vaccinated individual is given by P(Dy =
d.) = 8pg.c ' and P(Dy = k) = prc! fork = d. + 1,d. + 2, ..., whilst that of a typical
unvaccinated individual is given by P(Dy = k) = pr(1 —¢)"! fork = 0,1,...,d. — 1
and P(Dy =d.) = (1 = 8)pg. (1 — c)’l. The degree distributions of a typical contacted
individual conditioned on it being vaccinated or unvaccinated are needed. These are given
by P(Dy = d;) = 8pa,py' and P(Dy = k) = prpy' fork = de + 1,d. +2,...; and
P(Dy = k) = pr(1—py) " fork =0, 1,...,d.—1andP(Dy = d.) = (1-8) pa, (1—py)~".
The corresponding means are

o
M[)V=I3Vl<5dcl3dc+ > jﬁj)

Jj=dc+1
and
de—1
wp, =(1— ﬁv)_l(z jpj+0- a‘)dcﬁdc)
j=1

In the forward and backward approximating branching processes, it is sufficient to type
individuals according to whether they are vaccinated (type 1) or unvaccinated (type 2). The
mean matrix for noninitial generations of the forward process is then given by

M= </‘DV—115VPVV wp, (= ﬁv)PVU)
Wp,—1PvPuv  Kp, (L= pvIpuu)’

The dominant eigenvalue R, of this matrix is then a threshold parameter for the model,
describing (asymptotically) whether or not major outbreaks affecting a positive proportion
of the population are possible. Note that if pyy pyy = puvpvu (Which is satisfied when
the vaccine is all-or-nothing or nonrandom with a = 1 or b = 1 (leaky)) then rank M = 1
and R, = /’“ﬁu—l(l — pv)puu + M[)V_M;VPVV- In particular, if the vaccine is perfect,
Ry = Mﬁu_l(l - ﬁV)p-

As in the analysis of our acquaintance vaccination model we consider the offspring of an
individual in two phases. First we call (in the language of the forward process) uninfected
neighbours of an infected individual potential offspring and determine their types; then we
determine whether they are infected. Also, in the same way as before, with the all-or-nothing
vaccine we count as vaccinated types only individuals for which the vaccine fails.

For noninitial generations the PGFs of the potential offspring distributions X ;= (X' il X i2),
i = 1,2, follow easily from the size-biased degree distributions given above. Since each
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neighbour takes its type independently with fixed probabilities, we have, for s € [0, 112,
I, (8) = fp,_1(8()) and fg () = fp,_1(8(s)), where g(s) = pysi + (1 — py)s2.
The same calculations for the potential offspring distributions in the initial generation (call
the random variables X; = (X;1, Xi»)) show that, for s € [0, 1]%, fx,(s) = fp,(g(s)) and
Ix2(8) = fpy (8(s)).

To calculate the PGFs of the offspring distributions for the forward process, we again follow
closely the derivation in Section 4. Consider first the case of a nonrandom vaccine action
model. Denoting by C; = (Ci1,Cn), i = 1,2, the number of vaccinated and unvaccinated
individuals infected by a typical type-i individual, and by a; and b; the relative susceptibilities
and infectivities of the types (so a; = a, by = b, and a» = by = 1), we find that

1-s)knf(k
fe =3 (s;(—()f(k)( )

2
keZs

where hF (k) = ¢p(Ab; Z ajkj). Of course, exactly the same arguments hold for the initial
generatlon and the same formula is obtained, with C; = (C;1, C;2) and X; in place of C
and X i

Considering the case of the all-or-nothing vaccine action model, the same modifications as
described at the end of Section 4.3 applied to the above argument give corresponding formulae
for the offspring distributions.

The offspring PGFs for the backward process are also derived in the same way as in
Section 4; writing Ei = (Eil, éiz), i = 1,2, for the appropriate random variable we find
that f3 () = f, (hE(s)), where h?(s) = (1 — pl, + pl;si. 1 — pl. + pl.s2), with

Pl = pvv, Pl = pvu, pi1 = puv, and pl, = pyu.

The same arguments apply for the initial generation, so fp;(s) = fx; (hlB (s)), with hlB (s) as
before. The differences between the nonrandom and all-or-nothing vaccine action models again
arise only in the definition of the quantities p,.lj and the appropriate weighted average to use to
determine the overall expected relative final size of a major outbreak (cf. Section 4.4).
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