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CHAIN-REFERRAL SAMPLING ON STOCHASTIC BLOCK
MODELS*

THI PHUONG THUY VO**

Abstract. The discovery of the “hidden population”, whose size and membership are unknown, is
made possible by assuming that its members are connected in a social network by their relationships.
We explore these groups by a chain-referral sampling (CRS) method, where participants recommend the
people they know. This leads to the study of a Markov chain on a random graph where vertices represent
individuals and edges connecting any two nodes describe the relationships between corresponding
people. We are interested in the study of CRS process on the stochastic block model (SBM), which
extends the well-known Erdos-Rényi graphs to populations partitioned into communities. The SBM
considered here is characterized by a number of vertices N, a number of communities (blocks) m,
proportion of each community 7= = (71,...,7m) and a pattern for connection between blocks P =
(Akt/N)(,1ye(1,...,my2- In this paper, we give a precise description of the dynamic of CRS process in
discrete time on an SBM. The difficulty lies in handling the heterogeneity of the graph. We prove that
when the population’s size is large, the normalized stochastic process of the referral chain behaves like
a deterministic curve which is the unique solution of a system of ODEs.
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1. INTRODUCTION

In sociology, some populations may be hidden because their members share common attributes that are
illegal or stigmatized. These hidden groups may be hard to approach because these individuals try to conceal
their identities due to legal authorities (e.g. drugs users) or because of the social pressure (e.g. men having
sex with men). In such populations, all the information is unknown: there is no sampling frame such as lists
of the members of the population or of the relationship between the latter. It causes many challenges for
researchers to identify these groups. The discovery of the hidden populations is made possible by assuming
that its members are connected by a social network. The population is described by a graph (network) where
each individual is represented by a vertex and any interaction or relationship (e.g. friendship, partnership)
between a couple of individuals is represented by an edge matching the corresponding vertices. Thanks to this

*This work was done during the Ph.D. thesis of the author under the supervision of Jean-Stéphane Dhersin and Tran Viet Chi.
The author was partially supported by the Chaire MMB (Modélisation Mathématique et Biodiversité of Veolia-Ecole Polytechnique-
Museum National d’Histoire Naturelle-Fondation X) and by the ANR Econet (ANR-18-CE02-0010).

Keywords and phrases: Chain-referral sampling, random graph, social network, stochastic block model, exploration process,
large graph limit, respondent driven sampling.

Vo Thi Phuong Thuy, Univ. Paris 13, CNRS, UMR 7539 - LAGA, 99 avenue J.-B. Clément, 93430 Villetaneuse, France.

** Corresponding author: vo@math.univ-parisi3.fr

© The authors. Published by EDP Sciences, SMAI 2020

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/ps/2020025
https://www.esaim-ps.org/
mailto:vo@math.univ-paris13.fr
https://creativecommons.org/licenses/by/4.0

CHAIN-REFERRAL SAMPLING ON STOCHASTIC BLOCK MODELS 719

important feature, we are allowed to investigate these populations by using a Chain-referral Sampling (CRS)
technique, such as snowball sampling, targeting sampling, respondent driven sampling etc. (see the review of [25]
or [16-18]). CRS consists in detecting hidden individuals in a population structured as a random graph, which
is modeled by a stochastic process that we study here. The principle of CRS is that from a group of initially
recruited individuals, we follow their connections in the social network to recruit the subsequent participants.
The exploration proceeds from node to node along the edges of the graph. The interviewees induce a sub-tree
of the underlying real graph, and the information coming from the interviews gives knowledge on other non-
interviewed individuals and edges, providing a larger sub-graph. We aim at understanding this recruitment
process from the properties of the explored random graph. The CRS showed its practicality and efficiency in
recruiting a diverse sample of drug users (see [4]).

CRS models are hard to study from a theoretical point of view without any assumption on the graph
structure. In this paper, we consider a particular model with latent community structure: the stochastic block
model (SBM) proposed by Holland et al. [19]. This model is a useful benchmark for some statistical tasks as
recovering community (also called blocks or types in the sequel) structure in network science [14, 15, 23]. By
block structure, we mean that the set of vertices in the graph is partitioned into subsets called blocks and nodes
connect to each other with probabilities that depend only on their types, i.e. the blocks to which they belong.
For example, edges may be more common within a block than between blocks (e.g. group of people having
sexual contacts). We recall here the definition of SBM (we refer the reader to the survey in [1]):

Definition 1.1. Let N be a positive integer (number of vertices), m be a positive integer (number of blocks or
types), m = (m1,...,Tm) be a probability distribution on {1,...m} (the probabilities of the m types, i.e. a vector
of [0,1]™ such that }°;" | m = 1) and P = (pi)(k,1)e{1,..,m}2 be a symmetric matrix with entries py; € [0, 1]
(connectivity probabilities). The pair (T', G) is drawn under the distribution SBM(N, 7, P) if the vector of types
I is an N-dimensional random vector, whose components are i.i.d., {1,...,m}-valued with the law 7, and G
is a simple graph of size N where vertices ¢ and j are connected independently of other pairs of vertices with
probability pr,r;. We also denote the blocks (community sets) by: [I] := {v € {1,...,N} : Ty, = I} with the size
N = |[]],l € {1,...,m}.

Notice that when m = 1, i.e. there is only one type. Any arbitrary pair of vertices is connected independently
to the others with the same probability p11, SBM becomes the Erdés-Rényi graph, which is studied in [10].

Here, we consider the Poisson case where the connectivity probabilities py; depend on N and are given by
Pri = Aki/N. This means that each individual of the block k contacts in average Ag;m; individuals of the block .
This implies that the network examined is sparse. In the present work, we give a rigorous description of a CRS
on such SBM and study the propagation of the referral chain on this sparse model.

The CRS relies on a random peer-recruitment process. To handle the two sources of randomness, the graph
and the exploring process on it are constructed simultaneously. In the construction, the vertices of the graph
will be in 3 different states: inactive vertices that have not being contacted for interviews, active vertices that
constitute the next interviewees and off-mode vertices that have been already interviewed. The idea to describe
the random graph as a Markov exploration process with active, explored and unexplored nodes is classical in
random graphs theory. It has been used as a convenient technique to expose the connections inside a cluster,
especially to discover the giant component in a random graph models, for example see [11, 27]. In our case,
there is a slight difference in the recruiting process: the number of nodes being switched to the active mode
is set to be bounded by a constant. This trick helps to improve the bias towards high-degree nodes in the
population (see [18]). At the beginning of the survey, all individuals in the population are hidden and are
marked as inactive vertices. We choose some people as seeds of the investigation and activate them. During the
interview these individuals name their contacts and a maximum number ¢ of coupons are distributed to the
latter, who become active nodes. One by one, every carrier of a coupon can come to a private interview and is
asked in turn to give the names of her/his peers. Whenever a new person is named, one edge connecting the
interviewee and her/his contact is added but they remain inactive until they receive a coupon. After finishing
the interview, a maximum number of ¢ new contacts receive one coupon each and are activated. So if the
interviewee names more than ¢ people, a number of them are not given any coupon and can be still explored
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FIGURE 1. Description of how the chain-referral sampling works. In our model, the random
network and the CRS are constructed simultaneously. For example, at Step 3, an edge between
two vertices who are already known at Step 2 is revealed.

later provided another interviewee mentions them. After that, the node associated to the person who has just
been interviewed is switched to off-mode and is no longer recruited again, see Figure 1. We repeat the procedure
of interviewing, referring, distributing coupons until there is no more active vertex in the graph (no more coupon
is returned). Each person returning a coupon receives some money as a reward for her /his participation, and an
extra bonus depending on the number contacts that will later return the coupons. Notice that each individual
in the population is interviewed just once and we assume here that there is no restriction on the total number
of coupons.

The process of interest counts the number of coupons present in the population. We also want to know
how many people are detected, which leads to the number of people explored but without coupons. Denote
by the discrete time n € N = {0,1,2,...} the number of interviews completed, A,, corresponds to the number
of individuals that have received coupons but that have not been interviewed yet (number of active vertices);
B,, to the number of individuals cited in the interviews but who have not been given any coupon (number of
found but still inactive vertices) and U, to the total number of individuals having been interviewed (number of
off-mode nodes).

Because of the connectivity properties of the SBM graphs, we need to keep track of the types of the
interviewees and the coupons distributed not only to one community but also in general to each of the m
communities at every step. We then associate to the chain-referral the following stochastic vector process
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Xn = (An;an Un)7 neN:

AN [AD A
XTL = B’Vl = B'r(tl) e Br(:n) ) ne Nv
U, U,r(Ll) - Uém)

where Aﬁf) (resp. Bg) and ug)) corresponds to the number of active nodes (resp. of found but inactive nodes
and of off-mode nodes) of type [ at step n. In all the paper, we will use the notation (X}l’(l),X?L’(l),Xi’(l)) =
(A0, B U0,

The main object of the paper is to establish an approximation result when the size N of the SBM graph
tends to infinity. In this case, the chain-referral process correctly renormalized is:

1 ANty Biney Uine
XN = —X\w = 1)3xm 1]. 1.1
t N [Nt| ( N ' N ' N € [07 ] , te€ [07 ] ( )
In all the paper, we consider spaces R? equipped with the L!'-norm defined for z = (z!,...,z%) as ||z|| =

ZZ=1 |z%|. For all N, the process X7 lives in the space of cadlag processes D([0,1],[0,1]>*™) equipped with
Skorokhod topology (see [13, 20, 22]).

There exist to our knowledge a few works of studying CRS form a probabilistic point of view, for example,
Athreya and Rollin [3]. In their work, they obtained a result in a slightly different framework: they consider
random walks on the limiting graphon to construct a sequence of sub-graphs, which converges almost surely to
the graphon underlying the network in the cut-metric. Whereas we take here to the limit both the graph and its
exploring random walk simultaneously. The main result of this paper is that the process (X)x converges to
a system of ordinary differential equations (ODEs). There has also been literature on random walks exploring
graphs possibly with different mechanism (see [7, 12] for instance). Here we allow the exploring Markov process
to branch. Also, our process bares similarities with epidemics spreading on graphs (see [6, 9, 21, 26]) but with
the additional constraint of a maximum number of distributed coupons here.

The CRS is constructed by the similar principle of an epidemic spread and starts with a single individual.
There are two main phases of evolution (see [6]): the initial phase is well approximated by a branching process
(which we are neglecting here) and the second phase is when the stochastic process is approximated by an
deterministic curve. In this paper, we focus on the second phase, but let us comment quickly on the first phase.
In the sequel, we will assume that:

Assumption 1.2. For each ¢,k € {1,...,m}, denote pp = Appmr. We assume that the matrix p =
(#ek)eke{t,...,my is irreducible and the largest eigenvalue of y is larger than 1.

Remark 1.3. Under the Assumption 1.2, from the proof of Theorem 3.2 of Barbour and Reinert [6], the early
stages of the CRS is now can be associated approximated by a multitype branching process with the offspring
distributions determined by the matrix p. Thanks to the Assumption 1.2 the multitype branching process
associated with the offspring matrix u is supercritical. The analogous results for the extinction probability and
for the number of offspring at the nth generation as in the single branching process have been proved in Chapter
5 of [2]: the mean matrix of the population size at time n is proportional to x™. And follow the claim (3.11) of
Barbour and Reinert [6], we can deduce that if we start with a single individual, then after a finite steps, we
can reach a positive fraction of explored individuals in the population with a positive probability.

Assumption 1.4. Set ag, by, ug € [0,1]™, ap = (agl),...,a(()m)) such that >0, a(()i) = |lao| € [0,1], and set
bo, ug € [0,1]™, with by = (0,...,0) and ug = (0, ...,0). We assume that the sequence X{¥ = %Xo converges in
probability to the vector (ag,bg, up), as N — +oo.



722 T.P. T. VO

It means that the initial number of individuals with type ¢ at the beginning of the survey is approx-
imately LaO)NJ A possible way to initializing the process is to draw Ag from a multinomial distribution

M(L”aoHNJ 1y ,7Tm).

Theorem 1.5. Under the Assumptions 1.2 and 1.4, we have: when N tends to infinity, the process
(XN) N converges in distribution in D([0,1], [0, 1]3%™) to a deterministic vectorial function x = (gc.(l))lglgm =
(a.(l),b.(l), u.(l))lglgm in C([0,1], [0, 1]3%™), which is the unique solution of the system of differential equations

¢
Ty = Xg +/ fxs)ds, (1.2)
0
where f(zs) = (fu(xs)) 1<i<s has an explicit formula described as follows. Denote
1<1<m
— . .M (m) _
=inf{t € [0,1] : [|a¢|| :==a; "+ ...+ a; ~ =0} (1.3)
For s € [0, to],
gk Ak c (AR o
fu(zs) c— Y (c—h)—=le A ) - 2 (1.4)
XL Ha || A (e b o]
m m o (R) k.l c k\h
as’ Ay (A9)" A
(zs) | c— c—h)—=—e s | ; 1.5
e =3 o] Tl T ( 2 eI o
Fules) o (16)
31\Ts ; .
llas |
with
m
ARE= Ay (m —al — ugl)) ;AR = Z)\f’l and Pt = N (m —aP — b0 — 4 O). (1.7)

=1

For s € [to, 1], f(zs) = f(x4,)-

Remark 1.6. Notice that in this model, the time corresponds to the fraction of the population interviewed.
The time ¢y is the first time at which |a¢| reaches 0 and can be seen as the proportion of the population
interviewed when there is no more coupon to keep the CRS going. Necessarily, top < 1. We see that ||a;|| = 0
only if a(l) S = aﬁ’”) = 0. It implies that f(z;) = 0,Vt € [tg, 1]. Then, the solution of the system of ODEs
(1.5) becomes constant over the interval [t, 1].

The rest of this paper is organized in the following manner. First, in Section 2, we give a precise description of
the chain-referral process on a SBM random graph. This relies heavily on the structure of the random graph that
we construct progressively when the exploration process spreads on it. In Section 3, we prove the limit theorem.
The proof uses limit theory of cadlag semi-martingale vector processes equipped with Skorokhod topology (see
[13]) and Poisson approximations (see [5]). Then in Section 4, we present simulation results of the stochastic
process and the solution of the system of limiting ODEs. We conclude with some discussions on the impacts of
changing parameters of the models on the evolution of the chain-referral process.
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2. DEFINITION OF THE CHAIN-REFERRAL PROCESS

Let us describe the dynamics of X = (X, )nen. Recall that ||A,| == Y%, AP is the total number of
individuals having coupons but who have not yet been interviewed. We start with Ay seeds, whose types
are chosen independently according to m. Ag is an m-dimensional random vector with multinomial dis-
tribution M(||lao||N|; 71, .. Tm), i.e. P((Agl), . ,Aém)) = (ki,... kp)) = 7k xkm ki e N such that
S ki = |[Jao||N] and Assumption 1.4 is satisfied. Also By = Uy = (0, ...,0) and we set X, = (Ao, By, Up).

We now define X,, given the state X, _; previous to the nth-interview and given the number Ny,..., Ny,
of nodes of each type. At step n > 1, after the nth-interview, the type of the upcoming interviewee is chosen
uniformly at random according to the number of active coupons of each type in the present time. To choose the
type of the next interviewee, we define an m-dimensional vector I,, := (I,(LD, . ,I,(lm)), which takes value 1 at
coordinate [ and 0 elsewhere if the nth interviewee belongs to block I. This nth-interviewee is chosen uniformly
among the ||A,_1]|| active coupons of m types i.e. I, has multinomial distribution

(1) (m)
m (d) Anf Anf
L=V, . 1)y E M (1; i 71“,..., 1A h) (2.1)

If the chosen one belongs to block [I], Ag ) is reduced by 1 and a number of new coupons distributed are added
up, depending on how many new contacts he/she has. In the meantime, the number of interviewees of type

l is increased by 1. i.e. U,Sl) =yW

i1+ Iy(,l). Among the new contacts of the nth—interviewee, define H,Sl) the

number of new contacts of type [, who have not been mentioned before; K,gl) the number of new contacts of
)

type I whose identities are already known but who are still inactive. The Hr(f new connections are chosen
independently among N; — Agll — Br(fll - U,Sl) individuals in the hidden population where probability of each
successful connection is Z?:l I,(Lk)pkl. Hence, conditioning on (Ny,...,N,,), X,—1, the random variable H,(ll)
follows the binomial distribution:

Hr(f) @ Bin (Nz - ASL - BT(LZL - U'r(zl)7 Z‘[r(Lk)pkl> . (2.2)
k=1

And the Ky(f) individuals are chosen independently of Hy(f) from BT(LZ)_1 individuals and independently of the others

with probability Z;nzl I,(Lk)pkl. In that way, conditioning on (Ni,...,Np,), Xn_1, K,(Ll) also has the binomial
distribution:

KO 9 gy (Bffll, > I,g’f)p,d) . (2.3)
k=1

In total, there are Z, := H, + K, candidates, who can possibly receive coupons at step n. Notice that,
conditioning on (N1, ..., Np), Xn—1, (H,(Ll))l:L___m and (Kr(f))l:17,__,m are independent, henceforth,

d . G
20 @ gin <N, A0, g3 f,gk>pkl> . @4
k=1

Let C, = (C’,gl), .. .,C,(Lm)) (I =1,...,m) be the numbers of coupons that are distributed at step n. By the
setting of the survey, the total coupons |C,,| must be maximum c. If the number Z,, of candidates is less than or
equal to ¢, we deliver exactly Z, coupons. Otherwise, we choose new people to be enrolled in the study by an

m~—dimensional random variable Ci\") = (07/1(1)7 RN O;fm)) having the multivariate hypergeometric distribution
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with parameters (m;c, (Zfll)7 e Zflm))) and the support {(c1,...,¢m) EN" VI <m, ¢ < Zy(ll), > ¢i = ¢}, that
=1
is
m Z,E]l>
e
( i Zif)) ’

P ((C;z(l)v"'acyll(m)) = (cl,...,cm)) =

In another words,

zW if Yoz <
o=, 2z Zn S ¢ (2.5)
Chp otherwise
Let define by
ng :=inf{n € {1,...,N}, A, =0} (2.6)
the first step that |A,| reaches zero. The dynamics of X,, can be described by the following recursion:
An :An—l _In+cn
B :B;”—lJrH"*C", for ne{l,...,no} (2.7)
i=1
and X, =X,_1 when n >ng.

The random network is progressively discovered when the referrals chain process explores it.

Proposition 2.1. Consider the discrete-time process (X, )1<n<n defined in (2.7). For n € N, we denote by
Fn i= a({Xi,i <n,(Ny,... ,Nm)}) the canonical filtration associated with (X, )1<n<n. Then the process (Xy,)n
is an inhomogeneous Markov chain with respect to the filtration (F,)yn.

Proof. The proposition is deduced from the recursion (2.7) of (X, )i1<n<n and the fact that the random variables
Cy, I,, Hy, are defined conditionally on X,,_; and (Ni,...,N,,). The fact that the Markov process is inhomo-
geneous comes from the setting of the CRS survey: there is no replacement in the recruitment procedure. For
example, when m = 1, the definition of g in (2.2) depends on time as U = n. O

3. ASYMPTOTIC BEHAVIOR OF THE CHAIN-REFERRAL PROCESS

Let us now consider the renormalized chain-referral process given in (1.1) in the time interval [0,%y]. The
main theorem (Thm. 1.5) shows the convergence of the sequence (X™)y to a deterministic process. For this, we
look for an expression of the equations (2.7) as a vector of semi-martingales. We start by writing the Markov
chain (X,)i1<n<n as the sum of its increments in discrete time.

n AO n Ci - Ii
Xn:XO‘i‘Z(Xi_Xifl) = | By +Z H; — C;
i=1 Uy i=1 I;

Each element of the increment X, 11 — X, are binomial variables conditioned on all the events having been
occurring until step n. When we fix n and let IV tend to infinity, the conditional binomial random variables can
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be approximated by some Poisson random variables. The normalization XV of X,, becomes:

1 Ap 1 Nt (Cy— 1,
XtN = ﬁ By | + N Z H;, — C;
Uy i=1 I;

The Doob decomposition of the renormalized processes (X7¥ )telo,to] given in Section 3.1 conmsists of a finite
variation process and an L?-martingale. We use Aldous criteria (conditionally on the past see e.g. [13, 24]) to
show the tightness of the distributions of these processes in Section 3.2. Once the tightness is established, we
identify the limiting values of this tight sequence and finally we prove that the limiting values of all converging
subsequences are the same, hence it is the limit of processes (XV)y. This proves Theorem 1.5.

Denote by (]:tN)te[O,l] := (F|nt))tejo,1) the canonical filtration associated to (XtN)te[O’l].

3.1. Doob’s decomposition

Lemma 3.1. The process (X{")ie[o,1) admits the Doob’s decomposition: X = X{V + AN + M, X} = 1 Xo.
(Aév)te[o,l] is an FN —predictable process defined by

AV N (E[C, — | Fp]
AV =A%) =5 D | ElHn = Cul Faa] | 5 (3.1)
AN3 nt \ E[|Froi]

(MtN)te[O,l] is an F{¥ — square integrable centered martingale with quadratic variation process ((M_N>t)t€[0’1]
given by: for every (I, k) € {1,...,m}?,

|Nt]
1 T
MON MO, = =5y E[(Xé”—E[X,S”IfM]) (X5~ EIXO|F 1)) ]fnl}, teo,1] (32
n=1

where X is a column vector and X7T is its transpose.

Proof. In order to obtain the Doob’s decomposition, we write for ¢ € [0, 1],

[Nt
Xy 1
XtN - NN P (X — Xn1)
1 [Nt] 1 [Vt]
= X0+ 5 DB = XooaFaca] + 5 D (X = Xy — E[Xn — X | Foa])
n=1

n=1

=XV +AY + M.

It is clear that the conditional expectations above are all well-defined since the components of X,, and X,,_1
are all bounded by N, that AY is FN —predictable and that (MtN)te[o,l] is an F¥ —martingale. We first check
that (AY)y is a sequence of finite variation processes and then we can conclude that X7V = X + AN + M}
is the Doob’s decomposition.

Denote by A := max  Ag;. Notice that
l,ke{l,....m}
”E[An —Ap-1|Fnal = ”E[Cn = In|Fn-ll <c (3.3)
|[E[Bn — Brn—1|Fn-1ll = |[E[Hn — Cpn|Fn-1] < m(l ker{nax })\kl) +c=m\+c, (3.4)

[E[Un = Up—1|Fnall <1, (3.5)
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then [|E[X,, — Xp—1|Fn-1]|] < 2¢+mA + 1. So the total variation of (AY)ie(o,1] is

[Nt] 1 Nt
”Ant/N Aé\rfb—l)t/NH N HE[Xn - Xn—1|-7:n—1]H < (2C +mA + 1)t7
N N =

which is finite. It follows that (A} )ie(o,1] is an F}¥ — predictable with finite variations.

The quadratic variation of (MtN)te[O,l] is computed as follow. For every k,l=1,...,m
ON () = 0) X x(®) r
MON (Y = > (X0 = x0, —ExXO = X017 ) (0 - x B —Elx® - x P, 4])

= LNtJ I) ) (k) (k) (k) (k) T
N2 Z Z (X(l X’I(L—l - E[X(l) X 1|‘F - ]) (Xn’ 7Xn/—1 - E[Xn’ 7Xn’—1|‘/—:”/—1})

n=1 p’'=1

n'#n
=: Liv —&—L;N.

The term L}V is an F —martingale since whenever n’ < n, (Xff) —xW . —Ex® —XT(L]f)_l\fn/_l]) is

Fn_1—measurable. To see that the quadratic variation of M} has the form (3.2), we write the term L
as follows:

[Nt
LY o= g 2 E | (X0 - ExO1m) (30 - ExF) |7
LNH X0 (k) (k) r
xP |Fn—1] ) (X5 — E[X57 [ Fn-1]
w2 ) ( )
: %E [(XU) E[X 7)) (X9 — ELx(M| 7 ])T‘}' ]
N2 — n n n—1 n n n—1 n—1
vy
= N2 Z E {(Xg) — E[Xfll)|]-'n_1]) (X’r(lk) _ E[ i ‘]:n 1 ‘]_-n 1] L//N <MN> + L//N
n=1

As a result,
T
MEON (MY = ), LY LY (3.6)

Because both LN and LN are FN —martingale, LN + LYV is an F}¥ —martingale as well. The term ((M™);),
is 7N —adapted with the variation

VN((MY),) =

||M2

[(X” e 17, ]) (X8O~ EXOIF, ) ‘fn_l]

Ni ‘ .37

s

The integrand in the right hand side is the conditional covariance between XT(Ll) and XT(Lk) conditionally to F,,_;.
Because Xr(f) and Xy(Lk) are vectors, this covariance is a matrix of size 3 x 3 and for 1 <4, j < 3, the term (i, 7)
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of this matrix is:
E |:(X:;7(l) - E[le{(l)u:n—l]) (X’Iql(k) - E[Xg;’(k)l}-n—l]) ’fn—1:|
A1) _ x) 1/ L (k () 1/2
< (Var(xp0 = X3 7)) (Var (X ® - X391 7, )
by the Cauchy-Schwarz inequality. Thus:

INt] m

1/2 , . 1/2
V(M. N2 D Z (Var(x5® = X3 0) T (Var (x5 ™ - X501 7, 0)
n=1 k,l=1 |i,j=1
where (X, L0 XD D Xy (l)) (A%), BS), T(f)). By Cauchy-Schwarz’s inequality, we have
3 . 1/2 _ , 1/2
3 (v ) (Ve - 7))
- i) z(l) 1/2 . i, (k) J,(k) 1/2
- (Var(X’ )| Fo 1)) 3y (Var(Xg; - xik |fn,1))
i=1 j=1
33
< 530 (Var(e® = X0 1 Fa ) + Var(X5® - X001 7). (3.8)
i=1

From (3.3)—(3.5) and by Cauchy-Schwarz’s inequality, we obtain the following inequalities

Var(CW — IW|F,_1) <2, Var(HY — CO|F,_1) <2( max )\ 2 e, Var(IO|F,1) <1 (3.9)

T Lke{l,....m

As a consequence,

[NVt
1
VN (N ZBm 2+ 2( lker{nlz?(',m}/\l?kJrc )+ 1) < ﬁ?) m2(3c2 +2)2 + 1) < 0.
Thus, the proof of the lemma is completed. O

3.2. Tightness of the renormalized process
Lemma 3.2. The sequence of processes (XN)y is tight in the Skorokhod space D([0,1],[0,1]3%™).

Proof. To prove the tightness of (XV)y, we use the criteria of tightness for semi-martingales in ([24], Thm.
2.3.2 (Rebolledo)): first, we verify the marginal tightness of each sequence (X}Y)x for each t € [0,1], then we
show the tightness for each process in the Doob’s decomposition of X*, the finite variation process (A™)y
and the quadratic variation of the martingale (M®™)y. For any t € [0, 1], the tightness of marginal sequence
(XN is easily deduced from the compactness of a sequence of random variables taking values in a compact set
[0,1]3*™. Since the sequence of martigales (M) is proved to be convergent (to zero) in L? as N — oo (which
is done by Prop. 3.3), we have the tightness of (M®)y. Thus, it is sufficient to check the tightness condition
for the modulus of continuity of (AY)x (see, e.g., [8], Thm. 13.2, p. 139).
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For all 0 < 6 < 1 and for every s,t € [0,1] such that |t — s| < J, we have that

[Nt LNt

1 1
IaY -aY=|lg X EX-XaalFll < X IEXa - Xl Ful
n=|Ns]+1 n=|Ns|+1
By (3.3)-(3.5), we get
Nt| — [N 1
||A5_Ag||§%(c+m+c+1) (2c+mA+1)<6+N)_

Thus, for each € > 0, choose §y we have that

g
< 3@ty

1
P sup AN —AN||>e| =0, V<, VN > —,

lt—s|<6 do
0<s<t<1
which allows us to conclude that the sequence (AN)y is tight and finishes the proof of the lemma. O

To complete the proof of Lemma 3.2, we now prove that:

Proposition 3.3. The sequence of martingale (M} ,t € [0,1])n converges locally uniformly in t to 0 in L2, as
N goes to infinity.

Proof. Consider the quadratic variation of (M™)x: According to the formula (3.2), we apply the Cauchy-
Schwarz’s inequality and then use the inequality (3.8) to obtain that for every ¢ € [0, 1],

Lt) ,
10N, 09 = | 5 ST E | (30— eI l) (310 XA ) |

< Sy i) _ x o0 2 Gi(k) _ xa: (k) 1/

< N2 nzl MZI (Var(x50 = X317, 0) T (Var (x5 - X201 7, 0)
LNtJ 3 (l) (k)

< N2 ; 1: ;_ (Var (X50 — XU Fr) + Var(XE®) - x8)1F, 1))

where (X,ll’(l),X,%’(l)7X2’(l)) = (ASP, B,(ll), U,Sl)). From (3.3)—(3.5) and (3.9), we deduce that

LN fJ

1 1 3m
1)l < 55 Z

by )+ 1 <77 222 + 1)t 1
(g o) SRS et e

Applying the Doob’s inequality for martingale, for every t € [0, 1], we have
E[ max |MN||2} < 4E[||<MN> ||} < —6m (3c2+2X?2+1) =0 as N — oo.
0<s<t N

This concludes the proof of Proposition 3.3 and hence of Lemma 3.2. O
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3.3. Identify the limiting value

Since the sequence (X)y is tight, for any limiting value = = (a, b, u) of the sequence (X %)y, there exists an
increasing sequence (¢ )y in N such that (X7 )y converges in distribution to x in D([0, 1], [0, 1]3%™). Because
the sizes of the jumps converge to zero with N, the limit is in fact in C([0, 1], [0, 1]3*™). We want to identify that
limit. In order to simplify the notations, we also write the subsequence (X*" )y as (XN)y = (AN, BN, UN)y

We consider separately the martingale and finite variation parts. Proposition 3.3 implies that the sequence
martingale (M) converges to 0 in distribution and hence (M*)y converges to zero in probability. It remains
to find the limit of the finite variation process (AN)y given in equation (3.1) and prove that the limit found
is the same (which is done later in the proof for the uniqueness of the system of the ODEs (1.5)) for every
convergent subsequence extracted from the tight sequence (X%)y

Proposition 3.4. When N goes to infinity, we have the following convergences in distribution in
D([0,1], [0, 1]3*™):

[Nt] t m (k) \k.1 c k\h
1 (d) as’ A (A w
— (0 s _ _ s A%
¥ 3 ECF 9 | {Z ool AF ( 2= MTme™ | pds 34y

n=1 k=1 S h=0
1 [Nt] o () t m (k) o
— E[H, | Fpn-1] —>/ patds, (3.12)
N el ! 0 kz: ”abH

N N t
1 [Nt] " 1 [Nt] Aff)_ ||An 2l d (l)
N B[, [Fn-1] = = (3.13)
A= NS\ N / Tl

where N&U AR 18U are defined as in Theorem 1.5. This provides the convergence of (AN)n to a solution . of

(1.2).

Since the limits are deterministic, the convergences hold in probability. Moreover the uniqueness of the
solution of (1.2) will be proved later, which will imply the convergence of the whole sequence (X™)y to this
solution.

Proof. Recall that since the sequence (X)y is tight, we have extracted a converging subsequence also denoted
by (XN)n of which we study the limit.

The proof of the Proposition 3.4 is separated into three steps.
Step 1: We consider the most complicated term E[C,|F,—1]. We prove that: for each [ € {0,...,m},

0 c
IO Faca] - 3 <c ~S (e ) (A,j,)heAn> ‘ < Mer DA (3.14)

where

A = (Z Ié’“)/\kz> (NZ -t and A, =3 A, (3.15)

Jj=1

Notice that A,, = 0 only if for each [ € {1,...,m}, 2 =0, 1t happens when A(l) 1+ uld = N, meaning
that all the nodes of type [ have been discovered. In this case, ¢ =0 and (3.14) is satisfied.
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Let us write

(1)
cLy
[C(l ‘f ,1] - E Z(l)lzm Z(])<c|fn—1] + E ﬁ].zm:l Zv(zj>>c fn1‘| . (316)
E]:l Zi !
For every [ = 1,...,m and every fixed n, when all the parameters are positive, we have that (N, — A(l) -
,(Ll)) Niio +o00. Then we work conditionally on Nj, Ag ) 1 Unl) and L(Ll) and use the Poisson approximation (e g.

see Eq (1 23) and Thm. 2.A, 2.B by Barbour, Holst and Janson in [5]) for the approximation: the binomial

0]
random variable Z4 may be approximated by a Poisson random variable Zf,l =P In (k) M) (BE — % —
0]
U;\}l )) such that
N—AW _y® m . 2 2
) 7 2 U (Y 1 e Akt 2
dov(ZY), ZV) < > < ==,
(N — A — Ur(zl)) <Z I(k))"“) i=1 N N N
As a consequence, the first term in the right hand side of (3.16) can be approximated as
- 2me
! !
‘E {Z'(L)lzz-’;l 2 <c ]:"—1] -E {Z’g)lz;’;léﬁf@c f"—l] SN (3:17)
and
zy A% 2mA
E|l———1vwn ;o0 |Frn-1| " E|———=1cn 0 |Fn-1|| < — (3.18)
‘ Z;’L:l Z’I(Lj) 2oL Zn>c E}”Zl quj) 2L Zy e N
It follows that we need to deal with the Poisson random variables Z(Ll)(l € {1,...,m}). Because of the result

that the sum of two independent Poisson random variables is a Poisson random variable whose parameter is
the sum of the two parameters, we have that Zj 21 Zfzj ) —. Z,(Ll) has a Poisson distribution with parameter

)= D4l AY). And hence,

Dyh1 (3D \h—h
. An )M (A7) M
E|ZW1,. o |Fail| = h ( An
s, 28 <.l 1] > hlth—h)! ¢

c h—1 c h
o Ay) TR e A A
_/\”Z(h—l)!e AR e

and

20
S 20 T e
j= n

©  h (ONIEXON

_ § : Z kE(An’)" (An) OIS0

fn—1:| — E k' We n e n
h=c+1 k=0

oo  h-—1 ) D\h—1—k
(An’)k ()\ ) O 50
RN )) Z Z A’ o™ An
= h k! l—k).e ¢

h=c+1 k=0
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00 l 1 00
A0 3 LA sy A
h=c+1 h (h o 1) An h=c+1
Ay (A"
n h=0 ’
Using (3.16), we obtain:
Z(z) /\(z) c (A )h
l n _ n n 7A1L
[C( |Fno1] =E A )127" ZW<e T le;ﬁ:l ZWse Fno1| = A c— Z(C —h) 7l © )

j=14n " h=0

which finishes Step 1.
Step 2: We decompose the second term in the left hand side of (3.14) as follows:

l c
A c=Y (c—h) (A")he*/‘" =4+ 1=1,...,m (3.20)
™ o =, ) =1,...,m. .
h=0
with
@) c h
An A
a) = E[A (c— Z(c— h)( h!) e A") ‘fn1:|
n h=0
AD & A AD & Al
g) I:Tn C—Z(C—h)( h|) e An —E|:M C—Z(C—h)( h') e An ‘fn_lil.
h=0 h=0
By writing
0 - (k) W - (Ap)"
Q@ :ZP(In :1)Ak C—Z(C—h) W
k=1 n h=0
where
N A(l) U l 1 m
kel l n—1 n—1 {k=1} k k
. L AF = J 1 21
AE >\M<N - ~ i and AF ;)\n (I=1,...,m), (3.21)

we obtain that for every ¢ € [0, 1],

[Nt] (l) [Nt] m 1 )\k 1 c (Ak)h AE
_ = n— _ — n iy . .22
NZ NZ Z\A T AR\ € D (e=h) e (3:22)

h=0
It is obvious that + ZLMJ &, is an FN —martigale with the quadratic variation,
1 W LNt [Nt]

Zgn—lz[wn1<2z g et 1]

n=1
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By the Doob’s inequality, we have

LNVt LN-]

4m(C + 1)2 N —00
2 < < -
Orgggtll ZénH 4E | (= an | < —%— =0,
which deduces that as N tends to infinity, we have that
LNt
1 (L3
¥ > & =0 (3.23)
n=1

uniformly in ¢ € [0, 1]. Together with the points given in (3.14), (3.20) and (3.23), take the limit as N — oo in
the right hand side of (3.22), we obtain the right hand side of (3.11).
Step 3: We use similar arguments as in Step 2 to obtain the limit in right hand side of (3.12). Denote by

u N, AV, BY -y
nd = (Zfé’%> (Nl S o s o B

m k)
Recall from (2.2) that conditioning on F,_1, a D Bin (Nl - Agll - Br(llll ~u, &%M), then

Nt] LNt]

1
v > EHD|Fu] Z uD, (3.24)
n=1 n=1
We write
1N UL <
! ! l
il - 2
N 2 N;(ﬁn +¢) (3.25)
with
m N A® Bl 440
() 73R\ el Pl Y
B l(; N kl) (N N N N ‘]:nl ;

LVt LNt) m ) ) )
i Z ﬂ(l) i ZP(I(k) _ 1)>\kl & N An—l o Bn 1 U, . 1{k7$l}
N " N " N N N N N
n=1 n=1 k=1
INt] m (k) INt] m N7
1 At gr 1 A, Liezny
=N My = 5= Akl ,
N 2 Lo TN 2 A N
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) AW B® u®
with pkl = My (]X; - %+ — % — % | Then,

[Nt] m (k) [Nt] m N,k
1 A 1 A 1 h
1 o _ n=1 k|| < L i N Wi U AN 3.26
N 2 (5" 2 ) SN LA MTN SN (326)
Take the limit as N — 400, we have that
1 LN” m
lim — / = —pklds.
Wi 2 2 g =, | s||

LN
1
Further, the F}¥ —martingale — Z ¢ converges in L2 to 0 uniformly in ¢ € [0,1]. Thus, (3.12) is proved.

For the proof of (3.13), by the deﬁmtlon of I,, as in (2.1), we have

LNt LNt ) LNt )
1 Z [I(l | Frui] Z Agz 1 1 Z A( Zy/N
N n=1 N n=1 HAn 1H N HAn 1H/N

Take the limit as N — +o00, we obtain the limit in the right hand side of (3.13).
The preceding steps allow to conclude the proof of Proposition 3.4. O

3.4. The uniqueness

It remains to prove that the limiting value = (a,b,u) we have found is unique solution of the system of he
ODEs (1.2). If it is the case, then the process (X* )y admits a unique limiting value and thus converges to .
Assume that there exist two solutions 2! and 22 to ODEs (1.2) on the interval [0, (], where

ty = inf{t € [0,1] : at, =0or at, = 0}.
Then using the intermediate value theorem, there exist &;;(s) € [x};(s), z7;(s)] such that

) 1)
el — a2 = H / (22))ds

3

s/otzgm:

=1 j=1

of

Oxij

(§m |x 5) — m?j(s)|d3

t
< [ Lo)let - a2las,
0

of which the maximum is over x(s) =

where 2% = (z(s)) 1<i<3 (k€ {1,2}) and L(s ZZmax

Ts)|,
l<jsm i=1 j—=1
(ij(5))ij € [0,1]*™ such that Vi, j : x5 € [z}, x3;], where by an abuse of notation, the bounds of interval [z}, z7;]
can be sw1tched depending on the minimum or maximum of the bounds.

By the Gronwall’s inequality, we get

xlj

t
et — 22 < b — 23] exp / L(s)ds) = 0
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FIGURE 2. Plots of the proportions of classes in the population of size N = 10000 when ¢ varies
from 1 to 6 and all the others parameters are fixed: | Ag|| = 100 the parameters 7 = (1/3,2/3),

A1 =2, A12 = 3, da2 = 4.
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The log of L4 distance of XN and x

log(d+(X™, x))

2000 4000 6000 8000 10000

Size N of the population

FIGURE 3. Scatter plot of Ind; (X", r) along with the smoothing line suggesting the linear
relationship between Ind; (X”,z) and N. The plot is done for the case ¢ = 3, the number of
initial individuals are 1% of the population and the size N varies from 500 to 10000. All other
parameters are fixed: 7 = (1/3,2/3), A11 = 2, A\12 = 3, Aag = 4.

This shows that z; = 27 for all ¢ € [0,t}]. It also follows t{, = to.

4. SIMULATION

The simulations show that the deterministic solution of the system of ODEs (1.2) fits well with our stochastic
process, see Figure 2. The sequence of stochastic process (XV)y that we have constructed describes how the
chain-referral process works on a network. When we consider the population with a very large number of people,
the process (X)y is asymptotically a deterministic function, which is a solution of a system of (1.2). To see
numerically the convergence, we do a simulation: for ¢ = 3, we vary N from 500 to 50000 and plot as a function
of N the log of the quantity:

1
/0 (AN = ayll + 1BY = ball + U — wgl))at,

Figure 3. The speed of convergence has been studied in the case of Erdés-Rényi graphs in the Ph.D. thesis, by
establishing a central limit theorem [28].

By studying the solution of (1.2), we can obtain an approximation of the fraction of the population that has
been interviewed when the CRS process stops. The proportion of the population discovered is then approximated

by to.
The number of maximum coupon ¢ plays an important role in how many people we could explore before
there is no distributed coupons any more (when ||a;|| = 0). By keeping all other parameters fixed and changing

¢, in the simulations of Figure 2, we see that the time ¢y are different. For example, with m = 2, 7 = (1/3,2/3),
)\11 = 2, /\22 = 4, )\12 = 3, we obtain the Table 1.
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FIGURE 4. Plot the function |a|| for 6 cases: ¢ takes values from 1 to 6. All other parameters

are fixed: ||ag]| = 0.05,7 = (1/3,2/3), A1 = 2, A2 = 3, Aoz = 4. The values ||a;|| represents the
proportion of individuals having coupons at time ¢.
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FIGURE 5. Plot the proportion of classes in the case ¢ = 3, N = 1000, Ag = 10,7 = (1/3,2/3)
and the graph is bipartite A\;; = Ao = 0, A\12 = 4.
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TABLE 1. Numerical computation of ¢y for varying parameters c.

c 1 2 3 4 ) 6
to 018 091 094 095 095 0.95

TABLE 2. Numerical computation of [|AYN| + ||BY|| for varying parameters ¢ € {1,...,6} at
time t = 0.2 and N = 1000,140 = 10,7’( = (1/3,2/3), )\11 = 2,)\22 = 4,)\12 =3.

c 1 2 3 4 5 6
|AL90|| + || BLO9O|| 0213 0.308 0.268 0.308 0.310 0.260

If ¢ = 1, even though the average number of neighbors are bigger than 1, the simple random walk describing
the survey reaches only a very small number of people, see Figure 2a. The random walk stops when it encounters
a node of degree 1 and cannot propagate any more.

Furthermore, the parameter ¢ also impacts the peaks (time and size) the curves corresponding to the number
of distributed coupons. In case of a limited budget with a fixed number of interviews, a higher value of ¢ can
imply that we discover a larger fraction of the population since it allows more flexibility in the interviewees.
From the Figure 4, we observe that the proportion of people receiving coupons gets bigger as ¢ increases. If ¢ = 1,
the fraction of discovered population is small, which means that the survey is not so efficient. When ¢ takes
values from 4 to 6, the corresponding curves of ||a;|| are “close” and so are the times to. However, in these cases,
the number of coupons spent during the CRS survey is large. We can also be interested in seeing how ¢ impacts
the part of population discovered when the survey stops after a fixed number of interviewed individuals. For
example, consider the case when N = 1000 and assume that we start with A9 = 10. The parameters of the SBM
are m = (1/3,2/3), A1 = 2,22 = 4, A\12 = 3. Then when there have been approximately |0.2N ] individuals
interviewed, the proportion of the explored individuals: || AY,|| + || B || for each ¢ varying from 1 to 6 is given
in Table 2.

Changing the parameters \p; impacts the discovered proportion of types. For instant, let us take a bipartite
random model m = (1/3,2/3),c = 3 and A3 = Aaa = 0, A2 = 4, which means that the people between commu-
nities are highly connected and there is no connection within community. In this case, the number of explored
people without coupon of type 1 is quite small compared to the one of type 2, see Figure 5.

REFERENCES

[1] E. Abbe, Community detection and stochastic block models. Found. Trends Commun. Inform. Theory 14 (2018) 1-162.
[2] K.B. Athreya and P. Jagers (Eds.), Classical and Modern Branching Processes, Vol. 84. Springer Science & Business Media
(2012).
[3] S. Athreya and A. Réllin, Respondent driven sampling and sparse graph convergence. Electron. Commun. Probab. 23 (2018)
3.
[4] A. Bagheri and M. Saadati, Exploring the effectiveness of chain referral methods in sampling hidden populations. Indian J.
Sci. Technol. 8 (2015) 1-8.
[5] A.D. Barbour, L. Holst and S. Janson, Poisson Approximation, Vol. 2 of Ozford Studies in Probability. The Clarendon Press,
Oxford University Press, New York (1992).
[6] A. Barbour and G. Reiner, Approximating the epidemic curve. Electron. J. Probab. 18 (2013) 54.
[7] B. Bollobds and O. Riordan, Asymptotic normality of the size of the giant component via a random walk. J. Combinat. Theory
Ser. B 102 (2012) 53-61.
[8] P. Billingsley, Convergence of Probability Measures. John Wiley & Sons, New York (1968).
[9] T. Britton and E. Pardoux, Stochastic Epidemic Models with Inference. Springer (2019).
[10] A. Cousien, J.S. Dhersin, V.C. Tran and T.P.T. Vo, Respondent driven sampling on sparse Erdos-rényi graphs. In preparation
(2019).
[11] R. Durrett, Random Graph Dynamics, Vol. 200, No. 7. Cambridge University Press, Cambridge (2007).
[12] N. Enriquez, G. Faraud and L. Ménard, Limiting shape of the depth first search tree in an Erdés-Rényi graph. Random Struct.
Algorith. 56 (2020) 501-516.



738

(13]
(14]

(15]

[16]
(17]

(18]
(19]
20]
(21]
(22]
23]

[24]
25]

[26]

27]
28]

T. P. T. VO

S.N. Ethier and T.G. Kurtz, Markov Processes, Characterization and Convergence. John Wiley & Sons, New York (1986).
A. Gadde, E.E. Gad, S. Avestimehr and A. Ortega, Active learning for community detection in stochastic block models. In
2016 IEEE International Symposium on Information Theory (ISIT) (2016) 1889-1893.

M. Girvan and M.E.J. Newman, Community structure in social and biological networks. Proc. Natl. Acad. Sci. U.S.A. 99
(2002) 7821-7826.

L.A. Goodman, Snowball sampling. Ann. Math. Statist. (1961) 148-170.

D.D. Heckathorn, Respondent-driven sampling: a new approach to the study of hidden populations. Social Probl. 44 (1997)
74-99.

D.D. Heckathorn, Respondent-driven sampling II: deriving valid population estimates from chain-referral samples of hidden
populations. Social Probl. 49 (2002) 11-34.

P.W. Holland, K.B. Laskey and S. Leinhardt, Stochastic blockmodels: first steps. Social Netw. 5 (1983) 109-137.

A. Jakubowski, On the Skorokhod topology. Ann. Inst. Henri Poincaré 22 (1986) 263-285.

S. Janson, M. Luczak and P. Windridge, Law of large numbers for the SIR epidemic on a random graph with given degrees.
Random Struct. Algorith. 45 (2014) 726-763.

A. Joffe and M. Métivier, Weak convergence of sequences of semimartingales with applications to multitype branching processes.
Adv. Appl. Probab 18 (1986) 20-65.

P. Barbillon, S. Donnet, E. Lazega and A. Bar-Hen, Stochastic Block Models for Multiplex networks: an application to networks
of researchers. Preprint arXiv:1501.06444 (2015).

M. Métivier, Semimartingales: A Course on Stochastic Processes, Vol. 2. Walter de Gruyter (2011).

A. Shaghaghi, R.S. Bhopal and A. Sheikh, Approaches to recruiting ‘hard-to-reach’ populations into research: a review of the
literature. Health Promotion Perspect. 1 (2011) 86.

V.C. Tran, P. Moyal, L. Decreusefond and J.S. Dhersin, Limite en grand graphe d’un processus SIR décrivant la propagation
d’une épidemie sur un réseau. Journées MAS et Journée en ’honneur de Jacques Neveu, August 2010, Talence, France (2010).
R. Van Der Hofstad, Random Graphs and Complex Networks. Vol. 1. Cambridge University Press (2016).

T.P.T. Vo, Ezxploration of Random Graphs by the Respondent Driven Sampling method. Ph.D. thesis, University Paris 13
(2020).


https://arxiv.org/abs/1501.06444

	Chain-referral sampling on stochastic block models
	1 Introduction
	2 Definition of the chain-referral process
	3 Asymptotic behavior of the chain-referral process
	3.1 Doob's decomposition
	3.2 Tightness of the renormalized process
	3.3 Identify the limiting value
	3.4 The uniqueness

	4 Simulation

	References

