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Abstract

The existence and uniqueness of maximum likelihood estimators for the time and range
parameters in random sequential adsorption models are investigated.
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1. Introduction

Packing problems occur in many physical and biological processes. Hard ‘particles’, such
as cars, monomers, or proteins, arrive in some bounded Euclidean window according to a
constant-rate Poisson process and select a position for themselves according to some fixed
distribution. If it will result in no overlap with an established particle, the new one attaches
itself to the selected location; otherwise, it leaves the system. The process continues either for
a given time, until a given number of particles have been adsorbed, or until there is no room
for another particle to establish itself without overlapping existing ones.

Complete random packings are those in which the birth process continues until saturation,
that is, until no room is left in the window to accommodate another particle. On the line, a
rigorous analysis dates back to [15]. Typical results concern the asymptotic coverage fraction
of unit-length segments in an interval of increasing length (or, equivalently, the relative vacancy,
that is, the length fraction not covered by particles) and central limit theorems for the number
of adsorbed particles [6]. The problem is sometimes known as the car parking problem, with
the segments representing cars and the interval representing the kerb. In higher dimensions, the
analysis is rather harder. Simulation results on the coverage fraction are plentiful. For example,
simulated complete random packings of discs in two dimensions can be found in [11] and [19].
Efficient simulation in d > 2 dimensions was studied in [5]. A law of large numbers for the
coverage fraction was proved, from a theoretical point of view, in [13].

Other authors have considered runs of the process over a finite time horizon, or those that
terminate when a certain packing density (i.e. number of adsorbed particles) has been achieved.
Alternatively, the number of adsorbed particles could be stochastic, and follow some probability
mass function. Such models were dubbed simple sequential inhibition models in the spatial
statistics literature [4], and are known as random sequential adsorption models [7], used to
describe the deposition of colloidal particles onto a substrate, amongst physicists. For finite
time horizons, interest is focused on the evolution of summary statistics, for example the mean
and variance of the number of particles, the pair correlation function, or the empty space
distribution, and especially on the behaviour of the coverage fraction as a function of time, the
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so-called kinetic law (cf. the Feder conjecture [8]), mostly using series expansions and Monte
Carlo techniques.

The reader is referred to [10, Chapter 1.10], to the review papers [7], [17], and [18], or the
textbooks [1], [3], and [20] for overviews and other pointers to the literature. For a flavour of
current work in statistical physics, we refer the reader to three special issues of Colloids and
Surfaces A: Physicochemical and Engineering Aspects (volume 165 (2000)).

To date, most attention has been focused on probabilistic work rather than inference. In
this paper we take the statistical viewpoint. We place the random sequential adsorption model
in the context of Markov sequential spatial processes [21], [22], derive its Radon—Nikodym
derivative, and consider maximum likelihood estimation of its parameters. Note that the
maximum likelihood approach is especially convenient in exponential family models, but that
the random sequential adsorption model exhibits a much more complicated interaction structure.

The plan of the paper is as follows. In Section 2 we fix notation. In Section 3 some facts
from the theory of convolution of exponential distributions are recalled. In Section 4 we present
our main results, and in Section 5 we conclude the paper with a brief summary.

2. Definitions and notation

The random sequential adsorption model [7], also known as the simple sequential inhibition
model [3], [4], in some bounded domain of RY may be defined as follows. A unit-rate stream
of particles arrives in the domain. If the arrival location is within a distance r > 0 of some
existing particle, the particle leaves; otherwise, it is adsorbed. The process continues for some
fixed time 6 > 0. Note that, in the limit as § — o0, the adsorption process becomes saturated
(jammed), that is, particles are adsorbed until there are no open spaces left with radius at least r.

In a recent paper, [22], the author showed that a simple sequential inhibition model can
be placed in the context of finite sequential spatial processes. Realisations of such a process
consist of a finite sequence

x=(x1,...,X,), n € Ny,

of points in some bounded, convex open subset D of RY with a nonempty interior. The family
of all such configurations is denoted by N'. The notation n(x) is used for the length of x, and
X<; is used to denote the subsequence (x1, ..., x;), i =0, ..., n. Note that fori = 0, x<; has
length 0.

Suppose that D is equipped with the Euclidean metric p, which defines the topology, and
the Borel o-algebra, denoted by B. Write p(z, A) := inf{p(z,a): a € A} for the distance
between z € D and A € B. The space N' is equipped with the o-algebra &' generated by the
Borel product o-algebras. The notation w(A) is used for the Lebesgue measure of A.

Definition 1. The random sequential adsorption model is a jump process with values in Nf on
the time interval [0, 8], starting from an empty vector, with transition rate

b(z, x) = 1{p(z,x)>r)

with respect to p for a birth from x to (x, z). Here r > 0 is the hard core distance and 8 > 0
is the time horizon.

A variation that allows for spatial heterogeneity is to set

b(z,x) =m(2) 1{p(z,x)>r}7
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where 7 (-) is a strictly positive probability density on (D, 8). Thus, regions with high 77 -masses
are favoured over those with smaller masses. Realisations tend to have particles with low indices
concentrated in high-density regions, whereas latecomers (i.e. particles late in sequence) find
themselves with locations with smaller 7 -masses. In the classic set-up of Definition 1, such a
competitive advantage is not present.

Interaction structures other than hard core repulsion can be modelled by suitable choices of
b(z, x); see, e.g. [7]. Such models are known as cooperative sequential adsorption models,
and can allow for both attraction and repulsion of new particles by previously arrived ones.

Example 1. Consider the limit case » = 0, where particles arrive according to a unit-rate
Poisson process, that is, b = 1 p-almost everywhere. The number of particles adsorbed in D
up to time O is Poisson distributed with parameter 64 (D). In other words, the probability of
exactly n transitions occurring in [0, 6] is given by

e—u(D)
n
Gn = ——— (O (D))
n!
forn = 0,1,2,..., and, given that n particles arrived up to time 6, their joint probability

distribution has density p, := 1/u(D)" with respect to u". Since p, does not depend on 6,
the maximum likelihood estimator is readily derived from

d n

30 loggn, = —n(D) + rk
which equals O if and only if 6 = n/u(D) =: 6. A little closer examination reveals that @ is
indeed the unique optimiser.

In order to be able to study maximum likelihood estimation in the presence of an unknown
hard core distance, some results on the convolution of exponential distributions are required,
as outlined in the next section.

3. Convolution of exponential distributions

The purpose of this section is to recall a result presented as an exercise in [9]. Here we give
a proof for the sake of completeness and to correct a misprint in formula (x) of [9, p. 40].

Lemmal. For n > 1, let X1,..., X, be independent, exponentially distributed random
variables with distinct rates Ay, ..., Ay. Then the sum X1 + - - - + X, has probability density
_ (_1\n+1 At J
P, (0 = (DY de [ ] myyELELY

i=1 J#

Proof. We proceed by induction, noting that the formula holds for fx,+..4x,(t) if n =1

or n = 2. Suppose, then, that Lemma 1 is true up to some n > 2, and consider the random

variable X1 + - - - + X, +1. Without loss of generality, assume that .1 > Ay > --- > X,41 > 0.
By the convolution formula, fx,4..tx,,,(¢) is given by

t n A
—1 n+1 J )vef)\.,'s)\' ef)\n_#](tfs) ds
fo 0y [T ntl

i1 ez M TN

n
Ao [t
— (_l)n-‘rl Z l_[ ])\l / )\'ie—}»iskn+le—)un+1(l—s) ds.
Jj J0

i=1{j:n>j#i) "
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Now apply the lemma for n = 2 to the integral on the right-hand side of this equation, to obtain

n
Aj —AiAntl it —AiAnt1 it
fX|+"'+X,,+] (t) = (_1)n+1 Z 1_[ J { e M4 ——¢ n+1
i=1{j:n>j#i) Ai )‘ Ai = At Angl — A

. Aj
— (_])n+2 Z)\ie Ait 1_[ J
i=1 A=A

{j: n+1=j#i}

n+l1 n
+ (—1)”+2e_)‘"“’{1_[ ;\,-} > -l .
e [ nvizjeiy i = 2))

The scalar factor associated with e “*#+1/ can be identified by multiplying SX 1+t X, (1) BY
e’+1! and taking the limit as t — oo. Hence, a symmetry argument (interchange X1 and X,y

in the computations above) completes the proof.

In the context of this paper, A; will be the total birth rate associated with sequences x<; |
of increasing length, and it is natural to consider sums of exponentially distributed random
variables with strictly decreasing rates. However, it is possible to derive convolution densities
for all finite sums of exponentially distributed random variables by noting that

Y=X14+ - 4+Xp=Z1+ -+ Zn

may be rewritten in terms of Erlang-distributed random variables Z;, j =1, ..., m, by pooling
those X; with equal A;. The convolution density, fy, of the sum of m independent Erlang(k ;)-
distributed random variables with distinct rates A ; is known explicitly [12]:

fy(t)—]_[( 3k ZZ( Dir et 1

j=lr=1

b= tim — LTy
= A kg — )l ok i’ H '

A probability density f on (0, 0o) is said to be log-concave if it can be written as f =e
for some concave function W: (0, oc0) — [—00, 00). Clearly, the exponential distribution
has a log-concave density. Since the convolution of log-concave probability densities is log-
concave [14], so is fx,+..+x, defined above. Consequently, fx,+..+x, isS unimodal in the
sense that the sets {t: fx,+..+x,(t) > a} are convex for all a > 0, a fact that will be used in
the proof of Proposition 2 in the next section.

where

v

4. Maximum likelihood estimation

The random sequential adsorption model has two parameters: r and 6. The purpose
of this section is to study maximum likelihood estimation. In order to do so, we derive a
Radon—-Nikodym derivative f (see Theorem 1) with respect to the distribution of a sequence
of (mean-u (D)) Poisson length with independently, uniformly distributed components, thus
placing the random sequential adsorption model into the framework of Markov sequential
spatial processes [21], [22]. We proceed to establish the existence and uniqueness of

(r, é) = argsup{f(x;r,0):r >0, 0 >0}

(see Propositions 1 and 2).
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Theorem 1. For the model of Definition 1, the distribution of particles adsorbed in the time
interval [0, 0] is absolutely continuous with respect to the measure v on (N*, N7) defined by

o0
k(D)
o)=Y e [ [ Nnger -,
n=0 . D D

for F € Nt. Forn = 0, the Janossy density at the empty vector is jo(@) = e ?*P) With the
notation B(x) := [}, b(z, x) dz for the total birth rate, n-point Janossy densities j,, n > 1, at
x = (x1,...,x,) € D" are as follows.

o ju(x)=0ifp(x;,x;) <rforsomei,je{l,...,n}, i #].
o Ifp(xi,x;) >r foralli # j and B(x) > 0, then

Jn(x) =

Gn+1(X1, ..., X, 6) ﬁ b(xi, x<i—1)

B(xlv"‘rxn) i=1 B(xfifl)
where gny1(x1, ..., Xn; 0) is the probability density (see Lemma 1 and (1)) at 0 of the
sum of n + 1 independent random variables that are exponentially distributed with rates
B(x<i—1),i=1,....,n+ 1L

o Ifp(xi,xj) >rforalli # jand B(x) =0, then

b ir X<
Ju®) = Gt o 9)1‘[ g;f(xx L,

where Gp(x1, ..., Xy,—1;0) is the cumulative probability distribution function at 0 of
the sum of n independent random variables that are exponentially distributed with rates
Bx<i—1),i=1,...,n

The various cases listed in Theorem 1 correspond respectively to impossible configurations
which contain a pair of particles that violate the hard core condition, to configurations with room
for additional particles, and to saturated configurations. The n-point Janossy density may be
interpreted heuristically as the probability of a sequence of n particles being successively located
in infinitesimal regions centred at xy, ..., x,. A Radon—Nikodym derivative with respect to v
is given by f(x) = e*Pn(x)! j,x)(x); see [2, Chapter 5.3], [21], and [22].

Proof of Theorem 1. Since jo(2) is the probability that no transition occurs up to time 6,
the formula for n = 0 holds. Thus, from now on let n > 1. Note that the assumption that
p(xi,x;) > rforalli # j € {I,...,n} implies that B(x<,—1) > 0, since the particle
Xxp may be added to x<,_; without violation of the hard core condition and sets of the form
{z € D: p(z,x;) > r} are open. Moreover, under the same assumption, the total birth rates
B(x<;j—1) are strictly decreasing in i = 1, ..., n. To see this, note that B(x<;—1) — B(x<;)
is the volume of the set {z € D: p(z,xx) > rfork <i — 1, p(z,x;) < r}. Since this set
contains x; in its interior, its volume is strictly positive. Consequently, B(x<,—1) > 0 implies
that all B(x<;—1), i < n, are strictly positive; hence, the ratios in the posited Janossy densities
are well defined. In order to compute j, (x), note that the first exponentially distributed waiting
time (with rate B(@) = w(D)) must be less than €; the first particle has to be located in dxy;
all subsequent cumulative waiting times must fall before 6 until the last particle, in dx,, is
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selected; and no further transitions may take place within the time horizon 6. Integration with
respect to the waiting times yields

n

l_[ b(xi, x<i—1)
B(xgifl)

i=1
0 po—si 0-Y""ls n
X/(; /0 /O l_[fB(x<,-1)(si)<1_FB(x<n)<0_Zsi>> dsy--- ds,
i=1 i

i=1
(2)

with the notation f; for the density of an exponential distribution of rate A and F; for the
corresponding cumulative distribution function.

In order to evaluate (2), first consider the unsaturated case, where B(x) > 0, and proceed
by induction to prove that the multiple integral in (2) is equal to g,4+1(x1, ..., x,; 6) divided
by B(x1,...,x,). Forn =1,

(1 — Fpy(0 — )
fB)(O —5)

0 0
/0 fB2)(8)(1 — Fpx)(0 —s5))ds = fo fB@) () fB) (O — ) ds

_ &3 0)
" B(x)

)

as an exponential distribution has constant hazard equal to its rate. Next, suppose that (2) holds
for n > 1 and consider the n + 1 case. Then

6 0—s1 O—s1—Y 1o si n+l
/ fB(@)(Sl)dSl/ / {1_[ fB(x<,-1)(si)}
0 0 0 i
n+1
X <1 - FB(X§;1+1)(9 — 51 — Zs,-)) dsy - - dsp41

i=2
o 8nt1(X1, -+ Xny15 0 — 51)
= /0 fB(@2)(s1) BltonsD) dsy
_ gn2(X1, .., Xpy13 0)
B B(xn+1)
by the induction assumption.
To conclude the proof, note that in the saturated case, where B(x) = 0, the survival

probability 1 — Fp) is identically equal to 1 on [0, c0). Hence, the integral in (2) is equal to
Gn(xls cees Xp—1; 9)‘

Next we turn to statistical inference. From now on, where necessary, the notation will take
into explicit account the parameters r and 6.

Example 2. Upon observation of the empty set, jo(2; r, ) = e D) is strictly decreasing in
0 and does not depend on r. Hence, we cannot carry out inference on the interaction distance,
whereas the maximum likelihood estimator of the time horizon is é(@ ) =0.

If the data sequence is a singleton, (x), then

6
j1x;r,0) = / exp[—B(D)s — B(x;r)(0 — s)]ds.
0
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For any given 0, the exponent in the integrand is strictly increasing in r on the interval
(0, sup,¢p p(x, 2)), with limit value (1 — e # D)%) /11(D) for larger r. Identifying the interval
[sup,cp p(x, 2), 00) with co, we obtain 7(x) = oo. Optimising over 6 yields 6(x) = oo.

As for the classic hard core point process, upon observation of a nonempty sequence, r may
be estimated using the minimum interparticle distance [16].

Proposition 1. For the model of Definition 1, suppose that a sequence X = (X1, ...,Xn), 1 >
2, is observed. Then 7 (x) = rmin(X) 1= min; < p(x;, x;) is the maximum likelihood estimator
of the hard core distance for any value of 6 > 0.

The supremum argument is not attained (i.e. it is not a maximum argument), as indicated by
the proof.

Proof of Proposition 1. Note that j,(x;r,6) = 0 unless p(x;,x<;—1) > r forall i =
1,...,n. Therefore, 7 (x) < rmin(x). Now, (2) can be expressed as

n
IGst, . oosnsr O) [ [ 6Cxi, x<i13 7).

i=1
where

I(s1,...,8.;71,0)

¢ 9_2?;151' n n
= / / ! exp[— ZSiB(XSif]; r) — (9 — Zs,)B(x; r):| dsy - - - dsy,.
0 0

i=1 i=1

If0 < r1 < ry < rmin(x) then b(x;, x<;—1;7r1) = b(x;, Xx<;—1; r2), while it follows from
the convexity of D and the fact that x, may be added to x<;_; under a hard core distance-r
constraintthat B(x<;_1;r1) > B(x<;—1; r2)foralli =2, ...,n. Hence, I(s1,...,8,5r1,0) <
I(s1,...,Sy; 2, 0), which implies that the maximum likelihood estimator is as stated.

It remains to estimate the time horizon, 6.

Example 3. As we saw in Example 2, for n = 0 and fixed r, we have 6 =0. Forn >
1, consider the case where, for a given r, we observe a sequence x of length n such that
Jn(x; 0) is strictly positive but B(x) = 0. To optimise j, (x; ) over 6, according to Theorem 1
we have to optimise G, (x1, ..., x,—1; ), which, being a cumulative distribution function, is
monotonically increasing in 6. Furthermore, by the convolution formula, it is easily seen that
Gu(x1,...,x,-1; 1) < 1 for any finite t > 0. Hence, é(x) = 0.

Proposition 2. For the model of Definition 1 with fixed r > 0, suppose that a sequence x =

(X1, ..., %xn), n > 1, is observed for which B(x), j,(x;0) > 0. Then the maximum likelihood
estimator
0 =0(x1,...,x,) = argmax gy+1(x1, ..., Xp; 0)
6>0

exists, is unique, and solves the score equation

d
%gnﬂ(m,...,xn;@) =B, ..., x)gn (X1, .o X015 0) — gnr1(x1, ..., X3 0)] = 0.
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Proof. According to Theorem 1, the maximum likelihood estimator for the time horizon

is é(xl, ceesXp) 1= AIESUPps gn+1(X1, - -, Xns 0), provided that the supremum argument
exists. Because the exponential distribution is log-concave as a function of 8 > 0, so too
1S gnt1(X1, ..., Xp; +), from a result of [14]. Consequently, g,+1(x1, ..., X,; ) is unimodal.

Moreover, as it is continuous on [0, co) with
gn+1(x1, .., %03 0) =0 = lim guy1(x1,...,Xn; 1),
11— 00

the supremum argument is attained.
Next consider the score function, and write f (z) = re M fort > 0. By the convolution

formula,
6
gn+1(X1, ..., Xn; 0) =/ &n(X1s s Xn—1; 8) fB(x<,) (0 — 5) ds.
0
The functions f; and g, (x1, ..., x,—1; -) are uniformly bounded, so by dominated convergence
we have
1 0
lim— | gu(x1, ..., Xu—1; ) SBa=) (O +h —5) — fBxo (@ — 5)]ds
o h Jo

0
=/0 gn Xty ey Xno138) fp(e_,y (@ — ) ds.

Furthermore, the continuity of f; and the fundamental theorem of analysis imply that

0+h
}liila 7 8n(X1s ooy Xn—1; 8) [Bxo) (@ +h —5)ds = gn(x1, ..., Xu—1; 0) fB(x<) (0).
0
Hence, the derivative of g,4+1(x1, ..., X,; 6) can be written as

%
- B(xgn)/o 8n(X1s s Xn—1;8) [Bx<y) (@ — $)ds + B(X<u)gn(x1, ..., Xn—1;0)
= B(x<p)lgn(x1s -y Xn—1;0) — gnt1(x1, ..., Xn; O)].

A similar argument for the limit # 1 0 completes the score calculation.

Finally, we must show that the maximum likelihood estimator is unique, that is, that the
function to be optimised has no plateaux. This can be done by induction, as the statement
clearly holds for n = 1. Suppose, then, that unique maximum likelihood estimators exist
for sequences of length at most n — 1, but that for the sequence (xi, ..., x,) the function
gn+1(X1, ..., xp; 1) is constant on the interval (7, t1), fo < t1. Then its derivative equals O on
(o, t1), which by the score equation implies that g, (xy, ..., xX,—1; t) is constant for ¢t € (1o, t1).
Since that would contradict the induction assumption, g, cannot have any plateaux either.

Proposition 2 holds in particular for » = rpin(x)~, the range just before the minimum
interparticle distance. Both Theorem 1 and Proposition 2 hold in the Poisson case, where
r = 0, as well (see Example 1).

Note that g1(9; 0) = B(2) and that g,,+1(xq, ..., x,;0) = 0forn > 1. Thus, forn =1
the latter function has a boundary minimum at O that does not correspond to a solution to the
score equation. For n > 2, 6 = 0 is a solution to the score equation, and corresponds to the
global minimum.
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5. Conclusion

In this paper we have proved that the maximum likelihood method can be applied to estimate
the parameters in random sequential adsorption models. The set-up can be generalised to metrics
that are equivalent to the Euclidean metric, or indeed to general metric spaces, provided that
the total birth rate is a strictly decreasing and positive function of both the sequence and the
range until saturation.

Were the inhomogeneity measure 7 in the discussion that follows Definition 1 to contain
nuisance parameters, these could be estimated separately from observable covariates, or by
profile likelihood methods.

We tested the approach in practice for a range of parameter values, inhomogeneity measures,
and metrics. Some software and results can be found online at http://db.cwi.nl/projecten/
project.php4?prjnr=187.

It is important to note that the method is not restricted to the random sequential adsorption
model, but can be applied in principle to estimate the time horizon in other cooperative sequential
inhibition processes [7]. In particular, the sequential spatial process framework applies, so
densities can be derived as in Theorem 1 provided that proper care is taken of any zero rates
that might arise.
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