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a b s t r a c t

The estimation of a large population’s size by means of sampling procedures is a key issue

in many networking scenarios. Their application domains span from RFID systems to peer-

to-peer networks; from traffic analysis to wireless sensor networks; from multicast networks

to WLANs. The present contribution aims at illustrating and classifying in a coherent frame-

work the main approaches proposed so far in the computer networks literature to deal with

such a problem. In particular, starting from the methodologies proposed in ecological studies

since the last century, this paper surveys their counterparts in the computer network domain,

finding that many lessons can be gained from this insightful investigation. Capture-Recapture

techniques are deeply analyzed to allow the reader to exactly understand their pros, cons, and

applicability bounds. Finally, some open issues that deserve further investigations and could

be relevant to afford estimation problems in next generation Internet are discussed for sake

of completeness.

© 2015 Published by Elsevier B.V.

1. Introduction1

In many networking problems, the optimization of a given2

service or system requires accurate estimates of the number3

of involved key items (whether they represent nodes, users,4

files, packets, flows, and so forth). For example, the estima-5

tion of the number of users sharing the same file in a peer-6

to-peer network [52] can be used for allowing a fine tuning7

of protocols’ parameters and/or for monitoring purposes; the8

knowledge of the number of traffic flows handled by a router9

[74] is useful for enforcing Quality of Service (QoS) differenti-10

ation techniques or for improving network reliability; count-11

ing the number of RFID tags [68,72] is needed for inventory12

management.13
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For the sake of generality, the present contribution will 14

refer to the term population to mean a large set of items (or 15

individuals), whose cardinality cannot be easily inferred us- 16

ing plain counting procedures, due to wideness and/or vari- 17

ability of the set, thus requiring sophisticated estimation 18

methods. Such terminology has been widely exploited in the 19

computer networks literature by analogy with similar esti- 20

mation problems in biological environments [65]. 21

As a matter of fact, statistical approaches dealing with the 22

estimation of the population size are based on sampling, i.e., 23

on analyzing a subset of the entire population. The biometric 24

community developed many approaches [63,65], some as 25

old as the nineteenth century [44,51], to face the trade-off 26

between the effectiveness of estimation methods and their 27

computational complexity. Most of the statistical approaches 28

developed by the biometric community are framed into the 29

Capture-Recapture (CR) methodology [17,54], which refers to 30

the recognition of individuals recaptured in more than one sam- 31

ple and to the exploitation of such additional information for 32
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deriving estimators more reliable than those based on the only33

knowledge of the sample size. Indeed, CR estimators could be34

Maximum likelihood, Bayesian, derived through hypothesis35

testing, etc. In details, the CR methodology assumes that36

the individuals caught in a sample can be captured again in37

following samples. In zoological contexts, this means that38

all animals captured in the first sample are marked and39

released in order to recognize them in subsequent catches.40

The employment of marking operations is the main reason41

why the Capture-Recapture approach is also referred to as42

Mark-Recapture in the literature.43

It is worth observing that the Capture-Recapture method-44

ology deals with centralized non-anonymous estimation45

strategies. In fact, after sampling the population, a central46

controller performs an estimation based on the knowledge47

of the gathered individuals. Centralized anonymous meth-48

ods to estimate the population size in computer networks49

have been employed in [4,9,40]. As a counterpart, the strat-50

egy based on Bernoulli trials presented in [69] shows a51

distributed approach to the population size estimation in52

anonymous networks. It has to be noted that computability53

in anonymous networks is a very big issue [11,35] since54

with anonymous computations it is only possible to count55

probabilistically, even if the amount of randomness required56

is very little [20].57

In the works introduced above, the information obtained58

by collected samples pertains only to their size: indeed, the59

sample size depends on the probability for each item in the60

population to be captured. Although these techniques are61

usually not very expensive in term of computation time and62

memory requirements, the convergence speed and the pre-63

cision of the estimation process can be very low, and un-64

suitable for cases when system dynamics are fast. In fact, we65

point out that the information conveyed in a sample is more66

than just its size: indeed, knowing the identity of the individ-67

uals in each sample would help in improving both the accu-68

racy and the speed of the estimation processes. In fact, track-69

ing the capture history of each caught individual is useful for70

guessing insightful properties of the population evolution, in71

terms of arrivals and departures. In order to justify such ev-72

idence we show a numerical example. Let us assume that a73

given population is sampled repeatedly for performing size74

estimation and that the catching probability for each indi-75

vidual is p = 1%. Considering the “lucky” case of all samples76

having size equal to 10, one expects that a fair estimate of the77

population size would be 1000. Actually, when inspecting the78

identity of the caught individuals in each sample, it is possi-79

ble to find that either the same 10 individuals are caught in80

each sample or each individual is caught in a single sample.81

In both cases, a correct size estimation would be different82

from that provided by accounting only for the sample size.83

This simple example intuitively shows how the information84

related to the identity of the elements caught in a sample can be85

exploited to provide a more reliable estimate and a faster con-86

vergence to the actual value of the population size. The price to87

pay for this performance improvement is an increase of com-88

putational and storage requirements for handling the sam-89

pling history, which, in any case, remains often affordable by90

modern computing platforms.91

As matter of fact, most of the identity-based estimators92

used in computer networks contexts are exactly framed in93

the Capture-Recapture approach, which is also the main focus 94

of the present survey. Although Jesus et al. [37] collected and 95

described some works both related to estimation problems 96

in computer networks and dealing with CR sampling tech- 97

niques, the aim of their survey was to analyze a wider spec- 98

trum of data aggregation techniques, without a specific focus 99

on the Capture-Recapture theory as a whole. In this sense, the 100

present contribution aims to shed some light on the Capture- 101

Recapture methodology, while surveying its application in es- 102

timation problems related to computer networks and intro- 103

ducing those CR solutions easily deployable in more complex 104

scenarios. 105

To help in understanding at a glance the statistical prop- 106

erties of the estimator surveyed in the following sections, 107

Table 1 lists the network quantities evaluated in such works 108

together with the underneath statistical approach exploited 109

for the related estimation. 110

In order to gently introduce the Capture-Recapture 111

methodology, firstly we note that a given population is 112

modeled as closed [17], if its size does not change during 113

the whole sampling process, or as open [53] (in the opposite 114

case). The key assumption for a closed population is that no 115

element is entering or leaving the population during sam- 116

pling operations. Of course, it is easier to derive an estimator 117

for a closed population, even though, in many circumstances, 118

the assumption that the population is not varying during the 119

sampling process is unrealistic. Contrariwise, the estimation 120

of the size of an open population must take into account also 121

the dynamics of the population, i.e., the arrival/departure 122

rate during sampling stages. At the same time, it is worth to 123

remark that this distinction is not always sharp, because, in 124

some cases, estimators conceived for closed populations can 125

be also adapted to dynamic contexts. Following this premise, 126

Section 2 surveys Capture-Recapture estimators for closed 127

populations, highlighting their properties and applicability 128

in computer networks environments; afterwards, Section 3 129

introduces the most relevant Capture-Recapture methods 130

for estimating the parameters related to open populations, 131

focusing especially on the Jolly-Seber model [38,64] that 132

we strongly believe will be the basis of population models 133

for many future computer networks related estimation 134

problems. 135

Then, Section 4 mentions some relevant related works, 136

dealing with non-CR estimators. Finally, Section 5 draws con- 137

clusions, describing lessons learned, and explaining what in 138

our humble opinion should still be done in the context of this 139

research topic. 140

2. Capture-Recapture estimators for closed populations 141

All in all, the strategies framed into the CR methodology 142

for the estimation of closed populations are mainly grouped 143

in two categories: those dealing with only two samples, 144

and those dealing with more than two samples. The first 145

category includes the very basic CR strategies mainly used 146

for a fast estimation based on a limited sampling capability. 147

The second category includes a wide gamut of estimation 148

techniques exploitable when sampling is not an issue, thus 149

providing more accurate estimations. A first glance perspec- 150

tive on this categorization is sketched in the tree diagram 151
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