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Abstract—Online monitoring of population traffic

within a certain region plays a significant role in modern

city administration and public security, and it is also

a difficult task to fulfil using traditional methods. In

this paper, a system is reported, which has realized fast

estimation of snapshot population and residence time

distribution within a certain region, based on mobile

network signaling. The system architecture is presented

and some key implementation issues are addressed. As

examples, results in two typical regions are demonstrated

and thoroughly compared. One is a historical attraction,

and the other is a traffic junction in the central business

area. The system has currently come into operation

in Beijing and begun serving several municipal de-

partments including tourism, administration and public

security.

I. INTRODUCTION

In modern cities, it is very helpful to know the real-

time population in a concerned region, the region-

al snapshot population (RSP). It will benefit many

branches such as transportation system design, tourism

prediction, administration management and even secu-

rity guarding. In some cases, we need further to know

how long people stay in a certain region and where

they may come from. In order to evaluate the popu-

lation in a region, we must be able to locate a person

within a region, i.e. positioning. However, traditional

positioning technologies cannot meet all requirements

mentioned above. Therefore, we first reviewed related

work on mobile user positioning technologies, and

then introduced our system approach.

The main contribution of this paper was twofold.

First, we presented a model to fast estimate the popu-

lation and the residence time in a certain region, based

on the discrete cell-based communication events. Sec-

ond, we implemented the model in a monitoring

system on a data warehouse, deployed it and made

it a service for various industries and administration.

II. RELATED WORK

There has been lots of work reported on locating the

mobile phones with different precision and complex-

ity. Choices are made depending on the application

scenarios and trade-off between accuracy and costs.

Generally, mobile positioning technologies can be di-

vided into two kinds: GPS (global positioning system

or its buddies) and non-GPS. Although most smart

phones have been equipped with GPS, the majority of

subscribers would not like to report their positions at

all times. Therefore, passive monitoring technologies

like non-GPS ones are more easier to utilize. Non-GPS

positioning technologies can be further divided into

mobile-based, network-based and hybrid, according

to the place where the location is calculated. The

simplest method of determining the mobile position is

based on the Cell-ID, with the lowest precision with a

range between 100 m and several kilo-meters. Some

complex algorithms were proposed to improve the

precise, like the AOA (Angle Of Arrival), TOA(Time

Of Arrival) and TDOA (Time Difference Of Arrival)

[1]. However, these techniques generally require soft-

ware installation or modification on the mobile phone

and additional location determination units and related

software in the network side. Combining more than

one method is another commonly used way to improve

the precision [2]. The key issue is to measure the time

or time difference from the mobile to multi-BS (base

station). The measurements are implemented usually

by analyzing the measurement reports at active mode

[3]. Actually, the mobile location can be calculated

by a third system. Related signaling messages are

duplicated from the network and analyzed by a third

application independent on the mobile and network.

This is a completely passive solution, almost adding

nothing to the phones and networks, and much easy to

deploy. Such a system is appreciated by most network

operators, because not all specifications in the latest

standards have been implemented in all the network

equipments and phones.

Based on mobile positioning, much research has

been done on the road and urban traffic estimation

[4] [5] [6], trajectory pattern mining [7] [8] and

origination-destination (O-D) Analysis [9] [10], push-

ing and cultivating the ITS [11], LBS [12] and other

unpredictable services and applications [13]. However,

few work was done on estimating the regional snap-

shot population and average residence time within a
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closed area. In this paper, such a monitoring system

will be reported and some typical results will be

presented.

III. PRINCIPLES

A. Problem Definition

The objective is to online estimate the population

within a defined region and calculate the average time

people stay in the region. Here, a Region, or a Region

of Concern (RoC) is a geographical area defined by

user, represented by a closed graph on the map.

A mobile phone is said to be in a region if an

observed communication event reported it was served

by the cell in the region, and no any event has reported

that it has changed to another cell outside the region.

The mobile communication events monitored include

power on/off, MOC (Mobile Originated Call)/MTC

(Mobile Terminated Call), mobile sent and received

shot messages, location update (normal/periodical)

and handover. The event making an outside subscriber

become an inside one is called an Appear Event (AE).

Accordingy, the event making an inside subscriber

become an outsider is called a Leave Event (LE).

B. Algorithms

It is not self-evident to determine the current popu-

lation within a region using the communication events

since users are moving and the events are discrete.

Before deciding whether a MS is in a RoC, we have

to explore all the events related with it globally.

1) Calculation of Regional Snapshot Population

hourly: According to the algorithm 1, the key is to

determine the initial observed group, containing all

people stayed in the region at the start of the period,

and the gone group containing the population leaving

the region and never returning during the period. All

observed events formed a dataset of a sequence of

time-spatial events of mobile users. The last event

related with the MS is most significant, determining

the final regional state of the MS. Therefore, the most

time-consuming task is to search for the latest event.

2) Calculation of Residence Time: It is to obtain

the distribution of people’s residence time in a RoC.

The residence time is classified into several stages in

hours. For a certain statistical period (Δ), there are

five scenarios of regional residence.

STAY-OUT case: i.e. the MS is observed to be

outside the RoC after several inside events and never

return again. The residence time in this period is the

occurring time of last inside event minus the start

point of the current period, which will be added to

the old residence time of this MS, generating the final

residence time.

IN-OUT case: i.e. the MS is observed to enter and

then leave the region. The interval between the last and

first inside event is regarded as the residence time. If

there is only one inside event during the period, the

Algorithm 1 Calculation of RSP

Require:

The concerned region, Ri;

The end hour, tj ;

Set of MSs in the region Ri at tj−1, ΦRi,tj−1
;

Set of events during the past hour, Ej−1,j .

Ensure:

RSP for the region of Ri at tj , RSP (Ri, tj)
1: Φr ← ΦRi,tj−1

, Φg ← ∅
2: // Initialization: Φr contains the retained MSs

on the hour; Φg contains gone MSs.

3: Select all MSs in Ej−1,j where region == Ri

and event == APPEAR, forming ΦRi,A;

4: // ΦRi,A contains all MSs ever appeared in this

region during the past hour.

5: Φo ← ΦRi,tj−1
∪ ΦRi,A

6: // Aggregate and derive the observed group.

7: for each sk ∈ Φo do

8: Search all the events of sk in Ej−1,j ;

9: Ej−1,j,sk = {e0, e1, ...el}
10: // el is the latest event.

11: if el == LEAVE then

12: Insert sk in Φg;

13: end if

14: end for

15: Φr ← Φo \Φg

16: // Erase gone MSs and then obtain the final

retained population in Region Ri at tj .

17: Count Φr, then get RSP (Ri, tj).

first outside event is taken as the virtual last inside

event.

IN-STAY case: i.e. the MS is observed to enter and

never leave. The residence time is the time interval

between the end point of the period and the occurring

time of the first inside event. The end state of the MS

is INSIDE, and its residence time will be accumulated

in next period.

OUT case: i.e. the first event of an insider is an

outside one. In this case, just change the regional state

of the MS.

Duplicate OUT-IN case: i.e. the MS is observed

entering and leaving this region for more than once

time. It will be dealt with as several independent IN-

OUT procedures.

IV. MONITORING SCHEMA

A. System Overview

The system architecture is diagrammed in Fig. 1,

which consists of four parts described as follows.

The signaling analysis (SA) part is to capture the

raw data from the mobile network, decode the sig-

naling messages and generate all kinds of call detail

record (CDR), such as MOC, MTC, LU and etc.. Each

CDR has several fields to describe its key attributes

like time stamp, MS identity, LAC-CI and CDR type.
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Fig. 1. Diagram of system architecture.

The basic data processing (BDP) part is to col-

lect all sources of data and perform ETL (Extract,

Transform and Load). Other than the CDRs from SA,

there are two data sources: one is the base station

information base (BIB) containing the position, LAC-

CIs and other related information of each BS; the other

is the geographic information base (GIB) containing

the map layer data of the city. All data is integrated,

transformed and loaded into the CDW by ETL tools.

The centralized data warehouse (CDW) part is the

core of the system, containing all meta data, macro

data and intermediate results. Three major data tables

are the detail event database (DEB), region defini-

tion (RD) and MS home base (MHB). The DEB

contains all recoded communication events appended

with the defined region identifier. The RD contains

all defined RoC with coordinates of their locating

points, bordering roads, and etc. The MHB contains

the mapping between the MSISDN prefix and MS

registered province and cities.

The application data processing (ADP) part is

to implement the data mining algorithms in data

service engines (DESs), and present reports, multi-

dimensional statistical analysis results to users. The

system provides a Web/GIS interface for users to

query analysis reports and define new regions.

B. Implementation

The system has been developed and deployed on

the private cloud platform of the China Mobile Beijing

Branch. Totally 16 unix/linux virtual machines (VMs)

were utilized: 1 for interface server, 4 for Oracle DW

clusters, 8 for analysis servers, 2 for GIS server and

1 for Web Server.

Signaling data mainly comes from 2G/3G network.

Signaling messages from interfaces A and IuCS were

captured, covering all 2G/3G subscribers of China

Mobile Beijing branch. The interface A is the interface

connecting BSC (Base Station Controller) and the

MSC/MSS (Mobile Switching Center or MSC Server)

in GSM networks, while interface IuCS is the interface

between RNC (Radio Network Controller) and MSS

in UMTS. The data is captured at the edge routers

of MSC/MSSs. All signaling messages are parsed,

correlated and transformed into communication event

records or CDRs, containing the time stamps, the

ciphered MSISDN, LAC, CI, event type ID, event

info, number prefix and reserved fields. For privacy

consideration and meeting anonymous monitoring re-

quirement, the real MSISDN is ciphered using MD5

before entering into the system.

At present, total 128 regions have been defined

and analysis reports are generated periodically. Aided

by the GIS, administrator of the system can define

a new region by drawing a closed area in the map.

The real-time snapshot population, residence time,

trajectory tracking and O-D analyses can be given

immediately no later than 30–45 minutes dependent

on different hours. Authorized users can access the

website, browse the statistical tables and charts, print

or download the analysis reports.

In this paper, the RSP, population home cities and

their residence time characteristics are demonstrated.

V. EXPERIMENT AND RESULTS

A. The Observed Regions

Two regions of concern were observed and com-

pared: the Palace Museum, denoted by R1, and the

GuoMao Area, denoted by R2, shown in Fig. 2a and

Fig. 2b, respectively. R1 is defined mainly for the

Palace Museum, one of the most famous historical

tourist attractions in Beijing; while R2 is defined

for an open area covering a 300m × 300m square,

centering the GuoMaoQiao Overpass in the Beijing

CBD.

Two regions have different features. R1 is a typical

closed ticketing area attracting tourists and its RSP

is able to reflect the number variation of the tourists,
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(a) R1: the Palace Museum (b) R2: the GuoMao Area

Fig. 2. Definitions the observed regions.

(a) R1 on different days

(b) R2 on different days

Fig. 3. Comparison of hourly RSP in different Regions and on

different days.

while R2 is a public transport junction in the CBD

and its RSP can reflect the variation of commuters to

a great extent.

B. Hourly Snapshot Population

The hourly RSP in two regions was illustrated and

compared in Fig. 3. In Fig. 3a, the hourly RSP in the

region R1 on a holiday and an ordinary working day

was compared. As shown in Fig. 3a, their variation

tendencies were very similar, but the absolute increase

(the difference between the maximum and the ground)

on the New Year Day was almost 2 times (1.97) that

on the working day (Jan 7th, Tuesday).

In Fig. 3b, the hourly RSP in R2 on different days

was compared. Completely different from the R1,

(a) R1, Jan 1st

(b) R2, Jan 7th

Fig. 4. Population distribution of residence time ranges.

traffic on a working day was extremely larger than on

a holiday. On Jan 7th, Tuesday, it had a sharp increase

from 5 pm and reached the maximum of 13021 at 7

pm, about 2.38 times the peak on the New Year Day.

The hourly RSPs in two regions on different days

can be compared by combining Fig. 3a and 3b. On

the New Year Day (Jan 1st) in R1, traffic started to

significantly rise from 8 am, and reached its maximum

at 1 pm, then declined to almost the original value at

6 pm. In contrast, traffic in R2, as a transport hub

in CBD, was much less. It had a minimum in 5 am

and slightly climbed up to its first peak at noon; then

after a small decrease at 1 pm, it continued to increase

gradually and reached its maximum in the day at 6

pm; and then went down slowly. On a working day,

the peak RSP in R2 exceeded that in R1 on a working

day, and its peak position came later in the evening.

C. Residence Time Analysis

Using the algorithm described in Section III-B2, we

can evaluate the characteristics of residence time for

the population in different regions. The results for the

regions R1 and R2 were demonstrated in Fig. 4, on

different days, respectively.

The population was first divided into three groups:

local, national roaming and international roaming,

based on their country code and mobile number prefix.

In Fig. 4a, population in R1 on Jan 1st within different

ranges of residence time was illustrated. As shown in
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the figure, a majority of the people spent 1–2 hours

in the Palace Museum and less spent longer time.

The population staying there for a longer time was

only 51.7% and 13.2% of those visiting there within

1–2 hours. Also, the percentage of national roaming

visitors decreased as the residence time increased,

from 27.07%, 22.03%, down to 10.60%.

The situation was different in the Region R2, illus-

trated in Fig. 4b. In the CBD center, the population

with a residence time between 2–6 hours slightly

exceeded those with a residence time of 1–2 hours

by about 4.3%. The population staying within 6–24

hours was still 59.3% of those visiting there within

1–2 hours. It was consistent with the characteristics

of a business area, significantly different from the

distribution in the tourism region R1.

D. Precision Consideration

In order to realize fast estimation and quasi real-

time monitoring, we select cell-Id based positioning

technology. In general, its positioning accuracy is

dependent on the cell size. In urban areas, the cell

size for 2G/3G mobile network is about 100 ∼ 150

metres. This accuracy is acceptable for the scenario

of fast estimation, but still leaves room to improve.

The main inaccuracies originate from the follow-

ing sources. First, mobile users belong to different

network operators, therefore, MSs attaching to other

network except China Mobile cannot be counted in.

Second, MSs in the cells of BS near the regional

border may not really locate within the RoC. Finally,

the percentage of silent and power-off MSs affects

the final precision. The movements of power-off ones

cannot be detected by the network.

Nevertheless, it provides a practical approach to

evaluate the population in a certain region, especially

for an open area. Especially, in some cases, it is very

helpful for the administration to identify the home of

the population.

VI. CONCLUSION

In this paper, a monitoring system of snapshot pop-

ulation within a certain region was reported, based on

cell-ID mobile positioning technology. The underlying

schema for deriving the snapshot population and resi-

dence time through the time-spatial sequential datasets

of discrete communication events were presented. The

system architecture and data warehouse design were

discussed; analysis results in two typical regions were

demonstrated and thoroughly compared, including the

hourly snapshot population and distributions of res-

idence time. The system has been deployed and is

monitoring the China Mobile subscribers in the whole

city of Beijing. It has become a helpful tool serving

several municipal departments and industries.

Due to the nature of cell-Id based positioning

technology, the accuracy is not satisfactory. Other

novel technologies like LTE (Long Term Evolution)

networks based or indoor positioning technologies

will be taken into consideration in the future work.
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