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TRAFFIC FLOW ESTIMATES INFERRED 
FROM MOBILE PHONE NETWORKS 

ABSTRACT 

Traffic volume is the main parameter to quantify transportation demand. Accurate 

measurements of volumes are essential for the successful implementation of traffic 

management. The development of models to infer traffic volume data constitutes an 

important step in the construction of automatic tools for such purposes. Different 

methodologies and techniques have been developed to estimate traffic volumes. The most 

common examples are based on time series, historical average, neural networks or non-

parametric regression models, using data collected by fixed count stations (e.g. loop 

detectors), which have cost and coverage limitations.  

 

Recently, mobile phone systems appeared as a complementary solution to fixed stations for 

increasing coverage areas and accuracy without requiring expensive infrastructure 

investment. Mobile phone systems include processes which automatically keep databases 

updated with phone location. In the case of an on-call phone, its location information is 

updated at the base station (cell) to which the phone is connected. For billing purposes, the 

system also records parameters related to the call, such as start time/end time, duration or 

identity of the originating cell. Additionally, when a phone with a call in progress moves from 

one cell to another, the call must be handed over to the new cell in order to provide 

uninterrupted service. This transference is controlled by the handover process which inserts 

a record into the databases to update them with content consisting of phone-ID, cell identity 

or timestamp, among others. Thus, the analysis of call data records is useful to get 

information related to the movement of phones between cells. From this we can infer vehicle 

volume data from this easily-accessible, fast and low-cost method.  

 

This paper explores the use of call data generated by on-call phones moving over a network 

to estimate vehicle volume at certain points of intercity roads. The main purpose of this 

research is the definition, analysis and assessment of feasible models to infer traffic volume 

using anonymous call data collected automatically by mobile phone network operators. This 

will produce a set of forecasts for the site at which the data was collected. 

 

The development of the models was based on call data records of phones provided by a 

network operator in a group of cells, which define a set of inter-cell boundaries; and traffic 

volume statistics collected by counting stations (detectors) at the same points. The collected 

data was divided into two sets: calibrating data and testing data. The calibrating data set was 

used to estimate the model‟s parameters, completely defining the models to predict traffic 

volumes. The estimated traffic volumes were then compared, in numerical and graphical 
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format, with the volume measurements collected by the detectors. Different indicators were 

calculated to evaluate the estimation performance, such as classic error measures (mean 

absolute error or mean absolute relative error), rank correlation (Spearman) or the linear 

correlation (Pearson) coefficient. Finally, the results using the testing data set showed that 

the proposed models produced reasonable estimates and are therefore effective for practical 

use, without requiring the installation of counting stations. 

 

Keywords: mobile phones, traffic flow, volume data, traffic monitoring.  

1. INTRODUCTION 

Accurate measurements of traffic flow are essential for the successful implementation of 

traffic management. Traditionally, traffic flow data are automatically collected on a subset of 

links in a network by fixed detectors embedded in the road, such as inductive loops, infrared, 

visual cameras, radars, lasers, etc. These measurements can be collected with little effort, 

although they are limited in terms of providing only localised information. Unfortunately, 

extending or modifying this type of infrastructure tends to be expensive due to the cost of 

installation and maintenance of detectors. New alternatives are therefore required to 

characterise traffic in a fast, accurate and continuous manner, at an acceptable cost. 

 

Recently, tools for collecting accurate volume measurements have been introduced within 

new technologies. Among these new technologies is mobile phone- tracking, an emerging 

concept that has been studied during the last few years by academic and private entities in 

the transportation community. With the ubiquity and ever-increasing capabilities of mobile 

devices, mobile phones and their locations could potentially become a powerful source to 

derive traffic data. In modern societies mobile phones have reached high penetration rates, 

with many countries surpassing the 90 percent penetration rate (CIA World Factbook, 2009). 

Mobility management in mobile phone networks manages certain location data for proper 

performance. If a handset is located in a moving vehicle, the information collected from this 

phone can be used in traffic flow estimation. The main advantages of using mobile phones 

as probes are the low implementation cost and the need for no additional hardware. Mobile 

phone network-based solutions do not require any changes to handsets and are therefore 

able to provide better coverage than fixed detectors. However, the major disadvantage of this 

type of solutions is the establishment of a relationship between phone flows and vehicle 

flows since not every vehicle carries a phone (in buses several phones are onboard) and not 

every phone subscription is contracted from the mobile phone network operator which 

provides the data. 

 

Thus, the problem of interest consists of finding new algorithms to make use of the data 

obtained from mobile phones, and, in particular, the vehicles acting as probes to estimate 

traffic flows on motorways. These algorithms should be developed by means of adequate 

treatments to relate both measures (phone counts and vehicle counts) through the use of 

mathematical models. In this paper a set of models to derive volumes of vehicles from 

(anonymous) mobile phone data is proposed and evaluated in order to be used in transport 

applications. The procedure used to process the incoming phone data requires a non-
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negligible computing time and consequently, the proposed models are intended for 

applications in which the estimation process does not need to be done in real time (off-line). 

2. MOBILE PHONE SYSTEMS 

Mobile telephony facilitates the exchange of information (voice, data, video, image, and the 

like) for phone users, independent of time, location, and access arrangement. Mobility 

management enables a mobile phone system to find the locations of mobile phones so as to 

deliver incoming calls, messages, or data packets to said mobiles. In order to provide such 

mobility data, information concerning the location and characteristics of each mobile phone is 

held in a subscriber database known as a Home Location Register (HLR). To distribute the 

signalling load on the HLR, one or more subsidiary databases are used by the mobile 

network to temporarily hold profiles of roaming users (users outside their home area), which 

is known as a Visitor Location Register (VLR). This information is defined by the Technical 

Specifications 3GPP TS 23.003 and 3GPP TS 23.008, both published by the Third 

Generation Partnership Project (3GPP). 

 

 
Figure 1 – Definition of a theoretic cell and location area  

As Figure 1 shows, a set of base stations (BS) covers the mobile phone service area to 

connect a mobile phone to one corresponding mobile phone network (for making/receiving 

calls, sms, etc.). Each BS covers a radio coverage area called “cell”, which is theoretically 

represented by hexagonal shape. A cell is the basic geographic unit of a mobile phone 

system. The cell radius depends on many parameters, such as terrain, antenna type, power 

levels, or even topology and buildings around the antenna. Its size can vary from several 

hundred meters to several kilometers. The cell radius is smaller in urban areas, where 

population density is high, and more antennae are needed than in rural areas to provide 

communication services. A set of adjacent cells are grouped into one location area (LA).  

 

A mobile phone network is characterised by two aspects of mobility. During a call 

conversation, a radio link connects the mobile phone to a base station (cell). When the user 

moves from the radio coverage area of one BS (or a cell) to the coverage area of another 

BS, a radio link in the new base station is required to continue the conversation. The 

handover is the procedure responsible for transferring that call. Thus, in the case of an on-

call phone, the system always knows the base station (cell) to which said phone is 

connected. However, whenever the phone is turned on and not on-call (idle status) the 

network does not need to know the precise cell in which a phone is located, only a location 

area (LA). Therefore, a mobile phone in motion keeps the network informed about changes 

in the location area. If the phone moves from a cell in one location area to a cell in another 
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location area, the mobile phone performs a location update (LU) procedure to inform the 

network about the exact location of the phone. In addition, when a mobile phone is powered 

on, or if the phone does not produce any kind of activity, a periodic LU procedure will be 

triggered to identify the current LA of the phone. 

 

Therefore, the mobile network always knows the Location Area Identification (LAI) of an idle 

phone and the CI (Cell ID) of a phone in communication (Calls, SMS, MMS, etc.). More 

comprehensive technical details regarding mobile networks can be found in the literature by 

Wakefield et al. (2007) and Yacoub, (2002). 

3. INFERENCE OF VOLUME DATA USING MOBILE PHONES 

3.1 State of the art 

The idea of using mobile phones to collect traffic information is a decade old but it has 

become increasingly widespread. Work reviewing the state of the practice of using mobile 

phones as a device for traffic monitoring can be found in Caceres et al. (2008), Qiu et al. 

(2007), and Smith and Fontaine (2006). In terms of volume data, the concept of using mobile 

phones as probes has been explored by various researchers working on simulated 

frameworks (Fontaine and Smith, 2005), as well as in field tests (Bekhor et al., 2008; Höpfner 

et al., 2007; Thiessenhusen et al., 2006). In all cases volume data would be associated to 

phone transit through a boundary area using processes related to mobility management, 

detecting boundary crossing rates either at inter-cell boundary level (handover) or at location 

area boundary level (LU procedure). Most of them focus on the handover event to detect 

phone transit through boundaries between two cells due to data characteristics (location 

accuracy, sample size, etc.). The changes from one base station/cell to another while the 

phone is involved in a call are recorded with timestamps by means of handover parameters, 

providing a measurement of the number of phones performing handovers in a given period, 

or in other words, a phone boundary-crossing rate. The main quantitative findings show that 

phone flow (calls) is closely related to the flow of vehicles, registered by loop detectors 

installed at those points in the network, and that there are similarities over the course of 

typical working days (Höpfner et al., 2007; Thiessenhusen et al., 2006; Reades et al., 2007). 

Typical flow peaks associated with peak times both in the morning and afternoon confirm the 

influence of phone habits (call times) in typical flow pattern changes.  

 

However, those studies concluded that accurate vehicle flows cannot be obtained directly 

from mobile phone data due to the characteristics of this source data. The main question is 

how to correlate the number of crossing phones with the real number of crossing vehicles. 

Volume data on inter-cell boundaries provided by mobile phones does not yield information 

on the complete set of vehicles crossing a boundary, but only a statistical sample of all 

travelling vehicles. Some vehicles may carry either phones of other mobile phone operators 

or switched-off phones; these phones are not detected as crossing phones. These aspects 

imply a special treatment to correlate both measures (phone counts and vehicle counts), and 

this may require a calibration process to be performed using vehicle volume values obtained, 
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for example, from loop detectors located spatially on the same monitored section. In other 

pilot projects, different procedures have been used to relate both measures. For example, 

those based on the flow transfer function (Bekhor et al., 2008) or those based on data 

assimilation methods, using the so-called nudging method or Newtonian relaxation (Herrera 

and Bayen, 2008). According to these findings, more accurate estimates for the number of 

vehicles can be obtained by means of adequate treatments to relate both measures (phone 

counts and vehicle counts). A simpler scheme for determining and therefore predicting this 

relationship is through the use of mathematical models. 

 

Mathematical models are widely used to solve specific problems in engineering or in other 

scientific fields, and they constitute a general framework for the formulation of statistical 

inference. In this paper models to predict volumes of vehicles from (anonymous) mobile 

phone call-data records are proposed in order to be used in transport applications. These 

models also require vehicle volume data (e.g. loop detectors) for the calibration stage. 

3.2 Estimation of mobile phone count 

In areas close to the road network, the number of moving mobile phones will be directly 

related to the vehicles which carry them. Our aim is to infer vehicle volume data from 

information taken from call data of phones which move between cells. This is done using the 

handover process, which takes place when a phone with an active call enters the service 

area of another antenna (cell), reporting its new position (cell ID) and the time of entry. Thus, 

a record that an on-call phone entered a new cell is always made in the data base. An 

analysis of the moments at which these handovers are produced allows the detection of 

phones moving from one cell to another, or in other words, when they cross the boundary 

between cells. 

 

However, using handover data exclusively has certain limitations. In some instances the call 

may be ended before changing cell, meaning that the handover does not occur, and the 

phone will not be detected. Other situations must be considered which increase the detected 

number of phones in motion. We know that when a call is made, the system always stores a 

record which contains call information such as the start time or the cell from which it 

originated. Therefore, it is also possible to detect the movement of a handset without a 

handover taking place. This can occur when two consecutive calls are made from a phone in 

different cells (A and B) within a short period of time, called T. In this case, we detect that a 

phone has been in two cells within a short time and so it is considered to have crossed the 

cell boundary. Consequently, this situation along with the execution of handovers allows a 

wider set of information to be available for monitoring movement between zones. These 

types of calls are labelled “in-motion calls” and are classified as: 

1. Those in which a phone with an active call changes from cell A to cell B, that is, 

handover event (Figure 2a); 

2. Those which occur when the same phone makes two consecutive calls 

(T<15minutes) in cell A and B, respectively (Figure 2b). 
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A period of T=15 minutes is used to make the detection of movement between cells A and B 

more precise, seeing as if T is a larger number, the phone may move to other cells before 

making the second call in cell B (Figure 3). Consequently, the analysis of call records stored 

in data bases, searching for in-motion calls made in the cells of interest, will permit the 

counting of phones which move from one cell to another as if there were a type of traffic 

counter station located at the boundary between them. 

 

call active at the 

moment of crossing 

(handover)A

B

call in t1

A

B

call in t2

A

B

(a) (b)  
Figure 2 – In-motion calls: (a) handover and (b) two calls in t1 and t2 such that t2-t1≤T 

A

B

C

D

T<15min

T>15min

 Call start time at  t1

Call start time at t2

 
Figure 3 – Definition of T, time between start times of two consecutive calls  

3.3 Monitored inter-cell boundaries 

A monitored boundary between cells or “virtual traffic counter” (VTC) is composed of routes 

whose initial node and final node are in different and adjacent cells (Figure 4). In this way, 

every time one of the situations associated with in-motion calls occurs, it can be said that a 

telephone has moved through the VTC positioned at said boundary, or in other words, along 

one of the roads which connect them.  

 

 

cell 1 

cell 2 

cell 3 

  3 

  1 

  2 

cell1 ↔ cell3 

monitoring route 1 and route 2 

cell1 ↔ cell2   

monitoring route 3 

 
Figure 4 – Inter-cell boundaries monitored by VTCs. 
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By analysing the topology of a transport network model along with the cell distribution, it is 

possible to associate the boundaries between cells with sections of road (links). The size of 

these cells implies the existence of various routes (links) connecting each pair of cells, in 

such a way that the monitoring of phone movement will, in some cases, provide aggregate 

volumes of the groups of links which cross the boundary. In Figure 5, the mobility between 

cells 1 and 2 is associated with the route which passes through point 3 (C1→C2: {l5}; 

C1←C2: {l6}); while for the mobility between cells 1 and 3, given that there are two routes 

connecting them (points 1 and 2), the number of phones moving from one to the other will be 

the total which moves through both routes/links (C1→C3: {l1, l3}; C1←C3: {l2, l4}). It should 

be noted that not all links, and therefore boundaries between cells, are valid for monitoring 

using the detection of in-motion handsets. A valid observed boundary can only be made up 

of links whose initial node and final node is in distinct and adjacent cells, with no overlapping. 

Furthermore, there are additional criteria which characterise a boundary as valid: such as 

adequate coverage of the observed road, absence of uncertainties with regards to alternative 

routes or the absence of significant pedestrian traffic, among others. 

 

 

k 

i 

j s 

From cell 1 to cell 3 

VTC1= {l 1, l 3} 

l 2 

l 3 

l 4 

l 5 

l 6 cell 1 

cell 2 

cell 3 

l1 

From cell 3 to cell 1 

VTC2= {l 2, l 4} 

From cell 1 to cell 2 

VTC3= {l 5} 

From cell 2 to cell 1 

VTC4= {l 6} 

 
Figure 5 – Links associated to inter-cell boundaries which are valid for monitoring 

Cell coverage area 

It is necessary to bear in mind that the cell boundaries are not static, but are to some extent 

dynamic; they depend on the number of mobile phones, direction of travel and network type 

(3G, 4G, etc.). Each cell coverage area has an effective radius, defined using signal strength 

measurements, within which a phone can communicate with a unique base station (Fig. 6a). 

This radius may vary according to factors as weather, call load, etc. However, this 

uncertainty in radius size does not affect the proposed approach due to the condition of the 

“observed” boundary. Only links whose initial and final nodes are located inside the effective 

cell coverage area are taken into account when creating a valid "monitored boundary" (Fig. 

6b). Fluctuations in cell boundaries do not create an effect as long as those nodes remain 

inside the effective cell coverage area, as can be seen in Fig. 6c. 
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Figure 6 – Cell coverage area 

When designing the cell layout for a mobile phone system, the cells overlap at the edges to 

prevent shadows in coverage. The cell overlap area is defined as the overlap between 

adjacent cells with regard to the primary coverage. The size of the overlapping area is a 

design parameter that depends on measurement control parameters. According to standard 

design criteria, a typical cell overlap area may occupy about 30–40% (EIA/TIA IS-95, 1993), 

although most network planners agree that the overlapping factor should be 20–30% 

(Yaipairoj and Harmantzis, 2008; UMTSWorld, 2009). Since the typical radius in non-urban 

environments is around 1–30 km, the overlapping area between two cells is greater than the 

area covered by a transport node (e.g. intersection). However, when a node (initial or final) is 

located in an overlapping area (Fig. 6d), the condition of „observed‟ boundary is not matched; 

it belongs to two cells, one of them being the same as the other node (initial or final) in which 

it is located. Thus, this boundary, and the associated links, cannot be regarded as „valid for 

observation‟. 

Pedestrians 

It should be noted that any mobile phone making in-motion calls can act as a probe. The 

probes of interest are those located in vehicles moving along a motorway (i.e. passengers 

with a mobile phone or drivers using a hands-free device). The existence of a railway line 

running parallel to the motorway, may distort the measurements of moving phones counted 

along such roadway. A similar problem occurs with pedestrian users who are moving at a 

lower speed than vehicles in urban environments. Thus, it seems logical to discriminate 

between phones belonging to a vehicle user, a train passenger or a pedestrian by means of 

the determination of its speed. Different approaches based on advanced algorithms have 

been developed, implemented and tested in order to identify the moving phone's means of 

transport (Ramm and Schwieger, 2007; Schollmeyer and Wiltschko, 2007). According to the 

current state of the art, and by using exclusively phone data, a method for determining the 

speed requires the detection of the phone‟s location at two time reference points, i.e. two 

consecutive records (call, handover or location update record) for that same phone. Time 

records and cells allow the calculation of speed and the discrimination between pedestrians 

and vehicular users. But other problems arise when differentiating users by applying this 

approach, which is reliable in those cases where a single road crosses the inter-cell 

boundary and the followed route can be uniquely identified. This usually concerns main 

motorways/roadways where there are no other roads nearby to confuse identification. 

However, the identification of the route followed by the phone probe can be problematic 
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when multiple roadway links exist within the boundary zone between cells, especially in 

urban areas where there are multiple streets passing through a cell. Although this problem 

could be solved, the estimated speed does not achieve perfect accuracy in the case of urban 

environments, in which the speeds of phones belonging to pedestrians and phones 

belonging to drivers stuck in traffic are similar. 

 

In our approach, the phone records are only used for reporting movement between cells and 

each record is directly linked with a phone passing through a zone. The identification of the 

means of transport (pedestrian and vehicular users) has been deliberately excluded by 

concentrating attention on cells whose boundaries have mainly vehicular traffic and where 

there are neither pedestrian nor train users. 

3.4 Field test 

The objective of this section is to estimate the volume of vehicles associated with the number 

of in-motion calls generated at a boundary between cells. To achieve this objective, a model 

has been proposed, for predictive means, which will provide this data in a similar way to the 

classic traffic counting stations. A data record was available concerning calls and vehicle flow 

detected over a series of days at points of the road network at which there is a counting 

station as well as a cell boundary.  

 

 
Figure 7 – Kilometre points in the proximity of which there are inter-cell boundaries 

To identify the points to be observed, a field study was carried out on the roads within rings 

around the Seville (Spain) metropolitan area. Those selected were those which were 

associated with cell boundaries crossed by roads on which the traffic was essentially 

vehicles, away from urban environments and with a nearby counting station for contrast. 

Figure 7 shows these six points which make up 12 observed boundaries (one in each 

direction). For each point, the Traffic Management Centre (DGT) provided the hourly vehicle 

flow and Vodafone provided the call registers generated in the cells in question. 

 

Given that the aim is to make the extracted information as representative as possible, days 

which show little variation to a “typical” working day were selected beforehand. For this 

reason the measurements were taken during days in the middle of the week: Tuesday, 
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Wednesday and Thursday, in which the preceding or following day was neither a bank 

holiday or special events (Easter Week, “Feria de Abril”, etc.) Finally, 18 days were selected 

to take observations on call data, Tuesday, Wednesday and Thursday over six weeks, as 

can be seen in Table I. 

 
Table I– Observed days  

MARCH 2008 

M Tu W Th F Sa Su 

     1 2 

3 4 5 6 7 8 9 

10 11 12 13 14 15 16 

17 18 19 20 21 22 23 

24 25 26 27 28 29 30 

31       
 

APRIL 2008 

M Tu W Th F Sa Su 

 1 2 3 4 5 6 

7 8 9 10 11 12 13 

14 15 16 17 18 19 20 

21 22 23 24 25 26 27 

28 29 30     
 

holidays  

observed  
 

Time period observed 

On each day, it was noted that the number of calls was significant only between the time 

period of 08:00-21:00. Outside of this time period the number was too small to make any 

inference concerning traffic flow. This makes sense given that user behaviour when making 

calls is conditioned by the hour of the day: either due to the working hours, the call fares or 

because it can be socially unacceptable to make calls at certain times. This can even be 

influenced by the cell, depending on the characteristics of the zone to which the service is 

being provided (if it is a residential area, a shopping centre, etc.). Proof of this is that phone 

activity during the time period between 01:00 and 06:00 is much reduced, with little 

probability of calls being made. On the contrary, from 18:00 the frequency of calls increases 

due to the start of reduced rate calls. Therefore, it is convenient to use dispersion measures 

to determine the time range in which the number of calls does not show much dispersion with 

regards to the mean. One of these measures is the coefficient of variation (CV), defined as 

the standard deviation divided by the mean. It is a dimensionless measure of the dispersion 

(or variation) of data points around the mean. The higher the CV, the higher the variability; 

and the lower the CV, the higher is the consistency of the data. Figure 8 shows the CV for 

the distribution of calls made in observed cells, from data provided by the monitored 

operator. 

 

From a practical point of view, it is worth focusing the analysis on a time period during which 

the curves show low CV values. This occurs within the 08:00-21:00 time period, as can be 

seen in Figure 8 in which the CV value always remains below 0.5. Outside of this interval, the 

attained CV values are fairly larger than one, indicating that there is a greater variation in the 

making of calls with regards to the mean. Therefore, the observation time period will be 

between 08:00 and 21:00 and will be made up of 13 one-hour intervals, during which the 

making of calls shows, to the greater extent, a uniform behaviour for all cells. This means 

that the designed estimation models will be more stable for any period of time within the 

aforementioned range. 
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Figure 8 – Coefficient of Variation of call dataset in observed cells 

4. MODEL DEFINITION 

For the definition of models for the estimation of vehicle traffic flow, using information from 

calls generated by a sample composed of certain mobile phones, a dataset from a 

bidimensional sample which links both variables {(x1,y1), ..., (xn,yn)} is available. x and y are, 

respectively, observed values of in-motion calls and vehicles which have crossed any of the 

observed boundaries between cells. Therefore, for each of the observed days there is a 

sample formed of 13 pairs of values: the number of calls and the number of vehicles 

registered each hour from 08:00 to 21:00. With the objective of having a sufficient sample 

size to fit a model, the data from all the observed days was aggregated into one single 

sample. In the end, the size of the resulting sample {(x1,y1), ..., (xn,yn)} was n=234: (18×13) 

records for each of the twelve km-points studied. 

 

The whole dataset will not be used for the process of parameter estimation, given that part of 

the dataset, called validation set, will be reserved for a latter use in the evaluation of the 

estimations and will not participate in the fitting. Generally, a third or quarter of the data is 

reserved to validate the results. The rest of the data record will be used in the fittings and it is 

called the calibration set. In the notation of the models which will be formulated below, the 

following will be used: i to designate the 1-hour time period, d for the observed day and k for 

the kilometre point on the road or boundary observed. 

4.1 Formulation of the Physical Model 

An estimation model based on the physical phenomenon associated with in-motion calls 

(Figure 2) will be proposed. To define it, it must be considered that a mobile phone makes an 

in-motion call when either the user makes a call in each of the two cells which form the 

boundary within a short period of time (event M, Fig 2b); or the user has an active call and 

changes from one cell to another (event L, Fig 2a). With regard to the event M, although it 

requires the making of two calls, only one is counted as in-motion call. The concept of 

mobility is only associated with the phone from which the calls needed for the detection of 

movement were made.  

 

In view of these situations, it seems logical that the observations of in-motion calls are 

affected by affected by the tendency to make calls. A typical user tends to make calls during 
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a certain period of time, but does not call in other periods, such as late night or early 

morning. Furthermore, in the case of handovers, the duration of the calls will also affect 

these observations given that, the handover is more likely to occur as call duration increases 

when the phone is moving. Therefore, the time dependence in user behaviour when making 

calls must be taken into account when formulating a model which allows the estimation of the 

number of vehicles using a given number of in-motion calls. 

User calling behaviour 

Figure 9 shows the call intensity, represented in terms of number of calls made, in a cell 

during a typical working day. It can be seen that, essentially, there are three periods of 

activity during a typical working day, one of very reduced activity and two peaks pronounced 

during rush hours whose range varies from one cell to another. The first period corresponds 

to the nighttimes (00:00-07:00), during which the making of calls is improbable. The second 

period lasts for the most part of a working day (08:00-16:00). The last time period 

corresponds to the evening and end of the day (16:00-00:00). In turn, it can be seen that call 

intensity in a working day increases sharply in the morning between 07:00 and 10:00, 

whereas the transition into nighttimes shows a more gradual decrease. Call intensity can 

vary from one day to another, week to week or even according to the time of year (summer, 

Easter Week, etc.). In addition, call activity is also affected by the characteristics of the zone 

covered by the cell (residential, industrial or commercial areas). However, call intensity 

patterns normally tend to show a similar behaviour in different zones, varying ratios.  
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Figure 9 – Number of calls per hour during a day in a typical cell 

Similar behaviour is shown by call duration. In Figure 10 the calls made are broken down 

according to their duration, showing how the trend varies throughout the day. By analysing 

the mean duration, it can be seen more clearly that users tend to make longer calls after 

19:00. The nature of the phone service causes this variation in duration, given that it could be 

influenced by the call rates or even user availability.  
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Figure 10 – Number of calls per hour during a day in a typical cell depending on the call length td 

Model definition 

In this section it is proposed a theoretical model which represents the relation between the 

number of in-motion calls and the number of vehicles. Its expression considers each of the 

aforementioned situations of in-motion calls. It makes use of call characteristic such as the 

probability of making a call or its duration, according to the time period ti and the observed 

boundary k. The nature of the cells under study, i.e. those away from urban environments, 

allows the assumption that practically all of the observed in-motion calls during the time 

period ti and at the boundary k, nmovcall(ti, k), will be made by in-motion users associated with 

vehicular traffic on the existing roads at that boundary. These users therefore constitute a 

sample of the vehicle population which has crossed the boundary k during each interval ti, 

nveh(ti, k). 

 

With regards to the first type of in-motion calls (event M), it must be introduced a term which 

reflects the importance of the probability that a phone which uses the monitored operator and 

which is on board a vehicle, makes two calls during the time period ti. The event “making two 

calls on board a vehicle, using the monitored operator” is a superposition of two independent 

events A≡‟making a call on board a vehicle, using the monitored operator. Whereas said 

event A has a probability of occurrence PA≡Pvehcall(ti), then the probability of the occurrence of 

event M can be estimated using Pvehcall(ti)·Pvehcall(ti). Assuming that the population which 

generates the in-motion call is the set of vehicles crossing a boundary, nveh(ti, k), the number 

of in-motion calls generated by event M will be obtained by using:  

 2  ( , ) ( , )· ( , )· ( )· ( ) ( , )· ( )M i veh i M veh i vehcall i vehcall i veh i vehcall in t k n t k P n t k P t P t n t k P t  (1) 

For the second type of in-motion calls (event L), the proposal is similar but it introduces a 

term related to the probability that the call performs a handover. Thus, the probability of 

occurrence of event L requires two terms: on one hand, the aforementioned probability 

A≡‟making a call on board a vehicle, using the monitored operator‟ and on the other, the 

probability that said call requires a handover, Ph. Regarding the latter, the probability that a 

handover is performed on a call comes from the fact that its duration, td, exceeds the time of 

remaining in the cell, tp. As previously mentioned, assuming that nveh(ti, k) is the population 

which generates the in-motion calls at boundary k during time period ti, the number of in-

motion calls generated under conditions associated with event L will be defined as: 

 = =( , ) ( , )· ( , )· ( )· ( , )L i veh i L veh i vehcall i h in t k n t k P n t k P t P t k  (2) 
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The total number of observed in-motion calls in the time period ti, corresponds to the sum of 

both sets of calls, {nM and nL}, and an expression (3) is obtained in which the observed value 

of the in-motion calls corresponds to the mean number of vehicles making an in-motion call. 

 
 

 

2

2

( , ) ( , )· ( ) ( , )· ( )· ( , )

( , )·[ ( ) ( )· ( , )]

movcall i veh i vehcall i veh i vehcall i h i

veh i vehcall i vehcall i h i

n t k n t k P t n t k P t P t k

n t k P t P t P t k
 (3) 

 

According to this expression, the probability that a phone makes an in-motion call, labelled 

P(ti,k), can be estimated using 2( , ) ( ) ( ) ( , )i vehcall i vehcall i h iP t k P t P t P t k   . Therefore, the number 

of vehicles which cross a boundary k during time period ti will be given by: 

   
2

( , ) ( , )
( , ) ( , )· ( , ) ( , )

( , ) ( ) ( )· ( , )

movcall i movcall i
movcall i i veh i veh i

i vehcall i vehcall i h i

n t k n t k
n t k P t k n t k n t k

P t k P t P t P t k
 (4) 

 

This expression provides a value for the volume of vehicles which cross the boundary 

between cells in terms of the detected in-motion calls and other variables related to the calls. 

The number of in-motion calls associated with the crossing of a boundary during the given 

time period, nmovcall(ti, k), is obtained by analysing the records, provided by the network 

operator, of calls made in the cells involved in the boundary k. For the other terms, i.e. the 

probability that a vehicle makes a call and the probability of a handover, Pvehcall and Ph 

respectively, an additional statistical treatment is required to take into account the 

dependence relation of time on the call characteristics. The following points explain in detail 

the method developed to obtain the aforementioned terms. 

Probability of making a call on board of a vehicle, Pvehcall 

It is usual for a set of data to follow some type of statistical distribution. Adequately defining 

the probability of occurrence of any event can be tedious if this distribution is not known. The 

depiction of the values can suggest the use of one of the many known distributions (Poisson, 

Uniform, Normal, etc.) and thus determine the best one which fits the data. However, there 

are some ways of approaching such a term of probability without the need for prior 

knowledge of the distribution: such is the case of an empirical procedure in which the 

assignation of the probabilities of the events of interest is based on the observed information. 

In these instances, a large number of tests is needed to infer the probability of occurrence of 

a event which, in this case, is the making of a call on board a vehicle, using the monitored 

network operator. Using this empirical focus, the probability is determined based on the 

proportion of times in which a favourable or successful event occurs with regards to the total 

number of possible results.  

 

As previously mentioned, the nature of the studied cells, i.e. those away from urban 

environments and residential areas, allows the assumption that practically all of the observed 

in-motion calls at each of the boundaries will be made by users in the flow of vehicular traffic. 

Therefore, the probability of “making a call on board a vehicle, using the monitored operator”, 

Pvehcall(ti), will be equal to the number of calls made on board a vehicle, using said operator, 

during the time period ti, divided by the total number of vehicles which crossed that point 

during said time period. The total number of vehicles which cross the boundaries is known 
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due to the counting stations which are near each boundary. On the other hand, the term, 

“calls made from vehicles, using the monitored operator”, will be directly related to the 

observed in-motion calls. Bearing in mind that an in-motion call originating from event M 

implies the making of two calls from the handset which is travelling on board a vehicle, the 

probability of “making a call on board a vehicle, using the monitored operator” during the time 

period ti is defined as: 

  

 

   





, ,

1 1

,
1 1

( , ) 2 ( , )

( )

( , )

D K

L i d M i d

d k
vehcall i D K

veh i d

d k

n t k n t k

P t

n t k

 (5) 

with K=12 being the total number of studied boundaries and with D=18 being the total 

number of observed days. As can be seen, a dependence relation has been established in 

accordance with the considered time period ti. The strong dependence relation of time in user 

behaviour when making calls also influences this probability. Figure 11 represents the 

variation over time of probability Pvehcall(ti) empirically obtained. This probability is valid for any 

of the monitored boundaries seeing as the event “making a call on board a vehicle, using the 

monitored operator” is independent of the cell in which it occurs, except perhaps in zones 

where driving is difficult for making a call. 
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Figure 11 – Probability of making call on board a vehicle 

Figure 11 reflects that the probability of an in-motion user (on board a vehicle) making a call 

follows the trends of daily call activity shown in Figure 9 (for any user) for the most of time 

periods. There are also two pronounced peaks during rush hours. The morning peak centres 

around the same time period in both cases; while the evening peak for calls made by in-

motion users is less pronounced and wider. This lower tendency may originate from the fact 

that a in-motion user only makes a call outside of working hours when being necessary to do 

so. While the tendency to make calls seems to be independent of user mobility during 

working hours. 

Probability of handover 

An expression for the probability of handover is proposed by Sallent et al. (2003). This work 

assumes a simplified scenario for handover where a mobile system covering a road network 

is divided into regular cells. The distance which a mobile phone travels within a cell before 

crossing the boundary of said cell is modelled as a random variable with uniform distribution 

throughout the interval [0, L] metres. The permanence  time of a mobile phone in the cell, tp, 

if the phone moves at a constant speed of V m/s will also be a random variable with uniform 
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distribution throughout the interval tp  [0, L/V] seconds. Likewise, the call duration, td, can be 

modelled as an exponential random variable of mean Tc seconds. The corresponding 

probability density functions of tp and td will be given by: 

  
 

     
 

1 1
( )     0, , ( )      0,

/

d

c

t

T

p p d d

c

L
f t t f t e t

L V V T
 (6) 

 

A call requires the execution of a handover procedure when its duration exceeds the 

permanence time of a phone in the cell. Thus, the probability of a handover can be 

calculated using a conditional probability: 

 
 

     
0

( | ) ( ) ,       where  ( | ) ( )

p

c

p

L
t

V
T

h d p p p p d p p d d
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P P t t t f t dt P t t t f t dt e  (7) 

 

By defining a dimensionless factor as  
· c

L

V T
 the final result is: 

  


 
       

0 0

1 1
( ) 1 where

/ ·

p p

c c

L L
t t

V V
T T

h p p

c

L
P e f t e dt e

L V V T
 (8) 

 

Parameter α depends on the length L, the speed V and the mean call duration Tc. The 

parameter L represents the distance that a mobile phone must travel within a cell until it 

enters another cell (cross the boundary). This length depends on the roads within the origin 

cell of the boundary. Something similar occurs with the speed: the value depends on the type 

of road in question (motorway, main road, etc.). Although speed can vary along the same 

road according to the time period, due to the level of saturation (traffic) for example, it will be 

considered uniform within the origin cell of the boundary. Therefore, the value of α will very 

much depend on the observed boundary k in terms of the length and speed associated with 

the type of road which runs through the origin cell of the boundary. Similarly, bearing in mind 

the call duration‟s dependence relation on time, α will also depend on the analysed time 

period. Therefore, the probability of handover will be based on the time period and the 

boundary, Ph(ti ,k). 

 

To calculate length L there are basic functionalities in the network which allow us to know the 

cell identifier (antenna) to which a phone is connected. In this way, with the help of a GPS, it 

is possible to establish a correspondence between the position on the road and the cell 

which provides it with service. Based on this, not only can the length of the road along which 

a mobile phone travels within a cell be found, but so can the mean travelling speed over said 

road at any time of day, without the network operator needing to reveal confidential coverage 

information. Using this simple application, implemented from mobile devices, the roads can 

be measured various times using the floating car technique, with the aim of being able to 

characterise the origin cell of each boundary k in terms of length L and speed V.  

 

Finally, it is possible to empirically obtain the duration Tc, through the analysis of call data 

provided by the operator, determining an mean value of call duration according to the 

considered time period, Tc(ti). This duration, which depends on time period ti, and the values 
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of speed and length which correspond to the road which passes through the origin cell of the 

boundary, allow the definition of handover probability as a function which is variable over 

time and the boundary, Ph(ti,k,). Figure 12 shows the temporal distribution of the probability of 

handover calculated using (8) for the characteristics of L and V at a specified boundary. 
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Figure 12 – Probability of handover at one example of boundary k in each 1-hour period ti 

By substituting the previous expression of Ph(ti ,k), the equation (4) would be expressed as: 
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 (9) 

 

As explained previously, this expression is obtained by assuming some events as negligible 

(e.g. the making of a call in each cell while also executing a handover). But the existence of 

undetected in-motion situations, such as call which ends before the vehicle leaves the cell 

(no handover) without making a second call in the new cell, produce errors which must be 

taken into consideration in the definition of the model. Therefore a series of parameters are 

introduced in the expression (9) to correct the indeterminacies introduced by the hypotheses 

required to generate the model, which is formulated as: 
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 (10) 

 

In this model the variables x and ŷ correspond, respectively, to the number of in-motion calls 

made between the cells of boundary k during interval ti, nmovcall(ti, k), and the estimated 

number of vehicles.  

Estimation of model parameters 

To estimate the parameters of the model, Φ={a,b1,b2,c,d}, there are different adjustment 

procedures which will use the part of the data record which concerns both variables, the so-

called calibration set. In this case, a parameter adjustment technique will be used, in an 

attempt to satisfy an adjustment criterion. The criterion used takes into account relative error, 

given that an estimation which is over by 50 is not as important on a real value of 1000 as it 

is on a real value of 100, with the latter example being more serious. Therefore, given that in 

this case it is just as important to not make a mistake by going over or falling short, the 

absolute value must be taken into consideration in the criterion. Consequently, the 
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adjustment will seek to minimise the absolute value of the relative error between observed 

and estimated values by resolving the following optimisation problem:  







1

ˆ
ˆMin ,  where  are observed flows and  estimated flows

N
j j

j j

j j

y y
y y

y
. 

4.4 Evaluation 

To evaluate the model, the testing set was utilised, making use of criteria such as the classic 

direct error measures, evaluation of cumulative distribution function of the absolute relative 

error using percentiles, rank (or Spearman‟s) correlation along with the coefficient of linear 

(or Pearson) correlation. Using these, the estimated values were compared to the observed 

values. Lastly, some additional models have been proposed to contrast the physical one.  

Additional models 

Figure 13 shows the variation over time in the intensity of the number of in-motion calls made 

and the number of vehicles which cross a determined boundary on any given day. The time 

periods with high intensity are close in time in both cases, but do not generally coincide. 

While the peak in vehicle numbers appears at about 07:00 (the start of the working day), at 

this time the number of calls is low, as it is unusual to make calls. The peak in call numbers 

is reached at about 10:00. This is due to the fact that the number of in-motion calls is strongly 

affected by the conduct of the users who make them and this varies with time in accordance 

with criteria such as reduced call rates or the acceptable times for making calls. Additionally, 

the flow of vehicles fluctuates with time in accordance with different criteria such as rush hour 

at the start of the working day, breaks, lunch, etc.  
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Figure 13 – Specific one-day sample of numbers of in-motion calls and vehicles counted in each 1-hour period ti 

This different time variation in the intensity of calls and vehicles motivates the use of the 

factors or time coefficients defined in expression (11), which make the model dimensionless. 

These coefficients weight observations in each time period according to their relative 

importance within the considered time periods.  
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( ) veh in t  is the average no. of vehicles crossing all the K boundaries during interval ti in each 

of the D observed days, so that 
 

 


 ,
1 1
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( ) ( , )

D K

veh i veh i d

d k

n t n t k
D K

, K=12 and D=18. 

vehn  is the average no. of crossing vehicles during all the H hourly intervals from 08:00 to 

21:00, so that 
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, H=13. 

( )vehcall iP t  is the probability of making a call on board a vehicle using the monitored operator 

in the time period ti defined in (5). 

vehcallP  is the previously averaged probability in all intervals, 
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. 

The factor fv(ti), associated with the time variation in vehicle flow, is defined as the relation 

between the mean number of vehicles counted in a 1-hour period ti and the mean number of 

vehicles counted during the entire observed time period (8:00−21:00) at all points. The calls 

factor, gll(ti), is defined similarly as the relation between the probability that a vehicle makes a 

call using the monitored operator in the 1-hour time period ti, Pvehcall(ti), and the mean 

probability for the entire observed time period. These probabilities are calculated empirically 

from the proportions of occurrences, when the number of in-motion calls and the number of 

moving vehicles is known. Once the factors of vehicle and call intensity have been obtained, 

their numerical values will be used as coefficients in the functional form of the models, whose 

hourly values are shown in Figure 14. 
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Figure 14 – Fixed values calculated for the factors fv(ti) and gll(ti), (a) and (b) respectively, in each 1-hour period 

 

After an analysis of the most characteristic families, models combining the in-motion calls, 

nmovcall(ti, k), and the hourly coefficients, fv(ti), gll(ti) and Pvehcall(ti), will be proposed using 

exponential and polynomial functions. In all of these, the dependent variable is nveh(ti, k), 

which represents the flow of vehicles in time period ti at boundary k. Other models which, 

along with the physical model, allow comparisons to be made are presented below: 

 

M1. Cobb-Douglas Model: 1
ˆ ( ) ( ) ( )i v i ll iy t a f t g t     

M2. Modulated Cobb-Douglas Model: 2
ˆ ( ) ( ( )) ( ) ( )i i v i ll iy t a b x t f t g t       

M3. Second order Modulated Cobb-Douglas Model: 2

3
ˆ ( ) ( ( ) ( )) ( ) ( )i i i v i ll iy t a b x t c x t f t g t         

M4. Linear Model: 4
ˆ ( ) ( )i iy t a b x t    

M5. Quadratic Model: 2

5
ˆ ( ) ( ) ( )i i iy t a b x t c x t      

M6. Physical Model, defined in (10). 
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The parameters of these models are estimated from those of the physical model. More 

details about the formulation of the models can be found in Caceres (2010). 

Comparative analysis 

Table II shows the error measures of each of the models. The mean error and the mean 

relative error, both in terms of absolute value, allow the comparison of the estimations with 

the real values in the way of classical error analysis (MAE, mean absolute error; MARE, 

mean absolute relative error). Absolute values are used in order to that the prediction error 

has the same significance either upwards or downwards. Based on these measures of MAE 

and MARE, the best models are 6, 2 and 3, seeing as the ranges are of the same order in all 

three. With regards to the percentiles, these are used to indicate that the values of a variable 

below which a certain percent of observations fall. The best models are those which show 

the smallest values of the variable for each one of the percentiles. The analysis of the 

cumulative distribution function of MARE using percentiles for each model shows that models 

6, 3 and 2 are better than the others. The 60th percentile shows that 60% of the volume 

estimates using these models achieve a MARE lower than 0.21. 

 
Table II – Error Measures for each model  

 MODEL 1 MODEL 2 MODEL 3 MODEL 4 MODEL 5 MODEL 6 

MAE 237.2021 210.6609 210.0152 223.9775 223.2356 203.5965 

MARE 0.2318 0.2039 0.2032 0.2169 0.2157 0.2000 

25% Perc. 0.0799 0.0769 0.0763 0.0777 0.0799 0.0772 

30% Perc. 0.0982 0.0933 0.0933 0.096 0.0967 0.0938 

50% Perc. 0.2039 0.1694 0.1694 0.1763 0.1783 0.1646 

75% Perc. 0.3596 0.3076 0.3034 0.3351 0.3311 0.2986 

85% Perc. 0.4298 0.379 0.3791 0.4117 0.4113 0.3703 

100% Perc. 0.9765 0.83 0.8492 1.0723 1.0103 0.9985 

Rank corr  0.25102 0.51398 0.51375 0.39904 0.39904 0.56623 

Linear corr  0.28436 0.4698 0.48134 0.33953 0.34893 0.53333 

 

Another criterion evaluated is the correlation between the estimates and the real volume 

values. For this purpose, the linear correlation coefficient, or the Pearson coefficient, and 

Spearman rank correlation coefficient were studied. The Pearson coefficient is the most 

widely used measure of linear relationship between two variables. The Spearman rank 

correlation coefficient is a measure of the strength of the association or concordance 

between two variables using the relationship between ranks (e.g. a positive Spearman 

coefficient corresponds to an increasing monotonic trend between variables). In terms of 

rank correlation, models 6, 2 and 3 clearly stand out from the others; especially model 6 

which achieved high values for the size of the considered sample. Similar ranking is 

achieved in terms of the linear correlation coefficient. 

 

Figure 15 shows the estimations of vehicle flow for each of the six models along with the 

mean values of observed vehicles, in each 1-hour period and at each boundary. This figure 
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allows a visual comparison to be made of the precision achieved in each model as well as an 

appreciation of the order of magnitude of error estimation.  
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Figure 15 – Vehicle flows crossing boundary 5, boundary 6, boundary 9 and boundary 10 in each 1-hour period 

observed, and as estimated by the proposed models 

In previous figure, it can be seen that model 1 is the one which provides the worst results. 

This is due to it depending exclusively on the factors related to time variability in the intensity 

of calls and vehicles. No information about the number of in-motion calls appears in the 

functional form. The model therefore loses information regarding a proportion of vehicles 

crossing a boundary. Something similar occurs for the models 4 and 5 but loosing significant 

information on time variability due to the absence of intensity factors. On the contrary, 

models 2, 3 and 6 show a good fit to observed volumes, within an admissible range of error 

(<20%). The models 2 and 3 show very similar estimates of vehicle flow for a known number 
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of in-motion calls. This comes from the functional form of the models, given that both are 

different only in the quadratic term which multiplies the number of in-motion calls (c·x2). The 

order of magnitude of this parameter c does not introduce any significant change in 

estimated values, whereas the rest of the parameters remain within the same order in both 

models. Consequently, the differences between the estimates of both models are barely 

appreciable graphically, but this does not occur using criteria such as MAE, MARE or 

correlation, among others, as has been previously demonstrated. With regard to these 

criteria, it can be seen that the estimations of models 2, 3 and 6 are those which best follow 

the peaks and valleys of the observed values of vehicle flow. Thus, it seems reasonable to 

think that these three models – models 2, 3 and 6 - are the most suitable for the estimation of 

vehicle flow using the number of in-motion calls made over a period of time. 

 

In conclusion, the models which achieved the best results among all the criteria were models 

6, 2 and 3. By observing their results with regards to the comparison of the studied criteria, it 

is difficult to establish a clear order of priority given that: 

i. although model 6 presents a slight advantage over models 2 and 3 in terms of MAE, 

MARE and percentiles of MARE, the order of magnitude is very similar in all three 

models; 

ii. graphically, the predictions of the three models reflect a similar behaviour when 

accurately matching the peaks and valleys in the curves of the real flow; 

iii. model 6 shows a certain improvement over models 3 and 2 in terms of rank 

correlation and linear correlation. 

In general, it can be said that physical model (M6) presents a slightly superior predictive 

capacity when considering spatial dependence relation, based on the geometrical 

characteristics which should be specifically measured at each monitored point of the road. 

However said improvement may not be sufficient to justify the model's loss of flexibility with 

regards to models 2 and 3 which are independent of the boundary. In view of these 

conclusions, models 2, 3 and 6 were finally considered to be equally viable for the estimation 

of vehicle flow, and they made clear the following: 

1. it is necessary to complement in-motion call data with information about the hourly 

variability of the behaviour of the users who travel using mechanised means when 

making calls, or other characteristics associated with the circulation of vehicles and;  

2. the applicability of the methodology within admissible error ranges compared to 

measurements provided by traditional counting stations. 

5. CONCLUDING REMARKS 

The objective is to present mobile telephony as a real, plausible and competitive alternative 

for the gathering of traffic flow information. To that end, various models, which are capable of 

providing said information in a similar way to the classic counting stations, have been 
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proposed, taking as an input variable the information from calls made by certain users who 

move through the studied region. The experimental testing of the proposed models has 

shown evidence that mobile telephony, via in-motion calls, constitutes a valid alternative for 

the determination of traffic flow in comparison with traditional techniques based on counting 

stations. The MARE levels are around 20%, an acceptable figure given that the main input 

variable (calls) has a high level of randomisation. These calls do not represent the whole set 

of mobile phones crossing an inter-cell boundary but only those pertaining to the monitored 

operator, and they are also calls made under certain conditions. This affects to a large extent 

the representative nature of the detected in-motion phones and therefore, the results. 

Despite these difficulties, the estimation values of the models achieved reasonable results in 

comparison with the values observed by the counting stations. Therefore it is clear that 

mobile telephony constitutes a valid alternative for practical use in transport studies and it 

does not require the installation of additional elements on the roads. 

 

An immediate application of the flows inferred from mobile telephony is within the field of 

adjustment methodologies of mobility matrices which are traditionally made using the 

network‟s counting stations, although a series of modifications, which take the origin of the 

utilised flows into consideration, would have to be made. 
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