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Executive Summary 

The integration of Information and communications technology (ICT)  data sources to generate activity-travel 

information opens interesting opportunities for feeding agent-based transportation models, whose practical 

implementation is often hindered by the lack of sufficient data. In this report we present a module developed to 

generate activity-travel diaries needed to feed the MATSim simulation framework. Activity diaries are 

generated by merging data from mobile phone records and census data. The document provides a detail 

discussion of the process followed for the creation of synthetic agents, from the extraction of mobility patterns 

to the expansion of the sample data to the total population: the dataset provided by the mobile network 

operator provides the age and gender of the users, while residence location and daily trips are obtained by 

analysing the mobile phone records; the information obtained from mobile phone records is then expanded to 

cover the whole population by using census data at census tract level. Finally, some lines of future research for 

the improvement of the current methodology are discussed. 
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1. Introduction 

The calibration and validation of state-of-the-art agent-based urban models requires abundant and high quality 

data disaggregated down to an agent level. Generally, such data is not available for the entire population of the 

modelled region at the required level of detail, which constitutes one of the main barriers for the development 

and operational use of simulation models for urban planning and policy making. This fact was confirmed by the 

stakeholder consultation performed as part of INSIGHT WP2. The extended use of geolocated devices opens 

new opportunities to overcome this problem. A variety of new data sources provide insights on people’s actions 

and behaviour, carrying information about when and where different actions take place. Each type of data has 

strengths and limitations: mobile phone records, for example, provide big samples with detailed information 

about mobility patterns; other data sources, such as Twitter, Instagram and Foursquare, provide smaller 

samples, but the location is more precise and they allow semantic analysis, which can provide extra information 

on people’s activities, trips purpose, etc. The potential of these new data sources is huge, but it also comes with 

a number of challenges. On the one hand, we have much bigger samples than those obtained from traditional 

surveys; on the other hand, the data have not been originally produced for the purpose of collecting activity-

travel information, and therefore it is often noisy and/or biased. The successful reconstruction of activity and 

mobility patterns requires thus the development of ad hoc data analysis addressing the specific characteristics 

of each dataset. 

1.1 Purpose and objectives 

MATSim is an activity-based multi-agent simulation framework used to simulate traffic flows and the congestion 

generated by them. In MATSim travel demand and therefore travel flows are generated by agents performing 

daily activities. Each agent has a list of plans (activities) to be performed in given places. To perform its daily 

plans, the agent travels from one activity’s place to the other.   

One of the main inputs for MATSim are the agents’ activity diaries. These diaries include the Agent id; activities; 

activities’ location; and activity duration (or alternatively activity start and end time). Activity diaries used in 

MATSim are commonly obtained from surveys. In this work we propose a methodology to generate agents’ 

activity diaries by using mobile phone records. 

1.2 Structure of the document 

The document is organised as follows:  

 section 2 describes the data sources used for the generation of the synthetic population;  

 section 3 presents the methodology followed to generate the agents’ activity-travel diaries;  

 section 4 presents the methodology followed to expand activity-travel information to the total 

population; 

 section 5 explains the methodology used to assign an address to each agent; 

 section 6 discusses future research directions. 



 

D5.4 Enhanced version of MATSim: Synthetic population module 

Issue 1  

 

© INSIGHT Consortium Page 6 of 16 

2. Data sources description 

2.1 Mobile phone data 

The mobile phone data used for this study consist of a set of anonymised Call Detail Records (CDRs) provided by 

one of the main mobile network operators in Spain. CDRs are generated when a mobile phone connected to the 

network makes or receives a phone call or uses a service (e.g., every time it connects to the Internet). For 

invoicing purposes, the information regarding the time when the event takes place and the antenna to which 

the user was connected is logged, providing an indication of the geographical position of the user at certain 

moments along the day. The dataset comprises anonymous information of around 20%-30% of the total 

population of Spain (depending on the market share of the mobile phone operator in different regions) and 

covers the months of October and November 2014.  

The data provided by the mobile phone records includes: 

 sociodemographic data: for each user, age, gender and user postal code (for residents in Spain) or user’s 

nationality (for roamers) is provided; 

 spatio-temporal data: time and user’s position every time an event occurs (a phone call starts/ends, an 

SMS is sent, a data transfer takes place, etc.). Temporal granularity depends on the level of activity of 

each user. Spatial granularity is determined by the density of the cell towers deployed in the area, leading 

to a location accuracy of a few hundreds of meters in urban areas and several kilometres in rural areas. 

2.2 Census data 

Aggregated data at census tract level are used to expand the sample data obtained from mobile phone records 

to the total population.  

The census data used for this work comes from the 2011 update of the Spanish census. This information 

contains population distribution by age and gender. Age information at census tract level is provided three 

groups, population under 16, population between 16 and 64 (both inclusive) and population over 64. For 

privacy issues, in those census tracts where the population in a given group (gender/age) is lower than a given 

threshold, the population of that group is approximated to zero.  
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3. From mobile phone records to activity-travel diaries 

The process of generating activity-travel diaries from mobile phone records comprises three main steps:  

1. data preprocessing and sample selection;  

2. reconstruction of people’s activities from mobile phone records;  

3. identification of users’ home location.  

Once activity-travel diaries are built, the sample is expanded to the total population (see section 4) and an 

address (𝑥𝑦 position) is assigned to each of the synthetically generated individuals (see section 5). 

3.1 Sample selection 

The first step of the process is to filter the original data to retain only a subset of users meeting a set of criteria 

that ensure the quality of the activity-mobility information obtained from the CDRs (e.g., only those users with a 

sufficient level of phone activity are selected). After the sample selection, we are left with a sample 

corresponding to approximately 15% of the total population. 

3.2 Travel diaries reconstruction from mobile phone records 

Individual events obtained from the mobile phone records inform us of the user’s position at a precise moment 

in time. The accuracy with which each event can be located depends on the density of antennas. The space is 

segmented into Voronoi polygons, and each event is assigned to the Voronoi area corresponding to the antenna 

to which the user is connected. The next step is to distinguish origin or destination positions from transit 

positions. Next, the analysis of frequency of appearance, time of activity and length of stay is used to identify 

the main locations for each user, including home and work, following the principles described in Picornell et al. 

(2015); other locations different from home and work are also identified in order to reconstruct trips other than 

commuting trips, distinguishing between recurrent and non-recurrent locations. Finally, according to the 

activity profile of each user, a probability function is used to assign a start and an end time to each activity/trip.  

3.3 Home location 

The next step in the generation of the synthetic population is the assignment of the users to the corresponding 

census tract, since population expansion will be later on performed based on the census data at census tract 

level. In some cases, one Voronoi area may cover one or more census tracts, while in other cases several 

Voronoi polygons may be needed to cover a single census tract. Assuming that the market share of the mobile 

network operator is relatively constant between adjacent tracts, the assignation method tries to minimise the 

differences in the ratio of sample and real population in contiguous cells. In order to do so, different methods 

were explored, which can be divided into two general groups: assignation by Voronoi polygon and user by user 

assignation. 
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The assignation by Voronoi polygon takes one Voronoi area k at a time and assigns each user in the sample 

having its home at k to the different intersecting census tracts until all users in k have been assigned. The 

assignation follows the following rules: 

1. If a Voronoi is fully contained in a given census tract 𝑖, the total sample is assigned to tract 𝑖. 

2. To minimise the number of census tracts with zero users assigned, while there are empty census tracts a 

user is assigned with equal probability among all tracts with zero assigned users and with zero probability 

to those containing at least one (unless the census tract has zero population). If the number of available 

users in k is smaller than the number of census tracts with no users assigned, then the available users are 

assigned between them with a probability proportional to the population of the census tract and the 

percentage of the tract area intersected by the Voronoi. 

3. If all census tracts have at least one user assigned, users are assigned with probability 
𝑝𝑉𝑘→𝐶𝑖

𝐶
 with: 

𝑝𝑉𝑘→𝐶𝑖
= {

𝑃𝑟𝑒𝑎𝑙𝑖
/𝑃𝑎𝑠𝑠𝑖𝑔𝑖

𝑃𝑟𝑒𝑎𝑙𝑖
 𝐴𝑘𝑖/𝑃𝑎𝑠𝑠𝑖𝑔𝑖

𝑃𝑟𝑒𝑎𝑙𝑖

2 𝐴𝑘𝑖/𝑃𝑎𝑠𝑠𝑖𝑔𝑖

 

where 𝑃𝑟𝑒𝑎𝑙𝑖
 is the total population in census tract i (according to the census information) and 𝑃𝑎𝑠𝑠𝑖𝑔 𝑖  is 

the population already assigned to the census tract 𝑖, which is zero at the beginning of the assignment 

process and increases by one each time a user is assigned. 𝐴𝑘𝑖 is the proportion of the area of the census 

tract 𝑖 intersecting the polygon 𝑘 and 𝐶 =  ∑ 𝑝𝑉𝑘→𝐶𝑡𝑗𝑗  is a normalisation constant, with 𝑗 =  1 … 𝑛 the 

number of census tracts intersecting the polygon 𝑘.  

The user distribution in the different census tracts obtained by using any of the probabilities discussed above 

depends on the order in which the Voronoi polygons are taken. Two options have been considered: 

 Take Voronoi polygons randomly. 

 Start from the Voronoi areas with the lower number of intersecting census tracts and continue in an 

increasing order. 

The user by user assignation method considers one user at a time rather than considering all the users of the 

same Voronoi area at the same time. This means that during the assignation process we may be changing 

Voronoi areas from one user assignation to the next.  For this method, two options have been considered: 

1. Take the Voronoi area where the user is found to have ‘home’ and assign it to one of the census tracts 

intersecting the area with probability proportional to the population in the proportion of the census tract 

intersected by the Voronoi area  
𝑝𝑢→𝐶𝑖

𝐶
 with 𝑝𝑢→𝐶𝑖

=  𝑃𝑟𝑒𝑎𝑙𝑖
𝐴𝑘𝑖 − 𝑃𝑎𝑠𝑠𝑖𝑔𝑖

 

2. Consider not only the Voronoi area detected as ‘home’ but also the adjacent ones, and assign the user to 

one the census tracts intersected by the Voronoi area and the adjacent ones with probability 
𝑝𝑢→𝐶𝑖

𝐶
 with  

𝑝𝑢→𝐶𝑖
= {

𝑃𝑟𝑒𝑎𝑙𝑖
/𝑃𝑎𝑠𝑠𝑖𝑔𝑖

𝑃𝑟𝑒𝑎𝑙𝑖

2 /𝑃𝑎𝑠𝑠𝑖𝑔𝑖

 

The probability functions described above may be calculated considering either total values of census 

population (i.e., regardless of age and gender) or using the sample and marginal values of each category of age 

and gender. The latter has an implementation problem for the case of users with missing sociodemographic 
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information. For the first users with missing information (age, gender, or both) the probability is calculated 

using the marginal and assigned values corresponding to the available information. For example, let’s consider a 

user for which only gender information is available. The assignation probability is calculated based on the total 

population of 𝑖 belonging to that gender group and on the sample already assigned to 𝑖 also belonging to the 

given gender group. In the case that both age and gender information are missing, the total population of 𝑖 and 

the number of users assigned to 𝑖 are considered in order to calculate the assignation probability. The problem 

comes with subsequent users, since the assignation probability depends on the users previously assigned. Let’s 

take the example of a user 𝑢1 for which only gender information is available, let’s assume it gets assigned to 

census tract 𝑖, and let’s suppose that full age and gender information is available for the next user 𝑢2. The 

probability of assigning 𝑢2 to tract 𝑖 depends on the number of users sharing the same gender and age 

characteristics of 𝑢2 already assigned to 𝑖. This information is no longer available since we have introduced an 

individual, 𝑢1, with no defined age, and so a total number of users of same gender as 𝑢2 already assigned to 𝑖 

can be obtained, but we can say nothing about the age distribution of 𝑖. Hence, from now on probability can 

only consider the gender but not the age. If the previously assigned user had no gender or age information, 

from then on probability should be calculated based only on total numbers regardless of age or gender. To 

avoid this implementation problem, we have performed the assignation by totals, although this can be revisited 

in future versions of the module.  

The different options were tested and evaluated to determine which one leads to a more homogenous user 

distribution. For this purpose, we use the following metric: 

𝑑 =
∑

∑ (𝑝𝑗 − 𝑝𝑖)
2𝑚

𝑗=0

𝑚
𝑛
𝑖=0

𝑛
 

with n being the number of census tracts, m the number of census tracts adjacent to tract i, 𝑝𝑖  the sample 

percentage in section i, and 𝑝𝑗  the sample percentage in the adjacent tract j. The distribution that minimises the 

defined metric is considered to be the best distribution. Among two distributions with similar values of d, we 

consider that the distribution providing better results is the one that minimises the number of census tracts 

with zero population and assigned population different from zero or with non-zero population and zero 

population assigned. The option providing the best results is the user by user assignation considering not only 

the Voronoi area detected as home but also the neighbouring areas and using the assignation probability 

𝒑𝒖→𝑪𝒊
=  𝑷𝒓𝒆𝒂𝒍𝒊

𝟐 /𝑷𝒂𝒔𝒔𝒊𝒈𝒊
.  

Figure 1 shows a comparison of the results obtained using different approaches in a central area of the city of 

Barcelona. In spite of being a very central area where census divisions are small and the population is relatively 

homogenously distributed in adjacent census tracts, and hence no big differences in sample penetration 

between neighbouring tracts are expected, we can observe that for some assignation methods the sample 

penetration varies more than 50% in neighbouring areas. This effect is the one that we tried to mitigate by 

exploring different assignation methods. Strong differences between neighbouring cells may be due to the fact 

that, when the total surface is segmented into Voronoi areas, all the antennas of the mobile network are 

considered; however, not all of them are constantly active (e.g., some of them may work as backup towers that 

are only active when the demand on the neighbouring towers exceeds a given threshold). This is believed to be 
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the reason why the assignation methodology that gives freedom to include adjacent areas in the assignation 

process provides better results. 

 

 

 

 
Figure 1 Results obtained with the different assignation methodologies under test for an area around Diagonal 
Avenue in Barcelona. From top to bottom: the first plot corresponds to users assignation with probability 
𝑝𝑢→𝐶𝑖

=  𝑃𝑟𝑒𝑎𝑙𝑖
𝐴𝑘𝑖 − 𝑃𝑎𝑠𝑠𝑖𝑔𝑖

; the second plot is the result of assignation by Voronoi areas starting with Voronoi 

areas with less intersecting census tracts and assigning users with probability  𝑝𝑉𝑘→𝐶𝑖
= 𝑃𝑟𝑒𝑎𝑙𝑖

/𝑃𝑎𝑠𝑠𝑖𝑔𝑖
, the last 

two plots are user by user assignation allowing to take into account adjacent polygons and with assignation 

probability 𝑝𝑢→𝐶𝑖
= 𝑃𝑟𝑒𝑎𝑙𝑖

/𝑃𝑎𝑠𝑠𝑖𝑔𝑖
 for the third plot and probability  𝑝𝑢→𝐶𝑖

=  𝑃𝑟𝑒𝑎𝑙𝑖

2 /𝑃𝑎𝑠𝑠𝑖𝑔𝑖
 for the last plot. 

The colour scale corresponds to sample penetration in the different census tracts.  
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4. Population expansion 

4.1 Population expansion methodology 

Once users have been assigned to census tracts, the sample is expanded to the full population according to the 

census information. Users in each census tract are grouped into four categories according to gender and age 

range: category1 = female & age ∈ [16,64];  category2 = female & age> 64; category3 = male & age ∈

[16,64]; category4 = male & age > 64. Each group is reweighted according to the marginal values of the census 

to generate the full population older than 16. The process followed is described below: 

1. Census data pre-processing: the data included in the census is in some cases incomplete. In particular, 

for some census tracts there is information of population distribution by age and population distribution 

by gender, but there is no information about population distribution by both age and gender at the same 

time. In these cases, a sample joint table is created with the information of the adjacent census tracts. 

The standard Iterative Proportional Fitting (IPF) method (Beckman et al., 1996; Fulton, 2010) is used to 

generate a joint table for tract 𝑖 using the sample joint table and the marginal values of tract 𝑖 whenever 

the available data allows it1.  

2. Sample data pre-processing: for some agents, information about their age and/or gender is missing. Age 

and gender is assigned to these agents with a probability given by the marginal values of their 

corresponding census tract. If joint tables are available, age and gender are assigned according to them, 

else age and/or gender are assigned according to the individual tables. 

3. Categories’ expansion: for each census tract, the expansion process is chosen depending on the census 

information available. The different types of expansions are: 

a. The first option is the expansion by joint table. In this case, a deterministic weighting technique is 

used. Weights 𝑊𝑔 for each group 𝑔 are calculated by dividing the total population in each group by 

the sample population, and then rounded to its integer part 𝑁𝑔 =int (𝑊𝑔). Next  𝑁𝑔 copies with 

the activity-mobility patterns of each user 𝑢 in 𝑔 are created. Due to the rounding of weights, some 

copies will be missing to fit the marginal values. These copies are generated by randomly choosing 

from each group the users to be cloned.  

b. If joint age-gender tables are not available, expansion by age is prioritised over expansion by 

gender. If there are not age tables available, then expansion is performed by gender. 

c. For some census tracts, the only available information is total number of habitants. In this case, 

only the weight corresponding to the total population is used for the expansion. 

                                                           
 

1
 Generation of joint tables is not always possible, either due to the  lack of joint tables in the neighboring tracts or due to 

missing tables of one or both of the characteristics (age, gender) in the given census tract. 
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4. Expansion process: depending on the census information and on the sample characteristics, the 

expansion process considers different cases: 

a. If the sample population has representatives of each group needed to perform the expansion 

decided in the previous step, we consider the following cases: 

i. Number of users assigned lower than the total population of the given census tract: calculate 

weights and expand as described above according to the chosen expansion type. 

ii. Number of users assigned higher than the total population of the given census tract. In some 

cases the number of users assigned to a census tract is higher than the number of residents 

reported in the census tables. This may happen, for instance, in areas which have recently 

grown due to some kind of migration phenomena (due to a new urbanistic development, the 

creation of a new university campus, etc.). However, the number of residents obtained from 

the mobile phone records will still be lower than the actual total population. In these cases, 

the weights are calculated by averaging the weights of the adjacent tracts. Once weights are 

calculated the expansion is performed following the steps described above. In some cases, 

the total sample assigned to a given cell does not exceed the census population but it does it 

for certain categories (a certain gender-age group, for instance), due the fact that sample 

assignation to census tracts did not take into account the socio-demographic characteristics. 

In these cases a more general expansion method is used (e.g., expansion by totals). In future 

versions of the module, the possibility of considering socio-demographic characteristics at 

the census tract assignation step will be explored.   

b. In the case that representatives of one or more of the groups needed to perform the chosen type 

of expansion, the area embraced by the given census tract and their adjacent tracts is considered. 

Two different cases are distinguished: 

i. Expand the users in those groups with sample representatives according to the 

corresponding group weight in the given tract. For the groups with missing representatives, 

sample users of that group from the adjacent tract are taken until the required number to 

match the marginal value in the tract is reached. 

4.2  Population expansion results 

The expansion is usually performed over a particular day, hence those users not having activity in the chosen 

day are not considered for the expansion. In consequence, for some census tracts we may have very little or 

even none sample representatives causing high expansion factors. Table 1 and Figure 1 show the distribution of 

expansion factors for a sample expansion performed in the Metropolitan area of Madrid including surrounding 

regions. In this area, expansion by categories (gender and age groups) reports slightly lower expansion factors 

than expansion by totals, the maximum expansion factor for the first is of 2425 with an average expansion 

factor of 17 and a standard deviation of 20.2, while for the expansion by totals the maximum expansion factor is 

of 2991 the average expansion factor is the same but the standard deviation is of 22.73. For both cases the 84% 

of the total population is obtained with expansion factors of 20 or less and the 96% is reached with expansion 

factors of 40 or less (Table 1 and Figure 2). 
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Table 1 Distribution of sample expansion factors 

Expansion by Age and Gender Expansion by Totals 

Expansion factor Frequency Cumulative % Expansion factor Frequency Cumulative % 

10 77940 19.66% 10 62430 15.75% 

20 256825 84.45% 20 255878 80.30% 

30 37312 93.86% 30 50649 93.07% 

40 10105 96.41% 40 11429 95.96% 

50 4669 97.59% 50 4985 97.21% 

60 2702 98.27% 60 2854 97.93% 

70 1874 98.74% 70 1867 98.40% 

80 1128 99.03% 80 1258 98.72% 

90 764 99.22% 90 998 98.97% 

100 625 99.38% 100 705 99.15% 

More 2472 100% More 3364 100% 

 

 

Figure 2 Comparative of total population representativeness by expansion factor expanding by totals and by 
gender and age. 
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5. Address allocation 

So far activities have been assigned to a given census tract (in the case of users ‘home’) or to a given Voronoi 

area (for the rest of activities). However, the activity diaries used by MATSim to generate travel demand need 

to state explicitly where the activity takes place, which can be done either by assigning the activity to a link of 

the transport network or to a coordinate 𝑥, 𝑦. In our case, we have chosen the latter option.  

The coordinates of the users’ ‘home’ are assigned randomly from all possible 𝑥, 𝑦 coordinates in the users’ 

census tract. The coordinates of the rest of activities are assigned randomly from all possible 𝑥, 𝑦 coordinates in 

the Voronoi polygon where the activity has been detected to occur. 
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6. Conclusions and future research directions 

In this work we have presented a method for agents’ diaries generation using mobile phone records. Users’ 

daily activities are reconstructed from their mobility patterns observed during a period of time and then a 

representative day is considered. The use of mobile phone data as an alternative to surveys offers significant 

cost and time savings and has the advantage of providing larger samples, which in turn allows us to capture a 

broader variety of activity-mobility patterns; additionally, it opens the possibility of collecting information which 

is permanently updated. On the other hand, it has the disadvantage of providing less rich sociodemographic and 

behavioural data (e.g., trip purpose beyond home and work trips are difficult to identify, the sociodemographic 

data of certain individuals are missing, etc.). Two future research directions are envisaged in order to overcome 

these drawbacks: 

 The use of land use information to determine the location of the agents’ activities will be explored. This 

could be complemented with the use of credit card transactions.  

 Machine learning algorithms will be used to characterise the relationship between mobility patterns and 

sociodemographic characteristics, in order to estimate the missing data of certain users from their 

mobility patterns. 
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