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deprivation in Tanzania. Call detail records were used to identify individuals who
migrated to Dar es Salaam, Tanzania'’s largest city. A street survey of the city’s
subwards was used to determine which individuals moved to more deprived areas.
t-tests showed that people who settled in poorer neighbourhoods had less money
coming into their mobile money account after they moved, but not before.

A machine learning approach was then utilized to predict which migrants will move
to poorer areas of the city, making them arguably more vulnerable to poverty,
unemployment and exploitation. Features indicating the strength and location of
people’s social connections in Dar es Salaam before they moved (‘pull factors’) were
found to be most predictive, more so than traditional ‘push factors’ such as proxies for
poverty in the migrant’s source region.
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1 Introduction

Urban migration can hold both potential benefits and risks to individuals, societies and
economies: on the one hand cities can present increased work opportunities, higher paid
jobs, and a greater capacity to provide for families, even from afar. However, such urban
settings can also be unstable, with a higher cost of living, leaving individuals potentially
isolated and vulnerable [1]. At a national level, when urban migration rates exceed invest-
ment in job creation activities, the result is upward pressure on job competition leading
to increased unemployment and a risk of exploitation—with some migrants being left in
poverty and without support [2]. Yet the percentage of the world’s population living in
urban areas is expected to increase from 55% in 2018 to 60% in 2030 [3], with most of the

world’s fastest growing cities being in Asia and Africa. Between 2018 and 2050 the urban
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population of Africa is projected to triple; and that of Asia is expected to increase by 61%.
Despite this there remains limited understanding of the how such fast paced migration is
impacting communities on the ground.

Measurement remains the key challenge, with surveys such as national censuses (which
typically run every 10 years) becoming rapidly out-of-date [4]. This raises serious logis-
tical difficulties regarding how to locate, capture and study the impacts of domestic ur-
ban migration—particularly in lower-income countries and at sub-national levels. Mobile
phones provide a potential solution here. Due to historically under-developed land-line
infrastructures, mobile devices have become ubiquitous across Africa and Asia, even in
poorer or geographically isolated regions [5]. Billions of people now carry such devices,
supporting the analysis of broad movement patterns through time and space. The use of
personal data rightly raises important ethical considerations and requirements [6, 7]; yet
if handled correctly, safely and respectfully, call records and other digital traces have the
potential to reveal otherwise unavailable insights about short term, seasonal, and quickly
changing domestic migration patterns. Such information combined with computational
modelling approaches can underpin the inspection of different sustainable development
goals at more fine-grained resolutions [8-10].

A contributor to the increase of urban migration in Africa and Asia is thought to be
the uptake of mobile money [11]; mobile money allows migrants to quickly and securely
transfer funds home to their families without reliance on formal banking infrastructures
(which are often unavailable to them). Over the last 10 years, use of mobile money has
consequently become common-place in many lower-income countries, with uptake ex-
panding further during the COVID-19 pandemic [12]. Use of the technology has grown
particularly quickly in East Africa [12], and in 2017 only 38% of adult males and 27% of
adult females held a bank account with a formal financial institution [13]. Registered mo-
bile money accounts in Africa grew a futher 12% to 562 million in 2020, with monthly
active accounts at 161 million (an 18% increase), and total transactions hitting 27.5 billion
(up 15%) [14]. In Kenya the money transferred through M-Pesa service alone increased
from 30% of the country’s GDP as of 2011, to 85% by 2016 [15].

Despite a large body of literature documenting the benefits to communities of mobile
money remittances [16—19], less has been recorded about the welfare and hardships faced
by the individuals who migrate to urban areas in search of employment. Qualitative liter-
ature suggests that new migrants represent a particularly vulnerable community: a lack of
opportunities in particular neighbourhoods increases the risk of poverty, exploitation, and
even indentured labour and trafficking [2, 20]. Yet migrants are not a homogeneous group.
The exact mechanisms by which some individuals are left vulnerable have not been quan-
titatively examined, nor the characteristics of those most likely to end up in high-poverty,
high-unemployment neighbourhoods, where social and economic impacts are most dele-
terious. Whilst slums, and the vast poorly serviced informal settlements that now make
up the majority of East African cities, have been linked to increased exploitation [9], dig-
ital data traces such as those from cell phones and mobile money interactions offer the
potential to quantitatively address this, and shed new light on these issues.

In this research we use Tanzania as a case study to explore the associated behaviours and
predictors of migration to poorer urban areas within a low-income country. By leveraging
pseudonymized mobile money transactions and cell phone data from a commercial mobile
network provider, combined with survey data, we examine domestic migration patterns
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in Tanzania, and model corresponding vulnerabilities that can exist. We use call records
to detect permanent/semi-permanent migration to Dar es Salaam, Tanzania’s largest city.
Utilising an extensive street survey of Dar es Salaam’s 452 sub-wards, we are able to de-
termine whether each person has migrated to a more vulnerable (higher poverty/higher
unemployment) or a more affluent subward. Features derived from the call data and mo-
bile money interactions, as well as open source socio-demographics information on the
region an individual has migrated from, are used to generate predictive models; variable
importance analysis is then used to interrogate the resulting model, to consider the char-
acteristics of higher-risk urban migration.

With individuals migrating to deprived neighbourhoods hypothesised as being those
most exposed to risk [21], the goals of this study are twofold: (1) Understand the differ-
ences, visible in digital traces, between migrating to a poorer urban area compared to a
more affluent area by statistically comparing social and economic measures after individu-
als have moved. It is hypothesised that individuals migrating to poorer areas will have less
money coming into their account (potentially indicating a financial vulnerability). Other
indicators of risk for these migrants may include reduced social connections or contacts.
(2) Uncover which underlying factors best predict migration to an economically deprived
area, in the hope of supporting sustainable development assessment and informing future
intervention strategies.

The following section further expands relevant literature about mobile money, cell
phone data, and migration. We then present our methods, explaining how urban migra-
tion can be detected using call detail records, how we engineer and select relevant fea-
tures, and our modelling method. The results section follows, outlining findings from two
different types of analyses (1) using statistical tests to compare the social and economic
differences between migrants who moved to poorer compared to richer areas of Dar es
Salaam, and (2) the accuracy and interpretation of a prediction model, built to predict
which migrants will end up in the more deprived areas of Dar es Salaam. In the final sec-
tion, we discuss our results and their limitations, as well as suggesting avenues for future

investigation.

2 Related work

2.1 Mobile money and migration

Mobile money is now shaping the economic and cultural landscape in many African and
Asian countries, promoting migration and urban occupations [16]. In Bangladesh, mo-
bile money increased the value of remittances by 28% and the migration rate by 35%
[18]. Households in Bangladesh that had urban migrants and actively used mobile money
saved 296% more than nonusers [18]. It was additionally found that mobile money in-
creased daily per capita consumption by 8% and reduced the extreme poverty index by
42% when urban migrants remitted income back to their household in rural Bangladesh
[18]. In Northern Uganda, mobile money was shown to increase food security by 45% for
households that lived far away from bank branches [17].

Research has also shown that mobile money can help protect against the effects of neg-
ative shocks, such as flooding, due to increased capacity to receive financial support. For
example, in Kenya remittances increased households’ annual income by 3-4% following a
negative shock; and mobile money users saw no change in their consumption level, com-
pared to nonusers who showed a 7% decrease [19]. In Mozambique, mobile money was
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shown to increase consumption expenditure by 44% after a flood shock [22]. For low-
lying countries such as Bangladesh, programmes such as forecast-based financing which
use weather forecasts to trigger early actions such as cash transfers can help reduce the
impact of a natural disaster. Increased resilience to negative shocks has the potential to
make reactive or the forced migration of whole families less common; instead increasing
the reliance on remittance payments from just a few individuals (most commonly young
males) who have migrated to a city for work.

Tanzania was one of the earliest adopters of mobile money, and since its launch in 2008
adoption rates have been high [23]. In 2015, almost a third of active mobile money ac-
counts in East Africa were in Tanzania [24]. In 2016 approximately half of the total popu-
lation were mobile subscribers, over half the adult population were mobile internet sub-
scribers, and it was estimated that 32% of adults in Tanzania had a mobile money account
[23]. Research has also shown that the reach of mobile money in Tanzania has good rep-
resentation across multiple populations, and crucially those living in rural areas, the un-
banked, and those that earn less than $2 per day [9, 25].

2.2 Urban migration in Tanzania

Tanzania’s urbanisation has accelerated rapidly, and at a rate higher than the average for
Africa [26]. Dar es Salaam, is by far Tanzania’s largest city, reportedly three times the size
of it’s next biggest city, Mwanza [27]. It is not only one of the most populated in Africa,
but also one of the fastest growing [27, 28]. As a result of this rapid growth, over 70% of
Dar es Salaam’s population live in unplanned urban sprawl and informal settlements, often
without adequate housing, safe drinking water, or affordable sanitation [26, 27, 29]. The
region in which Dar es Salaam is situated is one of the more affluent regions in Tanzania;
yet it is also characterized by a far higher unemployment rate than the rest of the country
and an increasing Gini-index (a measure of the distribution of income across a population)
[26], reflecting the growing disparity between its rich and poor inhabitants.

A key driver of domestic migration to urban areas in Tanzania is low rural income, most
commonly in agricultural sectors. After migrating to urban areas, one study found that
63.4% of rural-urban migrants in Tanzania were engaged in petty businesses in the in-
formal economy [30]. Yet the higher cost of doing business in Dar es Salaam means that
very few new businesses survive [26]. 60% of rural-urban migrants in Tanzania were able
to save and send remittances to their place of origin [30]. But what about the 40% who
were not able to send money home? Who are these ‘worse-oft” individuals and what are
the effects of migration upon them? Such questions are extremely difficult to address via
direct surveying, a method that often misses those who are most vulnerable [31] and most
at risk from exploitation (such as human trafficking and forced labour [2]). Even for the
migrants who are able to save money, getting to a point of stability can take time, with in-
dividuals encountering a plethora of problems in the meantime, such as living in poverty,
poor health, or unsafe conditions [30].

An influx of migrants to urban centres can also place increased strain on a city’s ability
to cope with citizen needs. As a result, many migrants can be left without access to social
support or afford adequate housing. In such regions, migration has been viewed by the
local population as detrimental to society, contributing to shortages of housing, infras-
tructure, and services [32] and subsequently causing migrants to be viewed unfavourably
and discriminated against. These factors can leave urban migrants more vulnerable to de-
privation, homelessness, disease and violence [21, 33]. Migrant women, especially those
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who are undocumented, are also more likely to experience labour market exploitation
and are at greater risk of kidnap or trafficking [34]. Yet little is known about what fac-
tors might help to inform support services as to which migrants will end up in vulnerable
circumstances—whether that be poverty, unsafe and unsanitary conditions, or exploita-

tion.

2.3 Digital trace data from mobile phones

People migrate to a large city like Dar es Salaam for many reasons: to study at university,
to take up a job offer/transfer, seasonal work such as tourism, for marriage, as a result of a
negative shock, or because they are struggling financially and are looking for a better life
[35-37]. With the fast changing urban landscape in many African and Asian countries,
collecting data using surveys such as the national census can prove difficult logistically,
are expensive, and can yield inaccurate or out-dated results [4, 38]. Most censuses occur
every ten years, have low granularity, and the validity of the information is rapidly outdated
[39, 40]. In particular, shorter term migration patterns or seasonal migration is not cap-
tured, both of which are highly prevalent in developing countries [4]. Moreover, censuses
are typically biased toward documented citizens [41]; and in countries where illiteracy is
relatively high, written/postal surveys risk excluding and marginalising a vulnerable sub-
population [31].

Over the years, several migration studies have identified the scarcity of reliable data
available for quantitative analysis as a challenge to be overcome, particularly in develop-
ing countries [39, 42, 43]. Novel data types such as digital traces have been proposed as
proxies for traditional census data; assisting in analysis of urban migration in countries
where such surveying is challenging [44]. As previously detailed, mobile phones are now
ubiquitous in Africa and Asia, with the billions of people carrying such devices. The data
produced from peoples interactions with mobile phones reflects real behaviour (rather
than self-reported behaviour, as in censuses and other surveys). As such, data logs from
network services represent a promising route to analysis of migratory behaviour both geo-
graphically and temporally, with a range of studies utilizing such geo-located data to study
mobility patterns [40, 45-54].

Several studies have used mobile phone data to study mobility and migration patterns in
developing countries specifically [4, 55—57]. Yet despite multi-modal data from different
contexts improving prediction accuracy [58], no research, to the best of our knowledge,
has attempted to use this data combined with mobile money transactions to assess the
characteristics and potential social and economic consequences of urban migration to
the migrant themselves; nor examined the factors that implicate the deprivation level of
where people migrate to within urban settings. While academic research on mobile money
and migration has previously focused on the rural communities left behind, one prior
work [59] has shown that social networks in a destination location can strongly impact
the success of a migration. This study expands this isolated research, examining not only

how often, but for whom urban migration is likely beneficial.

3 Methods
3.1 Thedata

This work is underpinned by two key datasets:
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1. Pseudonymized transactional data shared by a leading Tanzanian mobile network
operator, comprising of (i) mobile phone call data records; and (ii) mobile financial
services or mobile money data which can be linked to the call records. Using these
call records, migrants to Dar es Salaam were identified. From both the call and
mobile money data, associated features were engineered and used to (1) measure the
differences in mobile money and call activity between those moving to a poorer
versus richer subward, and (2) predict the likelihood a given individual would
migrate to an area of deprivation in Dar es Salaam.

2. An extensive street survey administered by the authors to provide ground-truth
measurements for deprivation levels across subwards in Dar es Salaam. This data was
used, in combination with the call records, to label whether a migrant moved to a
poorer or more affluent part of the city—the dependent variable in the prediction
model.

3.1.1 Call records and mobile money transactions

The call data consisted of logs every time someone received or made a call in 2014.
This data allowed us to track movement patterns of individuals over time. Call detail
records represent the majority of mobile phone activity in Tanzania. Voice calls make
up 50% of revenue from mobile devices in Tanzania, compared to just 10% for both data
and SMS (the remaining 30% is from mobile financial services) [60]. The call data was
pseudonymized before being received, so that individuals were only linkable by a unique
identifier. Using these, the call data was able to be attached to mobile financial services
data, also from the same commercial provider. Mobile money data consisted of a log every
time a customer of the service sent or received money, or checked their balance. The data
used in this study covered a total of 800,157,047 call events, and 48,435,309 transactions
from 27,625 mobile phone subscribers in the Dar es Salaam region over the year 2014.! To
help provide better contextual understanding of the data and findings, the project engaged
with local experts on mobile money and migration in Tanzania, and Dar es Salaam more
specifically.

3.1.2 Street survey

Dar es Salaam is divided into 452 administrative areas referred to as subwards, which are
the lowest formal level of administrative division in the city. The ‘street survey’ data col-
lected in Dar es Salaam consists of these subwards ranked by affluence. Rankings were
assigned from 75,078 comparative judgements made by 224 local participants, whom we
refer to henceforth as judges.

To collect the data, a participatory approach was used to quantify knowledge and opin-
ions of local residents on the ground in Dar es Salaam. To carry out the judgements, a web
interface was designed so that judges could be shown images of pairs of subwards and
asked to compare the affluence. At the start of the survey, judges were asked to identify
areas of the city they were familiar with. Then, during the judging process, judges had the
option to indicate either (i) which of the two subwards they felt was more affluent, (ii) that

!Due to both individual and commercial privacy, the pseudonymized data used as part of this study is not publicly available,
and was provided to us through a partnership with a mobile network operator with high market penetration in Tanzania.
However, a link to the code used in this study along with the engineered feature dataset is available in the section Availability
of Data and Material.
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the subwards were roughly equal in affluence, or (iii) that they were unfamiliar with at
least one of the two subwards.? Pairs of subwards for each judge were chosen uniformly at
random from the list of all possible pairs of subwards which the judge was familiar with.
For further information on the methods used for obtaining the ranks from comparative
judgements see [61].

Judges were recruited through word of mouth by students at local universities, NGOs,
and via a local taxi driver association. The rationale was to find judges that were citi-
zens of Dar es Salaam with a wide working knowledge of the city’s different subwards.
Data was collected in situ over two weeks in August 2018 via 17 data collection sessions
each lasting two hours. At the start of each session, judges received a 15 minute train-
ing session in English and Swahili, and accompanying written instructions were also pro-
vided. Ethical approval for the study and its data collection process was obtained from the
Nottingham University Business School ethical review committee, application reference
No. 201819072.

3.2 Identifying migration to Dar es Salaam

Before we could utilize the large call and mobile money datasets for our analysis, the data
required some cleaning and labelling. The end goal was to label anonymous individuals
in the data who we could be fairly certain, given their geo-located and timestamped call
data, had migrated to Dar es Salaam in the time frame we were interested in. To make the
labelling process more efficient, we first cleaned the data to remove individuals we were
certain we were not interested in including in our sample (due to poor quality data, or their
data not fitting our definition of migration) using some filtering rules. These rules were
carefully constructed after interrogating the data, and were designed to prioritize data
quality over data quantity. For example, if an individual had too few mobile interactions
either before or after migrating, we did not want to include them in our final sample,
as the features engineered (including pinpointing the subward they migrated to) would
be inaccurate and produce unreliable indicators of the individual’s actual behaviour or
circumstances.

Specifically, we were interested in identifying anonymous individuals, with good quality
data, who had moved permanently or semi-permanently to Dar es Salaam in the middle
third of the year, from anywhere outside of the Dar region (but still within Tanzania). To
eliminate individuals who obviously did not fit this definition, we first mined the call detail
records using the following rules:

1. To ensure enough data coverage and temporal stability, anonymized individuals
needed to have made or received >10 calls in both the first 6 months of the year and
the last 6 months of the year.

2. In the first half of the year <30% of the individual’s calls should have been
made/received within Dar es Salaam, and in the last 6 months of the year >70% calls
had to have been made/received from within Dar es Salaam. This was to eliminate
individuals who might have moved at the start or the end of the year, and thus have
inadequate data for a fair before and after moving comparison.

3. To estimate the potential move date, the date of the individual’s first stay of more
than 7 consecutive days in Dar es Salaam was taken, using the cell tower location

2Comparisons corresponding to (ii) were recorded as a tie, and outcomes corresponding to (iii) were discarded and the
judges were not asked about the subwards they were unfamiliar with again.
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attached to the call records. This prevented us from capturing people who
commuted to Dar es Salaam for work, or who were only visiting for a short stay.

4. After the move date was estimated, the individual had to have made >75% of their
calls (from their move date to the end of the year) in Dar es Salaam. This was to
remove people from the sample who are only visiting Dar es Salaam on a
short-term/temporary basis.

5. Finally, to ensure the potential migrants had sufficient mobile money data for us to
analyse and engineer features from, individuals had to have at least 10 or more
mobile money transaction logs (triggered by either receiving or sending money, or
checking their balance).

Using these filters, from the 27,625 individuals, a sample of 1214 potential migrants to
Dar es Salaam was extracted, along with estimated move dates. Using 3D plots to visually
interrogate the individual’'s movement patterns, each person’s data in the sample was then
labelled by human subjects on whether or not the person’s data fitted our definition of
migration, and whether the estimated move date was valid or not. Discussions were had
prior to labelling as to what constituted a valid case of migration and move date, and what
did not. Examples of the two types of 3D plots used in this stage (which were rotatable for
the labeller in the provided interface) can be viewed in Fig. 1. Whether the individual had
used a cell tower on the subward corresponding to the University of Dar es Salaam’s cam-
pus was visualized to help interpret mobility patterns which may be linked to university
students. All graphs in Fig. 1 except graph A show individuals that visited Dar es Salaam
prior to migration, a phenomena found to be a common occurrence in the data for people

who didn't live too far away. Graph B shows an exemplar migrant affiliated with the Uni-
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Figure 1 Examples of the visualisations of call detail records used by human labellers to determine whether it
could be accurately estimated whether and when someone migrated to Dar es Salaam. The estimated move
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versity of Dar es Salaam. Graph D illustrates how both a broad work and a home location
might be identified in the data.

Note that, in addition to the historical nature of the data, to ensure differential privacy
was strictly observed we restricted location resolution in Dar es Salaam to one of the 452
subwards (with subwards having an average of approximately 15,000 inhabitants each).
Nonetheless broad movement patterns could still be labelled, with Graph E showing an
example of someone who visited their previous home region for an extended period after
moving to Dar es Salaam. Graph F suggests the behaviour of a person who was commut-
ing regularly to Dar es Salaam before moving there permanently (but was deemed too
large of an overlap to be considered in our sample). If a single move date could not be
confidently determined from the visualisations then the individual was excluded from the
sample. In total 848 of 1214 instances were labelled with a move date thought to correctly
depict when someone had migrated to a Dar es Salaam subward on a permanent/semi-
permanent basis.> This subsample of 848 urban migrants was used for the remainder of
the analysis. While this sample is relatively small (due to the limitations imposed by the
data coverage and our working definition of migration), this work provides a first look at
a well-defined subgroup of urban migrants to Dar es Salaam, that is expected to be much
larger in practice. The data challenges are considered in more detail in the Discussion.

3.3 Engineering the dependent variable

Classification of whether an individual migrated to a deprived or more affluent area within
the city, was engineered using the street survey of Dar es Salaam in combination with the
call records. We first estimated where in Dar es Salaam we thought a person’s new ‘home
subward’ was using call data, and then linked this to the affluence rankings of the subwards,
as derived from our surveyed comparative judgement ground truths (see [61]).*

The area someone moved to in Dar es Salaam was estimated using the call records and
cell tower location data. First, each individual’s ‘home tower;, the cell tower a person made
the most calls with at night time (specified as between the hours of 8 pm and 8 am)® was
identified. Then, the destination subward was simply defined as the subward in which the
home tower geographically lay within. 602 towers provide network coverage across the 452
subwards in Dar es Salaam. Figure 2(c), illustrates the coverage of cell towers across the
subwards. To deduce a final binary outcome variable, we then calculated whether someone
moved to a poorer area (50%° most deprived subwards) or a more affluent area (50% least
deprived subwards). Migrants whose destination sub-ward was in the district of Temeke
(the southern most region of Dar es Salaam) were removed due to reduced network cov-
erage (see Fig. 2(c)), historically different network governance, as well as the less urban
nature of the district. This reduced our modelling sample to 630 individuals of which 230

3Note that we only examined data until the end of the year, and so we cannot determine how long people stayed in Dar es
Salaam beyond 2014, hence the use of the phrase ‘semi-permanent’

4We note here that the cell phone data was from 2014, but the on the ground surveys were conducted in 2018. Despite the
fast urbanisation, on balance (given the available literature [62, 63] and colleagues residing in Dar es Salaam’s experiences) it
is believed that the survey still accurately depicts the relative affluence of neighbourhoods as they would have been roughly
three and a half years prior.

5If <10% of someone’s overall call volume went through the calculated mode ‘night tower, instead the overall mode tower
was used to prevent irregular night visits being used to identify a home’ subward (this occurred for 6.48% of migrants in
our sample).

The 50% cut-off was used to create a more balanced dataset, maximising the number of positive class labels in the train-
ing and test set. Available literature [64, 65], as well collaborators residing in Dar es Salaam’s experiences, also support a
dichotomy between rich and poor neighbourhoods in the city.
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Figure 2 Maps of Dar es Salaam. A) The subwards’ (continuous) level of affluence (blue) to deprivation (pink).
B) The spatial distribution of the dependent variable—the binary categorisation of the subwards migrants
moved to (affluent = 0, deprived = 1). Grey areas indicate no one in the sample migrated there. C) Cell tower
coverage across Dar es Salaam. Temeke, the most South Easterly region, was later removed due to poor cell
tower coverage. D) The number of migrants in the sample who migrated to each subward

(36.5%) moved to more deprived areas, and 400 (63.5%) moved to the more affluent areas.
The spatial distribution of the dependent variable can be viewed in Fig. 2(b), along with a
heatmap of how the migrants were distributed across the city (Fig. 2(d)).

3.4 Engineering the independent variables

As potential indicators of vulnerable migration, a total of 110 candidate features (K) were
engineered from aggregating cell phone data, mobile money data, and open source data
sources [29]. A full list of the candidate features, which analysis they were used for, and
their descriptions can be found in Additional file 1. Different versions of features were
engineered via: (1) using only the data before the person moved (K = 93); and (2) using
only data after they had moved (K = 17). These two sets of features were used in separate
analyses: data from after moving to statistically analyse the social and economic differ-
ences between those who moved to a poorer versus richer subward; and data from before
moving to predict whether an individual would migrate to a poorer or more affluent area
of Dar es Salaam. As part of the modelling analysis, feature selection methods (outlined
in more detail below) were applied to reduce the number of candidate features.

Features from the cell phone data were engineered to reflect social connectedness, as
well as existing ties and connectivity with Dar es Salaam (‘pull factors’). Examples of these
features include: the entropy of the numbers called; average calling distance; the percent-
age of calls to made to Dar es Salaam (before moving); the affluence of the area most
commonly called in Dar es Salaam (before moving); and whether the individual had vis-
ited Dar es Salaam prior to moving there. Entropy features were calculated using Shannon



Lavelle-Hill et al. EPJ Data Science (2022) 11:28 Page 11 of 23

entropy (H(X)) with a the natural logarithm:
H(X) =~ plx;) * In(x).
i=1

Features from the mobile money data were engineered as potential proxies for an in-
dividual’s financial situation. Examples of these features include: whether the person had
a mobile money account before moving to Dar es Salaam; their mean mobile money ac-
count balance, the average amount of money paid into the account per day; the average
amount of money spent per day; amount paid out in bills; and the amount sent/received
from person-to-person transfers.

Features about the region a migrating individual originated from were extracted from
open source data [29]. These features reflected proxies as to the level of deprivation an in-
dividual was migrating from, representing the strength of migratory ‘push factors. These
regional variables covered a wide range of domains including: human development in-
dices, poverty, education, gender inequality, female representation in parliament, health,
and population demographics [29]. Once aggregate features for each anonymized migrant
had been constructed and attached to a deprivation level of the subward they migrated to,

all other call and mobile money data were expunged from the study.

3.5 Modelling
In order to reduce the effects of excessive multi-colinearity and the curse of dimension-
ality, expected to be present due to the types of features constructed, two pre-processing
steps were undertaken on the 93 features engineered for modelling (on data before indi-
viduals migrated). Addressing these issues, input features which were highly correlated
(Pearson r > 0.85) were eliminated or averaged. Subsequently, features which had a Pear-
son correlation with the dependent variable of less than a fixed value were removed. We
note that such an approach risks removing features that, while do not have any direct rela-
tionship with the output feature contribute do in fact have a relationship when considered
in combination with other features. Acknowledging this we varied the Pearson correla-
tion cut-off when considering the correlation between the input features and dependent
variable from 0.05 to 0.07 (effectively as an additional meta-parameter for all models in
the machine learning pipeline described below). As varying this parameter lead to no dis-
cernible decrease in predictive performance (demonstrating the limited utility of the fea-
tures dropped with the higher threshold) in the remainder of this paper, for clarity, we
consider models only where the cut-off was set to 0.07. After applying this pre-filter, the
number of modelling candidate features was reduced from 93 to 15 features engineered
on data prior to an individual’s migration to Dar es Salaam. A list of these features can be
found in Additional file 1.

A machine learning pipeline was then built to predict whether someone ends up in a
poorer or more affluent subward. The pipeline consisted of imputation of missing data (see
Table 1 for missing data information) in the IVs using multivariate imputation [66], data

scaling, recursive feature elimination,” and the training of a classification model. Three

7Used only prior to logistic regression classifiers, as for both decision tree and random forest feature selection occurs
intrinsically
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Table 1 Modelling features which had missing data and were imputed using multivariate

imputation
Feature % missing
Money sent before migrating (normed) 6.13
Deprivation of ward most phoned 6.01
Deprivation of subward most phoned 6.01
Percentage of calls to Dar es Salaam 5.78
Call entropy before migrating 578
Home region: Education level 3.07
Home region: Measles immunization 307
Home region: Antenatal visits 3.07
Home region: Parliament female:male ratio 047
Home region: Population 047
A)

Zambia

Sent  m— Received O High Q Medium o Low

Figure 3 Descriptive illustrations of A) the person to person transactions in the full mobile money dataset,
and B) the density of call data outside of Dar es Salaam for the modelling sample, a proxy for where people
migrated from. The red pin indicates the city of Dar es Salaam. DRC = Democratic Republic of the Congo

classes of classification algorithm were evaluated: logistic regression, decision trees, and
random forests—all chosen for their interpretable variable importance outputs. Hyper-
parameters used within the pipeline were selected using 10-fold cross validation on an 80%
subsample of the data (N = 504) with the cross-validation procedure splitting this sample
repeatedly into training and validation sets. The models were then re-fit on the full 80%
sample based on the selected meta-parameters. The remaining 20% of the data (N = 126)

was used as an unseen test set to evaluate the generalised predictive performance.

4 Results

4.1 Descriptives

Within the sample of 848 migrants, the median number of calls people made before mi-
grating to Dar es Salaam was 384 (SD = 687), and after moving was 608 (SD = 708). Use
of mobile money also increased following migration, with transactions prior (Mean = 52,
SD = 58) markedly higher than before (Mean = 43, SD = 61)—likely due to the more per-
vasive mobile money infrastructure available within Dar es Salaam. Figure 3(a), showing

all person-to-person transactions in the full data set, illustrates Dar es Salaam’s (marked
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by the red pin) role at the centre of the mobile money network in Tanzania. Figure 3(b)
shows all calls outside of Dar es Salaam in the modelling sample, a proxy for where individ-
uals migrated from. People migrate to Dar es Salaam from across Tanzania, although we
observed particular hotspots in the urban centres of Dodoma, Arushka, Mwanza, Tanga,
Zanzibar, and Mtwara. When the urban/rural population of individual home wards was
analysed, we found that roughly the same amount of people were migrating to Dar es
Salaam from predominately urban (53%) as predominately rural (47%) wards. Therefore,
our analysis of migrants to Dar es Salaam more or less equally captures rural-urban and

urban—urban domestic migration patterns.

4.2 Statistical tests

To analyse how the migrants to poorer and richer subwards’ call and mobile money pat-
terns differed after moving, statistical analyses were performed. ¢-tests were conducted
on six call features, and six mobile money features to understand whether any differences
in behavioural traces were statistically significant. The results are illustrated in Fig. 4. On
average those who moved to a poorer neighbourhood had lower entropy in the numbers
called (p < 0.05), less money coming into their account overall (p < 0.05) as well as by
means of putting “cash in” (p < 0.05).® Notably, while the effect related to phone number
entropy held on data before the person moved, the effect for ‘money in’ did not (see Fig. 5).
This may indicate that moving to a poorer area negatively impacts the amount of money
coming in to a migrant’s mobile money account, however, follow-up analyses would be

required to assert causality.
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Figure 4 Differences in call behaviour and mobile money patterns after migrating between those who
moved to a poorer neighbourhood and those who migrated to a more affluent area. % = p < 0.05. Error bars
denote the 95% confidence intervals

8When p-values were adjusted to control for increased false discovery rates due to multiple tests [67], they no longer
reached the p < 0.05 threshold.
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Figure 5 Differences in A) money in (all types) and B) cash paid in to mobile money accounts before and
after migrating between those who moved to a more deprived neighbourhood and those who migrated to a
more affluent area. = = p < 0.05. Error bars denote the 95% confidence intervals

4.3 Prediction performance

The data derived from before migrating to Dar es Salaam was then used to train a pre-
dictive model. The goal was to investigate whether it was possible to predict which indi-
viduals were going to migrate to poorer and more deprived areas of Dar es Salaam—and
if so, which features were indicative of such migration. The pipeline that achieved high-
est performance accuracy on unseen test data utilised a logistic regression classifier with
10 features selected, suggesting that linear relationships exits between the features and
migrating to a deprived urban area.

The classification accuracy of the best model was 0.72, with a F1 score of 0.64, perform-
ing significantly better that a constant positive baseline (F1 = 0.53) and a random baseline
(F1 = 0.34). A comparison of the ROC curve for the logistic model (AUC = 0.77) compared
to the constant positive baseline (AUC = 0.5) can be viewed in Fig. 6. McNemar’s test of
homogeneity [68] showed that the logistic regression model made significantly different
errors, and has a different relative proportion of errors compared to the constant positive
baseline (p < 0.0001).

To further evidence that model performance was a statistically significant improvement
over the baseline, resampling with replacement for N = 10,000 samples was conducted to
produce a distribution of performance metrics for the random baseline’ and the model.
Both the F1 score and the AUC scores for the model were significantly better (p < 0.0001)
[69] than the scores for the baseline (see Fig. 7 for plots of the distributions).

The confusion matrix in Fig. 8 shows that the logistic regression model was slightly bet-
ter at predicting those who moved to affluent subwards (0.75 accuracy), for which more
data were available, compared to those who moved to more deprived subwards (0.67 ac-

curacy).

%A normal distribution of F1 and AUC scores can not be produced for the constant positive baseline when using stratified
k-fold validation (as was done in the modelling phase) to ensure each fold contains approximately the same percentage of
samples of each target class as the complete data.
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Figure 6 ROC curve for the logistic regression model compared to a constant positive baseline. The model
had an Area Under the Curve (AUC) score of 0.76
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Figure 7 Distributions of bootstrapped scores for the logistic regression model compared to the random
baseline

4.4 Model interpretation
Using optimized parameters obtained from model training (validated to ensure the best
performing logistic regression model wouldn’t over-fit), the modelling pipeline was re-fit
to the full dataset. This allowed use of all available data, increasing support in the interpre-
tation of coefficient values when investigating which features were the best indicators of
vulnerable migration. The regression coefficients of the optimally fitted logistic regressor
can be found in Table 2.

The strongest predictor in the model proved to be the affluence ranking of the subward
a migrant most commonly called in Dar es Salaam prior to moving. Also highly selected

(rank 4) was the affluence ranking of the ward most often called. Both these features, which
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Figure 8 Confusion matrix (normalized to be between 0 and 1) for the best performing logistic regression
model with an F1 score of 0.65

Table 2 The logistic regression model’s b coefficients

Rank  Feature Coef.
1 Deprivation of subward most phoned 0.56
2 Average amount (TZS) spent per day -0.39
3 Home region’s education level* -0.22
4 Deprivation of ward most phoned 0.18
5 Home region: Pwani 0.15
6 Percentage of calls to Dar es Salaam 0.14
7 Home region: Mara 0.13
8 Home region: Shinyanga -0.13
9 Entropy of phone numbers called -0.12

10 Home region: Manyara 0.11

Note: For the binary outcome variable 1 = Migration to poorer subwards, 0 = Migration to more affluent subwards.
TZS = Tanzanian Shillings. Features are ordered by the absolute coefficient value, with the most predictive feature first.
All features were calculated on data before the individual migrated to Dar es Salaam.

*From the 2014 UN Human Development Report for Tanzania. The variable measures the contribution of education to
deprivation in the region, where a higher number represents poorer education.

are very similar,'? suggest that people are migrating to areas where they already have social
contacts (or at least areas with a similar level of deprivation). Intuitively, when a migrant
is in contact with someone from a deprived area prior to migration, they are more likely
to end up in such a setting themselves. The percentage of the calls an individual makes to
Dar es Salaam ahead of migration, as well as the entropy of phone numbers called (where
lower entropy predicted migrating to poorer subwards), were also useful predictors. This
suggests that it is not just where social contacts reside, but the strength and size of social
networks which predict migration to vulnerable urban areas. These findings are consid-
ered in more detail in the Discussion.

The second most important predictor emerging was the average amount of money spent
by an individual (using mobile money) prior to migrating. The less people spent, the more

Due to the two features having a high correlation (r = 0.83), and this having the potential to effect the interpretation of
coefficients [70] a separate model was refit without the affluence of the ward feature. The results showed that the affluence
of the subward coefficients increased, as expected, and the other coefficients remained stable.



Lavelle-Hill et al. EPJ Data Science (2022) 11:28 Page 17 of 23

likely they were to end up in a poorer subward—Tlikely indicating lower disposable income,
but also potentially reflecting saving strategies in preparation for relocation.

From the socio-demographic variables, the educational level of the region a migrant
was moving from proved most influential. Crucially, the poorer the education in an orig-
inating region, the more likely individuals were to migrate to an area of high depriva-
tion/unemployment in Dar es Salaam. Moreover, migrating from certain regions, in par-
ticular, Pwani (directly outside of Dar es Salaam) and Mara (in the agricultural far north),
were indicative of migrants moving to deprived subwards; in contrast migrating from
Shinyanga predicted moving to a more affluent area. Notably, many the variables left un-
selected by the model corresponded to source region’s ‘push factors, such as the human

development indices and variables depicting regional poverty.

5 Discussion

This study leveraged pseudonymized commercial call records and mobile money data to
study urban domestic migration to Dar es Salaam, Tanzania’s largest city. New migrants
are recognized as a potentially vulnerable population at a greater risk of exploitation than
local inhabitants [33]. This research sought to explore the impact of migrating to a more
deprived neighbourhood in the city, where individuals are expected to be most vulnerable.
The goals were to understand the behavioural and financial differences visible in digital
traces when migrating to more deprived urban subwards, compared to more affluent, via
statistical analysis of social and economic measures after the person moved; and to bet-
ter understand what factors predict migration to a deprived urban area using a machine
learning approach.

Statistical tests showed that people who migrated to a poorer area had less money com-
ing into their mobile money account prior to migration. This intuitive reflection of lower
affluence, however, was only observed after moving, and not before. This suggests that the
deprivation level of where someone moves to in Dar es Salaam could be a determining fac-
tor in how much mobile money they acquire after migration, reflecting the importance of
location within a city for employment and economic prospects. Migrants to poorer areas
also displayed lower entropy in the phone numbers they called, both before and after mov-
ing, suggesting a smaller, less varied support network—potentially indicating an increased
risk of social isolation.

Using only data available prior to migration, we then demonstrated the ability to predict
whether a migrant will end up in one of the poorer or richer subwards in Dar es Salaam
(achieving 72% classification accuracy). Classifiers suggest that not only are there social
and economic differences between two broad migrant groups before they move, but that
it is possible to characterise potential vulnerability of migrants prior to migration to a new
city. Given the absence of accurate survey data in a city, projected to grow 100% from 6.7
million in 2020 to 13.4 million in 2035 [71], such models allow not only for future projec-
tions, but the potential to aid intervention strategies—and help better plan the targeting
of resources to those who are most in need. The prediction of vulnerable migration also
has the potential to be improved further (if explanations/interpretability is no longer the
goal) by heavily weighting the vulnerable population and using more powerful ‘black box’
algorithms.

By analysing the coefficients of the best performing model, we found that features indi-

cating the deprivation level of where a migrant’s social contacts spend time in Dar, as well



Lavelle-Hill et al. EPJ Data Science (2022) 11:28 Page 18 of 23

as the amount of calls made to the city ahead of moving, to be useful positive predictors
of an individual moving to a deprived area. Spending less mobile money prior to moving
also predicted vulnerable migration, as did a lower level of education. Importantly per-
haps, a poor educational index was the only regional human development factor which
was significantly predictive in the model. This finding quantitatively corroborates previ-
ous theoretical research on education and migration [72] and highlights that opportuni-
ties, emerging as a result of mass urbanisation in low-income nations, are not equal for all
migrants. In terms of policy, this result further emphasises the need to highlight educa-
tional requirements of many higher paid jobs that, while attracting migrants to cities, may
remain unavailable to many of them.

Other expected push factors such as the region’s poverty, gender inequality, human de-
velopment indices, female representation in parliament, healthcare, vaccinations, healthy
births, and population demographics did not prove to be useful indicators of a migrant’s
final situation. This may be a result of a high variance within regions, but also serves to
highlight the importance of education above other development indicators in promoting
opportunities and success for migrating individuals.

An individual making a high percentage of calls to (anywhere in) Dar es Salaam before
moving was found to be predictive of migrating to a vulnerable area. Furthermore, the
predictive model and ¢-tests showed that migrants to poorer areas were in contact with
a smaller variety/number of individuals (low entropy of numbers called) both before and
after moving. It is likely that those who migrate to the more economically deprived areas
have smaller social networks, and consequently could be influenced by a narrower set of
principles/ideologies (yet this hypothesis requires further analysis). Such individuals may
have less opportunities (both before and after moving to Dar es Salaam) due to being less
well connected, and potentially more socially isolated, despite the frequency and depen-
dence on those connections. Conversely, those with a wider social network, are more likely
to be subject to a greater variety of employment opportunities. Interestingly, the overall
number of calls made by a migrant before moving was not a predictive feature—rather it
is the variety of different people they call which predicts migration to a more affluent area
of Dar es Salaam. These empirical findings corroborate literature on the importance of
social networks in understanding successful migration [59].

Those who had contacts in deprived areas of Dar es Salaam were also more likely to end
up in deprived areas themselves. A potential interpretation is that migrants temporarily
reside with (i.e. on the same premises) or nearby prior social contacts whilst establishing
themselves in a new locale. As available input data only spans a single calendar year, we
can not determine whether these findings hold over a longer period of time. However, it is
not possible to rule out alternative theories; that mobile phone contact to deprived areas
of Dar es Salaam prior to migration is indicative of qualitatively noted ills, such as coer-
cive recruitment strategies into exploitative situations [2]. Further investigations would be
needed to understand whether these reflect genuine social contacts in Dar es Salaam, or
whether these findings cast further concern over exploitative urban migration in Tanza-
nia.

Spending less money per day before moving was predictive of migration to a poorer sub-
ward of Dar es Salaam. This could be because such individuals are simply migrating from
a region where mobile money infrastructure is less prevalent. However, given the preva-
lence of mobile money across Tanzania, and ubiquity of mobile phone usage at all levels of
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society, it is likely that differences in pre-migration financial strategies exist. The group of
individuals who migrate to the poorer areas of Dar es Salaam have greater likelihood of mi-
gration without employment/future income already established. Such individuals are also
more likely to use their mobile money account as a means to save money before moving
[19, 22]. Identifying different financial strategies for urban migration using mobile money
data combined with surveys would be a productive future avenue of research.

Three different source regions were found to be highly indicative of people moving to
poorer areas in Dar es Salaam (Pwani, Mara, and Manyara), whilst coming from one region
(Shinyanga) predicted migration to a more affluent neighbourhood. The Pwani region is
the area directly surrounding Dar es Salaam, whilst the sparse Manyara and Mara regions
lie north west towards Kenya and the shores of lake Victoria. According to figures in [29],
there is little correlation between these findings and the poverty and human development
indices for these regions—supporting the fact that our model didn't select other push fac-
tors as predictors. It is likely that more subtle historical, tribal and cultural drivers explain
these regional differences [73]. Such regional findings are useful for making local policy
decisions that impact uncontrolled and unplanned migration from across the country.

The above observations, elicited from individuals’ interactions with a mobile banking
application and a cell network provider, contributes a new interface into the nature of
migration in East Africa. While the quantitative insights produced are of most relevance
to urban planners, social support agencies, policy makers, and others studying migration
and vulnerability in Tanzania, we believe they also open the doors for a new conversa-
tion: Should mobile platform providers be doing more to support the communities who
use their technologies, especially given the risks involved in migration, and the increased

prevalence of migration being promoted by their use [16]?

5.1 Data challenges and limitations

Despite the digital data traces used in this analysis offering new ways to study urban mi-
gration, there exists several limitations within the data. Firstly, the call detail records and
mobile money data are from a single provider of several existing in Tanzania and Dar es
Salaam. Despite this limitation, we note that (i) in urban populations mobile phone pen-
etration has been reported to be close to 92% and (ii) the data provider had, at the time
of data collection, a 28% market share and of these over 70% of the customers reported
they only used one network [74]. To ensure the privacy of customers, no demographic in-
formation was obtained about the individuals or the sample as a whole. Without this de-
mographic information, we can not statistically analyse how representative the data is of
the general migrant population in Tanzania.!! Literature on mobile money demographics
in Tanzania suggest that although mobile money is slightly more prevalent among house-
holds where consumption is above $2 a day, mobile money is used by more than a third of
all households, and over a quarter of rural households [25]. Regretfully, migrants whose
destination was the district of Temeke in Dar es Salaam were removed from the sample
due to sparse network coverage, historically different network governance, and the less
urban nature of the district. As care must be taken in the interpretation of the results,

we recognize that the data cleansing and pre-processing steps could have unintentionally

I'The data providers user base is anecdotally reported as well distributed across the market.
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(and disproportionately) invisibilized already disadvantaged individuals (e.g. those with
reduced cell network infrastructure).

Furthermore, we can only speak for differences in economic activity measured using
mobile money. Some individuals, particularly those who have government jobs in Dar es
Salaam, will additionally own a bank account at a more formal financial institution. We
hypothesize that those who migrated to the most affluent areas are most likely to have a
bank account in addition to mobile money. This, as well as the short time frame analysed
after people migrated, may offer explanation as to why there weren’t stronger significant
differences in mobile money accounts between those who moved to poorer versus more
affluent areas. Finally, the data supplied to us consisted of a random sample of people from
the mobile network provider’s full customer base. The method in which call records were
extracted enforced that no information could be accessed on who people in the sample re-
ceived calls from (unless they were also in the sample). This meant that we were restricted
in our ability to study inter-network connectivity and the social networks that exist in such
cross-market data.

6 Conclusion

This study synthesized data on mobile phone calls, mobile money interactions, and sur-
vey responses to explore urban migration in Tanzania. We found that people who settled
in poorer, more deprived neighbourhoods of Dar es Salaam had less money coming into
their mobile money account after they moved, but not before. These migrants were also
found to have a smaller and narrower social network, measured using phone call entropy.
A machine learning model, built to predict which migrants will move to the poorer sub-
wards in Dar es Salaam, found that features indicating the strength and location of mi-
grants’ social connections in Dar es Salaam before they moved (‘pull factors’) to be most
predictive, more so than traditional ‘push factors’ of the source region, such as poverty,
with the exception of education. Poor education of the source region predicted migrants
would move to a more deprived area in Dar es Salaam. Although limitations of the data are
recognized, this study demonstrates the utility of using digital traces to study migration
and vulnerability in low-income countries, where regular surveying proves a challenge.
Moreover, prediction accuracy illustrates the potential for the data and methodology to
be harnessed in application to automatically identify points of intervention, or where re-
sources would be best targeted, to help prevent new urban migrants from entering into
vulnerable circumstances. This work has also highlighted the discussions to be had with
data owners on responsible and ethical interfacing into such data, in order to support re-
search and interventions focused on the elimination of migrant exploitation.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.1140/epjds/s13688-022-00340-y.

Additional file 1. The names, descriptions, and sources of all the features engineered and collated for this research
(.csv file) (ZIP 80 kB)

Acknowledgements

This work was supported by Wave 1 of The UKRI Strategic Priorities Fund under the EPSRC Grant EP/T001569/1 and EPSRC
Grant EP/W006022/1, particularly the “Data Science for Addressing Modern Slavery” project of the “Criminal Justice
System” theme within those grants & The Alan Turing Institute. This project was additionally supported by Prof. Kou
Murayama’s Humboldt Professorship (Alexander von Humboldt Foundation).


https://doi.org/10.1140/epjds/s13688-022-00340-y
https://doi.org/10.1140/epjds/s13688-022-00340-y

Lavelle-Hill et al. EPJ Data Science (2022) 11:28 Page 21 of 23

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials

The raw mobile money and call detail records data is commercial and cannot be shared. However, the authors have
made public the code and the modelling data (including the final list of filtered variables) used for this analysis, which can
be viewed and downloaded from GitHub: https://github.com/Rosa-Lavelle-Hill/vulnerable-migration.

Declarations

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

RL-H implemented and designed the analysis, and wrote the original draft. JH contributed to the direction of the project,
as well as reviewing and editing the manuscript. GS contributed to the design of the methodology, the data storage and
management, as well as reviewing and editing the manuscript. AJ contributed to the direction of the project and
provided funding. ME designed and organised the survey data collection. KM contributed to the literature review and the
contextualization of the data and results. JG helped design the project, implement the data collection, reviewed and
edited the manuscript, and provided data and funding. All authors read and approved the final manuscript.

Author details
University of Tubingen, Tibingen, Germany. The Alan Turing Institute, London, UK. 3The University of Nottingham,
Nottingham, UK. “University of Dar es Salaam, Dar es Salaam, Tanzania.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 21 December 2021 Accepted: 14 April 2022 Published online: 08 May 2022

References
1. Deaton A, Dupriez O (2011) Purchasing power parity exchange rates for the global poor. Am Econ J Appl Econ
3(2):137-166
2. Latham-Sprinkle J, David F, Bryant K, Larsen J (2019) Migrants and their vulnerability to human trafficking, modern
slavery and forced labour
3. United Nations (2018) Sustainable cities, human mobility and international migration. Economic & Social Council.
https://documents-dds-ny.un.org/doc/UNDOC/GEN/N18/024/09/PDF/N1802409.pdf
4. Blumenstock JE (2012) Inferring patterns of internal migration from mobile phone call records: evidence from
Rwanda. Inf Technol Dev 18(2):107-125
5. Elliott R (2019) Mobile phone penetration throughout sub-Saharan Africa. GeoPoll.
https://www.geopoll.com/blog/mobile-phone-penetration-africa/
6. Ajana B (2015) Augmented borders: big data and the ethics of immigration control. J Inf Commun Ethics Soc
13(1):58-78
7. Taylor L (2016) The ethics of big data as a public good: which public? Whose good? Philos Trans R Soc Lond A, Math
Phys Eng Sci 374(2083):20160126
8. LaiS, zu Erbach-Schoenberg E, Pezzulo C, Ruktanonchai NW, Sorichetta A, Steele J, Li T, Dooley CA, Tatem AJ (2019)
Exploring the use of mobile phone data for national migration statistics. Palgrave Commun 5(1):1-10
9. Engelmann G, Smith G, Goulding J (2018) The unbanked and poverty: predicting area-level socio-economic
vulnerability from m-money transactions. In: 2018 IEEE international conference on big data (big data). IEEE, New
York, pp 1357-1366
10. Lavelle-Hill R, Smith G, Mazumder A, Landman T, Goulding J (2021) Machine learning methods for “wicked”
problems: exploring the complex drivers of modern slavery. Humanit Soc Sci Commun 8(1):1-11
11. Batista C, Vicente P (2021) Is mobile money changing the rural landscape? Evidence from Mozambique.
https://voxdev.org/topic/finance/mobile-money-changing-rural-landscape-evidence-mozambique
12. Shapshak T (2021) Mobile money in Africa reaches nearly $500bn during pandemic. Forbes. https://www.forbes.com/
sites/tobyshapshak/2021/05/19/mobile-money-in-africa-reaches-nearly-500bn-during-pandemic/
?sh=21af2c533493
13. Demirguc-Kunt A, Klapper L, Singer D, Ansar S (2018) The Global Findex Database 2017: measuring financial inclusion
and the fintech revolution. World Bank Publications
14. GSMA (2021) State of the industry report on mobile money. https://www.gsma.com/mobilefordevelopment/
wp-content/uploads/2021/03/GSMA_State-of-the-Industry-Report-on-Mobile-Money-2021_Full-report.pdf
15. Lashitew AA, van Tulder R, Liasse Y (2019) Mobile phones for financial inclusion: what explains the diffusion of mobile
money innovations? Res Policy 48(5):1201-1215
16. Batista C, Vicente PC et al (2021) Is mobile money changing rural Africa?: evidence from a field experiment. Centre for
Research and Analysis of Migration
17. Wieser C, Bruhn M, Kinzinger JP, Ruckteschler CS, Heitmann S (2019) The impact of mobile money on poor rural
households: experimental evidence from Uganda. World Bank Policy Research Working Paper (8913)
18. Lee JN, Morduch J, Ravindran S, Shonchoy A, Zaman H (2021) Poverty and migration in the digital age: experimental
evidence on mobile banking in Bangladesh. Am Econ J Appl Econ 13(1):38-71


https://github.com/Rosa-Lavelle-Hill/vulnerable-migration
https://documents-dds-ny.un.org/doc/UNDOC/GEN/N18/024/09/PDF/N1802409.pdf
https://www.geopoll.com/blog/mobile-phone-penetration-africa/
https://voxdev.org/topic/finance/mobile-money-changing-rural-landscape-evidence-mozambique
https://www.forbes.com/sites/tobyshapshak/2021/05/19/mobile-money-in-africa-reaches-nearly-500bn-during-pandemic/?sh=21af2c533493
https://www.forbes.com/sites/tobyshapshak/2021/05/19/mobile-money-in-africa-reaches-nearly-500bn-during-pandemic/?sh=21af2c533493
https://www.forbes.com/sites/tobyshapshak/2021/05/19/mobile-money-in-africa-reaches-nearly-500bn-during-pandemic/?sh=21af2c533493
https://www.gsma.com/mobilefordevelopment/wp-content/uploads/2021/03/GSMA_State-of-the-Industry-Report-on-Mobile-Money-2021_Full-report.pdf
https://www.gsma.com/mobilefordevelopment/wp-content/uploads/2021/03/GSMA_State-of-the-Industry-Report-on-Mobile-Money-2021_Full-report.pdf

Lavelle-Hill et al. EPJ Data Science (2022) 11:28 Page 22 of 23

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

. Jack W, Suri T (2014) Risk sharing and transactions costs: evidence from Kenya's mobile money revolution. Am Econ

Rev 104(1):183-223

Atak |, Nakache D, Guild E, Crépeau F (2018) ‘migrants in vulnerable situations’ and the global compact for safe
orderly and regular migration. Queen Mary School of Law Legal Studies Research Paper 273

De Boer J (2015) Resilience and the fragile city. Stab Int J Secur Dev 4(1):Art. 17

Batista C, Vicente PC (2020) Improving access to savings through mobile money: experimental evidence from African
smallholder farmers. World Dev 129:104905

Gilman L (2016) The impact of mobile money interoperability in Tanzania: early data and market perspectives on
account-to-account interoperability. GSMA, London

GSMA (2016) 2015 state of the industry report on mobile money. http://www.gsma.com/mobilefordevelopment/
wp-content/uploads/2016/04/SOTIR_2015.pdf

Di Castri S, Gidvani L (2014) Enabling mobile money policies in Tanzania: a ‘test and learn approach to enabling
market-led digital financial services. Available at SSRN 2425340

Ministry of Lands and Human Development (2000) National human settlements development policy. United
Republic of Tanzania, Dar es Salaam. http://tnrf.org/files/E-URT_POLICIES_National_Human_Settlements_
Development_Policy_2000_0.pdf

Nyyssold M, Kelsall T, Ndezi T (2021) Dar es Salaam: city scoping study. African Cities Reserach Consortium.
https://reliefweb.int/sites/reliefweb.int/files/resources/Dar

Worrall L, Colenbrander S, Palmer I, Makene F, Mushi D, Mwijage J, Martine M, Godfrey N (2017) Better urban growth
in Tanzania: preliminary exploration of the opportunities and challenges. Coalition for Urban Transitions, London and
Washington, DC

Economic and Social Research Foundation (2014) Tanzania human development report: economic transformation
for human development. ISBN 978-9987-770-00-7

Katega IB (2007) Rural-urban migration and poverty in Tanzania: a case study of kondoa district. PhD thesis,
University of Dar es Salaam

Thomas J, Dearden A, Dray S, Light A, Best M, Arkin N, Maunder A, Kam M, Chetty M, Sambasivan N et al (2008) Hci for
community and international development. In: CHI'08 extended abstracts on human factors in computing systems,
pp 3909-3912

Tacoli C, McGranahan G, Satterthwaite D (2015) Urbanisation, rural-urban migration and urban poverty. JSTOR
Khan MMH, Kraemer A (2014) Are rural-urban migrants living in urban slums more vulnerable in terms of housing,
health knowledge, smoking, mental health and general health? Int J Soc Welf 23(4):373-383

Rushing R (2006) Migration and sexual exploitation in Vietnam. Asian Pac Migr J 15(4):471-494

Todaro MP (1969) A model of labor migration and urban unemployment in less developed countries. Am Econ Rev
59(1):138-148

Karlsson I (2008) Rural-urban migration in Babati District, Tanzania. Kulturgeografiska Institutionen

De Brauw A, Mueller V, Lee HL (2014) The role of rural-urban migration in the structural transformation of
sub-Saharan Africa. World Dev 63:33-42

Mazumdar D (1987) Rural-urban migration in developing countries. In: Handbook of regional and urban economics,
vol 2, pp 1097-1128

Lucas RE (1997) Internal migration in developing countries. In: Handbook of population and family economics, vol. 1,
pp 721-798

Douglass RW, Meyer DA, Ram M, Rideout D, Song D (2015) High resolution population estimates from
telecommunications data. EPJ Data Sci 4:4

Massey DS, Capoferro C (2004) Measuring undocumented migration. Int Migr Rev 38(3):1075-1102

Banerjee AV, Duflo E (2007) The economic lives of the poor. J Econ Perspect 21(1):141-168

McKenzie DJ, Sasin MJ (2007) Migration, remittances, poverty, and human capital: conceptual and empirical
challenges

Salgado D, Sanguiao L, Oancea B, Barragan S, Necula M (2021) An end-to-end statistical process with mobile network
data for official statistics. EPJ Data Sci 10(1):20

do Couto Teixeira D, Almeida JM, Viana AC (2021) On estimating the predictability of human mobility: the role of
routine. EPJ Data Sci 10(1):49

Lu X, Wetter E, Bharti N, Tatem AJ, Bengtsson L (2013) Approaching the limit of predictability in human mobility. Sci
Rep 3(1):1-9

Song C, Qu Z, Blumm N, Barabdsi A-L (2010) Limits of predictability in human mobility. Science 327(5968):1018-1021
Pappalardo L, Ferres L, Sacasa M, Cattuto C, Bravo L (2021) Evaluation of home detection algorithms on mobile
phone data using individual-level ground truth. EPJ Data Sci 10(1):29

Scherrer L, Tomko M, Ranacher P, Weibel R (2018) Travelers or locals? Identifying meaningful sub-populations from
human movement data in the absence of ground truth. EPJ Data Sci 7(1):19

Chong SK, Bahrami M, Chen H, Balcisoy S, Bozkaya B et al (2020) Economic outcomes predicted by diversity in cities.
EPJ Data Sci 9(1):17

Cuttone A, Lehmann S, Gonzélez MC (2018) Understanding predictability and exploration in human mobility. EPJ
Data Sci 7(1):2

Rhoads D, Serrano |, Borge-Holthoefer J, Solé-Ribalta A (2020) Measuring and mitigating behavioural segregation
using call detail records. EPJ Data Sci 9(1):5

Smith G, Wieser R, Goulding J, Barrack D (2014) A refined limit on the predictability of human mobility. In: 2014 IEEE
international conference on pervasive computing and communications (PerCom). IEEE, New York, pp 88-94
Alessandretti L, Lehmann S, Baronchelli A (2018) Understanding the interplay between social and spatial behaviour.
EPJ Data Sci 7(1):36

Eagle N, de Montjoye Y-A, Bettencourt LM (2009) Community computing: comparisons between rural and urban
societies using mobile phone data. In: 2009 international conference on computational science and engineering,
vol 4. IEEE, New York, pp 144-150

Frias-Martinez V, Virseda J, Frias-Martinez E (2010) Socio-economic levels and human mobility. In: Qual meets quant
workshop-QMQ


http://www.gsma.com/mobilefordevelopment/wp-content/uploads/2016/04/SOTIR_2015.pdf
http://www.gsma.com/mobilefordevelopment/wp-content/uploads/2016/04/SOTIR_2015.pdf
http://tnrf.org/files/E-URT_POLICIES_National_Human_Settlements_Development_Policy_2000_0.pdf
http://tnrf.org/files/E-URT_POLICIES_National_Human_Settlements_Development_Policy_2000_0.pdf
https://reliefweb.int/sites/reliefweb.int/files/resources/Dar

Lavelle-Hill et al. EPJ Data Science (2022) 11:28 Page 23 of 23

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Ignacio PSP, Darcy IK (2019) Tracing patterns and shapes in remittance and migration networks via persistent
homology. EPJ Data Sci 8(1):1

Zhang W, Shen Q, Teso S, Lepri B, Passerini A, Bison |, Giunchiglia F (2021) Putting human behavior predictability in
context. EPJ Data Sci 10(1):42

Munshi K (2003) Networks in the modern economy: Mexican migrants in the us labor market. Q J Econ
118(2):549-599

GSMA (2018) Tanzania rural coverage pilots: performance report. GSMA. https://www.gsma.com/
mobilefordevelopment/wp-content/uploads/2018/02/GSMA_Tanzania_Jan.pdf

Seymour RG, Sirl D, Preston S, Dryden IL, Ellis MJ, Perrat B, Goulding J (2020) The Bayesian spatial Bradley-Terry model:
urban deprivation modeling in Tanzania. arXiv preprint. arXiv:2010.14128

Aikaeli J, Garcés-Urzainqui D, Mdadila K (2021) Understanding poverty dynamics and vulnerability in Tanzania:
2012-2018. Rev Dev Econ 25(4):1869-1894

World Bank (2019) Tanzania mainland poverty assessment. World Bank

Patel A, Joseph G, Killemsetty N, Eng S (2020) Effects of residential mobility and migration on standards of living in
Dar es Salaam, Tanzania: a life-course approach. PLoS ONE 15(9):0239735

Collier P, Jones P (2016) Transforming Dar es Salaam into a city that work. Tanzania: the path to prosperity 86
Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, Blondel M, Prettenhofer P, Weiss R, Dubourg V,
Vanderplas J, Passos A, Cournapeau D, Brucher M, Perrot M, Duchesnay E (2011) Scikit-learn: machine learning in
Python. J Mach Learn Res 12:2825-2830

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical and powerful approach to multiple
testing. J R Stat Soc, Ser B, Methodol 57(1):289-300

Dietterich TG (1998) Approximate statistical tests for comparing supervised classification learning algorithms. Neural
Comput 10(7):1895-1923. https://direct.mit.edu/neco/article-pdf/10/7/1895/814002/

089976698300017197.pdf. https://doi.org/10.1162/089976698300017197

Nadeau C, Bengio Y (2003) Inference for the generalization error. Mach Learn 52(3):239-281

Kraha A, Turner H, Nimon K, Zientek L, Henson R (2012) Tools to support interpreting multiple regression in the face
of multicollinearity. Front Psychol 3:44. https://doi.org/10.3389/fpsyg.2012.00044

Hoff M (2020) These are the 15 fastest-growing cities in the world. World Economic Forum.
https.//www.weforum.org/agenda/2020/02/15-fastest-growing-cities-world-africa- populations-shift/

Lall SV, Selod H (2006) Rural-urban migration in developing countries: a survey of theoretical predictions and
empirical findings. World Bank Publications 3915

Andrikopoulos A, Duyvendak JW (2020) Migration, mobility and the dynamics of kinship: new barriers, new
assemblages. Ethnography 21(3):299-318

Mirzoyants A (2013) Mobile money in Tanzania: use, barriers, and opportunities. The financial inclusion tracker survey
project. Technical report, InterMedia

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://www.gsma.com/mobilefordevelopment/wp-content/uploads/2018/02/GSMA_Tanzania_Jan.pdf
https://www.gsma.com/mobilefordevelopment/wp-content/uploads/2018/02/GSMA_Tanzania_Jan.pdf
http://arxiv.org/abs/arXiv:2010.14128
https://direct.mit.edu/neco/article-pdf/10/7/1895/814002/089976698300017197.pdf
https://direct.mit.edu/neco/article-pdf/10/7/1895/814002/089976698300017197.pdf
https://doi.org/10.1162/089976698300017197
https://doi.org/10.3389/fpsyg.2012.00044
https://www.weforum.org/agenda/2020/02/15-fastest-growing-cities-world-africa-populations-shift/

	Using mobile money data and call detail records to explore the risks of urban migration in Tanzania
	Abstract
	Keywords

	Introduction
	Related work
	Mobile money and migration
	Urban migration in Tanzania
	Digital trace data from mobile phones

	Methods
	The data
	Call records and mobile money transactions
	Street survey

	Identifying migration to Dar es Salaam
	Engineering the dependent variable
	Engineering the independent variables
	Modelling

	Results
	Descriptives
	Statistical tests
	Prediction performance
	Model interpretation

	Discussion
	Data challenges and limitations

	Conclusion
	Supplementary information
	Acknowledgements
	Funding
	Availability of data and materials
	Declarations
	Competing interests
	Authors' contributions
	Author details
	Publisher's Note
	References


