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Reducing measles risk in Turkey through social integration
of Syrian refugees

Paolo Bosetti*, Piero Poletti*, Massimo Stella, Bruno Lepri, Stefano Merler**, and Manlio De
Domenico™

Fondazione Bruno Kessler, Via Sommarive 18, 38123 Povo (TN), Italy

Abstract. Turkey hosts almost 3.5M refugees and has to face a humanitarian emergency of
unprecedented levels. We use the available Call Detail Records to map the mobility patterns
of both Turkish and Syrian refugees, and use these maps to build data-driven computational
models for quantifying the risk of epidemics spreading for measles — a disease having a satis-
factory immunization coverage in Turkey but not in Syria, due to the recent conflict [de Lima
Pereira (2018)] — while accounting for hypothetical policies to integrate the Refugees with
the Turkish population. Our results provide quantitative evidence that policies to enhance
social integration between refugees and the hosting population might reduce the reproduc-
tion number of measles by almost 50%. Moreover, our results suggest that social segregation
does not hamper but rather boosts potential outbreaks of measles to a greater extent in
Syrian refugees but also in Turkish citizens, although to a lesser extent. This is due to the
fact that the high immunization coverage of Turkish citizens can shield Syrian refugees from
getting exposed to the infection and this in turn reduces potential sources of infection, in a
virtuous cycle reminiscent of herd immunity.

Keywords: Measles - Health - Human mobility - Social Integration

Introduction

Turkey is facing a humanitarian emergency of unprecedented levels. In the last eight years, more
than 3.5M Syrians, displaced by the war, have sought refuge in Turkey. This number, through
births and new arrivals, is also increasing by approximately 1,000 people per day.

The arrival of a huge amount of people with different economic, health, and living conditions,
and from a country where the healthcare system has been almost completely disrupted, may raise
serious concerns about the risks of Turkish health systems being overburdened.

For example, Turkish infectious disease specialists are concerned that Syrian refugees’ crisis
may impose serious risks to their country for infectious diseases previously eliminated or in the
process of being eliminated. According to the latest reports from WHO and UNICEF, immunization
coverage in Syria dropped from more than 80% before the war to a worrying 41% in 2015 for the
most basic vaccines, resulting in millions of unvaccinated children. Direct consequences of this
alarming situation are a high risk of epidemics outbreaks (e.g., evidence for polio [1] and measles
[2] has been reported) and an increase of mortality due to diseases which could be prevented with
vaccines.

Thus, countries, such as Turkey, Lebanon, and Jordan, hosting a great concentration of Syrians
perceive the lack of an appropriate immunization coverage as a potential risk of epidemics outbreaks
for the local population. This perceived risk ignites a cascade of social dynamics which reinforce: i)
segregation of refugees; ii) increase of unemployment and poverty; iii) difficult relationships between
healthcare workers and Syrians. It is noteworthy that racial segregation is associated with an
increasing of poverty, educational inequalities and increasing of violent crimes. In contrast, boosting
social integration leads to societal stability and therefore enhances productivity and individual
wealth. In our project, we quantify the risk of observing widespread measles epidemics in Turkey,
showing potential public health benefits coming from social integration between Syrian refugees
and Turkish citizens.

In particular, measles represents an illustrative case of a highly contagious infectious disease
which can be prevented with a safe and effective vaccine. Despite substantial progress towards

* Contributed equally to this work
** Joint senior authors of this work
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measles elimination at the global level has been documented, re-emergence of large measles epi-
demics was observed in the last decade both in low-income and in high-income countries [3]. Measles
epidemiology varies widely across different geographical regions, as a consequence of heterogeneous
immunity gaps, generated by sub-optimal immunization activities, in different socio-demographic
settings [3,4,5,6].

In our project, we propose that the potential spreading of measles in Turkey depends on patterns
of human mobility and social mixing among Syrian refugees and Turkish citizens. The crucial role
played by both human mobility [7,8,9,10,11,12,13] and mixing patterns [14,15,16,17,18,19,20,21]
in shaping the transmission dynamics of infectious disease has been widely documented in the
literature and represents a key component of realistic modeling aimed at informing public health
policies.

Mobile phone data have been successfully used in the last years as a valuable proxy for human
mobility [22,23]. It has been recently shown that such data can be either used to infer socio-
demographic information, if missing, or coupled to existing databases to build models of human
mobility, mostly based on metapopulation approaches [24,25,26]. Such human mobility models
have been used to map the mobility flows between geographical areas at different scales and to
improve discrete stochastic modeling of spatial spreading of infectious diseases [24,27,28,29,30]. We
capitalize on these works to build, from mobile phone data, a multilayer network [31,32,33] map
of human mobility of Turkish citizens and Syrian refugees in Turkey, and we use this knowledge
to develop adequate computational models for the potential spreading of measles.

In sum, the contribution of our work is twofold. On the one hand, we quantify the epidemics risk
associated with measles in Turkey. On the other hand, we identify an integration policy relating
the epidemics risk to policies devised to enhance social integration between Syrian and Turkish
populations.

Methods

We developed a simple model of measles spread in realistic epidemiological scenarios. Our model
accounts for the current level of immunity to measles in Syrian refugees and Turkish citizens, as
inferred from external data sets [34,35] (see Appendix) and, at the same time, for the empirical
mobility patterns within Turkey for both populations, as inferred from available mobile phone
data in the country [36]. We complement the model by including the effects of social integration
of Syrian communities within the Turkish population. Since the current amount of integration is
difficult to estimate with available data, we introduce a tunable parameter to account for a variety
of scenarios ranging from full segregation to full integration.

The fundamental quantity regulating disease dynamics is the basic reproduction number (Ry),
which represents the average number of secondary infections in a fully susceptible population
generated by a typical index case during the entire period of infectiousness. Larger Ry, higher the
disease transmissibility. If Ry > 1 the infection will be able to spread in a population. Otherwise, the
infection will die out. For endemic diseases like measles, Ry provides insights into the proportion p of
immune population (obtained either through vaccination or natural infection) required to prevent
large outbreaks; the equation p =1 — 1/Ry is widely accepted (eg. [37]). For instance, if Ry = 20
at least 95% of the population has to be immune to eliminate the disease. As for measles, typical
values of Ry ranges from 12 to 18 [3,4,37,38,39]. When considering diseases with pre-existing levels
of immunity (e.g. childhood diseases like measles), Ry is a theoretical value representing what could
happen in terms of disease transmissibility by removing immunity. In these cases, an appropriate
measure of diseases transmissibily is provided by the effective reproduction number (R.), which
represents the average number of secondary infections in a partly immunized population generated
by a typical index case during the entire period of infectiousness.

Results are obtained by simulating the spread of measles by assuming different values of Ry
(and thus R.) and different levels of social integration. Detailed Methods are described in the
Appendix.

Results

Two different immunity levels against measles infection are estimated for the Turkish and the
Syrian populations. As measles epidemics have not been recently reported in Turkey, we assume



Reducing measles risk in Turkey through social integration of Syrian refugees 3

0.13 4 Percentage of susceptibles
among Syrian refugees
e 12.18%
0.124 9.87%
e 8.07%
0.11 1
0.10+
o
g 0.09
Q
o g
0.08 1
0.07
0.06 -
0.05-

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%~96%
Hom. Mix.
Percentage of Syrian contacts

with Turkish citizens

Fig. 1. Effective reproduction number for measles spreading according to our model, rescaled by Ry, as a
function of the mixing parameter accounting for social integration between Turkish and Refugees. Coloured
lines are associated with the different levels of susceptibility among Syrian refugees within the estimated
95% CI (see Appendix).

the measles immunity level among Turkish citizen reflects the fraction of immunized individuals
among birth cohorts between 2006-2016 through 1%¢ and 2" dose routine vaccination programs
(see Appendix). Accordingly, our estimates suggest that only 3.8% of Turkish people might be
currently susceptible to measles infection.

Estimates of the immunity level among refugees was instead obtained by inferring the age-
specific fraction susceptible individuals in Syria during a recent measles epidemic from the growth
rate and age-distribution of cases reported in 2017, and accounting for the age distribution of
Syrian refugees in Turkey (see Appendix). We found that the effective reproductive number (R.)
of the recent Syrian measles epidemic was 1.32 (95%CI 1.26-1.38). Consequently, we estimated
that the percentage of susceptible individuals in Syria at the beginning of 2017 was 8.92% (95%CI
7.29-10.96). The resulting percentage of susceptible individuals among Syrian refugees in Turkey
was estimated to be 9.87% (95%CI 8.07-12.18).

Obtained results suggest that nowadays, in Turkey, 280,000-430,000 out of 3.5M Syrian refugees
and about 3M out of 80M Turkish people are measles susceptible.

In Fig. 1 we show the ratio R./Ry as obtained by varying the fraction of Syrian refugees
susceptible to measles from 8.07% to 12.18% and by varying the level of social integration from
0% (full segregation of refugees) to 100% (full integration of refugees). We found that pre-existing
levels of immunity of the two populations reduce R, to values lower than 10% of Ry. For example, if
Ry is lower than 10, the probability of observing an epidemic outbreak would be close to 0 because
R, would result lower than 1 as a consequence of pre-existing immunity levels. However, if Ry is in
a more plausible range of values (e.g. 12-18), pre-existing levels of immunity, which are particularly
low among Syrian refugees, might not be sufficient to prevent the spread of the disease. Moreover,
we found that R, is maximum when the two populations live socially segregated from each other,
whereas it quickly decreases by almost 50% when the two populations are socially well integrated.
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Fig. 2. Percentage of epidemics causing at least 20 cases among Syrian refugees (red bars) or Turkish
citizens (azure bars). Three different values of Ry and immunity levels against measles infection in the
Syrian refugees population were considered. For each scenario different proportions of Syrian contacts
occurring with Turkish citizens were evaluated. These vary between the total segregation of the Syrian
refugees (0%) to the homogeneous mixing between the two population (~ 96%).
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Fig. 3. Cumulative infections by considering epidemics that exceed 20 cases in the entire population. Red
and azure bars represent the average number of infections occurring among the Syrian refugees and the
Turkish citizens for the model projections, vertical black lines represent 95%CI. Three different values
of Ry and immunity levels against measles infection in the Syrian refugees population were considered.
For each scenario different proportions of Syrian contacts occurring with Turkish citizens were evaluated.
These vary between the total segregation of the Syrian refugees (0%) to the homogeneous mixing between
the two population (~ 96%).

The immunity level characterizing the Turkish population in 2017 is expected to prevent the
spread of future measles epidemic in geographical locations predominantly populated by Turkish
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Fig. 4. Estimated number of prefectures affected by the epidemic. Red and azure bars represent the average
number of prefectures exceeding 20 cases among the Syrian refugees and the Turkish citizens respectively,
vertical black lines represent 95%CI. Three different values of Ry and immunity levels against measles
infection in the Syrian refugees population were considered. For each scenario different proportions of
Syrian contacts occurring with Turkish citizens were evaluated. These vary between the total segregation
of the Syrian refugees (0%) to the homogeneous mixing between the two population (~ 96%).

citizens. However, if a measles index case would occur in a population with a sufficiently large
proportion of Syrian people, transmission events will be sustained by the lack of adequate immunity
levels among refugees. Our modelling analysis show that for any scenario considered the risk of
observing large epidemics increases with the basic reproduction number and the proportion of
susceptible among the refugees (see Fig. 2,3).

In case of full segregation of refugees (although practically infeasible and therefore unlikely),
potential measles epidemics would result in dramatic health consequences among refugees, causing
a huge amount of measles cases widespread in the country (Fig. 2,3,4). Specifically, when Ry = 15 is
considered and 9.8% of refugees are assumed to be measles susceptible, the probability of observing
an epidemic with more than 20 cases is 100% (see Fig. 2) and the final size of potential epidemics
is expected to exceed 10,000 cases (mean estimate 10,662 95%CI 3,172-18,414, see Fig. 3). Our
results show that the risk of observing sustained transmission in the country is large for any value
of Ry larger than 15 but also for lower values of Ry (e.g. Ry = 12) and the proportion of refugees
susceptible is 9.8% or more (see Fig. 2).

In the case of full segregation, infections would occur only among refugees. However, when
assuming high level of segregation (i.e. only a small fraction, yet equal or greater than 10%, of
refugees’ contacts occur with Turkish citizens), the risk of experiencing large measles outbreak is
high (Fig. 2) and measles epidemics could produce non-negligible spillover of cases among Turkish
citizens as well (Fig. 3). In particular, in a worst case scenario where Ry = 18, 12.2% of refugees are
susceptible and more than 70% of Syrian contacts occur with Syrian people, thousands of measles
cases are expected all over the country among the Turkish people as well (see Fig. 3,5).

Obtained results suggest that both the risk of observing measles sustained measles transmission
and the final size of potential epidemics are significantly smaller in the presence of high levels of
integration of refugees (Fig. 2,3). Specifically, when Ry = 15 is considered, 9.8% of refugees are
assumed to be measles susceptible and refugees well mix with the Turkish (e.g. more than 70%
of Syrian contacts occur with Turkish people), the propbability of observing epidemic outbreak
dramatically decreases to values lower than 10% (Fig. 2). Moreover, in case of outbreak, the
expected overall number of cases is no larger than few hundred (Fig. 3), as potentially infectious



6 P. Bosetti et al.

Attack rate (RO: 18 , SO refugees: 12.18%) Attack rate (RO: 18 , SO refugees: 12.18%)
0% of refugees contacts with turkish citizens 20% of refugees contacts with turkish citizens

e

Istanbul

@

°é J

Attack rate (R0: 18 , SO refugees: 12.18%) Attack rate (RO: 18 , SO refugees: 12.18%)

40% of refugees contacts with turkish citizens 60% of refugees contacts with turkish citizens
SEA

€
100

o Syan
oo ® s 500
- ’{. [ R 1000

Atack rate (RO: 18, SO refugees: 12.18%) Attack Rate (RO: 18 , SO refugees: 12.18)
80% of refugees contacts with turkish citizens ~96% of refugees contacts with turkish citizens (i.e. homogeneous mixing)

P i TR,

R < 57
—_ Istanbul >

5 g e

Istanbul

Ty

Fig. 5. Estimated measles incidence one year after the first infection, considering the worst case scenario
in terms of Ry and immunity levels against measles infection among Syrian refugees. Red and azure
bubbles indicate measles cases among Syrian refugees and the Turkish population respectively. Bubbles
size are proportional to the average number of measles cases estimated in Turkish prefectures (per 10,000
individuals). Different proportions of Syrian contacts occurring with Turkish citizens were evaluated. Inset
displays the Istanbul prefectures.

contacts would more probably occur with Turkish immune individuals, who represent about 90%
of individuals currently leaving in Turkey.

Remarkably, larger segregation levels also promote the spatial invasion of the epidemic across
the whole country (Fig. 4). In the worst case scenario of Ry = 18, 12.18% of Syrian refugees
susceptible, and more than 90% of Syrian contacts occur within the Syrian population, the measles
epidemic is expected to affect more than 300 prefectures of Turkey (Fig. 4,6). On the opposite,
if more than 70% of contacts of refugees would occur with Turkish people, as a consequence of
good integration of refugees with Turkish citizens, for the majority of epidemiological scenarios
considered, measles epidemics are expected to remain geographically bounded in less than 10 out
of 1021 prefectures of the country (Fig. 4,6).

Figure 7 reports the cumulative incidence of infections over time, in terms of both absolute
numbers (left panel) and counts normalized by the average expected population in a prefecture
(right panel) in case when no social integration is present. Both the curves of cumulative incidence
indicate the presence of some prefectures where more cases of infections are registered at earlier
stages. Further, Fig. 7 highlights a cluster of 96 prefectures where the infection spreads earlier and
it can reach even up to 10* cases in one year. These prefectures, which are strongly affected by
the epidemics of measles in our simulations, are mainly urban areas (79 prefectures out of 96) and
include metropolitan areas like Istanbul (25 prefectures) and Ankara (5 prefectures). In turn, these
results indicate that the absence of social integration in urban, metropolitan areas can boost the
incidence of infections.



Reducing measles risk in Turkey through social integration of Syrian refugees 7

Prefectures affected by the epidemic (RO: 18, SO refugees: 12.18%) Prefectures affected by the epidemic (RO: 18 , SO refugees: 12.18%)
0% of refugees contacts with turkish citizens 20% of refugees contacts with turkish citizens

Tukish
® ciizens

Prefectures affected by the epidemic (RO: 18 , SO refugees: 12.18%) Prefectures affected by the epidemic (RO: 18 , SO refugees: 12.18%)
40% of refugees contacts with turkish citizens 60% of refugees contacts with turkish citizens

Prefectures affected by the epidemic (RO: 18 , SO refugees: 12.18%) Prefectures affected by the epidemic (RO: 18 , SO refugees: 12.18)
80% of refugees contacts with turkish citizens ~96% of refugees contacts with turkish citizens (i.e. homogeneous mixing)

Fig. 6. Spatial invasion. Percentage of epidemic exceeding 20 cases per prefecture one year after the first
infection. Red and azure bubbles refer to Syrian refugees and the Turkish population respectively. Different
proportions of Syrian contacts occurring with Turkish citizens were evaluated. Inset displays the Istanbul
prefectures
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Ro = 15 and 12.18% of susceptible individuals among Syrian refugees. Right: Relative counts of cumulative
incidence over time, normalized by the average population in a prefecture. Prefectures are ranked in
decreasing order of cumulative incidence at week 20.

Discussion

The widely accepted critical immunity threshold for measles elimination is 95% of immune indi-
viduals. According to our estimates, while Turkish citizens are mostly protected by high vaccine
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uptake levels, Syrian refugees display a considerably larger fraction of individuals that is suscepti-
bile to the measles as a consequence of the sub-optimal vaccination during the ongoing war. More
specifically, while the level of protection of the Turkish population against the disease is nearly op-
timal (more than 96% of immune individuals), that of Syrian refugees is far from being acceptable
(only about 90% of immune individuals, though highly uncertain).

The strong difference in the immunity levels among the two populations may have deep reper-
cussions on the way society perceives the movement of Syrians within Turkey. As common in
Western countries hosting considerable amounts of migrants [40], Turkish citizens might perceive
the lower immunization coverage of Syrian refugees as a potential threat to national welfare and
health. This perception might be even worsened by the staggering numbers of Syrian refugees
registered in Turkey, 3.5M in 2018. This well documented negative perception, in turn, motivates
potential segregation mechanisms, aimed at reducing as much as possible interactions and contacts
between Syrian refugees and Turkish citizens.

The carried out analysis provides compelling evidence that social segregation does not hamper
but rather boosts potential outbreaks of measles to a greater extent in Syrian refugees but also
in Turkish citizens, although to a lesser extent. The main result of the current study is the
quantitative evidence that social mixing among Syrian refugees and Turkish citizens can be highly
beneficial in drastically reducing the incidence and the strength of infection of measles. This is
due to the fact that the high immunization coverage of Turkish citizens can shield Syrian refugees
from getting exposed to the infection and this reduces potential sources of infection, in a virtuous
cycle reminiscent of herd immunity and well documented in many real-world social systems [41].
Our quantitative model combines CDRs data with available epidemiological evidences to estimate
the spatial distribution, the immunity profile and the mobility patterns characterizing the two
considered populations, allowing the investigation of spatio-temporal patterns of a potential measles
epidemic in Turkey.

If social integration is beneficial in terms of reducing the incidence of measles, with possible
cost-saving consequences on the economy of the whole country, then the main question, from a
policy-making perspective, becomes how to enable and boost social integration itself.

Provided that a full homogeneous mixing of refugees and citizens could prove to be impracti-
cable or rather difficult to achieve, there are several policies that could reduce social segregation.
For instance, designing specific housing policies for redistributing refugees across different neigh-
bourhoods of a given metropolitan area could avoid the creation of ghettos, while also increasing
the chances of social interactions between refugees and citizens in schools, shops, third places, etc.
Although the proposed analysis clearly shows that increasing social mixing between Syrian refugees
and Turkish citizens is expected to produce positive public health outcomes, social integration is
also expected to provide major societal benefits such as the reduction of violent crimes, economic
and educational inequalities.

From a geographic perspective, our analysis confirmed that there are metropolitan areas that
are pivotal in diffusing the incidence of the disease over time. These areas are mainly prefectures of
Istanbul and Ankara and, unsurprisingly, include also many areas adjacent to the national borders
of Turkey with Syria. It is in these areas that the efforts for reducing social segregation should be
strategically focused. This poses a great challenge for the future, provided that recent reviews of
urban regeneration projects highlighted an important process of social segregation of minorities
and non-Turkish ethnicities particularly strong in large cities such as Istanbul [42]. Additionaly,
in areas characterized by a large amount of refugees with respect to the Turkish population, as
it is the case of many prefectures close to the Syrian border, targeted immunization strategies
might critically reduce the chances of measles transmission and prevent the onset of widespread
epidemics.

The performed analysis has several limitations that should be considered in interpreting the re-
sults. Estimates of immunity levels in Syrian refugees and, to a lower extent, in the Turkish citizens
should be considered cautiously as no recent serological surveys are available for the two popula-
tions. Immunity levels are inferred from the analysis of vaccine coverage for Turkish citizens and
from the analysis of the 2016-2018 measles outbreak in Syria. This last analysis in particular might
be affected by under-reporting of cases and does not consider potential spatial heterogeneities that
could drastically affect estimates of the overall level of protection against the disease. Also, we
assume the same levels of immunity in all municipalities, thus neglecting spatial heterogeneities,
for instance induced by differences in vaccine uptake among Turkish citizens. Moreover, no data
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on mixing patterns (e.g. by age) are available for either Syrian refugees and Turkish citizens. Con-
sequently, the model neglects potential differences in measles transmissibility by age of individuals
and, similarly, potential differences in measles transmissibility for Syrian refugees and Turkish
citizens (e.g. induced by different numbers of overall contacts). Finally, CDRs data used in the
proposed analysis are associated with only a fraction of the population. Although these data may
not perfectly reflect real movements occurring across all the prefectures in the country, they pro-
vide valuable evidence to infer a fair approximation of human mobility in the country driving the
spatio-temporal spread of an epidemic.

All this considered, the analysis carried out represents a first attempt to quantify the risk of
measles outbreak in Turkey and provides striking evidence that, besides policies aimed at increasing
vaccination coverage among Syrian refugees, social integration of Refugees within the Turkish
population might be an effective countermeasure.

Appendix

Mobility model

To model the mobility of Turkish and Syrian refugees, we assume two populations of individuals,
namely population 1 of size N! and population 2 of size N2, living in a territory consisting of K
geographically separated patches (i.e., Turkish prefectures) accounting for N} and N7 individuals,

k=1,. KWlthENl—NlandZ:N2—N2

The absolute number of 1nd1v1duals moving between patches is inferred from available Call
Detail Records as in Refs. [30,43] and rescaled to adequately represent the volumes corresponding
to 80M Turkish individuals and 3.5M Syrian refugees.

Let ¢}, be the daily number of individuals of population 1 travelling from path i to patch k,

K
with c%k = N} if we consider that c}; represents non-travelling individuals. Similarly, let cfk be
k=1

the daily number of individuals of population 2 travelling from path ¢ to path k, with Z ¢ = N2

We show in Fig. 8 the mobility patterns encoded by the two matrices. The number of 1nd1v1duals

in any patch i is therefore:
K K
1 2
= chi +chi' (1)
k=1 k=1

Epidemic transmission model

To account for the effects of social integration and mobility dynamics, simultaneously, we assume
that individuals of population 1 mix homogeneously among themselves and with a fraction a (with
0 < a < 1) of individuals of population 2, the contact rate of individuals of population 1 in patch
i will be proportional to

K K
C):chlci‘*‘azcii- (2)
k=1 k=1

Similarly, the contact rate of individuals of population 2 in patch i will be proportional to:

K K
Pf(a,c) :azcii+zcii' (3)
k=1 k=1

a = 0 represents the situation of two completely separated populations; o = 1 corresponds to
homogeneous mixing among individuals of the two populations.

Let us assume that the contact rate of each individual is equal to a certain value o for all
individuals. Basically, here we assume that the contact rate does not depend on population type,
mobility, mixing, and geography. The following equations must be satisfied in any patch i:
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Turkish Refugees

logio(m) “ log1o(m)
0 2 4 6 2

Fig. 8. Mobility patterns of Turkish (left) and Refugee (right) populations, encoded by origin-destination
matrices inferred from CDR. Rows are ordered according to the mesoscale structure — estimated by means
of Infomap [44,45] — of the underlying mobility network. Both flow direction and volume are taken into
account for this estimation. Color encodes the estimated volume of the human flow.

o= J*I‘Pil (05’ C); 0= U*Q‘Pz‘Q(av 0)7 (4)
for individuals of population 1 and 2, respectively, which are satisfied by setting:
ot (o, ¢) = 0/ P} a,0); o:%(a,c) = a/P*(a,c). (5)

The rate of contacts of individuals of population 1 with infected individuals is therefore:

1 1 - I . > Ii
Qi(a,(;):g—;‘ (a,c) chiﬁ—i_azckim ) (6)
k=1 k k=1 k
1
where J{,’“ and represent the fraction of infected individuals of the two populations in patch k.
k

Note that the term between square brackets represents the number of infected individuals among
P! (a, c). Similarly, the rate of contacts of individuals of population 2 with infected individuals is:

Q% (o, ¢) = 0 (¢ [aZc,ﬂ Z Chi 7y ] ) (7)

Let p be the probability of infection transmission given a contact and let 8 = po be the transmission

rate. Susceptible individuals of population 1 in any patch i are exposed to the following force of

infection:

K K

> man 0 X e ®
Pl(a,c) N} — Pl(a,c) N?

k=1""

)‘il(avc) =0

Similarly, the force of infection for individuals of population 2 is given by:

ol
2 Z _ i Z Ci
Ailaye) = [a P2(a,¢) N} P2acN2]' ©)
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The system of ordinary differential equations regulating the epidemic transmission dynamics is
therefore the following:

St = -\{a,c)S}

52 = —X\2(a,¢)S?

Izl = >\7J1(057 C)Szl - fylzl (10)
12 = X )87 — 12

Ry =1}

R} =4I}

1

fori =1,..., K, where v~ = 15 days is the exponentially distributed generation time.

Initial conditions. We assume different levels of protection against the disease f! and f2 (0 <
f7 < 1) for individuals of the two populations. We also assume that, at time ¢ = 0, the epidemic
is seeded by one single index case randomly chosen in a given patch. If the index case is an
individual belonging to population 1 and living in patch ¢*, the initial conditions in patch ¢* are
SL(0) = (1— f1)(NL — 1); S2.(0) = (1 — f2)NZ; IL(0) = 1; 12.(0) = 0; RL(0) = f1(N} — 1); and
R2.(0) = f?N2 . In patches i # i*, the initial conditions are S} (0) = (1—f1)N}; S2(0) = (1—f?)NZ;
I}(0) = 0; I7(0) = 0; R} (0) = f'N}; and R7(0) = f*N?.

R node of a metapopulation network of

Sonections geographic patches. Two populations,

O
we 1: Turkish Citizens . .
2: Syrian Refugees namely Turkish and Syrians, are en-
coded by different colors and move be-

tween patches following the inferred
inter-patch mobility pathways. Turk-
ish and Syrian populations encode two

Fig. 9. Schematic illustration of the
model considered in this work. Each
prefecture of Turkey is considered as a

Turkish Citizens

-y

—_— Intra-Patch . .
Sodal { o % Epidemio different layers of a multilayer sys-
Integration \ / Interactions .
Q tem [31,32,33] where social dynam-
& ics and epidemics spreading happen
Syrian Refugees .
simultaneously.

A schematic illustration, summarizing the coupled dynamics of human mobility, social integra-
tion and epidemic spreading, is represented in Fig. 9.

Reproduction numbers. Reproduction numbers associated to the epidemic transmission model
are computed in a standard way by applying next generation matrix techniques [46,47,48]. If we
define X = (I},...., I}, I, ..., 1%) and Y = (S}, ..., S%, S, ..., S%), it is straightforward to observe
that equations for X can be written in the form

2K

. X
X; =Yi;pammﬁz —vX; (11)
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for appropriate choices of coefficients m;;, namely:

1

Chi ,
= =k (=1, Kik=1,..,K), 12
"= Pla,g) ) "
2
O{Ck~ .
r=—2— (i=1,...K;k=K+1,...,2K 13
Mk Pil(a,c) (Z g ey 2y +1,.., )7 ( )
M, = G (i=K+1,..,2K;k=1,..,K), (14)
Piz(aac)
2
Ck» .
E=—2— (i=K+1,...,.2K;k=K +1,...,2K). 15
mik Pf(a,c) (Z + PR ’ + PREES) ) ( )

Note that the terms om;, represent numbers of contacts that individuals in patch ¢ have with
individuals of patch k& and thus, put in this form, the model resembles a classical age structured
SIR model. Let M be the matrix with entries m;. It follows that:

Ry = pp(oeM)y ™}, (16)

where p(cM) indicates the maximal eigenvalue of cM. Since M is a probability matrix (also termed
transition matrix, i.e. all rows sum up to 1), and thus p(M) = 1, it follows that Ry = 3y~ 1, as for
simple homogeneous mixing SIR models.

The effective reproduction number can be computed in a similar way, but accounting for the
susceptibility of infectors, that is by defining M as the matrix with entries:

Estimating measles immunity levels among Turkish citizens and Syrian refugees. Two
different immunity levels against measles infection are assumed in the Turkish and the Syrian
populations, hereafter denoted by f' and f2 respectively. As measles epidemics have not been
recently reported in Turkey, we assume that f' reflects the fraction of immunized individuals
among recent birth cohorts through 1% and 2" dose routine vaccination programs. In particular,
by assuming a vaccine efficacy e = 95% [49] and considering the average coverage levels for the 1%
and 2"¢ doses reported by the WHO for the period 2006-2016, ¢; = 97% and ¢, = 88% respectively
[34], we estimate 1 — f! as:

L= fl=1-c+ee(l —c) + el —e)? 1)

where 1 —¢; denotes the fraction of individuals who have never been vaccinated, ¢ye(1 — ¢y) repre-
sents the fraction of individuals who have been vaccinated only with 1% dose but have experienced
vaccine failure (occurring in a fraction 1-e of vaccinee), and cica(1 — €)? defines the fraction of
individuals who experienced vaccine failure after 2 dose administrations.

Estimates of f2 were obtained by inferring the fraction of susceptible individuals among different
age classes in the Syrian population, on the basis of data on the measles epidemic reported in
Syria during 2017 (> 700 cases) [35], and accounting for the age distribution of Syrian refugees in
Turkey. More specifically, we estimate the effective reproductive number (R.) associated with the
2017 epidemic as R. = 1 4 rT,, where Ty, = 15 days is the measles generation time [37], r is the
exponential growth rate in the weekly number of cases reported during 2017 (Fig. 1A,B). Estimates
of R, are used to derive the fraction of susceptible individuals in Syria at the beginning of 2017 as
So = Re/Ry, using three values of Ry: 12, 15 and 18 [38,39]. Estimates of Sy are combined with
the age distribution of observed cases (Fig. 1C) and used to estimate the age specific immunity
profile of the Syrian population. Specifically, the fraction of immune individuals in each age group
a (Fig. 1D) is approximated as:

imm(a) =1— Som (22)

> cases(j)’
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Fig.10. A Reported number of measles disease cases over time, during the 2016-2018 measles epidemics
in Syria as recently reported by the World Heath Organization [35]; red bars correspond to data points
used to derive the R, as a function of the exponential growth rate of the observed epidemic. B Obtained
fit of the exponential growth of the epidemic between September and February 2017 in Syria: red solid line
represents the mean estimate, orange shaded area represents 95%CI. C Observed distribution of measles
cases across different ages during the 2016-2018 measles epidemics in Syria as recently reported by the
World Heath Organization [35]. D Estimated age specific serological profile in Syria at the beginning of
2017: green bars represents mean values, vertical black lines represent 95%CI. E Observed age distribution
of Syrian refugees in Turkey (light green)[50] compared with the population age distribution in Syria (dark
green). F Estimated percentage of susceptible among Syrian refugees.

where cases(a) denotes the total number of cases observed in age a. Finally, the fraction of sus-
ceptible Syrian refugees in Turkey was obtained by combining the age specific immunity profile
estiamted for Syria and the age distribution of Syrian refugees in Turkey [50] (Fig. 1E). Estimates
obtained on the fraction of measles susceptible refugees (i.e. 1 — f2) are shown in Fig. 1F.

The obtained results suggest that the effective reproductive number (R.) of the recent Syrian
measles epidemic was 1.32 (95%CT 1.26-1.38), the percentage of susceptible individuals in Syria at
the beginning of the 2017 measles epidemic (S0) was 8.92 (95%CI 7.29-10.96); consequently, the
percentage of susceptible individuals among Syrian refugees in Turkey was estimated to be 9.87%
(95%CT 8.07-12.18).

Simulating measles epidemics in Turkey Simulations of measles epidemics in Turkey were
obtained under three different scenarios of Ry = 12,15,18, three different scenarios of 1 — f2 =
0.0987,0.0807,0.1218 and eleven illustrative values of a. Explored values of o were selected in such a
way to reproduce different proportion of Syrian contacts occurring with Turkish citizens: from 0% to
96%; the former representing the full segregation scenario and the latter representing homogeneous
mixing between Syrian refugees and Turkish citizens. Starting from Eq. 2 and 3 it is easy to see that,
for any given value of «a, the fraction of contacts that Syrian refugees have with Turkish citizens
in patch i is given by aB;/(A; + aB;) where A; and B, are the number of Syrian refugees and
Turkish citizens in patch ¢ respectively. It follows that the average fraction of contacts that Syrian
refugees have with Turkish citizens in the whole study area is given by >, w; aB;/(A; + aB;),
where w; = A;/ Y, A;. Similarly, the average fraction of contacts that Turkish citizens have with
Syrian refugees in the whole study area is given by Y. w; aA;/(B; + «A;), where w; = B;/ Y, B;.
Note that for a given value of « the fraction of Syrian contacts with Turkish citizens is generally
different from the fraction of Turkish contacts with the Syrians.

The value of « resulting in a certain fraction = of contacts of Syrian refugees with Turkish
citizens can therefore be computed by solving the equation

OéBi
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For each considered scenario, 100 measles epidemics were simulated for a year, by seeding each
epidemic in one different patch, selected among the 100 prefectures of Turkey with the highest
amount of refugees. All simulations were performed under the assumption of 1 — f! = 0.038. An
illustrative value of 1 — f! = 0.05 was also considered for sensitivity analysis but it is not shown
here for lack of space.
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Abstract. This study aims to shed light on various aspects of refugees’ lives in
Turkey using mobile call data records of Tiirk Telekom, which is enriched with
numerous local data sets. To achieve this, we made use of several techniques in
addition to a novel methodology we developed for this particular domain. Our
results showed that refugees are highly mobile as a survival strategy, a significant
number of whom work as seasonal workers. Most prefer to live in relatively
cheap neighborhoods, close to city transport links and fellow refugees. The ones
living in low-status neighborhoods appear to be introvert, living in a closed
neighborhood. However, the middle and upper class refugees appear to be the
opposite. Fatih, Istanbul was found as an important hub for refugees. Finally, the
officially registered refugee numbers do not reflect the real refugee population in
Turkey. Due to their high mobility, refugees lag behind in keeping up-to-date
information about their residential address, resulting in a significant discrepancy
between the official numbers and the real numbers. We believe that policy
makers can benefit from the proposed methods in this study to develop real-time
solutions for the well-being of refugees.

Keywords: health - education - unemployment - social integration - safety and
security.

1 Introduction

The civil war in Syria has caused one of the biggest forcibly displaced population in
human history [1]. Turkey has become the main destination for Syrian refugees, with
around 5 million. Although there are camps built for the refugees with better living
conditions than urban areas [2], more than 90% of the Syrian population in Turkey live
outside formal camps within host communities, the reasons for which are given as
overcrowded camps, illegally entered individuals not being allowed to register to a
camp, family ties, and financial independence [3]. The status of Syrian refugees under
temporary protection is shaped within the framework of “Temporary Protection
Regulation.” It is stated that under this regulation, the problems such as education,
health, work permit, and access to social services and assistance are solved. They are
also treated the same as the Turkish citizens in accessing such rights given that they are



registered with Ministry of Interior Directorate General of Migration Management
(DGMM).

At the beginning, Syrian refugees were mainly located in the Southeast Anatolian
region bordering Syria. However, over time and with the influx of arriving refugees,
they expanded to other regions as well, covering the Mediterranean, Aegean, Central
Anatolia, and Marmara regions—Istanbul having the highest number of refugees. So
far, Turkey has provided exceptional support to Syrian refugees [4]; however, the
problems are mounting. They can be summarized as income, unemployment, education,
health, housing, and social tensions [3, 5, 6].

The Syrian refugees have impacted the economy [7]. For instance, “around 1.8
million of the Syrian refugees are of working age” [8]. Although some entrepreneurial
efforts have been observed and some of the refugees are skilled, most of the refugees
are employed as unqualified labor. Through supplying inexpensive informal labor for
labor-intensive sectors, refugees displaced native workers, both formal and informal
unemployment rates have increased, and furthermore, it was observed that in these
sectors the prices had fallen around 4% [9]. At the beginning of the refugee crisis, the
Turkish economy had been experiencing a transition from being a low-wage country to
one based on skilled labor. With the arrivals of Syrian refugees, this transition has
started to decelerate as they have offered cheap low-skilled labor to the job market,
which took advantage of their vulnerabilities. In particular, several refugees found jobs
as seasonal workers or in small industrial areas (“sanayi siteleri””) [10].

At the time of refugees’ arrival, Turkish cities were undergoing a profound
transformation in terms of housing. Illegal settlements (“gecekondu’) have started to
be demolished and TOKI (Governmental Mass Housing Administration) aimed to
regulate the housing market [11] which provided partial solutions to the problem.
Refugees arrived when Turkey was still struggling with its urbanization problems.
Therefore, refugees found safer places in the fragmented cities easily. A good evidence
of it is that they settled into still-untransformed poor and environmentally low-quality
districts, which are very close to city centers. These districts provided life-saving
pockets for refugees where they can survive easily.

Big data have recently started to be used to address big social and environmental
challenges in developing countries [12]. With ethical and privacy issues on mind,
humanitarian use of private data such as mobile call data records has a great potential
in improving society [ 13]. Data for Refugees, which is a good example of “big data for
good”, is a research challenge aiming to provide better living conditions to Syrian
refugees in Turkey [14]. In this research challenge, we investigated the mobility
patterns of refugees from different points of views in order to provide multi-layered
insights for the Syrian refugee crisis. We found out that refugees are highly mobile in
Turkey as a survival strategy. We also carried out detailed analyses based on three
different districts and cities, which we chose according to our previous results. When
enriched with our secondary data sets, we saw that those living in low-status
neighborhoods are introvert unlike refugees living in middle and high-status
neighborhoods.

As a result, the repeatability and the reproducibility of the proposed methods can be
beneficial to policy makers to obtain real-time insights about seasonal workers and to
arrange services such as mobile health and education services on time. We also put
some of our interactive visualization tools online on http://d4r.metu.edu.tr. The project



website also provides detailed information about each step we have carried out in our
analyses with several examples.

2 Technical Description

D4R Challenge provided three main data sets (DS1, DS2, and DS3) along with some
helper files, which were collected from 992457 customers of Tiirk Telekom, of which
184,949 are tagged as “refugees”, and 807508 as Turkish citizens in 2017. As the paper
provides a description of all features, sampling strategies and anonymization methods
in depth [15], we will skip those in this paper and describe the other data sets (hereafter
called “secondary data sets”) we used.

Primary data sets

e Data Set 1 (DS1) comprises annual antenna traffic between each site.

e Data Set 2 (DS2) includes cell-tower identifiers of randomly chosen active users’
hourly based two-week call detail records. A user’s either incoming or outgoing
call traffic is provided but not both.

e Data Set 3 (DS3) consists of randomly chosen refugee and non-refugee annual call
traffic but with reduced spatial resolution (district level).

e BTS Locations (BL) comprises cell tower locations in latitude and longitude.

e District Mapping (DM) maps the district IDs used in DS3 to district names.

e City Mapping (CM) maps the city IDs used in DS3 to city names.

Secondary data sets

e Neighborhood-level, district-level, and city-level geospatial data sets indicating the
administrative borders in Turkey (GSD) obtained from various official sources and
government agencies and used for any information that we needed to filter by a
geographic region.

e Neighborhood-level population data and various statistics from 2013 to 2017 for
various cities (PD) obtained from Turkish Statistical Institute (TurkStat).

e Coordinates of houses and workplaces for rent and for sale in various
neighborhoods in istanbul (FRE), scraped from Hiirriyet Emlak [16].

e Rental fees and other relevant information such as the area of use and building age
for various neighborhoods in Istanbul districts (RF), scraped from Hiirriyet Emlak
[16].

e The results of 2017 Address-based Population Registry System where the
education levels of residents are given at neighborhood level (APRS2017).

Some of the terms defined in this study are borrowed from Ahas et al. [17]:

Mobile Operator User (MOU): A subscriber of the mobile operator, which is
present in the DS2 and DS3.

Home-Time Anchor Point (HAP): An everyday anchor point, at which the probable
home location of a person is identified based on the model.

Work-Time Anchor Point (WAP): An everyday anchor point, at which the probable
work-time location of a person is identified based on the model. As the demographics
of MOU are not known, it is not possible to determine whether that person is indeed



working, studying or unemployed. Therefore, we called it work-time anchor point to
refer to the most probable working time of day of that specific MOU.

Hereafter, we used the abbreviations in the parentheses provided for the data set
descriptions in the forthcoming sections.

We mainly used R to manipulate, analyze, query, and visualize data. We also utilized
GIS applications such as ArcMap and QGIS to match and enrich the data sets with our
secondary data sets, some of which were collected through web scraping and/or Google
Places API through Python/R. We benefited from MySQL and NoSQL approaches such
as Hive that work inside distributed frameworks that focus on big data, such as Hadoop,
to store and manipulate data particularly for organizing and querying data. The network
analyses were made in Pajek.

3 Pre-processing

Data quality issues with respect to base transceiver stations (BTS) were handled. Each
BTS was assigned to a neighborhood-level, district-level, and city-level administrative
units in Turkey by the coordinates, using GSD. The ones that do not fall inside the
administrative borders of Turkey or the ones that do not have coordinates in the first
place were discarded. This way, a total number of 98854 BTS were matched with city-
district pairs. In addition, it was noticed that the city and district columns in BL are not
entirely correct. As it can be seen in Fig. 1, there are several BTS coordinates, labeled
as located in Istanbul, were not within the administrative district. Those were corrected
using GSD.

Fig. 1. BTS coordinates provided in BL marked as located in Istanbul but not within the
administrative district of Istanbul are highlighted on the map.

DS1 included BTS data, which have zero number of calls or no entries in DS1 in
different days or times of days. Fig. 2 shows one of the BTS’ call numbers, some of
which are not present in DS2. Apart from BTSs that have no data at all (more than half
of the whole BTS population), a BTS has 82 missing days at best and 364 missing days
at worst in total while the median number of the missing days is 92. Considering that
some of the most missing ones belong to urban and dense urban areas (as also noted by
the data set itself), it suggests that at least some of the missing days might be related to
data quality issues rather than the lack of mobile traffic. This led us to work with



average call numbers per BTS but not with cumulative sums, where the days with no
data are excluded from calculations.

BTS #5066930 / Caykara - Trabzon (Month #7)

Days

Fig. 2. The number of calls per day in July, 2017 in Caykara, Trabzon measured in BTS number
5066930. The red line shows the total outgoing refugee call and SMS traffic and the blue line
shows the total outgoing non-refugee call and SMS traffic. There are no instances in the data set
for a number of days.

4 Methodology

The mobility of refugees is analyzed in five folds. In the first approach, we aim to
understand how comparable the registered Syrian population in each city of Turkey is
with that of call records in city level obtained from BTS call statistics. With the second
approach, we analyze city networks connected by refugee mobility. With the third
approach, we investigate the monthly refugee movement per district to be able to
understand the influx of refugees over time. In particular, we address which districts
are increasingly attracting refugees and whether there are any specific districts
attracting refugees at a specific time of the year. In the fourth approach, we identify the
most probable work and home-time anchor points from two-week data on selected rural
and urban locations using mobility statistics and clustering algorithms. This output
enabled us to identify the popular places for work and home of refugees. Here, we
developed a new method to identify possible work and home time locations. Finally,
we explore three different locations to understand the mobility patterns of refugees in
depth using several statistics.

4.1 Background: Approaches for Determining Meaningful Places

Meaningful places or meaningful locations are defined as regularly visited places,
which have a meaning for a person [18]. Mobile positioning data have been increasingly
used for determining meaningful locations. In particular, finding work-time and home-
time anchor points have been extensively studied in the literature [17, 19]. The common
assumption in finding these places relies on a frequentist approach. First, a specific time
interval is defined for work and home time periods. Second, the number of call days
and the total number of calls are considered within these time intervals to identify
significant anchor points. For example, if mobile calls are made from a specific BTS
repeatedly during the home time, that BTS is marked as a potential home-time anchor



point. In urban areas, several BTS can be located at the same site. Such BTS locations
can be clustered using Hartigan’s algorithm or k-medoid, and site information can be
utilized when calculating mobile call metrics. Networks are also constructed including
these frequent nodes (a node corresponds to a cluster comprising one or more BTS
locations) to correctly identify home and work locations [19]. Finally, several metrics
such as regularity, entropy, or radius of gyration (RoG) can be computed to understand
the behavior of citizens [20].

Mobile traffic signatures, defined as the typical activity pattern of the mobile demand
at one specific geographic zone, have been recently used to investigate the relationship
between urban fabrics such as touristic and leisure places, and mobile network usage
[21]. Different metrics were proposed based on voice and text traffic volume over
weekends and weekdays some of which take into consideration the seasonality.

4.2  Comparison of Registered Syrian Refugee Population with the Number of
Calls

Directorate General of Migration Management of Turkey published the registered
Syrian population in each city of Turkey for 2017 [22]. According to the statistics, the
highest numbers of refugees are located in Istanbul, Sanlurfa, Hatay, and Gaziantep
with 479555, 420532, 384024, and 329670, respectively. In this part of the study, we
aggregated BTS call statistics at city level for refugees as follows: First, we calculated
the total number of refugee calls and such for each day per BTS. Then, we calculated
the monthly average from the daily totals per BTS in each month while discarding the
days with no calls due to the aforementioned data quality problem. Then, we computed
the sum of each BTS over a year to obtain the cumulative annual use of each BTS,
which is denoted as BR:. Each BTS is geospatially associated with a district and city
using GSD. Finally, for each city, we summed up all BTS aggregated call data, which
is denoted as Ci. The vertical percentage of refugee calls for each city is found using
VPCR: = Ci (X8, Ci), where 81 is the total number of cities in Turkey. Then, we
made use of the registered Syrian population PR; and the total population of each city
in Turkey P to calculate the vertical percentage of the registered refugee population
with VPR; =PR;/P.. Finally, we divided VPCR: by VPR; to obtain the magnitude of the
difference between the two statistics, which is denoted as MD. The map plotted in Fig.
3 shows the results. Although the registered Syrian refugees are officially reported low
in Antalya, the total number of refugees’ calls in Antalya is quite higher than expected.
The second highest city is Kilis, which shares a border with Syria. There also seems to
be an undocumented influx to East and West Black Sea regions, although it is not as
significant as the previously mentioned ones, which will be examined closely in the
following sections.
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Fig. 3. The ratio of the total refugee calls per city in 2017 to the official residency records, higher
numbers (represented with lighter colors) indicating a higher refugee influx compared to official
figures (higher than expected)

The results show that there is a discrepancy between the number of registered users and
the call data in certain cities. They indicate that although some refugees change their
residency addresses, they do not inform the state agencies about this change on time.
An expert working in Refugees and Migrants Solidarity Association we consulted also
stated that they were suspecting of numerous undocumented refugees living in Antalya
but they are not sure about how big the discrepancy is.

4.3  Analysis of City Networks Connected by Refugee Mobility

In order to understand how Syrian refugees use space in Turkey, incoming and outgoing
calls data in DS3 were used to form 1-mode and 2-mode networks of refugees and the
cities in which they have made phone calls. Initial basic statistics showed that refugees
are highly mobile. Out of 37300 refugee MOUs, 53.8% visited only one, 19.9% two,
9.3% three, 5.2% four and 11.8% five or more cities.

In network analysis, initially multiple lines were summed in the 2-mode network of
refugees and the cities to obtain the total number of calls a refugee has made in a city.
In order to determine the cities where refugees reside in, rather than visit briefly during
a trip, the ties that indicate less than 100 phone calls in a city in one year were removed.
Then, all line values were replaced with the value 1, since the focus of attention is the
presence of a refugee in a city, not how many phone calls they have made. This 2-mode
network was then used to obtain the 1-mode network of cities. In this network, a pair
of cities is connected by refugees who have been to both cities. In the 1-mode network,
the value of the line that connects any two cities is the total number of refugees who
have been in those cities (aka “network traffic” in Figure 4).

In order to quantify the most important cities for refugee mobility, weighted degree
centralities were calculated. Top 10 cities that receive the highest refugee traffic in
descending order were found as Istanbul, Gaziantep, Ankara, Izmir, Mersin, Adana,
Hatay, Antalya, Sanliurfa, and Kocaeli. Then, the lines with values lower than 50 were
removed to simplify the graph and the largest connected component was determined,
which yielded 33 cities. Fig. 4 shows the resulting ties between these cities. The sizes
of the vertices show the registered Syrian refugee population [22] in the corresponding
cities with a minimum of 155 (Giresun), a maximum of 479,555 (istanbul), and a
median of 8120. The widths of the lines indicate the total number of refugees linking



the cities, with a minimum of 50 (between Istanbul and Kayseri), a maximum of 318
(between Istanbul and Kocaeli), and a median of 79.5. Some cities, such as Edirne,
Tekirdag, Canakkale, Aydin, Mugla, Antalya, Kastamonu, Samsun, Trabzon, Ordu,
Giresun, Tokat, and Sivas have a small number of registered refugees. Yet, the analysis
shows that refugees visit and stay in these cities. The majority of these travels are
to/from Istanbul only. The strongest single link a city has (compared to its registered
refugee population) belongs to Antalya, tied to Istanbul.
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Fig. 4. Network map indicating the refugee links between cities (lines) along with their registered
Syrian refugee populations (vertices)

4.4 Investigating monthly refugee movement per district

In this section, monthly refugee mobility is studied. Some refugees are known to be
highly mobile and work as seasonal agricultural workers in Turkey. To be able to
identify districts receiving the highest refugee influx, we calculated the sum of BR; for
each district, which is denoted as BRD:. As we will study the density and distribution
of the outgoing refugee calls in DS1, we need to consider districts that have a significant
number of call data. This is due to the fact that the mobility pattern of subscribers
without heavy phone usage can be properly characterized, is indeed questionable [23].
The study reported that 17% and 38% of subscribers in their CDR data set had two or
fewer records and fewer than seven CDR, respectively. In addition, some BTS records
are not present in DS1. As it is not possible to understand the reason of omissions
(whether it is a measurement problem or indicating zero call entries), we performed
filtering, which resulted in discarding two-thirds of district data. As a rough cut off
point, the districts with total outgoing refugee calls in 2017 lower than 3650 were
filtered out to improve calculation time and reliability of the analysis results. This is
due to the fact that to make an inference with a few calls can produce biased estimations.
This threshold is determined using the mobile phone usage distribution statistics
provided in [23].
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Fig. 5. Some of the districts with significantly higher outgoing refugee calls and/or monthly
changes that can be explained

By looking at the monthly SCS values and their first order differences, we
highlighted some of the districts that feature significant changes as seen in Fig. 5. Later,
we consulted experts to understand the reason for the influx of patterns. Fatih-istanbul
was reported as an attraction center for refugees, the exact reasons for which are not
clear. However, it is advocated that the low prices in accommodation, Fatih’s easy
access to other districts and the existing local community’s religious background might
have attracted them. This district is studied in depth in the forthcoming section. The
agriculture expert we consulted informed us of many changes in the districts coincide
with the harvest times. To be specific, the harvests of Caykara-Trabzon in July and
August are hazelnut and tea, Kastamonu in September and October are sugar beet,
garlic, and paddy. In addition to that, the harvests of Igdir in August/September are



sugar beet and cotton while the harvest of Osmaniye in October is peanut. Wealthy
refugees visit summer locations as frequently as non-refugees. We see an interesting
peak in Kemalpasa-izmir in July and a smaller peak in August. In addition, for
February/March in Igdir, there is another one we observed. However, at the time of
writing this report, we still could not reach an authority who could explain the exact
reason for this refugee influx in July for Kemalpasa and in February/March for Igdir.
On the other hand, for the smaller peak in Kemalpasa in August, we were told by the
expert that the reason of the increase in August could be attributed to the religious
festival for Alevis, which is called Hamzababa Anma Torenleri (Hamzababa
Commemoration) taking place between 28 and 29th of August each year. For the peak
in July for Kemalpasa, the experts from numerous local municipality services we
consulted, speculated that it is a high season for harvesting and refugees might have
stayed in this district for temporary accommodation. The agriculture expert also
suggests the refugee influx in Mezitli is based on tourism and the fact that the peak
happens in October does not contradict with it since Mersin is known for its scorching
heat and humidity which shifts the tourism season towards fall. Kilis has a border with
Syria, constantly receives refugees. We have provided the results of some districts in
Fig. 3. Many more others can be viewed on our web site using an interactive tool.

4.5 A New Method to Understand Possible Work-Time and Home-Time
Locations

In this section, we investigate refugees’ meaningful places, specifically work-time and
home-time mobility patterns, which are quantified using well-known measures used in
the literature [24]. In particular, different aspects of irregularity are studied. We
extended a well-known method in the literature, which was described in Section 4.1.
The main contribution of our proposed method is rather than using a pre-determined
time to identify work and home time locations, we identified important anchor points
automatically using an algorithm. Many people such as white-collar workers have very
structured daily lives. Their work hours are usually between 9:00 A.M. to 6:00 P.M.
However, a garbage collector visits several districts to collect recycled materials such
as glass, paper or plastics, while a seasonal agricultural worker might have changed his
location within a week and moved to another district. Some people might have been
working at different times of days, which we came across in the data sets considerably.
Therefore, it may not be convenient to use a pre-determined time to find WAP and HAP
locations. In addition, a static threshold for number of calls or number of call days is
generally used to filter out the MOUs as their HAP and WAP information cannot be
obtained due to limited number of call data. Instead of it, we used a clustering algorithm
in this study. Later, we made use of DS2 to test our methodology.

The pseudocode of the algorithm is provided in Table 1. The first step of the
algorithm involves finding the idle hours of a given user. As there might be idle hours
during the working-time, we made use of a median filter, where each hour is replaced
with the median value of a moving filter. Finding the first quartile enables us to identify
the start and end points of a continuous time block. For the home-time period, we
assume that MOU can be highly likely to be at home just before the idle time period so
we chose a time interval starting three hours before the starting point of the idle time
and ending at the end point of the idle time. Likewise, we considered four hours after



the idle time as a starting time of a work-time period as we assumed that these four
hours will highly likely to include home and commute locations. It is not meant the real
work-time will start at that point rather we aim to discard noisy data. These numbers
are obtained empirically based on DS2. Finally, the closer BTS locations are clustered.
As mentioned by Isaacman et al. [25], in urban areas the BTS can be as dense as 200
meters and in suburban areas, they can be 3-5 kilometers apart. Therefore, we have tried
different values for the radius, such as 200 meters, 500 meters, and 1 kilometer and the
radius of 1 km gave more meaningful results.

Table 1. Algorithm

Algorithm to detect work-time and home-time patterns

input: caller_id CID in DS2
output: WAP and HAP
Retrieve CDR of CID
Calculate hourly call counts hourly calls; from CDR, where i>=0 and i<24
If there is no CDR in any hourly calls;, assign it to zero.
Apply median filter with a window size three on hourly calls;, to obtain filtered data,
denoted as filtered hourly calls;
Sort the filtered _hourly calls; in descending order.
Obtain the first quartile of filtered hourly calls; , which is denoted as fg.
7. Find the minimum and maximum hours in fg, denoted respectively as fguin and fqmax
respectively
8. Determine the start and end points of WAP and HAP as follows:
Let wip_start be the work-time period start time, where wip_start = fquax+4
Let wtp_end be the work-time period end time, where
wtp_end=wtp_start + 6
Let h_start be the home-time period start time, where h_start = fquin -3
Let &_end be the home-time period end time, where h_end = fqmax
9. Find the most used BTS in terms of calls days between wep_end and wip_start, which is
denoted as BTSW ax
10. Apply Hartigan’s leader algorithm [26] to all BTS between wip_end and wip_start.
11. Select the cluster in which the most used BTS resides, which is denoted as WAP.
12. Find all BTS on the same calls days with WAP between h_end and h_start, denoted as
BT SHomeant
13. Find the most used BTS in BT Skomean, denoted as BTSH, 4«
14. Apply Hartigan’s leader algorithm to all BTS between /_end and h_start
15. Select the cluster in which the most used BTS resides, which is denoted as HAP
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Then, we have extracted 31 number features from two-week CDR data of each
MOU. Some of these features are borrowed from Soto et 