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Introduction
Cities have long represented the hopes and aspirations of people. Migration from rural 
towns and villages to urban centers has been a centuries-long human endeavor with 
the earliest documented records of migration being available through historical and 
pre-historical studies of migration (Gugliotta 2008; Hollingsworth 1970). Migration in 
the middle ages and later, during the industrial revolution picked up pace as more and 
more people flocked to urban areas in search of new modes of employment (Williamson 
2002). The largest spike in migration happened during the twentieth century (Lall et al. 
2006) with newer and more efficient modes of transportation, diversity of employment 
and increased opportunities for socialization. The trend continues today, with a recent 
UN report predicting that 68% of the world’s population will live in cities by the year 
2050 (UN DESA 2018).

The task of providing infrastructure and services for the billions of people residing, 
working and seeking leisure in cities is gargantuan. Cities are faced with a constant 
influx of people arriving from various geographical and cultural backgrounds, with vary-
ing levels of affinities and similarities to the native and existing populations. For exam-
ple, New York City is home to little more than 8 million people concentrated in a space 
of roughly three hundred square miles. The city widely varies with regards to the distri-
bution of income, education, ethnicities and language proficiencies of its people (Karpati 
et al. 2004; Shmool et al. 2014). The presence of distinct enclaves of communities such 
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as—Dominicans in Williamsburg or Corona and Chinese in Flushing or Sunset Park, 
to name a few, lend the city its air of a cosmopolitan culture (Cordero-Guzman, 2005). 
Such enclaves serve two distinct purposes—a refuge for newly arriving immigrants to 
find a footing and a place for other people of the same or different background to revisit 
and learn about their cultural heritage. For the rest of this paper, we will refer to commu-
nities distinct from the mainstream or majority as immigrant communities, and we will 
refer to the mainstream or the majority community as the native community.

This paper offers an information-theoretic view of the complexity of assimilation in 
urban communities. Cities are complex systems, characterized by diversity of dwellings, 
structures, people, services and cultures. The study of such complex systems provides 
immense benefits in terms of understanding the challenges and investigating solutions 
for the many problems that beset cities. Existing work in the study of urban complex-
ity has primarily focused on aspects of structure, challenges, and solutions (Cabral et al. 
2013; Purvis et al. 2019). More specifically, the entropy of urban systems has focused on 
the entropy in urban street systems (Gudmundsson and Mohajeri 2013; Boeing 2019), 
structures of urban environments (Chen et  al. 2017; Chen 2008) and the relationship 
between the urban environment and nature (Pelorosso et al. 2017).

The complexity of cities has been studied from various perspectives. In Alberti et al. 
(2018), the authors describe cities as emergent systems exhibiting self-organization 
and criticality. Here, the authors describe how urban environments feature biodiver-
sity of species, both at the individual and community level. Further, this work describes 
the important construct of resilience, which the authors define as the “ability to main-
tain human and ecosystem functions simultaneously over the long-term”. Other work 
on complexity in urban environments has focused on the architecture of street facades 
(Elsheshtawy 1997), urban energy efficiency (Salat and Bourdic 2012), and sustainable 
building (Salat et al. 2010). The notion of self-organization has been examined also in 
Moroni et al (2020) in terms of urban planning. Further, the complexity of urban design 
is investigated in terms of alignment and repetition of design elements in cities (Salinga-
ros 2000), as well as the complexity of networked infrastructure (Derrible 2017).

Work in Salvati and Carlucci (2020) studies urban complexity in terms of Pielou’s even-
ness indexes for 12 socioeconomic dimensions defined by economic structure, working 
classes, education, demographic structure by age, composition of non-native population 
by citizenship, distribution of personal incomes, land-use, land imperviousness, building 
use, vertical profile of buildings, building age, construction materials. They found that 
varying levels of complexity exist in urban environments dictated by variation in the fac-
tors described above.

While most urban environments are a natural consequence of population growth, 
industrialization, and sprawl, architects of urban environments have sought to rein in 
at least some of the complexity through intentional design elements. An overview of 
design approaches used in urban design has been studied in Baynes (2009). In addition 
to the conventionally used systems dynamics approach, Baynes (2009) highlights the use 
of newer design approaches such as the networks approach and the cellular automata 
approach for understanding the complexity of urban environments. An overview of 
these approaches in studying the complexity of cities has also been presented in Bal-
maceda and Fuentes (2016). Work in Friedmann (2019) addresses the hyper-complexity 
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of high-density urban centers in Asia called mega-conurbation, such as development in 
the Yangtze Delta region. Further work on understanding the city not as a top-down sys-
tem, but instead as a bottom-up system characterized by a constant state of non-equilib-
rium is presented in Batty and Marshall (2012).

Literature in urban complexity has offered various theories to analyze specific aspects 
of complexity. In Ortman et al (2020), the authors employ a framework called the Set-
tlement Scaling Theory, which considers cities as social networks embedded in physi-
cal space. This theory considers the interactions between people occurring during the 
exchange of goods, services and information as the foundational construct, mediated by 
proximity of physical space as found in cities, to be the creation of social networks. Work 
in Edelenbos et al. (2018) leverages the Actor Network Theory to study cities as complex, 
adaptive, self-organizing systems. By characterizing a city as a structure of zones, work 
in Batty et al (2014) studies the entropy and information-theoretic complexity of cities.

In contrast to approaches that analyze complexity through design of networks, our 
work in this paper studies the complexity of urban societies in terms of the assimilation 
of immigrant communities with the native community. We explore this complexity by 
examining the notion of foreignness of a community. Borrowing upon existing literature 
in assimilation that seeks to identify the factors driving assimilation, we define foreign-
ness as the divergence of the immigrant community from the native community along 
the lines of education, income and language proficiency.

Immigrant communities pose important questions with regards to assimilation. Spe-
cifically, in this paper, we investigate the factors that contribute to the foreignness of an 
immigrant community. Further, we examine if there exist some factors that are more 
important than others for assimilation, and study their impact on the rate of assimilation 
of communities. Although our study examines assimilation for immigrant and native 
communities, the findings of our work can be extended to online communities, where 
the foreignness can be measured in terms of themes, ideologies or actions that bind 
together virtual communities.

The rest of this paper is organized as follows. Section 2 describes related work in the 
areas of assimilation and complexity. In Sect.  3, we introduce our model and derive 
measures of information-theoretic complexity. Section  4 presents the findings of our 
simulation, and Sect. 5 offers a discussion of the implications of our findings, and pre-
sents the limitations of our model. Section 6 concludes our paper and presents direc-
tions for future work.

Related work
This section presents a brief overview of existing work in the rich field of assimilation as 
found in sociological literature. Existing work in Park (1950) describes some of the earli-
est work in the rich field of assimilation literature, where the author studied the process 
of assimilation in terms of race relations as a sequence of stages: contact, competition, 
accommodation and eventual assimilation. In Gordon (1964), the author studied various 
forms of assimilation including acculturation, where the minority group adopts the cul-
ture of the majority group, and structural assimilation which describes the development 
of affinity between minority and majority groups. Spatial assimilation theory, proposed 
in Massey and Denton (1985), studies assimilation between communities in terms of the 
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geographical proximity between ethnic groups and majority groups. Factors involved 
in assimilation include generational distance from immigrant ancestors, level of educa-
tion, income and language. This classical assimilation model built on the spatial assimila-
tion theory was modified in South et al (2005), where the authors investigated how the 
findings of the traditional SAT model could not fully explain how certain communities 
assimilated more completely than others. In Burgers and Lugt (2006), the authors study 
motives for suburbanization through a study of integration of the Surinamese in Dutch 
communities. The work offers a place stratification model that complements the SAT 
model and explains assimilation barriers for certain groups.

Assimilation of immigrant communities has been further explored in terms of specific 
aspects of the assimilation experience such as the effect of partner’s nationality on resi-
dential location of immigrants Ellis et al (2006), through examination of location choices 
of migrant nest-leavers (Zorlu and Mulder 2010), poverty among foreign-born popula-
tion (Jargowsky 2009). Unlike related papers that focused on spatial patterns of assimi-
lation of first-generation immigrants, additional work in Ellis & Wright (2006) focused 
on household types of first and second generation of immigrants. This work found that 
while the second generation tends to move away from the first generation, the third gen-
eration stays closer to the second generation resulting in less geographic dispersion.

These patterns indicate that assimilation occurs over time, with certain predisposing 
factors that cause certain communities to assimilate more than others. However, assimi-
lation is not uniform (Pamuk 2004; Myles and Hou 2004). The presence of Chinatowns 
and Little Italy in cities around the world denote the ability of immigrant communi-
ties to maintain ties to aspects of their immigrant culture. By selectively choosing the 
customs and traditions that immigrants can adhere to, the presence of such enduring 
legacies of immigrant culture offers options for immigrants to be able to assimilate and 
isolate simultaneously. The next section describes our model for studying information-
theoretic complexity of assimilation in urban communities.

Model
We consider two immigrant communities M1 and M2 and their assimilation in a native 
community N  . All of these communities are situated in a broader community S for ref-
erence. Figure 1 shows the nature of assimilation between the immigrant communities 
Mj and the native community N . Figure 1a shows some assimilation between the com-
munities as evidenced by the overlap. Figure 1b denotes the two immigrant communities 
assimilating with each other, but not with the native community, whereas Fig. 1c shows 

Fig. 1 Assimilation scenarios between immigrant communities Mj and native community N.
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the three communities with no assimilation between them. Finally, Fig. 1d shows assimi-
lation of a single immigrant community with the native one, while the other immigrant 
community remains unassimilated. This aversion to assimilation is a form of resistance, 
that can be exhibited by both immigrant and native communities. The immigrant com-
munities Mj and the native community may manifest resistance toward the assimila-
tion effort. For simplicity, consider the upper (R = ∞) and lower bounds (R = 0) of this 
resistance. Figure 2 shows the bidirectional resistance between an immigrant commu-
nity and the native community in terms of the upper and lower bounds.

We investigate the impact of three attributes—education (e) , income (i) and language 
(l)—of each of these three communities on the assimilation process (Massey and Denton 
1985). Specifically, we study the relationship between an immigrant community Mj , jε{1, 2} 
and the native community N  in terms of the difference in education, income and language.

Education and income

Communities Mj and N  have a median education attainment, e, which is lesser than, 
equal to or greater than that of the larger community S. We assign values to these levels 
as − 1 (lesser than S ), 0 (equal to S ) or 1 (greater than S ). Thus, the absolute difference 
between educational attainment of communities Mj and N  can be 0 (equal educational 
attainment), 1 (moderate difference in educational attainment) or 2 (high difference in 
educational attainment). Any difference other than zero denotes a divergence from the 
educational attainment norms of the broader community S and is a factor impacting 
the foreignness of the immigrant community. Similarly, we assign values to the median 
income levels of the communities Mj and N  . Again, the absolute difference between 
median income, i, levels of communities Mj and N  can be 0 (equal median income level), 
1 (moderate difference in income) or 2 (high difference in income).

Language

Next, we assign a binary value to the language proficiency, l ,  of community Mj . Com-
munity Mj can have similar language proficiency (0), or lower language proficiency (− 1) 
than the native community N  . Thus, the absolute difference in language proficiency of 
community Mj and that of N  is 0 or 1.

Fig. 2 Relative entropy of the assimilation relationship of immigrant communities M1 and M2
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Foreignness

We develop a metric of foreignness, µ, that denotes the foreignness or the distance 
between communities Mj and N  . The observable construct of foreignness replaces the 
theoretical construct of resistance (R) introduced earlier in the section.

The values α,β , and γ  in Eq. (1) denote the importance of the attributes of education, 
income and language. We denote the tuple (α,β , γ ) as the weights of the attribute tuple 
(e, i, l) . The values α,β , and γ are chosen such that α + β + γ = 1.

From Eq. (1), we see that as µ → 0 , the level of foreignness disappears, causing the 
immigrant communities Mj to assimilate completely with the native community N  . 
Conversely, a non-zero value of µ denotes a foreignness that impacts the assimila-
tion of the migrant community Mj with the native community N . The upper bound 
of foreignness is when the communities Mj and N  differ the most in the attributes 
{

e = 2, i = 2, l = 1
}

 with highest weights assigned through the tuple (α,β , γ ), where 
{α + β + γ = 1}. Conversely, the lower bound of foreignness is zero with equal 

{

e, i, l
}

 
values and zero weight assigned through the tuple {α,β , γ = 0}. Thus, the lower and 
upper bounds of the theoretical construct of the ******resistance Rε{0,∞} between 
communities Mj and N  is replaced by the observable variable of foreignness with 
lower and upper bounds given by µε{0, 2}.

We model the difference of attribute distribution 
{

e, i, l
}

 between each immigrant 
community represented Mj and the native community N  as a normal distribution 
with the mean denoted by the foreignness and a variable standard deviation.

Thus, the assimilation between community Mj and N  is denoted as.

where µj = αjej + βj ij + γj lj . Represented thus, we can find the relative entropy (Cover 
and Thomas 2001), also known as the Kullback–Leibler divergence between the assimi-
lation distribution of communities 

(

Xj → N
)

 . The relative entropy or the KL-divergence 
is given by

The relative entropy between the assimilation distributions is a measure of the dis-
tance in the assimilation levels between the two communities represented by Mj , and 
represents the impact of the tuples of attributes {e, i, l) and their respective weights 
{α,β , γ }.

Finally, we observe the complexity of assimilation C for a community M . Complex-
ity has been defined in Lopez-Ruiz et al (2010) as a product of the entropy and the 
disequilibrium, given by

Substituting Eq. (3) in Eq. (4), where p(x) is the probability distribution of the ran-
dom variable X . we get the assimilation complexity C as follows:

(1)µ = αe + βi + γ l

(2)Xj ∼ N
(

µj , σ
2
)

,

(3)KL =
+∞
∫

−∞
X1(x) logX1(x)/X2(x)dx

(4)C = −∫ p(x) log p(x)dx ∫ (p(x))2dx
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where,  erf (z) = 2√
π

z
∫
0
e−t2dt is the Gaussian error function.

Next, we model the Renyi divergence of the assimilation between the immigrant 
communities Xj and the native community Y . The Renyi divergence, introduced by 
Renyi (1961), measures the distance between distributions. The Renyi divergence 
between two distributions P and Q is denoted as

When α = 1, the Renyi divergence, D1(P||Q), is the same as the relative entropy of 
the KL-divergence. For α = 2, the Renyi divergence, D2(P||Q), is the logarithm of the 
expected value of the ratio of the probability distributions. The analog counterpart of 
the Renyi divergence between two normal distributions ( µi, σi) and 

(

µj , σj
)

 has been pre-
sented in Gil et al (2013), and takes the following form:

where, 
(

σ 2
)∗
α
= ασ 2

j + (1− α)σ 2
i .

The next section presents our findings of the relative entropy ( KL-divergence), the 
complexity and the Renyi divergence of assimilation for our model.

Results
Figure 2 shows the relationship between two immigrant communities M1 and M2 and 
the native community Y  in terms of the relative entropy, also known as the Kullback–
Leibler divergence (Eq.  3). Each immigrant community possesses attributes of educa-
tion, income and language that are indicative of their level of assimilation with the native 
community. Each of these attributes is ascribed a weight denoted by the tuple (α,β , γ ) 
that denote the level of education, income and language respectively in the commu-
nity. The attribute weights for communities M1 and M2 for Fig. 2 are shown in Table 1. 
Community M2 has equally weighted attributes for education, income and language 
proficiency.

The values of the variables denoting the assimilation propensity of the migrant com-
munity Mj , jε{1, 2} with the native community N  are investigated through the following 

(5)C = ln
(√

2πe
)σ

√
π

2
erf

(

x − µ

σ

)

(6)Dα(P||Q) =
1

α − 1
log

∑

x

P(x)

(

P(x)

Q(x)

)α−1

(7)Dα(P||Q) = ln
σj

σi
+

1

2(α − 1)
ln

(

σ 2
j

(

σ 2
)∗
α

)2

+
1

2

α
(

µi − µj

)2

(

σ 2
)∗
α

Table 1 Simulation parameters for the education, income and language attribute tuple

M1 M2

(α1,β1, γ1) (α2,β2, γ2)

High education (0.8, 0.15, 0.05) (1/3, 1/3, 1/3)

High income (0.15, 0.8, 0.05)

High language proficiency (0.15, 0.05, 0.8)

Random Random α1,β1, γ1
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variables: education (e) , income (i) and language proficiency (l) , whose values are drawn 
from the sets shown below.

From Fig. 2, we see that as the standard deviation σ increases, the relative entropy of 
assimilation of the two communities decreases. This is because, with an increase in the 
standard deviation, the communities are spread out and thus, the distance between the 
communities decreases. Further, we see that with random weights denoted by the tuple 
(α,β , γ ) that denote the level of education, income and language respectively, the relative 
entropy is the greatest. This follows from the fact that randomness increases the entropy, 
which holds true for relative entropy as well.

Figure 3 shows the complexity of assimilation of an immigrant community with the 
native community, as denoted by Eq.  (4). For this figure, we focus on the assimilation 
complexity of a single migrant community M1 , since the findings can be generalized to 
other communities. We see that with an increase in the standard deviation, the assimi-
lation complexity increases since the individual factors impacting the assimilation are 
more spread out. The assimilation complexity is lowest when the language proficiency 
impacts the foreignness the most, since the language proficiency can assume one of two 
values—high or low. On the other hand, income and education can each assume one of 
three values, leading to a greater impact on the assimilation complexity. When the tuple 
of weights (α,β , γ ) is distributed equally, the impact on the assimilation complexity is 
rendered solely by the randomness of the education, income and language proficiency 
levels. As with Fig. 2, we see that randomness results in the highest complexity of assimi-
lation. Overall, high education and high income caused a higher impact on the complex-
ity of assimilation than the level of language proficiency.

Figure 4 shows the complexity as a function of the foreignness (Eq. 5) of the immigrant 
community. The level of foreignness is measured as a distance of the immigrant commu-
nity from the native community along the lines of language proficiency, education and 
income. The higher the divergence of the immigrant and native communities along these 
lines, the greater is the foreignness. As expected, an increase in the foreignness increases 
the complexity of assimilation of the immigrant community with the native community.

eε{0, 1, 2}, iε{0, 1, 2}, lε{0, 1}

Fig. 3 Complexity of assimilation
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Figure 5 plots the Renyi divergence (Eq. 7) against the standard deviation, σ2 , of the 
immigrant community X2 for varying values of the foreignness (µ1,µ2) of the commu-
nities 

(

X1,X2

)

. In Fig. 5a, the mean of the foreignness distributions for both communi-
ties,µ1 and µ2 are equal to 0. We see that, as the value of σ1 approaches σ2 , the Renyi 
divergence is closer to zero. The Renyi divergence is equal to zero at the point where 
σ1 = σ2 = 1 . The highest magnitude of the divergence is seen when σ1 = 5 and σ2 is 
closer to 0. These trends change when the foreignness distributions for both communi-
ties,µ1 and µ2 , are both not equal to zero (Fig. 5b–d). We see that for (µ1 = 0,µ2 = 1) in 
Fig. 5b, the Renyi divergence is greatest for σ1 = 0.5, σ2 → 0 , and it progressively reduces 
to zero for increasing values of σ2 . However, the tendency of the σ1 = 5 line to stay on the 
opposite side of the X-axis compared to the σ1 = 0.5 line remains the same as in Fig. 5a. 
Also, for σ1 = σ2 = 1 , the Renyi divergence is 0. This shows that, irrespective of the val-
ues of the mean of foreignness, the Renyi divergence tends to 0 if σ1 = σ2 = 1.

Fig. 4 Complexity as a function of the foreignness

Fig. 5 Renyi divergence as a function of the standard deviation of foreignness of an immigrant community
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While Fig. 5b showed the results of the Renyi divergence when µ1 > µ2 , Fig. 5c pre-
sents the results when µ1 < µ2 . The overall trends from Figures xa and xb continue with 
regard to the σ1 = 0.5 and σ2 = 5 being on the opposite sides of the X-axis. However, 
for  σ1 = 0.5 , we see that the magnitude of the Renyi divergence increases significantly 
(almost double in the initial spike) when σ2 = 0  compared to Fig. 5a, b. Figure 5d con-
tinues the patterns seen in Figs. 5a–c. The Renyi divergence still exhibits its highest value 
(doubling the spike from Fig. 6c) when σ1 = 0.5 and σ2 = 0.5.

The Renyi divergence results from Fig. 5 shows that the Renyi divergence of the dis-
tributions describing the communities decreases to zero as the standard deviations σi 
and σj increase. This points to the tendency where the immigrant communities start to 
assimilate increasingly with the native community, as the standard deviation increases, 
eventually turning into a single native homogenous community. The findings are in line 
with work in Salvati and Carlucci (2020) that show rural areas as having low complexity 
and diversification.

Discussion and limitations
The study of assimilation between communities is a historical one, and has been fraught 
with socio-economic, cultural and political connotations. The work in this paper studied 
the complexity of urban assimilation along the lines of differences in education, income 
and language. Our findings have implications for understanding assimilation in different 
kinds of communities:

1. Homogeneous communities: Communities with little or no outsider influence of the 
kinds represented by geographically or culturally isolated communities differ signifi-
cantly from a potential immigrant community with respect to education, income and 
language. These kinds of communities are exemplified by rural communities, sub-
urban and urban enclaves with a predominant demographic population and even 
online communities that are built around thematic notions. Consequently, there 
is greater resistance to assimilation with such communities, and therefore exhibit 
higher complexity of assimilation.

2. Heterogeneous communities: Urban communities are characterized by the “melt-
ing pot” feature, that lets communities that widely differ in their education, income 
and language to coexist and assimilate more than in homogeneous communities. The 

Fig. 6 Assimilation of communities a subsets of the native community, b complete assimilation
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complexity of assimilation in such communities is lower than that in homogeneous 
communities, since heterogeneous communities exhibit less resistance to assimila-
tion both from and toward individuals from other communities. This explains the 
existence of cultural mainstays in large cities such as Chinatown, Little Italy, Kore-
atowns and Little India communities. Figure 6 shows various kinds of assimilation 
scenarios. Figure  6a depicts the immigrant communities as subsets of each other, 
whereas Fig.  6b depicts complete assimilation of the immigrant communities with 
the native community. In each case, assimilation create unique circumstances for 
developing policies and services that address the needs of the communities.

3. Impact of language, education and income: Of the three features that we studied, lan-
guage acquisition exhibited lowest complexity of assimilation. This could be attrib-
uted to the binary coding of language acquisition in our study—communities either 
had language skills or did not. In our overtly simplified model that considers only 
three parameters of education, income, and language which are mutually exclusive, 
language acquisition showed a faster pathway to assimilation than education or 
income. Consequently, the acquisition of language skills of the native community 
could help in the reduction of the foreignness factor of an immigrant community rel-
ative to the native community. The impact of language acquisition is amplified when 
seeking assimilation with homogeneous communities, and mitigated with seeking 
amplification with heterogeneous communities with diverse language acquisition 
proficiencies in the various communities.

4. Relationships between immigrant communities: Our study used the KL-divergence 
to examine how two different immigrant communities that differ from each with 
respect to education, income and language fare in their efforts to assimilate with 
the native community. Our findings showed that a higher deviation in each of these 
communities signaled a lower value of the KL-divergence indicating that the distance 
between communities is lower. This follows from the higher deviation of communi-
ties with respect to education, income and language denoting that the communities 
are more spread out. The foreignness of these two immigrant communities relative to 
each other is lower leading to two different communities that find common ground 
in their assimilation efforts with the native community.

5. Design of smart cities: The findings of urban complexity have implications in design-
ing cities of the future (Ekman 2018). For example, work in Fernández-Güell et  al 
(2016) describes the use of urban complexity and diversity in envisioning smart cities 
that understand the urban environment holistically. Additional work on using com-
plexity theory in policy planning initiatives for urban environments is seen in Innes 
and Booher (2000).

Our study addresses urban assimilation complexity in a system of two immigrant 
communities and a single native community. The limitations of our study include the 
following:

1. Macro factors: The work in this paper examined the complexity of assimilation in 
urban communities with respect to the education, income and language—all of 
which have been coded as mutually independent variables that take on discrete val-
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ues in a limited range. These factors, identified in previous SAT literature describe 
prominent factors in the assimilation process. Assimilation, however is a complex 
phenomenon that is dependent on broader factors derived from socio-economic and 
political influences. The impact of these macro factors on the assimilation process 
requires complex models to understand the evolution of urban environments.

2. Biases: In addition to the above-mentioned macro factors, individual and commu-
nity-wide biases may influence the assimilation efforts of immigrant and native com-
munities. These biases have been studied in terms of perceptions of immigrants and 
the impending policies and frameworks enacted by native communities for adjudica-
tion in immigration courts (Marouf 2010), anti-immigration bias (Wagner et al 2010) 
and media bias (McKeever et al 2012).

3. Coding of attributes: The work in this paper codes difference in education, income 
and language in discrete levels. For example, language differences were coded as a 
binary variable. In practice, these attribute differences lie on a spectrum. Further, the 
assumption of the normal distribution for education, income and language might be 
refined by using different distributions for each of these attributes. An understanding 
of the impact of these factors on assimilation complexity will benefit from enhanced 
models that reflect the diversity of communities in urban environments.

Conclusions
We addressed urban complex systems in terms of the widespread phenomenon of assim-
ilation that is prevalent in urban communities. This paper presents a novel theoreti-
cal study of the general problem of assimilation between immigrant communities and 
native communities using the notion of information-theoretic complexity measures. 
The arrival of immigrants and the formation of immigrant communities alters the urban 
landscape in several domains. The consequences of assimilation impact policy and deci-
sion-making for offering services, and also affect the culture and community structure of 
the urban environment. However, assimilation is not uniform. While certain immigrant 
communities assimilate faster, others experience and exhibit resistance to assimilation. 
Our work offers an information-theoretic view of the complexity of assimilation in urban 
environments. Using information-theoretic measures of complexity, we showed that 
assimilation is impacted differently by education, income and language. An information-
theoretic view of complexity of assimilation in urban environments provides multiple 
avenues for further research, such as the role of macro and micro factors that impact 
assimilation. We envision several application problems in urban community structures 
that can benefit from information-theoretic measures such as the capacity of channels of 
communication in immigrant and native communities, and the development of mecha-
nisms to address the information asymmetries present in complex urban environments.

Abbreviations
SAT: Spatial assimilation theory; KL divergence: Kullback–Leibler divergence.

Acknowledgements
Not applicable.



Page 13 of 14Murimi  Appl Netw Sci            (2021) 6:57  

Authors’ contributions
RM designed the study, conducted the experiments and wrote the article. All authors read and approved the final 
manuscript.

Funding
There were no funding sources used for the work in this study.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable 
request.

Declarations

Competing interests
The author declares that she has no competing interests.

Received: 8 March 2021   Accepted: 25 June 2021

References
Alberti M, McPhearson T, Gonzalez A, Elmqvist T (2018) Embracing urban complexity. Urban planet: knowledge towards 

sustainable cities. Cambridge University Press, Cambridge
Balmaceda B, Fuentes M (2016) Cities and methods from complexity science. J Syst Sci Complexity 29(5):1177–1186
Batty M, Marshall S (2012) The origins of complexity theory in cities and planning. In: Complexity theories of cities have 

come of age. Springer
Batty M, Morphet R, Masucci P, Stanilov K (2014) Entropy, complexity, and spatial information. J Geogr Syst 16(4):363–385
Baynes TM (2009) Complexity in urban development and management: Historical overview and opportunities. J Ind Ecol 

13(2):214–227
Boeing G (2019) Urban spatial order: Street network orientation, configuration, and entropy. Appl Netw Sci 4(1):67
Burgers J, van der Lugt H (2006) Spatial assimilation of minority groups. J Housing Built Environ 21(2):127–139
Cabral P, Augusto G, Tewolde M, Araya Y (2013) Entropy in urban systems. Entropy 15(12):5223–5236
Chen Y (2008) A wave-spectrum analysis of urban population density: entropy, fractal, and spatial localization. Discrete 

dynamics in nature and society 2008
Chen Y, Wang J, Feng J (2017) Understanding the fractal dimensions of urban forms through spatial entropy. Entropy 

19(11):600
Cordero-Guzman HR (2005) Community-based organizations and migration in New York City. J Ethn Migr Stud 

31(5):889–909
Cover TM, Thomas JA (2001) Elements of information theory. Wiley, New York
Derrible S (2017) Complexity in future cities: the rise of networked infrastructure. Int J Urban Sci 21:68–86
Edelenbos J, Hirzalla F, van Zoonen L, van Dalen J, Bouma G, Slob A, Woestenburg A (2018) Governing the complexity of 

smart data cities: setting a research agenda. In Smart technologies for smart governments, pp 35–54
Ellis M, Wright R (2005) Assimilation and differences between the settlement patterns of individual immigrants and 

immigrant households. Proc Natl Acad Sci 102(43):15325–15330
Ellis M, Wright R, Parks V (2006) The immigrant household and spatial assimilation: partnership, nativity, and neighbor-

hood location. Urban Geogr 27(1):1–19
Elsheshtawy Y (1997) Urban complexity: toward the measurement of the physical complexity of street-scapes. J Arch 

Plan Res 301–316
Ekman U (2018) Smart city planning: Complexity. Int J e-Plan Res 7(3):1–21
Fernández-Güell JM, Guzmán-Araña S, Collado-Lara M, Fernández-Añez V (2016) How to incorporate urban complexity, 

diversity and intelligence into smart cities initiatives. In: International conference on smart cities. Springer, pp 85–94
Friedmann J (2019) Thinking about complexity and planning. Int Plan Stud 24(1):13–22
Gil M, Alajaji F, Linder T (2013) Rényi divergence measures for commonly used univariate continuous distributions. Inf Sci 

249:124–131
Gudmundsson A, Mohajeri N (2013) Entropy and order in urban street networks. Sci Rep 3(1):1–8
Gugliotta G (2008) The great human migration. Smithson Mag 56–64
Gordon MM (1964) Assimilation in American life: The role of race, religion, and national origins. Oxford University Press, 

Oxford
Hollingsworth TH (1970) Historical studies of migration. Ann Démographie Hist 87–96
Innes J, Booher DE (2000) Indicators for sustainable communities: a strategy building on complexity theory and distrib-

uted intelligence. Plan Theory Pract 1(2):173–186
Jargowsky PA (2009) Immigrants and neighbourhoods of concentrated poverty: assimilation or stagnation? J Ethn Migr 

Stud 35(7):1129–1151
Karpati A, Kerker B, Mostashari F, Singh T, Hajat A, Thorpe L et al (2004) Health disparities in New York City New York City 

Department of Health and Mental Hygiene). http:// www. nyc. gov/ html/ doh/ pdf/ epi/ dispa rities- 2004. pdf. Accessed 
20 Oct 2020

Krishnamurthy A, Kandasamy K, Poczos B, Wasserman L (2014) Nonparametric estimation of Renyi divergence and 
friends. In: International conference on machine learning. PMLR, pp 919–927

http://www.nyc.gov/html/doh/pdf/epi/disparities-2004.pdf


Page 14 of 14Murimi  Appl Netw Sci            (2021) 6:57 

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

Lopez-Ruiz R, Mancini H, Calbet X (2010) A statistical measure of complexity. arXiv preprint arXiv:1009.1498 
Marouf FE (2010) Implicit bias and immigration courts. New Eng l Rev 45:417
Massey DS, Denton NA (1985) Spatial assimilation as a socioeconomic outcome. Am Sociol Rev 50(1):94–106
McKeever BW, Riffe D, Carpentier FD (2012) Perceived hostile media bias, presumed media influence, and opinions about 

immigrants and immigration. South Commun J 77(5):420–437
Moroni S, Rauws W, Cozzolino S (2020) Forms of self-organization: Urban complexity and planning implications. Environ 

Plan B Urban Anal City Sci 47(2):220–234
Myles J, Hou F (2004) Changing colours: spatial assimilation and new racial minority immigrants. Can J Sociol Cahiers Can 

Soc 29–58
Ortman SG, Lobo J, Smith ME (2020) Cities: complexity, theory and history. PLoS ONE 15(12):e0243621
Pamuk A (2004) Geography of immigrant clusters in global cities: a case study of San Francisco. Int J Urban Reg Res 

28(2):287–307
Park RE (1950) Race and culture. Free Press, Glencoe
Pelorosso R, Gobattoni F, Leone A (2017) The low-entropy city: a thermodynamic approach to reconnect urban systems 

with nature. Landsc Urban Plan 168:22–30
Purvis B, Mao Y, Robinson D (2019) Entropy and its application to urban systems. Entropy 21(1):56
Rényi A (1961) On measures of information and entropy. In: Proceedings of the fourth Berkeley symposium on math-

ematics, statistics and probability, pp 547–561
Salat S, Bourdic L (2012) Urban complexity, efficiency and resilience. In: Morvaj Z (ed) Energy efficiency—a bridge to low 

carbon economy, pp 25–44
Salat S, Bourdic L, Nowacki C (2010) Assessing urban complexity. Int J Sustain Build Technol Urban Dev 1(2):160–167
Salvati L, Carlucci M (2020) Shaping dimensions of urban complexity: the role of economic structure and socio-demo-

graphic local contexts. Soc Indic Res 147(1):263–285
Salingaros NA (2000) Complexity and urban coherence. J Urban Des 5(3):291–316
Shmool JL, Kubzansky LD, Newman OD, Spengler J, Shepard P, Clougherty JE (2014) Social stressors and air pollution 

across New York City communities: a spatial approach for assessing correlations among multiple exposures. Environ 
Health 13(1):91

South SJ, Crowder K, Chavez E (2005) Migration and spatial assimilation among US Latinos: classical versus segmented 
trajectories. Demography 42(3):497–521

UN DESA (2018) Revision of world urbanization prospects. Population Division of the UN Department of Economic and 
Social Affairs

Wagner U, Christ O, Heitmeyer W (2010) Anti-immigration bias. Handbook of prejudice, stereotyping, and discrimination, 
pp 361–376

Williamson JG (2002) Coping with city growth during the British industrial revolution. Cambridge University Press
Zorlu A, Mulder CH (2010) Location choices of migrant nest-leavers: spatial assimilation or continued segregation? 

Advances in Life. Course Res 15(2–3):109–120

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


