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The study of humanmobility is both of fundamental importance and of great potential value. For example,
it can be leveraged to facilitate efficient city planning and improve prevention strategies when faced with
epidemics. The newfound wealth of rich sources of data—including banknote flows, mobile phone records,
and transportation data—has led to an explosion of attempts to characterize modern human mobility.
Unfortunately, the dearth of comparable historical datamakes it muchmore difficult to study humanmobility
patterns from the past. In this paper, we present an analysis of long-term humanmigration, which is important
for processes such as urbanization and the spread of ideas. We demonstrate that the data record from Korean
family books (called “jokbo”) can be used to estimate migration patterns via marriages from the past 750
years. We apply two generative models of long-term human mobility to quantify the relevance of
geographical information to human marriage records in the data, and we find that the wide variety in
the geographical distributions of the clans poses interesting challenges for the direct application of these
models. Using the different geographical distributions of clans, we quantify the “ergodicity” of clans in terms
of how widely and uniformly they have spread across Korea, and we compare these results to those obtained
using surname data from the Czech Republic. To examine population flow in more detail, we also construct
and examine a population-flow network between regions. Based on the correlation between ergodicity and
migration inKorea, we identify two different types ofmigration patterns: diffusive and convective.We expect
the analysis of diffusive versus convective effects in population flows to be widely applicable to the study of
mobility and migration patterns across different cultures.
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I. INTRODUCTION

Since Quetelet’s advocacy of “social physics” in the
1830s [1] and Ravenstein’s seminal work later in the
nineteenth century [2], quantitative studies of human
mobility have suggested that human movements follow
statistically predictable patterns [3–10]. Such systems-level
studies are an important complement to individual-based
approaches, as they can reveal population-level phenomena

that are difficult to deduce by focusing on the character-
istics of isolated members [11].
Research that takes a physics-based approach has

focused predominantly on modern mobility—rather than
historical mobility and migration—because of the dispro-
portionate availability of large, rich data sets from modern
life [12–16]. By contrast, historical data tend to be sparse,
incomplete, and noisy. These constraints limit the scope of
conclusions that one can draw about how humans mingled,
mixed, and migrated over long time scales [17,18]. In this
paper, we investigate historical human mobility and asso-
ciated human migration by studying the matchmaking
process for traditional marriages in Korea combined with
modern census data in South Korea. We obtain our data
from Korean “family books” called jokbo (족보 in Korean).
Such a confluence of historical and modern data is rare, and
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it allows a novel test of generative models for human
mobility.
According to Korean tradition, family names are sub-

divided into clans called bon-gwan (본관), which are
identified by a unique place of origin. For example,
the two Korean authors of this paper belong to the clans
“Kim from Gimhae (김해 김)” and “Lee from Hakseong
(학성 이),” and the clan “Lee from Hakseong” is distinct
from the clan “Lee from Jeonju (전주이)” [the royal clan of
the Joseon dynasty and the Great Korean Empire (1392–
1910)]. When two Koreans marry, the bride’s clan and her
birth year are customarily recorded in the jokbo owned by
the groom’s family. These jokbo are kept in the groom’s
family and passed down through the generations; they serve
primarily as a record of the names and birth years of all male
descendants [19,20]. In previous work, researchers used the
marriage data contained in these books to estimate the
population sizes and distributions of clans in Korea as far as
750 years in the past [21–23]. Such distributions are useful
for understanding quantitative aspects of human culture, and
we proceed even further by conducting a systematic inves-
tigation of the geographical information embedded in jokbo.
We examine a set of ten jokbo to try to understand how

geographical separation affected human interaction in the
past in Korea. Specifically, we examine how interclan
marriage rates can be predicted by physical distance and
how clans themselves have spread across the country
during the past several hundred years. To do this, we apply
two generative models for describing human mobility
patterns to jokbo records of past marriages between two
clans. Note that the identification of clans with specific
geographical origins is not unique to Korea. For example,
the origins of British and Czech surnames were also the
subject of recent investigations [24,25].
Our analysis consists of two parallel approaches. First,

we use marriages recorded in jokbo to obtain snapshots of
migration (mainly of individual women) for a “marriage-
flux analysis.” We apply two generative models for
population flow, discuss the results of applying these
models, and explain the limitations that arise from the
wide variety in the geographical-distribution patterns of the
clans. Second, to consider the geographical spread of clans
in more detail, we conduct an “ergodicity analysis.”We use
the modern geographical distribution of clans from census
data to infer “ergodicity” of clans (mainly caused by past
movement of male descent lines). To provide an additional
perspective, we also use these data to construct a network
model of population flows. To the best of our knowledge,
the notion of diffusive versus convective population flow is
new for data-driven studies of human mobility and migra-
tion, and we believe that this kind of approach can provide
valuable insights for many problems in population mobility
and migration. In the present paper, we focus on long-
term migration, which has significant effects on many
processes over a variety of spatial and temporal scales.

Such processes include urban population growth and the
demographic structure of cities [26]; city infrastructure and
planning [27]; unemployment [28]; and the spread of
culture, religion, and other ideas [29]. Most early studies
of migration emphasized so-called “internal migration”
(i.e., movement within a country) [2,3,30,31] like the
phenomena that we investigate, though international migra-
tion is also a prominent field of study [32,33]. It has been
more popular to study international migration than internal
migration during the past few decades, but present-day
urbanization processes in Asia, Africa, and Latin America
have led to renewed interest in internal migration [26,31].
We hope that our work provides useful ideas to help solve
some of the fundamental questions in the migration
literature: who migrates, why people migrate, and the
consequences of migration (e.g., rural depopulation).
The remainder of our paper is organized as follows. In

Sec. II, we introduce the jokbo and census data that we use
in our investigation. In Sec. III, we present our primary
methodology for data analysis: the gravity and radiation
models for marriage-flux analysis, a special case of the
gravity model that we call the population-product model,
and a diffusion model for ergodicity analysis. We present
our main results in Sec. IV, and we conclude in Sec. V. We
include detailed information on the data sets, data cleaning,
additional results and practical considerations for our
analysis, an investigation of a network model for popula-
tion flow, and various other results in Appendices A–I.

II. DATA SETS

A. Jokbo data sets

For our marriage-flux analysis, we use the same ten jokbo
data sets that were employed in [21–23]. An individual book
contains between 1873 and 104 356 marriage entries, and
there are a total of 221 598 entries across all books. (See
Table I and Figs. 8 and 9 in Appendix A for details.)
Each entry contains the bride’s clan and year of birth [34].
The oldest book has entries that date back to the 13th
century.
Previous studies of this data set [21–23] did not use

any of the information that is encoded implicitly in the
geographical origins of each clan. Such information,
together with the modern geographical distribution of
clans, comprises a key ingredient of our analysis. We
convert location names to geographical coordinates using
the Google Maps Application Programming Interface
(GMAPI) [36]. Because of the much sparser coverage of
North Korean regions by Google Maps (see Fig. 12 in
Appendix D), this geolocation data are a biased sample of
the full data. However, data for the southern half of the
Korean peninsula are rich [37], and it is sufficient to draw
interesting and robust conclusions. For example, the effect
of a change in the legality of intraclan marriage in 1997 is
clearly observable in the data.
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B. Modern name distributions

In addition to the jokbo data sets that we employ for
marriage-flux analysis, we also use data from two Korean
census reports (1985 and 2000) to evaluate the current spatial
distribution of clans in Korea [38,39]. As illustrated in Fig. 1,
some clans have dispersed rather broadly, but others remain
localized (usually near their place of origin).Drawing on ideas
from statistical mechanics [40,41], we use the term “ergodic”
as an analogy to describe clans that have spread broadly
throughout Korea.We suppose that such clans have reached a
dynamic equilibrium: An ergodic clan is “spread equally”
throughout Korea in the sense that one expects it to have
roughly the same geographical distribution as the population
as awhole.Note thatwe donot expect an ergodic clan to reach
a spatially uniform state for the same reasons that the full
population is not spatially uniform (e.g., inhomogeneities in
natural resources, advantages to congregating in cities, etc.).
Nonergodic clans should have rather different distribu-

tions from those that we dub ergodic because their
distribution must differ significantly from that of the full
population. One can construe the notion of ergodicity as a
natural extension of other physical analogies that were used
in previous quantitative studies (including the original
ones) on human migration [1–10]. As we discuss later,
we can quantify the extent of clan ergodicity.

III. METHODS

A. Generative models for marriage-flux analysis

We compute a “marriage flux”—the rate of marriage of
women from clan i into clan j—for all clan pairs ði; jÞ in

our data [42]. Historically, professional matchmakers were
employed to travel between families to arrange marriages
[43], so we posit that physical distance plays a significant
role in determining marriage flux. We examine this
hypothesis using two generative models: a conventional
gravity model with adjustable parameters that incorporates
the distance between regions and the effects (or lack
thereof) of each region’s population [4,5], and a recently
developed, parameter-free radiation model [44,45].
The gravity model has been used to explain phenomena

such as commuting patterns and disease spread [46–49]. In
this model, the flux of population Gij from site i to site j is

Gij ¼
mα

i m
β
j

rγij
; ð1Þ

where α, β, and γ are adjustable exponents. For our
purposes, Gij is proportional to the flux of women from
clan i to clan j through marriage. The total population of
clan i is given by mi, and the variable rij is the distance
between the centroids of clans i and j. We employ census
data from 2000 to calculate centroids using the spatial
population distribution for each clan [38]. Importantly, note
that choosing γ ¼ 0 in the gravity model yields a special
case in which flux is independent of distance. As we will
see in Sec. IVA, this situation arises when large uncer-
tainties in geographical locations (due to clan ergodicity)
hinder the accuracy of estimations of distances.
Determining the centroid locations of clans from modern

census data is more accurate than attempting to determine
the locations where clans originated [50] for two reasons.

TABLE I. Number of entries and other information available in each jokbo, values that we determined by using additional data that we
obtained from other sources, and a summary of some of our computational results for the clan corresponding to each jokbo. For each
jokbo, we indicate the ID (1–10), the year t0 of its earliest entry, its number of entries Ne, and the number of distinct clans (including at
least one bride for each clan) Nc among those entries [21]. The quantity Nγ¼0 gives the number of clans from the 2000 census (which is
4 303) plus the number of clans in each jokbo that are not already in the census. We can use these Nγ¼0 clans in the gravity model when
γ ¼ 0 (i.e., for the population-product model, which is applicable without geographical information) and α ¼ 1. (See the discussion in
Appendix B.) We also indicate the best values for the fitting parameters α and γ of the gravity model in Eq. (1). We apply this fit to the
brides’ side of marriages, and we calculate these values by minimizing the sum of squared differences using the SCIPY.OPTIMIZE package
in PYTHON [35] (with initial values of α ¼ γ ¼ aG ¼ 1.0 in our computations). We compute the number of administrative regionsNadmin
in which the clan that corresponds to each jokbo (i.e., the grooms’ side) appears based on census data from 1985 and 2000. We use the
census data to compute a radius of gyration rg (km) for both 1985 and 2000 and to estimate a diffusion constant D ( km2=year) for
diffusion of clans between those two years. We consider clans with N2000

admin ≥ 150 to be ergodic (see Fig. 5). Based on this definition, all
ten clans in the jokbo data are ergodic.

ID t0 Ne Nc Nγ¼0 α γ N1985
admin N2000

admin rg (1985) rg (2000) Ergodic? D

1 1513 104 356 2 657 5 510 1.0749 −0.0349 199 199 115.5 113.5 Y 0.062
2 1562 29 139 1 274 4 796 1.0145 0.2305 199 199 124.4 128.7 Y 0.737
3 1752 3 500 390 4 364 1.0853 0.2000 199 199 132.7 151.5 Y 0.426
4 1698 15 445 915 4 524 0.9678 0.1210 199 199 132.7 151.5 Y 0.426
5 1439 17 911 923 4 551 0.9452 0.2346 198 199 101.2 97.4 Y 0.062
6 1476 16 379 727 4 462 1.1102 0.5377 130 196 144.6 128.8 Y 2.253
7 1802 1 873 289 4 359 1.4930 −0.0961 199 199 110.2 116.1 Y −0.062
8 1254 15 006 958 4 570 0.9651 0.1285 198 198 114.1 109.6 Y 0.101
9 1458 6 463 548 4 376 1.1253 0.3650 196 195 118.6 121.5 Y 0.784
10 1475 11 526 736 4 463 0.9947 0.4502 198 196 117.7 127.7 Y 0.461
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First, for many clans, origin-place names have differed
from geographical clan centers from the beginning of
recorded Korean history—which, in particular, predates
the period that spans our jokbo data sets [20,51]. Second,
the origin-place names for many clans have become
outdated and cannot be located accurately via the names
of modern administrative regions. For instance, the clan
origin “Hakseong” of the first author is an old name for the
city Ulsan in South Korea, but the name Hakseong is
currently only used to describe the small administrative
region “Hakseong-dong” in Ulsan. However, as we dem-
onstrate in Fig. 1, using the centroid location of “Lee from
Hakseong” correctly gives the modern city Ulsan. This
procedure works in part because Lee from Hakseong is a
nonergodic clan; for ergodic clans such as Kim from
Gimhae, the spatial precision is much worse. This is an
important observation that we will discuss in detail later.
We use a version of the radiation model that takes finite-

size effects into account [45]. The population flux Rij from
clan i to clan j is

Rij ¼
Ωi

1 −mi=N
×

mimj

ðmi þ sijÞðmi þmj þ sijÞ
; ð2Þ

where Ωi ¼
P

jRij is proportional to the total population
that marries from clan i into any other clan, N is the total
population, and sij is the exclusive population within a
circle of radius rij centered on the centroid of clan i.

Note that members of clans i and j are not included in
computing sij [44]. As before, mi is the population of
clan i, members of clan imarry into clan j, and clan j keeps
the marriage records. In contrast to the gravity model,
the radiation model does not include any external param-
eters. Importantly, this renders it unable to describe the
geographically-independent situation that we need to con-
sider in our study (and which we can obtain by setting
γ ¼ 0 in the gravity model).
For both the gravity and radiation models, we use census

data from the year 2000 [38] as a proxy for past pop-
ulations. This allows us to compute the quantities rij, mi,
and sij. Our approximation is supported by previously
reported estimates of stability in Korean society.
Historically, most clans have grown in parallel with the
total population, so we assume that the relative sizes of
clans have remained roughly constant [23]. In both Eqs. (1)
and (2), only the relative sizes mi=N and sij=N matter for
calculating the flux (up to a constant of proportionality).

B. Human diffusion and ergodicity analysis

One way to quantify the notion of clan ergodicity is to
examine what we call the “clan-density anomaly,” which
describes the local deviation in density of members of a
given clan. The clan-density anomaly is ϕiðr; tÞ ¼
ciðr; tÞ − ½miðtÞ=NðtÞ�ρðr; tÞ at position r ¼ ðx; yÞ and
time t, where ciðr; tÞ is the (spatially and temporally
varying) local clan concentration (i.e., the clan population

FIG. 1. Examples of (a) ergodic and (b) nonergodic clans. We color the regions of South Korea based on the fraction of the total
population composed of members of the clan in the year 2000. We use arrows to indicate the origins of the two clans: Gimhae on the left
and Ulsan (“Hakseong” is the old name of the city) on the right. In this map, we use the 2010 administrative boundaries [39]. See the
appendices for discussions of data sets and data cleaning.
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density), miðtÞ is the total clan population, ρðr; tÞ is the
local population density (i.e., the total population of all
clans at point r and time t, divided by the differential area),
and NðtÞ is the total population of all of the clans at
time t. If a clan were to occupy a constant fraction of the
total population everywhere in the country, then ϕi ¼ 0
everywhere because its local concentration would be
ci ¼ ðmi=NÞρ. (This situation corresponds to perfect ergo-
dicity.) The range of typical values for the clan-density
anomaly depends on a clan’s aggregate concentration in the
country. Examining the anomaly relative to clan concen-
tration, the year-2000 numbers for ϕi=ðmiρ=NÞ range from
−1 700 to 7 400 for Kim from Gimhae and from−19 000 to
87 000 for Lee from Hakseong. Clearly, the distribution of
the latter is much more heterogeneous (see Fig. 17 in
Appendix I).
Combining the notion of clan-density anomaly with

traditional arguments—flow ideas based on Ohm’s law
and “molecular weights for population” are mentioned
explicitly in [6,10]—about migration from population
gradients [2–10] suggests a simple Fickian law [52] for
human transport on long time scales. We propose that the
flux of clan members is Ji ∝ ∇ϕi, so individuals move
preferentially away from high concentrations of their clans.
This implies that ∂ci=∂t ¼ ∇ · Ji ∝ ∇2ϕi (where we have
assumed that the constant of proportionality is independent
of space), which yields the diffusion equation

∂ϕi

∂t ¼ Di∇2ϕi: ð3Þ

We thereby identify the constant of proportionality as a
mean diffusion constant Di with dimensions ½length2=
time�. This prediction of diffusion of clan members is
consistent with existing theories that posit human diffusion
(e.g., cultural [53] and demic [54] diffusion). An important
distinction is that we are proposing a process of diffusive
mixing of clans rather than diffusive expansion of an idea or
group. If this theory is correct, then one should expect clan-
density anomalies to simply diffuse over time. One should
also be able to estimate diffusion constants by comparing
the spatial variation at two points in time.
One can gain insight into the above diffusion process by

calculating the radius of gyration (a second moment) of the
clan-density anomaly as a proxy for measuring ergodicity.
Suppose that clan i’s concentration ciðr; tÞ is known on a
set of discrete regions fSkg with areas fAkg. We define the
centroid coordinates for the kth region as

rðkÞ ¼ 1

jSkj
X

r∈Sk

r; ð4Þ

where jSkj is the total number of coordinate points r in Sk
for normalization, and we henceforth use ϕiðk; tÞ to
indicate ϕi½rðkÞ; t�. The centroid of the clan’s anomaly has
coordinates

ri;CðtÞ ¼
1

ϕi;totðtÞ
X

k

rðkÞϕiðk; tÞAk; ð5Þ

where rðkÞ ¼ ½xðkÞ; yðkÞ� gives the coordinates of the
centroid of region k and the normalization constant is

ϕi;totðtÞ ¼
X

k

ϕiðk; tÞAk; ð6Þ

where ϕiðk; tÞ is the anomaly of clan i in region k at time t.
Note that we calculate the centroid of population for the ith
clan (as opposed to the centroid of its anomaly) using
analogous formulas to Eqs. (5) and (6) in which ϕi is
replaced by the concentration ci. The radius of gyration
(i.e., the spatial second moment) rgiðtÞ of clan i at time t is
then defined by

rg2i ðtÞ ¼
1

ϕi;tot

X

k

∥rðtÞ − ri;CðtÞ∥2ϕiðk; tÞAk; ð7Þ

where ∥ · ∥ is the Euclidean norm. We can use the set of
radii of gyration frgðtÞg from Eq. (7) as a proxy for
ergodicity because (by construction) rgiðtÞ quantifies how
widely the clan-density anomaly of clan i has spread across
Korea [55].
We simulate Eq. (3) between the known anomaly

distributions from census data at t1 ¼ 1985 and t2 ¼
2000 to estimate a best-fit diffusion constant Di for each
clan. We compare our results to a null model in which
movement is diffusive but driven by the aggregate
population density in each region rather than by clan-
population anomaly. Our clan-based diffusion model per-
forms better than the null model for approximately 84% of
the clans.

IV. RESULTS

A. Marriage-flux analysis based on jokbo
and modern census data

We apply a least-squares fit on a doubly logarithmic
scale to determine the coefficients α and γ from Eq. (1)
(along with the proportionality coefficient aG, which is
essentially a normalization constant, for the total number of
marriages). The parameter β is irrelevant for the aggregated
entries in a single jokbo becausemj is constant (and is equal
to the total number of grooms in that jokbo). The strongest
correlation between the gravity-model flux and the number
of entries for each clan in jokbo 1 occurs for α ≈ 1.0749 and
γ ≈ −0.0349, which suggests that the frequency of mar-
riage between two families is proportional to the product of
the populations of the two clans and, in particular, that there
is little or no geographical dependence. The likely explan-
ation is that the clan in jokbo 1 is ergodic, so the grooms
could have been almost anywhere in the country, which
would indeed make geographical factors irrelevant. (In the
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context of population genetics, this corresponds to “full
mixing” [56–59].) In other words, as we discussed in
Sec. III A, this special case of the gravity model (for
which we use γ ¼ 0 in our analysis) corresponds to
having geographical independence. Consequently, we will

henceforth use the term “population-product model” for the
gravity model with γ ¼ 0. For our analysis of other jokbo
and additional details, see Appendix A (and Tables I
and II).
With little loss of accuracy for the fit, we take γ ¼ 0 (i.e.,

we use the population-product model) to avoid divergence
in the rare cases in which a bride comes from the same clan
as the groom (for which the distance is rij ¼ 0). We also
take α ¼ 1 with little loss of accuracy. Using γ ¼ 0 allows
us to include data from the approximately 22% of clans for
which geographical origin information is not available. In
Fig. 2, we show the fit for jokbo 1, where we have used
linear regression to quantify the correlation between the
population-product-model flux and the number of entries
for each clan in the jokbo. The noticeably lower outlier to
the right of the line is the data point that corresponds to the
clan of jokbo 1, and we remark that this deviation results
from a cultural taboo against marrying into one’s own clan.
Women from the same clan as the owners of a jokbo have
traditionally been strongly discouraged from marrying men
listed in the jokbo (it is possible that they were even
recorded under false clans in the book), and it was illegal
until 1997 [60]. For the other jokbo, see Fig. 6 in
Appendix A. In the bottom panel of Fig. 2, we illustrate
that the radiation model does not give a good fit to the data.
Recall from our discussion in Sec. III A that the lack of

TABLE II. Gravity-model parameters α and γ in Eq. (1)
calculated for temporally-divided entries of jokbo 1 by minimiz-
ing the sum of squared differences using the SCIPY.OPTIMIZE

package in PYTHON [35]. (We again use initial values of α ¼
γ ¼ aG ¼ 1.0 in these computations.) We sort the list of brides
according to birth year, (temporally) partition the data such that
each time window (except for the last one) has 10 001 entries, and
indicate the mean and median birth year in each window.

Window Year (mean) Year (median) α γ

1–10 001 1739.72 1756 1.0943 −0.1019
10 002–20 002 1828.51 1829 1.1130 −0.0396
20 003–30 003 1865.08 1865 1.1186 −0.0776
30 004–40 004 1890.72 1891 1.1277 −0.0272
40 005–50 005 1910.91 1911 1.0802 0.0209
50 006–60 006 1926.80 1927 1.0463 0.0270
60 007–70 007 1938.99 1939 1.0886 −0.0146
70 008–80 008 1949.64 1950 1.0405 0.0027
80 009–90 009 1958.01 1958 1.0443 −0.0807
90 010–100 010 1964.90 1965 1.0030 −0.0247
100 011–104 356 1971.78 1971 1.0240 −0.1077

FIG. 2. Flux predictions from the population-product model (i.e., the special case of the gravity model with γ ¼ 0) with α ¼ 1 and the
radiation models for jokbo 1. (a) Scatter plot of the number of clan entries in jokbo 1 versus the corresponding centroid in 2000 using the
population-product-model flux with α ¼ 1. We compute the line using a linear regression to find the fitting parameter aG ≈ 6.55ð4Þ ×
10−11 (with a 95% confidence interval) to satisfy the expression Ni ¼ aGGij, whereGij is the population-product-model flux of women
from clan i to clan j and Ni is the total number of entries from clan i in the jokbo. (b) We compare the same clan entries using the
radiation model. We compute the line using a linear regression to find the fitting parameter aR ≈ 0.049ð2Þ to satisfy the expression
Ni ¼ aRRij, where Rij is the radiation-model flux of women from clan i to clan j and Ni is the total number of entries from clan i in the
jokbo. In both panels, we color the points using the number of administrative regions that are occupied by the corresponding clans [see
Figs. 3(a) and (b)]. The red markers (outliers) in both panels correspond to the clan of jokbo 1 (i.e., the case i ¼ j).
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parameters in the radiation model does not allow us to
explicitly consider a geographically independent special
case when using it. We emphasize, however, that this does
not imply that the gravity model is “better” than the
radiation model, as a direct comparison between the two
models is hampered by the ergodicity of clans. In other
words, the standard formulations of the gravity and
radiation models do not provide a solution for how to
estimate fluxes between the clan centroids. Consequently,
to investigate population fluxes, we incorporate modern
census data. See our discussions in the next subsection and
in Appendix H.

B. Ergodicity analysis based on modern census
data and a simple diffusion model

We use census data from the year 2000 [38] to examine
the ergodicity of clans in three different ways: (1) The
number of administrative regions quantifies how “widely”
each clan is distributed; (2) the radius of gyration, which we
calculate from the clan-density anomaly using Eq. (7),
quantifies how “uniformly” each clan is distributed; and
(3) the standard deviation of anomaly values measures how
much the anomaly varies across regions. For instance,
using data from the 2000 census and considering all of the
clans and the 199 standardized regions, we find that 3.04%
of the clans have a member in every region but that 22.1%
of the clans have members in ten or fewer regions.
We illustrate the dichotomy of ergodic versus nonergodic

clans with the bimodal distribution in Fig. 3(a). However,
from the perspective of individual clan members [see
Fig. 3(b)], such a dichotomy is not apparent. We show
the radii of gyration that we calculate from the 2000 census
data in Figs. 3(c) and 3(d). We can again see the bimodality
in Fig. 3(c). In Fig. 17 in Appendix I, we illustrate the
dichotomy for Kim from Gimhae and Lee from Hakseong.
As we indicate in Table I, all ten of the clans for which

we have jokbo are ergodic or at least reasonably ergodic, so
the variables associated with the j indices (i.e., the grooms)
in Eqs. (1) and (2) have already lost much of their
geographical precision, which is consistent with both
γ ¼ 0 (i.e., with using the population-product model)
and α ¼ 0. Again, see the scatter plots in Fig. 2, in which
we color each clan according to the number of different
administrative regions that it occupies. Note that the three
different ergodicity diagnostics are only weakly correlated
with each other (see Fig. 18 in Appendix I).
Our observations of clan bimodality for Korea contrast

sharply with our observations for family names in the
Czech Republic, where most family names appear to be
nonergodic [25] (see Fig. 19 in Appendix I). One possible
explanation of the ubiquity of ergodic Korean names is the
historical fact that many families from the lower social
classes adopted (or even purchased) names of noble clans
from the upper classes near the end of the Joseon dynasty
(19th–20th centuries) [20,61]. At the time, Korean society

FIG. 3. Distribution of the number of different administrative
regions occupied by clans. (a) Probability distribution of the
number of different administrative regions occupied by a Korean
clan in the year 2000. (b) Probability distribution of the number of
different administrative regions occupied by the clan of a Korean
individual selected uniformly at random in the year 2000. The
difference between this panel and the previous one arises from the
fact that clans with larger populations tend to occupy more
administrative regions. [That is, we select a clan uniformly at
random in panel (a), but we select an individual uniformly at
random in panel (b).] Note that the rightmost bar has a height of
0.17, but we have truncated it for visual presentation. (c) Prob-
ability distribution of radii of gyration (in km) for clans in 2000.
(d) Probability distribution of radii of gyration (in km) for clans of
a Korean individual selected uniformly at random in 2000. The
difference between this panel and the previous one arises from the
fact that clans with larger populations tend to occupy more
administrative regions. Solid curves are kernel density estimates
(from MATLAB R2011a’s KSDENSITY function with a Gaussian
smoothing kernel of width 5).
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FIG. 4. Distribution of estimated diffusion constants (in
km2=year) computed using 1985 and 2000 census data and
Eq. (3). The solid curve is a kernel density estimate (fromMATLAB

R2011a’s KSDENSITY function with default smoothing). See
Appendix G for details of the calculation of diffusion constants.
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was very unstable, and this process might have, in essence,
introduced a preferential growth of ergodic names.
In Fig. 4, we show the distribution of the diffusion

constants that we computed by fitting to Eq. (3). Some of
the values are negative, which presumably arises from finite-
size effects in ergodic clans as well as basic limitations in
estimating diffusion constants using only a pair of nearby
years. In Fig. 20 in Appendix I, we show the correlations
between the diffusion constants and other measures.

C. Convection in addition to diffusion as another
mechanism for migration

The assumption that human populations simply diffuse is
a gross oversimplification of reality. We will thus consider
the intriguing (but still grossly oversimplified) possibility
of simultaneous diffusive and convective (bulk) transport.
In the past century, a dramatic movement from rural to
urban areas has caused Seoul’s population to increase by a
factor of more than 50, tremendously outpacing Korea’s
population growth as a whole [62]. This suggests the
presence of a strong attractor or “sink” for the bulk flow
of population into Seoul, as has been discussed in rural-
urban labor migration studies [28]. The density-equalizing
population cartogram [63] in Fig. 21 in Appendix I clearly
demonstrates the rapid growth of Seoul and its surround-
ings between 1970 and 2010.
If convection (i.e., bulk flow) directed towards Seoul has

indeed occurred throughout Korea while clans were simul-
taneously diffusing from their points of origin, then one
ought to be able to detect a signature of such a flow. In
Fig. 5(a), we show what we believe is such a signature. We
observe that the fraction of ergodic clans increases with the
distance between Seoul and a clan’s place of origin. This
would be unexpected for a purely diffusive system or,
indeed, in any other simple model that excludes convective
transport. By allowing for bulk flow, we expect to observe
that a clan’s members preferentially occupy territory in the
flow path that is located geographically between the clan’s
starting point and Seoul. For clans that start closer to Seoul,
this path is short; for those that start farther away, the longer
flow path ought to contribute to an increased number of
occupied administrative regions and hence to a greater
aggregate ergodicity. We plot the fraction of ergodic clans
versus the distance a clan has moved (which we estimate by
calculating distances between clan origin locations and the
corresponding modern clan centroids) in Fig. 5(b). This
also supports our claim that both convective and diffusive
transport have occurred. To further examine clan ergodicity,
we also compare each clan’s radius of gyration rg to the
distance from its origin location to (1) Seoul and (2) its
present-day centroid (see Fig. 22 in Appendix I). The latter
shows the same general tendency as in Fig. 5. We speculate
that the absence of statistical significance in the correlation
between rg and the distances between clan origin locations
and Seoul is a sampling issue, as we could not include

many of the small clans in this calculation because we
cannot estimate the locations of their centroids from our
data (see Appendix B).
We assume that clans that have moved a larger distance

have also existed for a longer time and hence have under-
gone diffusion longer; we thus also expect such clans to be
more ergodic. This is consistent with our observations in
Fig. 5(b) for distances less than about 150 km, but it is
difficult to use the same logic to explain our observations
for distances greater than 150 km. However, if one assumes
that long-distance moves are more likely to arise from
convective effects than from diffusive ones, then our
observations for both short and long distances become
understandable. The fraction of moves from bulk-flow
effects like resettlement or transplantation is larger for
long-distance moves, and they become increasingly dom-
inant as the distance approaches 325 km (roughly the size
of the Korean peninsula). We speculate that the clans that
moved farther than 150 km are likely to be ones that
originated in the most remote areas of Korea, or even
outside of Korea, and that they have only relatively recently
been transplanted to major Korean population centers, from
which they have had little time to spread. This observation
is necessarily speculative because the age of a clan is not
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FIG. 5. Fraction of ergodic clans and distance scales of clans.
For this figure, we use the 3 900 clans from the 2000 census data
for which we were able to identify the origin location (see
Appendix D). (a) Fraction of ergodic clans versus distance to
Seoul. The correlation between the variables is positive and
statistically significant. (The Pearson correlation coefficient is
r ≈ 0.83, and the p-value is p ≈ 0.0017.) For the purpose of this
calculation, we call a clan “ergodic” if it is present in at least 150
administrative regions.We estimate this fraction separately in each
of 11 equally sized bins for the displayed range of distances. The
gray regions give 95%confidence intervals. (b) Fraction of ergodic
clans versus the distance between the location of clan origin and
the present-day centroid. We measure ergodicity as in the left
panel, and we estimate the fraction separately for each range
of binned distances. (We use the same bins as in the left panel.)
The correlation between the variables is positive and significant up
to 150 km (r ≈ 0.94, p ≈ 0.0098) and is negative and significant
for larger distances (r ≈ −0.98, p ≈ 2.4 × 10−4).
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easy to determine. The first entry in a jokbo (see Table I for
our ten jokbo) could have resulted from the invention of
characters or printing devices rather than from the true birth
of a clan [20].
Ultimately, our data are insufficient to definitively accept

or reject the hypothesis of human diffusion. However, as
our analysis demonstrates, our data are consistent with the
theory of simultaneous human “diffusion” and “convec-
tion.” Furthermore, our analysis suggests that if the hypoth-
esis of pure diffusion is correct, then our estimated diffusion
constants indicate a possible time scale for relaxation to a
dynamic equilibrium and thus for mixing in human soci-
eties. In mainland South Korea, it would take approximately
ð100 000 km2Þ=ð1.5 km2=yearÞ ≈ 67 000 years for purely
diffusive mixing to produce a well-mixed society. A
convective process thus appears to be playing the important
role of promoting human interaction by accelerating mixing
in the population. Despite the limitations imposed by our
data, we try to estimate and quantify the centrality of Seoul
using a network-flow model for population, and we find
suggestive differences between the flow patterns of ergodic
and nonergodic clans. For details, see Appendix H.

V. CONCLUSIONS

The long history of detailed record-keeping in Korean
culture provides an unusual opportunity for quantitative
research on historical human mobility and migration, and
our investigation strongly suggests that both “diffusive”
and “convective” patterns have played important roles
in establishing the current distribution of clans in Korea.
By studying the geographical locations of clan origins
in jokbo (Korean family books), we have quantified the
extent of “ergodicity” of Korean clans as reflected in
time series of marriage snapshots. This underscores the
utility of investigating the location distributions of indi-
vidual clans. Additionally, by comparing our results from
Korean clans to those from Czech families, we have also
demonstrated that our approach can give insightful indi-
cations of different mobility and migration patterns in
different cultures. Our ergodicity analysis using modern
census data clearly illustrates that there are both ergodic
and nonergodic clans, and we have used these results to
suggest two different mechanisms for human migration on
long time scales. Many mobility processes involve a
balance between diffusive spreading and the attractiveness
of one or more central locations (and between more general
diffusive and convective fluxes), so we believe that our
approach in the present paper will be valuable for many
situations.
A noteworthy feature of our analysis is that we used both

data with high temporal resolution but low spatial reso-
lution (jokbo data) and data with high spatial resolution but
low temporal resolution (census data). This allowed us to
consider both the patterns of human movement on short
time scales (mobility via individual marriage processes)

and their consequences for human locations on long time
scales (human migration via clan ergodicity). An in-
teresting further wrinkle would be to compare such
mobility-derived time scales for human mixing patterns
to genetically-derived patterns [56–59].
From a more general perspective, our research has

allowed us to test the idea of using a physical analogy
for modeling human migration—an idea put forth (but not
quantified) as early as the 19th century [1–10]. Physics-
inspired ideas have been very successful for the study of
human mobility, which occurs on shorter time scales than
human migration, and we propose that Ravenstein was
correct when he posited that such ideas are also useful for
human migration.
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APPENDIX A: JOKBO DATA

In our investigation, we examine ten digitized jokbo
that were first studied in Ref. [21]. In Table I in the
main text, we give basic information about the ten jokbo,
and we now summarize the results of some of our
computations.
First, we apply the same gravity-model fit that we used

for jokbo 1 to all of the jokbo data, and the results do not
deviate much from those for jokbo 1. That is, γ ≈ 0 and
α ≈ 1, so we can apply the population-product model with
α ¼ 1. The largest deviations in the two parameter values
are α ≈ 1.4930 (for jokbo 7) and γ ≈ 0.5377 (for jokbo 6).
Interestingly, we could not find any empirical value of
γ < 0.6 reported in the literature [4,5,45–49], and it seems
to be extremely rare to report any empirical values at all for
gravity-model parameters. As one can see in Fig. 6, the
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choice of α ¼ 1 and γ ¼ 0 fits the data reasonably well for
jokbo 2–10. Note that the suppressed case of a bride and
groom being from the same clan is apparent in Fig. 6. This
is indicated by the red markers, which are significantly
below the other points in some of the panels and do not
exist at all in other panels. We show the radiation-model
results for jokbo 2–10 in Fig. 7.
Additionally, we can see that all of the clans in the jokbo

data that we study (i.e., the grooms’ side of marriages) are
“ergodic” in the sense that they were widespread across
the nation in 2000. This is not surprising, as the avail-
ability of digitized jokbo data themselves reflects clan
popularity. We present the gravity-model fitting results for
temporally-divided jokbo 1 data in Table II in the main
text, and we give results that use clan origin locations
instead of population centroid in 2000 in Table III. (We
also temporally divided the data from jokbo 6—because,
as we showed in Table I in the main text, it has the largest γ
value among the ten clans—and we found that it does not
exhibit systematic changes over time either.) With these
calculations, we again find that α ≈ 1 and γ ≈ 0 appear to
be reasonable. The general trend of population change in
Korea is also reflected in the jokbo data. In Fig. 8, we

examine the number of distinct clans in each jokbo versus
the total number of entries in that jokbo. In Fig. 9, we
show the fraction of entries in each jokbo as a function of
the birth year of the brides in that jokbo. These plots suggest
that jokbo of different sizes at different times tend to follow
the aggregate trend of population change throughout the last
several hundred years of Korean history.

APPENDIX B: CENSUS DATA, POPULATIONS,
AND NUMBERS OF CLANS

Since 1925, the South Korean government has con-
ducted a census every five years [38]. The only years in
which the populations of different clans were recorded
separately for different administrative regions were 1985
and 2000. These data make it possible to estimate dis-
tribution statistics (e.g., centroid and radius of gyration) for
each clan. All of the data are publicly available to download
from Ref. [38].
The total population reported in the 1985 South Korean

census was 40 419 647, and clan information is available
for 40 315 813 individuals. In the 2000 South Korean
census, a population of 45 985 289 was reported, and a

FIG. 6. Scatter plots of the number of clan entries in jokbo 2–10 versus the corresponding centroid in 2000 using the population-
product-model flux with α ¼ 1. We show our results in numerical order of the jokbo in panels (a)–(i), so jokbo 2 is in panel (a), etc.
In each panel, we calculate the line using linear regression to determine the fitting parameter aG for Ni ¼ aGGij, where Gij is
the population-product-model flux of women from clan i to clan j and Ni is the total number of entries from clan i in the given jokbo.
The parameter values are (a) aG ≈ 2.36ð1Þ × 10−9 [jokbo 2], (b) aG ≈ 6.6ð1Þ × 10−11 [jokbo 3], (c) aG ≈ 5.15ð5Þ × 10−9 [jokbo 4],
(d) aG ≈ 5.15ð5Þ × 10−8 [jokbo 5], (e) aG ≈ 5.8ð1Þ × 10−9 [jokbo 6], (f) aG ≈ 5.1ð2Þ × 10−16 [jokbo 7], (g) aG ≈ 4.25ð5Þ × 10−8 [jokbo
8], (h) aG ≈ 1.44ð1Þ × 10−9 [jokbo 9], and (i) aG ≈ 4.71ð8Þ × 10−8 [jokbo 10]. The red markers in panels (a), (c), and (h) correspond to
the clans of the depicted jokbo, andNiji¼j¼own clan ¼ 0 for all of the other jokbo. In each case, we use a 95% confidence interval and color
the points according to the number of administrative regions occupied by the corresponding clans.
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clan is indicated for every individual. The number of
different clans identified in the 1985 (respectively, 2000)
census was 3 520 (respectively, 4 303). There are 3 481
clans in common in the two censuses: 39 clans disappeared
and 822 new ones appeared.
In Fig. 10, we indicate how many administrative regions

the 822 “new” clans occupy. New clans might correspond to
foreigners who obtained South Korean citizenship during the
15-year period 1985–2000, or these clans might simply have
been missing erroneously from the 1985 census. Figure 10
supports the hypothesis that these are genuinely new clans
because their members have not spread to a large number of
administrative regions. This gives a total of 6 687 distinct
clans after we also incorporate the 2 384 additional clans that
are listed only in the jokbo. In Table I in the main text, we
indicate the number of distinct clans in each of the ten jokbo.
There are 162 clans that appear in all ten jokbo. For all
calculations with the gravity and radiation models, we use
the 4 303 clans listed in the 2000 census data. When we use
the population-product model (for which γ ¼ 0), we do not
require geometrical information, so we also use the addi-
tional clans listed in each jokbo. In this case, we denote the
number of clans by Nγ¼0 (see Table I).

FIG. 7. Scatter plots of the number of clan entries in jokbo 2–10 versus the corresponding centroid in 2000 using the radiation-model
flux. We show our results in numerical order of the jokbo in panels (a)–(i), so jokbo 2 is in panel (a), etc. In each panel, we calculate the
line using a linear regression to determine the fitting parameter aR for Ni ¼ aRRij, where Rij is the radiation-model flux of women from
clan i to clan j and Ni is the total number of entries from clan i in the jokbo. The parameter values are (a) aR ≈ 0.062ð2Þ [jokbo 2],
(b) aR ≈ 0.0098ð7Þ [jokbo 3], (c) aR ≈ 0.040ð3Þ [jokbo 4], (d) aR ≈ 0.075ð7Þ [jokbo 5], (e) aR ≈ 0.23ð2Þ [jokbo 6], (f) aR ≈ 0.0069ð5Þ
[jokbo 7], (g) aR ≈ 0.12ð1Þ [jokbo 8], (h) aR ≈ 0.11ð1Þ [jokbo 9], and (i) aR ≈ 0.11ð1Þ [jokbo 10]. The red markers in panels (a), (c), and
(h) correspond to the clans of the depicted jokbo, andNiji¼j¼own clan ¼ 0 for all of the other jokbo. In each case, we use a 95% confidence
interval and color the points according to the number of administrative regions occupied by the corresponding clans.

TABLE III. Gravity-model parameters α and γ in Eq. (1)
calculated using the clan origin locations (instead of the
population centroids from the census data) for all of the jokbo
by minimizing the sum of squared differences using the
SCIPY.OPTIMIZE package in PYTHON [35]. (We again use initial
values of α ¼ γ ¼ aG ¼ 1.0 for jokbo 1–2, 4–6, and 8–10. For
jokbo 3 and 7, we instead use α ¼ aG ¼ 1.0 and γ ¼ 0.01
because the procedure did not converge when we used
α ¼ γ ¼ aG ¼ 1.0.)

jokbo ID α γ

1 1.1188 −0.0716
2 1.1261 0.1253

3 1.0983 0.0205

4 0.9310 −0.1441
5 0.8922 0.0540

6 0.9785 0.2776

7 1.5820 0.0183

8 0.9651 0.1285

9 1.1683 0.3600

10 0.9244 0.0868
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APPENDIX C: STANDARDIZING
ADMINISTRATIVE REGIONS IN 1985 AND 2000

For the administrative regions, we use municipal divi-
sions that are composed of city (시 in Korean), county
(군 in Korean), and district (구 in Korean) [66]. In
South Korea, there were 232 (respectively, 246) such
administrative regions in 1985 (respectively, 2000). The
difference in the number of regions between the two years
reflects a slight restructuring of the political units.
For our computations, we need to unify the two different

partitionings to be able to systematically compare results
from 1985 and 2000 and to compute diffusion constants. To
do this, we manually extract 199 “standardized” regions that

we use for all computations involving administrative regions.
Our construction necessitates many instances of operations
like the following: (i) Aþ B ð1985Þ → C ð2000Þ → C
(standardized region); (ii) A ð1985Þ → Bþ C ð2000Þ → A
(standardized region); (iii) Aþ B ð1985Þ → CþDþ
E ð2000Þ → F (renamed standardized region). For each
operation, the region on the right is the standardized one
that we use in our computations. In a given example, each
different region is represented by a different letter. Thus, in
example (i), two distinct regions from the 1985 census have
merged into one region (and correspond exactly to that
region) from the 2000 census, and we use this last region as
one of our 199 standardized regions. In other situations, such
as in example (iii), the standardized region does not
correspond exactly to a single region from either census.
Finally, we remark that the above operations are examples of
what we needed to do to reconcile the 1985 and 2000
administrative regions. This is not an exhaustive list (e.g.,
four regions in 1985 corresponding to six regions in 2000),
and we treat these other cases similarly.
For each standardized region, we sum the associated

areas and populations of the constituent regions to obtain

(b)(a)

FIG. 9. Fraction of entries in each jokbo as a function of the birth year of brides using (a) linear and (b) semilogarithmic scales.
The sudden drop on the right of each panel simply reflects the fact that women who are too young are not yet married.
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FIG. 10. Probability distribution for the number of different
administrative regions occupied by the 822 “new” clans that are in
the 2000 census data but are not in the 1985 census data. The solid
curve is a kernel density estimate (from MATLAB R2011a’s
KSDENSITY functionwith aGaussian smoothing kernel ofwidth 1).

FIG. 8. For each jokbo, we plot the number of distinct clans Nc
versus the total number of entries Ne on a doubly logarithmic
scale. We calculate the red line via a linear regression to Heaps’
law [65] using the expression Nc ¼ 10bJNaJ

e . This yields a slope
of aJ ≈ 0.55ð7Þ and an intercept of bJ ≈ 0.6ð3Þ (with 95%
confidence intervals).
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the area and population values that we use in our compu-
tations. We have posted the data for the standardized
regions in the document “STANDARDIZED_REGIONS.TXT”
in the Supplemental Material [67]. For each standardized
region, these data include the component region names (in
Korean) in 1985 and 2000, the latitudes and longitudes [and
Universal Transverse Mercator (UTM) easting and northing
coordinates; see Appendix E] of the component region
administrative centers, the geographical areas of the com-
ponent regions, and the populations of the component
regions in 1985 and 2000. The data are in a tab-delimited
text file, for which we have used the 16-bit Unicode
Transformation Format (UTF-16) encoding scheme [68]
for the Korean characters.
The regional boundaries drawn in Fig. 1 are from the 2010

data downloaded from Ref. [39]. There is a slight difference
between the regional boundaries in 2000 and 2010, so we
map the coordinates of administrative regions in 2000 to
those in 2010 by checkingwhich “polygon” in 2010 encloses
the coordinates of administrative regions from 2000.

APPENDIX D: OBTAINING GEOGRAPHICAL
INFORMATION FROM GOOGLE MAPS

To obtain the coordinates of the clans’ origins and the
administrative regions, we wrote a PYTHON script that
returns the latitude and longitude given a clan origin
location’s name. We used a PYTHON module for geocoding
via Google Maps Application Programming Interface
(API) [69–71]. For example, we were able to successfully
retrieve 3 900 clan origin locations out of the total of 4 303
clans present in the 2000 census data (see Fig. 11). We
excluded the remaining 403 clan origin locations as
erroneous because each of these cases has a distance of
more than 1 000 km between the identified origin location
and the modern clan centroid. (Such distances are much
larger than the scale of the Korean peninsula.)
We confirmed by exhaustive checking that the modern

administrative regions of South Korea are accurate.
(The first author, who is South Korean, manually checked

all of the locations.) However, as shown in Fig. 12, the clan
origin locations are severely undersampled in the northern
part of the Korean peninsula because of Google Maps’ lack
of information about North Korea. We hope to include
more North Korean regions in future studies, and this might
be possible because Google is adding details of North
Korea to their mapping service [72].
In Table IV, we present our PYTHON code using Google

Maps API. It requires PYGEOCODER (we used version
1.1.4), which we downloaded on July 16, 2013 [74]. The
code returns coordinates in latitude and longitude, which
can then be converted to metric units (see Appendix E).

APPENDIX E: UNIVERSAL TRANSVERSE
MERCATOR COORDINATES

All of the distance measures that we employ use the
Universal Transverse Mercator (UTM) geographical coor-
dinate system, which assigns a local two-dimensional
Cartesian coordinate system to a given zone on the surface
of the Earth [76]. We use the UTM PYTHON module [77],
which converts ðφ; λÞ coordinates for latitude (φ) and
longitude (λ) to UTM coordinates (and vice versa), where
the UTM standard revision used by this module is WGS84

FIG. 12. Locations of clan origin names that we determined
using the Google Maps API on top of the Korean map. We show
administrative boundaries of South Korea that correspond to the
upper-level local autonomy (광역자치단체) composed of prov-
inces (도), a special autonomous province (특별자치도), a
special city (특별시), and metropolitan cities (광역시) [73].
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FIG. 11. Probability distribution for how far clans have moved in
terms of the distance from the historical clan origin location to the
clan centroid from 2000. We geographically identified the origin
and centroid for 3 900 clans among the 4 303 clans in the 2000
census data. The rightmost bar corresponds to all distances of at
least 500 km, and the solid curve is a kernel density estimate (from
MATLAB R2011a’s KSDENSITY function with default smoothing).
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[78]. One can also convert from ðφ; λÞ coordinates to UTM
coordinates using Ref. [79].
A point ðiE; iNÞ defined by UTM coordinates has two

components: easting iE and northing iN . For example, the
mean UTM coordinates of our standardized regions are
iE ≈ 381.3 and iN ≈ 4017.7, where the numbers are in units
of kilometers from a reference point. The UTM scheme
splits the Earth into 60 zones. Calculating distances
between two points in different zones is complicated, in
general, but the Korean peninsula lies entirely in zone
52 [80], which simplifies the calculation considerably.
For example, Seoul’s (latitude, longitude) coordinates
are ðφ; λÞ ≈ ð37.58; 127.00Þ, and its UTM coordinates
are ðiE; iNÞ ≈ ð323.4; 4161.5Þ. For our computations, we
use formulas from Ref. [81]. In a given zone, these
formulas are accurate to within less than a meter.

APPENDIX F: CZECH REPUBLIC
SURNAME DATA

The census data for the Czech Republic were derived from
the 2009 Central Population Register (produced by the
Czech Ministry of the Interior) by the authors of
Ref. [25]. The vast majority of the Czech Republic is within
zone 33, although a small part of it is in zone 34 [76,80]. As
with the Korean clan origin locations, we used Google’s API
to roughly geolocate each of 206 Czech administrative

regions by searching for the name of the administrative
region followed by the string “, CZECH REPUBLIC”. We then
converted all of the resulting latitudinal and longitudinal
coordinates to UTM. (In this calculation, we assumed that all
coordinates are in zone 33.)
We use the surname concentration (i.e., surname pop-

ulation density) to define an “anomaly” that indicates the
difference in value from what would be observed for an
“ergodic” surname, which is well-mixed in a population.
First, we obtain the centroid coordinates as in Eq. (4). The
surname density anomaly is similar to what we defined for
the Korean clans and is given by

ϕiðk; tÞ ¼ ciðk; tÞ − ½miðtÞ=NðtÞ�ρðk; tÞ; ðF1Þ
where ciðk; tÞ is the population density of surname i in
region k at time t, the quantity miðtÞ is the total population
of surname i in all regions at time t, the quantity NðtÞ is the
total population of all surnames in all regions at time t, and
ρðk; tÞ is the population density of all surnames in region k.
We use the same notational conventions as for Korean
clans, so ϕiðk; tÞ ¼ ϕi½rðkÞ; t�, ciðk; tÞ ¼ ci½rðkÞ; t�, and
ρðk; tÞ ¼ ρ½rðkÞ; t�. It is necessary to introduce the anomaly
(F1) because the total population is not conserved.
Otherwise, we could simply take J ∝ ∇ci as the flux of
people with surname i. Instead, we take the flux to be

J ∝ ∇ϕi: ðF2Þ

APPENDIX G: ESTIMATING
DIFFUSION CONSTANTS

To estimate a diffusion constant for each Korean clan, we
start with the known anomaly distribution based on 1985
census data. Using an initial guess for the diffusion constant
Di (where i indexes the clan), we integrate forward in time
until 2000. We then compare the numerical prediction to
the known anomaly distribution based on 2000 census data
using a single number: the relative error, which we define as
the sum of squared deviations divided by the sum of
squared anomalies from 2000.
After we calculate the relative error, we can adaptively

change the “guess” forDi and repeat the above process until
we find the optimalDi values. In practice, we useMATLAB’s
built-in numerical optimization routine FMINBND [82],
which implements a Nelder-Mead downhill simplex search.

1. Some subtleties

Because the census data are irregular, we first interpolate
them to a regular grid before numerically integrating the
diffusion equation. The grid that we use covers the UTM-
zone-52 rectangular region from 245 to 545 km easting and
from 3 800 to 4 250 km northing with a uniform 2.5 km
spacing between grid points. (We exclude Jeju Island,
which is located far south of the mainland.) We employ a
standard five-point stencil to approximate the Laplacian

TABLE IV. PYTHON code to obtain location coordinates in
latitude and longitude from the Google Maps API. We set a delay
of two seconds to avoid obtaining an error message of OVER

QUERY LIMIT from the API [75], as we are dealing with a large set
of locations.
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operator in space and integrate in time with a 4th- or
5th-order adaptive Runge-Kutta scheme. We impose
Neumann conditions at the boundaries.
Because the numerical integration is unstable for neg-

ative values of Di, we restrict Di to be positive. We test
for the possibility of “negative diffusion” by repeating the
entire optimization procedure after interchanging the 1985
and 2000 data sets; that is, we start from 2000 and integrate
backwards in time with a positive diffusion constant.

2. Testing against a null hypothesis

Because our hypothesis of clan diffusion is somewhat
speculative, it is important to test it against a basic null
hypothesis. We take the null hypothesis to be a model in
which clans do indeed diffuse but in which clan affiliation
plays no role. Members simply diffuse in accordance with
the local population density ρ. Therefore,

∂ϕi

∂t ¼ Di∇2ρ: ðG1Þ

We accept the null model as preferable to the clan-diffusion
model whenever it yields a lower relative error using its
best-fit Di.

3. Numerical results

The results of our computational examination of diffusion
are as follows. When we include all 3 481 clans for which
data are available in both the 1985 and 2000 censuses, we
obtain a mean diffusion constant D̄ ¼ hDii (where we
average over the clans) of D̄ ≈ 2.91 and a standard deviation
of σD ≈ 10.4. When we remove “small” clans (i.e., those
with fewer than 2000 members in the year 2000), the 707
remaining clans have a mean diffusion constant of D̄ ≈ 0.79
and a standard deviation of σD ≈ 4.8. When we also remove
“ergodic clans” (by eliminating the 75% with the largest
year-2000 radii of gyration), the 182 remaining clans have a
mean diffusion constant of D̄ ≈ 1.3 and a standard deviation
of σD ≈ 2.0.
When we use all 3 481 clans, our computations favor the

clan-diffusion model over the null model in about 84%
of the cases. Additionally, about 64% of all clans have both
positive best-fit diffusion coefficients and mobility patterns
that are explained better by the clan-diffusion model.
When we exclude both small and ergodic clans, our

computations favor the clan-diffusion model over the null
model in about 81% of the cases (i.e., for 148 clans).
Moreover, 78% of all clans have both positive best-fit
diffusion constants andmobility patterns that are explained
better by the clan-diffusion model than by the null model.
In Fig. 4, we show a histogram of diffusion constants for

the subset of clans for which the clan-diffusion model
appears to be valid. These 148 clans are nonergodic, have a
positive best-fit diffusion constant, and are fit better by
the clan-diffusion model than by the null model. They have

a mean diffusion constant of D̄ ≈ 1.6 and a standard
deviation of σD ≈ 2.1.

APPENDIX H: CONSTRUCTION OF A
POPULATION-FLOW NETWORK

BETWEEN REGIONS

Although it is impossible to track the movement of
individual people from the census data (because the data do
not include such information), it is possible to construct a
rough estimate of the population flow between a pair of
regions by considering the movement of clans (i.e., of the
smallest demographic unit that it is possible to resolve with
our data) between 1985 and 2000. For each clan i of the
3 481 clans that appear in both the 1985 and 2000 census
data, we define the population centroid [note the contrast
with the clan anomaly centroid from Eqs. (5) and (6)] as

rpopi;C ðtÞ ¼
1

ci;totðtÞ
X

k

rðkÞciðk; tÞAk; ðH1Þ

where the normalization constant is

ci;totðtÞ ¼
X

k

ciðk; tÞAk ≡
X

k

Niðk; tÞ: ðH2Þ

Recall that k indexes the region in Korea, rðkÞ ¼
½xðkÞ; yðkÞ� gives the coordinate of that region’s centroid,
Ak is its area, and ciðk; tÞ is the population density of clan i
in region k at time t. Additionally, recall that Niðk; tÞ ¼
ciðk; tÞAk is the population of clan i in region k at time t
(see Sec. III B).
We considered approximating the movement of each

clan i by

rpopi;C ðt ¼ 2000Þ − rpopi;C ðt ¼ 1985Þ;
but this would entail treating an entire clan population as a
“point mass,” so it neglects valuable information from the
spatial variation (as illustrated by our calculations of clan
ergodicity). In addition, as we show in Fig. 13, the amount
of movement for the majority of clans is too small to
proceed further with such an approach. (One can also infer
the small scale of clan movements from Fig. 4.)
As an alternative that avoids the undesirable point-mass

approximation, we attempt to infer the flow of a clan
between two regions from changes in population ratios. Let
each of the 199 standardized administrative regions of
South Korea (see Appendix C for details) be individual
nodes of a population-flow network [83] between 1985 and
2000. To examine the central nature of Seoul in such a
network, we merge the 17 regions that correspond to
different parts of Seoul into a single node that we call
“Seoul.” The resulting population-flow network has 183
nodes. The raw change in relative populations between
regions k and k0 in our census data is
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~Wi;k→k0 ¼
Niðk0; t ¼ 2000Þ
Niðk; t ¼ 2000Þ −

Niðk0; t ¼ 1985Þ
Niðk; t ¼ 1985Þ ; ðH3Þ

where we exclude the regions with Niðk; t ¼ 1985Þ ¼ 0 or
Niðk; t ¼ 2000Þ ¼ 0 to avoid singularities. We then define
the normalized relative population change as

Ui;k→k0 ¼
~Wi;k→k0

maxq→q0 fj ~Wi;q→q0 jg
; ðH4Þ

so that Ui;k→k0 ∈ ½−1; 1�.
The quantity Ui;k→k0 is a proxy for a more finely-grained

quantity, which we denote by Wi;k→k0, that describes the
real population flow of clan i from region k to region k0 (so
k → k0 is a directed edge) and would be desirable to construct
from data for flows of individuals. The smallest units in the
census data are clans, so we need to estimate population
flows from them as our basic units. We thus instead calculate
~Wi;k→k0 and use the normalized relative population changes
Ui;k→k0 in Eq. (H4) as the adjacency-matrix elements of a
weighted and directed population-flow network.
Our proxy is not guaranteed to be “correct,” but it has

several properties that are consistent with reasonable flow
behavior: (i) If the ratio N1=N2 of clan populations (in
regions k0 ¼ 1; k ¼ 2) does not change from 1985 to 2000,
then both the proxy flowUi;2→1 and the inferred flowWi;2→1

from region 2 to region 1 are equal to 0; (ii) if the ratioN1=N2

increases from 1985 to 2000, then the proxy and inferred
flows from region 2 to region 1 are both positive; and (iii) if
the ratio N1=N2 decreases from 1985 to 2000, then the
proxy and inferred flows from region 2 to region 1 are both
negative. Naturally, both the proxy flow and the inferred
flow are asymmetric (so Wi;2→1 ≠ −Wi;1→2 in general).
As a downside, uniform population growth biases the

proxy calculation slightly in favor of flow towards regions
with smaller populations. Additionally, the proxy cannot
capture circulating flows and is unlikely to do a good job
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FIG. 13. Distribution of clan-centroid movement between 1985
and 2000, which we compute using ∥rpopi;C ðt ¼ 1985Þ − rpopi;C ðt ¼
2000Þ∥ from Eq. (H1). (The norm ∥ · ∥ is the Euclidean norm.)
The curve marked by squares weighs each clan equally, and the
curve marked by circles weighs each clan by its population. We
indicate distance in units of populations in 2000. (The 1985 data
give a very similar distribution.) As one can see in the inset (for
which we use a doubly logarithmic scale), the maximum move-
ment distance is larger than 400 km. However, as the main panel
illustrates, most clans moved considerably shorter distances.
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FIG. 14. We show box plots for the distributions of (a) Utot;k→k0 for total population, (b) Ui;k→k0 for Kim from Gimhae, and (c) Ui;k→k0
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show the probability distributions for (d) Utot;k→k0 for total population, (e) Ui;k→k0 for Kim from Gimhae, and (f) Ui;k→k0 for Lee from
Hakseong. In all cases, we apply CSPLINE smoothing in GNUPLOT to the histograms using 50 equally-sized bins.
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when flow is strongly multipolar (i.e., if more than one area
attracts a significant amount of flow). When flow is mostly
between Seoul and other regions, we call it “unipolar.”
Using Eq. (H4), we define a population-flow network

for each clan i. We include all clans by using the entire
population density of region k in year t. In other words, we

calculate Ntotðk; tÞ ¼
P

iNiðk; tÞ and obtain a raw total
population-flow network, which has the corresponding
adjacency-matrix elements

~Wtot;k→k0 ¼
Ntotðk0; t ¼ 2000Þ
Ntotðk; t ¼ 2000Þ −

Ntotðk0; t ¼ 1985Þ
Ntotðk; t ¼ 1985Þ . ðH5Þ

TABLE V. List of regions (which we name based on the current administrative regions) with nonzero values of in-degree in our MRSs.

Clan: figure Region In-degree Percentage of total in-degree

All clans: Seoul (서울) 109 59.9%

Figs. 15(a) and 15(b) Hwaseong (화성) þ Ansan (안산) þ Osan (오산)
þ Siheung (시흥) þ Gwacheon (과천) þ Gunpo (군포)
þ Euiwang (의왕) of Gyeonggi Province (경기도)

70 38.7%

Goyang (고양) of Gyeonggi Province (경기도) 2 1.1%

Yuseong-gu (유성구) of Daejeon (대전) 1 0.5%

Kim from Gimhae Seoul (서울) 106 58.2%

(김해 김): Fig. 16(a) Hwaseong (화성) þ Ansan (안산) þ Osan (오산)
þ Siheung (시흥) þ Gwacheon (과천) þ Gunpo (군포)
þ Euiwang (의왕) of Gyeonggi Province (경기도)

74 40.7%

Yuseong-gu (유성구) of Daejeon (대전) 1 0.5%

Daedeok-gu (대덕구) of Daejeon (대전) 1 0.5%

Lee from Hakseong Nam-gu (남구) of Ulsan (울산) 52 31.0%

(학성 이): Fig. 16(b) Yongin (용인) of Gyeonggi Province (경기도) 41 24.4%

Goyang (고양) of Gyeonggi Province (경기도) 37 22.0%

Jung-gu (중구) þ Buk-gu (북구)
þ Ulju-gun (울주군) of Ulsan (울산)

28 16.7%

Buk-gu (북구) þ Gangseo-gu (강서구)
þ Sasang-gu (사상구) of Busan (부산)

8 4.8%

Yeongi (연기) of Chungcheongnamdo (충청남도) 2 1.2%
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FIG. 15. (a) Maximum relatedness subnetwork (MRS) [84] of the combined population-flow network [with adjacency-matrix
elements (H6)] for all clans, (b) a magnified portion of this MRS that includes all regions with nonzero in-degrees, and (c) an instance of
a model (inspired by the one in Ref. [64]) of a rewired version of a monocentric network (with Seoul as the center) with a rewiring
probability of p ¼ 0.4. (See the discussion in the text.) Red lines indicate directed edges towards Seoul, and blue lines indicate directed
edges towards other regions.
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The adjacency-matrix elements for the associated normal-
ized, relative total population-flow network are

Utot;k→k0 ¼
~Wtot;k→k0

maxq→q0 fj ~Wtot;q→q0 jg
: ðH6Þ

Our normalization guarantees that Utot;k→k0 ∈ ½−1; 1�.
In Fig. 14(a), we show box plots for the distribution of

Utot;k→k0 using all pairs k; k0. We also show box plots for the
distributions of Ui;k→k0 for the clans Kim from Gimhae and
Lee from Hakseong. We show flows to Seoul separately
from flows to other regions. Note that the values ofUtot;k→k0

are distributed much more broadly for flows to Seoul than
for flows to other regions, even though there are many more
adjacency-matrix elements for the latter (182 for flows to
Seoul and 33 124 for flows to other regions). One can also
observe this feature in the distribution shapes themselves
[see Figs. 14(d)–14(f)].

One simple but intuitive way to check the centrality of
Seoul is to extract a maximum relatedness subnetwork
(MRS) [84] from each population-flow network. We
construct a MRS as follows. For each node, we examine
the weight of each of its edges and keep only the single
directed edge with maximum weight. (When there are ties,
we keep all edges that have the maximum weight.) We
exclude out-edges from Seoul for the MRS in order to focus
on the movement from other regions to Seoul. We will later
compare the MRS to a null-model network that also
disallows out-edges from the central node. In Figs. 15(a)
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FIG. 16. (a) MRS [84] of the population-flow network for
(a) Kim from Gimhae and (b) Lee from Hakseong. In panel (a),
red lines indicate directed edges towards Seoul, and blue lines
indicate directed edges towards other regions. In panel (b), we
show directed edges towards Ulsan in purple and directed edges
towards other regions in blue.

FIG. 17. Distributions of clan-density anomalies fϕig in 2000
over the 199 standardized administrative regions for (a) Kim from
Gimhae and (b) Lee from Hakseong. The leftmost and rightmost
peaks correspond, respectively, to all values less than or equal to
−500 and all values greater than or equal to 500. Solid curves are
kernel density estimates (from MATLAB R2011a’s KSDENSITY

function with a Gaussian smoothing kernel of width 20).
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FIG. 18. Scatter plots of (a) distance between clan origin location
and population centroid versus number of administrative regions,
(b) distance between clan origin location and population centroid
versus radius of gyration, and (c) radius of gyration versus number
of administrative regions. (In this figure, we consider the 3 481
clans for which data are available in both the 1985 and 2000
censuses; wewere able to determine the origin location for 3 120 of
these clans.) The corresponding Pearson correlation values are
(a) r ≈ −0.0094 (from the 3 120 clans for which we know the
origin location; the p-value is p ≈ 0.60), (b) r ≈ 0.14 (from the
3 120 clans for which we know the origin location; the p-value is
p ≈ 1.1 × 10−15), and (c) r ≈ −0.26 (from the 3 481 clans; the
p-value is p ≈ 1.8 × 10−53). Note that correlations over limited
ranges can be different and significant. For example, in panel (c),
the two diagnostics for ergodicity are significantly positively
correlated when rg < 50 km (r ≈ 0.39, p ≈ 2.3 × 10−4).
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and 15(b), we show the MRS from the adjacency matrix
with elements Utot;k→k0 . The central role of Seoul is
apparent. As we indicate in Table V, Seoul’s in-degree
in this MRS is 109. This constitutes nearly 60% of the MRS
edges and is consistent with the rapid growth of the Seoul
area that we illustrate in Fig. 21 in Appendix I.
We model the population flow using a simple rewired-

network model inspired by the model in Ref. [64]. We start
with a “monocentric” network, with Seoul as the central
node, in which all directed edges start in some region (aside
from the center) and terminate at Seoul. We then rewire the

terminal end of each edge with independent, uniform
probability p. Each network that we construct in this
way has one directed edge for each node aside from the
central one, so we can use an ensemble of such networks as
a null model for our MRSs.
As we indicate in Table V, the edges in the MRSs are

distributed rather heterogeneously among the regions. For
example, the region in Gyeonggi Province (which has the
second-largest in-degree) has about 39% of the edges for the
MRS that we constructed using all clans. When constructing
null-model networks, we use a rewiring probability of
p ¼ 0.4 to ensure that about 60% of the directed edges
terminate in Seoul on average (as suggested by the data when
considering all clans). The null-model network ensemble
generated from the rewiring process has a binomial (or
approximately Poisson, as the MRS is rather sparse)

FIG. 19. (a) Probability distribution of the number of different
administrative regions occupied by a Czech family name in 2009.
Note that the two leftmost bars have heights of 0.17 and 0.03 (with
0.17 at the farthest left), but we have truncated them for visual
presentation. (These data were initially analyzed in Ref. [25].)
(b) Probability distribution of the number of different adminis-
trative regions occupied by the clan of a Czech individual selected
uniformly at random in 2009. The difference between this panel
and the previous one arises from the fact that clans with larger
populations tend to occupy more administrative regions. [That is,
we select a clan uniformly at random in panel (a), but we select an
individual uniformly at random in panel (b).] (c) Probability
distribution of radii of gyration (in km) of Czech family names in
2009. Note that the leftmost bar has a height of 0.11, but we have
truncated it for visual presentation. (d) Probability distribution of
radii of gyration (in km) of Czech family names of a Czech
individual selected uniformly at random in 2009. The difference
between this panel and the previous one arises from the fact that
clans with larger populations tend to occupy more administrative
regions. Observe that the distributions in panels (a) and (b) are
starkly different from the distributions in panels (a) and (b) from
Fig. 3. Solid curves are kernel density estimates (from MATLAB

R2011a’s KSDENSITY function with a Gaussian smoothing kernel
of width 5).
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FIG. 20. Scatter plots of diffusion constants that we compute
using the 1985 and 2000 census data versus (a) distance between
origin and population centroid, (b) number of administrative
regions, and (c) radius of gyration of clans in 2000. (In this figure,
we consider the 3 481 clans for which data are available in both
the 1985 and 2000 censuses; we were able to determine the origin
location for 3 120 of these clans.) The corresponding Pearson
correlation values are (a) r ≈ −0.02 (from the 3 120 clans for
which we know the origin location; the p-value is p ≈ 0.21),
(b) r ≈ 0.088 (from the 3 481 clans; the p-value is
p ≈ 1.7 × 10−7), and (c) r ≈ 0.097 (from the 3 120 clans; the
p-value is p ≈ 1.0 × 10−8).
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in-degree distribution as a result of the given fraction p of
edges that are redirected uniformly at random, except for
the central node (i.e., Seoul) [83]. Therefore, the emergence
of a second-largest hub comparable in size to the largest
hub (Seoul) is extremely unlikely. We illustrate one instance
of such a rewired network in Fig. 15(c), and the MRS for all
clans that we constructed from empirical data differs sig-
nificantly from the null-model network (see Table Vas well).
It is also instructive to examine the population-flow

networks for individual clans. As with prior discussions, we
will use Kim from Gimhae as an example of an ergodic clan
and Lee from Hakseong as an example of a nonergodic clan
(see Fig. 1).
When we consider the population-flow network for the

clan Kim from Gimhae [by using Niðk; tÞ with i corre-
sponding to Kim from Gimhae in Eq. (H3)], we obtain a
qualitatively similar result—namely, an abundance of
edges terminating in Seoul—to what we obtained when
using all clans. See Figs. 14(b) and 16(a), and Table V.
By contrast, we find that two different locations
“attract” the population for Lee from Hakseong.
Following the general trend in the population, one area
is the Gyeonggi Province in the northwestern part of
South Korea that surrounds the Seoul area. (The name
“Gyeonggi” means “the area surrounding capital” in
Korean, and it is often construed to be essentially an
“extended Seoul.”) The other area is Ulsan/Busan in the
southeastern part of South Korea (where the clan origin
is located). See Figs. 14(c) and 16(b), and Table V. As
one can see from Fig. 14(c), the Seoul region is not

special for this clan. Therefore, we see that this young,
nonergodic clan has a different mobility pattern from
the stabilized, ergodic clans that follow the general
trend in population flow.
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FIG. 21. Density-equalizing population cartograms [63] for South Korea using population data from (a) 1970 and (b) 2010 censuses
[38]. The coordinates are longitude on the horizontal axis and latitude on the vertical axis. The growth of the Seoul metropolitan area
over the past 40 years is clearly visible. (Compare this figure to a regular map of South Korea, such as the one in Fig. 1 in the main text.)
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FIG. 22. Radii of gyration and distance scales of clans. (For this
figure, we use the 3 120 clans that are present in both the 1985 and
2000 censuses and for which we could determine the origin
location.) (a) Radius of gyration rg versus distance to Seoul. The
Pearson correlation between the variables is not statistically
significant (r ≈ 0.18; thep-value isp ≈ 0.6). (b) Radius of gyration
rg versus distance between the clan origin location and the present-
day centroid. The Pearson correlation between the diagnostics is
positive and statistically significant up to 170 km (r ≈ 0.86,
p ≈ 0.01) and is negative and significant for larger distances
(r ≈ −0.96, p ≈ 0.005). For each of the panels, we estimate rg
separately in each of 11 equally-sized bins for the displayed range of
distances. The gray regions give 95% confidence intervals.
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APPENDIX I: OTHER RESULTS

In this section, we discuss several figures that illustrate
additional results. Figures 17–20 explore clan ergodicity in
more detail, and Fig. 21 illustrates the “convective” effect
of movement into the Seoul metropolitan area. Figures 22
and 23 provide alternative calculations from Fig. 5 in the
main text.
In Fig. 17, we show the distribution of clan-density

anomalies for the clans of the two Korean authors of this
publication. As we illustrated in Fig. 1, Kim from Gimhae
appears to be ergodic, whereas Lee from Hakseong appears
to be localized.
InFig. 18,we examine the correlation between the distance

that a clan has moved and its current ergodicity. We consider
twomeasuresofergodicity—radiusofgyrationandnumberof
regions occupied—andwe also show the correlation between
these two diagnostics for the clans. Some clans do not exist in
the 2000 census data, and other clans only exist in one
administrative region in 2000. As we indicate in Figs. 18
and 20, wewere able to determine the origin location for only
3 120 of the 3 481 clans that are in both the 1985 and 2000
census data, so several subsequent calculations only involve
these 3 120 clans. In Fig. 19, we show the distribution of clan

ergodicities—using both number of regions occupied and
radiusof gyration—for theCzechRepublic. This is likeFig. 3,
inwhichwe showed this information forKorea. InFig. 20,we
use scatter plots to examine the possible correlation between
the calculated diffusion constants and the distance a clan has
moved. We similarly illustrate the connection between the
diffusion constants and the two measures of ergodicity.
In Fig. 21, we show two “cartograms” [63] of South

Korea. In these images, we distort the administrative
regions in proportion to the population of people who live
there. The growth of the Seoul metropolitan area over the
past 40 years is clearly visible.
To examine an alternative characterization of ergodicity

as the fraction of ergodic clans (see Fig. 5 in the main text),
we examine radii of gyration rg versus distance to Seoul
and versus distance between clan origin location and the
present-day centroid. We show our results in Fig. 22, and
we see that they are qualitatively similar to those in Fig. 5.
For Fig. 22, we use the 3 120 clans that appear in both the
1985 and 2000 census data and for which we could
determine the origin location. (Recall from Appendix D
that we were able to identify the origin location of 3 900 of
the 4 303 clans in the 2000 census data, and we used those
3 900 clans in Fig. 5 of the main text.) Consequently, we
repeat the computation from Fig. 5 using this smaller set of
clans. As one can see in Fig. 23, we obtain the same
qualitative result. (For this calculation, we use the clan
centroids from the 2000 census.)
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