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1 Introduction

1.1 Overview

The health and economic strain caused by COVID-19 has spurred research into the
mobility-based mechanisms of disease spread (Chang et al., 2020; Peixoto, Mar-
condes, Peixoto, & Oliva, 2020). For respiratory pathogens such as COVID-19,
environmental risk factors including traffic and transportation are of great impor-
tance to understand the flow of disease within urban areas (Hauge & Meijerink,
2020). The Metropolitan Area of Sao Paulo (MASP), a COVID-19 hotspot with
109,698 cases and 7,615 deaths by May 2020, will be the focus of this analysis (de

Souza et al., 2020). The purpose of this study is to answer two primary questions:

e Question 1: What mechanisms in the network determine commuting flow to a

region?

e Question 2: Which regions in the MASP commuting network are most at risk

of disease transmission?

This study will begin by discussing the motivation for an intra-state under-
standing of human traffic in MASP, followed by a description of the commuting
network data. Following this, the un-weighted and weighted degree distribution
(node strength) will be analysed, and assessed for power-law trends. The subse-
quent analysis involves using a Multiple Regression Quadratic Assignment Proce-
dure to understand how characteristics of the network relate to daily commuting
flows within the region. Question 2 is answered using an updated betweenness cen-

trality statistic which incorporates both the strength of commuting flow and number
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of intermediary nodes, identifying regions at potential risk (Opsahl, Agneessens, &
Skvoretz, 2010).

1.2 Background

The first case of COVID-19 in South America was documented on February 25,
2020, growing to over 3 million cases by August 12 (Ribeiro, Sunahara, Sutton,
Perc, & Hanley, 2020). The diagnosis occurred in the Metropolitan Area of Sao
Paulo, the most populous region in the Southern Hemisphere, with 23 million peo-
ple spread across 39 municipalities (Candido et al., 2020; Marques et al., 2018).
A phylogenetic analysis of the disease, which sequenced genomes from a spatially
representative sample of Brazil, tracked viral dynamics across various stages of the
pandemic (Candido et al., 2020). After international introduction, the phylogenetic
analysis showed that lineages increasingly began spreading within states, 5.1x more
frequently than inter-state transmission. (Candido et al., 2020). The dispropor-
tionate impacts of intra-state transmission highlight the importance of explaining
factors contributing to the baseline commuting network in MASP, and of identifying

regions most at risk.

2 Data: MASP Commuting Network

The 2017 Origin and Destination Survey is a questionnaire developed by the Sao
Paulo Urban Transportation Department (COMPANHIA DO METROPOLITANO
DE SAO PAULO (METRO-SP), 2017). It provides detailed information on com-
muting patterns in MASP, based on 100,000 interviews across 510 research zones,
dispersed throughout all 39 municipalities (Figure 1). The municipality of Sao Paulo
contains 66% of the research zones. The data is in the form of an origin destination
matrix, well-suited to be represented as a weighted, directed network. The nodes
in the network are the numbered research zones, which have assigned coordinates,
populations, and areas. The directed edges represent the existence of flow from one
area to another, and edge-weights are represented by the magnitude of commuter
flow and mean travel time. There are 29,648 directed edges, and the shortest path
between the two most distant nodes (diameter) is of length 5. The network den-
sity is 0.11 implying that 11% of all potential connections exist. It is also weakly
connected, communicating that some nodes cannot be reached in both directions to
each other. Other summary network statistics are presented in Table 1 (Bloodgood,
Hornsby, Rutherford, & McFarland, 2017).
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Figure 1: Geographically Representative Graph of Sao Paulo Commuting Network
— Node Size Determined by In-Degree

Metric Value
# of Nodes 510

# of Edges 29648
Avg. Shortest Path Length 2.04
Avg. Shortest Path Length (mean time) | 66.86
Density 0.11
Diameter by
Global Clustering Coef. 0.34
Avg. Commuting Time 66.86mins
Avg. Daily Commuters to Region 1447.34
Weakly Connected Yes

Table 1: Summary Network Statistics of MASP Commuting Network
3 Degree Distribution Analysis

3.1 Un-Weighted In-Degree Distribution

The in-degree of a node is the sum of the directed edges which flow into the node.
In the context of disease transmission, in-degree represents the diversity of regions
which flow into a particular commuting zone. Given an adjacency matrix where a
value of 1 indicates the existence of an edge between two nodes, and 0 represents no

edge, the in-degree k of node i is calculated as the sum of row ¢ across all columns
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j. In mathematical notation, this is calculated as:
k’;n = Z Cl,ij (1)
J

The in-degree distribution (Figure 2) initially slopes upwards, with a maximum
count of nodes between 40 and 50 in-degrees. After this peak, the distribution
displays a right-ward skew, with the number of observed nodes for a given degree
dropping as the degree increases. For the 510 regions, the median in-degree distribu-
tion is 67.15, with a standard deviation of 43.77 in-degrees. The minimum in-degree
is 1, and the maximum in-degree of 280 lies 4.95 standard deviations from the mean

(Table 2).
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Figure 2: Un-Weighted In-Degree Distribution of MASP

MASP In-Degrees
std 43.771452

min 1.000000

median | 56.000000

max 280.000000

Table 2: Summary Statistics of Un-Weighted In-Degree Distribution

At the right extreme of the distribution, there are six commuting regions which

4
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do not share in-degrees groupings with any other regions. These nodes represent
the commuting regions with the most topological in-flow, receiving edges from 200
or more regions, presented in Table 3. From an epidemiological perspective, these
nodes are of substantive interest as regions that regularly receive individuals from
many other regions. The six regions with the highest in-degrees, along with their

municipalities, are displayed in Table 3.

Region ID | In-Degree | Municipality
2 280 Sao Paulo
82 255 Sao Paulo
93 216 Sao Paulo
5 211 Sao Paulo
79 204 Sao Paulo
300 201 Sao Paulo

Table 3: Regions with highest 6 in-degrees, including municipality

3.1.1 Test for Scale-Free Properties

The heavy tails of degree distributions in large, complex networks have been ob-
served to display self-organizing properties in the form of scale-free distributions,
where the degree k of a given node follows a predictable power-law (Barabési &
Albert, 2019; Lewis, 2009). Observing the MASP network to be scale-free, by hav-
ing a power-law tailed in-degree distribution, may help to identify a generalisable
organisation pattern. A power-law tail has been theorised to capture mechanisms
of preferential attachment and growth in the network — both common properties in
transportation networks (Barabasi & Albert, 2019). Preferential attachment refers
to ‘rich get richer’ mechanism, by which the probability that a new node attaches
to a target node 7 is an increasing function of the degree of ¢ (Alstott, Bullmore, &
Plenz, 2014; Simpson, 2001). A distribution following a power-law does not provide
evidence of linear preferential attachment, but that it is consistent with that mode
of attachment. A conclusion would depend on the generative mechanism of the net-
work (Alstott et al., 2014). A distribution can match a scale-free distribution if the

following power-law equation fits the data, for some best-fit parameter ~:

P(k) ~ k™ (2)

To identify this visually, the complementary cumulative distribution function
(CCDF) of the in-degree distribution on a log-log scale must be described by a best

fit power-law function. Figure 3 is an example from word frequency data, which fits
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to both a power-law and lognormal distribution.
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Figure 3: Example of Power-Law Degree Distribution in Word Frequency Data
(Alstott, 2014).

In Figure 4(a), a power-law function is fit to the entire CCDF of the in-degree
distribution, while in Figure 4(b) it is fit only to the tail, where power-laws are
often best followed (Mateos, 2016). Both plots reveal that a power-law function
does not capture the in-degree distribution. The lognormal distribution, a heavy-
tailed distribution that is not scale-free, is shown by the green line in Figures 4(a)
and 4(b). It provides a closer approximation to the in-degree distribution than the
power-law, and a likelihood ratio test favours the lognormal fit with a p-value of
0.00 in both plots.
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Figure 4: Power-Law and Lognormal Fit on Un-Weighted In-Degree Distribution
(CCDF)
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3.2 Node Strength Distribution

In the Sao Paulo commuting network, the weighted in-degree of a given node (node
strength) is defined as the total number of individuals from all regions which com-
mute to that node on a daily basis. The count of nodes with a given number of
commuters initially rises to a maximum between 50,000 and 100,000 commuters,
before a strong right skew and outliers which receive a substantively larger daily

inflow of commuters (Figure 5)
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Figure 5: Node Strength Distribution (Total Daily Commuters to a Region)

Summary statistics on the node strength distribution are presented in Table 4.
The median inflow is 81,865 daily commuters, with a standard deviation of 75,181.
The region with the most inflow has 550,320 daily commuters, over 6 standard
deviations from the mean. The 6 regions with the greatest daily inflow, and their

municipalities, are presented in Table 5.

MASP Node Strength
min 124.908355

median | 81865.250093

max 550320.773386

std 75181.881687

Table 4: Summary Statistics of Node Strength Distribution (Total Daily Commuters
to a Region)
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Region ID | Node Strength | Municipality
82 550320.77 Sao Paulo

422 487018.11 Santo André
93 403274/08 Sao Paulo

377 379749.06 Guarulhos

2 368763.71 Sao Paulo

436 329216.43 Maua

Table 5: Regions with highest 6 node strength, including municipality

The correlation between a node’s unweighted in-degree and node strength based
on total commuting flow is 0.415. A scatterplot of unweighted in-degree versus node
strength is presented in Figure 6. Evidently, topological edge connections are not
entirely predictive of commuting flow. For this reason, it is especially important to
understand the factors that influence edge weight, as inflow to a region cannot be

explained solely by the physical structure of the network.

Relationship Between Un-Weighted In-Degree
and Node Strength

Commuting Region
500000
400000
300000

200000

100000

Node Strength (Total Commuting Inflow)
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Un-Weighted In-Degree

Figure 6: Plot of un-weighted in-degree versus node strength, including regression
line

3.2.1 Test for Scale-Free Properties

In the context of the inflow of commuters to a region, the existence of a power-law
distribution would provide evidence of a predictable self-organizing property, where
nodes with higher commuting flows are more likely to receive further commuters.
The likelihood ratio test between power-law and lognormal distributions has a p-

value below 0.01 in favour of the lognormal fit, shown in Figures 7(a) and 7(b).

8
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This analysis provides evidence that the un-weighted in-degree distribution and
node strength distribution are not organized by a general power-law phenomenon.
This further justifies an analysis of the factors specific to the network which may

influence its structure. (Barabési & Albert, 2019).

Power-Law and Lognormal Fit on Power-Law and Lognormal Fit on
Node Strength Distribution (log CCDF) Tail of Node Strength Distribution (log CCDF)
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Figure 7: Power-Law and Lognormal Fit on Node Strength Distribution (CCDF)

4 Multiple Regression Quadradic Assignment Pro-

cedure Analysis

4.1 Methodology

This section uses a Multiple Regression Quadradic Assignment Procedure (MRQAP)
analysis to determine the specific contributions of edge characteristics to the daily
commuting flow between two regions (Lee, Lee, & Sohn, 2016). A standard ordinary
least squares (OLS) procedure is inadequate for assessing the factors contributing to
a node-to-node relationship, as OLS assumes independent and identically distributed
observations (Lee et al., 2016). To circumvent this, a p-value and standard error
of the regression coefficient are calculated by permutating the dependent variable
matrix 1000 times — a Monte Carlo sampling method. The same permutations are
used for rows and columns to preserve dependence among elements in the same row
or column, while eliminating the relationship between the dependent and indepen-
dent variables (Simpson, 2001). Each randomly permutated instance is considered
as a null-hypothesis scenario, and coefficients are determined for each one. The two-

sided p-value is significant at the a=0.05 level if the proportion of null coefficients



Shiv Yucel

as extreme or more extreme (on either side) to the observed coefficient is less than
a/2 = 0.025 (Farine, 2017; Dekker, Krackhardt, & Snijders, 2007; Simpson, 2001)
The dependent variable is the count of individuals flowing from an origin region
to a destination region. The first independent variable is the mean commuting time
between two regions, as reported in the commuting survey. Second, a binary variable
captures whether the regions are in the same municipality, due to the propensity of
commuters to work within the municipality in which they live (Schéele & Anders-
ratio)>

son, 2018). The final independent variable is the population density ratio (P2

calculated for an origin o and destination d using:

(Frb)
OdA _ \areae (3)
ratio pOpd

(aread)

A population density ratio below one is interpreted as a commuting flow from a
less dense region to a denser one, and vice versa for a population density above 1.
The population density ratio is designed to capture the relationship between travel
demand and urban density, based on literature showing that jobs and are spatially
concentrated in population centers (Guerra, Caudillo, Monkkonen, & Montejano,
2018).

4.2 Results

The mean-time coefficient results are presented in Figure 8. The observed coefficient
in the regression is -15.47. The other observations in the distribution are the per-
mutated null coefficients, with a minimum of -6.79, median of -0.12, and maximum
of 7.00. All 1000 simulated coefficients are greater than the observed coefficient,

therefore the p-value is 0.00, meeting the statistical significance criteria.

Mean-Time Results:
Observed vs. Permutated Coefficients
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Figure 8: Mean-Time MRQAP Results, Vertical Line is Observed Coefficient

10



Shiv Yucel

The dummy variable coefficient representing regions in the same municipality is
200.06. The minimum null scenario coefficient is -492.75, the median is 1.06, and
the maximum is 458.30, as displayed in Figure 9. The proportion of values greater
than or equal to the observed value is 110/1000 = 0.11, failing the test of statistical

significance at the a = 0.05 level.

Same Municipality Results:
Observed vs. Permutated Coefficients
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Figure 9: Within Same Municipality MRQAP Results, Vertical Line is Observed
Coefficient

The results from the MRQAP on the population density ratio are presented in
Figure 10. The observed coefficient from the commuting network is -1.36. The
median coefficient of the null distribution is -0.40, with a minimum of -8.21 and
maximum of 37.65. Of the 1000 generated coefficients, 319 are as low or lower
than the population density ratio coefficient. Therefore the p-value of the observed
coefficient is 319/1000 = 0.319, failing the significance test at the a =0.05 level.

Population Density Ratio Results:
Observed vs. Permutated Coefficients
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Figure 10: Population Density Ratio MRQAP Results, Vertical Line is Observed
Coeflicient
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Indep. Var Min Median | Max | SD Observed Coef. | P
Mean Time * -6.79 -0.12 7.00 2.17 -15.47 0.00
Same Municipality | -492.75 | 1.06 458.30 | 163.15 | 200.06 0.11
Pop. Density Ratio | -8.21 -0.40 37.65 | 3.41 -1.36 0.319

Table 6: Summary of MRQAP Results — * Significant at o = 0.05

5 Assessing Disease Risk with Betweenness

Centrality

Betweenness centrality is a node-level measure of influence, defined by the extent
to which a node intermediates flow over a network — a useful tool to determine
regions at greatest risk for disease exposure from other commuting areas (Kiviméki,
Lebichot, Saraméki, & Saerens, 2016; Tsiotas & Polyzos, 2015). The betweenness

centrality of vertex i, denoted as Cg(i), is calculated as:

Ci(i) = %Ej) (4)

where g1 (7) is the number of shortest paths with endpoints j and k, that contain
vertex ¢, and g¢;; is the total number of shortest paths between j and k& (Raghavan
Unnithan, Kannan, & Jathavedan, 2014; Opsahl et al., 2010)

In an un-weighted betweenness centrality measure, path length is determined
by the number of edges between nodes. In a weighted network, the sum of the
weights, or ‘cost’, along a given path determines its length, known as Dijkstra’s
algorithm (Opsahl et al., 2010). The weighted portion of this analysis seeks to assess
betweenness centrality using tie strength on a path, rather than a cost determined
simply by the sum of weights. For this to conform to a shortest path analysis, the
population flow of each edge must be inversed, so that strong population flow edges
have a lower cost on the path (Opsahl et al., 2010).

A limitation of a simple weighted betweenness centrality is that it fails to incor-
porate the number of intermediary nodes on the shortest path, focusing only on the
weights along a path. In the context of disease spread, this an important aspect
to consider, as both tie strength and the number of intermediate nodes along a
path can be conducive to transmission (Opsahl et al., 2010). The Opsahl method
overcomes this limitation by incorporating both the number of intermediating nodes
and the tie strength with a tuning parameter o, used as an exponent on the edge
weight (Opsahl et al., 2010; Yustiawan, Maharani, & Gozali, 2015). The shortest
path d“*(i, ), with inversed edge weights and including the alpha parameter, is
defined as:

12
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4" (i, j) = min (L+...+ ! a) (5)

(win)" (wn;)

The updated betweenness centrality becomes:

cyn () = 0 (6)
9k

An alpha parameter of 0 sets all edge weights to one, which is simply the un-
weighted betweenness centrality, based on the number of edges between endpoints.
When o = 1, Dijkstra’s algorithm is used, by calculating the lowest sum of inversed
population flow along a path. With an alpha between 0 and 1, the shortest path is
determined by balancing the aggregate strength while favouring stronger paths with
less diversity as the parameter approaches 0. An alpha parameter above 1 more
heavily weights the commuting flow of the path, and tends to favor more interme-
diary nodes and weaker, diverse paths (Opsahl et al., 2010). Summary statistics
for the betweenness centrality distributions calculated with each o parameter are

presented in Table 7.

o 0 0.5 1 1.5
min 0 0 0 0
median | 0.0009 | 0.0002 | 0.0001 | 0.0001
max 0.4 0.275 | 0.39 0.436
SD 0.003 | 0.018 | 0.026 | 0.032

Table 7: Betweenness Centrality Summary Statistics for all a Parameters

Figures 11(a) and 11(b) display the betweenness centrality distributions with «
equal to 0 and 0.5. The two largest outliers in each distribution are highlighted
with vertical lines. Only observing the topological structure of the network (a = 0),
nodes 2 and 82 are involved in 4.1% and 2.6% of all shortest paths, compared to
an overall median centrality of 0.09%. With « = 0.5, strong, short population flow
paths are favoured, and regions 82 and 93 are identified as the greatest outliers.
They are part of 27.5% and 18% of all shortest paths, respectively, while the median
is 0.01%.

13
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Figure 11: Betweenness Centrality Distribution with Opsahl Tuning Parameter a =
0and a = 0.5

Using the path where inversed commuting flow defines length (o = 1), nodes 82
and 2 have the highest centrality. They take part in 39% and 26% of all shortest
paths, respectively, while the median centrality is 0.01%. Defining the shortest
path in terms of tie strength, while favouring diverse intermediary nodes (o = 1.5),
regions 82 and 2 are of particular influence, taking part in 43.7% and 28.9% of all
shortest paths, compared to a median of 0.01%.
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Figure 12: Betweenness Centrality Distribution with Opsahl Tuning Parameter a =
land a=1.5

From a topological perspective (a = 0), this analysis has identified regions 82 and
2 as the most influential based on betweenness centrality. Where shorter, stronger
ties are favored (a = 0.5), regions 82 and 93 have the highest influence. With a = 1,
defining tie length as the sum of inverted commuting flow, regions 82 and 2 have

the greatest role as intermediaries. Finally, with an a = 1.5, which favors, weaker,
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diverse paths, 82 and 2 are the largest outliers in betweenness centrality. These

three nodes, all present in the Sao Paulo municipality, are identified in Table 8 and

Figure 13.
Q@
Region Ranking [0 | 0.5|1 | 1.5
1 2 |82 | 8282
2 82193 |2 |2

Table 8: Ranking Regions with Highest 2 Betwenness Centrality Measures, Sepa-
rated by o Value

Figure 13: Regions with Highest Betweenness Centrality; Left — 82, with =0, 0.5,
1, 1.5; Top — 93 with a=0.5; Right — 2 with a=0, 1, 1.5; Blue Nodes are Nearest
Neighbors.

6 Conclusion

This commuting network analysis seeks to describe and understand the mechanisms
behind commuting flow in the Metropolitan Area of Sao Paulo. In the context of a
pandemic, understanding the characteristics between regions which influence daily
commuting can help to identify regions most at risk to exposure. The in-degree

distribution, representing the diversity of locations which flow to a given region,
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and the node strength, capturing the aggregate daily flow to a region, are not best
described by a power-law. This is an important finding as it communicates that
the mechanisms behind these primary commuting statistics do not follow a general
phenomenon found in many large networks (Barabdsi & Albert, 2019).

The results from the MRQAP analysis illustrate that when controlling for regions
in the same municipality and the population density ratio between two regions,
the mean commuting time has a statistically significant negative association with
greater commuting flow. While useful as controlling variables, the MRQAP analysis
indicates that being in the same municipality and population density ratio variables
have a statistically insignificant relationship (o = 0.05) to the observed commuting
flow edges between regions.

The betweenness centrality section analysis aims to identify the commuting areas
most at risk for disease spread by determining the most influential nodes in the
network. Using various adjustments of Opsahl’s tuning parameter «, regions 82,
2, and 93 from the Sao Paulo municipality are the regions that disproportionately
serve as intermediaries in the network. These 3 regions and their neighbors may serve
as target areas for public health authorities to monitor disease evolution. Future
research including information on COVID-19 transmission would do well to assess
how different values for o in Opsahl et. al’s betweenness centrality formula relates

to the disease burden of a region.
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