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Abstract

Movement is manifested through a series of patterns at multiple spatial and tempo-
ral scales. Movement data today are becoming available at increasingly fine-grained
temporal granularity. These observations often represent multiple behavioral modes
and complex patterns along the movement path. However, the relationships between
the observation scale of movement data and the analysis scales at which movement
patterns are captured remain understudied. This article aims at investigating the role
of temporal scale in movement data analytics. It takes up an important question of
“how do decisions surrounding the scale of movement data and analyses impact our
inferences about movement patterns?”” Through a set of computational experiments
in the context of human movement, we take a systematic look at the impact of vary-
ing temporal scales on common movement analytics techniques including trajectory
analytics to calculate movement parameters (e.g., speed, path tortuosity), estima-
tion of individual space usage, and interactions analysis to detect potential contacts
between multiple mobile individuals.

Keywords Human movement - Temporal scale - Trajectory analytics - Activity
space - Interaction analysis - GPS tracking

1 Introduction

Human movement data obtained from Global Positioning System (GPS) tracking
or other location-aware technologies (LATSs) in the form of trajectories (i.e., time-
ordered sequences of locations) are used for a variety of purposes including under-
standing human mobility behavior, activity patterns, and social interactions (for an
early assessment of this potential see Goulias and Janelle 2005). These data can also
be used to complement person daily diary surveys to verify reporting of activities
and travel (Wolf et al. 2014a, b; Shen and Stopher 2014; Klous et al. 2017; Su et al.
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2020, 2021), as a stand-alone tracing of the movement of people to replace expen-
sive travel surveys (Procter et al. 2018; Marra et al. 2019), and understanding the
choices and movement decisions of people requiring travel details that cannot be
collected in other ways (Hood et al. 2011; Ciscal-Terry et al. 2016; Zimmermann
et al. 2017). Movement observations often represent multiple behavioral modes
along the movement path and complex patterns across different spatial and tempo-
ral scales. When these observations are represented by trajectories, the influence of
analysis scale is unavoidable and may affect the outcomes of machine learning and
knowledge discovery tasks. In this article, temporal scale is defined as the granular-
ity of movement observations (i.e., the average time interval between two consecu-
tive tracking points). Other terms for temporal scale include temporal resolution,
temporal granularity, sampling frequency, sampling rate, and sampling interval,
as used interchangeably in this article. The choice of granularity can influence the
results of analysis performed on movement data (Laube and Purves 2011; Moreira
et al. 2010).

Many analytical approaches to understand movement patterns rely on comput-
ing first order movement properties from movement trajectories, such as daily travel
distance, speed (e.g., point-to-point speed along the movement trajectory and/
or average travel speed between origin and destination of an uninterrupted move-
ment), acceleration, turning angle, and path tortuosity or sinuosity (a metric of the
amount of variability in movement direction and the shape of a trajectory) (Laube
et al. 2007; Dodge et al. 2008). The first order movement parameters form the fun-
damental components of more complex movement patterns, and hence they are
often incorporated as building blocks of machine learning techniques and methods
that are required to represent, quantify, contextualize, and analyze movement tra-
jectories to better understand complex human movement patterns such as human
interaction in space and time. A primary task prior to movement pattern analysis
is trajectory characterization and segmentation based on the first order movement
parameters and their derivatives (Dodge et al. 2009). For example, for human inter-
action analysis, it is essential to first recognize what transport mode people are tak-
ing to better identify and contextualize critical interactions. Speed and path tortuos-
ity are two fundamental features that can be easily extracted from raw tracking data
to assist trajectory characterization and transport mode identification tasks (Buchin
et al. 2011; Schiissler and Axhausen 2008). Hence, it is crucial to understand the
impact of temporal scale on computation of these primitive movement parameters
prior to more sophisticated human movement analytics. If the fundamental move-
ment parameters needed to infer higher level parameters yield the same values at dif-
ferent scales, one can select the scale which satisfies minimum energy consumption.
That is, since movement speed is used to infer transport mode, the sampling scales
that result in the same ranges of speed values can also lead to the detection of the
same travel modes. In contrast, if the selection of a higher scale yields different val-
ues, it may lead to erroneous inferences about the route selected, travel mode, or the
estimated time of arrival. In fact, a coarse temporal scale can yield location and/or
speed estimates with high error which can compromise many of the parameters con-
trolling the functionality of important real-world applications (e.g., mapping con-
gestion in cities, optimal logistics distribution development) and result in disastrous
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occurrences and accidents. In addition to exploring the impact of temporal scale on
calculating the fundamental movement parameters, previous studies also discuss the
impact on more sophisticated human mobility applications such as identifying stops
where major activities take place, computing movement entropy which measures the
randomness of daily visited locations, and estimating radius of gyration which cap-
tures the spatial dispersion of locations where individual activities happened (Ran-
jan et al. 2012; Zhao et al. 2018, 2019). When it comes to the application of identi-
fying human interaction patterns, it is important to take into account the individuals’
activity spaces and accessible areas along the movement paths for potential over-
laps (Hagerstrand 1970; Miller 2005; Dodge et al. 2021). It is therefore important
to understand the impact of temporal scale on estimation of individual space usage
and identifying the interaction between two or more moving individuals. These stud-
ies highlight the importance of analytical scale in movement analytics. However,
the relationships between the observation scale of movement data and the analysis
scales at which movement patterns are captured remain understudied.

This article aims at investigating the role of temporal scale in human movement
analytics. With this, we take up an important question of “how do decisions sur-
rounding the scale of movement data and analyses impact our inferences about
movement patterns?”’. Compared to existing studies that are more focused on ani-
mal movement in the Euclidean space (Laube and Purves 2011), we investigate the
impact of varying temporal scales on understanding human movement which occurs
in a more confined network space (i.e., parking lots, roadways, walkways, bikeways,
and public transportation stops, stations, and routes). Through a set of computational
experiments in the context of human movement, we take a systematic look at the
impact of varying temporal scales on common computational movement analytics
techniques including calculating first order movement parameters (e.g., speed, path
tortuosity), estimation of individual space usage, and interactions analysis among
mobile individuals. The outcomes of this study are important in our decisions about
temporal scale in movement data collection, mobility analytics, as well as simula-
tion of movement for real-world applications.

2 Background
2.1 Movement analytics and temporal scale

With the advancement of LATs, movement data today are becoming available at
increasingly higher volumes and variety at multiple temporal granularity collected
through diverse modes such as GPS data recorders, call detail records (CDR) of
smart phones, radio-frequency identification (RFID) tags, Wi-Fi and Bluetooth sen-
sors, and georeferenced social media applications (Batty 2012). Beside contribut-
ing to research on understanding of human mobility behavior, other applications of
tracking human movement include, but not limited to mapping congestion levels in
cities (Kan et al. 2018a; Stipancic et al. 2019), verifying design characteristics of
built transportation infrastructure components (Deng et al. 2018), obtaining real-
time provision of information about transit services such as expected arrival time of
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vehicles at boarding stops and stations (Shalaby and Farhan 2004; Brakewood and
Watkins 2019), monitoring near real-time information for car travels (Martinez-Diaz
and Soriguera 2021), planning optimal logistics distribution development (Zunié
et al. 2020), estimation of greenhouse gas (GHG) emissions and travel (Kan et al.
2018b; Neves and Brand 2019; Sui et al. 2019), and modeling disease spread such as
COVID-19 (Fang et al., 2020; Kraemer et al. 2020; Lai et al. 2020; Tian et al. 2020;
Su and Goulias 2021). Different applications using LAT data necessitate different
degrees of precision and accuracy (Fillekes et al. 2019; Marra et al. 2019; Schneider
et al. 2016; Wolf et al. 2014b).

Using a suitable temporal scale is critical in movement analytics. For example,
using movement data of cows, Laube and Purves (2011) show that the median and
variance in speed drop with a coarser sampling rate, as the actual path traveled is
systematically underestimated. In addition, median values of turning angle and
path sinuosity might result in higher values in finer temporal windows compared
to coarser data. This knowledge is essential in customizing tracking to optimize the
trade-off between tracking costs (i.e., energy and time consumption, battery life),
sampling interval, and knowledge inference from movement tracking data (Marra
et al. 2019). It can also contribute to characterizing the temporal dimension and
advancing the representation of time in movement context (Aigner et al. 2007). For
example, for travel surveys in transportation studies that aim to collect data on all
modes of transport, practitioners have settled to use a scale between 3 and 5 s per fix
(Wolf et al. 2014a). For the purpose of traffic surveillance, a common practice is to
apply a large-scale floating car system (i.e., GPS tracking of vehicles) to track vehi-
cles’ locations at one fix per minute to reduce the cost of data transmission (Chen
et al. 2014). This type of data can also support the research of human’s spatial and
social behavior and their interaction with each other and the environment through
data mining and knowledge discovery (see the review in Lu and Liu (2012)). The
sampling rate for some passive mode detection algorithms may be 30-60 s per fix
and considered to be sufficient when the data collection period is long (Burkhard
et al. 2020). For individual activity space estimation, in general, a lower resolution
data may be sufficient. Zhao et al. (2019) argue that using a human tracking data set
collected at two-hour sampling interval can depict fairly accurately the spatial extent
of individual’s locations of major activities in a day. Smolak et al. (2021) find that
an entropy measure to quantify the predictability of individual mobility can decrease
with increasing sampling interval of human tracking data up to a resolution of one
day. This paper adds to these studies by providing a systematic investigation of the
impact of varying temporal scales on common computational movement analytics.

2.2 Activity space analysis

In addition to computing the first order movement parameters, individual activ-
ity space approximation is another important subject in travel behavior and time-
geography domains (Golledge and Stimson 1997; Lee et al. 2016; Miller 1991).
Human activity space usually is measured by a set of visited locations. The defini-
tions of individual activity space or space utilization vary greatly in terms of the
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spatial and temporal resolutions. For a large-scale study such as daily or weekly,
individual activity space can be characterized by its shape, size, and spatial dis-
tribution of activity locations. Minimum convex polygon (Worton 1987) is widely
used as the simplest estimator of home range of animals in movement ecology as
well as in human activity space approximation (Buliung and Kanaroglou 2006a,
b; Hirsch et al. 2014; Lee et al. 2016). It is defined as a polygon that contains all
tracking locations of a moving entity and has no internal angle exceeding 180
degrees. However, it is also well known that minimum convex polygon has many
drawbacks and tends to overestimate the activity space as the measure only con-
siders outermost points and does not consider internal space usage and constraints
(Worton 1987). One way to compensate for this shortage is to take into account
the spatial distribution of the tracking points. The indicator of radius of gyration
incorporates the spatial distribution of visited locations and has been widely used
to approximate the spatial dispersion of human’s activity space (Gonzalez et al.
2008; Song et al. 2010; Yuan and Raubal 2016; Xu et al. 2018). Besides these
two measures characterizing the shape around the activity locations, kernel den-
sity estimators (KDE) is another way to approximate activity space by transform-
ing the point pattern into a continuous probability density surface of visit (Sil-
verman 1986; Worton 1987). Specifically, animal’s space utilization or the home
range usually can be approximated by the 95% cumulative intensity contours of
probability density surfaces (Downs and Horner 2012; Selkirk and Bishop 2002;
Worton 1987). This approach has also been applied to approximating the size of
human activity space (Kwan 2000; Schonfelder and Axhausen 2003). However,
it does not consider the temporal structure of tracking data and the results are
highly sensitive to bandwidth selection (Byrne et al. 2014; Hemson et al. 2005;
Horne and Garton 2006). Bandwidth in this case is used to define the extent of
the kernel distribution. In movement ecology, the Brownian bridge movement
model (BBMM) has been recognized as a more favorable approach to traditional
KDE to estimate animal’s home range as the BBMM incorporates both the tran-
sitions and the amount of time between consecutive locations of an individual
(Bullard 1991; Horne et al. 2007). Similar to KDE, the 95% BBMM can be used
to delineate the standard home range size of animals. In this study, we investigate
the temporal scale impact on three common measures of human activity space
including minimum convex polygon, radius of gyration and KDE.

For a fine-scale approximation of individual activity space during movement
(i.e., individual space utilization between successive tracking points), time-geo-
graphic approaches are more appropriate than other aggregate measurements.
In time-geography, the activity space of a moving entity can be estimated by a
space—time prism (Hagerstrand 1970). As shown in Fig. 1, the space—time prism
is shaped by a pair of origin and destination locations, a time budget, and the
maximum speed capacity for the travel mode. The projection of this prism on
a two-dimensional space is called Potential Path Area (PPA) (Burns 1979;
Lenntorp 1976). The PPA ellipse captures the accessible locations that a mov-
ing individual can visit under the given space—time constraints. For mathematical
definitions of PPA, the reader can refer to Miller (2005).
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Fig. 1 Illustration of space—time prism and potential path area (modified from Miller 2005)

2.3 Movement interaction analysis

Recent advances in tracking technologies enable the development of fined-grained
movement data. However, it remains a challenge to establish the appropriate scale
for interaction analysis of collective human movement in space and time. Interaction
analysis is a critical task in movement pattern analysis (Long et al. 2015). Identify-
ing spatiotemporal patterns of interaction among moving individuals can contrib-
ute to understanding traffic dynamics, human social relationships, urban land use
dynamics, virus transmissions through human contact, to name a few. Interaction
can take two different forms based on when it occurs: concurrent (or direct/syn-
chronous) interaction and delayed (or indirect/asynchronous) interaction. Existing
methods quantifying interactions mostly rely on the spatial proximity between two
individuals and many of them require user defined spatial and temporal thresholds
(see comprehensive reviews by Long et al. (2014); Miller (2015); Joo et al. (2018)).
However, these proximity-based approaches are limited when interacting individuals
are not following a similar path simultaneously due to signal loss or imperfect track-
ing, or when the interactions are delayed (e.g., two persons visit the same grocery
store at different time). In contrast, time-geography or PPA-based approaches are
found to provide a more robust framework to identify both concurrent and delayed
interactions between individuals (Long et al. 2015; Hoover et al. 2020; Dodge et al.
2021). This is mainly because PPA itself incorporates the uncertainty of position-
ing and gaps in movement data by considering the locations accessible to moving
individuals between tracking points, while the proximity-based approaches lack this
capacity (Dodge et al. 2021). Choices on observation scale might lead to signifi-
cantly different outcomes in identified patterns of interaction. This can be crucial in
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applications such as public health where underestimation or overestimation of criti-
cal contacts might have serious implications (Cencetti et al. 2021). It is therefore
important to study the relationships between the observation scale of movement data
and the analysis scales at which movement patterns are captured. In this article, we
discuss the role of temporal scale in human interaction analytics.

3 Data

The data used in this study comes from the 2012-2013 California Household Travel
Survey (CHTS) which includes a single-day travel diary and three days of GPS
tracking data containing the same single-day during which a travel diary was col-
lected from a subset of the total recruited respondents to CHTS (NuStats 2013). In
the travel diary, respondents report their trip start time and end time, origin and des-
tination coordinates (in longitude and latitude format) and corresponding location
types (e.g., home, work, school, other) for every trip in the assigned diary day. The
GPS component of the CHTS tracked individual’s locations with a speed greater
than one mile per hour every three seconds (i.e., only records movement but not
stops) using the GlobalSat GPS Data Loggers that can be easily carried in a pocket,
bag, or purse. Each GPS record tracks a unique ID of each respondent, current loca-
tion in longitude and latitude format, and local time. In this study, we use the sub-
set that had a perfect match between the travel diary and the GPS tracking compo-
nent. In this subset, the transport mode of each individual trip is labeled manually
through a software named Trip Identification and Analysis System (TIAS) which
uses speed profiles from the GPS tracking data collected every 3 s as input (NuStats
2013). This subset of data contains 3622 individual respondents from 1683 house-
holds reporting 55,147 trips in total that happened from September 2012 to January
2013. Trip is the one-way movement from an origin to a destination. The average
trip length is 9.94 km with a standard deviation of 41.48 km. The average trip dura-
tion is 17.71 min with a standard deviation of 94.94 min. Figure 2 shows the data
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Fig.2 The distributions of trip length and trip duration
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distributions of trip length and trip duration. In our sample, 60.69% of the trips are
shorter than 5 km and 55.07% of the trips last less than 10 min.

It is essential to distinguish different modes of transport in the computation of
speed, path tortuosity, and space utilization. To avoid the influence of mixed mode
trips, in the experiments below, only the trips that were made using a single mode
according to the travel diary are used. The total number of single-mode trips are
39,381 trips (71.41% of the whole data set). According to CHTS, the transport
modes are labeled and categorized into five major classes including auto (69.40%),
transit bus (1.56%), rail transport (1.75%), walk (23.97%), and bike (2.55%), which
account for 99.22% of the total single-mode trips in our sample. The rest of the
0.78% single-mode trips for other non-conventional modes such as streetcar/cable
car/trolley, wheelchair/mobility scooter, other non-motorized modes, or unknown
are omitted for this experiment. Specifically, the auto category includes mostly pri-
vate vehicles, taxis, and hired cars. The transit bus category comprises of buses,
shuttles, and other private mass transportation. The rail transport category includes
metro, subway, and train. It is worth noting that even though metro/subway/train can
be counted as a transit system, we distinguish them from buses and shuttles because
the movement path of metro uses a straighter network, and metro usually travels at a
constantly faster speed than buses and shuttles.

4 Computational experiments and the results

In human movement analytics, a primary task is to compute movement parameters
such as speed, acceleration, direction, path tortuosity to characterize human move-
ment in space and time (Schiissler and Axhausen 2008). In this section we first use
several computational experiments to demonstrate how movement parameters can
be influenced by varying temporal scales of the GPS tracking data. This is followed
by an investigation of the impact of temporal scale on estimation of individual space
usage computed using different approaches (e.g., minimum convex polygon, 95%
Kernel Density Estimation home range, radius of gyration, and potential path area).
The last focus of this section is to examine the scale impact on the analysis of human
interactions between mobile individuals using a time-geographic approach.

4.1 Movement parameters

Two basic movement parameters, speed and path tortuosity, are used to demon-
strate the impact of varying sampling intervals on computing movement parameters.
Given the original sampling interval is 3 s per fix, the raw data are manually down-
sampled to 9's, 15 s, 30 s, 60 s (1 min), 180 s (3 min), 300 s (5 min), 600 s (10 min),
900 s (15 min), and 1800 s (30 min) by skipping multiple trajectory points (see the
example in Fig. 3). Granted that it is less likely to use 10 min or above sampling
intervals for human movement analysis, these coarse sampling intervals are retained
in our experiments for observing more holistically the scale impact on movement
analytics. In addition, in many applications, high-resolution GPS tracking data are
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Trip 1 Trip 2
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Fig. 3 Deriving trajectories at variable temporal scales. In this sketch, s,,s,, 53, s, denote four different
temporal scales of the individual tracking data. The origin location of the second trip is not exactly the
same as the destination of the first trip because the GPS logger being used in this study will turn off
tracking when people move slower than 1 mph (i.e., when they participate in an activity at Destination 1)

not available and tracking is done via other stationary sensors at times when mov-
ing individuals interact with or pass by these sensors. These forms of commonly
used movement data including call detail records, smart card data, geotagged social
media check-in data, etc., are obtained in various resolutions, often coarser than
30 min or 1 h (Barbosa et al. 2018). Therefore, it is important to investigate the
impact of such coarse temporal scales on movement analytics. Considering that the
origin and destination of individual trips are places where activities happened, the
original origin and destination locations of each trip are retained in the process of
down-sampling (see the example in Fig. 3). It is important to note that when the
sampling interval is increased to 1800 s, only origin and destination locations are
left for 93.06% of individual trips as the durations of most trips are shorter than
1800 s. As shown in Fig. 4, the number of GPS fixes substantially decreases after
down-sampling.

An illustration of the trajectory of the same individual at different sampling inter-
vals is presented in Fig. 5. The original trajectory collected at 3 s (shown in dark
red) represent the continuous movement of the individual as a smooth trajectory,
while those down-sampled to 9 s, 15 s, and beyond exhibit a ‘jagged’ geometry.
The finer resolution tracking data can delineate the shape of the road network (also
see the trajectory at the scale s, in Fig. 3). As shown in the two inset figures, the
finer scale data captures turnings at intersections and the moving along a curved
road well, while the coarser trajectories might overlook these details. To tackle this
issue, a common practice is to snap individual’s locations to road segments by map
matching (Hashemi and Karimi 2014; Quddus et al. 2007). In this way, it becomes
possible to compute network distance that incorporates the shape of road network
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Fig. 4 Number of GPS fixes at different sampling intervals
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Fig.5 Illustration of an individual trajectory at different temporal scales

instead of taking Euclidean distance between points of the raw trajectory. However,
when adding map matching to preprocess trajectories, one should be careful about
the temporal scale. As sampling interval increases, the actual movement path can be
distorted (see Figs. 3 and 5), which may cause erroneous results in the map match-
ing process and computation of trajectory shape and movement distance. In our
experiments, we do not apply map matching as the original data come in a very high
resolution and represent the shape of the network with high precision.

4.1.1 Speed
Two types of speed are used here that are the point-to-point speed

along the trajectory and the average speed of an individual trip. A tra-
jectory of a trip consisting of n tracking points can be denoted as
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T = {(x0:Y0:0)> (Xps¥15 11 )5 «oos (X0 ¥is 1) -oes (X Yo 1) }» Where (x;, ;) represents
the geographic coordinate and ¢; denotes the recorded timestamp. The point-to-point
speed v; ;. can be calculated as follows using a pair of consecutive fixes (x;,y;) and

(X1 Yie1)-

_ \/(xi+1 =X + Vi1 —2)?

Viiel =

withi € [0,n — 1] (1)

liy1 — &

The average speed of an individual trip v can be defined as the total distance
traveled between the origin (x,,y,,%,) and destination (xn,yn,tn) divided by the
elapsed time as shown below.

T V@i = X+ (i = V)

I, =1

@)

V=

The goal of this experiment is twofold: (1) to reveal the impact of sampling inter-
vals on computing both the point-to-point speed and the average speed of individual
trip, and (2) to understand how that impact differs for different transport modes.

Point-to-point speed along the path Figure 6 illustrates the impact of varying tem-
poral scales on overall point-to-point speeds, disaggregated by different transport
modes. The boxplots present the variation of point-to-point speed in our sample at
different sampling intervals. Each boxplot displays a median value, a box enclos-
ing the twenty-fifth to seventy-fifth percentiles, and an upper whisker and a lower
whisker representing the maximum and minimum values which are less than a dis-
tance of 1.5 times the interquartile range from the upper quartile and the lower quar-
tile, respectively (Tukey 1977). In addition, the mean value is also displayed using a
triangle mark. Outliers (values beyond the whiskers) are excluded to improve reada-
bility. The results visualized in Fig. 6 suggest that as the sampling interval increases,
the median and mean of point-to-point speed tend to decrease, which is consistent
with existing research (Laube et al. 2007; Laube and Purves 2011). This is reasona-
ble because the actual point-to-point distance traveled is underestimated as the sam-
pling interval increases. As the example in Fig. 5 shows, when comparing the origi-
nal trajectory collected at 3 s with the trajectory down-sampled to 30 s or above,
it is obvious that while the travel time remains the same between the same pair of
tracking points at different sampling intervals, the distance tends to shrink due to
the aggregation, cutting network corners, and elimination of network details, which
results in reducing point-to-point speed. Except for the walk mode which presents
a stable variance in speed across different sampling rates, the variance in point-to-
point speeds of other modes decreases as the temporal scale increases. In general,
except for the transit bus mode, the mean and median values of point-to-point speed
are very close. Presumably, transit buses usually make more stops than other modes
which causes more low values of point-to-point speed compared to other modes.
Considering that the distribution of speed values is positively skewed, a nonpara-
metric test, Kruskal-Wallis test (Kruskal and Wallis 1952) is applied to examine
whether there is significant difference among the mean values of speed at the ten
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Fig. 6 Box plots of point-to-point speed values by different transport modes at different temporal scales

different sampling intervals. The results indicate that there is significant difference
(»<0.01) among the ten groups of speed values at different sampling intervals both
for the overall sample and the subsets by the five categories of transport modes.
Next, a Dunn’s test (Dunn 1964) is applied to determine which specific means are
significantly different from the others. The results of Dunn’s test on overall point-
to-point speed indicate that all pairs of sampling intervals (i.e., speed of the same
mode computed at two different temporal scales) are significantly different from
each other (all pairwise p <0.05). Similarly, the subsets of auto and walk modes also
presents the same relationship (all pairwise p <0.05). The mean point-to-point speed
of auto mode drops significantly from 59.12 to 29.84 km/h when sampling interval
increases from 3 to 1800 s (30 min). For walking, it drops significantly from 5 to
2.88 km/h. For bike mode, only the groups of 600 s and 900 s are found not signifi-
cantly different (p=0.07). The average speed of bike trips drops significantly from
17.94 to 10.74 km/h as the sampling rate becomes coarser. That is to say, increasing
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sampling intervals (even just from 3 to 9 s) will underestimate significantly the
point-to-point speed when people travel by auto, walk, and bike. However, if we
take a close look into the drops of mean speed of auto mode, for instance, the dif-
ference of the mean speeds between 3 and 15 s is only 1.93 km/h which should not
be considered as a large difference in the transportation context even though it is
statistically significant. In terms of transit bus and rail transport modes, the signifi-
cance test results suggest that the mean speed of many groups of different sampling
intervals are not significantly different. Regarding transit bus, we find no significant
difference between 180 and 300 s (p=0.18), 300 s and 600 s (p=0.35), 300 s and
900 s (p=0.09), 600 s and 900 s (p=0.46), 600 s and 1800 s (»p=0.23), 900 s and
1800 s (p=0.62). For rail transport, only the groups of 600 s and 900 s (p=0.08),
900 s and 1800 s (p=0.06) are found not significant. The average speed drops from
64.76 to 59 km/h when the sampling interval increases from 3 to 60 s. Given that
these two mean speed values are significantly different, the absolute difference is
only 5.76 km/h which should not be considered as a large difference because rail
transport usually travels at a constant speed. We will further discuss these findings
in Sect. 5 to elaborate on their practical implications.

Average trip speed Figure 7 illustrates the impact of varying sampling intervals of
GPS tracking data on the overall average speed of individual trip and disaggregated
by different transport modes. Similar to Fig. 6, the results suggest that as the sam-
pling interval increases, the overall median and mean speed values decrease. How-
ever, the data distribution of average speed of individual trip along with the varying
temporal scales is more stable as compared to the point-to-point speed shown in
Fig. 6. Especially for rail transport mode, the variance is very stable and even the
mean and median do not change much as the sampling interval increases from 3
to 1800 s. This is reasonable because rail transport usually travels at a relatively
constant speed and runs in a straighter path (designated tracks) compared to the
other modes. Hence, the average speed of individual trip by rail transport is not very
sensitive to the temporal scale. The results also suggest that at the higher the sam-
pling intervals, the average speed of individual trips by auto, transit bus, walk, and
bike are more underestimated. This is reasonable because as the sampling interval
increases, the many details of movement paths are neglected, which systematically
underestimates the actual trip distance traveled and thus results in a lower average
speed of individual trips (see the example of Fig. 5). Similar to point-to-point speed
for the transit mode in Fig. 6, the mean values of average trip speed for transit bus
are substantially greater than the median values across different sampling rates.

The Kruskal-Wallis test results indicate significant difference among different
sampling intervals for the whole sample (p <0.01) as well as for the five subsets
grouped by different transport modes (all p-values are below 0.01). We next apply
Dunn’s test to identify which specific means are significantly different from the oth-
ers at various time scales. Considering the whole data set, the Dunn’s test results
indicate that the ten groups of different sampling intervals are significantly different
from each other (all p-values are below 0.01). The Dunn’s test applied to the subsets
of auto and walk modes suggests that the mean values of speed of individual trips
at the ten sampling intervals are significantly different from each other (all p-values
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Fig.7 Box plots of the average speed values for individual trips by different transport modes at different
temporal scales

are below 0.01). These observations are consistent with the case of point-to-point
speed by auto and walk modes. However, for transit bus mode, there is no signifi-
cant difference (p > 0.05) between the groups of 3 sand 95, 9 s and 30 s, 30 s and
60 s, 300 s and 600 s, and 600 s and 1800 s. For rail transport, we find no signifi-
cant difference (p > 0.05) between the group of 3 s and the other three groups of 9 s,
30 s, and 60 s, respectively. In addition, there is no significant difference (p >0.05)
between the groups of 9 s and 30 s as well as 60 s, and between the groups of 30 s
and 60 s, 300 s and 600 s, 600 s and 1800 s. In terms of bike mode, we only find no
significant difference between the groups of 3 s and 9 s and the other pairs of groups
are significantly different from each other at 0.05 significance level.
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4.1.2 Path tortuosity

The second movement parameter of interest is path tortuosity. Various measures
have been developed to estimate tortuosity of the movement path of a moving object
using trajectory data. Examples include but not limited to fractal dimension (Bovet
and Benhamou 1988; Turchin 1998; Falconer 2004), sinuosity (Bovet and Ben-
hamou 1988; Benhamou 2004), straightness index (Batschelet 1981), and angular
variance of turning angles (Estevez and Christman 2006). Considering similarities
across these measures, here we only consider straightness index (SI) to illustrate the
influence of varying temporal scales on computing path tortuosity. SI of a trip (i.e.,
global path tortuosity) is defined as the ratio of the distance between origin and des-
tination to the actual total distance traveled along the movement path as shown for-
mally in Eq. (3).

S1= \/(xn_x0)2+(yn_y0)2
Z::ol V&g = X2+ Gip1 — 32

where (x,,y,) and (x,,, y,) are the coordinates of the origin (first point) and destina-
tion (last point) of a trip, respectively. The SI value is 0 when the moving object
returns to the origin location of a trip and is 1 when the movement path of a trip is
completely straight.

SI can also be computed over a sliding window k. This is used as the local meas-
ure of path tortuosity of a portion of an individual trip as defined below (Dodge
et al. 2009).

with SI € [0, 1] 3)

\/(xp+k = %ot + Ot = Ypi)?
k-1
25 V@i =X + Oy — 3

where SI'(p, k) is the local SI of the p th point of an individual trajectory given a
sliding window with a width k. We consider a sliding window of 5 points in the fol-
lowing experiment. The narrower the width of the sliding window k, the noisier are
the results. For coarsely sampled data such as 900 s and 1800 s, it is very likely that
many individual trips contain fewer than 5 tracking points. In such case, the local
measure of path tortuosity will be invalid.

SI'(p, k) = with SI'(p,k) €[0,11 (4

Global path tortuosity Figure 8 illustrates the influence of varying temporal scales
on the values of global SI. It shows that as the sampling interval increases, the global
SI is more overestimated and approaching 1 which represents a complete straight
movement path. This is reasonable because increasing sampling interval neglects the
details and complexity of the movement path, which can result in a straighter path
compared to the actual path delineating by fine-grained data (see the example of
Fig. 5). It is worth to note that when the sampling interval increases to 1800 s, only
the origin and destination will be left for the majority of individual trips (93.06%).
Therefore, the movement path is completely straight (S/=1) at the sampling interval
of 1800 s for the majority of trips. On the other hand, the mean value is consistently
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Fig. 8 Box plots of the global straightness index of individual trips by different transport modes at differ-
ent temporal scales

below the median for every mode across different temporal scales. The skewness is
negative for every group of the data indicating a negatively skewed distribution.

For relatively high-speed movement such as auto and transit bus modes, the
results suggest that the movement path becomes straighter quickly along with the
increasing sampling intervals. This is reasonable because a vehicle moving on
road networks usually needs to make turns to reach the destination, and increasing
sampling intervals will be very likely to ignore these turns which can result in a
straighter movement path as compared to the actual traveled path. The distribution
of the global SI values does not vary much as the sampling interval increases from
3 to 60 s for rail transport compared to the other modes. This observation indicates
that the path tortuosity of rail transport is less impacted by varying scales, which is
expected because railways run on fixed and relatively straight tracks with a constant
speed as we observed above. For lower speed movement such as walking and biking,
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we find the movement path becomes straighter quickly along with the increasing
sampling intervals. This is reasonable because the trip length of biking/walking
usually is shorter than vehicle-based trips and pedestrians and bicyclists are less
constrained by road networks compared to vehicles (i.e., their movement is more
flexible in terms of direction). Increasing sampling intervals is very likely to ignore
wandering and turning for pedestrians and bicyclists. These findings are important
for map matching applications which is the process of matching GPS tracking points
to a real road network (segments). At intersections, if turns are missed due to a
coarser temporal scale then the map matching can result in more erroneous matches.
This can alter both movement speed and travel path.

The Kruskal-Wallis test results show significant differences in the mean values
of the global S7 at different sampling intervals (all p-values are below 0.01). The
Dunn’s test applied to the subsets of auto and railway transport modes suggests that
the mean values of the global ST are only not significantly different between the
groups of 3sand 9s,9sand 15, 15 s and 30 s, 30 s and 60 s (p > 0.05). For transit
bus, only the groups of 9 s and 15 s are found not significant (p > 0.05). For bike
mode, no significant difference (p > 0.05) is found between the groups of 3 s and 9 s,
9 s and 15 s. For walk mode, all groups are found significantly different from each
other (p <0.05).

Local path tortuosity Figure 9 illustrates the influence of varying temporal scales
on the values of local SI over a sliding window of five tracking points. Individual
trips that contain fewer than five tracking points are excluded in the results here.
Generally, the values of local SI decrease as the sampling interval increases. This
is as expected because when the temporal resolution is high, the movement over
the sliding window of five tracking points only lasts for a few seconds (e.g., 12 s
at 3 s temporal scale) and thus the path tends to be straight and smooth. However,
at higher sampling intervals, the sliding window captures movement over a longer
period of time, which can result in less straight movement path. It is important to
note that the local SI is very similar to the global SI when the sampling interval
reaches 300 s and above since the duration of 86.57% of trips is shorter than 25 min.

Regarding different travel modes, the results of auto and rail transport show that
the local ST stays at a very high level close to one (meaning that the path is almost
completely straight) at various sampling rates. This observation suggests that the
movement by auto and rail transport over a segment of individual trips tends to be
straight. This reflects the shape of roadway segments and especially railways that
are very straight. Also, for coarser tracks, only the origin and the destination, and in
some cases, a few more tracking points, remain and therefore, the local and global
SI become the same. However, it is surprising that even when the sampling rate
increases to 60 s per fix and above for auto trips, the local path tortuosity is still near
1. Presumably, the majority of drivers follow the shortest path or a straight high-
way when heading to the destination. In respect of rail transport, the local SI devi-
ates slightly from 1 when sampling interval is increased to 30 s and above. This is
because rail transport movement can be straight over a sliding window of five track-
ing points even when the sampling interval is large. The local path tortuosity of tran-
sit bus, walking, and biking is affected by temporal scale substantially. Transit buses
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Fig. 9 Box plots of the local straightness index by different transport modes at different temporal scales

move slowly compared to autos and rail vehicles and are more likely to make stops
during the movement. Therefore, the local SI can capture less straight movement
over a sliding window of five tracking points as the sampling interval increases.
Walking and biking are usually in lower speed and follow less constrained paths.
The segment trajectory by walking and biking that consists of five tracking points
can be less straight with coarser sampling.

The Kruskal-Wallis test results show significant differences in the mean values
of the global ST at different sampling intervals (all p-values are below 0.01). The
Dunn’s test results suggest that there is significant difference (p <0.05) in the mean
values of the local ST among the groups of 35,9, 15,30, 60 s, and 180 s for the
overall sample as well as the other subsets of each mode.
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4.2 Space utilization

As discussed in the introduction, activity space estimation is a fundamental task
prior to human interaction analysis. We consider activity space or space utilization
as one of the key indicators for travel behavior that could potentially be impacted by
different temporal scales. The objective of this experiment is to use three approaches
to estimate human’s space utilization during movement and to assess the impact of
the temporal scale on activity space estimation. We first use three measures namely
minimum convex polygon (MCP) (also called a convex hull), 95% Kernel Density
Estimation (KDE) home range, and radius of gyration to measure individual activ-
ity space at the daily level (see the review in Sect. 2). These three indicators can
capture the spatial range and spatial dispersion of human’s daily activities. In addi-
tion, we apply a time-geography-based approach to estimate the accessible area at a

finer scale along the movement path based on consecutive GPS tracking points. The
radius of gyration is formulated as follows.

\/ Yl -+ (v - 9]
Rg =

n

®)

wherg ()_c,i) represents the center of mass of the trajectory, specifically,

X =Y x;/n,y = Y y;/n. The greater the value of R, the larger the activity space of
i=0 i=0

an individual.

Figure 10 illustrates the difference between the MCP and the radius of gyration.
If only a minimum convex polygon is applied, the activity space of person #1 and
person #2 will be exactly the same, and it cannot capture the difference in the spa-
tial distributions of their tracking points. However, person #1 has a larger radius
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Fig. 10 Illustration of minimum convex polygon and radius of gyration
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of gyration than person #2, which indicates that person #1 has a more dispersed
activity space while person #2’s activities are more concentrated. Here, we use both
measures to delineate the individual daily activity space. Figure 11(a) shows the
example of the MCP and the radius of gyration for a moving individual using a real
track from CHTS. The area of the MCP is 0.042 km? and the radius of gyration is
6.79 km.

To approximate individual space utilization using KDE, the bivariate normal ker-
nel function is applied:
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Fig. 11 Illustration of the minimum convex polygon and the radius of gyration (a) and the 95% Kernel
Density Estimation home range (b) of an individual daily trajectory collected at 3 s per fix. In figure (a),
the trajectory is shown in black. The green triangle is the center of mass of the trajectory. The red poly-
gon depicts the minimum convex polygon, and the blue circle delineates the radius of gyration. In figure
(b), the bold line in black represents the same trajectory
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1 1
0= (-4
x) 7 exp 2x X 6)
where K(x) is the bivariate normal kernel function and x is a vector containing the
coordinates of a point on the plane. Subsequently, the kernel density estimation of
the utilization distribution at a given point x of the plane can be obtained by:

f00 = 1 DR { =) ™

where & is a smoothing parameter (i.e., the bandwidth), n is the number of relo-
cations (i.e., data points), and X; is the ith relocation of the sample. We employ
one of the most common approaches, the reference bandwidth (Silverman, 1986), as
defined below:

h = %(ax+ay)n_l/6 ®)
where o, and o are the standard deviations of the x and y coordinates of the reloca-
tions, respectively.

The result of KDE is a continuous density surface reflecting different probabili-
ties of visiting in each location. The area of KDE can be measured by 100% con-
tour of the density surface (i.e., include all nonzero activity density area) or any
other specified level (e.g., 95% contour) in order to exclude areas that may consist of
infrequent activities. The derived area is considered as the individual activity space.
Figure 11(b) shows the example of the 95% KDE area for the same moving individ-
ual in Fig. 11(a). For implementation of KDE, readers may refer to the documenta-
tion of the R package “adehabitatHR” developed by Calenge (2006).

To estimate individual daily activity space, the minimum convex polygon, the
radius of gyration, and the 95% KDE home range are computed using the individual
daily records as the unit of analysis. As mentioned in Sect. 3, the GPS component of
CHTS was collected over a three-day period. In total we have 9349 individual daily
tracking records. It is important to note that the sample size for the experiment here
is lower than the original sample size (9349) due to three reasons: (1) we exclude
individuals who travel outside California; (2) the convex hull approach is invalid
when an individual has only two tracking points in their daily diary (i.e., at least
three points are required to construct a valid convex hull); and (3) the KDE approach
requires more than five tracking points for an individual’s daily movement. Hence,
it is invalid to use the convex hull approach for people who only made one outward
trip on the survey day (e.g., left home and did not come back) when the sampling
interval is 1800 s. Similarly, the KDE approach may also be invalid when none to
very few tracking points between the origin and destination were left as the sam-
pling rate becomes coarser.

Figure 12 shows the impact of varying temporal scales on computing the mini-
mum convex polygon, the radius of gyration, and the area of the 95% KDE. The
results in Fig. 12(a) suggest that the area of minimum convex polygon remains very
stable across different sampling rates, presumably because we retain all origin and
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Fig. 12 Box plots of the area of minimum convex polygon (a) and the radius of gyration (b) and the area
of the 95% KDE (c¢) of individual daily movement at different temporal scales

designation locations in the process of down-sampling. Given these are major loca-
tions where individual daily activities happened, it is reasonable that the estimated
minimum convex polygons for the same person under different sampling intervals
remain similar. The Dunn’s test results indicate no significant difference among the
groups of 35,95, 155,30 s, 60 s, and 180 s (p>0.05). In terms of the radius of
gyration, no significant difference (p > 0.05) among the groups of 35,95, 155,30 s,
and 60 s is found. In contrast to the stable trend found with the minimum convex
polygon, there is a slightly increasing trend of the radius of gyration when the tem-
poral scale becomes coarser (Fig. 12(b)). Specifically, the mean value of radius of
gyration increases from 5.50 km (at 3 s) to 6.26 km (at 1800 s). Also, the median
value increases from 3.46 to 3.85 km. This observation indicates that at the higher
sampling intervals, the spatial dispersion of human’s activity space is overestimated.
In terms of the area of the 95% KDE, Fig. 12(c) shows that when the temporal scale
becomes coarser, the area of individual activity space estimated by KDE increases
rapidly. Presumably, individual’s activity locations become more sparsely distrib-
uted in space when the temporal scale becomes coarser, which results in larger 95%
KDE surface. The Dunn’s test results indicate only no significant difference among
the groups of 600 s, 900 s, and 1800 s (p>0.05). In addition to the above analysis
on individual daily activity space, we also experimented on three-day aggregation
of individual activity space. However, the results are similar to daily aggregation of
individual activity space and hence are not presented here.

The previous analysis examined the impact of varying sampling intervals on
approximating human activity space at an aggregate daily level (i.e., one activity
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space per day per individual). Next, we apply a time-geography approach to estimate
the activity space (accessible areas) during movement at a finer scale (i.e., between
consecutive tracking points per trip). Figure 13 illustrates an example of the PPAs
for a moving individual that was tracked at 60 s per fix. A PPA is shaped by a pair of
consecutive tracking points, a time budget (i.e., sampling interval in this case), and
the maximum speed capacity during a specific time interval which is estimated by
a floating average of speed over an exponential kernel. For mathematical definitions
and implementation of PPA, the reader can refer to Miller (2005) and Dodge et al.
(2021).

Figure 14 illustrates the impact of varying temporal scale on computing the area
of PPA. It shows that overall, using a coarser sampling rate the data generates big-
ger PPAs in spite of different transport modes people use. This is mainly because a
larger sampling interval allows more time budget (equals to the sampling interval
between two consecutive fixes) which is a critical parameter to build a PPA. In addi-
tion, the magnitude of the area of PPA varies largely among different modes as the
maximum speed capacity for each mode is substantially different. Specifically, peo-
ple using auto, transit bus, and rail transport modes are more likely to have larger
size of PPA. The rail transport mode has the largest size of PPA because it usually
runs on designated tracks with a constant speed and less likely to be impacted by
traffic. However, this does not necessarily mean that the individuals traveling by rail
have access to all locations captured in the PPAs due to the restricted nature of rail
transport, but in general they can cover longer distances given a larger time budget.
One might need to refine the PPA approach that accounts for the rail networks or
resort to different approaches to approximate the accessible locations of mobile indi-
viduals if they travel by rail (e.g., develop station-based and schedule constrained
PPAs). People using walk and bike modes usually generate a smaller size of PPA
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Fig. 13 Illustration of PPAs along the movement path of the same individual in Fig. 11 collected at 60 s
per fix

@ Springer



R.Suetal.

Overall Auto
150
~ 125 200
§ 100 £ 150
< <
& 75 &
5 % 100
g 5
o 50 " g
ol — — — = : O—f—ffé“ :
3 9 15 30 60 180 300 600 900 1800 3 9 15 30 60 180 300 600 900 1800
Sampling interval (second) Sampling interval (second)
Transit bus Rail transport
80 P
1250
& 60 N
g § 1000
£ 40 g 750
5 5 500
o 1o
220 o
< |;1|_-| < 250 é
ol — — — = = ol = = = = = & ‘
3 9 15 30 60 180 300 600 900 1800 3 9 15 30 60 180 300 600 900 1800
Sampling interval (second) Sampling interval (second)
Walk Bike
50
&3 < 40
§ £
£ -
s 5 20
o o
g1 g é
< < 10
o{— — — — — = é 0{— — — — — - é
3 9 15 30 60 180 300 600 900 1800 3 9 15 30 60 180 300 600 9001800
Sampling interval (second) Sampling interval (second)

Fig. 14 Box plots of the PPA areas of consecutive GPS fixes by different transport modes at different
temporal scales

because the maximum speed by walk and bike is relatively lower compared to the
other modes. The Dunn’s test results of auto indicate that the mean values of the
area of PPA are significantly different (p <0.05) from each other when the sam-
pling interval is within the range of 3 s and 600 s. As the sampling rate becomes
coarser (600 s, 900 s, 1800 s), no significant difference is found (p > 0.05). For tran-
sit bus, railway transport, and bike modes, the mean values are significantly differ-
ent (p <0.05) from each other when the sampling interval is within the range of 3 s
and 180 s. As the sampling interval increases from 180 s, most of the groups are
found not significantly different (p > 0.05). In terms of the walk mode, we find each
group is significantly different (p <0.05) from each other when the sampling inter-
val is within the range of 3 s and 600 s. In general, as the temporal scale becomes
very high, no significant difference in the mean values of the area of PPA can be
identified. This is because many trips would not last longer than 900 s (15 min).
Therefore, only the origin and destination will be retained for these short trips in the
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process of down-sampling. Eventually, the estimated PPAs of these short trips will
be the same at very high temporal scales when the sampling interval exceeds the trip
duration.

4.3 Human interaction analysis

The goal of this experiment is to understand the impact of temporal scale on iden-
tifying potential concurrent and delayed interactions between moving individuals.
Two different approaches are applied to identify potential interactions: (1) a prox-
imity-based approach which uses a spatial buffer and a temporal window to identify
space—time contacts between mobile individuals, and (2) a time-geographic-based
approach named ORTEGA, proposed in Dodge et al. (2021), which uses the PPA
to find potential concurrent and delayed contacts between mobile individuals. It is
important to note that the identified contacts by both approaches can only be con-
sidered as potential interactions, and individuals may or may not socially or physi-
cally interact when they come into close contacts spatially and temporally. Guided
by the Dodge et al. (2021) study, the proximity-based approach is implemented by
intersecting spatial buffers of a 100-m distance threshold centered on synchronous
GPS tracking points of two individuals. To relax the restriction of requiring syn-
chronous fixes when identifying concurrent interactions, a time window of 5 min is
allowed when determining if two spatial buffers are intersected. For the PPA-based
approach, two individuals are considered to have a potential interaction if their PPAs
are intersected. Even though the PPA-based approach does not require a predefined
distance buffer or a set time window we allow the same 5-min time lag for intersec-
tion in this experiment to make it comparable with the proximity-based approach.
That is, if the time intervals of the two intersecting PPAs of the two individuals
are overlapped synchronously or have a 5-min time lag, we identify it as a poten-
tial interaction (i.e., concurrent interactions). If the PPAs of the two individuals are
intersected but the time lag is longer than 5 min, we consider this as a delayed inter-
action. The frequency of interactions among a group of people is then quantified
by the count of pairs of individuals that have interacted with each other during the
survey day for both the proximity-based and PPA-based approaches. The outcomes
of these two approaches at different temporal scales are then compared as described
below.

Considering that people living far away are less likely to interact, instead of
taking the whole sample of CHTS, we only use the portion of the data that is col-
lected in Santa Clara county, where we have the largest number of respondents as a
case study. This portion of the data contains GPS tracking of 850 persons from 380
households that were collected from February 3, 2012 to January 31, 2013. Given
the information of household composition, we separate the detected interactions by
interactions that happened among persons in the same household and interactions
that happened with persons that are not from the same household to incorporate the
social relationship factors in human interaction analysis. Individuals within the same
household tend to travel together and interact more, while individuals from different
households might have occasional social interactions and various random contacts.
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Figure 15 illustrates the impact of temporal scale on identifying concurrent inter-
actions using the PPA-based approach versus the proximity-based approach between
individuals of the same household and different households. In general, both
approaches are sensitive to the temporal scale. The proximity-based approach can
identify a greater number of contacts within household interactions when the tem-
poral resolution is 1 min as opposed to coarser sampling rates beyond 1 min. Spe-
cifically, the total number of within household interactions identified is 367 at 1-min
interval, whereas this number drops to 361 at 5-min interval, and to 359 at 10-min
interval and remain unchanged at 20-min and 30-min intervals. Likewise, the prox-
imity-based approach can identify 73 outside household interactions at 1-min inter-
val while substantially fewer number of outside household interactions are identified
when sampling interval increases (i.e., 6, 2, 2, 2 outside household interactions are
identified at 5 min, 10 min, 20 min, 30 min interval, respectively). On the contrary,
the PPA-based approach can identify substantially more outside household concur-
rent interactions when coarse temporal scales are used. This is mainly because using
larger sampling intervals results in bigger PPAs which are more likely to intersect
with each other. But the total number of within household interactions remains sta-
ble as the sampling interval increases. People living in the same household are more
likely to travel together during a day (e.g., parents escort children to school) (Lee
and Goulias 2018), which increases the chance of physical contacts with each other.
Even when the sampling interval is increased, these people are still very likely to
be tracked simultaneously. Hence, the PPA-based approach and the proximity-based
can identify very closely the number of within household interactions and the num-
bers remain stable along with the increasing sampling intervals. Unlike people liv-
ing in the same household, people from different households are less likely to travel
together and their physical interactions are often unintentional (e.g., two strangers
pass by each other on the street) and asynchronous (e.g., two persons visit the same
grocery store at different time). The proximity-based approach is less effective in this
situation because it requires a synchronous and predefined distance buffer threshold

3 Bl proximity, within household
S 1000 | == PPA, within household - _
g_ [ proximity, outside household 7]
o FZ2 PPA, outside household
[

800 7

600

400

200

0 - - - " N
1min 5min 10min 20min 30min

Sampling interval
Fig. 15 Illustration of the impact of temporal scale on identifying concurrent interactions (allowing

5 min time lag) using the PPA-based approach versus the proximity-based approach (100 m buffer)
between individuals of the same household and different households
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which is set by the user (such as 100 m in this case) to determine if two moving
entities come close to each other. However, the PPA-based approach does not have
such constraint as it is based on the actual locations accessible to people, their time
budget and speed capacities. All of these parameters can be extracted from the given
data without a need for a user defined threshold. Therefore, we observe more outside
household concurrent interactions identified by the PPA-based approach as opposed
to the proximity-based approach. As shown in Dodge et al. (2021), the outcomes
of the proximity-based approach is also sensitive to the buffer size. Specifically,
they find that by applying 500 m distance buffer, the proximity-based approach
can identify almost the same number of concurrent intrahousehold interactions but
interhousehold interactions are still underestimated. Employing a distance buffer
larger than 500 m may not be reasonable as the potential concurrent interactions are
defined as close contact between moving individuals in this study and individuals
stay away from each other more than 500 m should not be considered as potential
concurrent interaction.

We next focus on the impact of temporal scale on identifying delayed interac-
tions using the PPA-based approach. A delayed interaction is context-specific and
a meaningful temporal delay can vary in different applications. For example, in the
context of COVID-19 transmission, interactions with a delay of up to 30 min may be
considered critical or risky contacts as the droplets may stay in the air for a consid-
erable amount of time. As shown in Fig. 16, allowing a longer time lag can identify
more delayed interactions within households as well as outside households. This is
reasonable because allowing a longer time lag increases the chance of intersection
between two PPAs. However, the increase in the amount of identified delayed inter-
actions outside households is substantially higher than the interactions within house-
holds. This is mainly because people living in the same household are more likely
to interact synchronously. Therefore, allowing longer time lag does not help much
with identifying delayed interactions within households. Nevertheless, people from
different households are more likely to have asynchronously interactions, resulting
in more delayed interactions when allowing longer time lags. In addition, using dif-
ferent sampling intervals of the data seems to have no significant impact on identify-
ing delayed interactions between individuals of the same household, whereas more
delayed interactions between individuals of different households can be identified
if a coarser sampling rate of data are used. This is similar to our previous findings
regarding concurrent interactions. Presumably, people living in the same household
are more likely to travel together and increasing sampling intervals results in larger
PPAs but does not impact very much the chances of intersecting between PPAs. On
the other hand, larger PPAs of individuals from different households as a result of a
coarser time scale increases the probability of intersecting PPAs.

5 Discussion
The presented work investigates the question: “how do decisions surrounding the

scale of movement data and analyses impact our inferences about movement pat-
terns?”. The outcomes reveal some practical implications of the impact of temporal
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Fig. 16 Illustration of the impact of temporal scale on identifying delayed interactions using PPA-based
approach between individuals of the same household (a) and different households (b)

scale on movement analysis results. Here we discuss main findings in the light of
our research question.

The outcomes suggest that increasing sampling intervals (even just from 3 to 9 s)
can significantly underestimate the point-to-point speed when people travel by auto,
walk, and bike. However, the difference of the mean speed of auto mode between 3
and 15 s is only 1.93 km/h which should not be considered as a large difference in
the transportation context. On the other hand, when the sampling interval increases
to 60 s, the mean speed decreases by 7.29 km/h (4.53 MPH). This is very impor-
tant for some practical applications such as mapping motorist safety by identifying
road segments where motorists frequently exceed the speed limit or a safe speed
based on the historical tracking data of individuals. Using coarse tracking data (sam-
pling interval equals to or greater than 60 s) will very likely miss many speed limit
violations. In addition, the variation in computed speed for walk and bike modes
across varying temporal scales is evident. This is important as selecting appropriate
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temporal resolution data plays a critical role in mapping bicycling or pedestrian
exposure and safety risk (Ferster et al. 2021). For high-speed movement such as auto
and transit modes and low-speed movement such as walking and biking, we find the
global movement path becomes straighter quickly along with coarser sampling. But
for rail transport, the global path tortuosity is less impacted by the temporal scale.
Regarding the local path tortuosity, auto and rail transport are found less impacted
by the temporal scale while the segment of individual trips by transit, walking, or
biking becomes less straight with coarser sampling. The results of the present study
may suggest that analysis using coarser tracking data such as call detail records and
geotagged social media check-in data, or aggregate mobility indices (e.g., average
distance traveled from home, vehicle miles traveled, average trip speed), derived
from tracking data of cellphone users, can be impacted by varying temporal scales.
These indices have become ubiquitous in studying the impact of the COVID-19 pan-
demic in urban areas (Oliver et al. 2020).

The impact of different temporal scales is exacerbated when different modes such
as walking, bicycling, ride hailing, and public transport modes are combined. This
is the situation with integration of multiple modes into one platform as in Mobility
as a Service (MaaS) (Goodall et al. 2017). If different applications and users employ
different scales on their respective devices, the expected arrival time communicated
to a user about each vehicle will be wrong and the impact of this can span from
unreliable level of service to security and safety issues. Ideally, we want to identify
one temporal scale that works well with the users of transportation services and pro-
vides the most reliable arrival times of any service. Our findings here indicate that
for coordinating multiple modes, the 3 s recording is the best approach. However,
we cannot tell if recording location more often will yield any additional benefits for
MaasS users due to data limitation.

Our research findings suggest that the impact of temporal scale on activity space
estimation highly depends on the method being used. In general, we find that the
MCP and the radius of gyration are not affected by temporal scale significantly
as long as the origin and destination locations (i.e., major activity locations) are
recorded and retained in the movement data. Using a sampling rate of up to one
min per fix should be sufficient for approximating activity space using these two
measures. However, the results of KDE show that the estimated activity space is
substantially affected by temporal scale. Using a coarse sampling data scheme may
overestimate the activity space of individual by KDE approaches. This implies a
need to develop new multi-scale approaches that can work across scales for quanti-
fying activity space (Miller et al. 2019). For example, we may need to use a differ-
ent scale to identify potential destination locations to build choice sets (Yoon et al.
2012) requiring detailed pinpointing of business establishments versus developing
built environment indicators of accessibility to test their correlation with activity
and travel behavior in a day (Chen et al. 2011; Yoon and Goulias 2010) that do not
require pinpointing of exact opportunity locations.

Our analysis focusing on human interaction analysis suggests that both the prox-
imity-based approach and PPA-based approach are sensitive to the temporal scale of
the input data, specifically for concurrent interactions. This can be important when
interaction analysis is used for public health applications such as contact tracing and
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identifying critical contacts. In particular, the concurrent interactions between individu-
als identified by the proximity-based approach can substantially be underestimated at
coarser sampling intervals. In contrast, the PPA-based approach can identify substan-
tially more concurrent interactions outside households when a coarser temporal scale is
used. But the number of within household interactions remains stable as the sampling
interval increases. In addition, using data of different sampling intervals seems to have
no significant impact on identifying delayed interactions between individuals of the
same household, whereas more delayed interactions between individuals of different
households can be identified with a coarser temporal scale. The outcomes suggest that
movement data of fine-grained temporal granularity such as one min per fix is required
for a more reliable interaction analysis (see the interpretation in Sect. 4.3). Coarser data
might overestimate the number of contacts. It is important to note that the approaches
used in this study for human interaction analysis (both PPA-based and proximity-based
methods) are limited to identifying encounters or co-location as potential cases for
interaction between individuals and therefore does not indicate actual occurrence of
social interaction. Nevertheless, an underlying requirement for a physical social interac-
tion is encounter. A promising future work of human interaction analysis is to take into
account contextual factors (e.g., movement mode, behavior, geographic, and environ-
mental variables) in order to better distinguish and contextualize co-location behavior
and actual interaction between moving individuals.

The size of a PPA is particularly important for activity-based travel demand fore-
casting and simulation that include a destination choice component (Bhat et al. 2013).
In these models the daily activity-travel pattern of a person is simulated minute-by-
minute and includes predictions of destination locations for activity participation (e.g.,
eat meal at a restaurant). Destinations selected by a person are from a PPA created from
the available time windows identified in the daily schedule simulation. Sets of desti-
nations (called the destination choice set and is the number of alternatives considered
for an activity location) from which an individual selects one, are enumerated from a
PPA (Yoon et al. 2012). Using the choice set for this time window the simulation uses
discrete choice models (i.e., models of the probability of selecting a destination, (Train
2009)). These models are estimated before the simulation using observed destinations
in a survey and their identification as suitable alternatives is based on PPAs too. If the
destination of a choice set is underestimated or overestimated, as Thill (1992) shows,
the parameter estimates and the computation of choice probabilities are biased and
therefore the simulated choices can be heavily biased. When destination choices are
the outcome of joint scheduling of activities by multiple persons this bias may worsen.
The findings here suggest we need to perform experiments computing choice sets from
different types of PPAs and time scales and then estimate discrete choice models to
identify the best fitting models to observed behavior.

6 Conclusion
With this research, we discuss the impact of temporal scale on human movement

analytics focusing on computing movement parameters including speed and path
tortuosity, estimation of individual space usage, and human interaction analysis.
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We find both the point-to-point speed and the average speed of an individual trip
drop with coarser sampling. Varying temporal scale also impact the outcomes of
local and global straightness of the movement path and as a result changes the
overall trajectory shape and lengths, which can impact other derivative meas-
ures obtained from these fundamental movement parameters. In terms of activ-
ity space, the area of minimum convex polygon remains stable across different
sampling rates. In contrast, there is a steadily increasing trend of the radius of
gyration with a coarser sampling rate. These observations indicate that the higher
the sampling intervals, the more overestimated the spatial dispersion of human’s
activity space will be. The 95% KDE of individual activity space also presents an
increasing trend when sampling rate becomes coarser. In addition, overall, using
a coarser data generates bigger PPAs in spite of different transport modes people
used. The magnitude of the area of PPA varies largely among different modes as
the maximum speed capacity for each mode is substantially different. As the size
of the PPA increases with coarser data, the PPA-approaches can result in an over-
estimation of individual encounters when used for interaction analysis.

This research, however, has also some limitations. First, in the investigation
of scale impact on movement speed, we only considered the factor of different
transportation infrastructure by separating trips by modes but did not take into
account the shape of the underlying street network. Although the high-resolution
tracking data used in this study to a great extent correctly captures the shape of
the network. Future research on this topic can consider the factor of various net-
work shapes (e.g., distinguish data in a grid vs a cul-de-sac urban design). Sec-
ond, even though we were able to distinguish the scale impact on different modes
by annotating information on the transport mode used for each individual trip
based on the travel survey, a more holistic investigation of scale impact on mode
detection tasks using GPS tracking data is needed. Further analysis should con-
sider inferencing the transportation mode for segments of a trip (e.g., implement-
ing mode detection algorithms) and then study the parameters we explored here.
This will provide more precise human interaction analysis (e.g., to know if an
interaction happened for a portion of a trip during which individuals used the
same mode and vehicle).
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