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Abstract

Life-space is a promising method for estimating older adults’ functional status. However,
traditional life-space measures are costly and time consuming because they often rely on active
subject participation. This study assesses the feasibility of using the global positioning system
(GPS) function of smart phones to generate life-space indicators. We first evaluated the location
accuracy of smart phone collected GPS points versus those acquired by a commercial GPS unit.
We then assessed the specificity of the smart phone processed life-space information against the
traditional diary method. Our results suggested comparable location accuracy between the smart
phone and the standard GPS unit in most outdoor situations. In addition, the smart phone method
revealed more comprehensive life-space information than the diary method, which leads to higher
and more consistent life-space scores. We conclude that the smart phone method is more reliable
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than traditional methods for measuring life-space. Further improvements will be required to
develop a robust application of this method that is suitable for health-related practices.
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Introduction

The proportion of older adults in the developed and developing world continues to increase,
which has raised growing concerns about maintaining or improving individual health status
while simultaneously minimizing health-related expenditures (Deaton, 2008). Public health
and medical professionals will need high-quality health indicators to accomplish both of
these tasks. Functional limitations or abilities to perform activities of daily living (ADLS)
and/or instrumental activities of daily living (IADLS) represent an important dimension of
older adults’ health status (Ferrucci et a/, 2004; Katz and Stroud, 1989). While many survey
instruments adequately measure ADLs and IADLs, most instruments do not provide
continuous and objective measures of walking, shopping or other activities that correspond
to older persons’ physical activities. More precise measures of these functional tasks will
have a great impact on the development of therapies and interventions to improve older
individuals’ health. For example, as health practitioners move from providing patients with
general instructions promoting physical activities to providing patients with precise
prescriptions to improve functional status, more objective and continuous measures that
profile older persons’ daily activities are needed (e.g., Boyle et a/, 2010; Peel et al, 2005).
One promising measure that has these desirable properties is life-space.

Life-space refers to individuals’ general spatial ranges of activities during a specific period
(May et al, 1985). While the concept of activity space can be traced back to retail geography
(Huff, 1960), the life-space concept was developed in the context of older adults (May, 1985;
Peel et al, 2005). Life-space characteristics have been proved effective in depicting
individual functional status (May, 1985; Peel et a/, 2005) and have been associated with
health problems such as mobility (Baker et a/, 2003; Peel et a/, 2005) and mortality (Boyle et
al, 2010). However, providing an accurate portrait of life-space can be taxing, as it requires
complete and detailed data about people’s daily activities. Researchers have relied primarily
on activity questionnaires and diaries for data collection. Typically, an activity questionnaire
asks individuals about time, type, and geographic locations of their activities during a
predefined period of time (e.g., two weeks). Likewise, activity diaries require participants to
take a notebook with them and write down any activity of interest during the study period.
Space-time information gathered from these methods is then used to generate single or
multiple indicators reflecting life-space.

Although the survey and diary methods are straightforward, they both have a number of
limitations. First, both methods require active individual participation that may be perceived
as intrusive. For example, writing activity diaries is time consuming and attention intensive,
and may present extra burden to participants’ regular lives (Stalvey et a/, 1999). Recruiting

Environ Plann B Plann Des. Author manuscript; available in PMC 2017 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wan et al.

Page 3

subjects to receive questionnaires can be costly. Second, both methods can pose accuracy
problems as they document only a limited number of activities for a continuum of daily
activities over geographic space. Participants may pick and choose what to write in the diary
method, while the accuracy of the questionnaire method depends on the memory of
participants and the mode of questionnaires (Craik and McDowd 1987; Bowling 2005).
Third, both methods have a time lag that makes it unrealistic for clinicians to monitor
patients’ life-space activities and to design interventions in a timely manner.

Noticing these limitations, Schenk et a/. (2011) and Tung et a/. (2011) independently
proposed using smart phones to measure activity and life-space of community-dwelling
adults. Specifically, they used the embedded accelerometers and global positioning system
(GPS) chips of cell phones to monitor individual physical activities and corresponding
geographic locations. Cell phone based data acquisition can overcome limitations associated
with collecting life-space data by recording people’s locations within the community in a
nonintrusive, continuous, near real time manner. Running one or more applications on a
subject’s own smart phone allows them to forgo carrying extra devices for data collection. In
addition, using the subject’s smart phone (or providing a subsidy for an inexpensive smart
phone) costs much less than traditional data collection approaches. While both studies
indicated that this approach is technologically capable of capturing important spatial-
temporal characteristics of life-space and physical activities, most location-based questions
such as location accuracy and spatial zone visiting frequency have not been assessed. In
order to be used for clinical intervention, it is necessary to further assess the feasibility of
cell phone deployment in two key aspects: (1) how accurate are cell phone locations
compared to locations captured by commonly used GPS devices, and (2) what are the
relative advantages and shortcomings of the cell phone method compared to traditional data
collection instruments in life-space measurement. Answering these questions will enhance
measurements of individual activity and location for ultimate classification into highly
textured representations of individual functional status.

The primary aim of this study was to evaluate the feasibility of cell phone GPS data in
measuring life-space. Specifically, we first assessed the location accuracy of cell phone GPS
points by comparing them to those captured by a commercial, “gold standard” GPS unit. We
then evaluated the completeness and specificity of cell-phone collected life-space data
against diary documented life-space data.

Materials and Methods

Equipment

We used Nokia N79 cell phones to collect life-space data. Using custom-written PyS60 code
running in the background of the Symbian S60 operating system, this phone was set to
record information of longitude and latitude at a 1-minute interval with the built-in GPS
chipset. Assisted-GPS services (/.e., location determination based on both GPS satellite and
cell-phone tower information) were not used.
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Positional Accuracy Validation

In order to obtain valid life-space information, the accuracy of cell phone obtained points
must be high enough to determine an individual’s approximate location, such as at home, in
the neighborhood, in town, and out of town. Generally, previous studies used commercial
GPS units instead of cell-phone GPS to collect location information (e.g. Garmin 60 series
GPS to measure physical activities in subjects with peripheral artery disease, Le Faucheur et
al, 2008). To evaluate if cell-phone GPS could attain comparable location accuracy to
commercial GPS units, we assessed the accuracy of the Nokia N79 phone head-to-head
against a “gold standard” Garmin 60 series GPS unit. The measurement was implemented
within a 2-week period in September 2011. Four investigators were first trained together so
that they would all follow the same procedure: (1) recording descriptive information (in
shade, against a wall, in open space, etc.) about a location while holding both the GPS unit
and the cell phone in their hands, (2) letting the GPS unit settle for at least 2 minutes to
stabilize GPS signals (which also allowed the investigator to document descriptive
information), (3) recording the readings of coordinates and timestamp for both devices. The
time settings of all devices were calibrated before measurement.

Three of the four investigators visited multiple outdoor locations around the Omaha-Lincoln
metropolitan area of Nebraska and its outlying rural areas. One investigator visited multiple
outdoor locations around the Evanston-Chicago metropolitan area of Illinois. We included
the Evanston-Chicago area because it has one of the world’s densest concentrations of
skyscrapers and infrastructure, and thus provides a better test of system performance in a
highly shaded region than would be possible in the Omaha-Lincoln area. At each location,
photographs were taken to provide landmarks required to replicate the measurement if
necessary. Location accuracy was measured in Euclidean distance between cell phone points
and Garmin points. Figure 1 shows all visited points of the two areas.

We first attempted to group Garmin GPS versus cell-phone GPS location comparisons into
rural, suburban, and urban areas, and found the differences in mean distances were not
significant. We found that the main contributor to location differences was contextual or
surrounding environment. Therefore, the contextual information was classified into four
categories: open (/.¢e., no wall, tree, or other shading within 10 meters), wall shaded (7.¢e.,
wall within 10 meters), tree shaded (/.e., tree within 10 meters), and highly shaded (/.e.,
shaded by high buildings or dense canopies). As shown in Table 1, the average distance
between Garmin and cell-phone GPS points was 16.1 meters (standard deviation (SD):
26.4). Relative to Garmin points, cell phone points are close in distance in open and tree-
shaded areas but highly deviated in areas with a high level of shading (mean distance: 59.5,
SD: 65.7). Since most points from Chicago were in highly shaded areas, the mean distance
would be about 10 meters rather than 16 meters if the Chicago points were excluded.

Data Collection

In order to evaluate the effectiveness of cell phone collected GPS data in capturing life-space
characteristics, we enrolled 10 persons 75 years of age or older who were seen for primary
care or enrolled in the Engage Wellness program at the Home Instead Center for Successful
Aging at the University of Nebraska Medical Center. Exclusion criteria of subjects included
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cognitive impairment, major uncontrolled psychiatric or medical disease, significant
functional limitations in ADL or IADL, and living in assisted living or higher-need housing.
Participants were instructed on how to use and charge the cell phone and were able to
demonstrate this knowledge to the investigator. Subjects were also given a small notepad and
were instructed to jot down details describing all excursions from their home, including time
and destination information. All subjects were asked to keep the phone and diary for a
month and then return study materials to the investigators. The average number of days for
subject observation was 25. All study data were collected under appropriate institutional
review board approval and supervision.

After the subjects returned their cell phones and notepads, we converted the diary-recorded
excursions into digital data and the GPS coordinates into 2-dimensional points in a
geographic information system (GIS). Diary data were decoded into location specific
information by 1) scanning all notepads, 2) converting notepad data into texts by one
investigator, and being validated by another investigator, 3) verifying confusing hand written
words by the attending physician, and 4) determining activity location based on GIS data.
For excursions whose locations were indiscernible or not written, we used other written
information (e.g., names of grocery stores), excursion history, and a land-use map to
determine the exact locations. For GPS data, incorrect points due to the device limits and
weak reception were excluded using a “cleaning” approach (Auld et a/, 2009). Specifically,
we first calculated subject speed by dividing the distance between two consecutive GPS
points by their time difference. Then, points with a speed greater than 160km/hr were
deemed invalid and deleted from subsequent analyses. The speed of the next point was
recalculated accordingly. The cleaning process identified five invalid points (out of the total
of 111,464 points collected by the ten subjects).

Life-space Validation Protocol

According to the literature, life-space can be calculated by dividing the space into six
contingent zones, (/.e., bedroom, porch/patio, parking lot/yard, within the neighborhood,
within town, and out of town) and assigning each zone a score ranging from 1 (bedroom
zone) to 6 (outside-of-town zone; Barnes et a/, 2007; Boyle et a/, 2010). In this study, we
combined the first three zones into a “home” zone because neither the GPS data (due to
location accuracy) nor the notepad information (due to IRB restrictions) could effectively
distinguish them. The home area was defined as a 50-meter buffer around the centroid of the
subject’s house, and the neighborhood area was defined as between 50 meters and 805
meters (0.5 mile) from the house centroid (Taylor et a/, 2012). The within the town zone was
defined as between 805 meters and 8,047 meters (5 miles) from home, and the out of town
zone was defined as further than 5 miles from home (Baker et a/, 2003). The four zones were
assigned a score of 1, 2, 3, and 4, respectively.

Both diary-based and GPS-based data were decoded into three indicators according to Baker
et al. (2003): the maximum life-space (LS-M, defined as the score of the outmost zone the
subject has reached), the simple life-space (LS-S, defined as the sum of scores of all zones
the subject has reached), and the composite indicator (LS-C, defined as the sum of the
multiplications of the zone score and the visiting frequency of the four zones). Although
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these indicators represent different aspects of life-space, the LS-C is more reflective of an
individual’s life-space activities because it involves both visiting frequency and zone
information. For the purpose of comparing cell phone data collection against diary methods,
we used these traditional life-space indicators instead of developing new GPS based
indicators. In addition, since the comparison was based on diary data, which does not have
activity duration information, we opted not to calculate such information from GPS data.

For both GPS and diary data, Euclidean distance from home was used to allocate activities
to life-space zones. For either method, if there was no entry for a specific day, all four zones
were labeled “no data” for that day. If, on the other hand, at least one zone had some entries
in a day, zone specific information was decoded into either a person-day (é.g., a person-day
means this person has visited this zone on this day) or “not found” (e.g., the data does not
indicate that the person has visited this zone) for that day. For the diary method, if there is a
zone-specific entry for a day, then one person-day for that zone was confirmed; otherwise, a
zone-specific person-day was labeled “not found”. For the GPS method, if two or more
consecutive points in a zone were recorded, a zone specific person-day was registered;
otherwise, a zone-specific person-day was labeled “not found”. Then, for each method, the
visiting frequency for a zone was calculated as the sum of person-days for that zone.

After deriving LS-M, LS-S, and LS-C indicators from both methods, we compared the
consistency of these indicators between the two methods. Since GPS location accuracy may
influence the accuracy of zone-visiting counts and life-space indicators, we performed a
sensitivity analysis by constructing a 20-meter buffer area around each zone boundary. We
set the buffer width to 20 meters because, according to a previous assessment (Wing et a/,
1995), the location accuracy of consumer GPS units could attain under 10 meters in open or
tree-shaded areas (e.g., neighborhood and town boundary). We removed the points within
these buffers and recalculated the zone-visit numbers and life-space indicators. There were
no differences in life-space metrics calculated with or without the 20-meter buffer zone,
suggesting that our approach was robust.

Comparison of zone-visiting information

Table 2 shows zone-specific person-days by the two methods. For each zone-specific cross-
tabulation, the number in each cell represents the number of person-days that fulfill the
categories of the two methods. For example, in the upper-left home zone cross-tabulation,
the cell intersected the “Home” row and the “Home” column had 151 person-days by both
methods. Moving one cell down, 43 is the number of person-days that subject was found in
the home zone by cell phone GPS but not by diary. Moving down further, 18 person-days
without home zone diary entries (no data) were signaled by cell phones for the home zone.
One can similarly move column wise to identify missing zone specific (not found) and
entire-day information (no data) by GPS. If we combine the person-days of all zones, the
cell phone method revealed 615 (212+178+154+71) person-days among all zones, while the
diary method revealed 432 (172+27+163+70) person-days.
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Several patterns can be observed in the zone-specific cross-tabulation. First, both cell phone
and diary methods show high frequencies of home-zone (212 person-days for cell phone
versus 172 for diary). If we use the diary as the reference, 151 (or 88%) of 172 person-days
can be found in cell phone records. In addition, cell phone records added 61 more home-
zone person-days when there were no diary records either because they were not found
(n=43) or there was no data (n=18).

Second, the neighborhood zone, which covers 50 to 805 meters from the house centroid,
showed the largest discrepancy between the two methods. There were only 27 person-days
in the neighborhood zone noted by the diary method, whereas the GPS method indicated 178
person-days in this zone. In contrast, there were 194 “not found” neighborhood entries from
diary data even though there were some other entries on the day, which suggests subjects
tend to ignore or forget to record neighborhood activities in the diary. This finding implies
the increased behavioral cost of logging frequently performed, relatively trivial activities,
such as picking up newspapers for a neighbor across the street (Elliott and Clark, 1978).

Finally, the two methods were comparable in terms of zone-specific encounters for zones 3
(within town) and 4 (out of town). The within-town zone had similar numbers between the
two methods in zone activities (154 person-days for cell phones versus 163 for diary). It
should also be noted that 151 missing (/.e., not found) zone-specific diary entries suggests
that people may have ignored grocery shopping trips in the within-town zone, as they are
seen as routine or inconsequential. Although the out-of-town zone had similar numbers of
activities recorded by the two methods (71 person-days from cell phones versus 70 from
diaries), only 46 were matched. Most of the inconsistencies were caused by “not found” or
no zone-specific entry for a diary or no GPS signal reception for a part of a day, while
having other zone-specific entries and GPS signals for other parts of the day.

Comparison of Life-space Indicators

The results of life-space indicators were broadly consistent between the two methods (Table
3). For these healthy older adult participants, both cell phone and diary methods consistently
registered high life-space scores. Scores derived from cell phones for LS-Ms and LS-Ss
were either equivalent or greater than those from diary records. In addition, GPS data
revealed higher LS-Cs than diary data for most subjects. This difference is attributed to the
higher frequency scores (/.e., the number of days a subject had visited a specific zone) from
the GPS data. Three subjects had lower GPS LS-Cs than diary LS-Cs. Further examination
of the GPS data indicates that their lower LS-Cs were due to the number of entire days
without data rather than to lack of zone-specific information for a day.

Discussion

This paper assessed an inexpensive smart phone for generating life-space indicators for
potential clinical interventions. The assessment was implemented in two aspects: (1)
location accuracy compared to a common GPS device and (2) reliability and specificity of
cell phone-generated life-space indicators compared to diary-generated indicators. Our
assessment suggests that geographic locations measured by a cell phone deviate from those
measured by the commercial GPS by about 15 meters without any locating support from the
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phone carrier. Since life-space is generally measured in zones that include home,
neighborhood, in town, and out of town, 15 meter uncertainty in spatial resolution had
almost no empirical effect on our assessment. In addition, cell phone data revealed more
comprehensive life-space information than diary-recorded life-space zone incidence,
especially in the neighborhood zone where older adult subjects tend to forget or ignore their
activities.

Since the cell phone method provides more frequent and persistent location information, it is
likely to reflect greater life-space variation in a short period of time than the diary method.
However, as the data collection period gets longer, a person is more likely to hit outer life-
space, which explains why the two methods generated similar LS-Ms and LS-Ss during the
study period.

This work suggests that cell phone measured life-space is both accurate and valid and may
be particularly well-suited for future studies measuring life-space in independent,
community-dwelling individuals. Smart phones are popular, ubiquitous, and well suited for
downloading simple applications. In addition, smart phones offer many ways for health care
providers to directly communicate with patients, including voice calls, message texting,
video presentations, and games (Burns et a/, 2011, Favela et a/, 2004). They are thus feasible
and viable devices for clinical interventions based on life-space properties.

However, two concerns will need to be addressed in real-world deployments. First, people
may forget to carry a dedicated research-only cell phone. Using the subject’s own smart
phone will improve adherence but will not fully eliminate “missing data” problems.
However, the potential to collect data over prolonged observational periods (e.g., Six
months) makes the missing data problem more tractable. Second, power consumption
associated with location coordinate sampling leads to missing data, both from poorer
adherence (e.g., failed to charge the phone daily) and from running out of power at
inopportune moments. We suspect that much of the zone location information that was
reported as “data missing” or “not indicated” was due to the smart phone’s battery depletion.
Advances in signal dynamic sampling, battery technology, and ubiquitous charging
approaches have the potential to significantly ameliorate, but not completely eliminate this
issue.

Another issue that was not directly addressed in this study is the decoding of cell phone
location information. Under the assumption that a 2-minute duration is sufficient for a
person to show physical presence, we used the presence of a 2-minute or more duration in
each zone as an excursion indicator. However, cell phone-collected locations are without a
qualifier, such as an excursion to a drug store or supermarket. \We decoded location
information into zone-related activities by location inference from diaries or spatial
inference from GPS. If cell phone location accuracy were within 10 meters, we would be
able to tag the location to a store or facility. Since the accuracy level was greater than 15
meters, the GIS-based tagging strategy may not work. For this reason, future work is needed
to develop algorithms that combine duration-based zone information with facility location
information so that one can reasonably qualify a subject’s activity as being shopping,
visiting a doctor, etc. This qualified activity information can then be used to judge individual
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functional status in the context of life-space in a manner similar to the trip purpose qualifiers
used in survey and diary methods (Allman et a/, 2004; Brown et a/, 2009). If the above
procedure cannot determine the excursion purpose, additional location queries such as the
web-prompted survey could be used (Auld et a/, 2009).

Although the cell phone method has obvious advantages in collecting life-space information,
some issues need to be considered in its future applications. First, the classification of life-
space zones could be more flexible. In this study, we used a simple zone boundary according
to previous studies (Baker et a/, 2003; Taylor et a/, 2011). Obviously this scheme cannot be
applied in all situations. In addition to distance from home, zone boundaries are also
influenced by other place-dependent characteristics such as rural/urban status, population
density, built infrastructure, economic status, efc. For example, the town zone could be larger
for urban dwellers than for rural residents; since GPS accuracy is lower in high shielding
areas, the home zone of urban residents may also be set to be greater than 50 meters. These
factors should be fully considered when defining life-space boundaries which can directly
influence the calculation of life-space indicators. A second issue involves how to transform
activity frequency information collected by the cell-phone method into a representation of
space activeness. Generally, the outer physical boundary defines life-space, but the
frequencies of activity in each zone define space or zone activeness (Newsome et a/, 1998).
Compared to life-space, space activeness can eliminate “data noises” (¢e.g., rare visits to far-
away locations) and derive more stable and smoothed spatial boundaries (Sherman et a/,
2005). Presenting space activeness requires adjusting (or rescaling) the sharp contrast of
point density between frequent locations (e.g., home, work place) and infrequent locations
(e.g., peripheral areas of the space). Third, it is even more challenging to qualify space
activeness, because there has not been a mature classification algorithm which can use point
location, collection time, and land use information to differentiate whether a point indicates
driving, walking, jogging, or other activities (Vazquez-Prokopec et a/, 2009). Although
combining GPS data with accelerometer data is promising in revealing individual activities
(Schenk et al, 2011; Tung et af, 2011), more algorithms are needed to effectively integrate
the two data streams. Finally, since smart-phones are usually not user-friendly to older
people, our deployment strategy needs to be further refined to avoid data missing, a major
problem of the current study.

In conclusion, we have shown that GPS-enabled cell phones provide accurate and valid life-
space measurements. The study not only develops several protocols for spatial data
acquisition and classification, but also demonstrates the viability and feasibility of using cell
phones to measure an individual’s functional status in a continuous, noninvasive, and
potentially scalable manner. Future studies should focus on the effective processing,
classifying, and integrating of cell phone-based GPS data with other location-based service
and activity data, so that the GPS-generated information not only captures life-space
boundary, but also describes life-space activity.
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Figure 1. Point locations of the accur acy assessment
(a). Omaha-Lincoln metropolitan and surrounding rural areas. Data collected by three

investigators over a two-week period. (b). Evanston-Chicago metropolitan area. Data
collected by a single investigator over the same two-week period as (a). Note the significant
difference in scale between (a) and (b).
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Differences (in meters) of point locations measured by cell phone GPS and the Garmin GPS

Table 1

Min  Max Mean Standard deviation
All points (n=144) 05 2666 16.1 26.4
Open (n=56) 05 473 97 9.6
Tree shaded (n=41) 06 343 9.5 7.8
Wall shaded (n=33) 0.8 56.6 16.7 14.3
Highly shaded (n=14) 9.4 2666 595 65.7
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