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ABSTRACT 1 
Smartphones represent a major innovation in travel research. Their increasingly widespread use, 2 
coupled with technologies they include such as GPS, Wi-Fi, and accelerometer open many 3 
possibilities for travel survey data collection on a level previously unimaginable. The use of this 4 
new technology to collect travel demand data has led to an explosion of research in this domain. 5 
At the same time, there is also considerable variability in how data collection is reported for 6 
smartphone travel surveys, resulting in problems for comparability and replicability of research 7 
in the field. A set of guidelines for researchers and reviewers to follow when writing and 8 
evaluating research that uses smartphone travel survey data—the Smartphone Survey Reporting 9 
Guidelines (SSRG)—is proposed. Using the R package Bibliometrix as a preliminary method to 10 
analyze the literature, a catalogue of relevant and important information was collected to 11 
ascertain what information is needed to properly evaluate and assure the replicability and 12 
comparability of smartphone travel surveys. The SSRG themselves take the form of a checklist 13 
of items that researchers and reviewers can use to ensure necessary components of reporting on 14 
smartphone travel surveys are included. It is the hope of the authors that these guidelines be 15 
considered for adoption in the field and evolve over time. Perhaps they will inspire similar 16 
projects in other fields geared towards standardizing data collection and reporting, and help in 17 
the comparison, reproducibility and evaluation of research in those fields as well.   18 
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INTRODUCTION 1 

Smartphones have become ubiquitous, and for many they are considered a primary means of 2 
communication. Their increased prevalence has been matched by the growing number of features 3 
and capabilities these devices now have: greater processing power and longer battery life, 4 
accelerometers, GPS, and Bluetooth are common in phones. This means that people essentially 5 
possess GPS receivers on a mass scale, and researchers have moved towards taking advantage of 6 
this by developing smartphone travel survey applications to supplement traditional means of 7 
measuring transportation behavior (FMS, 1; e-mission, 2; rMOVE, 3; MEILI, 4; Itinerum, 5). 8 
While there has been an explosion of research using smartphones as data collection tools, there 9 
has been a lack of consistency across the research in how and what data is collected, and how 10 
data collection and results are reported. This jeopardizes the replicability and comparability of 11 
the results of much of the research. Similar issues concerning data reporting arose in the 1990s in 12 
medicine regarding randomized controlled trials (RCTs), resulting in the Consolidated Standards 13 
of Reporting Trials (or CONSORT) statement (6). The aim of the present paper is to develop and 14 
propose a set of guidelines for researchers and reviewers to follow to ensure a standard is 15 
followed when reporting on data collection and results for smartphone travel surveys. These 16 
guidelines take the form of a checklist referred to as the Smartphone Survey Reporting 17 
Guidelines (SSRG). The paper begins with a background section on smartphone travel surveys 18 
describing the relevance of smartphone travel surveys and illustrates current issues in the 19 
literature. The data collection section describes how papers were identified for inclusion the 20 
project and subsequent analysis. Altogether, 45 papers were selected for analysis, they are 21 
summarized in Table 2. The methodology section describes how SSRG criteria were selected 22 
from the papers included in the analysis. Additional criteria in the SSRG that were not frequently 23 
reported on were reasoned to be included based on the previous experience of the authors. The 24 
discussion and conclusion provide an overview of the implications, possible shortcomings, and 25 
potential of the SSRG.  26 

BACKGROUND 27 

While the focus of this paper is smartphone travel surveys, the related literature involves the 28 
preceding work and technology surrounding precursor GPS travel surveys. This is because 29 
smartphones began being used in travel data collection only after the potential for dedicated GPS 30 
devices had been demonstrated useful in this context and after smartphones that permitted 31 
location determination capabilities were sufficiently well developed. As such, the background 32 
begins with a subsection on travel surveys using dedicated GPS devices, before continuing to 33 
smartphone travel surveys and reporting standards in other disciplines.  34 

GPS Travel Surveys 35 

Since their introduction (7), GPS devices have been shown to be ‘more complete’ data collection 36 
tools than traditional survey methods. As one of their primary benefits is the reduction of burden 37 
on the part of the researcher and the participant (8), much of the early work in the field was 38 
committed to further reducing that burden via the development of trip and mode imputation 39 
methods (9,10). Combining GPS and GIS data to infer details about travel behaviour using GPS 40 
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devices as primary data collectors was further explored in (11) and (12). Other early uses of GPS 1 
devices were to assess the underreporting of traditional methods (13-15), and to curb 2 
underreporting in younger populations (16). (17) combine GPS with traditional methods to 3 
assess the travel behavior of older people and these methods are similarly combined in (18). 4 
While smartphones are increasingly used for transportation data collection, GPS units are still 5 
employed for school bus arrival prediction (19-21), bus arrival prediction (22) and to study taxi 6 
and passenger car behavior (23-26). GPS devices have also been employed for data collection to 7 
train and test mode imputation algorithms (27-28).  8 

Smartphone Travel Surveys 9 

Smartphones began to appear in the years after the turn of the 2nd millennium but became 10 
particularly important with the launch of the iPhone in 2007. The use of smartphones in travel 11 
surveys followed shortly after. The smartphone travel survey literature can be divided into three 12 
categories. The first category comprises papers evaluating the general usability of smartphone 13 
applications as data collection tools for travel research. This category also includes descriptions 14 
of field tests of smartphone travel survey applications. In the second category, papers describe 15 
the development of inferential methods such as mode, purpose or trip detection developed with 16 
data collected with smartphones. The third category consists of papers reporting on surveys 17 
conducted with smartphones: these are papers that describe a travel survey in which smartphones 18 
were included as data collection tools and used to draw conclusions on a population. The explicit  19 
distinction of this third category is important since such studies typically seek to make inferences 20 
about a population and thereby need to concern themselves with proper sampling (discussed 21 
further below). While formal sampling allows for data generalizable to a population, formal 22 
sampling involves additional costs that may not be necessary for researchers collecting data to 23 
train information inference algorithms, for example. Indeed, for those seeking to prove the 24 
feasibility of a smartphone application, or for those seeking to collect enough data for the 25 
training of an algorithm, sample information less critical.  26 

GPS Studies, Feasibility and Smartphone Applications  27 

The first category of papers involves papers that describe the feasibility, first of GPS studies and 28 
eventually of smartphone studies. This evolution is perhaps best illustrated in (29) paper that 29 
suggests that as smartphone technology improves, the gap between smartphone and dedicated 30 
GPS unit gets smaller. It is also demonstrated in the evolution of systematic reviews in the 31 
domain. In earlier systematic reviews of papers that employed GPS to collect data (30; 15), 32 
smartphones were seldom mentioned, and among the citations only one paper using smartphones 33 
was reviewed. Slowly, papers reviewing the literature on smartphone GPS travel surveys 34 
specifically begin to appear (31-34), and these serve to underscore the variability in reporting in 35 
the literature. For example, (32) compare the number of participants to number of trips collected, 36 
demonstrating how different authors include different summary statistics. This illustrates the 37 
issues of comparability that arise when information is not reported comparably between papers. 38 
(33) similarly compare descriptions of datasets, with varied results depicting data through: the 39 
number of users, the number of users over a timeframe, the number of trips or other recorded 40 
instances per user, the number of recorded trips or recorded instances per user per timeframe, as 41 
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well as “no details provided.” One can see this variance first-hand: if one were to compare FMS 1 
to MEILI, for example, the differently reported on parameters would be a hindrance (1,4). In 2 
comparing the literature, (34) grouped papers by subtopic, revealing the differences in which 3 
parameters are reported: datasets were described by GPS traces, GPS points, person-days and 4 
trips, among other parameters and combinations of parameters.   5 

Inferential Methods Studies 6 

There is likewise a problem of comparability among inferential studies. (35) compare the mode 7 
detection literature, implicitly comparing the differences in how authors report on data 8 
collection. By comparing ‘duration of data’ across 17 studies, the authors demonstrate that some 9 
authors quantify their total data in terms of hours of trip time (from specific counts to “several 10 
hours”), number of points, or number of weeks the survey lasted, while some papers had no 11 
information from which the duration of the survey could be inferred. Similarly, in comparing the 12 
number of participants, some authors do not include how many people participated in the survey 13 
which introduces issues for researchers who try to compare or replicate these studies. (36) also 14 
review mode inference studies and find that there are discrepancies in the way authors report on 15 
their data. The same issue of comparing the duration of time for which respondents were 16 
committed to the survey (given in weeks or months) to the actual amount of travel time collected 17 
by respondents (in hours or minutes) arises. Had authors included both, other researchers would 18 
be able to compare to parameters they choose. There is also an issue of comparability regarding 19 
the number of users: in some instances this is quantified as the number of users, the number of 20 
journeys or the number of trip sequences. (37) compare studies that describe inferential methods, 21 
and similarly face the problem of having to compare incomparable features of data: hours of 22 
data, number of trips and number of points collected are all compared as “collected data.”  23 

Dedicated Smartphone Travel Survey Studies 24 

The use of smartphones as the sole data collection tool for travel surveys has been employed by 25 
numerous researchers and is becoming increasingly popular as a research method based on the 26 
perception of the low respondent burden and low cost. Because few travel studies have been 27 
conducted with smartphones as the only data collection tool, there will be some overlap between 28 
travel behavior studies using GPS devices and those using smartphones. (15) do a systematic 29 
review of travel survey studies using GPS devices, but face similar issues of comparing datasets 30 
that are not parametrized the same way. The number of participants is parametrized differently 31 
from study to study: either as the number of individuals, the number of households, or the 32 
percentage of the main survey to which the GPS survey was attached. Data collection periods are 33 
also parameterized differently: given as ranges, average days per participant, or the total days 34 
required per participant. Two exploratory papers on FMS (1 and 38) report on data collection 35 
differently: (1) give a breakdown of participant demographics, (38) report how many participants 36 
validated their data. (39) report on ten respondent interactions with an iOS-only travel 37 
application (ATLAS II), including total trips uploaded by participants over the survey period, the 38 
length of those trips, as well as the sex, age and country of origin of participants. However, in 39 
describing results from the same application, (40) also report total trips, and age and sex 40 
breakdowns of participants. Other parameters such as total travel days submitted by participants, 41 
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as well as average travel days submitted and participant income are also included. While these 1 
are exploratory tests (and thus these papers fall into the first category of feasibility studies) they 2 
serve to demonstrate how even papers that report on the same smartphone travel survey 3 
application can vary in data reporting. MEILI was first deployed in Stockholm by (41) as an 4 
open-source travel application, in which summary statistics about the data include recruitment 5 
methods, total trips and mode inference methods. (4), in describing the same application, report 6 
on all the same parameters while also including details regarding purpose inference functions.  7 

Variability in Reporting, Comparability and Replicability 8 

One thing that is apparent after a survey of the literature on GPS and smartphone travel surveys 9 
is the large variability in the type of information that is provided by authors when they describe 10 
their data collection methods and the data themselves. Different authors include different levels 11 
of information which can lead to issues of comparability. Naturally, this makes it difficult to 12 
compare results across studies and thereby to draw more general conclusions about the use of 13 
smartphone travel surveys. Moreover, variability in how methods are reported can contribute to 14 
difficulties in reproducing studies and results, something that is critical to science but also to 15 
avoiding problems observed in other social sciences increasingly known as the reproducibility 16 
crisis (42). It is important for authors to describe how data is collected as well as to give a 17 
complete description of that data 18 

Reporting Standards in Other Disciplines 19 

While there are no such reporting guidelines in smartphone travel research, two such projects 20 
have been undertaken in medicine. Towards the end of the 1990s it was recognized that the 21 
ability to evaluate randomized control trials (the gold standard methodology in medical research) 22 
was being compromised by the great variability in how information about RCT studies was being 23 
described and communicated (43). As such, the CONSORT statement was devised and published 24 
in 1996. The goal of the CONSORT statement was to reduce this variability and in so doing raise 25 
the comparability and replicability of RCT studies. This was done by evaluating which 26 
parameters were currently being reported in the RCT literature, as well as deliberating among 27 
authors and others in the field regarding which parameters should be included but were not 28 
common in the literature. This resulted in a minimum set of reporting guidelines regarding 29 
parameters authors were expected to include as they prepared papers for submission, and for 30 
reviewers to use in assessing papers submitted to journals. 31 

Reporting Guidelines for Biomedical Studies 32 

The CONSORT statement has since been cited over 12,000 times, the prevalence of this 33 
endorsement has been analyzed by (44). The CONSORT statement has also been employed as a 34 
means of retroactively evaluating publications that did not adhere to its guidelines (45-47). While 35 
some authors argue that the additional burden complying with CONSORT poses on authors may 36 
not be worth its benefits (48), there is consensus that the CONSORT statement and its impact 37 
have been beneficial on the literature surrounding randomized controlled trials that follow it (49-38 
52). The CONSORT statement eventually inspired a similar initiative in the context of 39 
observational studies, the Strengthening the Reporting on Observational studies in Epidemeology 40 
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(STROBE) statement (53). Observational studies differ from RCTs in that the independent 1 
variable (in medical scenarios: a risk factor, a treatment, etc.) is not under the control of the 2 
researcher; this is the situation we typically find ourselves in travel research. Research on 3 
STROBE suggests it is not as widely implemented as CONSORT (54). (55 and 54) report on the 4 
benefits of making STROBE a mandatory requirement for submitting to an academic journal. 5 
(56) suggest that the benefits of STROBE are difficult to measure. Whether or not STROBE has 6 
improved reporting overall is somewhat contested, (57) but generally it seems to have had 7 
positive results in the field (58-59). 8 

Reporting Guidelines for Smartphone Studies 9 

Despite being relatively recently adopted, smartphone travel studies appear set to become an 10 
important tool in the collection of travel behavior and demand data into the future. Given the 11 
importance of this new tool, its rapid adoption in research as well as the variety of how and what 12 
data is collected, not to mention how this information is reported, comparability and 13 
reproducibility will be an important issue in interpreting and developing methods using this tool. 14 
So far, there have been no attempts at trying to make reporting in these studies more easily 15 
comparable. It is towards this goal that this paper works. 16 

METHODOLOGY AND ANALYSIS 17 

The methodology in this paper seeks to identify the key parameters of smartphone travel survey 18 
data that are vital to their replicability, comparability and evaluation. The first step in this 19 
process was the identification of smartphone travel survey papers. This was done by querying 20 
academic databases using search terms “smartphone,” “travel survey,” “mobile,” and “GPS 21 
data.” Duplicates were then sorted and abstracts were evaluated to make sure the papers 22 
described were appropriate for analysis. An attempt was made to gather a large enough sample of 23 
papers over the past several years of smartphone travel surveys to create a reliable amount of 24 
data from which to work. Citation analysis was performed with the R Bibliometrix library 25 
evaluate trends in the field. The main trends identified were that considerably more literature has 26 
been published on smartphone travel surveys over time, from less than 5 papers per year before 27 
2010 to nearly 15 per year in 2019. The most productive countries are China and the United 28 
States. Altogether 45 papers were selected for analysis. Once enough papers were selected, an 29 
iterative review process was used to ascertain the information on methods and data reported in 30 
the papers. From these commonalities, parameters vital to the replicability and comparability of 31 
smartphone travel surveys were drafted to create the SSRG (Figure 1).  32 

CRITERIA TO BE INCLUDED IN REPORTING REQUIREMENTS 33 

Based on the analysis of the literature described above, the following subsections describe the 34 
characteristics of smartphone studies included in the proposed SSRG. Each subsection describes 35 
a set of criteria, grouped by topic, and explains why it is important for comparability, 36 
reproducibility and evaluation and how it should be reported. Table 1 presents a summary of the 37 
types of parameters that were reported in the literature, and it is on these more commonly 38 
reported parameters that the SSRG are based. The table describes the prevalence of the reporting 39 
of these parameters.  40 
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Smartphone Operating System and Models 1 

Smartphone operating system and models can influence data quality, especially among the two 2 
most common operating systems Android and iOS. Android phones vary much more than iOS 3 
phones, and this is reflected in the literature. Battery performance varies between the operating 4 
systems (1 and 60) as well as among Android phones (61). While requiring that all participants 5 
own a given type of phone could introduce a sample bias (iPhones, for example, tend to be more 6 
expensive than Android phones), authors should report on which smartphone models or at least 7 
which operating systems participants are using to participate in surveys. (62) compares the 8 
difference in Android- and iOS-collected data for the same survey: the Android version of the 9 
application collected data less frequently and relied on Wi-Fi and cell tower locations while the 10 
iOS version relied more on Wi-Fi. (34) also make note of how iOS collects location information 11 
via an API recommending switching to Wi-Fi for location updates when indoors or in Wi-Fi 12 
dense areas. (41) note how certain participants were rejected from the survey because they had 13 
iOS devices and the survey in question had only been developed for Android. (63) describe how 14 
some respondents were rejected because a certain operating system’s privacy protections led to 15 
complications. (60) mention which model phone and which OS were tested for battery life 16 
consumption. (64) mention that limitations with the iOS operating system prevented the 17 
researchers from determining if the location data was being recorded via GPS or a GSM/Wi-Fi. 18 
Omitting mention of which operating system the smartphone application being described was 19 
available on presents the assumption that there are no differences between the versions of the 20 
application across the different operating systems. As shown in Table 1, 57% of papers surveyed 21 
included mention of the OS on which the application used was available, and 35% included 22 
mention of which model was being used. Authors should report on which operating system the 23 
application is available for, which models were used in the study, and what differences exist 24 
between the versions of the application that exist across operating systems.  25 

Table 1. Prevalence of reporting of critical parameters in literature 26 

Parameter to report Rate Reported 
Operating System 57% (26) 
Smartphone Model(s) 35% (16) 
GPS 93% (42) 
GSM 40% (18) 
Wi-Fi 44% (20) 
Accelerometer use 48% (22) 
Polling Frequency 55% (25) 
Number of Participants 93% (42) 
Number of Complete Days 55% (25) 
Number of Trips 46% (21) 
Trip hours 20% (9) 
Number of Points 13% (6) 
Validation Undertaken 60% (27) 
Validation Methods 51% (23) 
Age of participants 35% (16) 
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Sex of participants 33% (15) 
Income of participants 13% (6) 

 1 

Location Determination and Accelerometer 2 

The three main modes through which smartphones collect location information do so at varying 3 
degrees of accuracy: GPS is most accurate (to approximately 10m), Wi-Fi is close in accuracy to 4 
GPS (10s of metres) but is not available everywhere, while GSM is considered the least accurate 5 
means to determine location (100s of metres to kilometres; 61, 65). (66) show how the 6 
differences between fused GPS/Wi-Fi location updates and GSM location updates can be tens to 7 
hundreds of metres. The variance in the accuracies of these modes is why authors need to include 8 
which methods are used to record location information. While GPS is more accurate it is also a 9 
bigger drain to battery life; GSM and Wi-Fi are often already running in the background for most 10 
users. Because of this concern, authors tend to use various polling rates and data processing 11 
algorithms to optimize performance: (67) details a method that uses changes beyond a movement 12 
threshold, detected by GSM, as a trigger to begin collecting data using GPS and GSM. An 13 
increasingly common way to bolster location accuracy is to employ accelerometers, which have 14 
also been combined with GPS (68), with GPS and Wi-Fi (69) and with GPS, GSM and Wi-Fi 15 
(70) and have also been used as the sole data source for travel behavior characterization by (71). 16 
While accelerometers are increasingly common on smartphones, making them a requirement 17 
introduces the possibility of sample bias; some applications may simply not use accelerometer 18 
data, this does not mean anything is missing from the paper by not reporting on it. Indeed, less 19 
than half of the papers surveyed reported on using accelerometer data (22 papers, Table 1). The 20 
near standardization of reporting on location determination methods that exists in the literature 21 
already (Table 1 shows 93% of papers reported on use of GPS while 40-48% report on the use of 22 
other technologies), as well as its inherent relevance to how smartphone travel survey data 23 
collection justify its inclusion in the SSRG. As such, authors should include mention of which 24 
technologies are being used to record location data (GPS, GSM, Wi-Fi or some combination of 25 
the three), mention of whether any other technologies (like accelerometer) are being used and be 26 
consistent throughout the text (e.g. Wi-Fi vs. WiFi). 27 

Polling Frequency 28 

Polling frequency, also referred to as sampling frequency in the literature, has perhaps one of the 29 
largest impacts on data collection, affecting how many points will be collected over a given trip. 30 
(72) showed that higher polling frequencies result in higher location accuracy for map matching. 31 
(64, 71, 73) use the same 1Hz polling frequency for data collection. (74) discuss polling 32 
frequencies greater than 10Hz, as well as effective dwell times and its implications on accuracy. 33 
Non-fixed polling frequencies were used by (75 and 76) used polling frequencies of 0.2Hz. (77) 34 
discusses the implications of using polling frequencies as sparse as 0.0166Hz on map matching 35 
accuracy. Given the amount of research that focuses specifically on the effect polling frequency 36 
has on data collection, polling frequency is clearly an important parameter for reporting in 37 
smartphone travel surveys. Furthermore, authors should include justification as to why polling 38 
frequencies were used (for battery efficiency, for accuracy, etc.) so high or low polling 39 
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frequencies can be explained. Finally, because of the various ways to refer to polling frequency 1 
(sampling frequency, ‘the frequency at which data is collected,’ etc.) authors should remain 2 
consistent when describing it. Given that 25 of the 45 papers surveyed report on polling 3 
frequency, some comparability is still afforded in the field. To ensure this level of comparability 4 
is maintained or increases, polling frequency must be included in the SSRG.  5 

Number of Participants and Complete Days 6 

While the nature of smartphone surveys can make recruitment difficult (the large number of apps 7 
on the App Store and Google Play Store compel researchers to employ direct methods of 8 
recruitment, often using incentives) the number of participants is important in gauging the 9 
scalability and the genera performance of the application. As the number of completed days 10 
essentially represents the participation rate of the survey, knowing how many days were 11 
completed by respondents is critical in evaluating and replicating smartphone travel survey 12 
results. The number of complete days provides a sense of the performance of applications since 13 
the closer the number of complete days to the number of days of the survey give an indication of 14 
how well the application used can collect data. Moreover , researchers cannot replicate a survey 15 
without knowing the duration of that survey and how many participants there were in that 16 
survey.  For clarity authors should include three measures: the number of participants to 17 
complete one day, the number of participants that complete the required number of days and the 18 
total number of completed days by participants. Authors should also include a definition of what 19 
constitutes a completed day. While more than half of authors (55% or 25 of papers surveyed) 20 
report on the number of participants, less often mentioned are ‘completed days’ or sometimes 21 
‘person-days.’ Total days of travel collected is described in (12) , while (78) describe minimum 22 
number of consecutive days of travel data collected from each participant. (79) mention how 23 
many participants completed validated days, while (62) filters through incomplete days to arrive 24 
at a final number of completed days. (60) also report on completed days, including average days 25 
per participant and the number of participants to complete at least one day. The average days per 26 
participant is also an important parameter for comparability that captures participant 27 
commitment, but it can be inferred if authors include the total days of data and the total number 28 
of participants.   29 

Participant Recruitment 30 

How participants are recruited, as well as if participants are truly ‘participants’ or volunteers of 31 
some other nature, is critical to the understanding of data collection and the possibility of 32 
generalizing the data. Researchers will collect higher quality data than regular respondents but 33 
may exhibit biased travel behaviour (e.g. they may all be members of the same university). For 34 
the purpose of training an algorithm, or even field testing an application, issues of 35 
representativeness are not a concern. However, should the study in question be a dedicated travel 36 
survey, the nature of participants and their recruitment becomes a legitimate concern. Ensuring 37 
participants have an equal opportunity to the survey guarantees that the sampling done is sound. 38 
With apps there are multiple ways this is done: some authors select respondents through 39 
traditional household travel surveys (69), other times respondents may be selected by email. For 40 
example, in (80) emails were sent out to bicycle coalitions so that cycling populations could be 41 
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reached, however this did not afford everyone (including those less inclined towards cycling) in 1 
the study area an equal opportunity to sign on to the survey (although it was freely available 2 
online). As such authors should include a detailed account of how participants were contacted, 3 
how they were selected, if respondents were true participants or volunteers or part of a research 4 
team, and, as was mentioned above, the number of participants. For dedicated travel surveys, 5 
researchers should try to give those in the study population an equal opportunity to sign on to the 6 
survey, and detail the recruitment methods.  7 

Points Collected 8 

Describing total points collected, when paired with the total number of trips, is significant 9 
because it serves as an indicator to the real polling frequency over those trips. Authors should 10 
thus include total points collected as well as total number of trips in smartphone travel survey 11 
data reporting. The total points collected depends on the number of participants, the length of the 12 
survey and the polling frequency; as such, describing points is one of the parameters with the 13 
most variance. (75) describe an algorithm that decides how critical points are selected, however 14 
no summary statistics are given for these critical points or for how many GPS points in total 15 
were collected. (81) details how points are excluded from the data before summarizing the total 16 
number of points collected and where they were collected. (82) report the total number of points 17 
collected as well as the total number of trips and disaggregate the data by mode. (60) describe the 18 
total points collected, average points per day, and peak days and times as well as average number 19 
of points on those peak days and at those peak times. (74) describe the total points collected 20 
divided by mode and listing number of trips and trip hours—through which one can infer 21 
average points per trip for each mode. (83) explain how attributes of points led to the 22 
disqualification of trips from the dataset, however the total number of points collected is not 23 
described. While many authors report on total number of points, and some on the average 24 
number of points, this does not represent the norm in the literature (only 6 out of 45 papers 25 
surveyed). Points collected is perhaps most important to compare and evaluate papers on 26 
smartphone travel surveys; if complete statistics such as first and third quartiles were also given, 27 
the rate at which data is collected could more directly be compared across smartphone travel 28 
surveys. The current state of the literature is that too few authors include total points collected 29 
for other authors to compare datasets effectively.  30 

Mode Inference 31 

Mode inference, also known as mode detection, reduces user burden by eliminating the need to 32 
input travel mode. However, there is also a great deal of variance in the reporting of this 33 
parameter among smartphone travel surveys. Many authors develop their own algorithms for 34 
inferring mode from GPS data (or some combination of GPS and accelerometer data). Authors 35 
must include mention of what mode and purpose inference methods are being used, as well as 36 
the accuracies of these modes. Some authors have respondents label trip mode and purpose 37 
themselves. This is because any failure in this regard reveals information about user involvement 38 
as well as about the accuracy of the algorithm used. Manual trip labeling is also considered more 39 
accurate, and a means of validation. Authors must then also include some mention of whether the 40 
application being described runs in the background or requires participant involvement. (12) and 41 
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(27) use a GIS-based fuzzy logic to process GPS data and determine mode choice for 1 
participants. (84) use wavelet algorithm based on GPS and accelerometer data to infer trip 2 
segments and mode changes. Bayesian belief networks are also employed by numerous authors 3 
(68, 70, 78). (85 and 64) use continuous Markov models to process GPS data and infer mode. 4 
The accuracy of these methods usually varies from 80% to over 90% to even over 99% 5 
depending on the mode inference, and mode inference is usually chosen according to 6 
computational costs (if computations can be done in-phone or at the server, etc). An adequate 7 
description of inference algorithms used coupled with their accuracies (either for all modes and 8 
purposes or via a confusion matrix) is enough to compare inference methods and results across 9 
studies. Of the 45 papers surveyed, 21 reported on which methods were used and all of these 10 
reported on the accuracies the methods used afforded. Akin to accelerometer use, it may be the 11 
case that some authors are not inferring mode from the data, however all authors that report on 12 
mode inference methods should report on the accuracy of those methods.  13 

Ground Truthing or Validation 14 

Ground truthing is an important step to any GPS or GIS-related work, and smartphone travel 15 
surveys are no different. However, because of the nature of smartphones, validation is often 16 
completed in-app or via a web-based component to the travel survey in which users can adjust 17 
travel times, change modes and purposes retroactively, or delete trips. Method of validation 18 
offers an insight to how much burden is placed on respondents which aids to assess validation 19 
rates. Validation rates are both a measure of how many participants will endure that burden as 20 
well as serve to indicate how much data is a reliable depiction of travel behavior according to 21 
participants themselves. The web interface method on which users validate their data has been 22 
employed by numerous authors (61, 73, 86). In some cases, user involvement can be quite 23 
burdensome, requiring users to label activities at each stop location–which speaks to the 24 
effectiveness on burden reduction that purpose inference has (79). Yet, often users are merely 25 
encouraged to validate their trip data and without incentive. (73) corroborates that only the most 26 
engaged users validate their trips. In-app prompts at the end of the trip have been employed by 27 
(5): an app would detect trip starts and prompt users for more trip information at the end of the 28 
trip. Because validation methods may influence validation rates, researchers must report on how 29 
this validation is done in detail. Replicating the validation rates of another study may hinge on 30 
using certain methods of validation as opposed to say, the right participant demographics. 31 
Authors should also include how much burden is required in actually running the app: some 32 
applications run in the background and latently recognize when trips occur, others require users 33 
manually begin and end trips. This can also affect how many trips are reported and serves to 34 
reflect user engagement. Validation methods were described in less papers than had made 35 
mention of undertaking validation (23 papers compared to 27). 36 

Sampling 37 

(87) show that age influences smartphone ownership and low smartphone ownership rates among 38 
seniors can introduce sample bias. Given that erroneous sampling can discredit an entire survey, 39 
one might think that most smartphone travel surveys simply must be disqualified for poor or 40 
nonexistent sampling. And while much of the smartphone travel survey research is largely 41 
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considered with smartphone travel survey technologies themselves (and as such need not take 1 
such careful sampling considerations), those surveys that do hope to make inferences about the 2 
travel behaviour of a population must take representative samples. A good quality sample is 3 
connected to a well-defined sample frame, (i.e. the collection of elements that are chosen to be in 4 
the sample) and while in theory a sample is meant to represent a population, what it truly 5 
represents is its sample frame (88). This is not accounted for by simply taking larger and larger 6 
samples. Indeed, in some cases larger samples reduced overall error compared to smaller 7 
samples, but the nonlinear relationship between sample size and sample error means that 8 
eventually the difference between larger and larger sample sizes is negligible. The type of 9 
sampling is a major factor regarding how a sample is chosen: while simple random samples do 10 
exist in other types of polling, they are almost never used in household travel surveys, which 11 
often use stratified samples. Because researchers are interested in how subpopulations’ travel 12 
behavior varies (at a socioeconomic level, based on age or sex, etc.) independently, the stratified 13 
sample is often considered the most appropriate (88). 14 

(1) breakdown sampling by sex, age, income, household size, employment type and ‘fixed 15 
workplace,’ which is a good example of including context-specific elements in the sample frame. 16 
Another example of this context-specific inclusion of elements can be found in (89) where as this 17 
stated preference survey was aimed at gauging the potential of gamifying travel surveys, authors 18 
included a question regarding participant video game experience in addition to age, sex and 19 
income. Drawing a sample from a university population has its benefits as universities often have 20 
complete statistics on how many people are faculty, staff and students and often have 21 
breakdowns by age, sex and other demographics (60; 90). While 16 papers surveyed included 22 
some degree of demographic information regarding participants, of those 16 papers 3 were 23 
feasibility studies. Demographics are seldom reported on, especially by dedicated travel survey 24 
papers, which is concerning for reproducibility but more so for the generalizability of those 25 
papers. While inputting sex and income might make a participant less likely to download and 26 
participate in a smartphone travel survey app, these are nonetheless important factors that affect 27 
the generalizability of travel behaviour research. 28 

SECTION DESCRIBING AND SUMMARIZING THE GUIDELINES 29 

Below the SSRG are presented. As mentioned above, these are intended as a first version and 30 
may eventually include different guidelines or have the guidelines ordered differently. It is 31 
intended to be read as a checklist to be followed by authors or reviewers. They are listed in the 32 
order of appearance that the items usually take in smartphone travel surveys. Information 33 
regarding which smartphone operating system and models were used is generally near the 34 
beginning of a paper, the number of participants is usually included in the data section, mode and 35 
purpose detection methods are usually included in the methods section, etc. However, as a word 36 
of caution to those who may use the SSRG, these parameters are not always listed throughout the 37 
paper so neatly. As such there is no way to use the SSRG other than to prepare a paper with it on 38 
hand, or to review a paper with it on hand, ticking off items as one sees them in the paper being 39 
reviewed.  The sampling considerations need not be followed for those papers that are 40 
investigating a mode or purpose inference method or constitute some general investigation of 41 
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another smartphone travel survey technology. Sampling considerations would only pose an 1 
added burden for those researchers whose primary concern is collection of enough data for 2 
testing purposes. A trend in the literature was for authors to sequentially publish new papers 3 
using the same smartphone travel survey results. This is only problematic in that these 4 
subsequent papers would often present less complete summaries of the smartphone travel survey 5 
data collection and refer the reader to previous papers for more information on the surveys 6 
themselves.  7 

Figure 1. Checklist of Smartphone Survey Reporting Guidelines (SSRG) 8 
 # Guideline 
Smartphone Operating Systems 
and Models 

  

 1 Mention for which smartphone operating systems applications 
employed were developed 

 2 Mention which smartphone models are being used  
 3 Mention any differences between applications if multiple operating 

systems used 

GPS Mode and Accelerometer  
 4 Describe which technologies are used to acquire location data (GSM, 

Wi-Fi, GPS) 
 5 Mention if accelerometer, or any other additional technologies are used 
 6 Refer to technologies consistently throughout paper (e.g., GSM or cell 

tower, not both) 
Polling Frequency   
 7 Describe the polling frequency used, if it differs across smartphone 

models 
 8 Include justification for the polling frequency used 
 9 Use consistent terminology throughout paper (e.g., polling frequency or 

sampling frequency, not both) 
Number of Participants and 
Completed Days 

  

 10 Describe the number of the participants 
 11 Describe if they are volunteers, researchers, or participants recruited via 

other means 
 12 Describe participant recruitment methods 
 13 Mention how many participants completed at least one day of the 

survey 
 14 Mention how many participants completed the required days of the 

survey 
 15 Mention the total number of days completed by participants 
 16 Mention the average number of days of the survey completed by 

participants 

Points Collected 
 17 Describe the total number of points collected 
 18 Describe the total number of trips collected 
 19 Describe average points per day 
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a) Include first and third quartiles 

 20 Describe average points per trip 
a) Include first and third quartiles 

 21 Describe the total trip hours 
Mode Detection   
 22 Mention the mode detection methods used 
 23 Describe the mode detection accuracy 
 24 Mention the purpose detection methods used 
 25 Describe the purpose detection accuracy 
 26 Mention if the application being used is mode-specific 

Validation 
 27 Describe the validation interface  
 28 Describe the rate at which participants validated their data 
 29 Describe extent to which users are involved in trip recognition during 

data collection 
Sampling Considerations*   
 30 Describe the demographics of the participants by: 

a) Age 
b) Sex 
c) Income 
d) Any other context-specific information  

 1 

DISCUSSION AND CONCLUSION 2 

Different researchers are always testing different hypotheses, that is the nature of research. In a 3 
new field, such as the use of smartphone travel surveys in data collection, however, authors 4 
emphasize different aspects of studies most relevant to their research. This returns to the root of 5 
why the SSRG are so important in standardizing a baseline in reporting across the field. The 6 
SSRG (Figure 1) are an initial attempt towards improving and facilitating the comparability, 7 
reproducibility and evaluation of smartphone travel studies. They are designed as a tool to be 8 
used by authors when preparing papers, researchers hoping to reproduce them, and reviewers 9 
when evaluating them. The thirty items in the SSRG are an attempt to keep the list minimal: 10 
projects like STROBE and CONSORT include recommendations regarding titles, how 11 
conclusions should be ordered, and other structural matters. These were omitted from 12 
consideration in the preparation of these guidelines as most academic journals already have 13 
standards for these sections and including recommendations for them was seen by the authors as 14 
overly restrictive. As such, the SSRG only comprise guidelines that pertain directly to 15 
smartphone travel surveys, not to academic writing in general. It is meant to be used as a 16 
checklist when submitting smartphone travel surveys to academic journals and for reviewers 17 
reviewing papers for submission. While there are many papers that constitute dedicated 18 
smartphone travel surveys, there is large section of the literature devoted to feasibility studies. 19 
Although the Smartphone Survey Reporting Guidelines were inspired largely by the CONSORT 20 
and STROBE guidelines used in medicine, they also differ significantly. For example, most 21 
versions of the STROBE guidelines include ordinances on titles, introductions, conclusions, and 22 
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other more foundational aspects of academic writing (53). No such guidelines are included in the 1 
SSRG to preserve the creativity of authors and to avoid presenting an additional burden on 2 
authors and reviewers. While the SSRG fills a gap in the literature, it is meant as an iterative 3 
project. The authors of this version by no means have the foresight to have included every 4 
important parameter to ensure adequate reporting on smartphone travel surveys indefinitely. At 5 
the same time, given the current state of the research, this first version of the SSRG presents a 6 
needed initial step towards the standardization of data collection in smartphone travel surveys. 7 
Possible follow up projects from the SSRG include retroactively evaluating journal submissions 8 
for their conformity with the SSRG, creating similar guidelines for other fields of travel research, 9 
or evaluating how much burden the SSRG can impose on authors by evaluating how much of a 10 
paper data reporting can occupy.  11 

Table 2. Papers Used in Analysis 12 

Authors Year of Publication Category of paper Subject 
Tsui & Shalaby 2006 Inferential methods Mode detection (GPS) 
Asakura & Iryo 2007 Dedicated travel survey Tourist travel behaviour (GPS) 
Byon et al. 2007 Inferential methods Map-matching (GPS) 
Bohte & Maat 2009 Inferential methods Mode and purpose detection 
Byon et al. 2009 Inferential methods Mode detection (GPS) 
Charlton et al. 2010 Feasibility study CycleTracks 
Gonzalez et al. 2010 Inferential methods Mode detection 
Paek et al. 2010 Feasibility study Battery life 
Hood et al. 2011 Dedicated travel survey Cyclist travel behaviour 
Wu et al. 2011 Inferential methods Purpose detection 
Nitsche et al. 2012 Inferential methods Mode detection 
Bierlaire et al. 2013 Inferential methods Map-matching 
Cottrill et al. 2013 Feasibility study Future Mobility Survey 
Feng & Timmermans 2013 Inferential methods Mode detection 
Carrion et al. 2014 Feasibility study Future Mobility Survey 
Ferrer & Ruiz 2014 Inferential methods Mode detection 
Jariyasunant et al. 2014 Feasibility study Battery life 
Nitsche et al. 2014 Inferential methods Mode detection 
Vlassenroot et al. 2014 Feasibility study MOVE 
Geurs et al. 2015 Inferential methods Mode detection 
Kim et al.  2015 Inferential methods Purpose detection 
Nour et al. 2015 Inferential methods Mode detection 
Rasmussen et al. 2015 Inferential methods Mode detection 
Safi et al. 2015 Feasibility study ATLAS 
Shankari et al. 2015 Feasibility study e-mission 
Xiao et al. 2015 Inferential methods Mode detection 
Yang et al. 2015 Inferential methods Mode detection 
Zhao et al. (a) 2015 Feasibility study Future Mobility Survey 
Zhao et al. (b) 2015 Inferential methods Stop detection 
Zhang 2015 Inferential methods Mode detection 
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Greene et al. 2016 Feasibility study rMOVE 
Patterson & 
Fitzsimmons 2016 

Feasibility study DataMobile (Itinerum) 

Shafique & Hato 2016 Inferential methods Mode detection 
Tang & Cheng 2016 Dedicated travel survey Route choice (GPS) 
Xiao et al. 2016 Inferential methods Purpose detection  
Allstrom et al. 2017 Feasibility study Travel diary collection 
Bantis & Haworth 2017 Inferential methods Mode detection 
Rupi & Schweizer 2017 Dedicated travel survey Cyclist travel behaviour 

Vich et al. 2017 
Dedicated travel survey Suburban commuting & activity 

spaces 
Thomas et al. 2018 Inferential methods Automatic trip detection 
Shankari et al. 2018 Feasibility study e-mission 
Zegras et al. 2018 Dedicated travel survey Future mobility survey 
Broach et al. 2019 Inferential methods Mode detection 
Marra et al. 2019 Feasibility study ETH-ITV Travel Diary 
Yazdizadeh et al.  2019 Inferential methods Mode and purpose detection 

  1 
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