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Abstract 

Walking and cycling are considered very important behaviours in public health. This thesis is a study 

of the measurement of walking, cycling and overall travel behaviour. 

In the first part I present a systematic review of studies comparing Global Positioning System (GPS) 

measured travel to self-report. I found 12 results from eight eligible studies. All studies showed self-

reported journey times were greater than GPS measured times. The differences ranged from over-

reporting of +2.2 to +13.5 minutes per journey.  

In the second part of this thesis, I describe the development of a feasible, valid and reliable method for 

measuring travel with automated wearable cameras (SenseCam) through field testing and two pilot 

studies. I compared my new method to direct observation (considered a criterion measure) and found 

very good agreement and reliability (inter-rater, intra-rater and inter-measure). I also present an 

ethical framework for the measurement of health-related behaviours using automated wearable 

cameras.  

In the third part of the thesis, I report findings from an experiment designed to assess a well known 

UK travel diary (The National Travel Survey). Across four locations (Oxford, UK; Romford, UK; San 

Diego, USA; and Auckland, New Zealand) I collected 3-4 days of SenseCam and travel diary data 

from n=84 participants (convenience sample). Compliance with the collection protocol was high and 

inspection of the crude results suggests relative agreement between measures. Analysis of matched 

pairs of measurements (n=1,127 journeys) suggests a significant positive bias on self-reported 

durations (2:08 minutes; 95% CI = 1:48 to 2:28; 95% limits-of-agreement = -9:10 to 13:26).  

These results suggest self-reported journey exposure is valid at a population level, though corrections 

according to my reported bias could be considered. The large limits of agreement on duration 

estimates suggest self-report may be unsuitable for assessment of individual travel behaviour. 
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GPS Global Positioning System(s) 

HIC High income country 

HR Heart rate 

HSE Health Survey for England 

ICC Intra-class Correlation Coefficient 

IRB Institutional Review Board 

LMICs Low- and middle- income countries 

MVPA Moderate to vigorous physical activity 

NICE National Institute for Health and Clinical Excellence 

NTS National Travel Survey 

QALY Quality Adjusted Life Year 

UCSD University of California, San Diego 

WHO World Health Organisation 

  

 

Durations 

In this thesis I often report time durations. I use various units as needed and have set some rules for 

consistency. As an example, 236 seconds could be reported in one of the following ways: 

 236 seconds 

 3:56 minutes 

 3.93 mins   
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Glossary 

 

Active travel Travel that can also be considered physical activity. Most 
commonly walking and cycling, but also skateboarding, roller-
blading and other similar behaviours 

Automated image capture Recording of images with a wearable camera that happens 
automatically without any user action 

Broken journey or trip A journey or trip that is paused without the purpose changing 

Chained journey or trip A journey or trip that is made of two or more independent 
stages 

Digit preference Propensity for survey and diary respondents to report durations 
to the nearest 5 or 10 minutes. Commonly called rounding 

Digital life logging Automated digital capture of everyday life activities through 
first-person point-of-view images 

Global Positioning System (GPS) Used to record location. Data can be converted into travel 
behaviour data 

Institutional Review Board Sometimes called Ethics Committee. Assesses and approves 
research applications for adherence to ethical codes of conduct 

Journey or trip A one-way course of travel having a single main purpose. May 
be comprised of individual components called stages. E.g. a 
walk-bus-walk to work would be defined as a single journey of 
three stages  

Sedentary travel Travel by motorised modes, such as car, bus, train, boat or 
tram, and not considered physical activity 

Transitory activities Activities before, after or during journeys, associated with the 
journey but not travel (e.g., waiting for public transport, or 
transitioning between modes).  

Travel diary Also record or log. Usually recall for a certain period of time 

Travel survey Research instrument into travel behaviour. Usually contains a 
questionnaire element for demographics and a questionnaire or 
diary element for travel activities 

Travel questionnaire  Can be self- or researcher- administered. Usually collects 
information on usual or habitual behaviour 

Journey or trip stage 

 

The constituent parts of a journey or trip. A one-way course of 
travel having a single main purpose and mode. E.g. a walk-bus-
walk to work would be defined as three stages 
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Overview 

This thesis describes an investigation of SenseCam in the measurement of travel, with a focus on 

walking and cycling. SenseCam is an automated wearable camera. It takes a photograph every 10-20 

seconds. By the end of a day it will have taken 2000-3000 photographs of the daily life of the wearer. 

I have tried to use these photographs to understand the travel behaviour of the wearer.  

Specifically I have assessed whether these images can inform about the error on self-reported travel 

behaviour. This is an important question as much of the existing evidence for the public health 

benefits of walking and cycling is based on self-reported measurement. 

In 2009 I was working as a researcher in the British Heart Foundation Health Promotion Research 

Group at Oxford University. I was working on a project investigating national approaches to 

promoting physical activity in children, funded by WHO Europe. I was also involved in various active 

travel projects for my then line-manager Dr Charlie Foster. I had formed an interest in measurement 

of physical activity the previous year during my MSc thesis. I conducted a secondary analysis of HSE 

data, investigating possible associations between physical activity and diet. I was intrigued by the idea 

that we don’t just know the amount of exercise (or eating) someone is doing.  

In July 2009 Charlie sent me a Youtube link of some computer scientists wearing SenseCam around 

Cambridge. You see them cycling, walking, visiting shops, drinking coffee, etc. We instantly thought 

all problems with physical activity assessment were solved for ever more. Case closed. We contacted 

Microsoft Research who had developed SenseCam and persuaded them to lend us two devices. I set 

about collecting the evidence that would conclusively end all debate about physical activity 

assessment. I would do the same for diet and sedentary behaviour a few months later I assumed.  

Of course I was wrong and naive in equal measure. I have spent the last four years learning about 

measurement error, measures of agreement, feasibility, pilot testing, validity, reliability, coding 

protocols, accuracy, precision, uncertainty, sample sizes, GPS measurement, systematic reviews, 

ethical frameworks, recruitment, consent, missing data and bias. I ended up looking at one or two 

dimensions of one domain of physical activity behaviour. I conclude that I may have shown 

something about self-reported travel duration, certain to some assumptions and limitations. I have 

certainly learned how complex the issues surrounding measurement of physical activity can be. 

However, I remain positive that active travel is a very important direction for public health in the 

coming years. I also believe that improvements in our ability to measure it will only strengthen our 

efforts to increase it. I hope to continue trying to make a contribution to this area. 

PK. 
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         Part 1 – The literature 
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CHAPTER	1	‐	LITERATURE	REVIEW	

Summary	

My first chapter outlines the importance of active travel, specifically walking and cycling, to public 

health. I discuss the role of valid and reliable measurement when considering walking and cycling 

evidence, and the strengths and weaknesses of current methods. 

Self-report is widely used to measure travel behaviour. I review the National Travel Survey (NTS), 

one of the UK’s primary data sources on travel behaviour and the way the data is used in Public 

health. As a self-report method the NTS is subject to the same challenges of validity and reliability as 

any measure that relies on participant responses. I discuss what is currently known about the error on 

the NTS and other self-report measures. 

I introduce SenseCam, a passive automated digital camera, and describe its possible role in this field. 

This thesis is ultimately an investigation into the potential utility of this device in active travel 

measurement.  Finally, I state my thesis objectives and proposed work plan. 

 

 

Physical	activity	and	Public	health	

Physical activity in children, adolescents, adults and the elderly contributes to short and long term 

physical, social, emotional and psychological health and well-being [1-5]. It is associated with 

reduced morbidity and mortality, and the specific health benefits of regular physical activity include 

reduced risk of cardiovascular disease, coronary heart disease and stroke, type II diabetes, 

hypertension, colon cancer, breast cancer, obesity, dementia and depression [1-5]. The prevalence and 

impact of physical inactivity is independently emerging as one of the largest public health problems 

[4, 5]. The Global Burden of Disease Study 2010 ranked physical inactivity as the tenth leading 

preventable risk factor for global mortality [6]. 
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Physical activities take place in diverse domains1 in the life-course including work, domestic, leisure, 

and the focus for this thesis, transport [3]. Transport related physical activity usually refers to walking 

and cycling and is termed active travel2. It is worth noting that walking and cycling can also be leisure 

activities, conducted for sport or recreation, rather than transport purposes [7].  

Walking and cycling are important forms of physical activity to the field of public health [1, 2]. They 

have the potential to confer substantial health benefits as well as environmental and congestion 

benefits when they replace vehicle travel [8, 9]. Walking and cycling provide an opportunity to 

accumulate health enhancing physical activity which can contribute to meeting physical activity 

recommendations [1-3, 10, 11]. In contrast, travel by motor vehicle is sedentary and carbon emitting 

[12, 13].  In the UK, data from the 2002 General Household Survey showed that walking  and cycling 

were the first and fourth most common physical activities respectively [14]; however, Ogilvie et al., 

reported that data from the National Travel Survey (NTS) showed a 15% reduction in walking and 

cycling trips between 1996 and 2001 [10]. More recent NTS data from the Department for Transport 

has shown the average time spent walking or cycling decreased from 12.9 minutes to 11 minutes 

between 1995/7 and 2007 [7]. 

Travel behaviour features within many conceptual models and frameworks for health. For example it 

appears in reference to transport in the WHO model for the Social Determinants of Health [15] and 

within individual activity and physical activity environment on the Foresight obesity map [16]. 

Walking	

Many studies have shown the health benefits of regular walking [17-21]. Two recent meta-analyses 

demonstrated regular walking is significantly associated with reduced risk for all-cause mortality [22, 

23]. In terms of public health it is considered an important form of activity because of an 

                                                            

1 As well as domain classification, physical activity can be classified in other ways such as by behaviour (e.g. walking, 

housework, gardening, football), by intensity (e.g. light, moderate or vigorous (possibly using MET values) depending on 
the physiological response), by frequency (e.g. daily or monthly bouts), and by volume or duration (e.g. energy expenditure 
or total time).  

2 It could also include activities such as skate boarding, roller blading, kayaking, running, or any physical activity for which 
the purpose includes travel or transport  
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unwillingness or inability of a large proportion of the population to participate in more vigorous 

activities [24]. It has been described as the safest, most convenient form of physical activity as it is 

low-impact, low cost, and readily accessible, requiring no special skills or equipment [8, 25, 26]. 

Furthermore, walking can be easily assimilated into daily life and continued into old age [8, 27]. 

Systematic reviews of exercise interventions report walking to have the greatest potential for 

increasing activity levels in sedentary individuals [28, 29]. In their influential walking paper, Jerry 

Morris and Adrian Hardman described walking as ‘the perfect form of physical activity’ [26] and as a 

behaviour it now features in many national and international physical activity and disease prevention 

strategies [1, 3, 7, 10]. 

In terms of trends, analysis of Health Survey for England (HSE) data suggest walking levels in the 

UK increased between 1999 and 2004 (from 50 to 60 min per week for men and from 38 to 50 min 

per week in women) [30]. It should be noted this was assessed by number of days on which a 

minimum level was attained, rather than an actual record of walking. This might explain the 

contradictory finding to the previously cited NTS data which reported a decrease in walking from 

1995/7 to 2007 [7]. In a recent analysis of the 2008 Health Survey for England data, Belanger et al., 

showed walking (for all purposes) was the most important contributor to the total amount of moderate 

to vigorous physical activity (MVPA) for both men (26-42% of total MVPA across all age ranges) 

and women (37-45%) [31]. 

One of my first thesis tasks was to estimate the potential health impact of increased walking at a 

population level. I used data from the Allied Dunbar National Fitness Survey (ADNFS) in which 

participants completed a range of fitness and biometric tests [32]. By combining cardiovascular data 

from 1,741 individuals (aged 18-64) that walked one mile on a treadmill at 3mph with English 

population statistics I estimated that 1.5 million men (95% C.I. 0.9-2.2 million) (from 13.4 million 

corresponding to 11.6% (95% C.I. 7.0-16.2%)) and 3.9 million women (95% C.I. 3.0-4.8 million) 

(from 13.6 million corresponding to 28.6% (95% C.I. 22.0-35.1%)) in England aged 25-64 years were 

so unfit they could receive health benefits from regularly walking at a relatively slow speed of 3mph. 

This was assessed by the proportion of participants that exceeded 70% heart rate (HR) max, taken as 
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the threshold for substantial fitness gains. These data are displayed in Table 1.1, Figure 1.1 and Figure 

1.2. In total, a projected 5.4 million individuals (95% C.I. 3.9-6.9 million) aged 25-64 (from 27.0 

million corresponding to 20.1% (95% C.I. 14.6-25.7%)) could receive health benefits from walking at 

3mph [33]. This is a very conservative estimate as self-selected walking speeds are often higher than 3 

mph [34], and it only considers those who receive substantial fitness and health gains. This estimate 

was published in the Journal of Sports Sciences [33] and the full paper is presented in Appendix 1. 

This estimate has some fairly significant limitations. The ADNFS was collected in 1992 and the 

population statistics were collected in 2009. The trends in physical activity patterns discussed earlier 

in this chapter suggest population fitness levels may have changed during this 17 year gap. The 

sample for the fitness testing may also have been subject to bias and not be representative. 

Additionally the estimate does not specify the dose or frequency of walking required for health gains. 

However, it serves to show the potential population impact of walking, especially in light of the 

conservative assumptions (pace and % HR max). It also suggests the potential population impact may 

be greater in women. 
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Table 1.1 Estimated numbers of individuals in England who would attain vigorous intensity activity by walking 
1 mile at 3mph (reproduced from Kelly et al., 2011) 

 Age Number in English 

population (x1000)1 

Percentage exceeding 

70%HR max 

walking @ 3mph 

(4.8kmh) 2 (with 95% 

C.I.) 

Number getting training 

effect (x1000) (with 95% 

C.I.) 

Percentage of 

population 

getting training 

effect (with 95% 

C.I.) 

      

Men 25-35 3,352.7 2  

(0-4.4) 

67.1  

(0-147.5) 

 

 35-44 3,875.1 8  

(4.2-11.8) 

310.0  

(162.8-457.3) 

 

 45-54 3,230.6 9  

(5.0-13.0) 

290.8  

(161.5-420.0) 

 

 55-64 2,928.6 30  

(21.1-38.9) 

878.6  

(617.9-1,139.2) 

 

  13,387.0  1,546.5  

(942.2-2,164.0) 

11.6  

(7.0-16.2) 

      

Women 25-35 3,355.5 12  

(7.6-16.4) 

402.7  

(255.0-550.3) 

 

 35-44 3,917.5 19  

(13.7-24.3) 

754.6  

(536.7-952.0) 

 

 45-54 3,285.7 38  

(31.3-45.7) 

1,248.6  

(995.6-1,501.6) 

 

 55-64 3,028.8 49 

(39.7-58.3) 

1,484.1  

(1,202.4-1,765.8) 

 

  13,587.5  3,890.0  

(2,989.7-4,769.7) 

28.6  

(22.0-35.1) 

      

 

1. Population estimates from http://www.statistics.gov.uk. 
2. Direct measure of heart rate for adults taken from Morris and Hardman Walking to Health paper, p324, Br J Sports Med, May 

1997. They referenced Allied Dunbar National Fitness Survey data. 
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Figure 1.1 Estimated numbers of each age group for men who are over or under 70% heart rate max when 
walking for 1 mile at 3 mph (reproduced from Kelly et al., 2011)  

 

 

 

Figure 1.2 Estimated numbers of each age group for women who are over or under 70% heart rate max when 
walking for 1 mile at 3 mph (reproduced from Kelly et al., 2011) 
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Cycling	

Cycling is usually considered a more vigorous activity than walking [35, 36]. As well as a means of 

travel, it is often conducted as a sport, for exercise and training, and for pleasure [37]. A systematic 

review by Oja et al., reported cycling to be associated with reduced morbidity and reduced 

cardiovascular risk though showed equivocal results from three studies for all-cause mortality [38]. A 

longitudinal study, with follow up at six years reported better cardiovascular risk factor profiles in 

those children who cycled to school [39]. A Department for Transport (DfT) report measuring 

baseline cycling in intervention cities and towns reported that of adult respondents aged 16 and over, 

28% had cycled in the previous twelve months; further, one in five adults (19%) could be described as 

frequent cyclists, in that they said they cycled at least once a week [40].  

De Hartog et al., modelled the risks and benefits of a modal shift from car to cycling journeys in the 

Netherlands, taking into account health benefits, traffic accidents and exposure to air pollution; the 

benefits were found to be 11 times the risk [41]. Yang et al.’s review suggested community wide 

promotion and improving infrastructure both have the potential to increase cycling levels, though by 

modest amounts [35]. A 2011 report from the London School of Economics estimated that cycling 

contributed £3 billion to the UK economy through health benefits, reduced sickness-absence days, 

employment, manufacturing, and reduced congestion [42]. It should be noted that the report was 

commissioned by UK Cycling, so may be optimistic in certain assumptions, but it demonstrates the 

wider importance of cycling beyond traditional public health considerations.  

Uptake of cycling may not always be equitable. An analysis of the London Cycle Hire Scheme found 

that females and those living in deprived areas were less likely to register [43]. However, among those 

that did, usage was higher in individuals from deprived areas. The authors suggest this indicates the 

potential for cycling interventions in deprived groups [43]. A study by Goodman et al., demonstrated 

an increase in non-school active travel (walking and cycling) predicted more time in MVPA in 

children. There was no evidence of substitution behaviour, when one physical activity replaces 

another and overall levels do not change, which is a common criticism of behaviour specific 

interventions [44]. 
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Sedentary	travel	and	health	

Sedentary travel is transport that does not include physical activity. Generally speaking these are 

motorised forms of transport such as car, bus or travel by train. A recent study from Columbia showed 

that time spent travelling in motor vehicles was positively associated with overweight and obesity, 

after adjustment for socioeconomic status and other physical activity [45]. In a similar study, the same 

association was found for car ownership in males (though no significant result was found in females) 

[46]. It has been suggested that short motorised trips offer particularly good possibilities for active 

travel interventions [13]. 

Environmental	benefits	

There is environmental and public health synergy between reducing sedentary, carbon emitting 

activities such as car travel and replacing with walking and cycling. This modal shift will reduce 

pollutants and emissions, and can help to reduce traffic levels [8, 12, 26, 47]. Public transport with, 

for example, train or bus is more complicated. These modal share journeys still have emission costs, 

but also offer opportunities for increased active travel to and from bus stops and stations; the design of 

the transport network is an important factor in this regard [48, 49].  

NICE	Guidance	on	walking	and	cycling	

In 2012 The National Institute for Health and Clinical Excellence3 (NICE) produced Public Health 

Guidance on walking and cycling [7]. As the guidance was commissioned by the Department of 

Health (DH), this reflects the increasing national policy relevance of walking and cycling in the UK. 

The aim was to set out how people can be encouraged to increase their levels of walking and cycling 

for travel and recreation purposes [7].  

The guidance covered; policy and planning; local programmes; schools workplaces; and the NHS. 

There were also research recommendations regarding population wide interventions, factors that 

influence walking and cycling, specific approaches, sustainable change and differences within 

                                                            
3 NICE changed to the National Institute for Health and Care Excellence in April 2013 and are classified as a Non 
Departmental Public Body (NDPB) as a result of the 2012 Health and Social Care Act 
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population groups. NICE have produced an estimated cost per QALY (Quality Adjusted Life Year) 

for walking of approximately £27004 from an evaluation of the Get Walking, Keep Walking 

programme [7, 50]. 

 

                                                            
4 When considering drug treatments, costs of £20,000-30,000 are considered the threshold for cost-effectiveness (Measuring 
effectiveness and cost effectiveness: the QALY; available at:  
http://www.nice.org.uk/newsroom/features/measuringeffectivenessandcosteffectivenesstheqaly.jsp) 



DPhil Thesis Submission  Trinity 2013 

30 
Paul Kelly     

Why	do	we	measure	physical	activity	and	active	travel?	

Measurement is fundamental to epidemiological study of physical activity and health [51]. The 

evidence discussed so far in this chapter is derived from research based on some measurement of 

walking and cycling. Measurement of walking and cycling allows us; to monitor prevalence and 

trends with populations and sub-groups; to understand the exposure to the behaviour and associations 

or relationships with certain health outcomes; to investigate the potential determinants and correlates 

of the behaviour; to test if interventions and policies have succeeded in increasing or maintaining 

activity levels; to identify appropriate populations or sub-groups for intervention; and to model and 

calculate the economic or environmental benefits [52-54]. A framework for this is discussed below. 

Beyond public health, travel planners use travel demand models that are calibrated and validated 

using input data obtained from measuring travel behaviour [37, 55, 56] and policy makers and use 

these travel data to direct traffic safety and injury prevention policies [57]. Therefore, much research 

in both the public health and transport sectors is aimed at understanding who is making journeys, 

when and why; the distance, duration and speed (or intensity if walking and cycling); and what routes 

and modes are used and why [13, 55, 58-60].  

Studies of travel behaviour may be cross-sectional or longitudinal, and vary from population, region 

or city-wide investigation [60-62] to small scale evaluation of walking interventions [63]. The results 

from these studies often inform research, practice, policy, travel planning, and funding decisions [60, 

64-66]. Measures of travel behaviour with appropriate validity and reliability are therefore often 

required. Poor validity and reliability limit the conclusions that can be drawn from any type of 

research [67]. 

What	is	the	theoretical	framework?	

The rationale for improving behaviour measurement is based on the theoretical framework for 

epidemiology as proposed by Sallis and Owen (1999) [68] and Sallis, Owen and Fotheringham (2000) 

[52]. They describe five main phases of 'behavioural epidemiology' research in relation to physical 

activity; 
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1. Establish the links between physical activity behaviour and health: The associations between 

behaviours and health outcomes give the foundation for subsequent research.  

2. Develop measures for validly and reliably measuring physical activity behaviour: High 

quality measures are required. 

3. Identify factors that influence the behaviour: The correlates and potentially modifiable risk 

factors that can be targeted by interventions or policies.  

4. Develop and evaluate interventions to change the behaviour: Interventions with an evidence 

base.  

5. Translate research into policy and practice. 

This framework is represented in Figure 1.3. The place of measurement (Phase 2) and its relationship 

to the other phases is displayed. It is clear that the other phases are reliant on measurement. 

 

Figure 1.3 Owen and Sallis’ Behavioural Epidemiology Framework 

 

 

Other behavioural frameworks exist, for example McLeroy et al.’s Ecological Model for Health 

Promotion [69]. Krizek et al., report sectors beyond public health have their own concepts of travel 

behaviour; for example in transport, models are often based on choice and utility maximisation [62]. 

However, I feel Owen and Sallis’ best describes the role of measurement in public health and this is 

why I have chosen to use it to frame this thesis with an active travel focus. 



DPhil Thesis Submission  Trinity 2013 

32 
Paul Kelly     

Why	is	measurement	of	active	travel	difficult?	

Like many physical activity behaviours, active travel is difficult to measure [10, 62, 67]. This is 

because it covers a spectrum of durations and intensities, it cannot be quantised into easily measurable 

packets, and there is no precise biological marker of completion or the health outcomes it influences. 

The instruments used to measure walking and cycling must be feasible, reliable, valid, non-reactive 

and able to assess usual and habitual or specific activities, depending on the research question or study 

design. Further they may also be required to measure vehicle travel or public transport use in studies 

of overall travel behaviour. That these instruments are low cost and confer low participant burden is 

also desirable [70]. Finding measures that sufficiently fulfil these criteria is a public health challenge, 

and it has been for some time. 

How	do	we	measure	travel	behaviour?	

Krizek et al., propose three types of walking and cycling measurement; self-report, observation and 

instrumentation [62]. I believe that this proposal holds when considering both walking and cycling, 

and overall travel behaviour. Direct observation of participants is considered the criterion measure of 

journey behaviour [71, 72]. However, this is too resource and time consuming to be available or 

practical in anything but the smallest studies [71, 72].  

A common technique for travel behaviour remains self-report by, for example, Travel Diary or 

Questionnaire [20, 62]. These self-report data can be collected in a number of ways including 

researcher visits, postal surveys, web surveys and telephone interviews. Despite the emergence of new 

technologies, self-report remains in high use for reasons of feasibility, cost, comparability and data 

handling [73]. Self-report is considered a subjective measure of travel behaviour as it is based on 

respondent opinion, attitudes, memory and perception [71]. 

In addition to self-report, there are various tools and technologies available for travel researchers [71]. 

For example, accelerometers are used to measure activity intensities and patterns [74]; pedometers are 

used to record steps counts [74]; and global positioning systems (GPS) are used to investigate journey 

routes and speeds, which can be a proxy for mode [75]. These technologies allow us to assess the 
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dynamic properties of travel behaviour by collecting detailed spatial, temporal and characteristic 

conditions throughout the journey experience [72]. They are considered objective measures as they 

directly assess a physical parameter or property e.g. steps per day [71].  

Technologies can also be used in combination, for example to improve mode prediction [76-80]. This 

is discussed further in the next section. However, a recent paper from New Zealand was critical of the 

level of integration between systems for measuring transport related physical activity [13] and 

automated techniques for aligning GPS data and self-report data, for example, are said to be still in 

their infancy [81]. 

Strengths	and	weaknesses	of	travel	measurement	techniques	

Self-report 

Self-report of travel behaviour is one of the most common and important ways of obtaining data on 

travel behaviour [20, 65, 72, 82]. Unfortunately, the potential for human error means self-report can 

lack the required validity and reliability. Due to problems with adherence, interpretation of question, 

memory and judgement, the data can be subject to missed trips, incomplete entries and misreported 

journey characteristics (e.g. duration, distance or purpose) [56, 58, 64, 83-87]. Self-report is a measure 

of the participant’s perception of what they think they did, or habitually do, rather than an objective 

measure, and can be subject to social desirability bias [62, 88]. The Yang review of cycling 

interventions stated the reliance of studies on self-reported measures was a major limitation as they 

are of unknown validity and reliability [35].  

Measurement error obscures true relationships between behaviour and health, and the effects of 

interventions may go undetected if the change in behaviour is lost in the error in the measure. The 

assumed error in self-report is often countered by employing large sample sizes [87]. However, this 

increases the scale of any data collection effort, and will not improve measurement at the level of the 

individual.  

A particular criticism of self-report travel is forgetting trips altogether and this is said to be 

particularly true for short trips [88]. Trips undertaken using active modes are more likely to be missed 
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(possibly as they are the shorter trips), and this is thought to be especially true for longer recall 

periods [66]. Self-report of motorised travel has also been shown to be limited [72, 89]. Trips may not 

be reported due to length of survey, respondent forgetting or considering the trip unimportant and 

selective omission [61, 90]. In travel surveys, “short trips, walk trips, and shopping trips” are more 

likely to be omitted, as respondents are “time-penalised” for being truthful and complete [88]. Trip 

reporting fatigue in multi-day travel data collection has also been reported; the Dutch National 

Mobility Panel found recorded trip rate decreased by 1% per day; in walking trips this was 3.5% [91].  

There may be other reasons for the error or bias in self-report. For example, diaries may be completed 

at the last minute or at the end of the study period rather than daily or as instructed [92]. Beyond 

memory, respondents can have a tendency to round start time, end time and overall duration (known 

as digit preference) to the nearest 5, 10 or 15 minutes [93-95]. Rietveld has discussed rounding times, 

saying respondents are drawn to “anchor points” when recalling durations [95]. 

However, self-report is considered to have good validity for assessing travel purpose and mode [72]. 

It also generates raw data that is easier to manage than, for example GPS or accelerometer, and self-

report is currently the most cost efficient method [96]. Beyond mode, frequency and duration, travel 

diaries can be used to collect detailed information about journey purpose, destination, ticket price and 

accompanying passengers [89]; variables often beyond other measures. Self-report measures can also 

add depth and context. For example, some self-report measures are designed to measure perceptions 

about active travel and active travel environments [97, 98]. 

Global Positioning Systems (GPS) 

As a result of the limitations in self-report, there have been calls for objective measures of travel 

behaviour that measure the desired criteria [13]. First suggested for physical activity assessment in 

1997 [76], Global Positioning Systems (GPS) devices (wearable and in-vehicle) are increasingly used 

in large scale travel surveys to supplement self-report measures [61, 80]. For some time there has 

been discussion about ultimately replacing self-report with GPS measures [55, 61, 86, 99, 100]. With 

advances in technology, GPS are also increasingly used to investigate journey routes, destinations, 
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modes and speeds [13, 59, 75, 86, 101]. City and state-wide GPS surveys are now common in the 

USA and Australia [21, 58, 86, 102, 103]. A GPS pilot was recently added to the NTS in the UK [99]. 

GPS is regarded as having a lower participant burden than active techniques such as diary or survey 

[88]. However, like most technologies GPS still require some active participant intervention in 

wearing or operating the device depending on the specific protocol and unit. Though not entirely 

error-free, it is described as a “more objective” and “accurate” measure of travel behaviour than self-

report [101, 102]. However, in many cases, the primary measurement technique remains self-report 

for reasons of feasibility, cost and data handling [20, 73]. 

GPS can be subject to cold starts (delayed signal acquisition) and signal loss around tall buildings, 

tunnels, trees, etc. [79, 104]. A review of GPS use to locate physical activity reported variable data 

loss of 2.5% to 92% across 17 eligible studies [105]. A 2011 travel study from New Zealand reported 

89% of trips were lost to GPS for a range of reasons [13]. GPS present the challenge of transforming 

an enormous data set of time-stamped, geo-coded data points into a useful data base for analysis [79, 

81, 106]; it is said they generate a dataset that is highly detailed, but highly complex to interpret [107]. 

They also rely on algorithms to detect trips in the data, and impute mode and purpose [81, 86]. Their 

particular strength is in objectively obtaining journey route, previously only available to subjective 

participant recall [55, 96]. It has been argued that they should primarily be used to assess where 

physical activity (e.g. active travel) takes place and to understand the role of the environment as a 

determinant of this activity in combination with GIS (Geographical Information Systems) [79, 96, 

104]. In 2012, authors in the field of GPS were still asking “whether the traditional survey-reported 

collection method may be preferred with regards to some types of travel” [86]. 

A 2012 study from New York City, USA reported a “promising 82.6% success rate” for mode 

detection from GPS data. The authors said that management of the enormous data sets generated is 

still a challenge, especially in an urban setting with “urban canyons” and complicated transport 

networks [108]. Some authors have suggested that GPS equipped mobile phones may be the future of 

such research due to their ubiquity and decreasing unit cost. These technologies employ Assisted GPS 
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(AGPS) and wireless transfer to provide additional information and can cover indoor areas. However, 

they do have issues with privacy, consent and working across multiple providers and networks [109]. 

Motion and physiological sensors 

Pedometers are good at measuring outcomes such as steps per day, and accelerometers can assess 

total physical activity as well as patterns and intensities [110]. However, they have difficulty detecting 

individual journeys making them unsuitable for travel behaviour studies when used alone. They 

cannot measure driving, bus or train use, and have difficulty detecting cycling [111]. Used in 

combination they can provide useful data. For example Cooper et al., used GPS and accelerometer to 

assess the contribution to total MVPA of the journey to school in 11-12 year children [112] and 

Rodriguez et al., recently demonstrated a technique for identifying walking trips in adolescent females 

by merging accelerometer and GPS data [113]. Similarly, heart rate monitors (e.g. Acti-Heart) can be 

combined with other technologies to assess the physiological response to the activity. 

GPS, pedometers, accelerometers and heart rate monitors are considered objective measures as they 

directly measure a physical property [67]. However, the data from these measurements still have to be 

analysed and processed for travel behaviour to be determined. These data require interpretation by 

researchers, or researcher written algorithms, and therefore also have elements of subjectivity. I would 

say they directly measure parameters which are considered indicators of travel behaviour, but they are 

themselves indirect measures of travel behaviour.  

It is worth noting, these measures discussed are all measures of individual behaviour. There are other 

ways to assess travel behaviour I would classify as within the observational category proposed by 

Krizek. These include traffic surveys where pedestrian, cyclist and vehicle numbers can be counted by 

researchers or counting devices set up at strategic travel routes or nodes [62]. Additionally 

infrastructure monitoring can assess usage of cycle paths or walkways, and tickets sales can be used to 

monitor use of public transport. These techniques are outside the scope of this thesis. 
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Summary of travel measures 

To summarise this section I have created Table 1.3 to show my interpretation of the capabilities of the 

various measures of travel behaviour discussed. I present this as my opinion; each cell is a large body 

of work on its own. I have deliberately left this unreferenced as the range of effectiveness of each 

measure at each dimension will vary widely between study design, testing conditions and device used. 

This also assumes no combinations of devices. However, I believe this is a helpful reminder of the 

strengths and weaknesses of each measure and their suitability, or not, to different research questions 

and outcomes.  
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Table 1.3 My summary of the capabilities of common travel measurement techniques 

 Measure  

Dimension of 

travel 

behaviour 

Self-report GPS Accelerometer  Pedometer Heart rate Direct 

observation 

       

Mode Subject to 

participant 

memory 

Subject to 

detection 

algorithm 

Subject to 

behavioural 

detection 

Only walking No Yes 

Frequency Subject to 

participant 

memory 

Subject to 

detection 

algorithm 

Subject to 

behavioural 

detection 

No No Yes 

Duration Subject to 

participant 

memory 

Subject to 

detection 

algorithm 

Subject to 

behavioural 

detection 

Step counts per 

day 

No Yes 

Intensity Subject to 

participant 

memory 

Speed 

information 

subject to 

detection 

algorithm 

Estimated energy 

expenditure 

subject to 

behavioural 

detection 

No Heart rate 

response 

Some 

researcher 

estimation 

Context or 

purpose (work, 

leisure) 

Subject to 

participant 

memory 

Some 

inference 

from land use 

No No  No Yes 

Travel 

Environment 

Subject to 

participant 

memory 

If combined 

with GIS 

No No No Yes 

       

 

Analysis of self-report in this thesis 

Having considered the widespread and continued use of self-report techniques in travel and active 

travel measurement, as well as the uncertainty about the inherent error, I have decided to focus on 

investigating self-report in this thesis. I acknowledge technologies such as GPS, accelerometers and 

combinations of both will increasingly be used as the technology and data processing improve. 

Research into these methods is also warranted, but will not be included in the scope of my 
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investigations. I have decided to focus particularly on the National Travel Survey (NTS) and will 

discuss this in the following section.  
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The	National	Travel	Survey	(NTS)	

For this thesis I have chosen to focus on one particular self-report measure of travel behaviour; the 

National Travel Survey (NTS) commissioned by the Department for Transport (DfT). The NTS 

provides up-to-date and regular information about personal travel within the UK and monitors trends 

in travel behaviour. Details are given in Text box 1.1. 

  

Text box 1.1 Details of the National Travel Survey (reproduced from National Travel Survey 2010 Technical 
Report)  

The NTS is one of the Department for Transport’s main sources of data on personal travel patterns in 

Great Britain. The Ministry of Transport commissioned the first NTS in 1965/1966 and since July 

1988, the NTS has been a continuous survey (fieldwork conducted on a monthly basis) with an annual 

set sample size of 5,040 addresses. In 2002 the annual set sample size increased to 15,048 addresses. 

Since January 2002, the Department for Transport has commissioned the National Centre for Social 

Research (NatCen), an independent social research institute, as the contractor for the NTS.  

Individuals within each participating household are asked to complete a seven day travel record. They 

are also interviewed and detailed information on the key characteristics of each participating 

household and any vehicle to which they have access is collected. 

The NTS produces data at a number of levels; household, individual, vehicle, long distance journey, 

day, trip and stage. Data from the NTS is used extensively by the Department for Transport to monitor 

changes in travel patterns and to inform the development of policy. The findings and data are also 

used by a variety of other organisations including: other Government departments; university 

academics and students; transport consultants; local authorities and voluntary sector organisations 

representing a wide range of interests including motorists, cyclists, the elderly, rural communities and 

children. 
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The NTS measures both sedentary and active travel modes. While this thesis is motivated by 

measurement of walking and cycling, the previously mentioned health associations with sedentary 

travel further the rationale for investigating the NTS.  

 

Uses of the NTS in public health 

There are many uses of NTS data in the field of public health including prevalence estimates, trend 

surveillance and health modelling. For example, Woodcock et al., modelled the health and 

environmental impacts of different walking and cycling scenarios in the UK using baseline walking 

and cycling data from the National Travel Survey [12].  

The UK Public Health Observatories have used NTS data on walking and cycling to monitor overall 

changes in physical activity [114]; as have the Office for National Statistics in their 2005 report; 

Focus on Health [115]. The previously mentioned apparent decline in walking and cycling was based 

on NTS data [10]. The recent HEAT for Cycling and HEAT for Walking5 projects were designed to 

allow practitioners to model the economic benefits of cycling and walking interventions [37]; they 

have also been used with input data from the NTS [12].  

Other studies using NTS data include an investigation of the likelihood of walking predicted by bus 

pass provision in older people [116] and analysis of road injury risk compared to time spent 

travelling; in this study the authors found that for young males cycling is safer than driving [117]. 

Brennan et al., produced a health and economic modelling report for the previously mentioned NICE 

Walking and cycling guidance [118]. In this report they present The ScHARR Walking and Cycling 

Model which uses NTS data to estimate the relationships between journey distance, duration and 

frequency.  

Validation and investigation of the NTS 

While deciding to focus on the NTS I travelled to NatCen (London) on a number of occasions to meet 

the team involved in running the NTS. They informed me that the main work validating the NTS was 

                                                            
5 HEAT = Health Economic Assessment Tool 
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cognitive validation of respondents understanding of questions and definitions [65, 119]; this work 

suggested two types of responders; readers and skimmers, with varying time spent completing the 

diary affecting error on reported data. Beyond this, the NTS undergoes substantial weighting and 

correction to account for sample bias [120]. However, less work had been conducted trying to 

validate, investigate the error, or calibrate the self-reported data using objective measures. 

There was an attempt to use GPS in conjunction with the NTS, with a 2009 feasibility study and 2011 

pilot study [99, 100]. However, these studies had difficulty when attempting to match the GPS data to 

the diary data. Due to the algorithms and processing used, the average GPS journey duration was 

calculated at 51 minutes, while the average reported duration was 21 minutes. There were also 30% 

fewer journeys identified in the GPS data than were reported in the diary data [99]. The authors 

concluded that the GPS devices (Amtel) and processing system used did not offer an acceptable 

alternative to the self-report method. In other words, the difference between GPS and diary data was 

not primarily thought to be a result of error on the self-reported diary data.  

I came across the following reference in an NTS technical publication; “Analysis of the accuracy of 

NTS respondents’ estimates of trip distance and duration”; Cronberg and Bonsall (2006); Technical 

annex 1 of Research Project UG599 (From Review of the Potential Role of 'New Technologies' in the 

National Travel Survey), Department for Transport, London [121]. This is the only publication I have 

found that was a deliberate attempt to quantify the error on self-reported journey data on the NTS. 

However, at the time of writing, the report is not available on any website or online resource. I was 

able to obtain a copy by emailing the author (Professor Peter Bonsall; Leeds University) directly. 

The analysis of 110,563 daily records compared reported trip distances and durations to three different 

route formulations using Microsoft MapPoint software (version 11.0); quickest-route-by-car; shortest-

route-by-car; and crow-fly distances using recorded post codes. Cronberg and Bonsall found evidence 

for positive differences indicative of over-reporting. However the estimate of how much journeys 

were over-reported varied from zero to 6 minutes per journey depending on the method used. Overall, 

only 11% of reported durations fell within 10% of the MapPoint estimate for that trip, and 23% falling 
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within 20% of it. The accuracy was variable by journey duration, mode, and purpose; closest for car 

trips and worst for walking trips [121]. The authors also reported a tendency for respondents to round 

duration estimates. 

However, the authors acknowledge these MapPoint estimates are a proxy for “objective” 

measurements of true journey time; for example they do not take into account the effect that 

variations in traffic levels may impact on journey times or the routes people may choose and therefore 

they are unlikely to provide good estimates. The authors concluded that “the true distances and 

durations are, of course, unknown” [121]. 

Use of the NTS in this thesis 

Having reviewed the importance of, and issues with, measurement of travel behaviour I have 

identified the NTS as a widely used measure that has not been objectively validated. In response, this 

thesis is an investigation of the error on self-reported journey behaviour in the NTS. Specifically I will 

attempt to investigate the error on exposure to travel, active and sedentary travel, and walking and 

cycling. The following sections will outline the benefits of such work, the literature on previous 

attempts to validate or calibrate self-reported travel measures, and a potential new technology to test. 
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Investigating	the	size	and	source	of	error	on	self‐reported	travel	behaviour	

As self-report remains in common use, there have been various attempts to validate, or otherwise 

investigate the error or bias on these measures. Studies have sought to identify which population 

groups or travel modes provide better or worse data and find the factors that may influence or predict 

error.  

Comparing GPS and self-report 

Though GPS and self-report are often used to complement each other, a series of studies that have 

used GPS and self-report methods to measure travel behaviour and have found differences in the 

obtained data [61, 89, 122, 123].  

In the US, GPS has been used to supplement over ten state and regional travel surveys and to identify 

the rates and characteristics of mis-reported trips and their respondents. The authors sought to develop 

‘‘correction factors’’ for adjustment of trip estimates for travel models [86, 102, 124]. A study using 

in-vehicle GPS showed increasing age may be a factor in increased error in self-report [89]. A similar 

study found that self-reported driving was particularly unreliable in those aged 60-80 years [125]. 

Walking and cycling have been found to be the most poorly reported modes [61] and it appears 

incidental walking may be reported less well than purposeful walking [126, 127]. In terms of purpose, 

home based and non-work journeys are more likely to be missed than work journeys [122]. 

As previously mentioned, journey under-reporting (i.e. reporting fewer journeys than measured by 

GPS) is a common finding. Of regional and state-wide studies in the US the range of under-reporting 

in self-report was found to be from 10% in Kansas City to 81% in Laredo Texas [86]. “Trip under-

reporting” was found to be influenced by survey length and method, respondent burden and 

comprehension, respondent demographics and attitudes, and travel characteristics [86, 124].  

Duration 

One particular aspect of travel behaviour that is often investigated in travel research is journey 

duration [60, 61, 128]. In public health duration indicates exposure to active travel as well as 

identifying which motorised trips might be suitable for health interventions [13]. In transport research, 
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duration can indicate traffic congestion and emissions and the data are critical to transport modelling 

[60, 64, 65]. In comparison of GPS and self-report studies, differences in measured and reported 

durations have been found. A 2011 study by Housten et al., reported “Mean per cent of day” engaged 

in travel or waiting during travel; in this study a self-report group reported 6.9% (95% CI = 6.1 to 7.8) 

of day while a different but comparable group wearing GPS was found to spend 8.3% (95% CI = 8.0 

to 8.6); further, participants did not report nearly half (49%) of the locations and trips identified in 

GPS-enhanced data on their activity diaries, resulting in about 3 h/day in unreported locations and 0.6 

h/day in unreported trips [129]. While most studies agree there is error on self-reported travel 

behaviour, to date I have not been able to identify any consensus on the magnitude of this error. 

The use of GPS and comparison to self-report has raised a fundamental question about what a trip or 

journey actually is; when does it start, when does it end, and when can it be considered “paused” 

(referred to as dwell time) [86]? Movements within large, multi-building areas such as university 

campuses, hospitals or shopping centres will be detected by GPS, but may not be perceived as 

journeys by the participant; this may explain some of the apparent under-reporting of trips when 

comparing GPS to self-report [86]. This highlights the difficulty of designing questions for travel 

behaviour research that respondents understand and that will capture the right information [62]. 

As stated previously, GPS has its own limitations and any validation or error investigations using GPS 

will themselves be limited. It is a good measure of location, and can be a good measure of mode, but 

signal loss, signal acquisition and data interpretation can lead to variable trip detection and duration 

estimates. A better measure of travel behaviour, closer to direct observation, would allow for 

improved validation or error estimation. 
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Wearable	cameras	may	offer	a	solution	‐	SenseCam	

“Valid methods of measuring diet and physical activity remain a challenge and invalid measures may 

yield erroneous or inaccurate data which has serious implications. The hope is that technological 

advances in both fields will yield methods with increased validity” (MRC Website - Diet and physical 

activity measurement toolkit) 

SenseCam is a technology that may provide objective measurement and therefore be able to assess the 

error or bias on self-reported journey behaviour. It is a lightweight digital camera worn around the 

neck (see Figure 1.4) that passively captures images approximately every 10-30 seconds throughout 

the day [83, 130]. On board heat, light and motion sensors are used to detect changes in environment 

and “intelligently” record more images at times of high activity. The camera was developed in the 

field of digital life-logging [83].  

Figure 1.4 SenseCam is a lightweight digital camera that can be worn around the neck (reproduced from Kelly 
et al, 2011) 
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What	is	digital	life‐logging?	

"Life-logging" refers to the automated digital capture of everyday life activities through first-person 

point-of-view images. First conceived by Vannevar Bush in the 1940’s [131], it has traditionally been 

a pursuit of those in the computing and engineering domains, where much effort was placed in 

miniaturising device size and increasing battery capture time [132]. In 2003, the Sensors and Devices 

Group at Microsoft Research Cambridge developed SenseCam. It has been used in a variety of 

applications including artistic capture of life experiences, a therapeutic aid for those with Aphasia 

(speech-related brain disorder), market research analysis, social sharing of everyday images and a 

memory aid for Alzheimer’s patients [133]. The strength of SenseCam is in its ease of use, a long 

battery life (up to 16 hours of continuous use) and storage capacity (capable of holding over one 

week's worth of images, ca. 32,000 life-log images).  

Images have previously been used in social sciences for a number of purposes; to elicit or provoke 

discussion and other data; for feedback and documentation of the research process; and as a mode of 

interpretation and representation [134]. This thesis is an investigation of their potential utility in 

measurement of health behaviours, specifically travel and active travel. I will assess whether they can 

be used to investigate the suspected errors or bias on self-report. 

Have	wearable	cameras	been	used	in	Public	health	before?	

Those interested in measurement of health behaviours (e.g. physical activity, active travel, sedentary 

behaviour or nutrition) often wish to record periods of at least a day. Therefore the use of passive 

digital image capture (e.g. with SenseCam) for health behaviour research has only recently become 

possible due to technological advances in device miniaturisation, memory storage and battery life. 

Since 2010, the first feasibility and methodological studies in physical activity and nutrition 

employing these techniques have been published [135, 136]. In March 2013 The American Journal of 

Preventive Medicine published a series of articles on the emerging theme of wearable camera research 

[137-142]. I was lead author for one of these and co-author on two others. 
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SenseCam	images	in	travel	measurement	

If participants wear the SenseCam device during their travel activities, I will be able to collect a 

continuous visual log of their journey. From the visual inspection of the images I will be able to 

directly observe the mode of travel; 

 In car from vehicle features with steering wheel indicating if driver or not 

 On bus or train from in vehicle or carriage features 

 On bike from handle bars 

 Walking from progression through environment 

This technique is closer to objective assessment of mode than GPS or accelerometer which relies on 

inference from speed or movement and activity counts. While this assumes that the participant is 

actually wearing the device, rather than a friend or family member, this assumption applies to the 

aforementioned devices too. 

Furthermore, as each image is time-stamped, by taking the first and last image of the journey, the total 

journey duration can be calculated. Microsoft state the camera records an image at least every 30 

seconds [83]. This means that the SenseCam journey duration will be within 60 seconds of the true 

value if I can identify the correct start and end images. If SenseCam is able to provide more objective 

assessment of journey mode and duration than previously available from other technologies, I may be 

able to design an experiment to find the best estimate yet of the error on self-reported travel data.  

Benefits	of	validating	or	correcting	self‐reported	travel	data	

The data from the NTS is subject to the usual limitations of self-report. By assessing possible error on 

the self-reported NTS I can investigate such questions as if there are systematic biases or large 

individual variations in error.  

Calculating the error on self-reported journey duration will potentially; 
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 Allow for correction factors to be applied to existing data that reports travel levels 

 Enhance transport related models by allowing correction of self-reported data 

 Increase the validity and confidence of health associations or carbon emissions calculated 

using NTS-type walking, cycling and driving data 

 Indicate the sensitivity of similar self-report when used to measure behaviour change  

It has also been reported that understanding the magnitude of random error (referred to by many 

authors as precision) allows for better estimates of required sample size and data collection periods 

[143]. This allows the avoidance of unnecessary participant burden and survey costs.  
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Thesis	objectives	
 
In this section I will outline the overarching aim and primary objectives for my thesis. Specific 

methodologies and research questions will be covered in the appropriate sections. This section is 

designed to allow the reader to understand the research arc of my thesis.  

In this chapter, I reviewed relevant travel and measurement literature. I identified the importance of 

research that improves the way we are able to measure travel behaviour (and the important 

dimensions within travel behaviour). I discussed the uses of the NTS in public health, and the issues 

with self-report. I also discussed SenseCam, its origins in the field of life-logging and computer 

science, and its potential applications in the field of travel measurement.  

This leads to the thesis aim: 

“…to assess the efficacy of utilising SenseCam to improve our understanding of the error on 

self-reported travel duration using a modified version of the National Travel Survey” 

To achieve this aim (and based on the content discussed in this chapter), I formulated three thesis 

objectives: 

1. Systematically review the existing literature comparing GPS measured and self-reported 

journey durations 

2. Develop a new method for travel measurement with SenseCam, with a view to valid and 

reliable journey assessment 

3. Test my developed SenseCam method in a suitably powered sample, and investigate the error 

on self-reported journey durations (and compare to results from GPS review) 
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Objective	1:	Systematically	review	the	existing	literature	comparing	GPS	
measured	and	self‐reported	journey	times	

My review of the literature in Chapter 1 revealed GPS and self-report are the two primary methods of 

investigating travel behaviour. As the technology improves, GPS is increasingly considered an 

objective measure. 

Some studies present comparison of simultaneously collected self-report and GPS travel data; in some 

cases this will provide information on the difference between GPS measured and self-reported travel 

duration. If GPS can be considered the criterion measure, then this difference is indicative of the error 

in self-report.  

Before developing my own method with SenseCam it will be appropriate to appraise the current “best 

evidence” from other methods for assessing the error on self-reported journey duration. I decided to 

do this by systematically reviewing the evidence for GPS assessed error of self-reported journey 

duration. 

Objective	2:	Develop	a	new	method	for	travel	measurement	with	SenseCam,	
with	a	view	to	valid	and	reliable	journey	assessment	

Before SenseCam can be used to assess the error on self-reported travel behaviour I need to develop a 

feasible, valid and reliable method for generating travel data. This will require field testing, pilot 

testing, comparison to a criterion measure and appropriate assessment of burden, ethics and practical 

considerations.  

I will describe the process by which SenseCam can be used to generate meaningful travel data and 

how I evaluated its performance to do so. This will involve data collection procedures, data 

management, coding protocols, and analysis techniques. 
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Objective	3:	Test	my	method	in	a	suitably	powered	sample,	and	investigate	
the	error	on	self‐reported	journey	durations	(and	compare	to	results	from	
GPS	review)	

Once my method has been developed, I will conduct an experiment to assess the error on self-reported 

travel duration. This experiment will have a suitably powered sample size, such that estimates of the 

error or bias have acceptable and relevant confidence. Results from my pilot study indicate I will need 

approximately 1000-1500 measurements (journeys)6 for suitable confidence on assessment of error; 

this will be achieved by 70-90 participants wearing SenseCam and completing a travel diary for a 

three day period. I will compare this result to that of the systematic review. The aim is to demonstrate 

a “better” assessment of the error on self-reported journey duration. 

Chapter	conclusion 

This chapter reviewed the literature on walking and cycling as important behaviours to public health. I 

discussed the importance of being able to measure walking and cycling behaviour, with a focus on the 

National Travel Survey which generates important UK data on travel and active travel. I then 

introduced SenseCam (a wearable digital camera) and suggested it may have the potential to improve 

how we are able to measure travel and active travel. Finally I outlined my three thesis objectives. 

 

 

                                                            
6 The required number depends on desired confidence. Formal sample size calculations will be presented in Chapter 7. 
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CHAPTER	2	–	SYSTEMATIC	REVIEW	OF	GPS	AND	SELF‐REPORT	
TRAVEL	BEHAVIOUR		

Summary	

This chapter describes a systematic review of the literature comparing self-reported and GPS 

measured journey durations. This review was a response to the literature I discussed in Chapter 1, 

which covered the importance of measuring travel behaviour, the suspected error on self-report and 

the potential utility of GPS as a way of investigating this error. This review is designed to answer my 

first thesis objective. 

In this review I found that despite the prevalence of GPS studies, there were only eight that presented 

a useable comparison between GPS and self-report. All these studies found that self-report over-

estimated travel duration in comparison to GPS (with a range of +2.2 to +13.5 minutes per journey).  

This systematic review suggests that when using self-reported journey behaviour, the journey 

durations should be treated as an over-estimation. The study methods and findings were 

heterogeneous, and there is still ambiguity about the magnitude of the bias on self-report. I take this as 

a rationale for developing a SenseCam method which has the potential to be a more objective measure 

of journey duration than GPS.  
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Manuscript	from	this	work	

The work presented in this chapter is based on a manuscript which is currently under review at 

Transport Reviews (Quantifying the difference between self-reported and GPS measured journey 

durations: a systematic review – see Appendix 2). My co-authors were Patricia Krenn, Sylvia Titze, 

Peter Stopher7 and Charlie Foster. I am the first author for this work. Certain sections and passages in 

this chapter were used in the submitted version of the manuscript. 

Background	

As discussed in the first chapter, measurement of travel behaviour is often by self-report, by GPS or 

some combination of the two; however, the quality of the data collected is subject to certain 

limitations. In response my first thesis objective (previous chapter) I conducted a systematic review of 

studies that compare GPS measured and self-reported journey duration. This would allow me to 

appraise the current evidence for the bias or error on self-reported journey duration. I found no 

evidence of an existing systematic review of this question during my review of the literature. 

The objective of my review was to answer the following research question: 

What does the available evidence reveal about GPS measured error or bias on self-reported 

journey durations? 

I would do this in the following way: 

1. Systematically reviewing the available evidence from studies measuring journey duration 

using both GPS and some self-report method (diary, questionnaire or interview) 

2. Identifying studies that report the size and direction of bias on self-reported duration  

                                                            
7 Prof Titze and Dr Krenn are based at the University of Graz. I know them as we are members of the HEPA Europe network 
and they have visited our group to test the feasibility of using SenseCam in their own GPS work. I invited them to contribute 
to this review as Dr Krenn (supervised by Prof Titze) conducted a review of GPS and data loss for her own doctoral studies, 
and this informed the design of my review. I read a lot of Prof Stopher’s work during my literature review; he has published 
previously on GPS and self-report comparisons. When I travelled to Melbourne for the ISBNPA 2011 annual meeting I 
visited his unit at Sydney University and he advised me on this review. One of his PhD students has subsequently visited our 
group to collect SenseCam data for their own work. 
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Methods	

The following protocol is presented here as it is appears in the submitted manuscript. I had previously 

been involved in a systematic review into active travel in children [20], specifically in the quality 

assessment and data extraction stages. This was the first time I led a systematic review from start to 

finish; I developed and refined my method with advice from Dr Charlie Foster, Professor Sylvia Titze 

and Professor Peter Stopher. I was advised on search terms (see Appendix 2) and databases by Nia 

Roberts who works at the Bodlean Healthcare Library in Oxford University. 

Inclusion criteria 

Studies were considered for inclusion if they measured and reported travel behaviour, specifically 

journey duration (or frequency and total time) by GPS and self-reported methods.  

Papers were included if:  

 They were cross sectional, longitudinal or intervention studies 

 Journey duration was assessed by GPS and self-reported methods 

 Journey duration was reported for both measures 

 

Papers were excluded if they did not meet all inclusion criteria. 

Search strategy 

Searches were conducted in the electronic databases of publications listed below. Nia Roberts helped 

me complete these searches. The dates refer to the available databases at the time of searching. I 

acknowledge GPS only became available for research use in the late 1990s, and I did not anticipate 

any included studies from dates earlier than this.  

Health databases: 

 Embase (OvidSP) (1974 – present) 

 Medline (OvidSP) (1948-present) 

 Web of Knowledge (1945 – present) 
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Travel databases: 

 GeoREF (OvidSP) (1966 – present) 

 Transport Database (OvidSP) [includes International Transport Research Documentation 

(ITRD) and the Transportation Research Information Services (TRIS) database] (1988 – 

present) 

Searches were originally conducted on 11th October 2011 and were updated on 1st December 2013 

prior to submission of the paper8. The reference list of each included study was searched for further 

relevant studies. The search strategy was conducted using only English search terms but language was 

not an inclusion-exclusion criteria.  

Dr Charlie Foster and I screened all titles to exclude irrelevant studies. Disagreements were resolved 

by discussion. Abstracts were retrieved for remaining titles and were assessed for relevance by me, Dr 

Patricia Krenn and Prof Sylvia Titze. Disagreements at this stage were settled by Dr Charlie Foster. 

Full texts were retrieved for remaining studies and assessed according to the inclusion-exclusion 

criteria.  

Data extraction 

I used a data extraction form (agreed with all authors) to extract information from included studies. 

Extracted data included location, year, study population, sampling, GPS device, self-report technique, 

analysis approach, and data treatment and outcome. Any uncertainties were resolved by discussion 

with Dr Charlie Foster.  

Study quality 

Each of the included studies was appraised against seven quality criteria (by me and Dr Patricia 

Krenn): year of study, sample size, representativeness of sample, number of measured trips, 

discussion and quality of data treatment, number of travel modes investigated and peer review of 

report. These categories were modified from a previously published quality criteria matrix used by Dr 

                                                            
8 The updated searches revealed 230 more titles, but no full texts suitable for inclusion. The results presented in this chapter 
refer to the most up to date searches 
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Krenn [105]. Three categories were scored by applying binary metrics (0/1) and four by applying 

tertiary metrics (0/1/2), with any between-rater discrepancies being resolved by discussion (see Table 

2.1). The quality of each paper was described by a score summarising the metrics to provide an 

overall impression of the quality of the available evidence. The possible scores ranged from 0-10.  

Table 2.1 Criteria used to assess quality of studies 

Criteria Possible score 

 0 1 2 

Year of study*  Pre 2005 2005-present - 

Population size <50 >50, but <=100 >100 

Number of measured 

trips 

<100 >100, but <=200 >200 

Data Quality** Low Medium High 

Population 

representative? 

No Yes - 

Modes measured 1 2 or more - 

Peer review No Yes - 

*Year of study meant as indicator of device quality. Based on assumption that devices and software have improved since 2005. 

**Data quality is a subjective judgement regarding the proportion of collected data (trips) that were eligible and/or retained for analysis  

Statistical significance 

Where available standard deviations on mean durations were used to calculate 95% confidence 

intervals on the differences between means as described in Kirkwood, et al (2005) [144].  

Results	

Study selection  

1,232 titles were obtained by applying the search strategy and five more titles were identified from 

online and “grey” sources. After screening for relevance 240 titles were retained and abstracts 

retrieved, with agreement between researchers on 97.3% of titles (Cohen’s Kappa 0.895). From these 

abstracts, 56 full texts were retained (with five further full texts from reference lists of these full 
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texts). This left 61 full texts that were assessed according to the inclusion-exclusion criteria and 14 

full texts were retained for data extraction. Figure 2.1 shows the study flow chart. The majority of 

excluded full texts did not report self-reported duration or present a comparison of GPS and self-

reported journey duration.   
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Figure 2.1 Study flow chart -selection and screening process for included studies 

 

Description of studies 

The 14 included studies were from the USA (n=5) [88, 103, 145-147], Australia (n=3) [61, 148, 149], 

the UK (n=2) [99, 100], Canada (n=1) [89], Sweden (n=1) [150], Switzerland (n=1) [151] and South 

Africa (n=1) [152]. In terms of sample size they ranged from a study of five households [148] to an 

897 participant study [99]. Data collection was mostly conducted over a single day, although some 

studies had a collection period of up to one week. A range of GPS devices were used and self-reported 

travel was by recall diary, face to face interview or CATI (Computer assisted telephone interview). 

The studies assessed a variety of modes and combinations of modes: driving [88, 89, 103, 145, 148, 

150]; walking: [147]; walking and driving: [61]; all modes: [99, 100, 146, 149, 151, 152]. 

 
 
 
 

 Image subject to copyright
 

Original available at 

http://www.tandfonline.com/doi/abs/10.1080/02640414.2011.609897#.UoOV5nCWZo4 
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I identified two distinct techniques for comparing and presenting the differences between GPS and 

self-reported journey duration; (1) Matched-trips analysis where only the trips that could be 

identified as the same from both methods were retained for analysis (e.g. from 100 self-report and 125 

GPS trips, 89 could be identified as the same trip from both methods, and were used for analysis, with 

the others discarded); and (2) Unmatched-trips analysis where GPS and self-report data sets of the 

same study sample were analysed independently before comparison (e.g. 100 self-report trips 

compared to 125 GPS trips collected over the same period). These are presented in Figure 2.1. Only 

two studies presented both types of analysis [100, 148].  

Figure 2.2 Representation of analysis types 

 

Of the included studies, six compared GPS data that was not comparable to the self-reported data; the 

self-report was from a different sample population or data collection period to the GPS data. These 

studies were included in the quality assessment but excluded prior to analysis as the differences 
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between measures will include temporal and sample differences in travel behaviour, and will not 

isolate the difference of interest.  

Quality scores 

The quality scores for the studies ranged from 2/10 to 9/10 (see Table 2.2). There was 94.9% 

agreement on quality criteria between raters (myself and Dr Krenn). 

Table 2.2 Quality criteria of 14 studies retained for data extraction; ordered by date 

 Criteria Total 

Score 

Study Year of 

study 

(0/1) 

Popula-

tion 

size 

(0/1/2) 

Measure-

ments 

(0/1/2) 

Data  

Treat-

ment 

quality 

(0/1/2) 

Representa-

tive sample 

(0/1) 

Travel 

modes 

(0/1) 

Peer 

review 

(0/1) 

 

         

Murakami (1999) [88] 0 2 1 2 1 0 1 7 

Bachu (2001) [145] 0 0 0 1 1 0 1 3 

Stopher (2002) [148] 0 0 0 2 0 0 1 2 

Wolf (2003) [103] 0 2 2 2 1 0 1 8 

Schoenfelder (2003) [150] 0 0 2 2 0 0 1 5 

Stopher (2007) [61] 1 2 1 2 1 1 1 9 

Schuessler (2008) [151] 1 2 2 1 1 1 1 9 

Krygsman (2009) [152] 1 1 2 2 1 1 1 9 

Bricka (2009) [146] 1 1 1 0 1 1 1 7 

Stopher (2010) [149] 1 2 1 2 1 1 1 9 

Blanchard (2010) [89] 1 1 1 1 0 0 1 5 

Cho (2010) [147] 1 0 0 2 0 0 1 4 

NTS Pilot (2009) [100] 1 2 2 2 1 1 0 9 

NTS (2011) [99] 1 2 2 2 1 1 0 9 
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The difference between self-reported and GPS measured trip duration 

Table 2.3 shows the 12 results from the eight included studies (two studies had both analysis types 

presented [61, 100] and one study presented independent results from three locations [103]). All 

studies showed self-reported journey times were greater in duration than GPS measured times. The 

difference between self-report and GPS time per journey ranged from +2.2 to +13.5 minutes and from 

+9.2 to +75.4% of GPS measured time. Standard deviations were reported for five studies and used to 

calculate 95% confidence intervals on the difference between means; for four of these results the 

difference between mean durations was significant at the 95% level. One study did not report standard 

deviations, but reported that the difference between means was significant at the 95% level based on 

their own analysis. Table 2.4 shows the characteristics of the included studies.  
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Table 2.3 Included studies (n=8) by date that compare GPS and self-reported journey duration, absolute 
difference (minutes) and percentage difference (GPS comparator) 

Study Result Analysis Result – average journey 

duration (min) 

Difference per trip 

  GPS  Self-report Absolute 

(min) 

95% CI of 

difference 

Percentage 

Bachu (2001) [145] Unmatched 10.1 12.3 +2.2 2.2 +21.8 

Stopher (2002) [148] Unmatched 

Matched 

17.9 

27.8 

31.4 

31.4 

+13.5 

+3.6 

- 

- 

+75.4 

+12.9 

Wolf (2003) [103]* Matcheda 

Matchedb 

Matchedc 

12.3 

11.1 

11.4 

15.6 

14.9 

14.7 

+3.3 

+3.8 

+3.3 

1.3** 

1.5** 

1.4** 

+26.8 

+34.2 

+28.9 

Stopher (2007) [61] Matched 13.0 14.2 +1.2 *** +9.2 

NTS Pilot (2009) [100] Unmatched 

Matched 

15.0 

15.0 

22.0 

18.0 

+7.0 

+3.0 

- 

- 

+46.7 

+20.0 

Stopher (2010) [149] Matched 17.1 18.9 +1.8 - +10.5 

Blanchard (2010) [89] Matched 35.4 41.9 +6.5 - +18.4 

Cho (2010) [147] Unmatched 12.5 20.3 +7.8 4.5** +62.4 

       

*Wolf 2003 presented results separately for 3 locations; (a) San Diego (b) Alameda and (c) Sacramento  

**Results significant at 95% level based on our analysis 

***Reported to be significant at 95% level
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Table 2.4 Characteristics of included (n=8) studies 

Study Location Study population as reported 

by authors 

Age range Collection 

period 

GPS unit (s) as reported 

by authors 

Self-report measure Travel dimension 

assessed 

Bachu (2001) [145] Louisiana, USA 10 households 27-62 years 1 day Garmin GPS III+ Time use diary Driving 

Stopher (2002) 

[148] 

Sydney, Australia 5 households n/a 1 day In-vehicle GeoLogger Time use diary Driving 

Wolf (2003) [103] San Diego, 

Sacramento and 

Almeda, USA 

Data from 254 households (517 

surveyed) 

n/a 1 day GeoLogger Travel diary and CATI 

(Computer Assisted 

Telephone Interview)  

Driving 

Stopher (2007) [61] Sydney, Australia 70 households recruited; data 

from 45 households 

15+ years 1 day 

 

In-vehicle and wearable 

devices 

Sydney Household Travel 

Survey (face to face 

interview) 

Walking and 

driving 

NTS Pilot (2009) 

[100] 

United Kingdom 90 eligible households; 52% 

agreed; 134 eligible adults; 121 

agreed; 106 completed protocol 

16+ years 7 days Amtel BTT08 UK National Travel Survey 

(recall diary) 

All modes 

Stopher (2010) 

[149] 

Victoria, Australia 58 complete households and 18 

partially complete. Take up rate 

12-56% 

14+ years 1 day Amtel GPS device VISTA07 Travel diary All modes 

Blanchard (2010) 

[89] 

Ontario, Canada n = 61 

(57% women) 

67-92 years 

(Mean = 80.4) 

1 week CarChip E/X® (Davis 

Instruments) and an Otto 

Driving Mate (Otto; 

Persen Technologies Inc.) 

24h daily activity diary Driving 

Cho (2011) [147] North Carolina, 

USA 

n = 40 adult volunteers (21 

women) 

Adults 4 days Garmin Foretrex 201 2x2day trip diary Walking 



DPhil Thesis Submission  Trinity 2013 

65 
Paul Kelly     

Considering the eight results from the six studies that reported matched-trip analysis all showed that 

self-reported journey times were greater in duration than GPS measured times. The difference 

between self-report and GPS times per journey ranged from +3.0 to +6.5 minutes and from +9.2 to 

+34.2% of GPS measured time. Considering the four results from included studies that reported 

unmatched-trip analysis, again they all showed that self-reported journey times were greater in 

duration than GPS measured times. The difference between self-report and GPS times per journey 

ranged from +2.2 to +13.5 minutes and from +9.2 to +75.4% of GPS measured time. 

Table 2.5 displays results from the six studies that were excluded after data extraction as the data were 

not comparable. That is, the study sample or collection period for the GPS data did not match that for 

the self-report data. The difference between self-report and GPS times per journey ranged from -30.0 

to +34.3 minutes and from -58.8% to +140.6% of GPS measured time. 
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Table 2.5 Studies excluded (n=6) as the analysis was between incomparable datasets 

Study Result – average journey 

duration (mins) 

Difference per trip 

 GPS  Self-report Absolute 

(mins) 

95% CI of 

difference 

Percentage 

      

Murakami (1999) [88]1 14.2 13.9 -0.3 - -2.1 

Schoenfelder (2003) [150]2 24.4 58.7 +34.3 - +140.6 

Schuessler (2008) [151]3 26.2 14.8 -11.4 - -43.5 

Krygsman (2009) [152] 4 42.7 24.4 -18.3 - -42.9 

Bricka (2009) [146]5 13.0 18.0 +5.0 0.1 +38.5 

NTS (2011) [99]6 51.0 21.0 -30.0 - -58.8 

      

1Compares 6 days of GPS data to 1 day of recall data 
2Compares data from GPS to data from a separate National Travel Survey. Data shown for fulltime workers; also available for retirees  

3Compares data from GPS to data from a separate National Travel Survey. Self-report duration averaged from 3 sites presented. 
4Compares self-report data that included weekend travel to GPS data for week days only 
5Compares data from 2 matched groups 
6Compares data from larger sample using diary (n = 1726) to sub-sample who also carried GPS (n = 897) 
 

Aggregated difference between self-reported and GPS measured journey duration 

Table 2.6 shows the aggregated, pooled estimate of the difference across the 12 results from the eight 

studies included for analysis, weighted by number of trips measured. It also shows the aggregated 

difference separately for the four unmatched-trip analysis results and eight matched-trip analysis 

results. The difference between self-report and GPS is greater when unmatched-trip data are analysed 

(6.8 min; 46.2%), compared to matched-trip data (3.2 min; 20.3%). There was no apparent association 

between magnitude of over-reporting and quality score of study. 
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Table 2.6 Aggregated absolute and percentage difference between GPS and self-reported journey duration, for 
all results, for unmatched-trip analysis results and for matched-trip analysis results 

Analysis type Average journey duration 

(min) 

Difference per trip 

 GPS Self-report Absolute 

(mins) 

Percentage 

All (n=12 results; 6,607 GPS journeys; 

6,177 self-report journeys) 

15.3 19.7 +4.4 +28.6 

Unmatched-trips (n=4 results; 2410 GPS 

journeys; 1,980 self-report journeys ) 

14.8 21.6 +6.8 +46.2 

Matched-trips (n=8 studies; 4,197 journey 

pairs) 

15.6 18.8 +3.2 +20.3 

     

 

Discussion	

To my knowledge this is the first systematic review to report studies that assess the difference 

between self-reported and GPS measured journey duration. The results show that average self-

reported journey durations are consistently over-reported in comparison to GPS measured durations. 

With all 12 results included, the summary difference on duration was +4.4 mins (+28.6%) per journey 

(with over 6,000 journeys from each measure).  

The existing literature suggests a number of possible reasons why self-reported journey durations may 

be an over-estimation when compared to GPS. For example, respondents often under-report journey 

frequency and group multiple short journeys  into one long self-reported journey [103, 124, 153]. This 

raises questions about participants’ perceptions of what a single journey is, or how to report their 

journey behaviour appropriately. My own pilot work (to be presented in Chapters 3-5) with SenseCam 

has also suggested that participants may include travel related journey activities (for example, loading 

a car or looking for a space to rack a bike) even when instructed not to [154]. A tendency for 

respondents to round travel times (digit preference) has also been identified as a factor in self-reported 

error [93, 95].  
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Another possible reason for self-report error is perception; if travel is generally considered to be 

onerous, it is more likely to be perceived as taking longer than it actually does, and could be over-

reported [61]. It is likely that some or all of these factors contribute to give the longer journey times 

recorded by self-report methods.  

These explanations are based on the assumption that GPS is a valid and reliable measure of journey 

duration but we know GPS have some limitations [59, 81]. Studies by Clark and McKimm [155] and 

Li [156] using direct observation have shown GPS is a valid measure of journey duration in 

experimental settings. However, GPS is not currently a perfect objective measure in free living 

situations, and there are sources of error on the data collected. Decisions made by researchers 

regarding definitions of a journey, inclusion and exclusion criteria, and missing GPS data will affect 

the obtained results. Similarly, the signal acquisition or connection-lag times (cold starts) for different 

devices and differential data drop out due to buildings and tree cover will influence the 

underestimation of GPS derived journey duration [64, 105]. It is therefore possible that for some 

journeys, the difference in journey duration is from GPS error rather than error in the self-report 

measure. Participants can forget to wear GPS devices at times and therefore completely miss trips that 

are recorded by self-report. This would increase the apparent over-reporting in unmatched analysis.  

To my knowledge (and that of my co-authors on the submitted manuscript), the systematic 

comparison of two different analysis techniques (matched-trip and unmatched-trip) presented here has 

not been conducted or reported previously. The unmatched-trip analyses show a greater range of 

results and aggregated over-report than the matched-trip (by a factor of two), showing the important 

difference between these analysis techniques. This finding is not surprising; matched trip analysis 

compares like journey to like journey, and discards trips not appearing in one or other method; 

unmatched trip analysis compares average journey behaviour from one measure to average journey 

behaviour from the other and includes error inducing trips that would be excluded by the other 

analysis method. 
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The excluded studies presented in Table 2.5 displayed a much greater range of values for the 

difference between self-report and GPS, from large negative (under-report) to large positive (over-

report). It is not surprising these non-comparable data sets had greater differences than the comparable 

ones displayed in Table 2.3. Although these studies generally scored highly for quality, this calls into 

question the usefulness of non-comparable analysis for individual journey duration comparison. 

Strengths and limitations 

The review presented in this chapter is clearly subject to some important limitations; primarily there is 

not a wide publication history on this topic which has an impact on the quantity and quality of studies 

reviewed, and strength of the conclusions reached from interpreting the results. The main strength 

comes from this review being the first such attempt to appraise the available evidence, and that the 

results identified are consistent in their findings. 

The included studies displayed heterogeneity in design and methodology, and this will limit the 

usefulness of the aggregated results. Importantly, Table 2.4 shows different self-report methods were 

used, and this may introduce variable self-report error. My subsequent pilot work with SenseCam 

recorded journey times has suggested error or bias varies by type of self-report [154, 157]. The scope 

of the included studies is a general limitation. These studies come from seven different countries (all 

but one being a developed, Western setting) and six of the studies only investigate one mode of travel. 

The “accuracy” of GPS can vary according to mode assessed [158] and this varied between studies. 

Ultimately, this review was able to include only eight studies for analysis and the representativeness 

of the findings is not clear. 

Only four of the studies presented their data in a way that allowed for the statistical significance of the 

results to be calculated. Again, this limits the usefulness of the aggregated error result. Without limits 

of agreement analysis (reported in no study) we are unable to assess the extent of random error as 

opposed to systematic bias and this is a major limitation to this review.  

In terms of the quality of the studies, two scored from 0-3, three from 4-6 and nine from 7-9. Overall 

the 14 studies can be considered to be of moderate to high quality, when assessed against the criteria 
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chosen for this review and this strengthens the conclusions of this review. In a systematic review it is 

important to appraise the quality of the studies [159, 160] and the quality criteria were developed from 

those used in a previous GPS review [105]. However, due to the low number of available studies I 

was reluctant to exclude on the basis of quality, particularly as the magnitude of over-reporting was 

not associated with study quality. Further, the criteria I used are not previously validated, and 

boundary limits (e.g. on sample size) were chosen pragmatically, rather than with a predetermined 

rationale. 

As with any review, there is a possibility of publication bias. Large differences may not be reported if 

they jeopardise current or future work, or may be kept in-house for privacy reasons. Furthermore, I 

was unable to include a number of validation studies that only reported correlations, even though this 

is an inappropriate test of error or agreement between measures [161].  

Later in my thesis (when analysing my main data set) I realised it was a limitation to only investigate 

journey duration. This is just one potential source of bias when investigating travel behaviour [162]. 

Another important and related component of travel behaviour is journey frequency or trip rate which 

is said to be underreported [103, 124, 153]. It has been suggested that over-reporting of duration is a 

function of under-reporting journey frequency (trip-chaining or reporting multiple short trips into 

fewer long trips). However, over-reporting was also evident in matched analysis studies suggesting 

that self-reported trip-chaining cannot account for all duration over-reporting.  

Conclusions	from	this	review	

This review demonstrates that there is a disagreement between self-reported and GPS measured 

journey time; it is consistent in direction, but variable in magnitude which means that the two 

measures should not be used interchangeably. It also means that based on the assumption GPS is the 

more objective measure, studies using self-reported journey duration over multiple journeys and days 

are likely to be substantially over-estimating the travel time or exposure to active and sedentary travel. 

Whether this is in transport modelling, or to calculate the association with a health outcome, these 

results will have been attenuated by the error on self-report.  
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The results from this review also suggest that any study relying on self-report to assess journey 

duration should go beyond coefficient of validation calculations, and seek to quantify the error on 

their measure with a more objective measure (such as GPS or SenseCam). Continuous, on-going 

studies (such as the NTS) considering a move from self-report to GPS based measurement should 

carefully consider the implications of the difference between measures. 

This review also demonstrates that, at present, studies reporting these data are sparse. Studies 

measuring travel duration with self-report and an objective measure such as GPS should report their 

data in such a way that a more comprehensive review can take place in the future. 

Regarding matched and unmatched-trip analysis, the choice of analysis method clearly varies between 

studies and researchers. The chosen method seems likely to affect the error, or over-reporting, 

detected. Unmatched analysis shows the total discrepancy between what people tell us in self-report 

measures and what the GPS measures over the period of data collection. However, the differences can 

be due to the amount of data collected, rather than errors of participant report. The matched tells us 

how much people misestimate only what they remember and report doing and is usually only possible 

on a smaller proportion of the data due to the application of filters and data inclusion criteria.  

Future study from this review 

As GPS technology improves, and more studies are published, I would recommend further analysis of 

the bias on self-report data. This should investigate by study quality, study method, different types of 

self-report measure: questionnaire, diary-log, and interview, and by different mode of travel, 

particularly sedentary versus active modes for health intervention work.  

Furthermore, I believe the large range of bias detected in this review supports testing other methods 

for assessing the bias on self-reported travel behaviour. As presented in the previous chapter, I think 

SenseCam has considerable potential to allow a better assessment of the error on self-report than GPS. 

The next few chapters will present my attempts to develop and test a suitable method. 
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Chapter	conclusion 

This chapter was an attempt to summarise and appraise the available evidence on a question that is 

central to my thesis; namely, how does self-reported journey data compare to objectively (GPS) 

measured journey behaviour. This was in response to my first thesis objective. I found self-reported 

journey duration was over-estimated (by variable amounts) in all eligible studies. 

The rest of this thesis will describe how I attempted to contribute new evidence to this topic through 

developing a new method to measure travel behaviour. This responds to my second and third thesis 

objectives.  
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	  Part 2 – Developing a SenseCam method 
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CHAPTER	3	–	A	FRAMEWORK	FOR	DEVELOPING	A	SENSECAM	METHOD	

Summary	

The Chapters in Part 2 aim to address my second thesis objective; namely developing a method to use 

SenseCam in travel measurement. This chapter assesses the appropriate methodological and 

theoretical steps to establish SenseCam as a feasible, valid and reliable measure so it may be used to 

investigate the error on self-report. In this chapter, I propose my own validity and reliability 

framework developed from the existing health behaviour measurement literature. 

 

Introduction	

I will start by exploring the literature and terminology associated with health behaviour measurement. 

I will then propose my own framework from the aspects selected as appropriate to my second thesis 

objective. 

Feasibility	

Feasibility describes whether a tool or measure can be used for its designed purpose [163]. A device 

may produce valuable data, but if it weighs 35 kg it will be too heavy to be worn during free-living 

physical activity and it would not be feasible for a physical activity measurement study (see early life-

logging devices which resemble a desktop computer worn in a harness [132]). Feasibility can be 

assessed by conducting field testing and small scale “proof of concept” studies. These should assess 

participant feedback (e.g. satisfaction and burden) as well as data issues. For example, can meaningful 

information be produced in reasonable time frames?  

Validity	

Validity refers to the extent to which a test result is representative of the true scientific value. In this 

scientific context I use “true” to mean an exact representation of what happened, free from all possible 

sources of error or bias. I found the following educational literature definitions of validity useful: 
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 the degree to which tools accomplish the purpose for which they are being used defined by 

Worthen et al., 1993 [164] 

 the extent to which certain inferences can be made from test scores or other measurements 

defined by Mehrens and Lehman, 1987 [165] 

Validity is said to be a distinct construct from reliability (discussed below) and one that is more 

difficult to measure [166]. Validity can refer to Test validity and Experimental validity, themselves 

consisting of a number of components. The following section will outline the common sub-types and 

definitions used when discussing behavioural measurement with human participants. Within the 

literature some terms are used interchangeably and different categorisations are used. I will present 

some commonly accepted definitions and categorisation, taken primarily from two sources directly 

relevant to my Thesis; the MRC Diet and Physical Activity Measurement Tool Kit [163] and the 

Social Research Methods Knowledge Base [167].  

Test	validity	

Test validity is the degree to which a tool measures what it claims to measure. Part of the difficulty in 

validating physical activity (as well as other health behaviour) measurements is because the ‘truth’ is 

very hard (if not impossible) to know with absolute certainty. This is due in part to a lack of exact 

biomarkers or easily quantifiable “packets” of the behaviour. Poor overall validity is often a result of 

systematic errors in the measurement tool or technique [163].  

The primary types of test validity as defined by the MRC Toolkit are Content, Construct and 

Criterion. It is this model of validity that I will use for my thesis as it has been defined from the point 

of view of physical activity and nutrition measurement. However, it is worth noting that other models 

exist; for example, Patterson et al argue that criterion and content validity are really estimation 

strategies for construct validity [168]. 
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Content and Face validity 

Content validity (also called logical validity) was defined (in a psychological testing context) by 

Anastasi and Urbina as a “systematic examination of the test content to determine whether it covers a 

representative sample of the behaviour domain to be measured" [169]. The MRC Toolkit defines it as 

how well the “domain intended for measurement” is covered by or tied to the test or measure. It is 

important to consider if any aspects of the behaviour being measured are over or under represented, 

for example if we consider physical activity, does the measure capture exercise well, but occupational 

activity poorly. 

Face validity is a distinct concept, but similar to Content validity. It is taken to mean a measure looks 

like it will do what it is designed to do, rather than it has been demonstrated or proved to do so. 

Construct validity 

Construct validity regards whether, and to what degree, a tool measures what it purports to measure. 

For my thesis, this means to what degree SenseCam measures travel behaviour(s). The following 

variants of construct validity can be found in the literature: 

 Convergent validity is whether a tool is correlated to another tool that it should theoretically 

be related to. This is examined by having two or more different instruments measure the same 

construct. A high degree of agreement or concordance between instruments indicates good 

convergent validity [170] 

 Discriminant validity (also Divergent validity) conversely this examines if two 

measurements that are supposed to be unrelated, are in fact, unrelated 

 Nomological validity is whether the concept or measures being tested behave as they should 

with other related concepts or relevant variables 
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Criterion validity 

Criterion validity concerns whether a tool correlates to a criterion tool already held as valid [163] 

(making criterion validity analogous to convergent validity with a gold standard or criterion measure). 

There are two common types: 

 Concurrent criterion validity is comparison of one measure, to a measure previously shown 

to be a gold standard or criterion measure, when the data are collected at the same time. When 

this “gold standard measure” is a truly objective measure (e.g. double labelled water for 

energy expenditure) we are said to be assessing absolute validity 

 Predictive validity is the extent to which a result from one measure predicts a result from a 

criterion measure when the data are collected at a different times 

Other terms 

Other validity terms exist in the literature but are not discussed here. For example, Comparative 

validity can be used to describe concurrent or convergent typologies [171]. Further, Representation 

validity or Translation validity, concerns the extent to which an abstract theoretical construct can be 

turned into a specific practical test and are not discussed in this chapter. 

Experimental	validity	

Experimental validity refers to the wider study design and procedures. Experimental validity is 

comprised of two sub-groups: 

Internal validity  

Internal validity is the extent to which conclusions drawn from the experimental data are free from 

confounding issues which cause bias such as reactivity and missing data; methodological quality. It is 

most often used in the context of causal relationships. 
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External validity  

External validity is the extent to which conclusions drawn from the data are generalizable to the larger 

population (e.g. do not exhibit sample bias)9. Age, sex, ethnic origin, socio-economic status may all 

limit generalizability (MRC website). For example with SenseCam, while the camera will perform the 

same whoever wears it (i.e. it will take photos automatically), the way it is worn in terms of 

compliance and wear-time may vary by individual or population group. 

Assessing validity 

The different types of validity discussed above can be assessed in different ways, and there is debate 

about the most appropriate [172]. The choice may be influenced by whether the data are continuous, 

ordinal or categorical. Generally, validity will be assessed by a correlation coefficient, a regression 

analysis, a Bland-Altman analysis, or a combination of these techniques [161, 163, 172]. 

 

Reliability	

Reliability10 is a related but different concept to validity; it is the extent to which a tool gives 

measurements that are consistent, stable, and repeatable [163]. While high reliability does not imply 

high validity, a lack of reliability does place limits on a tests overall validity. Two accepted 

definitions of reliability11 are; 

 the degree of consistency between two measures of the same thing defined by Mehrens and 

Lehman [165]; 

                                                            
9 Ecological validity is similar to external validity, but refers to the extent to which experimental conditions accurately 
reflect real world conditions 

10 I am only considering absolute reliability. Relative reliability, which refers to degree to which the position of individuals 
in a sample is consistent over repeated measurements, is not relevant to my research objective (Baumgartner TA: Norm-
referenced measurement: Reliability. In Measurement concepts in physical education and exercise science. Edited by Safrit 
MJ, Wood TM: Human Kinetics Books; 1989)  
 
11 Again, these definitions are from the educational literature 
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 how stable, dependable, trustworthy, and consistent a test is in measuring the same thing each 

time defined by Worthen et al., [164] 

Reliability is affected by random error; the literature is equivocal as to whether systematic error (bias) 

influences reliability. For this thesis I will assume that stable systematic bias does not influence 

reliability, but inconsistent or proportional bias could. The MRC Toolkit notes high reproducibility is 

possible due to a consistent over- or under- reporting of diet (or activity); the method can repeatedly 

report incorrect data in a reliable manner [173]. There are several general classes of reliability12, and 

procedures to assess or estimate them. 

Test-retest reliability 

Also called repeatability or stability, this assesses the degree to which test scores are consistent from 

one test administration to the next. Measurements are gathered from a single experimenter or 

researcher who uses the same methods or instruments and the same testing conditions. This estimate 

incorporates intra-rater reliability, or the stability of the person taking or interpreting the 

measurement.  

Test-retest reliability is commonly assessed by the Coefficient of variation (standard deviation of 

repeated test as a percentage of the mean). The Intra-class Correlation Coefficient (ICC), Pearson 

correlation and Spearman correlation can be used for continuous data (depending on whether the data 

is normally distributed). Ordinal data can be assessed by Weighted Kappa and binary data with the 

Kappa Statistic. 

An important point is that if the behaviour varies widely between tests (i.e. has poor stability) the test-

retest on that behaviour will show poor results. This can certainly be the case in when test-retest is 

assessed by measuring physical activity behaviour from day to day. I will address this with respect to 

establishing test-retest reliability for SenseCam in Chapter 5.  

                                                            
12 There are other forms of reliability not presented here. For example, Internal consistency reliability is the correlation of 
several items in the same test that are designed to measure the same thing. 
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Inter-rater reliability  

Also called concordance, this assesses the degree to which test scores are consistent when 

measurements are taken by different people using the same methods. This is usually assessed by 

percentage agreement for categorical variables and Intra-class correlation coefficient (ICC) for 

continuous variables.  

Inter-instrument reliability  

This assesses the degree to which test scores are consistent when measurements of the same thing are 

taken by different devices. In other words, would two SenseCams looking at the same journeys give 

consistent measurements compared to each other? This is usually assessed by percentage agreement 

for categorical variables and ICC for continuous variables.  

 

A	note	on	accuracy	and	precision	

The terms accuracy and precision are widely used within the measurement literature. I have found that 

their use is variable; often they are used interchangeably with validity and reliability; other times they 

are used to represent specific aspects of validity or reliability. Hanneman reports they are often used 

when the authors mean bias and reliability [174] and Mantha et al., recommend the use of agreement 

and reliability instead [175].  

Streiner and Norman discuss this issue and suggest it is both “inaccurate and imprecise” to use the 

terms accuracy and precision in place of validity and reliability [176]. They argue both validity and 

reliability are more complex and incorporate more ideas than accuracy and precision which are more 

specific terms. However, they suggest accuracy is interchangeable with validity when there is a 

“known true value”. For reasons of consistency and clarity I have done my best to avoid using 

accuracy and precision throughout this thesis wherever possible and use agreement, bias, error and 

reliability. 
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Validity	and	reliability	for	SenseCam	measurement	of	travel	

Figure 3.1 shows the components of validity and reliability I have identified as relevant to my second 

thesis objective; developing a method to measure travel behaviour with SenseCam. It also shows the 

common tests used to assess these components. 
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Figure 3.1 Schematic representation of the different types of validity and reliability I have identified for my research objective 
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Framework	for	establishing	the	feasibility,	validity	and	reliability	of	
SenseCam	in	travel	behaviour	measurement	

Based on the material discussed in this chapter I have developed a methodological framework13 for 

establishing the feasibility, validity and reliability of SenseCam (see Table 3.1). This is based on the 

elements I deemed relevant and suitable for the assessment of a device used to measure travel 

behaviour. In the following chapters I describe how I assessed SenseCam against each part of the 

framework.  

I acknowledge there are certain limitations to this framework. For example, it does not include 

predictive validity, a common technique in health research, nor internal consistency reliability, 

nomological validity or discriminant validity [163, 167]. While I have not selected these for 

establishing my SenseCam method they are well known aspects in measurement research. Nor does 

this framework account for important issues such as device wear-time criteria (important if we are 

investigating normal daily behaviour for example).  

      

                                                            
13 I take methodological framework to mean a strategy for combining research methods and analytic techniques to answer a 
research question. In this case, can SenseCam measure travel behaviour well enough to investigate the error on self-report? 
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Table 3.1 Methodological framework for establishing feasibility, validity and reliability of SenseCam 

Stage Process Outcome assessed 

   

Feasibility 

Proof of concept 1. Field testing and Pilot testing of device in controlled 

and free-living settings 

Does SenseCam generate meaningful 

travel data? 

Test Validity 

Construct 

content and Face 

validity 

2. Examination of transport and active travel literature 

3. Consultation with transport and health experts  

Does SenseCam measure the relevant 

travel behaviours, and the purported 

dimensions within them?  

Construct 

convergent 

4. Assessment of the correlation between SenseCam data 

and Self-reported data from Pilot 1 and 2 

Does SenseCam data agree and correlate 

to that from an established measure (self-

report)?  

   

Criterion 

concurrent 

5. Comparison to direct observation for mode and 

duration 

Do SenseCam measurements of journey 

mode and duration agree with those from 

direct observation?  

   

Experimental Validity 

Internal validity 6. Examination of bias such as reactivity and missing 

data  

Are conclusions drawn from 

experimental data free from bias? 

External validity 7. Examination of sample bias (age, sex, ethnic origin, 

socio-economic status)  

Are the conclusions generalisable to the 

larger population? 

   

Reliability 

Inter-rater  8. Assessment of correlation (ICC) between two 

independent researchers coding the same data for 

mode and duration  

Can we develop a coding protocol so that 

different researchers interpret the same 

journeys and durations from the images? 

Inter-instrument 9. Assessment of correlation (ICC) between two 

independent devices recording the same durations  

Do different devices record consistent 

data? 

Test-retest 10. Comparison to direct observation for repeated 

journeys 

Does SenseCam record the same modes 

and durations over consecutive tests? 
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Chapter	conclusion 

This chapter attempted to appraise and summarize the literature on measurement feasibility, validity 

and reliability. I have selected the aspects relevant to establishing SenseCam as a measure of journey 

behaviour suitable to investigate the error on exposure to active and sedentary travel behaviours. 

The framework presented provides a basis and rationale for my field testing and pilot testing. It also 

allows me to present the results in a logical way that takes the reader through the process of 

establishing the SenseCam method.  
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CHAPTER	4	‐	TESTING	SENSECAM	

Summary	

This chapter will describe how I developed a method for using automated wearable cameras to 

measure exposure to travel behaviour, in terms of journey frequency, mode and duration. This is in 

relation to Thesis Objective 2, described previously. I will outline the process of field testing, pilot 

testing and criterion testing and developing the necessary procedures and protocols to use SenseCam 

as a measure of travel behaviour in a volunteer population. 

 

Methods	

Pre testing (prior to start of DPhil studies) 

In early summer 2009 our research group obtained two loan SenseCam devices from the Sensors and 

Devices Research Group at Microsoft Research (Cambridge, UK). They had asked us to assess how 

SenseCam might be used in the field of Public health. With two other researchers (Dr Charlie Foster 

and Dr Justin Richards) we trialled the devices at the Iffley Road Sports Complex in Oxford, UK. We 

observed each other conducting a variety of activities selected from a list of 20 most common 

physical activities in the UK (taken from the Active People Survey conducted by Sport England). The 

activities included stationary cycling, treadmill walking and running (with and without loads), rowing 

ergometers, a range of gym and free weight activities and a range of speeds on an outdoor running 

track. We also tested sporting activities such as tennis and squash but did not test any contact sports 

such as soccer or rugby, or any water sports such as swimming. During the activities the wearer was 

asked about comfort and how noticeable the device was. 

Self-testing (prior to start of DPhil studies) 

Myself and Dr Charlie Foster wore SenseCam for various trips and journeys and half and whole days 

between October 2009 and November 2009. We aimed to assess the feasibility of SenseCam for 
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identifying our own journeys for a range of common travel behaviours. These included walking, 

cycling, driving, car passenger, bus, train, London Underground and also when we flew to Dublin for 

a meeting with the Clarity Research Centre at Dublin City University (a computing group also using 

SenseCam). My assessment metrics were as follows; comfort; ease of wear during travel and 

otherwise; identification of any problems during use; and demonstration that travel behaviour (mode 

and duration) could be identified from the images. It was at the completion of this stage I first started 

to conceptualise my thesis aims and objectives. 

Volunteer testing (prior to start of DPhil studies) 

The next stage was to ask volunteers in my research group to wear SenseCam, so I could attempt to 

identify journeys of third parties (i.e. journeys I had not completed myself). I also used this stage to 

develop and refine instructions and protocols for wearing the device. SenseCam came with basic wear 

instructions developed by the researchers who invented the device and I adapted these for a travel 

research setting. This work took place from December 2009 to March 2010. The primary method for 

protocol and instruction development was in depth interviews after the device had been worn. 

Pilot Study 1 – Oxford SenseCam study  

The pilot study was designed as a standard measure of agreement investigation, as described by Bland 

and Altman [161]. In September 2010 I travelled to the National Centre for Social Research who 

administer the National Travel Survey (NTS) and obtained permission to base my self-report diary on 

their measure. Through consultation with physical activity researchers (Professor Ilse De 

Bourdeaudhuij, Ghent University and Professor Alan Batterham, Teeside University) with experience 

in similar studies using accelerometers I developed the following design; 

 20 volunteers 

 1 full day of travel wearing camera  

 Completion of self-report diary for the same period 

 Structured interviews about participant burden and experience 
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I conducted this pilot between October and December 2010. The pilot was designed to answer the 

following questions, as directed by the methodological framework; 

 Can SenseCam be used to detect and record journey behaviour in free living volunteers? 

 Can I develop a coding protocol to determine journey start and end time?  

 How does the device perform compared to the self-report survey?  

 What are the experiences and issues for SenseCam wearers, and how do these inform user 

protocol and instruction design? 

 Can the data be used to estimate error on self-reported travel behaviour, and if so what are the 

indications from 20 participants? 

The findings from these questions will be presented in the following sections, with reference to the 

framework of developing the feasibility, validity and reliability of the SenseCam methodology. The 

study has been written up in full and is published in the International Journal of Behavioural Nutrition 

and Physical Activity (IJBNPA) [154]. The paper can be found in Appendix 3. 

This study received ethics approval from the Social Sciences and Humanities Inter-divisional 

Research Ethics Committee (IDREC) in accordance with the procedures laid down by the University 

of Oxford for ethical approval of all research involving human participants (Ref No.: 

SSD/CUREC1A/10-054 - see Appendix 4). 

Pilot Study 2 - The School Food Journey study 

The School Food Journey project was a pilot study into the use of SenseCam as a qualitative measure 

of environment and food purchasing behaviour in 13-15 year old school children on their journey to 

and from school. The Principal Investigator was Gill Cowburn (Senior Researcher in the same 

research group as me). It took place between March-May 2011. This presented an opportunity to 

investigate SenseCam measurement of travel behaviour over a five day period. I was able to 
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incorporate a researcher led travel questionnaire (investigating journey mode and duration) into the 

existing research design and conduct a similar experiment to Pilot 1.  

This second pilot had the following aims; 

 To test the feasibility of using SenseCam over multiple consecutive days 

 To test the feasibility of using SenseCam in a teenage population and school setting 

 To test the inter-rater reliability/agreement of the coding protocol developed in Pilot I 

 To investigate if the error on self-reported journey duration from an adult population, as 

shown in Pilot I was apparent in a teenage population 

As with Pilot I, the findings from these questions will be presented in the following sections, with 

reference to the framework of developing the SenseCam methodology. This study has also been 

written up in full and published in the American Journal of Preventive Medicine [157]. The paper can 

be found in Appendix 5. 

This study also received ethics approval from the Social Sciences and Humanities Inter-divisional 

Research Ethics Committee (IDREC) in accordance with the procedures laid down by the University 

of Oxford for ethical approval of all research involving human participants (Ref No.: 

SSD/CUREC1A/10-092 - see Appendix 6). 

Criterion validity and reliability experiment – SenseCam compared to Direct observation 

To establish criterion concurrent validity, I designed an experiment to compare SenseCam data to an 

accepted criterion (gold standard) measure. For travel behaviour this is direct-researcher observation 

[155, 156]. This experiment also allowed me to assess inter-instrument reliability, intra-rater 

reliability and inter-rater reliability.  

In a controlled setting I asked a second researcher (Dr Aiden Doherty; AD) to wear a SenseCam and 

conduct a series of 20 journeys. Additionally I asked a third researcher (Dr Justin Richards; JR) to 

accompany AD for some journeys (matching his behaviour exactly). For these journeys taken 
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together, I asked them both to wear two SenseCams to assess inter-instrument agreement. I asked 

them to conduct designated journeys, accompanied them myself, and timed each journey by wrist-

worn stop-watch. I used a short protocol for direct observation to identify the start and completion of 

journeys (see Table 4.1). I then retrieved the recorded image data and coded them according to my 

coding protocol. I compared the observed durations and modes to the SenseCam (worn by AD) results 

to assess criterion validity. The data from JR’s SenseCam allowed me to repeat the criterion validity 

measure and assess inter-instrument agreement. 

Having coded the data myself, I asked AD code the same set of image data. I compared his coding to 

the criterion observed data as a further test of criterion validity, and I compared his coding to my 

coding as a measure of inter-rater agreement. 

The travel behaviour was simulated free-living; I informed AD and JR where I required them to go 

and by what mode. For this experiment I avoided simulating “breaks” (stationary periods of three or 

more minutes within a journey; see Coding protocol in Chapter 5) for reasons of simplicity, but 

included some chained journeys (multiple modes between destinations).  
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Table 4.1 Direct observation protocol 

 Journey start 

 

Journey end 

General principle for all journeys Start of travel or motion End of travel or motion 

   

Walking Transition from inside to outside 

or 

start of motion after period of 

stationary 

Transition from outside to inside 

or  

start of stationary after period of 

motion 

Cycling Start pedalling Stop pedalling and dismount from 

bike 

Driving Start motion in car from stationary 

period 

Complete motion in car and 

journey finishes 

or 

park car and finish journey 

Car passenger Vehicle starts moving from 

stationary period 

Vehicle stops moving and journeys 

finishes 

   

 

Data collection took place on 16th April 2013. Data analysis took place on 17th April 2013. AD and I 

conducted journeys 1-7 and were accompanied by JR for journeys 8-20 (see Figure 4.1). I timed all 

journeys using a Casio wrist-worn stopwatch (see Figure 4.2) according to the protocol and recorded 

the times in a notebook. 
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Figure 4.1 Drs Doherty and Richards after completing journey 8 

 

 

Figure 4.2 Drs Richards and Doherty against the clock prior to the start of journey 20 
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Figure 4.3 Dr Doherty demonstrating how to wear two SenseCams at different heights by adjusting the lanyard 
length 
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Outcomes	

This section will describe the outcomes from pre-testing, self-testing, Pilot study 1, Pilot study 2 and 

the Criterion experiment. I will report the outcomes with reference to the methodological framework 

described in Chapter 3.  

Feasibility	
 

Feasibility 

Proof of 

concept 

1. Field testing and Pilot testing of device in 

controlled and free-living settings 

Does SenseCam generate meaningful 

travel data? 

 

Does SenseCam generate meaningful travel data? This is concerned with the practical element of 

whether, when worn, does SenseCam provide images that reveal the travel behaviour of the wearer? 

The conceptual issue of whether these images are a true representation of the travel behaviour will be 

discussed in the validity sections. 

Pre testing 

It was immediately apparent that most vigorous activities were uncomfortable for the wearer and 

when the images were viewed, these activities were not easily identifiable (for example the running 

shown in Figure 4.4). However, stationary cycling and most walking speeds were comfortable for the 

wearer, and the images revealed these activities well.  

The outcomes of the pre-testing led me to conclude that measurement of walking and cycling showed 

promise, but that other common physical activities may not be as suitable. I reported these findings to 

Microsoft Research in Cambridge in Summer 2009 and they encouraged myself and Dr Charlie Foster 

to apply for a Microsoft Research PhD Scholarship to pursue this work. This application was 

submitted in September 2009 and approved in January 2010 (with funding to begin in October 2010). 
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Figure 4.4 Field testing of SenseCam. Clockwise from top left; walking at 3mph, running at 5mph, cycling on a 
stationary bike at 90 rpm and using a rowing ergometer 

 

 

Self-testing 

Having identified the potential of measuring walking and cycling with SenseCam, I assessed the 

possibility of measuring other common travel behaviours. In a controlled setting, SenseCam proved 

able to record the travel behaviour of two researchers (myself and Dr Charlie Foster). Additional 

travel activities included driving, being a car passenger, taking over-ground and London Underground 

trains, bus travel and being an airline passenger. There were two notable findings; in a “racing bike” 

type position the camera “dangled” too much for comfort, and when traveling through airports the 

camera had to be removed during security clearance and passport control as no photography was 

allowed. 
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Upon viewing the images, I determined that my own travel behaviours could be successfully 

identified and journey -start and -end time determined, from the time stamp the device records for 

each image.  

Volunteer testing 

The self-testing process was repeated with volunteers from our research group. Five volunteers wore 

SenseCam for a day, and again the device successfully captured images that allowed me to identify 

the volunteers’ journeys. This showed that SenseCam images could reveal travel behaviour to a third 

party viewer who had not completed the journey. I also used this stage to develop and test the 

protocols and instruction sheets, and interviewed each volunteer after they wore SenseCam for 

feedback and comments on what should be included in participant demonstrations and information 

sheets.  

Pilot Study 1 – Oxford SenseCam Study  

The pilot demonstrated that SenseCam can successfully be used to record travel behaviour in a sample 

of volunteers (n=20) over a single day of measurement. Mode, duration and number of trips were 

clearly identified. Figure 4.5 shows a sample of journey modes recorded during the study. 
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Figure 4.5 A sample of images collected during the first SenseCam pilot (reproduced from Kelly et al., 2011) 

 

These images demonstrate the direct observation of journey mode possible from the first-person 

point-of-view. Clockwise from top left, walking, cycling, driving, using the London Underground and 

riding a local bus can be clearly seen and distinguished from each other 

 

Pilot Study 2 - The School Food Journey Study 

This second pilot demonstrated that SenseCam could successfully be used to record travel behaviour 

over a five day period in a small sample of 13-15 years old school children. Figure 4.6 shows a 

sample of travel images collected in this study.  

 
 
 
 

 Image subject to copyright
 

Original available at 
 

http://www.ijbnpa.org/content/8/1/44 
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Figure 4.6 A sample of digital images collected in Pilot study 2 (reproduced from Kelly et al, 2012) 

 

As with Figure 4.5, these images demonstrate the direct observation of journey mode possible from 

the first-person point-of-view. Clockwise from top left, walking, cycling, car passenger and using 

public transport (bus). Note the obscured faces of the third parties. This is an ethical issue associated 

with SenseCam which will be discussed in Chapter 6. 

 

Conclusion 1 - Feasibility  

The results from field testing, and both pilot studies demonstrated SenseCam was a feasible measure 

of collecting travel data. The work also illustrated various practical issues regarding wearing an 

automated camera, and these are discussed in relation to compliance and external validity later in this 

chapter. Additionally, in the process of this work I identified some ethical issues unique to SenseCam; 

these are discussed in Chapter 6. That the work was granted two independent institutional ethics 

approvals for Pilot 1 and Pilot 2 was also important for establishing SenseCam as a feasible method.   

 
 
 
 

 Image subject to copyright
 

Original available at 

http://www.sciencedirect.com/science/article/pii/S0749379712005314 
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Test	Validity	

Construct content validity 

 

Construct 

content and 

Face validity 

2. Examination of transport and active travel 

literature 

3. Consultation with transport and health experts  

Does SenseCam measure the relevant 

travel behaviours, and the purported 

dimensions within them?  

 

Does SenseCam appear to measure (Face validity) and then measure (Construct content 

validity) the relevant travel behaviours, and the purported dimensions within them? This stage 

of validation is a theoretical exercise [163]. 

Examination of transport and active travel literature 

Examination of transport and active travel literature started with the National Travel Survey. As 

discussed previously, the NTS is the foremost on-going travel study in the UK. Table 4.1 shows the 

aspects of travel behaviour assessed by the NTS. For comparison, it also shows data for two other 

established travel surveys, The Sydney Household Travel Survey [177] and the California Statewide 

Travel Survey [178]. 
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Table 4.1 Aspects of travel behaviour assessed by three common travel surveys 

National Travel Survey, UK Sydney Household Travel 

Survey, Australia 

California State-wide travel 

survey 

   

7 days 1 day 1-2 days 

Journey purpose Journey purpose Activity at location 

Time of departure Time of journey Time of departure 

Time of arrival - Time of arrival 

Start location - Origin 

End location - Location 

Mode Mode Mode 

Distance Distance - 

Travel time Duration - 

People travelled with - Vehicle occupancy 

Make of vehicle Vehicle type - 

Driver or passenger - - 

Trip costs Trip costs Trip costs 

   

 

It is apparent that SenseCam images should be able to objectively assess the following aspects of 

journey behaviour from Table 4.1: 

 Mode (and whether car driver or passenger)  

 Duration and time of arrival and departure 

 Frequency 
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This suggests SenseCam is suited to assess exposure to travel, active travel and walking and cycling. 

It is also apparent SenseCam will not be suitable for objectively assessing14: 

 Location of origin or destination (and therefore distance and speed or intensity15) 

 Trip costs 

 Accompanying passengers 

 Vehicle make 

In terms of purpose, SenseCam will be able to assess this to some extent based on the images that 

precede and follow the journey (if recorded). For example images in a home before and images in an 

office after might indicate a commute to work. Likewise images in a shop might reveal the purpose of 

the journey there. 

The aspects SenseCam is not suited to capture may be considered important to understanding the 

determinants of travel behaviour. Questions about determinants of travel behaviour are beyond the 

objectives of this thesis, but existing tools exist to assess these characteristics and SenseCam may 

have a future role as a memory or recall aid for interview purposes. This indicates that the validity of 

SenseCam in travel research is dependent on the research question.  

Consultation with transport and health experts 

In the early stages of my thesis I had a series of meetings with NatCen (National Centre for Social 

Research) who administer the NTS. I also met with Sustrans Research Director Andy Cope. It was 

agreed that SenseCam could measure the purported behaviours and dimensions of travel proposed. 

I have also been able to present my findings at a number of expert meetings and research conferences. 

These include Health Enhancing Physical Activity annual meeting 2011 (Olumouc), Association for 

                                                            
14 SenseCam will not be a criterion measure of these aspects, but could be used as a recall aid to aid better self-report of 
these aspects in future work 
 
15 Intensity is another important aspect of walking and cycling behaviour which can be estimated from distance and duration 
data in the NTS. While SenseCam may give better duration assessment, it cannot assess distance  
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Study of Obesity Conference 2011 (London), Transport Research Group, University College London 

2011 (London), International Conference on Diet and Activity Methods 2012 (Rome) and 

International Society for Behavioural Nutrition and Physical Activity annual meeting (Melbourne 

2011 and Minneapolis 2010, where I also won the Early Career Best Oral Presentation). In all cases 

there was discussion with the relevant experts and researchers and there was agreement that 

SenseCam appeared to measure what was claimed. Most concerns focussed on the practical issues 

around wearing or data management, or ethical concerns around privacy. These are discussed in 

Chapters 5 and 6. 

In terms of over- or under-representing any aspects of travel behaviour, there is no theoretical reason 

to think that this would be the case16. All common journey types should be recorded to the same 

extent. The device should perform the same for car travel, public transport, walking and cycling. In 

practice, it may be that people feel more uncomfortable in public than in their own car and may be 

more likely to remove the device, but the different tests and pilots did not reveal any indications of 

this. However, the small samples and journey numbers do not allow firm conclusions to be drawn and 

when I complete my large study, I will investigate if there is any bias on those journeys missed or 

recorded. 

Conclusion 2 and 3 – Construct content and Face validity  

The examination of the relevant transport literature and the consultation with experts indicates that 

SenseCam appears to measure the components of travel behaviour that are claimed, namely 

frequency, mode and duration. There is no theoretical reason at this stage to suspect that any aspects 

would be over- or under-represented by measuring travel with this method. 

   

                                                            
16 This is probably only true for common journey types. There may be populations that regularly travel by horse, ski, kayak 
or other extreme journey types that SenseCam is not able to record, but these will be a very small or non-existent fraction of 
the data a national travel survey is looking to collect 
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Construct convergent validity 

 

Construct 

convergent 

4. Assessment of the correlation between 

SenseCam data and Self-reported data from Pilot 

1 and 2 

Does SenseCam data agree and 

correlate to that from an established 

measure (self-report)?  

Does SenseCam data correlate to that from an established (previously validated) measure, 

namely self-report? 

Is data from Tool A (SenseCam) correlated to data from another tool that it should theoretically be 

related to, in this case Tool B (Self-report).  

Creating travel data from SenseCam images 

In the previous section I describe how I demonstrated it was feasible to wear SenseCam during a 

range of travel behaviours and the device would collect images of these activities. In order to establish 

SenseCam as a valid and reliable method of travel assessment I had to develop a systematic method of 

creating travel data (determining mode and duration at a journey level and frequency at a summary 

level) from the images collected. The Methods and Coding protocol I developed and used to do this 

are presented in the next chapter in such a way that they could be followed by another researcher (or 

research team). 

Pilot Study 1 – Oxford SenseCam Study  

Combining SenseCam and the travel diary, 105 separate journeys were recorded. This assumes there 

were no journeys missed by both methods. SenseCam recorded 99 journeys (94%) and the travel diary 

recorded 94 (90%). These data are shown in Figure 4.7. SenseCam and self-report identified the same 

journey on 88 occasions (84% agreement). 
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Figure 4.7 Journeys recorded by Self-report and SenseCam in Pilot study 1 

  

 

Over the 88 journeys that both measures recorded, the average reported journey length was 1,064 

seconds (17.7 mins) and the average SenseCam recorded journey length was 910 seconds (15.2 mins). 

Overall, at the group mean level, the self-reported journey durations were 154 seconds (or 16%) 

longer per journey (95% CI = 89 to 218 s; 95% limits of agreement = 154 ± 598 s (-444 to 752 s)). 

Ordinary least-squares linear regression was used to derive the correlation (validity) coefficient and a 

strong correlation between the two methods was apparent (r=0.92, p<0.001).  

These results indicate that each measure misses a small proportion of journeys the other records; 

further, there is a small positive bias on reported duration. However, in the context of health 

behaviour measurement the percentages and correlation coefficients are high [71] and suggest that 

SenseCam demonstrate convergent validity for journey duration, frequency and mode when compared 

to self-report. 

Pilot Study 2 – The School Food Journey Study  

In Pilot 2, 162 journeys were detected from both measures; 150 were reported in the travel survey (12 

were not reported but were shown by SenseCam); 147 journeys were recorded by SenseCam (15 lost 

were due to camera not worn (n=8) or the lens was obscured for the start or end of the journey (n=7)). 
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There were data from both measures for 135 journeys (83.3%). Table 4.2 shows the summary of 

journey durations and modes. 

Table 4.2 Journey mode, frequency, self-reported duration and SenseCam recorded duration for journey stages 
(n=135) for both measures (reproduced from Kelly et al, 2011) 

Travel mode Frequency Average self-reported duration Average SenseCam recorded 

duration 

Seconds Minutes and 

seconds 

Seconds Minutes and 

seconds 

Walk 79 886 14:46 843 14:03 

Cycle 6 800 13:20 514 08:34 

Car 27 484 08:04 495 08:15 

Bus 23 1250 20:50 1098 18:18 

Total 135 838 13:58 828 13:48 

 

 
From the 135 journey stages with data from both measures, 31.4 hours of travel were reported 

(average stage = 838 seconds; 13min 58sec); SenseCam recorded 31.1 hours (average stage = 828 

seconds; 13min 48sec) from approximately 12,000 images of travel. At the group mean level, self-

reported journey stage durations were 10 seconds longer per journey (95% CI = –33 to 53 s; 95% 

limits of agreement = ± 501 s (–491 to 511 s)). Both the within-subjects and the between-subjects 

correlation between methods was strong (r=0.89 (95% CI = 0.84 to 0.93) and 0.92 (95% CI = 0.79 to 

0.97), respectively).  

Similar to Pilot 1, these results indicate that each measure misses a small proportion of journeys the 

other measure records and they do not agree exactly on the duration of these journeys. However, once 

again the percentage agreements and correlation coefficients are at a level that suggests SenseCam 

displays convergent validity for journey duration, frequency and mode when compared to self-report. 

Conclusion 4 – Construct convergent validity  

The results from both pilot studies demonstrate that there is substantial agreement and strong 

correlations between SenseCam data and self-report data for journey frequency and duration. There is 
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almost perfect agreement for trip mode. This is a strong indication that SenseCam is measuring the 

same constructs as self-report, in a similar way. Therefore we can conclude that SenseCam has been 

shown to have high convergent validity with self-report as a method for measuring travel behaviour 

(mode, frequency and duration).  
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Criterion	validity		

Self-report of travel as a generalised method is well established. Some self-report tools have been 

previously validated or compared to an objective measure (for example, using GPS as discussed in 

Chapter 2). However, it should be noted self-report methods are known to have limited validity, due 

in part to human memory and compliance; this was discussed in detail in the opening chapter. 

Therefore to establish criterion validity, I designed an experiment to test SenseCam against a method 

considered a gold standard in travel measurement; direct observation by a researcher [155, 156]. 

Criterion 

concurrent 

5. Comparison to direct observation for mode 

and duration 

Do SenseCam measurements of journey 

mode and duration agree with those 

from direct observation?  

 

 

Does SenseCam data correlate to that from a criterion measure, namely direct observation? 

Experiment 1: Criterion testing of SenseCam 

The observed and stopwatch recorded durations for the criterion experiment are shown in Table 4.3. 
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Table 4.3 Observed and recorded durations for the n=20 simulated journeys in the Criterion experiment 

Journey 

number 

Journey 

mode 

Time 

(minutes) 

Direct 

observation 

with stop-

watch  

Time 

(minutes) 

Camera A 

(PK 

coding) 

Time 

(minutes) 

Camera A 

(PK 

coding; re-

test) 

Time 

(minutes) 

Camera B 

(PK 

coding) 

Time 

(minutes) 

Camera C 

(PK 

coding) 

Time 

(minutes) 

Camera A 

(AD 

coding) 

        

1 Walk 04:43 04:45 04:45 - - 04:45 

2 Car 06:51 06:49 06:49 - - 06:39 

3 Walk 04:37 04:50 04:50 - - 04:30 

4 Walk 02:20 02:24 02:24 - - 02:24 

5 Walk 02:55 02:53 02:53 - - 02:53 

6 Walk 07:14 07:28 07:18 - - 07:18 

7 Walk 10:00 09:59 09:59 - - 09:59 

8 Cycle 07:21 07:20 07:20 07:36 07:42 07:20 

9 Walk 08:30 08:20 08:20 08:24 08:26 08:20 

10 Walk 13:27 13:29 13:29 13:31 13:17 13:29 

11 Cycle 11:24 11:34 11:24 11:33 11:17 11:23 

12 Walk 07:25 07:23 07:23 07:37 07:28 07:34 

13 Walk 05:43 05:48 06:00 05:55 05:54 05:48 

14 Walk 03:07 03:01 03:10 03:08 03:04 03:01 

15 Walk 12:35 12:38 12:38 12:57 12:45 12:38 

16 Car 10:31 10:26 10:26 10:16 10:34* 10:36 

17 Car 11:47 11:46 11:46 12:05 11:55* 11:46 

18 Car 05:23 05:17 05:17 05:54 05:38* 05:17 

19 Car 06:30 06:43 06:43 06:15 06:27* 06:32 

20 Walk 10:32 10:29 11:09 10:30 10:44 10:29 

        

*These journeys were as a car passenger as Camera C was worn by Dr Richards  
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Mode 

For mode, there was perfect agreement between cameras and coders from all cameras for every 

journey undertaken. As such, there was no need for any statistical analysis on this categorical 

variable. 

Duration 

Criterion Validity 1 

How well does SenseCam and my coding of data (AD; Camera A) compare to “gold standard” direct 

observation? Assessed by the paired samples t-test and ordinary linear regression; 

Mean difference = 0:01 minutes (95% CI = -0:01 to 0:04) 

Standard deviation = 0:06 minutes (95% limits of agreement = -0:13 to 0:11)  

Correlation between methods, r = 0.999 

The very small mean difference and very high correlation coefficient suggests very good agreement 

between SenseCam and direct observation for these 20 controlled journeys. The small standard 

deviation and narrow 95% limits of agreement (see Figure 4.8) also shows high test-retest reliability 

considering consecutive tests.  



DPhil Thesis Submission  Trinity 2013 

110 
Paul Kelly     

Figure 4.8 Bland-Altman plot for n=20 experiment journeys showing average of SenseCam (as coded by PK) 
and direct observation durations against the difference (both in seconds) 
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Criterion Validity 2 and 3 

How well does SenseCam and my coding of data (2 = JR; Camera C and 3 = JR; Camera D) compare 

to “gold standard” direct observation? Assessed by ordinary linear regression and the paired samples 

t-test;  

Mean difference (Camera C) = 0:06 minutes (95% CI = -0:01 to 0:14) 

Standard deviation (Camera C) = 0:13 minutes (95% limits of agreement = -0:19 to 0:31) 

Correlation between methods, r (Camera C) = 0.997 

Mean difference (Camera D) = 0:04 minutes (95% CI = -0:01 to 0:09) 

Standard deviation (Camera D) = 0:09 minutes (95% limits of agreement = -0:14 to 0:22) 

Correlation between methods, r (Camera D) = 0.999  

These data were from a second and third camera on a second wearer (JR) for 13 controlled journeys. 

The mean differences and correlation coefficients are slightly worse than from Camera A but still 
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suggest very good agreement between SenseCam and direct observation. The small standard 

deviations and narrow 95% limits of agreement also show high test-retest reliability considering 

consecutive tests. Bland-Altman plots were created but are not shown as they closely resemble Figure 

4.8. 

Criterion validity 4 (new coder; AD) 

How well does SenseCam and AD’s coding of data (AD; Camera A) compare to “gold standard” 

direct observation? Assessed by ordinary linear regression and the paired samples t-test; 

Mean difference = 0:00 minutes (95% CI = -0:01 to 0:05) 

Standard deviation = 0:05 minutes 

Correlation between methods, r = 1.000  

The zero mean difference and the correlation coefficient suggest near perfect agreement between 

SenseCam data (as coded by AD) and direct observation for these 20 controlled journeys. The small 

standard deviations and narrow 95% limits of agreement (see Figure 4.9) also show high test-retest 

reliability considering consecutive tests. This coding was conducted by AD (using my protocol) and 

suggests that criterion validity for this method is not reduced by introducing a new coder. 
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Figure 4.9 Bland-Altman plot for n=20 experiment journeys showing average of SenseCam (as coded by AD) 
and direct observation durations against the difference (both in seconds) 
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Conclusion 5 – Concurrent criterion validity  

The results from the criterion experiment demonstrate that in a controlled journey setting my 

SenseCam method is a valid near-criterion measure of journey mode and duration, as defined by 

direct observation. Each test contains multiple journeys, and the 95% limits of agreements are narrow, 

indicating good test-retest reliability. This will be discussed in the next sections17. That SenseCam is 

not agreeing to the nearest second is likely a function of the sampling rate of the camera (taking 

photos every 10-30 seconds depending on the activity of the wearer) but this does not introduce any 

substantial bias. This will be discussed in Chapter 7 – Study design, as it informed me about the 

required sample size for confidence on my findings when designing my main experiment.  

 

                                                            

17 As the journeys were not the same journey conducted multiple times, this is not true test re-test reliability, and it is not the 
only aspect of reliability which is important. These will be assessed in the Reliability section of this chapter 
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Experimental	validity	

Experimental validity refers to the factors or variables that may influence the results, and the 

generalisability of the conclusions reached to wider populations. In this case it refers to any biases that 

influence the travel data obtained while using SenseCam. The following section will discuss factors 

influencing experimental validity, identified through the field testing and pilot studies, and how these 

may be minimised for the main study and other future work using SenseCam. 

Internal validity  

 

Internal 

validity 

6. Examination of bias such reactivity and missing 

data  

Are conclusions drawn from 

experimental dada free from bias? 

 

 

The question I will ask in this section is what biases are inherent in the SenseCam method of 

measuring travel behaviour? This is not a systematic examination, which may only be possible when 

more studies using the device are completed. However, there are certain key issues that are worth 

considering.  

Reactivity (Hawthorne effect) is when participants change their behaviour as a result of being 

observed or taking part in the study (in this case wearing SenseCam) [179]. There are two behaviours 

in question here; their travel behaviour and their reporting behaviour. In regard to the first, there is 

little that can be done to avoid this. However, all studies should compare their behavioural data to 

existing data sets to “sense-check” the data collected, and I will do this for my main study. In other 

words, does the self-reported data look like expected travel behaviour? I also ask participants if they 

think they changed their behaviour while wearing SenseCam (as part of the end of collection 

satisfaction questionnaire). Of course this is limited in many ways, but gives some indication of 

whether the participant was aware of the device or consciously changed behaviour. No-one in Pilot 1 

or 2 reported changing their travel behaviour, although some said they ate less and snacked less often, 

suggesting some related health behaviour reactivity.  
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It is advantageous that SenseCam has been shown in Pilot 2 to be feasible for multiple days of data 

collection; this allows time for potential reactivity to lessen (acclimatisation) and I will compare 

reporting behaviour across the days of data collection. This is similar to accelerometer studies, 

although I am not planning to discard first and last days of data, which is a limitation. 

In my protocols and instructions I also take care not to reveal to participants I am investigating 

“accuracy” or “error” on their reporting. If asked I say that the images are to “reveal further 

information about their journeys”. This could be considered very mildly subversive, but is not 

pernicious to the participant, and does not breach accepted ethical standards [139]. 

“Lost data” while using SenseCam is another source of bias and a limitation to internal validity. Data 

can be lost when the camera is not worn, is removed, fails due to lack of charge, device malfunction 

or improper operation. Data is also lost when the images do not reveal sufficient information to 

determine journeys. For example, when the lens is obscured by clothing (which could be affected by 

the weather or season) or when light levels are too low at night. 

To minimise lost data and protect internal validity, I have developed and refined participant protocols 

by interviewing participants at data collection. This was particularly informative during the first 

testing with volunteers. The aim was to make it as easy as possible (straightforward and minimal 

burden) for maximal data collection. The following issues were found to be important; ethical 

assurances and pre-empting concerns of participants with instructions for operating the privacy 

button; informing that data will be scrambled and participants will have the opportunity to review and 

delete images; emphasising the absence of audio or sound recording; providing information (and a 

prepared statement) to describe the study to interested third parties; appropriate wear time guidelines; 

operating and charging the device (with email or SMS reminders); and positioning of the device on 

the body (in relation to activity, body shape and clothing). Many of these issues relate to ethical 

research, and I developed a framework based on these findings and examination of the existing visual 

research literature. This is discussed in the next chapter. 
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Conclusion 6 –Internal validity 

SenseCam based measurement is not free from bias, but I have identified some key areas which can 

be addressed to minimise the threats to internal validity. These include issues such as minimizing data 

loss and maximising participant compliance through clear demonstration and instruction to 

participants, as well as providing easy to follow materials. Data loss and compliance, as well as 

evidence of reactivity (discussed in Chapter 7) should always be assessed when using SenseCam to 

measure travel behaviour as indications of internal validity. 

 

External validity 

 

External 

validity 

7. Examination of sample bias (age, sex, ethnic 

origin, socio-economic status)  

Are the conclusions generalisable to 

the larger population? 

 

 

External validity is concerned with how generalisable are the conclusions from the research and does 

the method have sample or selection bias? The key question is whether SenseCam research is 

selecting certain groups or types of individuals, or if certain groups provide more or less complete 

data than others (for example, by being more capable with the technology or working in environments 

not suitable for photography). If this is the case conclusions based on their behaviour may not be 

generalisable to wider populations. In the field testing and pilot studies there was no obvious evidence 

there were any particular groups where wearing SenseCam for travel assessment would not be 

feasible (or valid and reliable) and the pilots included adults and teenagers. However, the samples 

were very small, had few older adults (65 years and above) and were based on volunteers so it is too 

early to draw any conclusions from this. It will be important for me to record demographics of all 

participants, and discuss reasons of those who may refuse to take part after being informed about the 

research (i.e. decline to give consent). As a new technology, it may be that volunteers so far are 

“early-adopters” and different to the wider population in terms of ability and comfort with such 
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devices. However, it is worth noting that previous SenseCam studies in computing and memory have 

successfully employed SenseCam in older populations and in those with cognitive impairments [138].  

Finally, another important point is that for my thesis I have an objective of assessing the error on self-

report. Therefore my “population” is defined by people who would consent to a self-report travel 

study (e.g. the NTS) already. While the volunteers for SenseCam research may not be representative 

of all groups, they may not be so different to populations who would consent to travel surveys. 

Conclusion 7 – External validity 

Considering the external validity of my SenseCam method, it is too early to draw conclusions for 

wider populations based on the small sample sizes used so far. Demographics and differences between 

groups should be assessed in future SenseCam research. 
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Reliability	
 

Inter-rater agreement and reliability 

 

Inter-rater  8. Assessment of correlation between two 

independent researchers coding the same data for 

mode and duration  

Can we develop a coding protocol so 

that different researchers determine 

the same journeys and durations? 

 

 

Can I develop a coding protocol so that different researchers independently determine the same 

journeys, frequencies, modes and durations from the image data? This is assessed by correlation 

between two independent researchers coding the same data for frequency (percentage agreement), 

mode (Kappa statistic) and duration (ICC). The coding protocol is presented in Chapter 6. 

Pilot 2 – The School Food Journey Study 

I coded the data from the School Food Journey Study according to the coding protocol developed for 

Pilot I. In order to assess inter-rater agreement/reliability, a second researcher (Alex Hamilton, DPhil 

student in my group) independently coded the data using the same protocol after a brief training 

session in which I took him through the research objective, the coding protocol and 10 example 

journeys from the field testing data.  

The inter-rater reliability for the raters for journey mode (categorical) was found to be perfect 

agreement (Kappa = 1.00). Alex also identified the same 135 journey stages from the data that I had 

previously. The inter-rater reliability for duration (continuous) assessed by image was also very high 

(intraclass correlation coefficient = 0.989 (0.985-0.992)) suggesting very good agreement. 

I also used feedback from Alex about unclear or unspecific aspects of my protocol and refined it for 

future work. This predominantly surrounded the language used, although during the 10 training 

journeys it became apparent I needed a clearer definition of when a journey began. Specifically, when 

there were prolonged short movements (e.g., walking for two frames, stopping for three frames, 
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walking for three frames, stopping for eight frames, before beginning to walk for a continuous 

period).  

Criterion experiment 

Inter-rater reliability (agreement) 

From the 20 Criterion experiment journeys I was able to assess how well my coding of data (AD; 

Camera A) compare to AD’s coding of the same data from the same camera. This was assessed by the 

paired samples t-test and the ICC statistic; 

Mean difference = 0:02 minutes (95% CI = -0:01 to 0:05) 

Standard deviation = 0:07 minutes 

Intra-class correlation coefficient = 0.999 (95% CI = 0.998 to 1.000) 

The very small mean difference and standard deviation, and very high intra-class correlation 

coefficient suggests very good agreement and reliability between coders using my protocol for these 

20 journeys. 

Conclusion 8 - Inter-rater agreement and reliability 

When the same data (from Pilot 2 and the Criterion experiment) was independently coded by two 

researchers, the inter-rater reliability was very high. 

 

Inter-instrument agreement and reliability 

Inter-

instrument 

9. Assessment of correlation between independent 

devices recording the same durations  

 

Do different devices record 

consistent data? 

 

Do different devices record mode and duration for the same journeys consistently? This is 

assessed by correlation of data from different devices. 
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Criterion experiment 

How well do Camera A, B and C and their coded data (by PK) compare to each other? These data 

were from three cameras (on two wearers) for 13 journeys. 

Intra-class correlation coefficient = 0.997 (95% CI = 0.993 to 0.999) 

Conclusion 9 - Inter-instrument agreement and reliability 

This result suggests there is very good agreement between devices and high inter-instrument 

reliability. As this incorporates my coding of the three sets of 13 journeys it also suggests very good 

intra-rater reliability. 

 

Test-retest reliability 

 

Test-retest 10. Comparison to direct observation for repeated 

journeys 

Does SenseCam record the same 

modes and durations over 

consecutive tests? 

 

 

Are the data collected from SenseCam stable over multiple tests?  

Criterion experiment 

In the literature this can mean if the same thing (e.g., adult height) measured twice gives consistent 

results. However, travel behaviour varies temporally as previously mentioned, so the “same thing” 

does not exist in this way. As previously mentioned the measurement of varying things (the 20 

controlled journeys) showed very consistent differences between direct observation and SenseCam 

results. While this is not strictly test-retest, it is analogous and indicates good reliability. 

Another important aspect is whether the same researcher interprets or codes the same data the same 

way at different time points. This intra-rater reliability is an important component of test-retest 

reliability. I have done this for the same 20 criterion experiment journeys from Camera A.  
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Intra-rater reliability (agreement) 

From the 20 experiment journeys I was able to assess how well my coding of data (AD; Camera A) 

compared to my coding of the same data three weeks later This was assessed by the paired samples t-

test and the ICC statistic; 

Mean difference = 0:02 minutes (95% CI = -0:02 to 0:06) 

Standard deviation = 0:10 minutes 

Intra-class correlation coefficient = 0.999 (95% CI = 0.998 to 1.000) 

The very small mean difference and standard deviation, and very high intra-class correlation 

coefficient suggests very good agreement and intra-rater reliability using my protocol for these 20 

journeys. 

Conclusion 10 - Test-retest reliability (Intra-rater reliability) 

When the same data (n=20 journeys) were coded by the same researcher (PK) three weeks apart the 

agreement was very high and this suggests good test-retest (intra-rater reliability) for my method.  

 

Limitations	to	Pilot	tests	and	Criterion	experiment	

There are a number of limitations to my methods for testing the validity and reliability of my 

SenseCam method for measuring travel behaviour. As previously discussed, the samples in both 

studies were very small, so the generalisability of the findings e.g. that SenseCam is feasible, are not 

fully clear. There may be certain groups or certain places not yet tested where SenseCam is not 

acceptable. It is also not clear how scalable the method might be based on these two small pilots. In 

terms of reactivity I cannot be sure how much wearing the camera changes the behaviour (reporting or 

travel) of the participant. 

There are also a number of limitations to the criterion experiment. While I included car driving, car 

passenger, walking and cycling travel modes, there were no train, tram or bus journeys. All journeys 
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were also undertaken in perfect daylight levels. In darkness there can be some more ambiguity (2-6 

frames, or 20-60 seconds) about exact start and end times. There are also only 20 journeys, and 

despite the very good scores for validity and reliability it may be the method fails or errs once per 100 

journeys for unknown reasons. 

AD and I conducted the coding. This was not unseen coding as we took part in the journeys the 

previous day. While this should not affect our adherence to the coding protocol, it potentially gave us 

an advantage on coding the exact start and end times. The experiment was also controlled, so only 

simulated free-living. A real day would include more incidental movement, broken journeys and 

potentially ambiguous activities (e.g. walking to, and then around, a shopping centre).  

The limitation of this approach is that it is only applicable to the individual journeys. When it comes 

to assessing daily journey frequency and daily summary travel, it will be assumed that the validity and 

reliability of SenseCam holds. This is not strictly true for reasons of compliance, device failure and 

wear-time. It would be beyond the scope and resources of this thesis to test multiple whole days of 

free-living by SenseCam and direct observation.  

Despite the claim that SenseCam is an objective measure, there is an element of subjectivity in my 

coding protocol. I have defined the start and end of the journeys for my direct observation from 

existing NTS definitions, but have not validated this procedure in anyway. Finally, I intended to use 

four cameras for this experiment (two on AD and two on JR), but have only presented results from 

three. This is because one camera failed entirely due to hardware malfunction.  

Future validation and reliability testing 

I have made some suggestions for how future criterion assessment of SenseCam could improve on my 

experiment;  

 Including other transport modes 

 Including travel at night and in darkness 

 Incorporating unseen coding; the coders did not conduct the journeys 
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 Including more free-living type journeys (with variable breaks) 

 Validating my direct observation protocol 

Chapter	conclusion	

Through a battery of field testing, pilot tests and a criterion experiment against direct observation I 

have demonstrated the validity and reliability of my SenseCam method to measure travel behaviour. 

The results from the comparison to direct observation suggest that SenseCam is well suited for 

assessing the error on self-reported travel behaviour (my third thesis objective). However, these 

conclusions are based on certain assumptions, and the validity and reliability of SenseCam in free-

living remains untested.  
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CHAPTER	5	–	DATA	HANDLING	AND	THE	CODING	PROTOCOL	

Summary	

The previous two chapters outlined a methodological framework for establishing the feasibility, 

validity and reliability of my SenseCam method. While presented sequentially, in practice, this was an 

iterative process and findings from each stage informed the next stage of testing and development. 

The methods I used to generate travel data from SenseCam were refined and developed throughout 

this process.  

This chapter presents the developed procedures and protocols. This includes information on how the 

device and software operate, the coding protocol, and human factor inputs to interpretation that go 

into generating travel data from SenseCam images.  

This chapter can be considered the final outcome and the practical part of Thesis objective 2: Can I 

develop a feasible, valid and reliable method for generating travel data from wearable automated 

cameras? I consider this an “original contribution” of my thesis. 

 

Generating	travel	data	

Once a participant has worn and returned their device (hopefully full of images), I need to generate 

travel data in a systematic way. These are the data processing methods and coding protocols referred 

to in previous chapters. This incorporates (1) downloading images, (2) viewing images in custom 

software and (3) annotating and coding the images. Existing protocols from computer science and 

memory studies existed for (1) and (2) and I was able to use these for my own travel research [130, 

180]. For (3) I had to create my own coding protocol for generating journey data from the images. I 

developed this for Pilot 1 and after refinement tested the validity and reliability in Pilot 2 and the 

Criterion experiment, according to my framework.  
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Data	processing:	downloading	images,	viewing	in	custom	software	and	
coding	the	data		

How do images become journey data? 

This section describes the process of generating useable travel behaviour data from returned 

SenseCam devices. It refers to some ethical issues not discussed yet. These are covered in the 

following chapter. 

1. Images (and other sensor data) are downloaded from returned SenseCam to local machine by 

USB cable. The SenseCam should be turned on before download and connection to computer. 

Figure 5.1 SenseCam plugged into desktop computer for data download 

Desktop PC

SenseCam

USB Cable

 

 

2. Images are imported using the SenseCam Browser software developed by Dr Aiden Doherty 

(Oxford University and Dublin City University) [180, 181]. The browser will assist the user 
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to begin data download. The destination folder for storing images on the local machine should 

be secure and password protected in accordance with ethical research practice.  

 

The free, open-source SenseCam Browser can be downloaded at this web address: 

(http://sensecambrowser.codeplex.com/). Full documentation on installing and operating the 

software is published on the same website. 

 

3. Once downloaded, the SenseCam Browser software uses the image, heat, light and motion 

sensor data to group images “intelligently” into sematic events of the same activity18 (see 

Figure 5.2). Examples of activities the software can automatically detect with good results 

include watching television, sitting in a meeting or travelling in a car [180].  

 

Figure 5.2 Representation of the stages of event segmentation automatically conducted by the browser software 
(Courtesy of Dr Aiden Doherty) 

 

 

 

                                                            
18 This option can be deactivated according to preference. If deactivated the browser will display the entire days images un-
segmented as a single event ready for coding 
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4. The software then displays the images on the computer screen (see Figure 5.3). 

Figure 5.3 Screenshot of images segmented in events by software. On this test day the Camera was recording 
between 14.33 and 21.03 and captured 1203 images (one image every 10.4 seconds). 

 

Based on the sensor data the software has segmented the images into 12 events, each shown by a 

single image. The viewer (researcher or participant) can view the event by clicking on an image. 

 

5. In accordance with ethical research practice, the participant is shown how to use the browser 

and given the opportunity to review and optionally delete any unwanted or unflattering 

images [139]. This can be done by the participant in confidence, or with researcher assistance 

if requested. When the participant has removed any unwanted images, the researcher can 

begin annotation (labelling in the software) and coding (categorisation of data and meta-data 

prior to analysis). 

 

6. The researcher can browse the segmented events as “miniature picture book movies” either 

frame by frame or as continuous playback of images (with varying speed options). Event 

segmentation can be corrected or edited by the researcher using a simple interface in the 
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browser software (see Figure 5.4). While the automated segmentation has shown considerable 

improvement [181] for the purposes of coding travel and travel duration, this manual step is 

necessary as the algorithms cannot yet implement the coding protocol with the desired level 

of detail for my research objectives. This step should be considered a “first pass” with the aim 

of grouping images into the appropriate general events; the exact start and end points will be 

corrected later.  

 

Figure 5.4 Single events (as segmented by software) can be manually corrected by the researcher 

 

In this example the viewer has clicked on an event that includes walking and cycling which were 

grouped into one by the software. It can be split into two separate events by selecting the transitional 

image and clicking on the “Split events into two” option. 

 

7. According to my coding protocol (see next section) the researcher can identify the events that 

correspond to travel and annotate them by mode accordingly from a modifiable list (See 

Figure 5.5). These annotations are saved by the software as meta-data.  
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Figure 5.5 Event being coded as “Cycling” from a list of researcher defined options 

 

 

 

8. According to the coding protocol (see next section) the researcher can now identify and 

correct the first and last image of each travel event (journey) to determine journey duration. 

This is done as before (see Step 5) using the “Split” and “Group” options in the software. The 

software automatically calculates duration from the time-stamp on the first and last image for 

all coded events (see Figures 5.6 and 5.7). 
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Figure 5.6 Event display with four journeys coded 

 

 

Figure 5.7 Close up of journey display 

 

 



DPhil Thesis Submission  Trinity 2013 

130 
Paul Kelly     

9. Once annotation in the software is complete, coded data for all participants can be exported in 

electronic format for analysis. The data can be extracted from the software’s database using 

Microsoft SQL Server Management Studio Express. 

Researchers in San Diego have developed a full instruction and training manual for using the 

SenseCam browser. This also includes coding protocols for other behaviours such as moderate to 

vigorous intensity physical activity (MVPA) and sedentary behaviours. This manual is available to 

any researcher on request. 



DPhil Thesis Submission  Trinity 2013 

131 
Paul Kelly     

The	SenseCam	Journey	coding	protocol	

As mentioned in Chapter 1, work with GPS has raised questions about what a trip or journey actually 

is [86]. Text box 5.1 shows the detailed NTS definition of a journey or trip [120].  

Text box 5.1 Detailed definition of a trip and journey as defined for the NTS 

The basic unit of travel, a trip, is defined as a one-way course of travel with a single main purpose. 

Outward and return halves of a return trip are treated as two separate trips. A trip cannot have two 

separate purposes, and if a single course of travel involves a mid-way change of purpose then it, too, 

is split into two trips. However, trivial subsidiary purposes (e.g. a stop to buy a newspaper) are 

disregarded.  

Note that in earlier publications the word ‘journey’ has been used. ‘Trip’ is now used for clarity, as 

the word ‘journey’ is often used in travel literature to mean a sequence of trips. 

 

For this thesis I have used trip and journey synonymously, and used stage to represent component 

parts. The distinction for stages is important because I am attempting to match SenseCam coded data 

to self-reported data. I have found self-reported data is more likely to group stages into journeys, 

while the SenseCam can reveal independent stages. While I will therefore conduct analysis at the trip 

or journey level, by coding stages I can investigate grouping or chaining of stages as a potential 

variable influencing error. The coding protocol was designed to identify the following aspects of 

journey behaviour;  

 Mode 

 Duration spent travelling from start and end time 

 Purpose where possible from images at origin and destination 

 Any breaks in the journey (and whether trivial or change of purpose) 
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 Journeys comprising multiple stages 

As previously stated this protocol was developed and refined over the course of the pre-testing, the 

pilot testing and the criterion testing. Some of the most useful refinements came when I was training 

other researchers to code the images, as I had to explicitly state my own assumptions and situations 

where subjective judgement might be required.  
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The coding protocol 

As previously discussed, the software allows the researcher to split and group events and annotate 

them. This protocol describes how journey and trip events are identified, start and end times selected 

and the event annotated in the software.  

The coding researcher interested in travel behaviour has six tasks; (1) to identify travel events 

(journeys and trips); (2) to code the events by mode; (3) to manually check and correct the start and 

end images of the event; (4) to code chained journeys; (5) to check for breaks in the event that 

demonstrate if it should be two or more sub-events (stages) and; (6) code purpose.  

(1) Identifying travel events 

The researcher is looking for purposive travel through the participant’s environment as 

indicated by the visual data. While any given single image may be ambiguous, a number of 

consecutive images (including images before and after the travel event) will give context and 

provide insight. The different travel modes will have different visual indicators: 

 

Motor vehicle travel 

Motor vehicle or car travel can be identified by the inside of vehicles; characteristics such as 

seats and windscreens will indicate this. Preceding images may show the vehicle being 

approached and entered. The presence of a steering wheel will demonstrate the participant is 

the driver; the lack of a steering wheel that they are a passenger. 

 

Public Transport 

This includes travel by bus, tram, train or subway (underground). Visual indicators would be 

seating, other passengers and internal design of vehicle or carriage. Preceding images may 

show the outside of the vehicle or carriage, as well as bus-stops, platforms or descending to 

underground level.  

 

Cycling 
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Cycling can be identified by the presence of handle bars, and in many cases cycle lanes 

marked on the road. Preceding images may show the approach to bicycles or bicycle racks.  

 

Walking 

This may be the most complex behaviour to identify from SenseCam images. Walking for 

travel has to be distinguished from other walking such as incidental movement (e.g. in the 

home), retail walking (e.g. within a department store) or occupational walking (e.g. 

movement within an office). Walking for travel should be from one destination to another, 

rather than walking within another context. A strength of SenseCam is that the visual 

information allows for these different types of walking to be identified and distinguished. The 

visual indicators of walking include relative movement past (or getting closer to) stationary 

objects such as trees, buildings or parked cars. The presence of a path, sidewalk or pavement 

may also indicate walking. The coder is looking for evidence of forward motion. 

 

Other 

There are other possible travel modes, for example, tandem cycling, horseback riding, and 

travel by boat or ferry. In the two pilot tests conducted none of these (or any other outside the 

existing protocol) were reported or identified by SenseCam. Any journeys that do not fit the 

existing criteria should be coded as “Other”. Should a previously un-code-able journey mode 

make a significant contribution to total journey behaviour (e.g., >5%) they can be re-analysed 

and the protocol amended. 

 

(2) Code travel events by mode. According to the above rules, the events can be annotated in the 

software and coded as: 

 “Motor vehicle driving” 

 “Motor vehicle passenger” 
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 “Motor vehicle taxi” 

 “Public transport bus (or coach)” 

 “Public transport train (or tram)” 

 “Public transport subway (underground train)” 

 “Cycling” 

 “Walking” 

 “Other” 

(3) Check and correct the start and end of travel events to calculate duration. The aim is to 

determine the time spent travelling, and to distinguish this from travel related activities such 

as securing bicycles or sending a text message from a parked car. 

The general principle is to identify the first and last image of travel; 

 The first image of travel should be selected as the start of the journey.  

 The first image of travel having ended (i.e. the image after the last image of travel) 

should be selected as the end of the journey (see Figure 5.8). 

  

Given that during travel the camera takes an image every 10-15 seconds (discussed in Chapter 

7), this means that following my protocol will result in the journey losing between 0-15 

seconds from the start, and gaining between 0-15 seconds at the end. This is a limitation to 

measuring duration by SenseCam, introducing some uncertainty. However, losing time at the 

start, and gaining time at the end is preferable to gaining time at both ends, or losing time at 

both ends, which would introduce systematic bias to the calculated duration. Further, the 

effect will be small. 
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Figure 5.8 How to select the first and last image of the travel event 

 
 

 

From the time stamps on the selected images, the software will calculate the duration of the 

journey. All journey events greater than three frames or more should be coded. Those 

that last three minutes or longer will be retained at analysis (this is the minimum duration 

required for a journey to be reported in the travel diary – see Chapter 7). 

 

For the different modes, the start and end images will be identified by differing visual 

indicators; 

 “Motor vehicle driving” 

The start image will be the first that shows driving. The vehicle might be entered and 

activities such as texting, in vehicle GPS setting, or applying make-up conducted 

before driving commences. The first image that shows one or both hands on the 

steering wheel for the duration of travel will indicate that driving has commenced. 

 

Similarly, driving may finish and in-car activities be conducted before exiting the 

vehicle. The end image will be the subsequent image to the one that shows one or 

both hands on the steering wheel for the last time indicating that driving has ceased.  
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 “Motor vehicle passenger” 

For motor vehicle passengers, there is less information about whether or not the car is 

being driven. Therefore the start image is the first that shows the inside of the vehicle. 

The end image is the subsequent image to the last one that shows the inside of the 

vehicle. If there is visual information about motion from objects such as trees or 

buildings this should be used to refine start and end of travel. 

 “Motor vehicle taxi” 

Same procedure as for motor vehicle travel 

 “Public transport bus (or coach)” 

The start image is the first that shows the inside of the vehicle. The end image is the 

subsequent image to the last one that shows the inside of the vehicle. There is usually 

less visual information about motion as passengers do not always sit facing a 

window. 

 “Public transport train (or tram)” 

The start image is the first that shows the inside of the carriage. The end image is the 

subsequent image to the last one that shows the inside of the carriage. 

 “Public transport subway (underground train)” 

The start image is the first that shows the inside of the carriage. The end image is the 

subsequent image to the last one that shows the inside of the carriage. 

 “Cycling” 

Once cycle use has been identified from handle bars and/or approach to bicycle or 

bicycle racks, the start image is the first that shows movement through the 

environment, as indicated by relative passage of stationary objects such as buildings, 

trees or parked cars. The end image is the subsequent image to the last one that shows 

movement through the environment, defined by the same criteria. 
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 “Walking” 

Once walking for travel has been identified as defined previously, the start image is 

the first that shows movement through the environment, as indicated by relative 

passage of stationary objects such as buildings, street signs, trees or parked cars.The 

end image is the subsequent image to the last one that shows movement through the 

environment, relative to stationary objects. With walking there are often indicators 

such as being stationary at a front door (while opening or waiting for an answer) or 

entering a building.  

 

Leaving a building is considered the start of a “walk” and entering a building is 

considered to be arrival at destination and the end of the “walk”. This is a limitation 

as walking can continue inside buildings such as hospitals, or shopping centres. 

Sometimes a participant can arrive at home and continue to walk around their house 

for many minutes. In my protocol, this walking is considered to be incidental or 

associated with other activities (leisure, housework, occupational, shopping, etc.) 

rather than in the domain of travel. 

 “Other” 

Follow the same general principles to identify start and end images, and note the 

approach taken as meta-data. 

 

Limitation: The validity of the calculated journey duration will vary slightly according to mode. This 

is due to the variability by which the exact start or end image can be identified. For example, motor 

vehicle start and end times can be more exactly identified than for train travel. This is because there is 

often more visual information about start of travel for motor vehicle travel. Likewise, walking and 

cycling start and end times can be more exactly identified than for vehicle passengers. 

(4) Code Chained journeys  
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A single journey can be made of multiple chained-modes and stages. For example a chained-

journey might look like: 

6 minute walk – 20 minute bus – 12 minute walk 

10 minute drive – 30 minute train – 15 minute walk 

 

Joined stages should be coded to show they are sub-sections of a larger travel journey. This 

will allow chained journeys to be compared to single event or mode journeys that may have 

differential reporting error. A single stage should be coded if it is three or more frames. 

Those stages or trips lasting three minutes or longer will be retained at analysis. The dwell, or 

waiting times in-between (e.g., on platform or at bus stop) are not included in travel time (as 

per the instructions on the travel diary).  

 

Additionally, chained journeys mean there may not be a “destination” image for any but the 

last stage (the final image of walking may be followed by the first image of a car travel). In 

these cases, the last image of walking is the end image for that stage, and the first of the car 

journey (the next image) is the start image of that stage. The limitation is that the preceding 

journey is artificially shortened by one frame. Due to the 10-15 second sampling rate during 

travel these cases should be rare, and introduce minimal error when they do occur. 

(5) Check for breaks in the journey event that either should not be included in travel time or 

that demonstrate it should be coded as two or more stages. A single journey can be broken for 

incidental reasons e.g., stopping walking to talk with someone, or for a change of purpose 

e.g., stopping a car for fuel or to collect passengers.  

A break may be identified by visual information such as the inside of shops or petrol stations. 

For walking and cycling the lack of movement past stationary objects will indicate a stop or 

break in the journey. This is also often true for vehicle journeys, though can be harder to see. 

Often the continuous presence of a third party in front of the camera will show a conversation 

and broken journey. Waiting in traffic or at traffic lights should not be considered a break. 
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To be classified as a break, the interruption, or clear indication of no travel movement, must 

be clearly identifiable for three frames or more (this selection has been made arbitrarily but 

corresponds to the threshold for coding a journey). 

In coding, the following rules will apply; 

 If the break is less than one minute there is no change of purpose it will be 

disregarded  

 If the break is greater than one minute and less than three minutes, but there is no 

change of purpose, the journey or stage will be considered to be paused but not 

broken and duration will be a sum of the two (one before the pause; one after) 

 If there is a change of mode (but not purpose) or the break is greater than three 

minutes, the travel event will be coded as two independent stages. If there is a change 

of purpose, it will be considered two independent journeys. 

Matching to travel diary data 

These rules are used to guide the coding of the SenseCam data. However, the self-reported 

data is unlikely to follow these rules exactly. For this reason, when it comes to matching there 

will be some subjective judgement required from the researcher. For example, the images 

may show a journey broken into four walking stages or trips of 11, 15, 5 and 10 minutes with 

breaks of more or less than three minutes. However, this may be reported as a single journey 

(Walking to town; purpose shopping; duration 45 minutes). In these cases, when they come to 

be matched they should be entered as a single SenseCam journey of 41 minutes 

(11+15+5+10). It will be recorded that this journey was comprised of four journeys or stages 

to investigate this chaining as a source of bias. 

Participants may sometimes report a return journey as a single journey (Car to school and 

back; purpose collect children; duration 20 minutes). The SenseCam data will show two 
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journeys of 12 and 14 minutes. In these cases the self-report data will be split into 2x10 

minute journeys for analysis. Although this introduces an assumption about the reported 

behaviour, this is the same approach used in NTS data processing [120]. 

Lost data 

In some cases image data during a journey or trip is not available. A lens may be obscured by 

clothing, the image may be too blurred, or the light level too low. These are cases of lost data. 

Often it is only a single image, but when the data is lost for three consecutive minutes or 

more, the journey should be considered incomplete on the SenseCam. The reason for the loss 

of data should be coded. Particularly in levels of low light, there is subjective judgement by 

the researcher on what can be interpreted. A good example is in very low light, in-car lights 

such as on the car radio or speedometer can reveal car occupancy, while passing street lights 

can reveal motion. 

Occasionally the transition (start or end image) is lost. The journey coding should reflect this. 

If the “lost images” are 3 frames or less the journey is still valid, if they are more than 3 

frames the journey duration is invalid and is coded as no start or no end image. 

(6) Coding purpose also requires subjective judgement from the researcher. As the ability of 

SenseCam to observe journey purpose has not been validated, this data will primarily be used 

to help match trips to the self-report data. Using images before and after the journey (e.g., in 

the workplace, in a shop, in a restaurant, at home), it will be categorized in into the following 

purposes (adapted from the NTS); commuting, work related (journey conducted as part of 

working day), shopping, leisure or recreational (e.g. restaurant, gym, cinema), visit friends or 

other. 

Analysis of journeys and stages 

Whether a travel event is a single journey or a series of stages according to the definitions above 

will be included in the coded data for that event. For analysis all travel events will be considered 
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to be journeys, however it will be possible to investigate those travel events comprised of chained 

stages independently according to a Chained trip (Yes/No) variable in the coded data. 

Limitations 

These processes and protocols have been developed to assess journey mode and frequency, with some 

information on purpose. Primarily, they allow the assessment of travel duration, for comparison to 

self-report. However, they rely on the images (particularly the transition images) not being lost to 

obstruction, low light or device failure.  

While they will reveal the time spent travelling, they do not provide any information about when the 

participant perceives their journey to start or end. I am also limited to my “door-to-door” policy, so 

active travel within large buildings or long corridors is lost to other domains of physical activity.  

In the previous chapter I presented evidence for the validity and reliability of this method. However I 

have not tested the sensitivity of the rules or decision metrics. Other choices may be preferable. For 

example, researchers in San Diego have created their own coding manual for travel behaviour. This is 

based on a four frame rule set (compared to my three frames). Future research should investigate how 

these choices influence the data obtained. 

Chapter	conclusion	

This chapter outlines the processes and procedures for creating travel data from SenseCam images. 

The performance of SenseCam and the validity and reliability of the coding protocol has been 

previously reported in Chapter 4. I have presented the data methods and coding protocol here so that 

the reader could follow my procedures and use SenseCam to create travel data in their own work. 
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CHAPTER	6	–	ETHICAL	FRAMEWORK	
 

Summary	

This chapter describes how I developed an ethical framework for using SenseCam in the observation 

of health behaviours. Technological advances mean automated-wearable cameras like SenseCam are 

only recently feasible for investigating health behaviours in a public health context. However, existing 

ethical guidelines do not fully legislate for such approaches in health behaviour assessments.  

Automated cameras like SenseCam are potentially very intrusive; generating unprecedented levels of 

image data, some of it perhaps unflattering or unwanted. The research participants and third parties 

they encounter may feel uncomfortable or that their privacy has been impacted. This chapter describes 

how I identified new ethical issues associated with observational SenseCam research and integrated 

suitable ethical guidelines with existing frameworks for visual research. The primary 

recommendations are presented in a table at the end of this chapter and concern respect for autonomy 

through appropriate approaches to informed consent and adequate privacy and confidentiality 

controls. 

 

Published	work	

This chapter is based on a paper on which I was first author (An Ethical Framework for automated-

wearable cameras in health behaviour research; Paul Kelly, Simon J Marshall, Hannah Badland, 

Jacqueline Kerr, Melody Oliver, Aiden R Doherty, Charlie Foster; American Journal of Preventive 

Medicine; 2013) [139]. Certain sections and passages are taken directly from the paper. The work was 

conducted primarily for this thesis, but I decided to write up and publish the paper prior to submission 

due to the level of interest and number of requests for ethical guidance. I conceived and designed this 

work, and led the process. SM provided specific ethical guidance; HB, JK and MO contributed 

previous experience with SenseCam; and CF and AD provided editorial support. In the early stages I 
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was also advised by Professor Michael Parker (Ethox Centre, Department of Public Health, University 

of Oxford). 

Background	

The use of SenseCam as described in this thesis is exciting because it allows researchers to view 

participants’ behaviour in a new way. The thousands of first person point of view images per day have 

the potential to reveal unprecedented levels and detail of information. However, this, allied to other 

factors raises important ethical considerations for research using such devices [182, 183]. In the 

course of my two pilot studies I received two ethical approvals from the IDREC at Oxford University. 

This was followed by successful applications by researchers at Auckland University of Technology 

(AUT), University of California, San Diego (UCSD), Sydney University, Durham University and 

Auckland University for related projects19. However, the question of ethics was often (if not always) 

raised at meetings and conferences when I presented SenseCam. Furthermore, I have repeatedly been 

contacted by researchers considering using SenseCam for advice and feedback on their own 

Institutional Review Board (IRB) applications. 

As my second thesis objective was to develop a new methodology for public health focussed travel 

research, I determined it was an important step to formalise and make available to the scientific 

community a framework for ethical research using automated passive image capture devices such as 

SenseCam. 

Methods	

I developed this framework through the following steps: 

1. Examination of the existing ethical literature on visual research and automated image capture 

2. Identifying the aspects most relevant to SenseCam research and similar approaches 

3. Consultation with other researchers using SenseCam, to identify relevant ethical issues  

                                                            
19 Not all ethics applications at other institutions have been successful first time, and IRBs have raised some concerns 
regarding privacy and research with participants under 18 years of age. Specifically in Durham and Auckland there was an 
extensive list of concerns from the IRB, and while ethics approval was ultimately granted the process took many months 
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4. Semi-structured satisfaction interviews with participants wearing SenseCam in field testing 

and both pilot studies to identify issues associated with participant burden 

5. Consultation with ethics specialists at Oxford University 

Results	

Existing literature 

In the social sciences, image based research (e.g., using photography) has existed for over 100 years 

[83, 184]. In recent years, the British Sociological Association (BSA; 2006) and The Economic and 

Social Research Council (ESRC; 2008) have both published guidelines on the ethical use of images 

with human research participants [134]. Both sets of guidelines highlight the importance of informed 

consent (preferably written) for involvement in research, and for subsequent use of the image data 

[184, 185]. Within existing guidance there is consensus that when visual data are being used solely for 

observation or elicitation purposes, it is the dissemination and publication of images that create the 

most complex issues [185]. 

These guidelines were developed from the philosophy of the non-consequentionalist approach which 

is related to prinicipalist approaches, commonly used in public health research [185, 186]. They are 

based on the following principles: Respect for autonomy which relates to issues of voluntariness, 

informed consent, confidentiality, and anonymity; Beneficence which concerns the responsibility to 

do good; Non-malificence involves the responsibility to avoid harm; and Justice which encompasses 

the importance of the benefits and burdens of research being distributed equally [185, 186]. These are 

the four main principles of ethical research as considered by IRBs. 

Prosser et al., subsequently codified these guidelines for visual research as follows: 

 researchers should strive to protect the rights, privacy, dignity and well-being of those they 

study;  

 research should be (as far as possible) based on voluntary informed consent;  
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 personal information should be treated confidentially and participants anonymised unless they 

choose to be identified; 

 research participants should be informed of the extent to which anonymity and confidentiality 

can be assured in publication and dissemination and of the potential re-use of data [134, 185]. 

 

It is these guidelines and this framework that will be used when considering the new issues that 

SenseCam-type approaches raise. 

SenseCam research as a method  

Four common types of visual research data are identified: (1) found or existing data (e.g. photo 

albums not originally created for research purposes), (2) researcher created research data, (3) 

respondent created research data, and (4) representations; these can take forms such as photos, 

videos, film, drawings, and graphical representations [134, 185]. The daily capture of thousands of 

first-person point-of-view images from an automated-wearable camera is a new technique20.  

In traditional participant-created data techniques, researchers gave cameras to participants and asked 

them to take photographs at certain times of certain things. This requires conscious action from the 

participant. Automated-wearable camera techniques such as SenseCam elicit a shift from this 

researcher-centric construction of the social world to that of the participants [134]. Image collection is 

passive rather than purposive allowing researchers to see aspects of participants’ lives they might 

otherwise not gain insight or access to. While there are similar methodologies now being employed by 

other research groups in diet and exercise studies [136, 187-189] there had not been any specific 

ethical guidance published.  

Ethical issues identified with the SenseCam approach 

The following issues were identified: 

                                                            
20 Other devices have recently come to market. The Vicon Revue is a variant of SenseCam made under licence by Vicon. 
They will soon be releasing a new version call the Autographer. A company in Sweden has launched the Memoto and some 
researchers have started using smartphones as well. 
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1. Automated-wearable cameras collect many more images than traditional photography (2000-

3000 in 12-hours of wear) 

2. Image capture is passive not purpose; the camera records images independent of any action 

by the wearer 

3. The participant may forget they are wearing the camera and capture images and information 

they would not wish or choose to have on record 

4. Confidentiality may not always be possible 

5. Third parties who encounter the wearer have their image captured without the opportunity to 

provide informed consent. These include; family members, co-habitants and friends; 

colleagues and co-workers; and strangers and the general public 

6. Images will be seen by a large team of researchers 

These issues are discussed below, with reference to existing ethical guidelines and principals. 

1.  Automated-wearable cameras collect many more images than traditional photography 

(2000-3000 per 12-hours of wear). 

Traditional participant initiated photography may capture 30 images per day, perhaps up to 100 with 

cheaper digital cameras now available. However, by wearing SenseCam for a day, the participant is 

likely to capture between 2000-3000 images. By definition this will result in more information about 

their day being recorded (albeit potentially repetitive or benign), and is a greater intrusion on privacy, 

and in turn autonomy. Therefore prior to the point of informed consent, this issue must be made 

explicit to protect participant autonomy.  

With more participant information recorded, the potential harm from a breach in confidentiality is far 

greater. Enhanced data security measures are therefore warranted. As lost devices pose a risk to 

confidentiality they should be configured so that only the research team may access them using 

specialist viewing software.  
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As with any visual research, collected images should be stored securely and password protected, 

according to national regulations (e.g., the UK Data Protection Act) [184] and the use of the collected 

images must be in accordance with protection of privacy, confidentiality, and anonymity. No image 

that identifies a participant by place, context, or other should be disseminated or shared without 

participants’ express consent. Faces and identifying features should be obscured if images are used in 

publications or other dissemination. This is especially important in light of recent technologies like 

Facebook’s facial recognition software [190]. To protect autonomy, participant information should be 

explicit about data retention, and the possible secondary analyses that may take place. Participants 

often enjoy reviewing their own images and request copies. Images should not be given to 

participants, as once the image has been “given away” by the researcher they cannot control its use 

(e.g., on social networking sites), or the context in which it is displayed.  

It is worth noting that the nature of observation with SenseCam means that the images are aggregated 

to determine the health behaviours; they do not need to be displayed to support the findings. This is in 

contrast to traditional visual research methodologies that may use photos for illustration of social 

norms or events. It may not be true for future image based research or intervention using guided 

reflection. 

2. Image capture is passive not purpose; the camera records images independent of any 

action by the wearer. 

An automated camera records images without any affirmative action from the wearer. This differs 

from traditional photographic methods when a photo is chosen or posed. This reduces the control the 

participant has over the content and unflattering or unwanted images may be recorded. Examples 

include adjusting clothing in a mirror, grabbing a handful of food from the fridge, or browsing social 

networking websites while at work. Autonomy is threatened by this loss of control and this must be 

made clear in participant information prior to informed consent.  

There are some steps that can be taken to preserve autonomy. SenseCam is fitted with a privacy 

button that stops image capture for seven minutes [83, 130]. Participants should be given full 
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instruction in this procedure. Participants should also be told they can remove the device at any time 

or in any situation they wish. Participant information should inform them that they will not have to 

provide any explanation to the research team. Such situations may include trying on clothes, while 

doing online banking, or in social situations such as waiting outside school to collect children. This 

will also protect participant autonomy, even though it may affect the amount of data collected or the 

context of certain behaviours.  

Participants should also be advised that they will get the opportunity to review and delete images at 

the end of data collection. This is especially important as they have consented to the collection of 

images, prior to knowing exactly what images and information will be recorded. 

3. The participant may forget they are wearing the camera and capture images and 

information they would not wish or choose to have on record. 

Despite the steps to avoid unwanted or unflattering images, it is not uncommon for participants to 

forget they are wearing the device. This can lead to recording of images they would not want, such as 

going to the bathroom, internet habits, reading confidential documents, getting undressed, or being in 

the presence of family members who are dressing. For autonomy, participant information should 

make this risk clear, and remind participants that they will get to review and delete images (in private 

if requested) before anyone else sees them. 

4. Confidentiality may not always be possible. 

Images retained after participant review and deletion will pass to the domain of the researcher and be 

classified as research data. If these images depict any illegal activities the researcher may be under 

legal and professional obligation to breach confidentiality and pass image data onto appropriate 

authorities. Plausible examples include texting while driving, drinking in a bar prior to driving 

home21, or taking illicit substances. Again these are images that are more likely with a SenseCam-type 

technique, than traditional photographic methods. Importantly, images of criminal damage, sexual 

violence, and hate crime do not have the privilege of confidentiality and may be liable to subpoena by 

                                                            
21 In most countries, exceeding specified blood alcohol limits while driving is the criminal act rather than the consumption of 
alcohol   
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a court [184]. Allen et al., noted this when she said “the law may not permit privacy” [191]. As stated 

above, participants have less control over data collected, so there is a risk of them incriminating 

themselves by wearing SenseCam. Participant information should reflect this. 

5. Third parties who encounter the wearer have their image captured without the 

opportunity to provide informed consent.  

Typically a participant will encounter many people or third parties over the course of a day. These 

third parties can include family members, co-habitants, friends, colleagues, co-workers, 

acquaintances, and individuals unknown to the participant. 

These people will often be recorded in the images, either knowingly or unknowingly. The nature of 

the device also changes the traditional construct of taking a photograph that most people would 

understand. Importantly they will not have had the same opportunity as the research participants to 

provide informed consent to be photographed. A previous study in digital life-logging reported third 

parties were primarily concerned with a valid purpose, protecting themselves, their images and their 

identities [183].  

Family members, co-habitants and friends: these people are most likely to be encountered (and 

therefore photographed) in their own home. Existing guidelines for visual research recognise privacy 

includes reasonable expectations of where you will not be unknowingly photographed and this should 

be considered the case for people in their own home [184, 185]. It may not be practical to collect 

written consent from all family members and cohabitants, but to protect their autonomy verbal 

permission should be sought by the participant permission prior to wearing an automated-camera in 

the home. The participant should also be provided with the necessary information to explain how 

images will be recorded, securely stored and not disseminated without consent. When prior verbal 

permission is not possible (e.g. for friends and acquaintances), verbal permission upon first contact 

with explanations and the offer for device removal if requested, will respect their autonomy. When 

permission is not given, research should not proceed. 
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Colleagues and co-workers: the appropriateness of an automated-wearable camera will differ 

between workplaces. Numbers of employees, work context, relationships with co-workers and 

interactions with the public will differ by, for example, offices, shops and hospitals. To protect the 

privacy of all parties each setting should be assessed by the researcher and potential participant before 

data collection starts; when the workplace is not suitable for image capture the participant should be 

excluded or directed not to wear at work depending on the research question. Parents should be 

informed of the research when the workplace involves interaction with children (e.g. teachers, other 

school-workers or day care workers). When the device is worn at workplaces, participants should seek 

verbal permission from managers or supervisors, and should inform direct co-workers about the 

device. If requested, the device should be removed.  

Strangers and the general public: existing guidelines state that when taking images of individuals 

and groups in public spaces it is not practical or necessary to obtain informed consent unless the 

images are published or disseminated in such a way that they can be recognised [184, 185]. However, 

the participant should be advised to remove the device if requested to do so by a member of the public 

to protect both the participant and the third party.  

There is a small risk of burden or harm to the participant (contradicting the principle of non-

malificence) when wearing SenseCam type devices in free-living. For example, the participant could 

be questioned by (potentially hostile or suspicious) third parties who object to unsolicited image 

recording. Or they may attract unwanted attention from people who notice and possibly want to take 

the device. In field testing and the pilot studies participants reported that they felt more comfortable 

going out in public when provided with a short statement explaining the study purpose and device and 

concluding with the offer to remove. This reduces burden for the participant and the third party. 

Furthermore, instructing the participant to remove the device if they ever feel uncomfortable or 

threatened (e.g., walking home late at night) is recommended to reduce the risk of related harm. 

Participants should also be told to inform third parties that they can request deletion of images they 

are in by asking the participant to inform the research team or contacting them directly.  
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Research with SenseCam has certain parallels to covert research insomuch as some third parties will 

not know they have been photographed and this type of research has very complicated and serious 

ethical and legal issues [184]. The distinction is that automated-wearable camera research is not about 

the third parties or their behaviours, and their recording in images is largely incidental. Regardless, 

respect for autonomy directs that the privacy of third parties must also be protected, and images 

containing them should be treated appropriately. For example, if their presence is investigated as 

influencing the behaviour of the participant (for example eating or drinking in a group setting) their 

anonymity should be preserved and no image that identifies them should be published without 

consent.  

In certain settings photography may be prohibited, for example some workplaces, banks, swimming 

pools, and airport security. Participants should be advised to remove the device before entering these 

settings to avoid challenge or incident. Pocket sized information cards can be provided to help 

participants explain the device if needed. There may be some populations that are not suitable to be 

included in this type of research as a result of these and other settings. Specific examples include 

medical or care providers interacting with patients, workers at military institutions or those at 

workplaces with high levels of commercial secrecy. Consideration should also be given to the 

appropriateness of research in certain cultural settings that do not approve of photography (e.g., 

aboriginal communities) [184]. 

6. Images will be seen by a large team of researchers. 

An automated-wearable camera study with 50 participants collecting data for 3 days will generate 

nearly 500,000 images and team of researchers may be needed to code and process these data. While a 

participant may prefer that only the researcher(s) they have met and spoken to will see their images, at 

informed consent, participants should be made aware that a team of trained researchers may be 

viewing their images. Appropriate training and instruction should be given to all researchers that 

come into contact with the images as this is unlikely to be specifically covered in existing institutional 

ethical training; researchers coding image data should be reminded to not discuss the content with 
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anyone outside of the team, to not identify anyone they recognise in the images, to store the images 

safely, and to be aware of how sensitive the data are.  

Operating Ethical Framework for automated-wearable camera research 

Based on the ethical issues 1 to 6 discussed above, I formulated a checklist for free-living 

observational studies using automated-wearable cameras. This was done in collaboration with 

researchers from University of California San Diego and Auckland University of Technology. This is 

shown in Table 6.1, taken directly from the paper published in 2013 [139]. 
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Table 6.1 Ethical guidelines for the use of automated-wearable cameras in observational health behaviour 
research (reproduced from Kelly et al, 2013) 

Informed 

written-

consent of 

participant 

Participant information should explicitly detail the following: 

 how many images and how much information will be collected 

 the nature and type of data that can be collected by wearing an automated-wearable 

camera (images will depict where you go, what you do, and for how long) with 

examples 

 participants can forget they are wearing the device and record unwanted and 

unflattering images with examples provided (e.g., bathroom visits, online banking) 

 data of illegal activities may not be protected by confidentiality and may be passed to 

law enforcement depending on the national law and nature of the activity 

 no individual will be identifiable in any research dissemination without their consent 

 participants will have the opportunity to view (and delete if necessary) their images 

in privacy 

 participants are able to remove the device or temporarily pause image capture 

whenever they wish 

 participants will not get copies of their images 

 a team of specifically trained researchers will have access to the image data  

Privacy and 

confidentiality 

Devices should be configured so that data can only be retrieved by the research team. It should 

be impossible for participants or third parties who find devices to access images 

Data should be stored according to national data protection regulations 

Identifying images should not be used without express consent of those individuals who are 

depicted 

Devices should be configured to allow participants to cease recording for short periods. 

Participants should also be allowed to remove the device at any time, with examples of where 

this might be appropriate (e.g., airport security) 

Appropriate training should be provided for all those in the research team who have contact 
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with the image data 

Non-

malificence 

Participants should be prepared for questions by the public with a short sentence that explains 

the device and concludes with an offer to remove if they are feeling uncomfortable 

Participants should be instructed to remove device in any situation where it is attracting 

unwanted attention, or they feel threatened or uneasy wearing the device  

Autonomy of 

third parties 

Participants should seek verbal permission from family members and co-habitants prior to 

study commencement 

Participants should seek verbal permission of workplace managers or supervisors. If possible 

this should be prior to study commencement, but in reality may be a rolling process. 

Appropriateness of device to work setting should be assessed by researcher 

Participants should inform friends and acquaintances of device when encountered. Offer to 

remove device if they are uncomfortable 

Participants should be told to inform third parties that they can also request image deletion by 

asking the participant to inform the research team, or contacting them directly 

The privacy and anonymity of third parties must be protected; no image that identifies them 

should be published without their consent 

Photography is inappropriate in some cultural settings and automated-wearable cameras should 

not be used in these instances 

 

 

Strengths	and	limitations	

The strength of this work is that the recommendations are derived from real life experiences of 

participants and researchers in field testing and pilot studies. This framework addresses issues raised 

by research participants during device-collection interviews, as well as theoretical issues. It is also 

important that the framework is a development and expansion of existing and well-accepted 

frameworks for visual research. The framework is a timely contribution as visual methods are 

becoming more prevalent as costs come down and technologies improve. 
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It is a limitation that the experiences used are from a small number of studies; this framework should 

be considered a first attempt to codify the issues and solutions. It is possible that there are issues with 

these techniques that have not arisen or occurred to the SenseCam community yet. It is likely the 

framework will need updating and reworking in the future as these issues emerge. 

As an example, this framework does not consider studies in vulnerable populations. In these cases the 

extent to which participants can give informed consent is debatable and the consent of carers or 

significant others may be required [192]. A development in Oxford University is increased awareness 

of the sensitivity of religious data and there are recent changes to the rules on what can and cannot be 

stored. Regarding SenseCam, it is possible to collect images of visits to places of worship and the 

framework does not currently cover this. 

Conclusion	

This chapter attempts to address a key aspect of developing a new methodology in observational 

research; namely ensuring that the method adheres to ethical standards for research with human 

participants. Automated-wearable camera research generates more image data than ever before, some 

of it potentially unflattering or unwanted. This can be intrusive and participants and third parties may 

feel uncomfortable or that their privacy has been invaded. I have attempted to formalise the protection 

of all according to best ethical principles through the development of an ethical framework.  

It has been stated elsewhere that technologies often evolve faster than legal and ethical systems are 

able to respond and unforeseen ethical issues emerge [182, 193]. In this chapter I describe how, with 

other researchers, I have tried to provide ethical guidance that keeps pace with a developing 

technology. 
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  Part 3 – Testing my SenseCam method 
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CHAPTER	7	–	DESIGNING	MY	MAIN	EXPERIMENT	

Summary	

Having established the feasibility, validity, reliability and ethics of my SenseCam method in Chapters 

3-6 (in response to my second thesis objective), I designed a study to achieve the third objective of 

this thesis; to use SenseCam to investigate error on self-reported travel behaviour on a modified 

version of the NTS. 

In this chapter I state the four research questions I formulated to achieve this objective and then 

outline procedures appropriate for answering them. This refers to the way I will include, filter and 

exclude journeys and data, and how I will seek to enhance internal and external validity by reducing 

bias and data loss.  

 

Thesis	objective	3	

“Test my method in a suitably powered sample, and investigate the error on self-reported journey 

durations (and compare to results from GPS review)” 

Study	design	

The study design for the final experiment will be a measure of agreement investigation (similar to 

Pilot study 1), as described by Bland and Altman [161]. It will include elements of concurrent 

validation (crude SenseCam data compared to crude travel diary data) and criterion validation 

(criterion SenseCam data compared to corresponding travel diary data).  

Research	questions	

RQ1 – how does travel diary and SenseCam data collected over a three day period compare 

(comparison of measures)? 
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The answer to this RQ will reveal if SenseCam is a feasible measure of travel behaviour in a sample 

of this size, and how comparable the data from the two measures are. I will use the crude eligible data 

from both SenseCam and the diary. Journeys will be deemed eligible if they meet the inclusion 

criteria for length. These are greater than 3 minutes and less than 120 minutes (recorded for 

SenseCam; reported for travel diary). 

The rationale for RQ1 is to test SenseCam in the largest sample yet used. It is unclear if it is feasible 

for use in a study beyond 20-30 participants. The three day data collection has been chosen as many 

health behaviour investigations use periods similar to this, and it is unclear if SenseCam is suitable for 

such research in a sample this size. I have chosen not to have a longer collection period to control 

participant burden. 

RQ2 - How well does the travel diary measure individual journey duration compared to 

SenseCam (criterion validity)? 

Taking SenseCam as the criterion measure of journey duration, this will show the error on the travel 

diary when assessing individual journey duration. The answer to this RQ will tell the reader how well 

the duration of individual bouts of travel are reported.  

I will identify matched pairs of journeys as discussed in Chapter 5 – Coding protocol. A matched pair 

will be eligible if there is complete diary and SenseCam data available for that journey, and the 

reported duration is eligible (between 3-120 minutes). For journey duration, bias between methods 

(group-level) will be assessed using the paired t statistic providing the mean difference between 

methods and its 95% confidence interval. Individual journey-level agreement between methods will 

be examined using Bland-Altman 95% limits of agreement [194]. The correlation coefficient will be 

calculated for the relationship between the journey durations estimated from the two methods using 

both within-subject [195] and between subject methods [195].  

Using the Bland-Altman approach I will be able to distinguish systematic (bias) and random error 

(limits of agreement). I will also be able to use this figure to estimate error or bias at a daily summary 
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level based on journey frequency. I will also assess how well mode is reported, compared to the 

criterion results from SenseCam.  

 
The rationale for RQ2 is to test the findings from the pilot studies. Pilot 1 suggested systematic over-

reporting of travel duration in adults [154]. Figure 7.1 presents a Bland-Altman plot for Pilot 1 data 

(between-method differences against the mean journey duration for the two methods). The plot 

illustrates the substantial fixed bias (over reporting of journey duration independent of journey length) 

revealed by the paired t-statistic. This was found to be +154 seconds (2:34 minutes) per journey. It 

also shows a large random error at the individual level (95% limits of agreement = 154 s ± 598 s (-444 

to 752 s)). Of the 88 journeys, 62 journeys (70%) were over reported and appear above the y=0 line, 

while just 26 journeys (30%) were under reported.  

 

In contrast, Pilot 2 showed no significant over-reporting bias in children. However, this pilot used a 

researcher led interview rather than a diary and only included school journeys. RQ2 is designed to 

investigate in a suitably powered sample whether or not there is an over-reporting bias for journey 

duration. 
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Figure 7.1 Limits of agreement (Bland-Altman) plot for self-reported journey duration and SenseCam journey 
duration (n=88) (reproduced from Kelly et al., 2011) 

 

Each point above the y=0 line indicates a journey that was over-reported in the diary and each point 

below the line indicates a journey that was under-reported in comparison to SenseCam recorded 

journey duration. 

 

RQ3 - Is the bias on self-reported journey duration different according to certain variables?  

The answer to this question will alert the reader to which types of self-reported journeys and 

participants are more or less likely to provide biased journey times. I will conduct the same analysis 

as in the previous research question but this time explore differences by variables hypothesised or 

previously shown to influence self-report error or bias. These variables will be grouped as study, 

journey and participant characteristics and will include: gender and age shown to influence reporting 

of journey duration when compared to GPS [61, 89, 196, 197]; day of week shown to be potential 

factor due to reporting fatigue [88]; integer preference, a suspected factor [95]; and mode suggested to 

influence over-reporting in Pilot 1 [189]. By examining variables such as educational status of 

participants, study location and weekend or weekday I will be able to assess possible threats to 

internal and external validity. 

 
 
 
 

 Image subject to copyright
 

Original available at 
 

http://www.ijbnpa.org/content/8/1/44 
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The rationale for RQ3 is to see if there are any variables that have a greater or lesser influence on the 

error on self-reported durations. For example, both Pilot 1 and 2 suggested mode and gender may 

have an effect, but the studies were not sufficiently powered to draw any conclusions. 

RQ4 - How well does the travel diary measure daily summary travel behaviour compared to 

SenseCam (criterion validity)? 

The answer to this question will tell the reader whether daily summary travel durations and journey 

frequencies are biased. I will return to the crude SenseCam data and select only the full (criterion) 

days of data. A day of SenseCam data was not considered full if one or more journey was missing or 

incomplete. This usually occurred if the camera was obscured for the start or end of a journey, not 

worn, or switched off for a section of the day. I will use this data to calculate criterion daily summary 

travel time and compared these summaries to the diary data.  

The rationale for RQ4 is that summary travel durations are often used in public health and 

epidemiology. It is also driven by the finding from the GPS Review (Chapter 2) that the choice of 

matched-trip or unmatched-trip analysis might influence the findings. Doing this this will allow me to 

incorporate a second dimension of travel behaviour into my investigation (frequency as well as 

duration).  

Defining	an	eligible	journey	

The coding protocol defined in the previous chapter allows me to code any SenseCam journey with 

three or more images. To be eligible for inclusion in this study I determined a minimum duration of 

three minutes and a maximum duration of 120 minutes. 

Minimum duration 

The National Travel Survey only collects detailed walking data on Day 7 of data collection (on Day 1-

6 only walks greater than 1 mile or 20 minutes are included) [120]. As walking is of particular interest 

to my thesis, my experiment is based around investigating the Day 7 of the NTS. 
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On Day 7 the NTS asks participants to record all walks over 50 yards (45 meters). At a walking speed 

of 3.5 mph this would be a 50 second walk. However, the participants are only asked to complete one 

day of this as it is considered onerous. Therefore, to reduce participant burden for the multiple days of 

my data collection I will ask participants to record journeys over 3 minutes. 

This is a limitation to my study design as it restricts journeys of 1-3 minutes from being reported. As 

SenseCam has been shown to be sensitive to journeys of 1-3 minutes I will be able to assess if this is 

an important bias. It should also be noted I asked by minimum duration, whereas NTS asks by 

minimum distance. I chose duration for standardisation between country locations which may use 

yards or meters by preference.  

Maximum duration 

The NTS defines a long journey as one of over 50 miles (within the UK) [120]. I am going to assume 

this only applies to vehicle journeys (not walking or cycling). Using rough speed approximations the 

extremes of this would be 40-45 minutes on a motorway (at 70 mph), or four and a half hours in city 

traffic (at 11 mph22). I have decided to use 120 minutes (2 hours) as an arbitrary cut off between these 

extremes to include journeys that could be considered usual or regular. This is a limitation to my 

method, and I will review if the data shows this to exclude a large proportion of journeys and 

potentially bias the data. 

Sample	size	calculation	

The sample size calculation is designed for RQ2 (How well does the travel diary measure individual 

journey duration compared to SenseCam (criterion validity)?). This is the primary research question. I 

also have data for similar research questions in Pilot 1 to base my estimates on. It is an assumption 

that these sample sizes will also be adequate for RQ3 and RQ4. However, as RQ3 will investigate 

different variables, samples within those variables will be smaller and this may affect the findings. 

Any sample over 40 will make this the largest health behaviour SenseCam study to date, satisfying 

RQ1. I have no pilot data to make estimates for RQ4. 

                                                            
22 http://www.thisislocallondon.co.uk/news/topstories/804876.london_cars_move_no_faster_than_chickens/ 
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In RQ2 I am primarily interested in bias at the group level; therefore I estimated the sample size 

required from the desired 95% confidence intervals around the mean difference between methods. In 

other words, the uncertainty on my estimate of bias on self-report. This approach is discussed by 

Hopkins et al., [172]. 

As a lower limit (widest acceptable), this 95% confidence interval should be narrow enough to give 

the estimate of bias epidemiological relevance. As an upper limit (narrowest still useful) it would be 

meaningless to have a 95% confidence interval less than the uncertainty on the SenseCam method 

itself. At the time of designing this study, I had not conducted the criterion testing of SenseCam23. 

Therefore, I did not have any experimental indication of the uncertainty inherent in the device and 

method beyond the sampling rate of the camera. 

Image sampling rate 

I was able to investigate the sampling rate of the device as an indicator of the uncertainty in the 

SenseCam method. Analysis of data from the field testing and Pilot 1 has shown the sampling rate of 

at least every 20 seconds published by Microsoft [83] to be an under-estimation for travel behaviour. 

Using software developed by Dr Aiden Doherty [180] I was able to show the average sampling rate 

over 70,000 pilot data images was actually 9.3 seconds and varies by journey mode (see Table 7.1). 

This is likely to be a reflection of the different way the in-device sensors (light, heat and motion) are 

triggered by the different actions of walking, cycling and vehicle travel. 

Table 7.1 Image sampling rate for different modes of travel for n=70,000 travel images 

Journey mode Sampling rate (seconds per image) 

Vehicle travel 7.6 

Cycling 11.6 

Walking 16.8 

All Journeys 9.3 

 

                                                            
23 It had not even occurred to me to conduct such a test at the time of designing my main study 
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The sampling rate of every 10 seconds (rounded from 9.3 seconds) means that without further 

information, an uncertainty less than 20 seconds (10 seconds at start and 10 seconds at end) would be 

meaningless. 

 

Based on the formula for the standard error of the difference between means (d); 

   d ൌ √ሺ࢙૛/[161] (࢔; 

where n represents the number of measurements; and the formula for the 95% confidence interval 

(95% CI); 

   95% CI = +/- 1.96 * d [161]; 

and the standard deviation (s) of the individual differences (bias) found in Pilot 1 of 305 seconds, I 

calculated the required measurements (matched journey pairs) for a range of potential 95% confidence 

intervals (see Table 7.2). I also used the number of eligible journey pairs returned per day in Pilot 1 

(4.4 per day) to estimate the days of data collection required, and the three day proposed protocol to 

estimate the number of participants required. I made similar estimates for active journeys (walking 

and cycling; 2.7 per day in Pilot 1) to reflect the public health focus of this thesis. 
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Table 7.2 Estimates for required measurements, days of data collection and participants for a range of 95% 
confidence intervals on the estimate of bias between measures 

  All travel Active travel 

Predicted 

95% 

confidence 

interval on 

bias (seconds) 

Measurements 

required (n) 

Days of data 

collection (n) 

Participants 

required (n) 

Days of data 

collection (n) 

Participants 

required (n) 

20 3573 812 270 1324 441 

30 1588 361 120 588 196 

40 893 203 68 331 111 

45 706 160 53 261 87 

50 571 130 43 218 71 

60 397 90 30 147 50 

 

Using these results I chose the sample size based on a predicted 95% confidence interval on the bias 

of 45 seconds. Therefore I aimed for 85-90 participants. This was a balance of achieving an 

epidemiologically relevant uncertainty (on all travel and active travel estimates) and a pragmatic 

number for a thesis data collection. It is also only an estimate as the standard deviation in my main 

experiment may be different to Pilot 1.  
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Experimental	validity	

The following section describes how I attempted to maximise experimental validity and minimise 

potential sources of bias.  

Internal validity  

Internal validity is the extent to which conclusions drawn from the experimental data are free from 

confounding issues which cause bias such as reactivity and missing data. They are sometimes 

described as the methodological quality of the study. 

Reactivity 

Reactivity is a change in normal behaviour as a result of being measured [198]. It is a potential 

limitation of my study that being measured, in this case wearing a SenseCam, makes the participant 

behave differently to their normal behaviour. The normal behaviour in this instance is diary reporting 

of travel behaviour with no device. It is also possible that participants may ‘react’ to wearing 

SenseCam, possibly changing their travel behaviour and making them more aware or conscious of 

journeys. This in turn may change the way they report journey durations and influence my findings. 

We do not know to what extent wearing SenseCam influences self-reported travel behaviour. This is 

an important question when trying to investigate the error on self-report with SenseCam. 

To truly measure the extent of reactivity, participants must be both knowingly and covertly measured, 

with the results compared. However, this is both practically and ethically unfeasible, so studies often 

compare first and subsequent days of measurement to investigate this phenomenon as it is assumed 

participants get familiarised to devices and reactivity decreases during the study period [198]. 

Unfortunately, a 2010 review of pedometer trials found the reactivity question is often overlooked 

when reporting results [198]. They identified just three studies [199-201] that assessed reactivity in 

children; in this case defined as the difference between first and last days measurement. Each of these 

studies suggested no reactivity to wearing either sealed or unsealed pedometers. 

In Pilot 1 and 2, I only collected one day of travel data so was unable to assess potential differences 

across days. However, I have compared one reporting characteristic of the NTS to the data from Pilot 
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1. As previously discussed, a suspected source of error in self-reported data is rounding journey 

duration to the nearest five minutes – termed integer or digit preference. From the publically available 

2008 NTS data I analysed 2,052,864 journeys and found that 84.7% (95% CI 84.65-84.75) of 

journeys were rounded to the nearest five minutes [202]. In comparison, in the pilot 80.3% (95% CI 

75.9-90.8) of the 88 journeys were rounded to the nearest five minutes (see Figure 7.2). 

This suggests that there was a small non-significant lower difference in the proportion of rounded 

journeys in the pilot, possibly suggesting a marginal reactivity to wearing the device. However, 

whether this apparent reduction in rounding was caused by the device, the one day of data collection 

(with device) compared to six days (NTS) or the non-representative nature of the pilot sample 

(minimum educational level university degree) is unclear. I searched for evidence of reactivity in the 

same way, and across days in the main experiment. In an attempt to minimise bias I did not explicitly 

tell participants I was assessing how well they report behaviour. 

It is worth noting that participants completing the diary may have already been subject to the 

reactivity from the diary itself. Therefore, introducing the camera might not have any substantial extra 

effect on awareness of journey behaviour.  
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Figure 7.2 Percentage of journeys reported to nearest five minutes 

 

The 95% confidence interval on NTS data was too small to be displayed 

 

Missing data 

Missing data can bias the results and it is important to assess this [174]. Altman and Bland suggested 

that data can be “missing completely at random”, “missing at random” and “missing not at random”. 

In the first case the fact the data are missing is unrelated to any unobserved value and the outcome. In 

the second case the data are missing in a predictable way. Both these cases are less of a threat to bias. 

However, in the third case the data may depend on an unobserved value, and can lead to bias [203]. 

In terms of recording travel behaviour, this depends on why the data are missing; are they missing for 

a reason (e.g. SenseCam cannot record train journeys well) or are they missing completely at random 

(SenseCam fails randomly for 1 in 100 journeys)? 

In terms of investigating bias on self-report (RQ2 and RQ3) this depends on why matched-pairs were 

unavailable; did SenseCam systematically miss the journeys most likely to give high or low errors? 

Further, what was missing from the diary? These missing journeys will also influence the summary 
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analysis (RQ4). To minimise these biases, it was important to attempt to minimise the data loss. While 

developing my methods I was able to identify factors that lead to SenseCam missing data. These 

include forgetting to wear (or forgetting to replace when removed), lens obscured by clothing 

(especially during inclement weather), and only remembering to turn on device once the first journey 

of the day has started. All of these issues were added to the participant information documents used in 

the pilot studies and were covered during device demonstration and hand-out. It is well known how 

important high quality instructions are to participant compliance [53]. In Pilot 2 participants reported 

that the text message sent to remind them to charge the device was helpful [157]. This agrees with 

previous findings [204] was added to the data-collection protocol – I asked participants if they would 

like an optional email or text reminder each evening to charge the device. Regardless of this, there 

were missing data and I reported these in my results. Data imputation of missing values is not 

appropriate for a method comparison study such as this. 

External validity  

External validity is the extent to which conclusions drawn from the data are generalisable to the larger 

population (e.g. do not exhibit sample bias). Age, sex, ethnic origin, socio-economic status may all 

limit generalisability [163]. In this case I am considering whether any reporting bias I detect is 

generalisable. 

I conducted data collection in different locations to give a range of travel environments and travel 

behaviours. However, the requirement to wear a camera for multiple days may have resulted in a 

selection or recruitment bias. I assess these issues in my main experiment. 
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Chapter	conclusion	

My main experiment was designed as a comparison of measures study with concurrent and criterion 

validity components. I state my four research questions and the rationale for each. A sample of 85-90 

participants, recruited from four locations, and asked to wear SenseCam and complete a travel diary 

for three days, was estimated to give meaningful confidence on the results. I identified various sources 

of bias and threats to validity which will be assessed. Specific methods will be presented in the next 

chapter. 
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CHAPTER	8	–	MAIN	EXPERIMENT	

Summary	

This chapter describes the methods, results and discussion from the main experiment of this thesis. 

Using the previously developed methods, protocols and procedures I compared data collected from a 

self-reported travel diary (based on the NTS) to that recorded by SenseCam. The study was designed 

to answer four research questions (RQ1-4). These research questions focus on the feasibility of 

SenseCam and the bias or error on self-reported travel data and relate to the third and final objective 

of my thesis. 

I recruited a semi-convenient sample of 88 participants and asked them to wear SenseCam and 

complete a travel diary for 3 or 4 days (depending on study wave). From 84 participants who 

complied with the study, I collected 1864 journeys (1369 in the diary; 1629 recorded by SenseCam) in 

four locations (Oxford, UK; Romford, UK; San Diego; USA; and Auckland, New Zealand). 

After filtering for eligibility (by duration), comparison of the SenseCam and diary data suggested the 

diary collected slightly more eligible journeys (0.14 per day) that were marginally greater in duration 

(approximately 2 minutes). As a result total travel time per day was approximately 12 minutes longer 

according to the diary data. However, generally the data were similar from both measures. 

Taking SenseCam as a criterion measure of journey mode and duration, and comparing to the self-

report data, I demonstrated journey duration was over-reported by 2:08 minutes per journey. I 

analysed this finding with respect to descriptive variables that may influence this bias. 

Analysis of summary daily summary travel duration contradicts my estimates of daily over-reporting 

based on individual journey bias. It is unclear if this finding is a result of including frequency in 

analysis or that applying filters to the data introduces biases that confound any real effects. The 

implications of all these findings are discussed with relation to population and individual level 

investigation.   
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Methods	

Study	locations	

Volunteer participants were recruited in four geographic locations to give a range of developed world 

travel environments and contexts. The locations were chosen for pragmatic reasons where I had 

contacts in partner institutions willing to host and support data collection. 

The locations were as follows: 

 Oxford, Oxfordshire, UK (home institution) 

 Romford, Essex, UK 

 Auckland, New Zealand 

 San Diego, California, USA 

Recruitment	

All participants were volunteers, although recruitment approach varied slightly by location for 

practical reasons. In Oxford, Romford and Auckland recruitment was active in nature and participants 

were approached from existing networks. Potential participants were approached by the research team 

by email or in person. We asked selected individuals e.g. college administrators, sports club captains, 

social club leaders to circulate emails asking for volunteers. In San Diego, a more passive approach 

was adopted and adverts were placed (email and flyers on the university campus), with a particular 

request for cycle commuters24. In San Diego a $50 compensation for the participants’ time was also 

offered, in-line with institutional policy. 

                                                            
24 We advertised for cycle commuters as we wished to ensure a sufficient number of active journeys in the data in order to 
give the results more public health relevance 
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Study	protocol	

Participant information 

Having volunteered to take part, participants were provided with participant information sheets, and 

given the opportunity to ask questions before providing informed consent. The relevant documents 

can be found in Appendix 7. 

Study visit 

Post consent, participants attended a study visit to be taken through the study protocol. In Auckland 

and San Diego sessions were conducted in groups on the University site. In Oxford and Romford the 

researcher(s) visited the participants at their home or work according to preference. Appropriate risk 

assessments were conducted prior to these study visits. Study visits took between 15-20 minutes per 

group or participant.  

SenseCam protocol 

During the study visit participants were given a demonstration of SenseCam operation and asked to 

wear the device for between three and four days, depending on location and data collection wave. 

This difference existed when the data collection period was over a weekend because there was no 

weekend study visits. Start days were varied (non-randomly by collection wave) so a range of 

weekdays and weekend days were covered. In Oxford, Romford and Auckland, collection started on 

the following morning. In San Diego, due to the time available, data collection started as the 

participant left the study visit, and concluded when they returned resulting in some “partial days”. 

Brief user guides (see Appendix 8) were provided with instructions on the practical issues with 

wearing SenseCam (e.g. wearing over bulky clothing, weather and securing the camera). They also 

received an optional text message or email to remind them to charge the device each evening. 

In the pilot studies I attempted to control device reactivity known to be an issue in physical activity 

assessment [198]. Similarly, in this study, participants were asked to wear the device throughout the 

whole day (when possible) to become acclimated to the novelty of wearing a camera. However, 

participants were told that they could remove the device at any time (e.g. if feeling uncomfortable or 
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if asked to do so by a colleague or family member). They were also instructed in how to stop image 

recording for a seven minute period by using a privacy button. Additionally, the device was 

configured to scramble images, which could only be unscrambled on the laptops of the researchers 

administering this study. Furthermore, participants were not explicitly informed the images would be 

used to assess “accuracy” of travel reporting; they were told the images gave us a visual record of 

their travel that would give us further information to add to the diary data. All of this was in 

accordance with the ethical framework developed for this thesis (see Chapter 6) [139].  

Travel diary protocol 

Participants were given a three or four day travel diary (depending on collection period) which was a 

modified, un-validated version of the National Travel Survey (NTS)25, the continuous annual UK 

travel survey. [60] As in pilot work, the diary asked participants to record journey mode, purpose and 

duration for the same period as they wore SenseCam. Questions about ticket price were removed (see 

Appendix 9). In accordance with the actual NTS protocol, participants were asked to only include 

travel-time, and not other activities such as waiting for public transport or sitting in a stationary car 

waiting to collect a passenger. Participants were asked to record any transportation between any two 

locations of greater than three minutes (as discussed in the previous chapters). In each location, an 

example of a completed day was provided to demonstrate how the survey should be completed. This 

was modified to be relevant to that study location. As with the NTS, participants were also provided 

with a pocket sized travel log (memory jogger) so they could record their journeys throughout the day 

and transfer this to the survey (Appendix 9).  

Additional devices and measures 

Participants also completed a short demographic survey (see Appendix 10). This study presented an 

opportunity to collect GPS and accelerometer data, as well as sedentary time questionnaire data that 

would be used in collaborator studies. Participants were therefore asked to wear a device belt with a 

QStarz GPS unit and Acti-graph accelerometer, and complete a short (two page) sedentary (sitting 

                                                            
25 As discussed in Chapter 1, the NTS has never been objectively validated in this way. Similarly, my modified version has 
not been validated. All questions in my modified version appear in the real NTS. It is possible that by removing questions I 
made the diary less burdensome and introduced some bias on the self-report data I collected. 
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time) questionnaire about Day 1 and 3. These data are being independently analysed by a 

collaboration of researchers from University of California San Diego, Auckland University of 

Technology and Oxford University, with a view to investigating what SenseCam images can reveal 

about sedentary behaviour, accelerometer based physical activity recognition and travel environments. 

Details of resulting papers are included in Chapter 9. All devices and materials administered are 

shown in Figure 8.1. 

Figure 8.1 Devices and materials given to participant at research visit  

 

Participant

Sedentary 
questionnaire
(Days 1 and 3)

Travel Diary 
(all days)

SenseCam 
(all days)

Pocket 
memory 
jogger

(all days)

Acti‐graph 
accelerometer

(all days)

Qstarz GPS 
unit

(all days)

Device charger   Device charger

Information 
sheets and 
instruction 
sheets for all 
devices,  

diaries and 
questionnaires

Device belt 
(also for GPS)

 

Dark blue represents resources used for this thesis; light blue used for related projects.  

 

Return of devices and data 

Return study visits were always conducted by a researcher, in person, and one-on-one, as directed by 

the ethical framework; images were downloaded by the researcher and the participant was given the 

option to delete any images they wished (in private if preferred). Images were viewed on a laptop 

computer using standard SenseCam software [180]. Other devices and all questionnaires were also 

collected at this time. A short satisfaction interview was conducted, exploring the participant’s 
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experience of wearing the device, and any issues they had during the collection period (see Appendix 

10). This survey was based on the one I used for my pilot studies [157, 189]. Return study visits took 

between 25-30 minutes per participant. 

All image data were anonymised and stored on password protected machines in accordance with 

procedures of the institutions where data collection took place. Questionnaire data was scanned to 

make electronic copies which were treated in the same way. Data were shared between institutions by 

secure file transfer.  

Ethics	approval	

The primary approval for this thesis was granted by the Social Sciences and Humanities Inter-

divisional Research Ethics Committee (IDREC) in accordance with the procedures laid down by the 

University of Oxford for ethical approval of all research involving human participants (IDREC 

Reference Number: SSD/CUREC1A/10-092 – see Appendix 4). This study was also approved by the 

IRBs at the other participating institutions (UCSD and AUT; see Appendix 11). 

Data	coding		

Data coding was conducted according to the validated protocol described in the previous chapters. 

Once coded, the software automatically calculated journey duration. These data were entered into an 

electronic database, at the same time as the data from the travel diary. Journeys from the images and 

the diary were manually matched at this stage using; time of day; sequence; mode; and purpose; to 

identify “matched pairs”. The following data and variables were recorded: participant number, study 

location, date, SenseCam mode, SenseCam duration, diary mode, diary duration, trip chaining, 

journey breaking and reason missed (if applicable). Purpose was coded using SenseCam and travel 

diary data, based on origin and destination. When there was disagreement, SenseCam purpose was 

used. 

Where journeys could not be matched (because the images did not show it, or the diary did not record 

it) this was recorded as an unmatched journey, with the reason for the miss noted. For example, 

“camera off”, “lens obscured”, or “not recorded in diary”. All the same variables as with “matched-
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journeys” were recorded. In some instances, journeys were noted in the diary but analysis of the 

images showed that no such journey occurred on that day. These journeys were recorded as “Phantom 

journeys”. 

I then made a second “coding pass” to check segmentation fidelity, missed journeys and data entry 

errors.  

Data	analysis	

All statistical analyses were conducted using PASW Statistics 18.0 (SPSS Inc., Chicago, IL, USA) 

software package. Graphs were created using Microsoft Excel (2010). 

Compliance 

The compliance of the study participants was assessed by the amount of data returned; specifically 

how many days the SenseCam returned images for, and the travel survey was completed on, 

compared to the total numbers expected. This was assessed at a whole group level, and also by study 

location. 

Examining	the	data	set		

I conducted the following analyses of the data set;  

 Assessed evidence for reactivity caused by wearing the device (comparison of self-report data 

to “real” NTS data) – this was to assess a potential source of bias 

 Assessed whether the differences between device and diary were normally distributed (visual 

inspection and Shapiro-Wilk test) – the parametric tests planned required normally distributed 

data, so this was to assess if the dataset required transforming 

 Tested for heteroscedasticity or proportional bias (visual inspection and Kendal’s Tau) - the 

parametric tests planned require homoscedastic data, so this was to test if the dataset required 

transforming 

The results of these analyses are presented in the appropriate parts of the Results section.  
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Data quality control  

I conducted checks on coding and data entry on a randomly selected 10% of the data set. 

Data treatment  

This refers to the way I included, filtered and excluded journeys and data. I had a number of research 

questions for this study, and the data were treated according to the specific research question, as 

outlined in the previous chapter (Chapter 7 - Study design). 
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Results	

Data collection  

Data collection was phased over four locations; Auckland in June 2011 (winter); San Diego in July 

2011(summer); Oxford from May 2012 to October 2012 (summer-autumn) and Romford in 

September 2012 (autumn). The primary reason for this was the availability of devices although it gave 

a range of seasons too. We were able to secure 20 loaned units from Microsoft Research for the 

Auckland and San Diego phases and this allowed larger groups to wear devices simultaneously; in 

Oxford and Romford we used the three working devices owned by our research group. In each 

location, the research team comprised 2-4 researchers following the protocols developed through my 

pilot studies. I led the data collection in Auckland and San Diego and trained and supervised a 

researcher (Anja Mizdrak; Research assistant in our group) who conducted the data collection in 

Oxford and Romford.  

Data coding took place between October 2012 and January 2013. The initial “coding pass” took 

approximately eight weeks, or 300 hours (corresponding to 1-1.5 hours per participant day of images). 

The second “coding pass” took a further four weeks, or 150 hours. Data analysis took place in January 

and February 2013. 

Description of locations 

The four study locations provided a range of high income country (HIC) travel environments. Oxford 

is a small UK city with high levels of cycling and a pedestrianised centre. Recent data from Sport 

England showed 14% of adults cycled five times a week (second in the UK to the 25% in Cambridge) 

[205]. It also has good public transport services. Romford is a suburb on the commuter belt of 

London. It is well connected to the London over- and under-ground rail network and has multiple bus 

services [206]. Auckland is the largest city in New Zealand. It is coastal and has a high levels of car 

use and low levels of cycling [207]. Public transport is less common than in the UK sites. San Diego 

is an American coastal city with high car ownership. It has a well-developed network of cycle paths, 

bus services and an over-ground train link [208, 209]. 
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Participants  

Table 8.1 shows the participant demographics for those who followed the data collection protocol (n = 

84). San Diego provided the highest proportion of participants. Due to much recruitment taking place 

in university settings, the educational status of the sample was relatively high. The ages ranged from 

19-60 years, and there were almost equal proportions of males and females. 

Table 8.1 Participant demographics for n=84 who followed the study protocol 

 Overall Auckland, 

New Zealand 

San Diego, 

USA 

Oxford, UK Romford, UK 

Characteristics      

Participants (n) 84 15 37 25 7 

By gender;  

Male; 

Female 

 

44 

40 

 

3 

12 

 

26 

11 

 

11 

14 

 

4 

3 

Age (mean in years); 

Range;  

Standard Deviation 

33.3 

19-60 

12.3 

38.3 

21-57 

10.3 

37.7 

21-60 

12.6 

26.0 

19-51 

8.5 

25.3 

19-49 

10.8 

Educational status26 1 

2 

3 

4 

13 

19 

16 

36 

0 

0 

0 

15 

3 

2 

15 

17 

5 

16 

0 

4 

5 

1 

1 

0 

      

 

   

                                                            
26 Educational status was derived from highest qualification: 1 = completed high school; 2 = current undergraduate student; 3 
= completed undergraduate degree; 4 = completed graduate degree. This was the question approved by the IRB in San 
Diego. In Auckland and both UK sites we asked questions about job type and inferred highest qualification from these 
answers based on accepted required qualifications and age of participant. For example, 50 year old senior research scientist 
would be scored as 4 (completed graduate degree); 19 year old office administrative assistant would be scored as 1 
(completed high school). Unemployed (n=3) was also scored as 1.   
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Reasons for declining to take part in study 

Between the Oxford and Romford data collection, 11 volunteers declined to take part in the study 

after receiving the participant information. This represented 11% of the overall sample engaged. Their 

reasons are listed in Table 8.2. No one from Auckland or San Diego declined which is probably a 

function of the known research network approached (Auckland) and the passive advertisement which 

the participant could choose to answer (San Diego). A further four participants in Oxford and 

Romford gave informed consent, but failed to start the study protocol. 

Table 8.2 Reasons given by n=11 potential recruits for declining to give informed consent (actual quotes) 

Volunteer Reason given 

  

Analytical Chemist Not allowed to have a camera at work 

Laboratory scientist Would not be allowed to wear at work [laboratory] 

Senior Sales Adviser Feel device would make customers feel uncomfortable 

Civil Servant Cameras not allowed in the office 

Bank worker Not allowed to have a camera at work 

Primary School Teacher Not sure head teacher would allow camera at work 

Student [I am] a very private person and do not like the idea of someone 

knowing what I do 

Student Not enough reward for participation to be worth the hassle 

Not known Invasion of privacy 

Not known Can’t be bothered to fulfil study requirements 

Not known Timing of study not convenient 

  

 

Compliance 

Table 8.3 shows the compliance of the study participants as assessed by the number of days for which 

data was returned. Overall both measures performed well and were highly matched in terms of 
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number of days data returned (SenseCam = 89.8%; Travel diary = 90.6%). Matthews et al., state that 

79% accelerometer compliance in NHANES (National Health and Nutrition Examination Survey) in 

the USA was considered a success (though this would represent a far larger total sample) [53]. There 

was lower compliance in both UK locations, particularly Romford, compared to Auckland and New 

Zealand. The four participants who did not start the study should be considered dropout after 

recruitment. They represent 4.5% of the total number recruited. Hopkins et al., suggest that dropout 

greater than 10% would introduce substantial bias [172]. 

Days of SenseCam data (n = 31) were missed due to device malfunction, failing to charge the device 

or forgetting to wear the device. Days of survey data (n = 27) were missed due to the participant 

failing to record any data in returned surveys (i.e. returned blank surveys when SenseCam data for 

same period showed journeys occurring). One participant reported they had lost their diary.   

Table 8.3 Compliance of n=84 participants (by location and measure) in terms of days of wear time and data 
returned 

 Overall Auckland, 

New Zealand 

San Diego, 

USA 

Oxford, UK Romford, UK 

Participants (n) 84 15 37 25 7 

Days of data expected  305 46 156 80 23 

Days of partial or full 

SenseCam data returned 

(% of possible total) 

274 (89.8%) 42 (91.3%) 150 (96.2%) 66 (82.5%) 16 (70.0%) 

Days of partial or full 

travel diary data returned 

(% of possible total) 

278 (90.6%) 38 (82.6%) 154 (98.7%) 72 (90.0%) 14 (56.0%) 

      

 

Reactivity 

As previously discussed, it is important to consider if wearing SenseCam changes “usual” reporting 

behaviour. One test I have devised is assessing the proportion of journeys that are “rounded”; a 

suspected contributor to error on self-reported travel durations (which I will test in RQ3). I am 
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assessing whether participants who wear SenseCam are less likely to round than those that do not 

wear the device.  

Figure 8.2 shows a histogram of reporting at each minute interval. It has clear peaks at each five 

minute interval and this suggests even though participants were wearing SenseCam they still had a 

tendency to “round” their self-reported durations.  

Figure 8.2 Histogram showing frequency of reporting at each minute interval in the travel diary for n=1369 
journeys from n=287 days of data collection 
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When considering the proportion of journeys rounded to the nearest 5 minutes I found that of 1328 

eligible journeys (3-120 minutes), 1011 had been rounded; this equates to 76.1%. (95% CI = 73.8-

78.4%).  

Data quality control  

In the Criterion experiment reported in Chapter 4, Dr Aiden Doherty conducted some data coding to 

assess inter-rater reliability. Prior to this I conducted some training and coaching with Aiden in data 

coding protocol, and used 114 randomly selected journeys from the main study data set. We used the 
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matched-journey data set presented later in this chapter so this represented 10.1% of the data. I used 

this as an opportunity to check my own data entry. I found one mistake on entry of duration and a 

different mistake on entry of mode representing an error rate of 2/228 or less than 1%. 
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Research	question	1	–	how	does	travel	diary	and	SenseCam	data	collected	
for	the	same	period	compare	(comparison	of	measures)?	 
 

The data were treated as proposed (see Figure 8.3 Study flow chart). This flow chart was adapted 

from guidelines proposed by Matthews et al., for reporting of methods and data handling [53]. Table 

8.4 shows the number of journeys collected by each measure and how many were eligible according 

to the 3-120 minutes cut offs. These data show the travel diary slightly outperformed the SenseCam in 

term of days of data collected (n=4; 1.4%) and in terms of number of eligible journeys collected 

(n=58; 4.6%). However, it was later shown that many travel diary journeys were less than 3 minutes 

and should not have been reported, or in some cases never happened at all (phantom journeys). 

 

Table 8.4 Filtering procedure for eligible SenseCam and the travel diary journeys 

 SenseCam Travel diary 

Days of data returned 274  278 

Total number of journeys recorded 1629 1369 

Excluded as over 120 minutes 5 6 

Filtered out as less than 3 minutes 354 35 

Total eligible journeys 1270 1328 

 

 

Table 8.5 shows journey frequency and average duration by mode for all participants. Again, there is 

broad agreement between the two measures, though average travel diary durations are consistently 

slightly higher. Both measures suggest that two-thirds of trips are active (walking or cycling), and that 

on average walking trips are the shortest by mode of travel. 
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Figure 8.3 Study flow chart showing data treatment for Research questions 1-3 
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Table 8.5 Journey frequency, percentage of total and mean duration by mode and sedentary or active modes for 
eligible journeys (crude) by SenseCam (n=1270) and travel diary (n=1328) 

 SenseCam Diary 

 Journey 

frequency 

% Mean 

duration 

(minutes) 

Standard 

deviation 

(minutes) 

Journey 

frequency 

% Mean 

duration 

(minutes) 

Standard 

deviation 

(minutes) 

All 

 

Car 

Car passenger 

Bus 

Train 

Boat 

Walk 

Cycle 

1270 

 

338 

95 

40 

13 

1 

451 

332 

 

- 

 

26.6 

7.5 

3.1 

1.0 

0.1 

35.5 

26.1 

15:39 

 

14:54 

17:06 

18:28 

20:51 

52:43 

12:21 

19:50 

15:03 

 

11:40 

12:37 

15:55 

20:51 

- 

12:55 

19:28 

1328 

 

378 

91 

52 

15 

1 

400 

391 

- 

 

28.5 

6.9 

3.9 

1.1 

0.1 

30.1 

29.4 

17:46 

 

16:01 

17:59 

29:41 

24:36 

60:00 

14:25 

20:52 

16:44 

 

11:33 

14:00 

25:05 

21:05 

- 

13:59 

20:46 

 

Sedentary 

Active 

487 

783 

38.3 

61.7 

15:51 

15:31 

12:32 

16:26 

537 

791 

40.0 

60.0 

17:59 

17:36 

14:48 

17:57 

         

 

 

Table 8.6 shows average daily journey frequency for all participants. Both measures suggest that on 

average each participant conducted just over 4.5 journeys per day. However, due to the greater 

average durations in the travel diaries this leads to higher estimates of total daily travel time when 

looking at the travel diary data. The travel diary data suggests 84:55 minutes of travel per day 

compared to 72:37 from the SenseCam data. This is a difference of 12:18 minutes (17.0%) per day for 

all travel, and 6:29 minutes (23.0%) and 5:44 minutes (12.9%) for sedentary and active travel 

respectively. 
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Table 8.6 Journey frequency and mean travel times per day by SenseCam and the travel diary 

 SenseCam Travel Diary 

   

Days of data 274 278 

Total valid journeys (n) 1270  1328  

Mean journeys per day (n) 

Sedentary 

Active 

4.64 

1.78 

2.86 

4.78 

1.93 

2.85 

Mean travel time per day (minutes) 

Sedentary  

Active 

72:37 

28:13 

44:23 

84:55 

34:42 

50:07 

   

 

Missed journeys  

There were instances where SenseCam recorded journeys that were missed by the travel diary. These 

are shown in Table 8.7. Across 274 SenseCam days, the travel diary missed 495 journeys (232 

eligible journeys from 3-120 minutes and 263 short journeys <3 minutes that participants were not 

asked to record). This suggests that the diary should have recorded 1560 eligible journeys (3-120 

minutes) during the study period; the data show it recorded 1328 (85.1%) and missed 232 (14.9%). 
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Table 8.7 Journeys recorded by SenseCam and missed by the travel diary (n=495) 

 All missed journeys 

n (%) 

Missed eligible 

journeys (3-120 

minutes) 

Missed ineligible 

short journeys (<3 

minutes) 

Missed journeys 495 232 263 

By mode 

 

Car 

Car passenger 

Bus 

Train 

Boat 

Walk 

Cycle 

 

 

52 (10.5) 

17 (3.4) 

7 (1.4) 

- 

- 

391 (79.0) 

28 (5.7) 

 

 

 

41 (17.7) 

16 (6.9) 

7 (3.0) 

- 

- 

145 (62.5) 

23 (9.9) 

 

 

 

11 (4.2) 

1 (0.4) 

- 

- 

- 

246 (93.5) 

5 (1.9) 

Sedentary 

Active 

 

76 (15.4) 

419 (84.6) 

168 (72.4) 

64 (27.6) 

251 (95.4) 

12 (4.6) 

By purpose 

 

Commute 

Work related 

Shopping 

Leisure 

Visit friends 

Other 

 

 

92 (18.6) 

160 (32.3) 

97 (19.6) 

88 (17.8) 

9 (1.8) 

48 (9.7) 

 

 

 

39 (16.8) 

65 (28.0) 

31 (13.4) 

62 (26.7) 

4 (1.7) 

31 (13.3) 

 

 

53 (20.2) 

95 (36.3) 

66 (25.1) 

26 (9.9) 

5 (3.0) 

18 (6.8) 

    

 

The SenseCam also missed journeys recorded by the travel diary. Across 278 travel diary days 

SenseCam missed 206 eligible journeys. These are shown in Table 8.8 with the reason they were 

missed. SenseCam also revealed 25 “phantom journeys” which appeared in the diary but the images 

revealed no such journey had taken place on that day. This suggests SenseCam should have recorded 
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1476 eligible journeys during the study period; the data show it recorded 1270 (86.0%) and missed 

206 (14.0%). 

Table 8.8 Journeys recorded in the travel diary and missed by SenseCam (n=206) 

Total missed 206 

By reason: 

Camera off 

Camera not worn 

Upload fail 

Too dark/ obscured  

 

99 

77 

16 

14 

  

 

Principal finding 1 

 
SenseCam is a feasible tool for investigating travel behaviour in a sample of 80-90 participants. Data 

loss from both measures was approximately 10% in terms of days when no data was returned, and 

15% in terms of missed journeys (as revealed by the other measure). 

 
SenseCam and the travel diary give comparable results in terms of travel behaviour. Journey 

frequencies are very close, but the travel diary gives slightly longer journey durations, and as a result 

greater daily estimates of travel time (overall and by sedentary or active).  
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Research	question	2‐	how	well	does	the	travel	survey	measure	individual	
journey	duration	compared	to	SenseCam	(criterion	validity)?	

The data were matched as proposed (see Figure 8.3 Study Flow Chart). Table 8.9 shows the matched 

pairs of journeys by mode.  

Table 8.9 Characteristics of matched pairs of journeys (n=1127) from n=227 days of data collection  

Days of data  227 

Total number of eligible “matched pairs” of journeys 1127 

Car 

Car passenger 

Bus 

Train 

Boat 

Walk 

Cycle 

312 

84 

34 

13 

1 

358 

325 

27.7% 

7.5% 

3.0% 

1.2% 

0.1% 

31.8% 

28.8% 

Sedentary 

Active 

444 

683 

39.4% 

60.6% 

  

Eligible journey pairs per day 4.96 

Sedentary journey pairs per day 

Active journeys pairs per day 

3.01 

1.96 

  

 
 

These data compare well to the crude data in terms of journey frequency (see Tables 8.6 and 8.9) and 

average journey duration (see Tables 8.5 and 8.10), suggesting the process of selecting matched 

journeys has not introduced significant bias. The journey frequency has increased as a result of 

looking at data on the 227 days when journeys could be matched. Days with partial data and fewer 

journeys were less likely to produce a matched pair. 

 

Overall agreement (assessment of bias) was tested using the paired-samples t-test. The results are 

displayed in Table 8.10. Figure 8.4 shows a Bland-Altman plot of difference against average for all 
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matched pairs; the mean difference (bias in minutes), 95% confidence interval and 95% limits of 

agreement are displayed on this figure. 

Table 8.10 Comparison of means for all matched-pairs of journeys 

 Mean time 

(minutes) 

SE of mean 

(minutes) 

SD of mean 

(minutes) 

  

SenseCam 15:31 0:27 15:07   

Diary 17:39 0:29 16:31   

      

 Difference 

between means 

(minutes) 

SE of difference 

(minutes) 

95% confidence 

interval of 

difference 

(minutes) 

SD of difference 

(minutes) 

95% limits of 

agreement of 

difference 

(minutes) 

Overall 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

 

Table 8.10 shows that at the individual journey level the mean difference between SenseCam and the 

travel diary was 2:08 minutes. The low standard error gives a narrow 95% confidence interval around 

this estimate (1:48 to 2:28 minutes). The relatively large standard deviation gives wide 95% limits of 

agreement around this estimate.  

 

The Bland-Altman plot illustrates the significant fixed bias (over reporting of journey duration 

independent of journey length) revealed by the paired t-statistic analysis. It also shows a large random 

error at the individual journey level. The confidence intervals on the limits of agreement were 

calculated as described in Bland and Altman [161, 194] and were found to be +/- 35.0 seconds. These 

and the confidence intervals on the difference between means (+/-19.6 seconds) were not plotted for 

visual clarity. The apparent tendency for data points to lie on diagonal lines on the plot is another 

demonstration of the preference to report durations to the nearest five minutes. 
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Figure 8.4 Bland-Altman plot for all matched pairs of journeys (n = 1,127) 
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Agreement on mode 

Considering the 1,127 matched journeys, the travel diary reported a different mode to that shown by 

the images on 14 occasions (1.2%). Put another way, the travel diary correctly identified mode on 

98.8% of journeys. The most common mis-reporting was to record a Car Passenger journey as Car 

Driver (n=5). 

Using the Kappa statistic agreement on mode was found to be 0.983 (95%CI = 0.973 to 0.993). 

Landis and Koch suggest any value over 0.80 should be considered outstanding agreement between 

observations [210]. 

  

Assessment of normality 

The paired-samples t-test used to investigate differences between means is a parametric test that 

assumes normally distributed differences [211]. To assess normality, I first plotted a histogram of the 

differences (between the 1,127 matched pairs) which is shown in Figure 8.5. The x-axis is in 60 

second increments, and a normal distribution curve has been plotted using SPSS. 

Initial visual inspection of the histogram shows the data fit the expected shape for normally 

distributed data. The Shapiro-Wilk test confirms this; statistic = 0.834; significance = 0.0005. Plotting 

a normal curve on the data shows the data display some mild kurtosis (peaking) and skewness (shifted 

to the right of the curve). I attempted some standard data transformations (log and square-root) but 

these did not improve the normality (results reported at end of chapter). I decided the data fit the 

assumptions for normal distribution and should remain untransformed. 
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Figure 8.5 Histogram showing frequency distribution of the differences between SenseCam and the travel diary 
for eligible matched pairs of journeys (n=1127) 

 

 

Assessment of heteroscedasticity 

If the differences between SenseCam and the travel diary increased with journey length (proportional 

bias) the data would be described as heteroscedastic. This would complicate the statistical tests being 

used as it suggests non-uniform variance [211]. The first test is visual inspection of the Bland-Altman 

plot in Figure 8.4. A definite “funnel shape” emanating from the origin would indicate 

heteroscedasticity [212]. Across the whole plot, there is little visual evidence of a funnel shape. 

However, it should be noted that between 0-1000 seconds on the x-axis, the data do appear to 

demonstrate a funnel shape before levelling off. 
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Presence of heteroscedasticity was then tested by calculating the Kendall’s tau (τ) correlation between 

the absolute differences and the corresponding means. A positive τ greater than 0.1 would indicate the 

data were heteroscedastic; a τ less than or equal to 0.1 or a negative τ would indicate the data were 

non-heteroscedastic (homoscedastic). These cut-offs have been taken from a previously published 

study on heteroscedasticity and data transformation, though the authors acknowledge they have been 

chosen arbitrarily [212]. For my 1,127 matched-pairs of measurements Kendall’s Tau was found to be 

0.100 (significant at 0.01 level) and therefore deemed to be non-heteroscedastic. However, it should 

be noted that this value sits right on the boundary level of 0.1. 

Between- and within- subject differences 

The correlation coefficient was calculated for the relationship between the journey durations 

estimated from the two methods using both within-subject [195] and between-subject methods [213]. 

The between-subject correlation coefficient was found to be r = 0.953. The within-subject correlation 

coefficient was found to be r = 0.924.  

This tells us that greater reported journey durations are strongly associated with greater SenseCam 

recorded journey durations (and vice versa). These are both considered high correlations in physical 

activity measurement; a value >0.80 is said to demonstrate acceptable validity [214]. This analysis is 

also an indication of whether the variance on the differences is clustered within certain participants. 

Two strong correlation coefficients suggest that it is not. If it was, then frequent travellers with 

specific reporting behaviours could influence the results if they report with greater or lesser error than 

infrequent travellers.  

Principal finding 2 

There is a significant fixed bias of 2:08 minutes on reported journey durations. This represents over-

reporting of journey duration and systematic error on self-reported durations. The wide limits-of-

agreement (-9:10 to 13:26 minutes) demonstrate the large range (both positive and negative) for 

journey mis-reporting at an individual journey level. This represents large random error.  
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There is very high agreement between measures for mode (98.8% of journeys). 
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Research	question	3	–	is	the	bias	on	self‐reported	journey	duration	
different	according	to	certain	variables?		

As defined in the Chapter 7 (Study design), there are certain variables that are thought to influence 

error on self-reported travel behaviour. I classified these as journey, participant and study 

characteristics. I conducted a series of further paired-samples t-tests to investigate if there were any 

variables that might predict greater of lesser error on the travel diary. I tabularise the results by 

variable and show the mean difference graphically. I chose not to present Bland-Altman plots for each 

variable as differences were difficult to interpret visually.  

Journey characteristics 

Mean differences by journey mode 

Table 8.11 shows the mean differences by mode and these are also displayed in Figure 8.6. The 

greatest mean difference (representing over-reporting and ignoring the single boat journey) was for 

cycling journeys; train journeys were the only under-reported mode though this difference was not 

significant, probably due to only having 13 matched pairs.  

While active modes seem to be over-reported to a greater extent, comparing confidence intervals27 

suggests the only significant difference was between car and cycle journeys (Figure 8.6). It is worth 

noting that self-reported bus durations from the matched-pairs are much lower than in the crude data. 

This is because many of the journeys missed by SenseCam were longer (60-120 minutes) bus 

journeys that are excluded from matched pair analysis. They mainly came from one participant and 

there is no obvious reason why SenseCam was particularly poor at recording these journeys but this 

may introduce bias. Therefore, it is unclear if the small non-significant difference between means for 

bus journeys is unrepresentative. The single boat journey is not displayed. 

   
                                                            
27 This is the approach used for comparisons between means for all descriptive variables in RQ3.I acknowledge this is just an 
indication of significance and formal tests are warranted. A post-hoc ANOVA has been suggested as a way to remove the 
possibility of chance findings. 
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Table 8.11 Comparison of difference between means for matched-pairs of journeys by journey mode 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

diff 

(min-

utes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

Car (n=312) 14:42 16:19 1:36 0:20 0:57 to 2:16 5:55 -10:00 to 13:12 

Car passenger 

(n=84) 

17:08 18:18 1:09 0:39 -0:08 to 2:27 5:58 -10:33 to 12:51 

Bus (n=34) 19:31 20:18 0:47 0:48 -0:51 to 2:26 4:44 -8:30 to 10:04 

Train (n=13) 20:51 19:04 -1:47 2:03 -6:17 to 2:42 7:26 -12:47 to 16:21 

Boat (n=1) 52:43 60:00 7:17 - - - - 

Walk (n=358) 11:27 13:52 2:24 0:19 1:45 to 3:04 6:16 -9:53 to 14:41 

Cycle (n=325) 19:36 22:28 2:52 0:15 2:21 to 3:24 4:48 -6:32 to 12:17 

        

 

Figure 8.6 Difference between means for SenseCam and travel diary by journey mode 
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Mean differences by sedentary and active travel 

Table 8.12 shows the mean differences by sedentary and active modes and these are also displayed in 

Figure 8.7. While both categories are over-reported, the active modes are by a greater extent and this 

difference appears to be significant. 

Table 8.12 Comparison of difference between means for sedentary and active travel modes 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel 

diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

difference 

(minutes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

Sedentary (n=444) 15:48 17:10 1:22 0:16 0:49 to 1:55 5:54 -10:12 to 12:56 

Active (n=683) 15:19 17:57 2:38 0:12 2:12 to 3:03 5:37 8:23 to 13:39 

        

 

Figure 8.7 Difference between means for SenseCam and travel diary by sedentary and active travel 
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Mean differences by journey purpose 

The differences varied by travel purpose as shown in Table 8.13 and Figure 8.8. Shopping trips appear 

to have a lower bias than other purposes, except trips to visit friends which have no significant bias at 

all. 

Table 8.13 Comparison of means for matched-pairs of journeys by journey purpose 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

diff 

(min-

utes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

Commute 

(n=380) 

18:40 20:56 2:16 0:14 1:46 to 2:45 4:50 -7:12 to 11:44 

Work related 

(n=192) 

9:34 11:33 2:18 0:25 1:28 to 3:09 5:53 -9:14 to 13:50 

Shopping 

(n=181) 

11:52 13:08 1:15 0:17 0:42 to 1:49 3:51 -6:18 to 8:48 

Leisure 

(n=283) 

17:48 20:24 2:36 0:26 1:43 to 3:28 7:30 -12:06 to 17:18 

Visit friends 

(n=37) 

14:35 15:04 0:29 0:29 -0:30 to 1:29 2:59 -5:22 to 6:20 

Other (n=54) 16:28 18:47 2:19 0:58 0:21 to 4:17 7:12 -11:48 to 16:26 
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Figure 8.8 Difference between means for SenseCam and travel diary by journey purpose 
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Mean differences by journey duration 

The differences varied by travel duration as shown in Table 8.14 and Figure 8.9. These data show a 

clear increase in difference between means as journey duration increases. This finding seems to 

contrast the heteroscedasticity testing presented earlier. For this reason I decided to look at difference 

between means as proportional differences. Table 8.15 shows proportional differences by the average 

and the midpoint of the duration categories. These data show that there is a small but noticeable 

increase in proportional difference. However this increase appears to stop after the 11-15 minute 

category. Returning to the Bland-Altman plot in Figure 8.4 there is a funnel shape to about this point 

(660-900 seconds).  

 

This would suggest that there is a small proportional bias to approximately 15 minutes and after that 

the bias is constant. This may explain why a log transform did not improve the results for 

heteroscedasticity (a similar finding to Pilot study 2 [157]). 
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Table 8.14 Comparison of means for matched-pairs of journeys by journey duration 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

diff 

(min-

utes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

0-5 min 

(n=240) 

4:07 4:16 0:08 0:07 -0:07 to 0:24 2:03 -3:53 to 4:09 

6-10 min 

(n=295) 

8:22 9:12 0:50 0:10 0:29 to 1:11 3:02 -5:07 to 6:47 

11-15 min 

(n=228) 

12:44 14:15 1:31 0:15 0:59 to 2:02 3:57 -6:14 to 9:16 

16-30 min 

(n=233) 

21:08 24:36 3:27 0:24 2:38 to 4:16 6:21 -9:00 to 15:54 

31-120 min 

(n=131) 

47:16 54:46 7:29 0:56 5:37 to 9:21 10:46 -13:37 to 28:35 

        

 

Figure 8.9 Difference between means for SenseCam and travel diary by journey duration category 
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Table 8.15 Proportional differences by the average and the midpoint of the duration categories 

 Difference between 

means (minutes) 

Difference as % of average 

reported time of range 

Difference as % of mid-

point of reported range 

Overall 2:08 12.1 3.5 

    

0-5 min (n=240) 0:08 3.1 5.3 

6-10 min (n=295) 0:50 9.1 10.4 

11-15 min (n=228) 1:31 10.6 11.7 

16-30 min (n=233) 3:27 14.0 15.0 

31-120 min (n=131) 7:29 13.7 10.0 

    

 

Mean differences by rounded to five minutes or not rounded 

The differences varied by whether or not the journey was reported to the nearest five minutes. These 

data are shown in Table 8.16 and Figure 8.10. It is assumed this digit preference introduces error as 

the actual times are rounded from the true value.   

Table 8.16 Comparison of means by rounding to five minutes 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel 

diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

difference 

(minutes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

Rounded to five 

minutes (n=831) 

16:46 19:20 2:34 0:12 2:08 to 2 59 6:11 -9:33 to 14:41 

Not rounded 

(n=296) 

12:56 12:00 0:56 0:14 0:28 to 1:24 4:07 -7:08 to 9:00 
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That the bias is greater for rounded journeys suggests that rounding is generally up rather than down, 

and introduces systematic error. The difference appears to be significant. It is also worth noting that 

the rounded journeys were approximately 25% greater in duration than the non-rounded journeys, 

suggesting longer journeys are more likely to be rounded to five (or 10) minutes. 

 

Figure 8.10 Difference between means for SenseCam and travel diary by rounded to five minutes or not rounded 
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Mean differences by journey chaining 

Journey chaining is defined in my protocol as a series of linked trips (e.g. walk to bus stop, bus to 

town, and walk to shops). Table 8.17 and Figure 8.11 show the comparison of journeys that were part 

of a series (chained) and those which were independent (not chained). The data suggest there were no 

significant differences and journeys in both categories displayed similar positive bias. 

 

 

   



DPhil Thesis Submission  Trinity 2013 
 

207 
Paul Kelly     

Table 8.17 Comparison of means by journey chaining 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel 

diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

difference 

(minutes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

Chained (n=398) 15:32 17:58 2:28 0:21 1:43 to 3:08 7:11 -11:37 to 16:33 

Not chained 

(n=729) 

15:30 17:29 1:58 0:10 1:37 to 2:19 4:49 -7:28 to 11:24 

        

 

Figure 8.11 Difference between means for SenseCam and travel diary by journey chaining 
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Principal finding 3.1 

 

The following journey characteristics appeared to have a significant effect on the differences between 

bias: 

 Journey duration (greater duration displayed greater positive bias) 

 Journeys reported to 5 minute intervals (rounded journeys display greater positive bias) 

 Whether journey is active or sedentary (active journeys display greater positive bias) 

The following journey characteristics appeared to have no significant effect on the differences 

between bias: 

 Journey mode (except car versus cycle) 

 Journey purpose (except visiting friends which has significantly lower bias than most other 

purposes) 

 Whether journey is a chain of linked stages 
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Participant characteristics 

Mean differences by participant gender 

The differences between biases by gender are shown in Table 8.18 and Figure 8.12. The data show 

that both males and females have a positive bias, and gender does not significantly influence the 

magnitude of this over-reporting bias. 

Table 8.18 Comparison of means by gender 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel 

diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

difference 

(minutes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

Male (n=626) 15:20 17:38 2:17 0:13 1:50 to 2:45 5:50 -9:09 to 13:43 

Female (n=501) 15:44 17:41 1:57 0:15 1:27 to 2:27 5:40 -9:09 to 13:03 

        

 

Figure 8.12 Difference between means for SenseCam and travel diary by participant gender 
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Mean differences by participant age group 

I categorized participants into 10 year age groups. These data are displayed in Table 8.19 and Figure 

8.13. They show that there is very little difference between the 18-30, 31-40 and 41-50 age groups; all 

have a similar positive bias. The 51-60 years age group appears to have a greater positive bias, but the 

difference to the other groups is non-significant. I tested 18-24 and 25-30 years age categories, but the 

results were highly similar so I grouped these categories.  

Table 8.19 Comparison of means by age category 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel 

diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

difference 

(minutes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

18-30 years 

(n=523) 

14:53 16:58 2:04 0:12 1:40 to 2:29 4:49 -7:22 to 11:30 

31-40 years 

(n=240) 

14:42 16:23 1:40 0:21 0:58 to 2:21 5:25 -8:57 to 12:17 

41-50 years 

(n=170) 

14:34 16:32 1:58 0:23 1:11 to 2:44 5:07 -8:04 to 12:00 

51-60 years 

(n=194) 

19:01 22:04 3:02 0:36 1:51 to 4:13 8:24 -13:26 to 19:30 

        

 

   



DPhil Thesis Submission  Trinity 2013 
 

211 
Paul Kelly     

Figure 8.13 Difference between means for SenseCam and travel diary by age category 
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Mean differences by education status 

The differences between biases by educational status are shown in Table 8.20 and Figure 8.14. There 

is no clear pattern here. Ignoring current undergraduates, there seems to be a trend for less bias as 

educational status increases, with a significant difference of 1:38 minutes per journey between 

participants who completed high school and participants who have completed a graduate degree. 

However, current undergraduates did not follow the trend and have a lower bias than any other group. 

This may be related to the fact they have the shortest journeys in terms of duration. 
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Table 8.20 Comparison of means by education status 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel 

diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

difference 

(minutes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

Completed high 

school (n=133) 

15:45 19:08 3:23 0:29 2:24 to 4:22 5:44 -7:51 to 14:37 

Current 

undergraduate 

(n=226) 

13:05 14:16 1:10 0:14 0:42 to 1:39 3:38 -5:57 to 8:17 

Completed 

undergraduate 

degree (n=269) 

18:14 21:16 3:02 0:26 2:10 to 3:54 7:13 -10:49 to 17:29 

Completed 

graduate degree 

(n=499) 

15:05 16:50 1:45 0:14 1:16 to 2:15 5:33 -9:08 to 12:38 
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Figure 8.14 Difference between means for SenseCam and travel diary by educational status 
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Mean differences by use of memory jogger 

As previously mentioned, the participants were provided with a pocket sized memory jogger (as in the 

real NTS). The idea was for participants to note their travel during the day and transfer it to the diary 

at the end of the day. At the satisfaction interview, participants were asked if they had used it. The 

differences between biases by jogger use are shown in Table 8.21 and Figure 8.15. There is a greater 

positive bias (over-report) when the jogger is not used to when it is. The difference appears to be 

significant. There is no difference between sometimes using the jogger and never using the jogger.  
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Table 8.21 Comparison of means by memory jogger use 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel 

diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

difference 

(minutes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

Yes  

(n=233) 

15:40 17:00 1:19 0:15 0:48 to 1:50 3:59 -6:29 to 9:07 

Sometimes 

(n=142) 

17:35 20:20 2:44 0:41 1:22 to 4:07 8:14 -13:44 to 18:32 

No  

(n=724) 

14:55 17:12 2:16 0:12 1:52 to 2:41 5:39 -8:48 to 13:20 

Don’t know 

(n=28) 

19:06 21:21 2:14 1:01 0:09 to 4:20 5:24 -8:21 to 12:49 

        

 

Figure 8.15 Difference between means for SenseCam and travel diary by memory jogger use 
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Principal finding 3.2 

The following participant characteristics appeared to have a significant effect on the differences 

between bias: 

 Whether the jogger is used (greater positive bias when jogger not used) 

 Educational status (no obvious pattern) 

The following participant characteristics appeared to have no significant effect on the differences 

between bias: 

 Gender 

 Age category 
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Study characteristics 

Mean differences by study location 

The differences between biases by study location are shown in Table 8.22 and Figure 8.16. There 

were no significant differences, although Auckland and Romford had a lower bias than San Diego and 

Oxford. In all locations mean journey durations were over-reported.  

Table 8.22 Comparison of means by study location 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel 

diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

difference 

(minutes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

Auckland (n=151) 15:11 16:24 1:13 0:27 0:19 to 2:06 5:34 -9:42 to 12:08 

San Diego (n=648) 16:28 18:53 2:25 0:14 1:57 to 2:52 5:58 -9:17 to 14:07 

Oxford (n=277) 14:03 16:11 2:07 0:20 1:28 to 2:47 5:33 -8:46 to 13:00 

Romford (n=51) 12:20 13:48 1:28 0:37 0:13 to 2:42 5:17 -8:53 to 11:49 
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Figure 8.16 Difference between means for SenseCam and travel diary by study location 
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Mean differences by day of study 

The differences between biases by day of study are shown in Table 8.23 and Figure 8.17. On all days 

the bias was positive indicating over-reporting, and the bias was greater on the first two days than the 

third, fourth and fifth days. None of the differences appeared to be significant. 
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Table 8.23 Comparison of means by study day 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel 

diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

difference 

(minutes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

Day 0 (n=142) 15:04 17:24 2:20 0:23 1:33 to 3:07 4:42 -6:53 to 11:33 

Day 1 (n=368) 14:39 17:13 2:33 0:19 1:55 to 3:12 6:16 -9:44 to 14:50 

Day 2 (n=305) 17:26 19:12 1:46 0:21 1:04 to 2:27 6:07 -10:13 to 13:45 

Day 3 (n=285) 14:28 16:23 1:55 0:18 1:18 to 2:32 5:16 -8:24 to 12:14 

Day 4 (n=27) 18:45 20:38 1:53 0:49 0:11 to 3:36 4:19 -6:35 to 10:21 

        

 

Figure 8.17 Difference between means for SenseCam and travel diary by study day 
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Mean differences by weekend or weekday 

The differences between biases by weekday or weekend day are shown in Table 8.24 and Figure 8.18. 

There is no obvious difference by this variable. 
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Table 8.24 Comparison of means by weekend or weekday 

 Mean 

SenseCam 

time 

(minutes) 

Mean 

travel 

diary 

time 

(minutes) 

Difference 

between 

means 

(minutes) 

SE of 

difference 

(minutes) 

95% 

confidence 

interval of 

difference 

(minutes) 

SD of 

difference 

(minutes) 

95% limits of 

agreement 

(minutes) 

Overall 15:31 17:39 2:08 0:10 1:48 to 2:28 5:46 -9:10 to 13:26 

        

Weekday (n=954) 15:08 17:14 2:06 0:10 1:45 to 2:27 5:31 -8:43 to 12:55 

Weekend (n=173) 17:37 19:37 2:19 0:31 1:16 to 3:22 7:00 -11:24 to 16:02 

        

 

 

Figure 8.18 Difference between means for SenseCam and travel diary by weekend and weekday 
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Principal finding 3.3 

The following study characteristics appeared to have no significant effect on the differences between 

bias: 

 Study location (though large substantial differences were apparent) 

 Study day (though greater bias on first two days) 

 Week day or weekend day 
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Research	question	4	‐	How	well	does	the	travel	diary	measure	daily	
summary	travel	behaviour	compared	to	SenseCam	(criterion	validity)	

This final research question looked at the daily summary travel behaviour. This is the type of data 

many epidemiological studies would use to classify activity status [53], and could be a relevant 

question to a public health audience. 

To answer this research question I returned to the raw data and identified all days when the camera 

missed nothing. This was defined by days when there were no journeys in the travel diary missed by 

SenseCam, and there were no partial SenseCam journeys (start or end of journey missed due to device 

failure). This is based on an assumption that there were no journeys missed by both measures.  

With these days identified I selected the journeys that took place on these days and calculated the 

summary travel duration. I consider the SenseCam summary duration the criterion measure for the 

purposes of this RQ28. I then compared these summaries to (1) the summaries on the corresponding 

travel diary days of data and (2) the summaries on the crude (total) travel diary data. As the daily 

summary duration is a function of journey duration and number of trips, both the reporting of duration 

and frequency will influence the bias. The method for selecting SenseCam data is shown in Figure 

8.19 - Study flow chart 2. 

Table 8.25 shows the average daily summary travel duration for (1) crude (total) SenseCam data, (2) 

the criterion SenseCam days, (3) the corresponding travel diary days and (4) the crude (total) travel 

diary data. SenseCam was a criterion measure of daily summary travel behaviour on 202 days (which 

represents 73.7% of the 274 days any SC data was collected, and 65.8% of the 307 days the device 

was expected to collect data). 

 

                                                            
28 This has only been tested at the individual journey level rather than at the daily summary level. It is assumed the validity 
and reliability of SenseCam shown at an individual level translates to the daily summary level with the condition that the 
participant provides a full set of images. In the future this assumption should be tested, but is beyond the scope of this thesis.  
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Figure 8.19 Study flow chart 2 for Research question 4 
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Excluded 72 incomplete 
days

Possible total:
307 days of data

Calculate 
summary time 

from 822 
eligible 

journeys (3‐120 
minutes)

Calculate daily 
summary time 

from 957 
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Table 8.25 Daily summary travel time analyses for all journeys 3-120 minutes 

 All (crude) 

SenseCam data 

SenseCam criterion 

data 

All (crude) travel 

diary data 

Travel Diary data 

corresponding to 

criterion SenseCam 

data days 

     

Days of 

data (n) 

274 202 278 202 

Journeys 

recorded 

(n) 

1270 957 1328 822 

Journeys 

per day (n) 

4.64 

(SE = 0.15; SD = 

2.48) 

4.74  

(SE = 0.17; SD = 

2.44) 

4.78 

(SE= 0.15 ; SD = 

2.55) 

4.07  

(SE = 0.15; SD = 

2.12) 

Mean 

journey 

duration 

(minutes) 

15:39 

(SE = 0:25; SD = 

15:03) 

16:03 

(SE = 0:30; SD = 

15:36) 

17:46 

(SE = 0:27; SD = 

16:44) 

18:49 

(SE = 0:36; SD = 

17:11) 

Mean daily 

summary 

travel time 

(minutes) 

72:34 

(SE = 3:09; SD = 

52:02) 

76:05  

(SE = 3:42; SD = 

52:41)* 

84:55 

SE = 3:22; SD = 

56:10) 

76:09  

(SE = 3:42; SD = 

52:41)* 

     

 

* I have re-checked and confirmed the standard error and standard deviation for these values are the same to the nearest 
second 

 

Only taking the 202 criterion days of SenseCam (non-significantly) increases journeys per day and 

mean summary travel time per day compared to the crude SenseCam data. This would be expected 

with incomplete days excluded. There is also a small non-significant increase in mean journey 

duration. Looking at the travel diary for the corresponding 202 days, journeys per day and mean 

summary travel time are significantly lower. Mean journey duration also increases by a small amount. 
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Comparing the criterion SenseCam result for mean summary travel time, this is 8:50 minutes lower 

than the crude travel data and 0:04 min lower than the corresponding diary data. 

Conducting a paired-samples t-test for the difference between criterion SenseCam days and 

corresponding diary days reveals the standard error to be 1:50 minutes and the standard deviation to 

be 25:58 minutes. This leads to a 95% confidence interval of -3:32 to 3:40 minutes and 95% limits-of-

agreement of -50:50 to 50:58 minutes. 

It is worth noting that the inclusion of 1-3 min journeys detected by SenseCam makes a non-

significant 30 second difference (results not displayed), suggesting these short journeys do not play an 

important role in total summary travel times. However, that is not to say they are unimportant to 

certain areas of research. 

Principal finding 4 

These data show that SenseCam performed as a criterion measure of summary journey behaviour (as 

per my definition) on two-thirds of the days participants were asked to wear it. Selecting these 

criterion SenseCam days increased apparent journey frequency, mean journey duration and daily 

summary duration. 

Selecting the corresponding days of diary data reduced apparent journey frequency, increased journey 

duration and decreased overall daily summary duration. 

Comparing criterion SenseCam data and corresponding diary days of data suggests journey durations 

are over-reported, journey frequencies are under-reported and overall daily summary durations agree. 

Including journeys of 1-3 minutes detected by SenseCam did not affect this result. 

There was a very wide 95% limits-of-agreement on the difference between daily summary durations 

from criterion SenseCam days and corresponding diary days. 
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Data transforms for normality tests 

Table 8.26 shows the data transforms that were tested to improve normality of data distribution. As 

they did not improve normality, they were rejected. 

 

Table 8.26 Transformations of data to improve normality 

Log transform of differences Square root transform of differences 

  

Shapiro-Wilk statistic = 0.556  

Significance = 0.0005 

Shapiro-Wilk statistic = 0.737 

Significance = 0.0005 
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Discussion	of	principal	findings	
 

The following section will be a discussion of the principal findings from this experiment. 

Principal finding 1 

SenseCam is a feasible tool for investigating travel behaviour in a sample of 80-90 participants. Data 

loss from both measures was approximately 10% in terms of days when no data was returned, and 

15% in terms of missed journeys (as revealed by the other measure). 

 
SenseCam and the travel diary give comparable results in terms of travel behaviour. Journey 

frequencies are very close, but the travel diary gives slightly longer journey durations, and as a result 

greater daily estimates of travel time (overall and by sedentary or active).  

 

 

The first research question asked whether SenseCam could be used in a sample of this size for the first 

time (we already know diaries can be used in much larger samples of many thousands). It also asked 

how the crude data from the two measures compared. While the SenseCam was demonstrated to be 

feasible, the demographics of the participants could not be considered representative of the wider 

populations from which they were recruited; the sample was relatively young and highly educated. 

Whether this was a function of the university setting where recruitment was active or is representative 

of the sort of people willing to wear a camera is unclear. I would suggest it was both. Foster et al., 

have previously shown that the recruiting technique employed can influence the study sample [215]. 

In Romford, where we were able to recruit a group not associated with a University setting (and with 

a different educational status), the compliance was lower. Whether this will continue to be an issue 

when working with groups less familiar with research protocols remains to be seen. The NTS 2010 

Technical Report found similar differences between response rates in outer London and the rest of the 
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country; the overall NTS response rate in 2010 was 60% but this was lower in Inner London (48%) 

and Outer London (55%), and higher in the rest of the country (61%) [120]. 

The choice of the four study locations was highly opportunistic. They were based on an opportunity to 

capitalise on my existing connections and research network. While not systematically chosen, they 

presented an advantage of increased diversity in terms of participants and travel environments (and in 

turn travel behaviours). This will reduce some threats to external validity. Likewise, the selection of 

participants was influenced by setting, and cannot necessarily be considered population 

representative. However, I did achieve a reasonable gender split and range of ages to suggest 

SenseCam has applications in fair proportion of groups and populations. 

I considered how the data I collected compared to “real” NTS data as an indication of any bias from 

my methods. I conducted descriptive analysis of 2,139,541 journeys from the publicly available 2008 

NTS dataset [202]. I chose to analyse the 6 most popular modes (Walk, Cycle, Drive, Vehicle 

passenger, Bus and Train) which comprised 2,052,864 journeys (96.0 % of the original sample). 

Table 8.27 Comparison of data from the 2008 NTS and my travel diary for six most common modes 

Mode or travel Number in 

2008 NTS (n) 

Percentage 

(%) of 2008 

NTS total 

Mean  NTS 

journey 

duration 

(mins) 

Number in 

my travel 

diary (n) 

Percentage 

(%) of 

travel diary 

total 

Mean 

travel 

diary 

journey 

duration 

(mins) 

       

Walk 241,943 11.8 24.2 400 30.1 14.4 

Cycle 36,060 1.8 19.1 391 29.4 20.9 

Car 1,016,402 49.5 19.3 378 28.5 16.0 

Bus 150,532 7.3 32.9 52 3.9 29.7 

Train 46,259 2.3 57.6 15 1.1 24.6 

Car passenger 561,668 27.4 22.1 91 6.9 18.0 
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Inspection of Table 8.27 shows my data had a higher proportion of walks and car journeys, and a far 

higher proportion of cycle journeys (probably a result of the sample recruited). It had a lower 

proportion of bus and car passenger journeys, while train journeys were similar. Cycle, car, bus and 

car passenger journeys were similar in terms of mean duration; walk and train journeys were 

substantially shorter in my travel diary data. This suggests my travel diary data is close to “real” data, 

but there may be some sample bias on my results influencing generalisability particularly relating to 

cycling journeys.   

The NTS acknowledge how sample differences can influence data, especially with relation to cycle 

journeys. For this reason they recommend “un-weighted samples under 100 should not be used while 

samples under 300 should be used cautiously” [60]. As my sample was 84, there was always going to 

be a limit to how representative the travel data would be. 

While the compliance was high considering survey based research [53], SenseCam is not ubiquitously 

accepted, as demonstrated by the people who refused to take part. Their reasons were primarily to do 

with invasion of privacy and regulations at work (see Table 8.2). This will be an issue for any future 

research employing automated camera methods. In terms of administering SenseCam and providing 

participants with instruction, the group sessions in San Diego and Auckland proved more time-

efficient than one-to-one sessions. However, it should be acknowledged that such an environment 

may have made some participants feel less comfortable asking questions or clarifying the protocol. 

Future research should balance this threat to autonomy with the efficiency benefits.  

It took a substantial time (12 weeks) to code the SenseCam data. This suggests that currently the 

device is suited to small-medium scale studies, for example validating or calibrating measures that can 

be used on larger scales as in my thesis. In its current format it would not be suitable for large scale 

study (above 250 participants, depending on size of research team). For future studies of this size I 

would recommend a team of coders (appropriately trained with inter-rater reliability assessed). After 

my initial coding pass I decided to make a second pass. While I corrected less than 5% of coded 

journeys (and almost always by between one to five images, or between 10 and 50 seconds) this 
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added a further substantial period of time to the data preparation and analysis. However it also added 

confidence in the coded data; it was a quality control similar to a test-retest assessment. 

This experiment is an investigation of the way people report their travel behaviour. It is an 

inescapable fact of such research that the objective measure (SenseCam) may influence the behaviour 

of interest (self-report). This was discussed in the Chapter 7 – Study design. The test I devised for 

reactivity was based on percentage of journeys from the sample rounded to the nearest five minutes. 

My analysis of NTS data showed that 84.7% (95% CI 84.65-84.75) of journeys (from over 2 million) 

had been rounded. This number is consistent with the 85-90% reported in the Dutch Travel Survey 

[95].  Rounding occurred in 76.1%. (95% CI = 73.8-78.4%) of journeys in my experiment. Therefore 

8.6% fewer journeys were rounded in my study than in “real” NTS self-report data and suggests there 

may have been mild reactivity from wearing SenseCam. This is also a larger effect than observed in 

Pilot study 1where 80.3% (95% CI 75.9-90.8) were rounded (though this was only from 88 journeys). 

It may be that the extra devices (accelerometer and GPS) used in this experiment further influenced 

reactivity. However, overall any effect is small, and a large proportion of journeys in my data were 

still rounded. For this reason I am confident that there is minimal bias influencing the internal validity 

of my results. 

The second part of RQ1 asked how similar the data were from each measure. This is important as it 

tells researchers whether the measures can be used interchangeably, and how confident they can be 

comparing future studies that use one or other measure. Both devices performed similarly in terms of 

compliance and data captured. As expected the SenseCam was able to capture a substantial number of 

journeys <3 minutes duration which are thought to be difficult to measure by self-report [61]. 

In terms of journey totals, journey frequencies and daily travel durations, the measures broadly 

agreed. This suggests they were measuring the same thing; travel behaviour; and is an indicator of 

face validity for each measure. However, the travel diary data gave greater travel durations, and 

slightly greater journey frequencies, which combined to give over 12 minutes per day more travel per 

participant than the SenseCam (almost 6 minutes of which were active travel). Whether this finding is 
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significant and has epidemiological or behavioural relevance will be discussed after deeper 

investigation in the next section. 

Both measures missed similar numbers of eligible journeys the other recorded. As a percentage of 

recorded journeys, missed journeys were low. This gives further confidence that both SenseCam and 

the travel diary are acceptable ways to measure the travel behaviour of a study population of this size. 

The reasons for travel diary misses were participant failure to report. The majority of SenseCam 

misses were from failure to wear, or failure to charge. This suggests that when operated correctly 

SenseCam is a good tool to record journeys; the challenge is to elicit correct operation from 

participants in free-living. Future studies with such devices should look to further refine protocol and 

instruction, or reduce reliance on participant action, to reduce data lost for these reasons.  

Implications 

These findings suggest SenseCam is a feasible measure of travel behaviour in a sample of 80-90 

participants. It may therefore be suitable for other similar validity studies for other measures and other 

health behaviours (e.g. sedentary behaviour). Data from the SenseCam and the travel diary look 

similar, but the choice of one or other measure in a population would likely lead to different results at 

a population level – whether this difference is acceptable or epidemiologically relevant depends on 

the research question being investigated. 
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Principal finding 2 

There is a significant fixed bias of 2:08 minutes on reported journey durations. This represents over-

reporting of journey duration and systematic error on self-reported durations. The wide limits of 

agreement (-9:10 to 13:26 minutes) demonstrate the large range (both positive and negative) for 

duration mis-reporting at an individual journey level. This represents large random error.  

 
There is very high agreement between measures for mode (98.8% of journeys). 

  

This finding of consistent positive bias confirms Pilot 1 [189] and the GPS review presented in 

Chapter 2. The magnitude of this bias was found to be 2:08 minutes with a narrow 95% CI of 1:48 to 

2:28 minutes. This is slightly lower than my Pilot 1 and half the magnitude of the aggregated result 

from my systematic review of GPS results. In particular it suggests the NTS is over-reporting by far 

less than the 2011 GPS pilot found [99] and less than the comparison to Map Point software 

conducted by Cronberg and Bonsall [121].  As a percentage of mean SenseCam journey duration this 

bias is 13.7% which is also less than the aggregate percentage bias calculated in the GPS review. This 

found 28.6% over all 12 studies, and 46.2% and 20.3% for unmatched and matched analysis (see 

Chapter 2).  

 

Interestingly the matching of journey pairs did not influence the bias from the crude data. Comparison 

of crude diary and SenseCam data found a bias of 2:07 minutes per journey (see Table 8.4) while 

comparison of matched pairs found a bias of 2:08 minutes. This in contrast to the findings of my GPS 

review which found a larger differences by analysis type. It may suggest that the differences in GPS 

and reported durations by analysis type are more to do with GPS detection of journeys than 

participant interpretation or error. 

 

Due to the criterion validity and reliability of my SenseCam method demonstrated in Chapter 4, I 

believe this is the best estimate yet of error or bias on self-reported journey durations in this type of 
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self-report method. I will not propose any possible explanations for this until I have examined the 

potential influencing variables in RQ3. However, it should be noted this experiment is subject to some 

bias (particularly sample bias and possibly some reactivity). Assessment of the data for normality, 

heteroscedasticity and within- and between- subjects effects suggest that the parametric tests used, 

without data transformation, were appropriate. 

 

The agreement on mode was exceptionally high (98.8%). This is higher than reported in GPS studies 

[61, 146]. This high agreement may be a result of only assessing matched trips. The 29 phantom 

journeys could be considered as mis-reported mode. Without a comparison measure (such as 

SenseCam) they would wrongly be included in analysis of self-report data. However, even when 

included there would still be agreement on over 95% of journeys. Therefore, these data suggest self-

report of mode is a valid measure and researchers can have confidence in using self-reported modes. 

 

Implications 

The crude data from both measures suggest on average participants report 4.8 journeys per day (see 

Table 8.6). Therefore, using the bias found from criterion validity of journey time (2:08 minutes), on 

average the travel diary is overestimating travel time from these journeys by approximately 10 

minutes per day. Considering the 2.8 active journeys per day, the travel diary is overestimating daily 

active travel by 6 minutes per day. 

 

The next question is whether this is an acceptable bias (or measurement error). Assuming seven days 

of travel this is an overestimate of 42 minutes per week of active travel. Woodcock et al., [12] 

recently modelled health and environmental gains of weekly increases in walking and cycling of 51, 

91 and 185 minutes, (finding large DALY gains and mortality reduction) which suggests 42 minutes 

is epidemiologically relevant. From these data and results I would therefore recommend adjusting or 

correcting population level self-reported travel data by 2:08 minutes per journey. In the next section I 

will investigate if any differential adjustments (e.g. by active or sedentary, gender, age, etc.) are 

warranted. In the final section I will examine another way of assessing daily travel time. 
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The wide limits-of-agreement (-9:10 to 13:26 minutes) as shown in Table 8.10 and Figure 8.4 show 

that for 95% of the journeys, the error on reported duration can be between a 9:10 minute under-report 

and a 13:26 minute over-report. This means that while the travel diary is a relatively good measure of 

population level journey duration, it is a particularly poor measure of individual journey duration. In 

other words, once enough measurements have been taken in a population, the overall average will be 

valid. However, for any given individual, who will have provided a much smaller number of 

measurements, the assessment of travel exposure could be substantially invalid.  

 

This has implications for public health research. Self-report data is often used for categorising 

individuals by active travel status, detecting behaviour change in individuals or assessing eligibility 

for intervention which may be invalid if these errors are common to all self-report measures. This 

agrees with recommendations made by Dollman et al., for monitoring physical activity in adolescents 

which state self-report may be more suitable to population monitoring, descriptive and needs 

assessment based research than for intervention and individual based research [216]. Matthews et al., 

state that when estimating population values (e.g. of active travel) higher levels of random error at the 

individual level may be acceptable; with a large enough sample these errors do not bias population 

averages [53]. This suggests the large random error (95% limits of agreement) do not preclude self-

reported travel from such studies. However, the authors go on to say that this random error is 

detrimental to the internal validity of association studies and in particular dose response studies. Large 

error at the individual level “lead to misclassification of exposure, loss of statistical power and 

attenuation of effect sizes” [53]. 

 

The results showing very good agreement for mode suggest self-report is a valid test and therefore 

may be suitable for detecting outcomes such as modal shift. However, it should be remembered that 

these results do not reveal anything about frequency. For example, if a travel diary reports three walks 

and two car journeys, we can be confident these modes are correctly reported, but we do not know 

what may have been left off (or erroneously included in) the diary. 
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Principal finding 3 

The following journey characteristics were investigated: 

Appeared to have a significant 

effect on bias 

Appeared to have no significant effect on 

bias or no evidence for effect 

Journey duration Journey mode (car vs. cycle significant) 

Rounding to five minutes Journey purpose (visiting friends 

significantly different to some purposes) 

Active or sedentary mode Whether or not journey part of a chain 

  

 

The following participant characteristics were investigated: 

Appeared to have a significant 

effect on bias 

Appeared to have no significant effect on 

bias or no evidence for effect 

Whether jogger used Gender 

Educational status Age category 

  

 

The following study characteristics were investigated: 

Appeared to have a significant 

effect on bias 

Appeared to have no significant effect on 

bias or no evidence for effect 

N/a Study location 

 Day of study 

 Weekend or weekday 
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Investigation of the journey characteristics showed that journey length, reporting or rounding to five 

minutes and whether the journey was active or sedentary appeared to have a significant effect on the 

magnitude of the bias. These are discussed below. 

An important aspect of the finding for rounding or digit preference is that it appears to be up (rather 

than down) increasing the systematic bias. It has previously been suggested that digit preference may 

skew results in this way [217]. It is worth noting non-rounded journeys are also over-reported, though 

to a lesser extent. As suggested from my previous work, I believe rounding-up happens because 

participants include other journey related activities in their reported time [154]. For example; putting 

on outdoor clothing before leaving the house or packing the car before setting off on a drive can make 

a 7.04 minute journey seem “about 10 minutes”. These have been termed transitory activities in the 

travel literature [95]. I believe this to be an important explanation for the positive bias on reported 

journey duration.    

It is unclear why active and sedentary journeys display a difference in the magnitude of over-

reporting. For example, there is no obvious reason why the “transitory activities” mentioned above 

would be more important for active journeys. I speculate that participant perception of active and 

sedentary activities is different, but further research is warranted. The difference by journey length is 

likely to be due to some proportional bias, particularly important for 0-15 minute journeys, as 

discussed. 

I did not find any evidence that independent journey mode, journey purpose and being part of a chain 

of journeys (stages) significantly influenced the bias. This is in contrast to some studies using GPS 

methods [61, 89, 196, 197] and also my own pilot work [154]. However, in my results there were 

some non-significant differences, so it may be a question of adequate power (as my study was 

designed for RQ2 at the whole group level).    

Investigation of participant characteristics showed that use of the pocket jogger and educational status 

had a significant effect on the bias. The finding for jogger use is logical, but educational status 

revealed no clear trend and will require further investigation in future study. 
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Participant gender and age category had no significant effect. The age finding is in contrast to 

previous GPS work [89, 103, 124]. However, this could either be a power issue, or a result of not 

having many older adults in my sample and none beyond retirement age. This could be due to the 

recruitment setting or the requirement to use an electronic device (SenseCam). However, some 

previous studies have successfully used SenseCam in older populations [137]. 

Investigation of study characteristics showed study locations, day of study and weekend or weekday 

had no significant effect on bias. This suggests that these study variables at least did not bias the study 

and indicates good experimental validity. The non-significant difference between Auckland and the 

other locations could be due to the educational status of participants in that location, rather than the 

travel environment. It is also interesting that day of study did not influence bias, as reporting fatigue 

has been identified in a previous study [88]. It is possible wearing a SenseCam reminded participants 

they were in a travel study and increased diary compliance, or the sample I used were more familiar 

with and compliant to diary methods. Again, this is a potential source of experimental bias.  

Implications 

If researchers choose to adjust travel exposure data, differential adjustment by certain variables may 

be appropriate according to research question. In terms of public health it may be of particular interest 

that active journeys display a greater over-reporting bias than sedentary journeys. 

Proportional or percentage adjustment could be considered. It would seem that journeys under five 

minutes (and to a lesser extent under 10) do not require as much adjustment as those between 10-120 

minutes. Researchers who chose to adjust their data may decide to use the mean differences shown by 

journey length category, or the overall percentage bias of 13.7%, if appropriate to their research 

question. Researchers may also choose to adjust self-reported journey data differentially for journeys 

reported to the nearest five minute and for active and sedentary journeys. Using the bias of 2:38 

minutes on active journeys, estimated weekly bias for active travel increases from 42 minutes 

(estimated in previous section) to 52 minutes. 
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Jogger use and educational status were also found to influence bias and could be considered if 

adjusting data. Researchers should find ways to increase jogger use in such studies, perhaps with 

clearer instructions or better materials. This also suggests techniques using real time reporting (e.g. 

smart phone applications) might be able to collect more valid and reliable data. 
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Principal finding 4 

 

These data show that SenseCam performed as a criterion measure of summary journey behaviour (as 

per my definition) on two-thirds of the days participants were asked to wear it. Selecting these 

criterion SenseCam days increased apparent journey frequency, mean journey duration and daily 

summary duration. 

Selecting the corresponding days of diary data reduced apparent journey frequency, increased journey 

duration and decreased overall daily summary duration in the travel diary. 

Comparing criterion SenseCam data and corresponding diary days of data suggests journey durations 

are over-reported, journey frequencies are under-reported and overall daily summary durations agree. 

Including journeys of 1-3 minutes detected by SenseCam did not affect this result. 

There was a very large 95% limits-of-agreement on the difference between daily summary durations 

from criterion SenseCam days and corresponding diary days. 

 

On criterion SenseCam and corresponding travel diary days there was no meaningful difference 

between daily summary travel duration (4 seconds). This finding has raised three immediate 

possibilities. (1) This is a valid finding and is a result of considering journey frequency as well as 

duration. That is, participants over-report duration of individual journeys, but in effect cancel this out 

by missing journeys (at a rate of 0.67 journeys per day; see Table 8.25). A previous GPS study 

suggested forgotten trips may be a greater contributor to self-report error than “inaccuracy” [61]. 

Certainly, this finding is in contrast to my estimated summary over-report based on bias at an 

individual journey level (see RQ2); (2) Respondents who were more compliant with SenseCam and 

therefore provided more criterion days, were also the respondents more likely to be “good” diary 

completers; or (3) It may be that by filtering travel diary days by criterion SenseCam performance I 

introduced an artificial bias that has brought the travel diary daily summary down from 84:55 minutes 

per day to 76:09 minutes per day. The 29 phantom journeys should also be considered here. They 
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made up 2.1% of the total diary journeys recorded and would have inflated the summary estimates 

from the diary but may have been filtered out by my SenseCam based criteria. 

It is also important to note that if this had been a study of travel behaviour without the presence of 

SenseCam, the summary estimate based on 202 days of diary data would not exist as there would be 

no way of selecting these days. A researcher would have concluded summary travel behaviour based 

on the crude data. It may therefore be most relevant to compare criterion SenseCam data to crude 

travel diary data. 

The very wide limits-of-agreement (~100 minutes) are more consistent with the findings from RQ2 

that self-report of journey exposure has a large random error and is unsuitable for individual 

participant exposure assessment. The summary at the group level assessed by the diary appears to be 

valid by comparison to SenseCam. However, the uncertainty on an individual’s exposure is very 

large. 

Implications  

I am not sure how to interpret these findings beyond the questions they have raised. It has certainly 

alerted me to the importance and effect of filtering data by compliance based criteria. This would also 

be important in accelerometer research with the analogy to wear-time criteria. Further, it suggests that 

considering two dimensions of a health behaviour (in this case duration and bout frequency) increases 

the complexity of the research, reduces the available data and can change the assumptions we might 

draw about exposure if we looked at single dimensions. Additionally, it calls into question the validity 

of only looking at duration and not journey frequency in my GPS systematic review. 

Referring to Case-control studies, Altman and Bland said it is unclear how to analyse data from 

unmatched individuals and no really satisfactory solution exists for missing data [203]. Omitting 

people without complete data is known as complete case analysis and is most common, but results 

may be biased unless data missing completely at random [203]. This is analogous to my study having 

some days that were not complete. These days could not be included for summary analysis but may 
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have influenced my results. Imputation is another option in Case-control studies, but would have been 

inappropriate for my comparison of measures experiment. 

Finally, the very large random error is a finding consistent with RQ2. The implications in terms of 

population and individual measurement are the same. 
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Strengths	and	limitations	of	this	experiment	

This experiment has a number of strengths and limitations. This is the first study of this size to use 

SenseCam to validate a travel diary. There have only been two previous studies of this nature (Pilot 1 

and Pilot 2 [154, 157]). The primary strength of this experiment is the use of a valid, reliable and 

objective measure (SenseCam) to compare to the travel diary data. Previous studies have used 

accelerometer or GPS but I believe SenseCam gives a more valid measure of travel mode, frequency 

and duration. 

I demonstrated the repeated criterion validity of SenseCam compared to direct observation in Chapter 

4 and have assumed it is applicable to the free-living in this experiment. I have assumed the reliability 

demonstrated between devices (inter-instrument) and between coding (intra-coder and inter-coder) 

applies to this experiment. However, as discussed in that chapter, the Criterion experiment had some 

limitations that may challenge these assumptions. Sensitivity to rule changes in the coding protocol 

are also untested. 

A strength of the coding protocol is its ability to assess time spent travelling and exclude the 

previously discussed transitory activities. It may be that in the respondents’ perceptions the journeys 

start before or during the transitory activities and they are reporting a valid assessment of the journey 

duration as they understand it. However, researchers wish to know the exposure to the activity itself, 

and using SenseCam and my protocol appears to allow this. 

I believe the analysis approaches presented are a strength of this experiment. Many validation studies 

present only correlation coefficients, but by using paired-sample t-tests and Bland-Altman approaches 

I am able to investigate systematic and random bias separately [161, 218]. A correlation between the 

measured values measures the strength of the relation between them and will not be appropriate for 

assessing agreement or bias as two measures can be highly related without being very agreeable 

[161]. Perfect correlation can occur along any straight line, while perfect agreement would be a 

straight line on the line of equality and a test of significance is irrelevant to the question of agreement 

or bias [161]. Hopkins et al., challenge the Bland-Altman approach, especially when units of 
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measurement differ, suggesting linear regression is superior. However they acknowledge that Bland-

Altman may be suitable for method comparison when the units are the same, as is the case in my 

experiment [172]. 

The sample for this experiment was relatively young, highly educated and completed a large number 

of cycle journeys compared to real NTS data, and this may have biased my results. However, there 

was an even gender split. There is also a question as to whether the sort of people who volunteer to 

wear SenseCam are representative (and have representative reporting behaviour) of wider 

populations. The important point here is that the population they need to be representative of is the 

population of people who would take part in a travel survey, so this may introduce less bias than it 

initially appears. It should also be noted that there was a low proportion of people refusing to take part 

once they were informed about the study, suggesting bias from this reason is not large. There were 

low numbers of public transport journeys due to my lower recruitment followed by the lower 

compliance in Romford where I anticipated high bus and train use. The bus journeys missed by 

SenseCam may also have under-represented this mode and biased the results. 

Offering the $50 incentive in San Diego and not in the other locations was in line with institutional 

policy, but may have biased the recruitment and subsequent results. It is worth noting the NTS 

incentivises with £5 gift voucher, and consistency in future studies across locations may reduce 

recruitment and compliance bias. Previous monitoring studies (in high school students) have found 

monetary compensation the most effective for enhancing compliance [204]. 

The educational status variable was poorly categorised due to the mixed data I collected in the 

different sites and the coding of purpose variable was also confused by multipurpose journeys. I 

recently discovered the NTS codes “purpose from” and “purpose to” to alleviate this [120], and I 

would do this in future. All participants in my study are able bodied and therefore I do not have 

information on feasibility of use with disabled individuals. In Chapter 1 I reported the NTS classifies 

“readers and skimmers”, however I did not investigate this as a possible variable influencing bias. 

Neither did I collect any data on ethnicity of participants.  
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There are certain limitations of SenseCam as a device for measurement; (1) it may place burden upon 

the participants. There are particular settings where participants are not comfortable to wear the 

device and they have to remember to wear and charge it for a three day period29; (2) in certain 

situations such as very low light the images do not always show the journey clearly enough for 

identification. Images can also be lost when the lens is obscured by clothing or when participants 

forget to put it on; (3) it may introduce reactivity to the behaviour of interest; and (4) the approximate 

10 second epoch between image capture introduces a small error on the proposed criterion assessment 

of journey duration. 

Unlike most accelerometer based studies, I do not have wear-time criteria to identify valid criterion 

days. These are identified by travel diary journeys missed by SenseCam, or by incomplete SenseCam 

journeys. A participant could remove the device at work or at home for substantial periods (as 

directed by the ethical framework) and conduct journeys but these days could still be criterion days 

according to the above criteria. Triangulation against, for example GPS could be recommended for 

future analysis. 

I based my self-report measure on the NTS. I have presented some public health uses of NTS data in 

Chapter 1. However, the NTS does not have the option of data linkage to health outcomes, as for 

example the Health Survey for England does, and future work with a measure more widely used in 

public health may be more useful. Further, I have primarily discussed the validity of journey duration 

estimates over three days using the NTS. However, as noted by Ogilvie and Panter, outcome measures 

for walking and cycling interventions can also include changes in usual or main mode or changes in 

mode share [219].  

Finally, I accept there may have been some personal researcher bias. While I always aimed to achieve 

a detached evaluative stance, the way I constructed my protocol and procedures could have biased the 

                                                            
29 Participant burden was assessed at the return study visit through a satisfaction survey. These data are not presented in this 
thesis but initial inspection suggests the burden is largely perceived; participants anticipate feeling awkward to drawing 
attention by wearing the device at work or in public though this rarely happens in practice. This agrees with the findings 
from both pilot studies used to inform the ethical framework. 
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outcomes. Repeated studies by other researchers are needed before the findings can be considered 

solid evidence.  
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Future	study	

I have made some recommendations for future research, specifically raised by this main experiment; 

 Repeat the experiment with a more representative sample to investigate the feasibility of 

using in wider population groups, and the bias on reporting in these groups30. This might 

include low- and middle- income countries (LMICs)31, though the cost of the device and 

resources available may prohibit this. There are certain LMICs where active travel is a 

particularly important intervention e.g., Ciclovia in Bogota, Columbia and measurement 

could be particularly instructive [220, 221]; 

 Repeat the study with other self-report measures of travel and active travel commonly used in 

public health research, for example the International Physical Activity Questionnaire (IPAQ)  

[222] or  the EPIC Physical Activity Questionnaire (EPAQ-2) [223]; 

 Repeat with a greater focus on detecting journey frequency to better assess the daily summary 

question. Perhaps incorporating more advanced analysis techniques such as receiver operator 

characteristic (ROC) curves which has been used as part of a range of measures of agreement 

in pedometer studies [224]; 

 Conduct a similar study comparing SenseCam to other devices such as accelerometers or GPS 

to validate and calibrate their algorithms for detecting and measuring journeys; 

 Develop explanatory models that go beyond my descriptive variables for travel duration over-

reporting. This could allow comparison of the relative importance of different variables. In 

other health behaviours, specifically food intake, researchers have developed regression 

calibration methods [225]. 

 
  	

                                                            
30 I have had meetings with both Sustrans and NatCen about the possibility of such work. I plan to resume these discussions 
after completing my DPhil studies. 
 
31 I assisted an MSc Student who recently piloted SenseCam measurement of travel in Kingston Jamaica  



DPhil Thesis Submission  Trinity 2013 
 

246 
Paul Kelly     

Chapter	conclusion	

The main experiment presented in this chapter showed that SenseCam is a feasible tool for travel 

behaviour exposure assessment in a sample of 80-90 participants. It also showed that SenseCam and 

the NTS-based travel diary broadly agree on travel behaviour assessment. 

Assessment of agreement, taking SenseCam to be a criterion measure, showed travel diaries over-

report journey duration by 2:08 minutes (95% CI = 1:48 to 2:28) at a group level. Investigation of 

journey, participant, and study characteristics suggests certain variables that may influence the 

magnitude of this over-reporting. Specific variables that appear to influence over-reporting include 

journey duration, rounding to nearest five minutes, whether it is active or sedentary, use of a pocket 

memory jogger and educational status. This over-reporting may lead to epidemiologically relevant 

errors on assessment of exposure to active or sedentary travel over the course of a day, week, month 

or year. The agreement for mode was very high (Kappa = 0.983). 

The 95% limits-of-agreement were wide (-9:10 to 13:26 minutes). This raises questions about the 

suitability of self-report methods to assess individual participant travel behaviour.  

Inspection of daily summary data raised questions about considering journey frequency and the effect 

of filtering data by certain criteria.  

 

 

 
 
 
 
 
 
 
 
 
 



DPhil Thesis Submission  Trinity 2013 
 

247 
Paul Kelly     

 
 
 
 
     Part 4 – Thesis discussion 
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CHAPTER	9	–	THESIS	DISCUSSION	

Summary	

In this final chapter I reflect on the contributions made by my thesis. I restate my thesis objectives and 

summarise the main findings and discussion points, including strengths and weaknesses. I then 

suggest the implications of these findings for policy, practice and research. This is followed by my 

suggestions for future research based on my thesis. 

I briefly outline the on-going SenseCam work I am involved in and my plans for two papers based on 

this thesis. I also list my published papers from this work. 

Finally, I place SenseCam in my table of travel measures and reflect on the strengths and weaknesses 

of this method. I conclude that I achieved my thesis aim of assessing the efficacy of SenseCam to help 

understand the error in a widely used travel diary. 
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Discussion	of	thesis	

In Chapter 1, I stated my thesis aim as: 

“…to assess the efficacy of utilising SenseCam to improve our understanding of the error on 

self-reported travel duration using a modified version of the National Travel Survey” 

To achieve this aim, I formulated three thesis objectives: 

1. Systematically review the existing literature comparing GPS measured and self-reported 

journey durations 

2. Develop a new method for travel measurement with SenseCam, with a view to valid and 

reliable journey assessment 

3. Test my developed SenseCam method in a suitably powered sample, and investigate the error 

on self-reported journey durations (and compare to results from GPS review) 

This final chapter is a discussion and reflection on the extent to which I achieved these aims and 

objectives. 

Objective 1 

Having discussed the importance of travel and active travel as public health behaviours I identified 

self-report as the pervading technique, despite the emergence of objective technologies. To date, there 

have been a number of studies using one of these technologies (GPS) to assess the error in self-

reported behaviour of travel. I conducted the first (to my knowledge) systematic review of studies that 

compared GPS measured journey durations to self-reported journey durations. 

The review demonstrates there is a disagreement between self-reported and GPS measured journey 

time; it is consistent in direction (over-reporting), but variable in magnitude which means that the two 

measures should not be used interchangeably. I found an aggregated over-report of 4.4 mins (28.6%) 

per journey. It suggests (based on the assumption GPS is the more objective measure), studies using 

self-reported journey duration over multiple journeys and days are likely to be over-estimating the 

travel time or exposure to active and sedentary travel. 
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The review had certain limitations common to many systematic reviews (few studies, heterogeneous 

study characteristics, etc.). I also realised through the course of this thesis I should have assessed 

journey frequency as well as journey duration. If I had the opportunity to repeat this review, I would 

assess this dimension of travel behaviour as well. 

This review was set up to assess the best available evidence for the error or bias on self-report. This 

led into my second thesis objective; to try and develop a better method with wearable cameras. 

Objective 2 

In field testing prior to my thesis, I had identified that SenseCam (a wearable camera) had the 

potential to be a near objective measure of travel behaviour (mode, duration and frequency). My 

second thesis objective was to develop a feasible, valid and reliable method to assess travel behaviour 

with this device. Through two pilot studies I developed and refined this method. Through a series of 

tests according to a methodological framework developed from the measurement literature I 

established the high validity and reliability of this method. I also developed an ethical framework for 

SenseCam research in health behaviour measurement research. 

There were certain limitations to this approach. In particular, my testing of criterion validity was 

subject to a small number of simulated journeys, of limited modes and durations. I did not investigate 

public transport, or the performance of SenseCam and my methods in low light levels. However, the 

method performed very well on the tests I did conduct. This set up my third and final thesis objective; 

to test this method in a full validity experiment. 

Objective 3 

To complete my thesis aim, I designed an experiment to assess the error on the NTS using my new 

method. The NTS collects data on travel behaviour in the UK and the data (particularly on active 

travel) is often used in public health. In four locations, I collected data (SenseCam and self-report) 

from 84 participants over 3-4 days.  
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I compared the data from both measures through four research questions. Across 1,127 matched 

journeys, I found a positive bias of 2:08 minutes per journey in the self-report (taking SenseCam as 

the criterion measure). Using this bias and measured journey frequencies I estimated a daily over-

estimation of active travel behaviour of +6 minutes (or 42 minutes per week). I found this bias to 

differ by certain variables and presented descriptive data for these. As active journeys appear to be 

subject to greater bias than sedentary journeys, this estimate of over-reported active travel could be 

considered conservative. 

Next, I selected criterion days to allow assessment of journey frequency and calculation of daily 

summary travel duration. I found there was no bias when comparing matched days of data. Whether 

this was because under-reporting of frequency cancelled over-reporting of duration, or because 

filtering the data introduced experimental bias is unclear. However, analysis at both journey level, and 

daily summary level, revealed large random error (wide limits of agreement). 

This final experiment has certain limitations. In particular, the study locations, while providing a 

range of travel environments and travel behaviours, were chosen opportunistically rather than with 

sound scientific reasoning. Further, there is uncertainty over how representative my sample was of 

wider populations using travel diaries. However, this study is the first of its size using automated 

cameras in health behaviour measurement. The proven feasibility of this method offers opportunities 

to assess other self-report measures and other health related behaviours. 

Implications for policy, practice and research 

I believe there are certain implications from this body of work. Primarily, this thesis suggests that 

anyone using self-reported journey durations should consider them an over-estimation of true travel 

time. I have suggested correction factors researchers using such data may wish to consider. 

Unfortunately it is not clear if the same is true for daily summary durations; this should be assessed in 

future research. My work is based on a widely used measure of travel behaviour already used by 

policy makers, practitioners and researchers; the findings presented in this thesis should help them to 

understand the confidence and potential bias in their own calculations. 
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Perhaps of greater impact is the finding that, at journey and daily summary level, the random error on 

this type of self-report is very high. This is of significance to any researcher or practitioner using self-

reported travel data to calculate dose-response relationships or detect changes in behaviour and has 

been discussed in previous literature [216]. Particularly considering behaviour change, the size of the 

limits of agreement suggests the random error is in excess of plausible changes in active travel 

behaviour; any behaviour change will be undetectable in the noise and effective interventions could 

be rejected. I would recommend the use of objective measures (such as GPS or accelerometer) in such 

studies. Future research should assess this in other commonly used self-report travel measures such as 

the walking questions in IPAQ or EPAQ-2 [222, 223]. 

I was interested by the effect of simultaneously introducing a second domain (frequency) and filtering 

data to obtain criterion days. Roth and Mindell have previously reported the importance of assessing 

who provides criterion data in relation to accelerometer based research [226]. Loprinzi et al., refer to 

excluding participants with invalid accelerometer data as introducing “cut-off bias” [227]. I think the 

analysis shown in Research question 4 demonstrates the effects of this and is of interest to researchers 

who conduct similar investigations with other devices and measures.  

Finally, the demonstration of a feasible method to assess health behaviours with an associated ethical 

framework should be of interest to any researcher looking to improve the way we can assess health 

behaviours. Beyond active travel, physical activity, sedentary behaviour, diet, alcohol intake (and to a 

lesser extent smoking) have their own issues with measurement [163]. While exact methods may 

differ, perhaps focussing on prompted recall or validation of other devices, the possibility to 

investigate and improve measurement has been shown. As previously reported, the first studies in 

other domains are already being published. 

Recommendations for future research 

To summarise my recommendations for future research, based on this thesis I suggest the following: 

 Repeat my main study with a focus on a more representative sample, and equal attention 

given to assessment of frequency;  
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 Repeat this study with other common self-report measures of travel; 

 Use my method to investigate other travel measures such as GPS or accelerometer; 

 Assess the utility of SenseCam in the measurement of other important health behaviours; 

 Assess the utility of SenseCam images as a prompt or recall tool.  For example, in qualitative 

interviews about behavioural choice, or in formative evaluation of participant experience of 

an intervention;  

 I believe there may be a role for SenseCam in intervention research. Firstly, the “better” 

measurement provided by SenseCam could give greater sensitivity to behaviour change. 

Perhaps more importantly, the images could become part of the intervention; personalised or 

reflective feedback from a nutritionist or physical activity councillor using the images of the 

participant’s actual behaviour may prove more effective than general advice. The same may 

be true for smoking and alcohol behaviours. 

 

Publications from my thesis 

During the course of my thesis I have published the following studies (as first author) from my work; 

1. P Kelly, M Murphy, P Oja, E Murtagh and C Foster; Estimates of the number of people in 

England who attain or exceed vigorous intensity exercise by walking at 3mph; Journal of 

Sports Sciences; 2011 29(15):1629; 

 

2. P Kelly, A Doherty, E Berry, S Hodges, AM Batterham and C Foster; Can we use digital life-

log images to investigate active and sedentary travel behaviour? Results from a pilot study; 

International Journal of Behavioural Nutrition and Physical Activity; 2011 8(1):44; 

 

3. P Kelly, A Doherty, A Hamilton, AM Batterham, A Matthews, C Foster and G Cowburn; 

Evaluating the Feasibility of Measuring Travel to School Using a Wearable Camera; 

American Journal of Preventive Medicine; 2012, (43): 546-550; 
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4. P Kelly, S Marshall, A Doherty, J Kerr, H Badland, M Oliver and C Foster; An ethical 

framework for the use of automated digital image capture in health behaviour research; 

American Journal of Preventive Medicine; 2013. 

I highlight number 2 as my biggest contribution to the literature. As of 1st May 2013 it has been 

accessed 2928 times (IJBNPA online statistics) and cited 16 times (Web of science). Other published 

SenseCam studies I have contributed to as co-author are listed in Appendix 12. These include three 

publications from the accelerometer and GPS data collected at the same time as my thesis data, as 

described in Chapter 8; Doherty et al., [228]  Kerr et al., [140]  and Oliver et al., [228].  

 

Publication plan 

From my thesis I plan to try and publish the following papers; 

 The systematic review of GPS and self-report comparisons described in Chapter 2. A 

manuscript for this paper is currently under consideration at Transport Reviews; 

 A paper reporting the criterion validity and reliability of a modified NTS diary using my main 

data set. This paper is not yet written. It will report the small systematic bias and large 

random bias as principal findings. I am considering IJBNPA where my first SenseCam pilot 

was published as a target journal. 

 

On-going SenseCam work 

As a result of my published ethical framework for observational research I have been asked to 

produce a second framework for the use of automated wearable cameras in eliciting behaviour 

change. This project is run by the London School for Economics and funded by the Economic and 

Social Research Council. 

Dr Aiden Doherty and I have also been invited to run a pre-conference research workshop at the 

ISBNPA annual meeting in Ghent in May 2013. We will be delivering a practical session to 18 
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researchers and inviting them to consider how images from automated wearable cameras might 

contribute to their own research. I have also been invited to the Programme Committee for the 

SenseCam 2013 annual conference in San Diego.  

I have had a series of meetings with Professor J Gershuny (Nuffield College, University of Oxford). 

His research is focussed on time-use diaries, behavioural trends, and newly, health outcomes. We are 

proposing to use my SenseCam method to investigate the bias or otherwise on the self-reported 

behaviour he uses in his own work. We plan to submit a funding proposal over the summer.  

SenseCam in travel research 

SenseCam provides near objective assessment of travel behaviour. To revisit Table 1.3 from the end 

of Chapter 1, I have added SenseCam to my own summary of the capabilities of this method. This is 

displayed in Table 8.1. 

Limitations of SenseCam as a method 

Beyond the strengths and limitations discussed with regard to the main experiment, SenseCam as a 

method has some general limitations. It is for these reasons I believe SenseCam (in its current form) is 

unlikely to replace many established techniques. SenseCam provides no information on location or 

intensity of activity, and is therefore only relevant to certain research questions. It would have to be 

combined with GPS, accelerometer or heart rate monitoring to be more widely relevant. While the 

feasibility of this has been demonstrated it increases the complexity of the data collection and the 

participant burden. Despite calling SenseCam an objective measure, the images still require subjective 

interpretation, and data can be lost for a variety of reasons. 

My thesis, and other work, has shown some people are willing to wear a camera all day long and 

provide images of their lives. However, not everyone accepts this invasion of privacy, and it is likely 

that SenseCam will only be feasible in certain groups and sections of society. Finally, using 

SenseCam is resource intensive. The devices cost £300 each as of April 2013 and the images take 

significant researcher time to code and analyse. I think the primary role is in supplementing and 

validating measures that can be used on wider scales. 
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Table 8.1 My summary of the capabilities of common travel measurement techniques with SenseCam included

 Measure  

Dimension of travel 

behaviour 

Self-report GPS Accelerometer  Pedometer Heart rate Direct 

observation 

SenseCam 

        

Mode Subject to 

participant 

memory 

Subject to detection 

algorithm 

Subject to behavioural 

detection 

Only walking No Yes Near direct observation 

Frequency Subject to 

participant 

memory 

Subject to detection 

algorithm 

Subject to behavioural 

detection 

No No Yes Near direct observation subject to 

coding protocol and criterion wear-

time 

Duration Subject to 

participant 

memory 

Subject to detection 

algorithm 

Subject to behavioural 

detection 

Step counts 

per day 

No Yes Near direct observation subject  to 

coding protocol 

Intensity Subject to 

participant 

memory 

Speed information 

subject to detection 

algorithm 

Estimated energy expenditure 

subject to behavioural 

detection 

No Heart rate 

response 

Some researcher 

estimation 

No 

Context or purpose 

(work, leisure) 

Subject to 

participant 

memory 

Some inference from 

land use 

No No  No Yes Some information. Would perform 

better as recall tool. 

Travel 

Environment 

Subject to 

participant 

memory 

If combined with GPS No No No Yes Some information; benefits are 

temporal data such as pedestrian 

levels or obstructions 
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Personal reflections 

I have developed (or at least been shown the importance of) some critical research skills during this 

thesis. I attempt to summarise below; 

 I have conducted my first systematic literature review. I learned the importance of a focussed 

RQ and defined eligibility criteria (especially after an aborted first review into technologies in 

activity assessment); 

 I had not realised the differences within, and the importance of, the terms validity and 

reliability. I attempted to formulate my own framework around these concepts for establishing 

a new measure in health behaviour assessment; 

 I have had my first attempt at taking a new measure from the idea stage, through testing and 

development to demonstrating efficacy in real people; 

 I have learned about ethical research and existing ethical frameworks; 

 I have run one pilot study, attached my measures to another, and designed and led an 84 

participant data collection. This has given me experience of recruitment, compliance, data 

collection, coding and analysis; 

 I have seen how adding more dimensions to a health exposure and filtering to reveal criterion 

data can increase complexity and change the outcomes and results from analysis. 

 

Final remarks 

The results presented in this thesis support previous claims for the suitability of self-report diaries for 

surveillance and monitoring of population trends. I believe self-report will continue in this function 

for many years. However, these results add evidence to the unsuitability of self-report diaries to detect 

behaviour change or exposure levels of active travel in individuals. Devices and techniques will 

continue to improve and I believe all trials and interventions will be utilising devices in the next 10-15 

years. I hope the price makes this feasible in LMICs. 
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In this thesis I have stated my opinion that SenseCam is the closest measure to direct observation 

available to travel researchers. I have also presented some supporting evidence for this. However, 

SenseCam is not the pinnacle of device measurement and will be surpassed in the very near future. 

Better, smaller devices and multi-device platforms (including images, location, accelerometry and 

physiological response) will provide greater resolution to health assessment very soon. Ultimately, we 

may one day live in a world of continuous, ubiquitous health monitoring of our entire lives through a 

micro-chip in the body. It is unclear if this is a good thing. 
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Conclusions	

I feel I have achieved my thesis aim, namely to assess the efficacy of a new methodology or device in 

the measurement of travel behaviour. I conclude it is a near objective measure of journey mode, 

frequency and duration, but is still subject to limitations, assumptions and subjectivity. 

There is no single objective physical activity assessment instrument that is appropriate for all 

situations, populations, and research questions [229]. Selecting a physical activity monitoring system 

for a particular project depends on the objectives of the study and the resources available to purchase 

and use the instruments [53]. There are certain situations and studies when SenseCam may be the 

appropriate choice. 
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Abstract
Walking is a safe, accessible and low cost activity, amenable to change and known to have great potential to increase physical
activity levels in sedentary individuals. The objective of this study is to estimate the proportion of the 2009 adult population
of England who would attain or exceed vigorous intensity activity (470% maximum heart rate [HRmax]) by walking at 3
mph. We conducted predictive impact modelling using participants’ (n¼ 1741, aged 25–64 years) cardiovascular fitness data
from treadmill walking tests. We combined this data with English population estimates adjusted for age and sex to estimate
the numbers of individuals that would exceed 70% HRmax (an intensity considered sufficient for fitness gains) when walking
at 3 mph (4.8 km � h71). We estimate 1.5 million men (95% confidence interval [CI] 0.9–2.2 million) (from 13.4 million
corresponding to 11.6% (95% CI 7.0–16.2%)) and 3.9 million women (95% CI 3.0–4.8 million) (from 13.6 million
corresponding to 28.6% (95% CI 22.0–35.1%)) in England aged 25–64 years would benefit from regularly walking at 3 mph.
In total, a projected 5.4 million individuals (95% CI 3.9–6.9 million) aged 25–64 (from 26.97 million corresponding to
20.1% (95% CI 14.6–25.7%)) could benefit from walking at 3 mph. Our estimates suggest a considerable number of
individuals in the English population could receive fitness and health benefits by walking regularly at 3 mph. Physical activity
messages that promote walking at this speed may therefore have the potential to significantly impact national fitness levels
and health in England.

Keywords: Walking, fitness, public health

Introduction

Walking has been described as the safest, most

convenient form of physical activity. It is low-impact,

low cost and readily accessible, requiring no special

skills or equipment (Albright, 2000; Ogilvie et al.,

2007). It can be readily assimilated into daily life

through active transportation and can be continued

into old age (Ogilvie et al., 2007). It is an important

form of activity to many individuals due to an

unwillingness or inability of a large proportion of the

population to participate in more vigorous activities

(Hamer & Steptoe, 2008). Systematic review of

exercise interventions has shown walking to have the

greatest potential for increasing activity levels in

sedentary individuals (Hillsdon, Foster, & Thoro-

good, 2005; Hillsdon & Thorogood, 1996). As many

adults in England are not meeting physical activity

recommendations (Department of Health, 2006,

2008), walking may be a suitable activity to address

this issue.

Despite the potential benefits of walking current

levels are relatively low; the 2008 Health Survey for

England found that only 41% of men and 34% of

women reported any walking in the previous four

weeks (Department of Health, 2008). Other studies

have shown that this walking is socially patterned and

the pattern varies by walking purpose; walks over 30

minutes at a fast or brisk pace are more common

among affluent groups, whereas walking for transport

reveals an opposite trend (Department of Health,

2006, 2008; Scottish Executive Health Department,

2005; Transport Statistics, 2006).

Attaining moderate levels of fitness through

physical activities such as walking is related to

significantly lower death rates, and has protective
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Global Positioning Systems-Measured Journey

Durations: A Systematic Review

PAUL KELLY∗§, PATRICIA KRENN∗∗, SYLVIA TITZE∗∗,
PETER STOPHER† AND CHARLIE FOSTER∗

∗Department of Public Health, British Heart Foundation Health Promotion Research Group,

University of Oxford, Oxford, UK; ∗∗Institute of Sport Science, University of Graz, Graz, Austria;
†Institute of Transport and Logistics Studies, University of Sydney, Sydney, Australia

(Received 4 March 2013; revised 10 June 2013; accepted 11 June 2013)

ABSTRACT Accurate measurement of travel behaviour is vital for transport planning, modelling,

public health epidemiology, and assessing the impact of travel interventions. Self-reported diaries

and questionnaires are traditionally used as measurement tools; advances in Global Positioning

Systems (GPS) technology allow for comparison. This review aimed to identify and report about

studies comparing self-reported and GPS-measured journey durations. We systematically searched,

appraised, and analysed published and unpublished articles from electronic databases, reference lists,

bibliographies, and websites up to December 2012. Included studies used GPS and self-report to

investigate trip duration. The average trip duration from each measure was compared and an aggre-

gated, pooled estimate of the difference, weighted by number of trips, was calculated. We found 12

results from eight eligible studies. All studies showed self-reported journey times were greater

than GPS-measured times. The difference between self-report and GPS times ranged from over-

reporting of +2.2 to +13.5 minutes per journey. The aggregated, pooled estimate of the

difference, weighted by number of trips, was over-report of +4.4 minutes (+28.6%). Studies

comparing self-reported and GPS-measured journey duration have shown self-reported to be consist-

ently over-reported across the study sample. Our findings suggest that when using self-reported

journey behaviour, the journey durations should be treated as an over-estimation.

Keywords: measurement; self-report; Global Positioning Systems; health; travel duration

Introduction

Active transport, primarily walking and cycling, is an increasingly important be-
haviour in the fields of public health, environmental sustainability, and transport
planning (Cavill, Rutter, & Hill, 2007; Ogilvie et al., 2007; Smith, Gidlow, Davey, &
Foster, 2010). It provides an opportunity to accumulate health-enhancing physical
activity that can contribute to meeting physical activity recommendations
(Bull et al., 2010; Department of Health, 2004; World Health Organisation, 2007).
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Search terms by database searched 
Embase (OvidSP) [1974 – present] 
1. car driving/ or car driver/ 
2. walking/ 
3. bicycle/ 
4. "traffic and transport"/ 
5. (driving adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
6. (travel* adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
7. (transport* adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
8. (driving adj5 (distance* or duration or time* or mileage*)).ti,ab. 
9. (travel* adj5 (distance* or duration or time* or mileage* or data)).ti,ab. 
10. (transport* adj5 (distance* or duration or time* or mileage* or data)).ti,ab. 
11. (walk or walking).ti,ab. 
12. (bicycling or cycling).ti,ab. 
13. (active adj5 (travel* or transport* or commut*)).ti,ab. 
14. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 
15. geographic information system/ 
16. global positioning.ti,ab. 
17. (positioning adj3 (system or systems or technology or device*)).ti,ab. 
18. (geographic information adj3 (system or systems or technology or device*)).ti,ab. 
19. (gps or gis).ti,ab. 
20. ((invehicle or in-vehicle) adj3 (system or systems or technology or device*)).ti,ab. 
21. ((tracking or tracker) adj3 (system or systems or technology or device*)).ti,ab. 
22. (electronic adj3 (system or systems or technology or device*)).ti,ab. 
23. 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22 
24. 14 and 23 
25. data collection method/ 
26. questionnaire/ 
27. self report/ 
28. (self-report* or selfreport*).ti,ab. 
29. (self-assess* or selfassess*).ti,ab. 
30. (diary or diaries).ti,ab. 
31. ((trip or trips or travel*) adj3 (log or logs or logging)).ti,ab. 
32. survey*.ti,ab. 
33. 25 or 26 or 27 or 28 or 29 or 30 or 31 or 32 
34. 14 and 23 and 33 
 
GeoRef (OvidSP) [1966 – present] 
1. transportation/ 
2. (driving adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
3. (travel* adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
4. (transport* adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
5. (driving adj5 (distance* or duration or time* or mileage*)).ti,ab. 
6. (travel* adj5 (distance* or duration or time* or mileage* or data)).ti,ab. 
7. (transport* adj5 (distance* or duration or time* or mileage* or data)).ti,ab. 
8. (walk or walking).ti,ab. 
9. (bicycling or cycling).ti,ab. 
10. (active adj5 (travel* or transport* or commut*)).ti,ab. 
11. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 
12. Geographic Information Systems/ 
13. global positioning system/ 
14. global positioning.ti,ab. 
15. (positioning adj3 (system or systems or technology or device*)).ti,ab. 
16. (geographic information adj3 (system or systems or technology or device*)).ti,ab. 
17. (gps or gis).ti,ab. 
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18. ((invehicle or in-vehicle) adj3 (system or systems or technology or device*)).ti,ab. 
19. ((tracking or tracker) adj3 (system or systems or technology or device*)).ti,ab. 
20. (electronic adj3 (system or systems or technology or device*)).ti,ab. 
21. 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19 or 20 
22. (self-report* or selfreport*).ti,ab. 
23. (self-assess* or selfassess*).ti,ab. 
24. (diary or diaries).ti,ab. 
25. ((trip or trips or travel*) adj3 (log or logs or logging)).ti,ab. 
26. survey*.ti,ab. 
27. data collection.ti,ab. 
28. 22 or 23 or 24 or 25 or 26 or 27 
29. 11 and 21 and 28 
 
Medline (OvidSP) [1948 – present] 
1. Automobile Driving/ 
2. exp Walking/ 
3. Bicycling/ 
4. Transportation/ 
5. (driving adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
6. (travel* adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
7. (transport* adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
8. (driving adj5 (distance* or duration or time* or mileage*)).ti,ab. 
9. (travel* adj5 (distance* or duration or time* or mileage* or data)).ti,ab. 
10. (transport* adj5 (distance* or duration or time* or mileage* or data)).ti,ab. 
11. (walk or walking).ti,ab. 
12. (bicycling or cycling).ti,ab. 
13. (active adj5 (travel* or transport* or commut*)).ti,ab. 
14. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 
15. Geographic Information Systems/ 
16. global positioning.ti,ab. 
17. (positioning adj3 (system or systems or technology or device*)).ti,ab. 
18. (geographic information adj3 (system or systems or technology or device*)).ti,ab. 
19. (gps or gis).ti,ab. 
20. ((invehicle or in-vehicle) adj3 (system or systems or technology or device*)).ti,ab. 
21. ((tracking or tracker) adj3 (system or systems or technology or device*)).ti,ab. 
22. (electronic adj3 (system or systems or technology or device*)).ti,ab. 
23. 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22 
24. 14 and 23 
25. Data Collection/ 
26. Questionnaires/ 
27. Self Report/ 
28. Self-Assessment/ 
29. (self-report* or selfreport*).ti,ab. 
30. (self-assess* or selfassess*).ti,ab. 
31. (diary or diaries).ti,ab. 
32. ((trip or trips or travel*) adj3 (log or logs or logging)).ti,ab. 
33. survey*.ti,ab. 
34. 25 or 26 or 27 or 28 or 29 or 30 or 31 or 32 or 33 
35. 14 and 23 and 34 
 
Transport Database (OvidSP) [1966 – present] 
1. (driving adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
2. (travel* adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
3. (transport* adj5 (pattern* or behavior* or behaviour* or habit* or frequen*)).ti,ab. 
4. (driving adj5 (distance* or duration or time* or mileage*)).ti,ab. 
5. (travel* adj5 (distance* or duration or time* or mileage* or data)).ti,ab. 
6. (transport* adj5 (distance* or duration or time* or mileage* or data)).ti,ab. 
7. ((car or automobile*) adj3 (driver* or driving)).ti,ab. 
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8. (walk or walking).ti,ab. 
9. (bicycling or cycling).ti,ab. 
10. (active adj5 (travel* or transport* or commut*)).ti,ab. 
11. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 
12. global positioning.ti,ab. 
13. (positioning adj3 (system or systems or technology or device*)).ti,ab. 
14. (geographic information adj3 (system or systems or technology or device*)).ti,ab. 
15. (gps or gis).ti,ab. 
16. ((invehicle or in-vehicle) adj3 (system or systems or technology or device*)).ti,ab. 
17. ((tracking or tracker) adj3 (system or systems or technology or device*)).ti,ab. 
18. (electronic adj3 (system or systems or technology or device*)).ti,ab. 
19. 12 or 13 or 14 or 15 or 16 or 17 or 18 
20. (self-report* or selfreport*).ti,ab. 
21. (self-assess* or selfassess*).ti,ab. 
22. (diary or diaries).ti,ab. 
23. ((trip or trips or travel*) adj3 (log or logs or logging)).ti,ab. 
24. survey*.ti,ab. 
25. data collection.ti,ab. 
26. 20 or 21 or 22 or 23 or 24 or 25 
27. 11 and 19 and 26 
 
Web of Knowledge: 

 Science Citation Index Expanded (SCI-EXPANDED) --1945-present 

 Social Sciences Citation Index (SSCI) --1956-present 

 Conference Proceedings Citation Index- Science (CPCI-S) --1990-present 

 Conference Proceedings Citation Index- Social Science & Humanities (CPCI-SSH) --1990-present 
# 6 #5 AND #4 AND #3 
# 5 Topic=(questionnaire*) OR Topic=("self report*" OR selfreport*) OR Topic=(diary OR diaries) OR Topic=("self 
assess* OR selfassess*") OR Topic=("data collection") OR Topic=(survey*) 
# 4 Topic=("positioning system*" OR "positioning technolog*" OR "positioning device*") OR Topic=("global positioning") 
OR Topic=("geographic information system*" OR "geographic information technolog*" OR "geographic information 
device*") OR Topic=(gps OR gis) OR Topic=((invehicle OR in-vehicle OR tracker OR tracking) SAME (system* OR 
technolog* OR device*)) OR Topic=("electronic system*" OR "electronic technolog*" OR "electronic device*") 
# 3 #2 OR #1  
# 2 Topic=(walk OR walking) OR Topic=(bicycling OR cycling) OR Topic=(active SAME (travel* OR transport* OR 
commut*)) 
# 1 Topic=("car driving" OR "automobile driving" OR "car driver" OR "automobile driver") OR Topic=((driving OR travel 
OR transport*) SAME (pattern* OR behavior* OR behaviour* OR habit* OR frequen*)) OR Topic=((travel* OR 
transport*) SAME (distance* OR duration OR time* OR mileage* OR data)) 
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RESEARCH Open Access

Can we use digital life-log images to investigate
active and sedentary travel behaviour? Results
from a pilot study
Paul Kelly1*, Aiden Doherty1, Emma Berry2, Steve Hodges2, Alan M Batterham3 and Charlie Foster1

Abstract

Background: Active travel such as walking and cycling has potential to increase physical activity levels in
sedentary individuals. Motorised car travel is a sedentary behaviour that contributes to carbon emissions. There
have been recent calls for technology that will improve our ability to measure these travel behaviours, and in
particular evaluate modes and volumes of active versus sedentary travel. The purpose of this pilot study is to
investigate the potential efficacy of a new electronic measurement device, a wearable digital camera called
SenseCam, in travel research.

Methods: Participants (n = 20) were required to wear the SenseCam device for one full day of travel. The device
automatically records approximately 3,600 time-stamped, first-person point-of-view images per day, without any
action required by the wearer. Participants also completed a self-report travel diary over the same period for
comparison, and were interviewed afterwards to assess user burden and experience.

Results: There were a total of 105 confirmed journeys in this pilot. The new SenseCam device recorded more
journeys than the travel diary (99 vs. 94). Although the two measures demonstrated an acceptable correlation for
journey duration (r = 0.92, p < 0.001) self-reported journey duration was over-reported (mean difference 154 s per
journey; 95% CI = 89 to 218 s; 95% limits of agreement = 154 ± 598 s (-444 to 752 s)). The device also provided
visual data that was used for directed interviews about sources of error.

Conclusions: Direct observation of travel behaviour from time-stamped images shows considerable potential in
the field of travel research. Journey duration derived from direct observation of travel behaviour from time-
stamped images appears to suggest over-reporting of self-reported journey duration.

Background
Active transportation, primarily walking and cycling, is
an important behaviour in the fields of public health,
environmental sustainability and transport planning
[1-3]. From an environmental perspective, replacing car-
bon emitting motorised transport journeys with walking
or cycling reduces pollutants and emissions, and can
help to reduce traffic levels [2,4,5]. From a public health
perspective, increasing an individual’s walking and
cycling contributes to meeting the international guide-
line amounts of five times thirty minutes per week of
moderate to vigorous physical activity [6-10].

A recent meta analysis showed that regular walking is
significantly associated with reduced risk for all cause
mortality [11]. In terms of public health it is an impor-
tant form of activity because of an unwillingness or
inability of a large proportion of the population to parti-
cipate in more vigorous activities [12]. It has been
described as the safest, most convenient form of physi-
cal activity as it is low-impact, low cost and readily
accessible, requiring no special skills or equipment
[1,5,13]. Furthermore, walking can be easily assimilated
into daily life and continued into old age [1]. Cycling,
traditionally considered a more vigorous activity, has
also been shown to be associated with reduced mortality
and reduced cardiovascular risk [14,15].
Surveillance and monitoring of active and sedentary

transport levels are therefore of interest. Much research

* Correspondence: paul.kelly@dph.ox.ac.uk
1British Heart Foundation Health Promotion Research Group, University of
Oxford, UK
Full list of author information is available at the end of the article

Kelly et al. International Journal of Behavioral Nutrition and Physical Activity 2011, 8:44
http://www.ijbnpa.org/content/8/1/44

© 2011 Kelly et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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SOCIAL SCIENCES & HUMANITIES 
INTER-DIVISIONAL RESEARCH ETHICS COMMITTEE 
 
Hayes House, 75 George Street, Oxford. OX1 2BQ 
Tel: +44(0)1865 614871  Fax: +44(0)1865 614855 
ethics@socsci.ox.ac.uk  www.socsci.ox.ac.uk 
 
Co-ordinator of the IDREC 
Social Sciences Divisional Office 

_ 

 
Ref. SSD/2/3/IDREC 

16 July 2010 
Mr Paul Kelly, 
Department of Public Health 
DPHPC 
Old Road Campus 
Headington 
Oxford 
OX3 7LF 
 
 
Dear Mr Paul Kelly, 

Application Approval 
Ref No.: SSD/CUREC1A/10-054 
 

Title: Validation study between self-reported journey time and objectively measured journey time 
from digital images 

 
 The above application has been considered on behalf of the Social Sciences and Humanities 

Inter-divisional Research Ethics Committee (IDREC) in accordance with the procedures laid down by the 
University for ethical approval of all research involving human participants.  

 
I am pleased to inform you that, on the basis of the information provided to the IDREC, the 

proposed research has been judged as meeting appropriate ethical standards, and accordingly approval 
has been granted.  
 

Should there be any subsequent changes to the project, which raise ethical issues not covered in 
the original application, you should submit details to the IDREC for consideration. 

 
Yours sincerely, 

 

 
Dr Chris. Ballinger  
 

cc. Dr Charlie Foster, Department of Public Health, Rosemary Rue Building, Old Road Campus 
 Carol Green, Division for Medical Sciences 
 
 
 
HBP / CAJB 
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Evaluating the Feasibility of Measuring Travel
to School Using a Wearable Camera

Paul Kelly, MSc, Aiden R. Doherty, PhD, Alex Hamilton, BA, Anne Matthews, PhD,
Alan M. Batterham, PhD, Michael Nelson, PhD, Charlie Foster, PhD, Gill Cowburn, BSc

Background: The school journey is often studied in relation to health outcomes in children and
adolescents. Self-report is the most common measurement tool.

Purpose: To investigate the error on self-reported journey duration in adolescents, using awearable
digital camera (Microsoft SenseCam).

Methods: DuringMarch–May 2011, participants (n�17; aged 13–15 years) from four schools wore
wearable cameras to and from school for 1 week. The device automatically records time-stamped,
fırst-person point-of-view images, without any action from the wearer. Participants also completed a
researcher-administered self-report travel survey over the same period. Analysis took place in
November 2011. Within- and between-subjects correlation coeffıcients and Bland-Altman 95%
limits of agreement were derived, accounting for the multiple observations per individual.

Results: Self-report data were collected for 150 journey stages and SenseCam data for 135 (90%) of
these. Thewithin-subjects correlation coeffıcient for journey durationwas 0.89 (95%CI�0.84, 0.93).
The between-subjects correlation coeffıcient was 0.92 (95% CI�0.79, 0.97). The mean difference
(bias) betweenmethods at the whole sample level was small (10 seconds per journey, 95% CI� �33,
53). The wide limits of agreement (�501 seconds, 95% CI� �491, 511) reveal large random error.

Conclusions: Compared to direct observation from images, self-reported journey duration is
accurate at the mean group level but imprecise at the level of the individual participant.
(Am J Prev Med 2012;43(5):546–550) © 2012 American Journal of Preventive Medicine
r
a

d
o
a
v
w
u
n

Background

Physical activity is associated with important health
outcomes in children, including body composi-
tion, type 2 diabetes, and cardiovascular fıtness.1–6

Active travel to school, including walking and cycling,
can be an important contributor to physical activity lev-
els.7,8 Conversely, travel in motor vehicles is a sedentary
ehavior representing a lost opportunity for physical
ctivity.9

Research into school-related travel behavior faces
methodologic challenges and valid, accurate measures
are required.10,11 Self-report is the most common tool,
but its accuracy and precision are debated.10,12–15 Better
nderstanding of the accuracy and potential error in self-

From the British Heart Foundation Health Promotion Research Group
(Kelly, Doherty, Hamilton, Matthews, Foster, Cowburn), University of
Oxford, theHealth and Social Care Institute (Batterham), Teesside Univer-
sity, and The School Food Trust (Nelson), United Kingdom

Address correspondence to: Paul Kelly, MSc, Department of Public
Health, Old Road Campus, Headington, Oxford, OX3 7LF, United King-
dom. E-mail: paul.kelly@dph.ox.ac.uk.
0749-3797/$36.00
http://dx.doi.org/10.1016/j.amepre.2012.07.027

546 Am J Prev Med 2012;43(5):546–550 © 2012 Amer
Appendices P
eport will improve the calculation of health associations
nd the ability to detect changes in behavior.
Wearable digital cameras are novel devices thatmay help
evelop such an understanding. Microsoft’s SenseCam is
ne such camera, worn on a lanyard around the neck that
utomatically records time-stamped, fırst-person point-of-
iew images (Figure 1), without any action required by the
earer.12 It has been shown that awearable camera can be
sed to estimate the bias and error on self-reported jour-
ey duration in adults.16 The present study aims to see if

the protocol can be repeated in a younger population.
This study has two research questions: (1) Can a wearable
camera be used to measure travel behavior in a sample of
teenagers aged 13–15 years? (2)What dowearable camera–
recorded journey durations reveal about self-reported jour-
ney durations?

Methods
Participants

Volunteer participants (aged 13–15 years) were recruited from
four secondary schools in England (Oxfordshire [three] and York-
shire [one]) with a range of geographic locations (one city, two

suburban, and one rural).

ican Journal of Preventive Medicine • Published by Elsevier Inc.
age 13 of 46
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SOCIAL SCIENCES & HUMANITIES 
INTER-DIVISIONAL RESEARCH ETHICS COMMITTEE 
 
Hayes House, 75 George Street, Oxford. OX1 2BQ 
Tel: +44(0)1865 614871  Fax: +44(0)1865 614855 
ethics@socsci.ox.ac.uk  www.socsci.ox.ac.uk 
 
Co-ordinator of the IDREC 
Social Sciences Divisional Office 

_ 

 
Ref. SSD/2/3/IDREC 

8th November, 2010 
Ms Gill Cowburn (Senior Researcher) 
Department of Public Health 
DPHPC, Old Road Campus 
Headington 
Oxford 
OX3 7LF 
 
 
Dear Gill, 

 
Application Approval 

 
Ref No.: SSD/CUREC1A/10-092 

 
Title: The journey to school: Food access, purchases and consumption 

 
The above application has been considered on behalf of the Social Sciences and Humanities Inter-
divisional Research Ethics Committee (IDREC) in accordance with the procedures laid down by the 

University for ethical approval of all research involving human participants.  
 

I am pleased to inform you that, on the basis of the information provided to the IDREC, the 
proposed research has been judged as meeting appropriate ethical standards, and accordingly approval 
has been granted.  
 

Should there be any subsequent changes to the project, which raise ethical issues not covered in 
the original application, you should submit details to the IDREC for consideration. 

 
Yours sincerely, 

 

 
Dr Chris. Ballinger  
 

Cc.  Dr Anne Matthews, British Heart Foundation Health Promotion Research Group University of 
Oxford Department of Public Health Old Road Campus Headington Oxford 
 Dr Michael Nelson, Director of Research & Nutrition, School Food Trust, 6th Floor Sanctuary 
Buildings, Great Smith Street London SW1P 3BT 
 
 
HBP / CAJB 
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British Heart Foundation Health Promotion Research Group 
      Department of Public Health     

Old Road Campus, Roosevelt Drive, Headington, Oxford OX3 7LF, UK 

Tel: +44 (0)1865 289245, Fax: +44 (0) 1865 617789,  
 

 

 

 

 
 

Information form for participants 
 
Project title:  Assessing travel and sitting behaviour using self –reported travel diaries and digital 

photography 
 
May 2011 
 
You are being invited to take part in a research project that will investigate the way we measure two important health behaviours; 
(1) how people travel, and (2) the type of sitting people do. This information sheet is designed to fully inform you about the 
project before you agree to take part. 
 
People travel between their destinations by a variety of methods. These include walking, cycling, driving and using public 
transport. Research is needed to understand the health impacts of these behaviours, and to inform investment in local and national 
transport infrastructure. Sitting is also an important heath behaviour. There are many types; for example, working at a desk, 
watching TV, or reading. The most common way of gathering this information is by asking people to complete travel diaries that 
tell researchers what they have done. The purpose of this research project is to assess if we can get more detailed information 
from a wearable camera. 
 
We have approached you to ask if you will take part in our project. Anyone between the age of 18-65 years is eligible to take part. 
 
You are completely free to decide whether or not to take part in this study. If you decide to participate we will ask you to wear a 
digital camera during waking hours for three days.  You are free to take off the camera while at home, work, or any other time 
you wish. We will also ask you to wear a small accelerometer (motion sensor) and GPS which can also be removed at any time.  
 
In addition, we will ask you to complete a travel diary for the same three day period, and a sitting questionnaire after the 1st and 
3rd  day. These take approximately 5 minutes each.  A researcher will visit you at work or home (depending on your preference) to 
deliver the camera and travel diary, and give instruction on how to use both. The camera works automatically so you just have to 
know how to turn it on and off.  You may also collect the camera and diary yourself if you prefer. We will offer to send you 
optional email and/or SMS reminders to help you charge and wear the device. 
 
After the third day, the researcher will return to collect the devices and diaries. You will be shown all of your images and given 
the option to delete any or all without giving any reason. All images can be deleted without the researcher seeing them. There will 
be an optional interview where you will be asked about your experiences of wearing the camera and completing the diary. You 
are free to opt out at anytime, without giving any reason. 
 
We anticipate that participating in this project will have no significant effects on your lifestyle. 
 
It is possible that while wearing the camera you may be asked about the device by members of the public. In this case we 
recommend saying the following: 
 

“I am volunteering for a research project into journey behaviour. The device is called SenseCam and the images will be 
used to record my travel from place to place.” 

 
Your confidentiality will be respected at all times. All your data and images will be anonymised and stored on a password 
protected computer. The results from this research project will be submitted for publication in an academic journal, and will be 
used to inform travel researchers on future work. 
 
This project is supported by the British Heart Foundation and Microsoft Research Limited. 
 
The project has been reviewed and approved by the Social Sciences & Humanities IDREC (Inter Divisional Research Ethics 
Committee) at the University of Oxford. If you have any questions or would like any more information please contact: 
 

Mr Paul Kelly (paul.kelly@dph.ox.ac.uk; +44 (0)1865 617 782) 
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British Heart Foundation Health Promotion Research Group 
      Department of Public Health     

Old Road Campus, Roosevelt Drive, Headington, Oxford OX3 7LF, UK 

Tel: +44 (0)1865 289245, Fax: +44 (0) 1865 617789,  
 

 

 

 

 
 

Ethics information for participants 
 
This study has received ethics approval from the Social Sciences and Humanities Inter-divisional Research Ethics Committee 
(IDREC) in accordance with the procedures laid down by the University of Oxford  (Ref No.: SSD/CUREC1A/10-054).  
 
The data collected will be anonymised and stored on a password protected computer and any researchers using the data will have 
been trained in the ethical handling of such data. 
 
In a typical day of wear, the SenseCam may take up to 3,000 images depicting where you go and the kinds of activities you do 
(e.g. walking to the shop, cycling, socialising). Some images are displayed below for you to get an idea of the content and quality 
of images that are recorded: 
 
 

 
The devices are configured such that the data can only be accessed by members of the research team and it should be impossible 
for participants and/or third parties who find the devices to access the images. It will be stored according to the Data Protection 
Act (1998). Data of illegal activities may not be protected by confidentiality and may be passed to law enforcement. 
 
It is important for you to understand that you are free to take off, or pause the recording of, the device at any time without giving 
a reason. You should not feel obliged to wear the device in situations where wearing the device may make you (or others) feel 
uncomfortable. If others around you feel uncomfortable with you wearing the device, you should offer to remove or temporarily 
switch off the device. Places where wearing the SenseCam may not be appropriate include banks, changing rooms/swimming 
pools, schools and cinemas.   
 
We strongly recommend checking that friends, family, and co-workers understand the nature of the study and are happy for you 
to take part in advance. Their behaviour will not be reported as part of the research. They are welcome to contact the research 
team if they have any questions. If you are worried that the camera may have taken images of others that they would feel 
uncomfortable with, both you and the third party are free to request for those images to be deleted without giving any reason. 
 
Over the course of the study you may forget you are wearing the camera and take images that are unwanted or unflattering. At the 
end of the period for which you are wearing the camera you will have the opportunity to view and, if necessary, delete any images 
that you do not wish to be included in the study. You will have the option of doing this either in private or with the help of a 
researcher.  As the images are research data, you will not be able to keep any copies of the images. 
 
Images may be used in scientific papers, presentations, and reports. We will not use any image that identifies people, participants’ 
names or places of work without express written consent.  
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British Heart Foundation Health Promotion Research Group 
      Department of Public Health     

Old Road Campus, Roosevelt Drive, Headington, Oxford OX3 7LF, UK 

Tel: +44 (0)1865 289245, Fax: +44 (0) 1865 617789,  
 

 

 

 

 
 

Informed consent form for participants 
 
Project title: Validation study between self-reported journey time and objectively measured journey 
time from digital images 
 
May 2011 
 
Principal Investigator: Mr Paul Kelly 
       
            Please initial box 
 
 I confirm I have read and understood the participant information sheet dated May 2011 for the above study 
and have had the opportunity to ask questions which have been answered fully 

 

I understand that my participation is voluntary and I am free to withdraw at anytime without giving any 
reason, without my legal rights being affected 

 

I understand that I may request to have any or all of the digital images deleted at any time without giving any 
reason 

 

I agree to take part in the above study 
 

 

  
 
 
Name of participant………………………………………… Signature………………………………….. Date………………... 
 
 
Participants date of birth………………… 
 
 
Name of person taking consent………………..…………… Signature………………………………….. Date………………... 
 
 
Principal investigator…………………………..…………… Signature………………………………….. Date………………... 
 
 
 

1 copy for participant; 1copy for principal investigator 
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British Heart Foundation Health Promotion Research Group 
      Department of Public Health     

Old Road Campus, Roosevelt Drive, Headington, Oxford OX3 7LF, UK 

Tel: +44 (0)1865 289245, Fax: +44 (0) 1865 617789,  
 

 

 

 

 
SenseCam Protocol 

 
Thank you for agreeing to take part in this pilot study. If you have any further questions please contact 
paul.kelly@dph.ox.ac.uk 
 

 Wear SenseCam around your neck so that it feels comfortable. The camera unit should be at chest height (as 
shown) with the lens facing horizontally forwards 

 The height can be adjusted with the black chord. 
 Wear outside of clothes 
 Do not get wet 
 Wear for all journeys outside of the home 
 SenseCam can be used for cycling, walking, driving and public transport 
 SenseCam is not suitable for prolonged running or jogging 
 All images will be treated with the strictest confidence and participants will be given the option to 

review and delete any or all images before analysis 
 

 
What if someone asks me what SenseCam is for? 
 
It is unusual for somebody to be questioned about SenseCam. However we have found that explaining the nature of 
the device and of the study often successfully dispels any curiosity; 

 
“I am volunteering for a research project into behaviour. The device is called SenseCam and the images 
record my travel and sitting time.” 

 
If people are interested in this study and would like more information or would like to volunteer for this study they 
may contact Paul Kelly  (paul.kelly@dph.ox.ac.uk).     
 
Where should and shouldn’t I wear SenseCam? 
 
We are interested in recording your journeys and sitting time so we would like you to wear SenseCam as much as 
possible for the 3 day period. 
 
We appreciate that in some places e.g. schools, hospitals or airports it may not be appropriate to wear the camera and 
you should feel comfortable to remove it at any time. 
 
You do not need to wear SenseCam while exercising e.g. running, swimming or at the gym (though we would like you 
to record your journey there). 
 
Personal safety 
 
Remove the camera in any situation where you feel unsafe. For example, if you happen to be out on your own late at 
night, you may prefer to hide the camera to avoid unwanted attention. If someone tries to take the camera off you do 
not attempt to stop them.  
 
If you are engaged in certain manual tasks or using machinery you SenseCam sometimes swing around. For example 
if you are using gardening machinery, we advise you remove the device until the activity is finished to avoid 
discomfort, or the possibility of the device getting caught dangerously.  
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British Heart Foundation Health Promotion Research Group 
      Department of Public Health     

Old Road Campus, Roosevelt Drive, Headington, Oxford OX3 7LF, UK 

Tel: +44 (0)1865 289245, Fax: +44 (0) 1865 617789,  
 

 

 

 

 
Turning the camera on and off 
 
The camera is turned on and off using the small round button on the top of the unit. A rising tones indicates that the 
camera is switching on and a falling tone indicates that the camera is switching off. The power button must be pressed 
for several seconds before the camera will respond and you will hear the tone. 
  
The camera takes several seconds to power up, during which time the yellow light will be on. When the camera is 
ready for use, it will beep and the green power light will come on instead. 
 
In use 
 
The orange light will blink whenever the camera is busy taking photographs and when there is other internal activity, 
such as powering up. The green power light will be on continuously. 
 
In order to explicitly take a picture, press the manual shutter button (the bottom of the two side buttons) at any time. 
Note that the camera takes several seconds to save the photograph, during which time further presses of the manual 
shutter will have no effect.  
 
Privacy 
 
The ‘do not disturb’ button (the top of the two side buttons) allows you to temporarily turn the camera off for a period 
of about 7 minutes. After pressing this button, the red light will come on. A beep will sound 15 seconds before normal 
activity is resumed, which happens automatically. To extend the privacy time, press the ‘do not disturb’ button again. 
If you press the bottom of the two side buttons before the 7 minutes is up, you can force normal activity to be resumed 
manually. 

 

 
 

On/off 
button 

Manual 
shutter 

Green 
‘power’ 

light 

Red/green 
‘charging’ 

light 

Yellow 
‘busy’ 
light 

‘Do not 
disturb’  
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ID:  
Date: 

TRAVEL DIARY 
 

A travel diary is a daily record of the trips you take from place to place. A trip is defined as a journey lasting longer than 3 minutes that is 
to a destination (e.g., to work, school, store, etc).  
 
We are interested in all types of trips: using the car, walking, taking the bus, train, taxi, plane, etc. Use a new line in the diary for each 
journey to take. For each trip, we would like you record information in each of the columns presented below. Specific notes about how to 
complete each column are presented on the next page. To make it easier to record your trips during the day we will also provide you with 
a portable “memory jogger.”  At the end of the day, you can simply transfer the details from your portable memory jogger into your travel 
diary. We will not collect your memory jogger diary; this is for your personal use only. 
 
Here is an example of a person’s travel diary entries for one day. As you can see, the person went to work by car, but came home by 
bus. The journey home involved walking to the bus stop (5 min), riding the bus (40 min), and walking from the bus stop home (15 min). 
 
DAY 1: Wednesday DATE: July 6th, 2011 STAGES These columns are for entering the details of each stage of your journey 

Journeys Please record each journey using a separate row and remember to tell us about short 
journeys 

Only fill this column 
if you used a CAR or 
OTHER MOTOR 
VEHICLE  

A  
What was the 
purpose of the 
journey? 

B  
What 
time did 
you 
leave? 

C  
What 
time did 
you 
arrive? 

D  
Where did you start your 
journey? (Check home or 
give the name of the 
neighbourhood town, or 
area) 

E  
Where did you go to? 
(Check “home” or give the 
name of the 
neighbourhood, town or 
area)  

 F 
What method of 
travel did you use 
for each stage of 
your journey? 

G 
How far did 
you travel? 
(Miles) 

H 
How long did you 
spend travelling? 
(Minutes) 

I 
How many 
people 
travelled 
including you? 

J 
Were you the 
driver (D) or 
passenger (P) 

1.  Go to 
work 

Time: 

7.25 
 am 
 pm 

Time: 

7.54 
 am 
 pm 

 Home  Home 

Central Oxford 
1 Car 9.2 29 minutes 1  D  P 

2      D  P 

3      D  P 

           

2.  Go home 
from work 

Time: 

5.15 
 am 
 pm 

Time: 

6.35 
 am 
 pm 

 Home 

Central Oxford 

 Home 
 1 walk 0.1 5 minutes 1  D  P 

2 Bus 8 40 minutes 1  D  P 

3 walk 0.25 15 minutes 1  D  P 

 

x x 

x x 

x 

x x 
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ID:  
Date: 

 
NOTES ABOUT COMPLETING THE TRAVEL DIARY 
 

 

Column A 
What was the purpose of your journey? 
Please give a simple description such as ‘go to work’, ‘take children to school’ or ‘go home.’ If you went shopping please note 
whether it was ‘food shopping’ or ‘other shopping’.   

 

 
Columns B and C 
What time did you leave/arrive? 
Write in hours and minutes (e.g. 9.15). Please check am or pm to show the time of day 

 

 
Columns D and E 
Where did you start/go to? (Check ‘Home’ or give the name of the village town or area) 
Please note down the name of the place where your journey started and finished. If this was a large town or city give the name of 
the area. If you went to a shopping centre or visitor attraction please tell us its name. Please be as precise as possible. If your 
journey started or finished at home, you only need to check ‘Home’.   

 

 
Column F 
What method of travel did you use for each stage of your journey? 
Use a different line for the method of travel you used at each stage of your journey (e.g. car, train, bus, bike).  

 

 
Column G 
How far did you travel? (Miles) 
Please give us the distance you travelled in miles or yards (e.g. 3 miles, 0.5 miles, 200 yards) 
 
Column H 
How long did you spend travelling? (Minutes) 
Please note the amount of time you spent travelling and do not include any time spent waiting for public transport. 
 
Column I 
How many people travelled including you 
Please write in the number of people, including yourself, who set out together. Only include people who were with you for at least 
half the distance of your journey. 

Column J 
Were you the driver (D) or passenger (P)? 
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ID:  
Date: 

Please check ‘D’ if you were the driver or ‘P’ if you were the passenger of the vehicle. 
 
DAY 1:  DATE: STAGES These columns are for entering the details of each stage of your journey 
Journeys Please record each journey using a separate row and remember to tell us about short 
journeys. You do not need to record journeys lasting less than 3 minutes. 

     

Only fill this 
column if you 
used a CAR or 
OTHER MOTOR 
VEHICLE  

A  
What was the 
purpose of 
the journey? 

B  
What 
time did 
you 
leave? 

C  
What 
time did 
you 
arrive? 

D  
Where did you start your 
journey? (Check home or 
give the name of the 
neighbourhood town, or 
area) 

E  
Where did you go to? 
(Check “home” or give 
the name of the 
neighbourhood, town or 
area)  

 F 
What method of 
travel did you use 
for each stage of 
your journey? 

G 
How far did you 
travel? (Miles) 

H 
How long did 
you spend 
travelling? 
(Minutes) 

I 
How many 
people travelled 
including you? 

J 
Were you the 
driver (D) or 
passenger (P) 

1. Time: 
 

 am 
 pm 

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 

2      D  P 
3      D  P 

           

2. Time: 
 

 am 
 pm 

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 

2      D  P 
3      D  P 

           

3. Time: 
 

 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
4. Time: 

 
 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
5. Time: 

 
 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
6. Time: 

 
 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           

7. Time: 
 

 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
8. Time: 

 
 am 
 pm 

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 

2      D  P 
3      D  P 

USE THIS SPACE FOR ANYTHING ELSE YOU WANT TO TELL US 
 
 

 

Appendices Page 26 of 46



ID:  
Date: 

 
DAY 2:  DATE: STAGES These columns are for entering the details of each stage of your journey 
Journeys Please record each journey using a separate row and remember to tell us about short 
journeys. You do not need to record journeys lasting less than 3 minutes. 

     

Only fill this 
column if you 
used a CAR or 
OTHER MOTOR 
VEHICLE  

A  
What was the 
purpose of 
the journey? 

B  
What 
time did 
you 
leave? 

C  
What 
time did 
you 
arrive? 

D  
Where did you start your 
journey? (Check home or 
give the name of the 
neighbourhood town, or 
area) 

E  
Where did you go to? 
(Check “home” or give 
the name of the 
neighbourhood, town or 
area)  

 F 
What method of 
travel did you use 
for each stage of 
your journey? 

G 
How far did you 
travel? (Miles) 

H 
How long did 
you spend 
travelling? 
(Minutes) 

I 
How many 
people travelled 
including you? 

J 
Were you the 
driver (D) or 
passenger (P) 

1. Time: 
 

 am 
 pm 

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 

2      D  P 
3      D  P 

           

2. Time: 
 

 am 
 pm 

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 

2      D  P 
3      D  P 

           

3. Time: 
 

 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
4. Time: 

 
 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
5. Time: 

 
 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
6. Time: 

 
 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           

7. Time: 
 

 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
8. Time: 

 
 am 
 pm 

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 

2      D  P 
3      D  P 

USE THIS SPACE FOR ANYTHING ELSE YOU WANT TO TELL US 
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DAY 3:  DATE: STAGES These columns are for entering the details of each stage of your journey 
Journeys Please record each journey using a separate row and remember to tell us about short 
journeys. You do not need to record journeys lasting less than 3 minutes. 

     

Only fill this 
column if you 
used a CAR or 
OTHER MOTOR 
VEHICLE  

A  
What was the 
purpose of 
the journey? 

B  
What 
time did 
you 
leave? 

C  
What 
time did 
you 
arrive? 

D  
Where did you start your 
journey? (Check home or 
give the name of the 
neighbourhood town, or 
area) 

E  
Where did you go to? 
(Check “home” or give 
the name of the 
neighbourhood, town or 
area)  

 F 
What method of 
travel did you use 
for each stage of 
your journey? 

G 
How far did you 
travel? (Miles) 

H 
How long did 
you spend 
travelling? 
(Minutes) 

I 
How many 
people travelled 
including you? 

J 
Were you the 
driver (D) or 
passenger (P) 

1. Time: 
 

 am 
 pm 

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 

2      D  P 
3      D  P 

           

2. Time: 
 

 am 
 pm 

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 

2      D  P 
3      D  P 

           

3. Time: 
 

 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
4. Time: 

 
 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
5. Time: 

 
 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
6. Time: 

 
 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           

7. Time: 
 

 am 
 pm

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 
2      D  P 
3      D  P 

           
8. Time: 

 
 am 
 pm 

Time: 
 

 am 
 pm 

 Home  Home 1      D  P 

2      D  P 
3      D  P 

USE THIS SPACE FOR ANYTHING ELSE YOU WANT TO TELL US 
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Appendix	10	–	Participant	demographic	survey	(Oxford)	and	satisfaction	
survey	
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British Heart Foundation Health Promotion Research Group 
      Department of Public Health     

Old Road Campus, Roosevelt Drive, Headington, Oxford OX3 7LF, UK 

Tel: +44 (0)1865 289245, Fax: +44 (0) 1865 617789,  
 

 

 

 

 
 

Questionnaire for Participants 
 

Project title: Measurement of travel and sedentary behaviour 
 
 
May 2011 
 
Principal Investigator: Mr Paul Kelly 
       
             

Name:  _____________________________________________________  
 
Age:  _____________________________________________________  
 
Sex:  _____________________________________________________  
 
Height:  _____________________________________________________  
 
Weight:  _____________________________________________________  
 
Occupation:  _____________________________________________________  
  
Address:  _____________________________________________________  
 
Work address:  _____________________________________________________  
 
Telephone number*:  _____________________________________________________  
 
Email Address*:   _____________________________________________________  
 
 
*Please note, information will only be used for research purposes and will not be passed on to third parties.  
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ID:  
Date: 

 

SATISFACTION SURVEY 
 

I. Vicon Revue  

1a.  Please place an X by your answer. 

Never a 
problem 

Sometimes a 
problem 

Often a 
problem 

Always a 
problem 

a. Did you have any 
problems wearing this 
device? 

1b.  Please tell us any comments/concerns you had about wearing the Vicon Revue: 

__________________________________________________________________ 

__________________________________________________________________ 

2.  Please tell us about the following potential problems with wearing the 
Vicon Revue.  Please place an X by your answer. 

Never a 
problem 

Sometimes a 
problem 

Often a 
problem 

Always a 
problem 

a.  Trouble remembering 
to wear the Vicon Revue 

b.  Discomfort from 
wearing the Vicon Revue 

d. Problem with Vicon 
Revue slipping with 
movement 

d.  Trouble with the 
instructions for the 
Vicon Revue 

e.  The amount of time I 
had to wear the Vicon 
Revue 

 

3.  Please give us any additional feedback you wish on what your experience with the 
Vicon Revue was like.   

__________________________________________________________________ 
__________________________________________________________________ 
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ID:  
Date: 

 

II. General  

 

1.  Please tell us about the following potential problems.  Please place an X by 
your answer. 

  Never a 
problem 

Sometimes a 
problem 

Often a 
problem 

Always a 
problem 

a.  Problems with the 
number of devices you 
were asked to wear 

   

 

  YES NO

b. Did you use the small pocket travel 
jogger?   

c. Were you satisfied with the duration of 
the study visits? 

d. Were you satisfied with the contacts 
you had with study staff? 

e. Were you comfortable with the 
information you had to provide as part of 
this study? 

f. Did you change your walking behavior 
at all because you were wearing these 
devices? 
 

If yes, how? 
 
 

g. Could we have done anything better in 
the study? 
 

If yes, please explain: 
 
 
 

 
 

2. If you removed the device at any point, other than to charge it or for 
privacy reasons, please outline why. 
___________________________________________________________
___________________________________________________________
___________________________________________________________ 
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Appendix	11	–	Ethical	approvals	for	University	of	California,	San	Diego	
(UCSD)	and	Auckland	University	of	Technology	(AUT)	
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University of California, San Diego 

Consent to Act as a Research Participant 

Pilot Testing Phase IV 

 

Physical Activity and Location Measurement System (PALMS)  
 

Kevin Patrick, MD, MS and Jacqueline Kerr, PhD in the Dept of Family and Preventive 

Medicine are conducting this research study to develop a Physical Activity and Location 

Measurement System (PALMS) that collects information on an individual‟s physical 

activity behaviors and where they occur. This study is being conducted in collaboration 

with researchers from Oxford University, UK and San Diego State University.  

 

You are being asked to participate in a research study that lasts for up to 3 days. Before 

you decide to participate, it is important that you read the following information and ask 

as many questions as necessary to be sure you understand what you will be asked to do.   

 

The purpose of this study is to understand the types of physical activity you do, as well as 

where you do these activities. This study is also about the trips that people make by 

bicycle. You are being asked to participate in the study because you have indicated that 

you use a bicycle for transportation on a regular basis. There will be approximately 20 

people from the San Diego area in this study. 

 

To be eligible for this study you have to meet the following criteria: 

 Aged between 18-70 years old 

 Regularly commute by bicycle or use a bicycle for routine trips 

 Are able to complete a short written survey and briefly review the data 

collected with UCSD staff, in English 

 
Description of the Study 
If you agree to be in this study, the following will happen to you:   

 

1. Wear three small electronic devices for up to three days during waking hours. You 

will be instructed to wear the devices at all times except when showering, swimming 

or playing contact sports. The devices you will be asked to wear are:  

 

a. a small motion-detection device (called an „accelerometer‟) worn at the waist 

that measures the motion of your hips. This device is about the size of a wrist 

watch.  

 

b. a location detecting device called a Global Positioning System (GPS). This is a 

device that records where you travel and is worn on a belt around your waist. 

The GPS device is about the size of a small cell phone. 

 

 

 
Approved 

Initial Approval: 09/22/2007 
Current Approval: 06/28/2011 
Do not use after: 06/21/2012 

 6 pages 
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c. a small „Vicon Revue‟ device worn on a lanyard around your neck. The Vicon 

Revue includes a small camera, and sensors that measure light, temperature 

and movement. The camera takes photographs at regular intervals which helps 

researchers understand the context in which your activity is occurring (e.g., 

busy streets, presence of bike lanes, sitting at a desk, etc.)  To protect your 

privacy, you can turn the camera off at any time. Special procedures to protect 

your privacy when using the Vicon Revue are described in the section on 

“Confidentiality” below. 

 
2. Complete a bicycling log. Each day you wear the devices you will be asked to write 

down the start and end times of your bicycling trips, as well the purpose of the trip. 

 

3. Complete a short paper survey and review the images from the Vicon Revue. The 

survey will ask you questions about you r physical activity and your experience 

wearing the devices.  

 

You will be asked to meet with our staff at main UCSD campus in La Jolla two times. 

During the first visit, you will receive instructions on how to wear and charge the three 

devices. You will be provided with a phone number to call if you have any questions 

about the study or the devices.  During the second visit, you will be asked to complete a 

short paper survey and be given the opportunity to review and delete any images on the 

camera you do not wish us to see. Each visit will last approximately 30-60 minutes. 

 

What is Experimental in this Study 
 Wearing the motion-detection device, the GPS and the Vicon Revue during your daily life 

and completing the surveys is experimental.  

  

Risks  
The risks involved in this study are minimal.  Participation in this study may involve 

some physical discomfort to you from wearing the devices.  You may also experience 

discomfort or a sense of loss of privacy as a result of revealing your location and daily 

activities for three continuous days to researchers or answering survey questions.  You 

may feel discomfort wearing the Vicon Revue because it takes images of what you are 

doing throughout the day. You are free to remove the camera at any stage, and there is a 

privacy button you can press to stop the camera recording for 4 minutes. Also you will be 

able to review the images and delete any you do not wish researchers to see. You can 

discontinue participation at any time.  There may also be concern for privacy related to 

divulging personal information or the loss of confidentiality if device data are accessed 

by an unauthorized person.  Your data will be stored appropriately in locked cabinets and 

on a secure computer server that is password protected in order to minimize the risk of 

loss of confidentiality. There may also be some unknown risks that are currently 

unforeseeable.  You will be informed of any significant new findings. 

 

 

 
Approved 

Initial Approval: 09/22/2007 
Current Approval: 06/28/2011 
Do not use after: 06/21/2012 
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Approved 

Initial Approval: 09/22/2007 
Current Approval: 06/28/2011 
Do not use after: 06/21/2012 

 

 

Benefits 
Benefits of this study are principally to the scientific community to help better understand 

the accuracy of sensors for measuring human behavior. There may or may not be any 

direct benefit to you from participation in this study. Potential benefits may include an 

increased awareness of your physical activity level and pattern and/or your surrounding 

environment. However, we cannot guarantee that you will receive any benefit from 

participant in this study.  

 

Payment for Participation 
In compensation for your time and travel, you will receive $50 after wearing the devices 

for 3 days.  You will be paid via a preprinted check that can be cashed at any Wells Fargo 

Bank. No form of ID is required to cash the check.   

 

Care If Harmed 
If you are injured as a result of participation in this research, the University of California 

will provide any medical care needed to treat those injuries. The University of California 

will not provide any other form of compensation if you are injured. You may call the 

UCSD Human Research Protections Program office at (858) 455-5050 for more 

information about this, to inquire about your rights as a research subject, or to report 

research-related problems. 

 
Questions about the Study 
Dr Jacqueline Kerr or ______________________, of the research team has explained this 

study to you and answered your questions. If you have other questions or research related 

problems, you may reach Dr. Kerr at (858) 534-9305. 

 

Voluntary Nature of Participation 
Participation in this study is entirely voluntary. You may refuse to participate or 

withdraw at any time. Your decision of whether or not to participate will not jeopardize 

your future relations with the University of California San Diego or benefits to which you 

are otherwise entitled.  

 

You may be withdrawn from the study if the Principal Investigator believes that it is in 

your best interest. You may also be withdrawn from the study if you do not follow the 

instructions provided by the study personnel. 

 

Alternatives to Participation 
The alternative to participating in this research project is to choose not to participate. 

 

Confidentiality 
Research records will be kept confidential to the extent provided by law. All 

responses and data collected from the devices will be kept confidential within 
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Approved 

Initial Approval: 09/22/2007 
Current Approval: 06/28/2011 
Do not use after: 06/21/2012 

 

the research team, and no material that could personally identify you will be used in any 

reports or publications from this study. Your data will be stored appropriately in locked 

cabinets and on a secure computer server in order to minimize the risk of loss of 

confidentiality. All information collected for this research that is stored on our secure 

computer will be identified by subject ID number only.  Results of this study may be 

reported in scientific journals, meeting, and news media.  None of these reports will use 

your name or use data that can point to any person who took part in the study.  Strict 

security measures will be taken to insure that none of these procedures results in release 

of any information you provide us. You give your permission to the researchers to store 

your data for use in analyses that have not yet been specifically planned at this time. Your 

data will be kept for ten years. Researchers conducting these studies will not contact you 

for any additional information.   

 

Our research team includes collaborators from Oxford University, UK and San Diego 

State University, who will receive a copy of your data via secure data transmission 

protocols. No personally identifiable information about you will be released. Your 

contact information will not be shared. All data (including survey answers and digital 

images) will be anonymous and stored on a password protected computer. 

  

Several aspects of the procedure are designed to safeguard your rights and privacy as a 

participant. The Vicon Revue is equipped with two methods to deactivate the camera at 

any time, should you want your activities to remain private (i.e., certain places, times, or 

situations). The two methods are: 

1) The Vicon Revue has an ON/OFF button for complete deactivation (off) or 

reactivation (on).  

2) The Vicon Revue has a “DO NOT DISTURB” button which will put the 

camera into “DO NOT DISTURB” mode. In this mode, the camera will remain 

on but absolutely no images will be captured. The Vicon Revue will remain 

deactivated for 7 minutes, and will alert you with a beep 15 seconds before it 

reactivates. You may press the “DO NOT DISTURB” button again to resent 

the “DO NOT DISTURB” mode to last for another 7 minutes. You may also 

reactivate the Vicon Revue from “DO NOT DISTURB” mode at any time by 

pressing the manual shutter button.  

 

In addition, should you want any images to be deleted that were inadvertently captured 

(e.g. during a time when you would have preferred for the Vicon Revue to be deactivated 

but forgot to deactivate it), you will be able to note the time period in a small notepad 

which we will provide to you. As soon as you return to the measurement office you will 

be given the opportunity to review and delete any images you wish prior to them being 

seen by research staff.  
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Approved 
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Current Approval: 06/28/2011 
Do not use after: 06/21/2012 

 

Furthermore, several aspects of the procedure are designed to ensure the rights and 

privacy of other people who may appear in the images captured by Vicon Revue. These 

include:  

 

1) A reference card will be provided for you to carry around while wearing the 

device. This includes: 

a. a prepared statement to read to anyone with questions or concerns about the 

Vicon Revue; “I am participating in an experiment on physical activity and 

the environment. This is a digital camera that automatically captures low-

resolution still images throughout the day, which will later be used to 

describe my behavior and environment. It does not record audio or full-

motion video. Any images captured will not be made public in any fashion 

and will only be seen by the researchers. If you would prefer, I can turn off 

or temporarily deactivate the camera, and/or make a note and have the 

images just taken deleted without anyone seeing them. I can also provide 

contact information for the researchers.”  

b. a list of places and situation in which we ask you to deactivate the Vicon 

Revue 

i. Place/Situations: 

1. Any restroom 

2. Any changing room, locker room, etc. 

3. Doctor‟s office 

4. ATM or bank 

5. Wherever/Whenever you would prefer for images not to be 

captured 

6. Wherever/Whenever anyone requests deactivating 

c. Contact information for the investigators (email, address and phone 

number) 

 

2) A small notepad in which to note periods of time for image that you want 

deleted.  

 

Procedures for Termination 
If you decide to withdraw from this study, you will be required to notify a member of the 

research team and return the PALMS devices if they are still in your possession.  

 

Sponsor Inspection 
The sponsor of this study, the National Institutes of Health, National Cancer Institute, 

will have access to general research data but will not have the right to access patient 

medical records or clinical charts.  

 

Research records may be reviewed by the UCSD Institutional Review Board. 
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Approved 

Initial Approval: 09/22/2007 
Current Approval: 06/28/2011 
Do not use after: 06/21/2012 

 

Agreement 
You have received a copy of this consent document to keep and the "Experimental 
Subjects Bill of Rights." You agree to participate.  

 

 

__________________________________________   ______________ 

Signature             Date 

 

_________________________________________    ______________ 

Witness                Date 
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From the desk of … Private Bag 92006, Auckland 1142 Tel: 64 9 921 9999 
Dr Rosemary Godbold and Madeline Banda New Zealand ext 8860 
Executive Secretary E-mail: ethics@aut.ac.nz Fax: 64 9 921 9925 
AUTEC  page 1 of 1 

 

M E M O R A N D U M  
Auckland University of Technology Ethics Committee (AUTEC) 

 

To:  Melody Oliver 
From:  Dr Rosemary Godbold and Madeline Banda Executive Secretary, AUTEC 
Date:  25 May 2011 
Subject: Ethics Application Number 11/114 Characterising environmental contexts for physical 

activity: An assessment of objective and self report methods. 

 

Dear Melody 

We are pleased to advise that the Auckland University of Technology Ethics Committee (AUTEC) approved 
your ethics application at their meeting on 9 May 2011.  Your application is now approved for a period of 
three years until 9 May 2014. 

AUTEC commends you on the quality of the Information Sheet. 

We advise that as part of the ethics approval process, you are required to submit to AUTEC the following: 

 A brief annual progress report using form EA2, which is available online through 
http://www.aut.ac.nz/research/research-ethics/ethics.  When necessary this form may also be used 
to request an extension of the approval at least one month prior to its expiry on 9 May 2014; 

 A brief report on the status of the project using form EA3, which is available online through 
http://www.aut.ac.nz/research/research-ethics/ethics.  This report is to be submitted either when the 
approval expires on 9 May 2014 or on completion of the project, whichever comes sooner; 

It is a condition of approval that AUTEC is notified of any adverse events or if the research does not 
commence.  AUTEC approval needs to be sought for any alteration to the research, including any alteration 
of or addition to any documents that are provided to participants.  You are reminded that, as applicant, you 
are responsible for ensuring that research undertaken under this approval occurs within the parameters 
outlined in the approved application. 

Please note that AUTEC grants ethical approval only.  If you require management approval from an 
institution or organisation for your research, then you will need to make the arrangements necessary to 
obtain this.  Also, if your research is undertaken within a jurisdiction outside New Zealand, you will need to 
make the arrangements necessary to meet the legal and ethical requirements that apply within that 
jurisdiction. 

When communicating with us about this application, we ask that you use the application number and study 
title to enable us to provide you with prompt service.  Should you have any further enquiries regarding this 
matter, you are welcome to contact Charles Grinter, Ethics Coordinator, by email at ethics@aut.ac.nz or by 
telephone on 921 9999 at extension 8860. 

On behalf of the AUTEC and ourselves, we wish you success with your research and look forward to reading 
about it in your reports. 

Yours sincerely 

 

Dr Rosemary Godbold and Madeline Banda 
Executive Secretary 
Auckland University of Technology Ethics Committee 
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Appendix	12	–	Other	SenseCam	publications	I	have	co‐authored	and	
conference	presentations	I	have	given	

Appendices Page 43 of 46



SenseCam	publications	I	have	co‐authored	

1. L Gemming, A Doherty, P Kelly, J Utter, C Ni Mhurchu; Self-reported dietary intake 

using passive image capture: a pilot study; International Journal of Behavioural Nutrition 

and Physical Activity; 2013 (Under submission); 

2. Oliver M, Doherty AR, Kelly P, Badland HM, Mavoa S, Shepherd J, J Kerr, S Marshall, 

A Hamilton and C Foster. Utility of passive photography to objectively audit built 

environment features of active transport journeys: an observational study. International 

Journal of Health Geographics 2013;12(1):20; 

3. Kerr J, Marshall SJ, Godbole S, Chen J, Legge A, Doherty AR, P Kelly, M Oliver, H 

Badland, C Foster. Using the SenseCam to Improve Classifications of Sedentary 

Behavior in Free-Living Settings. American Journal of Preventive Medicine 

2013;44(3):290-296; 

4. Doherty AR, Kelly P, Kerr J, Marshall S, Oliver M, Badland H, A Hamilton, C Foster. 

Using wearable cameras to categorise type and context of accelerometer-identified 
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