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Abstract
Understanding how user mental models of home heating systems may be associated with their behaviour patterns could be used to inform climate change strategies to reduce domestic energy consumption. Easy to apply methods, that allow exploration of a link between users mental models of a device, and their behaviour with that device, are scarce in the literature. This paper describes the development of the Quick Association Check (QuACk) -  a semi-structured interview with paper-based activities and templates. QuACk collects data, verified by the user, relating to: 1) typical behaviour patterns when operating home heating, and 2) mental model descriptions of home heating function. The aim of QuACk was to produce a quick, resource light, method to explore association between mental models and behaviour patterns with home heating. QuACk was developed with consideration of bias from the outset, and refined iteratively using qualitative methods. The potential to apply the findings of applying QuACk to energy reducing strategies, and its generalizability, is discussed.
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1.0 Introduction
The U.K. has legislated to cut carbon emissions by 80% by 2050 (Climate Change Act 2008), however 25% of total UK carbon emissions is from domestic customers.  Lutzenhiser and Bender (2008) report that variations in domestic energy use is due to the behavioural differences of householders. Home heating accounts for over 25% of domestic energy use in the UK (Department of Energy and Climate Change, 2012). If users interact inappropriately with their home heating devices, there can be negative consequences: Users may feel frustration at not being able to achieve their intended comfort goals; There may be a risk to health for vulnerable people through over or under heated rooms and; Both money and energy may be wasted through non-optimal use. When non-optimal energy use is widespread, unnecessary carbon emissions can have a considerable contribution to climate change.
Over the last 30 years, the notion of mental models has been applied as a strategy to predict how users will be behave when interacting with a device and understand the reasons for inappropriate interaction. These range from research into consumer devices (Norman , 2002), computer interfaces (Caroll & Olson; 1987 Williges, 1987) and complex systems (Moray , 1990) and is particularly prevalent in domains such as transport (Stanton and Young, 2005, Weyman et al., 2005, Grote et al, 2010) and command and control (Rafferty et al. 2010). Kempton   (1986) proposed that different patterns of behaviour when operating a home heating thermostat resulted from different mental models of thermostat function. 
Kempton (1986) suggested some mental models held by users, may be better than others. Understanding why a user may behave inappropriately with their home heating devices, allows the possibility of mitigation. Understanding why groups of users display patterns of inappropriate home heating behaviour allow mitigation strategies to be far reaching. Such strategies could include instruction (Weyman et al.,2005 ; Sauer et al.,2009), automation (Stanton et al., 1997 ; Sauer et. al, 2004 ; Lenior et al., 2006 ; Baxter et al., 2007 ; Larsson , 2012), simplification (Papakostopoulos & Marmaras, 2012),  or various approaches of device and interface design (Williges, 1987 ; Weyman et al.,2005 ; Baxter et al. 2007 ; Sauer et al.,2009 ; Branaghan et al., 2011,) . 
A quick method that allows a link to be made between a user’s mental model of a device and their behaviour with that device would permit a targeted approach for any of these strategies. The considerable cost and logistical issues involved in proving association (Kempton , 1987; personal communication, 2011)  was the impetus for the development of the Quick Association Check (QuACk). QuACk focuses on the home heating context, and the authors believe this method could produce insights of relevance to a broad audience including ergonomists, designers, industrial engineers, design engineers, and human – computer interaction specialists, as well as those involved in instruction, behaviour change and energy conservation. The method has already been applied by the authors to gain insights about variations in mental models of home heating at the system as well as device level (Revell & Stanton, 2014), to show the link between behaviour and variations in  models at the system level for householders who share the same mental model of thermostats (Revell & Stanton, 2015), and to highlight the gap between expert and users mental models of home heating, to develop a design specification for a home heating interface that promotes energy saving behaviour (Revell & Stanton, Under Review). 
This paper uses Norman’s (1983) definition of a ‘user mental model’, that is ‘the internal representation that is held by an individual user’, and can only be understood by an analyst through some method of extraction. The model then reflects the analyst’s description of a user’s mental model, of the way the home heating system functions. The means of categorizing mental models so they can be linked to trends in user behaviour when interacting with a device, is taken from Kempton’s (1986) definition of ‘shared theory’. This can be thought of as a descriptive term that groups individual user mental models by common elements.
To have confidence in the pragmatic application of mental models, an accurate description is desired but, like all knowledge structures, difficult to validate (Rouse and Morris 1986; Wilson and Rutherford, 1989; Bainbridge 1992; Richardson and Ball, 2009; Revell & Stanton, 2012). A key problem is bias both in the access and interpretation of mental model descriptions (Revell & Stanton, 2012). A method that aims to access user mental models would therefore improve the validity of the description by considering bias in its development. This in turn increases the likelihood of finding any association with behaviour patterns that may exist.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Hancock and Szalma (2004) emphasised the need to embrace and integrate qualitative methods in ergonomics research. Hancock et al. (2009) argue that ideographic case representations are increasingly relevant for the design of human-machine systems, particularly as advances in technology begin to focus on exploiting individual differences. According to Flyvbjerg (2011) , meaningful insights (that would be missed from context-independent findings), can be gained from rich data gathered from detailed, real life situations. In response, QuACk was developed using case studies and participant observation as methods that provide rich feedback. This feedback was used to drive iterative developments to the prototypes. 
QuACk comprises interview instructions, a participant information sheet, interview script and self-report template. This paper sets out to: 1) Describe the methods used for the development of QuACk prototypes 2) Demonstrate how qualitative methods resulted in iterative improvements to QuACk , and 3) Describe the results of initial reliability tests. In addition, the authors discuss the benefits and limitations of the method, and explore how insights gained from applying QuACk could inform energy conserving strategies.
2.0 Methods used for the development and evaluation of QuACk
Figure 1 shows the stages in the development process of Quack, which is broken into 3 parts: 1) Prototype development , 2) Qualitative iterations and 3) Reliability testing. The starting point was a literature review seeking previous work related to the association and categorisation of users models and behaviour both in general, and specifically with home heating systems. Methods, questions and probes considered appropriate for the home heating context, and shown to be successful in previous studies contributed to the QuACk prototype. An iterative approach was adopted to refine QuACk, through qualitative methods such as participant observation and case studies. Finaly, initial reliability tests were undertaken to instigate validation of the method. For brevity, each of the stages of development will be briefly described in turn, broken down according to the different cells in figure 1. The relevant section headings have therefore been added to figure 1 to aid navigation. 
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Figure 1 – Process for method development of the Quick Association Check for home heating (QuACk)
2.1. Literature review 
The human factors and cognitive science literature was reviewed (and is cited throughout) with 3 objectives: 1) to understand key considerations when conducting mental models research. 2) to identify existing methods for accessing mental models associated with behaviour, and 3) to identify existing categories of mental models and behaviour patterns relating to the home heating context. The conclusion of the first, was identification of the need to consider bias in data collection and analysis methods, culminating in the development of the “tree-ring method” for depicting bias in mental models research. Revell & Stanton, 2012 provides a comprehensive debate and examples of applying the tree-ring method. The outcome of the second was used to determine the form of QuACk as well as to identify relevant questions and probes for content analysis (described in section 2.2). The results of the third were used to form hypotheses for association and to understand the differences between existing categories of models and behaviour in the literature (see section 2.3). These differences were used to inform data collection on appropriate variables and to aid development of an analysis table for distinguishing between categories (described in section 2.6).
2.2 Assess methods for home heating context
The literature review failed to reveal a single method that enabled quick and easy exploration of association between mental models and behaviour. However, Rouse and Morris (1986) provided an excellent review of data collection methods for identifying mental models associated with actions, culminating in a succinct generic categorisation of method types. Using this categorisation, and seeking more recent work that fell within these groups, the authors assessed these methods’ appropriateness for understanding user mental models of home heating and associated behaviour of home heating. The behaviour considered was a typical week in the naturalistic domestic setting, as this allowed direct comparison with Kempton’s (1986) behaviour pattern examples. The authors’ considered the ease and time taken to collect data, the ease with which data could be analysed to explore association, and the costliness of the approach. The results of this evaluation are shown in table 1 below.
Table 1 - Methods for identifying mental models associated with behaviour by Rouse & Morris (1986), Evaluated for the domestic home heating context, based on speed, ease and cost of data collection and analysis.
	Method types identified by Rouse & Morris (1986)
	Ease of data collection for home heating context
	Time taken to collect data in home heating context
	Ease of data analysis for home heating context
	Estimated Cost in home heating context

	Inferring characteristics via empirical study
(Inferring model held by measuring related variable, in controlled experiment e.g. Kessel and Wickens, 1982, Mathieu et al., 2000, Langan-Fox et al., 2001, Sarter et al., 2007)
	


	

	
	

	
	-Possible to remotely collect data on thermostat set points, boiler operation (as related variable)
-Requires technical equipment and expertise, 
-Requires access to dwellings of sample. 

	-Between 1 week and 3 months (over winter) to collect ‘typical’ behaviour for a week. 
-However, multiple households could be collected simultaneously.
	-Possible high volume of data, requires skilled processing to achieve a form ready for analysis
-Using behaviour as variable presupposes a link with mental models, so relationship cannot be explored by this variable alone.
	-High cost of data collection equipment 
-High cost of installation & technical support
-Cost associated with data processing & analysis (Computer, software, data processing expertise)

	Empirical modelling
(Algorithmically identifying the relation between users perceptions & actions – only possible in simple scenarios, where user perceptions can be assumed, and resulting actions have not alternate explanations e.g. Jagacinski and Miller, 1978)
	


	
	
	

	
	-Home heating context is too complex, as users may vary in; a) what they pay attention to, and b) how they perceive (visual, haptic, thermal) before making adjustments. 
-Actions could be attributed to alternate explanations (e.g. multiple users, habit etc.)
- Specialist technical equipment and expertise required to capture attention, perception and actions.
	-Between 1 week and 3 months (over winter) to collect ‘typical’ behaviour for a week. 
-However, multiple households could be collected simultaneously.
	-High volume of data, requires skilled processing to achieve a form ready for analysis
-Using behaviour as variable presupposes a link with mental models, so relationship cannot be explored by this variable alone.
-Complex analysis due to number of perception & attention & behaviour variables in naturalistic setting
	-High cost of data collection equipment 
-High cost of installation & technical support
-Cost associated with data processing & analysis (Computer, software, data processing expertise)

	Analytical modelling
(Using theory/data to assume the form of different mental models, then comparing these ‘model’ forms to user performance e.g. Anderson , J.R, 1983, Yakushijin & Jacobs, 2011)
	


	
	
	

	
	-Possible to remotely collect data on thermostat set points, boiler operation (as related variable)
-Requires technical equipment and expertise, 
-Requires access to dwellings of sample. 

	-Between 1 week and 3 months (over winter) to collect ‘typical’ behaviour for a week. 
-However, multiple households could be collected simultaneously.
	-Possible High volume of user performance data, requires skilled processing to achieve a form ready for analysis
-Using behaviour as variable presupposes a link with mental models, so relationship cannot be explored by this variable alone.
-Kempton (1986) provides example of form of thermostat behaviour and associated model, but  parameters insufficiently specified for systematic categorisation.

	-High cost of data collection equipment 
-High cost of installation & technical support
-Cost associated with data processing & analysis (Computer, software, data processing expertise)

	
Verbal protocol
(Transcript of subject “Thinking aloud” as they perform a task
e.g. Rasmussen & Jensen, 1974, Norman, 1983, Greene & Azevedo, 2007, Ball & Christensen, 2009)
	


	
	
	

	
	-Not appropriate for naturalistic home heating context as home heat control task takes place in private dwelling, at potentially unscheduled/irregular times.
-subject needs to be trained in process of thinking aloud
-analyst would need to be present in dwelling for duration, or subject trained to record protocols 
	-minimal 1 week per person if analyst present
	-lengthy transcription times
– analysis time may be lengthy, depending on criteria for categorising models/behaviour
-Kempton (1986) provides example of form of thermostat behaviour and associated model, but  parameters insufficiently specified for systematic categorisation.


	-Minimal (pen, paper, audio recording device)

	Interviews/questionnaires (Analyst asks participants about what they think and how they behave, either verbal or written e.g. Hutchin, 1983, Kempton, 1986, Stanton & Young, 2005, Schoell & Binder, 2009)
	
	


	
	

	
	-Can be performed anywhere with minimal equipment
-does not need to occur during task performance
	-Controlled by length of questionnaire/interview
-typically less than 2 hours per subject
	- lengthy transcription time, but can be influenced by design of interview
– analysis time may be lengthy, depending on criteria for categorising models/behaviour 
-Kempton (1986) provides example of form of thermostat behaviour and associated model, but  parameters insufficiently specified for systematic categorisation.
	-Minimal (pen, paper, audio recording device)


From table 1, the authors identified Interviews and questionnaires as the most suitable method type to achieve the authors’ goals, whilst recognizing a need to clarify and reduce the time for analysis. A further search of the literature to identify options for the format and structure of the questionnaire, and the content of the questions and probes was then undertaken. This provided the data for content analysis described in section 2.2. 1.
2.2.1 Content analysis of previous research
The work of Kempton (1986,1987) and Payne (1991) both have high citation ratings and consider the mental models of everyday devices. As such, they were selected as a credible and representative sample of questions and probes for eliciting the mental models of domestic devices. The transcripts and questions provided in these texts were content analysed by question type, subject and inferred purpose for capturing mental model descriptions.  These are summarised in table 2 below and informed the choice of questions and probes in the QuACk prototype, which used all question types, but was predominantly made up of open questions, direct questions & scenarios. 
Additional considerations were made in the choice of probes. Firstly, Oppenheim (1992) emphasised how the data from hypothetical questions should be treated with care. To distinguish between typical, possible, and hypothetical scenarios, the participants were asked how likely each scenario was for their lifestyle. This allowed the data to be assigned the appropriate validity, if more in depth analysis of the transcripts was desired (see Revell  & Stanton (2014), for an example of in depth analysis of user mental models of home heating using data collected by QuACk). Secondly, although Kempton (1986) suggested analogies to his participants as an example that they could confirm or dispute, the authors felt this added a risk of bias, that encouraged the participant to reframe their mental model in a form that was easy for the analyst to categorize. However, as Payne (1991) emphasized, analogies were frequently used by participants to describe their thinking, a direct question, rather than a leading question was used to ellicit analogies i.e. “Can you think of any other device that works in the same way” rather than “Does the thermostat work the same way as a gas stove”. 

Table 2 - Table summarising the subject and purpose of probes used in Kempton (1986) and Payne (1991)
	Question
Type
	Topic of enquiry
	Purpose to assist data collection for mental models

	Direct question 
e.g. “How does the thermostat work?”
	Device within a system
	Variables which influence device function

	
	Device function
	Model of how a device works

	
	impact of time
	Cause and Effect in mental model

	
	Dependencies
	Cause and effect in mental model

	
	Experience with device class
	Source of mental model

	Open Question
e.g. “Why does the boiler turn off?”
	All subjects

	Reduce interview bias

	Scenarios
e.g. “it’s a cold day and you want to warm up, what do you do?”
	Typical
	Likely behaviour, experience of consequences of behaviour

	
	Possible (speculation)
	Reasonable speculation about behaviour, or consequences of behaviour (from which mental models could be inferred)

	
	Untypical/Hypothetical (speculation, own behaviour, consequences of behaviour)
	Speculation about behaviour or consequences of behaviour (from which mental models could be inferred)

	
	Varying conditions
	Determining if mental model is influenced by specified variables

	Leading questions
e.g. “ you mean the thermostat works like a gas stove?”
	Suggesting Analogies
	Checking analysts understanding of subjects mental model

	
	Suggest reasons for response (to be confirmed or otherwise by participant)
	Check if variables of interest to analyst are significant, or facilitate the participant if having difficulty articulating response

	
	Providing options
	Categorize response with regard to areas of interest to the analyst.

	Other techniques
e.g. “Uh- huh”
	Reassurance/Encouragement
	Reduce social bias

	
	Checking
	Verify understanding

	
	Gauging importance
	Verify significance of response to mental model held

	
	Paraphrase / summarise 
	Allow opportunity for participant to accept or correct interviewers understanding


2.3 Existing categories of Mental Models and behaviour 
Kempton (1986) identified two key ‘shared theories’ of home heating, which he termed ‘feedback’ and ‘valve’. Norman (1988) expanded these to include ‘timer’ and Peffer et al (2011) refer to a ‘on/off switch’ model. Richardson & Ball (2009) provides useful descriptions of valve, timer and feedback theory (with the latter ambiguously labelled a ‘switch theory’). These and Peffer et al’s switch theory, are summarised in table 2, relating specifically to the thermostat as the key device to control home heating.
Table 3 - Description of mental model categories of home heating from the literature
	Thermostat theory
	Description
	Source

	Feedback
	Turn the thermostat up and the heating stays on at full power
until the temperature set is reached, then switches off 
	Richardson & Ball (2009), Inferred from Kempton 1986)

	Valve
	Turn the thermostat all the way up and heat of a greater
temperature is produced such that the room will get warmer faster 
	Richardson & Ball (2009), Inferred from Kempton 1986)

	Timer
	Turn the thermostat up and the heating will stay on at the same
temperature for a greater proportion of time 
	Richardson & Ball (2009) Inferred from Norman (1988)

	Switch
	Turn the thermostat sufficiently up, the heating will turn on. Turn the thermostat sufficiently down, the heating will turn off 
	Inferred from Peffer et al. (2011)



Kempton (1986) hypothesised the behaviour patterns associated with feedback and valve mental models of home heating. These patterns were based on thermostat set point controls over a week period. Kempton (1986) proposed that users with a valve shared theory, considered changes in the set point of their thermostat to be controlling the intensity of heat in their furnace (rather than maintaining a specific house temperature), so they felt the onus on them to ensure a comfortable home temperature. He anticipated valve behaviour patterns to show frequent, irregular adjustments to the thermostat, and low settings over-night to save energy. Conversely, Kempton (1986) described users with a feedback shared theory, considered their responsibility merely to select the desired thermostat set point to ensure a constant house temperature, and the system would take care of the rest. He expected feedback behaviour patterns to show infrequent, regular adjustments to the thermostat, as changes only needed to be made in line with changes to occupants’ activities. Kempton (1986) provided example outputs of thermostat set point changes over a week period to illustrate the expected difference between users with valve and feedback mental models of the their domestic heating system. Long-term behaviour patterns associated with switch and timer mental models were not evident from the literature, however. The four categories of mental model and two categories of associated behaviour patterns were used as a basis to: 1) Infer behaviour patterns for the remaining categories; 2) Identify the criteria that distinguish between categories. To help explore association between users models of home heating and their associated behaviour – these patterns and criteria were used to aid development of probes and templates for data collection (see section 2.5), as well as populate an analysis reference table for categorizing mental model and behaviour pattern outputs (see section 2.6).
2.4 Consider bias in mental models research
The literature review identified bias as a key issue when conducting mental models research. The tree ring method (Revell & Stanton, 2012) was developed to consider bias when evaluating methods for capturing and analysing mental models. This method was applied to Kempton (1986) and Payne (1991), as their approaches for mental model access was relevant in terms of the source, intermediaries and recipient, to the authors proposed form of QuACk. Revell & Stanton (2012) provides a detailed and comprehensive account of identification of the bias rings listed in table 4, that relate to: 1) The background experience of both the analyst and participant; 2) The social expectations and means of communication of both the analyst and participant; 3) The structure of cognitive artefacts used in the interview, and 4) The method of analysis of cognitive artefacts. These types of bias, and the strategy for mitigation or clarification, informed the choices made during the development of the QuACk prototype (see table 4). In addition, the generic advice provided in Oppenheim (1992) on reducing bias in interview design were incorporated.
Table 4 – Bias Rings identified in the collection and analysis of data derived from interviews, their cause and the mitigation strategy employed in the development of QuACk prototype.
	Identified bias ring
	Cause of bias
	Strategy for mitigation or clarification

	Background (participant and analyst)
	· Previous experience with heating devices, formal knowledge of energy, thermodynamics, heating systems, attitude to using heating
	· Add questions and probes to gather data on background experience so responses can be viewed in this context.
· Analyst answers questionaire to clarify own background bias.

	Social (means of communication)
	· Participants’ anxiety or embarrassment about incorrect, inappropriate or inconsistent answer.
· Analysts’ assumptions about meaning of responses, or accidently leading the participant.
	· To reduce anxiety & encourage free dialogue:
· Careful positioning of the purpose of the interview and the desired responses
· Provide opportunity for participant to make changes to response
· Provide opportunity for participant to assign confidence level to responses
· Follow recommendations by Oppenheim (1992) to reduce bias caused by interviewer when conducting structured interviews

	Cognitive Artefact
	· Pre-prepared terms or template for mental model construction biasing the responses given by the participant
	· No pre-prepared templates (e.g. blank paper, post-it notes, pen)
· Terminology for components initiated by participant 

	Social (method of analysis)
	· Inaccurate data from which to form the basis of analysis due to leading, spontaneous construction of model during interview, or misinterpretation of responses
· Data misinterpreted if analysed an extended time after the interview, or data is ambiguous
· Data unable to be compared and categorized if they contain different data elements
	· To promote accurate interpretation:
· Record interview to help interpretation after extended time
· Clear focus of content sought for outputs 
· Key outputs presented in a concrete, meaningful, unambiguous form to aid categorization without further transformation 
· Verification step by user when outputs complete to identify credible/less credible data
· To promote accurate data:
· Follow recommendations by Oppenheim (1992) to minimize leading.
· Paraphrasing to check meaning of responses to promote accurate data
· Multiple opportunities for participant to make changes to outputs to reflect their true meaning.
· Record interviews to allow posthumous analysis of spontaneous construction following techniques by Payne (1991)
· Add probes during paper-based activities to encourage data elements required for comparison


2.5 Developing data collection method
Figure 1 shows how development of the data collection method was influenced by: 1) considerations of bias, 2) understanding of existing categorizations associated with home heating, and 3) informed by  content analysis of questions and probes of previous research. The components of the prototype are shown in Figure 2.The format of the prototype comprised a semi-structured interview, and involved 2 paper-based activities that required only pen, paper & post-it notes to undertake. A voice recorder was also used to record the participants responses to allow more in depth analysis if needed. This fulfilled the aim of QuACk to be a ‘resource-light’ method. The questionnaire prototype was just over 3 A4 pages, and was intended to take between 30 minutes to 1 hour to complete, including the paper-based activities. Variations in time expected due to variations in the complexity of the model held by the participant. The primary aim of QuACk was to allow exploration of association between user mental models of home heating function and user behaviour with home heating systems. Figure 2 shows that the key outputs of the method are a mental model description of device function and a behaviour pattern representing the self-report of home heating use. 
[image: ]
Figure 2 - Components of QuACk Prototype including elements informed by Payne (1991), Oppenheim (1992), Kempton (1986) and Revell & Stanton (2012)
2.5.1 Paper Based Activities
Two paper based activities were included in the QuACk prototype. The first was a self-report of home heating use, the second the development of a mental model description of the way the home heating system functions. For the quick exploration of association, it is beneficial that the outputs are in a form ready for analysis. The activities were designed to produce the desired form of output in conjunction with the participant, allowing them to verify the content before the end of the interaction. This reduced the risk of bias in interpretation by the analyst as additional transformation of the outputs was not required. The structure of output 1 (behaviour pattern of typical device use) was designed to match the format produced by Kempton (1986) by showing changes in thermostat adjustment over a weekly period so anticipated patterns of use could be easily identified. The prototype initially required the week axis to be produced with pen & paper, but eventually evolved into a template axis which could easily be annotated (see figure 3).
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Figure 3 - Example of QuACk outputs: (Left) template with annotated self report of home heating use. (Right) user mental model description of home heating function
2.5.2 Verification of outputs
From figure 2, the emphasis on user verification is clear with 5 opportunities represented for the participant to make adjustments to the outputs. The authors believe this results in data that better reflects the participant’s intention, than the expectations of the analyst. The emphasis on user verification is considered by the authors to be a distinct characteristic of QuACk that lacks prominence in the literature. In addition to opportunities to amend responses, the QuACk prototype required the participants to deliberately assign a level of confidence to each information component of the outputs. This was added to help the analyst understand the credibility of any association (or lack of association) identified from analysis of the outputs alone. The process of output verification required the interviewer to paraphrase each element of the output in turn. The participant was asked to comment if this reflected what they imagined/thought (in which case a ‘smiley’ icon was added to that element), if they wished to amend what was represented ( the amendment would then be made and a ‘smiley’ added), or if they felt they were uncertain if this reflected what they really thought (in which case a ‘?’ was added next to the component). Examples of this annotation can be seen in figure 3.  The structure of output 2 (mental model description of device function) is generic and would suit contexts outside of the home heating domain. The format was based on the mental model diagram by Payne (1991) for bank machines, the insight by Gentner and Gentner (1983) with regards to structure mapping and the emphasis by deKleer and Brown (1983) on components and conduits in mental model descriptions. The output is similar to a concept map, but includes written rules and causal links. To produce this output, post-it notes, a pen and an A3 blank paper were needed (see figure 3). By applying qualitative methods, the method evolved to comprise a participant information sheet, interviewer instructions, interview template, self-report activity template and mental model of home heating function activity. The iterations that led to this evolution is described in section 3.0. 
2.6 Developing analysis method
A key feature of QuACk is a means to quickly explore association between mental models of device function and typical patterns of behaviour. To achieve this, it was necessary for the analyst to easily distinguish between features to categorize the outputs. Table 3 was produced by referring to the criteria that distinguished the mental model descriptions provided by Kempton (1986), Norman (1988) Peffer et al. (2011) and Richardson & Ball (2009). The role of table 3 is an analysis aid when examining the two verified outputs of QuACk following completion of an interview. It is divided into 2 sections corresponding to these outputs: 1) The populated self report template showing typical home heating use, and 2) Mental Model description of home heating function.
The criteria identified comprised: 1) the thermostat set point, 2) variations in its value and pattern of adjustment, 3) the reason for its adjustment, and 4) the role and function of related devices (e.g boiler). For each mental model category of thermostat function (valve, feedback, switch & timer), Table 4 describes the form of the output that is expected. This is broken down by a set of criteria for each of the three outputs. Descriptions in italics represent compatible (rather than mandatory) responses that follow when a particular category of model is held. To explore association between users mental models of home heating and their behaviour, the analysis table was constructed to guide the analyst in seeking out particular behaviour patterns and mental model elements and where possible, categorizing them according to the shared theories from the literature (i.e. valve, feedback, switch, timer). The same category of shared theory found in both the self-report behaviour output, and the mental model description of home heating function, would suggest an association may exist that warrants further investigation. 
Table 5 – Analysis reference table for quick and systematic analysis of outputs from QuACk. Each output has key criteria corresponding to the form of output expected for each category of mental model held for thermostat function. 
	Output
	Criteria
	Form of output for categorization

	
	
	Valve
	Feedback
	Switch
	Timer

	1) Self – Report of typical home heating use 
	Pattern of manual adjustment
	Frequent & irregular when home is occupied.
Influenced by events / comfort
	Routine adjustments to thermostat 
Event specific

	Set point is stable between events Influenced by events / comfort 
	Higher settings remain unadjusted for longer periods than lower settings
Influenced by events / comfort

	
	Thermostat Set points
	Varies above and below internal temperature
	specific temperatures
	Extreme high/low settings or ‘until click’ (i.e. 0.5oC above internal temperature)
	Manual adjustments typically above internal temperature


	
	Night set back
	Yes
	No
	n/a
	n/a

	2) Mental Model description of Home heating function
	Thermostat Set point and relationship to boiler
	Variations in thermostat set point results in variations in intensity of boiler
	Variations in thermostat set point inform the target room temperature to be maintained by the boiler
	Increasing and decreasing the thermostat set point , activates or deactivates the boiler respectively
	Variations in thermostat control results in variations in the time period of boiler operation

	
	Boiler function
	Boiler heats water to a range of temperatures
	Boiler heats water to a single temperature
	Boiler heats water to a single temperature
	Boiler heats water to a single temperature

	
	Role of thermometer
	n/a
	Thermometer feeds back temperature value so comparison with thermostat set point can be made to determine if the boiler needs to come on or off
	n/a
	n/a


3.0 Pilot case studies & participant observation for data collection
To gain an insight of the flexibility of the QuACk prototype methodology, participants that varied in age, gender, house type and living circumstances were sought (detailed in table 5) to encourage the development of a robust method that could cope with the variations inherent in the UK population. The target audience for participants was long term UK residents with equivalent home heating setups (comprising gas central heating , combi-boiler, radiators, separate thermostat and programmer).The initial participant was selected based on availability to provide feedback on clarity, ease of answering questions, process of paper-based activities and the participant experience (in terms of the social interaction and feelings). Casual discussions with the target audience group regarding their behaviour when using their current central heating system formed the selection process to identify participants who reported distinct behaviour patterns.  Deliberate efforts were made to identify participants from differing demographics and types of dwelling. Adjustments were made to the script following feedback from each participant such that each subsequent participant experienced an improved version. 
The interviewer provided feedback as a ‘participant observer’ to evaluate the ease with which the QuACk prototype could be applied to the different case studies. The findings from both the case studies and observations were applied iteratively such that an improved version of the prototype was used on each successive case study. The resulting components and process which form QuACk are shown in figure 4. Compared to prototype version depicted in figure 3, this diagram contains 10 additional elements comprising verbal and textual positioning, question reviews, a section on terminology, instructions for the interviewer and a participant information sheet. The authors emphasise these elements are treated by the interviewer as ‘core elements’ of the interview process rather than a ‘nice to have’ to ensure quality data capture. Appendix A provides the revised QuACk data collection method.
Table 6 - Table to show the iterations to QuACk resulting from case study and participant observations (round bullets reflect amendments to method, dash bullets identify aspects that worked well).
	Participant
	Key Feedback & Amendments 

	Participant 1 
51 year old working male, living with  a young family in a  4 bedroom detached bungalow with 5 different heating systems 
	· Reiterate the purpose of the interview and expectations at the beginning of each section.
· Add a ‘terminology section’ in the background section to define the elements in the function section as well as improve understanding
· Limit ‘drilling down’ to areas that are key for distinguishing between categories, or if the participant appears to be uncomfortable.
· Verbalise during that the attitude section that the study is non-judgement and not aligned to a particular attitude about energy use, and improve the wording.
· Change the wording of the analogy questions in the device function and system activities so a response is not mandatory, put at the end of each section.
· For cases where multiple heating systems exist, focus interview on the main central heating system.
· To avoid embarrassment from answering personal questions – 1) move demographic section out of the interview and provide in paper based format for the participant to fill in prior to the interview, and 2) allow selection of age range instead of asking for an actual value. 
· Paraphrasing worked well and should be used throughout
· The requirements of the self-report activities were easy to grasp after a few parts had been drawn out.

	Participant 2 
25 year old  working female , living alone during the week, & with partner at weekend in a 2 bedroom flat with gas central heating and radiators.
Session time: 30 mins
	· Refer to target temperatures as ‘a comfortable temperature’ rather than providing a specific value, as people vary in their idea of a comfortable temperature.
· At the start of the interview, verbalise to the participant the that the interviewers’ expertise was on data collection, not the workings of home heating systems, so any verbal or facial cues would not relate to the accuracy of their answer.
· Take care not to lead the participant when linking elements during the function activity.
· Add a template to the ‘self report’ of behaviour section, to speed up data collection.
· Add instructions to interviewer to review questions at end of each section.
· Reiteration of purpose of interview was welcomed by participant and not considered repetitive or patronising
· Moving demographics to pre-interview questionnaire filled in by participant worked well
· Addition of terminology section at start of the interview, enabled a more ‘dynamic’ tailoring of the interview script which improved understanding & engagement
· Change to analogy question removed pressure on participant to “come up with something”

	Participant 3 
64 year old  working female living in a four story Victorian terrace with partner with gas central heating and radiators.
Session time: 75 mins
	· Verbalise to the participant at the start and throughout, that inconsistencies are normal and may be useful for research purposes. Take care not to demand consistency in participant responses, by referring back to things they have said previously, that contradict new responses. 
· Produce instructions for the interviewer at the start, and throughout the interview, to help keep on track. 
· Instructions to interviewer at points within script were helpful for keeping on track
· Self report template was a good format for recording behaviour with a variety of devices
· Self report template was a good format for recording how many people in the home control the heating, which devices they tend to use, and when they tend to use them.

	Participant 4 
87 year old retired male living alone in a semi-detached house with gas central heating and radiators.
Session time: 92 minutes
	· Advice in instructions to interviewer, that older participants have specific attributes that may require an adjustment in interview style, e.g. may wander off subject and require steering back to the question, are likely to talk about temperature in oF rather than oC, may respond to questions about home heating function as if they are expected to ‘teach’ the interviewer rather than ‘explain’ their understanding.
· Advice in instructions to interviewer, that different degrees of knowledge about will affect the interview time
· No further changes to the format or approach of QuACk
· Instructions to interviewer were useful for orienting and keeping on track
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Figure 4 - The key elements of QuACk following iterative development .
4.0 Participant  observation – data analysis
With outputs in a form ready for analysis, the next requirement is a quick and clear process of analysis, which can be applied ‘on-the-fly’.  This section will 1) illustrate how the analysis reference table (table 5) could be applied, 2) discusses the benefits of the form of outputs, 3) summarises the utility of the analysis table as a means for categorizing home heating mental models and behaviour patterns, and, 4) identifies changes to the analysis table that could improve its utility.
4.1 Applying the analysis reference table
Participant 3 was highlighted to illustrate the analysis method, as they held a variety of model types and reported a variety of behaviour patterns (encompassing those depicted by participants 2 and 4). This provided an opportunity to illustrate a range of categories with one example. 
4.1.1 Behaviour pattern
Participant 3 was a 64 year old female living in a four story Victorian terrace with her spouse. Both occupants worked full time. The populated self-report template for typical behaviour when using the home heating system is shown in figure 5, (redrawn for clarity). The key in figure 5 identifies three different devices used to control the heating (programmer, thermostat and boiler override). It also shows that these were operated by two agents (the participant and her spouse). The participant was not sure of exact set points for the thermostat so the scale displays ‘approximate’ temperature values. 
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Figure 5 – Output 1 from QuACk, redrawn for clarity, showing “Behaviour when using home heating over a typical week”
  [image: ]
Figure 6 - Mental Model description of device function for Participant 3, redrawn from Output 2 for clarity
Referencing table 5, and interpreting the contents for multiple control devices, different behaviour pattern categories have been highlighted in figure 5. The most distinctive pattern is a ‘valve’ category assigned to the thermostat during the weekend. This pattern complies with the criteria in table 5 as there are frequent, irregular manual adjustments when the home is occupied, with the set points varying above and below the (presumed) internal temperature. It is not clear, however, if night set-back is adopted as adjustments at the end of the day were undertaken by the spouse, so the participant could not recall the set point chosen. During the working week, the thermostat set point remains at a single setting, and the programmer is responsible for routine periods of boiler activation based around events, such as returning from work. Table 5 does not consider how the behaviour pattern of the thermostat is affected by the use of a programmer. However, the lack of manual adjustment suggested a deliberate single temperature which implies ‘feedback’ behaviour, if it is assumed the ‘routine manual adjustment’ described in table 5 is taken care of by the program schedule. When completing the template, Participant 3 described regularly using the manual override on the boiler, particularly when returning from work early and finding the house cold, or at home over the weekend. The participant switched the boiler setting to ‘on’, and this remained for a number of hours, until the spouse turned it off at the end of the day (see figure 5). Interpreting the contents of table 5 for the boiler override control, we can categorize this as a ‘switch’ model, as the behaviour pattern depicts a set point that is stable between events, and extreme set points (the only set point options for this control device).  Figure 5 shows timer’ category assigned to the behaviour pattern for the programmer. This cannot easily be inferred from table 5’s description of the ‘pattern of manual adjustment’ of the timer category for the thermostat. However, looking at the criteria for Timer shared theory in table 5 relating to the mental model description, the sense that variations in the settings resulted in variations of the timer period of boiler operation, was compatible to how the program settings were chosen. 
4.1.2 Mental Model description of home heating function
The mental model description of home heating function, for participant 3 has been redrawn for clarity (figure 6), and depicts a range of control devices including the thermostat, programmer, boiler override, and thermostatic radiator valves (TRV – described in figure 6 as a “radiator knob”). Each of these devices have been categorized using the prototype analysis reference table (table 5). Participant 3 was distinctive in describing the function of the thermostat differently as the interview progressed, resulting in 3 descriptions and categorizations for the thermostat. This characteristic provides an opportunity to discuss different ways of categorizing the thermostat from one mental model description, as well as drawing attention to the reader that a participant may have multiple, contradictory models for a single device. A switch category from table 5, was assigned as participant 3 described how the boiler came on if you turn the thermostat until it ‘clicks’ (figure 6). This matches the statement in table 5, relating to the thermostat set points (in the self report of behaviour section). It also conforms with the criteria for the relationship between the thermostat set point and the boiler for a ‘switch’ model. A feedback category was assigned to the thermostat due to: 1) the presence in figure 6  of a thermometer, 2) its described function to sense the air temperature in the room which is compared by the thermostat to see if “less than/more than the dial setting” followed by 3) the link to the boiler with the rule “to send on-off message to the boiler”. This describes the thermostat set point and relationship to the boiler described in table 5. Table 5 requires that for the boiler function in feedback or switch models, that water is heated to a single temperature. This wasn’t met in figure 6, however. When discussing the boiler, a valve model of the thermostat was indicated, participant 3 described “the temperature of the water [in the boiler] matches the temperature of the thermostat” (figure 6). This fits table 5’s requirements for a valve model, in terms of the boiler function, as well as the relationship between the thermostat set point and the boiler (table 5), although the presence of the thermometer does not comply with ‘valve’ shared theories.
The mental model of device function is more consistent for the programmer and boiler override – both devices that participant 3 depicted in their self-report of behaviour output. Figure 6 shows the programmer is referred to as a ‘timer’ and has a ‘clock’ component to determine when the boiler comes on. From table 5, we see the relationship between the thermostat at the boiler for a timer model, requires variations in the thermostat control (or in this case, programmer settings) to result in variations in the time period of the boiler operation. These led to the categorization of the user holding a ‘timer’ model for the programmer. However, participant 3 also uses the analogy “like a light switch, it [the boiler] goes on and off”. Whilst this terminology may seem to indicate the ‘switch category’, that this description is part of the ‘clock’ element of the model, points to the clock is driving the activation/deactivation of the boiler, rather than the user. This reconfirms the ‘timer’ categorization. As with analysis of output 1, by making the substitution of the control device in the description provided in table 5, it is possible to infer relevant shared theory types for different devices. In figure 6, the boiler override, is simply described as an ‘on/off/standby’ switch, and is linked to, and has the capacity to activate/deactivate, the boiler. Again, by substituting the control device in the description in table 5, from thermostat to boiler override - this is equivalent to the ‘switch’ shared theory description for the relationship between thermostat set point and boiler. Table 5 also requires, however, that for users with a switch theory, the boiler should function by heating the water to a single temperature (which was not evident in figure 6). However, the variations in boiler temperature are clearly shown in the diagram as relating to the thermostat, not other control devices, so a switch categorization is still valid for the boiler override.
Figure 6 also depicts participant 3’s description for the function of thermostatic radiator valves. They describe the purpose of the radiator knob to “switch [the radiator] on/off”, suggesting a ‘switch’ category, however, the transcripts indicates this description reflects how participant three uses them, rather than her belief about their ‘intended’ purpose. The lack of thermometer element depicted by the TRV, and the rule describing how (shown on the link between this control and the radiator in figure 6)  “slowed down the water [to the radiators] by reducing the rate of flow” can be inferred from table 5 to suggest a ‘valve category’. By substituting the control device, the affected component, and the variable, the description intended for the thermostat control’s relationship to the boiler, could be rephrased as “Variations in the radiator knob [control device] set point results in variations in the water flow [variable] of the radiators [affected component]”.
4.2 Benefits of output formats
4.2.1 Self-Report diagram
The format of the self-report template had a number of benefits. Firstly, it was flexible enough to incorporate in a single view, a variety of behaviour patterns from a range of control devices. This would be difficult to achieve from existing automated data collection solutions. Secondly, the ability to assign different agents to different aspects of the behaviour patterns was illuminating. From the perspective of exploring mental models, the ‘valve’ pattern shown in figure 5 clearly represents a ‘conflict of setting choice’ rather than considered continuous adjustment to ensure a comfortable house temperature (as described by Kempton (1986)). 
4.2.2 Mental Model description
The mental model description is useful at identifying misunderstandings about how the home heating system functions in a way that is concrete and explicit. For example, key elements of the heating system may be missing, elements may be inaccurately linked, and the rules of cause and effect between elements may be incomplete or inaccurate. Revell & Stanton (2014;2015) provide examples of in depth analysis of mental model descriptions created by the QuACk method. It also explains how the insights gained can inform strategies intended to encourage behaviour change, or reduce energy consumption through the use of home heating.
The case study of participant 3 described an inconsistent mental model of the thermostat, yet clear and consistent (though not necessarily accurate) representations of other control devices. The ability of this output to identify inconsistent mental models has benefits. Inconsistent descriptions of function may be symptomatic of ambiguity in the communicated function of devices, or the relationships between devices. Where the ambiguity has negative consequences, in terms of performance, usability, or, in this case, wasted energy consumption, identification of this ambiguity could point to design or instruction strategies to clarify function.
4.2.3 Association between mental model of device function and behaviour
The results of the analysis of verified outputs for participant three, shows a range of behaviour patterns and a range of mental models held. Purely based on the categorisation, there is evidence of both valve and feedback mental models and behaviour patterns for the thermostat. This may suggest an association between behaviour and mental models for this participant. The case study presented described behaviour patterns that, unlike Kempton (1986), included other control devices (e.g. boiler override, programmer, thermostatic radiator valves (TRVs). Any exploration between behaviour patterns and mental models of devices requires the same device to feature in both outputs, which was not always the case in the pilot study. However, as output 1 only considered ‘typical’ behaviour over a week, irregular behaviours, such as adjustment of TRV’s may occur less than this, explaining their absence. To consider an association with irregular behaviours, the format of the template to record behaviour, would need to be adjusted.
Caution should be applied to conclusions regarding association from these outputs. For example, as evident from multiple agents being identified on output 1 from the case study, the valve ‘pattern’ does not necessarily reflect valve behaviour. If viewed through automated data collection, without assignment of agents for different aspects of the behaviour patterns, it could have been mistaken as such. Another example, was seen in the categorization of the TRV in output 2. The transcripts indicated that the participant used the device as a ‘switch’, even though they thought the device functioned like a ‘valve’. User behaviour with this control device, was not primarily caused by their mental models of device function. The source of behaviour may represent a workaround to achieve goals that could not be achieved with other control devices, or to achieve goals that were not an intended function of the home heating system (such as quick response individual room heat control).
The ability of output 1 to indicate multiple agents also helps inform further exploration of association. In figure 5, the spouse was marked as responsible for the behaviour pattern relating to programmer. So, to identify an association, the mental model description of the programmer function would need to be provided by the spouse.
Evidence in both outputs indicated switch category for the boiler override, and timer category for the programmer for both behaviour and mental models. This provides support for the relevance of existing ‘shared theories’ in the literature for categorizing models and behaviour associated with home heating. However, the authors wish to make clear, this is considering the shared theories from the literature in a ‘generic’ sense, rather than thermostat specific. 
4.3 Evaluating the utility of the analysis reference table
By applying the analysis reference table (table 5) on the outputs of participants 2, 3 & 4, some key insights were found that recommended improvements / adjustments. These have been tabulated in table 7.
Table 7 - Summary of evaluation of analysis reference table
	Insight from trailing analysis 
	Suggested change to analysis reference table

	All sections of the table were helpful when categorizing each output, suggesting the type of information captured extended beyond those expected for each output when the table was constructed. This may mean Mental models data is being used to categorize behaviour data (or vice versa), or that the table doesn’t distinguish effectively between the two types of data.
	Make clear the key data to be analysed on each output, so that categorization can be attributed to either behaviour or mental models.
Divide table into 2, so the relevant table is referenced when analysing each output.

	Descriptions developed to categorize models relating to the thermostat control only. A range of control devices were evident on the outputs, requiring translation of the descriptions to a different device. 
	Make analysis table more applicable for outputs resulting from present day heating systems in the UK.
e.g. Write descriptions to categorize model types generically, with thermostat as example

	Descriptions developed to categorize behaviour patterns relating to the thermostat only. A range of control devices were evident on the outputs, with different degrees of freedom, range and type (e.g. discrete, continuous, categorical) of input available. The expected behaviour pattern had to be inferred by the analyst, and might not be clear for all devices.
	Make analysis table more applicable for outputs resulting from present day heating systems in the UK.
e.g. Write descriptions to categorize behaviour types generically, with thermostat as example 


	Inference of descriptions to other devices was aided by substituting either the control device, controlled element, and the change variable, 
	Define what is meant by these terms and use them (and other’s, if needed) to form the ‘generic’ descriptions for the table.

	Outputs categorized with the same name of shared theory, but applied to different control devices represent a variation on those in the literature. The implications for behaviour patterns and the importance in terms of performance or energy consumption may differ. 
	Reinterpret the shared theories of home heating use from the literature, within the framework of the generic categorization descriptions.

	Sometimes data in the outputs applied to some of the category descriptions but not all. Not clear from the table if particular characteristics had greater weighting over others 
	Make the table more ‘granular’ in its breakdown of characteristics required & provide guidance on ‘critical’ and ‘supporting’ characteristics.

	Evidence of a mental model descriptions with the model for a device described in variety of ways. This led to multiple , conflicting categorization
	Provide guidance that multiple categorizations of a single control device is a useful finding. It identifies where the user has an inconsistent or incomplete mental model


4.4 Improvements to the analysis reference table
Following the recommendations from table 7, separate tables were created for categorizing behaviour and mental models. A generic example, was provided for each shared theory, and specific examples from the literature relating to the thermostat, were re-phrased to fit within the generic structure. The intention was to make it easier to infer shared theories from alternate devices to the thermostat.
The process for categorization of outputs involves the analysts considering each control device (e.g. thermostat, programmer, TRV etc.) separately and performing the following steps:
1) Identify and describe each of the elements from the table heading (control device, Input behaviour, key element, key variable, sensor/sensed variable, rule)
2) Compare the descriptions to the generic/shared theory descriptions in the table.
3) Select most appropriate category OR identify variations to closest category.
To aid this process, question sheets corresponding to each output were created, with examples of typical answers within the home heating context. This version of the analysis reference tables, as well as the question sheets, were used in the reliability exercise described in section 5.2
5.0 Validation
The intention is QuACk is to allow exploration of association between user behaviour with home heating systems and their mental models of those systems. An understanding of how well output 1 captures actual behaviour, is clearly important, as well as the ability of the method of analysis to consistently categorize outputs. This section describes initial attempts to assess measurement validity of output 1, and reliability of output categorization.
5.1 Measurement Validity of Self-Report Behaviour
The validation approach was focused around the criteria used in analysis table since the emphasis was to seek validation of behaviour characteristics relevant to users ‘shared theories’ or ‘generic models’ of home heating.
Due to the nature of the home heating domain, direct observations of home heating behaviour over week long periods of time was impractical (as discussed in section 2.2). To seek initial validation of output 1, the spouse of the user (where applicable) was contacted to see if they agreed with the representation provided in output 1 for their dwelling, by the user. The spouse was asked to check the set point values of control devices represented on the output (for example, programmer schedule times & thermostat set points). The author then showed and explained the pattern on output 1 and asked the spouse to express their level of agreement that this reflected their household. The authors annotated the output to capture their responses, and tabulated the results (table 8)
Table 8 - Summary of spouses agreement with behaviour shown in output 1 (Agreement =, Disagreement = )
	Agreement by spouse* for features of output 1 
	Participant A
	Participant B
	Participant C*

	Devices used
	 only boiler over ride used
	 programmer, boiler override and thermo stat typically used
	 programmer and thermostat typically used

	Set points chosen
Variations in set points
	 boiler override set to either on/off
 durations and times for boiler ‘on’ periods
	 number & duration of sessions for programmer accurate
 timings for programmer reasonably accurate (±30 mins)
 set points for thermostat broadly correct (± 1oC)
 variations in thermostat set point 
	 programmer set points times & durations accurate
 static thermostat set point during week, and significant reduction when out for the day
Thermostat set point value inaccurate (actual=21oC, output 1 shows  90oF= to 32oC)

	Regularity, frequency &
synchronicity  of pattern
	 weekend pattern typical (Could not verify weekdays as absent from dwelling)
	 weekday pattern
extended time for override at weekend occurs typically on one, rather than both days
	 weekday and weekend pattern 

	Distribution of agents across pattern
	 user responsible for deactivating boiler override at weekend
 spouse OR user activates boiler at weekend (not spouse alone)
	 spouse responsible for setting programmer
 user raised thermostat set point & activated boiler override & Spouse reduced thermostat set point and deactivated boiler override
	 sole user of devices, responsible for all adjustments 


*Participant C was a lone occupant. He was asked to check device settings and give views on output 1 that he had constructed himself, 1 year after the original interview
Table 8 shows that overall, spouses were in broad agreement that output 1 represented their typical weekly behaviour with the home heating system. There was full agreement for the control devices used, and general agreement with the distribution between agents, frequency, regularity and synchronicity of the pattern, as well as set point values and variations. There were some exceptions, however: Participant C, revealed a large inaccuracy with the thermostat set point value, though, this is likely to be a conversion error between units of temperature. There was also minor disagreement in terms of regularity of pattern (participant B), and distribution of agents (participant A), though these were not sufficient to alter a categorization of the pattern.
The results of this initial validation was positive in terms of the value of output 1 as an appropriate measure to categorize behaviour according to that predicted by shared theories or generic theories. If part 1 of QuACk was used to generate output 1 for other research goals, such as estimating energy consumption, or understanding the assignment of agents to behaviour, further checks may be needed if a high level of accuracy is required 
5.2 Reliability of Analysis method
To test the inter-analyst reliability of the updated analysis method, two Human Factor analysts were asked to analyse 3 sets of output, resulting from interviews performed using the QuACk method. Their results were compared with the authors own categorization of this data to evaluate their level of agreement.. The analysts were provided with: 1)‘walk through question sheets’ (with examples) that guided observations of the data 2) ‘Answer sheets’ for recording responses from the question sheet in a form that could easily be compared to the reference, 3) The analysis reference tables for each output 4) Outputs 1 & 2 from each participant, and 4) Transcribed ‘paraphrases’ describing each output, taken from the interview transcripts. The paraphrase was provided to help orientate the analysts to the outputs. This was in recognition that an analyst using QuACk would typically have interviewed the participant and constructed the outputs, so would be fully orientated to their meaning at the point of analysis.
5.2.1 Dynamics of exercise 
Prior to analysis, the author trained the analysts in the analysis method. The outputs of participant 3, categorized with generic categories from the updated analysis tables were used as an example and the analysts were walked through how to use the walk through question sheets, answer sheets and analysis reference tables. It was typical of output 2 (Mental Model Descriptons) to have more control devices evident than output 1 (Behaviour Patterns). As the goal of QuACk is to explore association between behaviour and mental models – the analysts were asked only to categorize control devices on output 2 that were present, and operated by the participant, according to output 1. This resulted in 6 devices needing categorization for each output type. The validation exercise ran for 2 hours, with the training session taking up approx. 30 minutes and the categorization approx.1.5 hours. The mean time for categorization of a single device from a single output was around 10 minutes. The analysts were only allowed to ask questions to clarify analysis method, during the exercise, but were not given guidance on the appropriate category to select.
5.2.2 Results of inter-analyst reliability exercise	
Table 9 summarises the results of the inter-analyst reliability exercise. This table shows the level of agreement with the authors analysis of the same outputs using the updated analysis tables and walk through questions.
Table 9 - Results of inter-analyst reliability exercise
	Participant
	Devices
	Output
	Author categorization
	Analyst 1 Agreement
	Analyst 2 Agreement

	Participant A
	Programmer
	1 -Behaviour pattern 
	Generic FB1
	Timer (Norman)
	

	
	
	2-Mental Model desc.
	Generic FB1
	 
	

	
	Override
	1 -Behaviour pattern 
	Generic Switch
	 
	

	
	
	2-Mental Model desc.
	Generic FB2
	 
	

	Participant B
	Thermostat
	1 -Behaviour pattern 
	Generic FB1
	Valve (Kempton)
	Generic Valve

	
	
	2-Mental Model desc.
	Generic FB1
	 
	

	Participant C
	Programmer
	1 -Behaviour pattern 
	Generic FB1
	 
	 

	
	
	2-Mental Model desc.
	Generic FB1
	 
	 

	
	Override
	1 -Behaviour pattern 
	Generic Switch
	 
	 

	
	
	2-Mental Model desc.
	Generic Switch
	 
	 

	
	Thermostat
	1 -Behaviour pattern 
	Generic FB1
	 
	Generic Valve

	
	
	2-Mental Model desc.
	Generic Valve
	Generic FB1
	 

	% Agreement
	Categorization
	1 -Behaviour pattern 
	67%
	

	
	
	2-Mental Model desc.
	92%
	

	
	
	Overall
	79%
	



Table 9 shows that overall agreement with the categorization stood at 79% which was reasonable for analysts who had limited orientation to the outputs. 80% is considered an acceptable level of  level of reliability (Jentsch and Bowers, 2005). Agreements levels in the categorization of output 2 were very good, with 92% agreement, validating the utility of analysis reference table for categorizing Mental Model Descriptions. Analysis reference table for output 1, however, elicited lower levels of agreement with the authors categorization, at 67% . After examining the completed answer sheets provided by the analysts for the thermostat patterns for participants B & C, the authors found the following causes of disagreement. Analysts tended to categorize ‘valve’ for thermostat if reference was made in the transcribed paraphrase that set points were based on ‘comfort’. The analysis table 1 explicitly describes the generic feedback category for the thermostat as based on lifestyle activities rather than comfort (taken from Kempton, 1986). However, this does not imply that comfort is not the desired goal from the set point choice, only that constant adjustments to the thermostat are not made to compensate changing comfort levels from other causes (e.g. activity levels). This distinction was not sufficiently clear in the table. The label of the category may also have encouraged a different categorization. Analyst 1 assigned a ‘Timer’ category (intended only for thermostat devices) to the programmer. As the programmer is often known as a ‘timer’, and the description refers to variations in time, this association may have seemed more similar than the generic feedback 1 category. In addition, the descriptions in the two feedback categories may not have emphasised their distinguishing features. Only 1 miss categorization of output 2 depicting the mental model description was found with the thermostat device for participant C. The analyst’s response to ‘Q1c – description of automatic adjustments’ showed they misunderstood the meaning of the question. They provided the example ‘it sends messages to the boiler’ as evidence of an automatic adjustment. However, this depicts a step in a process, not an adjustment. Further training or a clearer distinction in the question could avoid this in the future.
5.2.3 Improvements
Providing more examples and further explanations of the walk through questions and examples are likely to improve categorization. Using analysts who have conducted interviews and produced the outputs for the validation exercise, may also result in faster categorizations. In terms of the analysis tables, a greater emphasis of the distinction between categories, either textually, or with diagrams would also help. 
6.0 Discussion
This paper set out the following key aims: 1) Describe the methods used for the development of QuACk prototypes 2) Demonstrate how qualitative methods resulted in iterative improvements to QuACk , and 3) Describe the results of initial reliability tests. The first aim was achieved by providing a diagrammatic overview (figure 1), that stated the methods, questions and features to be resolved. Figure 1 depicted these as a set of interrelated steps, and section 2.0 contains descriptions of how these steps were tackled, with examples, (where appropriate) of the synthesis of knowledge at each point that informed subsequent steps. The second aim was realised in section 4.0 in two stages, considering first, the prototype interview script and data collection method, and secondly the utiilty of the analysis reference table. The results and recommendations from pilot studies and participant observation that related to the interview script and data collection method were tabulated, and the change in components was depicted visually in figures 2 & 4 (where the components of the interview script before and after amendments, were shown). To demonstrate the benefit of participant observation on the development of the analysis reference table, the outputs from one of the pilot participants was analysed using the prototype reference table (see section 4.3). The challenges and insights gained from this process were tabulated and led to the production of 2 separate ‘generic’ analysis tables, corresponding to either the behaviour, or the mental model outputs. Initial reliability tests were undertaken with the method. First, the behaviour patterns depicted on output 1 were verified by spouses of the pilot participants, to see how well they reflect actual behaviour. The method of categorizing the outputs was then tested for inter-analyst validity, by asking 2 human factors analysts to categorize 3 sets of outputs using the updated analysis tables, and comparing this to the authors categorizations.
Through this process, the authors discovered that whilst the development of QuACk prototypes stemmed from the analysis and application of existing knowledge about mental models data collection techniques from the literature, that exposure to the ‘real world’ revealed issues  fundamental to exploring association between models and behaviour of home heating. These include the consideration of multiple control agents, and the use of (or failure to use), multiple control devices. The qualitative approach for method development inspired by Hancock and Szalma (2004) was invaluable in the iterative development of QuACk.  The authors found that the improvements to the interview script and template, resulting from the qualitative iterations, largely related to positioning, guidance and structure. It is these sort of improvements, the authors believe, that can only be gained from qualitative methods, as ‘hard and fast rules’ for specialised contexts may be lacking. Through the participant observation evaluation of the analysis reference table, consideration of the way the authors ‘inferred’ the characteristics of shared models from the literature, to alternate devices, was insightful. This led to a ‘generic’ way of looking at shared models of home heating, that accommodated shared theories from the literature as specific examples.  This supports Hancock et al. (2009) sentiments that generalities can be extracted from single case studies. The initial reliability tests showed good agreement between self-reported behaviour and actual behaviour, in terms of the impact on categorization of the data. The inter-analyst- reliability test showed good overall level of agreement with the authors own categorization, very good agreement with categorization of output 2 (Mental Model Description) and moderate agreement with output 1 (Behaviour Pattern).
6.1 Method evaluation 
QuACk was developed to fulfil the need of a quick, resource light, method for exploring association between mental models of, and user behaviour with, domestic heating systems. Further, the method was to consider bias in its development, and allow identification of shared theories of home heating that exist in the literature.
Section 4.2 describes the benefits of the behaviour and mental model outputs from QuACk, that are not emphasised in the literature. For example, 1) they provide concrete representations of home heating models and behaviour, that can be analysed by practitioners without further transformation, 2) they are a flexible format to record key information relating to behaviour, that present challenges to automated data collection (such as the number of agents responsible for behaviour, range of control devices used), 3) they highlight behaviour patterns that arose from combinations of devices (e.g. if the thermostat is used  in combination with a programmer, ‘expected’ behaviour patterns, for users who hold a feedback mental model, would differ to the ‘expected’ patterns if the thermostat was used alone), and 4) they are able to reveal not only misunderstandings or misuse of heating systems, but inconsistencies and ambiguities in the participants’ home heating models and behaviour. With these characteristics, the outputs from QuACk offer the opportunity, not easily found with other methods, not only to focus further research, but to identify novel models and behaviour characteristics that could enhance the understanding of home heating use in the UK. Collins & Gentner (1987) and Norman (1983) recognized variations in the completeness of mental models between individuals which could account for findings relating to misunderstandings, misuse and inconsistencies in models held (such as with participant 3’s multiple models of the thermostat device). This characteristic could be interpreted in line with Johnson-Laird (1987) to suggest that the device itself is ambiguous in the way its presents its function. Multiple or conflicting models, could then be considered ‘symptoms’ of issues such as ambiguous design, insufficient instruction, or misleading feedback at a ‘system’ level. Further work by Revell & Stanton (2014;2015) has shown the utility of the QuACk method to explore these issues, and the authors believe this method has scope to further research efforts both into mental models, as well as home heating behaviour in general. 
The format of QuACk, is made up of distinct sections relating to specific types of output. This means the interview script can easily be cut down if practitioners are concerned with data collection of either home heating behaviour or models alone, rather than the association between these two variables.  By making audio recordings of the interview, the option of more ‘in depth analysis’ is also possible. An example of in-depth analysis that considers the mental model output of home heating, combined with supporting evidence found from the interview transcripts resulting from QuaCk, can be seen in Revell & Stanton (2014).
The development of QuACk considered bias at its outset, which has been emphasised in the literature as a risk in mental models research (Rouse & Morris, 1986; Wilson & Rutherford, 1989; Bainbridge, 1992; Richardson & Ball, 2009; Revell & Stanton, 2012). Section 2.4 emphasises the many strategies that were put in place to mitigate for unwanted bias through the tree ring method (Revell & Stanton, 2012), such as verification of outputs by the user, format of outputs ready for analysis, paraphrasing and opportunities for amendment throughout the interview, provision of interview script and instructions to minimising leading etc. The inclusion of deliberate biases, however, were engineered to fulfil the aims of the authors. For example, the format of the outputs was deliberately restricted in the case of output 1, to show set points over time, and with output 2, to display the relationship between components of a heating system. This bias was necessary to provide insights on the research question, but also to allow a meaningful comparison between participants. Whilst the literature emphasises the face validity that user mental models of device function influences behaviour with devices (Gentner & Stevens, 1983), an analysts’ description of a user mental model is not equivalent to the knowledge construct itself (Wilson & Rutherford, 1989). Moray (1990) emphasises that mental model descriptions can differ considerably, depending on the perspective taken. This deliberate bias introduces a risk that significant or useful information may be lost, where it falls outside the desired format. The authors believe that this limitation is minor, given the flexibility of the paper-based format to allow additional notes or annotations. This flexibility was seen in the studies, by the representation of multiple control devices and agents on output 1 which had originally been intended to record behaviour patterns of thermostat set points by sole users. Related to this, a limitation of the mental model description in output 2 can easily be mistaken to represent the ‘actual’ and ‘complete’ user mental model  of their home heating system. The authors therefore wish to make clear that output 2 represents a single ‘view’ of the users’ mental model and the results and analysis need to be viewed in this light. The authors believe that risks identified, are outweighed by the benefits of this method, in terms of its efficiency and minimal resources needed.
6.2 General applicability
Whilst QuACk has been developed specifically for the home heating context, it has the potential for exploring association between user mental models and their behaviour with other devices or systems. The mental model activity, like a concept map, is not domain specific, and the self-report of behaviour template could be applied to devices where behaviour patterns are based on set point choices over time. The authors have already used the method to access user mental models of a novel heating interface displayed in a home heating simulator, as well as adapted the wording to understand pilot’s mental models of hydraulic failure in the cockpit and associated behaviour. Researchers or practitioners who were interested in closely related domains, such as non-domestic heating systems, air conditioning / cooling systems, or domestic hot water systems would need only make minor variations to the wording and content of questions, and scale of behaviour output. The authors believe there may be further applicability to domains other than space heating. For example, domestic energy consuming devices that present simple input controls, but do not have a clear relationship to the task being performed or energy consumed (e.g. microwaves, washing machines, tumble dryers, electronic devices). For these devices, adjustments to the content of the questions and the scenarios presented would be needed. The format of the template for recording self-reported user behaviour would need to be based on either existing behaviour patterns identified in the literature, or follow from exploratory data collection methods such as observations, participant observations, or in depth case studies. With application to a context outside of domestic home heating, the authors recommend iterative development of the questionnaire and analysis table (see section 4.0). Stanton et al (2005) consider the information necessary to communicate a human factors method effectively comprise its background and applications, domain of applications, procedure, related methods, application times, advantages and disadvantages, reliability and validity, as well as the tools needed. This paper encompasses these criteria in the presentation of the QuACk method.
7.0 Conclusions
Wilson & Rutherford (1989) emphasise that applying the notion of mental models (particularly in design), increases the total effort to the practitioner. To ensure the benefits of using this notion, in terms of performance or comprehension, they demand that rigor in determining the mental model description is necessary. The authors offer that the systematic process in developing QuACk and analysing the output is a step in the right direction. Whilst initial outlay is required in the development of the method, the reduced time in data collection and analysis resulting from a structured interview resulting in verified outputs which are not only ‘ready for analysis’, but in a simple, concrete form which would be meaningful for the practitioner, furthers this goal. 
The QuACk (Quick Association Check) method was developed using qualitative approaches. It is a structured interview method which includes activities and templates to produces verified outputs ready for analysis. QuACk also provides analysis reference tables for each output and ‘walk-through’ questions to guide the analyst. The benefits of the method include flexibility, speed of data collection, ease with which data can be analysed to explore association. The benefits of rich data from the interview transcripts provide insights which can explain phenomena, target future research or determine appropriate strategies for mitigating inappropriate behaviour when operating devices. The authors anticipate that the method could be adopted to other devices and domains such as electronic consumer goods, dashboard and cockpit devices in transportation or control room design in military or nuclear domains.
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8.0 Appendices
Appendix A – QuACk data collection method (comprising ‘Instructions for Interviewer’, ‘Participant information sheet’ and ‘3 part Interview script’

27

image3.jpeg




image4.jpeg




image5.jpg
Instructions for

Particpant

Information Sheet

[ Y e —

Fae| Pt 3: el Model

Posiioning text

Vel Postioning

Verba Positioning

Verbal Postioning

¥

[1

]

[]

T i ¥ ]
.
LN





image6.tif
Populated Self Report Template for Par

TIMER BEHAVIOUR PATTERN
FORPROGRAMMER

FEEDBACK BEHAVIOUR PATTERN
FORTHERMOSTAT

2|

210

‘SWITCH BEHAVIOUR PATTERN
FOR BOILER OVERRIDE

ipant 3, Showing a Range of Behaviour Pattemns

Key:

VALVE BEHAVIOUR PATTERN
FORTHERMOSTAT

Programmer
Thermostat
. Boiler override

s Adjustmentby Spouse
P Adjustment by Participant

o]
PR RSt ) A N K [P S L A N U St [ S
Midnght 5o e S SP”M.{J"L« " e n%"gm "
vy o wesom o oy s suoay

Typical week during winter





image7.tif
The Mental Model Description of Home Heating Produced with Participant 3

rp—
iy Sy W
Noise fires up & blue flame seen when working SOME VALVE MODEL FORTHERMOSTATIC RADIATORVALVE
PredoRE
it
e R — RADIATORS
e TR e A B o
] o R Ry
- e
e po———
Pt | -

e Sty g ]

L) ¥
s |, RAGATORKNGE | [ FADATORS
ST e E

. SEEEE | | v
R —

e e S S
BOLER CONTROL PANEL sl i
= { "THERMOSTAT ARIN
= P
e | [ Siemon TR
s || e e O,
gt
pR——
SHITCH MODELFR BOUEROVERRE
EEDBACKNODELFORTHERMOSTAT

AUTMOATIC SWITCH / TIMER MODEL FOR PROGRAMMER




image1.jpg
The Quick Association Check (QuACK) Development

21 Uteraturereview,

“Whats important when conducting
mental modets research?”
“What methodsfo assciating
mntal models and behaviur it
“Whot cotegoresof mental models &
behoviour hove been found n the
home heating context?”

H [T FryTe—p—— 2 Comdr i et
E] kg conae ... ategoris of Mental Nodet reseorch
| | ik oo et
% hckforasociaion” ntetegates el firnbsibdpocionity
g W s anat dothey appy 07" anais o door
'2.2.1 Content analysis of previous 2.5 Develop data collection’ 2.6 Develop Analysis.
research Method oo
et g andpibes || Howcammeispre s || "Howcamue tegre
worked well when collecing this thot allows usto distinguish dato quickly &
type of dato?” between categories?” systemotically’
rotoypenendew e [E—

Sl

3.0 Plotcase stuies &

Particpant obsevation for
Data Collction
How well does the script. v
work for data colection fom| 20 Paricpant observation
theperspectiveofthe - Data Analyss
nterviewer and the “How belpfulsthe analyss
partcpants?” tableforcotegoring data?”

!

@m*ﬂm

5.1 Measurement vaidty o | v
st reported behaviour FeTaBRy 5T 3R
Do partners agree with methods.
particpants el reported “Do otheranalysts make the

behoviour?” some coreggriotions?”
Appendx ARE:

QuACK Interviewscript,
template & analyss
reference tables

.





image2.jpg
/ START. Part 1Background [={  Part 2: Behaviour  (={ Part 3: Mental Model END

./

] [] []

Tome Heatig / yaial ome Fow Home

Demographics Heating usage Heating warks

o Heatig

Section of nteriew Experience

Template

J— Aitude to Vetcation of Veriheation of
_

Heating se output output
[verbal positoning . z =

Respomse 1o

Questions &
[ hrones

Vereation oF

elevance
st evicaten Goportunityta Gpportunityto
amend output amend output
Userverifed cutpat
ready foranalysis OGP T GO0 G2 Wera
= pattem of typical Modeldescrpton of

device vse deice Function
ction_ |




