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1. Introduction 

Hiking in the wilderness is a popular pastime that 

benefits both personal fitness and well-being whilst 

creating positive experiences with the physical 

environment (Taczanowska et al., 2014). In Australia, 

approximately 1.5 million adults spent time hiking in 

2019-20, making it the sixth most popular physical 

activity (Sport Australia, 2021). With the popularity 

of hiking within Australia, it is not surprising that 

thousands of people get lost in the Australian 

wilderness each year. This is evidenced by search 

and rescue authorities conducting 1,820 land search 

and rescue (SAR) operations during 2019 (Australian 

National Search and Rescue Council, 2019).  

 

In search and rescue, time is critical. The goal is 

to find a lost person in the shortest possible time 

 

The faster the lost person is found, the more 

favourable their outcome. The speed of finding a lost person is greatly enhanced by accurately 

specifying the likely area where the person is lost. These search areas are improved by creating targeted 

regions using a combination of police deduction, consideration of the underlying terrain and lost person 

behaviour.  

1.1. Lost person behaviour 

Lost person behaviour incorporates two essential components: a general overview of the likely 

behaviours and intentions of a lost person and summary statistics of where a lost person might be 

located (Koester, 2008). In 2002, Koester created the International Search and Rescue Incident Database 

(ISRID) project, which collects SAR data from SAR organisations worldwide (Koester, 2008). In 2020, 

ISRID had 145,000 records divided into 41 categories of lost people, with the data summarised to gain 

insight into the shared behavioural characteristics of each group (dbS Productions, 2020). Incidents were 

collected from specialised police SAR teams from countries including Australia, Canada, New Zealand, 

South Africa, Switzerland, the United Kingdom and the United States (Koester, 2008). In 2008, ISRID had 

76 data fields, including location information, demographics and search outcomes. The median values 



Prioritising search areas for lost people in the Australian wilderness  
using Agent-Based Modelling 
 
 

 
 
Charles Sturt University 

2 
 

are calculated from these data to provide insight for future searches by learning from previous 

incidents.  

Currently, Australian SAR agencies use the 

ring model, based on summary statistics 

found in Koester’s database (Figure 1). 

 

The ring model is easy to use and 

provides fast results 

 

The ring model is the most common way 

to assign probabilities to search regions 

based on quartile distance statistics using 

buffer rings from the last known position 

(LKP) as probability circles by subject 

categories (Sava et al., 2016). Adding to 

this model by determining more specific 

regions of likely locations of a lost person 

is possible through spatial modelling.  

Figure 1. The ring model with Euclidean distances from 
the LKP for the hiker category (Koester, 2008) 

1.2. Spatial modelling 

A spatial model is a simplified representation of a complex reality that allows real-world phenomena to 

be understandable and analytically manageable (Crooks et al., 2018). Spatial models are often applied to 

assist decision-making and solve complex problems (Darvishi & Ahmadi, 2014). It is generally more 

feasible, cost-effective, and less time-consuming to perform experiments using models than in the real 

world (Gerritsen, 2015). Due to the potential enormity of search areas in SAR, modelling can provide 

significant benefits to understand the likely behaviour of a lost person and the environment in which 

they are lost. One spatial modelling method that has been highlighted in research as having excellent 

potential in the SAR field is Agent-Based Modelling (Doherty, 2013).  

1.2.1. Agent-Based Modelling 

Agent-Based modelling incorporates three elements within the model; agents, an environment and 

interactions between the agents and environment (Macal & North, 2010; Darvishi & Ahmadi, 2014) 

(Figure 2). Recognising the importance of individuality in behaviour, decisions, and intentions makes 

ABM a powerful technique for creating simulations to test ideas (Crooks et al., 2018). Due to the 

uncertainty of lost person behaviour, this individuality of ABM agents means ABMs provide strong 
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potential in predicting a lost person’s location using behavioural characteristics. The agent model 

framework used to develop an ABM can control the behaviour of the agent, based on strategies that 

affect their movement. In a SAR setting, these strategies can reflect the choice of direction, travel route, 

and possible changing goals of a lost person, which may be driven by the perception of the environment 

by the agent (Mohibullah & Julier, 2013; Lin & Goodrich, 2010). This ability of the environment to 

influence agent behaviour makes ABMs ideal for use in SAR. 

 

 

Figure 2. Agent-Based Model structure 

  

ABMs are well placed to model realities that require a strong focus on the environment and 

human behaviour within that environment 

 

The use of complex spatial models are not yet commonplace in the SAR field, and this can be attributed 

to the cost and usability of Geospatial Information System (GIS) software, which also requires 

investment in training of SAR personnel or reliance on experts (Rose, 2015). Additionally, the 

remoteness of SAR activities in wilderness areas also presents challenges worldwide in accessing power 

and regular communication channels. These complications lead to low uptake of spatial modelling in 

search planning (Rose, 2015). Challenging the current methods of search planning means considering 

the nature of time-critical decision making and incorporating tried and tested methods, including the 

deduction and assumptions of experienced search planners. The incorporation of spatial modelling in 
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addition to the statistical ring model currently used by Australian SAR teams could provide an additional 

edge to the current search area planning methodology.   

 

1.3. Project overview 

As the ring model is the only spatial model currently used by Australian SAR authorities, this study aimed 

to explore whether this model is effective and if it meets the needs of SAR professionals in search area 

planning. The research aimed to answer the question; could an Agent-Based Model be used to improve 

on the currently used ring model in helping to determine priority search areas for people lost in the 

Australian wilderness?  

To answer this question, the research was split into two parts. In order to build an ABM, spatial data was 

available to reflect the environment, but there was very little lost person data available. The first part of 

the project became the collection and analysis of lost person behaviour data. The second part of the 

project was incorporating that data with spatial data and building an agent-based model. This report 

includes material submitted to academic journals. Understanding lost person behaviour in the Australian 

wilderness has been submitted to the Journal of Outdoor Recreation and Tourism (Dacey et al., in 

review-a). The details of the Agent-Based Model has been submitted to Spatial Cognition and 

Computation (Dacey et al., in review-b) 
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2. Understanding lost person behaviour in the Australian wilderness 

Hiking is a popular pastime throughout the world 

but one that comes with risks, including becoming 

lost. Search and rescue professionals and volunteers 

spend thousands of person-hours attempting to 

rescue and ultimately save the lives of lost people. 

One of the most effective ways to increase the 

speed of locating a lost person is by predicting the 

highest probable areas they may be located and 

determining search areas around them.  

The initial part of this project looked at the 

demographics and behaviour of people lost in the 

Australian wilderness. We found that different 

demographic groupings can be expected to behave 

differently when lost in the wilderness. By 

determining probable characteristics and 

behaviours, the search areas for lost people can be 

better targeted, assisting in locating lost people 

faster, improving the outcomes of the search. The 

results from this part of the project were able to 

provide insight into behavioural trends and 

characteristics that can assist in the strategic 

planning of search areas and were incorporated into 

the Agent-Based Model in the second part of the 

project. 

2.1 Collection of data 

Multiple data sources were used to gain insight into the behaviour of people lost in the Australian 

wilderness. We created an online survey that targeted people over 18 years old who had at some time 

been lost in the wilderness in Australia, no matter how briefly. The survey questions were developed to 

obtain demographic information, details on where and how long they were lost, and what their goals 

and motivations were upon realising they were lost. Participants were recruited through relevant 

Facebook groups, such as hiking and camping interest groups. Four people were also interviewed about 

their experience being lost.  

Interviews were conducted with six members of a SAR authority centred around how they conduct 

searches explored through conversation and real-life examples. Lost person incident data were accessed 
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that had been collected for the Australian Missing Person Behavior Study (Twardy et al., 2006). This 

dataset contains anonymised land SAR incident data collected by police and SAR officials from 1999 to 

2005. From these data, 557 incidents were examined across all Australian states and territories, and 189 

were retained for analysis. The data from the 2019 NSW National Parks Visits Report (Roy Morgan, 

2019) were used to obtain a base number of visitors to national parks as a representation of people in 

the Australian wilderness.  

2.2 Data analysis 

The data from the online survey were analysed for statistical significance using Odds Ratio and Pearson’s 

Chi-squared test with simulated p-value (based on 2000 replicates) in RStudio (RStudio Team, 2021).  

The p-value was simulated in the Chi-squared test due to the low numbers from the survey. Data from 

the NSW National Parks Visits Report were compared with data from the Australian Missing Person 

Behaviour Study and tested for statistical significance using a 2-sample or 3-sample test for equality of 

proportions with continuity correction in RStudio (RStudio Team, 2021). Interviews with lost persons 

and members of the SAR Authority were transcribed verbatim and coded thematically using NVivo 12 

software (QSR International Pty Ltd, 2018).  

2.3 Results of analysis  

Of the online survey responses, 54.7% were 

female, and 45.4% were male. However, this 

cannot be interpreted as females being more 

likely to be lost than males due to expected 

bias in female participation in online surveys. 

Comparing this to the number of people who 

visit NSW national parks, 46.0% of parks 

visitors were female, and 54.0% were male 

(Figure 3). The Australian Missing Person 

Behavior Study data indicates that only 20.2% 

of the people rescued by emergency 

personnel were female or in an all-female 

group.  

 

In comparison, 63.5% of rescues were conducted on males or all-male groups. The remaining 16.3% 

were rescues for mixed groups. Almost 45% of all rescues in the dataset were conducted for solo males. 

Compared to the number of people who visit NSW national parks, males are more likely to require 

rescue than females. 

0%

20%
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100%

NSW National Park
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Person Data

(Rescued)

People by Gender
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Figure 3. Percentage of NSW national park visitors (left)  

and Australian lost person data by gender (right) 
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The age groups of people who visited national parks and those who were lost and needed rescuing were 

also statistically significant. NSW national parks recorded 66.0% of visitors over 35 years of age. Of the 

people who experienced being lost, only 43.0% were over 35 years old, and of those who needed to be 

rescued by SAR officials, 46.0% were over 35 years of age. When comparing this data males in the 18-24 

year old age group and males in the 35 plus age group are more likely to need rescuing than females in 

these age groups (Figure 4). Additionally those over 55 are less likely to get lost for periods longer than 

one hour than those under 24 years old. 

 

     

Figure 4. Percentage of male (left) and female (right) NSW national park visitors compared to Australian lost 

person data by age group 

 

From the online survey data, males tended to report higher levels of experience and physical condition 

across all age groups compared to females (Figure 5), and the older age groups reported higher 

experience levels for both genders (Figure 5 (a) & (b)). Self-reported experience level was collected on a 

5-point scale, but only six males reported “little” or “very little” experience, all aged under 25.  The level 

of experience by age group was not statistically significant for females. However, the high proportion of 

older males reporting moderate to extensive experience, compared to younger males, was statistically 

significant. 

No respondents reported being in very poor physical condition, and only two females (and no males) 

reported poor physical condition. While the majority of respondents across both genders reported being 

in good to very good condition, there was no statistically significant pattern in physical condition by age 

(Figure 5 (c) & (d)). 
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Figure 5. Survey respondent counts of (a) males’ level of experience by age, (b) females’ level of experience by age, 

(c) males’ physical condition by age, and (d) females’ physical condition by age 

 

Self-reported experience and fitness level is also perceived to be related to the likelihood of becoming 

lost: 

 

“Because someone like me will make – if I’m really lost – I’m probably not likely to be super lost, 

I’m likely to have had an accident because I’ve had so many years experience. But – so I’m only 

likely to get lost if I’m injured or sick, bitten by a snake - touch wood – or gone over on my ankle 

or something like that, in which case I’m probably not far from where I said I was.” 

(Over 35-year-old female interviewee, lost in 2004) 

 

The majority of all respondents (58.3%) reported their goal when they realised they were lost was to get 

back to a familiar track. When asked if they stayed on tracks when they realised they were lost,  65.9% 

of respondents reported travelling off track (Figure 6). The gender of the people who had been lost and 

travelled off track was statistically significant: males who got lost were more likely to travel off formed 

tracks when they realised they were lost than females. 
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Figure 6. Off-track travel by gender among survey participants 

 

When realising they were lost, the feeling of fear was reported in a higher percentage of females 

(45.7%) than males (23.1%). The physical condition of the lost person was also statistically significant 

when it came to travelling on formed tracks when lost. People in poor or moderate physical condition 

were more likely to travel on formed tracks compared to those reporting good or excellent condition. 

For example, a respondent who self-identified as being experienced and in good condition reported 

travelling off track:  

 

 

“By the time I got into the point where I’m going, ‘This is stupid, I need to turn back.’ What I’d 

done, I’d zigzagged so much to try and find the path of least resistance; there was no way known 

I was going to find my way back because there wasn’t a straight line to head back to.” 

(Over 35-year-old male interviewee, lost in 2020) 

 

During interviews, members of the SAR authority mentioned the difficulty of finding lost hikers, 

specifically due to the often large search areas required. Australian SAR personnel use Naismith’s rule 

(Naismith, 1982) to determine the maximum distance a lost person may have travelled in search area 

planning. This distance is calculated from the location of the last known position of the lost person, 

adding distance using speeds based on terrain, whether they are ascending or descending, and 

incorporating fatigue. When a hiker is on a large or multi-day hike, the LKP may be many hours previous, 

providing a vast area requiring searching.  Two SAR officers talked about hikers attempting self-rescue, 

which potentially makes the lost person a moving target, further increasing the difficulty of locating the 

person. Three SAR officers also mentioned the likelihood that a lost hiker would travel uphill in order to 

re-orient themselves or get reception for their cell phone. Although not statistically significant, only one 

respondent out of 86 from the online survey reported their goal when lost was to find cell phone 
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coverage. Three people out of 189 from the Australian Missing Person Behaviour Study reported their 

goal when lost as heading uphill. However, consideration must be taken that the Australian Missing 

Person Behaviour Study data was collected from 1999-2005 when cell phone usage was not as 

prevalent. In the online survey, respondents were also asked to self-report the weather conditions at 

the time of becoming lost. The impact of weather conditions on a lost persons’ decision-making was 

analysed but was not found to be statistically significant.  

The incidents of being lost within the online survey date back to 1964 when mobile phones were not 

available; the Global System for Mobile Communication (GSM) was switched on in Australia in 1993, 

which provided coverage to 53% of the Australian population (Australian Mobile Telecommunications 

Australia, n.d). The analysis of survey responses reporting incidents that occurred after 1993 excluded 

respondents who explicitly stated they did not have a mobile phone with them (13 out of 75). Of the 

remaining 82.7% who had a mobile phone with them when they were lost, 74.2% had no phone 

reception. A working phone (i.e., within coverage and not broken or flat) was statistically significant 

when it came to the time a person was lost. People who reported being lost for more than one hour 

were less likely to have a working mobile phone than those lost for less than an hour. 

An interview participant in this research study stated: 

 

“It was really scary because I had my family with me, and I had no mobile coverage. So I thought, 

well, I’ll climb to the - you know, I’ll just walk uphill, and at least then I’ll get mobile coverage, 

and I can call for help.” 

(Over 35-year-old male interviewee, lost in 2007) 

 

The lack of mobile phone reception and internet connectivity also affects the searchers when looking for 

lost people. SAR officers reported that no internet connectivity or poor phone reception could impact 

sharing of time-sensitive information by limiting communication between teams. Three SAR officers 

talked about the ability to triangulate phone locations when the lost person had a mobile phone. 

However, this was often not accurate due to a lack of phone towers. Additionally, having to know the 

lost person’s telecommunication provider and contacting them directly was often not efficient enough 

in time-critical situations to provide timely results. Mobile phones were most useful when there was 

reception and rescuers were able to communicate with the lost person.  

2.4 What can we take away from these results? 

This research indicates that the demographic most likely to get lost while hiking in Australia is young and 

male. This finding is not unexpected, as there is significant research into the risk-taking behaviours of 

male adolescents. The results also demonstrate that while older people were more likely to visit national 
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parks, they were less likely to get lost. This result was particularly evident in males. While there are 

stereotypes around gender and navigation, there is evidence of differences in spatial strategies for 

navigation by gender (Rosenthal et al., 2012). There is also a relationship between age and spatial 

navigation strategies, with older people tending to use an egocentric strategy, meaning the navigator 

continuously computes an estimate of their position and orientation in external space using a body-

centred representation system and younger people using an allocentric strategy such as using external 

cues and landmarks (Rodgers et al., 2012).  

 

The results found in this study revealed 

that experience does not prevent a person 

from getting lost. This result may be 

explained by people with high levels of 

wilderness experience spending more time 

in the wilderness, hence having a greater 

probability of getting lost. However, more 

than half the males who completed the 

survey who were lost aged 18-24 reported 

little or very little experience. Emerging 

adulthood is a time of self-discovery and 

exploration, which for many adolescent 

males means trying new activities, 

expanding their social circle and taking 

risks   (Giaccardi et al., 2017).  

The physical condition of the lost person was found to be not related to getting lost. The majority of 

respondents to the online survey reported themselves as having moderate or better physical condition 

when they were lost. It was also notable that people who reported themselves in lower physical 

condition were more likely to stay on the track when they realised they were lost. A study into walking 

off-trail in national parks by Goh (2020) found that visitors are confident about off-trail walking and find 

it easy. Visitors do not sense barriers to restrict them from walking off-trail, and even the pro-

environmental values held by visitors did not influence their off-trail walking behaviour (Goh, 2020). It is 

believed that lost people will often follow travel aids, such as trails or geographical paths of least 

resistance (Phillips et al., 2014). According to the National Search and Rescue Manual (Australian 

National Search and Rescue Council, 2020), 48% of lost people are found on a track, indicating that 

staying on track is more beneficial in a rescue situation.  
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Members of the SAR Authority suggested that lost people, particularly hikers, would often travel uphill 

to get mobile phone reception or re-orient themselves. Travelling uphill was not supported by the online 

survey, with only one respondent reporting their goal when lost was to travel uphill to get mobile phone 

reception. The results indicated that a working mobile phone decreases the amount of time a person is 

lost. While most people who were lost had a mobile phone with them, the majority did not have phone 

reception. Problems can occur with GNSS-based 

tracking devices where communication coverage 

is lacking due to the remoteness of an area, such 

as the inability to send positioning data within a 

cell phone network and increased power 

consumption of the device (Rajamäki & Knuuttila, 

2013). It is also possible that people are unaware 

of the lack of phone reception in wilderness areas 

and do not realise the impact of a lack of phone 

service on their ability to navigate. Younger age 

cohorts increasingly rely on geospatial data and the 

ability of geospatial technology to provide accurate 

and timely location information (Downs, 2014). It is also challenging to determine the coverage areas of 

cell phones, with low-resolution coverage maps on cell phone provider websites being the primary 

source of information.  

This study had limitations, such as small survey response numbers to the online survey, resulting in 

some potentially meaningful correlations not being statistically significant. Comparisons and analysis 

between geographically and temporally inconsistent data were also necessary due to the lack of aligned 

datasets. Therefore, behaviour influenced by temporal factors such as advances in technology (in 

particular availability of cell phones and online maps) may be inconsistent across time. However, at the 

broad demographic scale, we believe these comparisons between datasets remain valid. The online 

survey required self-reporting of physical condition and experience, which can be subject to bias. 

Additionally, experience can be relative to age, with older people tending to have more knowledge and, 

often, time spent in the wilderness.  

3. Building the model 

This part of the study uses an Agent-Based Model (ABM), which combines both terrain data and lost 

person characteristics to significantly refine the high probability search area and subsequent search time 

and effort required to locate a lost person. The model is compared against the ring model currently used 

by SAR personnel for search area planning in a lost person situation. 
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The ABM takes spatial data calculated to a time-cost raster and, using lost person characteristics, 

determines the most probable areas a lost person may be located. The model takes into account the lost 

person’s physical condition, probability of travelling off-track and probability of stopping as well as the 

amount of time the person has been missing. The resultant ABM provides characteristic and location-

specific probability data that can be used in strategic decision making to improve the outcomes for lost 

persons by reducing the time they are missing. 

3.1. Study area 

Tidbinbilla in the Australian Capital 

Territory (ACT) was selected as the 

study area for the model. Tidbinbilla 

is a nature reserve with many 

walking trails and is popular with 

visitors from the local region and 

interstate. The study area selected 

within Tidbinbilla is formed by a 

rectangle of 19 km by 11 km (centred 

on -35.44959 148.86686) with an 

area of 209 km2 and has an elevation 

range between 594m to 1649m 

(Figure 7). This study area was 

chosen because it contains varied 

terrain with many visitors due 

to the popularity of walking 

tracks in the area.  

3.2. Data 

The spatial data chosen to represent the difficulty of traversing the terrain included a terrain ruggedness 

index (TRI) layer, which captures the elevation difference across the terrain, and a vegetation density 

layer. These layers were created from LiDAR data from the ACT Government. From the terrain 

ruggedness index and vegetation rasters, we then created a cost raster reflecting the amount of time it 

would take to traverse each 40m cell horizontally or vertically. This was calculated by reclassifying the 

raster data and increasing the time taken to traverse the terrain based on the level of difficulty. 

The walking tracks within the study area were created as a vector layer using a combination of the ACT 

Road Centrelines dataset (ACT Government, 2021) and manual digitisation of the Strava heatmap of the 

area (Strava, 2021). 

 

Figure 7. Study area for the model: Tidbinbilla Nature Reserve, ACT, Australia 
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3.3. ABM specification 

The ABM was developed using Netlogo software (Wilensky, 1999). This software was chosen as it is 

open source, there is extensive support documentation available online, and the software has a GIS 

extension that allows raster and vector data to be incorporated into the model.  

An ABM requires an environment and agents who interact with the environment. The environment in 

this model is the 40m cost raster previously described. Agents are placed in the environment and 

provided with simple rules to govern their behaviour. ABMs iterate each movement of an agent through 

a time-step. At each time-step, an agent autonomously decides whether to move and, if so, in which 

direction. The decisions made by agents are determined using rules incorporating behavioural 

characteristics and the underlying environment, as well as the inclusion of randomness. 

The agents represent multiple instances of a single lost person, initially placed randomly within a 

specified radius of the last known point of the lost person to account for uncertainty in location, the 

time elapsed and movement prior to the search commencing.  At each time-step, the agent either stays 

still or moves to a neighbouring cell based on variables including goal, fatigue and time elapsed. As the 

agent moves, it also maintains an attribute list including the current goal (which determines the 

direction the agent will face), the time elapsed, distance covered, and fatigue level. 

3.4. Parameters 

The parameters incorporated into the ABM include the likelihood a person would stay on a track, the 

possibility of stopping on a track and the physical condition of the lost person. The physical condition is 

represented as the time before fatigue sets in and incorporates the amount of rest required before 

continuing. 

Stochasticity is incorporated into the model through the random starting point of each agent and the 

direction they are facing, the agent’s autonomous choice of goals, randomness incorporated into the 

fatigue level and maximum fatigue score, as well as the required rest time. Each agent has a goal which 

is updated at the beginning of each time-step, determining which direction the agent will move.  

When an agent is about to move to a new cell, they face their goal and check the cost value of the cells 

adjoining their current cell within their viewing cone and chooses the least cost cell. If the movement 

means that a new goal comes into view, then the goal may be updated. The agents continue to move 

based on their goals and the least-cost cells in their path until their individual cumulative time is equal to 

the time lost, after which they stop moving.  
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Figure 8. The Agent-Based Model interface 

 

Each agent in the model is set a fatigue score determined by the behavioural characteristics of the lost 

person and incorporating an element of randomness, which is entered via the model interface (Figure 

8). For each time-step, if the agent moves to a new cell, their fatigue score increases by a random float 

of less than one until the maximum fatigue score is reached. Upon reaching the maximum fatigue level, 

the agent will stop moving for a random number of time-steps representing the time to rest.  

When the agent moves to a new cell, 40m is added to their distance travelled for horizontal or vertical 

movement. Every time an agent moves to a new cell, the cost-time of the cell is added to its time 

elapsed calculation. When an agent moves to a diagonal cell, the time value and distance is multiplied 

by √2 to account for the extra distance traversing diagonally. When an agent is resting, one minute is 

added to the total time (but no distance is added). Each agent moves until their total time elapsed is 

equal to the time lost, after which they will cease moving. For further details of the parameters used in 

the model, see (Dacey et al., in review-b). 
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3.5. Prioritising search areas 

Case studies were used to assess the results of the model, the output of which was subsequently 

compared to the ring model to establish the validity of the ABM. Case study parameters were 

determined using the lost person behaviour results from people lost in the Australian wilderness 

Each subject in the case studies was dropped at the same central point in the study area a distance from 

their last known position of 10. These parameters mean the agents are dispersed within a 400-metre 

radius from the LKP, facing in various directions in order to reflect the uncertainty of the initial period of 

time lost. A view distance of five cells (equating to 100 meters) was set to allow for goals to be 

determined with adequate distance and time lost of 4 hours.  

In order to compare the model output with the ring model, the data was imported into ArcGIS Pro for 

kernel density analysis (Esri Inc., 2020). The analysis provided ten output classes which were divided into 

quartiles and 95%, to enable the area of each quartile to be calculated and compared with those of the 

ring model. The time taken to search the area was then calculated using the equation used by Australian 

SAR authorities: 

Time = Area/(Pace of searchers x Number of searchers x Spacing) 

This calculation assumes 30 searchers at a pace of 2kph with 20m searcher spacing. Following the 

Australian National Search and Rescue Manual (2020), a speed of 2kph represents a slow walking pace 

considerably restrained by vegetation and topography, and searcher spacing of 20m reflects searching in 

heavier scrub with medium undergrowth (Table 1).  

Table 1. Hiker distance from LKP (Australian National Search and Rescue Council, 2020, p. 442.). 

Percentage of area Distance from LKP Searchable Area 

25% 1.15 km 4.15 km2 

50% 2.56 km 20.59 km2 

75% 4.95 km 79.98 km2 

95% 15.15 km 721.07 km2 

 

The average and maximum distances travelled by the agents were also compared to Naismith’s method 

used by Australian SAR authorities to assess the differences. However, it is important to note that the 

distances provided by the ABM are not a straight line and may include back-tracking.  

 

3.5.1. Case study one 

This case study modelled a 35-year-old female hiker with poor to moderate physical condition and little 

experience in the wilderness. The resulting probability map (Figure 9) is consistent with the profile 
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staying on track and being more likely to stop once on a track, hence the high density on the tracks 

closest to the LKP.   

 
Figure 9. Kernel density analysis results from case study one overlayed with the ring model 

 

The quartile and 95% probability areas extracted from the kernel density map are outlined in Table 2. 

The reduction in the search area and the search time compared to the ring model is substantial, with the 

95% probable area from the ABM taking less time to search than the 50% area of the ring model. From 

these results, the 25% - 75% ABM probability area fall almost entirely within the 25% buffer ring, apart 

from 21.33% of the 75% ABM probability area. The 95% ABM probability area is contained within the 

50% buffer ring, making up 43.52% of the area.  

Table 2. Searchable areas by probability percentage for case study one 

 Agent-Based Model Ring Model 

Probability area  Searchable Area  Time to search Searchable Area  Time to search 

25% 0.13 km2 0.11 hr 4.15 km2 3.46 hr 

50% 0.60 km2 0.50 hr 20.59 km2 17.16 hr 

75% 1.39 km2 1.16 hr 79.98 km2 66.65 hr 

95% 8.97 km2 7.47 hr 721.07 km2 600.89 hr 

 



Prioritising search areas for lost people in the Australian wilderness  
using Agent-Based Modelling 
 
 

 
 
Charles Sturt University 

18 
 

The average distance travelled was 2.41km in four hours, and the furthest distance travelled was 

5.53km. This distance is much lower than predicted using Naismith’s rule, which, assuming an on-track 

speed of 3kph and fatigue accounting for 40 minutes of rest time, provides a maximum distance 

travelled of 10km.  

3.5.2. Case study two  

For a hiker with the profile in case study two, a 60-year-old male hiker with moderate physical condition 

and high experience in the wilderness, the model’s output following kernel density analysis provides the 

results in Figure 10. The average distance travelled by a person with these characteristics is 3.27km, with 

a maximum distance of 6.61km. This maximum distance is very close to Naismith’s rule calculation, 

assuming an off-track travel speed of 2kph and fatigue accounting for 40 minutes of rest time, which is 

6.67km.  

 

Figure 10. Kernel density analysis results from case study two overlayed with the ring model 

Comparing the probability quartiles from the kernel density to those of the ring model, there is a 

significant reduction in the searchable area and subsequent time to search (Table 3). These results are 

consistent with the profile, having less probability of travelling on track and less time before fatigue, 

reducing the total distance travelled.  
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Table 3. Searchable areas by probability percentage for case study two 

 Agent-Based Model Ring Model 

Probability area  Searchable Area  Time to search Searchable Area  Time to search 

25% 0.37 km2 0.31 hr 4.15 km2 3.46 hr 

50% 2.07 km2 1.73 hr 20.59 km2 17.16 hr 

75% 12.10 km2 10.09 hr 79.98 km2 66.65 hr 

95% 32.01 km2 26.67 hr 721.07 km2 600.89 hr 

 

The 25% ABM probability area only overlaps the 25% buffer ring by 3.52%, with 60.61% of the 25% ABM 

probability area falling outside the 25% buffer ring. The 50% ABM probability area makes up 27.95% of 

the 25% buffer ring and only 1.80% of the 50% buffer ring.  

3.5.3. Case study three 

In this scenario, a 19-year-old male hiker with good physical condition but little experience in the 

wilderness was modelled. The exported point layer of resultant agent locations provides the kernel 

density analysis results in Figure 11.  

 

 
Figure 11. Kernel density analysis results from case study three overlayed with the ring model 



Prioritising search areas for lost people in the Australian wilderness  
using Agent-Based Modelling 
 
 

 
 
Charles Sturt University 

20 
 

These results show the high mobility of the lost person and a high probability of moving off tracks, which 

is consistent with the profile. Additionally, the average distance travelled by a person with these 

characteristics is 4.28km and a maximum distance of 8.16km. This distance is far greater than case study 

one, who tired much more quickly, indicating the higher level before fatigue in this case study allowed 

for further travel. While the average distance is less, the maximum distance is greater than the 

maximum distance calculated using Naismith’s rule, which, when assuming an off-track travel speed of 

2kph and fatigue accounting for 40 minutes of rest time, is 6.67km. 

When the probable search areas calculated from the ABM are compared with the search areas from the 

ring model, there is a significant reduction in the time taken to search these areas (Table 4). The areas 

are much more extensive than case study one due to the more mobile and better physical condition of 

the subject. Despite this, the time taken to search the most probable areas as determined by the ABM is 

a significant reduction on the ring model.  

Table 4. Searchable areas by probability percentage for case study three 

 Agent-Based Model Ring Model 

Probability area  Searchable Area  Time to search Searchable Area  Time to search 

25% 1.04 km2 0.87 hr 4.15 km2 3.46 hr 

50% 7.63 km2 6.36 hr 20.59 km2 17.16 hr 

75% 25.91 km2 21.60 hr 79.98 km2 66.65 hr 

95% 51.57 km2 42.98 hr 721.07 km2 600.89 hr 

 

From these results, it is notable that the 25% ABM probability area calculated by the model falls almost 

entirely within the 50% buffer ring, and the 50% ABM probability area only makes up 35.43% of the 50% 

buffer ring. 33.67% of the 75% ABM probability area overlaps the 75% buffer ring. The 95%ABM 

probability area overlaps with the 75% buffer ring by 66.47%.  

3.5.4. Case study four 

This case study examined the extremes of the model, with the highest probability of travelling off track, 

the lowest probability of stopping when on a track and the highest possible time before fatigue sets in. 

The resulting kernel density of agent locations using these parameters is displayed in Figure 12.  
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Figure 12. Kernel density analysis results from case study four overlayed with the ring model 

The average distance travelled in this scenario was 5.14km, with the furthest distance travelled being 

8.54km. Whilst the average distance is less, the maximum distance is greater than the maximum 

distance calculated using Naismith’s rule, which, when assuming an off-track travel speed of 2kph and 

fatigue accounting for 40 minutes of rest time, is 6.67km. Despite the extreme parameter settings being 

used in case study four, there was still a considerable reduction in the search areas and estimated time 

to search compared with the ring model (Table 5).  

Table 5. Searchable areas by probability percentage for case study four 

 Agent-Based Model Ring Model 

Probability area  Searchable Area  Time to search Searchable Area  Time to search 

25% 4.48 km2 3.73 hr 4.15 km2 3.46 hr 

50% 17.88 km2 14.90 hr 20.59 km2 17.16 hr 

75% 40.52 km2 33.76 hr 79.98 km2 66.65 hr 

95% 75.85 km2 63.21 hr 721.07 km2 600.89 hr 

 

The 25% ABM probability area from the model results do not have any overlap in the 25% buffer ring 

from the ring model. The 50% ABM probability area intersects 23.30% of the 25% buffer ring, with the 

50% ABM probability area taking up 53.94% of the 50% buffer ring. 84.76% of the 25% ABM probability 
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area falls within the 75% buffer ring. This indicates that whilst the results of the model are still falling 

within the ring model, the extreme nature of the parameters means the agents are travelling further, 

which is to be expected with a low probability of stopping and less fatigue.  

For a demonstration of how the model works, please see https://youtu.be/cPQvKu620lM 

 

3.6. Efficacy of the ABM 

The ABM developed in this study uses lost person behaviour to narrow down further where a lost 

person might be, based not only on the terrain within the environment but also using specific 

characteristics of a lost person that can be translated into the parameter values within the model. The 

agents move towards their goal, which is often a path if one is visible, choosing the least challenging 

route to get there. However, this goal can change depending on the difficulty of the terrain in front of 

them and whether any other paths are visible. The important inclusion of lost person behaviour and 

terrain data for choosing the path of least resistance is what gives the ABM the ability to refine search 

areas to such a great extent. Whilst other models can provide search area refinement, none is so 

functional as an ABM. 

The use of spatially accurate terrain data provides additional benefits such as a more realistic average 

distance travelled, which considers the lost person characteristics such as fatigue as well as the difficulty 

of the terrain they are traversing. These factors are generally taken informally into account by SAR 

professionals; the Australian State Police Search and Rescue Coordinator’s Course Training Booklet by 

Senior Sergent Whitehead (2018) encourages SAR professionals to apply the subjective method to 

search area planning. This method uses maps and professional knowledge to assess the terrain, 

boundaries and potential barriers to identify search areas (Whitehead, 2018). This ABM builds on that 

knowledge and provides additional evidence-based advice for decision-making in search area planning. 

Planners are then able to base their decisions on the information available, providing a mechanism for 

viewing, querying and analysing the probability data (Ferguson, 2008).  

Parameterisation of ABMs can be subjective and is difficult to validate. The model results were 

compared with the ring model currently used by search and rescue personnel; however, due to 

insufficient lost person data in a single location, no further validation with actual lost person incidents 

can be conducted. Model calibration was conducted using a subset of ISRID data that produced a similar 

number of agents within the 75% buffer ring as the ring model. It can be concluded that the distribution 

of agents from the model will never precisely match the ring model due to the wide variety of lost hikers 

and the specific case study terrain. Additionally, the ring model assumes isotropic movement by lost 

people, whereas the results from the ABM consider anisotropic movement, which is more reflective of a 

real-life situation. The results from the calibration indicate that the ABM parameters overall provide a 

consistent output when compared with the ring model that allows for confidence in the ABM results. 

https://youtu.be/cPQvKu620lM
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Other parameters could be tested, but it was seen through test model runs that distance from the last 

known position had a significant impact on the final location of agents. 

By using the ABM and understanding how lost people behave and interact with the environment, we 

can make informed recommendations of which areas are the highest priority for searching. Additionally, 

while the model is stochastic, some arbitrary numbers are still used that limit the randomness of the 

model. It is possible to change these numbers within the code to reflect a real-life situation better when 

the incident warrants it. Shorter time frames were also required to be modelled in our case studies due 

to the size of the study area. Further development and refinement of the model would be required for 

operational use, including further research on lost person behaviour, how they interact with the terrain, 

and how they choose their goals. However, the comparison with the ring model shows that our 

assumptions and parameters are plausible and realistic. 

Currently, within the model, the main goal for the lost people is to find a track and either continue to 

travel on it or find another track. The incorporation of additional goals for lost people might prove 

beneficial in making the model more accurate. Lin and Goodrich (2010) found in an analysis of 162 lost-

person incidents in Canada that there is a close correlation between the intended destination of the lost 

person and the angle of dispersion, indicating that this information could be included in a model. The 

ABM created by Mohibullah and Julier (2013) modelled lost person goals by using various re-orientation 

strategies. Additional research could be undertaken to explore the possibility of hikers travelling uphill 

for re-orientation and mobile phone reception. It would be worth exploring this further to determine if 

seeking higher ground (as assumed in Alanis et al., 2019) is a common trait of lost hikers and potentially 

add this as a goal within the model.  

Additionally, the model may be improved by further research into developing the fatigue and rest 

requirements for a person who has been missing for an extended amount of time. Improving the current 

fatigue functionality may better represent a real-life lost incident. Treur (2011) created a virtual human 

agent model that has behaviours based on the feeling of exhaustion which may be advantageous to 

incorporate into the model. Further research could also be done into obtaining more correct time 

increases for traversing through differing levels of vegetation density and how this may affect fatigue. 

Determining or highlighting decision points may warrant further research. SAR officials use decision 

points to pinpoint locations where a lost person may have veered off their course or lost their track, 

such as at track junctions, water crossings, sharp bends or elevation changes (Australian National Search 

and Rescue Council, 2020). Koester (2008) recommended that the next step for computer-based 

planning tools would be to locate these decision points to be used in an algorithm taking advantage of 

that information. Syrotuck (2012) highlights the necessity to search natural routes that create a 

funnelling effect and confusion factors, such as confusing intersections or subtle changes in terrain that 

may cause a lost person to have gone astray. A model that can determine such features could be further 

researched in future. Adding search results as they occur would also be an interesting aspect to add to 
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the model. Once an area has been searched, it can be removed in the next iteration of the model to 

provide dynamic search areas that would be updated to reflect results as they happen. Further research 

should also incorporate sensitivity analysis, to test the sensitivity of the model parameters and 

assumptions in different scenarios. 

One complicating factor in all human movement modelling is that the behaviour of people is difficult to 

predict. This is especially the case with lost people, who can act irrationally and out of character due to 

emotions such as fear (Dacey et al., in review-a). Being lost involves confusion about the current location 

and the inability to re-orient oneself, which can make modelling difficult due to the unpredictability of 

the behaviour of the lost person (Koester, 2008). There is further uncertainty when a person is lost as to 

whether they are genuinely lost, if they are simply overdue, or if they are trapped or injured (Koester, 

2008). On top of the difficulty in predicting the behaviour of lost people, the modelling process itself can 

also introduce uncertainties. This uncertainty needs to be reduced and described so that the risks can be 

managed by the decision-maker (O’Brien, 2004). 

The ABM described in this study has the ability to improve on the ring model without the requirement of 

vast amounts of additional data. The model has parameter settings that can be altered based on lost 

person characteristics, and the spatial data requirements are terrain ruggedness, vegetation density and 

track data. With these datasets, there is no requirement for internet connectivity; therefore, it is 

possible to run the model in the field during a SAR incident. However, with current data availability, such 

as LiDAR and processing speeds, it is now feasible to develop ABMs in real-time to be used in the field. 

The results of the model can be displayed on a map which can reassure the SAR personnel that the 

model is working as expected and also provide a visual output that can be considered in strategic search 

planning. 

There is no evidence to suggest ABMs (or indeed any spatial interaction models) are currently used 

operationally in SAR. This lack of uptake may be due to unfamiliarity and insufficient expertise in the use 

and possibilities of GIS being a deterrent for expanding GIS technologies in SAR (Rose, 2015). We have 

demonstrated that an ABM can be highly informative and useful in search and rescue planning; 

however, the factors that inhibit their uptake need to be explored to generate a model that is not only 

effective but can be integrated into current SAR practices and improve on the current ring model. Many 

SAR operations involve the use of spatial data; however, there are some limitations for its use in these 

time-critical situations. These limitations include the cost and usability of the software, and human 

resources, such as the investment in personnel to learn the technology or ongoing reliance on expert 

users (Rose, 2015). SAR occurring in wilderness settings are often in remote areas without access to 

computer servers, standard communication channels or reliable power (Ferguson, 2008). These 

conditions make using spatial modelling in time-critical situations for SAR challenging and, therefore, not 

often used. However, with the mobile industry maturing at a rapid pace, utilitarian mobile applications 

such as navigation using Global Positioning Systems (GPS) development is expected to continue to grow 



Prioritising search areas for lost people in the Australian wilderness  
using Agent-Based Modelling 
 
 

 
 
Charles Sturt University 

25 
 

into the future (Wang et al., 2018), indicating that developments that were not feasible some years ago 

may be more feasible now and into the future.  

4. Conclusions 

The behaviour of lost people is varied and can be confounded by 

many different aspects, such as age, gender, physical condition, 

emotion, and a working cell phone. While the unpredictability 

of human behaviour makes finding commonalities difficult, 

from the available data and the online survey, there were some 

statistically significant findings that may be used to refine 

search area determination. It was found that while SAR 

Authorities will look uphill for a lost hiker, the analysis does not 

support this. Additionally, while almost half of lost people were 

found on paths, the data suggest that more than half chose to 

travel off-track when they realised they were lost. The age, 

gender, and physical condition of a lost person may assist in 

determining their likelihood of being on or off-track. 

Additionally, the reliance on location services by inexperienced 

hikers and the impact of limited cell phone coverage in national 

parks and wilderness settings warrants further research.  

While lost person behaviour remains unpredictable to a certain 

extent, we found some significant results. This study examined 

the experiences of people lost in the Australian wilderness and 

found similarities in lost person characteristics and possible 

goals that SAR officials can use to focus search areas and refine 

existing search strategies. Specific demographic groups have different behaviours; for example, an 

experienced male hiker is more likely to attempt self-rescue and move away from formed paths, while 

an older female is more likely to be found closer to the last known position, on a path. For all hikers, lack 

of mobile phone coverage had an impact on the length of time lost. Further data collection on different 

demographics in different settings would provide more information about likely behaviours for specific 

groups of lost people. The insights about lost person behaviour can be combined with spatial 

information, including terrain (elevation and slope), vegetation, and paths, and used in predictive 

modelling to create time-sensitive search area probability maps to improve the efficiency of SAR 

operations. 

The ABM built in this study has shown that this type of model can successfully provide an additional tool 

for search area planning by producing more specific areas for searching than the ring model alone, with 
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a significant reduction in searchable area and time taken to search. While no model produces exact 

results, ABMs are powerful spatial models that can produce complex patterns based on simple 

movement rules. However, they are underutilised in SAR and similar applications. The ABM described 

provides a more refined area of probable locations, reducing the time to search the probable locations 

by up to half for 75% probable areas and a reduction of nearly 90% time for 95% probability area. The 

model only requires a limited amount of publicly available spatial data and can be adapted to most 

wilderness areas. While there is a great deal of uncertainty in lost person behaviour, this model uses 

randomness combined with accurate spatial data and statistically significant lost person behaviour to 

model the most likely areas a lost person may have travelled. The results of this model are aimed at 

search planners to provide additional information to refine the ring model further and provide evidence-

based information for strategic search area planning. With further development and validation, the 

model has strong prospects as a search area planning tool to provide individualised results based on the 

lost person situation.  

Through the collection and analysis of lost person behavioural data, statistically significant similarities 

amongst groups of people with comparable demographics were identified, and these were used in 

conjunction with accurate terrain data to develop an ABM. The model included parameters specific to 

lost person behaviour characteristics and allowed the refinement of search areas based on specific 

groups of individuals. With the inclusion of terrain data from the actual area that they are missing, the 

difficulty of the terrain was also taken into consideration to provide individualised results of probable 

search areas for a lost person. This study has also determined that the ring model used by Australian 

SAR authorities is appropriate and beneficial as a tool to guide search area planning. It is based on a 

large number of lost person incidents, summarised to provide a sound statistical model. However, the 

model developed in this project can provide additional insight beyond the ring model to provide more 

individualised results for people lost in the wilderness.  

Despite advances in technology and navigation, people still get lost in the wilderness. With considerable 

person-hours being required to assist lost people, not only can refining search areas reduce the overall 

search time, it can greatly improve the outcomes of the lost person. From the results of the lost person 

behaviour analysis and with further development of the ABM, it is hoped some of the findings outlined 

in this study can be used in the future to assist in search area planning through the reduction of search 

area size and ultimately support improved outcomes for people lost in the wilderness.  
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Appendix A – Online survey details 

 

1. Gender:  
 Male 
 Female 
 Prefer not to say 
 Other (please specify gender identity) 

_____________________ 

 

2. Age at the time of incident: 
 18-24 
 25-34 
 35-44 
 45-54 
 55-64 
 65-74 
 75-84 
 85 or over 

 

3. When were you lost? 

Time of year _____________________ 

Time of day _____________________ 

 

4. Experience in the wilderness at the time of incident: 
 Very Little 
 Little 
 Moderate 
 Highly Experienced 
 Extensive Experience 

 

5. Physical condition: 
 Very Poor 
 Poor 
 Moderate 
 Good 
 Very Good 
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6. Were you on your own or in a group?  

 On my own 
 With one other person and we were lost together 
 With one other person and we were separated 
 With a group and we were lost together 
 With a group and I was separated from the group 
 

 If you were with a group, how many people were in the group? 
 

7. Did you have any injuries? 
 No 
 Yes (please specify) 

 

 

8. Where were you lost?  

 

 

9. How long were you lost for?  
 Less than 1 hour 
 1 hour to 6 hours 
 6 hours to 12 hours 
 12 hours to 24 hours 
 Longer (please specify) 

 

 

10. Why were you out in the wilderness? (select all that apply) 
 Hiking 
 Camping 
 Fishing 
 Climbing 
 Mountain biking 
 Running 
 Skiing 
 Snowboarding 
 Driving (4x4) 
 Working  
 Other (please specify) 
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11. Were emergency services called to help locate you? 
 No 
 Yes (if yes, did they locate you?) 

 

 

12. What did you feel when you realised you were lost? (select all that apply) 
 Fear 
 Frustration 
 Hopelessness 
 Panic 
 Calm 
 Other (please specify) 

 

 

13. What did you do when you first realised you were lost? 
 Go backwards in an attempt to find the right track 
 Continue forward hoping to find your destination 
 Look around for familiar features 
 Wait for help 
 Other (please specify) 

 

 

14. What would you say your goal was when you realised you were lost? 
 Getting back to where you began your journey 
 Getting back to a familiar track 
 Getting to your destination 
 Getting phone reception 
 Waiting for help 
 Other (please specify) 

 

 

15. When you realised you were lost, did you travel on formed tracks? 
 Yes, always 
 Yes, mostly 
 Somewhat 
 No, often ventured off the track 
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 No, did not follow any tracks 

 

16. Did you have a mobile phone with you? 
 No (go on to question 18) 
 Yes  

 

17. Did you have any of the following issues with your mobile phone that prevented you from 
calling for help? (select all that apply) 

 Battery was dead 
 No phone reception 
 Phone was broken 
 Other (please specify) 

 

 

18. If you were lost overnight, did you stop during the night or continue to travel? 
 

 Stopped overnight 
 Kept travelling 
 Alternated travelling and stopping 
 Other (please specify) 

 

 

19. What were the weather conditions when you were lost? 
 Sunny 
 Cloudy 
 Partly cloudy 
 Raining 
 Snowing 
 Storm 
 Foggy 
 Other (please specify) 

 

 

20. Did the weather impact any of your decisions while you were lost? 
 No 
 Yes (please provide details) 
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21. Is there any advice you would give to others that you learnt from your experience being lost? 

 

 

 

22. Are there any comments you wish to add? 

 

 

Would you like to take part in an interview to explain your experience in more detail?  

 No 
 Yes (please provide your email address below and we will contact you) 

 

If you would like to be notified of the outcomes of the research, please provide your email address: 

 

 

If you know of anyone else who has been lost in the Australian wilderness and could help with providing 
their experiences, please share this survey link.  

 

Thank you for your time. 
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