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ABSTRACT  

 

Archaeological earthworks are being damaged and destroyed at a rate and scale never before 

seen, which has resulted from increased mechanisation of human activity in the landscape 

since World War II. Along with natural degradation processes, recording earthwork metrics prior 

to their loss is increasingly difficult, which can subsequently hinder the interpretation of a site or 

landscape because of this missing evidence. A tool for regaining such data is vital to alleviate 

this problem and to fulfil the stipulation for metric information as required by national and 

international conservation charters. This research investigates whether it is possible to regain 

earthwork metrics from archive stereo-aerial photographs (SAPs) using digital photogrammetry 

to create digital surface models (DSMs) of archaeological sites within the UK dating from the 

1940s to 2010. A literature search confirmed the utility of SAPs for reconstructing 

geomorphological events, such as landslides, whilst also verifying that such an approach had 

not been thoroughly investigated for archaeological adaptation. 

Via experimentation, a photogrammetric workflow has been designed and a number of variables 

identified that affect the quality of DSMs obtained from SAPs. The magnitude of these variables 

has been verified by quantitative assessment using independent survey data, namely Airborne 

Laser Scanning (ALS) gathered by the Environment Agency, and ground-based collection using 

Global Navigation Satellite Systems (GNSS) and Terrestrial Laser Scanning (TLS). Empirical 

differences between these independent data and the SAP DSMs were identified using global 

statistical measures such as Mean Error (ME), Standard Deviation (SD) and root mean square 

error (RMSE), and spatial autocorrelation techniques, namely Local Moranôs I. 

Two study sites were selected on which to ascertain whether variations occur in the empirical 

quality of SAP DSMs and archaeological content at different locations. Over six decades of 

photography were collected for Flowers Barrow Hillfort, situated near Lulworth in Dorset, UK, 

which has remained in good condition throughout this period, due to the protection afforded it by 

inclusion within Ministry of Defence land. Eggardon Hillfort and earthworks, near Bridport in 

Dorset, UK, were also selected due to the exceptional preservation state of some earthworks, 

versus the plough-damaged remains of others. These sites thus offered an opportunity to 

rigorously test the reconstruction capabilities of the SAPs. The results from both study sites 

confirmed that the metric quality of SAP DSMs improves as the age of the imagery decreases, 

although this is dependent on image quality, scanner properties (i.e. whether the scanner is 

photogrammetric or desktop) and the result of the block bundle adjustment in the 

photogrammetric software. 

This thesis concludes that SAPs can recreate earthwork metrics and provides a list of 

considerations for archaeologists to consult when planning the use of SAPs for creating DSMs. 

Recommendations for future work are provided that encourage the investigation of SAPs from 

other countries and the rigorous assessment of DSMs derived from structure-from-motion (SfM) 

software that is rapidly gaining popularity. 
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1 INTRODUCTION 

 

1.1 Outlining the Problem  

 

The archaeological resource is fragile and finite. Whilst it is subject to on-going damage and 

decay caused by natural factors (Rowley and Wood 2008), within the last 60 to 70 years historic 

landscapes have been increasingly threatened. There has been pressure from industry, 

agriculture, mineral extraction and other economic activities that have sought to exploit the 

natural resources available within the UK. The efficiency, rate and scale at which many of these 

activities can take place have risen with advancements in mechanisation. Archaeological assets 

have subsequently been threatened with damage and destruction at a rate and scale that 

continues to increase. This is nowhere more apparent than from the tangible loss of earthwork 

features. 

 

1.1.1 Threats to the Archaeological Resource  

 

As noted by Rowley and Wood (2008) all archaeological sites suffer from natural ongoing decay 

and damage. Darvill and Fulton (1998) compiled a list of threats for the óMonuments at Risk 

Surveyô (MARS), which was commissioned by English Heritage in 1995 to quantify the 

archaeological resource within England, identify and assess the factors causing detrimental 

change to monument survival and condition, and to investigate the future implications this has 

on their survival (Oxford Archaeology 2002). Darvill and Fulton (ibid.) identified an extensive list 

of factors that threaten the archaeological resource, both anthropogenic and natural. Many of 

these factors are illustrated in Figure 1.1. Not only have the physical effects of human activity 

had the greatest impact upon archaeology, through the construction of buildings and roads, 

agricultural requirements, industry and a general lack of maintenance, but it has also had an 

unanticipated side-effect that, until recently, has been hitherto unacknowledged. Climate 

change is a consequence of mass-consumption and intensification of the processes employed 

to extract and synthesise natural resources. The effects of this phenomenon are now 

recognised as a threat to the archaeological resource, particularly at the coast. It is anticipated 

that within the next 50 to 100 years, there will be a palpable increase in storm-events, erosion 

rates and sea-level globally (Murphy et al. 2009). 

 



2 
 

  

 

 

Figure 1.1: Photographic examples of the threats faced by archaeological features. 
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1.1.2 Recording Requirements for Threatened Archaeology  

 

The requirement for recording archaeological features is evidenced in the large number and 

variety of conservation charters available through organisations such as the International 

Council of Monuments and Sites (ICOMOS), International Scientific Committee for the 

Documentation of Cultural Heritage (CIPA) and the Institute of Field Archaeology (IFA), as well 

as the conservation policies utilised by large heritage organisations, namely the National Trust 

(NT) and English Heritage (EH). ICOMOS state that documentation plays a vital role in 

advancing knowledge, promoting interest, facilitating management and appropriate 

conservation of the archaeological resource (ICOMOS General Assembly 1996). The Venice 

Charter, also published by ICOMOS (Bassegoda-Nonell et al. 1964) states that ñthere should 

always be precise documentation in the form of analytical and critical reports, illustrated with 

drawings and photographsò before, during and after any intervention. This is particularly 

important if the site is threatened with destruction. Ensuring that a full record, from which a 

variety of analyses and other investigations can be undertaken post-disaster, is essential to 

mitigate the loss of knowledge.  

Survey data is also an imperative tool for understanding a site, such that it enables the 

monument to be understood and thus more suitable decisions to be made relating to the 

allocation of resources for conservation and managing the process of change (Clark 2003). 

Ainsworth et al. (2007) echo this sentiment by adding that it also provides a ñbroader context to 

more narrowly focused investigations and for public enjoymentò. The reasons why earthwork 

and landscape surveys are undertaken relates to the representation of the features that are 

visible within a study site that can help to describe the form and condition of these monuments 

(Ainsworth et al. ibid.). Further, they may also provide clues as to the antiquity of a feature, 

particularly if the size and shape are similar to other such features situated within the same 

region or landscape, as they may all belong to the same period (Clark et al. 2003 p.86). This 

approach helps archaeologists to form a typology, or classification, of earthworks from which 

further inferences can be made about their antiquity and usage. 

The Valetta Convention (Council of Europe 1992) stipulates that archaeological surveys should 

be updated and subsequently published to promote public awareness of the value provided by 

archaeological heritage, stating that this approach educates people about the factors 

threatening the survival of their historic environment. The Burra Charter (Australia ICOMOS 

1999), was the first to remark upon ósignificanceô in its guidelines, illustrating that a variety of 

elements relating to a feature can make it significant: its appearance, history, scientific merit or 

social value (Brooks 1992). Brooks (ibid.) states that these values are likely to change over time 

and are influenced by our understanding of a feature. Survey documentation can assist in the 

process of understanding a feature, particularly in advance of works relating to the 

documentation of changes that are anticipated to the historic fabric (Clark 2003). The Burra 

Charter lists change that reduces cultural significance as undesirable, and where change has 

reduced this significance it should be reversible. To facilitate the management of change, Article 
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27.2 states that ñexisting fabric, use, associations and meanings should be adequately recorded 

before any changes are made (to the place)ò (Australia ICOMOS ibid.). Thus recording and 

survey form an important part of the analytical process to facilitate the understanding of a 

monument and the mapping of any change that is anticipated to occur, which is summarised in 

Figure 1.2. However, the number of English monuments has been estimated to be 2.25 per 

kilometre square (Darvill and Fulton, 1998), which indicates the magnitude of the resource 

required to fulfil the ideal of updating the survey data of a monument. 

Within the UK there have been a number of Government policies that have sought to ensure 

archaeology is considered by a number of industries prior to the commencement of 

development. Since 1947, the Town and Country Planning Act has required that developers 

gain planning permission before proceeding with development, with the introduction of Planning 

Policy Guidance note 16 (PPG16) in 1990 specifically requiring the consideration of 

archaeology during the planning process (Dormor 1999, p.44). PPG 16 effectively demands that 

the protection, enhancement and conservation of archaeological sites are considered during the 

planning process to mitigate for any potential losses during construction. This includes a 

number of different approaches to ensure mitigation is achieved, which includes excavation and 

survey (Association of Local Government Archaeology Officers No Date). Whilst Darvill and 

Fulton (1998) state that initial studies of the efficacy of PPG 16 suggested it was working well, 

 

 

Figure 1.2: The Conservation Cycle (Clark 2003, p.23). 
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Dormor (ibid.) argues that it is not applicable to 75% of the land surface within England, as 

PPG16 cannot be applied to regions utilised for farming and forestry practices. PPG16 was 

replaced by Planning Policy Statement 5 (PPS5) in 2010, although this was quickly superseded 

by the National Planning Policy Framework (NPPF) in March 2012 (Association of Local 

Government Archaeology Officers ibid.). No legislation exists to protect archaeology at risk from 

natural threats however, although archaeologists are aware that this is a huge issue, particularly 

along the coast (Fulford, Champion and Long 1997). Subsequently, a great deal of time and 

planning has been allocated to developing Rapid Coastal Zone Assessment Surveys (RCZAS), 

a form of desk-based assessment and rapid baseline survey of coastal archaeology, since the 

late 1990s. 

The idea of creating documents of archaeological features is often referred to as ópreservation 

by recordô, which is a term that has been used to describe attempts to mitigate the loss of 

historic assets by providing a way in which to reconstruct a site or feature for further research or 

to ensure its meaning lives in perpetuity. Whilst the recording process is evidently encouraged 

by a series of conservation charters, selecting the most appropriate technique to record a 

threatened feature is difficult, and the needs of a project must be identified to ensure the correct 

choice of tools for the job (Eppich and Chabbi 2006). One might be tempted to employ survey 

methods that generate a vast amount of detailed data to ensure that the minutiae of a feature is 

also recorded, whether in fact such detail exists of not. However, this approach would be 

exceedingly expensive, particularly for large features, such as earthworks, due to the time 

required to both survey and process the data, not to mention the expertise that would be 

required to achieve an output.  

A broad knowledge of the survey methods available and their associated strengths and 

weaknesses is therefore fundamental to making an informed decision and an appropriate 

selection for documentation purposes. Whilst the quality of a record is dependent upon the 

current state of a technology or skill of the practitioner creating the dataset, guidelines are 

increasingly available to assist those unfamiliar with using or commissioning surveys (Letellier 

2007; Bedford and Papworth 2009; Bryan et al. 2009; National Parks Service 2010). However, 

to complement government guidance notes, heritage bodies, such as NT and EH, have also 

outlined their own approaches to heritage conservation (National Trust No Date; English 

Heritage 2008; Cowell 2009). EH have also produced a survey specification for cultural heritage 

practitioners to ensure that, when commissioning a survey for archaeological purposes, a well-

defined brief can help to ensure that appropriate records are obtained (Bryan et al. 2009). 

 

1.1.3 Archaeological Survey Techniques  

 

Whilst the terms órecordingô and ódocumentationô have many connotations, one of the 

fundamental components of these processes is the production of a metric survey describing the 

dimensions of an earthwork feature. Metric Survey is defined as ñthe use of precise and 
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repeatable measurement methods to capture spatial information for reproduction at scaleò 

(Bedford and Papworth 2009). The use these techniques has been long established in the 

archaeological profession and can be divided into two groups to help distinguish the way in 

which information is captured using the technologies that fall within each definition, namely 

Direct and Indirect, each of which are described in Section 1.1.3.1 and Section 1.1.3.2 

respectively.  

The choice of which survey tool to use is influenced by a series of factors, defined by Ainsworth 

et al. (ibid.) as:  

¶ The purpose of the survey and subsequently the data scale; 

¶ The size of the area of interest (AOI); 

¶ The available equipment and their suitability for the task; 

¶ Expertise of the field team; 

¶ The timescale allocated to the project; 

¶ The budget allocated to the task (Jones, ibid.p.5). 

These factors will influence at what scale an earthwork is depicted, which will also dictate 

whether smaller details are recorded. For ground-based surveys that focus on small areas, 

scales of 1:500 are commonly used, although 1:1,000 is often sufficient (Ainsworth et al. ibid.). 

The instruments used for this work are called direct techniques, which are explained in Section 

1.1.3.1. The survey scale becomes smaller if a broader area is to be mapped, i.e. 1:1,250 or 

1:2,500, which will allow for the basic identification of an earthwork type, whilst 1:10,000 is 

useful for examining landscape-scale regions (Ainsworth et al. ibid.). The latter approaches 

often require remote sensing data in the form of aerial photography (APs) or airborne laser 

scanning (ALS), which are referred to as indirect techniques (see Section 1.1.3.2).  

Metric survey is useful for its repeatability, which introduces scientific rigor into the 

archaeological discipline, as acknowledged by Jones (1985), facilitating a number of activities, 

including change monitoring and management. This is particularly important as the values 

associated with the accuracy and precision of a dataset are an indicator as to how much 

change will have to occur before there can be confidence that the measurement technique has 

actually detected any. Whilst there are a wide variety of survey tools that allow archaeologists to 

create such a record, in general the higher the density of the data they can record, the higher 

the parity of the featureôs archival record. If the intention is to preserve a site by record Taylor 

(1974) recommends undertaking as detailed a survey as possible. This requires the scale of the 

survey to be chosen so that the smallest detail contained within a site is recorded, which is an 

approach generally best suited to mass-capture techniques due to the amount of data required.  
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1.1.3.1 Direct (Terrestrial) Techniques  

 

Direct survey techniques are characterised by the careful selection of feature details at the point 

of capture by a surveyor. The survey tools defined as direct techniques range from the more 

traditional tools, such as an alidade and tape, and measured and sketch drawings, to the 

modern electronic instruments, namely the Total Station Theodolite (TST) and Real-time 

Kinematic Global Navigation Satellite Systems (RTK GNSS). Traditional survey techniques, 

such as the alidade and tape and measured sketches and drawings, are all capable of providing 

useful data relating to the shape and form of archaeological earthworks and other features. As 

stated by Howard (2007) the low levels of funding within the archaeological discipline often 

require that lower cost methods of surveying are applied. However, as the cost of electronic 

equipment is reduced as technological advancements are made and the option to hire 

equipment facilitates its use, TSTs and GNSS do provide a rapid method for generating digital 

data that can be manipulated in a variety of different ways. These technologies are described in 

Appendices One and Two. 

All of these tools are ground-based in their application. The process of using any of this 

equipment in the field allows archaeologists to exercise their judgement and knowledge when 

selecting the features of interest to record (Ainsworth et al. 2007). However, due to their highly-

selective nature, the size of the object and its complexity will dictate whether a direct technique 

is appropriate for the task. In general, the smaller and less complex a feature is, it becomes 

more suited to recording by a direct technique. For example, the production of a plan outlining 

break-lines of earthworks contained within a small site would be quicker to produce using 

measured drawing, TST or GNSS than it would be to set-up a terrestrial laser scanner (TLS) 

numerous times and subsequently post-process the data. In many cases, the data collected 

using direct techniques requires very little post-processing in comparison with that created using 

indirect or mass-capture methods. Subsequently, the majority of archaeological earthwork 

survey has been undertaken using direct techniques, although mass-capture methods are 

gaining popularity for earthwork documentation. 

Howard (2007) notes that Bowden (1999, 2002) and English Heritage are exponents of the 

plane table method for earthwork recording. Bowden (1999, p.60) lists a number of reasons as 

to why plane table surveying is superior to electronic techniques, which Howard (ibid.) has 

subsequently countered. In his first point, Bowden (ibid.) states that ñan experienced team can 

produce a survey at least as fastò with an alidade and tape as they can with a TST, which 

Howard (ibid.) does not refute. Bowden (ibid.) also asserts that the end product from an alidade 

survey is of higher quality because it forces the surveyor to ñtreat features as complete entities 

rather than a series of linesò, unlike the survey from a TST or GNSS. Howard (ibid.) disagrees 

with this statement, arguing that a bad survey is produced by a bad surveyor, and not by the 

equipment applied to the survey itself, which is unequivocally true. The appropriate selection of 

information is made by the surveyor themselves, who utilises the instrument to collect the data, 

not to make the decision on his or her behalf. Lock (2003) believes that the use of electronic 
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survey methods might encourage the site to be surveyed too quickly, and thus the risk of a 

surveyor ignoring more subtle features is increased. 

Bowden (ibid.) continues by stating that drawing in the field facilitates the checking of data and 

ñinstantly identifies any errorsò. This is indeed the case although, whilst traditional techniques 

were once the sole means of generating a survey drawing in the field, this is now possible with 

modern, electronic equipment. Howard (ibid.) also states that the use of a plane table in good 

weather is ideal for creating a field drawing, although the opposite is true in adverse conditions. 

Finally, Bowden (ibid.) refutes the reliability of electronic systems, indicating that breakdown and 

battery failure is not an issue with traditional methods. Whilst this may be the case, Howard 

(ibid.) states that electronic equipment is not prone to failure if it is maintained properly and if 

sufficient diligence is applied when organising the equipment so as to obtain a sufficient number 

of well-charged batteries. Although Bettess (1998) is a proponent of electronic survey 

equipment, stating that it can result in savings in work and time, Bowden (ibid.) pleads for 

caution, stating that the ability to press buttons does not produce a surveyor. Subsequently, the 

choice of a particular survey technique can be built upon previous experience with the 

equipment and personal preference. 

 

1.1.3.2 Indirect (Airborne and Mass -Capture) Survey Techniques  

 

Indirect or mass-capture survey techniques, such as airborne laser scanning (ALS), terrestrial 

laser scanning (TLS) and photogrammetry, are non-selective at the point of capture and record 

everything in the field-of-view of the sensor. Decisions about the form or function of the subject 

are made after data processing has taken place, allowing the extraction of feature data to be 

made in an office environment (Shaw and Devlin 2010). These techniques are often operated 

remotely, which is of benefit if the area to be recorded is extensive, or where access is limited or 

dangerous. In contrast to direct techniques, mass-capture technologies are well suited to 

documenting large and complex objects, as illustrated in Figure 1.3. For example, if a DSM of a 

large site was required that contained a series of earthworks, RTK GNSS could be applied to 

produce such a survey. However, the regularity of the point spacing and the time required to 

generate a large number of points using this method would be limited in comparison to airborne 

mass-capture techniques that can generate much higher densities of data in a fraction of the 

time (Barber et al. 2007). The operational considerations and technical information relating to 

photogrammetry, ALS and TLS, is provided in Sections 2.2 and 2.3 respectively, including a 

discussion of the archaeological projects to which these mass-capture techniques have been 

applied. 

Direct techniques allow surveyors to ignore or choose not to record features and select the 

requisite data at the point of capture. As stated by Bowden (1999) ñdata collection for its own 

sake is not validéò and whilst mass-capture can be beneficial because nothing is óleft outô of the 

survey, the process does not allow the surveyor to truly engage with the features they are 
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recording or develop their understanding of the features through prolonged contact and careful 

consideration and selection. It is generally agreed by most authors (Doneus et al. 2008; Corns 

and Shaw 2009) that a field assessment of processed mass-capture data is necessary to 

confirm that the features discovered after data processing are truly of an archaeological nature; 

if such features are large enough or contrast significantly with their surrounding environment, 

the pictorial record generated using photogrammetry may negate this task, except in woodland. 

Should mass-capture data be incomplete, however, a further site visit may be necessary to fill-in 

any data gaps. If this is not possible, any data not collected at the time of the survey could be 

lost in much the same way as the unnoticed feature during the application of a direct technique. 

This is especially detrimental if the purpose for survey is the preservation by record of an object 

or site that is in danger of damage or destruction.  

Unlike ground-based methods, the datasets produced by TLS, ALS and photogrammetry are 

computationally challenging. These survey methods are referred to as ómass-captureô 

techniques, due to the large volumes of data they generate, which have been labelled as óbig 

dataô, causing a data ñdelugeò. This is an issue currently being debated by the archaeological 

community, as well as in other disciplines, due to the problems associated with their 

manipulation, analysis and storage. Whilst a discussion of this particular issue is beyond the 

scope of this research, the interested reader is referred to the English Heritage project 

document on the topic of óbig dataô (Austin and Mitcham 2007). Therefore the application of 

 

Figure 1.3: Diagram illustrating how size and complexity of an object influence the choice of 
survey technique (Böhler and Marbs 2002). 
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mass-capture techniques to preserving an archaeological site by record has to be carefully 

planned. 

 

1.1.4 Interpretive versus Metric Survey Records  

 

As discussed in Section 1.1.3, there are often two approaches to archaeological earthwork 

survey: the first relies predominantly on direct techniques, whereby the surveyor is able to 

exercise their own subjective interpretation when deciding what, or what not, to record, which 

will vary from person to person, depending on experience. The second approach relies on a 

more clinical methodology that aims to produce a metric survey of the earthworks and a record 

of their form in both planimetric and vertical dimensions.  

Irrespective of the survey techniques used to gather data, as discussed in Section 1.1.3, 

archaeologists have used a variety of methods to represent their outputs as surface data that 

have predominantly resulted in 2-dimensional drawings. Hachure plans, contour maps and line 

drawings have all been used to symbolise archaeological features, albeit the process of creating 

these products is based on interpretation. Bowden and McOmish (2012) state that the 

production of a hachure plan is ñopenly subjective and interpretiveò, requiring the archaeological 

surveyor to exercise skill, judgement and experience throughout the survey. The end product is 

a plan that utilises hachures to represent slopes as well as the chronological relationships 

between earthworks across a site (Bowden and McOmish ibid.). This type of survey tends to be 

produced using direct techniques (see Section 1.1.3.1).  

It is important to understand the benefits and drawbacks of hachure representation. Many 

archaeological earthworks in the UK have been recorded using this approach, particularly for 

the RCHME surveys conducted during the mid-20
th
 Century. Payne (2006, p7) states that these 

surveys were conducted on a county-by-county basis from the 1920s to the 1970s to create 

archaeological inventories of those still observable in the landscape. Subsequently, as 

archaeological earthworks within the UK are damaged and destroyed, these surveys may 

constitute the only records we have of their existence and form. However, their subjective and 

interpretive nature impedes the reconstruction process due to a lack of empirical data in the 

form of elevation values associated with them. Subsequently, archaeological hachure plans 

have been criticised by a number of authors who prefer a more empirical approach to earthwork 

survey (Wheatley and Gillings 2002; Blake 2014). Although Blake (ibid.) is complementary 

about the graphical representation of earthworks using hachures, the author is critical of their 

ability to ñdepict precise slope metricsò, slope angles and height information. The lack of 

empirical information in the modern era appears to exasperate Blake (ibid.), who bemoans its 

deficit in anything other than the planimetric dimension. Most importantly, the author states that 

a hachure plan presents us with ñan interpretation of the terrain rather than a recordò.  
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Whilst an interpretive survey can be part of a ópreservation-by-recordô strategy, to ensure the 

ability to reconstruct earthworks after damage or destruction an objective survey is required. 

These are not infallible, however. The presence of subtle earthworks may go unnoticed during 

an interpretive metric survey, particularly one that employs purely direct techniques, and thus 

their existence is not recorded. Subsequently, the accuracy of any philosophical interpretations 

made using such a dataset could therefore be affected, which will consequently influence how 

well the site is understood. If the survey is designed to record an archaeological site that 

contains a series of earthworks that are threatened with destruction, for example, any 

unobserved features may be lost forever. 

Taylor (1998) argues that data capture often comes at the expense of analysis, which may be of 

concern to those working with mass-capture datasets. As pressure upon the archaeological 

resource has increased during the 20
th
 Century, Taylor (ibid.) states that limited study of a site 

under threat has prompted data to be collected in volume to preserve what is to be lost, such 

that this information can be archived and analysed in the future. Taylor (ibid.) believes that the 

lack of analysis in favour of data gathering has prevented the true understanding of the record 

as it is being created, which subsequently invalidates the information collected: ñwithout 

understanding, information is uselessò. This is indeed a difficult situation, as the numbers of 

archaeological sites that require recording before they are damaged or lost far surpass the 

capacity of the industry to fully analyse each individual case. There are also too many features 

that are at risk to even consider providing field teams to survey each and every monument. 

Where a site is discovered that has not previously been recorded, but is in imminent danger of 

destruction, the pragmatic solution would be to produce a record as soon as possible, as 

advocated by Bowden (1999). This would be preferable to losing something that may be of 

hitherto unknown importance. Whilst the preservation of archaeological monuments is of 

ongoing debate with those involved in policy-making, the issue still remains as to how best we 

can obtain metrics of such features that may have once been in good condition post-WWII, and 

how we might best record those that are still in existence. 

Irrespective of the advice from international conservation organisations, who recommend an 

almost continual cycle of monitoring and recording threatened archaeological resources (see 

Section 1.1.2), the practicalities of doing so pose a logistical challenge for the heritage 

community. A large number of upstanding features will continue to be damaged and destroyed 

at a rate too fast for each and every one to be recorded using a planned regime of data capture. 

To add further complications, a great variety of archaeological features exist, ranging from 

small, site-based earthworks to landscape-scale regions that contextualise sites. Flexibility is 

therefore required from survey techniques to ensure that these features are suitably recorded. 

They should also facilitate investigations regarding the evolution of a landscape to fully 

understand which areas are most at risk from deterioration and to anticipate what the future 

may hold for these regions.  

If limited survey data exists with which to examine landscape change or if features have been 

lost that would further facilitate the interpretation of the landscape, achieving these goal will be 
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problematic for landowners and those with management responsibilities and limited resources 

to both monitor and map these features. To recover features that have already been destroyed 

requires the use of historic stereo-aerial photography. Photogrammetry offers a potential 

solution, based upon its established record as a tried-and-tested method for ante-disaster 

recording (Dallas et al. 1995). If enough control data is captured at the time of the photography, 

or can be obtained at a later date, this technique facilitates the reconstruction of an object post-

destruction (see Section 2.2.9). Despite the reticence of archaeologists such as Taylor (ibid.) 

and Bowden (ibid.) towards techniques that generate large amounts of data, which are often 

archived before full analysis, others have found that this approach can help to mitigate disaster, 

namely by utilising photogrammetric restitution (Dallas et al. 1995). 

However, over the last forty years (Wheatley and Gillings 2002) the availability of mass-capture 

techniques has further enhanced the detail in which archaeological topography can be 

represented, including the production of digital surface models (DSMs). A full discussion of 

DSMs and the procedures involved in their generation is provided in Chapter 3. In contrast to 

hachure plans, DSMs are empirical in nature and can be manipulated in a number of ways 

using GIS and CAD systems. Prior to DSM analysis taking place the survey data is often 

converted into a gridded dataset, or raster. This requires point data to be interpolated, the 

processes for which are described in Section 3.2. By converting survey data into a raster, 

something of an analogue to an aerial photograph is created as archaeological features can be 

identified within in. However, a DSM has the added benefit of containing elevation values for 3D 

examination. One of the simplest methods of archaeological analysis that can be conducted on 

a DSM is the extraction of point, polyline and polygon shapefiles to represent archaeological 

features that are observable in the data. This is the approach taken by the National Mapping 

Programme (NMP) (see Section 2.1.1.1). 

 

1.1.5 Archaeologica l Information Content  of Aerial Photography  

 

1.1.5.1 Calculating Information Content  

 

The success of recording archaeological data from aerial photography is dependent on two 

factors: the scale of the earthwork or feature and the spatial resolution of the photograph. The 

former factor is difficult to define because of the large variations in feature dimensions. 

Examples of such metrics are provided in Table 1.1, with more detailed information on a large 

number of period-specific earthworks and features available from English Heritage on the 

óMonument Class Descriptionsô website (English Heritage, no date). The spatial resolution of a 

photograph, sometimes referred to as ground sample distance (GSD), can be determined from 

the information provided with it using the following formula: 

GSD = f/H 
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Whereby ófô is the focal length of the camera lens and óHô is the flying height, or altitude, of the 

aircraft. This formula works for both analogue and digital systems, although the following 

formula can be utilised for digital images: 

GSD  = (pixel size x H)/f 

There is, however, a further complicating factor when analogue photography is converted to 

digital using a scanner. To preserve as much information in the photograph as possible, the 

archaeologist should adopt a large scanning resolution, which is often given in dots-per-inch 

(dpi), which subsequently increases the pixel size (or information content) of the digitised 

image. As an example, to calculate the pixel size of an image based upon dpi, the following 

formula can be used (Linder 2009): 

Class  Type 
Width/diameter 

(m) 
Length 

(m) 
Height/Depth 

(m) 

Prehistoric  

Linear - 
10+ to 
80,000 

- 

Ringworks 40 to 120 - ~3 

Pit Circles 0.75 to 2 ~1 to 7 0.2 to 2 

Cursus 20 to ~150 
~10mm 

to 
10,000 

- 

Barrows  

Long 25 max. 50 max. - 

Round 5 to 50 - 6 max. 

Bell 30 max. - 4 

Disc 40 min. - - 

Henges  - 110 max. - - 

Banjo Enclosures  

Ramparts - - 0.7 

Trackways 5 to 10 
25 to 
~90 

- 

Hillforts  Ramparts - 150m 10 

Trackways  
Medieval 9 to 27 - - 

Roman Roads 5 to 10 - 0.75 

Burnt Mounds  - 3.5 to 15.5 - c. 1.1 

Water Meadows  Ridges 3 to 15 - 0.5 to 0.6 

Earthwork Castles  Ringworks 20 to 50 - - 

Cultivation Ridges  Prehistoric/Roman 1 to 1.5 - - 

Medieval Ridge and 
Furrow  

Furlongs - 
up to 
700 

- 

Ridges ~5, rarely 20 - - 

Pre-Industrial Lime 
Kilns  

Clamp hearth ~2.5 - ~2 

Pre-Industrial 
Mines and Quarries  

Pits - - 0.6 to 12 

 

Table 1.1: A selection of earthwork dimensions extracted from the English Heritage 
Monument Class Descriptions (English Heritage, no date). 
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Pixel size (µm) = 25400/dpi 

Therefore an image scanned using 2400 dpi would provide a pixel size of 10.583µm, whilst a 

600dpi setting would create an image with a pixel size of 42.333µm, which is poorer and 

contains less information. 

By examining the dimensions of earthworks in combination with the GSD of aerial photography, 

it is possible to establish whether or not the imagery will provide suitable metrics for recording 

archaeology. This can be established with the help of sampling theorem, which states that an 

object can be reconstructed as long as the sampling interval, known as óŭxô, is correct (Axford, 

2000 p.409). To establish what óŭxô should be in terms of an earthwork, the smallest dimension 

to be reconstructed is selected and then halved i.e. if a 5m wide ridge from ridge and furrow 

were to be recorded, its width should be sampled in intervals of at least 2.5m or smaller to 

ensure capture. Another way of calculating the quality of a pre-specified sampling routine is to 

use the following formula from Bedford and Papworth (2009): 

Q = I ï (m/I) 

Whereby óQô is the quality ratio, óIô is the smallest object size to be recorded and ómô is the post 

spacing. A good outcome would result in a positive value for óQô. Subsequently, if the 5m ridge 

referred to earlier was recorded on an aerial photograph whose GSD was 0.15m, theoretically 

we would obtain the following result: 

Q = 5 ï (0.15/5) 

Q = 4.97 

This would be an acceptable result. However, if the object was a prehistoric pit circle with a 

width of 0.75m, and the GSD of the aerial photograph containing this feature was 1m, the result 

would be as follows: 

Q = 0.75 ï (1/0.75) 

Q = -0.583 

Subsequently the aerial photography would not be suitable for recording this feature. 

 

1.1.5.2 Aerial and Spaceborne Systems  

 

There are many remote sensing systems that are utilised by archaeologists beyond aerial 

photography, which include satellite data as listed in (Table 1.2). Each sensor provides data that 

is captured in raster format or, in the case of the Shuttle Radar Topography Mission (SRTM) 

and the Spaceborne Imaging Radar (SIR), post-processed to provide a raster product. Whilst 

many of the sensors listed in  
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Table 1.2 provide imagery that is akin to aerial photography in the visible and panchromatic 

formats, data is also available in differing spectral bands i.e. near infrared (Near-IR), short-wave 

infrared (SWIR), long-wave infrared (LWIR), and thermal infrared (TIR). Wavelengths in the 

non-visible spectra have been utilised by a number of archaeologists for prospection, whereby 

ephemeral features, such as crop and soil marks, or evidence of damage to archaeological sites 

may be identifiable based upon their reflectance characteristics.  

Whilst satellite imagery in the visible, panchromatic, multi- and hyper-spectral wavelengths is 

invariably useful for monitoring archaeological sites, these data do not have the temporal 

resolution of aerial photography, although CORONA was launched and began data collection in 

 

 

Table 1.2: Image sources from airborne and spaceborne systems detailing their spatial, 
spectral and temporal resolutions. 

Sensing Platform Format Spatial resolution (m)
Spectral Resolution (µm unless 

otherwise stated)
Temporal Resolution

Frame Camera Imagery ~0.1 min*
Panchromatic 

(B&W)/Infrared/Colour

Digital Camera Imagery ~0.05 min*
Panchromatic 

(B&W)/Infrared/Colour

0.52 - 0.68m @ 1000m 

altitude

Visible to Near-IR (400 - 970) i.e. 

AISA Eagle 3.3nm

SWIR (970 - 2450) i.e. AISA Hawk 

8nm

1m @ 660m altitude

Visible to SWIR (380 - 2500) i.e. 

AISA FENIX in 620 bands (3.5nm 

in VNIR, 12nm in SWIR)

1.1 - 1.5m @ 1000m 

altitude

LWIR/Thermal (760 - 1250) i.e. 

AISA OWL in 100 channels 

(~100nm)

InSAR DSM 5 X-band (3cm) i.e. Star-3i On demand and weather independant

Corona/KH7&8/K

H9
Imagery 1 - 120

Panchromatic 

(B&W)/Infrared/Colour

Variable (Corona from 1959 - 1972; KH7 from 

1963 - 1967 and KH8 from 1966 - 1984; KH-9 

from 1971 - early 1980s)

KVR-1000 (on 

COSMOS)
Imagery 2 - 3 0.49 - 0.59 Variable (from 1985 - 1992)

Visible (0.45 - 0.69)

IR (0.76 - 0.9)

Middle (1.55 - 1.75)

TIR (10.4 - 12.5)

Mid-IR (2.08 - 2.35)

Visible (0.43 - 0.47; 0.5 - 0.59; 

0.61 - 0.68)

Near-IR (0.79 - 0.89)

Mid-IR (1.58 - 1.75)

VNIR (0.52 - 0.6; 0.63 - 0.69; 0.76 - 

0.86; 1.6 - 1.7)

SWIR (2.14 - 2.225; 2.36 - 2.43;)

TIR (8.125 - 8.825; 8.925 - 9.275; 

10.12 - 11.65)

C-band (6 cm)

X-band (6cm)

Panchromatic (0.526 - 0.929)

Blue (0.445 - 0.516)

Green (0.506 - 0.595)

Red (0.632 - 0.698)

Near-IR (0.757 - 0.853)

Panchromatic (0.526 - 0.929)

Blue (0.445 - 0.516)

Green (0.506 - 0.595)

Red (0.632 - 0.698)

Near-IR (0.757 - 0.853)

SIR-A Imagery 40 L-band (24cm) Launched in 1981 (duration 3 days) 

SIR-B Imagery
16 - 58 (range) and 20 - 

30 (azimuth)
L-band (24 cm) Launched in 1984 (duration 1 week)

X-band (3 cm)

C-band (6 cm)

L-band (24 cm)

DSM

Imagery

Imagery

Imagery

Imagery

30 (1 arc second) or 90 

(3 arc seconds)
SRTM Single 11-day mission in February 2001

Multi-/Hyper-

spectral Sensors

Aerial 

Platforms
On demand and weather dependant

Launched in 1972 Revisit time c.18 days

Launched in 1999 Revisit time 16 days

Launched in 1986 Revisit time 16 days

Satellite 

Platforms

15 - 60Landsat

SPOT 1.5 - 20

ASTER 15 - 90

Two missions only in April and October 1994

30 (azimuth); L-band 

and C-band 13 and 26, 

and X-band 10 and 20 

(slant range)

SIR-C/X-SAR

Launched in 2001 Revisit time (depending on 

altitude and latitude) 2.4 - 8.7 days

Launched in 1999 Revisit time ~3 daysIKONOS
0.82 (panchromatic) - 

3.2 (multispectral)

Quickbird

0.65 - 0.73 

(panchromatic) - 2.62 - 

2.9 (multispectral)

Imagery

Imagery

Imagery
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1960 (Altmaier and Kany 2002; Beck et al. 2007). However, CORONA coverage tended to 

focus on data collection over the Soviet Union, Middle-East, China and South-east Asia (Ruffner 

1995) and thus is of limited utility to archaeologists working beyond these regions.  

A further obstacle to the adoption of satellite imagery by archaeologists is the often coarse 

spatial resolution of the data, as noted by (Philip et al. 2002; Galiatsatos et al. 2005; Beck et al. 

2007; Challis et al. 2009; Beck 2011). Subsequently, smaller features are not recorded in the 

requisite detail and thus only general, site and landscape-scale studies are possible. Whilst the 

spatial resolution of satellite imagery will continue to improve as technology advances, the 

deficit of temporal resolution remains and thus it cannot be used to obtain information about 

archaeological earthworks that have been lost in all but the most recent years. 

 

1.2 Discussion  

 

It is apparent that both landscape-scale and local-scale, or site-based, survey data are 

desirable when assessing risk to and providing high-parity records of archaeological 

earthworks. Whilst direct techniques were once thought to be more suited to interpretive and 

site-based survey, they cannot provide the density of data required to readily conduct condition 

monitoring or detect small features that should be recorded if the site is to be destroyed. Nor 

can they be practically applied to landscape surveys. Whilst datasets produced using mass-

capture techniques provide landscape coverage because the data is captured remotely, with the 

exception of TLS (see Section 2.3.2), their ability to detect smaller features is dependent on a 

number of factors, not least data resolution. This latter point is not often in the control of 

archaeologists, who work with mass-capture data that has been produced for the purposes of 

another industry or discipline. An example of this would be the purchase of ALS data from the 

Environment Agencyôs Geomatics Group, who regularly produce ALS surveys across the UK for 

monitoring coastlines and regions that are particularly prone to flooding (Environment Agency 

2014). Subsequently, the level of detail for extracting earthwork metrics may not be ideal, but it 

is all that may be available for a particular area. This is especially so if a feature has been 

destroyed prior to being recorded in any great detail. Although laser scanning has received a lot 

of attention from the archaeological community over recent years, particularly focusing on the 

identification of subtle earthworks, the commercial product has only been available in the UK 

since 1998 via the Environment Agency (2014). Therefore ALS does not have the time-depth 

available to facilitate the assessment of archaeological site evolution.  

However, there is a large archive of stereo-aerial photographs within the UK that dates back to 

the 1940s, if not earlier, from which archaeologists could derive information similar to that of 

ALS using photogrammetry. Photogrammetry is the means by which 3D data can be extracted 

from SAPs, whilst the photogrammetric process facilitates the production of a digital surface 

model (DSM) from the photographs. Archaeologists have been reluctant to apply this technique 

to derive 3D data from stereo-photographs (see Section 2.2.3), despite their familiarity with 
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utility of SAPs. For example, Darvill and Fulton (1998) suggest that the identification and 

charting of change begins with an assessment of historic aerial photographs, which were 

produced in many regions of the UK from the early 1940s. By transcribing the horizontal extent 

of a monument from aerial photography over a period of five decades, from the 1940s to the 

1990s, a crude, subjective but simple measure of change can be produced. To fully appreciate 

how the resource has diminished, however, a volumetric measure of change would be required, 

and the only way in which this can be achieved is with a dataset that facilitates the production of 

3D data. The utility of SAPs for assessing landscape change has been identified by 

geomorphologists and surveyors (Adams and Chandler 2002; Walstra et al. 2004; Walstra 

2006; Miller et al. 2008b), although their 3D properties have not been acknowledged by the 

archaeological community (Verhoeven et al. 2012a).  

 

1.3 Summary  

 

The rate of change to archaeological monuments and the sporadic nature with which some of 

these changes occur, make the monitoring of such factors problematic. Dramatic changes, such 

as those related to development and industry activity will destroy the archaeological resource at 

a much faster rate, although the planning stipulations placed upon wholesale destruction should 

ensure a record is made of a feature prior to its destruction. Natural processes of erosion and 

the anthropogenic activities that require elongated periods over which to damage and destroy 

archaeological remains are more subtle, thus providing the greatest challenge for recording 

techniques to detect these changes. Whilst unacknowledged deterioration of an upstanding 

feature degrades the resource and prevents its careful management, the situation degenerates 

should the archaeology remain unrecorded and subsequently destroyed. 

To fully comprehend the agents of change acting upon the archaeological resource and 

anticipate their future evolution, a historic dataset is required with which to assess the 

development of change over time. It is impossible to create a high-fidelity record of every 

threatened feature prior to its destruction, the likelihood is that many have and will be lost before 

recording can take place. The effective management of a threatened resource or obtaining data 

about information that no longer exists is challenging. It requires the identification of a technique 

or techniques that both facilitates the detection and monitoring of change as well as providing 

suitable metrics for archaeological documentation 

Whilst direct techniques have been and still are utilised by archaeologists for data collection, 

they generally provide sparse, 3D data densities for producing two-dimensional products. In 

recent years, however, the utility of dense, 3D datasets has been more readily acknowledged 

by archaeologists, and have been identified by Chapman, Adcock and Gater (2009) as enabling 

a more proactive approach to change management of the archaeological resource. As 

earthworks are not planar objects, 3D data is more capable of providing the metrics required to 

fully describe their form. Mass-capture technologies inherently produce 3D datasets and are 
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known for their ability to rapidly produce dense quantities of data over much larger areas, 

particularly when operated aerially. These techniques are described in Section 2.2 and 2.3. 

Historic SAPs are, in many cases, the only dataset that provides the temporal resolution 

required for reconstructing lost archaeological features and changes to them over the last 60 or 

70 years. It is therefore imperative to assess whether DSMs extracted from SAPs using digital 

photogrammetric techniques can provide this information. 

 

1.4 Contribution to Knowledge  

 

Whilst archaeologists have long recognised the utility of SAPs for identifying earthworks and, in 

some cases, their decline, the application of photogrammetry to capitalise on the 3D data 

offered by this process has largely been ignored. Although historic aerial imagery in both 

vertical and oblique formats has been rectified by archaeologists to provide basic, 2D 

transcriptions of earthworks simply to identify them and place them into a Historic Environment 

Record (HER), far more can be achieved through photogrammetric restitution of archive SAPs. 

This research aims to clarify the extra benefits that digital photogrammetric techniques can 

bring to the archaeological community for the first time by comparing the datasets obtained 

through this process to existing archaeological surveys, which are used as the baseline 

datasets required by archaeologists. The outputs from the restitution of archive SAPs will also 

be compared to more modern topographic data from airborne and terrestrial laser scanning and 

SAPs to establish the quality of data obtained from archival imagery and the factors that affect 

them. It will therefore be possible to provide advice and guidance to archaeologists wishing to 

adopt this approach on the considerations for archive SAP use, the areas in which they can be 

successfully applied, and the type of archaeological data they can generate. 

 

1.5 Aims and Objectives  

 

1.5.1 Aim  

 

The aim of this research is to assess the ability of archive stereo aerial photographs (SAPs) to 

reconstruct extant, damaged or lost archaeology and subsequently determine their utility to 

provide data that assists in the management and mitigation of loss. 

 

 

 
















































































































































































































































































































































































































































































































































































































































































































































































































































































