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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 Il. 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 spati al autocorrelation techni

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)c ompi |l ed a | i st of threats for
Surveyd (MARS), which was commi ssioned by Engl i sl
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).



(a.) Housing development (b.) Agricultural attrition (© NMR 4228-450)
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(e.) Coastal erosion and weathering
(© RCHME)

(f.) Floral damage
(Peter Crow ©® Crown Copyright)

(9.) Faunal Damage (h.) Footpath Erosion (© National Trust)
(© Northumbria National Park Authority)

Figure 1.1: Photographic examples of the threats faced by archaeological features.



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 etal. 1964) st at es t hat @t here
always be precise documentation in the form of analytical and critical reports, illustrated with
drawings and photographso before, during and aft
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 etal. (2007)echo t hi s senti ment by adding that it
more narrowlyfoc used i nvestigations and for public enjoy
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 &6ésignificancebd
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

3



27.2 states that fAexisting fabric, use, associat.i

before any changes are made ( ibid). Tthuseecopdingpaoce ) 0
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,
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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.

Theideaofcreat i ng documents of archaeol ogical features
by recordd, which is a term that has been used t
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

Whil st the terms O6recordingd and 6édocumentationé

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

dimensions of an earthwork feature. Metric Survey is defined as #Ath
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repeatabl e measurement methods to capture spatial
(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).

= =4 4 -8 -a -

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 featureds archival r elfayor d . I f
(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.



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.) st ates that fian exper.i
produce a survey at | east as fasto with an ali dac¢
Howard (ibid.) does not refute. Bowden (ibid.) also asserts that the end product from an alidade

survey is of higher qualitybe cause it forces the surveyor to Atr
rather than a series of | ineso, unlibik)disagréee sur v e
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



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
fiinstantly identifies any errorso. This is
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
requi site data at the point of capture. As
sake is not val i daptore @ambed bendficgial bedausemacstshi ng i s

survey, the process does not allow the surveyor to truly engage with the features they are
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Figure 1.3: Diagram illustrating how size and complexity of an object influence the choice of
survey technique (Bohler and Marbs 2002).

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 referredt 0 a s -c@mpa susr e 6
techniques, due to the |l arge volumes of data the)
datad, causing a data fidelugeodo. This is an issue
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 t heet @dstipand MiwHam #0B7). dhergfore the application of



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

product i on of a hachure plan is fiopenly subjective |
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" 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 Adepict precise slope metricso, slope
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 usewrahnifiaathetetpanat at r
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Whil st an interpretive surberyeccoarnd 6b es tpraartte goyf, at 00 |
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" 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
asitisbeingcreate d, whi ch subsequently invalidates the i
under standi ng, i nfThigisiedeed a difficilt situation,eat thesnantbers 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-WW]II, 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

11



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 | 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
donument Class Descriptionsd  w e l§Engligh éleritage, 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 =1f/H
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Width/diameter Length Height/Depth
Class Type
P (m) (m) (m)
Linear - 10+ to -
80,000
Ringworks 40 to 120 - ~3
Prehistoric Pit Circles 0.75t0 2 ~1t07 0.2t02
~10mm
Cursus 20 to ~150 to -
10,000
Long 25 max. 50 max. -
Round 510 50 - 6 max.
Barrows
Bell 30 max. - 4
Disc 40 min. - -
Henges - 110 max. - -
Ramparts - - 0.7
Banjo Enclosures
) Trackways 5to 10 2~5950 -
Hillforts Ramparts - 150m 10
Medieval 9to 27 - -
Trackways
Roman Roads 5to 10 - 0.75
Burnt Mounds - 3.5t0 155 - c.11
Water Meadows Ridges 3to 15 - 0.5t00.6
Earthwork Castles Ringworks 20to 50 - -
Cultivation Ridges Prehistoric/Roman 1to 1.5 - -
) ) up to
Medieval Ridge and Furlongs - 700 -
Furrow Ridges ~5, rarely 20 - -
Pre-Industrial Lime
Kilns Clamp hearth ~2.5 - ~2
Pre-Industrial .
Mines and Quarries Pits i ) 06t 12

Table 1.1: A selection of earthwork dimensions extracted from the English Heritage
Monument Class Descriptions (English Heritage, no date).

Wher efbyi  the focal | ength of the camera |l ens anc
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):
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Pixel size (um) = 25400/dpi

Therefore an image scanned using 2400 dpi would provide a pixel size of 10.583um, whilst a
600dpi setting would create an image with a pixel size of 42.333um, 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 | ioxbg &as (Asflrer sampl i
2000p.409). To est alxbi showhdtbé in terms of asonearthw
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=Ii (m/l)

Wher eby 0Q06 i s, |Gsihe smallestdbject syze to betreicomvdedand o6 mé i s t he
spacing. A good outcome would result in a positive value for 6 Q®ubsequently, 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=517 (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=0.757 (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

Spectral Resolution (um unless

and X-band 10 and 20
(slant range)

L-band (24 cm)

Sensing Platform | Format |Spatial resolution (m) otherwise stated) Temporal Resolution
} Panchromatic
- *
Frame Camera |Imagery 0.1 min (B&W)/Infrared/Colour
- ’ Panchromatic
- *
Digital Camera |Imagery 0.05 min (B&W)/Infrared/Colour
0.52 - 0.68m @ 1000m | Visible to Near-IR (400 - 970) i.e.
altitude AISA Eagle 3.3nm
Aerial - i
erna SWIR (970 - 2450) i.e. AISA Hawk On demand and weather dependant
Platforms 8nm
Multi-Hyper- f Visible to SWIR (380 - 2500) i.e.
spectral Sensors gery 1m @ 660m altitude | AISA FENIXin 620 bands (3.5nm
in VNIR, 12nm in SWIR)
LWIR/Thermal (760 - 1250) i.e.
11- l';?i‘m%emoom AISA OWL in 100 channels
(~100nm)
INSAR DSM 5 X-band (3cm) i.e. Star-3i On demand and weather independant
) Variable (Corona from 1959 - 1972; KH7 from
C"m"aﬁ:ms/ K limagery 1-120 5 &\ila;'lﬁg“:m;‘(':cl ) 1963 - 1967 and KH8 from 1966 - 1984; KH-9
(B&W)/Infrared/Colou 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)
Landsat Imagery 15 - 60 Middle (1.55 - 1.75) Launched in 1972 Revisit time c.18 days
TIR (10.4 - 12.5)
Mid-IR (2.08 - 2.35)
Visible (0.43 - 0.47; 0.5 - 0.59;
0.61 - 0.68) . o
SPOT Imagery 1.5-20 Near-IR (0.79 - 0.89) Launched in 1986 Revisit time 16 days
Mid-IR (1.58 - 1.75)
VNIR (0.52 - 0.6; 0.63 - 0.69; 0.76
0.86; 1.6 - 1.7)
ASTER Imagery 15-90 SWIR (2.14 - 2.225; 2.36 - 2.43;) Launched in 1999 Revisit time 16 days
TIR (8.125 - 8.825; 8.925 - 9.275;
10.12 - 11.65)
Satellite 30 (1 arc second) or 90 C-band (6 cm) . .
Platforms SRTM DSM (3 arc seconds) eband (6cm) Single 11-day mission in February 2001
Panchromatic (0.526 - 0.929)
0.65-0.73 Blue (0.445 - 0.516) hed (d g
L ) . Launched in 2001 Reuvisit time (depending on
- - Green (0.506 - 0.595
Quickbird Imagery (panchroma.ltlc) 2.62 ( ) altitude and latitude) 2.4 - 8.7 days
2.9 (multispectral) Red (0.632 - 0.698)
Near-IR (0.757 - 0.853)
Panchromatic (0.526 - 0.929)
) Blue (0.445 - 0.516)
IKONOS Imagery | 082 (Panchromatic) - Green (0.506 - 0.595) Launched in 1999 Revisit time ~3 days
3.2 (multispectral)
Red (0.632 - 0.698)
Near-IR (0.757 - 0.853)
SIR-A Imagery 40 L-band (24cm) Launched in 1981 (duration 3 days)
16 - 58 (range) and 20 - . .
SIR-B Imagery 30 (azimuth) L-band (24 cm) Launched in 1984 (duration 1 week)
30 (azimuth); L-band X-band (3 cm)
SIR-C/X-SAR Imagery and C-band 13 and 26, C-band (6 cm) Two missions only in April and October 1994

Table 1.2: Image sources from airborne and spaceborne systems detailing their spatial,

spectral and temporal resolutions.
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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 Agencyo6s Geomatics Group, who regul al
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 SAPSs.
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

151 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.
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1.5.2 Obijectives

1. Toreview and critically evaluate survey methodologies currently in use by archaeology
and other disciplines;

2. To review and identify how mass-capture techniques have been applied to the

recording and documentation of archaeological earthworks;

3. Identify the errors inherent in mass-capture data which may influence the accuracy of

archaeological data derived from these sources;
4. Design a workflow for processing archive SAPs using digital photogrammetry software;

5. Assess the 3D metric quality of DSMs produced using digital photogrammetry from

which archaeological data will be extracted;

6. Evaluate the capability of archive SAPs to provide data for reconstructing extant,

damaged or lost landscape archaeology;

7. Compare profiles and breaklines as derived from SAPs and other mass-capture
techniques to traditional survey methods to determine benefits and drawbacks of

applying mass-capture techniques for recording landscape archaeology;

8. Investigate the repeatability of SAPs and other mass-capture techniques to assess their

wider applicability to other archaeological sites;

9. Evaluate the extent to which 3D mapping of heritage structures mitigates the associated

effects of loss by providing a metric record of archaeological features;

10. Assess the results of objectives 3 through 8 and construct a list of considerations for

archaeologists wishing to employ archive SAPs for earthwork reconstruction.

1.6 Structure of the Thesis

This thesis begins with a literature review (Chapter 1) that introduces the requirement for
recording and documenting earthwork remains and other archaeological and heritage assets.
Chapter 2 discusses mass-capture techniques, beginning with the role of aerial photography in
the documentation process (Section2.1), f ol | owed by the history
development that specifically examines military and Ordnance Survey assistance in providing
APs for archaeological use. The role of key archaeologists who pioneered the use of APs for
archaeological reconnaissance and mapping will be considered concurrently. Section 2.2
describes photogrammetry, beginning with the historical development of the technique followed

by an explanation of the main photogrammetric principles and how the technigue has been
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applied by archaeologists and the heritage sector. This Section finishes by looking at issues
relating to data quality and outputs from the photogrammetric process (Section 2.2.9). Section
2.3 outlines the technical principles behind airborne and terrestrial laser scanning before
examining the archaeological and heritage applications of these instruments. Section 2.4
provides a summary to the chapter that further identifies gaps in the application of mass-capture

techniques to archaeological recording.

Chapter 3 focuses on Digital Surface Models as it is the process of obtaining and processing
datasets that will dictate how accurately archaeological analysis can be performed by using
them. It is therefore necessary to have some understanding of where uncertainly and error can
enter the data. The uses of DSMs for archaeological and cross-disciplinary purposes will be
examined prior to highlighting the way in which errors can enter and accrue in a dataset as a
result of creating them. The outcomes of each of these chapters will provide a basis for the

choice of methods employed in this research, discussed below.

Chapter 4 outlines the methodology and the approaches taken to answer the aims and
objectives of this research as listed in Section 1.4. Data collection and processing workflows will
be discussed and are based upon the findings from the literature review, as are the methods
and statistical tests that will be applied to assess the data produced by processing the SAPs.
This Chapter will also describe the extant survey data for each of the chosen field sites that
have been selected as representing the baseline requirement for archaeological survey content.
The methods by which these will be compared to the data obtained from the SAPs, ALS, TLS
and GNSS datasets will be explained, as it is the comparison of the more traditional
requirements from archaeological surveys with the outputs from modern mass-capture

techniques that will illustrate the benefits that photogrammetry and laser scanning can provide.

Chapter 5 is a technical appraisal of the photogrammetric process that begins by developing
workflows for the photogrammetry software and the analytical procedure for DSMs created by it
(see Section 5.1). A number of factors known to influence the quality of photogrammetric DSMs
are analysed to assess their potential influence on the results that will be extracted from the

archive SAPs, prior to conducting the pilot and transferability studies in Chapters 6 and 7.

Chapter 6 presents the Pilot Study field site, Flowers Barrow, as the initial region over which
SAPs and other techniques have been tested. Flowers Barrow hillfort and its terrestrial
hinterland provide a stable field site that has not been significantly altered over the period for
which SAPs are available to facilitate this assessment. This allows for the DSMs extracted from
the SAPs to be tested against other, more modern methods, such as ALS, TLS and other
ground-based technologies for their ability to produce metrically accurate results. Breaklines
and profiles have been extracted from each epoch and compared to those depicted by a
hachure survey, inclusive of profiles, conducted at Flowers Barrow by the Royal Commission on
the Historical Monuments of England (RCHME) in 1970. As this is the only survey to exist of the
Hillfort prior to the data created for this research, the 1970 hachure plan is representative of the

baseline dataset required for recording such a monument. The comparison of data extracted
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from SAPs with that from the 1970 survey indicates the suitability of each epoch of archive

SAPs for reconstructing archaeological earthworks.

Chapter 7 describes the Transferability Study field site, Eggardon Hillfort and environs, which
was chosen to increase the variety of earthworks on which SAPs could be assessed as well as
validate the findings from the Pilot Study results. Eggardon Hillfort also presents the opportunity
to examine the differential erosion caused by ploughing, as the northern half of the interior has
lost the surface expression of its earthworks due to post-World War Il agricultural activity, whilst
the southern section has remained protected by the ownership and stewardship of the National
Trust. As before, the DSMs extracted from the SAPs to be tested against other, more modern
methods, such as ALS, TLS and other ground-based technologies for their ability to produce
metrically accurate results. To establish their suitability for reconstructing archaeological
earthworks, breaklines and profiles are extracted from the DSMs of each SAP epoch, the TLS
and as collected with the GNSS and compared with the 1952 RCHME data of the Hillfort interior
(as well as data from the NMP), which represents the baseline requirement for archaeological
survey at this site.

The Discussions in Chapter 8 will summarise the results from each case study to examine what
role archive SAPs can play in the reconstruction of archaeological earthworks and in providing a
historical perspective on how archaeological landscapes have altered over the last six or seven
decades. The factors that affect the quality of data obtained from SAPs will be discussed and
the impacts upon the applicability of photogrammetric restitution to the future of archaeological
survey will be discussed. The conclusions and further work identified by this research are then

given in Chapter 9.
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2 MaAss CAPTURE TECHNIQUES

Chapter 1 introduced the threats facing archaeological earthworks, the conservation principles
and charters that advocated pre-damage and loss documentation, and the survey tools used to
achieve this, including aerial photography. This Chapter introduces mass-capture techniques,
namely aerial photography, digital photogrammetry and laser scanning and their application by

archaeologists.

Section 2.1 focuses on aerial photography, it application by archaeologists, the historical
development of the technique, and the archives in which this resource is held. Section 2.2
outlines the history of photogrammetry prior to discussing its archaeological applications.
Important concepts and the generic workflow stages of photogrammetry are described before
providing a discussion of its limitations. The final Section (2.3) introduces airborne and
terrestrial laser scanning as alternative mass-capture technologies and describes the theory
behind their operation, before discussing their applications by archaeologists and heritage
professionals. The Chapter ends with a discussion (Section 2.4) of the issues surrounding the

application of mass-capture methods in archaeology.

2.1 Aerial Photography

This Section examines the current applications of archive SAPs to recording archaeological
earthworks (see Section 2.1.1) and the methods that are used to interpret the information that is
extracted from them (see Section 2.1.2). The history and development of aerial photography will
be examined, including advancements made with aeroplane and camera technology, without
which archaeologists would not benefit from the unique viewpoint of SAPs (Section 2.1.3). An
overview of the archives that hold SAPs will be provided to illustrate the wide distribution of

these datasets (Section 2.1.4) before closing this Section with a Conclusion (Section 2.1.5).

The application of aerial photography for archaeological prospection and mapping has been in
use for over a century. It is a well-established technique that is actively practiced, developed
and researched today, both nationally and internationally. Vertical aerial photography is
particularly useful for mapping purposes and the collection of overlapping imagery within the UK
to create stereo-aerial photography, or SAPs, for this purpose dates back to World War Il.
Although the development of aerial photography pre-dates WWI to some degree, the realisation
and advancement of the technique for archaeological use would not have survived were it not
for the keen RAF officers who were curious about the earthworks they could see from their
aircraft (Wilson 2000). Archive SAPs thus provide nearly 70 years of historic photography that,
in many instances, is the only record of archaeological earthworks that have subsequently been

damaged and destroyed.
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2.1.1 Archaeological Applications  of Aerial Photography

The most familiar applications for aerial photography in archaeology are arguably prospection
and mapping. O.G.S. Crawford is universally credited with developing the methods for using
aerial photography to identify and record archaeological features from the air, whether they are
upstanding earthworks or what can be described as proxy indicators i.e. crop and soil marks.
Crawfordobés career is descri bed iionasieaenal observen
during WWI that developed his appreciation for the different perspective aerial photography
offered, particularly as it was used to map enemy trenches and earthworks. This experience
subsequently laid the groundwork for a future career with the Ordnance Survey, where

Crawford utilised aerial photography and survey in the field, undertaken by him and others, to

transcribe details of archaeological earthworks onto OS mapping products.

Due to the temporal richness of the historic aerial archive, archaeologists have been able to
visually assess the effects of change upon the archaeological resource. Keevill and Linford
(1998) note that within the three decades prior to their publication, ploughing has degraded the
gardens and house at Hamstead Marshall in Berkshire, now visible as parchmarks and soil
marks in APs. The authors state that it is essential to know and understand how plough damage
has affected the site if it is to be considered as a part of future site management initiatives that
would consider the long term preservation of archaeological features threatened by plough
damage. Subsequently, they consider whether enough of the remains are still extant to facilitate
a reconstruction of the original features.

There is evidently a requirement to investigate the potential of historic SAPs to assist in the
reconstruction process, particularly as this may be the only opportunity with which to extract any
metric information from upstanding features that are now damaged or destroyed. In an article
published by English Heritage (Anderton and Went 2002), the loss of ridge and furrow systems
in Northamptonshire was examined. By consulting historic maps to determine the original extent
of these field systems and subsequently comparing this value to the number identified from
aerial photography of the same region, the rate of destruction was revealed. Unsurprisingly,
during the 20" century, the decline of these features had been rapid, and attributed to the
effects of reverting ridge and furrow, that were often managed as grasslands, for use as arable
lands once more, but subjected to modern farming methods. The majority of destruction had
been found to occur in the most recent decades. Rowley and Wood (2008) note the effects of
intensified agricultural practices on deserted villages (DVs), of which 75% of identified DVs in
APs taken during the 1960s in Herefordshire had either been damaged or destroyed by the
1980s.
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2.1.1.1 The National Mapping Programme

In many respects, the work of the National Mapping Programme (NMP) echoes the work that

Crawford began in the 1920s as regards the mapping of archaeological features from aerial

photographs. The NMP was initiated in the 1980s after a series of successful pilot projects

were undertaken in counties across England, during which workflows and methodologies for

extracting mapping information from aerial photographs was developed (Horne 2009). The NMP

began in earnest in the early 1990s, employing both English Heritage staff as well as those from
countycouncils across the country to undertake the
landscape. The imagery that is used for this purpose dates back to 1945, when the RAF first

started to produce aerial photography for mapping purposes, beyond what was required for the

military.

Photography from a number of other sources, such as local and county councils and the
Ordnance Survey are also examined, from which baseline data is created by documenting the
earthworks visible in the imagery as well as any obvious soil and crop marks. Air photograph
interpreters also utilise other sources of information, such as historic mapping, to identify what
the earthwork may represent and its function within the landscape. This information is also
recorded and appended to the identified archaeological feature. To extract mapping information
from the APs, the photographs are rectified usi ni
imported into AutoCAD from which the archaeological information can then be transcribed.
Another method of transcription utilises permatrace, the results from which are then digitised in
AutoCAD and entered into a database. The scale of the mapping produced from APs is usually
1:10,000 and the accuracy of the measurements is stated to be + 5-15m (Small 2002, p.11).
The data from a particular NMP project is subsequently provided to the local or county council in

the mapped region for inclusion in their Historic Environment Records (HERS).

The data obtained by the NMP from APs is utilised for making informed planning decisions as
well as managing and preserving archaeology within the defined project area (Royall 2011). The
process of completing an NMP always results in bolstering the local or county HER, which are
usually bereft of up-to-date information regarding the archaeology within their care, and do not
represent a full picture of this resource. As an example, the NMP had mapped 40% of England
by 2009, which resulted in a 50% increase in the number of identified sites (Horne 2009).
Evidently there is still a long way to go before the remainder of England is completed, as shown
in Figure 2.1, but the work undertaken by the NMP is vital for establishing the extent of the
archaeological resource so that it can be more effectively managed and preserved. Inevitably, if
a feature has not been identified, it cannot be protected or measures formulated to mitigate for

its loss.

24



o Pre-NMP Project
o Pilot NMP Project
o NMP Project
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Figure 2.1: NMP Progress Map from January 2008 from Horne (2009).

2.1.1.2 Prospection

It should be noted that ongoing aerial reconnaissance for detecting archaeological features in
the landscape has been and still is practiced. Historic imagery can only go so far in identifying
archaeological remains, particularly when the identification of ephemeral features such soil
marks is often dependent on a number of conditions being met at the same time. Weather
conditions, geology and the time of day all affect the appearance of an earthwork that was once
an upstanding feature but has since been ploughed or levelled only to appear infrequently. This
is why regular reconnaissance flights are still required and why some archaeologists have
turned to exploiting spectral data for prospection purposes. By employing multi- and hyper-
spectral imagery for prospection purposes, archaeological features with spectral signatures that
exhibit themselves in the non-visible wavelengths are more likely to be detected. This type of
imagery is often obtained from satellite sensors or, more infrequently, airborne sensors, the
latter of which produces higher resolution datasets. Satellite data is cheaper to acquire, which
explains its popularity with the archaeological community, and the resolution of the imagery
continues to improve. However, in comparison with its airborne counterpart, satellite datasets

produce lower resolution data and are only suited for prospection purposes rather than
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obtaining detailed transcription data. As the resolution of imagery deteriorates, the chances to
detect smaller features disappear and thus prospection tends to occur at a landscape-scale.

The factors influencing the formation of soil and cropmarks are shown in Figure 2.2.

Cropmarks, on the other hand, do appear in panchromatic images, such as the historic and
modern APs. Cropmarks appear when crops grow differentially over buried archaeological
features. Crops that are planted where a buried negative feature exists tend to grow taller as
they are healthier, due to the higher moisture and nutrient content in the soil (Beck 2011). Such
features tend to represent back-filled earthworks i.e. ditches and post-holes, which also allow
crop roots to extend deeper into the soil. Crops that are planted over buried positive features,
such as a wall or foundations, tend to be shorter and look unhealthy (Beck ibid.). However, the
appearance of cropmarks are also affected by the geology of a region and appear more readily
in free-draining soils, such as those in chalk environments, where a lack of water i.e. during
summer drought conditions, causes stress in crops. Clay environments retain moisture more
readily and thus do not exhibit crop-stress unless drought conditions are extreme. To try and
capture as much information about these ephemeral features as possible, English Heritage, the

Royal Commission on the Ancient and Historical Monuments of Scotland (RCAHMS) and the

(a.) Soilmark Site

Darker soil from Charcoal and burnt Scattered stone Plough
top of pit fill clay fragments

(b.) Cropmark Site

¥ B e e I )
PV

7 7

Figure 2.2: Factors leading to a.) soilmark and b.) cropmark formation taken from Green
(2002 p.63).
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Royal Commission on the Ancient and Historical Monuments of Wales (RCAHMW), all

undertake aerial reconnaissance surveys every year.

2.1.2 Interpretation

Whilst aerial and satellite imagery can reveal upstanding and ephemeral earthworks and
features in the landscape, archaeologists do have to interpret what they see in the data. When
archaeologists are responsible for planning a flight and taking photographs of a landscape, they
are already beginning the process of interpretation. They are limiting the area of their survey,
which introduces bias to the collection process, and also an element of subjectivity too, as each
archaeologist may approach this task in a subtly different way. Finally, they have to interpret the
information contained within the imagery they gather, the results of which will depend upon their
perception of the archaeology and their experience. Examples of the mapping conventions and
data transcriptions from SAPs are shown in Figure 2.3. However, this facet of aerial
reconnaissance does not go unnoticed in the archaeological community, particularly amongst
aerial archaeology practitioners. Cowley and Gilmore (2005) draw attention to the narrative style
Crawford used in his publications, in which he describes the decision-making processes he
used to collect and interpret the archaeological information contained within the imagery.
Subsequently, this approach all ows other to ident
crept into his work. Other forms of bias are discussed by Wilson (2005), who notes that
archaeol ogists can focus their aeri al surveys on
and in particular where cropmarks, soil marks and parchmarks are most likely to be found.
Familiar routes are also noted by Wilson (ibid.) as preferred due to the difficulties caused by
requesting airspace access in particular areas: for permission to enter, the archaeologist must
be specific about the route they wish to take through this airspace. For the purposes of
transparency, each aerial survey must have a pre-defined objective that explains the reasoning

behind conducting the survey in the chosen area.

Cowley and Gilmore (ibid.) state that when survey processes are described, the focus tends to

be onthetechni c al aspects of the techniques being used
experience and cognitiono of the surveyor or int
The authors argue that extracting the required information from a survey dataset is a subjective

process, whether consciously acknowledged or not, and naturally different people will create

slightly different end products from the survey, despite being asked to achieve the same goals.
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(a.) Shape and form of an object
(© English Heritage)
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(c.) Patterns (© D.R. Wilson 1980)

Hillfort

)

(e.) Object size (© English Heritage) (f.) Stereo perspective (© English Heritage)

7

(Q.) Texture, tone and colour / _—— e
(© D.R. Wilson 1970) (h.) Time (© J.K. St Joseph 1960-61)

Figure 2.3: Elements of air photo interpretation for archaeologists, based upon those listed
by Lillesand et al. (2008 p.191-195).
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This is an in-escapable fact and cannot be separated from the objective processes that occur
when employing hardware and software to facilitate the production of a survey at any stage of
the process. There will always be an element of subjectivity about survey, and not just aerial

survey at that.

However, what can be said for the work of aerial archaeologists is that they are working with a
technique that is approximately a century old, and thus the processes involved in collecting and
examining APs are understood. It is also recognised that there are two types of aerial
photography that each bring slightly different benefits to the process of archaeological
interpretation: vertical and oblique imagery (see Figure 2.4). Oblique photography is favoured
by archaeologists, who usually prefer to collect their imagery in this way when undertaking their
own surveys. It can be easier to see topographic variations in the landscape, including those of
subtle features, particularly when the imagery is captured at the beginning or the end of the day,
when light from the sun rakes across the terrain. However, these images are not well suited to
the production of survey data because of the perspective distortion introduced due to the angle
of photography to the subject, and thus it is difficult to georectify. It is the archaeologists
themselves who usually capture the imagery during a flight and thus it is certain they contain

sites of archaeological significance.

Vertical aerial photography, however, has been and still is generated by survey and commercial
companies with objectives other than archaeology in mind. Many historic and modern vertical
photographs are held by a number of repositories across the UK, which are outlined in Section
2.1.4. Archaeologists are therefore faced with the challenge of identifying the regions in which
they are interested in and requesting the corresponding imagery from a particular archive or
archives for examination. It is often harder to identify archaeological features in the landscape
by using a single vertical image due to the perspective, although this situation changes when a
stereo-pair of images are viewed using a stereoscope. The 3D effect enhances the appearance

of the topography and any upstanding archaeology within the imagery, from which

plan view
increasing distortion increasing distortion extont of photo coversge

extent of photo coverage

Figure 2.4: Diagram illustrating (a.) Vertical and (b.) Oblique aerial photography (Deegan
1999).
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archaeologists can make interpretations as well as transcribe data. What archaeologists have
not readily adopted is the process of photogrammetry from which to obtain orthorectified

imagery and DSMs, which can be utilised for creating maps and plans.

In 1985, Jones (1985) stated that archaeological recording mechanisms were inefficient and
expensive, after which he stressed the need for a low-cost alternative, namely photogrammetry,
from which to plot upland sites. At this time, the photogrammetric techniques that were
available, as discussed in Section 2.2.2, would have required the expertise of a skilled operator
as well as large investment in complicated machinery which would have discouraged many
archaeologists. However, since the advent of digital photogrammetric solutions in the form of
software that runs on a personal computer (PC), it is surprising that this has not encouraged the
uptake of photogrammetry for producing data products that are of great utility to archaeologist,
namely orthophotographs and DSMs. Whilst they rely on simply rectifying the photography they
use, as is the case for the NMP, the metric data they extract cannot be used for anything more
complicated than simply indicating the basic shape and extent of a feature. It is acknowledged
that this is the remit of the NMP, to identify archaeology to ensure that it is cared for
appropriately and thus rapid methods are necessary for achieving this gigantic task. However,
once their current remit has been achieved, it would be of utility to identify whether
photogrammetric techniques can be applied to historic SAPs for generating a number of other

archaeological datasets.

2.1.3 History and Development

The history and development of aerial photography, including its uptake and exploitation by
archaeologists, has been covered in detail by Barber (2011). For descri pti ons of
in gathering aerial photography for reconnaissance and mapping, see Nesbit (2003) and

Brookes (1975), or Owen and Pilbeam (1992) who describe the role of the Ordnance Survey in
developing these methods. MacDonald (1996) focuses on the collection of aerial photography

for the Department of Overseas Survey, which indicates the potential to expand archaeological

air-photo interpretation activities to other countries.

2.1.4 Archives

Due to the huge number of aerial photographs that have been collected, both in the past and
during the present day, there are a number of repositories across the UK that store various AP
collections. As stated by Walstra (2006 p.65) identifying and acquiring APs is a time consuming
procedure because they are distributed across a number of these repositories. For those who
wish to examine the holdings of each archive, some provide online catalogues whilst others

require that an online form is submitted identifying the area of interest. Most archives provide
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information relating to whether they hold the original plates or film, or in some instances only the
prints. The cost of scanning these materials is sometimes advertised, if indeed this service is
offered, but for more specialist requests, such as photogrammetric scanning, it is worth making

a specific query. The major archives that hold APs are described below.

2.1.4.1 The National Monuments Record (NMR)

The NMR is stated by English Heritage (English Heritage No Date-b) to be the largest public
archive of vertical and oblique aerial photography in England, consisting of historic imagery
captured by military and commercial organisations alike. The NMR collection contains APs
created by the RAF and Ordnance Survey from 1945 onwards (English Heritage ibid.), the
National Rivers Authority and others, as well as the photography currently produced by the
Aerial Survey Team at EH. Hall et al. (2003) provided an overview of the AP collections in the
NMR, stating that around 2.5 million photographs were held here as of 2003, but the collections

will have grown since then.

A selection of one of the most important collections housed at the NMR is from Aerofilms Ltd,

which is stated by t he @ManiFtoraAbove RoData)t Ab div en& | walles |

| argest and most significant number of air
operational lifetime, Aerofilms Ltd acquired two further AP collections, namely AeroPictorial
(1934-1960) and Airviews (1947-1991), before being amalgamated with Simmons Mapping
(UK) in 2001. The company subsequently became known as Simmons Aerofilms, who
themselves were acquired by Blom ASA, a Norwegian survey company, in 2005. Blom sold the
entire Aerofilms collection in 2007 to English Heritage, the Royal Commission on the Ancient
and Historical Monuments of Wales (RCAHMW i see Section 2.1.4.3) and the Royal
Commission on the Ancient and Historical Monuments of Scotland (RCAHMS i see Section
2.1.4.2). EH is responsible for archiving the entire collection of negatives, as well as photograph
albums and their associated documents (English Heritage No Date-a), whilst the albums
containing regional coverage of Wales and Scotland are held by their respective heritage

bodies.

The Aerofilms collection contains imagery from across the UK and consists of 1.2 million
negatives taken between 1919 and 2006, comprising of glass plates and film negatives, and
more than 2000 photo albums (Britain From Above No Date). These images depict a wide
range of natural and anthropogenic landscape types, detailing the changes that occurred
country-wide since 1919, making this resource invaluable for management can change studies.

However, a number of images from the collection could not be easily identified, prompting EH,

phot o

RCAHMW and RCAHMS to cr ddbtov etOher ®Bricttaitro Fhredm ad

By securing funds from the Heritage Lottery Fund, The Foyle Foundation and other donors, a
website was launched in July, aiming to engage the public to both identify some of the locations

that are hitherto unidentified as well as share their memories of the areas covered by the APs
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(English Heritage No Date-a). In total, 95,000 APs are being scanned to produce digital copies

of the oldest and most valuable negatives in the Aerofilms collection, which are then made
available online for the public to download and i
Fr om Ab oectés@ueporcamplete in 2014.

The NMR provides an online enquiry form for requesting information relating to their AP
holdings, for which an OS grid reference and placename are required. The results will include
information relating to the date the image was taken, its scale, focal length of the lens, format,
and whether the negatives are held. Arrangements can be made to view the imagery, although
this does not include the original film: only the prints can be examined and, if they do not hold

prints of a particular negative, then the image cannot be seen at all prior to making a purchase.

2.1.4.2 Royal Commission on the Ancient and Historical Monume nts of Scotland
(RCAHMS)

The RCAHMS is home to the National Collection of Aerial Photography (NCAP) and is one of
the largest historic aerial photography archives in the world, with holdings estimated to be in the
tens of millions (NCAP No Date-a). The NCAP holds imagery from across the globe, consisting
of declassified military images to those created for non-military uses, dating back to WWII
(NCAP ibid.), although APs from England, Wales and Ireland are held by archives maintained
by each country. In 2008, NCAP subsumed the photography held by the Aerial Reconnaissance
Archive (TARA) that was held at Keele University for 45 years (NCAP 2008). The major role of
NCAP is to care for the images held in the archive that all require preservation and this is
undertaken when a particular collection of prints or negatives are to be digitised. Prior to
scanning, dust is removed from the surface of the material and any tears or scratches are
repaired. Once scanned, the materials are replaced, either in their original containers or
provided with new ones if these have deteriorated (NCAP No Date-b). It is interesting to note
that the photography from WWII was often washed and/or fixed inadequately, and thus the

preservation state of these images is fragile (NCAP ibid.).

The methods used to digitise imagery and produce master copies of each image are dependent
on the material, with the NCAP staff identifying the most appropriate procedures to use. These
procedures are based on finat i onattices#fonddital captuer nat i o1
metadata, storage, preservati oNCAPRA?2).dnehouses s O of ac
photogrammetric scanners or high-resolution flatbed scanners are available, or materials can be
photographed using medium or large format digital cameras if a more rapid copy of an image is
required. The NCAP also holds aerial microfilm. Many of these images are geo-located so that
potential customers and researchers can download NCAP holdings, in the form of a Google
Earth KMZ file, for a particular location or country to enable the identification of appropriate
materials for their work. However, where this information is not available online because the
imagery for the area in question has yet to be scanned, then a search request has to be
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submitted, although these searches are not free. However, if the researcher can visit the public
search rooms, which are based in Edinburgh, then they can perform their own search for no fee.
Clear guidelines are given by the NCAP as to what information they require to perform a search
and they also provide an example report, which contains a selection of the imagery that has
been requested for the customer to view, presumably before placing a full order for the

photographs.

2.1.4.3 Royal Commission on the Ancient and Historical Monuments of Wales
(RCAHMW)

The aerial photographic collections of Wales are held by the Central Registry of Air
Photography Wales, situated at the Aerial Photographs Unit in the government offices in Cardiff
and The National Monuments Record of Wales (NMRW), located in Aberystwyth. In total, the
AP collection is stated to hold over 500,000 vertical and oblique photographs taken by the RAF,
Ordnance Survey, Aerofilms and others, as well as those created by the Aerial Reconnaissance
Team of the RCAHMW (RCAHMW 2007-a). The RAF and Ordnance survey collections consist
of mainly black and white vertical images, with those from the RAF dating from the late 1940s to
the 1960s, and those from the OS produced between the 1970s and 1980s (RCAHMW 2007-b).
There are over 14,000 images in the RAF collection and approximately 84,000 from the OS,
providing extensive coverage of Wales (RCAHMW ibid.). As covered in Section 2.1.4.1, the
Aerofilms collectionisshared acr oss three of the UKG6s main heri
RCAHMW and the RCAHMS (RCAHMW 2010), according to location.

The i magery produced by the RCAHMWOG6s own Aeri al I
1986 (RCAHMW 2013), when the RCAHMW began to produce its own imagery, right up until

the present day, and consists of oblique photographs, taken with either black and white or

colour materials (RCAHMW 2007-b). There are some 35,000 images within this particular

collection, which continues to grow as new imagery is created. However, this particular

collection is archaeological in nature and has been undertaken since 1986 to identify new

archaeological sites as well as monitor and record known sites and landscapes. As a part of

their present day practice, the RCAHMW undertakes aerial monitoring of 600 scheduled ancient
monuments for the Welsh Governmentdés heritage boc¢
purposes as well as the monitoring of their condition for effective management (RCAHMW

2013). Flights are undertaken to photograph sites and landscapes in a variety of lights, i.e.

dawn to dusk, and seasons, ensuring that both subtle and ephemeral features are more likely to

be detected.
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2.1.4.4 Local Government

In 1945 the RAF began the National Air Survey to photograph the majority of the UK to assist in
map revision, planning and development schemes. The photography was generally taken at a
scale of 1:10,000 and took just under two years to complete (Le Pard 2011), with organisations
such as Norfolk County Council (NCC) and Dorset County Council (DCC) now holding copies of
this imagery. As it stands, NCC has 8,300 photographs from this period, although they do not
cover the entire county, due to the effects of cloud obscuring the landscape or camera failure
(Norfolk County Council 2012), and because the initiative was terminated prior to its completion
(Hall et al. ibid.).

Le Pard (2011) states that many local government bodies and councils commissioned their own
aerial photography subsequent to the RAF survey because of their utility for mapping and
planning purposes. NCC commissioned a commercial company to produce an aerial survey of
the entire county in 1988 to coincide with large-scale development in the region and thus
provide an up-to-date series of vertical images at a scale of 1:10,000 (Norfolk County Council
2012). Although the OS was collecting vertical aerial photography across the county on a
repeated basis, back in the 1980s it was not refreshed as quickly as it is today, requiring some
County Councils to commission their own surveys. However, NCC advertised the imagery for
sale to the public and organisations such as the District Councils, University of East Anglia and
Anglian Water (Norfolk County Council 2012).

2.1.4.5 Cambridge University Collection of Aeri  al Photography (CUCAP)

The CUCAP is a large collection of aerial photography, consisting of nearly 500,000 images in
both oblique and vertical format, taken with black and white, colour and infra-red film (University
of Cambridge 2014). The basis for the CUCAP began in 1947 when J.K. St Joseph undertook
aerial reconnaissance work for Cambridge University, which produced photography all over the
UK (Wilson 2000). The archive also holds imagery from France, Denmark and The Netherland,

all of which can be searched for online.

2.1.4.6 Commercial Companies

There are a number of commercial companies throughout the UK who can be commissioned to
fly a sortie for bespoke aerial photography or who generate photography for generic mapping on
a regular basis. Ordnance Survey is arguably the most well-known UK-based agency, who
currently refreshes approximately 25% of UK mapping each year, equating to 60,000 to 70,000

km (Ordnance Survey 2010). To achieve this objective, ground-based survey techniques are
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used in conjunction with digital aerial photography, which is captured by the OS as well as
external contractors. Both the ground and aerial survey products are processed using
photogrammetric software to create a number of OS mapping products, including the OS

MasterMap topography and imagery layers (Ordnance Survey 2010).

Other companies that have offices within the UK are Fugro, Blom ASA and Getmapping Plc.
Fugro-BKS Ltd. and Fugro Geospatial generate digital mapping data from aerial photography as
well as a number of other information sources. The company creates orthophotographs, 3D
models and vector maps from aerial imagery to meet the requirements of a number of
industries, using photogrammetric techniques. Fugro-BKS currently provide older aerial
photography to Bluesky International Ltd. for inclusion in their online historic imagery database,
oldaerialphotos.com (OldAerialPhotos 2010). Bluesky International Ltd. is a dataset repository
for a number of remote sensing products whilst also creating their own data, including aerial
photography. Blom ASA is a Norwegian company that dates back to 1919 and continues to
specialise in creating aerial photography for a number of applications (BLOMASA 2012). The
current camera system used to create their imagery is the digital Vexcel UltraCam, which has
also been adopted by other companies, such as Getmapping plc. Whilst Getmapping provide

the facility to search for older imagery on their company web pages, Blom ASA do not.

2.1.4.7 The National Association of Aerial Photographic Libraries ( NAPLIB)

Although NAPLIB no longer exists as an organisation, having ceased in 2008, the main activity
of the organisation was to produce a directory of aerial photograph collections and companies
within the UK (Aslib 1993). This publication was known asth e 6 N ADRdctbriof Aerial
Phot ograph Collections in the United Kingdomé.

2.1.5 Conclusion

The collection of aerial photography that was taken by the RAF, USAAF and Luftwaffe provide
archaeologists with an excellent and unparalleled record, not only of the UK landscape but in
numerous other countries, that spans more than a century. How our landscapes have been
utilised and changed has been captured, detailing how military operations have altered the
towns, cities and countryside in times of need. They have also served as a record to the
changing face of the UK as post-war expansion saw urban areas grow rapidly and increased

mechanisation and intensive farming alter the landscape (Barber ibid.).

As a tool for both archaeological prospection and mapping this body of images is unparalleled,
but within the UK there are a large number of archives that store this vast body of historical

imagery, which can make the research and identification of such datasets a daunting task.
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However, many of these archives have an internet presence and have developed methods by

which potential users can establish what coverage is available in a particular region. It is

unfortunate that any document charting the history of care is not provided with such imagery

that detailstheli f e of the negative or print from 6field 1
SAPs have not been held with their camera calibration certificates, and thus no specific

information relating to the quality of the imagery can be determined. As will be explained in

Section 2.2.6, this lack of information can complicate the process of extracting metric data from

SAPs, although it does not preclude it.

2.2 Photogrammetry

2.2.1 Introduction

This section examines the development of Photogrammetry and introduces the main principles
of operation. The process of undertaking photogrammetric restitution will then be described
before looking at some of the applications of the technique. A summary of the photogrammetric
software currently available will be provided before concluding with a discussion on the

limitations of the technique.

Phot ogrammetry can be defined as Athe art, scien:i
quantitative information about physical objects and the environment through the processes of
recording, measuring and i n(TeomgsonarndiGrmer 1p80)0A ogr aphi
variety of techniques exist to extract measurement information from photographs that are taken

with a degree of overlap, which are known as stereo-pairs. As with laser scanning, applications

of this technique can be split into aerial and terrestrial categories, which are also known as

topographic and non-topographic respectively. Terrestrial photogrammetry may also be referred

to as close-range photogrammetry.

The process of extracting metric data from a stereo-pair or a series of overlapping imagery,
known as a strip (if the imagery is collected in a line) or block (if the imagery consists of a series
of strips) (Figure 2.5), has until recently been a rather convoluted process requiring specialist
technology with which to process the imagery. However, in recent years, the invention of digital
workflows has reduced this complexity and made the technique more accessible to non-
specialists, particularly as consumer-grade digital cameras are capable of providing high-quality
photographs for photogrammetric analysis. An example workflow for extracting data from a

digital photogrammetric workflow is given in Section 4.4.1 (Figure 4.7).

The datasets that can be extracted from a photogrammetric survey range from point data and
DSMs to linework and orthophotography, and thus the technique is extremely versatile.
However, the drawbacks associated with data extraction from photogrammetry stem from its

passive nature: sufficient light is necessary to produce a high-quality exposure, and thus
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Figure 2.5: Diagram showing the required overlap between images along a strip (60%) and
with a subsequent strip (20-30%). More than one strip of images forms what is known as a
6Bl ockdé (ERDAS I nc. 2010).

photogrammetric survey cannot be undertaken at night, nor can it be conducted aerially if there
is dense cloud cover, which will obscure the object to be photographed. Unlike ALS, the
presence of vegetation will prevent the survey of obscured topography. Where photogrammetry
is superior over ALS and TLS is the rich textural detail the imagery captures of a subject or an
area. Although TLS systems generally contain cameras, they are seldom of the quality

necessary for anything other than general orientation around the dataset.

2.2.2 History and Development

There are four main stages in the development of photogrammetry, cited by Konecny (1985) to
be Plane Table Photogrammetry, Analogue Photogrammetry, Analytical Photogrammetry and

Digital Photogrammetry.

2.2.2.1 Plane Table Photogrammetry

Developed and applied between 1850 and 1900, the principle of this technique is stated by
Albertz (2001) as bei ng a b lamy objeot painewvehiah héis bBen identified in two (or

mor e) convergent i mages could be plotted in the
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Prussian architect Albrecht Meydenbauer to produce condition surveys of historic buildings. It
was also utilised to produce topographic mapping of the border between Canada and Alaska by
Canadian surveyor Eduard Deville. Whilst instrumentation during this period did not advance
rapidly until WWI, the geometric principles of relative orientation were identified by a Bavarian
scientist, Professor Sebastian Finsterwalder (Walker and Alspaugh 2013). The first stereoscope
that allow measurements to be extracted from a stereo-pair appeared in 1896 and was created
by the Canadian surveyor, Edouard Deville, who named it the Stereo-Planigraph (Walker and
Alspaugh, ibid.).

2.2.2.2 Analogue Photogrammetry

Konecny (ibid.) states that the analogue period for photogrammetry occurred between 1900 and
1960. It was during this period that the aeroplane was invented and aerial photogrammetry
developed rapidly. In 1921, the first universal analogue plotter was invented in Germany by
Reinhard Hugershoff, and was called the Autocartograph (Walker and Alspaugh, ibid.), capable
of working with both terrestrial and aerial stereophotography. Despite various advances in
mechanical-optical instruments within this period that facilitated the production of more accurate
surveys from aerial photography (Walstra 2006), instruments for close-range photogrammetry

were slow to develop.

2.2.2.3 Analytical Photogrammetry

From 1960 to 1985, analytical photogrammetry developed (Konecny, ibid.), predominantly due
to the invention of computers that replaced some of the optical and mechanical components of
the analogue systems. By 1957, a scientist based at the National Research Council, Canada,
called U.V. Helava introduced the first analytical system at the International Conference on
Aerial Triangulation in Ottawa (Blachut 1995). Computer hardware and software facilitated the
use of complex mathematics to extract terrain coordinates from stereo-pairs of images, utilising
mathematical concepts that had long since been developed (Wolf and Dewitt 2000). As
computers became more advanced, the mapping processes were quicker to solve, as were the
calculations involved in analytical applications, but still required human input to guide the
floating mark within the stereo model. Eventually, further information could be introduced into
the analytical procedure through developments such as the reseau plate (see Section 2.2.2.5
below) for creating reference marks on an image (for performing interior orientation), and
auxiliary orientation sensors for providing information relating to the position of the imaging

device and accompanying data relating to object space measurements (Walker and Alspaugh,
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ibid.). This information allowed the mathematical calculations undertaken by analytical
photogrammetry to account for the systematic and stochastic factors affecting each stage of the
process (Walker and Alspaugh, ibid.). Analytical systems are still in use today and, as stated by
(Wolf and Dewitt, ibid.), generally require information about the camera system used to produce

the photographs, measured photo-coordinates and ground control.

2.2.2.4 Digital Photogrammetry

Digital photogrammetry software began to appear in 1985 (Konecny, ibid.) and continual
advancements in computing hardware and software have continued to this very day with the
aim of creating a fully digital, largely automated, workflow. Walker and Alspaugh (ibid.) infer that
developments in remote sensing platforms forced the advancement of photogrammetric
techniques to adapt to the demands of digital imagery, which was computationally intense to
process and analyse. Scanners that could convert analogue imagery into a digital facsimile
further allowed the automation of photogrammetric processes and in many ways simplified the

technique and made it more accessible.

Due to the adoption of digital imagery, image processing routines could be employed to
automate some of the manual and laborious tasks undertaken by photogrammetric operators,
such as the identification of tie points (see Section 2.2.7.3) with which to identify identical
features across a large number of images. Subsequently, image matching algorithms were
created to complete such tasks in a matter of seconds, facilitating a more efficient workflow and
removing the tedium that once faced an operator who had to manually identify and mark many
of these features. As limited input is required from the user, they are no longer required to have
extensive experience with the technique in order to extract useful results, unlike analogue and
analytical methods (Chandler 1999). There was also an expectation of cost saving because of
the ease with which digital products could be transferred between different systems (Hassani
and Carswell 1992). This has facilitated the uptake of photogrammetry by non-expert users, of

which archaeology is one discipline that has made use of the digital toolkit (see Section 2.2.3).

2.2.2.5 Development of Metric (mapping) Cameras

The sophistication of aerial camera design has advanced significantly from their first use a
century ago. Aerial cameras are now equipped with numerous elements that reduce or negate
distortion of the imagery and photographic lenses have developed to provide high resolving
power such that details in the imagery are clearer, and produce minimal distortion (Wolf and
Dewitt 2000).
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In the late 19" Century astute practitioners, such as Edouard Deville, noticed geometric errors
in photographs taken during their surveys, with Deville establishing a laboratory in 1910 to
calibrate his terrestrial camera (Clarke and Fryer 1998). During WWI, the photographic pioneer,
Sherman Mills Fairchild, developed the between-the-lens shutter system to reduce image
distortion in aerial photography (Centre for Photogrammetric Training no date). Aerial camera
calibration did not occur until after WW1, however, with Canada implementing calibration in
1920 (Clarke and Fryer ibid.). The United States also began calibration at around the same
time, with the National Bureau of Standards (NBS) undertaking this activity on the behalf of

other government agencies (Clarke and Fryer ibid.).

Critical to the development of photogrammetry was the concept of defining the image plane,
which is the interior orientation of the film in relation to the camera and lens. One means of
achieving this is the use of a reseau plate; a glass plate with a regular grid of precise index
marks etched upon it (Figure 2.6a). The coordinates of these index marks, which appear as
cross-hairs when the film is exposed (see Figure 2.6b), must be established precisely via
calibration. These coordinates not only allow the orientation of the film to be calculated in
relation to the camera and lens, but also to correct any subsequent distortion in the film or print.
These benefits aside, reseau are a hindrance to both the production of orthophotographs, as
they either obscure objects in the photo map or have to be removed, and automatic image

matching for the generation of DSM (see Section 2.2.7.3).

In contrast, fiducial marks, namely index marks whose locations are also calibrated but are only
placed around the edge or corners of the frame (Figure 2.7a and b), permit interior orientation
without creating additional distortions or hindrance to orthophotography and automatic image
matching. One of the first mentions of a camera system that employed fiducial marks was a

terrestrial system designed by Meydenbauer in 1867, which utilised glass plates (Alberz 2001).

(a.) (b.)
+ + + + +
+ + + - +
. + + + +
+ + + + +
- + . + +

Figure 2.6: (a.) Sketch illustrating the layout of index marks in a grid pattern on a reseau
glass plate, (b.) Example of index marks on exposed film (in this case a scan of a negative)
resulting from a reseau.
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An example of an early, relatively crude fiducial mark from an F24 camera is shown in Figure
2.7c. Fiducial marks on F52 and later cameras, such as the F95, are very similar. Such fiducial

marks were not created with rigour and were poorly calibrated, if at all.

Film formats and lens combinations advanced during WWII to create larger scale images. At the
beginning of the war, F24 cameras were producing 1:48,000 scale photographs, which were not
sufficient to provide the amount of detail required by the Pls for analysis. By 1942 the F52
camera had been developed and, when fitted with a 36in lens, produced a photo-scale of
1:8,000 with the aircraft flying at 24,000ft above ground level (AGL) (Brookes 1975). The F52
had a 500-exposure magazine and thus it was possible to complete an entire mission without
running out of film and having to repeat the sortie to capture more photography (Brookes ibid.).
By mid-1944 the F52 had been modified to prevent image blur during low-level, large-scale
photography (Brookes ibid.). This modified camera was known as the F63 and was fitted with
an 6l mage Mot i on Caysteméthat&epttthie film rdovirfgl(BvbOKes ibid.). Further
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Figure 2.7: (a.) Sketch illustrating typical fiducial mark locations around the image frame. At
left are edge-fiducuials and at right are corner fiducials, (b.) Examples of fiducial marks from
metric cameras. At the extreme left is an example of an edge-fiducial, the remainder being
corner-fiducials, (c.) Crude edge-fiducial, typical of F24 and F52 non-metric cameras.
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developments in IMC resulted in cameras designed for low level, oblique photography, such as
the F95.

The calibration of a metric film camera also accounts for any distortion in the film plane,
although in a frame aerial camera the film is effectively flattened by adopting one of four

techniques, as listed by Wolf and Dewitt (ibid.):

Applying tension to the film during exposure;
Flattening the film against a focal plane sheet of glass;

3. By forcing the film against the platen by applying air pressure into the airtight camera
cone;

4. By using a vacuum plattern against which to flatten the film (see Section 2.2.6.1 Figure
2.12).

Digital camera calibration differs slightly from its film-based counterpart. The silicone CCD chip
in a digital system stays flat and is effectively distortion free (see Section 2.2.6.1 Figure 2.25).
Each pixel is, in effect, a fiducial mark as it is assumed to be part of a perfect grid pattern in the
rectangular CCD array, although in reality Wolf and Dewitt (ibid.) state that the positions may

depart slightly from this assumed arrangement.

Lens distortion is a further consideration and occurs when the path of light rays deviate when
travelling from object to image points, subsequently shifting the theoretical location of the image
point to a different location (Ray 1999). This deviation from the true position of the image point
is caused by imperfections in the manufacture and alignment of the lens system and must be
quantified in order to subsequently be corrected (see Section 2.2.7.1 Figure 2.16). Such
distortions are usually calibrated against a two-dimensional array of illuminated collimator
targets, the angles between which are well known (Figure 2.8). The differences between these
angles and those projected in the focal plane result in an array of vectors (Figure 2.9), which
describe symmetric radial and decentring lens distortions, which combine to describe the lens
distortions listed in a camera calibration report, together with the calibrated focal length and
calibrated coordinates of the fiducial marks/reseau grid. Such reports are usually printed on a
few sides of paper, making them easy to mislay or accidentally dispose of, resulting in few
surviving that relate to archive aerial photography. In these instances digital photogrammetry
offers a solution in the form of self-calibration using multiple photographs of the same target

taken from the same camera, as is the case with SAPs.
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Figure 2.8: Plan (a) and frame view (b) of illuminated collimator targets (in this case in the
form of an X), between which the difference in angles are used to measure lens distortions
(modified from Wolf & Dewitt, 2000).
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Figure 2.9: Lens distortions described as vectors, where a) is symmetric radial; b) is
descentering; and c) are the combined distortions (Wolf & Dewitt, 2000).
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2.2.3 Archaeological Applications of Photogrammetry

Photogrammetry can be split into airborne and terrestrial applications, much like laser scanning
(see Section 2.3), and there are many examples of the application in the archaeological and
cultural heritage disciplines. Terrestrial photogrammetry tends to be utilised for the survey of
historic buildings and smaller artefacts, whilst aerial photogrammetry is useful for providing
DSMs and orthophotography for GIS applications. Overall, photogrammetry is a well-
established technique, useful for the extraction of metric data (Bedford and Papworth 2009;
Nufiez Andrés and Buill Pozuelo 2009) and for providing a high-resolution texture map of its
subject. Thus it is also useful for image analysis purposes, proving its importance as a flexible,

multi-product technique.

Terrestrial archaeological applications range from documenting excavations (Doneus and
Neubauer 2003; Orengo 2013), documenting underwater shipwrecks and their associated cargo
(Canciani et al. 2003; Seinturier et al. 2004; Drap et al. 2007), recording historic landscapes and
buildings (Lambers et al. 2007; Yastikli 2007; Remondino and Menna 2008; Al-kheder et al.
2009; Bedford and Papworth 2009; Salonia et al. 2009), assessing structural damage to
buildings (Fujii et al. 2009) and deformation of artifacts (Robson et al. 2004), and the
documentation of engravings and rock art (Chandler et al. 2007; Garcia-Lazaro et al. 2012). In
many cases, photogrammetry of the built environment is generally undertaken by architects,
surveyors and academics who have better access to the requisite technologies and their
associated skill-set. This technique has been, and still is, extremely popular in the cultural
heritage documentation arena, based on its tried and tested ability to provide flexible outputs,
which are often the foundation for analysis subsequent to capture, such as degradation
detection and monitoring, survey drawings prior to conservation or restoration projects, anti-
disaster mapping (Dallas et al. 1995) and the provision of textured 3D models for museum
exhibition or reverse-engineering initiatives (Cooper et al. 2006; Remondino and Menna 2008;
Salonia et al. 2009).

Aerial photography is a well-established, well understood tool in the archaeological discipline,
with archaeological transcription from rectified aerial photography forming one of the largest
uses of this data (see Section 2.1.1). Archaeological features are commonly mapped from
1:10000 scale imagery, recording the shape, size, form, location, date and monument type of
any sites identified in the photographs (Bewley 2003). This activity is the basis for the National
Mapping Programme (NMP), which was instigated by English Heritage in the early 1990s (see
Section 2.1.1.1). The examination of archival aerial photography is said by Wilson (2000) to be
the only way to combine information from a number of photographs to facilitate the
interpretation of the landscape as a whole. However, photo-rectification does not remove
distortions in the imagery, particularly in hilly or mountainous areas, as the process does not
account for errors in the photographic materials, such as film flatness, lens distortion, camera

tilt, varying ground height and, if using contact prints, paper stretching (Wilson ibid.).
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Beyond photo-rectification, archaeologists have employed photogrammetry for a variety of uses,
such as the generation of DSMs for landscape and GIS applications (Neubauer 2004; Lambers
et al. 2007; Colosi et al. 2009; Corns and Shaw 2009), and the creation of earthwork hachure
plans (Stone and Clowes 2004). Aerial photography that is specifically captured for
archaeological use is often limited to oblique photographs of a landscape taken from a light
aircraft using a small or medium format digital camera (Wilson 2000, p.33; Brophy and Cowley
2005). Very rarely is an aircraft commissioned to capture stereo-photography for archaeological
purposes, as in the example from Stone and Clowes (ibid.). The stereo-aerial photography used
by many archaeologists have come from the RAF, Ordnance Survey or other private
companies, as discussed in Section 2.1.4, which have not been captured specifically for
archaeological mapping purposes. In recent years, however, the release of low-cost
photogrammetry software in combination with the increased popularity of unnmaned aerial
vehicles (UAVs) and low-cost, consumer-grade digital cameras has seen an uptake by the
archaeological community to produce their own aerial imagery (Chiabrando and Spano 2009;

Eisenbeiss and Sauerbier 2011; Mozas-Calvache et al. 2012).

Low -cost Photogrammetry and Structure from Motion (SfM)

As previously discussed there is often a requirement to obtain an aerial perspective of a site or
feature for optimising the perspective of an archaeological site or excavation, which is only
achievable through using a variety of low-cost techniques. Archaeological researchers have
utilised balloons (Celikoyan et al. 2003; Colosi et al. 2009; Verhoeven et al. 2009; Chiabrando
et al. 2010; Verhoeven 2011), unmanned aerial vehicles (UAVs) and blimps (Lambers et al.
2007; Gomez-Lahoz and Gonzalez-Aguilera 2009), kites (Blake 2010; Bogacki et al. 2010) or a
form of elevated frame (Poulter and Kerslake 1997; Chiabrando et al. 2010) to obtain aerial
perspectives. In many cases, low-cost photogrammetric software and consumer-grade digital
cameras have been used to generate products from these projects, which has been a pleasing
development over recent years, making the technology financially more accessible to
archaeologists and non-experts (Canciani et al. 2003; Bryan and Chandler 2008; Gomez-Lahoz
and Gonzalez-Aguilera 2009; Sanz et al. 2010; Barazzetti et al. 2011).

The conception of low-cost photogrammetric software is nearly 20 years old and was identified
by Pollefeys et al. (2000) as a useful tool for obtaining 3D textured data of archaeological
buildings and sites. Since then, the technique has burgeoned rapidly, and has been applied to
the recording of inscriptions and rock art (Hullo et al. 2009; Plets et al. 2012), building recording
(Hullo et al. 2009; Koutsoudis et al. 2013), aerial photography (Verhoeven 2011; Verhoeven et
al. 2012a), excavation documentation (Ducke et al. 2011; De Reu et al. 2013; Dellepiane et al.
2013; Olson et al. 2013; De Reu et al. 2014; Stal et al. 2014), orthophotograph production
(Verhoeven et al. 2012b), archaeological artefacts (Koutsoudis et al. 2013; Olson et al. 2013),

and for public presentation (Ducke et al. ibid.). In a small number of papers, the use of low-cost
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photogrammetry and SfM by volunteers has been described (Bryan and Chandler 2008;
McCarthy 2014), which has been facilitated by the automation of complicated photogrammetric
processes. Bryan and Chandler (ibid.) state that their approach to recording archaeological
features, which in this instance was rock art, reduced labour-costs although, more importantly, it
empowered local people and helped to encouraged them to care for and monitor their local
history. This approach is also a requirement by ICOMOS (ICOMOS General Assembly 1996),

who encourage community engagement.

It is heartening to note that many archaeologists who have employed the SfM technique for
archaeological documentation purposes have also compared their results with other survey
technologies to establish the metric performance of SfM (Plets et al. 2012; Verhoeven et al.
2012b; De Reu et al. 2013; Koutsoudis et al. 2013; Green et al. 2014; McCarthy 2014). Only
Verhoeven (2011) has attempted to assess the ability of SfM to process archive SAPs using
SfM software with a stereo-pair of photographs taken over Adriatic Italy in the 1960s. However,
the results the author presents are not accompanied by empirical comparisons with other
datasets and thus it can only be inferred that the visual results of the DSM from the SfM
software package were convincing. Subsequently there is a need to further assess the ability of
SfM for processing archival SAPs against other techniques, including the higher-cost
photogrammetric packages, to determine their utility. This is particularly so as James and
Robson (2014) discovered that SfM software can gen
esti mat es d an doraeDEM bdasedupon thd nethadsused by the software to
perform camera calibration. Although the authors state that their results are tested upon
imagery taken from a UAV, they highlight the relevance that their work also has upon terrestrial

applications.

McCarthy (ibid.) states that the original, high-cost photogrammetry software was still highly

specialised and expensive to use when it was first released in the 1990s. Subsequently, the

author is hopeful that SfM will now be widely adopted by the archaeological and volunteer

communities due to the minimal training required to generate an output and the reduction in

time required on-site because of the rapidity of the image-capture process for the technique. On

the one hand this approach is laudable as SfM can be an efficient means of data capture and

the cost of SfM can be massively reduced if open-source software are utilised. However, whilst

low-cost, rapid surveys may be desirable for commercial archaeological units, this approach

cannot override the requirements of a survey, and the most appropriate tool for the job should

be selected irrespective of cost, within reason. McCarthy (ibid.)stat es t hat t he Sf M #ft

essentially scalesi ndependent 0, which provides a false i mpr
photographs can capture every requisite detail of a subject. This is compounded by a further

statement from McCarthy (ibid.) thattherei s fAmi ni mall prepar-hoti on requir
recordingod. These sweeping generalisations give
are desirous of a quick and easy method of survey that does not require the careful planning

associated with other techniques, which could be construed as unprofessional and haphazard.

It also contradicts the desire of many archaeologists to undertake a more considered approach

to their surveys that facilitates interpretation of the archaeology as a survey progresses.
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2.2.4 Influence of the Geographical Disciplines in Photogrammetric Adoption

Yet again, it is the geographic disciplines that provide interesting ideas for consideration by
archaeologists interested in examining change to the archaeological resource. Airborne and
terrestrial photogrammetry have been applied to the mapping of landscape change, in particular
coastal erosion (Adams and Chandler 2002; Gulyaev and Buckeridge 2004; Lim et al. 2005;
Miller et al. 2008a; Lim et al. 2010), and landslide modelling (Walstra et al. 2004; Walstra 2006;
Walstra et al. 2007). The challenges of using older aerial imagery to reconstruct changing

landscapes have also been recognised (Walstra et al. 2011).

Miller et al. (2008b) have developed a surface matching routine for disparate sets of current and
historic photography and scan data, based on the difficulties of working with the rapidly
changing nature of some coastlines, highlighting the challenges of conducting regression
studies in such environments. Matching older imagery to more recent data may be difficult or
impossible if a surface has very few distinguishing features or surface texture (Fryer et al. 2005)
or there is insufficient overlap between subsequent datasets, stated by Miller et al. (2008b) to
be due to geohazard activity and vegetation change. Despite this apparent obstacle, it is
possible to process a block of aerial stereo-photographs that cover a wider area and propagate
control points that can be collected in the terrestrial hinterland, in unchanged areas, to provide

enough information to generate a DTM.

Where distinctive features in the terrestrial hinterland do exist, archive stereo-aerial
photographs may be of utility in constructing a time-series of events relating to the evolution of a
site. Walstra (Walstra et al. 2004; Walstra 2006; Walstra et al. 2007) successfully processed a
series of SAPs at two field sites to examine past landslide dynamics. Ground control was
collected using a GNSS system and used to process the historic imagery and, subsequently,
their accuracy was assessed using information provided by the processing software and by
visual inspection. In his thesis, Walstra (2006) states that DEMs from another source should be
used for comparative purposes to assess the quality of the DEMs output from the SAPs,
although the author did not achieve this during his research. Despite Walstra (ibid.)
demonstrating the ability of archive SAPs as a means of generating DEMs and
orthophotography, they have not been examined for their ability to provide a method for
recording and reconstructing archaeology that has been and is at risk, damaged or that has
been destroyed, and not necessarily by coastal processes. These datasets therefore need to be
tested to examine the suitability of the resolution provided by SAPs to discern whether it is good
enough to extract archaeological metrics. Subsequently, the question as to whether the data

quality of SAPs is comparable or better than other survey methods must also be addressed.

Kennie and McKay (1987), with reference to Thompson (1962), state that photogrammetry is an
appropriate technique to use when there is uncertainty relating to the desired end-product. This
may be the case when producing a record for the purposes of preservation (see Section 1.1.2).
As with laser scanning, it is also a non-contact method of recording, removing the need to come

into contact with fragile structures, or features in hazardous environments. The imagery and
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associated survey files can also be archived for processing at a later date, although this does
assume that the imagery is in an archive-stable format and that data migration will also take
place as technologies develop, particularly if the imagery is digital. The archival advice for laser
scanning data is still in its infancy (Austin and Mitcham 2007), unlike photogrammetry (ICOMOS
General Assembly 1996; Eppich and Chabbi 2007; Bryan et al. 2009). If the survey framework
for photogrammetric data capture is created for optimal resolution of a subject, re-processing of
the imagery can be undertaken to provide varying level of detail when required. This cannot be
achieved with laser scan data as the point density at capture cannot be increased post-survey,
except by interpolation methods, which can introduce inaccuracies into the data.
Photogrammetric processing methods are also becoming faster and, as a result, extracting the
requisite data from them is becoming easier, which is highlighted by the uptake of such

methods by the volunteer community.

2.2.5 Summary

Whilst photogrammetry has been regularly applied to recording architectural heritage, it has not
been widely adopted for landscape archaeology and producing earthwork measurements, with
few notable exceptions. As the disappearance of these features has been accelerating since
WWII, it is surprising that no concerted effort has been made to try and quantify this loss, with
the exception of a very rudimentary attempt by Darvill and Fulton (1998). The authors produced
a census and condition survey of the archaeological resource in the UK to assess survival rates.
This could only be achieved by employing a sampling strategy to estimate the magnitude of the
problem and aerial photography was utilised to identify causes of change and its extent, albeit
by assessing changes in monument area. This helps to provide some idea of the damage that
has been wrought but change does not happen in 2-dimensions, and the only way to extract 3D
data is by employing photogrammetry.

2.2.6 Photogrammetric Concepts

There are a number of important and detailed concepts that explain the various aspects of the
photogrammetric process, which are outlined in this Section. These concepts can be separated
into a number of steps, beginning with the formation of an image within a camera system. The
next stage is processing this imagery in photogrammetric software, within which there are a
number of mathematical concepts that describe it performs restitution i.e. establishes a
relationship between the camera parameters, the photo and ground coordinates (Walstra 2006).
Section 2.2.7 subsequently provides a description of the practical workflows and various stages
of data input that employ these principles to generate a solution.
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2.2.6.1 Image Formati on

The photogrammetric process starts with the basics of image formation in a camera system,
whether it is a film or CCD-based sensor. For photogrammetric purposes, light travels in a
straight line from an object, through the camera lens to be finally recorded by the sensor in the
camera, which forms the image plane. In this way a detailed image is built up of an object or
area, consisting of image points from a great number of light rays that each enters the lens at a
different angle. However, the basics of photogrammetry are more simply explained by Mitchell
(2007) using an example of just a single light ray, which has been referred to by the author as
t he 0 c has ghdwn in Eigute 2.10. Mitchell (ibid.) states that if this ray is thought of as
travelling in the opposite direction i.e. from the image plane and towards the object, this can be
useful, as the ray will travel for an unknown distance but at a fixed angle that is relative to the
camera. Subsequently, if positional and orientation information relating to the camera is
available, a 3D location for the chief ray can be established (Mitchell, ibid.). If two images of a
single object point have been produced from two different camera positions, then the path of
two chief rays to the single point can be reconstructed, as the point will be located at the
intersection of these rays (see Section 2.2.6.4) (Mitchell, ibid.). If this procedure is repeated for

Negative image—p-

. Image point
Positive image ——3

Ray intersection
on object plane

<€— chief ray

Figure2.10: Di agram il lustrating the concept o
the terrain (object) and image plane.
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enough points on the object, then a number of 3D points can be generated across the surface
of the object that will describe its topography (Mitchell, ibid.). The number of images that are
used to achieve this can be, and often is, greater than two.

Image Materi als

Whilst modern stereo-photography is increasingly captured with digital cameras, a vast body of
modern and historic aerial photography are archived as negatives, diapositives or contact prints.
For use in a digital photogrammetric system these images must be scanned, and there are a
series of factors that will affect the quality of the scanning procedure, beginning with the original
quality of the analogue imagery. Photographic film consists of silver halide crystals, which may
be as tiny &e(JaBobddrBetain2000), arsl respond to light when exposed to form
silver metal. These are embedded in a binder such as gelatin, which together are known as the
film emulsion, that lies atop of a celluloid plastic base with an opaque (anti-halation) backing, as
shown in Figure 2.11, which also serves to make the film hard wearing. It is the size of the silver
halide crystals that determine the resolution of the image formed i.e. the smaller the crystals
and the greater the quantity of these crystals, the smaller the amount of the light scattering
effect. Once developed, the invisible latent image formed upon the crystals will become visible,
and hence the image is produced. This method of image capture supplies images with a high
resolution and very little distortion, although the digitisation process, as discussed later, must try
to maintain this image quality.

During an aerial survey, photographic film is kept flat through the use of a reseau plate or
vacuum back, as shown in Figure 2.12, thus reducing or ameliorating distortions at this stage of
the process. Photographic film used for photogrammetric work can shrink or expand depending
on how it is processed and subsequently stored, although the amount by which it alters ranges
from insignificant to 0.2% (Wolf and Dewitt 2000). The distortion of photographic negatives and
prints, however, is dependent upon the material. Glass negatives are virtually distortion-free,
whilst paper prints have low dimensional stability (Wolf and Dewitt ibid.). Many distortions in
paper prints occur at the drying stage, especially if they are hung to dry, which will stretch the
paper. However, once the prints are dry, the temperature and humidity of the site in which they
are stored will further influence their distortion. Depending on paper type and thickness,
expansion or shrinkage can be as much as 3% depending on how the print has been handled,

with distortion occurring differentially across the print (Wolf and Dewitt ibid.).
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Figure 2.11: (a.) Silver halide crystals seen under a microscope (note scale). It is the size of
these cystals which determine the resolving capability of the film (b.) The basic structure of
film (adapted from http://photography.tutsplus.com/articles/what-is-iso-a-technical-
exploration--photo-11963).
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Figure 2.12: (Left) Diagram of aerial camera components (after Jensen 2007).

Digital photography is based upon Charge Coupled Device (CCD) or Complementary Metal
Oxide Semi-Conductor (CMOS) technology, and is also relevant when considering the
digitisation of film-based photographs using a scanner. The light sensitive picture elements or
pixels will generate an electrical charge proportional to the amount of light that falls upon each
individual pixel, as shown in Figure 2.13. This charge will be measured in terms of its voltage,
which is amplified and digitised to create an array of spatial positions with an intensity value.
Pixels in a camera are usually contained within a rectangular or square CCD chip, whilst the
pixels in a scanner are often in a linear array. The information being recorded by the CCD
undergoes a process known as sampling, in which the intensity of light that represents the
objects in an image is sampled at regular intervals, defined by the size of the pixels that
comprise the CCD chip. The coordinates of an intensity value are defined by the position of the
pixel on the CCD chip. In order for all the detail present in the scene to be resolved, the
sampling interval, or pixel size, will need to be small and present in great quantities. If the
sampling interval is not fine enough, the sampling frequency will decrease and cause aliasing,

or the incorrect reconstruction of the more detailed objects being photographed.

The intensity, or amplitude, of the frequencies within an image are quantized in order to
represent the grey levels within a scene, which usually involves an error. The number of levels
will depend on the number of bits that will be allocated to them. The amplitude of each analogue
grey level will be compared to a set of decision levels and, if a particular amplitude falls between
two decision levels, it will be quantized to a fixed reconstruction level in order to create an
integer proportional to the original amplitude. Grey levels usually range between 0 to 255,
creating 256 levels represented by 8 bits for a single channel. If the digital image is in colour,

then 8 bits will be required to represent each of the three channels (red, green and blue),
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Figure 2.13: Image showing (a.) the composition of a CCD and (b.) results of comparing the
image of a test grid taken with analogue film and a digital camera (Perko and Gruber 2002).
The top three photographs show three types of analogue film and their accompanying
profiles of the image intensity. The bottom image is taken using a CCD camera.

therefore 24 bits represent the colour information. The minimum number of bits required to

represent grey levels in an image destined for photogrammetric use is usually 8 bits.

2.2.6.2 Image Noise

Image noise is the unwanted fluctuations in a signal that describes the intensity value of a
particular point in an image, as illustrated in Figure 2.25. Analogue systems produce noise,
which is caused by light scattering amongst the silver halide crystals, and thus the smaller the
grain size and greater the number of grains, the higher the signal to noise ratio (SNR) i.e. the
effect of unwanted noise in an image is reduced. However, both digitised analogue imagery and
digital images suffer from other forms of noise that are specific to the digitisation process. One
problem associated with digitized images is noise, a fluctuation in image intensity over the area
of an image. The addition of noise can occur at various stages due to non-image generated
electrons. Dark current noise is induced by thermal means, while saturation equivalent
exposure occurs when the charge well is full. Noise may also be generated during quantization.
An analogue image undergoing digitization in a scanner, for example, will generate
photoelectric noise. The maximum contrast available from an image sensor can be defined by
the Signal to Noise ratio (SNR):

aInputSigna

SNR=10log , >
oiseSigna=
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The noise in a signal should not be overpowering, and should be smaller than the quantization

level of an image to prevent the reduction of image information (Dowman 1996).

2.2.6.3 Film Scanners

Whilst photography produced with digital cameras is in the requisite format for processing in
photogrammetric software, photographic film and prints must be scanned first to convert them
into a digital raster file. It is recommended that the original film material should be used from
which to scan the photographs, if possible, as the grain size of the crystals in the film emulsion
have a superior resolving power than that of print materials (Walstra 2006). However, access to
the original negatives may not always be possible in the case of SAPs. As mentioned in Section
2.2.6.1, the process of creating photographic prints can introduce further noise, which will be

detected during, or caused by, digitisation.

The basic requirements of a scanner that is to be used for digitising film and paper-based
photographic materials is that it should be capable of scanning the entirety of the largest format
to be used, which will be the contact print. Photographic prints can be as large as 23cm x 23cm,
and thus an A3 format scanner is vital. Photogrammetric scanners have been designed to
ensure maximum geometric and radiometric resolution, and geometric accuracy during the
scanning process. Geometric accuracy relates to the positional accuracy of the pixels in the
resultant digital image, which needs to equate to the same spatial accuracy of the original
imagery (Wolf and Dewitt 2000). The spatial accuracy of a scanner is influenced by the quality
of the CCD. The pixels should each be the same size, separated by the same distance and be
in alignment, as well as move with a constant step width (Linder 2009). Photogrammetric
scanners should have a geometric accuracy of 2-3 micrometres (um) (Wolf and Dewitt ibid.),
although Baltsavias and Waegli (1996) provide a figure in the region of 2-5um, whilst low-cost

flatbed scanners often have values in the region of 50um (Linder ibid.).

Geometric resolution describes the size of the pixels in the scanner, and is also referred to as

spatial resolution. The smaller the pixel size, the higher the geometric resolution. When

scanningan i mage, this value is usual mmgronettea(imdd as 6d
(Linder, 2009), and the greater the dpi, the more accurate the spatial resolution. Baltsavias and

Waegli (ibid.) state that a scanner should be capable of scanning at a resolution of at least 600

dots per inch (dpi). The maximum resolution attainable by a scanner is given by the

uninterpolated resolution value, with photogrammetric scanners consisting of pixel sizes

between 5-15um (Wolf and Dewitt ibid.), whilst most flatbed scanners are restricted to 50um

(Linder, 2009). The relationship between resolution (dpi), pixel size (um) and image size can be

seenin Table 2.1.
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Resolution [dpi] 150 300 600 1200 2400 4800
Pixel size [um] 1693 847 423  21.2 10.6  5.29

Image size ca. [MB] 2 8 32 128 512 2018
Photo scale

1: 5000 0.847 0423 0212 0.106 0.053 0.026
1: 7500 1.270 0.635 0318 0.159 0.079 0.040
1:10000 1.693 0.847 0423 0212 0.106 0.053
1:12500 2.117 1.058 0.529 0265 0.133 0.066
1:15000 2.540 1270 0.635 0.317 0.159 0.079
1:17500 2963 1482 0.741 0370 0.175 0.093
1:20000 3386 1.693 0.846 0424 0212 0.106
1:25000 4233 2117 1058 0529 0265 0.132
1:30000 5.080 2540 1.270 0634 0318 0.159
1:40000 6.772 3386 1.693 0.846 0.424 0212
1:50000 8466 4234 2116 1.059 0.530 0.265

Pixel size in terrain units ca. [m]

Table 2.1: The relationship between scan resolution, image size, photo scale and GSD for a
greyscale image (Linder 2009).

Radiometric resolution refers to the ability of a scanner to convert the amplitude (analogue
signal) from analogue imagery to a discrete level (digital signal) in sufficiently high detail to
capture the variation in intensity, or brightness, across an image. This process is known as
quantization, and the larger the number of levels a scanner is able to obtain, the more
accurately it will represent the original image (Wolf and Dewitt ibid.). Quantization was
discussed in more detail in Section 2.2.6.1. Baltsavias and Waegli (ibid.) recommend that the
radiometric resolution of a scanner should be at least 10-12 bits and have a density range of
3.5D (density is the ability of a device to capture shadow and highlight detail) if colour imagery
is to be scanned.

2.2.6.4 Mathematical Procedures

The Collinearity Condition

The description of image formation is a useful introduction to one of the most important
mathematical concepts in photogrammetry: the collinearity condition. This principle states that
the exposure station (the optical centre of the camera lens), an object point and its
corresponding photo image lie on a straight line in 3D Space, which is illustrated in Figure 2.14.

This condition is still valid regardless of whether a photograph is tilted. The collinearity
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Figure 2.14: The collinearity condition where P (object point), p (image point) and L
(position of the exposure station) are all situated on the same line (Lillesand et al. 2008).

equations thus describe the relationship between the ground coordinates, image coordinates,
exposure station position and angular orientation of a photograph (Lillesand et al. 2008). The
equations themselves can be found in Wolf and Dewitt (2000, p.235) and Lillesand et al. (ibid.,
p.176).

If the interior and exterior orientation of the camera is known at the time the exposure is made
then it is possible to calculate the 3D coordinates of an object within a stereo-pair of
photographs (Walstra 2006). However, it is likely that the interior and exterior orientation
parameters may not be known, particularly when working with archival imagery. These values
subsequently have to be deduced, often by utilising control points (the collection of which is
covered in Section 2.2.7.3), that have known X,Y,Z coordinates and measured image
coordinates (Mitchell 2007). The process of deducing unknown quantities is described in &pace

Resection and Intersectiond

It is important to note that light rays will never reach the image sensor from the object in an
absolutely straight line. The effects of lens distortion, atmospheric refraction and, over large
areas, earth curvature will influence the deviation of light (Wolf and Dewitt 2000), for which
corrections should be made. If a camera calibration certificate is associated with a set of
stereophotographs, lens distortion will have been accounted for and these values can be
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entered into the photogrammetric software for inclusion in the calculations. If not, some software
packages, such as Leica Photogrammetry Suite (LPS) can estimate lens distortion parameters

during the process of bundle adjustment.

Space Resection and Intersection

Space resection is used to establish the six parameters of exterior orientation, namely the
positional and angular orientations of the camera at the time of exposure (i.e. XYZ, ¥ ( p if they
are not available. To obtain a solution requires at least 3 control points with known object space
coordinates, an image of which must appear in the photo. This provides a solution that is
accompanied by a residual quantity for each element. This residual amount, as defined by Wolf
and Dewitt (ibid.), provides a measure of the difference between a measured quantity and a
probable value for that quantity. A least squares solution to the calculation can be generated if
more than four control points are provided. The least squares method is addressed in Section
2.2.6.4.

Space intersection is, in effect, the reverse of resection and is utilised to calculate all object
point coordinates that lie in the stereo overlap area (Wolf and Dewitt ibid.), and can be
calculated if the exterior orientation parameters are known. This concept is illustrated in Figure
2.15, and shows the corresponding rays from overlapping photographs intersecting at the same
object point (Lillesand et al. ibid.). The collinearity equations are used to calculate the unknown
object point coordinates by employing the known photo-coordinate quantities, from which a
least squares calculation can be performed to obtain ground coordinates for each point
(Lillesand et al. ibid.).

2.2.7 Photogrammetric Workflow

When undertaking photogrammetry using specialist software, there are a series of options the
operator can select, albeit this usually follows a general workflow with specific stages designed
to obtain the most accurate results from the imagery. These stages are outlined below with

example workflows illustrated in Section 4.4 (Figure 4.7).
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Figure 2.15: Diagram illustrating the concept of Space Intersection. Corresponding rays
travel from L (exposure station), form an
(Lillesand et al. 2008).

2.2.7.1 Interior Orientation

An i mportant and often first stage in the photogi
is required for accurate spatial information to be derived from the camera. This process is used
to correct for any inherent distortions within the camera system that was utilised for generating
the photographs prior to further photogrammetric operations taking place. This is achieved
using camera calibration information. The parameters that are used to determine the interior
orientation for a metric camera are the calibrated focal length (or more correctly the calibrated
principle distance, which is measured between the perspective centre and principle point),
principle point location, fiducial mark coordinates (if it is a film-based system) and the lens
distortion characteristics, which are illustrated in Figure 2.16. There are a number of techniques
in use with which to calibrate camera systems and model their imperfections, although their
description is beyond the scope of this work. Interested readers are referred to Wolf and Dewitt
(ibid.) and Ray (1999) for detailed information regarding this process. Many of the interior
orientation parameters form what is known as the image coordinate system (ICS). By providing
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a 3D coordinate for the lens, this allows the image object coordinate systems to be related to
one another (Mitchell 2007).

Once the various characteristics of the camera have been calibrated, the interior orientation
process utilises these parameters to correct for distortions and recreate the geometry of the
camera that existed at the time of image exposure (Wolf and Dewitt ibid.). The process of
interior orientation usually involves the operator identifying the location of the fiducial marks on
the imagery (which in some software packages can be automatically detected) and also
providing the software with their calibrated x,y positions along with the calibrated location of the
principle point (see Figure 2.16). This allows the software to convert the image coordinates, as
measured by the operator, to the coordinate system based upon the calibrated values of the
fiducial marks and principle point, the latter of which subsequently becoming the centre of the
ICS. This is achieved by utilising a 2D affine transformation, with the lens distortion corrections

Focal Plane

p2 ' Perspective
Centre

Lens
Distontion

Optical
Axis

85 333

one No!(left)
right)

Figure 2.16: Diagram illustrating the components of interior orientation (top), and the data
contained within an aerial photograph (below).
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applied simultaneously. As stated by Mitchell (ibid.), the image coordinates will now comply with

the assumptions made using the collinearity equations (see Section 2.2.6.4).

2.2.7.2 Exterior Orientation

The exterior orientation of a photograph requires knowledge of the 3D camera position and
angular orientation of the camera during exposure, provided in a 3D Cartesian system.
Measurements are often depicted in X,Y,Z format, with the X and Y coordinates representing
horizontal locations and the Z value representing elevation as illustrated in Figure 2.17 (Walstra
2006). These measurements relate to the location of the exposure station, or perspective
centre, and are often provided in the same coordinate system as that for the ground control
points (see Section 2.2.7.3). In many cases, the coordinates for the perspective centre of the
camera, the ground control points and the object points in the imagery are provided in state,
national or global coordinate systems, which helps to explain why the object coordinate system
may also be referred to as the ground coordinate system (Mitchell ibid.). Cartesian
measurements for the camera location are often gathered using an on-board GPS to provide
locational data and an IMU to measure the angles of rotation (see Figure 2.17). These

Figure 2.17: Exterior Orientation parameters showing the location of the camera (X,Y,2)
and the rotation angles, ¥ omega (roll), (i phi (pitch) and s kappa (yaw).
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instruments are mounted in the aircraft for the duration of the aerial survey. However, if
locational and rotational information has not been gathered at the time of the survey flight (as is
commonplace with archive SAP acquired before the advent of GNSS and IMU), the camera
position and angular orientation data can be calculated by the photogrammetry software by
utilising ground control points and the process of space resection, as described in Section
2.2.6.4.

The angles of rotation v, G4, o© are influenced by
instant the camera shutter is released, assuming no camera stabilisation device is in use, such

as a gyro-stabilised cameramountiie.Lei ca 6s P Aig &@ with older acchive SAPs.

Figure2.18i |  ustrates how ¥, G4, 8 r el atoanrespectivdlye r ol | ,
According to the principles of flight, any change in one of these influences the others. A change

in pitch or roll between successive frames will effectively result in the capture of low-oblique

photography (Figure 2.19) and in turn one-dimensional changes in scale (known as tip or tilt)

across the photograph, or commonly a two-dimensional combination of both (Figure 2.19).

Figure 2.18: Sketch illustrating yaw, pitch and roll of a platform (aircraft).
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Figure 2.19: Image orientations, as definined by Wolf & Dewitt (2000).
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Changes in pitch and roll also result in excessive or diminished stereo overlap. Such changes

are generally the result of turbulent air that is caused by the presence of thermals on warm

sunny days. However,a pi tch angle (d4) can consistently be
aircraft is trimmed, which means that the angle-of-attack to the oncoming airstream by the

aircraft and its wings may be deliberately set nose-high by the pilot in order to generate

sufficient lift to keep the mass of the aircraft aloft for a given airspeed. For most survey flights a

key objective is to have the platform flying at sufficient airspeed into or out of any head-wind or

tail-wind that it can be trimmedt o be | evel (i . el havespfiicentgrauradt | ng =z er
speed and an appropriate photo interval to achieve photo stations which result in sufficient

stereo overlap (i.e. 60% in the direction of flight).

Yaw (K) is commonly the result of the desired flight line not being parallel with the prevailing
wind direction. In such cases the platform (aircraft) is said to be subject to a cross-wind and is
obliged to fly heading into wind, known as crabbing, in order to maintain the desired direction of

travel for the survey flight line (Figure 2.20).

(a.)

Actual travel direction

p— —_ — -

-~ ...5: - Crab angle

MeClion wre ~ —
Camera o Orhcadiﬂs o
(uncorrected for crab)

o A

Reduced width
of stereo coverage

Figure 2.20: (a.) Sketch illustrating the crab angle of a platform (aircraft) as a result of a
cross-wind. In such instances if the camera is not mounted on a swivelling mount to correct
for this then the photography will be subject to an excessive k angle (b.) Sketch illustrating

how an excessive k angle can result in a reduced stereo overlap (right) compared to k
approximating to zero (left) (Wolf and Dewitt 2000).
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2.2.7.3 Tie Points and Ground Control Points (GCPs)

Tie points are useful for identifying matching image points across a number of overlapping
images and thus creating a relationship between them. The selection of tie points can be
performed manually, automatically, or a combination of both, with the former potentially a time-
consuming process. Image matching algorithms can be used to identify matching pixels
between overlapping images whereby a tie point can be automatically placed. The basic
process of image matching is illustrated in Figure 2.21. A stereo-pair of photographs is shown,
with the left-hand image containing the reference window whilst the right-hand image contains a
larger search window. These windows are also known as kernels. The search window is always
the larger of the two to ensure that it surrounds the region containing the pixel to be matched.
As a number of parameters should have been entered into the photogrammetry software at this
stage, such as the focal length of the camera and the degree of overlap between images for
example, the search window can be placed approximately in the correct location on the right-
hand image. A sub-search kernel moves within the search window from pixel to pixel,
comparing the pixel numbers with those in the reference window to identify the region in which
there is peak correlation between the two images. The success of this process is, however,
dependent upon the strength of the image signal and contrast, as well as minimal geometric

and radiometric distortions (Walstra, ibid.). If image quality is good then the kernels can be
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Figure 2.21: The image matching process (Lillesand et al. 2008).
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smaller because the likelihood of peak correlation (matching) is much greater than if the image
was of poor quality. Kernel size should be increased in this instance to enhance the probability

of identifying matching areas within the stereo-pair.

Ground control points (GCPs) are necessary for a number of reasons during the
photogrammetric process. They provide ground reference data that is often inclusive of a
horizont al coordinate system, such as the UK©®&s
Ordnance Datum Newlyn (ODN) in the UK (Lillesand et al. ibid.). GCPs are also required to
determine the exterior orientation parameters if these are not provided with the imagery. GCPs
are selected based upon their visibility in the imagery and are stated by Lillesand et al. (ibid.) to
be representative of physical points on the ground. Ideally ground control is positioned
proactively, that is high-visibility markers (usually fabric) are placed within the landscape which
is to be photographed (Figure 2.22) beforehand and their locations surveyed by conventional
(terrestrial) means. However, ground control for photogrammetry is more commonly collected
retrospectively, that is after the photography has been acquired. In the case of archive SAPs,
this is the only option.

A suitable distribution of retrospective GCPs must be present within the imagery (Wolf and
Dewitt ibid.), as illustrated in Figure 2.35. Examples of suitable features for locating GCPs are
road and watercourse intersections, the corners of buildings and fences, small, lone features
such as bushes and patches of grass etc. (Wolf and Dewitt ibid.). However, where historic
stereo-imagery is to be used, particularly over decades rather than years, some features may
have been removed or altered. It is therefore important to identify suitable locations for GCPs
prior to collecting them in the field by comparison with modern imagery to ascertain if they still
exist.

Figure 2.22: Examples of high-visibility markers placed in the landscape as pro-active
ground control points.
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Figure 2.23: Recommended layout of GCPs from Wolf and Dewitt (2000): (a.) single stereo-
pair, (b.) image strip and (c.) image block.
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The number of control points required for topographic plotting using a single stereo-model,
comprising of two overlapping images, is a minimum of three vertical and two horizontal GCPs,
although more points are required for redundancy and blunder detection, and thus three
horizontal and four vertical GCPs are recommended (Wolf and Dewitt ibid. p.349). GCPs should
be well distributed throughout the overlapping area, with the vertical GCPs situated towards
each corner of the overlap, with potentially a fifth point close to the centre (see Figure 2.35).
Finally, the GCPs must be identifiable in the imagery and not situated close to the edge of the

image as the lens distortion and image resolution are degraded here.

For triangulation to proceed (see Section 2.2.7.4), fewer GCPs may be sufficient, although the

number depends upon the nature of the area being recorded i.e. whether the terrain is flat or

mountainous, and the desired accuracy of the project. As a general rule, the accuracy of the

additional control calculated by the triangulation process increases as the number of GCPs

increases. For a strip of stereo-photographs, the optimal control suggested by Wolf and Dewitt

(ibid.p.350) is illustrated in Figure 2.35. Thus when triangulation is subsequently performed, it

increases the amount of ground control throughout strips or blocks of stereo-imagery in a

process sometimes referred to as O6bridgingd, thei

from just a limited number of collected GCPs and the stereo-imagery.

Whilst exterior orientation data can theoretically negate the need to collect GCPs, the collection
of a nominal number of GCPs is still recommended, and especially so when working with
historic SAPs. GNSS is often used to gather GCPs as it makes the process relatively rapid,
although care must be taken to understand the performance of the technique that is used to
collect them. Lillesand et al. (ibid.) state that accurate ground control is essential to
predominantly all photogrammetric processes, as photogrammetric measurements can only be
as reliable as the ground control on which they are based.

2.2.7.4 Triangulation and Bundle Adjustment

Wolf and Dewitt (ibid.) state that Triangulation, alternatively known as Aerotriangulation, is the
process of establishing the 3D ground coordinates of individual points based on photo-
coordinate measurements. The triangulation process generally requires the input of control
points and tie points prior to execution. If only tie points are entered, then relative orientation
can be achieved, which describes the way in which each of the images, whether it be a stereo-
pair, strip or block, relate to one another in a relative sense. The collinearity condition (see
Section 2.2.6.4) can be utilised to establish the relative positional offset and angular attitude
between the images at the time of their exposure (Wolf and Dewitt ibid.). However, for absolute
orientation to be achieved, GCPs are required. Absolute orientation is defined by Heipke (1997)
as the relation of the image coordinate system to the object coordinate system. Wolf and Dewitt

(ibid.) state that a minimum of two horizontal and three vertical control points are required in the
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area of overlap, although more will provide redundancy and the opportunity to derive a least

squares solution, as explained below.

Block Bundle Adjustment (BBA) is a part of the triangulation process and simultaneously applies
the processes of space resection and intersection, effectively the collinearity equations, to all of
the images, known as a dlockd within a photogrammetric project. BBA is so called because it
handles all of the bundles of light rays, defined by the identification of object points and their
representative image points, at once (Linder 2009). It is during this process that the ground

coordinates for tie points are created.

Least squares adjustment (LSA) is the method applied to address errors in data caused by
random error sources and is stated by Wolf and Dewitt (ibid.) to be the theoretically correct way
of dealing with random errors. Errors are those remaining once the gross and systematic errors
have been accounted for and are further described in Chapter 3, Section 3.3.1. For the LSA to
be successful there have to be more known values than there are unknowns. Thus, without
camera calibration information and the potential lack of exterior orientation measures, GCPs are
an important requirement when working with SAPs as they are the sole means of providing
location data for object points in the photographs. Subsequent to the performance of the LSA,
residual values are usually returned, which represent the difference between a measured value
and the most probable value for that measurement. It is the residual value for each
measurement that is adjusted during the iterative process of LSA (Wold and Dewitt, ibid.), which
reduces the sum of the squares of the errors until it cannot get any smaller and thus represents

the best fit between the observed values and those of the values estimated by the software.

Within the SocetGXP software, the least squares bundle adjustment, described above, is used
to solve a number of unknowns, such as the camera angles, camera locations and the adjusted
ground locations for tie points (BAE Systems 2009). Whilst tie-points can be used for this
purpose, they are only a means of identifying matching image points across photographs as
they do not have known locational values, unlike GCPs. By only using tie-points, a relative
solution can be created but not an absolute, or georeferenced, solution, for which control points

are required.

2.2.7.5 Automatic Terrain Extraction

After the stereo-photography has been registered and the triangulation process has been
completed, terrain generation can be undertaken. Photogrammetric software packages utilise
image matching techniques, as described in Section 2.2.7.5, to generate terrain data, although
they are often +tafsedde dnlddwaveratserg ara othergrocesses that
can be employed during terrain extraction to increase the accuracy of the end product. Back-
matching is one such method whereby the reference window remains static in the left image

whilst the search window moves across the right image to produce a correlation result. The
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process is then reversed and the reference window remains static on the right image whilst the
search window moves across the left. Back-matching therefore allows the software to identify
any discrepancies between these results, and thus reject any erroneous points by comparing

them to a threshold correlation value.

An alternative to the area-based methodi s ¢ f-lteaad eud G mahts apprbachginvolves
looking for distinct features in the imagery, such as edges, which are often distinct and
indicative of a number of objects in a landscape, such as buildings, roads, cliffs etc. When
identifying edges, the matching process is looking for dramatic differences in image intensity
values (i.e. large changes in the greyscale or pixel number), which the correlation threshold

might reject when performing area matching (Zhang et al. 2007).

The software user is often able to select the post-spacing required from terrain extraction on
which image-matching takes place, which suggests that the end-product is a regular grid of 3D
coordinates. Wolf and Dewitt (ibid.) state that this is rarely the case due to the influence of tilt
and relief displacements contained within the imagery. The choice of point-spacing is related to
the GSD of the imagery, with users either selecting a multiple of this value or inputting this exact

number to obtain pixel-for-pixel matching.

2.2.8 Software

There are a number of dedicated digital photogrammetry software packages available, ranging
from low-cost, as discussed in Section 2.2.3, to high-end products such as BAE Systems Socet
Set and SocetGXP. More recently, GIS packages have also been providing the facility to extract
terrain data from stereo-photography, either as dedicated features within the software or
through the use of plugins from other manufacturers. ENVI utilises its own integrated tool called
6DEM Ext r ac thatwarks With a singlel shereo-pair of images, taking the user through
a series of steps that follow a specific workflow. GCPs are added to the process prior to the
addition of tie points, which can be generated either manually or automatically. Once the terrain
extraction step is reached, the user is prompted to set a number of parameters, which require
the user to be familiar with the photogrammetric process and the way in which image-matching
works. The minimum correlation value, moving window sizes and terrain type can all be altered,

each of which are explained within the software help file.

Parameter input for photogrammetry software products such as Leica Photogrammetry Suite
(LPS) was more extensive than for ENVI, requiring users to be familiar with the way in which
image matching worked. The terrain extraction module, known as e-ATE, presented consumers
with a large number of parameters to alter, which required even the more advanced users to
conclude that experimentation was often the only way to obtain optimal results (Gooch 1999).
However, photogrammetry has long been a part of the ERDAS IMAGINE product, with Stereo
Analyst, OrthoMAX and OrthoBASE forming previous incarnations of LPS. The last version of
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LPS was released in 2013 as a part of the IMAGINE GIS software created by ERDAS, who are

now part of the Intergraph Corporation owned by Hexagon. LPS is now known as IMAGINE

Photogrammetry and is an add-on module for]| MAGI NE, al oiDd Méi amdoé A St @er e o
Anal ysté, which facilitate the ext rMagybDfithese of t er |
tools are also available as extension modules for ArcGIS. However, the updated

photogrammetry suite to tools still requires considerable user input for a large number of

parameters, which is likely to deter all but the more advanced practitioners from working with it.

Socet Set and Socet GXP are high-end packages produced by BAE Systems that are utilised
by the military as well as universities, researchers, mapping agencies and others (BAE Systems
2014). Socet Set was the initial photogrammetric and geospatial software developed by BAE
Systems that required consumers to be familiar with the concepts and workflows for
photogrammetry. SocetGXP was conceived in 2001 to encourage consumers to migrate from
Socet Set as it employed a more user-friendly graphical user interface (GUI) and streamlined
the workflows. Subsequently, stages of the processing chain, such as interior orientation, do not
require consumers to search through menus to find the individual tools to import photographs,
input calibration data and fiducial measurements, add GCPs etc., as they did in Socet Set. Each
of these tools is combined into a unified workfIl
approach, which takes the user through a number of steps and prompts them to input certain
information. Processes such as terrain extraction also require limited input from the consumer,
unlike LPS and IMAGINE Photogrammetry. Whilst advances users can elect to alter the pre-
defined parameters for generating terrain, Socet Set and SocetGXP provide strategies that are
designed for generating terrain across particular topographies that are predominantly flat, steep
and urban or a combination. Modules are also available to provide Socet functionality to the

popular GIS software package ArcGIS.

Dedicated photogrammetry software for expert users, such as SocetGXP, can be prohibitively

expensive. Whilst the modular approach offered by a number of vendors allows consumers to

select the software tools that are most appropriate for their purpose and budget, the cost of

these additions and the learning-curve associated with them has to be considered. As alluded to

in Section 2.2.3, archaeologists have adoptedlow-c 0 st packages such as Topc
ImageMaster or SfM alternatives, ranging from commercial optonss uch as sAgi Soft 6
Phot oScan and Acut e3D06s -sBume alterBafiivEsdifetBundlesandt o o pen
SFMToolkit.1 n many cases these packages requir-bomdni ma
approach to obtain results from images. This means that users are not privy to the algorithms

used to derive triangulation solutions or extract DSM data from the imagery. However, they do

not require consumers to be photogrammetric experts, and thus the learning curve for

generating DSMs from imagery is minimal. What must be considered by those utilising SfM is

whether it is fit-for-purpose, which includes the metric performance of the data extracted from it,

as discussed in Section 2.2.3.
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2.2.9 Photogrammetry Limita tions

As photogrammetry uses cameras that are referred to as passive systems, the technique relies
on sufficient ambient lighting or an artificial light source to illuminate a surface sufficiently to
capture textural detail. Subsequently its efficacy is reduced in poor lighting conditions. Laser
scanning, on the other hand, is an active sensor that provides its own light source, which is
reflected from a target to provide measurements and can therefore operate in both light and
dark conditions. However, a successful photogrammetric campaign provides textural detail of an
object, which is often an important requirement for heritage documentation as it inherently
delivers information about the state of preservation (Al-kheder et al. 2009). Although most
scanners have built-in digital cameras, they rarely produce high-resolution, high-quality imagery,
and thus for texture mapping and the production of photorealistic models the photography has

to be captured with a digital camera (Bruno et al. 2009).

Data occlusions are not a problem purely encountered by TLS systems. Many authors have
grappled with this issue when using photogrammetry (Dawson et al. 2008; Hetherington et al.
2007; Lambers et al. 2007), despite the application of an apparently rigorous method of field
survey. This emphasises the complexity of trying to provide a complete 3D record of a site or
object. This is particularly prudent when adopti
incomplete record may nullify or prevent the reconstruction of the subject. Photogrammetry is a
tried-and-tested method for ante-disaster recording (Dallas et al. 1995), with the chances of a
successful outcome assisted by the development of digital photography: imagery can now be
assessed almost immediately after the photography has been taken, reducing the probability of
collecting unsuitable images.

Many TLS systems contain an inbuilt camera, or provide the facility to attach a camera system
to the scanner. The latter method often provides the opportunity to generate high-resolution
imagery during a scan, combining the benefits of photogrammetry and scanning into one
system. However, this often increases the time required to conduct a survey from one particular
survey station as the scanner has to gather the imagery as well as the point cloud. The result
can be a large dataset that requires computer hardware and software that is capable of

handling huge data volumes.

Further limitations of the technique relate to issues that are specific to the use of archive SAPs.
The initial development of SAPs, from exposed film to developed negative or diapositive, and
subsequently to photographic print and storage is frequently unknown and untraceable. If these
photographs have not been carefully managed and stored, in conditions that are both dry and
cool, the materials could have been subjected to a number of degradations that will
subsequently affect the quality photogrammetric result. If a photograph has been taken with an
aerial camera that uses a reseau plate, which can be ascertained if a large number of cross
hairs are marked upon the image, then the effects of geometric warping may potentially be
reduced. However, this would rely on the availability of the camera calibration certificate.

Geometric distortion can be caused by storage in a warm, damp environment, which can cause
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images to stick together and even develop mould (U.S. National Archives and Records
Administration No Date). Dust and scratches may be noticeable on negatives and prints, which
can also be a sign that these materials have not been stored carefully. Subsequently, the life-

cycle of archival materials will dictate the quality of the data that can be extracted from them.

2.3 Airborne and Terrestrial Laser Scanning Techniques

Boehler and Marbs (2002) definea | aser scanner as fAéany device tt
of a given region of an objectods surface automat.
(hundreds or thousands of points per second), achieving the results (i.e. 3D coordinates) in

(ne ar ) r e'Bhis statememesummarises the common properties of all laser scanners,
regardless of their principle of operation. Thes:¢
they provide their own energy source with which to generate the laser and conduct a survey.

For this reason, laser scanning can be undertaken during the day or at night.

The following Sections describing airborne and terrestrial scanning techniques are indicative of
the relative ease with which point data can be generated when compared with the concepts and
workflows associated with Photogrammetry (see Sections 2.2.6 and 2.2.7). However, data
collection and processing for airborne systems is often undertaken by a commercial company,
which significantly reduces the workload for a user. Terrestrial scan data does require a
significant time investment and this is further discussed in Section 2.3.2 below.

2.3.1 Airborne Laser Scanning (ALS) Techniques

ALS instruments are mounted in an aircraft, whether it be fixed wing or a helicopter, and obtain
measurements by deflecting the laser beam in a direction perpendicular to the flight path, whilst
the forward motion of the aircraft provides subsequent measurements in the forward direction
(Petrie and Toth 2009). The location of the ALS is provided by a GNSS whilst an Inertial
Measurement Unit (IMU) collects information about the attitude of the plane (i.e. the way in
which the pitch, roll and yaw alter during the flight). These concepts are illustrated in Figure
2.24a. The data can therefore be georeferenced and is expected to provide vertical and
horizontal accuracies of between 5-15cm (Crutchley 2010), although the latter is affected by the
altitude of the aircraft, which influences the degree to which the beam spreads, and the

instrument settings (see Figure 2.24b).
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Figure 2.24: Diagram showing (a.) an aircraft-mounted laser scanner and the geo-location
components GPS and IMU, (b.) the influence of aircraft altitude, h, and the diameter of the
footprint, D, which is affected by altitude (Beraldin, Blais and Lohr 2010).

Data collection with ALS is based on the time-of-flight (ToF) principle, whereby distance is
based upon the time it takes for the laser beam to travel to and from the terrain. Each laser
pulse generates a measurement, of which millions can be produced in a single sortie over a
wide area, thus explaining why ALS is suited to recording landscape-scale areas. However, the
reflected laser pulse may not have been returned from the ground surface but from the first
surface it hits after leaving the aircraft, whether it be a building, tree, or other vegetation type. If
the laser has managed to penetrate the vegetation canopy or clipped the edge of a building,
with a fraction of the laser energy reaching the ground, it may be possible to obtain a ground
measurement from the energy that returns to the aircraft. The systems that are able to
distinguish between return pulses are called discreet or full-waveform systems, the concepts for

which are illustrated in Figure 2.25.

The first echo returned to the aircraft is generated by the first obstacle it hits, whilst the last
echo, or return, is reflected from the ground surface. If the data is being collected over areas
with dense vegetation, however, this may not be the case. Discreet return systems are only able
to digitise a small number of returning echoes, whilst full-waveform systems can digitise a large
number of them. Once each of the returns are separated the measurements can then be
assigned 3D coordinates (X,Y,Z) from which a digital surface model (DSM) can be derived. The
process of creating DSMs using ALS data is explained in Chapter 3. If a digital terrain model
(DTM) is required, which provides a bare-earth representation of the survey area, only the last
return data is required. The process of digitising and separating the returns requires specialist
software to filter the data, although commercial companies offering ALS data often provide pre-

filtered products as text files or interpolated raster grids (see Chapter 3 for details).
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Figure 2.25: Diagram showing laser pulse return data from (a.) a discreet and (b.) full
waveform system.

2.3.2 Terrestrial Laser Scanning (TLS) Techniques

TLS systems that are regularly applied by field surveyors work on ToF principles, which are
provided in Section 2.3.1. These scanners are useful for the increased distances at which their
lasers are able to travel, with most operating to at least 100m (Barber et al. 2007, p.7). During a
survey conducted with a TLS instrument, the scanner position remains static whilst a scan is
conducted and the instrument is mounted upon a tripod for stabilisation. To obtain
measurements the scanner rotates about a vertical axis to generate data in the horizontal (or
azimuth) direction whilst the rotating mirror deflects the laser beam across the subject in the
vertical direction (Petrie and Toth 2009). For georeferencing purposes, the TLS usually requires
specially designed targets to be placed within the area to be scanned, which are themselves

surveyed using a GNSS. These can be seen in Figure 2.26.

The operating range of a TLS designed for use on larger objects, such as building facades and
landslides for example, is 2-300m, although typical accuracies usually quoted, nhamely 3-6mm,
are based on a range of up to 50m (Barber et al. 2007). As the TLS is a close-range system it is
capable of generating much more dense point clouds than an ALS and thus it records objects
with greater detail. The drawback of a TLS system is that it is designed for covering much
smaller areas than ALS, although some TLS systems have been adapted for mounting on
vehicles, such as boats, vans and helicopters, to exploit the benefits of generating both a dense

point cloud of a large area in a shorter amount of time. Ultimately the TLS generates a similar
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Figure 2.26: Components of a TLS (a.) vertical and horizontal rotation (Leica Geosystems
AG 2011) (b.) twin pole and circular target (Leica Geosystems AG 2014), and (c.) TLS and
Leica Viva GNSS at Worbarrow Bay.

product to that of the TLS, namely a large point cloud consisting of millions of measurements,
which requires processing to create the desired end-product. This can be a DSM, although
there are few TLS systems that gather information about waveform echoes, unlike the TLS.
Therefore any data filtering to remove unwanted or spurious points can either be undertaken
with software that automates this process or by manual editing of the point cloud. Automation
usually involves setting a maximum height offset such that any points within an area that
exceed this value are removed, which can be a more efficient process than manual editing.
However, due to the file sizes that are often generated by TLS systems, it is vital to have access

to a PC that has sufficient processors and memory to be able to handle large data volumes.

2.3.3 Archaeological Applications of Laser Scanning

As with photogrammetry, laser scanning can be separated into airborne and terrestrial

applications for archaeology, which are discussed under separate headings in this Section. The
decision to differentiate between ALS and TLS ap|
landscape-scale recording, whilst TLS is useful for covering smaller areas. This is not the case

with photogrammetry, whereby the terrestrial applications do not lend themselves as easily to

recording earthworks and sites.

2.3.3.1 Airborne Laser Scanning (ALS) for Archaeology

The applicability of airborne laser scanning (ALS) for documenting the archaeological resource

has been principally applied to terrestrial sites, using ALS for a multitude of applications:
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