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Abstract

:

Archaeological monuments all over the world face problems of conservation and maintenance due to natural events and processes as well as human intervention, all of which lead to their alteration and deterioration. In particular, monuments and sites that have been excavated and left exposed to the elements experience decay, which would have taken centuries prior to excavation, in just a few years when left unprotected. Thus, the necessity to detect and observe changes over time becomes paramount. Legacy data and, in particular, retrospective photogrammetric modeling, are vital tools in this process. In this work we compare two photogrammetric 3D models of the Omega House, in the Athenian Agora, to assess how much the site has changed between the time of its first excavation in 1972 and its current state. Constructive Solid Geometry (CSG) is utilized to perform Boolean operations. Additionally, distance and volume calculations are performed. The software CloudCompare was used for this work. Overall, the state of Omega House monument proves to have been preserved from 1972 to 2017, except for certain differences that are highlighted as follows: The central north part of the monument in the model 2017 presents increased volume per 7.86% in comparison with the model 1972. The northeast part of the monument in the 2017 model shows decreased volume per 5.11% when compared to the model 1972. Moreover, the calculated distances between the two models from 1972 and 2017 present the greatest values in the case of the southwest and northwest parts of the monument, ranging between −17 cm to 5 cm.
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1. Introduction


Archaeological sites, heritage buildings, and artefacts across the globe constitute vulnerable aspects of our cultural heritage, whichencounter various and ongoing challenges. Natural threats, with extreme events like earthquakes and storms, natural processes such as erosion and vegetation, as well as human intervention including excavation without preservation, pollution, uncontrolled urbanization and tourist development, give rise to significant problems in presentation and preservation [1]. Human actions that affect archaeological sites are known as cultural formation processes, while how nature affects the survival of archaeological evidence is called natural formation processes. Therefore, in everyday protocols preventative measures are required as an essential means of preserving these sites and artefacts. The surfaces of monuments experience material changes that can lead to biological alteration, material exfoliation and decay [2], as well as structural issues [3]. With the intention of surveying deterioration and monitoring the general condition of monuments, multidisciplinary approaches have been presented in the literature, notably, multiple sensors and non-destructive testing (NDT) techniques [4,5]. In fact, accurate digital 3D models of monuments [6] can serve to monitor the condition of the subject through algorithmic processing of change detection.



In the past two decades, photogrammetric 3D modeling of archaeological sites has become common place and is increasingly required in excavation projects. Such modeling was virtually impossible or financially prohibitive in the time of analogue photography. In recent years, however, methods of extracting data from archival materials to create 3D models have been developed [7,8,9,10]. The re-use of archival materials in retrospective photogrammetry allows us to take a fresh look at the past condition of archaeological sites as they were when first excavated, employing those materials in ways that their creators may never have imagined. In creating 3D modeling of sites as they were in the past, researchers are now able to look at the excavations and structures from perspectives that were never photographed. The question that this paper addresses is the ability to use retrospective models in comparison to contemporary models for the purpose of assessing deterioration relative to time, preservation, and natural processes. Two 3D models of a site, a retrospective and a contemporary, will be used as a case study.



The two models that have been constructed are of Omega house: a luxurious residential complex of the Roman period in the Athenian Agora. The first model is as it was when excavated in 1972, and the second is of the site after 45 years in 2017 [6,7].



Omega house was chosen for the retrospective aspect of this project based on the thoroughness of documentation during its excavation. For retrospective photogrammetry to succeed, broad views of the location need to have been photographed. Some archaeological sites do not lend themselves to retrospective techniques if the photographer or site director has chosen to focus too closely on individual elements. Understandably, at that time film, processing, printing and even photographic setup were limiting factors. In the case of Omega house, site director John Camp and photographer Craig Mauzy not only photo-documented the site in great detail, but also captured a significant number of all-encompassing photos thatallow elements to be joined together in a contiguous model. In addition, not only were such photographs taken throughout the dig as well as during site cleanup, but serendipitously J. Wilson Myers and Eleanor Emlen Myers were photographing Greek archaeological sites using a blimp at that time and documented Omega house from the air. While this was definitely a factor in the successful modeling of the 1972 version of the site, it is not a limiting factor in other digs. Detailed site plans can be incorporated into the modeling to unify disparate images. Contributing to the purpose-made photographs and site plans, documentation done with paintings, surveys and even amateur snapshots can all be employed in creating more cohesive retrospective models. Moreover, “gaps” in the photographic record can be augmented in cases where the surrounding elements are known to be stable and filler from contemporary photographs can be used.



In this paper, we compare the two models using Constructive Solid Geometry (CSG) operations [11,12,13,14,15,16] for performing Boolean operations on the Omega House models; additionally, distance and volume calculations are performed. Omega House monument can show the way that natural processes affect an exposed archaeological site. The 3D photogrammetric models of the site dated in 1972 and 2017 (Figure 1) enable the examination and measurement of the site aspects. The Boolean operation of difference can reveal if and to what extent the contemporary model has changed in comparison with the retrospective model. The Boolean operation of intersection can give the common portion of the two models; thus, it can disclose the monument parts that have not been altered throughout the time of 45 years. The volume calculations can reveal whether material decay has occurred or not. Regarding the distance calculations performed, they can indicate variations in the terrain during the time of intercomparison. This work is organized into five sections: The literature on 3D change detection is presented in Section 2. The methodology of comparing the Omega House 3D models is described in Section 3, whilst the obtained results are given in Section 4. Discussion of the study is presented in Section 5, and the Conclusions are drawn in Section 6.




2. Literature on 3D Change Detection


2.1. Monumental Conservation


Remote sensing methodologies and particularly change detection algorithms are favourable approaches in the documentation and monitoring of monuments and archaeological sites. Change detection aims at recognizing and evaluating differences on a surface over time. Essentially, a map of changes is constructed by processing two or more images or maps of the same area having been acquired at different times [5,17,18]. In this work [5], change detection algorithms are applied to high-resolution RGB orthophotos and to dense image matching 3D point clouds of the site. Moreover, a set of different NDT and low-cost techniques are combined for further recognizing the occurrence of alterations. Multivariate alteration detection, maximum autocorrelation factor algorithms that are often applied to remotely sensed images, have proven to be successful for small-scale application to buildings. A 3D analysis has been carried out to supplementally integrate and complete the previously mentioned results. The proposed approach could prove useful for monitoring frescoes, paintings and artefacts in general thatare exposed to deterioration. The particular study results in the data interpretation are not always explicit, and thus a validation is required through iterative refinement and cross-checking with different data types. In the study [17] a novel methodology of combining change detection algorithms with photogrammetry for documentation and monitoring of a painted surface restoration is presented. A 3D study is also used to assess the Byzantine icon geometric features before and after the restoration procedure. Specifically, a shape analysis of the wooden support is performed for the recognition of obscure deformation patterns. A digital methodology was adopted, where firstly a photogrammetric survey is carried out, leading to the point cloud and orthophoto generation. Afterwards, 2D as well as 3D detection of changes through time, regarding eleven orthophotos, takes place. The final stage consists of the data interpretation. The study pointed out the significance of correct light setup and the necessity of constant and uniform illumination to avoid radiometric artefacts. Additionally, the correct alignment of image datasets is of paramount importance. The presented approach could find broad applicability in the heritage science domain, in case of exposition to decay due to incorrect conservation conditions.Furthermore, Ref. [18] investigates the prospective usefulness of Terrestrial Laser Scanning (TLS) and of the Multiscale Model to Model Cloud Comparison (M3C2) surface change detection method for surveilling and conserving ancient earthen architecture. All-inclusive site monitoring programs following UNESCO periodic reporting guidelines are also generated. The approach in [18] is evaluated on 3-D TLS datasets over a period of six years to account for the deterioration of mud brick structures at Catalhöyük, Turkey. The goal is to find out material loss in walls and buildings, recognize possible basic causes as well as to organize a plan for future physical interventions. Change patterns which are detected show the risk of deterioration for certain wall features appearing to be more prone to decay. In fact, this particular methodology could prove useful for enhancing site monitoring and applying preventative on-site interventions at large earthen sites in the Mediterranean, Middle East, Africa, Europe, and the Americas. The number of scans varied throughout the years of survey to produce a more accurate, 3-D documentation of the case study including variables. The fluctuations in number of scans and resulting difference in point density during each year get compensated by filter processing. Thus, fairly homogenous data were finally obtained for the point cloud comparison and analysis.



A methodological framework for the detection and monitoring of archaeological sites by means of autonomous service drones is proposed in [19]. RGB, depth, and thermal cameras are mounted on an autonomous drone for low-altitude data acquisition. A user interface is eventually designed to monitor the inspected regions over time. A novel mosaicking algorithm for the alignment and aggregation of the acquired images is presented, where a novelty lies in the Artificial Intelligence (AI)-based change detection algorithm. A pretrained YOLO model detects built cultural heritage within the orthomosaics that are generated by the video mosaicking algorithm. Then, the detected cultural heritage structures are post-processed by a segmentation tool. The latter serves tocreate a 3D representation of the detected built heritage. Overall, the mosaicking and alignment functionalities of commercial photogrammetry software have been resourcefully reproduced. Simultaneously, a novel depth-relying modality and increasing flexibility have been introduced where the proposed methodology can identify the suitable time in which any thermal anomalies in the ground present more chromatic evidence on the images.



Furthermore, how terrestrial 3D laser scanning can be employed for the detection and monitoring of changes to the Okotoks Erratic “Big Rock” Provincial Historic Resource in Alberta, Canada, during the time interval of 7 years from 2013 to 2020 is demonstrated in [20]. The CloudCompare software is used. This study results in movement or repositioning of rocks around the base of the erratic appearance of “off the record” paths, as well as changes to interpretive trails and fencing. This is the first study that utilizes terrestrial laser scanning for change detection analysis on a heritage site over a time interval as long as 7 years. The results presented here depend on the accuracy of the terrestrial LiDAR data. A network of TLS instrument locations that maximize the coverage of the main boulders is set up. The small rocks which are detected to present obvious offsets all have alike levels of coverage across the two data sets being compared. In a similar manner, vegetation occlusions could influence TLS coverage and thus accuracy for smaller rocks and boulders. Nevertheless, vegetation was manually removed from the point cloud prior to processing. Moreover, no important offsets were noted on other smaller rocks with higher levels of vegetation occlusion and poorer coverage. Finally, while filtering was used on the Okotoks data sets as they were too large to process, all the point clouds were down sampled with the same strategy and to the same resolution. Concluding, the offsets which were identified in this study were due to factors of erosion and human/animal activity.




2.2. General Applicability


Since modeling software is getting broadly utilized and specifically 3D models are becoming more composite and need input from more users, there arises the issue of preserving large scenes over time. Moreover, different versions of 3D models resulting from a location edited inparallel by various users, may need to be merged. The work [21] presents the open-source tool, 3D Diff, that supports differentiating and merging of 3D models. Initially, differences between the 3D models are automatically recognized by noting correspondences and discrepancies between them. Then, merging is done using an interactive tool that selects between the detected changes. A user study conducted indicates the 3D Diff to be an effective way of merging 3D models. Moreover, building 3D models of the environment is often encountered in robotics since they are required for a broad range of applications. In the case of a notable change in the environment, existing models must be renewed. It is preferable that repeating the whole mapping process is avoided and the mapping is focused on possible regions that have altered;consequently, the true recognition of locations that have changed in a 3D model is significant. In the work [22], a new methodology to identify geometric changes between the present-day states of site environment and 3D modeling based on the site’s former state, by means of a short sequence of images, is proposed. The changes in the images are identified by means of their re-projection onto each other, passing through the 3D model. The inconsistencies from multiple pairs of images are fused to remove the ambiguities about potential changes. Then, the locations of changes can be recognized via a mean 3D point and a covariance matrix. The experimentation carried out demonstrates that the proposed approach faithfully identifies the changes in the environment with only five images, whilst the total computational time is smaller than 2 s.



Additionally, the work [23] gives a multi-temporal underwater photogrammetric survey of a reef patch situated in Moorea, French Polynesia, designed to detect a coral growth of 10–15 mm/year. Structure-from-Motion photogrammetry and underwater imagery allow the 3D quantification of the reef structures along with their ecologically associated characteristics. The final accuracies of photogrammetric reconstructions are in the order of 1 cm and few millimeters for the 2017 and 2018 monitoring campaigns, correspondingly. The straight comparison of the two subsequent point clouds helps to evaluate trends in growth and perform morphometric analyses. For precise quantitative assessment of any local changes, an analysis of 2D profiles that are easily produced from the point clouds can be followed. Furthermore, digital maps are normally provided by National Mapping Agencies in most countries. These maps need to be regularly updated, where traditional change detection is difficult because of intense noise resulting from temporal changes. The study [24] presents a technique to detect changes between two time points utilizing 2.5D data and then to apply these interpretations to a digital map. A machine-learning model, whichrelies on gradient boosting, gets trained with features being collected from the input data for every polygon in the map. The area of study is Haarlem in the Netherlands. The proposed methodology proves effective regarding the number of detected changes as well as the subsequent assistance of the manual updating of the map.



Promising comparison outcomes would be obtained through the application of artificial intelligence-based techniques [25,26] when intercomparing monuments. The 3D change detection relying on deep learning is a powerful tool to be exploited in the area of archaeological monuments monitoring [27].





3. Materials and Methods


3.1. Accuracy Assessment


In this paper we compare two 3D models: the 1972 retrospective and the contemporary 2017. The models that are used are already georeferenced. The 1972 retrospective 3D model is based on archival photographs, drawings, and plans, and is georeferenced using reference points on features common to many photographs. The tool used was AgisoftPhotoscan [6]. At that time camera calibration was not possible, and for some archival photos there is no information or metadata about the camera used. To draw a conclusion about the accuracy of the model is not a trivial problem. However, by incorporating plans and drawings of retrospective 3D modeling as though they are all photographs, geometries within a digital model can be “pulled together”, leading to greater accuracy. The contemporary 3D model was produced with close-range photogrammetry, and the resulting model error is below 1 cm. In this case we cannot compare the two models because the 1972 model accuracy is unknown, but the model with high accuracy can be used as a reference to find out the relative accuracy of the old one. Table 1 and Table 2 present the computations of Accuracy terms. More specifically, for a total of 20 checkpoints of the Omega House model, Table 1 gives the Easting, Northing and Elevation residuals in meters, where the differences of the 1972 model from the 2017 model have been calculated. The corresponding accuracy terms, namely mean, standard deviation and RMSE values, are presented in Table 2. According to Geospatial Positioning Accuracy Standards [28], 20 points are enough for the calculation of the relative accuracy of the retrospective model regarding the contemporary model.



The positional accuracy RMSEris equal to the horizontal radial RMSE [29]. It is calculated as the square root of the sum RMSEx2 + RMSEy2 and presents the value of 0.483 m. To evaluate the accuracy, among the various accuracy assessment methodologies that have been used in the literature, ASPRS standard has gained wide diffusion and acceptance [29]. According to the ASPRS standard, the horizontal accuracy named Accuracyr is calculated as follows:Accuracyr = 1.7308 × RMSEr and presents the value of 0.836 m. The vertical accuracy in non-vegetated terrain, which is our study case, is calculated as follows Accuracyz [NVA] = 1.96 × RMSEz and presents the value of 3.518 m. These are the accuracies in the 95% confidence level, which means that 95% of the positions in the 1972 dataset will have an error to the groundtruth positions 2017 that is equal to or smaller than the reported accuracy.




3.2. Omega House 3D Modeling


Omega House is an extensive residence, thought to have been one of the private Athenian philosophical schools of late antiquity. The house was built during the 4th century A.D. and experienced an extensive remodeling during the 5th and 6th centuries. It presents a spacious plan of approximately 1800 m2 with 30 rooms, expanded in three facets and grouped around peristyle courtyards. All activities of the private, professional, and social life of its owners were held in these rooms. The most breathtaking feature of the house is the Nymphaeum room complex thatis located at the southeast corner of the central peristyle courtyard. The eastern part of the house is not as well maintained and encompasses smaller rooms that are thoughtto have hosted the private apartments. Furthermore, a plentiful collection of Greek and Roman sculptures embellished the house. Most of the sculptures were carefully hidden in two wells whilst the ones kept above ground were intentionally decapitated [6].



Omega House is an exceptional example of how natural processes act upon an exposed archaeological site when kept intact but inaccessible to visitors for decades. In the summer of 2017, a high intensity 3D modeling study of Omega House was undertaken by C. Wallace, D. Moullou and Studio727 from Bratislava, Slovakia, with the assistance of ASCSA architect James Herbst and the collaboration of the Ephorate of the City of Athens. A survey of 12 points was completed utilizing locations certain to be undisturbed since the time of first excavation of the site. However, the survey was based on Greek military markers, and due to seismic activity [30] and subsidence [31] their coordinates create uncertainty in the modeling. Similarly, solid features of the site (walls) may show variation between the contemporary and retrospective models due to earthquakes and subsidence. The coordinates were then applied to both the contemporary and retrospective models.



The contemporary 3D model from 2017 was produced using a Nikon D800E and a Nikon D810; each with 36.3 megapixels and varying between Nikon 20 mm f/1.8, 24 mm f/1.4 and 14–24 mm f/2.8 lenses. A total of 37,150 photographs out of the total 43,571 were used in the modeling, which produced a finished model consisting of 3.9 million polygons. The model processing time was five days using Capturing Reality software on a Titan2computer: Intel i7-5820K, 64GB RAM, 4 × 1TB RAID0 SSD, 2 × 4TB RAID0 HDD, 2 × NVidia GTX 980. During fieldwork, the base photographic distance ranged from 0.5 m to 2 m while the elevated photographic distance was from 2 m to 7 m. The median Ground Sample Distance (GSD) was equal to 0.04 cm/pixel. For application of survey-produced georeferencing, AgisoftPhotoscan was used. The final model was processed in normal mode downscale 2 to a GSD of 0.8 mm/pixel. The resulting model error is below 1 cm. The contemporary model produced enables the ex-amination and measurement of every aspect of the site. Any features that may eventually deteriorate, can now be reconstructed with high accuracy [6].



The geographical location of Omega House and its orientation, as it is provided by Google Maps, is depicted in Figure 2. The geographical coordinates of Omega House are the 37°58′22.60″ B 23°43′25.56″ E. The dimensions of Omega House are 60 by 30 m (approximately 1800 m2). The contemporary and retrospective models are shown in Figure 2. Two wells were removed from the contemporary model for the comparison needs of the current study. The particular wells are absent from the retrospective model due to the technological difficulties of taking photographs of the interior of the well back in 1972. In fact, the blank part at the Nymphaeum on the 2017 model in Figure 3 indicates a removed well. A northeast selected part of the model is depicted in Figure 4. The specific model part is analyzed in the following sections. Similarly, other parts of the model have been selected and their analysis is also given below in the current paper. The attributes of the contemporary and retrospective models are described in Table 3. Specifically, the number of points, the number of faces and the number of edges of the models are given.




3.3. Methodology


The 3D photogrammetric models of Omega House go through processing to detect changes that have arisen from 1972 to 2017. The initial version of the models, dated 1972 and 2017, has been provided from the source [6,7]. Processing has been performed by means of the 3D point cloud processing software named CloudCompare [32].



In this work, CSG is applied on the Omega House models [12,13,14,15,16,32] to calculate the Boolean operations thatare named difference and intersection. CSG is a technique to define a complex surface as the result of several set operations on solid regions of space: union, intersection, set difference, symmetric difference, complement. Commonly, CSG libraries represent the inputs and outputs to these operations in an implicit manner. The solid A is defined as the open set of points x for which some function a(x) gives true value. The surface of this shape is the closure of all points x in A. A typical CSG library might only keep explicit base-case representations of canonical shapes such as half-spaces and quadrics.



For the calculation of the distances between the two models for 1972 and 2017, the distance computation algorithm called Iterative Closest Point (ICP) is applied, and the octree and Cloud-to-Mesh (C2M) distances are employed [33]. In C2M procedure, distances to triangles instead of distances to another cloud are calculated [34]. The algorithm relies on a gridding technique, where the triangles are intersected with a regular 3D grid. In each cell of the grid pointers are stored to the intersecting triangles. The computed distances are signed with the triangle normal. With regard to the model volume calculation that is adopted, it relies on rasterization or gridding of the clouds under comparison [32]. Figure 5 presents the methodological approach which is used in the present work.





4. Results


4.1. Boolean Operations Difference and Intersection


The 2016 (Figure 6) and 1972 (Figure 7) photos illustrate how 44 years of exposure to the elements and human interaction can not only deteriorate a site, but also redistribute volumes of rock and soil through erosion, sedimentation, collapse and backfilling.



The difference model and the intersection model of the initial models, in top and front isometric 3D views, are depicted in Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17. The intersection model depicts the portion which is common to both contemporary and retrospective models. It could demonstrate the site features that have remained untouched since the time of excavation intersects as well as any flaws or inaccuracies in the retrospective version.



The Boolean operation of the difference from 1972–2017 at selected parts in the northeast Omega House region is given in Figure 8. The Boolean operation intersection 1972∩2017 at selected parts in the northeast model region is depicted in Figure 9. The intersection model parts are compact in contradiction with the difference model parts, where the latter present departmental nature. The Boolean operations of difference and intersection, respectively, at selected model parts in the central north part of Omega House areshown in Figure 10 and Figure 11. In part (1), the intersection model supersedes that of difference which indicates that the two models are mostly alike. However, in parts (2), (3) and (4) the opposite is true. Specifically, in parts (2) and (4) the body of the intersection models is smaller than that of the difference models. For part (3) no intersection model could be calculated. The Boolean operations difference and intersection at selected model parts in the northwest part of the monument are depicted in Figure 12 and Figure 13. In parts (1) and (2) the two models are more similar than different. Moreover, in part (3) the intersection model supersedes that of difference, so the 1972 and 2017 models are veryalike. The selected parts in the southeast part of Omega House are demonstrated in Figure 14 and Figure 15. In part (1) the two models are mostly different, and no intersection model could be calculated. In parts (2) and (3), the models under comparison present the depicted differences as well as a common portion as is illustrated in Figure 12. The Boolean operations difference and intersection of model parts in the southwest region of the monument are shown in Figure 16 and Figure 17. In part (3) the models are mostly different and not alike. In parts (1) and (2) the two models are not only differing but are also presenting a common portion as is depicted in Figure 17.




4.2. Distance Computation


Quantitative comparison of the original 1972 and 2017 models also takes place by calculating distances among them. The C2M distances that have been calculated with reference tothe 2017 Omega House model are shown in Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22. The vertices of the compared model from 1972 are considered, and the distances for each of them are computed relative to the reference model 2017. The distances are computed relatively to the reference model polygons. All points have their true distance computed. No threshold value of maximum distance is utilized for the calculations. The south and north, respectively, of the west parts of Omega House are shown in Figure 20 and Figure 22. There, the distances between the models’ present minimum variability but are not alike, so in the northwest part the distances lie in the range −9 cm to 5 cm. In the southwest part the distances lie in the range −17 cm to 5 cm. The central north part of Omega House is considered in Figure 19. The specific distances present variability from −1.83 cm to 0.9 cm, where most of them lie in the range −0.9 cm to 0.4 cm. The south and north, respectively, of the east part of Omega House are shownin Figure 18 and Figure 21, where the calculated distances present the greatest variability. In the northeast part, the disparity in distances ranges between −1.81 cm and 1.62 cm. In the southeast part, the distances are in the range of values −1.67 cm to 1.76 cm. Overall, the south and northeast parts of the two models present the smallest variances, while the calculated distances are also small in the case of the central north part. Greater differences appear in the northwest part. The greatest differences in measurement distances have been calculated at the southwest part of the monument.



Figure 23 illustrates a map with the overlap of available photographs in the 1972 archival data. As stated, the central south portions of the modeling represent the least disparity between old and new models, which becomes clear when we look at the amount of camera overlap in this region. The east and northeast have the least overlap in historical photographs and result in a greater disparity in measurements between the two sets of models.




4.3. Volume Calculation


Regarding quantitative comparison, the volume of the two 3D models, old and new ones, has been also calculated. The surface and volume calculation for the different parts of the model are presented in Figure 24, Figure 25 and Figure 26. Apart from the numerical values of surface and volume, there is also shown the relative height throughout the monument in the 2017 and in the 1972 models. The northeast part of the model is shown in Figure 24a. In the 2017 model the volume has decreased per 5.11%. The relative height of the model part is also shown. The central north part of Omega House is represented in Figure 24b. Here, the volume in the 2017 model has increased per 7.86%. The northwest part of the model, where the volume in 2017 has slightly increased per 0.58%, is examined in Figure 25a. Regarding the southeast part of the monument, Figure 25b, the volume in 2017 has increased per 2.1%. As far as the southwest part of the monument is concerned, Figure 26, the 2017 model, presents decreased volume per 1.43%. Thereafter, the volume has almost not changed in the northwest part of the model. In the central north and southeast parts of the model the volume in 2017 has increased, where in the central north part the greatest increase is observed. Concerning the southwest part, the 2017 model presents slightly decreased volume, while the northeast part gives more decreased volume than the southwest part. Regarding the selected Omega House part that is shown in Figure 27, the model of 2017 presents decreased volume per 15.11% in comparison with the 1972 model.




4.4. Overall Assessment


It is proven that the overall state of Omega House monument has been preserved from 1972 to 2017, apart from certain exceptions that are highlighted as follows: The central north part of the monument in the model 2017 presents increased volume per 7.86% in comparison with the model 1972. The northeast part of the monument in the model 2017 shows decreased volume per 5.11% when compared to the model 1972. Moreover, the calculated distances between the two models 1972 and 2017 present the greatest values in the case of the southwest and northwest parts of the monument, lying in the range −17 cm to 5 cm. In fact, this comparison can contribute to the evaluation of what sort of deterioration occurs by natural processes over 45 years. Table 4 and Table 5 give a summary of the comparison results. From an archaeological point of view, the observed transformations could be due to material decay, debris and terrain variations during the time of intercomparison, and additionally, during cleanup of the site collapse debris may have been removed. Some walls show significant loss of material.





5. Discussion


The contemporary 2017 model of the Omega House is a composite of several individual models [7]. After the qualitative and quantitative comparisons and calculations that are carried out, it is assessed that the 1972 model is a valuable precursor of the 2017 model. In addition, it should be consideredthat human intervention, vegetation, erosion and subsidence might also have contributed to the calculated distance and volume differences between the two models of the Omega House during the time period of 45 years.



While it has been shown that at the extremities of a site there is a predictable reduction in overlapping photographs in the archival records, we can take comfort in the fact that the most interesting and important features of sites did receive greater attention, resulting in more accurate modeling when compared to contemporary modeling. The quantitative variation between the core areas of the two models is minimal, and an encouraging factor for future comparative studies of aging archaeological sites.



Within an archaeological context of a site this size and given the variations in the terrain over time noted in this paper, the comparative measurements of the two models are more than acceptable for their purposes. Our results confirm that retrospective photogrammetry proves to be an excellent tool for documentation, conservation, and restoration as well as monitoring site degradation over time. This kind of evidence can be used to encourage early site preservation, advise on the need to backfill, and require preservation and maintenance of sites as a fundamental requirement of excavation.



Legacy data, sitting latent in archives for decades, has the opportunity with new methodologies to contribute to the ongoing study and preservation of archaeological sites and monuments. It allows us to analyze not only how excavations were done, but also the condition that they were in at that time and compare to current conditions. It can show us flaws in the original recording of data, as well as using that data to resurrect sites and demonstrate the vital importance of preservation and restoration if we want these antiquities to continue to contribute to the understanding of our past.



The comparison that is carried out in the current work elaborates on legacy data usefulness and utility for monitoring the Omega House condition. The type of investigation proposed in this work proves that the legacy data role in archaeology can be strengthened through comparison, and particularly through change detection techniques. Indeed, archaeologists should apply automated change detection on legacy data and present-day 3D models.




6. Conclusions


In this work the retrospective 1972 model and the contemporary 2017 model of the Omega House at the Athenian Agora are compared to assess the monument’s changes during the time interval of 45 years. Overall, the state of the monument is shown to have been preserved from 1972 to 2017, except for certain differences thatare noted in the preceding sections. The southwest and northwest parts of Omega House present the greatest differences in distance between the two models from 1972 and 2017, where the latter lie in the range −17 cm to 5cm. The vertices of the compared model 1972 are considered, and the distances for each of them are computed relative to the reference model 2017. The distances are computed relative to the reference model polygons. Regarding the volume of the monument, it has remained unchanged in the northwest part. The central north part of the monument in 2017 presents increased volume per 7.86%. The northeast part shows decreased volume per 5.11%. No wells have been considered during the intercomparisons. In future work, flaws or inaccuracies of the 3D models are to be investigated further.



The archival resources of many archaeological sites are an untapped resource that has potential in many emerging interdisciplinary methods, including retrospective photogrammetry. This paper shows that retrospective photogrammetry is a viable method of extracting new information from archaeological sites with minimal inaccuracies when compared to contemporary modeling. To be able to observe in retrospect what kinds of deterioration have happened, as well as how this could have been prevented, is essential in our ongoing efforts to conserve our mutual cultural heritage and develop new strategies for future archaeological excavations to prevent or reduce such deterioration.
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Figure 1. Orthophotos of the 1972 (left) and 2017 (right) 3D models of the Omega House. 
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Figure 2. The geographical location of the Omega House at the Athenian Agora, as it is provided by Google Maps. 
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Figure 3. Omega House 1972 and 2017, 3D models in different views. 
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Figure 4. The northeast part of Omega House 1972 and 2017, 3D models in different views. 
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Figure 5. Schematic representation of the methodological approach. 
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Figure 6. The 2016 photos. 
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Figure 7. The 1972 photos. 
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Figure 8. The Boolean operation difference 1972–2017 of Omega House 3D models in different views, regarding the selected northeast model parts. 
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Figure 9. The Boolean operation intersection 1972∩2017 of Omega House 3D models in different views, regarding the selected central east model parts. 
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Figure 10. The Boolean operation difference 1972–2017 of Omega House 3D models in front isometric view, regarding the selected central north model parts. 
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Figure 11. The Boolean operation intersection 1972∩2017 of Omega House 3D models in front isometric view, regarding the selected central north model parts. 
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Figure 12. The Boolean operation difference 1972–2017of Omega House 3D models in front isometric view, regarding the selected northwest model parts. 
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Figure 13. The Boolean operation intersection 1972∩2017 of Omega House 3D models in front isometric view, regarding the selected northwest model parts. 
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Figure 14. The Boolean operation difference 1972–2017of Omega House 3D models in front isometric view, regarding the selected southeast model parts. 
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Figure 15. The Boolean operation intersection 1972∩2017of Omega House 3D models in front isometric view, regarding the selected southeast model parts. 
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Figure 16. The Boolean operation difference 1972–2017of Omega House 3D models in front isometric view, regarding the selected southwest model parts. 
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Figure 17. The Boolean operation intersection 1972∩2017 of Omega House 3D models in front isometric view, regarding the selected southwest model parts. 
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[image: Heritage 06 00088 g017]







[image: Heritage 06 00088 g018a 550][image: Heritage 06 00088 g018b 550] 





Figure 18. The Cloud to Mesh distances, with reference to the model 2017, in different views regarding the selected northeast model part. 
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Figure 19. The Cloud to Mesh distances, with reference to the model 2017, in different views regarding the selected central north model parts. 






Figure 19. The Cloud to Mesh distances, with reference to the model 2017, in different views regarding the selected central north model parts.
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Figure 20. The Cloud to Mesh distances, with reference to the model 2017, in different views regarding the selected northwest model parts. 
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Figure 21. The Cloud to Mesh distances, with reference to the model 2017, in different views regarding the selected southeast model parts. 
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Figure 22. The Cloud to Mesh distances, with reference to the model 2017, in different views regarding the selected southwest model parts. 






Figure 22. The Cloud to Mesh distances, with reference to the model 2017, in different views regarding the selected southwest model parts.
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Figure 23. Map of camera overlap in 1972 modeling. 
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Figure 24. Volume and surface calculation for the models of 1972 and 2017, concerning the selected (a) northeast and (b) central north model parts. 
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Figure 25. Volume and surface calculation for the models of 1972 and 2017, concerning the selected (a) northwest and (b) southeast model parts. 
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Figure 26. Volume and surface calculation for the models of 1972 and 2017, concerning the selected southwest model part. 






Figure 26. Volume and surface calculation for the models of 1972 and 2017, concerning the selected southwest model part.



[image: Heritage 06 00088 g026]







[image: Heritage 06 00088 g027a 550][image: Heritage 06 00088 g027b 550] 





Figure 27. Difference volume and surface calculation for the models of 1972 and 2017, concerning the selected model part in the absence of wells. 
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Table 1. Easting, Northing and Elevation residuals of model 1972 from model 2017.
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	Point ID
	ΔΕ (m)
	ΔΝ (m)
	ΔH (m)





	1
	0.044
	0.239
	−1.862



	2
	0.447
	0.228
	1.246



	3
	−0.077
	−0.011
	−0.793



	4
	0.785
	−0.040
	0.015



	5
	0.164
	0.581
	7.099



	6
	−0.053
	0.082
	0.410



	7
	−0.173
	0.139
	1.013



	8
	−0.345
	0.206
	0.224



	9
	−0.047
	0.011
	0.251



	10
	−0.495
	0.078
	0.460



	11
	−0.053
	0.244
	−1.291



	12
	0.131
	0.025
	0.095



	13
	−0.011
	0.309
	1.082



	14
	−0.558
	−0.664
	0.177



	15
	0.339
	0.048
	−0.494



	16
	0.298
	−0.032
	0.390



	17
	−0.104
	−0.227
	0.090



	18
	0.338
	0.304
	−1.610



	19
	−0.098
	1.003
	0.883



	20
	0.162
	−0.297
	−0.461
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Table 2. The accuracy terms Mean, Standard Deviation and RMSE for the residuals of Table 1.
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	Residual
	Mean (m)
	StDev (m)
	RMSE (m)





	ΔΕ
	0.057
	0.342
	0.339



	ΔΝ
	0.111
	0.333
	0.344



	ΔH
	0.346
	1.807
	1.795
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Table 3. Attribute values of the Omega House 3D models.
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	Attribute
	Model 1972
	Model 2017





	Points Number
	360,166
	1,435,084



	Faces Number
	715,857
	2,920,753



	Edges Number
	1,075,494
	4,384,396
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Table 4. Summary of model comparisons regarding C2M distances.






Table 4. Summary of model comparisons regarding C2M distances.





	Part of Omega House
	C2M Distances Range





	Northwest
	−9 cm to 5 cm



	Southwest
	−17 cm to 5 cm



	Central North
	−1.83 cm to 0.9 cm



	Northeast
	−1.81 cm to 1.62 cm



	Southeast
	−1.67 cm to 1.76 cm
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Table 5. Summary of model comparisons regarding volume.






Table 5. Summary of model comparisons regarding volume.





	Part of Omega House
	Volume Effect

in 2017 Model





	Northeast
	Decrease per 5.11%



	Central North
	Increase per 7.86%



	Northwest
	Increase per 0.58%



	Southeast
	Increase per 2.1%



	Southwest
	Decrease per 1.43%



	Selected Part in Figure 24
	Decrease per 15.11%
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