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3D Survey in Extreme Environment: The Case Study of Laetoli
Hominin Footprints in Tanzania

SOFIA MENCONERQ DAWID A. IURINO, and GIORGIO MANZI, Sapienza University of
Rome, Italy

ANGELO BARILI andMARCO CHERIN,University of Perugia, Italy
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Many cultural assets are in risky situations and they are destined to disappear. Sometimes problems are caused by
the anthropic component (e.g. wars) or by natural disasters (e.g. earthquakes and landslides). At other times the

cause of deterioration is due to the slow and inexorable action of atmospheric agents and other natural factors

present in extreme areas, where preservation of Cultural Heritage is more complex.

This contribution deals with 3D documentation of paleontological excavations in extreme contexts that are
characterized by unfavorable climatic conditions, limited instrumentation and little time available. In particular, the
contribution is focused on the search for a good working procedure which, despite the problems mentioned above,
can lead to valid results in terms of accuracy and precision, so that subsequent scientific studies are not
compromised. The proposed case study concerns the recent discovery of fossil footprints at the Site S in Laetoli,
within the Ngorongoro Conservation Area (Tanzania), which is a UNESCO World Heritage Site. With the new
discovery of Site S it was necessary to implement a 3D survey operative protocol with limited equipment and in a
very short time. The 3D models, obtained through the “Structure from Motion” (SfM) technique and topographic
support, were used to perform morphological and morphometric investigations on the new footprints. Through the
analysis it was possible to estimate height and weight of the footprint makers (hominins of the species
Australopithecus afarensis). The collected evidence supports marked intraspecific variation in this species, pointing
out the occurrence of a considerable difference in size between sexes and suggesting inferences on reproductive
behavior and social structure of these ancient bipedal hominins.

The contribution shows how important is to obtain good 3D documentation, even in extreme environment, in order
to reach reliable results for scientific analysis.

Key words:
SfM, 3D documentation, palaeoanthropology, Laetoli, footprints.

CHNT Reference:
Sofia Menconero et al. 2018. 3D Survey in Extreme Environment: The Case Study of Laetoli Hominin Footprints in
Tanzania.

INTRODUCTION

This contribution deals with 3D documentation of paleontological excavations in extreme environmental context,
characterized by unfavorable climatic conditions, light equipment and little time available. In particular, the
contribution is focused on the search for a good working procedure which despite the problems mentioned above,
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can lead to valid results in terms of accuracy anecision, and can result as reference for furdwentific
activities in similar contexts.

The workflow is here presented through the dedoripbf the multidisciplinary field work carried owtn fossil
footprints at Laetoli (Tanzania) in September 2015.

In the chapter “Laetoli: old footprints and newatiseries”, a brief history of this renowned paledogical site is
traced, emphasizing its importance for the knowdedyd early human evolution. Particularly, old andwn
paleontological discoveries, made at the site sitiee 1970s, are briefly discussed, as is their tantsng
contribution to increase our knowledge on the molpyly and behavior of the speci@astralopithecus afarensis
In the chapter “The extreme environment of the &&n Savannah”, the geographic, geomorphologicehatic,
floristic and faunistic, anthropic and hygienic-ary characteristics of the study area are desdrifhe contents
of this section highlight how Laetoli is an extreg@ntext subjected to many factors that endangecdnservation
of its unique Cultural Heritage. The chapter “Wdoldf: 3D survey for documentation and analysis” pras the
procedure adopted in 2015 from survey planningdlulfvork acquisition, from data processing to manrplical
and morphometric analysis of hominin footprintstte last paragraph the conclusions of the workdaagn with
hints on future developments related to the comdinmy of the Laetoli site.

LAETOLI: OLD FOOTPRINTS AND NEW DISCOVERIES

Laetoli is one of the most important paleoanthrogial sites in the world. Although known for itsientific
relevance since the mid-1930s [Reck and Kohl-Lar886; Kohl-Larsen 1943], the sites reaches plapeta
knowledge in the 1970s thanks to the discoveryhefhiolotype and other findings diustralopithecus afarensis
[Leakey et al. 1976; Johanson et al. 1978], as agebf fossil bipedal footprints [Leakey and Hay 99l eakey and
Harris 1987] on a cemented ash layer produced \ml@nic eruption and dated at 3.66 million yeage gDeino
2011]. The hominin trackways were found by Mary kesaand collaborators in 1978 at Laetoli Site G amde
referred to three individuals (G1, G2, G3) of diffet boy size: the smallest individual (G1) wallgidie by side on
the left of the largest individual (G2), while thermediate-sized individual (G3) superimposedeatt over those
of G2 [Leakey 1981]. The trackways are usually ibsct, not without controversy [Tuttle et al. 19%arcourt-
Smith 2005], toAu. afarensigWhite and Suwa 1987], which is the only homingesies found to date in the Upper
Laetoli Beds (i.e. the geological unit that hodte printed ash layers, which form the so-calledtpiaat Tuff)
[Harrison 2011].

Hominin footprints are very rare and most of them ascribed to the gentfoma For this reason, the Laetoli
footprints, made by members of the hominin spediesafarensis- the same species as the famous “Lucy” from
Ethiopia — are extremely important and unique.

Almost forty years after the important discoverytloé first footprints, other bipedal tracks wererid in Laetoli
(Fig. 1). The new trackways reopened old debates hatped to clarify some aspects of the body sizéw
afarensisand to suggest inferences on the reproductivevi@hand social structure of these ancient hominins

The new Site S, located about 150 m to the sout8itef G, was discovered in September/October 2Qthgl

systematic survey and excavation activities (Calttteritage Impact Assessment) aimed at evaluatiagmpact
of a proposed new field museum at Laetoli. A yeaer, fourteen hominin tracks, associated withkisaaf other
vertebrates, were unearthed in three test-pitpertively labelled L8, M9 and TP2 from north to go{Masao et
al. 2016] (Fig. 2). A multidisciplinary Italian-Taanian research team was involved in studyingitigirfgs. Seven
bipedal tracks in different preservation state wetposed in L8, four in M9 and two additional track the same
individual were found in the eastern part of TP2apdo et al. 2016]. Following the code used forSte G prints
[Leakey 1981], the new individual was referred ©03. One more track referable to a second indNida2),

smaller than S1, was found in the SW corner of TR®&sao et al. 2016]. Another test-pit, labelled M¥i&lded

very abundant non-hominin footprints.

Detailed analysis of the excavation profiles antteded geological observation in the whole Laeiadia indicate
with reasonable confidence that the footprints bla8d S2 lie on the same stratigraphic horizorhaset at Site G.
It can be consequently inferred that the trackiheftwo sites were likely left by a single grouphofminins walking
on the same palaeosurface, in the same directrviah similar moderate speed [Masao et al. 2016].
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Fig. 1. Test-pit L8 at Laetoli Site S. In the neth part of the test-pit (at the top), the FootpTuff is particularly

altered, damaged by plant roots and dislodged aloaigral fractures
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The topographic and photogrammetric surveys camigdduring the 2015 fieldwork, and explained ie thext
paragraphs, served to obtain morphological and hmrtric data for subsequent analysis. Footprim®erdsion
and distance (e.g. step and stride) were useditoate walking speed, stature and body mass of #le¢oli track-
makers. All the above data were also measured 166&G3 through a 3D model of a first-generatiost ¢ the

southern portion of the Site G trackways [Masaal e2016].
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The analysis of the new data showed that the tdivithuals S1 and S2 were taller and had a largdy lmeass than
the G individuals. These results extended the déweal range of the Laetoli track-makers and idiexatiS1 as a
large-sized individual, probably a male. The estanstature of about 165 cm for S1 is remarkablegeds any
australopithecine, and falls within the range ofderm Homo sapiensnaximum values [Masao et al. 2016]. These
results also supported a nonlinear evolutionanydii@ hominin body size [Jungers et al. 2016], msting with the
idea that the emergence of the geHisnoand/or the first dispersal out of Africa was rethto an abrupt increase
in body size. Moreover, ascribing the S1 trackaniadult male allowed reconsidering the sex ando&giee other
Laetoli individuals, which have been the subjecse¥eral interpretations since Mary Leakey’s wéwcording to
the body-mass estimates from the recent surveysn@iG3 fall within the range of putati¥el. afarensidemales,
whereas G2 and S2 span across the upper fematheholver male ranges. A possible tentative conmfus that
the Laetoli individuals are: S1, a male; G2 and f8fhales; G1 and G3, smaller females or juvenitbviduals
[Masao et al. 2016]. Both the new composition & troup and the impressive body size differencayssiga
considerable sexual dimorphismAwl. afarensisas hypothesized by many scholars on the basikedétal remains
[Johanson and White 1979; Kimbel and White 1988Hkttry 1991; Richmond and Jungers 1995; Lockwoaal.et
1996; Plavcan et al. 2005; Harmon 2006; Gordon.e2G98]. In turn, this view supports social orgaation and
reproductive strategies closer to those of the gyaipus gorillas than to other moderately dimorppecies, like
chimpanzees, bonobos or most of the extant angjlpgsextinct humans [Masao et al. 2016] (Fig. 3).

Fig. 3. Reconstruction of the paleoenvironmentastbli 3.6 million years ago with the five hominieaving their
footprints
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Fig. 4. Geographical location of the Laetoli site

THE EXTREME ENVIRONMENT OF THE AFRICAN SAVANNAH

The geo-paleontological site of Laetoli is located northern Tanzania (Latitude: 2°59'46.39" S, Litude:
35°21'8.64" E) and extends over a vast platealbatital,700 m above sea level, to the west of tHeawmic
complex of Sadiman (2,870 m), Lemagrut (3,135 ng) @fdeani (3,200 m), between the south-easterndiofithe
Serengeti plains and the Lake Eyasi basin (FigBdause of its proximity to the Equator, the ddilstribution of
day and night hours is regular: 12 hours of light 42 of dark. This means that the working dayugegshort
because the sunset is at 6:00 pm. The locatiomeo$tudy area is about 16 km west of the smatgdlof Endulen
(the nearest village to the site) and about 45 Mihd the famous Olduvai Gorge. The entire territofylaetoli
falls administratively in the Region of Arusha aimdthe District of Ngorongoro, and within the “Ngegoro
Conservation Area” (NCA), a large protected area8@92 kmi. The NCA was established by the Tanzanian
government in 1959 with the primary purpose of @cting landscapes, environments, flora and faund, ot

CHNT 23, 2018



1.6 S. Menconero et al.

combining the conservation of local natural researwith the traditional pastoral practices of thaashi people,
which represents the largest ethnic group in th@ore(Fig. 5).

_ .. : Foao o
&5 2 [ SR “%ﬁm e

Fig. 5. Current environment of Laetoli area: maaaad giraffe in the Savannah

The plateau is characterized by a mostly tabulaslightly corrugated general morphology. In someaar the
gentle lines of the landscape become more compléxagticulated, as the territory is strongly infiged by narrow
and variably deep valleys/gorges/gullies origindtgdsmall streams with seasonal trends, with springated on
the nearby mountains. Where the consolidated Fiobtpuff is not exposed, the soil is mostly formied greyish
fine sands, deriving from the erosion of the votmaastic bedrock. It is worth noting that under &guial climatic
conditions (see below) this process can be extyehsld both in the “dry season” and in the “raiepson”, due to
the intense erosional energy of wind and watepeetvely.

The Laetoli area has a tropical sub-montane seighi-elimate and is characterized by an average dnnua
temperature of 17.6 °C and an average annual Hairifd86 mm. The seasonality is considerable, tyadie to the
high variability of rainfall and monthly atmosphehiumidity gradient, which is not very relevant femperatures.
Rainfall is mostly concentrated in the “rainy se#@sovhich corresponds to the Southern Hemisphenenser (from
November to May). On the contrary, months corredpanto the Southern Hemisphere winter (from thd eh
May to October) are characterized by a long “digss&” with periods of almost complete absenceiasrand with
atmospheric humidity levels lower than 50 %. Straingness causes the pulverization of soil that, moed with
the notable windiness of the area, can give ridesguent “dust storms” which cause difficulties fesearchers on
fieldwork activities. Seasonal differences in tenapare, as already reported above, remain on maéeless for the
whole year: averages of 27-36 °C in daytime andlQ7C in night-time during the “southern summeritrdal
averages of 26-30 °C and nocturnal of 13-15 °Crdutiie mild “southern winter”.

The current vegetation cover of this area is prilpaietermined by topographical and climatic coimis and soil
composition [Anderson 2008] (Fig. 6). It has alse influenced by fires of both natural and antlrapigin, as
well as by the grazing activity of the huge amooitild herbivore mammals (especially in the raggason) and
of domestic livestock (cattle, sheep and goatsy e local tribes with nomadic and semi-nomadictquas
economy [Holdo et al. 2009]. The vegetation of tieisitory, widely studied and mapped in detail fldeker and
Dirschl 1972; Andrews and Bamford 2008], mainlyliles various types of thorny thickets and dry harsth
consisting of shrubby and/or arboreal deciduousispef the genugachelliaandSenegaligV. tortilis, V. kirkii, V.
seval V. drepanolobiumS. mellifera andCommiphora(C. trothae C. africang. Specifically for the site of Laetoli,
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the local plant cover is mainly characterized bjow bushland, dominated by the Whistiling thorn @aa(V.
drepanolobiuny by a scattered woodland, with the Umbrella thacacia V. tortilis) and the Honey thorn acacia. (
mellifera), which develop along small seasonal streams aad slight humid depressions, and by grassy expanse
consisting of various species of Graminaceae (geBpisroborg Digitaria, Themeda Aristida, Brachiaria,
CenchrusChloris, Killinga, etc.) with scattered specimens of shrubs andl $raak as the Wild date treBdlanites
aegyptiacq Along small perennial watercourses, that crbesplateau, are sparse riparian woods dominatebedy
Yellow fever tree Y. xanthophloeg scattered specimens of the Apple-ring acde@dherbia albidg and different
species of wild figs of genuSicus in particular the Sycamore fidr.(sycomorus Regarding the aforementioned
vegetation, the component that causes the greditatbance to researchers is certainly the presefiaumerous
thorny species, which sometimes hinder survey itietv

The Laetoli site, as a large part of the plateat #xtends west of Endulen, still has a rich ang weteresting
fauna, thanks to the low human demographic densitlie area, to the persistence of thorny xeropkikcrublands
with difficult penetrability and economic use byc#d pastoral communities, and to the high levepuitection
guaranteed by the NCA. In addition to numerous isgeaf invertebrates (e.g. insects and arachrid$gw species
of fishes and amphibians limited to rare perenmiatercourses and ephemeral seasonal wetland, dhemmany
species of reptiles, birds and mammals that cheniaetthe fauna of this territory. Among reptildsere are many
species of the order Squamata (lizards and snakel)ding some species of snakes potentially \énygerous to
humans, such as the Egyptian coliajéa hajg, the Spitting cobraN. nigricollis), the Black mambaDendroaspis
polylepig, the Green mamb®( angusticepsand the Puff addeBjtis arietan3. Among birds, numerous sedentary
and nesting species typical of sub-arid environsieas well as migratory regular or wintering stppcies are
present. Among mammals, there are numerous spe€iesdents and their predators: small or mediureiz
carnivores, in particular mongooses, the Wild Adriccat Felis lybicg and the CaracalCaracal caraca). There
are also many large-sized species, such as vaaptgopes, from the Grant's gazelldahger granti to the
massive ElandTaurotragus oryk in addition to the Grant’s zebr&quus quagga boehjnithe Maasai giraffe
(Giraffa camelopardalis tippelskirchiiand the African bush elephantokodonta africana)Many of these large
mammals, in particular zebras and elephants, ®fre¢quent the Laetoli area seasonally, espedikiting the most
humid and vegetation-rich periods. Even the largeigores, such as the Spotted hyeGeouta Crocuty, the
Cheetah Acinonyx jubatus the Leopard Ranthera pardus and the African lion RPanthera led occasionally
frequent the most remote areas that surround tensainly during periods with great seasonal presef herds of
ungulates. Primates include the small Senegal lalshiiGalago senegalengisthe Brown greater galago
(Otolemur crassicaudatiisand the Vervet monkeyChlorocebus aethiopsn the riverine forests; the Olive baboon
(Papio aubi$ in scrubland and deciduous xerophilous forestsamo in open steppe areas, as well as near tee mo
populated territories including the surrounding&atiulen.

Regarding the anthropic aspects, the demographisitgeof the entire area is quite low and there faw
permanent settlements with a population of more thathousand inhabitants. With regards to scienfifld
activities, this means that it is not easy to gmistimer good# situ, but it is necessary to get food, water and
materials from larger villages, such as Karatu,clvhis a 4-hour drive from Laetoli.

For what concerns hygienic-sanitary aspects, thelevarea normally does not present serious probtetated to
tropical pathologies that are widespread in thelmebwe-altitude regions, thanks to the considegadititude of the
plateau between Endulen and Laetoli (about 1,4002m above sea level) and very dry climate for tnobshe
year. Despite this, in the wettest areas and eslheeilong the few perennial watercourses, theeesanall stable
population of hematophagous dipterans of the geweraphele (potential vectors of protozoa of the genus
Plasmodium responsible for malaria) andledes(carrier of various viruses responsible for sesialiseases).
Therefore, the risk of malaria, as well as thayelfow fever, is still present, although contaired mainly diffuse
during the wettest periods of the year. Other g®a@f hematophagous dipterans belonging to theliémi
Tabanidae (Horse-flies) and Simuliidae (Black-fliean inflict painful bites and cause serious skitations.
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Fig. 6. Current vegetation cover of Laetoli area

WORKFLOW: 3D SURVEY FOR DOCUMENTATION AND ANALYSIS

The problems related to the extreme Laetoli enwitent, which can be found in other similar environtsein
Africa and other areas, are two types: those thaten the survey and study of Cultural Heritaged #mose that
endanger its preservation. The first include shione available, adverse weather conditions, laclelettricity,
problems related to natural lighting, etc., and banminimized with a good survey planning. The sec¢alue to
multiple environmental factors (climate, vegetaticanimal behaviors, etc.), can be addressed throaigh
comprehensive conservation plan.

In this paragraph we discuss the difficulties contey fieldwork activities and present the workflawat we
implemented, analyzing the problems and proposiagblutions adopted during the research in Sepeai5.

To structure a good survey plan, clear goals aces®ary. In our case, the survey of the new trati&te S was
focused on obtaining 3D models for documentatich morphometric analysis. The survey method is Steutture
from Motion” (SfM) technique, an image-based pracesupported byin situ topographic measurements
[Remondino et al. 2006]. This technique was chdserause of its technical advantages (relativelytditoe of
data acquisition and processing, light and handyipmgent, reduced costs) and excellent results imgeof
resolution [Cefalu et al. 2013]. The photogramneetiechnique was also chosen to survey the SiterlBgla study
campaign on footprints conservation in the 1990sthy team of the Getty Conservation Institute [Bett
Conservation Institute 1996].

As mentioned above, hominin and non-hominin tragkse recognized in four test-pits at Site S, nam&yabout
2x4m), M9 (2x2m), TP2 (1 x 1.3 m), and M10x(2 m) (Fig. 7).

To optimize the work, each test-pit was entirelyveyed at lower resolution and then detailed 3D ef®df some
inner portions (single prints or groups of closes) were acquired. After the excavation, targstshe control
point system were immediately positioned. We plafmed perimeter targets on the ground at the coafierach
test-pit, and four inner targets around each seb-aurveyed in detail (14 targets in L8, 10 in ¥9,n TP2, and 14
in M10) (Fig. 8).

The equipment used in the fieldwork was a DSLR gaméth 15 megapixels resolution (4,752 x 3,168hiand
two different lenses: 24 mm /2.8 for general shaftthe excavation areas and 50 mm f/1.4 for det#ilthe tracks.
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When necessary, the camera was mounted on a 3grtétescopic rod. A measuring tape and a watell leeee
used for the measurement of the control points. @iecular targets with 35 mm diameter). Topographi
measurements are usually recorded by a total stétieodolite. We opted for the aforementioned tooéstainly
lighter and easier to handle, after considering sugag only 4 points for each test-pit to scale ¢emeral 3D
models. The detailed 3D models of the single fdontprwere aligned to the general models with therdimates of
the inner targets. We also ascertained that thasuoreng technique can provide high precision redudtcause of the
small size of the surfaces to be detected.

For the perimeter targets measurement, we placeddds equipped with a spherical level on succesgairs of
targets and we marked points at the same heiglthe@mods for each pair by using the water leveliaevThe
vertical distance between these points and thetsrgs well as their mutual distance, were recbr@epeating this
process for all pairs of targets, the relative pparsition and the height of the control points wdetermined
respectively by trilateration and levelling.
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Fig. 7. Plan view of the four test-pits excavateétiaetoli Site S. Dashed lines indicate uncertaintours. Some of
the most interesting tracks are colored: hominimgtiange (heel drags in dark grey), equid in darkem (M9),
rhinoceros in red (M9), giraffe in light brown (MLQuinea fowl in blue (M10). Large roots and basésees are
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in light green (L8). The main faults/fractures ameicated by brown lines. Raindrop impressions odauhe
northern part of L8 (dotted areas)

A preliminary accuracy check was carried out dufiegdwork, by using trilateration graphic rulesptan and by
the method of successive levelling for heights.aBgigning a z-coordinate to the first control poatt subsequent
coordinates were derived from addition and sulivaodf heights between two successive points. Theck was
performed by computing the algebraic sum of algheifferences, and by verifying that the obtaivatue was
close to zero. Finally, the error obtained in egdt-pit was distributed to every z-coordinateh®f points, in order
to minimize it (Tab. 1).

There were mainly two issues to consider duringphetographic acquisition: scene lighting and textiesolution
of 3D models. As for the former, since the excaratireas were outdoor, we did not have the poigitnl control
light intensity and direction. We tried to shoopesially during the central hours of the day (with sub-vertical
sun rays) in order to reduce shadows, but it wasalways possible due to the excavation schedudelitite time
available. A diffuse lighting would be perfect, btiis not always possible to obtain without thd af artificial
lights. The problem of high-contrast shadows walsiced in post-processing, as described below.

TP 2
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Fig. 8. Eidotypes of the four test-pits
Table 1. Fieldwork measurement acquisition and recedculation
TEST-PIT ID MEASURE ID 1" TARGET ID |1*" TARGET ALTITUDE 2" TARGET ID |2"° TARGET ALTITUDE DISTANCE A MEASURED | A CORRECTED
(m) (m) (m) (m) (m)
L8 1 A 0,775 B 0,725 2,561 0,050 0,051
L8 2 B 0,774 c 0,921 3,271 -0,147 -0,148
+ 1 4 + 1
L8 3 c 0.486 D 06813 3441 -0,127 -0,126
L8 4 D 0,702 A 0482 3,591 0.220 0.221
[ | | [ | | | ERROR  ERRORDIVIDING FINAL ERROR
L8 5 A 0,523 | c 0,620 [ 4178 | (m) (m) (m)
L8 ] B 0,453 D 0,724 4,894 -0,004 -0,001 0,000
I TRIANGLE CHECK Il TRIANGLE CHECK
1" TARGET ID 1" TARGET 2" TARGET ID 20 TARGET A MEASURED 1" TARGET ID 1 TARGET 2" TARGET ID 2" TARGET A MEASURED
ALTITUDE (m}) ALTITUDE (m) (m) ALTITUDE (m) ALTITUDE (m) (m)
A 0,775 B 0,725 0,050 A 0,775 B 0,725 0,050
B 0,774 c 0,921 0,147 B 0,453 D 0,724 -0271
c 0,620 A 0523 0,097 D 0,702 A 0,482 0,220
ERROR ERROR
(m) (m)
0,000 0,001
Il TRIANGLE CHECK IV TRIANGLE CHECK
1% TARGET ID 1*' TARGET 2 TARGET ID 2 TARGET A MEASURED 1* TARGET ID 1*' TARGET 2" TARGETID 2" TARGET A MEASURED
ALTITUDE (m} ALTITUDE (m) (m) ALTITUDE (m) ALTITUDE (m) (m)
c 0,486 D 0613 0127 c 0,486 D 0,613 0,127
D 0,702 A 0,482 0,220 D 0,724 B 0,453 0,271
A 0,523 c 0,620 -0,007 B 0,774 C 0,921 0,147
ERROR ERROR
(m) (m)
-0,004 0,003
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The texture resolution control of 3D models, ite tGround Sampling Distance” (GSD), can be perfmtapriori
using geometric formulas. The calculation is baseahe principle of similar triangles, which areufad in the
geometry of the shooting (Fig. 9). The variables the “size of the sensor” (Sw) and the “focal tidFI) of the
camera, the “size in pixel of the images” (Iw) (elhidepends on the sensor resolution), and theafdist’ (H). The
triangle with the base Sw and height Fl is simitathe triangle which has the base Gw (width ofithage on the
ground) and height H, consequently the two triamdlave proportional respective sides (Sw : Gw = IH). The
GSD is the ratio between the Gw and the lw mukighlby 100 (GSD = Gw /lw x 100). Connecting the pmipn
with the formula of GSD, the final formula GSD =& H x 100) : (FI x Iw) is obtained. Among the iales, the
one that can be easily managed is the distanceanke fll the others depend on the photographicpeqeint
available.

It is not possible to determine a priori the degnsitthe point cloud coming from a photogrammepriocess.

Sw

Fl

Gw

Fig. 9. Similar triangles and nomenclature

In the case of the Laetoli footprints, the goal wasobtain a texture resolution less than 0.1 cmithis was

achieved by choosing suitable shooting distancé it the acquisition of the whole test-pits and foat of

individual footprints (Tab. 2). The photographicnsey was carried out by three shooting modes: €ihgithe

camera with the 24 mm lens, mounted on a telesamgicat 3 m above the test-pit ground; (2) usirg ¢dbmera
freehand with the 24 mm lens, in order to acquilditional shots of each test-pits; and (3) usirggdhmera close to
the ground with the 50 mm lens, in order to acqdiegiled sub-areas. More than 2,000 photos wéentdor a

total of about 50 GB. Especially when working imege areas, where it is difficult to come back &se of lack of
data, it is important not to economize on shotsaoesibly make a selecti@posteriori

Table 2. Ground Sampling Distance calculation

Ground Sampling Distance for the entire test-pit

Sw 22,3|=the sensor width of the camera (millimeters)

Fi 24|=the focal length of the camera (millimeters)

H 3|= height or distance (meters)

Iw 4752 |=the image width (pixels)

Ih 3168 |=the image height (pixels)

GSD 0,06 |= Ground Sampling Distance (centimeters/pixel)

Gw 2,79|= width of single image footprint on the ground (meters)
GH 1,86 (= height of single image footprint on the ground (meters)

Ground Sampling Distance for single footprint

Sw 22,3|=the sensor width of the camera (millimeters)

Fi 50|=the focal length of the camera (millimeters)

H 1|= height or distance (meters)

Iw 4752 |= the image width (pixels)

Ih 3168|=the image height (pixels)

GSD 0,01|= Ground Sampling Distance (centimeters/pixel)

Gw 0,45 |= width of single image footprint on the ground (meters)
GH 0,30|= height of single image footprint on the ground (meters)
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The whole fieldwork lasted three days, from thetbtthe 8th of September 2015.

Data processing was carried out once we came lmattkly and started with checking measurementslan pnd
height. This step is preliminary to the definitiohthe control point coordinates. The trilateratioethod was used
to obtain x,y coordinates of the control pointglan. For each test-pit, six measurements werentak¢he same
height: the length of the four sides of the peranetnd the length of the two diagonals. Redundadsurements
were used to compute the errors. In addition torediminary graphical control by CAD softwardtodesk
Autocad), we used an automatic calculation softwakicfoSurvey STAR*NET to adjust, by least squares
technique, a new set of x,y coordinates and heigitise control points. The report provided by sioftware shows
that the residues of adjustments never exceedaad,Owhich is fully acceptable figure considering gize of test-
pits. We used the adjusted Xx,y,z coordinates ottimtrol points to scale and locate, in the 3D sp#ite 3D models
built by the SfMtechnique.

The pictures were catalogued and post-processédidme Lightroorhto amend the effects of different lighting
conditions and homogenize them. The tone adjustommdisted in lighten the shadows and darken thklights.
These settings work best if the shots are recoirdealv format.

Subsequently, a photogrammetric softwakgigoft Photoscan Pfp was used to generate 3D spatial data starting
from the pictures, through the following phasesgrahent of the images; creation of the dense poiotd;
transformation of the dense point cloud into a atef(mesh); application of the texture to the m@stb. 3). A
series of orthophotos (with and without texturegyavextracted from the 3D models (Figs. 10, 11)jdfando et

al. 2015]. A check on point cloud density was alaoied out by a software for 3D point cloud andsmprocessing
and analysisGloudCompard). The average density found in the Laetoli poiouds is around 20 points/érfor

the test-pits and 1,500 points/tfar the detailed footprints (Fig. 12).

Table 3. Report of the photogrammetric processing.

ID DATA PICTURES TIEPOINTS  DENSE CLOUD MESH TEXTURE

(n%) (n® points) (n® points) (n® faces) (pixel)

L8 171 15.755 6523219 6.000.000 | 6.000 x 6.000
L8/S1-1 31 4.885 12.788.392 1,000,000 4.096 % 4.096
L8/s1-2 31 5.105 11.956.726 1.000.000 4.096 x 4.096
L8/51-3 34 6721 14.577 445 1.000.000 4096 x 4,096
L8/S14 38 5.754 13.849.615 1.000.000 4.096 x 4.096

Mo 277 16.752 5,520,206 5.000.000 6.000 % 6.000
Mo/S1-2 97 7.095 3.044.911 1.000.000 4.096 x 4.096
Ma/S1-3 90 6.695 3.024.744 1.000.000 4.096 x 4.006

. TP2 180 14 476 4803978 - 4.000.000 - 6.000 x 6.000
TP2/52-1 89 6.326 9.388.424 1.000.000 4.096 x 4,096
TP2/S$11 55 4.434 3.624.823 1,000,000 4.096 X 4.096
TP2/51-2 56 3.991 4.127.016 1.000.000 4.096 x 4.006

M10 127 11254 4969 463 ' 5.000.000 6000 x6.000
M1D/AF1 33 3.704 1.879.530 1.000.000 4.096 x 4.006
M10/AF2 34 3.512 2.204.826 1.000.000 4.096 x 4.006
M10/AF3 42 4322 3.306.688 1.000.000 4.096 x 4.006

At the end of field season, we also surveyed #&-diemeration fiberglass cast of the southern pontibthe Site G
trackway (about 4,7 m in length) kept in the Leakegmp at Olduvai Gorge (Fig. 13). Data acquisitaomd
processing were performed following the same workftlescribed above for Site S. We positioned farirpeter
control points and 11 inner targets. The latterevgsed to model in detail six selected tracks. 3Dedata were
used to compare the old trackways discovered byMaakey and the new ones unearthed in 2015.

The 3D data obtained by the above procedures weoeuaed in the morphometric analysis of the homiracks
through a contouring and modelling softwa@olden Software Surf@rthat transforms x,y,z data into maps (Fig.
14). The x,y,z-format files were imported into theftware and transformed into grid files. The saftsv uses
randomly spaced x,y,z data to create regularly expagrids composed of nodes with x,y,z coordinaldse

! https://www.autodesk.com/products/autocad/overview

2 https://www.microsurvey.com/products/starnet/

% https://www.adobe.com/it/products/photoshop-lightn.html
4 https://www.agisoft.com/

® https://www.danielgm.net/cc/

8 https://www.goldensoftware.com/products/surfer
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triangulation with linear interpolationgridding method was applied, because it worksebettith data that are
evenly distributed over the grid area. This metlisds data points to create network of trianglesiowmit edge
intersection and computes new values along thesedigis fast and does not extrapolate beyond thaelze of the
data range. The grid spacing was set at 1 mm.

On the contour maps we took morphometric measuresméootprint length (maximum distance between the
anterior tip of the hallux and the posterior tiptbé heel); footprint max width (width across thistal metatarsal
region), footprint heel width; angle of gait (andjetween the midline of the trackway and the lamdjital axis of
the foot); step length (distance between the piostép of the heel in two successive tracks);dgriength (distance
between the posterior tip of the heel in two susieestrack on the same side) (Fig. 15). All thexabmeasurements
were also taken manually both on the original tsadkring the September 2015 field season, and brsdale
sketches of the test-pits, hand-drawn on transpatestic sheets [Masao et al. 2016].

x

Fig. 10. Orthophotos and drawing of L8 test-pit) faxtured model, (b) textured and shaded modggHaded
model, (d) drawing
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L8/S1-1

e das TRVERR AR AN | L8/ S1-4

Fig. 11. Orthophoto of the best-preserved footgrintL8: (a) textured model, (b) textured and slthawdel, (c)
shaded model
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Fig. 12. Density of the point cloud by determinihg number of nearest neighbors in a sphere whicé radius
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Fig. 13. Orthophoto of a cast of the southern portof the Site G trackway: (a) textured model téxjured and
shaded model, (c) shaded model
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Fig. 14. Shaded 3D photogrammetric model of clgsefithe best-preserved tracks with contour lifgsor is
rendered with 10-mm isopleths for the trackway andm isopleths for the single tracks
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Fig. 15. Shaded 3D photogrammetric model of thér&a&kway. Color is rendered with 10-mm isoplethse Empty
circles indicate the position of the targets of 8i2imaging control point system

CONCLUSIONS

Many cultural assets are in risky situation ang/ thee destined to disappear. Sometimes problerss fidm human
presence/behavior (e.g. wars) or from natural tksage.g. earthquakes or landslides). At otheedithe cause of
deterioration is due to the slow and inexorabléoacbf atmospheric agents and other natural fachotsg in
extreme areas, where the preservation of Cultueait&e is much more complex.

The proposed workflow and its results are an idgaiting point for further conservation actionscdugse they
allowed obtaining a 3D state-of-art documentatiérCaltural Heritage that could disappear in a re&y short
time due to environmental factors. Moreover, theaoled data were (and will be) a valuable supparttie study
of paleontological findings. The procedure desatibbove make the getting of 3D documentation redftieasy
and fast, minimizing most of the severe issuesrémsgarchers can face in extreme geographicalxtsnte

In the case of the Laetoli footprints, conservaimparticularly difficult because most of the fpohts exposed in
the test-pits are already severely threatened hyradaagents and are at risk of disappearing efzenéxcavated.
Apart from the unearthed tracks, many other unknéwatprints could still be underground, in dandéumerous
perpendicular fractures lead to the disintegratibpart of the tuff layer, and plant roots are aiifjing the sequence
of strata.

In the 1990s, the Site G footprints were subjetted complex project of consolidation, re-buriaidgrotection
[Musiba et al. 2012]. On that occasion various fisoexpressed their concerns about the consenvstidus of the
site [Feibel et al. 1996; Getty Conservation lntit1996; Agnew and Demas 1998]. To block or redihie
relatively fast deterioration, we need an effectwel rapid strategy supported by further analy&i® loss of the
Laetoli tracks would be a huge loss for humanityede footprints, like a spotlight on a prehist@@ene, come
from a series of fortuitous and rare events: thearoc eruption, the rain that made the ash wet,hibminins that
walked on it, another eruption and other ash thaered and preserved the printed surface untdigsovery 3.66
million years later. The Laetoli footprints are aique source of information on the morphology amldgy of

early bipedal hominins and represent, to dategtrest direct evidence for such a locomotiongratamong our
ancestors. Laetoli is also the only site in the levgroviding data about body size variation withansingle
population of australopithecines. Therefore, Laggtohmong the most significant and iconic sitestfee study of
human origins. For this reason, the whole scientifimmunity is called upon to collaborate in theelepment of a
long-term conservation project of this heritage§@ et al. under review].
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