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Abstract

The paper deals with the issues of determining the current spatial position of the landing space module relative to the
surface of the Moon. The novelty and relevance of the proposal is to implement the technology of a scanning lidar or a
laser scanner as a spatial data source. Currently, this innovative technology finds wide and effective application in
various spheres on Earth. The use of a matrix-type laser scanner is depended on the feature of the trajectory of the
space module at the final stage of landing, which has a long vertical section.

The high spatial resolution of laser shooting, the speed of obtaining and using digital information and other
characteristics of the scanner allow us to offer it as a basic element of the lunar landing module’s vision system. The
prompt receiving of the planet surface sounding signals in the format of digital terrain models with a given spatial
resolution based on laser shooting is the basis for the formation of a safe pre-landing maneuver and landing of a space
module on the surface of the Moon. The proposed method is of interest both for using manned and unmanned space
technology.
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Introduction

An important element of space exploration programs is the direct study of the surface of the
Solar System’s cosmic bodies and planets by automatic and manned spacecraft including the rovers
and arranging human on-planet activity. A general analysis of national lunar exploration programs
shows that the main consecutive stages of exploring other planets are [1 — 4]:

* Study of the planet’s surface using low-orbit space stations (universal and dedicated);

* Performance of automatic and manned missions of transport spacecraft to the orbit of
the target planet (cosmic body);

* Building of long-term manned orbital stations;

* Lunar-landing of cosmonauts and exploration of the Moon using as well robotically
operated rovers;

* Building and use of fixed lunar bases to provide regular scientific studies and industrial
development of the planet’s resources.

In order to perform a vigorous on-planet activity it is necessary to have reliable data on the
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location and state of environmental objects. The data should include the spatial-technical
information on the relief, locality, natural entities, and artifacts. The efficiency, accuracy, and
relevance of the said data should not depend on characteristics of space environment, lunar day or
night time, real topology of an object, etc.

These requirements can be successfully met by using specialized space laser scanning
systems (LSS) that have the wide spread and are effectively realized in a large number of technical
applications on the Earth. The studies given below show that the use of LSSs will ensure the
success and safety of lunar missions both during landing and take-off of MSC and during the

movement of cosmonauts on the planet’s surface.

Materials and Methods

The lidar method implemented in air, ground and mobile laser scanning technologies shows
high accuracy and reliability of the spatial data obtained. By the successful technical adaptation of
it for solving research problems on the surface of the Moon, it can become the basis of a multi-
channel vision system. The use of scanning laser devices could significantly expand its capabilities,
which are now based on the characteristics of television, radar and infrared sensors.

During professional discussions on the implementation of the proposed method in the moon
landing support system, the need to study the following issues was revealed, they are:

* laser propagation of the scanner during operation of the space module’s landing engine;
¢ adaptation of industrial lidar technology for use under space vacuum conditions;
¢ determination of the optimal operation parameters of the on-board computer and selection

of an effective method for calculating the DEM under limited landing maneuver time.

Results

As a rule, landing on the Moon where there is no atmosphere is related to the transit from an
elliptical orbit to the design point located close to the lunar surface with a near-zero horizontal
velocity and a subsequent vertical descent to the design landing point with the deceleration of the
lunar landing complex (LC) at the maneuver end (Fig. 1) [S — 7].

The generation of control signals for issuing a deceleration impulse as well as the calculation

and optimization of the vertical trajectory of pre-landing descent directly depends on the actual



height of the LC and characteristics of the underlying lunar surface.

The choice of the LC’s path to the specified cis-lunar space which ensures the needed
conditions for its landing is realized by controlling the spacecraft in orbit according to the data of
navigation systems. Information on the space vehicle altitude just above the Moon at the pre-
landing maneuver stage can be obtained using signals of existing radar systems, radio altimeters,

laser altimeters, autonomous optical navigation systems and others [§ — 10].
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Fig. 1. Parameters of the pre-landing maneuver of the LC

The special problem consists in providing the optimal landing path for the LC and placing it
at the safe lunar-landing point (landing site). The landing site is considered safe when the terrain
slope is less than 20° with the average distance between the landing legs of existing LCs of ~3 m,
when there are no stones and other land roughness of more than ~0.2 m high. Under these
conditions the supports or the bottom of the descent module can rest safely [11 — 13].

At present, different technologies of lunar landing of the LC at the post-“verticalization”
descent stage are being considered. The key technologies consist in using: the Doppler velocity and
range meter (DVRM), tele (video) control, radiolocation, laser range finder, etc. [14 — 18]. An
application of these systems does not exclude risks that occurred during Apollo (USA) and Luna
(USSR) missions [19 — 24]. It should be noted that some of the said technologies can be used only
in the hand control mode by cosmonauts who have a high operator qualification.

Prompt, actual and detailed information on spatial characteristics of the underlying surface as



a digital terrain model (DTM) can be obtained by an air laser scanning (ALS) method [25 — 28].
When flying over the lunar surface with some horizontal velocity it is possible to use the space-
adapted classic ALS equipment or the scanning lidar technology [29 — 39]. At the post -
“verticalization” descent stage, the application of this technology is ineffective due to the absence
of the forward motion of MSC relating the Moon and impossibility to generate the spatial sweeping
of laser beams.

The most reasonable way to tackle this task is the use of matrix-type laser scanning systems;
there are two up-to-date options (Fig. 2).

The spatial laser beams sweep in the rectangular matrix (“Flash Lidar” system) is realized by
using the estimated quantity of non-parallel individual radiators and stochastic physical oscillation
of the LC relative to the vertical axis at the stage of its descent [40 — 42]. The format of the spiral
sweep of the rotating radiators system depends on the number of radiators and the speed of their

rotation.
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Fig. 2. Technical design options of scanning laser systems for lunar landing (rectangular
matrix — «Flash Lidar» system and a rotating radiator system)

In both cases, the frequency of the pulsed radiation of laser sensors as well as the present
height of the LC which determines the accuracy of instrumental measurements of range (height),
the initial size of the scanning area, and the laser spot diameter — the signal generated as a laser
reflection point (LRP) on the planet’s surfaces are of particular importance.

A priory, the rotating radiators system has a simpler technical solution, high-density of single
measurements on an initial area, more uniform distribution of LRPs over the lunar surface (spatial

resolution of shooting) as well as a possibility of enhancing the LSSs by increasing the number of



individual laser sensors and the rotation speed of radiators.

Fig. 3 shows the spatial sweep scheme and some characteristics of the matrix-type scanning
lidars available in existing industrial prototypes of civil use.

Due to the absence of an atmosphere on the Moon the said parameters of LSSs can
objectively be better [43 — 46].

As the calculations show (see Table 3), up to the height of precision deceleration of the LC
the laser system provides information on the planet’s surface with one meter resolution over a total
area of from 18 km? to 1.5 km?. From the height of less than 1 km it is possible to obtain data for
performing prompt modelling and using the DTM with spatial resolution of less than 1 m.

As the LC descents the number of points of laser reflection (LRP) per unit of the landing area
increases up to the point density (LRP per 1 m?) helping to reveal (detect) dangerous geometric
obstacles (objects) of 15-20 cm high on the planet’s surface what ensures solving any special
navigation tasks in an automatic mode as well, such as:

¢ Re-directing of the LC on the new landing pad;

* Spatial orientation, selection of the most rational position of the LC before landing
considering the real relief of an underlying surface, position of the Sun, occurrence of
obstacles, etc.;

¢ (Calculation and maintaining of the specified vertical descent velocity of the LC;

* High-precision determination of the height (range) to generate a deceleration pulse, etc.

Starting from the height of 500 m and having the reserve of time for descent of more than 30
sec, the effective selection of an optimal lunar-landing site is ensured taking into account all the
above said landing safety requirements. It should be noted that applying this technology of lunar-
landing the total quantity of single measurements of height (range) at the specified landing site
after the “verticalization” of the LC is 150...200 billion that is impossible to ensure by other
known ways.

The scanning lidar proposed for use while lunar-landing is per se an adaptive option of ALS.
When integrating a scanner radiator into the LC design, it is necessary to take into account the
possibility of shading it by external elements of the landing module what can be compensated by

installing several radiators or by placing them outside the module dimensions.
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Fig. 3. Spatial resolution characteristics of the laser scanner at the pre-landing descent stage

In addition to maintaining the specified operating temperature profile for the lidar as well as
taking into account its mass-volume and energy characteristics, the key requirement for adapting
ALS to lunar conditions that are subjected to the special study is the evaluation of radiation impact
of the landing engine unit on the conditions for passaging a laser pulse signal. Disturbances
provoked by the permanent jet flame of the landing engines can impact laser scanning systems
what is particularly dangerous at the final stage of lunar-landing which is about one minute.

Interpretation of the moon sounding signals using LSS is performed in both automatic and
manual LC landing modes. In both cases, processing laser pulses reflected from the Moon’s surface
result in obtaining the DTM (Digital Terrain Model). This model is a peculiar digital twin of the
real landing site relief. Depending on the signal processing method aboard the LC using a highly
productive computer the GRID-model or TIN-model of the surface of the Earth’s natural satellite is
generated [47 — 50]. Besides, it is possible to apply other LS data processing methods. The use of

them is limited by the requirements for the size, operability, accuracy, detail, and reliability of the
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DTM generation.
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Fig. 4. The use of laser scanning data at the stages of landing of the Lunar Complex

While descending, the LC’s computer constantly specifies the design landing point (site) and
generates the control signals to turn on/off the LC’s engine unit on the basis of continuous
processing the spatial information contained in the DTM using navigational algorithms for landing.
At the same time, the said information in any format is displayed for cosmonauts on the screen
which visualized the area specified for landing together with data from optoelectronic, radio-
electronic, and other subsystems against the Lunar map or the initial cartographic underlay of the
seleno-information system.

If the automatic landing control system fails, data from the scanning lidar as a basic
information module together with data from other sensors will allow landing in the director or
manual mode regardless of eventual optical occurrences such as dust clouds that make worse the
direct visual contact of cosmonauts with the Moon.

The proposed above landing technology, which is used for the spacecraft’s vision system and
the use of data from the LSS, is based on the interpretation of the moon sounding signals — the
direct active high precision measurement of the spatial characteristics of sets of lunar surface points

and the intelligent processing of obtained digital images — and can be effective for ensuring safety
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of space missions. Due to the objective necessity to use the lidar survey data promptly during high-
dynamic stages of lunar-landing, the processing of this data in an external circuit (digital cloud) is
not possible but should be performed using a highly productive computer complex directly on

board the LC [51 — 53].
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AHHOTANMSA

CraTbhst MOCBSIIEHa PACCMOTPEHHUIO KOHIIEIIINN MIEKTPOHHOTO yrpaBieHus kKak gacTu Ludporoit 3emm. IpuBomutcs
KpaTKUil HUCTOPUYECKHH 0030p BO3HHKHOBEHUS W pa3BUTHs OTOTO HANPABICHUS, a TaKKE OCHOBHBIC
periamMeHTupytomme nokymMeHtsl B Poccuiickoit ®enepanuu. OtnenbHoe BHHMaHue yxensercs oueHke OOH
COCTOSIHUS 3JICKTPOHHOTO yIpaBJicHHs Kak B Poccuu, Tak u 3a pyoekoM.

[To maHHOMY BOIIPOCY aBTOP NPUBOAMT MHEHHE MEXKAYHAPOJAHBIX IKCIIEPTOB-aHAIMTHKOB, a TaK)Ke paccMaTpUBacT
MPUMEP MEXIYHAPOIHOTO SIIEKTPOHHOTO YIIPABICHUS, HA OCHOBAaHUHM KOTOPOT'O BEIBHIASTCS TEOPHUS O IEePCIEKTHBAX
U BO3MOXKHOCTSIX HCIIOJb30BAHUS KOHLEIIUM 3JIEKTPOHHOro ympasineHus B Lludposoit 3emie s perieHus
BOXHEHUIIHX TII00aTBHBIX POOIEM.
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Abstract

The article is devoted to the consideration of the concept of e-governance as part of the Digital Earth. A brief historical
overview of the emergence and development of this direction, as well as the main regulatory documents in the Russian
Federation, is given. Special attention is paid to the UN assessment of the state of e-governance both in Russia and
abroad.

On this issue, the author gives the opinion of international expert analysts, and also considers an example of
international e-governance, on the basis of which a theory is put forward about the prospects and possibilities of using
the concept of e-governance in the Digital Earth to solve the most important global problems.
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BBenenue

OpHMM W3 BaKHBIX U MEPCHEKTUBHBIX MyTed pa3Butus Lludposoit 3emman MexayHnapoaHoe
coobmiectBo (ISDE) Ha3biBaeT 31eKTpoHHOE ynpaBiieHue. /JJaHHOe HampaBiieHHE CTaBUTCS B OJIMH
pAI ¢ TaKMMH WHHOBAlMAMH, Kak TexHonorusi 6G, natadukamusi, MeraBceqeHHble U T.4. CaMo
HazBanue «l{udposas 3emiss» mpeanonaraeT pa3BUTHE W MPUMEHEHHE KIIOUEBBIX ISl 0OIIECTBa
BOTPOCOB B COOTBETCTBYIOIIEM (popmare.

Baxnoctb BHCAPCHUA SJICKTPOHHBIX TEXHOJOTHI TTOHHMAIOT ITOJUTHKH MHOTHX CTpaH, B
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YaCTHOCTH pedb UJET O CO3/IaHWU COOTBETCTBYIOIIMX MOPTAJIOB JUIsl Oojiee MPOCTOro U OBICTPOTo
B3aMMOJCHCTBUS MEXAYy TOCyJapcTBOM M oOmecTBoM. Hanuyme cucTeMbl 3IIEKTPOHHOTO
YIPaBJICHUS BIMSET HA PA3JIMUHBIE ACTIEKThI, K KOTOPHIM MOKHO OTHECTH, HAIIpUMEpP, IKOHOMHUKY,

COLMAJIbHBIA CEKTOP.

OO6cyxaeHue

dopmupoBaHUe UEH U MOHUMAaHUS CEPBHCA «IJIEKTPOHHOE yIpaBieHuey» Havainoch B CHIA
B 1991 rogy. OgHuM U3 mepBbIX yIIOMUHAHUI TepMuHa «electronic government» MOKHO Ha3BaTh
ctatbio 1992 roma 00 AIEKTPOHHON JEMOKpaTHH, TJIe aBTOP CPAaBHHUBAET MPHUBBIYHOE OOIIECTBY
MPaBUTEIBCTBO C HOBBIM, AJICKTPOHHBIM, OTMEYas, YTO OHO CTaHET 0oJiee BOCIPUUMYHUBBHIM K
nH(pOPMATMOHHBIM MaHUMYJAIUIM. C 3TOr0 BPEMEHH TOCYJapCTBEHHAs TMOJIMTHUKA Pa3IMUHBIX
CTpaH CTajlla y4YWUThIBaTh M OTOT BeKkTop pa3BuTus. B Poccuiickoit ®enepanuu 0061acTh
MPEeJIOCTaBIEHUsl YCIYr B JJEKTPOHHOM BHJE periameHTupyercs dDenepalibHbIM 3aKOHOM OT
27.07.2010 Ne 210-®3 «OO0 opraHu3anuu NpeAoCTaBiIeHNUs rOCYAapCTBEHHBIX U MyHUIIMIAIBHBIX
yciyr». OIHUM M3 HEepPBbIX LIAroB K peaju3aluy KOHIEMIMU 3JIEKTPOHHOIO YHpPaBIEHHS CTajo
CO3/aHHe  MHOTO(YHKIMOHATBHBIX  LIEHTPOB  MPEAOCTaBICHHUS  TOCYJApCTBEHHBIX U
MyHUIMnanbHeIx  ycuyr (M®Ll), peanuzoBaHHoe B paMkax mnporpammbl KoHuenuuu
anMuHHCTpaTUBHON pedopmbl B Poccuiickoit @eneparuu B 2006-2010 rogax. B 3t ronusl B
Pa3BUTHIX CTpaHaX AJIEKTPOHHOE YIIPABJIEHUE HE MPOCTO HAXOAUTCS Ha CTaJAUU MPOpabOTKH 0a3bl,
HO yke ucronb3yercsa. Hanpumep, B Benukoopurannu B 2000 rogy nmpembep-MuHHCTp 3. Biap
BBIJIBUTAET COOTBETCTBYIOIYI0 WHHUIIMATHUBY, pPa3padaThIBAlOTCI HEOOXOAUMBbIE HOPMATHBHBIE
IIPABOBBIE IOKYMEHTBHI, CO3J1a€TCSI KOMHUCCHUSI.

B 2002 rony IlpaBurensctBoM Poccum yTBepxkmaeTcs nmporpamma «nekTpoHHass Poccus»
Ha 2002-2010 rompl. B 3TOM g0KymMeHTEe ObUIM TOCTaBJCHBI 3a/Jaud, 00O3HAYEHBI Ba)KHEHINIHE
MOKa3aTeNy U LIeJH, OKUJaeMble pe3ynbTrarel. O0muit 00beM (hruHaHcupoBaHus — 6onee 250 MITH.
pyOaeii. [lanee ObUTH PUHSATHI TOCYIapcTBeHHAs nporpamma «MHbopmanmornroe obdmectBo 2011-
2020 roap» u «Crpaterust pa3BuThs nHpopMalnoHHOro odmiectsa B Poccuiickoit denepannu Ha
2017-2030 roaer». B 3TUX ITOKyMEHTaxX OJHUM W3 MPUOPHUTETHBIX HAMPABJICHUA ObLIO U OCTACTCS
BHEJIPEHUE U COBEPILIEHCTBOBAHUE KOHIICTIIUH 3JIEKTPOHHOTO YIPABIICHHUS.

BaxxHO OTMETHUTH, YTO 3Ta KOHIEMIMS pean3yeTcsi KaKk Ha pPEruoHaJIbHOM, TaK M Ha

denepanbHoM ypoBHE. COOTBETCTBEHHO, MPUOPUTETHBIE HANPABJICHUS B 3TUX MPOrpaMMax MOTYT
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6b1Th pazanuHbiMU. C 2001 roga OOH npoBOIUT OLIEHKY 3JIEKTPOHHOTO yHPAaBICHUS, PE3YIbTaThl
KOTOPOH MyOJIMKYIOTCS B OTYETE ¢ NEPUOJIUYHOCTBIO OJIMH pa3 B JiBa Io/ia.

B 2020 romy mo wuHzaekcy pas3Butus snekTpoHHoro ympasinenuss (EGDI) Poccuiickas
@®enepanyst Haxoaunachb Ha 36 wmecre (co 3HaueHueMm 0,8244). Ha mepBbIx Tpex MecTax
pacnionoxunuck Jlanus, Pecyommka Kopest u Ocronust coorBerctBeHHo. B 2022 romy pedTuHr
Poccuun nonmsmiics no 42 mecta (0,8162).

IIpu »ToM MockBa mo uHIEKCY MecTHbIX oHjaiiH ycmyr (LOSI), sxmouaromem 80
noKasaresyield, okaszajach Ha IiectoM Mecte (mo cocrosHuio Ha 2020 roxm). s oneHku ObUIH
BbIOpanb! 100 roposoB mMupa, 29 U3 KOTOpbIX — azuaTckue, 32 — adppukanckue, 21 — eBponeiickue,
16 — amepukanckue, 2 npeacraBisuin Oxeanuro. IlepBble MATh MECT 3aHSAIM COOTBETCTBEHHO:
Manpun, Hero-Hopxk, Tammun, Iapmwk u CrokronsM. PakTHuecky, O6IIMMY TPYITIAME KPHTEPHEB
OLICHKM SIBJISIIOTCS TEXHOJIOTHH, NPEJOCTABIECHUE KOHTEHTA, MPEAOCTaBICHHUE YCIYT, y4acTHE U
BOBJICUEHHOCTb. B 2022 roay Mocksa 3aHsuia maToe MecTo, pasaenus ero ¢ Jy6aem, Hero-Mopkom
u [Tapwxem. OnHako HEOOXOAMMO OTMETUTh, YTO MHAEKC MOCKBBI 3HAYMTEIbHO YBEJIUYMIICS U
coctaui 0,9186 (mpotus 0,8125 B 2020 roxy).

HarnsigHo BUAHO, YTO PEUTHHI CTpaHbl MOXKET CYLIECTBEHHO OTJIMYaThCS OT PEUTHHIa
ropoja (B wactHoctu ctoiuibl). s Poccuiickoit denepanun 3T0 MOXKET ObITH 00YCIOBIEHO
HeJblM  psioM  (PAaKTOpOB, HANpUMep, 3HAYUTEIbHOH TeppUTOpHUEH, HEPAaBHOMEPHOCTHIO
pacripeneneHust HHPPACTPyKTypbl U OrJpKeTa, a TakkKe KaJpOBBIM TOJOAOM B TOM WM HMHOM
peruone. Ilpu 3TOM BaxkeH U TOT (hakT, 4To OblIa CYyIIECTBEHHO aKTUBU3MPOBaHA pabOTa CEPBUCOB
3NEKTPOHHOrO ynpasiieHus uz-3a COVID-19, ocHOBHOI nepuoa KOTOPOro Kak pa3 IpHUIIescs Ha
2020-2022 ronsl.

Briaenstorcs 4eTbipe MOAEIH 3JIEKTPOHHOTO YIIPABIICHUS:

* KOHTHHEHTAJIbHO-EBpoIeiickas Mojenb (3anaanas, Llentpansuas u Bocrounas EBpomna);
* anmo-amepukanckas mojens (CIIA, Kanana, BenukoOpuranus);
* asmarckas mojens (FOxunas Kopes, Cunramyp);
* poccHiicKasi MOAEINb.
Kaxnas u3 yka3aHHBIX MOZEJIe HMeeT CBOM OCOOCHHOCTH M HAalPaBJICHUs Pa3BUTHUS.

Poccuiickoe 31eKTpOHHOE yNpaBiIeHHE NPEACTABIEHO MOPTAIoM «l ocyciyru», 3amyeHHbIM
B 2009 rony. KommuecTBo okazanHbIx yciyr 3a 13 met paboter — 6omee 200 miH., o0mui 00bemM
oriaTel yciyr npesbicuil 135 mupa. py6neit. Ilo coctosiHuio Ha okoHuanue 2022 roga KOJIU4ECTBO

3apeTUCTPUPOBAHHBIX ToJb30Bareneld — Oonee 100 muH. Ilopran «Mocyciyrm» ObUT 3ammymieH
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cinycts rog — B 2010 roxy, mo coctostauio Ha 2020 roa KoJM4YecTBO OOpalieHuil K yciayram u
CepBUCAaM COCTABUJIO OKOJIO 1 MiIpa.

OnHako 1O MHEHUIO COTPYIHUKOB aMmepukaHckoro lLleHTpa cTpaTermueckux U
MeXIyHapoaHbIX uccnenoBanuii (CSIS, co3man B pe3ynbTaTe BOZHUKHOBEHHUS HEOOXOJUMOCTH B
AQHAJMTHKE KaK Ui TOCYJapCTBEHHBIX CTPYKTYp, TaK M HErocylaapcTBeHHbIX) Kurail cTraHoBHUTCS
KJIIOYEBBIM HUIPOKOM B collepHHuYecTBe 3a Ludposoe ympasieHue. Ilo cytu, Kurail neiraercs
«3aHOBO CO3/1aTh HMHTEPHET», NPU 3TOM MPUICPKUBACTCS KOHLEMIMU «KHOEpPCyBEpEeHUTETay.
LlenTp mpOBOAMT HCCIEAOBAaHHA B 00JACTAX IOJUTHKH, SKOHOMHUKH, O€30MacCHOCTH IO BCEMY
MUpY.

[lepcneKTUBHBIM ~ HAIpPaBICHUEM  PA3BUTUS  DJEKTPOHHOIO  YIPABIECHUS  SIBJIAIOTCS
COBMECTHBIE, TPAHCTOCYAAPCTBEHHBIE MPOEKTHI. EBpomeiickuii coro3 B KauecTBe OJHOTO U3 CBOMX
NPUOPUTETOB  Pa3BUTHS  DJIEKTPOHHOTO  YIPABICHHUS CTaBUT BO3MOXKHOCTb  pealHM3aluu
COLMAIIEHOTO €IMHCTBA €BPOMNEHCKOro coodmecTBa. B paMkax Takoro mpoeKTa y CTpaH-y4acTHHIL
UMEIOTCA Ha TOCYAAPCTBEHHOM YPOBHE IOJIOKEHUS J[MPEKTHB €BPOKOMHCCHU B KadecTBe 0Oa3bl
Takoro mpoekta. [[ng peanusanuum uaeu Obuia paspaborana nporpamma IDABC (Interoperable
Delivery of European eGovernment Services to public Administrations, Businesses and Citizens) B
2005-2009 romax, Ha cMmeny kotopoi mnpunuia ISA (Interoperability solutions for public
administrations, businesses and citizens) — 3aBepmuBmasics 31 nekabps 2020 roma. Ceromns 3ta
nporpaMMa peanusyercs 1moJi HazBanueM Interoperable Europe, paboTaer 11 ycuiieHUs! HOJIUTUKA
B3aUMO/ICHCTBUS TOCYAPCTBEHHOTO CEKTOPA.

[lpuBeneHHBI BBIIIE MPHUMEP TO3BOJSECT CAETAaTh BBIBOJ O TOM, UTO TakKue
MEXI'OCYJTapCTBEHHbIE IPOEKThl «3JIEKTPOHHOI'O YIIPABICHHUS» BO3MOXKHBI JJIS  peau3alMu.
Hudposas 3emist MOXKET pacCMaTPUBATHCS HE TOJIBKO KakK MPOEKT, 0003HaueHHbIH A. ['opoM, yxe
CeroJIHs OHA IepecTaia OBbITh JIMIIb CPEICTBOM I TOrO, 4TOOBI M3ydaTh muaHery. Ludposas
3eMJIsl CerofHs — LENbI CIEKTP TEXHOJOTHH, BIHMAIONMX Ha HACEIEHHE 3eMITH, MO3BOJISIONIMX
yJIydliaTh KHM3Hb M OO€cleunBaTh NOJIYYEHUE DPA3JIMYHBIX Oyar Juist yenoBeka. KoHuenmus sxe
IEKTPOHHOI'O YIPaBICHUS MOXKET OOBEAMHUTH Bce BO3MOXHOCTH LludpoBoit 3emnu B
MEXYHApOJHOM IpoekTe. Takas peanusanus Mo3BoJIa Obl pa3BUBAaTh CEPBUCHI, TOCTYIHBIE HA
JTAHHBIA MOMEHT M HaXOJsIIMecs B pa3pabOTKe, MOJ EIHHBIM PYKOBOJCTBOM, MHPEIOCTABIISS
yCcIyru U oObeIuHssl uelloBeKa, OU3Hec, rocyJapcTBO. be3ycioBHO, BOIUIOIEHHE TakoW uaeu
noTpedyeT pelIeHUuss MHOXKECTBA CIIOKHEHIIMX W KOMIUIGKCHBIX IpoOJieM: MOATOTOBKA

3aKOHOJATEIbHOM 0a3bl, pa3BUTHE U MOJKIIOYEHHE OoOImell HMHPPACTPyKTypbl, oOecredeHue
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HEOOXOJMMOr0 ypOBHSI 0€30MacCHOCTH — IO CYTH BCEro TOro, ¢ YeM CTaJIKMBAIKNCh MPU CO3/JAaHUU
3JIEKTPOHHOI'O YIPABJIEHUS B paMKax rOCyJapcTBa, a TAKKE€ MEKIOCYJapCTBEHHBIX IPOrPAMM.
YCcnoxHSIETCST CUTyallsl JIMIIb TEM, YTO HEOOXOAMMO JOTOBApUBATHCA C PA3HBIMH CTpPaHAMH.
OpnHako, Kak IOKa3bIBae€T EBPOICHCKUN OMBIT: ObUIO OBl JKeJIaHWe, a BO3MOXKHOCTH HAaWIETCS.
Havate BO3MOXHO C 3aMHTEPECOBAHHBIX YYACTHUKOB, KOTOPBIE BHUIAT MEPCHEKTHUBBI TAKOIO
COTPYJIHUYECTBA JJISl PELICHUS CTOSIIUX Iepe]] YeIOBEUYEeCTBOM IMpOoOJieM MHPOBOrO MaciiTada,
KaK, HampuMmep, Tio0anbHOE TMOTeIJIeHHe, OKpyXkarolias cpeqa W T.JO. Takol cueHapuit
COOTBETCTBYeT cTpareruu passutus Lludposoit 3emmu: «kouuenius [{udpoBoii 3emnu mo cBoeit
npupoje riodaibHa W JOJKHA OOECIEYHBATh OTKPHITYIO M YECTHYH) COBMECTHMOCTh MEKITY
MHO>KECTBOM CYILIECTBYIOIIMX U OYyIYLIUX 3JIEKTPOHHBIX pecypcoB, HeoOxoaumbIx st Ludposoit

Seminy.

BriBonl

ITonBoas uTOr, HEOOXOIUMO OTMETHUTh, YTO KOHLENIIUS 3JIEKTPOHHOTO YIPABJICHHUS SIBIISETCS
aKTyaJbHOM W NEpPCIEeKTUBHOM. 3apojauBmiasics B Hadaie 90-X roloB Haes HE TOJBKO CTala
AKTUBHO BHEAPATHCA, HO W CTAaHOBUTCA OJHUM U3 OCHOBHBIX HAIpPAaBICHUM pPa3BUTHUSA
COBPEMEHHOI'0 T'OCYJapCTBa, BIUIOIIMM Ha €ro kitouyeBble cdeprl. Ha ceromusmHuii aeHb B
cootBeTcTBUM ¢ pedTHHroM OOH Poccus He siBnsieTcsi rocyAapcTBOM-IUAEPOM B 3TON 00JacTH, B
oTiurie 0T MOCKBBI, 3aHsiBIIEeH ATOe MecTo B 2022 roay. IIporpamma pa3BUTHSL 3JIEKTPOHHOTO
YIPaBIEHUS TOJIy4aeT 3HAYUTEIbHbIE WHBECTHLIMH, @ HACTOSIIUM HCIBITAHUEM «HA MPOYHOCTH
i Hee ctanu rojsl pacnpoctpanenuss COVID-19. CoBpemennas Lludposas 3emist He TOJIBKO
BKJIIOYAET B ce0s HaIlpaBJICHHWE AJIEKTPOHHOI'O YNPABICHHS, HO U MOXET MOJIYYUTh HOBBII BUTOK
pa3BUTHS, PEaTU30BbIBasi M pa3BUBas 3Ty KOHUENIMIO AJi1 OObEAMHEHHS €€ BO3MOXKHOCTEW B

pPEeIICHUN rI00aIbHBIX BOITPOCOB.
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Abstract

The advent of modern big data platforms has revolutionized archaecology, enabling the discovery of new sites on a
planetary scale. This article overviews how these platforms, within the Digital Earth framework, process and analyze
vast amounts of remote sensing data. We explore the capabilities of major publicly accessible platforms in integrating
diverse geospatial datasets and employing advanced analytical tools. Through case studies, we illustrate the
transformative impact of these technologies on archaeological research, highlighting notable discoveries and the role of
collaboration and crowdsourcing. Despite challenges such as data quality and computational costs, future advancements
promise to enhance our ability to uncover and understand historical heritage. This work underscores the significant
potential of big data platforms in advancing archaeological discoveries and enriching our knowledge of the past
through the Digital Earth initiative.

Keywords
Big Data, Remote Sensing, Digital Earth, Archaeology, Archaeological Sensitivity

Introduction

The identification of new archaeological sites using geospatial data and tools, particularly
airborne and satellite Remote Sensing (RS), has a century-long history of successful applications
(Luo et al., 2019). Detailed remote sensing data allow the identification of subtle features and
patterns left by human terrain transformations that are only visible from above. Additionally,
Geographic Information Systems (GIS) have enabled researchers to create archaeological
sensitivity maps, which estimate the probability of encountering archaeological sites within
landscapes (Caracausi et al., 2018; Howey & Burg, 2017). However, despite these clear benefits,
Howey et al. (2020) noted that such techniques have been applied mostly to high-resolution
research at local scales, often neglecting broader extents.

In the past decades, the amount, variety, and speed of RS data acquisition, particularly from
publicly available programs like Landsat and Copernicus, have dramatically increased (Deng et al.,
2019), leading to the problem of RS Big Data (RSBD). As defined by Herndon et al. (2023), RSBD

is geospatial data or derived datasets collected via satellite or airborne sensors at an increasingly
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larger scale (spatial, temporal, spectral), facilitating the use of new computationally-intensive
analytical techniques.

Various solutions for dealing with RSBD were developed (Loukili et al., 2022). These
solutions, also known as Geospatial Big Data Platforms (GBDP), could provide archaeologists with
new tools to handle spatial datasets and expand their research across cross-border landscapes at
multiple scales, even globally.

However, available RSBD combined with computing resources form only the basic
infrastructure. To enable easy and efficient data discovery, access, processing, and analysis, user-
oriented software and services are also necessary. To navigate the complexities of technological
advancements in the geospatial domain, we adopt the Digital Earth (DE) concept, popularized by
Al Gore in 1998. This concept integrates various systems, tools, and datasets into a multi-resolution
3D representation of the planet, making it accessible to a wide range of users, from experts to
children (Gore, 1998).

In this work, we explore publicly accessible Geospatial Big Data Platforms based on satellite
remote sensing data archives that lower the entry barrier for archaeologists, enabling them to
access, analyze, and visualize Remote Sensing Big Data for site discovery and research, and discuss

their potential development within the context of Digital Earth.

Discussion

Considering the invariant characteristics of DE, formulated by Annoni et al. (2023), as a
guiding star, the importance of accessibility and collaborative nature, support for education and
knowledge sharing, help us practically narrow down the selection of GBDPs only to those
platforms that are aligned with DE. Thus, we define DE-aligned Big Data Platform (DE-GBDP) as
a cloud-based system that offers an extensive archive of geospatial data, featuring an accessible
interface for users to load, analyze, and visualize this data, and are designed to support a wide range
of applications at global scale, and available for free use at least for private, non-commercial and
academic purposes. Only a few existing GBDPs satisfy this definition: Google Earth Engine
(Gorelick et al., 2017), Sentinel Hub (Sentinel Hub, 2023), and, arguably, Microsoft Planetary
Computer (Microsoft Open Source et al., 2022). The latter is de-facto a catalog of big geospatial
data with a standardized API to access it, but mainly devoted to geospatial experts rather than less

experienced users. Altough these platforms are not technologically-neutral, as required by DE
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characteristics (Annoni et al., 2023), they are the most mature developments of what is currently
available to a broad user.

In the DE-GBDPs, petabytes of analysis-ready data are co-located with a high-performance
computation services, accessible through the internet Internet via application programming
interfaces (APIs) of various complexity and enable rapid prototyping and visualization of results.
The simplest APIs are interactive web maps, while others use popular programming languages
(e.g., Python). Since these platforms are by definition open to a wide range of people, a community
of users has grown around each of them, ready to share and jointly create new algorithms for data
analysis and visualization, and to solve technical difficulties together. A massive archive of satellite
images, as well as products derived from them, can be combined with information uploaded by
users. For most common tasks, there are already developed algorithms that users can utilize.
Extensive documentation, tutorials, and a supportive community are available for both platforms.

Google Earth Engine and Sentinel-Hub provide robust visualization tools, enabling users to
create interactive maps, graphs, and dashboards. These visualizations help in interpreting analysis
results and communicating findings effectively.

Both platforms offer APIs that facilitate integration with other tools and services. This
interoperability allows users to incorporate RS data into broader analytical workflows, combining it
with other datasets and analytical tools.

As DE-GBDPs lack 3D visualization capabilities, required by DE definition, the information
derived from them can be integrated with 3D visualization tools, such as Google Earth (Earth
Versions, 2023) or ArcGIS Earth (4rcGIS Earth App, 2023).

Both platforms leverage cloud computing to handle large-scale data processing efficiently.
This scalability is essential for analyzing global datasets and running complex algorithms without
the limitations of local computing resources. For example, H. Orengo & Petrie (2017) analyzed a
series of more than 1,700 Landsat images within Google Earth Engine to map relict channels and
meander scars, demonstrating the complexity of Holocene fluvial history in relation to human
settlement. Kalafati¢ et al. (2020) explored a complex network of densely populated settlements
with the analysis of aerial and satellite imagery and geomagnetic survey, where Sentinel Hub was
one of the tools.

Both platforms provide comprehensive suites of advanced analytical tools for RS data
analysis, including machine learning algorithms, pattern recognition, and anomaly detection. These

tools are essential for extracting information from vast amounts of satellite imagery and geospatial
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data. Thus, Google Earth Engine have been already used by archaeologist in the recent years, as
summarized by Herndon et al. (2023) and Agapiou (2017). Herndon et al. describes three ways of
the applications of Google Earth Engine in archaeology:

* Archaeological site, feature, and artifact identification

* Cultural heritage site assessment

* Environmental characterization and reconstruction

With respect to Sentinel Hub, there is no much literature available on its use in archaeology.
We can speculate that it is due to the fact that Google Earth Engine emerged six years earlier than
Sentinel Hub and was initially devoted to the research community, while Sentinel Hub was
positioned as a commercial service. Despite this fact, we claim that Sentinel Hub can be used as
efficiently as Google Earth Engine in this application.

Orengo et al. (2020) illustrated the potential of machine learning-based classification of
multisensor, multitemporal satellite data, implemented through Google Earth Engine, for the
remote detection and mapping of archaeological mounded settlements in arid environments, which
allowed the examination of a very-large-scale study area of ca. 36,000 km®. By leveraging such
advanced analytical tools available on Google Earth Engine and Sentinel-Hub, researchers can
efficiently identify and analyze potential archaeological sites, thereby enhancing the understanding
of historical human activities and cultural heritage. However, the use of machine learning to
identify sites and features has primarily focused on monumental structures and large sites easily
identifiable in topographic relief models (Davis, 2021).

While earth terrain is constantly changing, it does so at a much slower rate than other features
on the earth’s surface. In this regard, the identification of landform features suspected to be
associated with archaeological sites has been proven successful, especially in mountain
environments that tend to constrain movements (Visentin et al., 2016). Caracausi et al. (2018)
suggests that at high altitudes. due to the same reason, paths and locations suitable for temporary
camps did not change significantly during the centuries. Another example is the attempt undertaken
by Cieslar & Vasyunin (2023) to discover new potential sites in the poorly studied Peruvian
Amazon basin. They apply Google Earth Engine to find relationship between thousands of small
modern settlements in the Andes and terrain morphometry, and use the gained information to create

an archaeological sensitivity map covering over 3000 km?.
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Challenges

Using big data platforms for archaeological research poses challenges such as data quality,
computational costs, and the need for expertise in data analysis. Data quality issues, like sensor
errors and atmospheric conditions, require rigorous preprocessing and validation to ensure
accuracy. Computational costs can be significant due to the large volumes of data and the intensive
processing power needed, necessitating efficient resource management and potential reliance on
cloud computing services. Additionally, the complexity of data analysis demands expertise in both
archaeology and advanced data analytics, highlighting the need for interdisciplinary collaboration

and specialized training to fully harness the capabilities of big data platforms.

Future Directions

Future developments in GBDPs will likely emphasize open ecosystems, facilitating the
sharing and integration of diverse datasets from various sources. This approach ensures the viability
and evolvability of the DE concept by allowing continuous updates and improvements. Open
ecosystems will enable archaeologists to access a broader range of data, including high-resolution
satellite imagery, LiDAR scans, and hyperspectral data, thereby increasing the chances of
discovering previously unknown archaeological sites. Collaboration between governments,
research institutions, and private companies will further enhance data availability and quality,
fostering a more comprehensive understanding of the earth's historical and cultural heritage.

Addressing the challenge of modeling archaeological sensitivity maps without relying on
high-resolution data requires a multi-faceted approach that leverages diverse data sources,
advanced analytical techniques, and cutting-edge technologies.

A user-centered and transparent methodology will be paramount in the future of remote
sensing big data platforms. These platforms will need to prioritize usability, ensuring that
archaeologists and other researchers can easily navigate and analyze complex datasets. User-
friendly interfaces, intuitive data visualization tools, and transparent algorithms will enable non-
experts to harness the power of big data for archaeological research. Transparency in data
processing and analysis will also enhance the credibility and reproducibility of research findings,
fostering greater trust and collaboration within the scientific community.

The strategy for developing digital public goods will drive the creation of open-access
databases and tools that promote a sustainable and fair society. In archaeology, this could manifest

as publicly available repositories of satellite imagery and other remote sensing data, as well as
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open-source software for data analysis. Such resources will democratize access to advanced
technologies, enabling researchers from around the world to contribute to and benefit from
archaeological discoveries. This democratization will not only enhance research capabilities but
also ensure that the benefits of technological advancements are equitably distributed.

An interoperability framework will be crucial for connecting and utilizing digital
technologies and resources related to the earth's surface and subsurface. Future RS platforms will
need to adhere to standardized protocols and formats, allowing seamless integration of diverse
datasets. This interoperability will enable researchers to combine data from multiple sources, such
as ground-penetrating radar, aerial surveys, and satellite imagery, to gain a more comprehensive
understanding of archaeological sites. Enhanced interoperability will also facilitate the integration
of data from different time periods, providing insights into the temporal dynamics of historical and
cultural landscapes.

The integration of advanced technologies such as artificial intelligence (Al) and quantum
computing holds significant potential for enhancing the discovery process in archaeology.

Artificial Intelligence algorithms can analyze vast amounts of RS data more efficiently than
traditional methods. These algorithms can identify patterns and anomalies that may indicate the
presence of archaeological sites, automating the initial stages of site detection. Al can also assist in
predictive modeling, helping researchers prioritize areas for further investigation based on
historical and environmental factors.

Quantum Computing has the potential to revolutionize data processing by performing
complex calculations at unprecedented speeds. In the context of remote sensing and archaeology,
quantum computers could rapidly analyze massive datasets, identifying subtle correlations and
patterns that classical computers might miss. This capability could significantly accelerate the

discovery of new sites and enhance our understanding of known ones.

Conclusions

Big data platforms are revolutionizing the field of archaeology, providing unprecedented
opportunities to uncover and understand our shared human history. By leveraging the power of
these platforms, archaeologists are making groundbreaking discoveries, pushing the boundaries of
our knowledge about past societies and their interactions with the environment. As technology

continues to evolve and our ability to harness big data grows, we can expect even more astonishing
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discoveries in the years to come, further enriching our understanding of the past and shaping our
interpretations of the present.

Future developments in remote sensing big data platforms, guided by the invariant
characteristics of the Digital Earth concept, will profoundly impact archaeological research. The
adoption of open ecosystems, user-centered methodologies, digital public goods, and
interoperability frameworks will enhance data accessibility, usability, and integration. The
incorporation of advanced technologies such as Al and quantum computing will further streamline
the discovery process, enabling researchers to uncover and analyze archaeological sites with greater
efficiency and accuracy. These advancements will not only advance our knowledge of the past but
also promote a more inclusive and equitable approach to archaeological research, aligning with the

broader goals of the Digital Earth initiative.
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