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1. Introduction

The objective of ExoMars mission is to land andrafgeon Mars the Rosalind rover to search for sofmsst and recent
life. Before the Ukrainian crisis broke out, theve&o was to be launched in September 2022 by a Prottket and land
in February 2023 in the Oxia Planum region. Thesraontrol architecture was designed to offer Aatoous Navigation
capabilities that were developed within two distisolutions covering roughly the same functionadpse but with
different algorithmic approaches. These two sohgibave been delivered by ADS-UK and CNES to béifaachbefore
final integration in the rover flight computer. Bhinission has been now postponed to 2028 withiava gooperation
framework and the additional time is providing ofpaities to improve the overall system performaritee paper
objective is to describe the current status offNES Autonomous Navigation Software and preserfoileseen program
of activities prior to flight that includes somehamcement of functionalities and a consolidatiothefparameter tuning
approach.

The first section presents the functional and perémce requirements applicable to the autonomobhavier and
continues with a description of the specific CNE&@nomous Navigation modulétoNavsoftware). This module
implements a set of functionalities that are usesvp different operational modes:AutoTravmode, the ground defines
the goal and the AutoNav software computes peradigia safe path increment to the goalCineckPath modehe path
is defined by the ground and the AutoNav moduletranalyze the terrain traversability in the pattinity and authorize
or not the path execution. The main input of tlaérsability and safety analysis for both modes msodel of the local
environment built through stereovision techniques.

The next section provides a detailed descriptiotheftests that have been performed on the GroestModel in the
ALTEC facilities and provides an analysis of thaéiaged results with numerous illustrations and rfigguof theAutoNav
timeline. This part is followed by a presentatidnttte lessons learned including some recommendafionpossible
improvement.

The last section presents the different activities will take place during the time lapse befdight. Besides the nominal
maintenance activities that may include some piesbftware updates required by the customer, CiEf#anning to
deliver a new version that includes some improvdaroéthe CheckPatimode implementation. The section will describe
the principles of the current algorithm design thlaeady offers two different behaviors alreadyteddson GTM: a
conservative assessment used also foAtlieTravmode and some optimized assessment techniqualithas the rover

to move safely in more challenging environmentse Téreseen additional work concerns the optimizeskssment
technique which current limitations will be removed

2. Description of the Autonomous Navigation

2.1. Main principles

The AutoNav Software will allow the Rover to perfoautonomously traverses up to 70m per sol usimp@el of the
local environment built through stereovision tecjugis. In order to maintain the highest possiblau@ay in the
reconstruction of the local environment, each trs@avill require multiple cycles of terrain anakysind path execution.
At each navigation stop the rover reacquires ndarimation about its environment that will be useahsure the rover
safety over the next locomotion step. For ExoM#rs,maximum distance between two consecutive nagigatops is
2.4m. The main inputs used for thatoNavcomputations are the images acquired from therBtereoscopic Imaging
System or Stereo bench, this Stereo bench is placeke top part of the rover mast which can bateat using a Pan
and Tilt Unit (PTU). At each navigation stop, tlewer will perform several stereo-image acquisitiootating the Pan &
Tilt Unit in order to cover a sufficient zone.

The AutoNav Software is designed to offer two moaliesperation:

« AutoTrav mode: the ground defines the goal or a list of wayp®iahd the AutoNav module computes
periodically a safe trajectory increment to thelgoa
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« CheckPath mode: the ground defines a trajectory that is to becated accurately by the Rover. The AutoNav
module is in charge of analysing periodically therdin traversability along the trajectory and siging the
presence of obstacles.
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Figure 1 : Overview of the A.N. software accommiogiatontext

2.2. Overall functional architecture

The AutoNavarchitecture relies on three main functional biottiat are presented on Figure 2 and describeduvttrer
details in the sequel. These blocks are the foligwi
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Figure 2: Functional architecture of the CNES Autooois Navigation solution
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2.2.1.Reconstruction of the environment

The Digital Elevation Model (DEM) constitutes thepresentation of the terrain in the rover vicinithe DEM generated
for each navigation stop is actually obtained l&yftision of smaller DEMs derived from perceptioogured in different

directions. Each perception is a pair of stereoscopages that are processed to build a dispargp tihrough an
optimized stereo correlation algorithm. Before ating stereo correlation, the images are analyaedake sure the
luminance properties are adequate and a new atguiss possibly requested with a new set of patarse Three
perceptions constitute the baseline in AwgoTravmode and this number is usually reduced wbkackPathmode is

selected. In the ExoMars context, the DEM is aasgiitmap centered on the current rover posititbs size and cell
resolution are configurable and typical valuesragpectively 14 m x 14 m and 4 x 4 cm.

2.2.2.Traversability data management

Processing the Digital Elevation Model to manage dverall knowledge of the terrain traversabilibwalves two
successive steps associated to the following reptasons:

1) Local Navigation Map: the map size and resoluti@iah the DEM ones and the generation of new datsists
in assessing the traversability of the differenttitze” DEM cells using a model of the rover. Thesheecent
cell information is then fused with the traversapitlata obtained at the previous navigation stops.

2) Regional Map: this map is introduced to store abdgvant traversability information that falls odfsithe Local
Navigation Map and would be lost otherwise. Itésigned to keep track of the existence of pasbolest with
a minimal memory overhead and uses for that purpogector representation. The map update implies th
extraction of the obstacle contours in the mosemedNavigation Map and its insertion or merginghwihe
already existing list of obstacles.

The traversability assessment is performed in tepss (1) a first analysis of the terrain roughradscal discontinuities
at the wheel scale is applied to the full DEM, &) second analysis involves the placement ofdlierrmodel over the
DEM to determine the rover configuration and thesgilole intersection between the ground and somer rparts.
Multiple criteria are considered to determine rbaer configuration is actually safe:

e rover roll and pitch angles (compulsory)

« boogie angles (compulsory)

e ground clearance for the rover bottom face (congy)s
e ground clearance for the solar panels (optional)

This step cannot be applied to the cells located tiee borders due to the rover placement congdrain

Definition of the traversability labels (colors)

Light to Dark blue: Traversable with different
rugosity levels

Violet: Traversable but no planning allowed
(localization margin)

Green: Obstacle (Ground clearance)
Orange: Obstacle (Slope)

White: Obstacle (Discontinuity)
Black: No data

Figure 3 : Example of Navigation map with multiplaviersability labels



Figure 4 : Local Navigation bitmap (left) and RegaiNavigation obstacle map (right)

2.2.3.Path planning

Path planning is performed in two successive steps:

1) Regional Path Planningthis step exploits the Regional Navigation Map aomputes the optimal long range
path from the current rover position to the givemalc Regional path planning is based on the tangeagh
theory in which the nodes are constituted of SRaiht, Goal Points and Tangent points betweenttré [3oint,
the goal point and the obstacles. The interfacerds the Regional Path Planning and the Local Plattning
is a Local Sub-Goal, which is defined as the lasigable point of the Regional Path included inriagigable
zone around the Rover.

2) Local Path planningthe process consists in searching for the bdist path that allows to reach the Local Sub-
Goal while satisfying the rover curvature and safainstraints. To reduce the dimension of the $espace,
the algorithm examines a finite number of path édenes that are represented as a series of curesdvith a
given length. The search is performed as follows:

0 Check the validity of a set of arc candidates stgfrom the current best node.

o Compare these valid arc candidates consideringdtimated cost to reach the goal

o Store all valid arc candidates in the order oféasing cost and select the best one for the net st
o]

Backtrack in the search tree if an exploration $teis to yield valid candidates. The exploratidarts
again from the next best candidate.

2.2.4.Path verification

This functionality is less demanding since it mited to the safety analysis of the predefinedvigtby the ground and
determines whether its execution is safe or noe désign of this functionality assumes the follogvoonstraint: the
rover must be capable to execute sgxneTravcommand without any ground providketkStartafter the completion

of the CheckPathactivity whether it is successful or not. This meahatAutoNavhas to produce and manage all data
needed to perform the traversability assessmehimtibe rover blind zone that will exist at any givstop.

The processing to be performed depends on thedfifajectory commanded by the ground:

* Point Turn the rover is requested to perform a rotationtengpot to reach a new heading — the function aaaly
the safety of this move

« Path the rover is requested to follow a trajectoryinied by a list of Cartesian positions — the funttémalyses of
the safety of this displacement taking into accquosible localization and locomotion errors. Tvewsions have
been implemented:

o Conservative: The traversability analysis is agptiethe full DEM generated at the current cycld aimcludes
all the possible rover yaw configurations (full odwtion). This is identical to the analysis perfaainAutoTrav
mode.

0 Optimized: The traversability analysis is focusedaolimited set of cells and rover yaw configuratioThe
associated products are generated during the magrag®n step that intervenes at the end of theepdion
cycle. This optimized version allows to increase titaverse capabilities as it focuses the anafysiand the
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actual heading of the commanded paths. Howevell, arfalysis is still performed in parallel to sdiyithe above
mentioned constraint. Note that it is not curremibyplicable to the Point Turn activity.

2.3. Design limitations

2.3.1.Size of the navigation map

Data fusion between consecutive navigation stopsuisently performed at the navigation map levelaiwid the
complexity of co-registering DEMs computed at diffiet rover locations. Since most of the traverdgbissessment
implies the rover placement over the DEM and samegi also the check of the interaction betweendbs panels and
the ground, the analysis is only fully achievabteaosubset of the cells: the ones located far dnénagn the borders.
This means that the band of the terrain locatdrbim of the rover can be only analysed using tiseanhtinuity criterion.
The assessment is therefore partial and if no disuaity is detected the cells within this band #iagged as unknown
even though it is observable by the cameras (Fifure This restriction has two impacts:

1) the length of th&ickStarttrajectory needs to be properly sized when sgome activity ilAutoNavmode so
as to reach the full traversability analysis zone.

2) the length of the commanded path has to be adjugted the DEM size gets reduced (the rover isrfstaince
approaching the top of a ridge) and MevMaphorizon appears too close from the current roesitipn. This
situation is illustrated on Figure 5.2 where thepthicement between cycled andk is not consistent with the
size of the known area. A knowledge gap appeateinavigation map and will affect the path plagninocess.

NavMap increment
cycle k

NavMap Increment
Rover cycle k-1
No data (blind zone) position

Partial Traversability analysis

Full Traversability analysis

Digital Terrain Model Navigation Map
Figure 5.1: Part of the Digital Terrain Model usabfor Figure 5.2: Merging of Navigation Maps from two
traversability assessment consecutive cycles - The path commanded at cytlis keo

large for the current size of the navigation map

2.3.2.CheckPath capability and performance

The current implementation suffers from the follog/iimitations:

(0]

the Point Turn command does not benefit from themaped analysis (the analysis restricted to a Emakt of rover
yaw configurations). This leads to a limitationtbé capability to cross difficult terrains usingequence that is for
instance composed of two Paths separated by a Paint Such a limiting scenario is presented orufeg where
a rock with specific characteristics is standinghe area where a Point Turn could be commandedr{tbk is
compatible with ground clearance requirements bticrossable by the rover wheels). In this casefitet path is
considered safe with the optimized analysis butRbat Turn will be declared unsafe even thoughrther can
rotate over the obstacle.

there is no noticeable gain in terms of navigatlata processing since a full Navigation Map isthanld updated at
each cycle — this situation could be improved baxiag the on-board situation awareness constrairdtsn
CheckPatmode is activated
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Figure 6: CheckPath scenario

3. Test activitiesand results

3.1. Context

Before exercising théutoNavsoftware in a real environment, it has been eitehs validated using the Numeric
Software Validation Facility (NSVF) that constitatéhe official test bench to validate and verife tlover on-board
software. A replica of this tool developed by AD&-Has been delivered to CNES to allow the validatbthe specific
CNES solution. The NSVF is composed by the higkefiyg simulation of the on-board computer (OBC) draver
Vehicle Simulator with simulation models of the Roequipment, environment as well as the vehiadgisamics and
kinematics. This facility allows closed loop simiida with a full image of the on-board software teasby the OBC
simulator.

This section presents an overview of the resultaiobd during the Ground Test Model (GTM) test caigps that were
the preliminary steps to the Qualification Reviemodess for the CNE8utoNavSoftware. The Rover Module GTM
provides a complete functioning hardware buildnef Rover Vehicle and represents the model mostasitoi the Proto
Flight Model (PFM). These activities are condudiedhe Mars Yard of the Rover Operations Controhtte (ROCC)
that is illustrated on Figure 7.1. The yard dimensiare 16 m by 20 m and features a mostly fladyséerrain with a
mound in the middle. During these tests the rosv@pierated by the ROCC as in real operations.

S — 4 o o ™ Y z
Figure 7.1: Overall view of the terrain Figure 7.2: GTM rover with its suspension
(image credit ESA/TAS-I/ALTEC) system

Two campaigns have been carried out:

o the Confidence Test Campaign defined by CNES
0 the IST/SVT Campaign defined by ESA/TAS-I.
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3.2. Confidence Test Campaign

The Confidence Test Campaign was run from 9th th May 2022 with CNES on site participation. CNE®Spnsed
three nominal scenarios that were agreed with H3%&-1 and ALTEC. Each scenario was composed ofredgegments
allowing the verification of the maiAutoNavSoftware functionalities exercisirigheckPdat andAutoTrar mode across
the terrain with different degrees of difficultyhd@ scenarios are presented on Figures 8 to 10.

Figure 8 Scenario #¥ocused on 18 - IS
CheckPath (standard mode) 3 I,v’ *.}

l“\ ,"‘ E
Note: The brown disk located in the o - [
centre of the terrain features a moul R
which height is about 0.6 m over the 10 |- Vidigadbon)
flat zone.

6 |- 4. CheckPath
without KS /1
]
4 |- | —

3. CheckPath Point 2, CheckPath withdut 1. CheckPath with
Turn 90° KS after COPM rgsét multiple Abort
Resume

Figure 9 Scenario #fcused on 16 |-

AutoTrav
14 |=

1. AutoTrav in Default Start
E across the mound with

12 multiple Abort / Resume
Zone C
rocks
10 |-

4. AutoTrav with
5. ?tOP ?f End newul;:vefl 3. AutoTrav in reload 2. Stop at loose
5 L fomt(()tlsht {Load mg el mode with NAA #5 target and
arge!

removed simulated night

Figure 10Scenario #3ocused on 261
CheckPath (optimized mode) and

oy . 14
transition into AutoTrav mode

12 =

il |

In conclusion, more than 50 m of navigation systiiing were achieved. All segments were consideregassed
except one that was affected by some shortcomiregrdver stopped 1 m away from the goal at thecénile second
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scenario since the goal was considered as nonabkclidue to a path-planning constraint that was properly
implemented (this limitation has been correctethénsubsequent version).

In order to give more information about the AutoNshaviour during the GTM Confident Test Campagydetailed
analysis is presented for the scenario #2.

3.2.1.Scenario #2: Detailed AutoTrav Results

This scenario consisted on 3 segments, alAutoTravmode. The results (Navigation Maps) obtained far three
segments of this scenario are presented here below:

1st Segment from E to A 2nd Segment from A to B

-

3rd Segment from B to C

Figure 11: Commanded Trajectories superimposedtimonavigation maps for scenario #2

For the 3 segment, it was initially planned in the test diggion that the distance between the Non-AllowedsANAA#3
and the rocks would allow the rover to pass thrahghcorridor left between the two obstacles. Dyithre test setup, this
distance was reduced and therefore the corridorcles®d. As a result, the rover proceeded to garatahe NAA to
achieve the final goal, as it can be seen on Figjlire

For this sequence the rover reached the consecgtiats avoiding all the obstacles, the behaviouthefAutoNav
Software was fully nominal.

Detailed information gathered during the secondreay is presented here below. The initial roveitjpos(A) and the
goal (B) with respect to the mission terrain frawere:

e Initial position: x=16.9m, y=4.2m, heading=295°
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* Goal position: x=9.5, y=4.0m

In total 6 cycles were performed, the table belogspnts the view of the rover from the external @as of the ROCC,
the view from the Stereo bench cameras for ther@eatquisition as well as the commanded Path Segufor each
cycle. The rover correctly considers the rocksasgable and is able to reach the given goal pebeis

Pose #1 — Point Turn = 115° Pose #2 central view

SO T e (R

Pose #4 central view

cnor

Pose #5 — Path = 0.56 m Pose #5 central view| Pose #6 — No path commanded
Figure 12: Rover position and view for the differaatsigation cycles of segment #2 (image credit EB8//ALTEC)

NB: Pose #1 view illustrates the robustness ofAhtoNavsystem which behaviour is not affected by the gmes of
windows and associated reflections in the cametd 6f view. Stereo correlation is not impacted #relvertical walls
are properly reconstructed.

3.2.2.Detailed CheckPath results

The optimized version of the CheckPath mode is@sed during scenario #3 where the commanded pathéctilinear
displacement over an area containing 2 rows oftid@nobstacles (Figure 13.1). The obstacle hgigbtcm) is beyond
the terrain discontinuity threshold and is therefoiot crossable by the rover wheels. A direct pathevertheless
achievable if the median obstacles remain belowakier bottom face since the obstacle height ispatible with the
ground clearance margin set for the test.



Figure 13.1: Central view of the terrain at the
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Cycle Rover Rover Rover
Position Position Heading (dg)
X (m) Y (m)
1 4.000 4.000 90.57
2 4.016 5.878 89.74
3 4.007 8.287 90.28
4 4.009 10.68 89.38
5 3.997 11.021 90.06

beginning of the CheckPath activity

The length of the linear displacement is 7 m arekiecuted in
4 mobility steps.

Figure 13.2: Rover configuration for all cyclestog

CheckPath activity (4 mobility steps)

The data products created during the two firsteyelre presented on Figure 14 to illustrate thaviebr of the optimized
CheckPathmode. The first column displays the DEM wheredhstacles are clearly visible and accurately reicocizd.
The second column provides the full Navigation Mapere the obstacle area is considered non navigaide all cells
in that area are analysed with all criteria actinel taking into account all possible yaw configiarag. The map that is
actually used for path verification is shown in thied column: the cell validity is only considerfd a set of cells around

the commanded path and for a limited range of yamfigurations (-/+20°).

DEM at cycle #1

Full NavMap at cycle #1

Mini-NavMaipcycle #1

DEM at cycle #2

Full NavMap at cycle #2

Mini-NavMap at cycle #2

Figure 14: Data products for the first cycles oétbptimized CheckPath test (scenario #3)

Thecrossing of this obstacle area was successful ambdstrated the potential benefit of this techniguget through
difficult areas through a more aggressive managéenfahe rover safety.
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3.3. IST/SVT4 Test Campaign

After the correct completion of the Confidence T@atmpaign and minor corrections, the formal IST/8\dampaign
took place on May 182022. The test sequence, that was common to theAtuoNavSolutions on ExoMars, was
specified by ESA, TAS-l and ALTEC. The test sequewas a succession of segmentSheckPatrandAutoTravmode
activating several functionalities of th@itoNavSoftware.

Six segments were executed and all passed exaefasthone that triggered a Path Planning faillings behaviour was
partially caused by a wrong configuration of theevérse that was not initialized in the expectedigaration.

1) DISABLE IMU DYNAMIC EVENT CHECK,
THE ROVER, RE-ENABLE |MU DYNAMIC EVENT CHECK

5) SECOND PATH CHUNK
IN CPATH MODE (8m)

12} I| 3)FIRSTPATH CHUNK IN . xﬁ:m&;ﬁavznm
CPATH MODE (3m) WITH _—» l 7) 90DEG POINT TURN
WSD SIMPLE SOUNDINGS IN CPATH MODE
EVERY 1.0m o~
- 4 — o———
{
(_»r
£
4) 90DEG POINTTURN  [58
IN CPATH MODE
8 3

B) THIRD PATH CHUNK IN

Bl CPATH MODE (6m) WITH
s} NO WSD SOUNDINGS

9) DEFINE NON ALLOWED AREA 52

o 2 4 6 8 10 12 14 16 18 20
Figure 15: ISTV Test campaign Figure 16: Navigation Map built from the start of

segment 3 to the end of Segment 5 — the path

commanded for Segment 5 is superimposed

As a conclusion, the GTM tests allowed to validie CNESAutoNavin the most representative rover scenario. The
behaviour of the CNEButoNavwas considered as nominal and the performanctedolution were compliant with
the project requirements.

3.4. Lessons learned

3.4.1.Programming

During the execution of tests, the definition of KickStartpath appeared to be a critical step consideriagtssibility
to cause planning failure when its length is natsistent with the rover blind zone size. If theasgbanel check is
activated, the blind zone gets larger andKitkStartshall be increased in order to be sufficient lemgeach the area
identified as traversable. The ability to perforotaanatically some geometric checks before commamaigion has
been identified as an important time saver eveinduhe early preparation phases.

3.4.2.Execution time

The tests allowed to assess the duration of tHerdift steps of the Autonomous Navigation processestimate the
traverse capability over time. One of the objectiwas to identify the impact of the AutoNav funagdities in the overall

duration of each rover navigation cycle. On the GiEst bench, the time measurement of individuaVitiess is based

on the time stamping of messages generated bythd#nager running on the Main Processor that indittge activation

and the completion of any activity. For tAetoNavfunctions running on the Co-Processor, these tiragkers provide
an overestimation since the time difference incbuoeerheads associated at least to the roundti@ptidansfer between
the two computers. The assessment of these fusdimsbeen initially performed within CNES premissisig a LEON2

test bench which characteristics/utilization cohme given here-after:

Board n° GR-CPCI-AT697
Frequency 80 Mhz
Stack usage Activated

Cache utilization Activated
Code optimization -O2

There is some variability on the execution timesofme functions depending on the configuration op#ad this is
particularly the case for the traversability map&mation where the activation of the solar paredi$eto some noticeable
increase. This variation is leveraged out by caréid) a 50% utilization of the Solar panel checkap
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The execution time differences between the LEON2 @M test benches are presented on Figure 17rencesults
appear consistent considering the above menticeradnks. The execution times are larger in the GDhtext and the
difference is mostly explainable by the overhead ttuthe data storage services utilization (dateage is managed by
the Main Processor).

20 T T T T T . . .
I LEON testbench Figure 17: Execution times of the AutoNav

[ GTM testbench functions performed on the LEON and
GTM testbencnes

—_
o
T

The AutoNav functions are listed here-
after:

¢ CheckPer: Image Analysis

« DispMap: Disparity Map build
DEM: Digital Terrain Model build

« NavMap: Traversability Map build
'I ll ¢ PathPlan: Path Planning

CheckPer  DispMap DEM NavMap PathPlan

Execution time (s)
=)

[$]
T
o

The AutoNav functions are not the only contributtarshe duration of the Stop phase. Miscellaneqesations need to
take place to ensure the acquisition of all datpired for the proper environment analysis. Thesdute the rover
tranquilization period prior to IMU readout and tRan and Tilt Unit motions needed for the differpatceptions.

To illustrate the multiple contributions to the dtion of a navigation cycle iAutoTravmode, Figure 18.1 presents the
chronogram of the different activities that takaqa during the Stop phase in some average confiigoirdt must be
outlined that the navigation cycle involves thregeptions and three consecutive image acquisitiatis different
tuning parameters per perception.

600
o Perception
#
400
300 45%
I /.utoNav functions
[ Misc. activities at stop
L [ IRover driving
: maﬁaﬂﬂﬁag
o .
= z 2§52 5 5
SRERERRY]
SERRRRRY
= £ 2
SN :
Figure 18.1. : Average naV|gat|on cycle chronogramutoTrav Figure 18.2: Pie chart of the different
mode (Drive excluded) contributors of a full navigation cycle in
AutoTrav mode

Finally, Figure 18.2 shows the different contrilrstto the duration of a complete navigation cynléhie most favorable
case where the rover is driving the longest patheiment (2.4 m). In this case, the duration ofhiee phase is 250 s
for a total cycle duration of 541 s. An extrapadatdf these figures leads to an achievable roveedpf about 16 meters
in the best possible conditions. By comparison siheed actually observed during the GTM testsasgmted on Table
2. The mean speed values computed over the 3 ségmenormed irAutoTravmode are smaller but this difference is
explained by the presence of Point Turns duringrdnerse, shorter path increments at the endec$élgment and some
activation of the Abort/Resume capability.

Segmentl Segment2 Segment3
Time segment (s) 45227 2682,3 452P,3
Time segment (h) 1,2 0,745 1,25
Distance segment (m) 15,54 7,88 13,909
Mean speed (m/h) 12,37 9,9 11,07
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Table 2: Rover mean speed in AutoTrav mode

The fact thatAutoNavfunctionalities contribute to less than 20% of tlyele total duration and less than one third ef th
Stop phase clearly indicates that no significamgromement can be obtained through an optimizatichat area.

Conversely, some possibilities of time reductioisewithin the others activities of the Stop phalee first one concern
the PTU motions that contribute to 90 seconds fpeeptions. Most of this latency could be avoitgdstarting the
next PTU motion once the images are considered gaice the processing of the current perceptionlavactually run

in parallel. This scheme scenario was actually psegd for the Sample Fetch Rover project and coelariplemented
for ExoMars.

Some additional measure with smaller benefit caoldcern the parameter setting used for image atiquisFor each
new perception, a default setting is always appitethe first acquisition and the pair of imagesejgcted most of the
time. Converging to the proper image exposure ragyire in that case two additional cycles of imagauisition and
analysis (each cycle lasts about 9 s). Some ndiiediane saving could be obtained if the final isgtiof each perception
is stored to be used for the first acquisitiontaf hext perception.

Speed improvement: Selecting th&€heckPatimode when the terrain conditions appear favoratetitutes the alternate
way to increase the mean speed. However, the eegbgetin will remain moderate considering the alyesdntioned
constraint taken into account for the design: rther must be capable to execute séaTravcommand without any
ground provided KickStart after the successful cletipn of aCheckPatrsequence.

In this context, a full navigation map is still geated at each cycle and the time reduction conoes three areas: the
number of perceptions is smaller (2 instead oft8),size of the DEM and the navigation map is snalince the solar
panels check is not active, path planning is regglaoy the simple and quick verification of a snsat of cells. The

duration of a full navigation cycle is reduced lipat 80 s and this corresponds to a mean speeafabout 15%.

The next section that mentions the future actisitiéll address the possible improvement of the negaed irCheckPah
mode.

4, Statusand further activities

CNES AutoNavpassed successfully the tests on the GTM. Thigaeiment was significant considering the intensive
validation effort to be squeezed in a particulathprt timeframe constrained by the late delivergahe essential test
bench software components. CNBEBtoNavis a complex software that includes a high nundfenternal verification
and protection mechanisms that enable to detestea bpectrum of anomalies, interrupt the procgsasml report to the
main application. The schedule constraints haveogag to focus the validation effort on the expectechinal and
degraded cases that have been triggered throughispest scenario. Full coverage has been reackedrtheless but
using analysis for a noticeable number of anomages which triggering was either difficult or impitde to achieve at
system level. Some improvement of the coverageicsets therefore desirable for a class B software & being
considered.

The next foreseen launch date is now in 2028 aisdptbstponement brings lot of challenges but afgmoatunities. On
the challenge side, the maintenance of the devedapand testing environment comes first. The softveand hardware
tools must be kept operational until the end of tiesion and the obsolescence management is aroofuzesome
components. For CNES, the NSVF is the most criisakt since it is developed and provided by therrmanufacturer
(ADS-UK). A specific contract is to be setup to emsthe maintenance of this testing facility ineca$ breakdown or
necessary upgrade. The latter situation is likelgdcur since the extra time offered for testingrnGTM will allow to
keep populating the lessons learned and identifitdtions or even anomalies. The rover mobilitytwafe is one of the
valid candidates for update and this will concdra NSVF as a consequence. Therefore, CNES mustrresady to
perform lateAutoNavsoftware evolutions and associated validation @agms to guarantee its full compatibility with the
rest of the system.

Conversely, the additional time offers valuable apnities to perform some slight improvement af @NESAutoNav
software at the functional and performance lelvethis context, it has been agreed with ESA tstpone CNE3\utoNav
qualification to allow some upgrade of the softwgtmlity metrics that would be performed in comlitira with the
above-mentioned evolutions.

CNES is actually planning to improve the currAotoNawversion in two different directions:

o introduce a refinement of theheckPathmode implementation that currently offers two eiént behaviours
that have been already tested on GTM: the congeevassessment similar to what is used also itheTrav
mode and an optimized assessment technique ttatsalthe rover to move safely in more challenging
environments

0 increase the traversability analysis scope at shoge

4.1. CheckPath improvement
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To improve the efficiency of the path verificatibmctionality, it is now assumed that the ground aliways provide a
KickStarttrajectory when entering theutoTravmode after some activity performed in any otheden@CheckPathor
Direct Drive). In this context, there is no need amore to ensure the availability of terrain knodge around the rover
at any navigation stop. The assessment of theinemraversability can be limited to a set of cedlsrrounding the
commanded path with margins that take into accthentocalization and mobility errors. For each ce#le assessment
considers also a limited range of yaw configuratianound the rover direction. This allows to reddcamatically the
generation of the Navigation Map to be used fontidfication of the Path activity — this map idled “Mini NavMap”

in the sequel.

The verification of thd?oint Turnactivity imposes some adaptation of the data managéprocess since the range of
yaw configurations to be considered depends orcdinemanded rover heading that is still unknown &t stage. If a
Point Turnis commanded after the completion of the curRath the terrain assessment will have to be updated fo
set of cells located around the rover positionsHituation is illustrated on Figure 19.1 that pres a ground commanded
trajectory sequence composed of two rectilifeath activities separated byRoint Turnactivity. The range of yaw
configurations is the same for the tRathactivities (Range #1) whereas the assessmeng &fdmt Turn activity requires
an extended yaw range (Range #2) taking into a¢dbarrover rotation magnitude.

In order to anticipate the possible execution Bbant Turnat the end of the fir®eath activity and the necessary update
of the Mini NavMap generated at the current cystane additional data is to be stored: the terraorination around
the Path endpoint. This information provided through a sfiesmall size DEM allows to compute at the nextle a
reduced navigation map associated to the roved ldome that is merged to tihini-NavMap The data processing
scheme that takes place during Brant Turncycle is illustrated on Figure 19.2. The procegsinactually identical for
all cycles except the first one that may benefibfraKickStart The small size DEM is always stored but is uselg
necessary. In addition, no perception is being @stad for thePoint Turn activity since all information about the
environment is already available. This allows teegpup significantly the current cycle.
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Figure 19.1: Commanded trajectory sequence Figure 19.2: Data processing scheme applicablenty eycle
composed of two Path separated by a Point Turrin CheckPath mode — Green box: performed if a Point is
commanded — Yellow box: performed in any otherecycl

Blind zone

4.1.1.Generation of the Mini-NavMap
For the sake of clarity, the different steps inwolin the generation of tidini-NavMapare described here-after:

1) Generation of index bitmapthis step consists in projecting in the DEM thetisecof the path to be executed
in the current cycle in order to determine theofetells concerned by the traversability assessnidmse cells
are grouped in the specific bitmaps:

0 bitmap #1 is associated to the rover origin refeegmints and the active cells are to be analyzedrding
to the slope and ground clearance criteria - sadétianal information is attached to each activi: ¢be
reference rover heading to be used for the dedimitif the possible range of heading configurations

0 bitmap #2 is associated to the reference pointe@fover wheels and the active cells are to béyaea
according to the discontinuity criterion

2) Generation of the discontinuity mage input is the DEM local maxima map and detersnite discontinuity
value for the active cells of bitmap#2. Next, tleisclocated in the vicinity of non traversablelselre also
flagged as non traversable in order to drive thtareof the rover away from the large discontirastiTo do so,
the radius of non traversability expansion takahéssum of the rover half size and the localizagaor.

3) Generation of the triple criteria map (slope, graucdlearance and boogie clearanc#is step takes as input
the map of local maxima as well as the map of actills (bitmap #1) and the associated table efreete



15/16

headings. It computes for all active cells of bipd the set of rover configurations within the gibke heading
range. Cells are flagged as traversable if theigfgathe 3 criteria of slope, ground clearance aodgie
clearance.

4) Generation of the Mini-NavMapaill data present in the discontinuity and the ¢ripliteria maps are collected in
the Mini-NavMapincrement and then merged with the previblisi-NavMapif it already exists.

4.1.2.Management of the Blind-zone NavMap

As indicated on Figure 19.2, two types of processire performed depending on the context:

* when aPath activity is verified, the DEM reconstructed isr&d in a reduced form: only the area surrounding
the endpoint of the path to be executed at the mexility step is actually extracted — this aregers the rover
footprint including the solar panels if requestad #éhat assumes a possible 360° revolution ongbe s

« when aPoint Turnactivity is processed, only the DEM produced &t pinevious cycle is considered and it is
analysed taking into account the commanded heagtiag — the generation of the associdtadMapinvolves
the same steps described in section 4.1.1

Final point of the
sub-path

Reference points for
the rover origin = = /
,.--"".-.. ___,-ﬂ-""__'_____ o ‘

Reference points for
the left and right
wheels

Initial point of the ‘

sub-path

Figure 20.1: lllustration of the reference pointsrgration step Figure 20.2: lllustration of Bitméf
(top) and bitmap #2 (bottom)

4.2. Improvement of the traversability analysis scopstatrt range

As indicated in section 2.3.1, the traversabiligessment is partial at close range since the pl®eement cannot be
performed on the associated cells of the currenfIDEor this close range region, full traversabilitgta is already
available but it is based on the DEM computed atptevious cycle which uncertainty is distance depat. Some risk
of traversability overestimation does exist if DEM inaccuracy has not been adequately accounted fo

The improvement that is foreseen consists in fugiegDEM data from two consecutive cycle to allofulhassessment
of the short range band mentioned previously. §dH& fusion was not included in the baselinesidering the accuracy
and computational cost of the DEMs co-registrateshniques. In the ExoMars context, this task ellehging due to

the rover relative pose uncertainties between wvsecutive navigation stops where the tilt anghgriioutes to the most
part. The method to be implemented consists imasiing the relative tilt between the relevant capping section of the
two DEMs and focuses on two narrow strips locatetthé front and rear of this section. The estinmaisoperformed for

multiple position offsets to determine the bestditboth strips. If the residue associated totbst fit is low enough, the
fusion is allowed and a new traversability assessroan be achieved for that section. Otherwise otdeassessment
prevails.

5. Conclusions

The development, validation and verification appfodescribed before has been carried out for thE CAUtoNav
Software during the past years. The completiorhefGTM Test Campaign was an important milestongHerCNES
AutoNavSoftware and the final reward of a huge efforb¥ercome the very specific technical and scheduédienges
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imposed to the whole software project. The resoitthe GTM Test Campaigns have confirmed the mgtui the
software that responded to the needs of the prdfeough the respect of the rover safety requirdsnamd the
demonstration of high computational time perfornesnc

Taking into account the current status of the ExaMmaoject with a launch date not before 2028 nitminal activities
concern the execution of the Maintenance Plandbastitute a real challenge considering the CNE&déence on the
NSVF testing facility. During this maintenance phabe possibility to manage functional updatesaating theAutoNav
Software and requested by the project needs iskaBm considered and this adds some additionadrtaioty in the
process. In parallel, the maintenance processaffieropportunity to take into account lessonsiegand perform some
improvement of théutoNavsoftware at functional and performance level. Sem@ancement of the software metrics is
expected to be implemented as well to reach theelsigquality standard. These evolutions will obslgimply additional
validation activities involving CNES, NSVF and GTielst facilities before the final Software Acceptarfeview. The
scope is potentially ambitious and will be therefoarefully tuned taking into account the real adeldue of the upgrades
and the available resources within CNES and thgprpartners.
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