Fiziska 2WD macibu robota
uzbuves rokasgramata

Kursa “Programmeésanas un datorizétu sistému pamati” praktiska
platforma

References konfiguracija v11.0 — M0O-M60 | 2026-08-21

Functional Tree — physical 2WD build (M0-M2)

Fuse + switch
|
Provide power safely Separate motor/logic power
|
Common ground
1 Mount motors/wheels
o |
Build base = Caster & battery low
N |
| Sensor/upper-deck space
| TB6612 direction
o il
Build a safe, measurable 2WD robot — e |
Generate motion i\ PWM speed comman d
\\ 1
~ Safe STBY / stop
A/B channels
|
Measure wheel motion Direction sign
|
Ticks/rev calibration
MO electrical checks
/ |
Verify & calibrate M1 motor direction
1
M2 encoder evidence

Dokumenta statuss: Macibu un prototipédanas materials. Sis nav safety-certified robot controller vai
sertificétas elektroiekartas projekts. Pirmas kustibas parbaudes veic ar paceltiem riteniem un fiziski
pieejamu baroSanas slédzi.
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1. Merkis un projekta loma kursa

Sis rokasgramatas mérkis ir parvérst ieprieks izveidoto 2WD programmatiras etalonprojektu par vienu
konkrétu, atkartojamu fizisko platformu, kuru var izmantot no pirmajam mehatronikas laboratorijam lldz ROS
2, SLAM, Nav2 un Machine Vision posmiem.

e Studentam jaredz pilna kéde: prasiba — Functional Tree — elektriskd/mehaniska realizacija - firmware

- meérijums - kalibracija -~ ROS 2 - autonomija.
e  MO-M2 apzinati neizmanto PID, SLAM vai Al. Vispirms japierada baroSana, kustiba un mérijums.
e Visi vélakie algoritmi balstas uz uzticamu M0-M2 aparatlras pamatu.

1.1. Sasniedzamais stavoklis pec M2

Kompetence Pieradijums

DroSa zemsprieguma baroSana Aizpildtts MO mérTjumu protokols; STBY safe-
disable darbojas

Atvérta cikla motora vadiba Abi riteni izpilda +/- komandas pareizaja fiziskaja
virziena

Enkoderu datu iegdSana A/B kanali rada stabilu signed tick skaitijumu

KalibréSana ticks/rev noteikts ar 10 apgriezienu mérijjumu, nevis
tikai no datasheet

DokumentéSana Pinout, test case, Expected/Actual/PASS-FAIL un
secinajums
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2. References aparatiras konfiguracija

Lai studentu rezultati batu salidzinami, pamatlaboratorijam tiek definéts viens references komplekts.
Alternativas drikst izmantot, bet tad students dokumenté izmainas un atkartoti nosaka kalibracijas

konstantus.
Poz. Komponents References detala | Daudzums Kapéc
1 Mikrokontrolleris Espressif ESP32- 1 USB serial, daudz
DEVKITC-32E GPIO, 3.3 V logika,
Wi-Fi/BLE talakam
loT
2 Motora draiveris Pololu 1 Divi H-bridge
TB6612FNG kanali, PWM,
carrier #713 STBY, 1 A/channel
continuous
3 Motori Pololu #5138, 2 Metala reduktors,
100:1 MP 6V + 12 integréts
CPR encoder guadrature
encoder, samériga
strava
4 Riteni Pololu 608 mm 1 pair 3 mm D-shatft,
pair #1423 vai tas nominal @60 mm
pasas geometrijas
variants
5 Motora kronsteini Pololu standard 1 pair Atkartojama
micro metal motora mehaniska
gearmotor bracket fiksacija
pair #1086 /
ekvivalents
6 Enkodera kabeli Pololu #4762, 6- 2 Krasu kodeti
pin JST-SH single- A/B/Vcc/GND +
ended motora vadi
7 Balsta ritenis Pololu #951 3/8" 1 Mazs balsta punkts
metal ball caster / 2WD Sasijai
ekvivalents
8 Motoru baroSana 4xAA NiMH holder | 1 Zems spriegums
+ 4 matched cells un samazinats
atrums macrtbu
laboratorijai
9 Aizsardziba 2 A fuse + holder, 1+1 Fiziska energijas
master switch atslégSana un
vadu aizsardziba
10 IMU (M5) MPU6050/GY-521 |1 EsoSais firmware
atbalsts un labs
macibu sensors
11 Regulators (vélak) | Pololu S7V8F5 1 optional Untethered 5 V
#2123 logic power from
battery
12 LiDAR (M9+) SLAMTEC 1 optional 2D /scan,
RPLIDAR Al-class SLAM/Nav2

laboratorijas

Svariga izvéle: TB6612FNG references carrier ir paredzéts 4.5-13.5 V motoru baroSanai, 2.7-5.5 V
logikai un Pololu carrier norada 1 A nepartrauktu stravu uz kanalu. References #5138 motora teorétiska
stall strava ir 0.67 A pie 6 V. Stall tomér nav darba reZims un laboratorija to apzinati nerada.
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2.1. Sakotnéjas geometrijas konstantes
WHEEL_RADIUS_M = 0.030 m
TRACK_WIDTH_M = 0.160 m
ENCODER_TICKS_PER_WHEEL_REV = 301.11 // only a starting value

Sie nav “pareizie uz mazu” skaitli. Ritena efektivais radiuss mainas ar riepas deformaciju/slodzi, track width
efektiva vértiba pagriezienos ietver slidéSanu, bet enkodera ticks/rev ir atkarigs art no firmware skaitisanas
metodes. M2 un M4 tos parvers par méeritiem parametriem.
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3. Kapéec enkodera sakuma konstante ir 301.11?

Pololu #5138 apraksta 12 CPR incremental quadrature enkoderi uz motora varpstas un 100.37:1 reduktoru.
Pilnas quadrature skaitiSanas gadijuma 12 counts/rev tiek iegati, skaitot abus kanalus un abas malas. Masu
references ESP32 ISR paslaik aktivizéjas tikai uz A kanala RISING malas un B kanalu lasa virziena
noteikSanai.

full quadrature motor CPR = 12

A-rising-only counts per motorrev=12/4=3
gear ratio = 100.37

starting wheel ticks/rev = 3 x 100.37 = 301.11

Pasniedzéjam: ST ir |oti laba vieta, kur izskaidrot, ka “CPR” bez konteksta var bit bistams termins: dazadi
razotaji/bibliotékas ar CPR/PPR/ticks var domat daZzadas edge-decoding konvencijas. Studentam japrot
sasaistit datasheet ar konkréto interrupt algoritmu.

3.1. M2 galvena doma
301.11 ir tikai teorétiska sakuma konstante, kas |auj pirmo reizi palaist sistému. Péc tam students fiziski
pagriez riteni 10 pilnus apgriezienus, atkarto mérjjumu vismaz tris reizes un ievada méerito vértibu.
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4. Elektrobarosanas arhitektiira

Power architecture

Bench mode first. Never feed the ESP32 from USB and the 5 V pin at the same time.

USB PC — ESP32

ESP32 logic + serial 3.3V logic I~3.3V controls

N TB6612FNG motor outputs MOTORS

N VCC=3.3V / VM=battery 2x6VMP

~

M5
Unlethered @fLY: >~
discgrhected ~.

4xAA NiMH

motor energy VIN

S7VS8F5 (later)

battery -> regulated 5 V

4.1. attéls. Bench un untethered baroSanas principi.

4.1. Bench reZims — obligats M0-Mé6

e ESP32 sanem baroSanu un serial komunikaciju tikai no USB.

e 4AxAA NiMH pack baro tikai TB6612 VM / motoru dalu.

e ESP32 GND, TB6612 GND un battery — ir savienoti viend common GND.
e TB6612 VCC un enkoderu Vcc tiek baroti no ESP32 3V3.

e Master switch un 2 A fuse atrodas motoru baterijas + vada.

Kritiska prasiba: Espressif dokumentacija norada ESP32-DevKitC baroSanas opcijas USB, 5V/GND un
3V3/GND ka savstarpéji izslédzoSas. Tapéc pamatlaboratorijas baterijas 5 V regulatoru vispar nepievieno
ESP32 5V pinam, kamér USB ir pieslégts.

4.2. Untethered reZims — tikai péc pamatlaboratorijam

S7V8F5 var izmantot, lai no 4-cell battery pack iegttu stabilus 5 V. Pirms 5 V pievienoSanas ESP32 5V
pinam USB kabelis ir fiziski jaatvieno. Vél drosaka macibu versija regulatora 5 V vads uz ESP32 ir ar
atsevisku nonemamu jumperi.
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5. Pilna elektroinstalacija M0-M2

2WD reference wiring — M0-M2 bench mode

Motor power and USB logic power are separate; all grounds are common.

ESP32-DEVKITC-32E
GPI025 -> PWMA
GPI027 -> AIN1
GPI014 -> AIN2
GPI026 -> PWMB
GPI032 -> BIN1
GPI033 -> BIN2
GPI013 -> STBY
GPI018 <- LEFT A
GPI019 <- LEFT B
GPI016 <- RIGHT A
GPI017 <- RIGHT B
GPI021 <-> SDA
GPI022 <-> SCL
3v3 -> TB6612 VCC

3V3 -> encoder Vcc

PWM + DIR + STBY

VeC = 3.3V

GND = common
PWMA/AIN1/AIN2

PWMB/BIN1/BIN2

— v
GND -> COMMON GND T

BENCH LOGIC POWER
USB -> ESP32

Do NOT feed ESP32 5V pin

STBY = GPI013

A01/A02 -> LEFT

BO1,

TB6612FNG #713

VM = motor battery

A/B + 3V3/GND

A/B + 3V3/GND

AO1/A02

/

LEFT MOTOR #5138
Red/Black -> A01/A02
Yellow A -> GPIO18
White B -> GPI019
Blue -> 3.3 V

Green -> GND

BO1/B02

VM + GND

RIGHT MOTOR #5138
Red/Black -> B01/B02
Yellow A -> GPI016
White B -> GPIO17
Blue -> 3.3 V

Green -> GND

MOTOR POWER

4xAA NiMH

2 A fuse + switch

+ -> TB6612 VM

—-> COMMON GND

5.1. attéls. References wiring MO-M2 bench reZima.

Funkcija ESP32 TB6612 | sensors Piezime

Left PWM GPIO25 PWMA 20 kHz baseline PWM

Left direction 1 GPIO27 AIN1

Left direction 2 GPIO14 AIN2

Right PWM GPIO26 PWMB 20 kHz baseline PWM

Right direction 1 GPIO32 BIN1

Right direction 2 GPIO33 BIN2

Driver enable GPIO13 STBY HIGH = enabled;
internal pull-down on
carrier

Left encoder A GPIO18 yellow A RISING interrupt

Left encoder B GPIO19 white B direction sample

Right encoder A GPIO16 yellow A RISING interrupt

Right encoder B GPIO17 white B direction sample

Logic 3V3 TB6612 VCC 33V

Encoder Vcc 3v3 blue 2.7-18 V supported by
Pololu encoder; use 3.3
\Y

Common ground GND TB6612 GND + green + | mandatory

battery —

Motor supply — TB6612 VM 4xAA pack through fuse

+ switch
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5.1. Pololu #4762 kabela krasu kods

Pin Krasa Funkcija SEVIETIS =
references robota

1 Green encoder GND Common GND

2 White encoder B GPI0O19 left / GPIO17
right

3 Yellow encoder A GPI1018 left / GPIO16
right

4 Blue encoder Vcc ESP32 3V3

5 Black motor M2 TB6612 A/B output
terminal

6 Red motor M1 TB6612 A/B output
terminal
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6. Mehaniska platforma

Reference mechanical layout — top view

nominal wheel track = 160 mm — measure actual center-to-center

Lower plate: 180 x 140 x 3 mm

upper deck 120x120

ESP32 TB6612
e, /-_.\

~ N N e B , A

1 1

1 1

1 MU 1

1 1

1 1

1 P 1
£ T i
E 60mm g : 4xAA battery 1 g 60mm
o wheel 5 e . 5 wheel
3 i W

1 Ll

1 il

[ 1

A futwre___________)

1 LIDAR zone i

TN,

180 mm

6.1. attéls. leteicamais Sasijas izvietojums, gala caurumi japarbauda pret redlam detalam.

References zemaka plaksne ir 180 x 140 x 3 mm. Ta ir pietiekami liela, lai saglabatu vietu baterijai, balsta
ritenim un 120 x 120 mm augS€&jam klajam, bet pietiekami maza, lai 60 mm riteni joprojam definétu
kompaktu macibu robotu.

Baterija — centrd un zemu, lai samazinatu masas centra augstumu.

IMU — péc iespé€jas stingri un horizontali, tuvak robota centra plaknei.

ESP32/TB6612 — augsSeja klaja ar pieejamu USB un master switch.

LIDAR — vietu rezerve jau Sasijas sakuma, bet sensoru monté tikai M9+.

Motora kronSteini — OpenSCAD faila ir universali sloti. Pirms gala urbSanas veic dry-fit ar konkréto
bracket.

RaZoSanas fails: ‘mechanical/chassis_reference.scad” ir parametriska sagatave, nevis sertificéts
razoSanas raséjums. Motora kronSteinu un caster sloti apzinati ir pielagojami.
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7. Montazas seciba

Izgatavol/izgriez zemako Sasijas plaksni un attiri malas.

Pieméri motora kronSteinus un tikai péc dry-fit fiksé gala caurumus/slotus.
Uzstadi motorus un 60 mm ritenus; parbaudi brivu rotaciju.

Uzstadi caster un panac aptuveni horizontalu Sasiju.

Uzstadi bateriju turétaju zemakaja praktiskaja vieta.

Uzstadi master switch un fuse ta, lai pasniedzéjs var atri atslégt motoru energiju.
Uz augSéja klaja uzstadi ESP32 un TB6612; saglaba USB pieejamibu.
Izveido common GND sadales punktu.

Veic MO ar motoriem sakotnéji atvienotiem no draivera.

10 Tikai péc MO PASS savieno motorus un parej uz M1.

11. Tikai péc M1 PASS pieslédz/validé encoder signal wiring un parej uz M2.

©COoNOOOhA~WNPE
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8. Pirmas palaisanas procedira — “no nulles lidz pirmajai drosajai
kustibai”

8.1. Pirms jebkadas barosanas

e Vizual inspection: nav pliku vadu, valigu skravju vai polaritates neskaidribu.

e Multimetrs continuity reZima: battery + pret GND nedrikst bat low-resistance short.

e STBY vadam jabat uz GP1O13 un programmas default stavoklim — motor disabled I1dz initialization.
e Riteni pacelti virs darba virsmas.

8.2. Logika bez motora energijas

12. Master motor switch OFF.

13. Piesledz ESP32 USB.

14. Upload firmware.

15. Atver serial monitor un parbaudi boot bez reset loop.
16. Parbaudi GPIO/pinout pret “config.h".

8.3. Motor driver bez pievienota motora

17. Pievieno motor battery un ieslédz switch.

18. Izméri VM pret GND.

19. Izmeéri VCC pret GND (~3.3 V).

20. Parbaudi, ka STBY LOW atstaj outputs safe.

21. Ja kaut kas silst bez motora slodzes — OFF un diagnosticé.

8.4. Pirmais motor test

22. Power OFF. Pieslédz tikai LEFT motor.

23. Power ON, komanda apméram 20-25% uz <2 s.
24. Parbaudi virzienu un reset/brownout neesamibu.
25. Atkarto RIGHT motoram.

26. Kad abi atseviski PASS, pieslédz abus un veic M1.
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9. MO — Power, wiring and safe stop (90 min)

MO nav “garlaiciga sagatavoSana”. Ta ir pirma 1sta sistéminzZenierijas laboratorija: students pierada, ka
energija ir kontroléta, references mezgli ir pareizi un sistému var drosi atslégt.

Laiks Pasniedzéjs Students / pieradijums

0—-10 min Izskaidro logic power, motor Atzimé power domains shéma.
power, common GND un
Issavienojuma risku.

10-25 min Demonstré multimetra continuity | Veic pre-power checklist.
un DC voltage reZimus.

25-45 min Vada motor battery - fuse - Izveido un partnerim parbauda
switch —» VM wiring. kédi.

45-60 min Vada USB logic + common GND | Izméra VCC, VM, dokumenté
+ TB6612 VCC/STBY. Actual.

60—75 min Demonstré STBY safe-disable. Izpilda STBY test case.

75-90 min Review + kladu diskusija. Secinajums: kada atteice batu

bistamaka?

9.1. Ko stastit

Datorsisttma GND nav “mistisks minuss”; tas ir references potencials, pret kuru tiek interpretéti logiskie
signali. Ja ESP32 un TB6612 nav kopiga reference, HIGH/LOW interpretacija var kllt neprognozéjama pat
tad, ja abas ierices atseviski ir ieslégtas.

STBY ir programmatdras kontroléts draivera enable mehanisms. Tas ir vértigs macibu droSibas slanis, bet
tas neaizstaj fizisko battery switch: bojats firmware, Issavienojums vai nepareizs wiring var atrasties arpus
programmas kontroles.

9.2. MO testa protokols

Test case Expected Actual PASSI/FAIL

Battery + to GND before | No short/ high -

power resistance

ESP32 boot via USB Stable boot, serial _
output

TB6612 VCC ~3.3V \Y

TB6612 VM Battery voltage V

STBY LOW Driver disabled

Thermal check, no No abnormal heating _

motor load
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10. M1 — Open-loop motor control (90 min)

M1 meérkis nav “robotam pabraukt”. Mérkis ir izveidot skaidru un reproducéjamu sakaribu starp software
command un fizisko aktuatora virzienu/atrumu.

Laiks Saturs Pieradijums

0—15 min H-bridge un direction truth-table Students spé€j paredzét polarity
ideja effect

15-30 min PWM ka duty-cycle kontrole Paredz atruma tendenci

25/50/75%

30-50 min LEFT motor test Direction + 3 PWM punkti

50—70 min RIGHT motor test Direction + 3 PWM punkti

70—80 min Zero + STBY Stop behavior dokumentéts

80—90 min Review/debug Motor sign settings fikséti

10.1. Tipiskas kltdas

e Viens motors grieZas pretéji — maina tikai vienu definétu virziena konvenciju, nevis vienlaikus parliek
vadus un sign flags.

e ESP32 restartéjas pie motora starta — meklé baroSanas kritumu, common GND problému, motora
trokSnus vai nepareizu power topology.

e Motor negriezas — parbauda STBY, VM, direction input un PWM atseviski, nevis “maina visu”.

10.2. M1 datu tabula

Side Command E_Xpec_ted Observed Noiselreset? PASS
irection

Left +25% Forward wheel .
rotation

Left +50% Forward, faster

Left +75% Forward, faster

Right +25% Forward wheel _
rotation

Right +50% Forward, faster

Right +75% Forward, faster
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11. M2 — Encoder acquisition and calibration (90 min)

M2 ir pareja no “vadam” uz “méram”. No ST briZza robotam paradas state feedback pamats. V&l nav closed
loop, bet ir uzticams sensors, kuru M3 var izmantot PID.

Laiks Saturs Pieradijums

0-15 min Quadrature, A/B faze, direction Student izskaidro why two
channels

15-30 min Firmware ISR un edge counting Sasaista 12 CPR ar 301.11 start
value

30-45 min Manual forward/backward check | Signed ticks correct

45-65 min 10-rev test x3, left ticks/rev dataset

65—-80 min 10-rev test x3, right ticks/rev dataset

80—-90 min Aprékins + config update Measured constant + conclusion

11.1. Aprekina veidne
ticks_per_rev_i = abs(ticks_after - ticks_before) / 10
left_final = median(left_trial 1, left trial 2, left_trial 3)
right_final = median(right_trial_1, right_trial_2, right_trial 3)

Ja firmware izmanto vienu kopéju 'ENCODER_TICKS PER_WHEEL_REV", izvélas pamatotu kopéjo
vértibu (piem., abu pusu vidéjo/medianu) un dokumenté atlikuSas atskirtbas. Ja vélak firmware tiek
paplaSinats ar atseviskam left/right konstantém, var izmantot katras puses rezultatu atseviski.

Side Trial 1 /10 rev Trial 2 Trial 3 ticks/rev final

Left

Right
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12. M0-M2 acceptance gate

Studentu grupa drikst pariet uz M3 wheel-speed PID tikai tad, ja zemaka tabula ir aizpildita ar
pieradijumiem.

ID Prasiba Pieradijums Statuss

A-01 Nav short pirms power- | Continuity measurement | PASS / FAIL
on

A-02 Motor power fiziski Master switch test PASS / FAIL
atslédzams

A-03 STBY disable Test case PASS / FAIL
reproducéjams

A-04 Left software + = M1 table PASS / FAIL
forward wheel

A-05 Right software + = M1 table PASS / FAIL
forward wheel

A-06 No brownout at normal Serial observation PASS / FAIL
open-loop test

A-07 Left forward ticks M2 evidence PASS / FAIL
positive

A-08 Right forward ticks M2 evidence PASS / FAIL
positive

A-09 ticks/rev measured x3 M2 table PASS / FAIL
per side

A-10 config.h updated from Git diff / code review PASS / FAIL
evidence
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13. Troubleshooting matrica

Simptoms

lespéjamais célonis

Parbaude

Korekcija

ESP32 reset, kad
motors sakas

Power
dip/noise/common GND

Serial brownout +
measure supply

Atdala power domains,
parbauda GND, wiring,

decoupling
Motor negriezas STBY LOW /no VM/ Measure STBY, VM, Labot vienu kladu
wrong direction pins PWM vienlaikus

Motor griezas pretéji

Polarity/sign convention

M1 single-wheel test

Swap motor terminal
pair VAI motor sign,
dokumenté

Ticks =0

A/B/VVcc/GND klada

Manual rotation + GPIO
monitor

Pinout/cable correction

Ticks only one
direction / erratic

A/B wrong or floating

Slow hand rotation

Fix A/B/GND; shorter
clean routing

Forward ticks negative

Encoder sign convention

Hand rotate forward

Change encoder sign
only

301.11 neatbilst
merfjumam

Real
decoder/gear/wheel
variation

10-rev M2 test

Use measured value

Robot later curves with
equal wheel command

Motor asymmetry /
wheel radius / friction

Log wheel speed
independently

M3 PID + M4 geometry
calibration
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14. Pasniedzéja sagatavosanas checklist

e Vismaz vienu references robotu uzbivét un MO-M2 iziet pirms studentu laboratorijas.

e Sagatavot rezerves fuse, jumper wires, motor cable un vienu rezerves TB6612/ESP32.

e Katram darba galdam: multimetrs, izoléts zemsprieguma battery holder un fiziski pieejams switch.
e Uz Sasijas markét LEFT/RIGHT, FRONT un battery polarity.

e Firmware repo freeze uz konkrétu commit pirms laboratorijas.

e Sagatavot Expected/Actual/PASS-FAIL lapas vai digitalo veidni.

* Nelaut studentiem vienlaikus mainit wiring un software sign, ja tiek mekléta viena direction kltda.
e M2 kalibracijas rezultatu glabat repo kopa ar robot ID, datumu un izmantoto firmware commit.

14.1. leteicamais robotu identifikators
Robot ID: RBT-01
Hardware revision: HW-A
Firmware commit: <git hash>
M2 encoder calibration date: YYYY-MM-DD
Left ticks/rev: ...
Right ticks/rev: ...
Wheel effective radius (M4): ...
Track width effective (M4): ...
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15. Ka M0-M2 turpinas lidz autonomam robotam

Functional Tree — physical 2WD build (M0-M2)

Fuse + switch

Provide power safely Separate motor/logic power

Common ground

Mount motors/wheels

Build i base Caster & battery low

Sensor/upper-deck space

Build a safe, measurable 2WD robot \

TB6612 direction

Generate motion PWM speed command

Safe STBY / stop

Measure wheel motion Direction sign

MO electrical checks.

Verify & calil M1 motor direction

M2 encoder evi idence

15.1. attéls.

Fiziskas platformas funkcionald dekompozicija.

Kapéc M0-M2 ir

Milestone Kas tiek pievienots S .
priekSnoteikums

M3 Wheel-speed PID PID nevar stradat bez signed un
calibrated wheel feedback

M4 Odometrija Distance/yaw integracija palaujas
uz ticks/rev un wheel geometry

M5 IMU Sensor fusion salidzina IMU ar
wheel state

M7 ROS 2 bridge ROS sanem raw data no
pieraditas aparatdras

M8 EKF Covariance tuning nav jégas, ja
raw sensor convention ir
nepareizs

M9-M10 LiDAR + SLAM Map kladas biezi sakas no sliktas
odometrijas/TF

M11 Nav2 Planner/controller pienem, ka
robot base kustibas modelis ir
validéts

M12 Machine Vision Al perception tiek pieslégts

sistémai ar jau stabilu motion
stack
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16. Tehnisko avotu kopsavilkums

Avoti parbauditi 2026-08-19. Cenas un noliktavas statuss ir mainigi; pirms pasutijuma tos parbauda no
jauna.

Espressif ESP32-DevKitC V4 user guide:
https://docs.espressif.com/projects/esp-dev-kits/en/latest/esp32/esp32-devkitc/user_guide.html

Pololu #5138 motor + encoder: https://www.pololu.com/product/5138
Pololu TB6612 #713: https://www.pololu.com/product/713

Pololu 60x8 wheel #1423: https://www.pololu.com/product/1423

Pololu bracket #1086: https://www.pololu.com/product/1086

Pololu caster #951.: https://www.pololu.com/product/951

Pololu encoder cable #4762: https://www.pololu.com/product/4762
Pololu S7V8F5 #2123: https://www.pololu.com/product/2123

SLAMTEC RPLIDAR A1l spec: https://www.slamtec.com/en/lidar/alspec

Gazebo Jetty ROS guidance: https://gazebosim.org/docs/jetty/ros_installation/

16.1. References cenu snapshot (nevis iepirkuma garantija)

Komponents Snapshot Vallta / piezime
ESP32-DEVKITC-32E ~8.44 EUR, DigiKey Latvia result
snapshot
Pololu #5138 29.95 USD direct Pololu, gty 1
Pololu TB6612 #713 4.95 USD direct Pololu, gty 1
Pololu 60x8 pair #1423 6.75 USD direct Pololu, gty 1
Pololu standard bracket pair 2.95 USD direct Pololu, gty 1
#1086
Pololu caster #951 2.95 USD direct Pololu, gty 1
Pololu cable #4762 2.10 each USD direct Pololu, gty 1
Pololu S7V8F5 #2123 9.95 USD direct Pololu, optional
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17. M3-M6 — vadibas, odometrijas, IMU un failsafe bloks
MO-M2 pieradija energiju, kustibu un enkodera mérijumu. M3-M6 pievieno slégtu vadibas cilpu, pozicijas
novérteéjumu, inercialo mérfjumu interpretaciju un droSu komunikacijas uzvedibu. Katrs posms ir quality gate:
nakamo posmu sak tikai péc izmérama PASS pieradijuma.

Command -> kinematics -> wheel PID -> motor -> encoder -> speed feedback

encoder ticks -> differential-drive odometry -> X, y, theta

MPU6050 -> calibrated angular rate -> relative yaw comparison

host commands -> parser -> command-age monitor -> failsafe stop

Fiziska 2WD macibu robota uzbuves rokasgramata v11.0 | ProgrammeéSanas un datorizétu sistému pamati



18. M3 — Wheel-speed PID un taisnas kustibas regulésana

receive vw

o generate wheel-speed se(pumtS\ convert to left/right rad/s { convert ]

count encoder ticks
o measure wheel speed } estimate rad/s [ estimata | filter quantization/noise { filter ]

feedback u

To regulate 2WD wheel speed calculate error
for commanded robot motion regulation

To control wheel speed apply PID

evidence command motor PWM

limit output / anti-windup @

run step test

To verify control performance rise / overshoot / steady error

metrics

18.1. attels. M3 Functional Tree — wheel-speed closed-loop control.

compare left/right

18.1. Teorija, ko stastit

Open-loop PWM nenosaka ritena atrumu. Tas nosaka tikai vadibas signalu. Faktisko atrumu ietekmé
baterijas spriegums, berze, reduktors, slodze un mehaniska asimetrija. Closed-loop sistéma méra rezultatu
un labo klddu.

error = setpoint - measured_speed
u = Kp*error + Ki*integral(error*dt) + Kd*d(error)/dt

v4.0 firmware PID papildinats ar conditional integration anti-windup. Tas nelauj integrala stavoklim
nekontroléti augt, ja izeja jau ir piesatinata un kltda turpina virzit regulatoru taja pa3a virziena.

Enkodera atruma mérijums ir kvantéts. Pie neliela atruma 1sa 10 ms loga var bat tikai dazi tick, tapéc
firmware izmanto vienkarsu first-order low-pass filtru. Tas samazina trokSnainumu, bet pievieno aizturi —
svarigs trade-off.

18.2. Praktiska seciba
1. Pirmo PID testu veic ar droSi paceltiem riteniem vai uz roller fixture.

2. Ar ? saglaba konfiguracijas snapshot.

3. Sac ar P-only regulatoru un nelielu linearo atrumu.

4. Izmanto pid_step_test.py un saglaba C telemetry logu.

5. Aprekini rise time, overshoot, steady-state error un IAE ar pid_metrics.py.
6. Pievieno Ki tikai péc P-only datu analizes.

7. Salidzini LEFT/RIGHT steady-state atrumu un controller output.

8. Tikai péc stabila bench rezultata veic 2—-3 m taisnas kustibas testu uz gridas.
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python host_tools/pid_step_test.py --port /dev/ttyUSBO --speed 0.18 --output results/M03.csv
python host_tools/pid_metrics.py results/M03.csv

Pieradijums Expected Actual PASSI/FAIL
P-only logs CSV + metrics
PI/PID logs CSV + metrics

No sustained oscillation | YES

Saturation understood YES

Left/right asymmetry Numerical
reported
Gain choice justified YES

18.3. Pasniedzéja akcenti

Nelaut studentam “t0nét ar aci” bez saglabatiem logiem.

Ja viens motors ir batiski IEnaks, vispirms meklét mehaniku, baroSanu un enkodera kladas, nevis slépt
problému ar milzigu Ki.

Paskaidrot, ka filtréts signals nav “patiesaks” par nefiltrétu; tas ir kompromiss starp noise un delay.
Uzsvert, ka PID parametri pieder konkrétai sistemas konfiguracijai — masa, riteni, baroSana un
mehanika ir dala no plant.

Fiziska 2WD macibu robota uzbuves rokasgramata v11.0 | ProgrammeéSanas un datorizétu sistému pamati




19. M4 — Differential-drive odometrija un geometrijas kalibracija

measure tick delta

convert ticks to meters :
Cﬁa estimate wheel travel distance

effective wheel radius i
TO il geometw effective track width

[Ib estm'hate 2WD robot planar pose compute Ds

from wheel encoders

\mnteg rate _

E’o validate odometry

compute Dtheta

update x,y,theta

repeated straight runs

CW/CCW turns

square closure

sguare

19.1. attéls. M4 Functional Tree — wheel odometry and geometry calibration.

19.1. Teorija, ko stastit
meters_per_tick = 2*pi*r / ticks_per_rev
DIl = delta_left_ticks * meters_per_tick
Dr = delta_right_ticks * meters_per_tick
Ds = (Dr + DI)/2
Dtheta = (Dr - D)/b

Wheel radius r un track width b ir effective model parameters. Kataloga vai CAD izmérita vértiba ir
sakumpunkts, nevis automatiski labakais odometrijas parametrs. Riepas deformacija, grida un montaza
maina efektivo geometriju.

19.2. Kalibracijas seciba
1. Veic vismaz piecus garus taisnus braucienus un salidzini physical distance ar odometry distance.

2. Aprékini wheel radius correction: r_new = r_old * physical / odometry.

3. Veic vairakus CW un CCW in-place turn testus.
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4. Aprékini track width correction: b_new = b_old * odometry_angle / physical_angle.
5. Péc parametru labojuma izpildi square-path closure testu.

6. Atseviski zino accuracy un repeatability; neizvélies tikai labako trial.

Test Trials Galvenais rezultats PASSI/FAIL
Straight distance >=5 radius correction +
spread
CW turn >=3 track-width correction
CCW turn >=3 track-width correction
Square closure >=2 position/orientation
closure error

19.3. Ko analizét

e Wheel slip nav redzams enkoderam — rats var griezties, bet Sasija neparvietojas atbilstosi.

e Gearbox backlash un gridas berze var padarit CW un CCW rezultatus atskirigus.

e Accurate wheel speed nenozimé accurate pose; control un estimation ir dazadi sistémas slani.

e Odometrijas klida uzkrajas ar nobraukto celu. Vélak SLAM/EKF palidz, bet nekvalitativa bazes
kalibracija paliek probléma.
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20. M5 — MPU6050 kalibracija, asis un heading salidzinajums

read acceleration

read angular rate

[To acquire IMU measurements

verify axes/signs

collect stationary data

estimate mean bias

estimate standard deviation nolsa
apply correction

To calibrate gyro bias

/

To provide calibrated inertial data
for mobile-robot state estimation

)
T

To estimate relative yaw\ mtegratei gz dt - P integrate
Y, measure residual drift

encoder theta
physical reference

El'o compare independent estimates

explain limitations

20.1. attéls. M5 Functional Tree — calibrated IMU measurements.

20.1. Teorija, ko stastit
Gyroscope méra angular rate. Lenki iegast, integréjot atrumu laika. Tapéc pat mazs pastavigs bias rada
pieaugosSu angle drift.

yaw(t) = yaw(0) + integral(gz * dt)

Static bias raksturo mérijuma vidé€jo nobidi, bet standard deviation raksturo trokSna izkliedi. Bias correction
un filtering ir atSkirigi uzdevumi.

20.2. Praktiska seciba
1. Ar fizisku pagrieSanu nosaki X/Y/Z gyro axis un zimju konvenciju.

2. Ar izslégtiem motoriem ieraksti vismaz 60 s static telemetry.
3. Arimu_bias_analysis.py aprékini gx/gy/gz mean un stdev.

4. Uzliec runtime bias ar B komandu vai demonstré firmware K kalibraciju.
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5. Izméri 60 s yaw drift pirms un péc correction.

6. Veic vismaz tris 90° vai 360° pagriezienus un salidzini physical angle, encoder theta un IMU integrated
yaw.

python host_tools/serial_logger.py --port /dev/ttyUSBO --seconds 60 --output results/M05_imu.csv
python host_tools/imu_bias_analysis.py results/M05_imu.csv

K #runtime gyro calibration; robot must remain stationary

Pieradijums Expected Actual PASSI/FAIL
AXis convention documented

Static dataset >=60 s

Bias mean gx/gy/gz

Noise stdev gx/gy/gz

Yaw drift before/after measured

Encoder vs IMU turns >=3

20.3. Svarigs ierobeZojums

Runtime K calibration tiek glabata tikai RAM un pazld péc reset. Tas ir apzinati: students vispirms iemacas,
ka kalibracija ir identificéjams parametrs ar pieradijumu. Persistent parameter storage tiek pievienots tikai
tad, kad ir definéta konfiguracijas parvaldiba.
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21. M6 — Serial protokols un command watchdog

line framing

parse syntax

E’o receive valid commands validate values

measure command age

: compare with timeout ;
G’o monitor command freshnessi] p = timeout

zero targets

reset controller “
zero motor output

A To enter failsafe stop

[I’o maintain a safe host-to-robet

failsafe flag

To expose diagnostics

timeout event

ACK/ERR/CFG

To recover safely

require new valid command fresh
do not replay stale motion

21.1. attéls. M6 Functional Tree — command validation and failsafe stop.

21.1. Ko stastit

Autonoma robota host process, USB kabelis vai ROS 2 node var pazust. Tapéc controller nedrikst turpinat
veco kustibas komandu bezgaligi. Application command watchdog méra, cik veca ir pédéja valida velocity
komanda.

if command_age_ms > COMMAND_TIMEOUT_MS:
target v=0
target w=0
reset PID

motor output =0

failsafe = 1
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Command watchdog nav tas pats, kas ESP32 task/interrupt watchdog. Pirmais kontrolé kustibas komandu
svaigumu; otrais palidz atklat iestrégusu programmas izpildi. DroSibas slani risina dazadus failure modes.

21.2. M6 testa seciba
1. Saglaba ? konfiguracijas atbildi un COMMAND_TIMEOUT_MS.

2. Parbaudi valid commands un ACK uz droSi pacelta robota.

3. Nosuti malformed/unknown komandas un pieradi, ka tas nerada kustibu.

4. Palaid watchdog_test.py un izméri automatisko stop laiku.

5. Veic cable/process interruption testu.

6. Péc reconnect pieradi, ka robots neatjauno veco kustibu bez jaunas validas V komandas.

python host_tools/watchdog_test.py --port /dev/ttyUSBO --timeout-ms 500

Failure injection Expected response Actual PASSI/FAIL
Host sender stops timeout -> zero motion
USB disconnect timeout -> zero motion
Malformed command ignore/error, no
unintended motion
Telemetry consumer local control continues
stops
MCU code hangs application watchdog
may not run; separate
system watchdog
needed
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22. M3-M6 kopé€jais acceptance gate

Pareja uz M7 ROS 2 bridge notiek tikai tad, kad host-to-robot interface un fiziska base ir izmérami stabila.
ROS 2 nedrikst izmantot, lai nosléptu neatrisinatu encoder, control vai failsafe problemu.

Milestone Obligatais evidence Status

M3 PID step logs + metrics +
left/right comparison + saturation
explanation

M4 Repeated straight/turn/square
calibration + before/after
parameters

M5 Static IMU statistics + drift
correction + encoder/gyro
comparison

M6 Measured stale-command
failsafe + malformed-command
test + recovery

Digitalais protokols: 2WD_M3_M6_testi_un_kalibracija_v1_0.xIsx. Tas paredzéts ka vienots evidence
summary, kamér raw CSV faili paliek projekta results mapé.

23. Pasniedzéja M3-M6 sagatavosanas checklist

e References robotam M0O-M6 iziet paSam pirms studentu darba.

e Saglabat vienu known-good PID gain set, bet sakuma to nedot studentiem ka “pareizo atbildi”.

e Sagatavot droSu lifted-wheel fixture vai roller stand PID un watchdog testiem.

e Grida markét straight distance un turn reference; vienoties par chassis measurement reference point.
e IMU laboratorija nodroSinat stingru, nekustigu galda virsmu un motori OFF.

e Katram robotam lietot Robot ID, hardware revision, firmware commit un calibration date.

e M6 cable disconnect testu veikt tikai ar mazu speed un brivu stop zonu / lifted fixture.

e Nelaut pariet uz ROS 2, kamér stale command stop nav fiziski demonstréts.

24. M3-M6é6 papildu tehniskie avoti

Espressif Arduino-ESP32 LEDC API:
https://docs.espressif.com/projects/arduino-esp32/en/latest/api/ledc.html

Espressif Arduino-ESP32 Timer API:
https://docs.espressif.com/projects/arduino-esp32/en/latest/api/timer.html

Espressif ESP-IDF Watchdogs: https://docs.espressif.com/projects/esp-idf/en/stable/esp32/api-reference/
system/wdts.html

TDK InvenSense MPU-6000/MPU-6050 Product Specification and Register Map (legacy device
documentation).
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25. M7-M12 autonomijas slana merkis

M7-M12 parveido jau validétu MO—M6 mobilo bazi par pilnu ROS 2 autonomas robotikas platformu. Saja
posma galvena disciplina ir interfeisu, koordinatu sistemu un pieradijumu kontrole: katru jauno slani drikst
pievienot tikai péc iepriek$éja slana PASS.

M6 safe serial base -> M7 ROS 2 -> M8 EKF -> M9 LiDAR -> M10 SLAM -> M11 Nav2 -> M12 Vision

Milestone Galvena funkcija leejas gate Galvenais rezultats
ROS 2 bridge un TF /cmd_vel, raw odom,

M7 kontrakts M6 PASS IMU, diagnostics
/odometry/filtered +

M8 Stavokla novértésSana M7 PASS viens odom->base_link
TF

M9 2D LIDAR M8 PASS vahqlets /scan un laser
extrinsic

M10 SLAM M9 PASS koherenta 2D karte +
map->odom

M11 Nav2 M10 PASS atka}rtopa autonoma goal
navigation
standarta 2D detection

M12 Machine Vision M11 PASS stream, neatkarigs no
navigacijas

26. M7 — ROS 2 bridge, topics un TF ownership

26.1. Teorija, ko stastit

ROS 2 Seit nav “magiska programma virs robota”. Tas ir sadalitas sistémas interfeisu slanis. Studentam
jaspéj nosaukt katra topic publisher, subscriber, message type, frame un atbildibas robeza.

Topic Type Publisher Consumer
/cmd_vel geometry msgs/Twist teleop / Nav2 serial bridge
/wheel/odometry raw nav_msgs/Odometry serial bridge EKF
/imu/data_raw sensor_msgs/Imu serial bridge EKF
/odometry/filtered nav_msgs/Odometry robot_localization Nav2 / diagnostics
/scan sensor_msgs/ LiDAR driver SLAM / Nav2
LaserScan

- . vision_msgs/ . o

/vision/detections Detection2DArray vision node application

TF noteikums: vienam transformam jabat vienam autoritativam publisher. Hardware rezima serial bridge
publicé raw messages, bet EKF publicé odom -> base_link. URDF/robot_state_publisher publicé fiksétos
sensoru transformus.

26.2. 90 min laboratorijas seciba
1. Build un source ROS 2 workspace; palaist robot description + serial bridge + EKF.

2. Ar paceltiem riteniem nosdatit loti mazu /cmd_vel un parbaudtt linear.x un angular.z zimes.
3. Izmeérit /wheel/odometry_raw, /imu/data_raw un /odometry/filtered frekvences.
4. Parbaudit TF tree un pieradit, ka odom -> base_link ir tikai viens TpaSnieks.

5. Aktivas mazas komandas laika apturét host bridge un izmérit M6 watchdog stop.
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6. Saglabat evidence un aizpildit M7 sheet darbgramata.

ros2 topic hz /wheel/odometry_raw
ros2 topic hz /imu/data_raw

ros2 topic echo --once /odometry/filtered

27. M8 — EKF un lokalais stavokla novéertéjums

M8 baseline apzinati ir vienkarss: wheel odometry dod forward velocity vx, bet IMU dod yaw rate vyaw. Tas
samazina risku vienu un to pasu informaciju bez izpratnes “iebarot” filtram vairakos veidos.

wheel odom: fuse vx
IMU: fuse vyaw
two_d_mode = true

world_frame = odom

27.1. Ko merit

e 30 s stationary drift un diagnostics
e atkartoti straight 2 m braucieni

e +/-90° vai 360° pagriezieni

e raw vs filtered distance/yaw

e TF ownership péc EKF palaiSanas

Covariance nav “smoothing knob”. To sakotnéjam vértibam jabat sasaistitam ar M3—M5 mérijumu izkliedi un
klddu raksturu. Nepamatoti maza covariance liek filtram parmérigi uzticéties konkrétam sensoram.

28. M9 — 2D LiDAR integracija

M9 references interfeiss ir vendor-neutral: izvélétais LIDAR driver publicé sensor_msgs/LaserScan uz /scan,
un TF savieno ta frame ar base_link. Kursa BOM paredz RPLIDAR Al-class sensoru ka vienu praktisku
references variantu.

28.1. LiDAR pirms SLAM
1. Stingri nostiprinat LIDAR un izmeérit xyz/rpy pret Sasijas references punktu.

N

. Parbaudtt /scan frame_id, range_min/range_max un stabilu publicéSanas frekvenci.

3. RViz novietot sienu priek$a, pa kreisi un pa labi; parbaudit geometriju.

AN

. Pagriezt robotu uz vietas un parliecinaties, ka scan roté ap paredzéto centru.

5. Parbaudit mehanisko mount un kabela strain relief.

(o2}

. Tikai péc M9 PASS sakt SLAM.

python3 ros2_ws/src/two_wd_robot_bringup/scripts/scan_validator.py
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29. M10 — 2D SLAM ar slam_toolbox

M10 PASS nav fakts, ka RViz paradijas occupancy grid. Karte ir japarbauda ka mérijumu produkts: mérogs,

sienu dubultoSanas, loop closure, pose stabilitate un save/reload sp€ja.

Parbaude

Ko pierada

FAIL piemérs

Known distance vs map distance

kartes mérogu

2.00 m telpa kldst par 2.30 m
karté

Closed loop

loop closure konsekvenci

atgrieZoties sakuma sienas
dubultojas

Straight walls

scan/odom/TF saskanu

“spoku sienas” vai loki

Map save/reload

reproducéjamibu

karti nevar atkartoti izmantot

29.1. Frame modelis

map -> odom -> base_link -> laser_frame

map ir globali korigéts frame, odom ir lokali nepartraukts frame, kur$ drikst driftét, bet nedrikst Iekat parastas

kustibas laika.

30. M11 — Nav2 autonoma navigacija

Nav2 tiek palaists tikai péc M10 PASS. Studentam jasak no konkrétas instalétas ROS 2/Nav2 versijas
default configuration un taja japarnes izmérita footprint, atruma robezas, sensoru topic un costmap izveéles.
Kursa nav2_student_tuning.yaml ir worksheet, nevis universala “kopé un brauc” konfiguracija.

30.1. Tuning seciba
1. robot geometry + TF

2. sensor range/frame

3. velocity/acceleration limits

4. costmap obstacle marking + inflation

5. planner/controller behavior

6. Behavior Tree recovery behavior

30.2. Obligatie testi

e vismaz 5 goals no dazadiem sakuma heading

e final position/yaw error

e blokéts cels

e recovery vai droSs failure

e costmap obstacle alignment

e command velocity maksimumu parbaude pret fizisko robotu

31. M12 — Machine Vision paplasinajums

M12 pievieno kameru un perception pipeline, bet nepadara visu navigaciju atkarigu no viena vision node.
Baseline ir vienkarss HSV color-target detector, jo students var redzét threshold, mask, contour, area un
bounding box. Tas nav pasniegts ka production Al detector.

Fiziska 2WD macibu robota uzbuves rokasgramata v11.0 | ProgrammeéSanas un datorizétu sistému pamati




USB camera -> sensor_msgs/Image -> cv_bridge/OpenCV -> vision_msgs/Detection2DArray

31.1. Baseline acceptance

e stable image topic and documented camera optical frame
e positive and negative scenes

e false-positive count

e Detection2DArray output

e debug image

e vision node stop does not break LIDAR navigation

31.2. Pareja uz Al

Péc baseline var aizstat detector core ar ONNX/YOLO vai citu modeli, saglabajot to pasu ROS output
contract. Tas studentam demonstré sistemas arhitektdras principu: algoritmu var nomaintt, ja interfeiss
paliek stabils.

32. M7-M12 kope€jais acceptance gate

Gate Minimum evidence Kas bloké nakamo posmu

M7 ROS graph + TF + failsafe toplc/frame/5|gn vai duplicate TF
probléma

M8 filtered odom + diagnostics NEparelzs sensor
sign/covariance/TF

M9 /scan + RViz geometry rotéts/mirrored scan vai brivs
mount

M10 loop-closed map + scale d_ouble_d walls / severe map
distortion

M11 goal success + recovery unsafe limits / costmap mismatch

M12 vision metrics + independence nesta_blls detector vai navigation
coupling

Digitalais evidence summary: 2WD_M7_M12_acceptance_v1_0.xIsx. Raw rosbag, CSV, screenshots un
map faili paliek projekta results/evidence mape.

33. Pasniedzéja M7-M12 sagatavosanas checklist

e References robotam M0-M6 jabdt fiziski PASS pirms ROS 2 autonomijas nodarbibam.

e Pirms studentiem parbaudit ROS 2 workspace build, serial permissions un zinamu USB portu.

e Sagatavot vienu known-good TF/URDF un vienu apzinati kltdainu variantu diagnostikas demonstracijai.
¢ LiDAR laboratorijai sagatavot vienkarsu sienu/koridora testvidi ar zinamu izméru.

e SLAM marsruta obligati ieklaut loop closure un vismaz vienu zinamu distances references mérijumu.

e Nav2 testam noteikt maksimalo atrumu, stop zonu un fizisku motor power isolation iespgju.

e Vision laboratorijai sagatavot pozitivos un negativos test scenes dazados apgaismojumos.

e Saglabat vienu known-good rosbag katram milestone, lai var mactt offline debugging bez robotu rindas.

34. M7-M12 troubleshooting karte

Simptoms Parbaudi vispirms Tad

Robots kustas, bet RViz nekustas | /wheel/odometry raw rate/sign EKF config un TF

EKF léka IMU yaw . sensoru duplicate fusion
sign/timestamp/covariance

Scan ir saniski laser_frame extrinsic driver angle convention
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Simptoms Parbaudi vispirms Tad

SLAM dubulto sienas scan+TF+odom loop closure un kustibas atrums
Nav2 grieZas uz vietas footprint/costmap/TF controller limits
. o s /scan costmap observation . .

Nav2 ignoré Skérsli source range/marking/clearing
Vision false positives mask/threshold + scene lighting/data/model
Vision node crash aptur . . .

o architecture coupling separate process/topic contract
navigaciju

35. Gala integréta demonstracija
1. Paradit motoru emergency power isolation.

2. Paradit M6 command watchdog stop.

3. Paradit ROS graph un TF tree.

4. Paradit /odometry/filtered un EKF diagnostics.

5. Paradit /scan korekti saskanotu RViz.

6. Paradit map/localization stavokli.

7. Nosatit vismaz vienu Nav2 goal un sasniegt to bez manualas stlréSanas.
8. Demonstrét vienu blokéta cela recovery vai droSu failure.

9. Paradit /vision/detections un vienu false-positive/negative analizi.

10. Nosléguma paradtt evidence pack ar hardware revision, firmware commit, ROS workspace commit un
calibration values.

36. M7-M12 tehniskie avoti

ROS 2 Lyrical: https://docs.ros.org/en/lyrical/

ROS 2 Lyrical release: https://docs.ros.org/en/kilted/Releases/Release-Lyrical-Luth.html

Nav2 first-time setup: https://docs.nav2.org/setup_guides/

Nav2 sensors: https://docs.nav2.org/setup_guides/sensors/setup_sensors_gz.html

Nav2 mapping/localization: https://docs.nav2.org/setup_guides/sensors/mapping_localization.html
Nav2 configuration: https://docs.nav2.org/configuration/

Nav2 tuning: https://docs.nav2.org/tuning/

Nav2 Behavior Trees: https://docs.nav2.org/behavior_trees/

usb_cam: https://docs.ros.org/en/rolling/p/usb_cam/

image_proc: https://docs.ros.org/en/kilted/p/image_proc/doc/components.html

vision_msgs: https://docs.ros.org/en/rolling/p/vision_msgs/
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37. References platformas v3.0 statuss

Rokasgramata tagad nosedz pilnu MO-M12 vertikalo robotikas kedi. MO—M6 satur fiziskas bazes, vadibas,
odometrijas, IMU un failsafe metodiku; M7-M12 satur ROS 2, state estimation, LIDAR, SLAM, Nav2 un
Machine Vision integracijas metodiku. Programmattras sintakses un ROS-neatkarigie testi var tikt
automatizeti, bet gala PASS vienmér pieskir péc mérijjuma uz konkrétas fiziskas platformas.
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38. M13-M18 advanced robotikas un validacijas slanis

MO-M12 pierada, ka robots var kustéties, mérit, lokalizéties, kartét, navigét un publicét Machine Vision
rezultatus. M13—-M18 pievieno nakamo inZeniertehnisko slani: reproducéjamibu, sim-real salidzinajumu,
kontrolétu klomju ievadi, programmattras droSibas slani, sensoru fusion un prasibu izsekojamibu I1dz testa
pieradijumam.

M14 M18
M13 et - M15 ] [ M16 ] [ M17
: Digital Twin et : ; - : Capstone V&V
roshag?2 evidence Stineal Fault injection Safety + diagnostics Camera + LiDAR fusion traceability

38.1. attéls. M13—-M18 quality-gate seciba.

Posms Funkcija PASS pieradijums

M13 rosbag?2 evidence Bag info, topics/QoS, replay, test
context

M14 Digital Twin / sim-real Vienads scenarijs, trajektorijas
RMSE un gala klida

M15 Fault injection Definéts fault ID, expected
reaction, safe outcome, evidence

M16 Safety / diagnostics Freshness, Collision Monitor,
lifecycle uzvediba

M17 Camera + LIDAR fusion Bearing/range cross-check ar
negative/outlier testiem

M18 Capstone V&V Requirement -> Test -> Evidence
traceability + atkartota misija

38.1. Pieradijumu arhitektiira
_ Freshness / lifecycle
B i / Safety filter
Lo LR .’ Collision Monitor
s L = + MCU watchdog
Sensors Estimation Planning .
Odometry / IMU / LIDAR / Camera EKF / Perception SLAM /Nav2 ) _ _ _ S

i N e r e e TR Evidence
el » rosbag2 + context
“““““““ +testID

38.2. attéls. Datu, diagnostikas un evidence plisma.

Batiska prasiba: evidence tiek vakti no tiem paSiem raw/estimated/planning/safety topics, kas piedalas
robota darbiba. Ekranattéls ir tikai papildus vizuals pieradijums, nevis raw datu aizvietotajs.

39. M13 — rosbag2 evidence un reproducéjams replay

M13 meérkis ir parveidot “es redzeju, ka robots stradaja” par reproducéjamu testu artefaktu. Students saglaba
bag, software commit, robot ID, konfiguracijas kontekstu un testa ID.

39.1. Minimalais ierakstamo topic komplekts
e /tf un /tf_static
e /wheel/odometry_raw
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e /odometryffiltered
e /imu/data_raw

e /scan

e /cmd_vel

e /diagnostics

e /detections vai kameras output, ja tas ir konkréta testa mérkis

39.2. Praktiska seciba

mkdir -p evidence/M13

ros2 bag record /tf /tf_static /wheel/odometry_raw /odometry/filtered /imu/data_raw /scan /cmd_vel /diagnostics -0

evidence/M13/baseline_run

ros2 bag info evidence/M13/baseline_run

ros2 bag play evidence/M13/baseline_run

Sensoru QoS var atSkirties no default reliable profila. Projekta
“advanced_validation/config/qos_overrides.yaml” demonstré explicit rosbag2 QoS override pieeju. PASS
nav “mape eksisté”; PASS nozimé, ka obligatie topics ir ierakstiti un replay laika consumers sanem datus.

39.3. M13 quality gate

Parbaude

Expected

Evidence

Bag metadata

duration > 0 un obligatie topics
redzami

ros2 bag info output

Replay pipeline sanem replay datus terminal log / analysis output
QoS sensor topic nav klusi pazudis QoS config + message counts
Context evidence piesaistits versijai test_context.json / commit ID

40. M14 — Digital Twin un sim-real salidzinajums

Saja kursa Digital Twin tiek lietots praktiska macibu nozimé: simulacijas modelis satur izméritus fiziska
robota parametrus, tam tiek dots tas pats testu profils, un simulacijas rezultatu salidzina ar fizisko robotu ar
vienadi definétam metrikam.

40.1. Salidzinamas metrikas

e trajektorijas XY RMSE

e gala pozicijas klida

e galayaw klida

e nobrauktais celS

e commanded vs measured velocity profila atSkiriba
e testa izpildes laiks un kavejumi

40.2. Kalibracijas disciplina
1. No M2—-M4 mérijumiem ievada wheel radius un track width.

2. Simulacija izmanto to paSu command profile.

3. Fiziskaja robota izpilda vienu un to paSu scenariju vismaz 3 reizes.
4. Kalibracijas scenarijus nodala no validacijas scenarija.

5. 'sim_real_metrics.py” aprékina RMSE un gala kladas.
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6. Students paskaidro, kapéc sim un real nekad nebds pilnigi identiski.

41. M15 — kontroléts fault injection un resilience

Fault injection tiek veikts programmatdras/datu plismas ITmen1. Nav atlauts apzinati 1sslégt baroSanu vai
turét motoru stall rezima. Visus fault testus sak ar samazinatu atrumu, tukSu testu zonu un fizisku motoru
baroSanas atslégSanas iesp€ju.

Fault ID Injekcija Expected sistémas reakcija

FO1 /scan pazud diagnostics klida; navigacija
neizmanto novecojusu scan ka
normalu

F02 NaN sektors /scan node nekrit; invalid rays tiek
ignoreéti

FO3 scan delay / stale freshness klida noteikta timeout

Fo4 serial bridge process stop M6 command watchdog aptur
motorus

FO5 blokéts cels Nav2 recovery vai controlled
failure, nevis sadursme

FO6 vision node/detection pazud LiDAR/Nav2 pamatdroSiba
turpina darboties neatkarigi

41.1. Fault testa obligati jameéra

e fault injection laiks

e fault detection laiks

e safe stop / slowdown laiks, ja attiecas
* recovery veids

e vai nepiecieSama cilvéka iejaukSanas
e evidence bag un log

42. M16 — Collision Monitor, diagnostics un lifecycle

M16 apvieno tris dazadus aizsardzibas mehanismus: MCU stale-command watchdog, ROS
health/freshness diagnostics un Nav2 Collision Monitor k& papildu kustibas komandas filtréSanas slani.
Nevienu no tiem Saja macibu platforma neuzskata par sertificétu funkcionalas droSibas risinajumu.

42.1. Collision Monitor baseline

Projekta "advanced_validation/config/collision_monitor.yaml™ satur priek§€jo StopZone un lielaku
SlowdownZone. Pirms kustibas pasniedzéjs/studenti RViz vai topic I[iment parbauda, ka zonas atrodas
pareizaja base_link koordinatu sistema.

42.2. Freshness monitor

Plasma Sakuma timeout Klimes interpretacija

/odometry/filtered 0.50s state estimation nav atjauninata

/scan 0.50s nav svaiga SkérS|u uztveres
avota

/cameral/image_raw 1.00s vision degradéts; navigacijas
pamatdroSibu nedrikst padarit
atkartgu no §i viena signala

Timeout sakuma veértibas ir teaching thresholds. Realaja platforma tas pamato ar izmérito publicéSanas
frekvenci, jitter un droSibas rezervi.
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43. M17 — Camera + LiDAR perception fusion

M17 meérkis nav “Al automatiski saprot pasauli”, bet izskaidrojams divu sensoru cross-check. Kameras
bounding box centra horizontala pozicija tiek parvérsta bearing lenki, péc tam LiDAR lenkiskaja loga
izmanto valid ranges medianu.

bearing = (cx / image_width - 0.5) * camera_HFOV

43.1. Acceptance scenariji

e target kadrs ar skaidru LIDAR atbalstu

e target kadrs bez valid LIDAR rays

* negative scene bez target

e outlier LIDAR ray starp normaliem paraugiem
e target pie FOV malas

e vision node restart

Fusion output nedrikst tikt pasludinats par safety-rated occupancy avotu. 2D LiDAR nevar noteikt objekta
augstumu, bet kamera var kladities apgaismojuma, blur vai nepareizas klases dél.

44. M18 — Capstone validation, traceability un release

M18 noslédz robotu ka verificéjamu sistému. Students izveido requirements-to-test-to-evidence matricu un
final mission vairs netiek pienemts péc “viena veiksmiga video”.

44.1. Obligatais mission profile
1. Robotu ieslédz safe state un parada motor power isolation.

2. Parbauda M6 watchdog.

3. Parbauda ROS graph, TF un diagnostics.

4. Sanem autonomu goal un uzsak navigaciju.

5. Apbrauc statisku Skeérsili.

6. Collision Monitor stop/slowdown zona reagé paredzami.

7. Kontroléta blockage gadijuma izpilda recovery vai controlled failure.
8. Vision target tiek sasaistits ar LIiDAR range, ja ir valid geometry.

9. Visa bitiska datu plisma tiek saglabata rosbag2 evidence.

10. Misijas beigas motors droSi apstajas un evidence tiek sasaistits ar release versiju.

44.2. Requirements-to-evidence princips

ID Prasiba Tests Evidence

R0O0O1 Stale command -> non- | T_M06_WATCHDOG watchdog log / bag
driving state

R002 Vienam owner japublicé | T_MO07_TF_OWNER TF tree / topic evidence
odom->base_link

R0O03 Collision zone samazina | T_M16_COLLISION_ZO | cmd_vel in/fout + scan
vai aptur command NE bag
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traceable bag artefakts

ID Prasiba Tests Evidence

R004 Critical sensor stale ir T_M16_FRESHNESS DiagnosticArray
redzams diagnostics evidence

R0O05 Final mission ir T_M18_EVIDENCE bag + context + commit

45. M13-M18 pasniedzéeja sagatavosanas checklist

e Sagatavot known-good bag ar /tf, odom, IMU un scan offline demonstracijai.
e Sagatavot vienu sim un vienu real trajektorijas CSV sim-real aprékinam.

e Fault injection testos noteikt max atrumu un clear test zone.
e Pirms Collision Monitor kustibas testa vizuali validét polygon frame un topic remap.
e |zmertt tipisko topic rate/jitter, pirms noteikt freshness timeout.
e Fusion laboratorijai izmérit kameras horizontalo FOV vai izmantot dokumentétu/calibrated vértibu.
e Final demo sagatavot prasibu sarakstu, evidence naming convention un reviewer lauku.

46. M13-M18 troubleshooting karte

Simptoms

Parbaudi vispirms

Tad

Bag ir, bet /scan tukss

ros2 topic info --verbose /scan;
QoS

QoS override; driver rate; bag
info

Replay laika TF “leka”

vai nav divi TF owner

izslédz duplicate publisher;
parbaudi /tf_static

Sim un real RMSE milzigs

vienads frame/time
sampling/units

wheel radius, track, delays, slip

Fault injector rada crash

message validity un mode

samazini fault scope; log
raw/modified

Collision Monitor nestopé

cmd_vel remap un scan source

polygon frame, source timeout,
lifecycle state

Fusion range nepareiza pusé

camera optical frame un HFOV
sign

LiDAR angle_min/increment;
extrinsic alignment

Traceability checker fail

requirement/test ID neatbilst

evidence path, PASS status,
mandatory rows

47. M13-M18 tehniskie avoti un versiju piezime

ROS 2 Lyrical Luth release: https://docs.ros.org/en/kilted/Releases/Release-Lyrical-Luth.html

ROS 2 rosbag2 QoS overrides:
https://docs.ros.org/en/ros2_documentation/lyrical/How-To-Guides/Overriding-QoS-Policies-For-Recording-

And-Playback.html

Gazebo / ROS compatibility: https://gazebosim.org/docs/jetty/ros_installation/

Gazebo ROS 2 Simulation Interfaces: https://gazebosim.org/docs/latest/ros2_sim_interfaces/

Nav2 Collision Monitor: https://docs.nav2.org/configuration/packages/configuring-collision-monitor.html

Nav2 Lifecycle Manager: https://docs.nav2.org/configuration/packages/configuring-lifecycle.html
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References vide Sai rokasgramatas versijai: ROS 2 Lyrical + Gazebo Jetty. Klasé drikst saglabat
Jazzy/Harmonic, ja infrastruktdra jau ir uz tas standartizéta; tad komandas/parametrus parbauda pret
konkrétas instalétas versijas dokumentaciju.

48. M0-M18 checkpoint (v4.0)

v4.0 checkpoint nosedza MO—M18. v5.0 turpina ar M19—-M24 industrialo paplasinajumu: embedded timing,
CAN/TWAI, Cl/Docker, depth/3D perception, multi-robot/fleet un release engineering.
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49. M19 — Embedded real-time un micro-ROS migracijas robeza

M19 merkis ir pariet no “cikls parasti izpildas pietiekami atri” uz méramu timing budZetu. Real-time 3aja
kursa nozimé definétu periodu, deadline, jitter un pieradijumu, cik biezi deadline tiek parkapts.

49.1. Obligatais references cels

e EsoSais ESP32 serial protocol + M6 command watchdog paliek kustibas references droSibas baze.

e Control loop sakuma periods: 10 ms; faktiska vértiba jaapstiprina ar mérjjumiem.

e Students ieraksta vismaz 1000 ciklu timestamp datus un aprékina mean, min, max, p99 un deadline
miss ratio.

e Overload testu sak ar motor power izolétu vai robotu droSi nostiprinatu.

49.2. micro-ROS versiju disciplina

2026-08-19 micro_ros_platformio oficiali dokumenté Humble, Jazzy, Kilted un Rolling; Lyrical nav supported
values saraksta. Tapéc St rokasgramata nepasludina Lyrical micro-ROS integraciju par parbauditu. Optional
migration laboratorija izmanto Kilted profilu, bet Lyrical references robots saglaba serial bridge, kamér
konkréta client/agent/distro kéde nav atseviski validéta.

board_microros_distro = kilted

board_microros_transport = serial

49.3. M19 acceptance

Metrika Expected | note Evidence

Control period definéts pirms testa timing_budget.yaml

p99 zem macibu threshold vai timing CSV + rt_budget_check.py
tehniski pamatots

Deadline misses meériti, nevis minéti summary

Overload behavior nav nekontrolétas kustibas test log/video

micro-ROS optional Kilted migration only version note

50. M20 — CAN/TWAI komunikacija

ESP32 TWAI kontrolieris |lauj ieviest CAN tipa kopni, bet kontrolierim nav integréta physical-layer
transceivera. Realai kopnei nepiecieSams aréjs transceiveris. M20 maca ne tikai frame nosutiSanu, bet
heartbeat, sequence, bus-off un safe-state reakciju.

50.1. References frame contract
0x100 wheel command: left mm_s:int16, right_ mm_s:int16, seq:uint8, flags:uint8, timeout_ms:uint16
0x110 wheel status
0x120 diagnostics / heartbeat

e Classic CAN command frame ir 8 baiti.
e Sequence counter palidz konstatét izlaistas/stale application komandas.
e Application watchdog paliek obligats art tad, ja CAN nodroSina frame CRC un link-layer error detection.

50.2. Fiziska kopne

e 120 ohm termination — abos kopnes fiziskajos galos, nevis pie katra mezgla.

e Pirmais tests bez motor enable: tikai heartbeat un diagnostics.

e Motor power un logic power topologija saglaba MO principus.

e Bus-off vai heartbeat timeout gadijuma kustibas komanda tiek anuléta un robots pariet stop/safe state.
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51. M21 — CI, Docker un reproducéjama izstrades vide

M21 galvenais jautajums: vai projektu var parbaudrtt no tira source snapshot, nevis tikai taja datora, kur tas
tika izstradats?

51.1. Cl pipeline minimums
1. Clean checkout.

2. Pure-Python testi.

3. Native C++ control-core tests.

4. Package verification un failu sintakses parbaude.

5. Docker image build.

6. ROS workspace build/test, kad references ROS runner ir pieejams.

7. Saglabats ClI log vai artefakts.

51.2. Docker references vide
FROM osrf/ros:lyrical-desktop

ROS 2 Lyrical dokumentacija Sis image tags tiek izmantots Docker darba pieméra. Build cache drikst
izmantot atrumam, bet release pirms M24 jaspéj parbaudit arf no clean stavokla.

51.3. Secrets un reproducéjamiba

e APl keys, paroles un tokeni nedrikst bt source repo plaintext forma.
¢ Konfiguracija un kalibracija tiek versionéta vai skaidri piesaistita release artefaktam.
e Container image neaizstaj hardware acceptance — tas pierada programmatdras vides reproducé&jamibu.

52. M22 — Depth kamera un 3D perception

M22 ir vendor-neitrals. Pirms konkrétas RGB-D kameras draivera students pierada depth mérvienibas,
intrinsics un camera optical frame geometriju.

52.1. Pinhole deprojection
X=(u-cx)*Z/fx
Y=(-cy)*Z/fy
Z = depth

Depth = 0, NaN, infinity vai arpus definéta range tiek uzskatits par invalid measurement, nevis par Skérsli ar
nulles attalumu.

52.2. ROS datu kontrakts

e Depth image: sensor_msgs/Image.

e Intrinsics: sensor_msgs/Cameralnfo.

e 3D punkts: sensor_msgs/PointCloud2.

e ROS image_pipeline/depth_image_proc var izmantot depth image -> point cloud pipeline, bet pure-
Python depth_geometry.py paliek matematikas etalons bez ROS atkaribam.
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52.3. M22 acceptance

Tests MéErijums PASS princips

1 m references plakne range/scale error <= teaching threshold vai
pamatots

Invalid depth invalid ratio izmerits un dokumentéts

Point cloud point count + nearest obstacle geometrija logiska

TF camera optical frame vizuali/matematiski saskanots

Rate Hz + jitter note pietiek konkrétajai funkcijai

53. M23 — Multi-robot un fleet

M23 atdala namespace, TF frame uniqueness un ROS_DOMAIN_ID. Tie risina dazadas problémas, tapéc
tos nedrikst lietot ka savstarpéjus aizvietotajus.

53.1. References fleet naming

/robotl/... frames: robotl/base_link, robotl/odom
/robot2/... frames: robot2/base_link, robot2/odom

e Vienas fleet roboti paliek viend ROS domain, lai var savstarpéji discover/komunicét.

e AtSkirigus ROS_DOMAIN_ID izmanto neatkarigu klases grupu/tiklu izolacijai.

¢ Fleet supervisor pieskir high-level goal; lokalais watchdog, Collision Monitor un motor control paliek
konkrétaja robota.

53.2. Fleet allocator

References fleet_allocator.py izmanto vienkarsu izmaksu funkciju péc attaluma, availability un battery
threshold. Tas ir izskaidrojams baseline, nevis optimals fleet scheduling algoritms.

53.3. Failure scenariji

e Viens robots pazdd no tikla.

e Goal tiek pieskirts unavailable robotam.

e Diviem robotiem kladaini sakrit TF frame names.

e Lokala safety sistéma aptur robotu neatkarigi no fleet supervisor.

54. M24 — Industrial release un handover

M24 nepievieno jaunu autonomijas algoritmu. Tas nosaka, vai konkréto robota programmatiras/aparattras
stavokli drikst saukt par identificétu release.

54.1. Release artefakti

e semantic version / release ID;

e source commit vai snapshot identifikators;

e hardware revision un firmware versija;

¢ ROS distro + konfiguracijas/kalibracijas komplekts;
e SHA-256 file manifest;

e MO0O-M24 acceptance status;

e risk register un known limitations;

e rollback/restore procedara;

e reviewer RELEASE / HOLD lémums.
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54.2. Release Iemums

Ja mandatory gate nav PASS vai evidence nav identificéjams, lémums ir HOLD. “Demo nostradaja vienreiz”

nav release kritérijs.

Requirement -> Test -> Evidence -> Version -> Reviewer decision

55. M19-M24 pasniedzéja sagatavosanas checklist

Pirms laboratorijas

JaINe

Piezime

M19: sagatavots timing CSV
piemérs un motor power isolation

[]

M20: CAN transceiveri,
termination un can0/USB-CAN
pieejams

M21: Docker/Cl pieejams vai
sagatavots offline piemérs

M22: depth dataset vai RGB-D
kamera + known 1 m target

M23: divi namespace profili vai
multi-robot simulacija

M24: release checklist, risk
register un reviewer forma

Visiem: evidence naming
convention un droSa testu zona

56. M19-M24 troubleshooting karte

Simptoms

Parbaudi vispirms

Tipisks célonis

p99 ir liels, mean normals

background tasks / logging

jitter nav redzams vidéja vértiba

CAN frames neredzami

termination, bitrate, transceiver
power

physical layer / config

CAN ir, bet motors turpina stale
komandu

application watchdog

heartbeat nav sasaistits ar safe
state

Docker build strada, Cl né

paths, permissions, clean
checkout

lokals neversionéts fails

Depth scale x1000

units mmvs m

nepareiza depth mérvieniba

Point cloud pagriezts

optical frame / TF

axis convention klida

robotl redz robot2 TF ka savu

frame names / namespace

TF nav unikals

Release manifest mainas bez
source izmainam

generated caches/logs

manifesta ieklauti volatile faili

57. M19-M24 tehniskie avoti un references statuss
ROS 2 Lyrical Ubuntu: https://docs.ros.org/en/lyrical/Installation/Alternatives/Ubuntu-Install-Binary.html

ROS 2 Lyrical Docker: https://docs.ros.org/en/lyrical/How-To-Guides/Run-2-nodes-in-single-or-separate-

docker-containers.html

ROS_DOMAIN_ID: https://docs.ros.org/en/lyrical/Concepts/Intermediate/About-Domain-I1D.html

ROS namespaces: https://docs.ros.org/en/lyrical/Tutorials/Intermediate/Launch/Creating-Launch-Files.html
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micro-ROS PlatformlO: https://github.com/micro-ROS/micro_ros_platformio

ESP32 TWAI: https://docs.espressif.com/projects/esp-idf/en/v5.2/esp32/api-reference/peripherals/twai.html
Docker GitHub Actions cache: https://docs.docker.com/build/ci/github-actions/cache/

ROS image_pipeline: https://docs.ros.org/en/rolling/p/image_pipeline/

Nav2 multi-robot namespace migration note: https://docs.nav2.org/migration/Jazzy.html

References robotikas host vide paliek ROS 2 Lyrical uz Ubuntu 26.04. micro-ROS M19 optional migracijas
profils apzinati ir Kilted, jo paSreizéjais micro_ros_platformio supported distro saraksts Lyrical neuzrada.
M24 release dokumentacija So versiju robezu ieraksta ka known integration constraint.

58. References platformas v5.0 statuss

Rokasgramata tagad nosedz MO—M24: no baroSanas, motoriem un enkoderiem lidz PID, odometrijai, IMU,
ROS 2, LIDAR, SLAM, Nav2, Machine Vision, evidence/validation, embedded timing, CAN/TWAI, Cl/Docker,
depth/3D perception, multi-robot/fleet un industrial release/handover. Katrs nakamais slanis ir quality gate
virs ieprieks pieradita pamata.
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59. M25 — manipulatora modelis, URDF/SRDF un controller contract

M25 sak mobile manipulator paplasinajumu. Saja posma students vél neveic pick-and-place un neieslédz Al.
Merkis ir pieradit pasSu manipulatora kinematisko modeli, joint limitus, TF kédi un controller robezu.
References modelis EQuUArm®6 ir vendor-neutral, simulation-first 6-DOF macibu roka ar divpirkstu gripperi;
tas nav konkréta komerciala robota mehaniskais projekts un nav automatiski uzskatams par dro3u fiziskai
izgatavo3anai.

59.1. Kapéc M25-M30 references workspace ir ROS 2 Kilted

Movelt 2 oficidlaja repozitorija stabilas release branches paslaik ir Humble, Jazzy un Kilted. Lyrical nav
uzradita ka stabila Movelt release linija. Tapéc M25-M30 manipulatora trasei izmantojam Kilted references
workspace. M30 pirms pilnas integracijas pieprasa 2WD custom ROS pakotnu Kilted compatibility gate; lidz
tam bazes M0-M24 un manipulatora M25-M29 testus drikst veikt atseviski.

59.2. Modelim obligati jaatbild uz ¢etriem jautajumiem

e Kada ir kinematiska kéde no base_link lidz tool0?

e Kada ir katras ass rotacijas/translacijas ass un pielaujamais diapazons?

e Kas ir planning group, end-effector un named states home/stow?

e Ka trajectory komanda nonak controller slant un ka atgriezas joint state feedback?

Elements References prasiba Pieradijums

URDF/Xacro 6 pounded re'vplute joints + URDF contract test + RViz
gripper + collision geometry

arm, gripper, end-effector,

SRDF homel/stow/open/closed Movelt config / RViz
r0s2 control joint state + arm trajectory + controller list + topic/action
- gripper controller contract evidence

viena nepartraukta kéde

TF base link -> tool0

tf tree / frame inspection

59.3. M25 acceptance

M25 ir PASS tikai tad, ja visi seSi arm joints ir identificéti ar limitiem, home un stow nav acimredzama self-
collision stavoklt, TF kéde nav parrauta un students spéj izskaidrot, kapéc programmatiras modelis veél
nepierada fiziskas rokas mehanisko droSibu.

60. M26 — Movelt 2 motion planning un Planning Scene

M26 mérkis ir iemacitt at3kirtbu starp “meérkis eksisté” un “mérki drikst sasniegt ar derigu trajektoriju”. Movelt
MoveGrouplnterface lauj definét joint vai pose mérkus un izveidot motion plan, savukart Planning Scene
satur robotu, vidi, collision objektus un attached objektus.

60.1. Obligata testu seciba
1. Palaid tikai simulacijas/references Movelt vidi un parbaudi joint_states, planning frame un TF.

2. Izpildi joint-space planu uz home un saglaba planning result.

3. Izpildi pose goal sasniedzama vieta.

4. Planning Scene pievieno galda collision object.

5. Apzinati definé mérki, kuru bloké collision object, un pieradi, ka plans tiek noraidits.
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6. Atkarto vismaz piecus derigus planning méginajumus un salidzini planning time/path raksturu.

60.2. Kapeéc deliberate negative test ir obligats

Ja students parada tikai veiksmigu kustibu, nav pieradits, ka collision modelis tieSam darbojas. Tapéc M26
acceptance satur vismaz vienu apzinati nederigu meérki, kuru planotajam janoraida. Tas ievie$ validacijas
domasSanu: sistéma japarbauda gan ar pozitivu, gan negativu scenariju.

Tests Expected Evidence

Joint goal Plan success trajectory/plan log

Pose goal Plan success planning result + RViz
Collision-negative goal Plan failure/rejection failure code/log + scene
Out-of-limit joint Rejected before unsafe execution | request/result evidence

61. M27 — Pick & Place ar Movelt Task Constructor

Kursa references pick-and-place celS ir Movelt Task Constructor (MTC), nevis vecais vienas funkcijas
pick/place piemérs. MTC sadala sarezgitu uzdevumu stages, tapéc students var redzét, kur tieSi planning
pipeline izdodas vai neizdodas.

61.1. References stage kéde
CurrentState -> Open -> Connect -> GenerateGrasp -> ComputelK -> Approach
-> Close -> Attach -> Lift -> ConnectToPlace -> Lower -> Open -> Detach
-> Retreat -> ReturnHome

St kéde klust par Functional Tree praktisko ekvivalentu: katrs stage ir parbaudama funkcija ar ieeju, rezultatu
un failure mode.

61.2. Ko students dokumenté

e Planning Scene stavokli un objekta frame.

e Grasp pose, approach direction un retreat direction.

e MTC stage tree ar veiksmigajiem/neveiksmigajiem zariem.

e Vismaz piecu atkartotu méginajumu rezultatu.

e Failure Kklasifikaciju: perception, IK, collision, grasp, controller/execution.

61.3. M27 acceptance

Simulacijas references testa péc sakotnéjas konfiguracijas mérkis ir vismaz ¢etri veiksmigi méginajumi no
pieciem identiska scenarija. Fiziska references kritérijus pielago konkrétajam hardware, tacu vienmer
saglaba zemu atrumu, vieglu testobjektu un skaidru stop procedaru.

62. M28 — Force/Torque, kontakta noteiksana un Movelt Servo robeza

M28 ievie$S kontaktu ka izméramu signalu, nevis subjektivu “robots piespiedas”. ros2_control Force Torque
Sensor Broadcaster publicé WrenchStamped datus; references kursa students analiz€ bias, noise, frame
zimes un threshold reakciju.

62.1. References contact gate
CLEAR -> SOFT_CONTACT -> STOP

Pieméra soft-contact un stop robezas pakotné ir tikai mactbu sakuma veértibas. Tas nedrikst mehaniski
parnest uz citu sensoru, citu instrumentu vai citu robotu bez kalibracijas un riska analizes.
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Mérijjums Kéapéc vajadzigs Tipiska klada
Static bias nulles nobides noteikSanai threshqld tiek skaitits no
nepareizas nulles
Noise/std false-trigger riska novértéSanai slieksnis zem trokSna pikiem
Frame/sign pareizas spéka interpretacijas dél | +Z/-Z sajaukums
“ I vecs wrench tiek uzskatits par
Stale-data sensoru pazuSanas reakcijai aktualu

62.2. Movelt Servo

Movelt Servo var pienemt joint velocity, end-effector velocity vai pose tipa komandas un nodroSina art
singularity/collision handling iespé&jas. Kursa Servo drikst lietot tikai péc validéta URDF/SRDF, controller,
joint feedback un collision modela. Tas nav attaisnojums apiet M25-M27 quality gates.

62.3. Safety robeza

Programmattras force threshold un Movelt Servo collision checking nav sertificéta emergency-stop sistéma.
Fiziskai rokai nepiecieSams neatkarigs veids, ka atslégt vai droSi apturét piedzinas energiju atbilstoSi
konkrétas sistémas riskam.

63. M29 — Al-assisted object handling un grasp kandidatu ranking

M29 Al loma ir apzinati ierobezota. Al/perception generé objekta kandidatu un novértéjumu, bet gala
execution Iemumu pienem deterministiski gates: depth validitate, sasniedzamiba, planning scene, collision
checking, MTC feasibility un mission state.

63.1. References pipeline

RGB/depth -> detection -> 3D hypothesis -> candidate score

-> reachability/geometry gate -> Planning Scene -> MTC -> execution

63.2. Obligatie negative tests

Scenarijs Al kandidats Expected sistémas Iémums
High confidence, invalid depth var bat augsts confidence REJECT

Objekts arpus reach var bat pareizi atpazits REJECT

Neatlauta klase var bat pareizi atpazita REJECT

Objekts collision zona labs 3D kandidats PLANNER REJECT
Perception pazud pirms ieprieks bija derigs HOLD/REPLAN

execution

63.3. Ko Al nedrikst darit

References arhitekttra Al node nedod tieSu motora PWM, joint effort vai nekontrolétu trajectory command.
Ta publicé kandidatu vai target hypothesis. ST robeZa padara klidu analiz&jamu un saglaba atbildibu par
limitu/collision/safety parbaudi atseviskos deterministiskos slanos.

64. M30 — mobile manipulator integracija un gala misija
M30 savieno 2WD autonomo bazi ar manipulatoru viena misija. Galvenais references princips: kameér roka

aktivi manipulé, bazes normala kustiba ir blokéta. Coordinated base+arm motion ir atseviSka advanced
téma un netiek automatiski uzskatita par validétu tikai tapéc, ka abi subsistemas atseviski darbojas.
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64.1. Kilted compatibility gate pirms integracijas

Gate PASS nosacijums

Base custom packages kompiléjas Kilted workspace

M7 contract cmd_vel/odometry/IMU bridge smoke test

TF nav dubultu transformu publisheru

M8-M12 EKF, LIDAR, Nav2, camera/depth smoke tests
Manipulator Movelt demo + controller contract PASS

64.2. References mission state machine

IDLE -> NAVIGATE -> BASE_LOCK -> PERCEIVE -> PLAN -> EXECUTE_PICK
-> VERIFY_GRASP -> STOW -> BASE_UNLOCK -> NAVIGATE/PLACE -> DONE

fault / timeout / estop -> FAIL

64.3. Obligatie fault scenarios

e Perception timeout vai target pazad.
e Movelt planning failure.

e Force STOP threshold.

e Grasp verification failure.

e Nav2 failure pirms base lock.

e Communication loss.

Katram fault scenarijam jabat definétai safe reaction un saglabatam evidence. “Més nospiedam reset un
turpinajam” nav validacijas rezultats.

64.4. M30 gala acceptance

References mérkis: tris atkartotas pilnas misijas bez neparedzétas bazes kustibas manipulacijas laika, ar
requirements-to-test-to-evidence matricu, zinamo ierobezojumu sarakstu un reviewer RELEASE/HOLD
[Emumu.

64.5. Fiziskas stabilitates gate

Pirms realas rokas montazas uz 2WD bazes janovérté kop€&ja masa, rokas masa, payload, reach, mounting
plate un sliktak& masas centra nobide. Pakotné ieklautais static tipping-moment piemérs ir tikai macibu
konservativs aprékins; dinamiska kustiba, paatrinajums, gridas slipums un ritenu kontakts var samazinat
stabilitati. Fiziskas rokas izvéle ir PASS tikai péc konkréta hardware datu dokumentéSanas un atbilstoSa
stabilitates/strukturala novertéjuma.

65. M25-M30 pasniedzeéja sagatavosanas checklist

Pirms laboratorijas Ja | Ne
Kilted references workspace snapshot/version ir
dokumentéts [1
Movelt/ros2_control pakotnes un demo starts
parbaudits []
Simulacijas robot modelis atveras bez TF klidam []
Fiziskai rokai definéts zems speed/acceleration

limits [l
Testa zona briva, objekti viegli un neasi []
Ir fizisks motor-power isolation/stop risinajums []
Studentiem ir acceptance workbook un evidence

mapes []
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Pirms laboratorijas

Jal Ne

M30 base-lock behavior parbaudams neatkarigi no

Al

[]

66. M25-M30 troubleshooting karte

Simptoms

Parbaudi vispirms

Talak

RViz roka “saltzusi”

TF/joint names/URDF axis

SRDF + fixed joints + joint states

Movelt neplano

start state, limits, collision

IK/reachability/planner config

Trajektorija planojas, bet
nekustas

controller/action mapping

ros2_control interfaces/hardware

MTC apstajas viena stage

stage failure iemesls

grasp pose/lK/collision/properties

Force trigger uzreiz

bias/frame/noise

filter + threshold + stale data

Al izvélas sliktu objektu

depth/reachability/class gate

score weights + planning scene

Baze kustas grasp laika

mission state/base-lock

lower-level interlock/watchdog

M30 pakotnes nestrada kopa

ROS distro/API mismatch

Kilted migration gate,

dependencies

67. M25-M30 tehniskie avoti un references statuss

Parbaudits 2026-08-19. References materiali balstiti uz oficialo Movelt 2 un ros2_control dokumentaciju.
Kursa arhiva avoti ir arT saglabati ka plain-text URL, lai pasniedzéjs var atkartoti parbaudit versiju statusu.

e Movelt 2 repository / stable release branches — https://github.com/moveit/moveit2

e Move Group C++ Interface —
https://moveit.picknik.ai/main/doc/examples/move_group_interface/move_group_interface_tutorial.html

e Planning Around Objects — https://moveit.picknik.ai/main/doc/tutorials/planning_around_objects/
planning_around_objects.html

¢ Movelt Task Constructor Pick & Place —
https://moveit.picknik.ai/main/doc/tutorials/pick_and_place_with_moveit_task_ constructor/
pick_and_place_with_moveit_task_constructor.html

e Movelt Servo — https://moveit.picknik.ai/main/doc/examples/realtime_servo/realtime_servo_tutorial.html

e ros2_control JointTrajectoryController (Kilted) —
https://control.ros.org/kilted/doc/ros2_controllers/joint_trajectory_controller/doc/userdoc.html

e ros2_control Force Torque Sensor Broadcaster (Kilted) —
https://control.ros.org/kilted/doc/ros2_controllers/force_torque_sensor_broadcaster/doc/userdoc.html

Ja Movelt/ros2_control release linijas vai APl mainas, references workspace nedrikst klusi parslégt uz citu
distro. Vispirms jaiziet M25/M30 compatibility gates un jaatjauno versijas pieradijums.

68. References platformas v6.0 statuss

Rokasgramata v6.0 aptver MO—M30. M0—M24 izveido un validé mobilo autonomo platformu; M25-M30
pievieno manipulatora modeléSanu, Movelt planning, MTC pick/place, force/torque robezu, Al-assisted
grasp kandidatus un pilnu mobile-manipulator capstone.

Bloks Rezultats

MO-M6 drosa ze_ma [Tmena kustiba, mérijumi, PID,
odometrija, IMU, watchdog

M7-M12 ROS 2, EKF, LIDAR, SLAM, Nav2, Machine Vision
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Bloks Rezultats
evidence, Digital Twin, fault injection, safety
M13-M18 diagnostics, fusion, V&V
M19—-M24 real-time boundary, CAN, Cl/Docker, 3D, fleet,
industrial release
M25-M30 mioski)jge manipulation: Movelt/MTC/force/Allintegréta

Automatiskie host testi un simulacijas faili neaizstaj fizisku MO—M30 validaciju uz konkréta robota. Fiziskas
references rokas mehanika un droSiba japrojekté péc konkréta hardware datiem; EQuArm6 kursa modelis ir
programmatdras/kinematikas macibu etalons.
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69. M31-M36 — autonomas misijas inZenierijas bloks

M31-M36 noslédz vertikalo 2WD + mobile manipulator trasi ar sistemas limena autonomiju. Saja posma
vairs nav pietiekami demonstrét, ka atsevisks mezgls “strada”. Studentam japarada, ka pilna misija ir
deterministiski vadama, atkopjama, konservativa pret nederigiem datiem un pieradama ar requirements -
test - evidence kédi.

MISSION INTENT -> BT / EXECUTIVE -> FUSION -> SEMANTIC CONTEXT

-> OPTIMIZER CANDIDATE -> HARD GATES -> EXECUTION -> HEALTH -> EVIDENCE

Al, semantiskais slanis un optimizeris dod kandidatus vai kontekstu. Tie nedrikst apiet collision checking,
joint limits, base lock, sensor freshness, watchdog vai citus hard gates.

Milestone Kodols O_bliga_t_ais acceptance
pieradijums

M31 Mission Executive / Behavior bounded recovery + hard safety

Trees HOLD

M32 Advanced sensor fusion residual/covariance/NIS + stale-
data rejection

M33 Semantic mapping zone/action permission +
UNKNOWN_CONTEXT reject

M34 Trajectory/grasp optimization hard-gated top-N candidate
comparison

M35 Reliability & maintenance health trend + critical HOLD +
availability

M36 Autonomous mission capstone 3 nominal + recovery + safety
HOLD + traceability

70. M31 — Mission Executive un Behavior Trees

M31 mérkis ir pariet no vienas lielas linearas state machine uz modularu misijas logiku. References modeli
students strada ar Sequence, Fallback, Retry un Safety Gate. Nav2 Behavior Tree Navigator kalpo ka
industriali realistisks arhitektras piemérs, bet kursa host-side mini BT ir tikai testéjams macibu kodols.

70.1. Galvenais princips — bounded recovery

Recoverable kitda drikst tikt atkartota tikai ieprieks definétu reizu skaitu. Bezgaligs retry ir defekts, jo
sistema var palikt kustiba vai blokét resursus bez skaidra gala stavok|a.

SUCCESS / FAILURE / RUNNING / HOLD

HOLD ir atsevisks stavoklis hard safety problémam. Safety fault nedrikst tikt maskéts ka parasts FAILURE,
kuru BT automatiski atkarto.

70.2. M31 acceptance

e Nominal tree pabeidz misiju ar SUCCESS.

e Viena apzinata navigation failure tiek atkopta bounded retry robezas.
e Parsniegts retry limits dod FAILURE, nevis bezgaligu ciklu.

e Hard safety fault dod HOLD bez parasta retry.

e Saglabats tick/event log ar expected/actual rezultatu.
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71. M32 — Advanced Sensor Fusion un Consistency Gating

M32 maca, ka sensor fusion nav vienkarss vid€jais. Students analizé residual (innovation), innovation
covariance un Normalized Innovation Squared (NIS). Mértjums vispirms iziet freshness un consistency gate;
tikai péc tam to drikst izmantot fused state novertéjuma.

NIS = residualAT * SA-1 * residual
Kursa references host-side pieméra izmanto diagonalu innovation covariance, lai studentam badtu skaidri

redzams katra residual ieguldijums. Chi-square robezZa tiek konfiguréta atbilstoSi mérfjuma dimensijai un
izvelétajam confidence Tmenim; ta nav “magiska konstante”.

71.1. Obligatie negativie testi

e Qutlier ar lielu residual tiek noraidits k& INCONSISTENT.

e Stale timestamp tiek noraidits neatkarigi no residual lieluma.

¢ Nederiga vai nulles covariance izraisa konfiguracijas/testa kladu, nevis klusu fusion.
e Evidence satur residual, variance/covariance, NIS, threshold un acceptance decision.

72. M33 — Semantic Mapping un task context

Geometriska karte atbild uz jautajumu “kur robots var parvietoties?”, bet semantiska karte — “ko konkrétaja
vieta drikst darit?”. References mapé ir PICK_STATION, DROP_STATION, SLOW_ZONE un NO_GO
zonas.

72.1. Conservative default

Ja koordinatei nav zinams semantiskais konteksts, mission executive nedrikst pienemt, ka task action ir
atlauts. UNKNOWN_CONTEXT references sistéma tiek interpretéts konservativi — action tiek noraidits l1dz
validétam kontekstam.

72.2. M33 acceptance

e PICK ir atlauts tikai validéta pick zona.

e PLACE ir atlauts tikai validéta drop zona.

e NO_GO zona bloké navigacijas/task darbibu.

e SLOW_ZONE samazina speed limit atbilstoSi konfiguracijai.

e ParklajoSu zonu gadijuma izmanto konservativako attiecigo limitu.

73. M34 — Trajectory un grasp multi-objective optimization

M34 pariet no “pirmais derigais plans” uz vairaku derigu kandidatu salidzinaSanu. Vispirms darbojas hard
gates: collision-free un within-limits. Tikai péc tam kandidati tiek salidzinati ar dokumentétu cost funkciju.

cost = wl*path + w2*time + w3*energy + w4*(1-clearance)
+ w5*(1-joint_margin) + w6*(1-grasp_score)

Konkrétie svaru koeficienti ir kursa eksperimenta parametri, nevis universali “pareizie” svari. Studentam
japierada, ka svaru maina ietekmé izvéli un kapéc izvélétais kandidats ir tehniski pamatots.

73.1. Hard gate pirms score
e Colliding kandidats netiek “izglabts” ar labu Al grasp score.
e Joint-limit parkapums netiek kompenséts ar 1su trajektoriju.
e Top-N rezultatos saglaba cost term sadalijumu, ne tikai gala score.
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74. M35 — Reliability, diagnostics un maintenance analytics

M35 savieno ROS diagnostics domasanu ar vienkarsu reliability analytics. References health score izmanto
battery, CPU temperattru, encoder drop, LiDAR invalid ratio un motor current trendus. Tomer critical
freshness/watchdog probléma ir hard HOLD un nedrikst pazust aggregate score vid€ja.

74.1. Health states
OK -> WARN -> MAINTENANCE -> HOLD

Slieksni references paketé ir macibu sakuma punkti. Fiziskam robotam tie jakalibré ar konkréto sensoru,
bateriju, motoru, datoru un lietoSanas vidi.

74.2. Reliability pamatmetrikas
Availability = MTBF / (MTBF + MTTR)

MTBF un MTTR aprékinam nepiecieSami reali failure/repair pieraksti. Viena laboratorijas sesija nav
pietiekama, lai apgalvotu produkta uzticamibu; mérkis ir iemacrtt datu un léEmuma kédi.

75. M36 — Autonomous Mission Capstone un System V&V

M36 apvieno visu MO—M35 viena controlled mission. References nominal scenarijs: preflight — navigate to
pick — semantic context — fusion consistency — candidate optimization — pick — grasp verify — stow —
deliver - place - evidence.

75.1. Obligatie scenariji

Scenarijs Expected result

3 x nominal mission SUCCESS bez neparedzétas bazes/rokas kustibas

Recoverable navigation failure Recovery darbojas bounded retry robezas un misija
pabeidzas

Fusion outlier vai stale sensor Merijums tiek noraidits; task neturpina uz nederiga
data pamata

Semantic UNKNOWN / NO_GO Action tiek konservativi blokéts

Hard safety / watchdog fault HOLD; nav automatiska resume

75.2. Gala evidence pack

e software/config version un git commit/tag;
e calibration parametri;

e requirements - test - evidence matrica;
e nominal un fault rosbag/log/CSV;

e known limitations un unresolved risks;

e reviewer RELEASE/HOLD lémums.

76. M31-M36 pasniedzéja sagatavosanas checklist

Pirms laboratorijas [1
References Kilted/Nav2/Movelt vide nofikséta []
MO0-M30 ieejas gate statusi parbaudrti []

Fault injection zona un fiziskais stop pieejams

Semantic map un mission scenariji sagatavoti

— —
— ot

Acceptance workbook izdalits
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Pirms laboratorijas [1
Evidence mapju nosaukumi / repo branch [
sagatavoti

Studentiem izskaidrota atSkirtba starp software [1
HOLD un fizisku E-stop

77. M31-M36 troubleshooting karte

Simptoms Vispirms parbaudi Nakamais solis

BT iestrégst bounded retry un node status event log / blackboard inputs
Fusion noraida visu units, covariance, timestamp residual/NIS decomposition
Semantic action vienmér rejected | map frame un zone bounds requested action permissions
Optimizer izvélas divainu hard gates un normalization weights + cost terms

kandidatu

Health score Ieka sample period / sensor quality EWMA alpha un raw metrics
M36 nominal misija nestabila izolé pédéjo stabilo milestone rosbag replay + fault localization

78. M31-M36 tehniskie avoti un references statuss

Parbaudits 2026-08-19. Kursa references izmanto oficialo Nav2, Movelt un ROS 2 diagnostics
dokumentaciju. Semantic map, health score un host-side BT/fusion kodols ir kursa macibu implementacijas.

e Nav2 Behavior Trees — https://docs.nav2.org/behavior_trees/

e Nav2 BT Navigator — https://docs.nav2.org/configuration/packages/configuring-bt-navigator.html

e Nav2 custom BT plugin tutorial — https://docs.nav2.org/plugin_tutorials/docs/writing_new_bt_plugin.html

e Nav2 Kilted migration / SubTrees — https://docs.nav2.org/migration/Kilted.html

e Movelt planning adapters —
https://moveit.picknik.ai/main/doc/examples/planning_adapters/planning_adapters_tutorial.html

e Movelt parallel planning — https://moveit.picknik.ai/main/doc/how_to_guides/parallel_planning/
parallel_planning_tutorial.html

e ROS 2 diagnostic_updater Kilted — https://docs.ros.org/en/ros2_packages/kilted/api/diagnostic_updater/

79. References platformas v7.0 statuss

Rokasgramata v7.0 aptver MO—M36. MO-M12 izveido autonomu mobilo bazi, M13—-M24 pievieno validaciju
un industrijas paplasinajumus, M25-M30 — mobile manipulatoru, bet M31-M36 noslédz ar mission
executive, fusion consistency, semantic context, optimization, reliability analytics un pilnu autonomous
mission V&V.

Automatiskie host testi un simulacijas faili neaizstaj fizisku MO—M36 validaciju. Gala RELEASE Saja
rokasgramata ir kursa acceptance statuss, nevis produkta funkcionalas droSibas vai normativas atbilstibas
sertifikacija.
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80. M37-M42 — pétniecibas robotikas bloks

M37-M42 turpina references 2WD + mobile manipulator platformu péc M36. ST bloka mérkis nav vienkarsi
pievienot vél vienu sensoru vai Al modeli, bet iemacit pétniecibas eksperimenta disciplinu: reproducéjamu
vidi, baseline, negativos testus, deterministiskus droSibas gates, metriku definiciju un pieradamu gala
benchmarku.

SIM / DATA / HIGH-LEVEL MODEL -> CANDIDATE -> HARD GATES -> MISSION EXECUTIVE -> ROBOT -> EVIDENCE

Learned, semantic vai language/VLM komponents references arhitektlra nekad nav tieSs aktuatora
komandétajs. Tas generé kandidatu, kuru pirms izpildes parbauda state, freshness, semantic permissions,
collision/limits, mission mode un watchdog slani.

Gate Téma Obligatais pieradijums
Reinforcement Learning fixed-seed eval + baseline +
M37 ) - .
simulatora safety shield
M38 Active Perception / Next-Best- feasible view + izmérams
View observation improvement
M39 Semantic/VLM task planning strukturéts skill plan +
schema/context rejection
M40 Model Predictive Control prediction horizon + constraints +
fallback
M41 %;l;qersecurlty / defensive red- least privilege + deny + safe state
M42 Research benchmark provenance + repeated scenarios

+ traceability

81. M37 — Reinforcement Learning tikai simulatora

M37 sakas ar custom environment un skaidru state/action/reward/termination formuléjumu. References
paketé ir dependency-light GridWorld tipa vide un Q-learning baseline, lai students var saprast eksperimenta
principu art bez smagas ML infrastruktdras. Péc tam advanced cel$ var izmantot Gymnasium un
PPO/Stable-Baselines3.

81.1. Safety shield

Policy piedava action, bet environment/safety shield parbauda robezas un Skérs|us. Nederigs action netiek
izpildits. Fiziska policy deployment nav M37 PASS prasiba, un rezultatu nedrikst interpretét ka pieradijumu,
ka policy ir droSa uz Tsta robota.

81.2. Reproducibility gate

e Fikseti train un evaluation seeds.

e Training/tuning scenariji nodaliti no gala evaluation.

e Saglabats random vai cits non-learning baseline.

* Zinots success rate, mean steps un shield interventions.
e Vismaz viens reward/parameter sensitivity eksperiments.

82. M38 — Active Perception un Next-Best-View

M38 maca robotam ne tikai pasivi pienemt sensoru informaciju, bet izvéléties nakamo skata punktu, ja
pasSreizéja uztvere ir nepietiekama. References modelt katrs candidate viewpoint vispirms iziet feasibility
gate; tikai péc tam tas tiek vértéts péc visibility, uncertainty reduction un motion cost.
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score = w_vis * visibility + w_info * uncertainty_reduction - w_cost * travel_cost

Skaitliskie svari ir eksperimenta parametri, nevis universalas konstantes. Studentam japierada, ka selected
view ir sasniedzams un ka péc kustibas uztveres kvalitate uzlabojas vai sistéma korekti secina, ka
uzlabojams skats nav pieejams.

82.1. Negativie testi

e Labakais score, bet unreachable candidate — obligati janoraida.

e Candidate atrodas semantiski aizliegta zona — janoraida neatkarigi no score.

e Visi candidate ir infeasible — rezultats ir NO_VALID_VIEW/HOLD, nevis patvaliga kustiba.

83. M39 — Semantic/VLM-assisted task planning

M39 ievie$ provider-agnostic augsta ITmena task planning robezu. Language/VLM modulis drikst ierosinat
tikai strukturétu skill sarakstu, pieméram NAVIGATE, OBSERVE, PICK, PLACE, WAIT vai DOCK. Neviens
briva teksta fragments netiek interpretéts ka tieSa robota komanda.

INTENT -> structured skill plan -> schema validator -> semantic/context gate -> M31 mission executive

83.1. Obligatie rejection gates

¢ Nezinams skill, pieméram RAW_MOTOR.

e NAVIGATE/PICK/PLACE mérkis atrodas NO_GO zona.
e PLACE bez iepriekS€ja PICK.

e Parak gara vai cikliska darbibu seciba.

e Plans mégina apiet mission executive vai safety gate.

ST arhitektira ir saderiga ar pétijumu virzienu, kur valodas modelis dod augsta limena semantiku, bet realas
robota prasmes un to feasibility ierobezo izpildi.

84. M40 — Model Predictive Control

M40 demonstré MPC batibu: sistemas modelis paredz nakotnes stavok|us vairakus solus uz prieksu,
kandidati tiek novertéti ar cost function un constraints, bet izpilda tikai pirmo izvéléto control action;
nakamaja cikla optimizaciju atkarto ar jaunako stavokli.

model -> prediction horizon -> cost + constraints -> u0 -> measure -> repeat

84.1. References un advanced trase

Pakotné ieklautais finite-horizon kontrolieris ir dependency-light macibu baseline, nevis pilnvértigs NMPC
solveris. Advanced darba students var portét to uz acados closed-loop examples un salidzinat solve time,
tracking un constraint behavior. acados ir paredzéts atrai nonlinear optimal control/NMPC un MHE
risinaSanai, tostarp real-time/embedded lietojumiem.

84.2. M40 PASS

e v un omega limits nekad netiek parsniegti;

e 3kerS|u/clearance ierobeZojums ir testéts;

* ir baseline salidzinajums;

e mérits compute/solve time;

e solver/no-feasible-command gadijumam ir STOP/HOLD fallback.
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85. M41 — Cybersecurity un defensive red-team validacija

M41 ir aizsardzibas laboratorija. TA neapmaca uzlauzt robotu. Students definé assets, trust boundaries,
least-privilege publish/subscribe nepiecieSamibu un parbauda, ka neatlauts komunikacijas pieprasijums tiek
noraidits, neizraisot kustibu.

85.1. References princips
IDENTITY / ENCLAVE -> LEAST PRIVILEGE POLICY -> DENY OUTSIDE POLICY -> SAFE STATE

ROS 2 Kilted references vidé advanced dala balstas uz SROS2 keystore, enclaves un permission/policy
rikiem. Privatas atslégas un keystore artefakti nedrikst tikt commitoti kursa repozitorija.

85.2. Obligatie drosie negativie testi

e Perception node mégina publicét /cmd_vel — DENY.

¢ Node mégina izmantot neparedzétu topic — DENY.

e Truokst vai ir nederiga security konfiguracija — sistéma neiet automatiska kustiba.
e Repository scan atrod privatas atslégas failu — release HOLD.

86. M42 — Research Benchmark un reproducibility

M42 parvers visu M0—-M41 platformu par atkartojamu eksperimentu. Viena veiksmiga demonstracija nav
benchmark. Katram run jabat scenario ID, seed/config, software/hardware context, raw evidence un ieprieks
definétam metrikam.

86.1. Obligata benchmark matrica

e vismaz 3 nominal runs;

e vismaz 1 recoverable failure;

e vismaz 1 hard safety HOLD;

e vismaz 1 semantic/VLM rejection;

e vismaz 1 perception/sensor degradation;

e requirement -> test -> evidence traceability.

86.2. Metrikas

success rate | safety violations | recovery count | task quality | latency | steps/path | resource usage

RobotPerf un ROS benchmarking metodikas tiek izmantotas ka inspiracija reproducéjamai, kvantitativai
veiktspéjas mérisanai. REP-2014 dokumenta statuss ir Rejected, tapéc tas rokasgramata tiek izmantots tikai
ka metodologisks fons, nevis ka spéka esoSs ROS standarts.

87. M37-M42 pasniedzéja un studenta gala checklist

Punkts Ko parbaudrt Statuss

Research question Ir precizi definéts, ko [1PASS []FAIL
eksperiments méra un ar ko
salidzina.

Baseline Ir vismaz viens saprotams non- []PASS []FAIL
learning/non-advanced baseline.

Seeds/config Seeds un konfiguracija ir []PASS []FAIL
saglabati un atkartojami.
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Punkts Ko parbaudrt Statuss

Hard gates Learned/VLM/optimizer output []PASS []FAIL
nevar apiet safety/limits/context
gates.

Negative tests Ir ieprieks definéti rejection, fault | [] PASS [] FAIL
un HOLD scenariji.

Evidence Raw log/CSV/rosbag?2 un [1PASS []FAIL
summary metrics ir saglabati.

No cherry-pick Zinoti arT neveiksmigi run, ne tikai | [ ] PASS [] FAIL
labakais demo.

Release Synthetic PASS nav nosaukts par | [] PASS [] FAIL
fizisku validaciju.

88. M37-M42 tehniskie avoti un references statuss

Parbaudits 2026-08-19. Avoti ir saglabati ar projekta research_extension/SOURCES.md. Tie ir references
materiali; konkréta laboratorijas vide pirms kursa atkartotas palaiSanas japarbauda pret aktualo
programmataras versiju.

e Gymnasium custom environment —
https://gymnasium.farama.org/main/introduction/create_custom_env/

e Stable-Baselines3 PPO — https://stable-baselines3.readthedocs.io/en/master/modules/ppo.htmi

e  OA-NBYV active perception paper — https://arxiv.org/abs/2603.11072

e SayCan/ grounded language planning — https://arxiv.org/abs/2204.01691

e acados documentation — https://docs.acados.org/

e ROS 2 Kilted SROS2 — https://docs.ros.org/en/kilted/p/sros2/

e RobotPerf benchmark suite — https://github.com/robotperf/benchmarks

e REP-2014 benchmarking performance — https://ros.org/reps/rep-2014.html (Status: Rejected;
metodologisks fons tikai)

89. References platformas v8.0 statuss

Rokasgramata v8.0 aptver MO—M42. M0—-M12 izveido autonomu 2WD bazi; M13-M24 pievieno validaciju,
industrialu integraciju un release disciplinu; M25-M30 pievieno mobile manipulatoru; M31-M36 sistémas
[Tmena autonomiju; M37-M42 — reproducé&jamu pétniecibas robotiku ar RL simulatora, active perception,
strukturétu semantic/VLM task planning, MPC, defensive cybersecurity un gala benchmarku.

Automatiskie host-side testi parbauda references algoritmu un failu kontraktus, bet neaizstaj realu ROS
2/Movelt/SROS2/Gazebo aparatlras vai tikla validaciju. Fiziskais MO—M42 RELEASE ir iegustams tikai péc
faktiskajiem acceptance testiem uz konkrétas platformas.
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90. M43-M48 — thesis-grade / publication-grade pétijuma bloks

M43-M48 parvéers M0—-M42 sistému no demonstréjamas robotikas platformas par auditéjamu pétijuma vidi.
Galvenais produkts vairs nav tikai robots, bet pieradijumu kéde, kuru cits students vai recenzents var
atkartot un parbaudtt.

DATASET -> HASH/PROVENANCE -> RUN ID/CONFIG/SEED -> RAW EVIDENCE -> TRACE -> STATISTICS -> ENERGY ->
THESIS PACK -> RELEASE/HOLD

Obligatais princips: synthetic smoke tests, simulacija un fiziska robota rezultati tiek markéti atseviski.
TrokstoSs raw evidence netiek aizstats ar manuali ievaditu “PASS”.

91. M43 — Dataset governance un provenance

Pétijuma dataset ir konfiguracijas sastavdala, nevis nejauSa mape ar failiem. Katram gala rezultatam jabat
sasaistitam ar konkrétu dataset ID un SHA-256 identitati.

Dataset card dokumenté mérki, sastavu, kolekcijas metodi, sensorus, vienibas, split stratégiju, zinamas
nepilnibas, licencéSanas/piekluves nosacijumus un out-of-scope lietojumus.

dataset_id + version + manifest_sha256 + card + provenance + split/leakage review

e file-level SHA-256 + whole-dataset hash;

e schema un vienibu dokumentacija;

e train/validation/test vai calibration/evaluation leakage parbaude;
e fizisks/simuléts/mixed statuss;

e failed/izslégto datu iemesli;

e sensitive/personal data statuss un piekluves ierobeZojumi.

92. M44 — Experiment tracking un konfiguracijas identitate

M44 ievieS run ka pirmas klases artefaktu. “Eksperiments ar PID 2" nav pietiekams nosaukums;
nepiecieSams unikals run ID, dataset ID, config hash, seed, code commit un raw artifact cels.

Dependency-free local tracker ir obligatais minimums; MLflow ir optional profesionalais celS eksperimentu,
parametru, metriku un artefaktu centralizétai parvaldibai.

run_id -> dataset_id | config_sha256 | seed | git_commit | scenario | metrics | artifacts

e baseline un variants tiek palaisti ar dokumentétu at3kirtbu;
e seed un scenario ID saglabajas;

e failed runs netiek dzeésti;

e config drift tiek atklats ar hash;

e raw rosbag/log/trace artefakti tiek piesaistiti run ID.

93. M45 — ROS 2 tracing un profiling

M45 méra izpildlaika uzvedibu ar sadaltfjumu, nevis tikai vidéjo. ROS 2 Lyrical oficidlais tracing celS izmanto
ros2_tracing/ros2trace un tracetools_analysis.

P99, max un deadline misses ir pasi svarigi robotika, jo viena reta aizkave var bt nozimigaka par labu
Vidéjo rezultatu.
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trace -> callback/stage durations -> p50/p95/p99/max -> deadline misses -> evidence

e p50, p95, p99, max callback/stage duration;
¢ deadline miss count un ratio;

e scenario/run/config sasaistiSana;

e trace path saglabasana;

e outlier analize un célona hipotéze.

94. M46 — Statistical comparison un ablation studies

M46 aizliedz secinajumu “variants B ir labaks” no viena run. Baseline un variants tiek atkartoti kontroléta
dizaina, un tiek zinota uncertainty un effect size.

P-value nav vienigais pieradijums. Gala secindjuma japarada ari efekta lielums, confidence interval un
praktiska inZeniertehniska nozime.

baseline -> repeated runs -> variant -> CI + effect size + test -> ablation -> conclusion

e atkartojumu skaits ir deklaréts;

e paired/independent dizains ir pamatots;

* 95% confidence interval,

o effect size;

e failed runs/exclusions ir redzami;

e ablation matrica izolé vienas komponentes ietekmi.

95. M47 — Energy / performance benchmarking

M47 pievieno energiju ka sisttmas metriku. Linux powercap/RAPL var sniegt hosta compute energijas
skaititaju, bet tas nav automatiski visa robota energijas patérins.

Fiziskam robotam ieteicams aréjs power logger pie skaidri definétas elektriskas robezas. Salidzinajumam
jaizmanto vienads workload, warm-up un battery/host state.

efficiency = successful tasks / energy []]

e measurement boundary ir skaidri nosaukta;

e energy [J], duration [s], average power [W];

e success/task quality tiek meérits taja pasa run;

e workload un sensoru frekvences ir fiksétas;

e counter wrap vai méraparata kalibracija ir dokumentéta.

96. M48 — Thesis evidence pack un reproducibility release

M48 automatiski savac M43—-M47 artefaktus, generé provenance un SHA-256 manifestu, un izdod
RELEASE/HOLD. Ja mandatory pieradijums nav atrodams, rezultats ir HOLD.

Sis ir gala tilts uz diplomdarbu, bakalaura darbu, conference demo vai publication supplement.

mandatory evidence complete ? RELEASE : HOLD

e research question/hypothesis;
e dataset card + manifest;
e run registry/config/seeds;
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e raw logs/rosbag?2/traces;

e statistika/ablations;

e energy/performance data;

e failed-run/exclusions log;

e limitations;

e clean rerun record;

e requirement-test-evidence matrix;

e final SHA-256 manifest un reviewer decision.

97. M43-M48 pasniedzéeja/studenta acceptance checklist

Gate Studentam japierada Pasniedzéja IEmums

M43 Dataset card, manifest/hash, PASS/FAIL
provenance, leakage review

M44 Run ID, PASS/FAIL
dataset/config/seed/code,
artifacts

M45 Trace path, p50/p95/p99/max, PASS/FAIL
deadline misses

M46 Repeated comparison, Cl, effect PASS/FAIL
size, ablation

M47 Energy boundary, workload, PASS/FAIL
energy + task quality

M48 No missing mandatory evidence; | RELEASE/HOLD
clean rerun; final manifest

98. M43-M48 tehniskie avoti un references statuss

Parbaudits 2026-08-19. Riku versijas ir jafiksé konkrétaja eksperimenta; Sie URL ir metodologiskas
references.

e ROS 2 Lyrical tracing — https://docs.ros.org/en/lyrical/Tutorials/Advanced/ROS2-Tracing-Trace-and-
Analyze.html

e MLflow Tracking — https://mlflow.org/docs/latest/tracking

e DVC — https://dvc.org/doc

¢ FAIR Principles — https://www.go-fair.org/fair-principles/

e Datasheets for Datasets — https://arxiv.org/abs/1803.09010

e SciPy bootstrap — https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.bootstrap.html

e SciPy Mann-Whitney U —
https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.mannwhitneyu.htmi

e Linux powercap/RAPL — https://www.kernel.org/doc/html/latest/power/powercap/powercap.htmi

99. References platformas v9.0 statuss

Rokasgramata v9.0 aptver M0O—M48. M43-M48 nepievieno jaunu kustibas funkciju robotam; tas pievieno
dataset, experiment, timing, statistics, energy un thesis-release disciplinu, lai MO—M42 rezultatus var
izmantot akadémiski aizstavama pétijuma.

Host-side testi parbauda references riku logiku, bet fiziskais MO—M48 RELEASE ir iespé&jams tikai péc realas
aparatiras/ROS 2/Movelt/trace/energy eksperimentu izpildes un pieradijumu parskatiSanas.
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M55-M60 — publikacija, reproducéjamiba un tehnologijas nodosana

Sis bloks noslédz MO-M60 inZenierijas trasi. M55-M60 mérkis nav pievienot robotam jaunu funkciju, bet
pieradit, ka rezultatus var publicét, atkartot, kontroléti izlaist, demonstrét atbilstosa vidé un nodot citam
uzturétajam bez sléptam zinaSanam.

M55 — Manuscript / claim-to-evidence

Katrs bitiskais apgalvojums tiek sasaistits ar evidence ID, grafiku/tabulu un ierobezojumu.
READY tikai tad, ja kvantitativam apgalvojumam ir reproducéjams avots; citadi HOLD.
Praktiskais rezultats: manuscript claim matrix un reviewer checklist.

Expected

Actual Evidence PASS/FAIL

M56 — Independent reproducibility audit

Fresh checkout vai release archive tiek uzstadits tira vide, neizmantojot autora lokalos failus.
Parbauda dataset/config hash, testus un vienu reprezentativu benchmarku ar ieprieks definétu toleranci.
Visi workaround un neatbilstibas tiek pierakstitas; reproducibility audit nav “palidzét lidz strada”.

Expected Actual Evidence PASS/FAIL

M57 — Research software release

Release satur skaidru versiju, LICENSE ar korektu SPDX identifikatoru, CITATION.cff, README,
CHANGELOG, archive SHA-256 un known limitations.

GitHub atbalsta CITATION.cff, lai programmatdrai varétu generét citéSanas informaciju; publisks repo
bez licences nav automatiski atvértais kods.

Public release pirms secrets/private-data audit nav pielaujams.

Expected Actual Evidence PASS/FAIL

M58 — TRL un pilot readiness

TRL tiek lietots ka tehnologijas brieduma references skala, nevis reklamas skaitlis.

Macibu robotam TRL apgalvojums tiek ierobeZots ar faktisko pieradijumu vidi: laboratorija, relevant
environment, prototype demonstration.

Pilotam obligati: entry criteria, abort criteria, acceptance criteria, supervision, rollback un TpaSnieks.

Expected Actual Evidence PASS/FAIL

M59 — Maintenance / technology transfer

Katram uzturéjamam elementam definé owner, intervalu, metodi, acceptance un record location.
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e RACI, backup/restore, rollback, kalibracijas, rezerves dalu un apmacibas pieradijumi ir nodoSanas
sastavdala.
e Transfer PASS tikai tad, ja sistému var uzturét persona, kas nav sakotnéjais izstradatajs.

Expected Actual Evidence PASS/FAIL

Mé60 — Lifecycle release / operational handover

¢ Final gate apvieno M55-M59 ar operational demo, support boundary un known limitations.

e JebkurS obligats NOT RUN/FAIL bloké RELEASE un dod HOLD.

e |zglitibas projekta RELEASE nenozimé funkcionalas droSibas sertifikaciju vai komercialu atbilstibas
novertejumu.

Expected Actual Evidence PASS/FAIL

MO0-M60 gala release princips

PROBLEMA -> PRASIBA -> FUNKCIONALAIS SADALIJUMS -> IMPLEMENTACIJA -> TESTS ->
EVIDENCE -> REPRODUCIBILITY -> RELEASE/HOLD -> UZTURESANA.

Gala release drikst bt tikai RELEASE vai HOLD. “Gandriz gatavs” nav acceptance statuss.
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M61-M66 — Productizacija, razoSana un tirgus izlaiSanas simulacija
Sis bloks paplasina MO—M60 robotikas trasi [Tz produkta izstrades un tirgus izlaiSanas macibu simulacijai.
Tas nepadara prototipu automatiski CE atbilsto3u.

Mé1 — Stakeholder / URS

Parvérst stakeholder vajadzibas parbaudamas lietotaja prasibas ar unikaliem URS ID, prioritati, racionali un
acceptance criterion.

Mé62 — Product requirements

Sadalit URS SYS/HW/SW/SAF/SEC/UI/MFG prasibas un izveidot divvirzienu traceability I1dz testam un
evidence.

Mé63 — FMEA / risk management

Identificét hazard/failure mode, novértét S/O/D, definét risk controls un pienemt tikai dokumentétu residual
risk.

Mé64 — DFM/DFA + production BOM

Parveidot prototipa BOM par razoSanas BOM ar part number, alternativam, lead time, inspection un
assembly/control plan.

M65 — Verification & Validation Master Plan

Nofiksét verification metodes, testu lTmenus, konfiguraciju, preconditions, expected/actual/evidence un
deviation kontroli.

Mé66 — CE / regulatory market-release simulation

Izveidot applicability matrix, technical-file indeksu un simulétu DoC/CE release gate. STir macibu simulacija,
nevis juridisks atbilstibas novértéjums.

MO0-Mé66 gala princips
No prasibas Iidz evidence: Stakeholder need -> URS -> Product requirement -> Risk control -> Design/BOM
-> Verification test -> Evidence -> Release decision. Ja kédé trakst obligata posma, gala statuss ir HOLD.
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