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Introducing Myself

2

Dr. Ralph Lange

ralph.lange@de.bosch.com

linkedin.com/in/ralphlange1/

ÁHead of robotics research portfolio at Bosch

ÁChief expert for robotics systems and software engineering

ÁPrincipal investigator in EU project OFERA (2018-2021),

which launched micro-ROS, and in CONVINCE (since 2022)
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Motivation
1ĥĜĪĭĖĨě #ĤĝğĤěěĨğĤĝ ĖĤę 4ěĨğĜğĘĖĪğĥĤ ğĤ 0ĥėĥĪğĘĩ ĖĪ  ĥĩĘĞ

Key characteristics of robotics SW engineering:

ÁVery complex products ɖ from sensor hardware to Cloud

ÁEmbedded systems (with varying depth)

ÁNeed for robot autonomy in unknown environments

ÁSmall development teams (compared with automotive)

3

How to create good products of high quality

efficiently under these circumstances?
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Agenda
1ĥĜĪĭĖĨě #ĤĝğĤěěĨğĤĝ ĖĤę 4ěĨğĜğĘĖĪğĥĤ ğĤ 0ĥėĥĪğĘĩ ĖĪ  ĥĩĘĞ

ÁShort introduction to robotics at Bosch (slides shown but not included here)

ÁQuality of SW-intensive products ɖ some theoretical background

- Norms for QA and agile processes

- Quality processes at Bosch

ÁLearnings and best practices along the typical robot SW stack

- Microcontrollers

- Skills / capabilities

- Middleware and execution management

- Simulation

- Deliberation / decision-making

ÁExample for classical model-checking with Spin

4



Quality of SW -intensive 

products ɖ some theoretical 

background
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ISO 25010 ɖ Quality has Many Facets
Software Engineering and Verification in Robotics at Bosch
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SW Product

Quality

Functional Suitability

Reliability

Performance efficiency

-ĦěĨĖėğĢğĪį ɛ3ĩěĖėğĢğĪįɜ

Security

Compatibility

Maintainability

Transferability

Appropriateness, accuracy

Availability, fault tolerance, recoverability

Time-behavior, resource-utilization

*ěĖĨĤĖėğĢğĪįȼ ěĖĩěɁĥĜɁīĩěȼĞěĢĦĜīĢĤěĩĩȼ ĖĪĪĨĖĘĪğĬěĤěĩĩȼɀ

Confidentiality, integrity, authenticity, non-ĨěĦīęğĖĪğĥĤȼ ɀ

Replaceability, coexistence, interoperability

+ĥęīĢĖĨğĪįȼ ĨěīĩĖėğĢğĪįȼ ĖĤĖĢįİĖėğĢğĪįȼ ĘĞĖĤĝěĖėğĢğĪįȼ ɀ

Portability, adaptability, installability
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/īĖĢğĪį ĩĩīĨĖĤĘě ğĤ 1ĦĨğĤĪ !įĘĢě ĖĘĘĥĨęğĤĝ Īĥ '1-ʀʇɿɿʇɁɿ
Software Engineering and Verification in Robotics at Bosch
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Product

Backlog

Product

Backlog
Write stories

Raise issues

Write stories

0Ėğĩě ğĩĩīěĩ

Select Sprint

Backlog

Sprint

Backlog

Plan Sprint

Fix issues

Develop stories

Test issues

Test stories

1ĦĨğĤĪ

ĩĞĥĭĘĖĩě
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ĝğĢě 2ěĩĪ /īĖęĨĖĤĪĩ ɛ!ĨğĩĦğĤ ˊ %ĨěĝĥĨįȼʀɾɾʆɜ
Software Engineering and Verification in Robotics at Bosch

8

Functional tests

Examples

Story tests

Prototypes

Simulations

Exploratory testing

Scenarios

Usability testing

User acceptance testing

Agile field tests

Unit tests

Component tests

Performance and load testing

Security testing
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SW Quality Gates along the overall Quality Process
Software Engineering and Verification in Robotics at Bosch
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Learnings and best

practices along the

typical robot SW stack
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A Very Generic Robot SW Stack
Software Engineering and Verification in Robotics at Bosch
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Object recognition, human tracking,

SLAM, motion planning and control,

ĝĨĖĩĦğĤĝȼ ĤĖĬğĝĖĪğĥĤȼ ɀ
Skills

Middleware(s)

-ĦěĨĖĪğĤĝ 1įĩĪěģɛĩɜ

ActuatorsSensors

UI, app, fleet management,

ģĖĤīĜĖĘĪīĨğĤĝ ĘĥĤĪĨĥĢȼ ɀManagement

Task planning, task control,

behaviorsȼ ɀDeliberation

Real World Physics

!ĥģĦīĪğĤĝ &ĖĨęĭĖĨě ɛ.˺ȼ +!3ȼɀɜ

Device drivers
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Software Engineering and Verification in Robotics at Bosch
Microcontrollers

Robots are networks of microprocessors and 

microcontrollers Ą distributed system

Typical challenges and issues

ÁTime-consuming programming

ÁBreaks in toolchains

Á&ĖĨęĭĖĨě ğĩĩīěĩ ɛĘĖėĢěĩȼ ĘĥĤĤěĘĪĥĨĩȼ ɀɜ

ÁSpecific debuggers

ÁTime stamping and synchronization

ɿʀ

Å Develop on stronger compute platform first

Å HW monitoring and diagnostics

Å'ĤĬěĩĪ ğĤ ĝĥĥę Īğģě ĩįĤĘĞĨĥĤğİĖĪğĥĤ ɀ

Åɀ ĖĤę ĦĨěĘğĩě ĪğģěĩĪĖģĦğĤĝ ĥĜ ĩěĤĩĥĨ ęĖĪĖ

Lessons learned and best practices
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Software Engineering and Verification in Robotics at Bosch

ɿʂ

Illustration from commons.wikimedia.org/wiki/File:Hamburg-CTA-AGV-2008.JPG by Henrik Jessen under CC BY Attribution 3.0 Unported

https://commons.wikimedia.org/wiki/File:Hamburg-CTA-AGV-2008.JPG
https://creativecommons.org/licenses/by/3.0/deed.en
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Micro-ROS
Software Engineering and Verification in Robotics at Bosch

15

ģğĘĨĥĘĥĤĪĨĥĢĢěĨ

Application

component

Application

component
ɀ

Linux

ROS 2

stack

microprocessor

3 02ȼ '.ȼ  ĢīěĪĥĥĪĞȼ ɀ

ęĖĦĪěĨ

C API 

rmw  ɖ middleware interface

Convenience functions,
ěĮěĘīĪĥĨȼ Ĥĥęě ĝĨĖĦĞȼ ɀrcl  + rclc : 

POSIX interface

FreeRTOS, Zephyr, NuttXȼ ɀ

Micro XRCE-DDS Client 

ęęğĪğĥĤĖĢ ęĨğĬěĨĩ
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Kaiwalya Belsare, et al.: Micro -ROS. In: Robot 

Operating System (ROS): The Complete 

Reference (Volume 7), Springer, pp. 3ɖ55, 2023.
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Micro-ROS
Software Engineering and Verification in Robotics at Bosch

16
https://micro.ros.org/
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Micro-ROS
Software Engineering and Verification in Robotics at Bosch

Hardware support:  wŜƴŜǎŀǎ 9Y w!сaр  ω  RasPi tƛŎƻ  ω  ¢ŜŜƴǎȅ  ω  {¢aон  ω  9{tон  ω  Χ

RTOS:  bare metal (Arduino)  ω  Mbed OS  ω  ½ŜǇƘȅǊ  ω  CǊŜŜw¢h{  ω  NuttX  ω  Χ 

Middleware:  static memory pools  ω  thread-safety ω  embedded RTPS RMW beta support

Client library:  parameters  ω  node lifecycle  ω  ROS graph  ω  ǎŜǊǾƛŎŜǎ ω  ŘƛŀƎƴƻǎǘƛŎǎ  ω  ŜȄŜŎǳǘƻǊ

Build systems:  {¢aон/ǳōŜa·κL59  ω  !ǊŘǳƛƴƻ  ω  9{tон L5C  ω  ½ŜǇƘȅǊ  ω  Χ  ω  ŀƴŘ wh{ н ¢ƻƻƭƛƴƎ

17
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Software Engineering and Verification in Robotics at Bosch
Skills (Capabilities)

Most development-intensive layer. 

Typical challenges and issues

ÁReuse of existing SW assets

ÁModularization for such reuse and for 

parallelization of development

ÁHigh computational complexity

ÁSpecial demands on compute hardware

ÁExplainability and debuggability

18

Å Systematic scenario catalogs for 

requirements engineering

Å Design as native libraries with separated 

ROS interfaces

Åfor stand-alone testing and debugging

Åand flexible integration larger subsystems

Å Regression and KPI testing

Å Balanced strategy between component

and system testing

Å Explicit contingency and error handling

*ěĩĩĥĤĩ ĢěĖĨĤěę ĖĤę ėěĩĪ ĦĨĖĘĪğĘěĩ
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Architecture Drivers and Characteristics
Software Engineering and Verification in Robotics at Bosch

19

Architecture

$īĤĘĪğĥĤĖĢ
0ěħīğĨěģěĤĪĩ

Technical 
Constraints

Quality 
Characteristics

Business 
Constraints
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My
Library

aȅ
[ƛōǊŀǊȅ

My action
impl. in ROS

InternalTimepoint

InternalDuration

Hook functions:
- InternalTimepoint now()
- void waitAtMostUntil(..)

Conversion by function templates

ros::Duration

ros::Time

ǊƻǎΥΥǘƛƳŜΥΥƴƻǿόύ

1. Approach: Pass application-specific duration,
 time-point and clock representations
 as template arguments <D,T,C>

2. Approach: Conversion to some library-internal
 representation and use of hook functions

My action
impl. in ROS

ros::Duration

ros::Time

ros::time::now()

ActionFunctions<D,T,C>

!Ŏǘƛƻƴ5ƛǎǇŀǘŎƘŜǊғ5Σ¢Σ/Ҕ

Χ ŀƴŘ ƻǘƘŜǊ ǘŜƳǇƭŀǘŜǎ

+ Ensures that time-points fit to clock (w.r.t. epoch)
ς Major parts of my library have to be templated

+ Simple, lightweight internal duration and time-point
   representation
ς Computational overhead for conversion
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https://ros.org/reps/rep -2004.html
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/īĖĢğĪį 1ĘěĤĖĨğĥĩ ĖĤę ĨĘĞğĪěĘĪīĨě $ğĪĤěĩĩ $īĤĘĪğĥĤĩ
Software Engineering and Verification in Robotics at Bosch

22

Á/īĖĢğĪį 1ĘěĤĖĨğĥĩ ɋ5ĞĖĪ ęĥ ĭě Ĥěěę ğĤ ĥīĨ ĩĥĜĪĭĖĨě Īĥ ėě ĩīĘĘěĩĩĜīĢɄɈ

ÁArchitecture fitness functions: ɋ Ĥį ģěĘĞĖĤğĩģ ĪĞĖĪ ĦěĨĜĥĨģĩ ĖĤ ĥėĠěĘĪğĬě ğĤĪěĝĨğĪį ĖĩĩěĩĩģěĤĪ ĥĜ

ĩĥģě ĖĨĘĞğĪěĘĪīĨě ĘĞĖĨĖĘĪěĨğĩĪğĘ ĥĨ ĘĥģėğĤĖĪğĥĤ ĥĜ ĖĨĘĞğĪěĘĪīĨě ĘĞĖĨĖĘĪěĨğĩĪğĘĩȿɉ

ɛɈ#ĬĥĢīĪğĥĤĖĨį ĨĘĞğĪěĘĪīĨěɉȼ $ĥĨę ěĪ ĖĢȼ ʀɾɿʅɜ
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1ĥĜĪĭĖĨě #ĤĝğĤěěĨğĤĝ ĖĤę 4ěĨğĜğĘĖĪğĥĤ ğĤ 0ĥėĥĪğĘĩ ĖĪ  ĥĩĘĞ
Explicit Contingency and Error Handling

move_base  (ROS 1) Navigation 2 (ROS 2)

23

Architecture diagram from https://wiki.ros.org/move_base Architecture diagram from https://docs.nav2.org/
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Software Engineering and Verification in Robotics at Bosch
Middleware and Execution Management

The glue between the skills components is more 

ęğĜĜğĘīĢĪ ĪĞĖĤ ěĮĦěĘĪěę ɀ

Typical challenges and issues

ÁBad middleware performance

ÁDiscovery issues and instable launch

ÁLack of determinism

ÁParallelization and race conditions

ÁLaunch-specific glue code

24

Å No simple one-fits-all middleware solution

Å"ěĩğĝĤ ĢĖĨĝěĨ ęěĪěĨģğĤğĩĪğĘ ĩīėĩįĩĪěģĩ ɀ

Å but inherent trade-off between 

determinism and latency

Å Different strict definitions of determinism 

and causality in distributed systems

Å Separate between component and 

execution granularity

Å Diagnostics and tracing of execution and 

communication

Å Utilize events feature of ROS 2 launc

Lessons learned and best practices
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Quality Characteristics Comparison for DDS
Software Engineering and Verification in Robotics at Bosch

25

Quality ""1 Robotics

Flexibility Quality of Service configurable QoS presets

Performance Throughput > Latency Throughput < Latency

Changeability Networks rarely need changing Networks change constantly

Technical accessibility Networking experts assumed Networking experts rare

Compatibility/Interoperability Multicast is widely available Multicast never works

Resource utilization Networks have high throughput Networks are always too slow

Fault tolerance Faults may impact equally Faults should be isolated

Interoperability Tooling is specific Tooling is integrated
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Software Engineering and Verification in Robotics at Bosch

Á-10$ɆĩDDS evaluations

26
https://osrf.github.io/TSC -RMW-Reports/
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FogROS (UC Berkeley)
Software Engineering and Verification in Robotics at Bosch

27

Challenge

Å Lack of transparent, convenient, and secure 

system to migrate ROS application to the 

Cloud for Robotic AI

Robotic Researchers & Developers
Robotic AI in the Cloud is very appealing.

1. Limitless computation in the Cloud

2. Scalable deployments

3. Ease of maintenance and updates

Robotic AI
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FogROS (UC Berkeley)
Software Engineering and Verification in Robotics at Bosch

28

Advantages

Å Cross domain, point-to-point, secure connectivity

Å Convenient: ROS2 app. Ą Cloud

V Without any network configurations

V Only few lines of launch file modification to migrate 

the original ROS2 node(s) to the Cloud

Kaiyuan Chen, et al.: FogROS2-SGC: A ROS2 Cloud Robotics 

Platform for Secure Global Connectivity . IROS 2023.

https://sites.google.com/view/fogros2-sgc. 

https://sites.google.com/view/fogros2-sgc
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FogROS (UC Berkeley)
Software Engineering and Verification in Robotics at Bosch

29

Results

Å YOLO running on robot (Raspberry Pi)

Å SAM running in the cloud (hot standby)

Å Seamless swapping of algorithms on the fly

ϫ Robot can profit from better Object Detection / 

Segmentation when connected to the Cloud

GPUFogROS2-SGC

Yolo SAM
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Example for Multi-threading Issue from ROS 1 Move_Base
Software Engineering and Verification in Robotics at Bosch

30
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Example for Multi-threading Issue from ROS 1 Move_Base
Software Engineering and Verification in Robotics at Bosch

31

Costmap Thread

Spin Thread

Control Thread

ÁTime Definitions:

-Ὕ LIDAR scan n is complete

-Ὕ  costmap is updated with scan n

-Ὕ local planner starts computing control k

Áɋ1ěĤĩĥĨ "ĖĪĖ ĝěɈȾὝ Ὕ Ὕȟά  ÍÁØ ȢȢ Ὕ  Ὕ

Receive Scan

Receive Pose
waitForTF Update Costmap

Compute Control Command Publish cmd_vel

Costmap

Write

Read

Control Rate

Tracepoint
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Example for Multi-threading Issue from ROS 1 Move_Base
Software Engineering and Verification in Robotics at Bosch
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ÁAdd notification so that controller runs after costmap update

Ingo Lütkebohle: Determinism in ROS ɖ or when 

things break sometims  es and how to fix it . Talk at 

ROSCon 2017. https://vimeo.com/236186712.

https://vimeo.com/236186712
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ROS 2 Tracing

ÁDeveloped by Ingo Lütkebohle (Bosch) and 

Christoph Bédard (Apex.AI)

Á Instruments pub/sub and callbacks

Á Integration with launch

ÁBasic analysis tooling

ROS 2 Diagnostics

ÁBosch ported diagnostics to ROS2

ÁMaintained by Christian Henkel and others

ÁTopicDiagnostics checks

- Min/max message age

- Min/max frequency

- Min/max jitter

ÁCommon diagnostics

- CPU usage monitor

- NTP (time-sync) monitor

Christophe Bédard: Tracing ROS 2 with 

ros2_tracing . Talk at ROS World 2021. 

https://vimeo.com/652633418.

https://vimeo.com/652633418
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ɀ

rmw  adapter

FastDDS, Cyclone, Connextȼ ɀ

rmw  ɖ middleware interface

rcl  ɖ ROS Client Support Lib

rclpy

User code

/cmd /odom

processOdom

rclcpp

2) take

onGoal nextCmd

1 0 1

/goal

1) wait

3) execute

Executor
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ɀ

rmw  adapter

FastDDS, Cyclone, Connextȼ ɀ

rmw  ɖ middleware interface

rcl  ɖ ROS Client Support Lib

rclpy

User code

rclcpp

/cmd /odom

processOdomonGoal nextCmd

/goal

Decision on processing order is

distributed to middleware and client lib!

Executor
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ɀ

rmw  adapter

FastDDS, Cyclone, Connextȼ ɀ

rmw  ɖ middleware interface

rcl  ɖ ROS Client Support Lib

rclpy

User code

rclcpp

processOdomonGoal nextCmd

1 0

a ba

1

/cmd /odom/goal

Thread BThread A

Executor BExecutor A
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Events

Executor

StaticSingleThreaded

Executor

MultiThreaded

Executor

SingleThreaded

Executor

Executor

Ralph Lange: Advanced Execution Management with 

ROS 2. Talk at ROS Industrial Conference 2020. 

https://www.youtube.com/watch?v=Sz-nllmtcc8&t=109s.

https://www.youtube.com/watch?v=Sz-nllmtcc8&t=109s
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IMU

Laser

@500Hz

@10Hz

S

@10Hz

+

sense

¤Control loops

¤Data fusion

¤Prioritized paths
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¤ Individual registration of each callback

¤ Not uncommon in deeply embedded software

¤User-defined processing sequence

¤Custom trigger conditions

¤Optional: LET semantics

/cmd /odom

processOdomonGoal nextCmd

/goal

1 0 1

20ms task

trigger only if

goal && cmd

100ms task

rclc  Executorrclc  Executor

Kaiwalya Belsare, et al.: Micro -ROS. In: Robot 

Operating System (ROS): The Complete Reference 

(Volume 7), Springer, pp. 3ɖ55, 2023.

Jan Staschulat: Real-Time Programming with ROS 2 . 

Workshop at ROSCon 2023.

ros-realtime.github.io/roscon-2023-realtime-workshop/.

https://ros-realtime.github.io/roscon-2023-realtime-workshop/
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Vassos Hadzilacos and Sam Toueg: Fault -tolerant 

broadcasts and related problems.  Distributed 

Systems, ACM & Addison-Wesley, New York, 1993.

Reliable

broadcast

FIFO

broadcast

Causal

broadcast

Atomic

broadcast

FIFO atomic

broadcast

Causal atomic

broadcast

Causal order

FIFO order

Total

order
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ÁStandardized runtime lifecycle per node

ÁTransitions can be triggered and queried 

via API and tools

ÁDifferentiation between primary and 

transitions states (not depicted here)

ÁAllows well-defined start-up of pipelines 

and stacks

Error

Processing

Active Finalized

Inactive

Unconfigured
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ÁStandardized runtime lifecycle per node

ÁTransitions can be triggered and queried 

via API and tools

ÁDifferentiation between primary and 

transitions states (not depicted here)

ÁAllows well-defined start-up of pipelines 

and stacks
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Simulation

We all know the sim-to-ĨěĖĢ ĝĖĦ ɀ

Typical challenges and issues

ÁBlind believe in simulation

ÁEfficient simulation

ÁPrecision of simulation models

ÁDeterministic recomputation

43

Å Use specific simulation engines in addition 

to general 3D physics simulator

Å Co-simulation (e.g., with FMI)

Å Early real-world testing with prototypes

Å Know the limits of your simulation models 

and simulators

Å Combine simulation with real data

Å Aim for deterministic simulation

Lessons learned and best practices
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Skills

Device drivers

Operating System(s)

ActuatorsSensors

Management

Deliberation

Real World Physics

Computing Hardware

Appropriate level of detail

ɀ Use specific simulation environments

ɀ Co-simulation

Scenario generation

Aggregation and analysis

S
im

u
la

ti
o

n
 E

n
v
ir
o

n
m

e
n

t

Sensor and actuator simulation

Robot and scene modeling

Automation and monitoring

Rigid body dynamics, soft bodies,

fluids, and agents

Computing platform effects
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Videos by Computer Animation Group (Prof. Jan Bender)

from RWTH Aachen
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http://fmi -standard.org/



CR/PJ-ROB CE-RSE | 2024-06-07

© Robert Bosch GmbH 2023. All rights reserved, also regarding any disposal, exploitation, reproduction, editing, distribution, as well as in the event of applications for industrial property rights.

Co-Simulation with Functional Mock-Up Units
Software Engineering and Verification in Robotics at Bosch

49

http://fmi -standard.org/

Å Shared library

Å Equations

Å Solver

Å modelDescription.xml

Å Optional: C sources
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Nikolas Schröder, Oliver Lenord, and Ralph Lange: Enhanced 

Motion Control of a Self -Driving Vehicle Using Modelica , 

FMI and ROS.  Modelica Conference, 2019.
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In
p
u
t 

v
a
rs

O
u

tp
u
t 

v
a
rs

S
u
b

s
c
ri
p

ti
o
n

s

P
u
b

lis
h
e

rs

Parameters

Parameter server

fmi_adapter node

$ ros2 launch fmi_adapter  fmi_adapter_node.launch.py fmu_path :=[ PathToFMUFile ]
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https://github.com/boschresearch/fmi_adapter
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Empty room Partial randomization for skateboard, 

shoe and bag models

Musa Marcusso: pcg_gazebo_pkgs : 

A Python library for scripting and 

rapid -prototyping of simulated 

Gazebo models and worlds . Talk at 

ROCon 2019. vimeo.com/378683294.

https://vimeo.com/378683294
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Deliberation (Decision Making)

The most complex layer since everything comes 

together:

ÁIntended tasks

ÁContingencies

ÁSystem-level errors

54

Å Separation between operational modes

and deliberation

Å Carefully choose between preprogramming, 

planning, and learning

Å#ĮĦĢĖğĤĖėĢě ěĤĬğĨĥĤģěĤĪ ĨěĦĨěĩěĤĪĖĪğĥĤ ɀ

Å but accept additional skill-specific 

representations and inconsistencies

Å Use of verification techniques

Lessons learned and best practices
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Skills

Executive

Planning

startup camera
startup navigation
while battery > 0.1 {
    query transport task t
    navigate to t.start
    load palette
    navigate to t.target
    unload palette
}

Finite-state

machine

Scripting language /

DSL

Task/action

hierarchy

Purely planning-

based

Knowledge-based

approach

Preprogrammed   Planning-based

+ Locality

+ Easy to comprehend

+ Fast

ɖ Combinatorial explosion

+ Scalability

+ Simply recovering

+ Concise modeling

ɖ Profound expertise required

Å,Ėģě ğĪ ɈĩĘěĤě-graph-ėĖĩěęɉ ĪĥęĖį

ÅEmphasize task-level learning!
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https://corlab.github.io/dslzoo/
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Missing abstractions for:

-States and lifecycle

-Parameters

-Diagnostics

pub/sub, actions, services

Naming

"ěĢğėěĨĖĪğĥĤ ɛ 2ĩȼ 1+ !!ʀȼ .ĢĖĤ1įĩʀȼ ɀɜ

/nav_plan /left/arm/diff_drive /camera /right/arm
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Missing abstractions for:

-States and lifecycle

-Parameters

-Diagnostics

pub/sub, actions, services

Naming

states, diagnostics, parameters

/nav_plan /left/arm/diff_drive /camera /right/arm

"ěĢğėěĨĖĪğĥĤ ɛ 2ĩȼ 1+ !!ʀȼ .ĢĖĤ1įĩʀȼ ɀɜ
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Missing abstractions for:

-States and lifecycle

-Parameters

-Diagnostics

pub/sub, actions, services

NamingSystem Modes

states, diagnostics, parameters

"ěĢğėěĨĖĪğĥĤ ɛ 2ĩȼ 1+ !!ʀȼ .ĢĖĤ1įĩʀȼ ɀɜ

/nav_plan /left/arm/diff_drive /camera /right/arm
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1. Modes for lifecycle nodes

- Preconfigured parameter value sets

2. Hierarchy

- Recursive grouping of nodes

into (sub-)systems

- Same lifecycle as nodes

3. Modes of (sub-)systems

- Mapping to states + modes of their parts

- Inference upwards along hierarchy

/nav_plan /left/arm/diff_drive /camera /right/arm

"ěĢğėěĨĖĪğĥĤ ɛ 2ĩȼ 1+ !!ʀȼ .ĢĖĤ1įĩʀȼ ɀɜ

/diff_drive

/arms

/right /arm/left /arm/nav_plan

/manipulation

/navigation

In
fe

re
n
c
e

O
b
s
e

rv
a

ti
o
n R

e
q
u
e

s
te

d
 m

o
d
e

In
fe

rr
e

d
 m

o
d
e

/camera

ɀ

Ralph Lange and Arne Nordmann: System 

Modes - model -based run -time state 

management of large systems.  ROSCon 

2022. https://vimeo.com/767165876. 

https://vimeo.com/767165876


Example for Classical

Model -checking with Spin

04

61

Christian Heinzemann and Ralph Lange: vTSL ɖ 

A Formally Verifiable DSL for Specifying 

Robot Tasks . IROS 2018.
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Skills

Executive

Planning

Camera

SLAM PathControlLineDetect

ɀ
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Skills

Executive

Planning

Camera

SLAM PathControlLineDetect

ɀ
Platform -specific  constraints and rules

Custom

(sub)tasks

How to verify?
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FindLoadingBay

MoveLinear DistanceMonitorDetectLine
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Task tree modeling

Component stubs

access

Formal model for 

verification

Formal 

specification
verify against

C++ code for

task-tree library
code generation

Constraint 

specification DSL
refers to

translate to
translate to

Implemented using

ÅJetBrains MPS

ÅSpin (Promela)
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Verifiability

Fully automated transformation

for verification tool ɖ omit 

feature if not translatable

Task tree semantics

Principle of decomposition as in 

Task Description Language or 

Hierarchical Task Networks

Expressiveness

Modern programming language 

features desired ɖ resemblance 

with C/C++

Synchronous Programming

Concurrency inspired by Céu, 

but not the strong determinism 

of synchronous languages

Interfacing with skill layer

Interface with ROS and provide 

abstract replacement model for 

skill component behaviors

Source code generation

Task trees should be directly 

generatable into implement- 

tation for the robotImage taken from Dana Nau ěĪ ĖĢȿȾ Ɉ1&-.ʀȾ Ĥ &2, .ĢĖĤĤğĤĝ 1įĩĪěģɉȼ

Journal of Artificial Intelligence Research, Vol. 20, pp. 379-404, 2003.

Snippet from Francisco Sant'AnnaȾ Ɉ1ĪĨīĘĪīĨěę

Synchronous Reactive Programming with Céuɉȼ

Proc. of 14th MODULARITY, pp. 29-40, 2015.

par/or do

    await RETRANSMIT;

with

    par/and do

        await 1min;

    with

        <send- beacon- packet>

    end

end
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Action  FindLoadingBay Action  MoveLinear

Action  DetectLine
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ROS Message

Component Stub

ROS Service
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Promela  Model
Translation and Model Checking

Task tree modeling

Component stubs

access

Formal model

for verification

Formal 

specification
verify against

C++ code for

task-tree library
code generation

Constraint

specific. DSL
refers to

translate to
translate to

Implemented using

Å JetBrains MPS

Å Spin (Promela)

Language  Dependencies
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$ spin - search - i  MyTaskTree.pml  
pan:1: assertion violated ( BenchmarkComponent_simpleTopic.registeredClients <1) (at depth 286)
pan: wrote MyTaskTree.pml.trail
pan: reducing search depth to 287

(Spin Version 6.4.8 --  2 March 2018)
  + Partial Order Reduction

Full statespace  search for:
  never claim           -  (none specified)
  assertion violations  +
  cycle checks         -  (disabled by - DSAFETY)
  invalid end states  +

State - vector 668 byte , depth reached 286, errors: 1
       97 states, stored
        7 states, matched
      104 transitions (= stored+matched )
      212 atomic steps
hash conflicts:         0 (resolved)

unreached in proctype  vtsl __dispatcher
  MyTaskTree.pml:618, state 8, " abortRootAction  = 0"
  MyTaskTree.pml:617, state 9, " abortSubaction [0] = rootActionPid "
  MyTaskTree.pml:624, state 16, " - end- "
  (3 of 16 states)
unreached in proctype  vtsl __externalEventHandler
  MyTaskTree.pml:240, state 8, " vtsl __i  = (vtsl__i+1)"
  MyTaskTree.pml:247, state 16, " vtsl __i  = 0"
      ...
  MyTaskTree.pml:1112, state 106
  MyTaskTree.pml:1120, state 110, " - end- "
  (24 of 110 states)

pan: elapsed time 0.02 seconds
pan: rate      4850 states/second

PML

file

The Spin

Model Checker
(spinroot.com)

vTSL: Translation to Promela
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Experiment 1: Scalability w.r.t.  Tree Size

Experiment 2: Scalability w.r.t.  Component Count

Limited scalability ɖ in particular regarding  number of components



Many thanks for your interest!

Questions?
 
 

Ralph Lange | ralph.lange@de.bosch.com | linkedin.com/in/ralphlange1/

We offer PhD sabbaticals!
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