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• Composable commodities for robot navigation with traceable and assured properties
• Description of building blocks via model-based data sheets
• Replacement of components and again matching all the attached constraints 

(requirements, system, building blocks)
• Composition of components and managing all the dependencies,e.g. mounting a camera 

on a manipulator
• Quality-of-service and management of resource shares
• Determinism when you change the processing platform,e.g. keep cause-effect-chains 

valid
• Free from hidden interference when you add further components to a system
• Management of non-functional properties and tool-supported trade-off
• Manage gap between design time assumptions and run time situation via e.g. sanity 

checks
• System analysis tools for what-if questions, trade-off analysis, etc.
• Task modeling for task-oriented robot programming
• Safety and shift from fail-safe to safe-operational

(not just “the following things cannot happen” but “the system only behaves like that”)
• How to configure coordinate systems?
• How to inject schedules and manage budgets?
• How to partition synchronous islands(local sync, global async)?
• How to present composable computation models (budget, resource shares) to robotics 

experts?
• How do uncertainties propagate through chains of computation, motion, etc.?
• How to always reach a safe state (mode transitions)?
• …

Enable success stories and finally produce success stories
Technical User Stories and Benefits
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Kooperatives Promotionskolleg „Cognitive Computing in Socio-Technical Systems“
Sprecher: Prof. Reichert, UUlm, Prof. Schlegel, HSU
https://www.uni-ulm.de/in/koop-promotionskolleg-cognitive-computing-in-socio-technical-systems.html

https://www.uni-ulm.de/in/koop-promotionskolleg-cognitive-computing-in-socio-technical-systems.html
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Separation 
of
Concerns

• computation
• communication
• coordination
• configuration

Splitting Apart, 
Putting Together

splitting apart… …putting together

Composition, 
Composability,
Compositionality

• computation
• communication
• coordination
• configuration

• composability is the ability to combine and recombine 

as-is building blocks into different systems for different purposes. 

It requires that properties of sub-systems are invariant

(„remain satisfied“) under composition.

• splittability is the „inverse“ relationship of composability.

• compositionality requires that the behavior of a system is predictable

from its sub-systems and that of the composition „glue“.

• system composition (activity): the activity of putting together a set of

existing building blocks to match system needs with a focus on flexible (re-)combination.

• system integration (activity): the activity that requires effort to combine components, 

requiring modifications or additional actions to make them work with others.
Separation 

of
Roles!
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Video „What is the aim of RobMoSys?“ https://youtu.be/8GUSDTNoGRM
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Ecosystem, Network Markets, Platform Approach
What is a platform?
• a platform offers your service without compensating you
• they go between you and your customer
• they take existing business relationships and squeeze in between you and your customer

Example: Transportation (the same for music platforms, booking platforms, …)
• so far: 

• you (customer) paid taxi driver directly (service provider)
• now:

• platform does not deliver transportation
• you now pay platform and platform pays the taxi driver
• you have a one-stop shop for transportation without extra costs
• the taxi driver gets less per transport but hopes for better occupancy

In which markets does a platform approach work and why?
• it works in network markets because they have a different value proposition compared to „old markets“

Example “old market” and value proposition
• there is a glass of water
• one person drinks it with benefit 

and the others do not have a benefit, when the water is away
• the water being away is for the benefit of others either neutral (don’t care) 

or is a disadvantage (you suffer from not having it)

Example “network markets” (here, it is completely different with respect to value proposition!)
• A and B each have a telephone

• A can call B (one participant), B can call A (one participant)
• now C has a telephone as well

• A can now call B, C (two participants: +100%), 
B can call A, C (two participants: +100%), 
C can call A,B (from 0% to 200%)

• now D has a telephone as well …
• A, B, C, D all have additional value

• that market is n! (n faculty) value proposition, which is a steep rise of the value proposition where 
all benefit with each new participant

…
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Projekt-Video „SeRoNet“ https://www.seronet-projekt.de/files/inhalte/Videos_fuer_Artikel/SeRoNet_v5.1_1080.mp4
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Ecosystem, Network Markets, Platform Approach
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Level 6: Conceptual Interoperability

Level 4: Pragmatic  Interoperability

Level 3: Semantic Interoperability

Level 2: Syntactic Interoperability

Level 1: Technical  Interoperability

Level 0: No Interoperability
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Hierarchy and Heterarchy
Agility, Flexibility, Adaptability, …

Hierarchy Heterarchy (Network)

Expert 1 Expert 2

Expert 3

Expert 4
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Achieve adequate results with respect to
quality and resource usage:
• resource budgets, resource shares
• local sync, global async
• nesting versus flattening
• extra-functional properties



Dynamically changing control hierarchy but with always a 
consistent and clear responsibility for resource shares
• best effort, contract based with guarantees, 

orthogonal assignment, …
• design time, deployment time, run time, …

Horizontal and Vertical Interaction in Robotics

resource shares
managed by this
entity

consistent assignment
of resource shares
(forward constraints)

request / negotiate
resource shares
(accept constraints)

get resource shares
(get constraints)

resource mgmt
(constraint solving)

get resource shares
(propose constraints)

assign resource shares
(forward constraints)

assign resource shares
(accept constraints)

consistent assignment
of resource shares
(constraint forwarding)

request / negotiate
resource shares
(propose constraints)
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Distributed and linked Models:
• Model of factory
• Model of production cell
• Model of robot resources and

skills in the robot knowledge base
• Model of object in object

recognition skill
• …

(a) Consistent because of either vertical coordination by E or
horizontal coordination F asking G

(b) Consistent because of either vertical coordination above
EFG and RSVW or just horizontal coordination E asking S

(c) Consistent because of either vertical coordination by RV 
for SW or S asking W

(d) ...

horizontal
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Verein Deutscher Ingenieure e.V.: Thesen und Handlungsfelder Cyber-Physical Systems: Chancen und Nutzen aus Sicht der Automation, April 2013 

Horizontal and Vertical
Interaction in I4.0

Horizontal and vertical interaction:
• technical aspect
• process aspect
• organizational aspect
• decision making aspect
• …

Challenge:
• resource management
• proper granularity and size of „entities“
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https://www.unity.at/fileadmin/Insights/OPPORTUNITY/OPPORTUNITY_Seize_OPPORTUNITY_Industrie_4.0.pdf

Horizontal: „difficult“
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“ adding more constraints

(e.g. derived from and
configured from a
computation model)

coordination
computation
communication
configuration

• constraints networks
(dependency graphs)

• structural granularity along
blocks, ports, connectors
driven by composition and by
separation of roles
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Composition in Robotics

library

component

function
development

service definitions
by domain experts

component
supplier

system
builder

system
architect

behavior
developer

service
triangle

Tier 2: 
service definition

Tier 3: 
component supplier

Tier 3: 
system architect
system builder

design time deployment time run time …

communication
coordination
configuration
computation

exploit variation points
trade-off and manage consistent bindings
achieve adeqaute solutions

constraints

constraints

{   }

dependency graphs,
data cconsistenvy constraints:
• cause-effect-chains
• data aging constraints
• data accurarcy constraints
• scheduling constraints
• etc.

safety
engineer constraints

constraints

composition operators
within the different 
abstractions levels and for
their mutual linkage
(structural, behavioral, 
resource shares, …)

in V2

V3
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dynamic behavior tree
• parallel (one-of, all), sequential, expansion, …
horizontal
• e.g. resource share reservation in knowledge base
vertical
• e.g. expand task node under constraints and forward

constraints

Horizontal and Vertical Interaction in Robotics

• resource gripper fully occupied
• constraint „hold always upside“

• component operating mode
• assignment of resource shares
• constraints forwarding

computation model configuration
• data consistency / data sync / data quality / data aging
• inject register / trigger semantic for communication
• inject port trigger / timed trigger for computation
• inject scheduling constraints
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Composition in Robotics SeRoNet
Vermittlungs-
Plattform und 

Marktplatz

RobMoSys - Composable Models 
and Software for Robotics Systems
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Examples of System Composition
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Examples of System Composition: Task Coordination

Management of resource shares, execution context constraints, 
configuration constraints in horizontal and vertical task interactions
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Examples of System Composition: Robot Fleet
Kommissionierung Servicerobotik Fachbodenregal
• Distributionslogistik, stückgenau, Pharmaartikel in Schachteln
• kombiniert Ware-zu-Kommissioniergasse und Person/Roboter-

zu-Ware in Kommissioniergasse
• Fokus: Pickaufgaben

Kommissionierung Person-zu-Ware
• Distributionslogistik, sehr große Vielfalt einschließlich loser Artikel
• Roboter/Person-zu-Ware, Zone-Picking
• Fokus: gemischte Roboterflotte, mit Menschen geteilter 

Arbeitsraum, kollaborative Pick- und Transportaufgaben
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Management-Components
(zentral)

Transportroboter-Komponenten Pickroboter-Komponenten

Examples of System Composition: Robot Fleet
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Composition:
• Components to Robot System
• Skills to Robot Tasks and Fleet Tasks
• Robots to Fleet

Examples of System Composition: Robot Fleet



Video Order Picking by Robot (https://youtu.be/cggCY-cvdJ8)
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https://youtu.be/cggCY-cvdJ8


Video Person Following for Order Picking (https://youtu.be/r4mgPgyYISQ)
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https://youtu.be/r4mgPgyYISQ


Examples of System Composition: Produktionslogistik
Pilot 3: Montage in der Produktion

klassische manuelle Montage mit unterschiedlich komplexen 
Teilprozessen im industriellen Umfeld sukzessive automatisieren und 
wandlungsfähiger gestalten.
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Horizontal and Vertical Composition
Determinism in compositions with respect to adequacy (costs, quality, etc. 
via resource share allocations and dependencies via constraints):

• robotics capabilities with explicated quality / resource relationships,
i.e. know about adequateness: what do you get with what resources

• predictability and knowing about properties of system compositions

• explicitly address non-functional properties within a composition oriented approach

• keep assured properties like data processing order and thus data consistency, data quality, 
data accurarcy, data aging , response times etc. when adding, removing, replacing components
or when moving them from one platform to another

• ensure consistent system mode transitions

Blocks, Ports, Connectors as structural elements

• bundle the four concerns (communication, coordination, computation, configuration)  such that composability and separation of roles can be achieved

• be able to inject configurations into compositions of as-is building blocks via variation points

• digital data sheets for blocks with ports (task plots, capabilities, components, devices, etc.) which explicate variation points

• use constraint solving to exploit the offered variability for conformance to system level properties
(either at design time, at deployment time, at run time, …)

Generate trust into systems

• by validation & verification, by simulation, by testing, by maturity levels along TRLs, …

• „not all possible combinations of activities are checked for safety but check that you can always reach a safe state“


