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Multi -Human-Multi -Robot (MHMR) teams
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Highly heterogeneous systems: Multiple humans and robots collaborate in 
shared environments to accomplish tasks

ÅPro: Combination of human reasoning/dexterity skills with robotsɍ physical 
skills can lead to realize complex  tasks 

ÅNeed to design human -centered multi - robot coordination strategies
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Task planning in MHMR teams

ÅSeveral aspects must be addressed in MHMR 
teams

ÅE.g., safety, human perception, physical co -
manipulation, task planning (i.e., allocation 
and scheduling)

ÅFocus on human -centered task planning 
accounting for: 

ÅHuman preferences  and comfort

ÅHuman higher cognitive/dexterity skills

ÅTime-varying  human( -dependent) parameters
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Setting

Human operators and working robots perform sequences of operations: 
 

ÅɐComplexɑ operations performed 
by humans

ÅService robots assist the previous 
agents (phases: going, waiting,  
proximity, service, depositing)

ÅHumans provide online feedbacks
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Human feedback



State of the art and contribution 

ÅMost existing works on human -centered task allocation and scheduling:

ÅDo not tackle human -specific challenges

ÅHandle limited number of agents

ÅLack guarantees for optimal solutions

ÅOptimize for limited factors (e.g., makespan  only)

ÅContribution

ÅMixed- integer - linear programming (MILP) -based framework for optimal  
task allocation and scheduling

ÅScales to arbitrary numbers of humans and robots

ÅModels human  stochasticity  

ÅAdapts to evolving human preferences during execution
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Architecture overview
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Mixed-Integer Linear Programming Problem
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Online monitoring and adaptation

ÅHuman feedback on: Approaching velocity, 
Waiting time, Desired waiting distance

ÅAdaptation based on: 

ÅOverall human satisfaction index 

ÅEfficiency and working severity 
conditions of the human operator 

ÅPhysical properties of the robots
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ÅOnline re -scheduling : An updating algorithm adjusts  the times of the tasks 
and operations not to violate any constraint

ÅOnline re -allocation: A new MILP solution is computed if optimality 
performance decreases below a certain threshold

Online re -scheduling and re -allocation

Updated cost on 
remaining tasks

Nominal cost on 
remaining tasks



Laboratory validation
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Harvesting 
scenario with: 

ÅTwo humans 
filling 3 boxes 
each

ÅTwo service 
robots replacing 
full boxes with 
empty ones 
when needed



Laboratory validation with human supervision
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Box filling 
scenario with:

ÅTwo 
manipulators

ÅOne human 
performing 
tasks and 
supervising
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Assumption so far: 
all tasks can be identified and fully 

characterized (e.g., precedence conditions)
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Assumption so far: 
all tasks can be identified and fully 

characterized (e.g., precedence conditions)

What if we cannot do that 
(as in highly complex tasks ɖ) 
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Planning from observations

ÅWe can realize planning from raw 
observations !

ÅIn [1] we proposed a Latent Space 
Roadmap (LSR) framework  to realize 
sequential visual action planning for 
single robots
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Planning from observations

ÅWe can realize planning from raw 
observations !

ÅIn [1] we proposed a Latent Space 
Roadmap (LSR) framework  to realize 
sequential visual action planning for 
single robots

ÅWe can extend it to realize visual action 
planning with multiple heterogeneous  
agents operating in parallel 
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Dataset structure

Å Dataset כ containing tuples with the form [1] ( ὕ, ὕ  , ” ὦȟό) 
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ὦ π

ὦ ρ
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Latent Space Roadmap (LSR) framework
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Multi -Agent Setting

ÅFor each agent ὥ we identify

1. The set ה  of available skills , e.g., tools or sensors 

2. The average normalized workload ύȟᶰπȟρ for performing each 
action ό

3. A reachability function ὶὼᶰπȟρ

For each action όᶰל we identify 

1. The set ה  of skills, e.g., tools or sensors, required to perform 
the action

2. The set ע of relevant poses for the action which must be 
traversed to execute it

M. Lippi

19

ELLIIT Focus Period Lund 2025



Given a dataset כ we aim to generate parallel  VAPs ὖ ὖ ȟὖ  
such that: 

1. The goal state is reached by executing multiple actions in parallel by 
different agents (if possible)

2. The assignment couples are valid (the assigned agent possesses the 
required capabilities and can reach the locations)  

3. The overall workload and reachability indices are optimized

Planning from observations
Problem formulation
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ÅCondition 1 : Multiple actions όȟȣ ȟό  can be executed in parallel if executing 
them in arbitrary order from a certain state results in the same final state
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Parallel LSR (P-LSR)

A directed graph ꞉ ם ȟ꜡ ȟ
called Parallel-LSR, is built where

ÅNodes encode underlying system states 

ÅEdges encode potential parallel actions 
executable by a multi -agent system, 
regardless  of the number of agents and 
their individual capabilities
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Capability LSR (C -LSR)

A directed graph ꞉ ꜡ȟם ȟcalled 
Capability LSR , is built where

ÅNodes encode underlying system states 

ÅEdges encode valid assignment couples 
and respective costs 

ÅCost ὧ  for agent Ὥ to perform 
action Ὦ defined as

ÅAn Integer Linear Programming  problem 
finds the optimal (valid) assignment
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