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“+*RQ1. What drives a robotic system to adapt?

“* RQ2. Where do classical Behavior Trees (BTs) help - and where
do they fall short?

+ RQ3. To what extent do BT enhancements address adaptation
needs, and what limitations remain or emerge?



The world changes after deployment:
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Adaptation needs in robotic systems

Knowledge




Classical Behavior Trees (BTs)

BTs are hierarchical control structures to orchestrate the
behavior of autonomous agents.

°
* Modularity

* |nterpretability

* Reactivity [Sequence]

* Reusability

* Maintainabillity

* Extensibility Open(fridge)| | Find(Beer) | | Grab(Beer) | | Close(fridge)
* Decomposability [ J [ J [ ] [ J
* Flexibility

Are BTs sufficient to meet the adaptation needs
of modern robotics?



Where classical BTs fall short

Main BT limitations

Knowledge Incompleteness R~
Rigid/static control flow
System Component failure R~ | Fx &
o M~ | R~|F~ Limited handling of uncertainty and changing context
Mission Uncertain specification

Limited planning, intent, and goal representation
Environment Execution contextchanges R~ | F ~

Difficulty representing complex behaviors
Environment Non-human agents R x
Limited task recovery / resumption

Environment Human agents R~ | F~
Limited representation of quality requirements

Limited support for continuous-valued states/actions

~ Partial / implicit support X No support R: Reactivity M: Modularity F: Flexibility

-
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Reactivity & Flexibility are partial across almost all complex scenarios.
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How does the scientific literature extend
BTs to overcome limitations?



BT Generation refers to an automated or semi-automated
processes that produce a BT from a higher-level specification.

1. Higher-Level Specification (Input) 2. BT Generation Process

' Human Intent
e.g., “Inspect the area
and collect a sample”

e
Task Models
e.g., hierarchical tasks,
state machines

Natural-Language Instructions
e.g., “Search the room, if object
found pick it up”

™) Demonstrations
lm—w  e.g. teleoperation, examples
of behavior

Plans / Other Descriptions
e.g., PDDL plan, goal lists,

mission goals

@ r\:
Generation Algorithm

« Interprets the input specification

» Applies reasoning, search, synthesis,
or learning

» Uses prior knowledge if available
(templates, libraries, patterns, etc.)

* Produces a Behavior Tree

3. Generated Behavior Tree (Output)

Sequence
| |

Fallback Action Sequence
Inspect area

N\

» (Automated or Semi-Automated) » L’_]
R -

Condition | Action Action Action

Is area clear? | Move to Pick up Store
search area sample sample

Q Executable BT for the robot

Optional Prior Knowledge (may be used to guide generation)

Existing BTs

T

Complete BTs
from similar tasks

BT Fragments

]
- S o

Reusable subtrees
(e.g., navigation,
manipulation)

Templates / Libraries

Common structure
patterns (e.g.,

Sequence,
Fallback, etc.)

Design Patterns

- 1 Behavior design
s ‘,j‘ patterns and
&0 I8 best practices

~
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No initial BT is taken as the behavior to be modified.
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BT Extension refers to processes that modify the BT formalism itself.

EXAMPLES OF EXTENDED BT FORMALISM
EXTENSIONS
Parallel Prob. Condition
‘ New control nodes <(Th raafol d)>—’ Z Tlmeout (0>0.7)
e.g., Parallel
with threshold
New decorator [ Sequence J
e.g., Timeout i i )
: s Parallel Timeout Prob Condltuon
Richer conditions <
e.g., Probabilistic Lot 3) (305) p207)
condition ( 1
fAX  Changed semantics Scan Momtor Check Search Call
% e.g., New meaning Area People Doors Room Operator

for Sequence

(or is interpreted differently).

{Outcomez the BT language becomes more expressive




BT Evolution refers to processes that start from an initial, often
minimal or partial, BT and progressively modify its structure to
obtain a tree that encodes more complex or improved behavior.

1. INITIAL BT (Minimal / Partial) 2. EVOLUTION PROCESS 3. EVOLVED BT (Improved)
(Search / Optimization)
[ Sequence ]
( J l Generate 1 )
candidate BTS Selector Check Do

Navigate Do Battery Task

to Goal Task )
* avugate Avoid
% Evaluate Safely Crowd
) K (fltness)
AL I* =
@an‘@‘ P TS e

Prepare ' Execute @ Verify

Modify

; (add/replace/delete
Fitness examples:

- nodes) ey

e Task success rate 5 © F
e Time to complete NS /; \\ @ fl\

¢ Energy consumption ; 5 ﬂ \“\ [ ‘ i

o Safety <L e o




BT Refinement refers to processes that take an existing, meaningful
BT as input and update it to improve, correct, or adapt its behavior
without changing the underlying BT formalism.

1. EXISTING BT 2. REFINEMENT ACTIONS 3. REFINED BT (Same goal)

Sequence I

@@ —o-  Tune parameters
=§= L

[ | Navigate | Inspect Report

( ) Replace a subtree . Safely Area Result

Navigate Inspect Report withalbetterions e Bl (timeout 20s) (retry=2)

to Goal | Area Result

e - . ——=

Strengthen conditions | Avoid ~ Recheckif Confirm

| Dynamic | Uncertain Delivery

| Obstacles | ~

Fix or add checks

@ v © Q

/ Same goal/intent:
O “Inspect the area and .

" Adapt to environment
report the result.

or system changes
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P& A = Perception € Actuation
SYS = System MIS = Mission

KNW = Knowledge
ENV = Environment

P& A
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Mission is strongest. Refinement is most balanced. Perception,
actuation, and system needs still depend on capabilities
outside the BT.

(a) Generation (b) Extension () Evolution (d) Refinement
i A | ol Y PaeA | ol Y
SYS . SYS
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MAIN FINDINGS

BTs are a backbone, not the adapter

The boundary is not usefulness; it is how open and uncertain the adaptation space becomes.

01 Strong when adaptation is Known tasks, observable conditions, and predefined recovery
bounded strategies exploit BT modularity and reactivity.

02 Structural limits appear as Mission ambiguity, resource changes, partial observability, and
uncertainty opens human coexistence require broader reasoning.

Several needs remain first-class Perception quality, actuator loss, new resources,

03

gaps communication, and mission lifecycle changes remain weakly
covered.

Enhanced BTs widen the space - but add cost, verification, scalability, and interpretability

trade-offs.




CONCEPTUAL SYNTHESIS

BTs play three roles in adaptation

Calling an approach 'BT-based' does not mean the BT itself performs the adaptation.

01 The BT is the mechanism Reactive execution selects among predefined branches when
monitored conditions change.

02 The BT is the object Refinement or evolution changes the tree, its parameters, or its
execution logic.

03 The BT is the product A planner, reasoner, learner, or LLM decides the adaptation and
generates a BT for execution.

Much of the adaptation happens around the BT - while the BT remains the execution backbone.




» Which adaptation needs belong inside the BT - and which should remain
external?

» Should runtime adaptation modify the tree, its parameters, or the
surrounding architecture?

» \What evidence would make a generated or refined BT safe enough to
deploy?
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Mehran Rostamnia, Gianluca Filippone, Ricardo Caldas, Patrizio Pelliccione

Robotic systems increasingly operate in dynamic, uncertain, and open-ended environments, where design-time assumptions may no longer hold, and
adaptation becomes necessary to maintain effective and safe operation. Behavior Trees (BTs) are widely used in robotic control architectures due to their
modularity, readability, and reactivity. This raises a central question: are BTs sufficient to meet the adaptation needs of modem robotic systems?

This paper investigates this question through a literature-driven study complemented by empirical validation. First, we derive a classification of robotic
adaptation needs from the literature, organizing them into six categories: Knowledge, Perception, Actuation, System, Mission, and Environment. Then, we
analyze the capabilities and limitations of classical BTs with respect to these needs. Then, we characterize BT-based approaches for adaptation from the
existing literature and organize them into four primary families, i.e., generation, extension, evolution, and refinement, including approaches that combine
mulfiple families.

Our analysis shows that the modularity, flexibility, and reactivity of classical BTs are insufficient for adaptation needs involving runtime restructuring,
reasoning under uncertainty, mission reinterpretation, learning, or integration with external knowledge and planning mechanisms. Enhanced BT approaches
address several of these limitations, but to different extents and often with limitations of their own. Our findings relate adaptation needs to both the
capabilities and limitations of classical and enhanced BTs, providing guidance on when classical BTs are sufficient, when enhanced mechanisms are

needed, and which challenges remain or emerge for adaptive robotic control architectures.
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