CSTA++

Unifying State, Action Temporal Abstractions and
Causal Information for Contrastive Policy Explanations

% University of

WE BRISTOL

Xiaowei Liu', Yining Yuan?, Weiru Liu®
August 16, 2026

"University of Vienna, *University of Bristol



Example: Lunar Lander

State space: R®. Action space: R?.
Users want to know:
What if the agent reaches area 2 ratherthan area 37

« The "areas" are abstractions of states/observations.
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Example: Lunar Lander

Users want to know:

What if the agent takes leftward-descent rather than
rightward-drift?

 The descriptions are abstractions of actions (or
macro actions, maneuvers).

Answers could be, for example:

“This alternative path would have caused time to
complete the partition to increase by 22.37 while also
causing the reward to increase by 59.76.”
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Introduction

- Continuous state/action spaces (e.g., robotic arms).

Figure 2: LunarLander and
FetchReach from Gymnasium.
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Introduction

- Continuous state/action spaces (e.g., robotic arms).

. With limited offline trajectories, learning a model is
often not feasible.

 Decisions need abstraction + temporal structure

together.
Figure 2: LunarLander and
FetchReach from Gymnasium.
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Introduction

Continuous state/action spaces (e.g., robotic arms).
With limited offline trajectories, learning a model is
often not feasible.

Decisions need abstraction + temporal structure
together.

Provide evidence regarding the decisions

(Miller’s Evaluative Al proposal.)

Figure 2: LunarLander and
FetchReach from Gymnasium.
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Previous Work: CEMA

CEMA: Causal Explanations in Multi-Agent Explanations

systems (Gyevnar et al., 2024). (Natural Language)
» = Probabilistic model for rollouts. ( Planner lib. )
. & Natural language for counterfactual Models (_Prob. mode .
) Guman Labellm@
explanation. ¢

- &® Requires a forward probabilistic model.

o (TT171 [T 11
« 33 Dependson a planning library. Trajectories (T T
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Previous Work: CEMA

CEMA: Causal Explanations in Multi-Agent Explanations &

systems (Gyevnar et al., 2024). eturaltanguage

» = Probabilistic model for rollouts. ¢( Plag”b_ )

. = Natural language for counterfactual Models (_ Prox"de' ) Gumaxbem@
explanation. T

« 32 Requires a forward probabilistic model. §
. 42 Depends on a planning library. Trajectories 4*

7 wiversitat
. wien

University of Xiaowei Liu', Yining Yuan?, Weiru Liu?, CSTA++, Unifying Abstractions for Contrastive for Policy Explanations 3/15



We aim to answer:
What if agent did (foil) rather than (fact)?

using state and action abstractions from offline trajectory data
alone, without explicitly learning a transition model.



Previous Work: CSTA

Explanations
(Natural Language)

CSTA: Contrastive Spatiotemporal Abstraction
(Bewley & Lawry, 2021).

. Interpretable abstractions of states and Models
rewards with the binary tree.

( Abstractions )

« = No action abstraction, and no support A
for interactive queries. Trajectories CLLI]
[T L]
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Our Work: CSTA++

Explanations

(Natural Language)

Huma

Models - C Pla§:“n>

I

Trajectories 4*
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Pipeline of CSTA++

(s,a,s',7)

state

space
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action
space
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Tree-based State Abstraction

2 - U 10
. Maps continuous state space S € RP | :
onto a finite set of abstract states X = ’ 6
{z,,29,....,x,,} _ A ;
« Recursively splits the state space with a | i i

binary decision tree, maximising the
. (=000
Jensen-Shannon divergence between

abstract states.

« Abstract transitions should be as

(v=-0.20] [y=/0\.\60] (y=0.40]  [y=0.15]

mutually divergent as possible. i L 7L 7L
g Bjic
18 ®@ 8
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Action Abstraction to Manoeuvres

+ For each abstract state pair (z;, z;), we
segment the trajectories using Bayesian
changepoint detection.

« Cluster segments across all trajectories with
time-series k-means and soft dynamic time
warping.

« Name each cluster with a small language
model (Lexicon).

« %% Causal dynamics graph between abstract
states and manoeuvres.
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Lexicon by SLMs

We feed the SLM environment descriptions
and action sequences.

't returns {name, description} pairs, which
are reused in later queries.

S B universitat
o wien

BAE Uniersicy of Xiaowei Liu', Yining Yuan?, Weiru Liu?, CSTA++, Unifying Abstractions for Contrastive for Policy Explanations
QL] BRISTOL

9/15



Lexicon by SLMs

We feed the SLM environment descriptions
and action sequences.

't returns {name, description} pairs, which
are reused in later queries. For example,

" manoeuvre 6-5-0, action sequence,...
* "left-descent brake"

“state 7: x > 0.1, vy = 0,

* "upper-right hovering"
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Lexicon by SLMs

Table 1: State lexicon examples
We feed the SLM environment descriptions STATES Lexicon

and action sequences. 6 left-centre descent

5 left-centre low-altitude approach
3 left-centre low-altitude hover
1 left low-velocity approach

't returns {name, description} pairs, which
are reused in later queries. For example,

 manoeuvre 6-5-0, action sequence,... ,
Table 2: MANOEUVRES lexicon examples

© "left-descent brake” MANOEUVRES Lexicon
Dctate 7: x > 8.1 v = B 6-5, #0 left-descent brake
' e VY R 6-3, #0 left-descent hover
“ "upper-right hovering" 3-1, #0 leftward-dive initiation
3-5, #0 steady-left-drag

7 universitat
o wien

B e o Xiaowei Liu', Yining Yuan?, Weiru Liu?, CSTA++, Unifying Abstractions for Contrastive for Policy Explanations 9/15



Explanation

Q: What if agent did (foil) rather than (fact)? LENEUEER TEmplaie.

« Mechanistic: Had the agent taken a instead

e g . 5 of b, it would reached __instead of __.
’ atisal Gynaties grap Reaching __ would caused the agent to

« Mechanistic explanation (what causes it?)

) \Diversitat
10/15

Xiaowei Liu', Yining Yuan?, Weiru Liu?, CSTA++, Unifying Abstractions for Contrastive for Policy Explanations



Explanation

Q: What if agent did (foil) rather than (fact)? LENEUEER TEmplaite:

« Mechanistic: Had the agent taken a instead
of b, it would reached __instead of __.
Reaching __ would caused the agent to

« Mechanistic explanation (what causes it?)

» %% Causal dynamics graph
. Teleological explanation (whatis it aiming
for?)
» Goals, time-to-goal;
» Change in reward;
» Estimated final outcome

« Teleological: Had the agent taken a instead
of b, it would have caused time to
decrease/increase by __ and reward to
decrease/increase by __. This indicates that
finally itwould __...
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Explanation

Q: What if agent did (foil) rather than (fact)? L2 UEIZR TEmipllie:

« Mechanistic: Had the agent taken a instead
of b, it would reached __ instead of __.
Reaching __ would caused the agent to

« Mechanistic explanation (what causes it?)

» %% Causal dynamics graph
- Teleological explanation (whatis it aiming

, .
for?) , « Teleological: Had the agent taken a instead
» Goals, time-to-goal;

, of b, it would have caused time to
» Change in reward; :
_ _ decrease/increase by __ and reward to
» Estimated final outcome . L
, _ decrease/increase by __. This indicates that
« Supportive explanation (what else

) , finally itwould __...
appens?) « Supportive: binvolves...,__ means...
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Explanation Example

What if take steady left push instead of main engine cut left push?

M Had the agent taken steady left push, it would have reached left of pad rising slowly, instead
of falling above the pad. Reaching left of pad rising slowly would have caused the agent to
reach low above the pad left of center, instead of left of pad falling.

T This alternative path would have caused time to decrease by 10.00 while also causing the
reward to increase by 15.34. This indicates that finally it would land successfully.

S Main engine cut left push involves a brief leftward push from the side thruster while the main
engine throttles down from near full power to off, steady left push involves a sustained push from
the right side thruster to drift the craft leftward, maintained over two timesteps.
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User Study Design and Interface

CSTA++ User Study X+

C @ @ localhost:5050/study/815b77ce3f/step Y & Incognito

CSTA++ Explanation User Study

Page 10f 10

° I ntrOd u Cti O n « Go back to the last page
» Consent, tutorial and attention check Tutoria

1. What you will see

In this study, you will watch short video clips of an Al agent (an Al pilot) trying to land a small spacecraft (lunar lander) safely on the
surface of the moon. You do not need any background in Al or reinforcement learning to take part. This tutorial introduces only the
concepts you need to interpret what you see.

2. The goal of the lander
The lander begins at the top of the screen and is pulled downward by gravity. The objective is to bring it down to the landing pad — the flat
area between two yellow flags at coordinates (0, 0) on the moon’s surface — gently, upright, and at low speed. The surface around the pad
is uneven: landing outside the pad on rocky terrain usually leads to a crash. Three outcomes are possible at the end of an episode:

« Successful landing — the lander touches down on the pad slowly and roughly upright, with both legs in contact with the ground.

« Crash — the lander hits the surface too fast, at too steep an angle, or misses the pad entirely.

« Out of bounds — the lander drifts off the side of the screen.
3. What the agent can do

The lander has two engines the agent can control: a main engine at the bottom, which provides upward thrust to slow the descent, and
side (lateral) boosters, which rotate the lander left or right. Below is a short video for illustration.
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User Study Design and Interface

[ ] v CSTA++ User Study X +

G @ @ localhost:5050/study/815b77ce3f/step Y & Incognito

CSTA++ Explanation User Study

Page 3 of 10

<« Go back to the last page

+ Introduction S 2 g 102 kot ro i s oo o St st hrconu Ot e o i s camelrin 5 1 v
» Consent, tutorial and attention check

« Study phase: two cases with explanation
» Control group: CSTA

» Experimental group: CSTA++

¥ position

» 0:00/0:08

-1.0 -05 00 05 10
X position

The lander's position is carved into regions called abstract states; each

° ? numbered region is one state. The numbers are what carry over — the same
number names the same region on the timeline beside it and on the next
start of the landing - end age.
pag
| 7 falling above the pad (t 0-108) 7 falling above the pad
6 low above the pad
6 low above the pad (t 108-287) 3 low above the pad left of center
3 low above the pad left of center (t 287-405) Only the states this landing actually visits are listed, in the order it
visits them.

Click a phase title to jump the video to that part. The current part is
highlighted while the clip plays.

—/
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User Study Design and Interface

[ ] v CSTA++ User Study X+

C @ @ localhost:5050/study/815b77ce3f/step Y & Incognito

CSTA++ Explanation User Study

Page 4 of 10

<« Go back to the last page

- Introduction
» Consent, tutorial and attention check sk th agent about a manceuwre

° St u d y p h ase: tVVO cases w /‘t h ex p [ an atl on ekl v happomes 11 hattdone eometning aloar | C1c 1 or what

» Control group: CSTA

» Experimental group: CSTA++

Manoeuvre:

gentle descent with left correction (6 — 3) v

O Why this manoeuvre? ~ ® What if instead...

Instead do:
| v rise and drift left (6 - 4)
> 0:02/0:08

hard climb with wild side thrusts (6 - 5)
right push and brake (6 - 9)

start of the landing - end
756 controlled descent with lateral correction (t 0-108)
6 -3 gentle descent with left correction (t 108-287)
3 Settle in low above the pad left of center (t 287-405)

Click a phase title to jump the video to that part. The current part is
highlighted while the clip plays.
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User Study Design and Inte

CSTA++ User Study X+

C @ @ localhost:5050/study/815b77ce3f/step Y & Incognito

Page 4 of 10

< Go back to the last page

Study 1 of 2 (part 2 of 2) — look at how this landing is broken into abstractions and ask the agent about its manoeuvres, then continue. You will not see these
explanations during the later questions.

« Introduction
» Consent, tutorial and attention check

« Study phase: two cases with explanation
» Control group: CSTA
» Experimental group: CSTA++ e ‘ V

WHAT HAPPENED

Landing 1 of 2
Ask the agent about a manoeuvre

Pick a manoeuvre the agent performed, then ask why it did it, or what
would have happened if it had done something else.

Manoeuvre:

gentle descent with left correction (6 — 3) v

O Why this manoeuvre? ~ ® What if instead...

Instead do:

start of the landing > end Gentle descent with left correction (6 - 3) involves a gentle
main engine burn that slows the fall, with increasing left
76 controlled descent with lateral correction (t 0-108) thruster pressure in the final phase to drift the craft leftward,

hard climb with wild side thrusts (6 = 5) involves a mostly-
firing main engine climbing the craft upward while the side
thrusters rapidly alternate left and right, creating chaotic
sideways movement throughout.

63 gentle descent with left correction (t 108-287)

3 Settle in low above the pad left of center (i 287-405)
=What caused it
Click a phase title to jump the video to that part. The current part is Had the agent taken hard climb with wild side thrusts (6 - 5),
highlighted while the clip plays m it would have reached left of pad rising slowly (5), instead of
low above the pad left of center (3). Reaching left of pad
rising slowly (5) would have caused the agent to reach low
above the pad left of center (3).

~What it was aiming for

—
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User Study Design and Interface

CSTA++ User Study X+

C @ @ localhost:5050/study/815b77ce3f/step Y & Incognito

CSTA++ Explanation User Study

Page 6 of 10

<« Go back to the last page

- Introduction O S
» Consent, tutorial and attention check sk th agent about a manceuwre

° St u d y p h ase: tVVO cases w /‘t h ex p [ an atl on ekl v happomes 11 hattdone eometning aloar | C1c 1 or what

» Control group: CSTA

» Experimental group: CSTA++

Manoeuvre:
chaotic descent with side thrusts (4 — 1) v
O Why this manoeuvre? ~ ® What if instead...

Instead do:
rise and drift left (4 — 2) v

Ask

start of the landing - end What if take rise and drift left (4 - 2) instead of chaotic
. N . descent with side thrusts (4 - 1)?
54 gentle main burn with steady right push (t 0-20)
WHAT HAPPENED

a-1 chaotic descent with side thrusts (t 20-113) Chaotic descent with side thrusts (4 - 1) involves a prolonged
main-engine burn with erratic side-thruster firing throughout,
gradually steadying as the craft descends toward the pad, rise
and drift left (4 - 2) involves a sustained main engine burn
that lifts the craft while side thrusters push it leftward, then
ease off as it climbs away.

150 chaotic sideways descent (t 113-169)
0-3 erratic descent with lateral jabs (t 169-344)

3 Settle in low above the pad left of center (t 344-408) + What caused it

+ What it was aiming for
Click a phase title to jump the video to that part. The current part is 9
highlighted while the clip plays.
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User Study Design and Interface

v CSTA++ User Study X+

= C @ @ localhost:5050/study/815b77ce3f/step

When does the agent behave unexpectedly?

This is a new landing (no abstraction explanation shown). Watch it, then click the timeline at the moment where the agent’s behaviour first
becomes unusual compared with the normal landing structure you learned.

Introduction

» Consent, tutorial and attention check
Study phase: two cases with explanation
» Control group: CSTA

» Experimental group: CSTA++

Test phase without explanation

tttttttt

Questionnaire

How confident are you in this answer?

O O @ O O
1-Not atall 2 - Slightly 3 - Moderately 4 - Very 5 - Extremely
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Limitations & Future Work

« CSTA++ cannot explain outcomes that never occur in the data.
« Recovered causal structure may not reflect true mechanisms
» We therefore phrase explanations as “must-do” / “could-do”.
« Benchmark SLMs (9B-20B), not very small ones.
- Shorten the final explanation.
. Extend to goal-conditioned domains (e.g., Pick-and-Place) and robotics applications.
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Takeaways and Acknowledgements

. Setting: continuous state/action spaces
with offline data only.
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