POLITECNICO DI TORINO

College of Computer Engineering, Cinema and Mechatronics

Master’s Degree
in Cinema and Media Engineering

Design and Development of Interactive
3D Virtual Reality Environments for
Substance Use Disorder Monitoring and
Treatment

Tutors Candidate

Prof. Andrea Bottino Antonino Tiziano Castagnella
Prof. Francesco Strada,






A Morena, 1 miei traguardi saranno sempre i tuoi.






Abstract

Substance Use Disorder (SUD) represents a global health challenge. Digital therapeutics, par-
ticularly those based on Virtual Reality (VR), oler a promising paradigm for increasing the
e [cady and accessibility of treatment by providing immersive, controlled environments. This
thesis documents the design and implementation of a standalone VR application for Meta
Quest, developed in Unity, intended to support SUD therapy. The core of the system is a
virtual therapist guided by an advanced conversational agent (Large Language Model, LLM)
hosted on a high-performance computing (HPC) infrastructure at the Politecnico di Torino.
The therapeutic flow is structured into sequential modules. The patient, guided by the virtual
therapist, completes a pre-assessment analysis via an in-VR tablet interface to record levels
of craving, pain, and mood. Subsequently, the patient selects from several available therapeu-
tic techniques (e.g., guided breathing, visualization, mindfulness). The system then loads a
dedicated therapeutic scene where the patient performs the exercise, concluding with a post-
assessment analysis. This project not only demonstrates the technical feasibility of integrating
complex, HPC-hosted LLMs with a standalone VR client but also provides a robust architecture
for structured data collection. This enables the tracking of patient progress across treatment
cycles and paves the way for future personalized, data-driven therapeutic tools.
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Chapter 1

Introduction

1.1 Problem Statement: The Challenge of SUD

Substance Use Disorders (SUD) represent one of the major concerns globally. SUD is de-
ned by DSM-5 as a chronic, relapsing brain disease characterized by compulsive drug seeking
and use, despite harmful consequences and body impairments. It includes a wide range of
substances, such as alcohol, cannabinoids, cocaine stimulants, tobacco, hallucinogens, opioids
(OUD). As de ned by DSM-1V [2], both substance abuse and substance dependence refer to "a
maladaptive pattern of substance use, leading to clinically signi cant impairment or distress."
The DSM-5 has eliminated the distinct abuse and dependence disorders for several reasons [3]:
(1) the distinction provided little guidance for treatment;(2) the distinction created diagnostic
orphans (individuals who endorsed two dependence symptoms and no abuse symptoms and
therefore did not meet any diagnostic criteria); (3) the hierarchical structure did not follow the
anticipated relationship between abuse and dependence (that abuse was largely a less severe
prodrome4 of dependence); and (4) the separation caused the abuse diagnosis to su er from
signi cant reliability problems. The DSM-5 combines the abuse and dependence criteria under
the new rubric substance use disorder, which requires 2 out of 11 criteria in a 12-month period
for diagnosis.[4]

1.2 Thesis Objectives and Scope

The primary objective of this thesis is to address the previously identi ed gaps in Substance Use
Disorder (SUD) treatment speci cally accessibility, stigma, and the "generalization gap"
through the design, implementation, and technical evaluation of a novel Virtual Reality (VR)
therapeutic system.

This research was developed in direct collaboration with the University of Mary-

land, speci cally commissioned by the Colloca Lab.

This project is not intended to invent new therapeutic methods. Instead, it aims to create a
more e ective, engaging, and accessible delivery mechanism for existing, evidence-based prac-
tices. As outlined by established medical literature, the standard of care for SUD diagnosis and
treatment relies on psychosocial interventions such as Cognitive Behavioral Therapy (CBT)
and Mindfulness-Based Relapse Prevention (MBRP) to help patients manage cravings and
emotional distress [5]. Our system is designed to translate these proven techniques into an
immersive, interactive, and self-guided VR format.

To achieve this primary objective, the following speci ¢ technical goals were established for this
project:
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To develop, rst of all, a credible and e ective environment in which to carry
out the rst part of therapy together with the virtual agent.

To introduce a visually credible virtual agent capable of conversing with the
user(patient).

To implement a state-driven conversational agent to act as a virtual therapist,
capable of guiding a user through a structured, multi-step therapeutic ow.

To architect a robust, decoupled client-server system capable of running a complex
Large Language Model (LLM) while maintaining real-time interaction with a lightweight,
standalone VR client (Meta Quest).

To develop a series of distinct therapeutic modules including free breathing, guided
breathing, visualization, and mindfulness exercises, that can be loaded dynamically based
on the agent's state.

To develop a series of environments associated to the di erent types of treatments.

To create an intuitive, VR-native user interface for handling user input, such as
pre- and post-assessment questionnaires.

To implement a secure and structured data collection pipeline that captures
session data, user responses, and selected therapies for future analysis.

1.2.1 Limitations

The scope of this thesis explicitly excludes: the conducting of any medical diagnosis
of SUD/OUD, and any claim of replacing a human therapist. This system is designed as a
supplementary tool to augment existing treatments, not to supplant them.

1.3 Thesis Structure

The remainder of this thesis is organized as follows:

Chapter 2 Background and Literature Review provides a review of the current
state of research on SUD, established psychosocial interventions (CBT, Mindfulness), and the
emerging role of Virtual Reality and LLMs in healthcare.

Chapter 3 System Architecture and Design details the high-level technical blueprint
of the project, justifying the choice of a decoupled client-server architecture, the FSM (Finite
State Machine) model, and the selection of key technologies like LangGraph, URP and Microsoft
Azure Speech SDK.

Chapter 4 Implementation: The Server-Side Agent o ers a deep dive into the
Python backend. This includes the implementation of the FastAPI server, the automatic net-
work discovery (UDP Broadcast), the logic of the LangGraph agent, and the database storage.

Chapter 5 Implementation: The Client-Side VR Application documents the
development of the Unity client for Meta Quest. This covers the clinic scene implementation,
a quick review of the main script functions inside it, the Ul components of the in-VR tablet,
and the integration of the speci c therapeutic environment scenes.

Chapter 6 Usability Tests and Results presents the data collected from the usability
tests, evaluating all the environments and the virtual agent.
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Chapter 7 Conclusion and Future Work summarizes the achievements of the project
against the initial objectives, discusses the system's current limitations, and proposes directions
for future research and development.
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Chapter 2

Background and Literature Review

This literature review aims to explore the diverse applications of Virtual Reality (VR) in the
treatment of substance dependence, categorizing the existing research into distinct therapeutic
approaches. By examining the e cacy and mechanisms of these VR-based interventions, this
review seeks to provide a comprehensive overview of the current state of the eld and identify
future directions for research and clinical practice.

2.1 Current Therapeutic Approaches for SUD

The standard of care for Substance Use Disorder (SUD) is a combinatorial approach, addressing
the complex interplay of physiological dependence, psychological triggers, and social factors.
As outlined by established medical literature, diagnosis and treatment rely on a foundation of
psychosocial interventions, often supported by pharmacological assistance [5].
Pharmacological interventions, such as Medication-Assisted Treatment (MAT) for Opioid Use
Disorder (OUD), are frequently a rst-line defense to manage acute withdrawal symptoms and
reduce physiological cravings. However, long-term recovery is contingent on the patient's ability
to manage the psychological component of addiction.

To this end, psychosocial interventions are critical. The most prominent include:

" Cognitive Behavioral Therapy (CBT): This approach focuses on identifying and
modifying dysfunctional thought patterns and behaviors. Patients learn to recognize
their environmental and emotional triggers, challenge the automatic thoughts that lead
to use, and develop e ective coping strategies to prevent relapse.

A

Mindfulness-Based Relapse Prevention (MBRP): This modality teaches patients

to observe their cravings and negative emotions with a non-judgmental awareness, viewing
them as transient mental events rather than urgent commands to act. This "de-centering”
allows them to tolerate discomfort without engaging in compulsive behavior.

A

Relaxation and Breathing Techniques: Often used in conjunction with mindfulness,
these techniques are rapid-response tools to manage acute moments of anxiety or craving
by directly activating the parasympathetic nervous system.

2.2 Virtual Reality in Psychotherapy

While these traditional methods are e ective, they face signi cant barriers, including social
stigma, high cost, and a lack of accessibility. Furthermore, they su er from a critical "general-
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ization gap,” where skills learned in the sterile environment of a clinic are di cult for patients

to apply in the high-risk, trigger- lled real world.

Virtual Reality (VR) emerges as a powerful technological solution to this gap. It provides an
immersive, multisensory, and ecologically valid platform to simulate high-risk scenarios within

a safe and controlled therapeutic space. This review categorizes the existing research on VR
for SUD into several distinct therapeutic approaches.

2.2.1 Cue Exposure Therapy (VRET) in VR

This approach uses VR to expose individuals to drug-related cues (e.g., virtual environments
simulating bars, parties, or drug paraphernalia) in a controlled manner, aiming to reduce crav-
ings and desensitize the individual to triggers.

VRET for Alcohol

Study 1 A 2023 study protocol by Litt et al. [6] outlined a design to measure craving
induction using fMRI.

" Environments:
1. Neutral Environment (Baseline): A "non-room" (black room with a bright grid) for

spatial orientation and control.

2. High-Risk Scenario 1 (Living Room): Patient sits on a couch with their preferred
alcoholic drink on a table, simulating a solitary domestic trigger.

3. High-Risk Scenario 2 (Bar): Patient is in a social bar setting where a bartender
serves them their preferred drink.

4. Acclimatization Environment: A neutral white room to acclimate the patient to the
VR experience.

" Aims and Results: As this is a study protocol, nal results are pending. The aims
are to: (1) Induce craving, (2) Compare reactions between scenarios, (3) Measure the
duration of craving, (4) Assess the sense of presence, and (5) Monitor side e ects.

Study 2 A 2023 randomized controlled trial (RCT) protocol by Deng et al. [7] proposes a
multi-faceted VR intervention.

~ Environments:

1. Relaxation Scene: Four serene natural landscapes for relaxation.

2. High-Risk Scene: Simulations of real-life drinking situations (street barbecue stands,
restaurants, bars, home settings) enhanced with olfactory (scent) stimulation.

3. Aversive Scene: VR videos depicting the harmful health and social consequences of
alcohol consumption.

" Aims and Results: The ongoing trial aims to evaluate: (1) Reduction in alcohol crav-
ing, (2) Reduction in AUD severity, (3) Improvement in comorbid depression/anxiety, (4)
Normalization of Event-Related Potentials (ERP), and (5) Comparison between interven-
tions.
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Study 3 A 2021 study by Hernandez-Serrano O et al. [8] investigated the speci ¢ predictors
of cue-elicited craving.

" Environments: A neutral room (white room with water) and several alcohol-related
environments (Bar, Restaurant, Pub, At-Home). The environments included interactive
alcohol cues (beer, wine, spirits) and olfactory stimuli.

" Aims and Results: The study found several key predictors and correlations:

Predictors of Craving: Both AUD Severity and the Perceived Realism (PR) of the

virtual beverages were signi cant predictors. Patients who found the drinks more
realistic reported higher cravings.

Predictors of Realism: The PR of beverages was also a key predictor of the overall
PR of the environment.

Mediation E ect: The study found that the PR of beverages mediated the relation-
ship between AUD severity and craving.

Correlations: Crucially, there was no signi cant correlation between the PR of the
environment and craving, suggesting the realism of the speci ¢ cue-object (the drink)
is more important than the general background.

Study 4 This 2024 study protocol [9] details an RCT focusing on common daily triggers.

" Environments: (1) Heading for the metro (with alcohol ads), (2) Going to the super-
market (alcohol aisle), (3) Being alone at home (bottle on table), (4) Going to a party.

" Aims and Results: The primary outcome is the cumulative number of standard drinks
consumed at an 8-month follow-up. Secondary outcomes include changes in craving,
anxiety, depression, and self-e cacy.

Study 5 (Ryan JJ et al., 2010) A key 2010 study [10] compared reactivity in binge drinkers
versus non-binge drinkers.

" Environments: Neutral underwater scenes and four alcohol-cue rooms (Kitchen, Bar,
Argument, Party) featuring visual, auditory, and olfactory cues.

~ Aims and Results: The study compared 15 binge drinkers and 8 non-binge drinkers.

Craving for Alcohol: Binge drinkers reported signi cantly higher cravings in the
Kitchen and Party rooms.

Thinking About Drinking: Binge drinkers reported more thoughts about drinking in
the Bar and Party rooms.

Attention: Both groups paid similar attention to cues, but attention was higher for
all participants in the cue rooms vs. neutral rooms.

VRET for Nicotine

Study 1 An early pilot study [11] tested VR-CET on 16 male adolescent smokers over six
20-minute sessions.
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" Environments: A virtual bar setting with visual (bottles, cigarettes, ads, smoking
avatar), auditory (chatter, music), and interactive (avatar o ering cigarettes) cues.

~ Aims and Results:

Craving Reduction: While self-reported craving showed a decline, it was not statisti-

cally signi cant. However, a key behavioral measure, the Morning Smoking Count,
was signi cantly reduced from 2.93 to 1.29 cigarettes/day.

Cue Reactivity: Social pressure from the avatar elicited stronger cravings than pas-
sive objects, highlighting the importance of social simulation.

Study 2 This study [12] tested the impact of olfactory cues.

~ Environments: (1) Neutral room (nature, oral scent), (2) Paraphernalia room (visual

smoking cues), (3) Party room (social smoking cues). Half the participants received
olfactory cues (smoke, co ee).

" Aims and Results: The smoking-related rooms signi cantly increased attention to
visual cues and thoughts about smoking. However, the addition of olfactory cues did not

signi cantly enhance attention or craving, suggesting a "suggestibility e ect" as 30% of
the no-scent group also reported smelling scents.

Study 3 This study [13] investigated contextual cues.

" Environments: Neutral environments (underwater, art gallery) and two convenience
store environments (one with explicit cigarette cues, one without).

~ Aims and Results: Smokers reported signi cantly higher craving in the store without
cues compared to the neutral environment. Craving was highest in the store with cues.

This suggests that the context (the convenience store) is a powerful trigger by itself, even
before explicit cues are present.

Study 4 This study [14] tested the di erence between passive exposure and active interaction.

" Environments: A virtual pub with three conditions: (1) Virtual Cigarette (simulat-

ing smoking via microphone), (2) Virtual Darts (neutral distraction), (3) Passive Pub
exposure.

~ Aims and Results: Only the Virtual Cigarette condition produced a signi cant increase
in both self-reported craving and heart rate. This indicates that simulating the behavior

(a proximal cue) is more potent at triggering cravings than passive exposure to the context
(a distal cue).

Study 5 This study [15] combined VRET with memory reconsolidation theory.

" Environments: A neutral mountain landscape, a smoking-related scenario (smoking
zone at a college), and an o ce for acclimatization.

~ Aims and Results: All groups showed increased craving on Day 1. On Day 3, the group
that performed VR extinction training 15 minutes after a smoking memory retrieval
task showed no signi cant craving increase, indicating successful inhibition of memory

reconsolidation. The other control groups (no retrieval, immediate extinction) still showed
signi cant craving.
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VRET for Opioids, Cannabis, and Other Drugs

While VRET for alcohol and nicotine is well-documented, its application for Opioid Use
Disorder (OUD) is a signi cant gap in the literature. Most VR research for opioids focuses
on relaxation or pain management, not direct cue exposure.

For Cannabis Use Disorder, however, VRET has been validated as a powerful assessment
tool. A key study by Bordnick et al. [16] exposed participants to:

" Environments: (1) Neutral art gallery rooms, (2) A Paraphernalia Room (bongs, joints,
cannabis scents), (3) A Social Interaction Party Room (avatars smoking, o ering joints).

~ Aims and Results: Craving levels, attention to cues, and thoughts about smoking
were all signi cantly higher in the cannabis environments compared to the neutral rooms,
with large e ect sizes (average d=1.07) demonstrating VR's validity for eliciting cannabis
craving.

For other Drugs (Cocaine), a 2024 study protocol by Lehoux et al. [17] details an inter-
active, multisensory VRCET system.

" Environments: Scenarios are tailored to the participant's primary method of use (snort-

ing, smoking, or injecting) and include visual (peers using), auditory (preparation sounds),
and olfactory/tactile cues.

" Aims and Results: The protocol aims to test VRCET combined with Memory-Focused
Cognitive Therapy (MFCT) against traditional picture-based CET, hypothesizing that
the higher immersion of VR will lead to greater craving extinction and lower relapse rates.

A 2021 systematic review [18] on VRET for AUD con rmed that VR successfully elicits
craving (especially bar and party scenes) and that craving correlates with the ecological validity
of the virtual environment. However, the review noted that while VRET shows promise, its

long-term superiority over standard CBT for sustained abstinence remains mixed and requires
further research.

2.2.2 Relaxation and Stress Management

This approach uses VR to create calming, immersive environments that help individuals manage
stress and anxiety, which are common triggers for substance use. While this review found no
speci ¢ studies for alcohol or nicotine, its application for OUD is a critical emerging eld.

Study 1 (Faraj MM et al., 2021) This study [19] tested a VR meditative intervention on
OUD patients undergoing methadone maintenance.

" Environments: A four-stage narrative: (1) Introduction to child avatars, (2) Teaching of
the "Breath Brake®" technique, (3) Confrontation with a "beast" representing addiction
in a metaphorical brain, (4) Waterfall Meditation where the beast is washed away.

" Aims and Results: The intervention was well-tolerated and showed signi cant behav-
ioral and neurobiological outcomes:

Behavioral: Signi cant reductions in self-reported pain, opioid craving, anxiety, and
depression after each session.

Neurobiological: fMRI data showed reduced activation in the left postcentral gyrus
(a key pain region) after the 12-week intervention and changes in brain connectivity.
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Study 2 (McGirt et al., 2023) This study [20] utilized "Vx Therapy," an in-home VR
toolkit paired with remote CBT for patients with chronic pain (a major OUD risk factor).

" Environments: The toolkit included four categories of modules: (1) Education (3D
anatomy), (2) Meditation (guided mindfulness in nature), (3) Distraction (puzzles, games),
(4) Escape/Entertainment (virtual travel).

" Aims and Results: The study found signi cant acute and long-term bene ts.

Pain Reduction: Pain was reduced by 33% immediately after use, and the duration
of relief increased from 2.8 hours to 4.5 hours by the end of the 14-week program.
Mood: Anxiety scores decreased by 46%.

Long-Term E cacy: No habituation was observed; the e ects increased over time.

2.2.3 Cognitive-Behavioral Therapy (CBT) in VR

This modality integrates VRET with active skills training, placing patients in realistic scenarios
where they can practice CBT strategies.

CBT for Alcohol

Study 1 The CRAVR trial protocol [21] is designed to test VR-CBT against standard CBT
for AUD.

" Environments: The system uses 30 high-resolution 360° videos of ve real-world loca-
tions: Pub, Bar/Party, Restaurant, Home, and Supermarket.

" Method: Each location features 6 progressively intense scenarios, with interactive avatars
in later grades o ering drinks or confronting the patient, allowing for graded exposure
and skills practice.

Study 2 This study [22] used VR for cognitive rehabilitation in AUD patients.

" Environments: The "Systemic Lisbon Battery (SLB)," a virtual city environment (mini-
market, pharmacy, art gallery, home) where participants performed activities of daily
living (ADLs) like managing a shopping list and budget.

~ Aims and Results: The pilot RCT found that the VR group showed signi cant cognitive
improvements compared to the control group, particularly in:

Attention: Correct responses on the Toulouse Pierdn test increased signi cantly
(p<.001).

Cognitive Flexibility: Reduced errors on the Wisconsin Card Sorting Test (WCST)
(p=.001).

Memory (Rey Complex Figure:) Experimental group showed improved recall (21.54
37.80, p=.002), though no signi cant group O time interaction.
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CBT for Drugs
Study 1 An earlier pilot study [23] of the same SLB system con rmed its feasibility.

" Environments: A virtual city with locations like a mini-market, pharmacy, and art
gallery for task-based training, populated by NPCs.

" Task-Based Training: participants completed goal-oriented tasks (e.g. purchasing
items from a list, organizing objects) with increased di culty in order to challenge cog-
nitive skills.

" Aims and Results: The study conrmed signi cant improvements in attention and
cognitive exibility, and reported high retention (only 14% dropout), supporting VR's
usability in this clinical population.

2.2.4 Motivational Enhancement and Goal Setting

This approach uses VR's narrative and emotive power to enhance a patient's motivation for
change, either by visualizing positive outcomes or confronting negative consequences.

Study 1 This study [24] used VR to train medical students, aiming to reduce the stigma
toward OUD that often prevents patients from seeking care.

~ Environments: A 12-episode, 360-degree video narrative following "Destiny," a pregnant
woman with OUD, through clinical, home, and community settings.

" Aims and Results: The intervention was highly feasible (100% retention) and successful
in its primary goal, showing a signi cant decrease in stigma scores (p < 0.001) and a
signi cant improvement in empathy (p = 0.023) among patrticipants.

Study 2 This study [25] applied Aversive Counterconditioning (VR-CP) to METH users.
" Environments:

A 360° video simulating social METH use. Key scenes included Social Interactions
with auditory cues, drug paraphernalia, group settings where people consume METH
together.

Six custom VR videos pairing METH-use scenes with highly aversive scenarios (po-
lice arrest, severe hallucinations, infections, contracting sexually transmitted dis-
eases, premature aging/tooth loss, sudden death).

" Aims and Results: The VR-CP group showed a signi cant decrease in both METH-
craving and METH-liking (p < 0.001) compared to the waiting list group. They also
showed a signi cant reduction in physiological stress (HRV) during cue exposure.

2.2.5 Social Skills Training and Relapse Prevention

This modality speci cally targets social pressure, a primary driver of relapse. VR is used to
simulate social interactions where patients can practice refusal.
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Study 1 This study [26] co-designed a social skills training environment with clinical experts.

" Environments: An immersive, messy "social-housing apartment" with alcohol cues and
a Persuasive Embodied Conversational Agent (ECA).

" Method: The ECA (a virtual peer) exerts peer pressure using emotional appeals ("You
used to be more sociable"). The user practices refusal via a dialog interface that provides
tra c-light feedback on the risk level of their chosen response.

" Aims and Results: Experts rated the IVR as realistic and immersive. A key nding was
that the ECA's nonverbal animations (e.g., drinking gestures) were critical for realism,
but the text-to-speech voice reduced persuasiveness.

Study 2 This study [27] adapted the Approach-Avoidance Task (AAT) to VR.

" Environments: A simple table-top VR setting where participants used a controller

to physically "PUSH" (avoid) alcoholic images and "PULL" (approach) non-alcoholic
images.

" Method: Grasping Conditions. Three variants were tested:

Never Grasp: No lever press; only arm movements.
Always Grasp: Press lever for both PUSH and PULL.
Grasp When PULLIng: Press lever only when pulling stimuli.

Participants sorted stimuli into slots (near for PULL, far for PUSH) while reaction times
(RTs) were measured.

" Aims and Results: The VR-AAT outperformed the standard PC-joystick version at
detecting approach bias in AUD patients. The version without grasping was most e ective
for detection, while the "Grasp When PULLIng" version was the most feasible for users.

Study 3 This protocol [28] describes a multi-site RCT to further validate the VR-based
AATP (Approach-Avoidance Training Program).

" Environments: An immersive VR bar with high-poly 3D drinks and a virtual bartender,
where participants PUSH or PULL the drinks.

~ Aims and Results: The study hypothesizes that the embodied, realistic nature of the
VR-based AATP will prove superior to both PC-based training and treatment-as-usual
(TAU) in reducing long-term alcohol consumption, cravings and impulsivity.

Study 4 This study [29] combined cue exposure with aversive conditioning in a three-stage
protocol.

" Environments: (1) Relaxation (calm landscapes), (2) High-Risk (virtual bar with alco-
holic beverages and social drinking environments), (3) Aversive (visuals of people vomiting

after drinking paired with the real-world taste of sour ke r, a vomit-like fermented milk
that creates disgust).
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" Aims and Results: After 10 VRT sessions, PET/CT imaging revealed that patients
had reduced metabolism in the right lentiform nucleus (reward processing) and right
temporal lobe (emotional reactivity). This neurobiological change suggests VRT can help
normalize hyperactivity in the brain's reward circuits. Self-reported cravings (VAS) sig-
ni cantly decreased reward sensitivity and emotional reactivity to alcohol cues. Changes
in brain metabolism did not directly correlate with craving reduction, hinting at complex
mechanisms.

2.2.6 Gami cation and Engagement in VR Therapy

This nal category applies game design principles to increase user engagement and adherence
to treatment.

Gami cation for Opioids

Study 1 A pilot study [30] tested a mindfulness-based VR program, "3D Therapy Thrive"
(3DTT), with OUD inpatients.

" Environments: In this pilot study, the VR intervention used was 3D Therapy Thrive
(3DTT), a psychologically informed VR program delivered via the Meta Quest 2.0 head-
set. The VR environment included ve modules designed to address psychological factors,
mindfulness, creativity, problem-solving, and self-celebration. The experience featured in-
teractive 3D art, rst-person challenges, and guided activities with a calming voice, all
aimed at improving mood, reducing tension, and alleviating cravings.

A

Aims and Results: The intervention was highly feasible (94% satisfaction) and led

to signi cant reductions in depression and tension (after only 1-2 sessions), and opioid
cravings. The VR group was also 41% more likely to complete their treatment protocol
than the treatment-as-usual (TAU) group.

Gami cation for Drugs

Study 1 A "Social-Volitional VR" (SVVR) program [31] was developed to train volunteers
in drug abuse prevention for at-risk youth.

~ Environments:

Ice-breaking and introductions Building rapport with students.
Tarot card activity Encouraging self-re ection and problem identi cation.
Handling disengagement Managing situations where students ignore volunteers.

Peer in uence scenarios Using a game-based platform (Kahoot) to explore com-
munication strategies.

Social media interaction Teaching volunteers to engage with students via platforms
like Facebook/Instagram to monitor social in uences.

" Aims and Results: The SVVR group showed signi cant improvements in problem-
solving skills (p = 0.03) and self-e cacy (p < 0.001) compared to controls. SVVR par-
ticipants showed greater con dence in assisting students (p < 0.001). Activities like
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role-playing and mentoring boosted their belief in handling drug-related challenges. No
signi cant improvement (p = 0.28) in teamwork, possibly due to limited collaborative
tasks in VR. Participants expressed high engagement with SVVR, citing novelty and
praticality.

2.3 Conversational Al and Large Language Models (LLMSs)
in Healthcare

While the environments and interventions reviewed provide the "stage" for therapy, the "actors"
the virtual humans have traditionally been a limiting factor. Most studies employ pre-scripted
360° videos, simple Embodied Conversational Agents (ECAs) with basic dialog trees [29], or
avatars that o er no real-time social interaction. This creates a "brittle” experience that can
quickly break immersion and fails to adapt to the patient's unique needs.

The recent advent of powerful Large Language Models (LLMs) presents an opportunity to
create a virtual therapist that is truly dynamic, empathetic, and responsive. LLMs are deep
learning models trained on massive datasets, capable of understanding context, generating
nuanced human-like text, and performing complex reasoning.

In healthcare, conversational Al platforms are already being used to deliver CBT and mind-
fulness interventions via text, o ering signi cant advantages in accessibility and anonymity.
However, these text-based models lack the embodiment and presence that is central to the
therapeutic alliance. The integration of an LLM as the "brain" of an animated, 3D virtual
therapist within an immersive VR environment represents a signi cant leap forward, combin-
ing the accessibility of Al with the proven power of VR presence.

2.4 Gaps in Current Research and Project Contribution
This literature review highlights several gaps that the current project aims to address.

1. A Gap in Modality Integration: The majority of studies focus on a single therapeutic
modality (e.g., VRET or Relaxation). There is a lack of integrated systems where a pa-
tient can be assessed and then seamlessly guided through a multi-step ow that combines
pre-assessment, a choice of intervention, and post-assessment, all within one continuous
session.

2. A Gap in OUD Intervention: While research on alcohol and nicotine is prevalent,
the literature on direct VRET and skills-based VR for Opioid Use Disorder is sparse.
Most OUD studies focus on pain management (a comorbidity) or provider-side empathy
training [27], not direct craving intervention for the patient.

3. A Gap in Agent Intelligence: As noted, many interactive studies rely on pre-scripted
videos or simple ECAs with basic dialog trees [29]. This severely limits the system's
ability to respond to a user's unique statements, questions, or concerns, preventing the
formation of a true therapeutic alliance.

This thesis project contributes to the eld by directly addressing these gaps. We propose

and document the technical implementation of an integrated system that does not just present
a single VR experience, but manages an entire therapeutic loop.
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The primary contribution is the novel architecture that combines a high- delity, standalone
VR client with a state-of-the-art, LLM-driven conversational agent. This agent is not on the
device but is hosted on a local server, which in turn queries a remote HPC for LLM processing.
This hybrid, three-tier model allows for complex Al reasoning while maintaining the portability
of a standalone VR headset. This system moves beyond simple cue exposure to simulate the
entire therapeutic alliance, guiding the user from check-in and assessment through to skills
practice and conclusion, all managed by a dynamic, intelligent, and responsive virtual therapist.
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Chapter 3

System Architecture and Design

This chapter presents the high-level technical blueprint of the proposed system. The architec-
ture was designed to solve a speci ¢ engineering challenge: integrating the advanced cognitive
capabilities of a Large Language Model (LLM), which requires signi cant computational power,
with the immersive but hardware-constrained environment of a standalone Virtual Reality head-
set.

3.1 Overview of the Decoupled Client-Server Architecture

To address the computational dichotomy between rendering and reasoning, a decoupled, three-
tier architecture was adopted. Unlike tethered VR experiences where a powerful PC handles
both rendering and logic, this project targets a Standalone use case to maximize portability
and accessibility for patients.

The system is composed of three distinct entities:

1. The Client: The Meta Quest headset running the Unity application. It handles input
capture (voice/hands) and audiovisual rendering.

2. The Local Server: A Python application running on a local machine. It orchestrates
the session ow, manages databases, and acts as the bridge between the user and the Al.

3. The LLM Service: The core conversational capabilities of the system are powered by
Google's Gemma 3 Large Language Model (speci cally the 27-billion parameter version,
gemma3:27b). The model was deployed and served using the Ollama inference framework,
hosted on the High-Performance Computing (HPC) infrastructure of the Politecnico di
Torino. This setup allowed for local, low-latency inference without relying on external
cloud APIs.

This separation ensures that the VR client remains lightweight and responsive (maintaining
high frame rates), while the heavy cognitive lifting is o oaded to external resources.
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3.2 Server-Side Architecture

The server-side application is the decision-making core of the system. It does not merely relay
messages; it maintains the state of the therapy, tracks patient progress, and determines the
ow of the conversation.

3.2.1 Backend Technology Stack: Python, FastAPI, and HPC

The backend is implemented in Python, chosen for its dominance in the Al ecosystem. The web
server framework is FastAPI, selected for its asynchronous capabilities (async/await), which
allow the server to handle multiple concurrent operations such as polling from the VR headset
and waiting for LLM inference without blocking.

The integration with the HPC (High-Performance Computing) infrastructure is handled
via API calls. The Local Server constructs the prompt (including system instructions and
conversation history) and sends it to the HPC. The HPC runs the inference using the Llama
3 model and returns the generated text. This setup ensures data privacy and control, as the
LLM is hosted on university infrastructure rather than a public commercial cloud.

3.2.2 The Conversational Agent Core: LangGraph

To manage the complexity of a therapeutic session, simple "chain-of-thought" prompting was
insu cient. The agent is built using LangGraph, a library that models the conversation as a
graph of nodes and edges.

LangGraph allows for cyclic logic. Unlike a linear pipeline, the agent can loop back to
previous states (e.g., repeating a question if the user is unclear) or branch into di erent paths
based on user decisions. The graph's state is persisted after every step, allowing the server to
"remember” the context even if the connection is temporarily lost.

3.2.3 Finite State Machine (FSM) Design

The therapeutic ow is modeled as a Finite State Machine (FSM). The session is divided into
sequential "Modules,"” each representing a distinct phase of the clinical protocol. The agent
transitions between these modules based on speci ¢ completion criteria.

Module 1: Check-in

This is the initialization phase. The virtual therapist welcomes the patient and establishes
rapport. The primary goal is to assess the patient's current state ("How are you feeling to-
day?"). The system remains in this state until the user provides a valid response that indicates
readiness to proceed.

Module 2: Educational

In this phase, the therapist provides psychoeducation. The agent explains the purpose of the
session and introduces the concept of craving management. This module is typically linear,
consisting of an explanation followed by a con rmation from the user.
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Module 3: Pre-Assessment

This module triggers the rst interactive Ul element. The therapist instructs the user to look
at the tablet. The system transitions to a data-collection mode where the user must Il out
the questionnaires and rate their baseline parameters (Craving, Pain, Mood). The conversation
pauses until the data is submitted to the server.

Module 4: Therapeutic Intervention

This is the core of the session. Based on the user's preference, the system branches into one of
the speci c therapeutic protocols. The server dynamically loads the appropriate scene on the

client.
The available therapies and their associated Virtual Environments (VES) are:

" Free Breathing Therapy: A self-paced relaxation exercise.
Scenarios: Modern Loft, Seaside.

" Guided Breathing Therapy: A structured exercise where the user synchronizes breath
with a visual guide.

Scenarios: Hill.

"~ Visualization Therapy: A guided imagery session where the therapist describes a
calming narrative to distract from craving.

Scenarios: Library, Seaside.

" Mindfulness Therapy: A body-scan meditation focused on grounding and present-
moment awareness.

Scenarios: Hill.

Module 5: Post-Assessment

Upon returning from the virtual environment, the user enters the re-evaluation phase. The
therapist debriefs the experience and asks the user to answer to the same questions about
craving, pain and mood, and then Il out the post-treatment assessment on the tablet. This
allows for the immediate measurement of the intervention's e cacy (e.g., delta in craving levels).

Module End: Cyclical Loop

The session does not necessarily terminate after Module 5. The logic includes a routing node
that asks the user if they wish to try another technique. If a rmative, the FSM loops back to
the choice menu (Module 4); otherwise, it proceeds to the nal goodbye and session termination.

3.3 Client-Side Architecture

The client application is developed in Unity. The target platform is the Meta Quest 3,
operating in Standalone mode. This choice dictated several critical architectural decisions
regarding rendering and performance optimization.
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3.3.1 Platform and Engine: Meta Quest 3 and Unity

Choosing a Standalone platform means the application runs entirely on the headset's internal
mobile chipset, without being tethered to a PC. This maximizes user comfort and allows the
therapy to be administered in any quiet room. However, it also imposes strict limits on thermal

output and battery usage, requiring highly optimized code and assets.

3.3.2 Choosing the Render Pipeline: URP vs. HDRP

One of the most pivotal technical decisions was the selection of the Render Pipeline. Unity
o ers the High De nition Render Pipeline (HDRP) for photorealistic graphics and the Universal
Render Pipeline (URP) for optimized performance.

While HDRP o ers superior lighting e ects, it is computationally prohibitive for mobile VR
hardware. HDRP relies on deferred rendering and heavy post-processing stacks that the Quest's
mobile GPU cannot sustain at the required 72 or 90 frames per second (FPS). A drop below this
frame rate in VR immediately causes motion sickness (cybersickness), which is unacceptable in
a therapeutic context.

Therefore, URP was selected. URP utilizes a forward renderer that is highly optimized
for mobile architectures. It allows for the use of custom shaders (such as the water shader
in the Seaside scenario) and baked lighting solutions to achieve high visual delity without
compromising performance. This ensures a smooth, nauseogenic-free experience for the patient.

3.3.3 Real-time Communication: Microsoft Azure Speech SDK

To maintain the illusion of a natural conversation, latency must be minimized. The client
integrates the Microsoft Azure Speech SDK for two bidirectional streams:

1. Speech-to-Text (STT): Continuous recognition runs on the client, converting the user's
spoken audio into text locally before sending it to the Python server. This reduces
bandwidth usage compared to streaming raw audio.

2. Text-to-Speech (TTS): The server sends back text response, which the client sends
to Azure to synthesize into a neural voice. The resulting audio stream is analyzed in
real-time to drive the lip-sync animation.

3.4 Conversation Overview

Having introduced both the server and the client sides, below is the complete data ow of
a conversational turn from the user's voice input in VR to the generation of a therapeutic
response is illustrated in Figure 1.
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Legend

® Headset side (Meta Quest 3)
Local server (Engine)
® Large Language Model (HPC)

Figure 1. All the steps during the interaction between the user and the virtual human
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3.5 Database and State Management

E ective therapy requires memory. The system implements a dual-layer data management
strategy to handle both long-term clinical records and short-term conversational context.

3.5.1 Long-Term Patient Database (SQLite)

The SqlitePatientManager handles persistent storage. It uses a local SQLite database to
store the "Patient Pro le." This includes the user's unique ID, their progress history, and the
cumulative TreatmentLog (a JSON structure containing the results of every assessment and
therapy session). This allows the system to resume a patient's therapy across multiple days or
sessions.

3.5.2 Short-Term Session Memory (LangGraph Checkpointer)

For the conversational agent to be coherent, it must remember what was said ve minutes
ago. This is handled by the LangGraph Checkpointer, also backed by SQLite. It stores the
serialized state of the FSM (Finite State Machine), including the chat history and the current
active module. This allows the server to be stateless between HTTP requests; every time a
request comes in, the agent "rehydrates” its memory from the checkpoint.

3.5.3 Cross-Scene State Passing (CrossSceneData)

A speci ¢ challenge in Unity is that loading a new scene (e.g., switching from the Clinic to the
Forest) destroys all objects in the previous scene. To preserve the session context during these
transitions, a static class named CrossSceneData acts as a bridge.

When the TherapyManager initiates a transition, it saves the ThreadID, CurrentModule,
and TreatmentLog into this static class. When the new scene loads, the local controller imme-
diately reads from CrossSceneData to initialize itself. This ensures that the virtual therapist
"remembers” the user and the current task even as the entire virtual world is replaced around
them.
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Chapter 4

Implementation: The Server-Side Agent

The core intelligence of the proposed system resides in the server-side application. Designed
as a decoupled entity from the visualization client, the server acts as the central orchestration
unit, managing the dialogue ow, state persistence, patient data, and the integration with
the Large Language Model (LLM). This chapter details the technical implementation of the
backend "Brain," developed in Python.

4.1 The FastAPIl Application Server

The backend is built upon FastAPI, a modern, high-performance web framework for building
APIs with Python 3.7+ based on standard Python type hints. FastAPI| was selected for its
native support of asynchronous programming (async/await), which is critical for handling
multiple concurrent requests (e.g., network discovery, database writes, and LLM inference)
without blocking the main execution thread. The server runs on a local machine, exposing its
endpoints over the local area network (LAN).

4.1.1 Endpoint Design

The API exposes a RESTful interface designed to handle specic phases of the therapeutic
session. Data validation is enforced via Pydantic models, ensuring that data structures like

classes, dictionaries or API inputs exchanged between Unity and Python strictly adhere to the

expected schema.

" POST /chat: This is the primary endpoint for the conversational loop. It receives a JSON
payload containing the thread_id (session identi er) and the user's message. Upon re-
ceipt, the server instantiates or retrieves the LangGraph agent associated with that ID,
processes the input through the Finite State Machine (FSM), and returns a JSON re-
sponse containing the therapist's reply and the updated current_module. This endpoint
is stateless in terms of connection (HTTP) but stateful in logic, relying on the checkpoint
database.

A

POST /create_patient: Used to initialize a new user pro le. It accepts a patient_name,
generates a progressive unique identi er (e.g., user_01), and initializes the database
record with an empty state. Crucially, this endpoint also initializes the LangGraph check-
point, "priming” the agent's memory so it is ready to receive the rst message.
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POST /create_test _session: Designed for usability testing, this endpoint allows the
creation of a patient that starts immediately from a specic therapy module rather
than the beginning. It accepts a base_thread_id (existing user), a scene_name, and
a start_module. It generates a unique test ID (e.g., user_01_TestScene), creates the
patient record, and forces the LangGraph checkpoint to the speci ed start_module, en-
abling direct testing of speci c therapeutic scenarios. In the usability tests documented
in this thesis, this endpoint has been used for the therapy scenarios (seaside, modern loft,
hill and library), with the module "therapy_usability”, that was a short version of the
"therapy_mindfulness".

POST /log_treatment: This endpoint is dedicated to data collection. It is called by the
client at the conclusion of a speci ¢ therapeutic exercise. It receives a structured object
containing pre-assessment scores (craving, pain, mood), the therapy selected, and post-
assessment scores. The server appends this data to the patient's historical log without
overwriting previous entries.

POST /submit_pre_assessment: Speci cally saves the results of the pre-treatment sur-
veys, lled by the patient in the clinic scenario. It receives the thread_id and a list of
SurveyResult objects. The data is stored in the pre_treatment_assessment_json col-
umn of the patient's database record. The endpoint /submit_post_assessment consists
of the same functions, applied to the post-treatment surveys.

POST /reset_starters: A utility endpoint used to reset the conversation state ags.

It accepts a thread_id and clears the module_starters_sent dictionary in the agent's
checkpoint. This ensures that if a patient re-enters the application on a certain module
(selected by the real clinician), the virtual therapist will re-deliver the necessary intro-
ductory scripts for each module.

POST /set_active_session: Part of the PC-to-VR session initiation protocol. Called

by the desktop "Intro" app (MenuManager), run by the it receives the thread_id,
patient_name, and current_module of the selected patient. The server stores this data

in a volatile global variable (ACTIVE_SESSION_DATA), e ectively "staging" the session for
the VR headset to pick up.

GET /get_active_session: The counterpart to the previous endpoint. This is polled
repeatedly by the VR headset ("SessionPoller’) on startup. If a session has been staged by
the PC (from the "Intro™ app), this endpoint returns the session data and clears the global
variable. It also triggers the STOP_BROADCAST_EVENT, signalling the Network Discovery
Service to cease broadcasting, as the connection has been established.

item GET /get_threads: A debugging and management endpoint that returns a list of
all active conversation threads currently stored in the LangGraph checkpoint database.

GET /delete_thread: Allows for the deletion of a speci ¢ conversation thread from the
checkpoint database, useful for resetting testing data or managing storage.

GET /get_patients: Retrieves the full list of registered patients from the SQLite database,
including their thread_id, name, current module, and last update timestamp. This is
used to populate the patient selection list in the desktop "Intro" app, after clicking on
the button "Load Session".
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" GET /surveys: Returns the static con guration data for all questionnaires (questions,
types, options) de ned in SURVEY_DATA. This allows the Unity client to dynamically build
the Ul for the surveys without hardcoding questions in the application.

~

GET /therapies: Returns a list of available main therapeutic categories (e.g., Breathing,
Mindfulness, Visualization). For each therapy, it provides an ID, title, description, and
a dynamically generated imageUrl. The server constructs the image URL using its own
current IP address (e.g., (http://192.168.1.)X:9999/...), ensuring the VR client can
download the assets regardless of the network con guration.

A

GET /breathing_therapies: Similar to the therapies endpoint, but returns the specic
sub-options for the Breathing category (Guided vs. Free Breathing), with title, description
and dynamically generated image URLSs.

4.2 Network Discovery Service

In a decoupled local network architecture, the IP address of the server is subject to change
(DHCP) or variation between di erent testing environments (e.g., laboratory vs. clinic). The
PC hpsting the server could even change. Hardcoding the server's IP address into the VR client
build is impractical, as it would require to rebuild the application for every network change.
To solve this, an automatic Network Discovery Service was implemented.

4.2.1 Implementation of UDP Broadcast for Server Discovery

The solution leverages the User Datagram Protocol (UDP) to broadcast the server's presence
to the local network.

On startup, the Python server spawns a background daemon thread. This thread identi es
the machine's active network interface ( Itering out loopback addresses) and begins broadcast-
ing the string THERAPY_SERVER_HERE) to the broadcast address (e.g., 192.168.1.255) on a
speci ¢ port (9998) at regular intervals.

Simultaneously, the VR client starts a listening thread on port 9998. When it intercepts
the server's broadcast message, it extracts the sender's IP address. This IP is then used to
construct the base URL (e.g., http://192.168.1.105:9999) for all subsequent HTTP API
calls.

To ensure robustness, the Python implementation includes thread-safe socket handling: the
socket is created, used, and closed within the worker thread to prevent resource con icts, and
the broadcast loop automatically terminates once a client successfully connects and requests a
session.

4.3 Session Initiation Protocol (PC-to-VR)

A signi cant challenge in standalone VR development is the disjointed nature of the hardware:
the researcher operates a PC, while the patient wears the headset. To bridge this gap, a custom
"Session Initiation Protocol” was implemented using a polling mechanism.

This architecture uses two of the endpoints mentioned above: /set_active_session and
/get_active_session.
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1. The researcher uses a desktop interface (the "Intro" app) to select a patient and sends
the con guration to /set_active_session by clicking the "Con rm" button, whether it
is a new session or a loaded one. The server stores this con guration in a volatile global
variable.

2. The VR headset, upon boot, enters a "Waiting Room" scene where it continuously polls
/get_active_session every 3 seconds.

3. Once the server returns a valid con guration (non-null, meaning that the set_active_session
has been successfully set by launching a session from the Intro app), the VR client saves
the thread_id locally and loads the clinical environment.

This approach eliminates the need for manual data entry inside the VR headset, streamlining
the user experience.

4.4 The Conversational Agent

The cognitive core of the virtual therapist is built using LangGraph and LangChain.

4.4.1 LangGraph

LangGraph is a library designed to build stateful, multi-actor applications with Large Language
Models (LLMs). Unlike simple linear chains, LangGraph allows the de nition of a state graph
(speci cally, a Fine State Machine) , which is essential for modeling a therapy session that can
loop, repeat, or branch based on user input.This also allows the LLM to loop through steps
until a goal is met.

Key Components:

" The State: A shared data structure (schema) that tracks the conversation. It persists
across every step of the graph. As the agent works, it updates this State (e.g., adding
messages, storing tool outputs).

Nodes: These are Python functions or LangChain chains. Each node performs work (e.g.,
"Call the LLM," "Search Google") and updates the State.

Edges: These de ne the path between nodes.
Normal Edges: Go from A to B always.
Conditional Edges: The "brain.” The system looks at the State and decides where to go

next (e.g., "If the tool returned an error, go to 'Retry’; otherwise, go to 'End™).

4.4.2 LangChain

LangChain is an orchestration framework designed to simplify building applications with Large
Language Models (LLMs). Its primary goal is composability. It allows to chain together
di erent components (prompts, models, data retrievers) to create a sequence of events.

Key Components:

" Prompts: Templates that structure the input for the LLM
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~

Models (LLMs): The engine (e.g., GPT-4, Claude) that processes the text.

" Retrievers (RAG): Tools that fetch external data (like PDFs or databases) to give the

LLM context.

~ Output Parsers: Tools that clean up the Al's messy response into structured data (like

JSON).

LCEL (LangChain Expression Language): A syntax used to pipe these components to-
gether easily, like this: Prompt | Model | OutputParser.

Below is an example of the chain used for the process of decision making:

self.decision_chains = {

module_id: ChatPromptTemplate.from_messages([

("system"”, prompt_text),
MessagesPlaceholder(variable_name="messages")
]).partial(format_instructions=decision_parser.get_format_instructions()) |
self.decision_llm | decision_parser

for module_id, prompt_text in decision_prompts.items()

}

In this extract from the chat agent code, the chain is divided in three parts:

A

A

A

Prompt construction, that consists of the prompt_text for that module and a spot for
the chat history between the human and the therapist (messages). It format instructions
are also injected in the prompt.

Decision, where the formatted prompt is sent to the Large Language Model.

Parsing, where the raw text response from the LLM is passed to the parser, which
converts it into a structured Python object

4.4.3 The ChatAgentStm Class Structure

The agent is encapsulated in the ChatAgentStm class. This class manages the initialization
of the LLM (via an interface to the HPC infrastructure), the connection to the checkpoint
database (for memory persistence), and the compilation of the state graph.

The graph state is de ned by a Pydantic BaseModel named ChatStateStm, which holds:

~

messages: The list of conversation history (Human and Al messages).

current_module: A string tracking the current phase of therapy (e.g., "1", "3b", "ther-
apy_breathing"). The string is set to 1 as default.

module_decision: The output of the decision-making node ("yes", "no", "restart"). This
variable will be handled by the LLM and it is set to "no" as default value.

summary: That is a short summary of the messages (between the the virtual agent and
the human) that exceed the window size of messages, that represents the memory of the

LLM. Due to excessive latency and slow time responses, this feature has been temporarily
disabled.

module_starters_sent: A dictionary of ags to track which introductory scripts have
already been recited by the therapist.

36



4.4.4 State Nodes

The graph logic is split into specialized nodes to separate reasoning from execution:

1. manage_messages_node: This node checks if the length of the record of all messages
exceeds the window size. If it does, it keeps the last messages that t into the window
size and deletes the older ones. A previous version of this node, that is now annotated in
the code, used to make a summary of the messages that were exceeding the window size.

2. _decide_transition_node: This node invokes the LLM with a speci ¢ prompt based on
the current module. It asks the LLM to analyze the user's last message and determine
if the conditions to advance to the next stage are met (e.g., "Has the user nished the
breathing exercise?"). It outputs a structured "yes/no" decision.

The structure of the decision prompts is as shown in the following example, taken from
DECISION_PROMPT_1:

You are a conversation ow controller. Your task is to decide if the conversation
should proceed to the next module.

The current module is '1' (Check-in). The core question is: "How have things
been going with your treatment and daily life?"

Your goal is to determine if the user has provided ANY kind of answer to this
guestion, even if it's vague, polite, or short. You need to interpret their general
sentiment.

Proceed to the next module ("yes") if the user's last message:
" Directly answers the question (e.g., "I'm doing well," "It's been hard,"” "Not
so well™).

" Gives a vague but conclusive-sounding response (e.g., "Well, thank you,"
"Okay," "I'm ne").

" Indicates they are ready to move on.
Do NOT proceed ("no") if the user's last message:

" Asks a clarifying question (e.g., "What do you mean by treatment?").

" Changes the subject completely.

" Expresses confusion.
Based on the last user message, have they provided a response that allows the
conversation to move forward?

Format the Output: You MUST format your nal output as a single JSON
object.

The JSON object must have a single key: "proceed".

The value for "proceed” MUST be the literal string "yes" or the literal string

no-.

3. _update_module_node: This node contains the deterministic logic of the Finite State
Machine (FSM). It does not call the LLM. Instead, it takes the "yes/no" decision and
the current_module to calculate the next_module using a prede ned transition map.

This is the module sequence used by this node:
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"o, "2t t2bt, "2b™ "2ct, "2ct 3",

"3":"3b", "3b":"3c", "3c¢":"3d", "3d":"4",
"4":"routing",

"therapy_free_breathing":"4b",
"therapy_guided_breathing":"4b", "therapy_visualization":"4b",
"therapy_mindfulness":"therapy_mindfulness_b",
"therapy_mindfulness_b":"4b",

"therapy_gami cation":"4b",
"therapy_usability":"therapy usability b",
"therapy_usability _b":"4b",

"4b":"4c", "4c":"4d","4d":"routing2",

"5":"end"

It also handles a routing logic, which is branching to di erent therapy scenes based on
keyword detection:

if "guided breathing" in last_message:
next_module = "therapy_guided_breathing"
elif "free breathing" in last_message:
next_module = "therapy_free breathing"

elif "visualization technique” in last_message:
next_module = "therapy_visualization"

elif "'mindfulness technique" in last_message:
next_module = "therapy_mindfulness"

elif "gami cation technique" in last_message:
next_module = "therapy_gami cation”

else: next_module = "therapy_fallback"

A second routing logic is used to understand if the module 5 has to be done or avoided
(that is the post-treatment assessment, that has to be lled only when the patient nishes
the rst treatment of the session).

Another important feature in this function is the logic that decides what to do after
module "end". If the string state.module_decision contains "restart”, the cur-

rent module will go back to module 3b in order to start another therapy treatment; if
state.module_decision contains "stop", the session will end. The mechanism behind
this is fully explained in 4.4.6.

. _get_response_for_module: This function provides the actual response to the Unity

client. First, it checks if the starter response for a certain module has been already deliv-
ered. If not, the starter module for that module is chosen as answer from the therapist. If
it has already been used for that module, the answer will be asked to the LLM, giving the
context of the messages and a response prompt with all the guidelines for that module.

4.4.5 Prompt Engineering: Starter vs. Response Prompts

To maintain clinical validity while allowing for empathetic interaction, a hybrid prompting
strategy was employed.

Starter Prompts are static, pre-written scripts used at the beginning of each new module.

They ensure that critical clinical instructions (e.g., "Please rate your craving from 0 to 10") are
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delivered verbatim and accurately. The system uses the module_starters_sent ag to ensure
these are spoken only once per module. The following example taken by module 1:

STARTER_PROMPT _1 ="""Hi, <break time="500ms"/> my name is Salsa and

| will assist you during these sessions to help in your recovery. <break time="1500ms"/>
| appreciate you coming in today. Recovery (from substance dependence) can be chal-
lenging, and | want to check in on how you're feeling. How have things been going
with your treatment and daily life?""™"

Response Prompts are dynamic system instructions sent to the LLM during the con-
versation loop. They de ne the therapist's persona (empathetic, professional) and the specic
goal of the current module (e.g., "Encourage the user to focus on their breath™). This allows
the agent to generate context-aware responses to user questions or resistance. The following
example taken by module 1:

RESPONSE_PROMPT_1 = CHAT_AGENT_SYS TEMPLATE +
""" Current Task: Check-in

A

If this is the rst message, greet the user and say: "Hi, my name is Salsa and |
will assist you during these sessions to help in your recovery. | appreciate you
coming in today. Recovery (from substance dependence) can be challenging,
and | want to check in on how you're feeling. How have things been going with
your treatment and daily life?"

The core question is: "How have things been going with your treatment and
daily life?"

If the user asks a question, answer it concisely and if the user didn't answer
the core question, repeat your core question at the end of your sentence

If the user has just answered, give a brief, validating acknowledgment like
"Thank you for sharing."”

Where CHAT_AGENT_SYS_TEMPLATE is a base prompt where the context, all the com-
munication guidelines, roles and limitation are written for the LLM. It is always given to the
LLM with the response prompt.

4.4.6 The EndRoutingDecision Parser

At the end of a therapy cycle, the user can choose to terminate the session or start a new
exercise. This represents a complex branching decision. To handle this reliably, the system
utilizes LangChain's PydanticOutputParser.

The LLM is instructed to output its decision not as free text, but as a structured JSON
object conforming to the EndRoutingDecision schema (containing elds like next_step:
"restart” | "stop"). This ensures that the agent's reasoning can be deterministically parsed
by the Python code to trigger the correct state transition (looping back to module 3b or
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exiting to the 'end' state), eliminating ambiguity. The routing logic is invoked in the de-
cide_transition_node and the result is stored in the string state.module_decision, which is
used in the update_module_node in the "routing2" part. Here is the prompt given to the
LLM in order to make the decision:

DECISION_PROMPT_END = "" You are a ow controller. The user has just
been asked if they want to try another therapy technique or end the session. Your
task is to determine the user's intent from their last message.

- If the user expresses a desire to continue, try another technique, or go back (e.g.,
"yes, let's do another one", "go back”, "I want to try mindfulness”), you must
choose 'restart’. - If the user expresses a desire to stop, end the session, or says no

(e.g., "no thanks", "I'm done", "let's end the session", "no, i don't want another
session"), you must choose 'stop'.

Based on the last message, what is the user's intent?

Format the Output: You MUST format your nal output as a single JSON object
with the key "next_step™. "™

4.5 Data Management

Persistence is a key requirement for longitudinal therapy. The system utilizes SQLite for its
reliability, serverless architecture, and ease of deployment.

4.5.1 The SqlitePatientManager Class

All database interactions are abstracted through the SqlitePatientManager class. All the
functions in this class are invoked by the endpoints in rest_api_server.py through the chat
agent (chat_agent_stm.py). This class handles the connection to the patient_data.sqlite

le and exposes methods for creating patients, getting the list of all patients, updating their
state, and logging treatments. It also saves the results of pre and post treatment assessments
into the database. It ensures that database transactions are atomic and thread-safe, which is
crucial when the async server handles multiple requests.

4.5.2 Generating Progressive User IDs (user_01, user_02...)

To facilitate data analysis and usability testing, a readable ID system was preferred over random
UUIDs. The the SqlitePatientManager class implements a logic to scan the database for
existing IDs matching the pattern user_XX. It extracts the numeric su x, nds the maximum
value, increments it, and formats the new ID (e.g., user_07). This also allows researchers to
easily track and order participant data during the testing phase.

4.5.3 Appending TreatmentLog Data

A critical feature of the the SqlitePatientManager class is the ability to store multiple ther-
apeutic attempts within a single patient record. The treatments_log_json column in the
database stores a JSON array of treatment objects.

When a therapy session concludes, the add_treatment_log function performs a "Read-
Modify-Write" operation: it retrieves the existing JSON array, deserializes it into a Python
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list, appends the new dictionary containing the session data (timestamp, pre-scores, chosen
therapy, post-scores), serializes it back to JSON, and updates the record. This preserves the
complete history of the patient's interactions within the single relational database row. Here
Is an example of the treatments_log_json cell for a patient who has done multiple treatments
inside one session:

{
"datetime": "09/11/2025 - 21:51",

"pre_craving": "4.",

"pre_pain": "3.",

"pre_mood": "4.",

"therapy_chosen": "Guided Breathing Technique”,
"post_craving™: "1.",

"post_pain": "4.",

"post_mood™": "1."

I3

{
"datetime": "09/11/2025 - 22:23",

"pre_craving": "5.",

"pre_pain": "6.",

"pre_mood": "8.",

"therapy_chosen": "Mindfulness Technique",
"post_craving™: "5.",

"post_pain": "1.",

"post_mood": "4."

}

41



Chapter 5

Implementation: The Client-Side VR
Application

5.1 The virtual agent (therapist)

The virtual agent was created using Character Creator 4, a comprehensive 3D character cre-
ation software developed by Reallusion. It is designed to enable artists, game developers, and
animators to generate, customize, and render realistic or stylized characters that are fully rigged
and animation-ready.

The starting point for this character was the Neutral Female (CC3+) avatar provided by
Character Creator. The morphs were then adjusted in the Morphs panel, adding the visual
features of other avatars (such as CC3+_Katherine and CC3+_Jody). Other settings were
set, like height, chest, back and makeup. All clothes have been selected from the standard
Cloth pack in the "lItem" section, in the Content panel. (Fig. 2)

Most of the animations were selected from the Animation pack in Character Creator. Only
two - Stand-To-Sit and Sitting Idle (used in the Clinic Scene) - were imported into CC4 from
Mixamo.

In order to make the lipsync on Unity work correctly, the right viseme setting had to be
chosen in the Facial Pro le Editor panel. Visemes represents the blendshapes that are then
used by Unity in order to perform facial movements, such as human phonemes. The standard
visemes in CC4 are the 8+7 Phoneme Pair, but for the lipsync we chose (OVR Lipsync), we
needed a viseme pair that could directly perform the phonemes (AH, EH, OO, etc.). This is
the reason why the viseme setting has been switched to 1:1 Direct (Fig. 4)
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Figure 2: Character Creator 4 - Therapist

Figure 3: Viseme Settings
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5.1.1 Optimization

First, | enabled runtime statistics for polygon counts and other metrics (Edit > Preference >
Display > Check "Info").

These are the steps that were followed in order to optimize the therapist on Character Creator:

" Hair (4 pieces in my case): Each piece was rst converted to an Accessory. Then, | applied
Polygon Reduction - Object from the Modify/Attribute tab, setting it to 60%.

" Clothes: | applied Polygon Reduction - Object to each piece here as well, using variable
percentages.

" Body Parts: Referring to CC_Base_Tongue, CC_Base_Body, etc., | unchecked Smooth
Mesh for all parts (except the Eyes). This drastically reduces the triangles count.

5.1.2 Export

The following part refers to the panel that appears when clicking on:
File -> Export -> FBX -> Clothed Character.
Below are the main settings of the export panel:

" Target set to Unity with FBX Options: Mesh and Motion.

" Delete Hidden Faces was checked in order to avoid rendering parts of the body that
were covered by clothes.

" Use Smooth Mesh was not enabled.

" In the Advanced Settings, it is crucial to select Mouth Open as Morph and Convert
Skinned Expressions to Morphs, in order to make the mouth open correctly in Unity.

5.1.3 Unity Import

The CCiC Importer URP 2.1.0 plugin for Unity was used to build all materials and animations
for the virtual agent on unity. These are the settings used in the plugin:

" High Quality Materials

" Medium Texture Size

" High Texture Quality

" Parallex Eyes

" Two Pass Hair

" None of the checkboxes in the section Features were checked
" Bake Default Shaders

" Bake Separate Prefab
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5.2 LipSync study and plugin integrations

As far as lipsync for the therapist is concerned, three main plugins have been tested and
compared. These are:

" Salsa
" uLipSync
~ Oculus

The aim of this study was to best recreate the human visemes for the standard phonemes.
The following is a chart of the phonemes (4), followed by a picture of the visemes corresponding
to the phonemes (5).

Figure 4. Phonemes
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Figure 5: Visemes

Salsa The Salsa plugin provides a wide series of components that automatically set up with
the virtual agent's parts of the body and bones and that are able to control not only lipsync,
but also head, eyes and face emotes. Talking about lipsync, Salsa was tested with two di erent
Character Creator facial con gurations (explained in 5.1):

" 8+7 Phoneme Pair Visemes configuration : here, a combination of many blendshapes
(e.g. V_Open, V_Tight_O, V_Dental_Lip, etc.) was used to recreate one single viseme

(e.g. AA). In the comparison between the di erent plugins, we will relate to this approach
as Salsa.

" 1:1 Direct configuration : here, one single blendshape was used to recreate one
viseme. We will relate to this approach as Salsa (prolo 1.1).

uLipSync This plugin, using the 1:1 Direct con guration, is built speci cally for lipsync

and let the user specify the avatar's blendshape related to every viseme. This can be done in
its main component in the inspector, called U Lip Sync Blend Shape. Furthermore, another

component let the plugin adjust itself based on the voice pronoucing the phonemes. That is
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