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Abstract:

This article presents the design and implementation of a conversational Al system for avatars in virtual
reality. The system enables spoken interaction with MetaHuman avatars in Slovak and English and is
implemented in Unreal Engine 5. The work connects speech recognition, large language model response
generation, speech synthesis, audio playback, avatar state feedback, and lip-sync animation. Existing
local and cloud-based models are integrated into a modular STT-LLM-TTS pipeline so that different
processing configurations can be compared. The evaluation focuses on response latency, hardware
load, and the selection of a suitable configuration for VR use. Technical testing showed that the lowest
average latency was achieved by the configuration using cloud STT, local LLM, and local TTS with an
average response time of 1.94 s. For user testing, cloud STT, cloud LLM, and local TTS were selected
as a better compromise between response quality and latency. The results show that LLM-based con-
versational Al can be integrated with VR avatars in Unreal Engine while preserving flexibility for fur-
ther model and performance evaluation.

Keywords:

Virtual reality, conversational avatar, speech recognition, text-to-speech,
large language models, Unreal Engine.

A Introduction

Virtual reality allows the user to immerse themselves in a digital environment and perceive it
as a space around them. Therefore, forms of interaction that resemble communication in the real
world feel more natural in VR. Traditional text input through a virtual keyboard or selection from
predefined dialogue options can interrupt the intended experience. One way to bring VR interaction
closer to natural communication is through conversational avatars capable of responding to the user's
free spoken input.

The implementation of such conversational avatars can be based on large language models,
which can process freely formulated user input and generate responses in natural language. However,
the language model alone is not sufficient for creating spoken interaction in virtual reality. It must
be connected with speech recognition, speech synthesis, and the visual representation of the character
so that the user can conduct a conversation directly in the virtual environment. Important factors are
therefore not only the correctness of the answers, but also the response speed of the system and the
visual presentation.

The aim of this work is to design and implement a prototype of a conversational avatar in
virtual reality. The system is built in Unreal Engine 5, uses MetaHuman to create a realistic avatar,
and supports voice communication in Slovak and English. The conversational pipeline is divided into
separate parts for speech recognition, text response generation, and speech synthesis. The implemen-
tation also allows local and cloud-based solutions to be combined so that different combinations of
these components can be tested.
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The work first focuses on an overview of existing approaches to creating conversational ava-
tars in virtual reality. Then the system design, its requirements, architecture, and the selection of used
technologies are described. The implementation chapter describes how the system captures the user's
voice input, processes it in the conversational pipeline, and presents the response through the avatar's
voice and visual behavior. The final chapters focus on technical and user testing of the implemented
system and possibilities for further extension.

A 1 Overview

Conversational agents developed from rule-based text systems to embodied agents in virtual
reality. ELIZA used keyword matching and predefined response patterns without semantic un-
derstanding [1]. Later systems introduced more advanced rule-based methods and early natural lan-
guage processing. STEVE was one of the early embodied pedagogical agents used in a virtual envi-
ronment [2]. Current conversational-agent research describes a shift toward generative systems based
on large language models (LLM), which can produce responses from conversation context [3].

Simulating human interaction with avatars requires several connected mechanisms. The sys-
tem must interpret user input, generate responses, process speech in real time through STT (Speech-
To-Text), LLM, and TTS (Text-To-Speech), and preserve at least short-term conversational context
[4], [5]. Embodiment, personality modeling, facial animation, lip-sync, and state feedback influence
how natural and readable the avatar feels [6]. Spatial context is also important, because questions in
VR can depend on objects, gaze, pointing, and timing [7].

Applications with LLM avatars usually combine a VR engine, a language model, and a speech
pipeline. The engine provides the virtual environment, avatar representation, and interaction logic.
The language model generates the avatar's answer, while the speech pipeline converts the user's voice
to text and the generated answer back to speech. In several related systems, the speech output is also
connected with lip-sync or facial animation so that the answer appears to come from the virtual cha-
racter [4], [8], [9].

LLM avatars can be used in several types of VR applications. In games, they can extend
scripted NPC dialogue and make virtual characters react to the current scene [7]. In education and
professional training, they can guide the user through tasks or act as simulated conversation partners
[9]. Other examples include productivity assistants that use workspace context, social VR agents that
maintain longer conversations, and virtual characters used in public events or self-talk scenarios.
These use cases differ in purpose, but they rely on the same basic idea: spoken interaction with an
embodied character.

Although LLM avatars enable more natural and flexible interaction than traditional systems,
their use in VR introduces several limitations. Slow responses reduce the fluency of conversation
and can frustrate users [10]. Cloud services can improve quality and simplify integration, but they
introduce internet dependence, API costs, and external processing. Local models reduce these depen-
dencies, but they increase hardware requirements. Other limitations include restricted context and
memory, hallucinated or factually incorrect answers, weaker control over the avatar's role-specific
behavior, and the need to connect LLM, STT, TTS, avatar animation, and VR interaction manually
[4], [5].

The quality of an LLM avatar in VR cannot be evaluated only by whether the model generates
linguistically correct answers. In related work, evaluation is usually divided into technical parameters
of the system and the user experience of interaction. Technical evaluation focuses mainly on response
time, stability, consistency, and the quality of generated answers. User-oriented evaluation focuses
on naturalness of interaction, social presence, immersion and overall user satisfaction [6], [10].
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A 2 Design of the Conversational Avatar

The system requirements follow the goal of voice-based interaction with an avatar in virtual
reality. The user should communicate through a microphone without text input or predefined dialo-
gue options. The system must support Slovak and English, produce answers in the corresponding
language, keep response latency low enough for interactive use, and measure the duration of indivi-
dual processing steps. The generated answer should be presented through voice, avatar visual fee-
dback, and lip-sync, not only as text.

One interaction starts when the user asks the avatar a question by voice (Fig.1). The applica-
tion records the input, sends it to the conversational system, and the avatar switches from idle to
thinking while the request is processed. The conversational system contains three separated modules:
STT converts speech to text, LLM generates the answer, and TTS converts the answer back to speech.
After synthesis, the avatar plays the generated audio, switches to the talking state, applies lip-sync,
and returns to idle after playback. This architecture separates conversational logic from avatar pre-
sentation and allows local and cloud STT, LLM, and TTS components to be compared without chan-
ging the interaction flow.

User
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recorded voice synthetic voice

v
Avatar
| )

recorded voice synthetic voice
Conversation system

STT voice > LLM _ text ~ TS

transcript answer

Fig.1. Conversation system.

After defining the expected behavior and architecture of the system, it was necessary to select
the technologies used for implementation. The selection considered compatibility, latency, output
quality, ease of integration, and practical usability for creating a functional prototype. Unreal Engine
5.7 was selected because it supports OpenXR for VR development and provides a prepared VR tem-
plate. MetaHuman was selected for the visual representation of the avatar because it allows the cre-
ation of a realistic human character without modelling it from the beginning. Meta Quest 3 was se-
lected as the VR headset because it provides a built-in microphone, stereoscopic display, headset and
controller tracking, hand tracking, and compatibility with Unreal Engine 5 through OpenXR.

For the conversational pipeline, the selected cloud models were gpt-4o-mini-transcribe for
speech recognition, gpt-4.1-nano for response generation, and gpt-4o-mini-tts for speech synthesis.
The selected local speech recognition model was faster-whisper-small, because it provided the best
compromise between latency and transcription accuracy.
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Local speech synthesis was implemented with Piper using sk_SK-lili-medium for Slovak and
en_US-norman-medium for English. For local response generation, qwen3-4b-2507 Q8 _0 was used
because it was compatible with the selected Unreal Engine plugin.

A 3 Implementation of the System

The first implementation step was creating the Unreal Engine project from the VR template.
The template provided the basic VR player pawn, teleport movement, controller input, and settings
needed to run the application in VR mode. This made it possible to focus on the conversational part
of the system and avatar integration instead of implementing basic VR controls from the beginning.
The project was developed and tested in the Unreal Engine editor using VR Preview. External plugins
were added for cloud model integration, local language model inference, and lip-sync processing.

MetaHuman Creator was used to prepare the avatars that represent the conversational charac-
ters in the VR scene. Instead of creating characters manually from the beginning, prepared MetaHu-
man presets were used and adjusted for the needs of the prototype. The avatars were exported in the
UE Optimized quality setting, because the system is intended for an interactive VR application where
performance is important. After the characters were created, animation assets for the avatar states
were prepared and retargeted to the MetaHuman skeleton. The avatars were then placed into the
virtual scene, creating the visual basis for the conversational system.

Several Unreal Engine plugins and modules were added to support the conversational pipe-
line. The UnrealOpenAIPlugin [11] plugin was used for communication with cloud STT, LLM, and
TTS models, Llama-Unreal [12] was used for local language model inference, and OVRLipSync [13]
was used to generate visemes for lip-sync animation. Cloud processing was prepared through the
OpenAl Platform, where an API key was created for access to the selected cloud model. Local speech
recognition and local speech synthesis were implemented in a separate FastAPI Python server instead
of directly inside Unreal Engine. The Unreal Engine application communicates with this server thro-
ugh HTTP requests.

The main implemented components are (Fig.2) BP_ XRPawn, Conversational AvatarCompo-
nent, ConversationSubsystem, STTService, LLMService, and TTSService. BP_ XRPawn records the
user's voice and creates an audio file. Conversational AvatarComponent receives the file from the
active avatar and forwards it to ConversationSubsystem. ConversationSubsystem then calls STTSer-
vice, LLMService, and TTSService in sequence. The generated WAV response is returned to Con-
versational AvatarComponent, which plays it through the avatar audio component and uses it for lip-
sync and animation state changes.

Voice input is captured in BP_ XRPawn, which represents the player in the VR scene. An
Audio Capture component and recording submix are used to record the microphone signal. Recor-
ding can be started manually with the A button on the Quest 3 controller or automatically in Open
Mic mode, where recording starts after the microphone volume exceeds a threshold and stops after a
period of silence. After recording ends, BP_ XRPawn exports the input as a WAV file and passes its
path to the currently active ConversationalAvatarComponent. This component is attached to each
conversational MetaHuman avatar and stores avatar-specific settings such as active state, name, lan-
guage, gender, and local or cloud processing options. Before forwarding the recording, the compo-
nent checks that the WAV file has already been fully written to disk. It then switches the avatar to
the thinking state and sends the recording to ConversationSubsystem through GenerateAudioRes-
ponseFromAudio().

The conversation flow is controlled by ConversationSubsystem, implemented as a Gameln-
stanceSubsystem available during the whole runtime of the application. During initialization, it cre-
ates STTService, LLMService, and TTSService and later coordinates their execution instead of per-
forming the processing directly.
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Before each request, it prepares the active configuration by combining global settings from
ConversationSettings with avatar-specific values such as language, name, gender, and selected local
or cloud processing options. The configuration is divided into STT, LLM, and TTS settings, so each
service receives only the values needed for its part of the pipeline. Processing starts in GenerateAu-
dioResponseFromAudio(), where the subsystem receives the recorded WAYV file and the active ava-
tar, prepares the configuration, and sends the recording to STTService as the first step of the pipeline.

BP_XRPawn

AudioCapture
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BP_MetahumanAvatar l
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Avatar —State—3» Body_AnimBP

Component

- Face_AnimBP <Visemes—| OVRLipSync
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STTService LLMService TTSService
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voice text
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Fig.2. The main implemented components.

The three processing steps are implemented in STTService, LLMService, and TTSService.
STTService receives the recorded WAV file, checks that it is available, and converts the user's speech
to text using either the local FastAPI server with faster-whisper-small or the cloud model gpt-4o-
mini-transcribe through UnrealOpenAIPlugin. The transcript is then passed to LLMService, which
generates the avatar's text response either locally through Llama-Unreal with a Qwen model or in the
cloud using gpt-4.1-nano. The active system prompt and avatar-specific values such as name, gender,
and language are used during generation. The generated text is then passed to TTSService, which
creates the spoken response either locally through the FastAPI server with Piper or in the cloud using
gpt-4o-mini-tts. The result is saved as a WAV file and returned to ConversationSubsystem, which
sends it back to the avatar component for playback.
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After the WAV response is generated, Conversational AvatarComponent presents it in the VR
scene. The HandleGeneratedAudioResponse() method ends the thinking state, plays the WAV file
through the avatar audio component, and switches the avatar to the talking state during playback.
After the audio finishes, the avatar returns to idle. The same WAYV file is also used to prepare lip-
sync data. Body animation is controlled by Body AnimBP, which switches between idle, thinking,
and talking states and turns the active avatar's head toward the user (Fig.3). Face animation is con-
trolled by Face AnimBP. The audio is split into 10 ms segments and processed by OVRLipSync,
which produces viseme values for each moment of speech. Because MetaHuman does not use OVR
visemes directly, the values are mapped to MetaHuman face curves such as jaw opening and lip
movement. These curves are applied during playback, while Face AnimBP also adds simple rando-
mized blinking so that the avatar does not appear static.

Fig.3. Avatar.

A simple VR menu was extended from the existing template menu to support avatar selection
and voice input mode switching. The user can select the active avatar, which updates blsActiveAvatar
on the available ConversationalAvatarComponent instances and changes CurrentTargetAvatar in
BP_XRPawn. The menu also allows switching between manual recording and Open Mic mode by
changing bOpenMic and reinitializing voice recording. ConversationSubsystem also logs each requ-
estinto a TSV file for later evaluation. The log contains the selected configuration, avatar, processing
times for individual pipeline steps, total duration, transcript, generated response, status, and possible
errors, which makes it possible to compare local and cloud processing without manual timing.
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A 4 Evaluation

The technical evaluation focused on comparing the latency of different STT, LLM, and TTS
combinations and selecting a configuration suitable for user testing. Testing was performed on a
computer with an AMD Ryzen 7 7700X CPU, 32 GB RAM, AMD Radeon RX 9070 XT GPU with
16 GB VRAM and Windows 11 Pro. Hardware load during VR runtime was measured with MSI
Afterburner in three scenarios: the base VR scene without the conversational pipeline, a cloud-based
pipeline, and a fully local pipeline. The base scene and cloud pipeline kept stable FPS, while the fully
local pipeline caused visible FPS drops when local models started processing the input. GPU load
remained high in all scenarios, which indicates that the VR scene itself was already demanding, while
CPU load showed clearer differences because the local pipeline produced short peaks correlated with
FPS drops.

The latency evaluation (Fig.4) compared all eight combinations of local and cloud processing
for the three pipeline components: STT, LLM, and TTS. The notation uses C for cloud and L for
local processing, in the order STT-LLM-TTS. For each request, the system recorded STT time, LLM
time, TTS time, and total pipeline time from sending the recorded audio to receiving the synthesized
response. The lowest average latency was achieved by C-L-L with a total time of 1.94 s. A similar
result was achieved by C-C-L with 2.12 s, while the highest latency was measured for L-L-C with
5.80 s. The results show that cloud TTS increased the total processing time the most, while the diffe-
rence between local and cloud LLM processing was smaller than the differences caused by STT and
TTS choices.

Average latency of component combinations

B sTT
LM
TS

C-L-L 0.665 Ll 1.94s

Al 2,125

0.30s - 8:1: ]

Average latency (s)

Fig.4. Average latency.

User testing was conducted after technical testing and after selecting the final system configura-
tion. The selected configuration was C-C-L, which used cloud STT, a cloud language model, and local
TTS. Each participant first received a short explanation of the test and basic VR controls. During the test
scenario, the participant had to ask the avatar at least 10 questions, including at least one follow-up ques-
tion related to a previous answer. This was used to test both separate responses and the ability to maintain
context in a short conversation. After the interaction, each participant filled in a questionnaire based on
a 5-point Likert scale, where 1 meant strongly "disagree" and 5 meant "strongly agree". The questionnaire
contained 13 questions focused on ease of communication, quality and naturalness of answers, voice
output, fluency of interaction, perceived latency, and the overall impression of the conversation in VR.
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User testing showed a generally positive response to the system. Participants rated (Fig.5) the
interaction as engaging, considered the response time acceptable, and indicated that a similar form of
communication could be useful in another VR application. Lower ratings were connected mainly with
the naturalness of the answers, the voice output, and lip-sync. Since users were mostly satisfied with the
speed of the system but less satisfied with the voice presentation, one possible improvement is to replace
the local TTS model with a higher-quality cloud TTS model. This would probably increase latency, but
it could improve the naturalness and persuasiveness of the avatar's spoken output.

User Evaluation Results

Ease of communication
Understandability of answers
Naturalness of answers
Relevance of answers

Voice persuasiveness

Response pace

Reaction time

Delay did not disrupt interaction
Lip-sync persuasiveness

Visual behavior

Feeling of talking to a VR character
Engagement

Use in another VR application

T T T T T T 1

T
1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0
Average rating (1-5)

Fig.5. Average rating.

A Conclusion

The aim of this work was to design and implement a prototype of a conversational avatar in
virtual reality that supports spoken communication in Slovak and English. The system was imple-
mented in Unreal Engine 5 with MetaHuman avatars and a modular conversational pipeline for spe-
ech recognition, response generation, and speech synthesis.

The implementation separates the VR player, avatar component, conversation subsystem, and
individual STT, LLM, and TTS services. The system supports both local and cloud-based processing,
which makes it possible to compare different configurations. Local STT and TTS are provided thro-
ugh a separate FastAPI server, while cloud processing is handled through OpenAl models. The avatar
also provides visual feedback through idle, thinking, and talking states, head direction toward the
user, blinking, and lip-sync animation.

Technical testing showed clear differences between local and cloud configurations. The lo-
west average latency was achieved by the configuration using cloud STT, local LLM, and local TTS,
but this setup did not provide sufficient response quality in Slovak. Fully local processing also caused
higher hardware load during VR use. Therefore, the configuration with cloud STT, cloud LLM, and
local TTS was selected for user testing as a better compromise between response quality and latency.
User testing showed that participants generally accepted the interaction positively, especially its
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engagement and response speed, while the voice output quality and lip-sync remained the main areas
for improvement. The resulting prototype fulfills the main goal of the work, because it allows the
user to communicate with a VR avatar by voice in both supported languages. Further development
could focus on improving the naturalness of the avatar's voice and lip-sync, extending avatar anima-
tions, adding spatial context from the virtual environment, or turning the solution into a reusable
Unreal Engine plugin.
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