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Hey Vue, where
is the mustard?

Hey Vue,
what do you see?

VueBuds, which
way for the taxi?

Figure 1: Applications of VueBuds. Our camera-integrated wireless earbuds enable natural language queries for everyday visual tasks
such as locating items in a store, identifying objects, obtaining scene-level descriptions, and interpreting foreign text for navigation.

Abstract

Despite their ubiquity, wireless earbuds remain audio-centric due to
size and power constraints. We present VueBuds, the first camera-
integrated wireless earbuds for egocentric vision, capable of op-
erating within stringent power and form-factor limits. Each Vue-
Bud embeds a camera into a Sony WF-1000XM3 to stream visual
data over Bluetooth to a host device for on-device vision language
model (VLM) processing. We show analytically and empirically
that while each camera’s field of view is partially occluded by the
face, the combined binocular perspective provides comprehensive
forward coverage. By integrating VueBuds with VLMs, we build
an end-to-end system for real-time scene understanding, transla-
tion, visual reasoning, and text reading; all from low-resolution
monochrome cameras drawing under 5mW through on-demand
activation. Through online and in-person user studies with 90 partic-
ipants, we compare VueBuds against smart glasses across 17 visual
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question-answering tasks, and show that our system achieves re-
sponse quality on par with Ray-Ban Meta. Our work establishes
low-power camera-equipped earbuds as a compelling platform for
visual intelligence, bringing rapidly advancing VLM capabilities to
one of the most ubiquitous wearable form factors. Video demos at:
https://vuebuds.cs.washington.edu/.
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1 Introduction

The emergence of large language models has transformed human-
computer interaction, enabling natural language conversations with
intelligent systems across diverse applications [20, 52]. This has
accelerated further with the integration of visual intelligence, giv-
ing rise to vision language models (VLMs) that can comprehend
and reason about images alongside text [8, 66]. These advances
have found rapid adoption in consumer devices, with smartphones
leveraging on-device visual intelligence for enhanced photogra-
phy and accessibility [89], while smart glasses like Ray-Ban Meta
demonstrate the potential of wearable visual computing in everyday
life [71].

Despite advances in integrating visual intelligence into mobile
and wearable devices, wireless earbuds remain largely limited to
audio-centric functionality. Current designs incorporate low-power
peripherals such as microphones, inertial measurement units, bio-
metric sensors, and speakers [16, 73]. The absence of visual capa-
bilities in this ubiquitous form factor represents a notable gap in
the wearable ecosystem, particularly since wireless earbuds have
orders-of-magnitude greater commercial adoption, with an esti-
mated user base 150-200x larger than that of smart glasses [69, 83].

We introduce VueBuds, the first wireless earbud system integrat-
ing low-power cameras with vision language model interaction.
VueBuds allow users to capture visual context from their environ-
ment and engage with vision language models through a familiar,
everyday wearable platform, without requiring specialized eyewear.
Our binaural system integrates dual forward-facing cameras, lever-
aging binocular vision to overcome facial occlusions and capture
the wearer’s egocentric view.

Achieving this requires addressing three core research questions:

e RQI: Can truly wireless earbuds support camera hardware within
strict size, weight, and power (SWaP) constraints? Camera sensors
and visual processing consume far more power than typical earbud
components, raising questions about whether earbuds can support
cameras while preserving acceptable battery life and form factor.
Furthermore, camera data demands significantly higher bandwidth
than audio, making it unclear whether the wireless protocols used
in earbuds can effectively transmit a binocular visual stream.

e RQ2: To what extent can cameras positioned at ear level provide
robust egocentric views for visual perception and interaction? Unlike
smart glasses, where cameras are unobstructed and align closely
with the user’s eyes, ear-level cameras have a posterior-lateral
offset. This placement introduces potential facial occlusion, raising
an unresolved question of whether such a vantage point can support
effective egocentric vision.

e RQ3: Can a fully wireless, Bluetooth-based pipeline support real-
time multimodal interaction with vision—language models? Answer-
ing user queries (e.g., “Where are my keys?”) requires capturing
contextually relevant imagery, streaming it via low-bandwidth
Bluetooth,! performing multimodal inference using an on-device
vision-language model, and synthesizing an audio response. Meet-
ing real-time latency constraints across this end-to-end pipeline
remains an open systems challenge.

!Bluetooth consumes far less power than Wi-Fi but offers significantly lower band-
width. Smart glasses can support Wi-Fi due to their larger batteries and form factor.
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Figure 2: VueBuds integrated with Sony wireless earbuds. The
custom camera module (left) is powered directly from the earbud
battery, with 3D-printed enclosures (middle) enabling forward-
facing capture. VueBuds charge via the original case (right).

We address these questions through four key contributions:

e Camera-integrated wireless earbud hardware. We develop
the first dual-camera earbud prototype, maintaining practical size,
weight, and power expected in this form factor (Fig. 2). The custom
camera module attaches to commodity Sony WF-1000XM3 earbuds
and operates at under 5 mW (§4.3.1), adding only 11-14% battery
overhead even under extreme usage of 60 visual queries per hour.

e Binocular vision for facial occlusion. We introduce an ear-
level egocentric capture system that leverages dual viewpoints to
resolve unilateral obstructions. Analytical modeling and empirical
validation demonstrate that this approach significantly reduces
blind spots, maintaining occlusion depths well below the Harmon
distance threshold, the practical limit for supporting effective ego-
centric interaction (§3.2.2).

e End-to-end system optimizations for real-time operation
and VLM integration. In §3.1, we detail optimizations that maxi-
mize wireless throughput and minimize latency for concurrent bin-
aural video streaming. We demonstrate that VLMs such as Qwen2.5-
VL can support robust scene understanding, translation, and text
reading despite the earbuds’ low-resolution, monochrome imagery.
comparing input strategies, we find that stitching L/R images out-
performs separate processing by eliminating visual redundancy,
improving time-to-first-token (TTFT) by 46%. VueBuds achieves an
end-to-end latency of under 3 seconds, with identified optimizations
(§4.3.2) capable of reducing this to 1.14s.

e User studies and comparative evaluation with smart glasses.
Across two user studies (= = 90), we assess real-world feasibility
and user acceptance (§4.2). An online study (= = 74) shows that
earbuds are far more widely adopted than regular glasses (93.3% vs.
62.7%) and that VueBuds+Qwen2.5-VL delivers visual question an-
swering (VQA) performance across 17 tasks comparable to Ray-Ban
Meta (MOS: 3.33 vs. 3.32). An in-person study (= = 16) demon-
strates strong real-time performance in object recognition (82.5%),
optical character recognition (OCR) (94.3%), and translation (83.8%).
Participants also reported comfort similar to everyday earbuds and
perceived broad applicability.

Key findings. Our results demonstrate that: (1) integrating cameras
into earbuds is feasible within strict SWaP constraints; (2) binocular
ear-level capture effectively mitigates facial occlusion to provide
egocentric views; (3) our fully-wireless pipeline with modern VLMs
can operate effectively on low-resolution, monochrome images in
real time. Further, VueBuds is perceived as highly accessible for
multimodal interaction, achieving utility competitive with Ray-
Ban Meta glasses. Together, these findings establish earbuds as a
promising platform for egocentric visual intelligence applications.
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Table 1: Comparison of egocentric visual wearable systems. XR headsets (e.g., Vision Pro) o er eye-level alignment with rich deictic

cues (gaze + hand tracking) but are bulky and isolating. Smart glasses (e.g., Ray-Ban Meta) resemble ordinary eyewear, but lack gaze tracking.
Body-worn cameras (e.g. Al Pin, GoPro) provide torso-level viewpoints with optional projection feedback. VueBuds utilize ear-level cameras

in a compact, familiar form factor. Beyond these technical trade-o s, device adoption is shaped by social factors: earbuds represent the most
widely adopted wearable category, with over 340 million units shipped annually compared to approximately 2 million smart gké§ses [
suggesting that ear-worn devices may face lower barriers for everyday use.

Form Factor Viewpoint Alignment Deictic Cues Privacy Signaling Feedback Modality

XR Headsets Eye-level Gaze + Hand + Voice High Visual + Audio
Smart Glasses Eye-Level Hand + Voice Low-Medium Visual + Audio
Body-worn Cameras Torso-level Hand + Voice Medium-High Projector + Audio
VueBuds (Ours) Ear-Level Hand + Voice Low Audio

2 Related work but none have incorporated cameras. These works demonstrate the

We position VueBuds within three interconnected research areas. féasibility of compact, ear-worn devices for rich physiological and
First, we examine existing wearable visual intelligence systems, facial movement sensing, yet they generally lack egocentric vision
from smart glasses to AR headsets, and their approaches to situated c@pabilities. The most closely related workZ uses an inward-
interaction and context-aware assistance. Second, we review the facing camera to capture ear images for authentication, rather than
evolution of ear-worn sensing platforms, identifying the absence of ~for general visual intelligence, and relies on wired hardware with
visual capabilities as a key gap. Finally, we address the cross-cutting @n evaluation board that does not meet practical power or size

challenges of power consumption and privacy that any wearable constraints. Similarly, 27 employs cameras to reconstruct facial
camera system must navigate. expressions, not for LLM integration, and, lik&%, is not wire-

Head ted visual bles. Existi isual bl ¢ less. Though rumored to be in development in tech med@8[no
ead-mounted visual wearables. EXISting visual wearable sys emscamer.’:l-integrated wireless earbuds have been publicly released.
have primarily focused on glasses and head-mounted cameé3s [

30. For example, Pupil Invisible glasses from Pupil Labs provide LOW-power camera systems. Prior work has explored several ap-
calibration-free gaze tracking6[ll. CAPturAR [L0] uses a cus- proaches to reducing the power consumption of vision systems,
tomized AR head-mounted device to author context-aware applica- including the design of more power-e cient camera sensorkq 50,
tions by referencing users' previous activities. GazePoint8g [ /9, mixed-signal vision integrated circuitsl04, and specialized
combines eye gaze, pointing gestures, and conversation history to Processors§g 91]. Low-power wireless video has been demon-
disambiguate speech queries in augmented reality. In the consumer strated in various contexts, for example, Bluetooth-based video
market, products such as Ray-Ban Me][and Google Glass37] streaming for robots and sensor systendg[99, as well as backscat-
feature forward-facing cameras for photo/video capture and Al- ter techniques and low-power machine learning algorithn&4 62,
based visual question answering (VQA), though Google Glass faced 76 88. IRIS b7 further extends this space with a vision-enabled
negative press due to privacy concerr&d. Other commercial of- ring integrated with object detection. In contrast to these e orts,
ferings like the XREAL Aura]03 focus on display functionality our work designs and demonstrates the rst vision-enabled wireless
rather than visual intelligence, serving as a wired secondary mon- €arbud system for real-time interaction with VLMs.

itors for productivity. In parallel with these commercial systems,

the advent of large language models has sparked recent researchin 3~ System Design

exploring multimodal interaction techniques that combine visual e design VueBuds to integrate visual intelligence into wireless
perception with user intent. GesPromp#§ demonstrates how  earbuds while preserving the familiar form factor that makes them
co-speech gestures enable more precise object selection in visionyidely adopted. This section describes our hardware platform,
language model interactions, allowing users to specify a speci ¢ pinocular vision approach for capturing the user's forward-facing
object while pointing. In contrast to these prior works that focus on perspective, and end-to-end system integration with on-device vi-
face-mounted visual wearables, ear-level cameras for general visual sjon language models.

intelligence remain commercially unavailable and underexplored

in the research community, despite the widespread adoption of 3 1 \/yeBuds Hardware

wireless earbuds as a wearable platform. . o
P 3.1.1 Hardware Overview. Our custom hardware design integrates

Ear-worn sensor platforms and hearables. Modern hearables havg, yjtra-low-power Himax HMO1BO CMOS image sensor (1/11"
gvol\_/ed to incorporate a v_ariety of sensors, including microphones, format, 324x324 pixel array), an Analog Devices MAX77650 power
inertial measurement units (IMUs), and photoplethysmography management integrated circuit, and a Nordic nRF52840 Bluetooth

(PPG) sensaors, enabling health monitoring and motion trackigg [
36,42 73 97. Prior work has explored diverse activity recognition
and health-tracking applications using these sensor platfor/ag [

23 68 79 103. Recently, several earable platforms have been de-
veloped that integrate multiple of these senso2§[47, 55 84, 84,

Low Energy system-on-chip. The design includes status LEDs and
a single-pole single-throw switch for debugging and development
purposes.

The custom companion PCBiis integrated into Sony WF-1000XM3
earbuds by interfacing with the existing battery system, preserving
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Figure 3: VueBuds system overview. VueBuds utilizes a vision
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Figure 4: Hardware block diagram. Each VueBud integrates

a Himax CMOS Imaging Camera and a Power Management In-
tegrated Circuit (PMIC). Power is delivered through the onboard
battery inside a Sony WF-1000XM3 wireless earbud.

clock output remains within the nRF52840's maximum SPI fre-
guency speci cation of 8MHz. This approach maintains tight tim-

ing synchronization between both devices throughout the image
capture process. The interface requires signal polarity adaptation

language model to process the user's voice and binocular camera since the nRF52840 SPI peripheral expects an active-low chip se-

data for real-time multimodal interaction.

all audio functionality while adding visual capabilities (Fig. 4). We
selected the Sony WF-1000XM3 platform based on accessibility for
disassembly and battery integration, enabling a maintainable re-
search scope without requiring a complete earbud redesign from the
ground up. Modern wireless earbuds incorporate sophisticated com-
ponents, including digital signal processors, multiple microphones,
in-ear sensors, class D ampli ers, and custom application-speci ¢
integrated circuits (ASICs). By building upon an existing commer-
cial platform, we demonstrate that camera integration is feasible
within the constraints of commercial earbud designs rather than
simpli ed prototypes.

Proceeding hardware integration, we designed custom 3D-printed
enclosures that seal each modi ed earbud while positioning the
camera sensor to achieve forward-facing capture aligned with the
user's eld of view. The enclosure design maintains the overall
form factor expectations of modern earbuds while accommodating
the additional camera hardware. Camera positioning optimization
and angular eld of view considerations are detailed in Y3.2.2.

lect signal, while the HM01BO0's FVLD output is active-high. We
address this by con guring FVLD as a GPIO interrupt source that
triggers an external loopback connection, generating the required
active-low chip select signal for the SPI interface. This approach
could be optimized in future revisions by incorporating an inverter
gate between FVLD and the SPI chip select ling b7. Finally,

the nRF52840's SPI DMA controller imposes a 64 kB maximum
transfer size, while a full 3240239 pixel image requires 77.4 kB of
data transfer. We overcome this limitation by splitting each image
capture into two sequential SPI transactions, using the external
GPIO loopback to trigger the second transaction mid-frame.

3.1.3 Low-Power Optimizations. The VueBuds camera module im-
plements a three-state power management architecture to minimize
energy consumption: OFF, IDLE, and ACTIVE. In the OFF state,
the camera module is completely powered down, corresponding
to scenarios where the earbuds are removed from the user's ears
(detected via in-ear proximity sensors) or placed in the charging
case. The IDLE state represents the standby mode, where VueBuds
hardware is powered on with an interrupt from the earbud's pri-
mary SoC. In this state, the nRF52840 maintains an active Bluetooth
Low Energy connection to the host device, while the HM01B0 cam-

3.1.2 Camera and Bluetooth Chip Integration. Since the nRF5284@ra remains con gured via 12C but clock-gated to minimize power

Bluetooth Low Energy SoC lacks a dedicated camera interface, we
con gure the HM01B0 CMOS sensor to operate in single-wire data
transfer mode over its Display Video Port (DVP) interface. In this
con guration, the HM01BO e ectively functions as an SPI controller,
transmitting pixel data to the nRF52840 through its SPI peripheral
(SPIS) port. Image transfer is coordinated through three key signals:
Frame Valid (FVLD) indicates frame start with a rising edge, while
Pixel Clock Out (PCLKO) and Data (DO) deliver synchronized pixel

consumption. The system transitions from IDLE to ACTIVE state
upon wake-word detection (e.g., "Hey Vue" or "VueBuds"), enabling
immediate camera activation without con guration delays. This
wake-word paradigm mirrors existing earbud voice interactions
such as "Hey Siri" or "Ok Google," facilitating seamless adoption
within established user interaction patterns.

During ACTIVE operation, VueBuds enables full camera func-
tionality and streams visual data to the connected host device. To

data. These signals map to the standard SPI protocol as chip selectbalance responsiveness with power e ciency, the system automat-

(CS), serial clock (SCLK), and controller-out-peripheral-in (MOSI).

Clock synchronization between the camera sensor and micro-
controller is achieved by generating an 8 MHz master clock (MCLK)
signal from the nRF52840 to drive the HM01BO, ensuring the pixel

ically returns to IDLE state after 3 seconds of streaming, ensuring
minimal impact on overall earbud battery life while maintaining
user interaction capabilities. This strategy enables VueBuds to op-
erate with minimal impact on the existing earbud power budget.
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Table 2: Design space for dual ear-level camera orientation.

Angular Orientation | Forward Blind Spot Length Added Field of View| Binocular Field of View| Overlap at Harmon Distance
0° 14.1cm 0° 88° 64%
5° 18.6cm 10° 98° 46%
10° 24.7cm 20° 108° 28%
15° 34.0cm 30° 118° 14%
20° 50.7cm 40° 128° N/A

3.1.4 Frame Rate and Wireless Latency. To maximize frame ratdace blocking a considerable portion of each camera's eld of view,

we con gure the system with the shortest connection interval
permitted by the BLE speci cation (7.5ms) while transmitting 5

speci cally in the inward-facing regions.
Facial obstruction severely impacts the ability to capture egocen-

packets of 247 bytes per interval. VueBuds operates at the maximum tric viewpoints and can cause issues with vision language model

supported Bluetooth Low Energy data rate of 2 Mbps using LE 2M
PHY [Q. This con guration achieves approximately 992 kbps of
e ective throughput [77].

We evaluate two camera con gurations from the HM01BO0 sensor:

interpretation and panoramic stitching correspondence. To mitigate
this obstruction, we implement the HM01BO0's windowed readout
mode, which crops the sensor's active area to reduce the e ective
eld of view from 87° to 65°. This windowing approach eliminates

QQVGA (1620119 pixels) and QVGA (3240239 pixels), generatinghe facial obstruction zone while (1) maintaining forward-facing

19.3 kB and 77.4 kB per frame, respectively. Given the maximum
available BLE throughput, the theoretical wireless transmission lim-
its are 6.4 fps for QQVGA and 1.6 fps for QVGA operation. However,
image acquisition introduces additional latency through the 8MHz

capture capability, and (2) reducing unnecessary data transmission
over the bandwidth-constrained Bluetooth Low Energy link.

This 25% reduction in captured visual data creates a fundamental
trade-o : while windowed readout helps resolve facial obstruction,

SPl interface, requiring 19.3ms for QQVGA capture and 77.4ms for it signi cantly reduces peripheral visual coverage, particularly lim-

QVGA capture. Accounting for both acquisition and transmission

iting the left and right outskirts of the user's natural eld of view.

overhead, the system achieves e ective frame rates of 5.7 fps and This necessitates alternative strategies to recover comprehensive

1.4 fps for QQVGA and QVGA con gurations, respectively (see
Table. 3). These rates could be improved through pipelining that
overlaps image acquisition with wireless transmission [60].

Table 3: Resolution against frame rate and latency.

Camera Con guration| Frame Rate Frame Latency
QQVGA (1620119)| 5.7 fps 175 ms
QVGA (3240239) 1.41fps 714 ms

3.1.5 Fabrication. We integrate custom 3D-printed enclosures with

environmental coverage through dual-camera coordination.

3.2.2 Camera Angular Orientation and Blind Spot Characterization.
To compensate for the visual context lost through windowed read-
out, we systematically evaluate camera angular orientations at 0°,
5°,10°, 15°, and 20° outward from the forward-facing position. This
angular adjustment serves the dual purpose of reducing potential
facial obstructions and expanding the combined eld of view.

In the completely forward-facing orientation (0°), windowed

commercial Sony WF-1000XM3 earbuds to house the camera hard-readout enables VueBuds to capture approximately 88° of the user's

ware. The enclosures were designed in OnShape CAD and manu-

factured on a Bambu Labs A1 Mini 3D printer. VueBuds printed
circuit boards were designed with the open-source KiCad eCAD
tool and fabricated as 2-layer PCBs through PCBWay, with com-
ponent assembly completed by a local contractor. The enclosure
design ensures seamless integration with the original earbud form
factor while providing precise camera positioning. The HM01BO
camera sensor is mounted behind a window in the enclosure lid,
oriented forward to capture the user's natural eld of view. This
positioning aligns the camera with the user's perspective when the
earbuds are worn, facilitating intuitive visual queries by allowing
users to simply look toward objects of interest.

3.2 Binocular Vision for Ear-Level Cameras

forward perspective per camera. However, outward camera angling
introduces competing design constraints that must be carefully
balanced. Angling cameras outward con icts with our core design
principle of capturing the user's natural forward-facing perspective
and creates an expanding blind spot directly in front of the user,
where objects held at close distances fall outside both cameras'
elds of view.

We address this trade-o by incorporating the Harmon distance,
the average comfortable reading distance of 36.8cm established
across 233 individualslf. Objects held closer than this distance
typically fall outside normal interaction patterns for reading and
detailed visual examination. By designing around this ergonomic
constraint, we establish a tolerable blind spot that minimally im-
pacts practical usage scenarios.

3.2.1 Camera Field-of-View and Facial Occlusion. We rst quantify ~ To characterize the forward-facing blind spot region, we model

the extent of facial occlusion introduced by ear-level positioning
and demonstrate how sensor windowing reduces obstruction while
introducing coverage trade-o s. The HM01B0 camera sensor pro-
vides an 87-degree horizontal eld of view, which poses signi cant

challenges when positioned at ear level on wireless earbuds. Un-

like temple-mounted cameras on smart glasses, which bene t from
forward positioning relative to the user's face, earbud-mounted
cameras su er from substantial facial obstruction, with the user's

the binocular camera eld of view on a person's head at 5-degree
increments until the forward blind spot length exceeds the Harmon
distance. We de ne this blind spot region as the distance from
a person's eye to where a 5 cm wide object must be present in
each camera's eld of view to ensure su cient correspondence for
image stitching algorithms and provide conservative redundancy
between left and rightimages. Our analysis in Table. 2 demonstrates
that camera orientations of 5° and 10° maintain forward blind spot
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Figure 5: VueBuds to host device wireless data streaming. VueBuds stream dual camera data to the BLE-USB bridge, which multiplexes
the binocular image feed for transmission to the host device, where they are ultimately demultiplexed into left and right images.

lengths well below the Harmon distance (18.6 cm and 24.7 cm, the preamble for packet boundary detection, the MAC address to
respectively), while adding 10-20° of additional eld of view. At 15°, route data into separate left and right image bu ers, and a frame
the blind spot (34.0 cm) approaches the Harmon distance threshold, indicator to detect image boundaries for frame reconstruction.
representing a practical limit for maintaining usable interaction

patterns. Beyond 15° of outward angling, the blind spot expansion 332  vision Language Model Processing. We implement on-device
signi cantly degrades user experience, potentially requiring users yjision language model processing using Ollama, evaluating ve

to step backward or extend objects to uncomfortable distances when qdels for optimal performance characteristics: Qwen2.5Va, [
looking directly at an object. We verify our blind spot simulations  poondream 74, MiniCPM-V [109, LLaVA [67, and Gemma334.

using our hardware in Y4.1.1. Model selection is based on systematic evaluation across accuracy

3.2.3 Image Stitching for Redundancy Reduction. While the simand latency mgtrics, detailed in Y4.1.2. Qur implementat_ion incc_)rpo-
ple approach is to feed each camera image from the left and right "at€S an adaptive system prompt that adjusts based on image input
earbuds into the vision language model, we also explore image type, providing context-aware prompts for stitched images versus

stitching to reduce redundant visual information and improve vi- dual__independent camera feed;. While the system §upports bOt_h
sion language model inference runtime. 1620119 and 3240239 resolutions, we select the higher resolution

Overlaps exist between left and right image pairs captured by €ON guration pased on it; superior text recognition performance
VueBuds, particularly in the far- eld regions. At the Harmon dis-  °PServed during evaluation.
tance, we calculate 64%, 46%, and 28% overlap between images at
0°, 5°, and 10° camera orientations, respectively. To reduce e ective 3.3.3  Audio Processing Pipeline. Our audio pipeline uses the Blue-
input tokens and improve end-to-end latency, we implement light-  tooth Hands-Free Pro le for audio data transfer, and incorporates
weight stitching using ORB (Oriented FAST and Rotated BRIEF) automatic speech recognition (ASR) and synthesis (TTS) capabili-
feature detection, selected for computational e ciencg]. At ties. Our system integrates TinyWhisper for real-time speech-to-
a high level, these techniques work by detecting repeatable key- text conversion, chosen for its computational e ciency and accu-
points in both images, converting them to compact binary feature racy in wake-word detection.
vectors, and then matching corresponding features to estimate geo- ~ Our wake-word detection implementation uses a fuzzy match-
metric transformations for alignment and stitching. Our stitching  ing algorithm to handle variations in pronunciation and ambient
pipeline operates without post-processing operations such as image noise levels. The system recognizes wake phrases including "Vue-
trimming to preserve maximum visual information for the vision ~ Buds", "Hey Vue", and phonetic variations, triggering camera acti-

language model and minimize processing latency. vation and visual query processing. The system incorporates con -
dence thresholding to minimize false-positive wake-word activa-
3.3 End-to-End System Integration tions while maintaining responsiveness. Speech synthesis utilizes

Apple's built-in text-to-speech engine to deliver VLM responses
through the earbuds' integrated speakers, enabling private audio
playback. The entire audio pipeline operates in tandem with the
3.3.1 BLE-USB Bridge. The system employs an nRF52840 devalisual pipeline, using a multi-process architecture to maximize
opment board as a BLE-USB bridge that converts Bluetooth Low system performance.
Energy communication to USB connectivity for the host processing
device. The receiver establishes connections with both VueBuds .
devices and manages both camera data streams simultaneously. 4 Evaluation

Upon receiving packets from each earbud, the receiver prepends We present the system's vision capabilities along with accuracy
a xed preamble and the originating device's Bluetooth MAC ad- and latency results across several vision language models. Then,
dress to enable stream demultiplexing. This packetized data is trans- we select the best-performing VLM for our system and share the
mitted via USB serial to the host device, where our Python-based results from our online and in-person user studies. Finally, we assess
parsing module processes the incoming stream. The parser uses system performance in terms of power and end-to-end latency.

Shown in Fig. 5, we demonstrate wireless data ow from VueBuds
hardware to vision language model processing.
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