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1. Functional Overview of the Camera Module

The bedside patient-facing camera subsystem augments the TraceLoop ICU automation platform with
multimodal imaging inputs. It comprises co-located RGB, near-infrared (NIR), and thermal sensors in
a single housing mounted near the patient’s bed (e.g. on an overhead arm or wall bracket). The RGB
sensor provides high-resolution color video in daylight, while NIR allows night-time monitoring with IR
illumination that does not disturb the patient. The thermal imager captures a temperature map of the
patient’s skin and exhaled breath. All three feeds run at 30 frames per second, time-synchronized, and
are processed on an embedded NVIDIA Jetson Xavier module for on-edge inference. Raw video data
never leaves the bedside device — privacy safeguards ensure that only derived metrics (¢.g. a pain score
or breathing rate) and critical event flags are transmitted on the secure control bus. The camera has a
physical cover and software interlocks to disable recording during privacy-sensitive procedures, and all
image data is encrypted in transit and at rest. Importantly, this imaging module is integrated into the
existing TraceLoop architecture as an additional sensor node: like other Physiological Sensors (100) in
FIG. 1, the camera streams telemetry (in this case, processed vision metrics) onto the secured CAN bus
(140) for ingestion by the real-time arbitration engine . This means the camera’s outputs are treated as
new sensor modalities within TraceLoop’s closed-loop control hierarchy, subject to the same safety,
arbitration, and audit logic as existing vital sensors.

2. Image-Derived Inputs and Measurements

The camera subsystem extracts a rich set of clinical features from the patient’s visual and thermal
signatures. Each extracted measurement is mapped to specific control or alert logic in the TraceLoop
system, as summarized below:



Facial Expression (Pain/Distress) — The RGB/NIR feed monitors the patient’s face for key
pain-related action units (¢.g. grimacing, brow furrow, eye squeeze, clenched teeth) . A deep
learning model infers a pain score or discomfort level in real time. This quantitative pain
estimate feeds the analgesia dosing loop: high pain scores can trigger increased opioid infusion
(within prescribed limits) or alert clinicians if pain remains uncontrolled. Accurate and timely
assessment of pain is critical for optimal dosing , especially in sedated or non-communicative
ICU patients. By providing an objective pain measure, the camera module ensures analgesic
delivery is responsive to patient needs while avoiding over-sedation.

Thoracoabdominal Motion (Respiratory Pattern) — Using both RGB and thermal data, the
system tracks chest and abdominal movements to derive respiratory rate and detect abnormal
breathing patterns. Thermal imaging can visualize the warm exhaled air at the nostrils and subtle
chest temperature changes, enabling contactless breath monitoring . The module detects apnea
(cessation of breathing), rapid shallow breathing, or paradoxical respiration (chest moving
inward on inhale, a sign of respiratory failure). These metrics feed into ventilator control loops
and safety interlocks: for example, sustained paradoxical breathing will generate a high-severity
alert and may trigger an automated naloxone dose if opioid-induced respiratory depression is
suspected (see §4 below). Even if standard vital sensors (e.g. capnography) are present, the
camera provides redundant respiratory monitoring and can detect respiratory effort directly from
patient motion.

Skin Color and Perfusion — The RGB sensor continuously assesses skin coloration (using
calibrated color ratios and NIR for consistency in low light). Changes such as pallor or cyanosis
(bluish discoloration) are indicative of poor perfusion or hypoxemia and will prompt an
immediate vital safety check. For instance, if the patient’s face appears cyanotic while oxygen
saturation data is trending down, the system can raise an alarm or even increase supplemental O
via the ventilator. Conversely, flushing or redness can indicate fever, autonomic dysregulation, or
allergic reactions — the thermal camera quantifies skin temperature patterns to assist in early fever
detection. Detected fevers can cue the system to activate cooling devices (fans or cooling
blankets, part of the actuator network ) or recommend antipyretic dosing. These color and thermal
cues thus map to non-dosing alerts (¢.g. “possible cyanosis — check airway”) and moderate
control actions (like adjusting environmental controls).

Edema Mapping (Swelling and Fluid Status) — By comparing limb and face contours over time
(from depth cues in the stereo RGB or shape from shading), the camera can map edema and
swelling. For example, a rising trend in ankle or facial edema may signify fluid overload or
cardiac failure. The system quantifies edema extent (e.g. via limb circumference or tissue volume
changes) and uses it to adjust fluid management loops: an edema increase might raise a flag in the
hemodynamic control module to restrict further IV fluids or to prompt a diuretic dose if such a
loop is in place. Edema data can also alert nurses to potential IV infiltration (if a localised
swelling is detected near an IV catheter site) so that they can check line integrity.

Line/Tube Integrity — Through computer vision, the module monitors the presence and
positioning of critical lines and tubes. It can recognize an endotracheal tube’s markings to



ensure the ventilator tube hasn’t shifted out, and it identifies whether IV lines are connected and
under tension. If an IV line is visibly disconnected or leaking, the system immediately pauses
the associated infusion pump to prevent air embolism or medication spillage. Similarly, if the
endotracheal tube is out of position (e.g. slipped out of the airway), the camera triggers a
ventilator stoppage and a ventilator disconnect alarm. These detections map to failsafe actions
and alerts: the control logic will enter a safe state (pausing drug delivery or ventilation on that
channel) and summon immediate clinical attention. Notably, such image-driven safety checks act
as an independent layer of redundancy to the device’s own sensors (for instance, the ventilator’s
pressure alarms), adding a vision-based “guardian” that can catch issues others miss.

e Posture and Mobility — The RGB/NIR feed assesses the patient’s posture in bed and any
attempts at mobility. If the patient (especially if delirious or confused) tries to sit up or climb out
of bed without assistance, the system detects this bed-exit attempt and issues an immediate
fall-risk alarm. Additionally, tracking posture helps in sedation management: for example, if a
patient is supposed to be supine and still (under deep sedation), but the camera sees them
frequently shifting or attempting to get up, it may indicate inadequate sedation or pain —
information that feeds the analgesia/sedation loops. In rehabilitation contexts, the system could
also log gait parameters (when the patient is ambulating in view) to inform physical therapy
progress, though in the ICU the primary use is fall prevention and agitation monitoring. Posture
changes that risk medical devices (e.g. leaning on a chest tube line) can trigger alerts as well.

¢ Eye State and Gaze Tracking — The NIR camera enables robust eye tracking even in darkness,
monitoring whether the patient’s eyes are open, closed, or tracking movements. This serves as a
proxy for the patient’s level of consciousness and attention. For instance, in a neurocritical care
setting, failure to track a moving stimulus or absence of blink responses could generate a
neurological alert. In sedation management, eye-openings or oriented gaze might signal that the
patient is emerging from sedation — the dosing optimiser can respond by increasing sedative
infusion to keep the patient comfortable if appropriate, or by alerting clinicians that the patient is
awake ahead of schedule. On the other hand, if the patient is supposed to wake, the camera
confirming spontancous eye opening is a positive signal. The system can also detect rapid eye
movements or fixed stare as potential indicators of seizure or neurological events, prompting
further investigation. Most of these gaze-based detections result in non-dosing alerts or logging,
ensuring the information is available to clinicians and other TraceLoop modules (for example, to
avoid conflicting with active neurological monitoring loops).

Each of these image-derived inputs is encoded in the TraceLoop factor database as new sensor factors
with proper units and scaling. By extending the sensor modality taxonomy (FIG. 11 column for “Sensor
Modality™ ), the system preserves the diagnostic provenance of each input — ¢.g. distinguishing a pain
score derived from camera vs. an invasive blood pressure reading. This allows the multi-loop arbitration
engine to consider image-based inputs alongside traditional vitals in its decision-making, as described
next.



3. Integration with Adaptive Dosing Layers and Control
Hierarchy

All camera-derived signals feed into TraceLoop’s multi-tier dosing control hierarchy, aligning with the

existing L-0/L-1/L-2 layered arbiter structure . In practice, this means each image input is assigned to
the appropriate control layer or alert pathway based on its criticality:

L-0 (Vital Override Layer): This top-priority layer handles immediate, life-critical interventions
— the camera module contributes to L-0 when it detects conditions requiring instant corrective
action to prevent harm. For example, recognition of aprea or severe paradoxical breathing
(suggesting respiratory arrest or opioid overdose) is treated as an L-0 event: the system can
trigger an antagonist drug (e.g. naloxone) cartridge to fire a micro-dose within seconds ,
overriding the ongoing opioid infusion. Likewise, a detected airway tube dislodgement would
cause the ventilator loop to enter a safe hold (preventing inappropriate ventilation) and
immediately alert staff. These camera-driven overrides are encoded as high-priority “safety
factor” inputs in the rules database, with cross-references in the conflict graph so that any
antagonistic therapy is automatically suppressed . The real-time arbitration engine will always
prioritize L-0 camera triggers over lower-tier optimiser commands, effectively acting as hard
stops or failsafe actions (¢.g. halting a pump, delivering an antidote) to address the acute issue.
All such override actions are logged with highest priority in the audit chain (FIG. 9) as described
in §5 .

L-1 (Guard-Rail Balancer Layer): This layer enforces safety constraints and interlocks — the
camera inputs at L-1 serve as additional guard-rails that modulate therapy to keep it within safe
bounds. Rather than fully overriding a therapy, L-1 inputs bias or limit the optimiser to prevent
harm. For instance, the detection of significant facial pallor or cyanosis might invoke a
guard-rail that limits further opioid or sedative dosing (since those could worsen respiratory
depression), even if the optimiser requests more. Similarly, edema mapping feeds into L-1 logic:
if edema is rapidly worsening, a guard-rail constraint can cap or reduce IV fluid infusion rates to
avoid fluid overload. These guard-rail rules are encoded as quadratic or linear constraints (e.g. “if
edema_index > X, max vasopressor rate = Y ) and integrated into the TraceLoop
“cross-interaction logic” (for example, the inter-analyte/drug ratio checks) . The camera’s
guard-rail inputs are evaluated alongside biochemical guard-rails (like ion ratios) each cycle.
Effectively, they serve as an extra safety algebra informed by visual cues — ensuring that the
optimiser (L-2) cannot drive the system into an unsafe region if the patient’s observable condition
contraindicates it. In the hierarchy, L-1 camera inputs have higher priority than routine
optimisation, but they yield to any L-0 vital overrides. This aligns with the TraceLoop design of a
three-layer arbiter where higher priority loops suppress lower ones .

L-2 (Optimiser Layer): The majority of camera-derived metrics feed into the L-2 optimiser
layer, where they enhance or add new control loops aimed at therapeutic optimization and
patient comfort. Here, the image module’s inputs function as additional feedback signals for



fine-tuning drug dosing and device settings. Key examples include:

o Pain—-Analgesia Loop: The facial expression-derived pain score drives the opioid
analgesia controller. Instead of relying solely on vital signs or clinician input, the
optimiser uses this objective pain metric to adjust infusion rates in real time, delivering
small boluses of fentanyl when pain crosses a threshold and tapering dose when pain
subsides. This closed-loop pain control, informed by continuous facial analysis, helps
maintain adequate analgesia with minimal overshoot.

o Sedation—Arousal Loop: Eye tracking and motion cues inform the level of sedation. The
optimiser compares the patient’s observed arousal (eye open, purposeful movements)
against target sedation depth. It then modulates sedative drug infusion (e.g. propofol) to
keep the patient in the desired sedation range, increasing dose if the patient appears too
awake or decreasing if the patient shows almost no movement (to avoid excessive
sedation). This loop runs in tandem with EEG-based monitors if available, but the camera
provides a non-contact alternative or supplement.

© Respiratory Support Loop: Thoracoabdominal motion measurements feed into
ventilator and oxygenation settings. For spontaneously breathing patients on assisted
ventilation, the camera’s respiratory rate and effort detection can guide the ventilator’s
support level (e.g. adjusting pressure support if the patient’s own efforts change). If the
patient is on closed-loop oxygen or CPAP devices, the observed respiratory distress level
(like use of accessory muscles seen via camera) can prompt the optimiser to raise support
carlier than it would from blood gas values alone.

o Secretion/Discomfort Loop: On detecting signs of patient discomfort or potential airway
issues (e.g. excessive coughing or facial expressions suggesting distress), the optimiser
might transiently pause feeding pumps or adjust ventilator suction timings. These are
subtle adjustments aiming to preempt harm and improve patient tolerance of therapies.

Each camera-informed optimiser action is implemented through the existing actuator drivers and
rules framework. The TraceLoop Sensor-Actuator Command Matrix (FIG. 6) is extended to
include the Vision sensor family, showing its influence on various actuators like IV pumps,
ventilators, or cooling devices . For example, the Vision row would have weighted links to the
analgesic pump column, ventilator column, etc., indicating how much the arbitration engine
should factor those inputs when commands are issued. By design, these L-2 contributions are
“soft” inputs — they compete in the arbitration priority queue alongside traditional sensor loops.
If resources conflict, the engine applies the priority and synergy rules (FIG. 7 & FIG. 4) to decide
which command prevails , ensuring that, say, a life-critical blood pressure correction isn’t
preempted by a comfort-oriented camera input. The net effect is a secamless integration where the
camera module adds a new lane of information into the multi-loop control highway, without
altering the fundamental arbitration logic (indeed, TraceLoop’s future-proof bus architecture
was designed to allow new sensor modalities to plug in without requiring new controller logic ).



e Alerts and Non-Dosing Outputs: Not all camera detections result in automated dosing or device
changes. Many are mapped to the system’s alerting and logging channels. For instance, posture
and fall-risk detections trigger alarms to staff but do not directly actuate therapy. These alerts still
go through TraceLoop’s safety supervisory system — a bed-exit detected by camera is tagged with
severity and fed to the Escalation Engine (1007 in FIG. 10) if not acknowledged . Similarly, a
detected 1V line dislodgement produces an immediate alarm and an entry in the event log,
prompting clinician intervention. All such alerts are integrated with TraceLoop’s audit and
escalation ladder so that if they remain unaddressed, they will be escalated (to charge nurse, then
attending, etc.) per the timing illustrated in FIG. 10 . In summary, the camera module’s outputs
either influence one of the closed-loop control layers (L-0, L-1, or L-2) or generate structured
alerts — but in every case they dovetail with the existing hierarchy and do not operate ad hoc or
outside the established safety framework.

4. Camera-to-Cartridge Actuation Examples

The following table provides representative examples of camera-detected conditions and the
corresponding automated TraceLoop responses, particularly focusing on drug cartridge actuation or
device control. This illustrates the end-to-end pathway from image insight to patient intervention:

Camera-Detected Automated System Response (Camera—Actuator)
Condition
Facial expression Analgesic Micro-dosing: Arbitration engine issues a command to the
indicates severe pain — opioid infusion pump to deliver a micro-dose of fentanyl. The dose is

¢.g. pain score > 6/10 with  calculated to counteract pain while respecting guard-rails (avoiding

grimacing, brow furrow .  oversedation). This action occurs at the L-2 optimiser layer, but if pain
remains high, it can escalate in priority. All dosing decisions are logged
for audit .

Paradoxical respiration  Opioid Antagonist Activation: Triggers an -0 vital override. The

detected — chest and system immediately actuates a naloxone cartridge to deliver an antagonist
abdomen moving out of dose , temporarily suspending any ongoing opioid infusion. This
sync (sign of emergency action is accompanied by a high-priority ventilator alarm and

opioid-induced respiratory  is recorded in the immutable audit log (FIG. 9) . The override will
depression). self-clear if the patient’s breathing normalizes, or can be manually
extended via the clinician override interface (FIG. 10).



IV line disconnect or
stopcock open — visual
break in infusion line
continuity or leaking fluid
detected.

Patient attempting to get
out of bed — detected by
upward posture change or
feet on floor.

Marked facial flushing
& sweating — thermal
camera shows sudden
increase in facial skin
temp and moisture (e.g.
autonomic spike or fever).

Endotracheal tube
displacement — the ET
tube’s reference marking
on the lip is no longer in
the expected position
(tube potentially out).

Infusion Pump Halt: The system places the associated infusion channel
into safe hold. An L-0 safety interlock stops the pump motor to prevent
air infusion or drug spillage. The event triggers an instant alarm “TV line
disconnect — pump paused,” prompting staff to intervene. The pump will
not restart until the line status is corrected and a clinician clears the alarm
(either via the override interface or by re-arming the channel).

Fall-Risk Alarm & Sedation Adjustment: Generates an immediate
bed-exit alert (audible and on central dashboard) to summon assistance.
If the patient is under a sedation protocol, the optimiser may automatically
increase sedation dosage slightly (within safe limits) to discourage further
self-extubation or accidental falls. This sedation bump is treated as a
temporary control action at L-2, and is bypassed if a clinician override is
in effect.

Thermoregulatory Response: The system activates an environmental
control — for example, turning on a cooling fan or coolant blanket (if
available as an actuator on the bus) to gently reduce patient temperature. It
also flags a possible fever episode in the chart. No drug is immediately
given, but a notification suggests checking for fever causes or
administering antipyretics. This action originates from the optimiser layer
(comfort/thermoregulation loop) and will be suppressed if it conflicts with
critical therapies (per the conflict graph logic in FIG. 7).

Ventilator Safe-State & Alert: The ventilator control loop receives a
command to stop positive pressure ventilation (to avoid insufflating the
stomach if tube is out) and to switch to an alarm state. The system
announces a critical airway alert (“ET tube possibly dislodged™). This L-0
action halts sedation infusion as well (to allow the patient to maintain
airway if extubated) and pages respiratory therapy per the escalation
ladder.

These examples demonstrate the breadth of interventions: from subtle dosing adjustments (analgesic
micro-doses) to hard failsafes (pump halts, ventilator stops) triggered by the camera’s analysis. All actions
go through TraceLoop’s Arbitration Engine to ensure compatibility with other simultanecous commands.
For instance, a fentanyl dose triggered by the camera will only be delivered if no higher-priority rule
precludes it, and if delivered, it might suppress other lower priority loops momentarily (thanks to the
“knock-down” priority matrix in the arbitration logic) . In every case, the action taken (dose, alarm,



etc.) is logged with context — the log entry captures that the camera subsystem’s detection was the
precipitating factor, contributing to the system’s explanatory audit trail (*¢.g. Pump command issued
because ‘pain score 8 from vision analytics™). This maintains transparency for regulatory auditing and
clinician review.

5. Failsafes, Redundancy, and Fallback Behavior

Integration of the camera module follows TraceLoop’s strict fault tolerance design, so that loss or error
in the imaging subsystem never compromises patient safety. The system employs multiple failsafes and
redundancy mechanisms for the camera lane:

e Sensor Redundancy: Many physiological parameters that the camera infers (respiration, pulse,
temperature) are also measured by traditional means. In case of any discrepancy, the arbitration
engine cross-verifies critical values. For example, if the camera reports “no breathing”, but the
ventilator’s flow sensor indicates normal ventilation, the system treats the camera input as
possibly faulty and will not trigger unnecessary antidotes; instead it logs a diagnostic warning,.
This cross-check logic ensures that an errant image reading cannot alone drive a hazardous
intervention if contradicted by a more direct sensor (unless it’s an L-0 scenario where missing it
would be catastrophic — in those cases the system prefers to err on the side of safety and then
immediately require human confirmation).

o Image Occlusion or Quality Loss: If the camera view is occluded (¢.g. covered by cloth or
turned off for a procedure) or lighting is insufficient, the system detects the loss of video signal
quality. The design includes a heartbeat and watchdog for the camera feed (similar to other
hardware watchdogs in FIG. 8) such that a failure in the vision processing is flagged within a
second. Upon such failure, TraceLoop automatically falls back to deterministic sensor-only
logic — effectively degrading gracefully to the baseline system that relies on vital signs and other
sensors alone. This corresponds to the Fallback arrow in the Hierarchical Fail-safe Stack (FIG. 5)
, where higher layers (in this case, the vision-derived inputs) drop out and the lower layers
continue to function. For instance, if the pain camera module goes offline, the analgesia loop
might revert to a conservative preset infusion or require manual pain assessments until the camera
is restored. A camera fault will also raise a maintenance alert so that technicians and staff know
the module needs attention, but it will not trigger a system-wide safe-state unless other sensors
concur that patient safety is in question.

o Fault Arbitration and Isolation: The camera module is treated as an independent input channel
with its own fault status. TraceLoop’s Hierarchical Failsafe States (FIG. 5) define how faults
propagate: a fault in an auxiliary sensor like the camera triggers a localized isolation (e.g. ignore
or “freeze” the vision-derived inputs) rather than a total system halt . The arbitration engine
effectively “masks out” rules that depend on the camera when it’s unreliable (similar to how it
masks out a failing biosensor). This isolation is logged and the system notifies clinicians that, for
example, “Vision module disconnected — operating in sensor-only mode.” The rest of the dosing
and automation continues under the proven deterministic logic, which has its own safety layers
(L1-L5) to handle any subsequent issues. In technical terms, each camera-driven factor in the



factor table has an associated watchdog status. If that status flips to failed, any rule row requiring
that factor is placed in a standby state (requires_ok false) until the factor is healthy again.

e Audit and Transparency: All image-derived decisions and their outcomes are recorded in the
audit-log chain (FIG. 9) . In the event of a dispute or investigation (¢.g. “why was morphine
given at 3:15 AM?”), the system can show it was because the camera detected a pain grimace at
that time, with the corresponding confidence metrics. Furthermore, any anomalies like “camera
offline from 03:00-03:10” are also logged, contributing to a provenance chain that regulators
and engineers can review . This immutable log, combined with TraceLoop’s explainable rules,
means the addition of the camera module does not introduce an opaque element — every
automated action from the image lane is traceable and attributable.

o Manual Override Always Available: Importantly, the presence of camera-driven automation
does not remove the clinician from the loop. The existing clinician override interface (FIG.
10) applies equally to any action or alarm prompted by the camera. If a nurse or doctor disagrees
with an automated camera-based intervention (for example, they determine the patient is actually
comfortable despite what the facial expression algorithm inferred), they can use the override dial
to pause or cancel that channel’s automation . The system is designed so that it remains aware of
and respects overrides on any closed-loop channel, including those influenced by the camera,
and it will not re-engage that automation until the override expires or is lifted . All overrides are
logged with cryptographic attribution (who overrode, when) and appear in the audit log . This
ensures the camera module operates under the same human governance framework as the rest of
TraceLoop, fulfilling the requirement that human clinicians can always intervene and that the
system’s autonomy has well-defined boundaries.

In summary, the camera subsystem has been engineered with a fail-safe philosophy: it enhances care
when functioning, and if it fails or produces conflicting data, the system safely reverts to more
conservative operation. There is no single point of failure — loss of the camera input simply means the
TraceLoop controller goes on using other sensor inputs (much like a multi-engine plane that continues
flight after one engine out). This design upholds the stringent safety requirements of ICU automation,
where reliability and predictability are paramount.

6. Deployment Modes: Minimal Viable vs. Future Optimized
Configurations

The camera integration is envisioned in two configuration tiers, aligning with current capabilities and
future advancements:

(a) Minimal Viable Configuration (MVC): Deployable immediately with current hardware/software
stack. This mode uses the NVIDIA Jetson Xavier or similar edge Al computer at the bedside to run
on-device inference on the RGB, NIR, and thermal streams. The image analysis algorithms are optimized



for the Xavier’s GPU and NPU capabilities, achieving real-time performance at ~30 Hz per stream. In
MVC, the emphasis is on a subset of high-value features with well-validated models:

e Pain detection is handled by a lightweight convolutional neural network (CNN) or LSTM that
analyzes facial action units in real-time.

e Respiratory monitoring uses a combination of optical flow (for chest motion) and simple thermal
ROI tracking at the nostrils to count breaths, avoiding overly complex models.

e Linc/tube detection and posture are addressed by classical computer vision plus modest ML — for
example, colored markers on tubes assist the algorithm, and a pre-trained YOLO object detector
identifies I'V lines against the background.

e All computation is done on-edge, with the Jetson processing frames locally and outputting only
numeric results to the TraceLoop bus. This ensures low latency (camera to actuation under a few
hundred milliseconds) and data privacy (no raw video streaming off-device).

The MVC uses 30 FPS 1080p RGB and a 320x240 thermal sensor at 30 FPS, which are readily
available sensor specs. It leverages existing open-source models (like OpenFace or MediaPipe for facial
landmark detection, OpenPose for body pose) integrated into the TraceLoop pipeline. While the MVC
may not capture every nuance (its pain detection might categorize simply “no/mild/severe” pain, for
instance), it covers the critical use cases and can be validated under current regulatory paradigms. The
Jetson Xavier is capable of running these models within its ~30W power envelope, and the entire module
can be added to a bedside monitor with minimal footprint. This configuration is immediately attainable
with off-the-shelf components and forms the baseline offering of the camera subsystem.

(b) Optimized Future Configuration: Planned evolution with higher-resolution sensors and advanced
Al (multimodal deep fusion, transformer-based models). In this forward-looking mode, the system
exploits next-generation hardware (e.g. NVIDIA Jetson Orin or successor, or distributed compute) to
substantially upgrade the camera module’s capabilities:

o Higher Resolution & Additional Modalities: The RGB camera might be upgraded to 4K
resolution, and the thermal imager to a higher pixel count (e.g. 640x480 or above) with finer
temperature sensitivity. A depth sensor could be added to provide 3D data (¢.g. a time-of-flight or
structured light sensor) to improve posture and edema measurements. The NIR subsystem could
include multiple wavelengths to better assess oxygenation (similar to hyperspectral imaging for
skin perfusion).

o Multimodal Deep Fusion Al: Instead of separate algorithms for each feature, a
transformer-based pipeline or advanced deep neural network will intake all modalities (RGB,
thermal, depth, etc.) simultaneously to perform cross-modal inference. For example, a
transformer model could learn to correlate thermal breathing patterns with chest motion and facial
color changes to more accurately detect shallow breathing or pain grimaces, improving reliability
over any single sensor input. The model could also incorporate audio data if a microphone is



added (e.g. listening for groans or coughs), truly fusing audio-visual streams for richer context.

e Expanded Feature Set: The future system could detect more subtle clinical signs — such as
micro-expressions for pain or anxiety, the onset of delirium (via eye gaze trajectory and facial
tension patterns), or pressure ulcer early warning (by monitoring skin regions on camera for
color changes indicating poor perfusion). Gait analysis could become quantitative, and
neurological assessments (like tracking eye reflexes or limb symmetry) could be partly automated
by the vision system.

e Cloud or Federated Computing Option: While primary processing remains at the edge for
immediate control, non-urgent analytics (trend analysis, advanced pattern recognition) might be
offloaded to a central server or cloud Al in this mode. For instance, a large transformer model
might run on a hospital server, periodically receiving batches of sensor data to refine patient state
estimation (with all data de-identified). However, any cloud integration would maintain
TraceLoop’s real-time safety constraints: the local controller always has the final say for
safety-critical decisions, and network latency or downtime would simply result in fallback to the
edge models.

The optimized configuration would operate at perhaps 60 FPS or higher effective analysis rate and
achieve greater accuracy in predictions. It is an area of active R&D, and TraceLoop’s design (especially
the ML Lifecycle & Release Gate in FIG. 10 for model updates ) supports the safe introduction of these
advanced models. Each improvement would go through offline validation and a deployment gate with
human sign-offs to ensure no regression in safety. When deployed, this future mode would represent a
highly sophisticated “digital eye” in the ICU, synergizing with the core TraceLoop system to approach an
even more autonomous yet safely bounded critical care environment.

Both modes (a) and (b) treat the camera subsystem as an add-on input lane fully compatible with
TraceLoop’s arbitration and audit stack. In the minimal mode, the focus is on reliability and known-good
algorithms, whereas the future mode focuses on breadth and depth of insight. Importantly, the
hierarchical control and safety architecture does not fundamentally change between modes — new
models or sensors are integrated by adding new factor rows and rules, which the existing real-time engine
then handles within its proven framework (as depicted in FIG. 4 and FIG. 7 for rule execution and conflict
resolution ). In both cases, all camera-driven contributions are subject to the same audits and overrides:
every decision goes into the hash-chained audit log (Fig. 9) , and every automated action can be
overridden via the clinician interface (Fig. 10) .

By specifying the camera module in this manner, we ensure that it contributes meaningfully to patient
care (through richer data and new automated responses) while upholding the TraceLoop core principles
of safety, transparency, and hierarchical control. This technical specification therefore extends the
TraceLoop closed-loop architecture (see FIG. 1) to incorporate vision-derived inputs as first-class factors,
reinforcing the system’s capability to adaptively dose and manage ICU patients with an even more
comprehensive understanding of their real-time condition. The imaging subsystem effectively becomes
another “sense” in the TraceLoop sensorium, tightly integrated through the arbitration engine and



continuously monitored through the audit and failsafe mechanisms — an enhancement that bolsters both
the intelligence and the safety of the adaptive dosing network.

Sources: The integration approach and safety architecture described above build upon the primary
TraceLoop specification’s figures and descriptions, including the Bedside Closed-Loop Safety
Architecture (Fig. 1) , the Rule-Execution Arbitration Flow (Fig. 4) , the Sensor-Actuator Command
Matrix (Fig. 6) , the Conflict-Group Priority Ladder (Fig. 7) , the Hierarchical Failsafe/Watchdog model
(Fig. 5) , the Data Provenance Chain (Fig. 9) , and the Clinician Override Interface (Fig. 10) . This
ensures the camera module operates as an add-on input lane fully consistent with TraceLoop’s existing
multi-tier dosing control and audit framework, as detailed in those figures. The design is further informed
by recent advances in contactless patient monitoring, where studies have shown the feasibility of
measuring vital signs like respiration and temperature via thermal and RGB imaging and of assessing pain
through facial expression analysis . By leveraging these insights within TraceLoop’s robust architecture,
the specified camera system enhances patient monitoring and closed-loop intervention in a manner that is
innovative yet compatible with the proven safety and control principles of the TraceLoop platform.
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