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Executive Summary

e Problem: mission-critical systems (surgery, aerospace, telecom, defense) require
combining multi-gigabyte multi-modal sensor streams, probabilistic reasoning under
uncertainty, and precise physical actuation at low latency and high safety assurance.

e Proposal: Q-Synapse Core — an architectural platform integrating:
1. Photonics-first I/O (on-headset PICs, WDM/MCF links, photonic backplane) for
deterministic high-bandwidth/low-EMI transfer of DICOM-scale datasets;
2. Quantum-hybrid solvers (QUBO/QAOA + classical postprocessing) for
accelerated sampling and combinatorial optimization;
3. Physical A.L. (edge robotic tools and device holders) for deterministic, safe
physical assistance and actuation.

e Outcomes: sub-50 ms critical-path overlays, precise multi-modal fusion, accelerated
uncertainty quantification, verified physical assistance. Deliverables: technical
architecture, photonic & electrical specs, ICDs, QUBO matrices, test protocols,
regulatory mapping, BOM, and roadmaps.

1. Introduction & Scope

e Objective: present a deployable, certifiable reference architecture (2040 page white
paper draft) that integrates photonics, quantum-hybrid compute, and edge robotics under
the Q-Synapse Core. Canonical application: quantum-hybrid surgical headset with
multimodal DICOM fusion; extendable to aerospace, telecom, datacenters, defense and
logistics.

o Constraints: OR sterility, medical safety, electromagnetic compatibility, thermal head
constraints, real-time determinism.

2. Clinical & Cross-Sector Use Cases 2.1 Clinical

e Image-guided tumor resection (CT/MRI/US/SQUID fusion).

e Neurosurgical navigation with MEG/SQUID and intraop ultrasound.

o Robotic-assisted suturing with probabilistic margin guidance. 2.2 Cross-Sector

o Satellite payload fusion with photonic telemetry + quantum-accelerated schedule
optimization.

o Data-center photonic fabric orchestration + quantum traffic optimization.

e Telecom optical routing + quantum-hybrid spectrum allocation.

e Logistics: multi-robot coordination with photonic sensor backhaul and QUBO-based
route optimization.

3. High-Level Architecture: Q-Synapse Core



o Sensor Plane: multi-spectral cameras, SWIR/NIR, stereo, LIDAR, ultrasound,
SQUID arrays, IMU.

o Photonic I/O Plane: on-head PICs, WDM/MCEF fiber, optical cross-connect,
photonic backplane.

o Edge Compute Plane: deterministic OS, GPU/TPU, FPGA/ASIC photonic DSP,
Q-accelerator gateway.

o Quantum-Hybrid Layer: annealer/NISQ QPU access, QUBO mapper, scheduler,
postprocessor.
Physical A.L. Plane: robotic arms, device holders, micro-actuators, haptics.
Orchestration & Safety: Q-Synapse policy engine, provenance ledger, fail-safe
manager.

o Cloud Services: non-critical analytics, model retraining, post-market surveillance.

Core principles: deterministic latency, modular replaceability, graded certification (allow
conservative claims), graceful degradation with explicit surgeon UL

. Physical System Design 4.1 Headset

Components: AR waveguide display (or retinal projector), PIC Tx/Rx module,
stereo/global-shutter cameras, NIR/SWIR imagers, structured-light depth sensor, IMU,
eye/head trackers, sterile-mate optical connector, microfluidic heat-pipe interface
optional.

Targets: weight < 600 g, on-head power < 10 W, skin AT < 2°C, audio latency < 10 ms.
4.2 Docking Module (OR-grade)

Elements: silicon-photonics backplane, WDM mux/demux, coherent receivers,
FPGA/ASIC photonic DSP, GPU (20+ TFLOPS mixed precision), RT CPU (8-16 cores),
Q-accelerator interface (PCle/ethernet gateway), redundant power, medical-grade chassis.
4.3 Edge Robotics / Physical A.L

Modules: 7-DoF medical robot arm, sterilizable end-effector adapters, active probe
holders, micro-actuated instrument stabilizers, haptic feedback handles.

Controller: safety-rated motion controller (redundant encoders, dual CAN/real-time bus),
local LMC for 1 kHz control loops, hardware watchdog and emergency brakes. 4.4
Connectivity & Power

Primary: bend-insensitive SMF or multi-core fiber (MCF) with sterile-mate connectors.
Baseline per-head aggregate: 2x400 Gbps lanes (expandable).

Fallback: shielded copper for control plane and emergency fallback.

Optional: Power-over-Fiber for ultra-low-power variants; otherwise medical-grade 48 V
DC quick-disconnect.

. Photonics Subsystems (Design & Specs) 5.1 On-Headset Photonic Integrated Circuit
(PIC)

Architecture: modulators (Si-photonics Mach-Zehnder or micro-ring), co-packaged or
remote laser feed, photodiodes, TIAs, minimal DSP for direct-detect or coherent front-
end depending on modulation.



Baseline targets:

o Aggregate bandwidth: baseline 800 Gbps (2x400 Gbps), scale via MCF or
additional WDM lanes.

o Latency (link-only): <3 ms (10-20 m typical OR runs), per-lane transit <2 ps
optical time + DSP latency < 200 ps.
Power: <5 pJ/bit on PIC; PIC thermal <2 W.
BER pre-FEC < 1e-9; post-FEC < le-12.
Modulation: PAM4 for short-reach; coherent QPSK/16QAM for higher spectral
efficiency if required. 5.2 Dock Photonic Backplane & Switch

Functions: WDM mux/demux, optical crosspoint switching, amplifier as needed,
coherent DSP farm, DMA to GPU via PCle.

QoS: wavelength reservation for critical flows; optical ADM for multi-OR sharing. 5.3
Waveguide Display & Eye-Safety

AR coupling via low-loss waveguides; comply with IEC 60825 and ocular safety limits;
spectral shaping to avoid interference with imaging sensors. 5.4 Mechanical & Sterility
Connector spec: sterile-mate ferrule (custom LSH/LC or MTP for MCF) with sterile
sleeve; materials compatible with hospital sterilization (disposable sleeve for electronics).
Sterile-mate reliability: > 1,000 cycles target.

Quantum-Hybrid Solver Integration 6.1 Role & Placement

Use-cases: high-dimensional posterior sampling, global combinatorial optimization,
MCMC acceleration, variational inference.

Task placement policy: low-latency tasks remain classical; sample-heavy or
combinatorial tasks scheduled with time budgets; always require classical validation for
safety-critical outputs. 6.2 QUBO Mapping Workflow

Input: fused feature map or discrete workspace; preprocessing to reduce dimensionality;
discretization into variables.

QUBO formulation: objective coefficients for path cost, penalties for collisions,
constraints via high-penalty diagonal terms to enforce single-occupancy and kinematic
feasibility. 6.3 Example QUBO: Instrument Routing (N nodes, T time steps)

Variables: x_{i,t} € {0,1}.

Objective: minimize X_{t,i} ¢ {i} x {i,t} +Z {tij} A {i,j} x_{it} x_{j,t+1}.
Constraints: per-time occupancy X ix_{i,t} =1 encoded as penalty P*(1-X ix {i,t})"2.
Appendix C contains full numeric Q matrix examples for N up to 32, T up to 64. 6.4
Validation & Safety

Every quantum result checked by classical verifier for kinematic feasibility; statistical
acceptance thresholds defined; any actuator command based on quantum output requires
deterministic classical check or conservative bounding.

Physical A.I. — Edge Robotics & Motion Safety 7.1 Edge AI Roles

Assistive steadiness (tremor filtering), predictive hold, micro-adjustments, probe
stabilization and active tracking of anatomy. 7.2 Controller Stack
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Hardware LMC (1 kHz servo), TEA (edge neural policy with safety constraints),
Supervisory Orchestrator (Q-Synapse), Hardware Watchdog (independent). 7.3 Learning
Paradigm

Offline training: imitation learning from expert demonstrations; offline RL in high-
fidelity sim with constraining reward shaping.

Online adaptation: conservative bounded updates via contextual bandits; rollbackable and
audited. 7.4 Formal Methods & Certification

Motion primitives expressed in DSL and model-checked for reachability; safety envelope
enforced with hardware limits, torque thresholds, dual encoder checks; aim for SIL2 (or
higher) depending on claim.

Data, DICOM Handling & Fusion 8.1 DICOM Streaming Strategy

Two-layer approach:

o Low-latency binary streaming wrapper (preserve DICOM headers and metadata;

chunked, PTP timestamped) for intraop transfers.

o DICOMweb/TLS for non-critical archival and remote review.
Progressive streaming: multi-resolution pyramid (quick low-res for immediate overlay;
high-res tiles stream progressively). 8.2 Fusion Pipeline
Steps: coarse registration — real-time sensor alignment (feature-based + PTP
timestamps) — probabilistic fusion (classical CNN + quantum sampling for posterior
refinement) — confidence-weighted rendering.
Provenance: per-voxel modality tags and confidence metrics; UI exposes provenance and
confidence thresholds. 8.3 Synchronization
PTPv2 hardware timestamping for photonic endpoints; fallback to PPS/GNSS if
available.

Software Stack, Middleware & Orchestration 9.1 Layered Stack

RTOS & drivers (photonic, motion controllers), middleware (DDS/RTPS), model
runtime (ONNX/TensorRT), Q-Synapse orchestrator, UI, logging. 9.2 Orchestrator
Functions

Task placement, wavelength reservation, safety vetting, provenance recording, OTA
gating, model A/B testing, fallbacks. 9.3 DevOps & Audit

Signed OTA images, model artifact signing, immutable logs, CI/CD with test harness for
safety-critical regression.

Security, Privacy & Compliance 10.1 Security Controls

TPM/SE, mutual TLS 1.3, AES-256 at rest, hardware-backed key management,
certificate revocation and device identity ledger.

Photonic endpoints authenticate by certificate; dock enforces admission and CRL checks.
10.2 Privacy Controls

Default on-device PHI processing; configurable retention and anonymization; consent-
driven cloud exports. 10.3 Regulatory Strategy
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Standards: ISO 13485, IEC 62304, ISO 14971, IEC 60601, IEC 60825 for photonics,
FDA SaMD guidance, EU MDR. Early regulator engagement recommended; modular
submission approach.

Validation & Testing Framework 11.1 Photonic Tests

BER vs length/temp, WDM isolation, sterile-mate mating life, optical safety. 11.2
Imaging & Fusion Tests

DICOM integrity checksum, registration phantom (sub-2 mm), throughput/stream
resilience under load. 11.3 Quantum Tests

Repeatability, variance, hybrid latency profiling, classical equivalence tests. 11.4
Robotics Tests

Position repeatability, torque/force thresholds, e-stop latency (<50 ms), formal
verification sign-off. 11.5 Clinical Trials

Simulated OR usability, preclinical cadaver testing, pivotal trials measuring procedure
time, margin-negative resection rate, complication reduction, cognitive load.

Manufacturing & Supply Chain

Qualified photonics foundry list, laser suppliers, connector OEMs; redundant sourcing;
modular PIC cartridge design for repairability; incoming inspection and ISO 13485
supplier audits.

Business Model & Deployment Options

Revenue streams: device sales, service/maintenance, subscription analytics, licensing
Q-Synapse APIs, co-development with OEMs.

GTM: pilot programs at major cancer/neurosurgery centers; reimbursement pathway via
clinical outcome evidence; OEM partnerships (robotic, imaging).

Cross-sector licensing: telecom (photonic fabrics), aerospace (satellite payloads),
defense (sensor fusion + edge actuation).

Risk Analysis & IP Strategy

Key risks: vendor locked quantum hardware maturity; photonics supply constraints;
regulatory time; clinical adoption.

Mitigations: classical fallback, multiple suppliers, phased claims, strong clinical
partnerships.

IP priorities: sterile-mate photonic connectors, PIC packaging for headsets, QUBO
encodings for surgical tasks, Q-Synapse orchestration engine.

Roadmap & Milestones (0—36 months)
0-3 mo: Completed - system requirements, clinical advisory board, PIC interface design

3-9 mo: Completed - classical-only prototype + basic photonic Tx/Rx; robot integration
alpha



e 9-15 mo: In Process integrating across multiple partners for quantum-hybrid sampling;
photonic backplane alpha; phantom validation

e 15-24 mo: Prelim preclinical trials, IEC precompliance, ISO 13485 implementation

e 24-36 mo: pivotal clinical trials, regulatory submission, pilot commercial release

16. Governance, Ethics & Clinical Oversight

e Clinical advisory board oversight; ethics review for data usage; human-in-the-loop
default for all safety-critical actions; transparent provenance and explainability.

Appendices
Appendix A — Interface Control Document (ICD): Headset <> Dock (excerpt)

e Mechanical:
o Docking alignment: magnetic alignment with mechanical pins; tolerance £0.5 mm
axial, +1° rotational.
o Sterile sleeve: disposable sterile sleeve with integrated sealing gasket; sleeve
thickness 0.15-0.2 mm, single-use recommended.
o Mating cycles: >1,000 sterile-mate cycles validated at 10°C—40°C.

e Optical:
o Fiber type: Bend-insensitive SMF-28e+ or 7-core MCF (OS2 equivalent);
recommended outer diameter: < 3.0 mm for head routing.
o Connector: Custom sterile-mate LSH variant or MTP with sterile sleeve;
mechanical retention force 8—12 N.
o Wavelength allocation (example):
= 1310 nm group (channels 1-4) — sensor streams (stereo video, depth)
= 1490 nm (channel 5) — control & telemetry
= 1550 nm group (channels 6-9) — bulk volumetric imaging (CT/MRI tiles)
o Aggregate bandwidth: baseline 800 Gbps (2x400 Gbps lanes); scalability via
MCEF and additional lanes.
o Tx power: per-channel max +8 dBm; Rx sensitivity per channel dependent on
modulation.
BER targets: pre-FEC < le-9; post-FEC < le-12.
Latency: link transit < 3 ms for 1020 m.

e Electrical:
o Control plane: redundant 1/10 Gbps Ethernet channel; fallback to RS-485 for
emergency e-stop.
o Power: 48 V DC medical-grade quick-disconnect; maximum head power draw 12
W typical; power budget per module in BOM.

e Protocols:
o Data plane: Binary DICOM streaming wrapper (chunked frames with sequence
numbers, checksums, PTP timestamps).



o Time sync: PTPv2 hardware timestamping; fallback to PPS.
Appendix B — Photonic Block Diagrams

e Diagram 1: Headset block — sensors — sensor DSP — data aggregation — PIC
modulators — sterile fiber connector.

e Diagram 2: Dock backplane — fiber input — WDM demux — coherent/direct-detect
receivers — photonic DSP FPGA — DMA — GPU memory via PCle —
inference/render.

o Diagram 3: Q-Synapse orchestration loops — inference — hybrid scheduler — QPU —
postprocess — safety vet — actuator command — LMC.

Appendix C — QUBO Matrices & Examples (sep. physics publication)

e Example numeric QUBO for N=8 nodes, T=10:

o Variables: 80 binary variables ordered x {1,1}..x {8,10}.

o Penalties: P_singlePos = le4; P_collision = 1e3; adjacency penalty R adjacency
=100.

o Construction: diagonal Q ii = path_cost(i) + penalty terms; off-diagonal Q ij =
adjacency/collision coefficients.

o Full 80x80 numeric Q matrix provided (excerpt below; full numeric matrix
available on request or as downloadable CSV).

e  QUBO-to-QPU mapping notes:
o Minor embedding required for annealer topologies; embedding heuristics
included.
o For gate-model QAOA, mapping via binary encoding and cost Hamiltonian
formulation; recommended depth p=2—4 for time-budgeted runs.

Appendix D — Photonic Electrical & Optical Specs

e Modulation formats:
o Short reach: PAM4 at 50-100 GBd; direct-detect with DSP equalization.
o High spectral efficiency: coherent QPSK/16QAM with digital coherent receivers;
DSP in dock FPGA/ASIC.

Laser options:
o Co-packaged DFB lasers (linewidth <100 kHz) for coherent; alternatively remote
laser architecture feeding head via single fiber.

Receiver sensitivity:
o Direct-detect: -10 to -18 dBm typical; coherent: -32 dBm sensitivity.

o FEC:
o LDPC recommended to reach post-FEC BER < le-12 with modest latency; FEC
latency budget included in overall link latency.



e Temperature & environmental:
o Operating: 10-40°C; storage: -20-60°C; humidity as per IEC 60601.

o Connector & mechanical:
o Mating durability: >1,000 sterile cycles; IPX rated dock; EM shielding per IEC
60601-1-2.

Appendix E — Test Procedures

e Photonic BER Test Procedure:
1. Connect head PIC to dock via specified fiber length (1, 10, 20 m); use PRBS31
generator.
2. Sweep temperature across 10—40°C, record BER per channel pre/post FEC,
measure received power, SNR.
3. Acceptance: pre-FEC < le-9; post-FEC < le-12.

o DICOM Integrity & Streaming Test:
1. Stream multi-frame DICOM (2—-8 GB) across photonic link; artificially induce
network stress (background flows at 70% capacity).
2. Validate reassembly CRC, image fidelity MAE/PSNR in ROI, and measure
reassembly latency < target.

e Registration Phantom Test:
1. Use standard head/brain phantom with fiducials; acquire CT baseline, perform
ultrasound mapping and registration across 100 trials.
2. Compute target registration error (TRE) median and 95th percentile; acceptance
TRE <2 mm median.

e Robotic Safety Test:
1. Verify e-stop triggers across control plane; measure stop latency (<50 ms).
2. Torque limit tests: apply increasing loads to end-effector, verify controller shuts
down at threshold and logs event.

Appendix F — BOM H.L.

e Headset:

o PIC module (silicon photonics Tx/Rx)
AR waveguide assembly
Stereo cameras (global shutter)
NIR/SWIR imager
Depth sensor (structured light/LiDAR)
IMU
Sterile-mate connector assembly

O O O O O O

e Dock:



Photonic switch (WDM mux/demux)
FPGA/photonic DSP board

GPU 20+ TFLOPS

RT CPU

Q-accelerator interface board

O O O O O

e Robotics:
o 7-DoF medical robot arm
o Motion controller board
o Sterilizable end-effector adapters

Appendix G — Regulatory & Compliance Mapping

e [EC 62304: map to software modules (drivers, middleware, orchestration, UI)

e ISO 14971: list hazards (sensor loss, link failure, wrong actuation) and mitigation
controls

e IEC 60601 series: electrical safety mapping for docking module and robotics

o IEC 60825: laser safety for displays and on-head optics

Appendix H — Glossary & Definitions

e PIC: Photonic Integrated Circuit; QUBO: Quadratic Unconstrained Binary Optimization;
QPU: Quantum Processing Unit; TEA: Task-level Edge Al; LMC: Local Motion
Controller; PTP: Precision Time Protocol; OR: Operating Room; DICOM: Digital
Imaging and Communications in Medicine; MCF: Multi-Core Fiber; WDM: Wavelength
Division Multiplexing.



