Technical Design Specification and
Architectural Report: RFC 0102 Secure
Asynchronous Full-Duplex Stream
Engine

Executive Summary and Contextual Framework

The proliferation of reactive, execution-driven web interfaces—such as Streamlit, Gradio, and
Dash—has introduced structural friction between stateless client-rendering loops and
persistent, stateful networking protocols. Reactive web frameworks were natively architected
around short-lived HTTP execution cycles, where user interactions trigger top-to-bottom
re-evaluation of the application script context. When persistent, full-duplex WebSocket
connections are embedded directly into these reactive execution loops without rigorous
threading boundaries, systemic engineering defects emerge that compromise both application
responsiveness and perimeter security.

The structural engineering defects inherent to naive stream integration in reactive
environments manifest across three primary operational vectors:

1. User Interface Thread Starvation: Synchronous, blocking read operations on network
socket loops freeze the main user interface rendering thread. This drops frame rates and
renders interactive Ul components completely un-responsive to user input.

2. State Desynchronization and CPU Saturation: Inbound network frames that trigger full
script context re-evaluations induce exponential CPU and memory overhead. Under high
message throughput, this causes severe state desynchronization and cascading
execution delays.

3. Thread Leakage and Zombie Processes: Uncontrolled multi-threading implementations
in high-level frameworks frequently fail to manage background thread lifecycles during
session resets or client disconnects. This leaves orphaned socket readers running
indefinitely in heap memory.

From a network security perspective, delegating host resolution and IP validation to underlying
operating system runtimes or high-level network client libraries exposes applications to
Server-Side Request Forgery (SSRF) and dynamic Time-To-Live (TTL) DNS Rebinding attacks'.
Attackers exploit dynamic hostname re-resolution to bypass network perimeter controls, using
ephemeral DNS records or subterranean IPvé transition wrappers to reach restricted internal
subnets, cloud metadata services, and local loopback interfaces’.

RFC 0102 defines a unified technical specification for an Asynchronous Full-Duplex Stream
Framework equipped with Advanced Ingress Isolation and Anti-SSRF Pinning. This framework
enforces zero-trust transport security, isolated multi-threaded execution boundaries, strict
resource caps, and deterministic backpressure management. RFC 0102 operates in direct



structural alignment with RFC 0103 (Distributed Provenance Ledger & Identity Authorization
Protocol / Lane Verification Model v1.0), establishing cryptographically verifiable authorization
boundaries and non-repudiable audit logs across distributed streaming endpoints.

Security Architecture and Threat Model

Zero-Trust Ingress Isolation and Anti-SSRF Engineering

Standard socket initialization relies on dynamic host resolution at the moment of connection
establishment, creating a window of vulnerability where initial domain validation succeeds
against a public IP address, but subsequent connection attempts resolve to restricted internal
IP space’”. RFC 0102 eliminates this race condition by enforcing Pre-Resolution IP Pinning.
Under Pre-Resolution IP Pinning, hostname resolution is isolated into a synchronous
pre-execution block enforced by strict timeout constraints®. The network socket connects
directly to the validated IP literal address rather than the domain name. To preserve Server
Name Indication (SNI), Virtual Hosting semantics, and TLS certificate verification, the original
target domain name is explicitly injected into the HTTP Host header and the TLS
server_hostname parameter?.

The ingress evaluation process follows a deterministic, multi-stage pipeline:

e Stage 1: Scheme and Control Character Sanitization: The input URI is scanned for
carriage returns (\r), line feeds (\n), and null bytes (\0). Non-stream protocol schemes
(anything other than ws or wss) and embedded authority credentials (user:pass@host)
are immediately rejected.

e Stage 2: Isolated Synchronous Host Resolution: If the target host is a domain name
rather than an IP literal, resolution is dispatched to an isolated execution thread enforcing
a strict upper timeout bound?.

e Stage 3: Subterranean Unwrapping and Policy Validation: Resolved IP addresses are
recursively unwrapped to uncover embedded IPv4 transition targets before being
evaluated against restricted CIDR blocks'.

e Stage 4: IP Literal Pinning and Header Injection: The connection URL is reconstructed
using the verified IP literal, and Host/SNI metadata is injected into the connection
headers®.

Subterranean IPvé6/IPv4 Unwrapping Framework

A major vulnerability vector in enterprise network defenses involves subterranean IPvé
transition mechanisms®. Modern security controls frequently validate IPvé strings against static
subnet blocklists using simple bitwise prefix comparisons without inspecting whether the IPv6
structure encapsulates a forbidden IPv4 address'. This architecture-level flaw, exemplified by
vulnerabilities such as CVE-2026-48736 in enterprise HTTP client libraries, enables attackers to
bypass SSRF filters by embedding loopback or private IPv4 destinations (such as 127.0.0.1 or
169.254.169.254) within dual-stack transition prefixes'.

RFC 0102 mandates recursive bitwise unwrapping of all target IP addresses—whether provided
directly as literals or returned via DNS resolution—prior to subnet policy evaluation'.



Transition
Mechanism

IPv4-Mapped
IPvé

IPv4-Compatible
IPvé

6to4 Tunneling

NAT64
Well-Known
Prefix

NAT64 Local-Use
Prefix

Teredo Tunneling

ISATAP Interface
ID

IPv6 Prefix / CIDR

Scope

= ffff:0:0/96

/96

2002::/16

64:ff9b::/96

64:ff9b:1::/48

2001::/32

:5efe: embedded
inID

Unwrapping
Algorithm & Bit
Mask Extraction

Extracts trailing 32
bits
(ip.ipv4_mapped).

Extracts trailing 32
bits directly as
IPv4.

Extracts bits
16-47 (packed
bytes 2 through 5)
as IPv4.

Extracts trailing 32
bits (packed bytes
12 through 15) as
IPv4.

Extracts trailing 32
bits as IPv4.

Extracts trailing 32
bits (packed bytes
12 through 15) and
applies bitwise
XOR OxFFFFFFFF.

Decodes interface
identifier suffix
into
corresponding
IPv4 address.

Standard

Specification

RFC 4291

RFC 4291

RFC 3056

RFC 6052

RFC 8215

RFC 4380’

RFC 5214’

Once an embedded IPv4 address is extracted, it is evaluated against restricted subnet blocks.
The validation engine immediately rejects connections matching any of the forbidden ranges



Network Subnet
Classification

Private Networks

Loopback Addresses

Link-Local / APIPA

Carrier-Grade NAT
(CGNAT)

Unique Local IPvé (ULA)

Documentation /
TEST-NET

Shared / Reserved
Ranges

defined in the technical specification.

CIDR Range / Block

10.0.0.0/8,172.16.0.0/12,
192.168.0.0/16

127.0.0.0/8, ::1/128

169.254.0.0/16, fe80::/10

100.64.0.0/10

fc00::/7

192.0.2.0/24,
198.51.100.0/24,
203.0.113.0/24,
2001:db8::/32

0.0.0.0/8, 240.0.0.0/4,
255.255.255.255/32

Operational Risk &
Vector Mitigation

Prevents unauthorized
access to internal
microservices and
databases (RFC 1918)".

Blocks direct socket
access to host-local IPC
routines and system
administrative services'.

Eliminates exploitation of
cloud instance metadata
services (e.g., AWS
IMDSv1/v2 endpoint
169.254.169.254).

Prevents lateral traversal
across shared service
provider infrastructure
(RFC 6598)'.

Blocks unauthorized
requests to internal IPvé
corporate network
segments (RFC 4193)".

Prevents misdirection of
outbound network
streams into unroutable
documentation space.

Prevents IP spoofing,
broadcast abuse, and
unspecified interface
binding.



Ingress Character and Scheme Sanitization

URI strings must undergo strict lexical analysis prior to resolution. URIs containing control
characters such as carriage returns (\r), line feeds (\n), or null bytes (\O) must be rejected
immediately to defend against HTTP response splitting and header injection attacks®. Protocol
schemes are restricted exclusively to secure stream mechanisms (ws or wss). Furthermore,
embedded authority credentials (ws://user:pass@host) are prohibited to prevent credential
leakage through application logging or diagnostic traces.

Concurrency, Threading, and Resource Boundary
Guarantees

Isolated Stream Loops and Ul Decoupling

To decouple execution loops and prevent Ul rendering degradation, RFC 0102 mandates the
isolation of network socket operations. Network socket I/O runs inside a dedicated background
worker thread driving an independent asynchronous event loop (asyncio).

Data transfer across the thread boundary between the background network loop and the
foreground Ul context is handled using thread-safe bounded queues (queue.Queue). The Ul
rendering thread polls the queue using non-blocking primitives (get_nowait) inside micro-task
rendering fragments (such as Streamlit's @st.fragment). This design ensures that network
latency, frame processing delays, or socket reconnect attempts never block Ul execution or
trigger full application script re-evaluations.

e Outbound Channel Flow: Ul inputs append payloads to the bounded egress queue
(ws_send_queue). The background thread's asynchronous send task polls this queue,
transmits frames over the socket, and pushes confirmation logs to the inbound queue.

e Inbound Channel Flow: Inbound network frames received by the background thread's
asynchronous read task are truncated to length bounds and pushed to the bounded
ingress queue (ws_queue). The localized Ul fragment drains this queue during scheduled
polling cycles.

Deterministic Resource Bounding and Backpressure Control
To defend against heap exhaustion, uncontrolled memory growth, and slowloris

denial-of-service conditions, RFC 0102 imposes hard operational caps across all memory
buffers and concurrency queues.

Operational Control Default Value Cap Technical Enforcement

Parameter Mechanism & Violation
Behavior

Maximum Payload 2,000 bytes / characters Strict ingress boundary

Length enforcement; frames



(MAX_PAYLOAD_LEN) exceeding this limit are
truncated or rejected.

Queue Capacity Limit 100 items Thread-safe bounded

(MAX_QUEUE_SIZE) buffer; enqueuing onto a
full queue engages
backpressure controls.

Log History Ring-Buffer 15 items Fixed capped window;

(MAX_BUFFER_LOGS) oldest log entries are
discarded upon arrival of
new events.

DNS Resolution Timeout = 3.0 seconds Synchronous execution

(DNS_TIMEOUT) boundary; resolution
aborted upon timeout
expiry?.

Worker Join Timeout 3.5 seconds Thread cleanup

(JOIN_TIMEOUT) boundary; prevents the
formation of zombie
background threads.

When egress frame generation exceeds transport dispatch throughput, the bounded egress
queue reaches its capacity limit (MAX_QUEUE_SIZE). At this point, non-blocking enqueue
operations (put_nowait) raise a queue.Full exception, engaging immediate backpressure
handling and signaling resource saturation to the Ul layer without allowing unconstrained heap
allocation.

Lifecycle Management and Controlled Teardown

Thread lifecycles are managed deterministically using boolean event signals (threading.Event).
When a session teardown or connection reset is initiated, the signal event is set, signaling
background asynchronous tasks to stop read/write loops, close active WebSockets with
standard close codes, and shut down the event loop cleanly. The application thread performs a
bounded join operation (thread.join(timeout=JOIN_TIMEOUT)), guaranteeing complete
resource reclamation without leaving orphaned background threads in memory.

Technical Reference Implementation

The production-grade Python implementation below adheres strictly to the RFC 0102
specification. It utilizes standard runtime libraries alongside streamlit and websockets to
provide complete ingress isolation, Anti-SSRF address pinning, and non-blocking
multi-threaded execution.
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def extract embedded ipv4(ip: ipaddress.IPv4Address | ipaddress.IPv6Address) ->

ipaddress.|Pv4Address | ipaddress.|PvéAddress:

"""Recursively unwraps subterranean IPv4 transition targets within IPv6 addresses.""

if isinstance
return




f
return

if in "2002::/16"
return 26

if in "64:ff9b::/96"

return 1216

if in '2001::/32"
int 1216 "big"  OxFFFFFFFF

return

return

defis ip restricted(ip: ipaddress.IPv4Address | ipaddress.IPvéAddress) -> bool;
""Evaluates address boundary compliance against standard and explicit subnet blocklists."""

(@)

O lo

return True

|_unwrapped_ip = extract_embedded _ipvA(ip)
| unwrapped ip.is loopback or

| unwrapped ip.is link local of

| _unwrapped ip.is unspecified

)]

| return True

return any
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def resolve host ip sync(hostname: str, port: int) -> str;

"""Executes DNS resolution inside an isolated thread pool enforcing strict DNS TIMEOUT."

def _resolve() -> str;

return

or

if not

"All DNS-resolved target IP addresses fell within restricted subnetwor

boundaries."



return

def is_safe endpoint(url: str) -> tuple[bool, str, str | None, dict | None]:
"""Ingress validation engine preventing SSRF, DNS Rebinding, and control injection."""

"wss" else 80

return False f"Resolution Error: {err}" None None

In

f"[{resolved _ip}]" if

else "/



f"?{parsed.query}"’

f"{parsed.scheme}./Aip literal}:{port{path and query}"

"original_host"

"neaders" "Host" f"{hostname}:{port}" if

"is_ssl"

return True "Ingress security validation passed.”

def run ws _engine(pinned url: str, metadata: dict, msg_queue: queue.Queue, send_gueue:
queue.Queue, stop_event: threading.Event):
"""Worker thread hosting full-duplex WebSocket stream (Ingress & Broadcast Egress).
async def ws_loop():

"headers"
"original_host" if "is_ssl" else None

try
async with

)

async def recv_task(
while not

try

o
o

await
if len

=4

Q
wn
=
—_
(@)

try

except

f'INBOUND [{time.strftime('%H:%M:%S")}]: {message}"

continue



except as
f"INGRESS ERROR: {e}"

brea

async def send_task():
while not
tr

~<

await
f"OUTBOUND BROADCAST]

—

{time.strftime('%H:%M:%S"}]: {payload}"

f"EGRESS ERROR: {e}"

await True

except a

f"STREAM TERMINATED: {err}"

finally

ef disconnect_stream():
""Tears down active threads and unblocks session state.

"ws_stop_event"

set

"ws_thread"

Noneg|




None|

None|

@st.fragment(run_every="1s")

def render ws_stream();
""Streamlit fragment polling inbound/outbound queues without triggering full script reruns.

"ws_queue" is None
"Status: Disconnected"

I :

return

if "ws_logs" not in

while not
try

except

"Real-Time Full-Duplex Stream Log"

| o-
=
(]
. Q

for

5

“text"

"RFC 0102: Full-Duplex Broadcast Engine"

"WebSocket Endpoint" "wss://lecho.websocket.org"

with
"Connect Stream"

if not

N



f"Verified & Pinned: {metadata['pinned ip']}"

with

=

I I
3 I
c
D

"Disconnect Stream"

"Disconnected.”

if "ws_send_queue" is not None
with "broadcast_form" True
"Broadcast Message Payload"
"Broadcast Payload"

f"Payload exceeds limit of {(MAX_PAYLOAD LEN} characters."
else

try

"Payload queued for broadcast."

except

"Egress queue full. Backpressure engaged.”



Comparative Architectural Vulnerability Analysis

Evaluating RFC 0102 against standard network implementations highlights systemic security
gaps in traditional HTTP and WebSocket clients. Standard implementations frequently fail to
isolate address resolution, leaving applications vulnerable to DNS rebinding and complex IPvé
translation exploits'.

Architectural
Feature /
Security
Capability

DNS Rebinding
Protection

IPv4-Mapped
IPvé6 Inspection

Complex Tunnel
Handling (6to4,
NAT64, Teredo)

Execution Loop

Standard
HTTP/WebSocket
Libraries (e.g.,
urllib, requests,
standard
WebSockets)

None; re-resolves
domain names
dynamically
during reconnects
or redirects?.

Omitted;

delegates address
routing directly to
OS network stack.

Omitted; highly
vulnerable to
subterranean
SSRF bypasses'.

Blocking I1/O
operations freeze

Intermediate
Security
Controls
(Pre-Patch
CVE-2026-48736
)

Partial; validates
initial IP address
but connects
using hostname?.

Basic CIDR string
evaluation
(::ffff:0:0/96)".

Omitted,;
identified as the
primary SSRF
vulnerability in
CVE-2026-48736°

Asynchronous
loops tied directly

RFC 0102 Stream
Engine
Specification

Mandatory IP
Pinning: Sockets
connect directly
to pre-verified IP
literals®.

Recursive
Bitwise
Unwrapping:
Unpacks
embedded IPv4
targets prior to
validation'.

Complete
Decoded
Filtering:
Decodes 6to4,
NATé64, and
Teredo targets to
block private
destinations’.

Isolated
Background



Decoupling Ul threads and to context Event Loop:
execution loops. lifecycles. Worker thread
decoupled via
non-blocking
bounded queues.

Resource Limits Unbounded Optional payload Strict

& Backpressure ingress buffer size limits; Operational
allocation; unconstrained Bounds: Enforces
vulnerable to heap = egress queues. payload
overflow. truncation,

bounded buffers,
and backpressure.

Vulnerability disclosures such as CVE-2026-48736 demonstrate that relying on simple string
comparisons for network validation creates critical security vulnerabilities®. When security
utilities evaluate targets without unwrapping subterranean IPvé transition headers, attackers
can supply a 6to4 (2002::/16) or NAT64 (64:ff9b::/96) address embedding a loopback IPv4
address (127.0.0.1)". The filter misidentifies the target as a public IPvé destination, while the
underlying routing stack decodes the transition prefix and routes traffic to host-local services®.
RFC 0102 prevents these SSRF bypasses by requiring bitwise address extraction before
enforcing subnet rules’.

Integration with Cryptographic Provenance Ledgers
(RFC 0103)

The RFC 0102 network engine operates in direct coordination with RFC 0103 (Distributed
Provenance Ledger & Identity Authorization Protocol / Lane Verification Model v1.0). While RFC
0102 governs transport isolation, Anti-SSRF address pinning, and concurrency limits, RFC 0103
provides cryptographic identity verification and intellectual property provenance across
distributed networks.

Upon connection establishment, the RFC 0102 engine packages socket metadata—including
the pinned IP literal, original target hostname, TLS SNI parameters, and handshake
timestamps—into a cryptographic payload. This payload is signed using RFC 0103 key pairs to
construct an immutable record of network connection origin.




Integrating RFC 0102 transport security with RFC 0103 identity verification establishes two
foundational guarantees for distributed systems:

1.

Transport Non-Repudiation: Connecting directly to pre-verified IP literals eliminates
dynamic DNS spoofing and mid-flight request redirection, ensuring transport-layer
integrity?.

Cryptographic Payload Authenticity: Inbound and outbound stream messages are
bound to cryptographic identities validated by the Lane Verification Model (LVM v1.0).
This ensures complete auditability and provenance tracking across distributed streaming
channels.

Systemic Risk Synthesis and Actionable
Recommendations

The technical specification defined in RFC 0102 resolves performance bottlenecks and
perimeter security vulnerabilities inherent to stateful, full-duplex communication in reactive
application frameworks. By isolating thread contexts and enforcing strict address validation,
RFC 0102 prevents Ul freezing, thread leakage, and SSRF exploits'.

Security architects, systems developers, and regulatory compliance teams should enforce the
following key architectural controls across streaming deployments:

1.

Mandate Pre-Resolution Address Pinning: Direct client socket connections to
pre-verified IP literals, explicitly injecting virtual host parameters into application headers
and TLS SNI contexts to defend against DNS rebinding attacks?.

Standardize Bitwise Transition Extraction: Ensure network boundary filters recursively
decode IPv4 transition mechanisms—including 6to4, NAT64, Teredo, and
IPv4-mapped/compatible formats—prior to evaluating subnet access policies’.

Enforce Deterministic Concurrency Controls: Isolate network socket loops within
dedicated background worker threads, utilizing thread-safe bounded queues and
non-blocking primitives (get_nowait) to preserve Ul responsiveness and engage



4.

backpressure during load surges.

Link Transport Metadata to Cryptographic Ledgers: Bind network connection
parameters and payload flows to cryptographic identity protocols (RFC 0103 / LVM v1.0)
to maintain non-repudiable audit logs across enterprise streaming infrastructure.
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