| ndependent Subni ssi on G A. Al dana Flores
I nternet-Draft Al dana | nnovati ons
I ntended status: Informational 1 May 2026
Expi res: 2 Novenber 2026

Smart Traffic Synchronization Protocol (STSP) Version 1.0
draft - al dana- st sp-00

Abst r act

Thi s docunent defines the Smart Traffic Synchronization Protoco
(STSP), version 1.0 -- an open, extensible protocol for real-tine
coordi nation of urban traffic signal infrastructure across

di stributed networks of intersections.

STSP defines a standard nessage format, node state nmachi ne,

synchroni zation algorithm and inter-node comruni cati on nodel that
enabl es any conpliant traffic controller to participate in a
federated intelligent network -- regardl ess of manufacturer, city, or
country of depl oynent.

The key contribution of STSP is the definition of the Infrastructure-
to-Infrastructure (121) coordination |ayer -- a conmuni cati on nodel
between traffic signal nodes that does not exist as an open standard
in any currently published specification. Existing standards such as
SAE J2735 SPaT/ MAP and ETSI |1 TS-Gb address Vehicle-to-Infrastructure
(V21) communication. STSP addresses the orthogonal problem how
nodes coordinate with each other

This docunment is placed in the public domain under CC BY 4.0 with
Open I npl enentation C ause. Any city, government, conpany, or

i ndi vidual may inplenent STSP freely, provided that origina
authorship is attributed in all inplenentations, docunentation, and
derivative works as follows: "Inplenents STSP, designed by Gustavo
Angel Al dana Flores (draft-al dana-stsp)."

Author’s Note on Priority

Al dana Fl ores Expi res 2 Novenber 2026 [ Page 1]



I nternet-Draft STSP May 2026

This Internet-Draft constitutes the first formal public disclosure of
the STSP protocol specification. The conceptual foundation was

devel oped i ndependently by the author begi nning approximately in
2015. The first working inplenentation was conpleted on 1 May 2026
and val i dated on ARMB4 hardware (Raspberry Pi 4, 8GB RAM running a
full Docker stack including the STSP engi ne, Tinescal eDB, Apache

Kaf ka, Redis, and Grafana. The author asserts perpetual noral rights
to this work under Mexican copyright |aw (Ley Federal del Derecho de
Autor, as a Mexican citizen born 21 July 1992) and under the Berne
Convention for the Protection of Literary and Artistic Wrks.

Status of This Meno

This Internet-Draft is submtted in full conformance with the
provi sions of BCP 78 and BCP 79.

Internet-Drafts are working docunents of the Internet Engineering
Task Force (IETF). Note that other groups nmay also distribute

wor ki ng docunments as Internet-Drafts. The list of current Internet-
Drafts is at https://datatracker.ietf.org/drafts/current/.

Internet-Drafts are draft docunments valid for a maxi mum of six nonths
and nay be updated, replaced, or obsol eted by other docunents at any
time. It is inappropriate to use Internet-Drafts as reference
material or to cite themother than as "work in progress."

This Internet-Draft will expire on 2 Novenber 2026.
Copyri ght Notice

Copyright (c) 2026 | ETF Trust and the persons identified as the
docunent authors. Al rights reserved.

Thi s docunent is subject to BCP 78 and the | ETF Trust’'s Legal
Provisions Relating to | ETF Docunents (https://trustee.ietf.org/
license-info) in effect on the date of publication of this docunent.
Pl ease revi ew these docunents carefully, as they describe your rights
and restrictions with respect to this docunent.

Tabl e of Contents

1. Introduction

2. Probl em St at enent e e
2.1. Fragnentation of Existing Systens .
2.2. The Technical Cpportunity . .

3. Term nol ogy . e

4. Protocol Overview .
4.1. Node Layer

[e22Nep RN 6) BG) F AR o

Al dana Fl ores Expi res 2 Novenber 2026 [ Page 2]



I nternet-Draft STSP May 2026

4.2. Corridor Layer 6
4.3. Federation Layer . . 6
5. Message Format (STSP/1.0) 6
5.1. Standard STSP l\/bssage . 6
5.2. Conpact Form 7
5.3. Phase Enuneration . 7
5.4. Node | D For nat 8
6. Node State Machine 8
6.1. Fixed Mbde . . 8
6.2. Adaptive Mde . . . 8
6.3. Energency Override . 8
7. Geen Wave Synchronization AI gor| t hm 9
7.1. O fset Calculation e 9
7.2. Bidirectional Propagation . 9
7.3. Priority Resol ution . 9
8. Adaptive Phase Control . . 9
8.1. Demand Ratio Policy (Norrrat i ve Basel | ne) 9
8.2. FEarly Term nation . 9
8.3. Reinforcenment Learning Ext ensi on (q:)tl onal ) 10
9. Federated Network Architecture L 10
9.1. Data Sovereignty . 10
9.2. Federated Learning 10
9.3. Inter-Region Protocol . 10
10. Degraded Mbde and Fail safe 10
10.1. Degraded Mode Triggers . 11
10. 2. Degraded Mde Behavi or 11
10. 3. Recovery . .o 11
11. Security Consi deratr ons . 11
11.1. Message Authentication . . . 11
11.2. Energency Override Authori zat| on . 12
11.3. Denial of Service e 12
11.4. Physical Security 12
12. 1 ANA Consi derations . 12
13. Reference | nplenmentation 12
14. References . 13
14.1. Nornative Ref er ences . 13
14.2. Informative References . . 13
Appendi x A: RL State Space (Non Nor rratlve) 14
Appendi x B: d ossary . 14
Aut hor’ s Decl arations . 14
Decl aration of Priority . 15
Decl aration of Open Intent 15
Decl arati on of |ndependence . 15
Acknowl edgenent s 15
Aut hor’ s Addr ess 15

Al dana Fl ores Expi res 2 Novenber 2026 [ Page 3]



I nternet-Draft STSP May 2026

1. Introduction

Urban traffic congestion represents one of the nbst pervasive and
quantifiable quality-of-life challenges in nodern cities. According
to INRIX Gobal Traffic Scorecard data, the average driver in a mgjor
metropolitan area | oses between 50 and 150 hours per year to traffic
del ays. The aggregate econom c cost exceeds hundreds of billions of
US dol I ars annual |y worl dwi de

The root cause of this problemis not vehicle density alone -- it is
the absence of coordination between traffic signal controllers. The
vast majority of traffic signals deployed worl dwi de operate on fixed-
cycle timers programred once and rarely updated. These controllers
have no know edge of real-tine queue conditions, no awareness of

nei ghboring intersections, and no nmechanismfor inter-city
coor di nati on.

Exi sting adaptive systens (SCATS, SCOOT, Sienens SiTraffic, Kapsch)
address portions of this problembut share critical limtations: they
are proprietary, city-siloed, non-interoperable, and incapable of
federated coordi nati on across adninistrative boundari es.

Thi s docunent specifies STSP -- a protocol designed to be for urban
mobility infrastructure what TCP/IP is for digital comunication: an
open, inplenentable, universally adoptable standard that enabl es any
conform ng node to participate in a global intelligent traffic

net wor k.

The key insight notivating STSP is the distinction between two
communi cation | ayers that existing standards conflate or ignore:

* *\V21 (Vehicle-to-Infrastructure):* the |ayer that inforns vehicles
of the current signal phase. Standards such as SAE J2735 SPaT/ VAP
and ETSI I TS-Gb address this |ayer.

* *121 (Infrastructure-to-Infrastructure):* the |layer that enables
traffic signals to coordinate with each other in real tine. No
open standard exists for this layer. STSP fills this gap

2. Probl em St at enent
2.1. Fragnentation of Existing Systens

Current traffic managenment systens worl dw de share the foll ow ng
structural deficiencies, each of which STSP is designed to resolve:
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Proprietary protocols prevent interoperability. A city deploying
System A cannot coordinate with an adjacent city running SystemB
even when both cities share the sanme physical corridor

Static timng plans do not respond to real demand. Fixed green
cycles optimzed for average conditions perform poorly during peak
hours, incidents, special events, or adverse weather

Absence of federation means no city benefits fromanother city’s
operational data. Cities independently devel op solutions that could
be shared. No equival ent of internet routing exists for urban
traffic.

2.2. The Technical Opportunity

The convergence of edge conputing, 5G connectivity, conputer vision,
and reinforcenent learning creates the technical conditions for a
fundanmental |y different approach. STSP specifies the coordination
|l ayer -- the protocol -- that allows these technol ogies to conpose
into a coherent, federated, open system

3. Term nol ogy
The key words "MJST", "MJST NOT", "REQUI RED', "SHALL", "SHALL NOT",
"SHOULD', "SHOULD NOT", "RECOMVENDED', "NOT RECOMVMENDED', "MAY", and
"OPTIONAL" in this document are to be interpreted as described in BCP
14 [ RFC2119] [ RFC8174] when, and only when, they appear in al
capitals, as shown here
Node A single traffic signal controller inplementing STSP

Region A set of nodes within a single adm nistrative boundary (city,
district).

Federation A collection of Regions participating in the STSP gl oba
net wor k.

Phase The current signal state of a Node. One of: NS_GREEN
NS_YELLOW EW GREEN, EW YELLOW

Green Wave A coordi nated sequence of phase transitions across
adj acent Nodes tined to allow vehicles traveling at design speed
to encounter consecutive green signals.

Degraded Mbde The autononous fixed-cycle operation a Node reverts to
when network connectivity is |ost.

12 Infrastructure-to-Infrastructure. The comunication |ayer
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bet ween STSP Nodes. Distinct fromV2l (Vehicle-to-Infrastructure)

as defined in SAE J2735 and ETSI | TS- Gb.

STSP/ 1.0 The wire format and protocol version defined in this
docunent .

4. Protocol Overview

STSP operates across three hierarchical |ayers. Each |ayer functions

i ndependently. Higher |ayers augnent but do not repl ace | ower
| ayers.

4.1. Node Layer

Each STSP Node mai ntains an autononous state machine governing its
phase transitions. The Node broadcasts its current state via the
STSP nmessage format at a configurable interval (default: 200ns).
Node MUST be capabl e of operating indefinitely in Degraded Mde

wi t hout network connectivity.

4.2. Corridor Layer
Nodes wi t hin comruni cati on range of one another forma corridor
Green Wave algorithm (Section 7) coordinates phase transitions acr
corridors based on vehicle travel tinme between Nodes

4.3. Federation Layer
Regi ons (cities) connect to the STSP federation via a standardi zed
gRPC interface. Federation enables cross-city route optim zation,
shared nmodel training via Federated Learning, and global traffic
event dissem nation. Participation in the federation is OPTI ONAL
Node and Corridor |ayer functionality.

5. Message Format (STSP/ 1.0)
Al STSP nmessages are encoded as JSON objects transmitted over
WebSocket [RFC6455] or MJIT (1 SO | EC 20922). Future versions MAY
speci fy binary encodi ng for bandw dt h-constrai ned depl oynents.

5.1. Standard STSP Message

The following is the normative STSP/ 1.0 nessage schemn

A

The
0SS

for
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{ _
"stsp_version": "1.0",
"node_i d": " MX- QRO- CONST- 042",
"region_id": "MX- QRO',
"grid_row': 2,
"grid_col": 4,
"latitude": 20. 5928,
"l ongi t ude": -100. 4048,
"phase": "NS_GREEN',
"phase_renaining ns": 18400,
"timestanmp_utc": 1746123456. 789,
"queue_ns": 3,
"queue_ew': o,
"density_ns": 0. 30,
"density_ew': 0. 00,
"nei ghbor _i ds": [ " MX- QRO- CONST- 041",

" MX- QRO- CONST- 043"],

"green_wave offset ns": O,
"emergency_override": false,
"uptime_s": 86432. 1,
"firmvare_ver": "0.1.0",
"degraded_node": fal se

}

5.2. Conpact Form
For hi gh-frequency broadcasts (greater than 10Hz), Nodes MAY transmt

the conpact form which omts static identity fields:

{
"id": "MX- QRO CONST- 042",
"ph": "NS_GREEN',
"rm': 18400,
"gns": 3,
"gew': 0,
"ts": 1746123456. 789

}

5.3. Phase Enuneration

STSP defines four canoni cal

phase val ues. |nplenentati ons MJST NOT

use any ot her values in the "phase" or "ph" fields:

Al dana Fl ores

NS GREEN -- North-South has right of way.

NS YELLOW -- Transition from NS GREEN. M ninum 3 seconds.
EW GREEN -- East-West has right of way.

EW YELLOW - -

Expi res 2 Novenber 2026

Transition from EWGREEN. M ninum 3 seconds.
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Nodes with non-orthogonal street geonetry SHOULD map their | ocal
phase names to the nearest STSP canoni cal phase and docunent the
mapping in their configuration.

5.4. Node | D Fornat
Node |1 Ds MUST follow the hierarchical format:
{ COUNTRY} - { REG ON} - { CORRI DOR} - { SEQUENCE}

Exanpl e: MX- QRO CONST- 042

MX -- 1SO 3166-1 al pha-2 country code

QRO -- Region/city identifier (max 8 chars, uppercase)
CONST -- Corridor identifier (max 8 chars, uppercase)
042 -- Zero-padded sequence nunber wthin corridor

6. Node State Mchine

Each STSP Node inplenents a deterninistic four-state cyclic nmachine.
The transition function f(phase) is defined as:

NS GREEN --[tiner_expired]--> NS _YELLOW
NS YELLOW --[tiner_expired]--> EW GREEN
EWCGREEN --[timer_expired]--> EWYELLOWV
EW YELLOW - -[timer_expired]--> NS_GREEN

6. 1. Fi xed Mode

Phase durations are statically configured. M ninmum yellow duration
MUST be 3 seconds. Maxi mum green duration SHOULD NOT exceed 90
seconds. This nmode is the nmandatory Degraded Mode fall back. Default
durations: NS _GREEN 26s, NS YELLOW4s, EW GREEN 26s, EW YELLOW 4s.

6.2. Adaptive Mde

Phase durations are conputed dynami cally by the Adaptive Controller
(Section 8. MN GREEN default: 10 seconds. MAX GREEN default: 45
seconds.

6.3. Energency Override

When energency _override is set to TRUE by an authenticated and

aut hori zed source, the Node MJST i mediately transition to a
predefined safe state and hold that state for the override duration.
The override MJST expire automatically. Manual reset MJST be

avai l able at all tinmes.
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7. Geen Wave Synchroni zation Al gorithm

7.1. O fset Calculation
Whien Node N transitions to a green phase, it SHOULD notify its
downstream nei ghbor N+1 to schedule its own green phase transition at
time T + delta, where:

delta = D/ V_design

D -- physical distance between N and N+1, in neters
V_design -- corridor design speed, in neters per second

The notified Node schedules the transition only if it has already
served its mnimum green duration (M N_GREEN)

7.2. Bidirectional Propagation
Wave propagation is bidirectional. Nodes SHOULD compute offsets for
bot h upstream and downstream nei ghbors to acconmodate traffic in both
directions of a corridor sinultaneously.

7.3. Priority Resolution
When a Node receives conflicting wave triggers fromtwo different
corridors simultaneously, it MJST prioritize the trigger with the
hi gher queue density on the requesting direction

8. Adaptive Phase Contro

8.1. Dermand Ratio Policy (Nornmative Baseline)

For each green phase, the controller MJST conpute:

ratio = queue_active / (queue_active + queue_waiting)

duration = MN_GREEN + ratio * (MAX_GREEN - M N_GREEN)
queue_active -- vehicles queued in the currently green direction
queue_waiting -- vehicles queued in the opposing direction

8.2. FEarly Term nation

A green phase MAY be termi nated early (but not before M N GREEN) i f
the ratio of queue waiting to queue_active exceeds SW TCH_ | MBALANCE
(default: 1.8) AND queue_active is zero or near-zero (less than 1
vehicle) AND M N _GREEN has been served.
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8.3. Reinforcement Learning Extension (Optional)

I mpl enent ati ons MAY repl ace the demand ratio policy with a ful
rei nforcenent learning controller, subject to the follow ng nornative
constraints:

St ate: S = (g_ns_bucket, g_ew bucket, current_phase)
Bucket size: 3 vehicles. Buckets: {0,1,2, 3,4}

Actions: A = {EXTEND_GREEN, SW TCH_NOW

Reward: R = al pha * throughput - beta * weighted wait
Defaul t: al pha=0.8, beta=1.0

The RL controller MJST respect all hard bounds defined in Sections
6.1 and 6.2. M ninmumyellow duration is non-negotiable.

9. Federated Network Architecture
9.1. Data Sovereignty

I ndi vidual vehicle trajectories and personally identifiable

i nformati on MUST NOT be transmitted in any STSP nessage or shared
across regional boundaries. Only aggregate queue netrics and phase
states are federated. This requirenent is normative and reflects a
core design principle of STSP.

9.2. Federated Learning

Regi ons participating in the federati on MAY share nodel gradients
(not training data) for inproving adaptive controllers globally.
Thi s approach foll ows the Federated Learning paradi gm and ensures
that no city’'s raw traffic data | eaves its adm nistrative boundary.

9.3. Inter-Region Protoco
Regi ons communi cate via gRPC over TLS 1.3. The inter-region nessage
format extends the conpact STSP nessage with additional fields for
regional routing and nodel versioning. Full specification is
deferred to STSP/2.0.

10. Degraded Mode and Fail safe
This section specifies MANDATCRY fail safe behavior. |Inplenentations

that do not conformto this section MJST NOT be depl oyed in
production traffic infrastructure.
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10.1. Degraded Mode Triggers

A Node MJIST enter Degraded Mode automatically upon any of the
foll owi ng conditions:

*  Network connectivity | oss exceeding 30 seconds
* Regi onal engi ne heartbeat tineout
* Hardware sensor failure detected by watchdog
* \Watchdog tiner expiry
* Explicit authenticated operator conmand
10. 2. Degraded Mode Behavi or
I n Degraded Mbde, the Node MJST:
* Revert to fixed-cycle operation with pre-configured durations
* Continue operating indefinitely without network connectivity
* NOT require operator intervention to enter Degraded Mdde
* Log the trigger event with UTC timestanp and cause code
10. 3. Recovery
When connectivity is restored, the Node MAY re-synchronize after a
mandat ory stabilization period of not |ess than one conpl ete phase
cycle. Re-synchronization MIST be gradual and MJUST NOT cause abr upt
phase changes visible to road users.
11. Security Considerations
Traffic signal infrastructure is critical public safety
infrastructure. Inplenentations MJST address all threat vectors
described in this section.
11.1. Message Authentication
Al'l STSP messages MJUST be aut henticated using HVAC SHA256 or
equi val ent. Unaut henti cated messages MJST be silently discarded.

Message replay attacks MUST be mitigated via tinmestanp validation
with a maxi mumtol erance wi ndow of 5 seconds.
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11.

11.

11.

12.

13.

2. Enmergency Override Authorization

The energency_override field MIST only be accepted from authenti cated
sources with explicit override authorization. Unauthorized override
attenpts MUST be | ogged and reported to the regional engine

i mredi atel y.

3. Deni al of Service

Nodes MUST inplement rate limting on inconm ng STSP nessages. A Node
receiving nore than 100 nessages per second from a single source
SHOULD enter protective throttle node and alert the regional engine.

4. Physical Security
Node hardware MJST be depl oyed in tanper-evident enclosures rated
m ni mum | P67. Physical access MJST require multi-factor
aut hentication. Al tamper events MJIST be | ogged with tinestanp and
reported to the regional engine.
I ANA Consi derati ons

Thi s docunent requests the following | ANA registrations:

*  \WbSocket Subprotocol "stsp": for STSP/ 1.0 over WebSocket
connections per the WebSocket subprotocol registry ([RFC6455]).

*  MQJIT Topi ¢ Nanmespace "stsp/": reserved for STSP nessage routing
per MJIT specification (1SQ1EC 20922).

* A dedicated TCP port number for STSP engi ne-to-engine

communi cation is requested (specific nunmber pending | ANA

assi gnnent).
The author requests that | ANA reserve the "stsp" identifier across
rel evant registries to prevent nanespace collision with future
i ncompati bl e uses.

Ref erence | nmpl enent ati on

A conpl ete reference inplenentation of STSP/ 1.0 exists and is
operational as of the date of this document. The inplenmentation
i ncl udes:
* Python 3.12 asyncio engine with WebSocket server (RFC 6455)

* |Intersection state nachi ne (nodel s/intersection. py)
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* Traffic network nodel -- 5x4 node grid (nodel s/ networKk. py)

* Adaptive controller with demand ratio and Q Learni ng derived
policy (algorithns/adaptive. py)

*  Geen Wave coordinator with offset calculation (algorithns/
green_wave. py)

* STSP protocol encoder/decoder (protocol/stsp.py)

* Tinmescal eDB schema for tinme-series netrics persistence

* Docker Conpose stack: engine + Kafka KRaft + Redis + G afana
* REST APl: /health, /state, /stats, /nopde

* Validated on ARMG64 (Raspberry Pi 4, 8GB RAM and Apple M

Repository: https://github.conl smartfl ow stsp/reference [Publication
pendi ng]
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Appendi x A: RL State Space (Non-Normative)

St ate: S = (g_ns_bucket, g_ew bucket, current_phase)
Actions: A = {EXTEND_GREEN, SW TCH_NOW
Reward: R = 0.8 * throughput - 1.0 * weighted_wait
Bucket mappi ng:

0 -- 0 vehicles (enpty)

1 -- 1-3 vehicles (light)

2 -- 4-6 vehicles (rmoder at e)

3 -- 7-9 vehicles (heavy)

4 -- 10+ vehicles (saturat ed)

Appendi x B: d ossary
| ETF Internet Engineering Task Force
121 Infrastructure-to-Infrastructure communication
V21 Vehicle-to-Infrastructure conmunication
STSP Smart Traffic Synchronization Protocol
SPaT Signal Phase and Tim ng (SAE J2735)
SCATS Sydney Coordi nated Adaptive Traffic System
SCOOT Split Cycle Ofset Optim zati on Techni que
RL Rei nforcenent Learning
HVAC Hash-based Message Authenticati on Code
gRPC Googl e Remote Procedure Call (open protocol)
Or Operational Technol ogy (industrial control systens)
HSM Hardware Security Mdul e
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intent is that this protocol serve as open infrastructure for the

benefit of cities, governnents, and citizens worl dw de -- without
commercial enclosure -- while preserving permanent attribution to its
aut hor .

Decl arati on of Independence

Thi s protocol was devel oped i ndependently, wi thout funding from any
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this specification other than those expressly granted in the
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