


MOTIVATION

• Modern signal systems depend on: 
• Firmware-driven controllers 

• Failures arise from:
• Control logic faults
• Data input errors, or 
• Corner cases that surface only after long runtime 

• Need a systematic way to test resilience 

• Digital twins enable risk-free experimentation with real 
controller logic

 



OBJECTIVE

• Develop
• Digital Twin-based resilience testing framework for signal systems

• Integrate
• Real controller firmware/hardware into microsimulation

• Enable

•  Systematic way to signal system’s resilience 

• Quantify

• Performance and scalability
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X-IN-THE-LOOP MICRO-SIMULATION
W H A T ,  W H Y ,  A N D  H O W

• Microscopic simulation:  a detailed modelling approach at 
individual driver-vehicle level,  time-discrete/space continuous 

• Time discretized into small intervals, known as “simulation step”,  as small as 
0.1 sec

• Micro-simulator + Controller Hardware = Hardware in the Loop

• Micro-simulator + Controller Software  = Software in the Loop

• Together, X-in-the-Loop = the most realistic traffic signal 
controller logic



DIGITAL TWIN
W H A T ,  W H Y ,  A N D  H O W

• Interface indistinguishability (the “Turing” test)

• Controller interface through I/O protocols
• NTCIP 1202 objects
• SDLC/HDLC serial frames
• Specialized performance-oriented protocol

• Microscopic traffic simulator, running
• In real-time x1 speed factor, or
• Faster-than-real-time x30 ~x100 speed factor

• Together,  the most realistic traffic signal controller logic



PROTOCOLS
P E R F O R M A N C E  A N D  S C A L A B I L I T Y  –  S Y N C  M O D E  A N D  C O M M U N I C A T O N  P R O T O C O L S



SYNCHRONIZATION ARCHITECTURE
T R A N S M O D E L E R  –  A R C H I T E C T U R A L  M O D E L S

ACTIVE CLOCK SYNC PASSIVE CLOCK SYNC



CLOSE-TO-HARDWARE SEMANTICS
T R A N S M O D E L E R  –  S E M A N T I C  I / O  E M U L A T I O N

NEMA TS-2 command frame shall be transferred to the BIU output pins 
upon receipt of Type 18 Frame (Output Transfer Frame). 



THREADING AND DISTRIBUTION
T R A N S M O D E L E R  –  T H R E A D I N G  M O D E L



SERVER FARM: CONTROLLER AS A SERVICE
T R A N S M O D E L E R  –  T H R E A D I N G  M O D E L



SPEED UP UPPER BOUND EQUATION
Q U A N T I F Y  T H E  M A X I M U M  P O S S I B L E  X I L S  S P E E D U P

XILS Runtime Speed Up 

• Quantifies maximum achievable acceleration
• Local Deployment (MAXTIME): sub-linear scalability 
• On-premise cloud (Omni eX):  near const O(1) scalability  



TESTING – MAXTIME INTEGRATION
P E R F O R M A N C E  A N D  S C A L A B I L I T Y  O F  L O C A L  D E P L O Y M E N T

• Q-Free MAXTIME is a local Windows desktop software 
package: sub-linear scalability

• Average per-tick process time + local communication delay: 1 
ms  - 1.5ms 

• For an arterial with 23 intersections, what would be the upper 
bound of the simulation speedup?



TESTING – MAXTIME INTEGRATION
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23 intersections with Q-FREE MAXTIME SILS
4500 s ec s imulation, with > 20000 trips

Res tricted Cros s ing U Turn, Wes tern Blvd
J acks onville,, NC
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TESTING – OMNI EX INTEGRATION
P E R F O R M A N C E  A N D  S C A L A B I L I T Y  O F  C L O U D  D E P L O Y M E N T

16 intersections with SWARCO Omni eX SILS
Sevierville, TN



TESTING – OMNI EX INTEGRATION
P E R F O R M A N C E  A N D  S C A L A B I L I T Y  O F  C L O U D  D E P L O Y M E N T

• Omni eX software deployed in cloud as virtual controllers: near 
const O(1) scalability

• Average per-tick process time + local communication delay: 
12-15 ms (cloud physically close to Boston)

• For an arterial with 16 intersections, what would be the upper 
bound of the simulation speedup?



APPLICATIONS
• Signal Optimizations and Benchmarking

• Signal Timing Plan Design, & adaptive signals

• System Fine Tuning

• Offset/Transition Logic/Overlap Testing

• Training and Education

• Classroom, or Professional

• AI integration via LLM Tooling/MCP protocol

• On-going work, making signal operations interpretable by AI

• Traffic Signal Systems Cybersecurity 

• SDLC/NTCIP (w/ the intro of SNMPv3)

• Operations Level



Q&A

Wuping Xin
Chief Technology Officer

Caliper Corporation
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