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Abstract 

This paper summarizes the validation of prototype vehicle-to-

infrastructure (V2I) safety applications based on Dedicated Short 

Range Communications (DSRC) in the United States under a 

cooperative agreement between the Crash Avoidance Metrics 

Partners, LLC (CAMP) and the Federal Highway Administration 

(FHWA). After consideration of a number of V2I safety applications, 

Red Light Violation Warning (RLVW), Curve Speed Warning 

(CSW) and Reduced Speed Zone Warning with Lane Closure 

Warning (RSZW/LC) were developed, validated and demonstrated 

using seven different vehicles (six passenger vehicles and one Class 8 

truck) leveraging DSRC-based messages from a Road Side Unit 

(RSU). The developed V2I safety applications were validated for 

more than 20 distinct scenarios and over 100 test runs using both 

light- and heavy-duty vehicles over a period of seven months. 

Subsequently, additional on-road testing of CSW on public roads and 

RSZW/LC in live work zones were conducted in Southeast Michigan. 

Application performance analysis revealed that proper and accurate 

infrastructure maps are crucial for the desired functioning of the V2I 

safety applications. 

 

Keywords: Connected vehicles, vehicle-to-infrastructure (V2I), 
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Introduction 

Vehicle-to-Infrastructure (V2I) communications enable wireless data 

exchange between roadway infrastructure and vehicles primarily to 

assist in avoidance of motor vehicle crashes while enabling a wide 

range of other safety, mobility, and environmental benefits. [1] V2I 

safety applications potentially address scenarios that require 

information from the infrastructure for which vehicle on-board 

sensors alone may be insufficient to provide an in-vehicle alert or 

warning to a driver for taking an appropriate action. 

Typically, V2I safety applications employ the Dedicated Short-Range 

Communications (DSRC) in the 5.9 GHz band due to the need for 

dedicated, low latency communications. However, mobility and road 

weather applications that also offer safety benefits from information 

on queues, road surface conditions, and other situations that require a 

driver response, may use other communications modes depending on 

availability and latency needs. 

The objective of the Vehicle-to-Infrastructure Safety Applications 

(V2I-SA) Project was to develop and test a portfolio of V2I safety 

applications that focused on infrastructure interaction and 

deployment. Several safety applications were initially considered for 

study in the project that included Red Light Violation Warning 

(RLVW), Emergency Vehicle Priority Warning (EVPW), Curve 

Speed Warning (CSW), Spot Weather Impact Warning (SWIW), 

Reduced Speed Zone Warning with Lane Closure (RSZW/LC) and 

Stop Sign Gap Assist (SSGA). The RLVW, CSW and RSZW/LC 

[2][3][4][5] applications were selected for development based on 

assessments conducted in the project and discussions with the Federal 

Highway Administration (FHWA) project staff. Work was completed 

in developing and validating the three applications in prototype 

vehicles [6] and with prototype infrastructure equipment in this 

project. In addition, system functionality of the three applications 

were demonstrated to selected stakeholders and industry 

representatives to foster information transfers from the project 

outcomes to real-world deployment in the future. 

This paper describes performance tests and application evaluation 

conducted under controlled conditions and subsequently on public 

roads in real-world settings using professional drivers. The testing 

efforts were carried out in two categories – preliminary on-road 

evaluation in Farmington Hills, MI near the Crash Avoidance Metrics 

Partners, LLC (CAMP) facility and performance testing on a closed 

test facility in Fowlerville, MI. On-road tests were also conducted on 

public roads in Southeastern Michigan. 

Both in-vehicle and infrastructure-based system-level functionalities 

were validated using prototype vehicles and infrastructure. For CSW 

application, factors such as road surface condition (dry or icy) and 

driving visibility (normal or reduced) were simulated in Basic 

Information Messages (BIM) and broadcast from a Roadside Unit 

(RSU) to evaluate generation of Inform and Warning(s) under a 

variety of simulated conditions. Multiple lane closures were 

incorporated to evaluate the performance of the RSZW/LC 

application. Various approach speeds and signal timings were used to 

evaluate the RLVW application. The timing (physical distance) for 

generating Inform and Warning(s) was a key indicator used to assess 

the performance of the V2I safety applications. 

In the following sections, items common to the three safety 

application test locations, scope and site selection for executing test 

procedures in a controlled environment and real-world testing, and a 

summary of important observations and recommendation for future 

work are described. 

Development of Safety Applications 

Over the years many non-DSRC infrastructure-based 

countermeasures have been implemented by public agencies, and 

vehicle-based countermeasures have been implemented by vehicle 

Original Equipment Manufacturers (OEMs) to improve human 

safety. These systems have not typically integrated infrastructure and 
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vehicle data. Integrating roadside infrastructure and vehicle data in 

crash countermeasures systems are anticipated to deliver more robust 

information for identifying driving hazards and providing drivers 

with more accurate and timely warnings of potentially unsafe 

roadway conditions. 

The following section describes implementation of three V2I safety 

applications and validating them in controlled and real-world 

settings. From an OEM’s perspective, emphasis was given to the data 

needed from the infrastructure, and performance for the vehicle-side 

of the application. 

Safety Application System Architecture 

At a high level, the system architecture can be classified into vehicle-

based and infrastructure-based subsystems, and application specific 

wireless messages as illustrated in Figure 1. 

 

Figure 1. High-Level System Architecture for DSRC-based V2I Safety 

Applications 

The RSU within the infrastructure-based subsystem broadcasts 

application specific data such as Signal Phase and Timing (SPaT), 

work zone/lane closure information, road curvature and surface 

condition, as appropriate on Channel 172 of the 5.9 GHz DSRC 

spectrum. 

The On-board Equipment (OBE) within the vehicle-based subsystem 

receives these messages from the RSU, and combines them with 

vehicle position information from a Global Positioning System (GPS) 

receiver, and vehicle status data using an interface such as Controller 

Area Network (CAN). An in-vehicle Human Machine Interface 

(HMI) / Driver Vehicle Interface (DVI) is used for displaying 

Informs and Warning(s). 

Infrastructure Architecture 

The infrastructure system architecture is shown in Figure 2. The key 

blocks are 

 

Figure 2. Block-Diagram of a Signalized Infrastructure Architecture 

RSU: An embedded system that includes a DSRC radio, computing 

platform, and necessary Input / Output (I/O) interfaces. A 

commercially available unit was used as the RSU for this project. 

Base Station: A Differential GPS (DGPS) position correction using 

Radio Technical Commission for Maritime Services (RTCM) 

Correction message provides data to the RSU for packaging and 

broadcasting a DSRC-based correction message as defined in SAE 

J2735. 

Traffic Signal Controller: For the RLVW application, the 

infrastructure system was connected to a National Transportation 

Communications for ITS Protocol (NTCIP) 1202 Standard [7] 

compliant traffic signal controller through the RSU. The signal 

controller provides signal phase and time information to the RSU, 

which then encodes the information into SAE J2735 SPaT message 

for broadcasting at the required rate. 

In-Vehicle Architecture 

A block diagram of the in-vehicle system architecture is shown in 

Figure 3. A common OBE was developed to support all three safety 

applications and was integrated in six OEM test vehicles and one 

Class 8 truck. The OBE has a DSRC communication unit, a vehicle 

data subsystem, a GPS data subsystem, an engineering display unit, 

and a wireless fidelity (Wi-Fi) router. 

 

Figure 3: In-Vehicle Architecture Block Diagram 

Safety Applications Processing (SAP) Unit: The SAP unit consists 

of a DSRC radio unit, a GPS receiver for vehicle position, CAN 

interface for vehicle data, an Ethernet interface for communications 

with external devices, and a Universal Serial Bus (USB) interface for 

data logging. It includes software drivers, wireless services, and a 

software stack to run the applications. An engineering Graphical User 

Interface (eGUI) was incorporated during development to enable a 

visual display for debugging test parameters in addition to the Inform 

and Warning(s) messages generated by the application. The SAP Unit 
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also includes data logging capabilities for post-hoc analysis and 

replaying of test scenarios.  

Vehicle Data Unit: The vehicle data block highlighted in light green 

in Figure 3 provides vehicle status data to the SAP. OEM proprietary 

vehicle CAN data were translated by the CAN Gateway module into 

a common CAMP CAN format developed for the project. 

GPS Receiver Unit: The GPS data subsystem consists of two GPS 

receivers for testing and evaluation of position accuracy.  

Wireless Message 

The existing SAE J2735 standard [8] enables various types of 

advisory and road sign messages using the Traveler Information 

Message (TIM) structure. The current TIM has limitations for support 

of the CSW and RSZW/LC applications as intended. This motivated 

the design of a novel BIM to support these applications [9]. 

Basic Information Message Structure 

A new message format that enables the transmission of all required 

data elements from the infrastructure for the current V2I safety 

applications in a single message was developed and implemented in 

OEM test vehicles to support testing of the applications. More 

importantly, this message format should be extensible to support 

other future event based applications for both V2I and potentially for 

Vehicle-to-Vehicle (V2V) applications in the future. 

The BIM framework is based on the European Telecommunications 

Standards Institute (ETSI) standard [10] for the Decentralized 

Environmental Notification Message (DENM). The message 

structure uses existing SAE J2735 data elements and is made of a 

container concept consisting of a common container that provides 

basic data elements about an event (e.g., location, type, time and 

duration). The event-specific container provides data elements 

relevant to the event (e.g., speed limits, event map, and associated 

flags) for use by on-board applications. Such a framework provides 

flexibility to extend the message structure by adding containers for 

future event types (use cases) while maintaining backward 

compatibility. 

Design of Safety Applications 
This section describes the development of the three V2I safety 

applications. 

Safety Application Algorithm 

Algorithms for all three applications RLVW, CSW and RSZW/LC 

consist of: 

 Matching of vehicle position to either lane-level or road-level as 

needed by the application, based on information received from 

the infrastructure 

 Assessment of warning based on vehicle status  

 Generating appropriate “Inform” (early alert) to indicate 

upcoming event (e.g., Curve, Work Zone) and additionally, 

“Warning(s)” as appropriate to urge driver to take an action 

 

 

Red Light Violation Warning (RLVW) 

The RLVW application warns the driver of the potential to run a red 

light when approaching signalized intersection. The application 

determines warning by combining data received from infrastructure- 

and vehicle-based sensors. The application receives a SPaT message, 

intersection geometry information description (MAP) message and 

optional position correction message from the RSU and combines it 

with vehicle kinematics for determination of potential red light 

violation. The information flow for the application is shown in Figure 

4. 

 

Figure 4. RLVW Application Information Flow 

The application considers vehicle speed, distance to stop bar, driver 

reaction time, vehicle stopping distance and other system delays for 

calculating the warning distance. 

Curve Speed Warning 

The CSW application informs the driver of an approaching curve and 

warns when the vehicle speed is too high, as defined by the system, 

for safe travel through the curve. The in-vehicle application receives 

curve-related information from the infrastructure and combines it 

with vehicle dynamics parameters to calculate speed thresholds 

(centripetal and stability / roll-over) for the curve. The information 

flow for the CSW application is shown in Figure 5. 

 

Figure 5. CSW Application Information Flow 

Maximum Speed Calculation for the Curve 

The maximum speed for a curve is calculated based on the vehicle 

dynamics and curve characteristics such as the minimum radius of 

curvature, surface coefficient of friction, and superelevation, or bank 

angle of the road. Two different computations for the maximum 

vehicle speed for road curvature are considered. The ‘Centripetal’ 

speed is more appropriate for the light-weight vehicles, while the 

‘Stability Critical’ speed is aimed at capturing the dynamics 

associated with heavy-duty vehicles with high center of gravity.  
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The minimum radius of curvature, if known, can be specified in the 

BIM (DSRC message from RSU). Otherwise, it is computed using 

the curve geometry specified in the BIM using the Sagitta (also 

known as versine) [11] method. 

Similarly, superelevation and road surface coefficient of friction, if 

known, can be specified in the BIM. In the real-world testing when 

these data elements are not specified in the message, appropriate 

values  for superelevation are obtained from Road & Bridge Standard 

Plans published by the Michigan Department of Transportation 

(MDOT) (p. 238 in [12]) and common road surface friction 

coefficient values for car tires are obtained from Engineering 

Analysis of Vehicular Accidents [13]. 

Warning distance for CSW is computed based on the distance 

required for a vehicle to slow down to the appropriate maximum 

speed (Vmax). In cases where curvature is represented by multiple 

nodes, Vmax is computed for each node segment and warning distances 

are iteratively computed for each Vmax. The in-vehicle application 

generates two speed reduction warnings. The timing (distance) of the 

warnings needed to decelerate the vehicle from the approach speed to 

the computed Vmax based on a comfortable deceleration rate for the 

first warning, and a harsh deceleration rate for the second warning. 

The deceleration rates are configurable in the prototype application. 

Reduced Speed Zone Warning / Lane Closure 

The RSZW/LC application informs the driver of an approaching 

work zone and warns the driver when either of the following 

conditions occur: 

 Vehicle speed is higher than the posted speed limit in the 

work zone  

 Changes in roadway such as lane closure that requires a 

lane change 

The in-vehicle application receives work zone related information 

from the infrastructure and combines it with vehicle dynamics 

parameters to warn the driver, if appropriate. The information flow 

for the RLVW/LC application is shown in Figure 6. 

 

 
 
Figure 6: RSZW/LC Application Information Flow 

The RSZW/LC application supports data elements for total number 

of lanes, open and closed lanes, offset for closed lanes in the work 

zone, work zone length, presence of workers and speed limits. The 

application informs and warns the driver based on the vehicle speed 

in the work zone and the lane on which the vehicle is traveling. 

Testing of Safety Applications 
In this section, testing of developed safety applications, analysis and 

evaluation of performance outcomes are described. All tests were 

conducted by the professional drivers. 

Physical Locations 

The preliminary tests were conducted in Farmington Hills, MI near 

the CAMP facility. A comprehensive testing of the different 

functionalities was carried out at a controlled test facility in 

Fowlerville, MI. The controlled environment at the test facility 

allowed construction of test scenarios and infrastructure setup to 

support scenarios at various approach speeds and lane changes, not 

possible on public roads. In November 2015 and February 2016, 

testing was performed using structured test procedures at the 

controlled test facility.  

General Requirements 

All tests were conducted on a closed test track under open sky 

environment and no surrounding traffic was present when the test 

was active. The test track geometry accommodated the following 

regions: 

 

 Setup Region – where the Host Vehicle (HV) starts and 

accelerates to reach the required test speed 

 Test Region – where the HV has reached the required test speed, 

varies speed and performs lane change and receives appropriate 

inform/warn  

 Finish Region – where the HV comes to rest after completion of 

the test 

Infrastructure Setup 

The infrastructure equipment (RSU, signal light controller, base 

station for position correction) were set up and configured to transmit 

as follows:  

 Map of the event describing geometry of the intersection for 

RLVW, construction zone and lane closures for RSZW/LC and 

varying radii road curvature for CSW 

 BIM consisting of event map and other pertinent roadway 

infrastructure data for RSZW/LC and CSW were transmitted at 

1 Hz from the RSU 

 Intersection MAP message for RLVW,  transmitted at 1 Hz and 

SPaT message at 10 Hz 

 A base station was set up to generate and provide position 

correction for rover (test vehicle). Carrier-based measurement 

correction technique was used for measurements and 

transmission of position corrections from the base station using 

RTCM version 3.0 message types.  

Data Logging 

The following sets of log files were collected from each test vehicle 

during the test: 

 Scenario Recording (SR) log file – The SR file is a binary file 

and can be “played back” in the OBE to recreate the scenario 

during post processing 
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 Application specific comma separated value (csv) log file – The 

application specific log file in text format containing all the 

information required to analyze the application performance 

Scenarios 
More than 20 distinct scenarios were designed for testing to assess 

and document system performance against requirements. More than 

100 test runs were conducted using both the light- and heavy-duty 

vehicles over a period of 11 months. The different scenarios and 

analyses are presented for each safety application. 

Scenarios for Testing Red Light Violation Warning 

Ten test scenarios, shown in Table 1, were developed for the RLVW 

application.  

Table 1. Test Scenarios for RLVW 

Test  RLVW Test Scenarios 

1 Reach intersection on red 

2 Stop at intersection 

3 Right turn on green 

4 Multiple intersections within 300 m 

5 Reach intersection when signal turns red 

6 Reach intersection when signal turns green 

7 Approach lane matching (edge of lane) 

8 Right turn on red 

9 Late lane change 

10 Turn on yellow 

Figure 7 shows test layouts for the two-lane test scenarios with two 

intersections 200 m apart and the four-lane test scenarios. In all, ten 

test cases were developed for testing the RLVW application. The first 

intersection was set up at 600 m from the HV start point. The two-

lane intersection layout was used for Tests 1 through 6, 9 and 10. 

Tests 7 and 8 were conducted on the four-lane test layout and Test 4 

was designed to use both intersections. Figures 8 and 9 show flag 

placements for Two-Lane and Four-Lane test scenarios respectively, 

at 55 mph approach speed. 

 

Figure 7: Layout for Two-Lane with Two Intersections and Four-Lane 

Intersection 

 

 

Figure 8. Flag Placement for Two-Lane Scenario – 55 mph Approach Speed 

 

 

Figure 9: Flag Placement for Four-Lane Scenario – 55 mph Approach Speed 

Following the tests conducted at the test track and detailed test data 

analysis, the RLVW algorithm was further refined and tested to 

incorporate the determination of the correct signal group for lanes 

that support multiple movements (e.g., straight and right turn) with 

appropriate signal phase. A single lane, for example, could be 

associated with two signal phases: 1) for a straight movement and 2) 

for a right turn movement.  

Analysis of RLVW Test Results 

All tests were conducted by all prototype vehicles that included six 

passenger vehicles and one heavy-duty truck at the primary test speed 

of 55 mph. The warning distance for the truck was revised to reflect 

the longer stopping distance of the vehicle. 

Tests 1 through 5 and 8 through 10 passed the evaluation criteria. As 

defined in the test plan, the criteria for a successful test was to 

generate appropriate Warning between 90% and 110% of the 

calculated distance from the stop bar. Tests 6 and 7 did not meet the 

defined passing criteria.  

Test 6 was intended to validate the suppression of Warning 

generation when the HV reaches the intersection just before the start 

of the green phase. It can be seen in Figure 10 that the test was 

conducted such that the signal phase is red when the HV approaches 

the intersection, and changes to green just before the HV reaches the 

intersection. A Warning is generated based on the HV, approaching 

the intersection, reaching the Warning Zone when the signal phase is 

red. In such a condition, two scenarios exist: 
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 The Warning could be suppressed if the HV maintains its 

current speed and could reach the intersection by the time the 

signal phase has turned green, avoiding a false positive 

 A late Warning or violation could occur if the HV maintains the 

current speed until it is close to the intersection and HV speed is 

then increased 

Given the possibility of a late Warning that does not provide enough 

time for the driver to take an appropriate action or worse, violation 

may occur, the algorithm is intentionally designed to take a 

conservative approach in generating the Warning. 

 

Figure 10: RLVW Test 6 – Warning and Distance to Stop Bar 

Test 7 was intended to validate the lane matching using turn 

prediction based on driver intent for an HV driven on the edge of an 

approach lane when lane level determination is uncertain, as shown 

in Figure 11. In this test, a lane is associated with two signal phases 

and thus two permissible movements – straight through the 

intersection and a right turn. The turn prediction logic uses additional 

input from vehicle turn signal indicator status to determine proper 

lane from driver intent and associate with proper signal phase. 

 

Figure 11: RLVW Test 7 - Approach Lane Matching (Edge of Lane) 

In the earlier implementation, once the map matching identified the 

lane and associated with the signal phase, it did not re-associate with 

a different phase when the vehicle turn indicator was activated/de-

activated. The application was later refined to appropriately re-

associate and tests were conducted to validate the approach lane with 

two permissible movements associated with two signal phases. 

Scenarios for Testing Curve Speed Warning 

Six test scenarios were developed for CSW and described Table 2. 

All tests were conducted on asphalt road on a flat surface, however, a 

5˚ superelevation is specified in the BIM to simulate real-world 

curvature. An RSU was placed at the test location at a minimum 300 

m before entering the curve and broadcast the CSW event parameters 

in BIM. 

Tests 1 through 4 were designed for a single-radius curve under 

different speeds, road conditions and visibility conditions. Tests 5 

and 6 were designed for a dual-radii curve that transitions from a 

large radius to a small radius. 

Table 2: Test Scenarios for CSW 

Test 
Approach 

Speed 

Minimum 

Radius of 

Curvature 

Surface 

Condition 
Visibility 

1 55 100 Dry Normal 

2 35 100 Dry Normal 

3 55 100 Icy Normal 

4 55 100 Dry Reduced 

5 40 100 and 50 Dry Normal 

6 40 100 and 50 Icy Normal 

Layout for conducting Tests 1 through 4 is shown in Figure 12. The 

layout is defined for a single fixed-radius curve to represent a typical 

freeway exit ramp. For these tests, the minimum radius of curvature 

was defined in the transmitted BIM. 

 

Figure 12: Setup and Layout for Tests 1 through 4 

Tests 5 and 6 involved a curve with varying radius. A single curve is 

defined by two radii curve sections A and B as shown in Figure 13. 

 

Figure 13: Setup and Layout for Tests 5 and 6 
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A larger-radius curve section of 100 m is followed by a smaller-

radius curve section of 50 m. The transition from the first section to 

the second is abrupt to test algorithm performance. The section A of 

the curve was represented by 14 node points (map data points) and 

the section B by five node points. The node points were 

approximately 20 m apart. The minimum radius of the curve was not 

specified in the BIM. The application used segment-by-segment 

method for calculating radius and Vmax of each segment for 

generating appropriate warning.  

Analysis of CSW Test Results 

Test criteria used for all CSW tests are summarized as follows: 

 Inform is generated based on the HV Approach Speed at a 

configurable distance corresponding to 8 seconds from the start 

of the curve 

 In all tests except for Test 2, Warning 1 and Warning 2 were 

generated as follows: 

o Warning 1 - generate at a distance corresponding to a 

“comfortable” deceleration rate of 2.4 m/s2 

o Warning 2 - generate at a distance corresponding to an 

“uncomfortable” or “harsh” deceleration rate of 4.6 

m/s2 

o Both Warnings include an additional distance that 

corresponds to a 1.8 second driver reaction time and 

DVI latency 

 All distance criteria have an expected range to allow 

Inform/Warning time (distance) variation of ± 1 second, i.e., 

(Approach Speed) x (± 1 second) 

Tests 1 through 4 were conducted on a fixed single-radius curve of 

100 m at various approach speeds as shown in Table 2. All four tests 

and 60 test runs were conducted using six passenger vehicles and one 

heavy-duty truck. All test runs produced intended Inform and 

Warning(s) by the application. Six out of 60 test runs produced late 

inform due to late map matching of the test vehicles on the approach 

lane. This was caused due to the inaccurate placement of cones used 

for the approach lane. 

Both Tests 5 and 6 were conducted at an approach speed of 40 mph 

for both passenger vehicles and truck, for both curves of 100 m and 

50 m radii, 5˚ superelevation, and normal asphalt road for dry and 

simulated icy road conditions. The computed Vmax for each node 

segment of section A of the curve (node segments 2 through 14), and 

section B for node segments 15 through 19 for dry and icy conditions 

are different. In the case of icy road condition, the Vmax is 

approximately half compared to the dry condition, due to low µ. 

In five out of 14 test runs conducted for Test 5, late or no Warnings 

were generated. Review of test analysis indicated the following 

causes for late or no Warnings: 

 Incorrect placement of node 15 in the map geometry, start of 

section B of the curve, increased the intended radius of the 

segment by 20% causing the increase in computed Vmax (39.75 

mph) to be just below the vehicle speed of 40 mph 

 The vehicle speed of 40 mph being very close to the Vmax speed, 

the two Warnings were generated < 1 s apart 

 In the case of the truck, the target approach speed of 40 mph was 

difficult to maintain due to abrupt change in curvature radius 

and short stopping distance at the end of the curve; 

consequently, the approach speed was well below the Vmax 

which did not trigger any warning 

Further analyses of test results indicated that to minimize variation in 

computed radius for node segments, careful placement of the node 

point is necessary for construction of curve geometry. Analysis also 

indicated that when the vehicle speed is less than 11 mph above the 

computed Vmax, as shown in the graph in Figure 14, the time 

difference between two Warnings is less than 1 second. In such 

conditions, a single Warning (instead of two Warnings) is more 

effective for driver to take an appropriate action. 

 

Figure 14: Speed Difference vs. Warning Time Difference 

Scenarios for Testing CSW on Public Roads 

The on-road tests of CSW were conducted on multiple curves in 

Southeast Michigan during light traffic conditions by professional 

drivers. The test run timings were adjusted to ensure no other traffic 

was present. The objective was to assess overall performance of the 

algorithm in real-world driving on multi-radii curves to verify 

appropriate generation of Inform and Warning(s) for curve radii 

calculated using the node-by-node method. Seven curves were 

selected for conducting the field test. The selection criteria were 

based on different factors to cover most curvature characteristics and 

acute curves in the area, which has: 

 Simple and moderately complex curves consisting of single- and 

multiple-radii curves 

 Varying radii from large radius to small radius on the same 

curve 

 S-curves – left-hand and right-hand curve 

 Normal entrance and exit ramps for freeway 

Figure 15 shows the locations of selected curvature for testing. 

 

Figure 15: Location of Selected Curves for On-road Testing of CSW 

Curves #1 and #2 have very large radii of more than 370 m. The 

computed Vmax for both curves are well above the posted speed limit 

and tests were not conducted on these two curves. Curves #3, #4 and 

#5 are single non-uniform curves. Curves #6 and #7 are S-curves 

consisting of multiple radii varying from a small radius of under 100 
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m to a large radius of 156 m in curve #6 and 200 m in curve #7. For 

all curves, the following parameters were used for calculating Vmax:  

 Roadway material: concrete 

 Roadway surface condition: dry  

 Superelevation of the curve: 5° 

 Friction of coefficient µ of the curve: 0.65 

 Factor of safety: 0.65 

For each curve, geometry was developed by defining node points for 

the application to determine the radius of the curvature of the node 

segment and then determine the warning(s) for each node segment 

based on calculated Vmax. For each node, two different Vmax on 1) 

centripetal force and 2) stability force were used for safe speed 

calculations and the lower of the two computed values was used for 

generating warning. 

In all, 74 tests were conducted using three different test vehicles on 

the five curves #3 through #7 as shown in Table 3. 

Table 3: Conducted CSW Test Runs 

Test Vehicle Curve 

#1 

Curve 

#2 

Curve 

#3 

Curve 

#4 

Curve 

#5 

Curves 

#6 & #7 

Total 

Test Vehicle  1 – – 14 16 6 11 47 

Test Vehicle  2 – – – – – 10 10 

Test Vehicle  3 – – 17 – – – 17 

Total – – 31 16 6 21 74 

Analysis of CSW Testing on Public Roads 

Analysis of CSW data collected from all test runs discovered 

anomalies related to matching vehicle position to the traveling lane. It 

was observed that when the vehicle traveled on a small-radius curve 

at a lower speed, the driver tended to drive on either edge of the 

curve or on the shoulder area. Since the shoulder area was not 

included in the map of the curve geometry, the vehicle was out of 

mapped geometry resulting in geometry retry and warning 

suppression as shown in Figure 16 for Curve #7. 

 

Figure 16: Test Curve #7, “Geometry Retry,” Warning Discontinued 

Further analysis indicated that lane width specified for the mapped 

lanes was smaller by about 1 m than the actual lane width. As shown 

in Figure 17, the map matching (vehicle positioning) algorithm 

creates a virtual rectangular bounding box between two node points 

equal to the width of the lane to determine vehicle position on a lane. 

 

Figure 17: Rectangular Bounding Box for Map Matching Zone 

The constructed bounding box for the curve lane was smaller in 

width (height) such that when a vehicle was close to edge of the lane, 

it was positioned outside the bounding box and map matching for 

vehicle position determination. 

Scenarios for Testing Reduced Speed Zone Warning/Lane Closure  

All tests were conducted on a 1.5 km long, three-lane asphalt road on 

a flat surface. An RSU was placed at the test location at a minimum 

300 m before entering the work zone with multiple lane closures and 

broadcast the RLVW/LC event parameters in BIM. Two primary test 

categories of reduced speed and multiple lane closures were tested 

using five test scenarios as listed in Table 4. 

Table 4: Test Scenarios for RSZW/LC 

Test Test Scenarios 

1 Reduced speed - Workers not present 

2 Reduced speed - Workers present 

3 Single-lane closure - Lane #3 closed 

4 Double-lane closure - Lane #2 and #3 closed 

5 

Double-lane closures, reduced speed 

• Lanes #3 and #2 closed  

• Turn signal indication for lane change 

• Reduced speed test 

• Workers present 

Test layout for approach speeds of 70 mph is shown in Figure 18. 

Lane 1 was used for the reduced speed tests, while the right two 

lanes, Lane 2 and Lane 3 were used for single- and double-lane 

closures. 

 

Figure 18: Test Layout for 70 mph Approach Speed 
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The Reduced Speed (RS) algorithm in the application was integrated 

with two speed thresholds to allow variation in maintaining vehicle 

speed within speed limit(s) in the work zone before an over-speed 

warning is generated. For both RS and Lane Closure (LC), the test 

procedures validated the time and distance of Inform and Warning 

from start of the work zone under the conditions: 

 For RS in work zone, posted speed limit when workers are NOT 

present was set to 60 mph, and 45 mph when workers are 

present 

 For LC, when the HV is traveling on the lane that is closed 

ahead, Inform is generated 15 s before the start of the lane 

closure and Warning is generated 5 s before the start of the lane 

closure for the driver to take an immediate action 

Analysis of RSZW/LC Test Results 

All tests generated intended Inform and Warning in all test 

conditions. Analysis of Test 5, consisting of double lane closures and 

reduced speed in work zone when workers are present is shown in 

Figure 19. 

 

Figure 19: RSZW/LC Test 5 – Two Lane Closures, Reduced Speed when 

Workers Present 

Scenarios for RSZW/LC Testing on Public Road 

The test site for testing was selected in conjunction with MDOT. The 

testing was conducted during the 2016 road construction season. The 

objective was to evaluate application performance in a live work 

zone. 

The construction was on a four-lane freeway on Southbound I-75, 

North of M-59 to Coolidge Road, where the left lane was closed. This 

area has a normal speed limit of 70 mph and the work zone speed 

limit of 60 mph. The speed limit drops to 45 mph when workers are 

present (Michigan state law). The work zone geometry map was 

constructed by MDOT using Google Earth since the surveyed work 

zone map was not available. The work zone map consists of three 

major elements: 

 The approach lanes leading to the construction zone event 

 The work zone lanes with the reference point indicating the start 

of the work zone 

 The offset for the start of lane closure from the reference point 

The RSU was mounted on a trailer about 20 feet above the ground 

and the trailer was placed near the work zone on the right side of the 

roadway (along I-75, south of the University Drive exit ramp) as 

shown in Figure 20. 

 

Figure 20: Mounted RSU in Work Zone for Transmitting BIM 

Overall, nine test runs were conducted during light traffic condition 

by professional drivers for the following test scenarios: 

 Lane Closure - The test vehicles travelled on the approach lane 

that is closed ahead in the work zone. Test run timings were 

adjusted to ensure no other traffic was present in the lane 

adjacent to the closing lane during lane change  

 Reduced Speed - The test vehicles travelled above the virtual 

posted speed limit which was set below the real work zone 

speed limit (60 mph, no workers present) in the transmitted BIM 

Figure 21 illustrates the application behavior when the test vehicle 

was driven on the left lane that is closing at the reference point. As 

shown in this scenario, the test vehicle continued to travel on the 

closing lane, causing Inform (yellow dots) at 15 s and Warning (red 

dot) at 5 s prior to the start of lane closure. The test vehicle continued 

to travel at a speed above the posted speed limit in the work zone.  

 

Figure 21: Test Vehicle Traveling on Closing Lane above Speed Limit 

Analysis of RSZW/LC Testing on Public Road 

Data analysis indicated that the location of generated Inform and 

Warning messages were inaccurate. The distance at which the 

message is generated is based on the placement of the reference point 

(indication of start of work zone). At this site, since the work zone 

map was constructed, actual location of the reference point and the 

start of lane closure taper was moved and was not updated to reflect 

the change in location, which affected the distance of the generated 

Inform and Warning messages.   

As shown in Figure 21, the test vehicle continued to drive on the 

closing lane primarily because the start of lane closure (also the 

reference point) was moved about 150 m south from the original 

mapped location, which provided about an additional 5 s to the driver 

before changing the lane. Conversely, if the lane closure (reference 
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point) had moved to the north, Inform and Warning would have been 

late and the driver would not have enough time to take appropriate 

action. 

One of the questions in deploying a real-world work zone warning 

application is how to accommodate changing reference point 

locations, lane closures and possibly work zone configuration as 

construction progresses, and reflect these changes appropriately in 

the transmitted message. 

Summary/Conclusions 

This paper describes the work conducted by the V2I-SA Project to 

develop and validate three V2I safety applications. The applications 

were integrated into six passenger vehicles and one Class 8 truck, 

which served as the prototype test vehicles for the project. In 

addition, prototype infrastructure equipment was also developed to 

facilitate testing of the applications. 

The safety applications and BIM were tested on a closed test track 

and public roads. More than two dozen distinct test scenarios were 

designed and over 100 test runs were conducted over a period of 

eleven months. The test scenarios were modified as required to 

incorporate the vehicle dynamics associated with heavy vehicles. 

Multiple test runs were conducted on metropolitan roads and at a 

controlled test facility in Michigan. Various road surfaces and 

conditions, superelevations, and lane closures were simulated in the 

infrastructure-based BIM during testing. Analyses of test data and 

technical discussions helped refine the parameters of the algorithms.  

After data analyses, the RLVW and CSW algorithms were refined 

further and validated. Most notable among the outcomes from 

controlled testing were: 

 Enhancement to the RLVW algorithm to support a single lane 

with multiple signal phases for multiple movements (e.g., a lane 

that has both straight and right turn) 

 Modification to the CSW algorithm to generate a single warning 

when the vehicle speed was only slightly more (11 mph or less) 

than the computed safe speed for a curve 

 Enhancement to the RSZW/LC BIM by connecting all approach 

lanes to one or more geometric lanes in the work zone to 

indicate possible lanes for travel in work zone 

CSW and RSZW/LC were tested on public roads and live work 

zones, respectively. Testing CSW on public roads revealed 

sensitivities to width of the lanes throughout the curve and the 

placement of nodes for curve geometry. Testing RSZW/LC in live 

work zones highlighted the need to provide maps that match the 

actual work zone configuration. 

Recommended Future Work 

In this project, three V2I safety applications were developed and 

validated application performance in a controlled environment and on 

public roads. Translating the research outcomes to a real-world 

deployment motivates a number of future activities. Two are 

identified here and recommended for future work. All three V2I 

applications developed in this project require an accurate map (i.e., 

an intersection for RLVW, a work zone for RSZW/LC, or curve in 

the case of CSW). While the current project focused on using static 

map generation, in reality, safety applications could be dramatically 

affected by temporary changes in roadway configuration due to such 

things as a lane closure, road construction or traffic incidents. It 

would be beneficial to investigate the feasibility of automatically 

generating and updating dynamic maps, in near real-time, for 

transmitting. A second effort would address future large-scale real-

world deployment by providing procedures and tools to verify 

completeness and correctness of transmitted messages from 

infrastructures. Such tools would be beneficial to organizations 

tasked with undertaking future systems deployments. Generation of 

dynamic maps and verification of transmitted DSRC messages are 

necessary elements for developing and deploying effective and robust 

applications to assist drivers in a connected transportation 

environment. 
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