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Connected Intersection MAP Utility Assessment
Supporting Basic Red Light Violation Warning

Background
The Crash Avoidance Metrics Partners LLC (CAMP) Vehicle-to-Infrastructure 5 (V2I-5) Consortium

(Ford, GM, Nissan) conducted the Connected Intersection Verification Project to support deployment of
Connected Intersections (Cls) supporting Red Light Violation Warning (RLVW). During the period from
August 2021 to December 2022, the Project Team evaluated the performance of several CI deployments
to understand the impact of SPaT (Signal Phase and Timing) data accuracy, message latency and
broadcast periodicity as well as MAP (SAE J2735 Map Message) data accuracy on in-vehicle warning
performance. This document summarizes field experience to date, establishes test procedures for SPaT
and MAP assessment from the vehicle perspective and proposes minimum acceptance criteria.

Basis for SPaT Assessment

The Society of Automotive Engineers (SAE) J2735 SPaT message standard specifies the content and
format of signal phase and timing information broadcast by a CI using Infrastructure to Vehicle (I12V)
communications to support in-vehicle safety and mobility applications such as RLVW. The Institute of
Transportation Engineers (ITE) CI Guidelines [1] further specifies the desired SPaT data elements
necessary to support RLVW. Basic RLVW only operates within the yellow phase time interval of a
through movement which obviates the ITE requirements associated with Assured Green Period (AGP) for
initial deployment.

The purpose of this assessment procedure is to verify that the duration of the yellow phase predicted by
the Traffic Signal Controller (TSC) at the transition from green to yellow is accurate and that the
broadcast of this information by the Roadside Unit (RSU) maintains a stable periodicity.

Yellow Phase Duration Accuracy
Basic RLVW operates using the yellow to red transition time information provided by the TSC at the

transition from green to yellow and broadcast in the SPaT message by the RSU. As illustrated in Figure 1,
the accuracy of this timepoint is different from the 300 msec maximum latency requirement specified in
the ITE Guidelines for communicating phase transition information. While the magnitude of this latency
is relevant to RLVW algorithm processing and time available to warn a driver, it is not directly perceived
by the driver. When a phase transition occurs, either green to yellow or yellow to red, as noted in the
illustration below, the driver sees the phase change on the signal head and the vehicle OBU receives the
SPaT transmission. Neither has redundant information available with which to assess the magnitude of
transmission delays.

© CAMP V2I-5 Consortium 1



Driver does not perceive this delay because

-
\ they do not receive redundant information {—A—\

Signal Head turns Signal Head turns

Yellow - Red
.
notify vehicle notify vehicle
within 300 msec OBU within 300 msec oBU
AN
AN
N\
\\
SPaT indicates i T
Sianal Hoad De’”)f impacts RL‘{W If this time is accurate (+- 100 msec?)
wiﬁ turn Red algorithm processing the driver does perceive any issues

in 2.5 sec T .
N If this time is not accurate the driver
4 2.5 sec? may:

stop at a signal that is still Yellow
for a notable amount of time based
on an inaccurate warning or

run a Red light without receiving
appropriate warning

Yellow tRed

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 1: Impact of Signal Head Action vs SPaT Timing on Basic RLVW

However, the performance of the Basic RLVW algorithm and the driver response to it are critically
dependent on the accuracy of the start of yellow phase duration information provided in the SPaT
message. If this time is inaccurate, the resulting driver behavior may be inappropriate, and the error is
readily apparent. If the time estimate provided is shorter than what occurs, the RLVW algorithm will
warn the driver to stop too early resulting in stopping at the intersection while the signal head remains
yellow, potentially for a notable amount of time, thereby reducing driver confidence in the warning
system. If the time estimate is longer than what occurs, the RLVW algorithm warning will be too late for
the driver to take appropriate action, thereby resulting in entering the intersection after the signal phase
turns red.

SPaT Transmission Periodicity
The performance of the RLVW algorithm is also critically dependent on receipt of a stable data stream

from the CI. The following two methodologies are in practice to generate and broadcast SPaT

information.
— 1. Generate and Broadcast Mode: In this method, shown in
§ RSU - Generate Figure 2, the TSC generates SPaT data and provides it to
SPaTM .
and Broadeast '-”J the RSU using User Datagram Protocol (UDP) over an

: .SPaBIO":jz:gfe ethernet interface. The RSU generates Unaligned Packed

Encoding Rule (UPER) encoded SPaT messages for
broadcast as per the SAE J2735 standard specification. The
message generated is either signed with a security

Tréfﬁc Signal Controller

certificate or has a security digest attached and is queued for

Source: Crash Avoidance Metrics Partners LLC broadcast.
(CAMP) Vehicle to Infrastructure 5 (V2I-5)
Consortium, 2022

Figure 2: RSU - Generate SPaT
Message and Broadcast Mode
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As shown in the example in Figure 3, SPaT data is provided to the RSU at 100 ms intervals. The RSU
then generates SPaT messages which are broadcast at 100 ms intervals to the vehicle On-board Unit
(OBU). The OBU receives and processes the data for use by the RLVW application by also using 100
msec intervals, but these are not synchronized with broadcast timing.

Plus Signing Time in Red

E- — — Time in milliseconds — — >
SPaT Data From 0 100 200 300 400 500 600
Controller to RSU CIP
RSU Message Generation : 40 20 45 20 20

RSU SPaT Message TX |_—— N N T T
L7
Interval ‘E\ —

1
OBU SPaT Message RX |
and Process Interval 0 100 200 300 400 500 600

© SPaT Data to RSU

@ SPaT Msg Transmit Time

@ SPaT Msg Processing at OBU
— SPaT Msg Genration in RSU

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 3: RSU - SPaT Message Generate and Broadcast Mode Time Interval

RSU 2. Immediate Forward Mode (IFM): In this
g e )] method, shown in Figure 4, the TSC generates SPaT

Forward Mode
for Message
Broadcast

. | . SPaTMessage data and provides it to an external processing unit using

SPaT .
Message UDP over an ethernet interface. The external processor
; generates the SPaT messages as per the SAE J2735

standard specification, and it provides the messages to

External Processing

Traffic Signal

er ! .
Contraller o o the RSU for broadcast using UDP over an ethernet

Source: Crash Avoidance Metrics Partners LLC  interface. The RSU either signs the message with a
(CAMP) Vehicle to Infrastructure 5 (V2I-5) . . . .
Consortium. 2022 Security certificate or attaches a security digest and
immediately broadcasts the message. As illustrated in
Figure 5, while the SPaT messages are generated every
100 msec and transferred to the RSU for processing (e.g.,

Figure 4: RSU - Generate SPaT
Message and Broadcast Mode

message security), the total processing time at the RSU, shown here in blue, is non-deterministic
resulting in the IFM transmission period varying from the nominal 100 msec value. This causes
fluctuations in the message received timing at the OBU. The OBU also processes the information
in 100 msec cycles, but the OBU cycle timing is not synchronized with the message broadcast
cycle timing.
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0
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— SPal Msg Process Time inRSU  «  5paT message is externally generated at 100ms interval and provided to RSU for IFM
® SPa] Msg TX * RSU processes the message payload (e.g. sign with security cert) and broadcasts the message

O SPaT Msg RX

© SPaT Msg Process interval Depending on the processing time at the RSU, the message broadcast interval varies

* OBU message receive interval is not maintained at the nominal 100ms

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 5: SPaT Message Generate, Process and Broadcast Time Interval in
Immediate Forward Mode

In the illustration above, the initial TSC message spends 40 msec in RSU processing before
transmission. This leaves 60 msec before the RSU receives the next SPaT message of which it
takes 30 msec to process and broadcast. The result at the OBU is a 90 msec interval between the
first two successive messages. The third successive message interval is 120 msec due to variation
in the RSU processing time. As this process continues, it causes significant instability in received
message periodicity.

Because of this fluctuation in message reception, the data used in the RLVW calculation suffers
from skipped and missed data as illustrated in Figure 6. Consider the baseline case where the
OBU message receive interval is the nominal 100 msec and the RLVW algorithm samples the
data stream at 100 msec intervals. In this case, the RLVW calculation operates with fresh data
every cycle. In Case 1, the OBU message time interval is less than 100 msec with two messages
received by the OBU within the same 100 msec sample interval. In this case, the RLVW
algorithm may use the most recent message for calculation thus skipping the previous message
resulting in lost data. In Case 2, the OBU receive interval is greater than 100 msec but less than
200 msec and is aligned with the sampling sequence such that the inter-message gap spans more
than one receive interval. In this case, the RLVW calculation experiences missing data and may
use data one cycle older in the calculation. This phenomenon is expected to scale as the receive
time interval grows.
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Baseline Case 1l OBU Message Receive
Time Interval <100 ms
OBU Message ‘4_»100 o8 OBU Message + >
Receive: Time Receive Time
= e 3
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data
RLVW Calculation  foye Leake 1100 RLVW Calculation t, e 100
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RIVW calculation in next cycle message for RIVW calculation
OBU Message Receve Time Interval Result
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OB M OBU Message Receive Potential Effect on
essage <—>| . q
Receive Time ‘ EEveletE] o e LI Ol
<100 ms 0 - 1 skipped messages
missing data
® > 100 < 200 ms 0 - 1 missed messages
> 200 < 300 ms 1 - 2 missed messages
RLVW Calculation  t ;. toacs100 .
@ 10 Hz > 300 <400 ms 2 - 3 missed messages
0BU may use old message
for RIVW calculation

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 6: Effect(s) of OBU Message Receive Time Interval Variability on RLVW Calculation

SPaT Data Collection

Figure 7 illustrates the flow of SPaT information in a CI architecture for signal activation and SPaT
message generation and broadcast. This report focuses on assessment of SPaT from TSC to the message
broadcast. The following data elements are required for end-to-end assessment of SPaT.

Traffic Signal Controller Data:

a. All timestamps are in UTC in milliseconds

b. Event code to indicate start and end of signal phase to determine duration

c. Event parameter code to indicate signal phase and other events. Refer to Automated
Traffic Signal Performance Measures (ATSPM) [2] for more detail.

SPaT Message:

d. Timestamp in UTC at either departure or arrival of SPaT message
e. UPER encoded SPaT message including UTC timestamp in milliseconds. Refer ITE/CI
Field Test Report [3] for more detail.

© CAMP V2I-5 Consortium 5



TSC Command of Signal Indications

Cabinet 10 Hz Signal Head
@ to BIU/SIU Activation
TSC 10 Hz
Processing
Loop

@ TSC Communication to Connected Vehicle

TSC TX SPaT
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Information Processing
SPaT Message
Broadcast

TSC - Traffic Signal Controller

BIU — Bus Interface Unit

SIU — Serial Interface Unit

RSU — Roadside Unit

BIU/SIU — Bus/Signal Interface Unit

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 7: SPaT Information Flow — 1) TSC to Signal Activation and 2) Generate SPaT
Message for Broadcast

In practice, two methods are commonly used to deploy SPaT from a TSC to the RSU for broadcast. These
are illustrated in Figure 8 along with message test points used for performance analysis. In the first
method, the SPaT message is generated and signed by the RSU for broadcast. While in the second
method, an external processor is used to generate the SPaT message before transmitting it to the RSU for
message signing and broadcast.

RSU

SPaT Data

(TSCBM/NTCIP) Generate SPaT SPaT

Message, L)
Sign and . Message y)
o Broadcast Broadcast

SPaT Message

Logger

Traffic Signal Traffic
Controller Signal

Data Logger Controller
External .ﬁ\
Processor

Sign SPaT SPaT
Generate SPaT Message for Message
SPaT Data Message I'p;‘::v:':’;e Broadcast
(TSCBM/NTCIP)

Ethernet port
1516

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 8: Test Points for SPaT Verification and Assessment

For SPaT assessment and verification, the following test points are used to collect data for the two
methods.

Method 1:
1. Test Point A: Timestamp of TSC generated start and end of events (signal phases) to determine
start time of phase and duration.

© CAMP V2I-5 Consortium 6



2. Test Point B: Timestamp of SPaT data at the input port of RSU to determine time of arrival of the
SPaT data for processing.

3. Test Point C: Timestamp at the output port of RSU for message broadcast to determine
processing time to generate message and apply appropriate security credentials for broadcast.

Method 2:
1. Test Point A: Timestamp of TSC generated start and end of events (signal phases) to determine

start time of phase and duration.

2. Test Point B: Timestamp of SPaT data at the input port of the external processor to determine
time of arrival of the SPaT data for message generation.

3. Test Point C: Timestamp either at the output port of the external processor or the input port of
RSU to determine message generation process time. It is assumed that there is no significant
delay in the interface between the external processor and the RSU using UDP over ethernet.

4. Test Point D: Timestamp at the output port of RSU to determine process time for applying
appropriate security credentials before the message broadcast.

In general, all communication between the subsystems is in UDP over ethernet for minimum
communication delay between the subsystems. The over-the-air (OTA) message broadcast from the RSU
received by the OBU has a minimum delay. The timestamps at the indicated test points allow evaluation
of time synchronization between subsystems.

At the test point A, the TSC data for signal phase activation is required in csv format. ATSPM or other
equivalent tools can be used to capture the data to determine the start time and duration of a signal phase.
At the other test points, different methods can be employed for data collection. The most common method
used is to collect binary data packets using a packet capture (PCAP) tool called Wireshark Network
Analysis Tool [4]. It also allows exporting of the captured PCAP to csv format.

To process and analyze captured SPaT messages in PCAP, it requires all data elements in binary be
extracted for each object in the message. This requires the PCAP to convert to JavaScript Object Notation
(JSON) using the CAMP developed conversion software tool for converting to csv format using the
CAMP developed SPaT analysis software tool. Figure 9 shows the process flow for converting PCAP to
JSON and to SPaT message in csv.

Conversion SPaT Analysis S/W
S/w

JSON Field Test | SPaT Message
EEE—
. Analysis . in CSV

SPaT/MAP | PCAP |
PCAP |

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 9: Process to Convert PCAP to JSON

SPaT Field Data Analysis

Currently there are no commercial off-the-shelf integrated tools available to capture and analyze CI data
across the test points identified from the TSC all the way to broadcast of UPER encoded SPaT messages.
CAMP developed a tool to analyze captured SPaT messages [5]. The tool was further enhanced for

© CAMP V2I-5 Consortium 7



ITE/CI Field Verification [5] to assess conformance of SPaT and MAP messages (test point at message
broadcast) per the CI Implementation Guide, that included the following:

e Verify the broadcast SPaT and MAP messages conform to the message structure with the SAE
J2735 standard.

e Verify all required data elements in the message are as per the CI Implementation Guide.

e Verify all data elements that are present in the message are within the proper limits (value ranges)
as specified in the SAE J2735 specification.

e Analyze inter message time interval of received messages with the message generation time to
measure periodicity and processing time latency per message basis.

To ensure required performance of the RLVW application, the predicted time of start of the yellow phase
and the duration of the phase for each signal in SPaT message, it must match with the information
generated by the signal controller. The ITE/CI field verification did not verify the start of yellow phase
and duration from the controller with the broadcast SPaT message. Since it is not feasible to test all
potential real-world scenarios in a lab setting, the ITE/CI field test is extended to include end-to-end
verification of signal controller produced information to SPaT broadcast in the field.

As described in Figure 8, two methods are commonly deployed at Cls to generate and broadcast the SPaT
message. Example methods are described in this subsection.

Example Method 1
In this example, the test procedure to capture and analyze SPaT at a deployed CI in Michigan is

described. At this site, as shown in Figure 8, the TSC is interfaced with the RSU where the SPaT message
is generated, processed for appropriate security credentials, and broadcast.

e Test Site: Moravian Drive and Garfield Road, Clinton Township, Macomb County, Michigan
e Test Date and Duration: Jan. 11, 2022, from 11:55:20 AM to 2:05:00 PM (16:55:20 to 19:05:00
UTC)

As shown in Figure 10, signal controller event data was captured at test point A using the Centracs
System at the back office of the county’s Traffic Management Center (TMC) connected to the CI over the
fiber optics communication link in csv format. At the

3 same time, the SPaT message generated by the RSU and
L Traffic RSU processed for proper security for broadcast in PCAP
c;,lf?j:e, - ysp was collected at test point B where the messages are

:%:»rqp/ being broadcast from the RSU.
oot v H The logged controller SPaT data is in csv format and the
“ oo w50 vap E srumenid logged SP?T messages fro.m the RSU are in UPER
System SPeT/MAP Message Log encoded binary format. It is necessary to convert all
SPaT Verification and Analysis data to the same format and align timestamps (in UTC)

to compare and analyze the start time and duration of
Source: Crash Avoidance Metrics Partners LLC (CAMP)

Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022 the yellow phase in the controller log and in the SPaT
message. Since the controller log data is already in csv

Figure 10: Data Collection Test Points — format, the logged SPaT messages are converted to

A and B
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JSON and processed to generate the csv format for each message. The conversion of PCAP to JSON
conversion data format is described in the ITE/CI Field Test Report. Figure 11 shows a partial list of
processed SPaT messages in JSON in csv format in Excel. All common data elements in addition to all
mandatory elements for signal group 1 are shown. The full analysis file contains data for all signal
groups.

Mage Signed (D=Ungne 1-Sigrest
PSRz (123,456 ZE 1012 M 5]
occ STARTOF SPaT DATA 03
sy sigrest epueh TS, w epeah UTC mar.u[n TSMOY  lnxMame b Reg D kes D Mg Rew  botx Srans (ves MOV Iree TS s boee Tane MGG TS_CHIRX T GHSig Oy A Evere Srare Sig Phase: 156 THL Seare Tame: - NoErel Thi Mokl T My ET Ress Wiy ET_ Rt Rianforl TR Mnakre] Toss W ET Reahdas ET Res Mesr TH L ear Tisae: 1
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D 1LEEEHT ARVIBAS- =0 15 zews WA [ e m [ ) 4S8 161 - X 0BT = [T 1 tyune REHAgH NS DS SD TR DIEM IO ame e A MEGETD  ALME A [ mmo
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D 1EEFH? TYIENS- o0 19 LOWENA D e m D 2ome NS 16 - X06T m e 1 2 St s et Lighe. NS DS SD IR HET0 [T (T3 PP LT [ mmD
D 1EEFH? AYIENS- o8 19 LOUENA [ e m D 2oms TISA 46 - X06T = oo 1 200 it s et Lighe. NS RS0 SD IR HET0 7549 708 AT HEASTD AN AIE [ mmD
D 1EEFH? AYIENS- 2 19 TOWENA [ om m D 2oms TS 16 - X06T E nom: 1 200wt s et Lighe. NS RS0 SD IR HET0 7B TR AT CHEAS0  AZBE AZBS L] mmD
D 1EEFH? TYIENS- o8 19 TOWEMA [ e ™ D 2oms WSE 15 - X06T = oo 1 200 St s et Lighe. ET T ) IR HET0 7M9 T AT HEASRD  ATME  ATME [ mmD
D 1EEEHT ARVIBAS- ™ 15 zewsmA [ e s D oW 554 26 - X 06D m [T 1 siysunte REHgH NS DS SD B 7648 754 AT MELED  AZEE  AZEM [ mmD
D 1LEEEHT ARVIBAS- % 15 zews WA [ e s [ ) 2651 26 - 206D £l [T 1 tyune REHAgH NS DS SD TR DIEM IO 7548 5= AT MELETD 4B AZSE [ mmo
D 1EEENT ARVIBAS- = 15 zewswa [ e mr D oW TS 26w - 206D m [T 1 syt REHg NS DS SD TR DOEM IO TME 4% AT MELED AR AZAE [ mmo
D 1EEFH? TYIENS- o8 19 LONENA D e [ D 2oms TESA 16 - X061 = oo 1 2 St s et Lighe. NS DR SD IR HET0 7349 73 AT HEASRD  ATMD AR [ Mo
D 1EEEHT ARVIBAS- = 15 zewsmA [ e 1 D oW 2 26 - 206D m [T 1 syunite REHgH NS DS SD TR DIEE IO TmE 7246 AT LD AZZE 4226 [ mmo
D 1LEEEHT ARVIBAS- =0 15 zews WA [ e z [ ) W 26w - 206D m [T 1 tyune REHAgH NS DS SD m mm TME w.us mm e u.us [ mmo
D 1EEEHT XTYIBAS- =0 19 TR HA o o o 2OuE TS 16 - XDEL o 1 it ReH e NS DD S0 B AZDE o mmo

Source Crash Avoidance Metrlcs Partners LLC (CAMP) Vehlcle to Infrastructure 5 (V2I 5) Consortlum 2022

Figure 11: Partial List of Processed SPaT Messages in CSV

Assessment of Message Periodicity

For a RLVW application to perform as intended based on defined 100 ms time interval of the message
broadcast, message generation and transmission periodicity is determined using the analysis of received
SPaT messages. Figure 12 shows the inter message time interval of a generated message (as provided in
the message timestamp) by the RSU. As shown, the nominal time interval of 100 msec is not maintained.
From the data, it is inconclusive if the spike in time is due to delays in the controller supplying the SPaT
data at 100 msec interval to the RSU or internal processing delay within the RSU. For proper
determination, recording of SPaT data arrival time at the RSU (port 1516) is required.

Inter Message TIme Interval (ms)
for Generated Message from Message Timestamp

NN
2 @
8 8

@
8

Time in Milliseconds
o B
g 8

o

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022
Figure 12: Inter Message Time Interval of Generated SPaT Messages

Figure 13 shows inter message time interval at which the message is being broadcast by the RSU. As
shown, the inter message time interval of messages transmitted by the RSU is also not maintained at
nominal 100 msec. Assuming no OTA transmission delay, the receiver (OBU) will have the same
periodicity.
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Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022
Figure 13: Inter Message Time Interval of Broadcast SPaT Messages

Table 1: Inter Message Time Interval of Broadcast
SPaT Messages

Inter Message Time Interval Table 1 shows an analysis of the variation of

Inter Msg Time Generated SPaT =~ Broadcast SPaT ~ inter message time intervals for generated and

Interval (ms) Message Message broadcast SPaT messages.
> 150 (50%) 0.21% 2.97%
> 125 (25%) 0.23% 20.15%
> 110 (10%) 0.26% 21.16%
> 105 (5%) 0.34% 23.14%
<95 (5%) 0.00% 30.75%
<90 (10%) 0.00% 26.38%
<80 (20%) 0.00% 23.44%

Signal Controller Data Analysis

Timestamp  Intersection Name Event Detsl] For the desired signal phase #2, extract the start time and
16:56:21.407  Garfield at Moravian Phase Yellow Phase2

16:56:21.407  Garfield stMoravian | Phasevelow  phases  the duration of the yellow phase. Figure 14 shows a
16:56:25.707  Garfield at Moravian Phase Red Phase 2

16:56:25.707 | Garfield at Moravian | Phase Red raes  sample of the controller log data captured by the Centracs
16:56:27.707  Garfield at Moravian Phase Green Phased
16:56:27.707  Garfield at Moravian Phase Green Phase8

165€47.817 | GarfieldatMoravian | PhaseVellow | Phased information, and the Detail column provides the signal
16:56:47.817 Garfield at Moravian Phase Yellow Phase8

16:56:52.143 | Garfield at Moravian | Phase Red rhased  phase number for the start of the event at the recorded
16:56:52.143  Garfield at Moravian Phase Red Phase 8 . . . . .
16:56:54.113  GarfieldstMoravian | PhaseGreen  Phase2z  11mestamp. The basic level 1 RLVW application is based
16:56:54.113  Garfield at Moravian Phase Green Phase s . . . .
1657:07.707 | Garheld at Maravian | Local Zera 1 on the indicated start of yellow phase and its duration. For

16:58:01.413  Garfield at Moravian Phase Yellow Phase 2 : :
16:58:01.413  Garfield at Moravian Phase Yellow Phased example’ start Of yellow phase for SIgnal phase #2 18

16:58:05.710 | Gorfield at Moravian | PhaseRed Phase2 16:56:21:407, and the duration is 4.3 s until the start of red
Source: Crash Avoidance Metrics Partners LLC (CAMP) or.
Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022 phase at 16:56:25.707.

System. The Event column provides signal phase

Figure 14: TSC Log Data from Similarly, the next step is to extract relevant information
Centracs System for the same signal phase #2 from the generated SPaT
message log file in csv. The start time of the yellow phase
is equal to the last message timestamp of the green phase before the ending of the green phase plus the
time remaining in the current green phase. As shown in Figure 15, highlighted in light green (msg #9240),
the message timestamp is shown in the column labeled Intx_Time before turning to yellow (column
Sig Phase 2). The start time of yellow phase equals to 16:56:21.299 + 0.002 (column
min_ET Remain_2)=16:56:21.301 UTC. The duration equals the remaining minimum end time
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(column min_ET Remain_2) highlighted in light yellow (msg #9241) for yellow phase plus time used by
the green phase before the end. As shown in the table in Figure 14, the duration is 4.201 sec + (100 —2)
msec = 4.299 sec.

Since the yellow phase is in fixed time operation, the minEndTime and maxEndTime values should be the
same as per the CI Implementation Guide (optional in J2735). However, “-1” indicates value not provided
in the message.

Sig_ Min_ET_ Min_ET_
epoch_ MSG_TS_ RX_Time_ Grp_ Event_State Sig_Phase_ MinEnd_ MinEnd_Time Remain Remain_ MaxEnd_ MaxEnd Ti Remain_
msg# Msg Rx TS - epoch_UTC  diff_ms Intx_Time Diff_ms  Diff ms 2 2 2 ™ 2 2 2 epoch 2 TM_ 2 me_2 2

9239 2022/01/11 - 16:56:21.168 99 10d - 16:56:21.098 100 70 2 permissive-h Perm-Green 33812 0:56:21.200 0.102 0.032 33879 0:56:27.900 6.802
9240 2022/01/11 - 16:56:21.270 102 10d - 16:56:21.198 100 72 2 permissive-h Perm-Green 33812 0:56:21.200 0.002 =0.07 33879 0:56:27.900 6.702
9241 2022/01/11 - 16:56:21.369 99 10d - 16:56:21.299 101 70 2 permissive-c Perm-Yellow 33855 0:56:25.500 4.201 4131 -1 00:00.0 -3381.4
9242 2022/01/11 - 16:56:21.468 99 10d - 16:56:21.398 99 70 2 permissive-c Perm-Yellow 33855 0:56:25.500 4.102 4.032 -1 00:00.0 -3381.5
9243 2022/01/11 - 16:56:21.607 139 10d - 16:56:21.498 100 109 2 permissive-c Perm-Yellow 33855 (:56:25.500 4.002 3.893 -1 00:00.0 -3381.6
9244 2022/01/11 - 16:56:21.674 67 10d - 16:56:21.598 100 76 2 permissive-c Perm-Yellow 33855 0:56:25.500 3.902 3.826 -1 00:00.0 -3381.7
9245 2022/01/11 - 16:56:21.768 94 10d - 16:56:21.698 100 70 2 permissive-c Perm-Yellow 33855 0:56:25.500 3.802 3732 -1 00:00.0 -3381.8
9246 2022/01/11 - 16:56:21.901 133 10d - 16:56:21.798 100 103 2 permissive-c Perm-Yellow 33855 0:56:25.500 3.702 3.599 -1 00:00.0 -3381.9
9247 2022/01/11 - 16:56:21.972 71 10d - 16:56:21.898 100 74 2 permissive-c Perm-Yellow 33855 0:56:25.500 3.602 3.528 -1 00:00.0 -3382
9248 2022/01/11 - 16:56:22.067 95 10d - 16:56:21.998 100 69 2 permissive-c Perm-Yellow 33855 0:56:25.500 3.502 3.433 -1 00:00.0 -3382.1
9249 2022/01/11 - 16:56:22.168 101 10d - 16:56:22.099 101 69 2 permissive-c Perm-Yellow 33855 0:56:25.500 3.401 3.332 -1 00:00.0 -3382.2
9250 2022/01/11 - 16:56:22.290 122 10d - 16:56:22.198 99 92 2 permissive-c Perm-Yellow 33855 0:56:25.500 3.302 3.21 -1 00:00.0 -3382.3
9251 2022/01/11 - 16:56:22.372 82 10d - 16:56:22.298 100 74 2 permissive-c Perm-Yellow 33855 0:56:25.500 3.202 3.128 -1 00:00.0 -3382.4

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5

Figure 15: List of SPaT Message Log for Signal Phase #2

Analysis of Start Time and Duration of Yellow Phase
The graph in Figure 16 shows an analysis of the yellow phase duration for signal phase #2 of 74 cycles.

The blue line shows duration indicated by the TSC, and the orange line indicates the equivalent

—_

information contained in the broadcast SPaT message. The duration set by the controller averages to
4.299 sec while the SPaT message is 4.257 sec.
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Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 16: Yellow Phase Duration in TSC and in SPaT Message

Figures 17 shows the time difference in start time of the yellow phase between the TSC and in the SPaT
message.
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Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 17: Difference in Yellow Phase Start Time - TSC vs. SPaT Message

Equipment Time Source
At this deployed CI, different pieces of equipment use different time sources to synchronize the internal

clock.

» Traffic Signal Controller — Network Time Protocol (NTP) Server
*  Controller log — Centracs data log server at the backend

* RSU-

Communication latency between the controller and the Centracs system - unknown
GPS

SPaT message generation in RSU
SPaT/MAP message log at the RSU

Analysis Summary

Periodicity of SPaT data from the TSC and the message generation by the RSU are
within £10 msec of nominal 100 msec which are well within 1% of total messages.
However, the variation in broadcast periodicity is very high at 21.16%. This could be
attributed to the processing of the Security Credential Management System (SCMS)
security credentials and/or other message processing in the RSU.

There is fairly good agreement between the duration (minEndTime) in the SPaT message
and the actual yellow phase duration reported by the TSC.

Clock drift observed in the logged controller data indicates that internal clock
synchronization is done at a specified time duration and not based on certain amount of
time drift.

Message timestamp occurs earlier than the controller timestamp. Different time sources
and network latencies may have contributed to the logged SPaT message time earlier than
the controller time.

Example Method 2
In this example, the test procedure to capture and analyze SPaT at a deployed CI in Utah is described

using the second method shown in Figure 8. At this site, the TSC is interfaced with an external processor

to generate the SPaT message from SPaT data provided in the Traffic Signal Controller Broadcast
Message (TSCBM) format. The SPaT message generated is transmitted to an RSU which applies

appropriate SCMS security to the message before OTA broadcast, in this case using [FM.

e Test Site: SR 224 and Canyons Resort Drive, Park City, Utah
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e Test Date and Duration: May 17, 2022, from 1:12 PM (MDT) to 4:12 PM (MDT) (19:12:20 to
23:12:00 UTC)

Figure 18 shows test points for logged data. All logged information packets include UTC timestamp used
to align data across all test points and determine process time.

( ATSPM B
lraffic signal Test Point A: Signal controller event data log data in
\___ togger csv. It is recorded using the ATSPM data logging tool
Traffic | to determine start time and duration of yellow phase as
Signal
. Controller | External .‘% per the TSC.
_ Processor RSU

_GeneratesPaT i_r_ e \  SpaT Test Point B: SPaT data in TSCBM or NTCIP format
e [ e ":;;fgf;e sosdcast | from the TSC at the input to the external processing

To ethernet unit. This data is recorded in binary as PCAP before

port 1516

Source: Crash Avoidance Metrics Partners LLC (CAMP) SPaT message is generated.
Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

. . . Test Point C: After generating the SPaT message, at
Figure 18: Test Points for Capturing

SPaT Data
Test Point D: At the ethernet port 1516, SPaT message as PCAP is input to the RSU for SCMS security
credential processing and message broadcast.

the output port of external processor.

Test Point E: SPaT message as PCAP at the point of OTA message is broadcast in IFM.
SPaT processing and communication time can be determined as follows:

e SPaT data communication time from the TSC to the external processor = Timestamp at test point
B — Timestamp at test point A

e SPaT message generation time = Timestamp at test point C — Timestamp at test point B

e Communication from the external processor to RSU = Timestamp at test pint D (RSU port 1516)
— Timestamp at test point C (out from external processor)

e SPaT message processing for appropriate SCMS security for OTA broadcast in [FM =
Timestamp at test point E — Timestamp at test point D

As previously described in example 1, all logged data is converted to csv format for processing and
analysis.

Analysis of Message Periodicity

Figure 19 shows analysis and graphs of SPaT information process time interval (periodicity) at three test
points. Test point B for the arrival of TSCBM at the external processing unit, test point C at the external
processor after generating the message before transmitting to RSU, and at the test point D at the arrival of
RSU at ethernet port #1516.

© CAMP V2I-5 Consortium 13



Test Point B - Inter Pkt Time Interval (ms) Test Point C (Ext. Proc) to RSU Test Point D (RSU), Ethernet Port 1516
Arrival of TSCBM Pkts Inter Msg Gen Time Interval (ms) Inter Msg Arrival Interval (ms)

(@)

rash Avoidance Metrics Partners LLC (CAMP

<

Source: ehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 19: Inter Packet Processing Time Interval at Test Points B (Ext. Proc), C (Ext. Proc.)
and D (RSU)

Table 2 shows the minimum and maximum inter packet time interval and percentage of + 5 and =10 msec
time interval from nominal 100 ms for all close to 108,000 messages. As shown, the time interval at test
points B and C are maintained within 10 msec. However, some delay is observed in receiving packets at
the RSU. This could be due to packet logging delay at the RSU.

Table 2: Min and Max Inter Packet Time Interval and Percentage at Test Points B
and C (Ext. Proc)

Description Test Point B - Inter ~ Test Point C (Ext. Proc) Test Point D (RSU),
Pkt Time Interval to RSU Inter Msg Gen Ethernet Port 1516
(ms) Arrival of Time Interval (ms) Inter Msg Arrival
TSCBM Pkts Interval (ms)
Min Time Interval (ms) 90.250 90.317 64.835
Max Time Interval (ms) 109.533 109.464 134.902
Occurrence Percentage (5% and £10%) from Nominal 100 ms

Min Interval <95 ms 0.10% 0.11% 0.67%
Max Interval > 105 ms 0.13% 0.13% 0.69%
Min Interval <90 ms 0.00% 0.00% 0.34%
Max Interval > 110 ms 0.00% 0.00% 0.34%

Similarly, Figure 20 shows an analysis and graphs of the SPaT message OTA broadcast time interval
(periodicity) at test point D for C-V2X and DSRC communication links.

Test Point E (RSU) for C-V2X Test Point E (RSU) for DSRC
Inter Msg Broadcast Time Interval (ms) for IFM Inter Msg Broadcast Time Interval (ms) for IFM

-

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 20: Inter Message Broadcast Time Interval at Test Points D for C-V2X and DSRC

Table 3 shows the minimum and maximum inter message time interval and percentage of =5 and
+10 msec time interval from nominal 100 ms for up to 108,000 messages. As shown, the inter message
time interval shows significant variation from nominal 100 ms. Data shows increase in time interval every

© CAMP V2I-5 Consortium 14



10" message thus indicating additional time was taken to sign the message with the SCMS security
certificate and the time interval for the next message is reduced by the same amount indicating only the
digest is attached.

Table 3: Minimum and Maximum Inter Message Time Interval and Occurrence Percentage

Description Test Point D (RSU) for Test Point D (RSU) for
C-v2X DNING

Inter Msg Broadcast Inter Msg Broadcast Time
Time Interval (ms) for Interval (ms) for [FM
IFM
Min Time Interval (ms) 15.541 13.686

Max Time Interval (ms) 192.080 193.458

Occurrence Percentage (+ 5% and +£10%) from Nominal 100 ms
Min Interval <95 ms 15.97% 16.15%
Max Interval > 105 ms 13.95% 14.18%
Min Interval <90 ms 14.59% 14.64%
Max Interval > 110 ms 13.06% 13.13%

As shown, the inter message time interval is significantly higher from nominal 100 ms. It observed in
other tests that the RSU is not able to maintain the nominal time interval in IFM as illustrated in Figure 5.

Analysis of Start Time and Duration of Yellow Phase
As described in example 1, the logged SPaT message in PCAP at test point E is converted to JSON and

processed to generate data in the csv format. Figure 21 shows an excerpt of messages in csv format. All
common data elements in addition to all mandatory elements for signal phase 1 are shown. The entire file
contains data for all signal phases. Required data elements (as per ITE CI Implementation Guide [1]) for
the current phase show minEnd and maxEnd time marks from either current hour or top of next hour and
time remaining in the phase. The start time of the current phase and the time of next phase are only
conditionally required in the CI Implementation Guide. A “-1” for this value indicates not available in the
SPaT message.

epoch MSG  Time Min End  Min End Min End Max End  Max End

Time Intx Intx Time Diff Min  Time#l Time Time Max Time#1  Time
msg Interval Msg Reg Msg Status Msg  Msg Interval  {MsgTS- Sig EventState Start Start  End  (Cti/Topof Remain Remain End  (Ctr/Topof Remain
signed EpochTS(ms)  EpochUTCdate/ime  (ms) D TimestampMOY  InkName 1D IntxID Rev  Obj MOY TS (ms) Intx_Time ms)  RX)(ms) #1 #1 SigPh#l TM1 Time#l TM#L  Hr) #1  epoch#1 TM#1  Hr) #
1 1652814764266 2022/05/17- 19:12:44.266 0 19 196992 (136d19:12:00) StateRte224 NA 7707 116 400 196992 44250 136d-19:12:44250 0 16 1 stop-And-Re Red-Light -1 00:000 8533 0:14:13.300 8905 89.034 8533 0:14:13.300 89.05
1 1652814764367 2022/05/17 - 19: 101 19 196992 (136d19:12:00) StateRte224 NA 7707 117 400 196992 44351 136d-19:12:44351 101 16 1 stop-And-Re Red-light -1 00:000 8533 0:14:13.300 88949 88933 8533 0:14:13.300 88.949
1 1652814764467 2022/05/17 - 100 19 196992 (136d 19:12:00) StateRte224 NA 7707 118 400 196992 44450 136d-19:12:44450 929 7 1 stop-And-Re Red-Light -1 00:000 8533 0: 88.85 88.833 8533 88.85
1 1652814764566 2022/05/17 - 99 19 196992 (136d 19:12:00) StateRte224 NA 7707 119 400 196992 44550 136d-19:12:44.550 100 16 1 stop-And-Re Red-Light -1 00:00.0 8533 O: 8875 8734 8533 0:1d: 8875
1 1652814764667 2022/05/17 - 101 19 196992 (136d 19:12:00) StateRte224 NA 7707 120 400 196992 44650 136d-19:12:44650 100 17 1 stop AniRe RedUght 1 | 00:000 8533 0-4:13300 8865 88633 8533 0413300 8865
1 1652814764768 mzyus/u-muqnsa 101 19 196992 (136d19:12:00) StateRte224 NA 7707 121 400 196992 44750 136d-19:12:44750 100 18 1 stop-And-Re Red-Light -1 00:00.0 8533 0:14:13300 8855 88532 8533 0:14:13.300 8855
1 1652814764886 2022/05/17- 19:12:44.886 118 19 196992 (136d19:12:00) StateRte224 NA 7707 122 400 196992 44850 136d-12:12:44.850 100 36 1 stop-And-Re Red-light -1 00:000 8533 0:14:13.300 8845 88414 8533 0:14:13.300 88.45
1 1652814764996 2022/05/17- 19:12:44.996 110 19 196992 (136d19:12:00) StateRte224 NA 7707 123 400 196992 44950 136d-19:12:44.950 100 46 1 stop-And-Re Red-Light -1 00:000 8533 0:14:13.300 8835 88304 8533 0:14:13.300 88.35
1 1652814765067 2022/05/17 - 19:12:45.067 71 19 196992 (136d19:12:00) StateRte224 NA 7707 124 400 196992 45050 136d-19:12:45.050 100 7 1 stop-And-Re Red-Light -1 00:000 8533 0:14:13300 8825 88233 8533 0:14:13.300 88.25
1 1652814765167 2022/05/17 - 19:12:45.167 100 19 196992 (136d19:12:00) StateRte22d NA 7707 125 400 196092 45150 136d-19:1245.150 100 17 1 stop-And-Re Red-Light -1 00:00.0 8533 0:14:13300 8815 88133 8533 0:14:13.300 88.15
1 1652814765266 2022/05/17 - 19:12:45.266 99 19 196992 (136d19:12:00) StateRte224 NA 7707 126 400 196992 45250 136d-19:1245.250 100 16 1 stop-And-Re Red-Light -1 00:00.0 8533 0:14:13300 8805 88034 8533 0:14:13.300 88.05
1 1652814765367 2022/05/17 - 19:12:45.367 101 19 196992 (136d19:12:00) StateRte224 NA 7707 127 400 196992 45350 136d-12:1245350 100 7 1 stop-And-Re Red-light -1 00:000 8533 0:14:13.300 8795 67.933 8533 0:14:13.300 87.95
1 1652814765466 2022/05/17 - 19:12:45.466 99 19 196992 (136d19:12:00) StateRte224 NA 7707 1 400 196992 45450 136d-19:1245.450 100 16 1 stop-And-Re Red-Light -1 00:000 8533 0:14:13.300 8785 87.834 8533 0:14:13.300 87.85
1 1652814765567 2022/05/17 - 19:12:45.567 101 19 196992 (136d19:12:00) StateRte224 NA 7707 2 400 196992 45550 136d-19:1245550 100 7 1 stop-And-Re Red-Light -1 00:000 8533 0:14:13300 8775 67733 8533 0:14:13.300 8275
1 1652814765666 2022/05/17 - 19:12:45.666 99 19 196992 (136d19:12:00) StateRte224 NA 7707 3 = 400 196092 45650 136d-19:12:45650 100 16 1 stop-And-Re Red-Light -1 00:00.0 8533 0:14:13300 8765 B87.634 8533 0:14:13.300 B7.65
1 1652814765769 2022/05/17 - 19:12:45.760 103 19 196992 (136d19:12:00) StateRte22d NA 7707 4 400 196992 45750 136d-19:1245.750 100 19 1 stop-And-Re Red-Light -1 00:000 8533 0:14:13.300 8755 87531 8533 0:14:13.300 87.55
1 1652814765870 2022/05/17 - 19:12:45.870 101 19 196992 (136d19:12:00) StateRte224 NA 7707 5 400 196992 45850 136d-19:1245.850 100 20 1 stop-And-Re Red-Light -1 00:000 8533 0:14:13.300 8745 87.43 8533 0:14:13.300 87.45
1 1652814765993 2022/05/17- 19:12:45.993 123 19 196992 (136d19:12:00) StateRte224 NA 7707 6 400 196992 45950 136d-12:1245.950 100 a3 1 stop-And-Re Red-light -1 00:000 8533 0:14:13.300 8735 67307 8533 0:14:13.300 87.35
1 1652814766067 2022/05/17 - 19:12:46.067 74 19 196992 (136d19:12:00) StateRte224 NA 7707 7 400 196992 46050 136d-19:1246.050 100 7 1 stop-And-Re Red-light -1 00:000 8533 0:14:13.300 8725 67233 8533 0:14:13.300 87.25
1 1652814766166 2022/05/17 - 19:12:46.166 99 19 196992 (136d19:12:00) StateRte22d NA 7707 8 400 196092 46150 136d-19:12:46.150 100 16 1 stop-And-Re Red-Light -1  00:00.0 8533 0:14:13300 8715 B87.134 8533 0:14:13.300 87.15

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 21: Excerpt of Processed SPaT Message in csv
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Max End
Time

Remain Next Next
epoch #1 TM #1 Time #1
89.034 -1 00:00.0
88933 -1 00:00.0
88.833 -1  00:00.0
88734 -1 00:00.0
88633 -1 00:00.0
88532 -1 00:00.0
88414 -1 00:00.0
88304 -1 00:00.0
88233 -1 00:00.0
88133 -1 00:00.0
88.034 -1 00:00.0
87933 -1 00:00.0
87834 -1 00:00.0
87733 -1 00:00.0
87634 -1 00:00.0
87531 -1 00:00.0
8743 -1 00:00.0
87307 -1 00:00.0
87233 -1 00:00.0
87134 -1 00:00.0



A

Figure 22 shows a list of extracted and processed ATSPM TSC logged data and the same for timestamp

aligned SPaT data for start time and duration of the yellow phase for signal phase #2 for the first 25 out of

98 cycles. Event codes 8 and 9 (columns E and I) in the ATSPM log indicate start time and end time,

respectively, and the duration is 5 sec.

The message timestamp in column O for the SPaT message shows the start time of the phase, and the

minimum time remaining in column T (same as column X) shows the duration of the phase in seconds.

Column M shows the time difference between the start of yellow in SPaT messages and in the TSC
ATSPM log. Column C, UTC timestamp of the ATSPM log, is over 5 s behind the SPaT message
timestamp (column O). It should be noted that the timestamp resolution of ATSPM data is tenth of a

second while the SPaT message is in milliseconds.

The highlighted elements in column M show greatly increased time differences, and column T shows
greatly reduced duration of the yellow phase for the cycle indicating anomalous data in the SPaT

message.

c

D

E

F G

H I 1

Sig Phase #2 ATSPM - T5C Log for Start and End of Yellow Phase for Signal #2

"

mmwmmnwp»—-*%

Local Time

13.13:21.500
13.15:01.500
13.16:41.500
13.18:21.500
13.20:01.500
13.21:41.500
13.23:21.500
13.25:01.500
13.26:41.500
13.28:21.500
13.30:01.500
13.31:41.500
13.33:21.500
13.35:01.500
13.36:41.500
13.38:21.500
13.40:01.500
13.41:41.500
13.43:21.500
13.45.01.500
13.46:41.500
13.48:21.500
13.50:08.000
13.51:45.000
13.53:21.500

UTC Time

19.13:21.500
19.15:01.500
19.16:41.500
19.18:21.500
19.20:01.500
19.21:41.500
19.23:21.500
19.25:01.500
19.26:41.500
19.28:21.500
19.30:01.500
19.31:41.500
19.33:21.500
19.35:01.500
19.36:41.500
19.38:21.500
19.40:01.500
19.41:41.500
19.43:21.500
19.45:01.500
19.46:41.500
19.48:21.500
19.50:08.000
19.51:45.000
19.53:21.500

In Sec
692015
693015
694015
695015
696015
69701.5
698015
699015
700015
701015
702015
703015
704015
705015
70601.5
707015
70801.5
709015
710015
711015
712015
713015
71408
71505
716015

Start of
Event
8

o oo oo oo oo Do 0O DO 0O 0O 0D 00 0O OO OO DO OO OO 0D 00 OO 00 0 O

Local Time  UTC Time
13.13:26.500 19.13:26.500
13.15:06.500 19.15:06.500
13.16:46.500 19.16:46.500
13.18:26.500 19.18:26.500
13.20:06.500 19.20:06.500
13.21:46.500 19.21:46.500
13.23:26.500 19.23:26.500
13.25:06.500 19.25:06.500
13.26:46.500 19.26:46.500
13.28:26.500 19.28:26.500
13.30:06.500 19.30:06.500
13.31:46.500 19.31:46.500
13.33:26.500 19.33:26.500
13.35:06.500 19.35:06.500
13.36:46.500 19.36:46.500
13.38:26.500 19.38:26.500
13.40:06.500 19.40:06.500
13.41:46.500 19.41:46.500
13.43:26.500 19.43:26.500
13.45:06.500 19.45:06.500
13.46:46.500 19.46:46.500
13.48:26.500 19.48:26.500
13.50:13.000 19.50:13.000
13.51:50.000 19.51:50.000
13.53:26.500 19.53:26.500

End of Duration

InSec  Event (s)
69206.5 9 5.000
69306.5 9 5.000
69406.5 9 5.000
69506.5 9 5.000
696065 9 5.000
69706.5 9 5.000
698065 9 5.000
699065 9 5.000
700065 9 5.000
701065 9 5.000
702065 9 5.000
703065 9 5.000
704065 9 5.000
705065 9 5.000
706065 9 5.000
707065 9 5.000
708065 9 5.000
709065 9 5.000
710065 9 5.000
711065 9 5.000
712065 9 5.000
713065 9 5.000
71413 9 5.000
71510 9 5.000
716065 9 5.000

K L
epoch
epoch_UTC  UTC(s)

19.13:26.767 69206.77
19.15:06.768 69306.77
19.16:46.759 69406.76
19.18:26.776 69506.78
19.20:11.173 69611.17
19.21:46.777 69706.78
19.23:26.807 69806.81
19.25:11.200 69911.20
19.26:46.806 70006.81
19.28:26.806 70106.81
19.30:06.805 70206.81
19.31:46.815 70306.82
19.33:31.214 7041121
19.35:06.839 70506.84
19.36:46.872 70606.87
19.38:26.928 70706.93
19.40:06.937 70806.94
19.41:51.335 70911.34
19.43:26.960 71006.96
19.45:06.983 71106.98
19.46:46.999 71207.00
19.48:31.420 7131142
19.50:13.541 71413.54
19.51:50.551 71510.55

19.53:27.063 71607.06

Start of

Yellow

Time Diff

Bet
SPaT &
ATSPM

5.267

9.920
5.541
5.551
5.563

N

100
77

136d -
136d -
136d -
136d -
136d -
136d -
136d -
136d -
1364 -
136d -
136d -
136d -
136d -
136d -
136d -
136d -
1364 -
136d -
136d -
136d -
136d -
136d -
136d -
136d -
136d -

o

Intx_Time

19:13:26.746
19:15:06.751
19:16:46.742
19:18:26.760
19:20:11.155
19:21:46.760
19:23:26.775
19:25:11.180
19:26:46.790
19:28:26.790
19:30:06.788
19:31:46.799
19:33:31.197
19:35:06.822
19:36:46.855
15:38:26.883
19:40:06.903
19:41:51.318
19:43:26.942
19:45:06.967
19:46:46.979
19:48:31.404
19:50:13.524
19:51:50.534
19:53:27.046

3

Sig

a

Grp Sig Phase 2

[ N N N N A A SR N

m

Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow
Perm-Yellow

R

MinEnd
™2
8117
9117
10117
11117
12117
13117
14117
15117
16117
17117
18117
19117
20117
21118
22118
23118
24119
25119
26119
27119
28119
29120
30185
31155
32120

5.

MinEnd
Time 2
0:13:31.700
0:15:11.700
0:16:51.700
0:18:31.700
0:20:11.700
0:21:51.700
0:23:31.700
0:25:11.700
0:26:51.700
0:28:31.700
0:30:11.700
0:31:51.700
0:33:31.700
0:35:11.800
0:36:51.800
0:38:31.800
0:40:11.900
0:41:51.900
0:43:31.900
0:45:11.900
0:46:51.900

0:48:32
0:50:18.500
0:51:55.500
0:53:32

T

Min ET
Remain

£l
4.954
4.949
4.958
4.940
0.545
4.940
4925
0520

u v

SPaT Message Broadcast for Start of Yellow Phase for Signal Phase #2

Min ET

Remain MaxEnd

epoch2 TM2
4933 8117
4932 9117
4941 10117
4924 11117
0527 12117
4923 13117
4893 14117
0500 15117
4.894 16117
4.894 17117
4.895 18117
4.885 19117
0.486 20117
4961 21118
4928 22118
4872 23118
4963 24119
0.565 25119
4940 26119
4917 27119
4901 28119
0.580 29120
4.959 30185
4949 31155
4937 32120

MaxEnd
Time 2
0:13:31.700
0:15:11.700
0:16:51.700
0:18:31.700
0:20:11.700
0:21:51.700
0:23:31.700
0:25:11.700
0:26:51.700
0:28:31.700
0:30:11.700
0:31:51.700
0:33:31.700
0:35:11.800
0:36:51.800
0:38:31.800
0:40:11.900
0:41:51.900
0:43:31.900
0:45:11.900
0:46:51.900

0:48:32
0:50:18.500
0:51:55.500
0:53:32

Max ET
Remain

2
4.954
4.949
4958
4.940
0545
4.940
4925

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 22: Extracted List of Start of Yellow Phase and Duration by TSC and Broadcast
SPaT Message

Figure 23 shows the time difference in the start of the yellow phase between the broadcast SPaT message
and the TSC ATSPM timestamp. Figure 24 shows the duration data in the broadcast SPaT message.

© CAMP V2I-5 Consortium
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Source: Crash Avoidance Metrics Partners LLC (CAMP) Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to
Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022 Infrastructure 5 (V2I-5) Consortium, 2022
Figure 23: Time Difference in Start of Figure 24: Duration of Yellow Phase in SPaT Message
Yellow Phase Between SPaT Message and
Controller ATSPM Time

Equipment Time Source
At this deployed CI, different pieces of equipment use different time sources to synchronize the internal
clock and to establish each timestamp.

Traffic Signal Controller — Network Time Protocol (NTP) Server
Controller log — ATSPM data logging software tool
External Processor — GPS

RSU -

SPaT message generation in external processing unit
GPS
SCMS security credential and message broadcast in [FM

Analysis Summary

Periodicity of SPaT message generation within =10 msec from nominal 100 ms is
maintained well within 1% of total messages by the external processor. However, the
broadcast periodicity for the same is very high at over 13%. This is due to the processing
delay in applying SCMS security credentials for both SPaT and MAP messages before
broadcasting in IFM. As observed in the inter message broadcast time interval, signing of
every 10" SPaT message takes approximately 30 msec. The artifact of message signing
delay induces same amount of reduction in time for the next broadcast of SPaT message.
The reason is the next packet of SPaT messages from the external processor is
continuously arriving to the RSU at 100 ms. Since the next message is not signed (only
the digest is attached), the RSU immediately broadcasts the message causing shorter time
interval from the previous message as illustrated in Figure 5.

As highlighted in Figure 22 and shown in Figures 23 and 24, the yellow phase duration
indicated in SPaT message (minEndTime) appears significantly different from the
ATSPM data.

There is approximately a 5 s difference between the ATSPM timestamp and the
generated message timestamp. For RLVW application to perform as intended, all
equipment clocks must be synchronized using the same time source and internal clock
drift should be maintain to a minimum.
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SPaT Performance Analysis
Using lessons learned from field testing, this section develops and applies specific pass / fail

performance criteria for CI SPaT broadcast to support Basic RLVW.

The National Cooperative Highway Research Program (NHCRP) has defined the yellow change
interval in Guidelines for Timing Yellow and All-Red Intervals at Signalized Intersections [6] to
be between 3.0 and 5.6 seconds for speeds up to 55 mph (based on an 85th percentile approach
speed estimation of posted speed limit +7 mph). Yellow phase values for approach speeds up to
70 mph are extrapolated for analysis in Table 1.

Research sponsored by the Federal Highway Administration (FHWA) developed an in-vehicle
RLVW application under the Cooperative Intersection Collision Avoidance System Limited to
Stop Sign and Traffic Signal Violations (CICAS-V) Project [7]. A distance-to-warn algorithm
was developed to alert drivers of potential red light violations based on analysis of naturalistic
driving data and extensive human factors research.

Table 4 combines the NCHRP yellow phase change interval with the CICAS-V RLVW distance-
to-warn, converts this into time-to-warn, and derives a resulting warning time error budget for
different approach speeds (note that the in-vehicle RLVW is only active at speeds of 20 mph or
greater). This error budget indicates the maximum tolerable combination of yellow change
interval inaccuracy and communication delay to successfully operate the RLVW system.

Table 4: RLVW Dist-to-Warn, NCHRP Yellow Change Interval and Error Budget

Speed Limit NCHRP - RLVW RLVW Error Budget
) Yﬁizxﬁlz:;lfe Dist-to-Warn  Time-to-Warn ©
(m)

70 6.00 166.64 5.32 0.677
65 6.00 143.60 4.94 1.060
60 5.80 122.43 4.56 1.237
55 5.60 102.88 4.18 1.317
50 5.20 85.04 3.80 1.397
45 4.80 66.99 3.33 1.471
40 4.50 52.75 2.95 1.551
35 4.10 40.21 2.57 1.531
30 3.70 29.35 2.19 1.512
25 3.40 20.19 1.81 1.594
20 3.00 12.71 1.42 1.579
15 3.00 - - -
10 3.00 - - -

* - Based on 85th percentile approach speed estimation of posted speed limit +7 mph
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SPaT Performance Criteria
Three elements of CI SPaT performance are analyzed to assess suitability to support Basic

RLVW. Based on the error budget analysis under worst case conditions, each of the following
three elements should be accurate / stable within a tolerance of a few hundred milliseconds:

1. The yellow phase duration / change interval accuracy:

The duration indicated in the SPaT message broadcast (minEndTime at the onset of
yellow) should match actual performance by the TSC within + 100 ms. Note: Since
the TSC SPaT generation cycle is time based (everyl00 msec) and not event based,
this tolerance excludes any time remaining in the cycle at the end of the green phase.
For example, if the time remaining in the green phase is 20 ms when the SPaT is
generated, the next SPaT cycle would indicate the start of yellow 80 ms late. The 80
ms is excluded from the = 100 ms tolerance.

2. The yellow phase broadcast latency:

The start time of yellow phase indicated by the TSC must be broadcast in the SPaT
message within 300 ms (per ITE CI deployment guidance). Note: This assumes that
all CI clocks are synchronized to UTC time (per ITE CI deployment guidance) so that
the differences in yellow phase start time between TSC and RSU observed in field
testing are eliminated.

3. SPaT message broadcast periodicity:

The nominal SPaT inter message broadcast interval of 100 msec (10 Hz) can be
delayed by no more than an additional 100 msec to limit the potential for dropped /
missed messages based on the jitter analysis discussion in the SPaT Transmission
Periodicity section. Note: The ITE CI deployment guidance specifies 100 = I message
broadcast in a 10 second interval. At the extreme, a broadcast that held all 100
messages for 9 seconds and then sent out a burst of the 100 cached messages in 1
second would comply. This would result in an information delay longer than the
expected maximum yellow phase duration of 6 seconds and render RLVW useless.
The criteria proposed is an initial attempt to stabilize SPaT broadcast intervals to
make the information more usable to the vehicle.

These elements and associated performance criteria are based on field observations and
engineering analysis to date. Further assessment using simulation and field operational
experience is needed to clarify their impact on basic RLVW algorithm performance and then
refine the requirements. This includes developing additional criteria for the duration of signal
operation that needs to be evaluated to comprehend the impacts of timing plan changes and
external inputs on SPaT performance as well as the need for the ongoing state of health
monitoring.
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Yellow Phase Duration Accuracy:
As previously discussed in Figure 8 under SPaT Data Collection, Figure 25 illustrates two

common CI implementation architectures in which SPaT data from the TSC is sent (A) directly
to the RSU. The SPaT message is then generated and signed with a security certificate or a
digest is attached before the message broadcast or (B) to an external processing unit where the
SPaT message is generated and sent to the RSU to sign the message with a security certificate or
a digest is attached and broadcast in IFM.

TSC

1 Generate Architecture A 1 Generate Architecture B
SPaT Data

SPaT Data

RSU 2 Generate IFM Sign / Digest Broadcast ‘

Sign / Di f—— SPaT/MAP + SPaT/MAP SPaT/MAP
Ign IgESt roadcast Msg Msg Msg
Generate N p /AP SPaT/MAP
SPaT Msg Msg Msg |

TSC - Traffic Signal Controller

SCM - External Processing Unit
TSC — Traffic Signal Controller RSU — Roadside Unit
RSU — Roadside Unit IFM — Immediate Forward Mode

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 25: Connected Intersection Implementation Architecture

The following example analysis uses data taken from a CI located at State Rte. 224 and Village
Round Drive in Utah (intersection ID # 7707), which utilizes architecture B. Table 5 shows the
TSC ATSPM event data log in CSV format. The event code indicates start or end of an event and
the event parameter indicates the associated signal group. Event code 8 indicates the start of the
yellow phase, and Event code 9 represents the end of the yellow phase. The time difference
between the associated timestamps provides the actual yellow phase duration.

Table S: Example ATSPM TSC Log

Rec # SignallD UTC Timestamp EventCode EventParam
1 7707 2022-07-27 18:30:01.500 7 2
2 7707 2022-07-27 18:30:01.500 7 5
3 7707 2022-07-27 18:30:01.500 8 2
4 7707 2022-07-27 18:30:01.500 8 5
5 7707 2022-07-27 18:30:05.600 9 5
6 7707 2022-07-27 18:30:05.600 10 5
7 7707 2022-07-27 18:30:06.500 9 2
8 7707 2022-07-27 18:30:06.500 10 2
9 7707 2022-07-27 18:30:07.800 11 5
10 7707 2022-07-27 18:30:08.000 11 2
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Table 6 shows relevant data elements extracted for analysis from the SPaT message log. The log
is generated from logged PCAP for broadcast SPaT messages. In the SPaT message, the yellow
phase duration is indicated by the minEndTime remaining (Col. I) at the onset of yellow at the
generation of the SPaT message, and the minEndTime remaining from message received (Col. J)
indicates the duration at the time the message is broadcast by the RSU. The time difference
between the two provides RSU message processing time before message broadcast.

Table 6: Example Relevant SPaT Message Elements for Analysis

A B C D E F G H I J K L M N
minEndTime EEDe maxEndTime pakndins
Received Inter minEndTime Remainin Remaining maxEndTime Remainin Remaining
4 4
Received Message Msg Time Intx_Time Signal Phase minEndTime  (Current / (s) from Msg  maxEndTime (Current / (s) from Msg
Cycle # Timestamp Interval (ms)  (Msg Timestamp) #2 Indication  Time Mark  top of Hr) Received (s) Time Mark  top of Hr) Received
1 2022f05/17 - 19:1326.767 105 136d - 19:13:26.746 2 Perm-Yellow 2117 0:1331.700 4954 4933 8117 x1331.700 4954 49533
2 2022/05/17 - 19:1506.768 100 136d - 19:1506.751 2 Perm-Yellow o117 0:15:11.700 4549 49532 0117 0:15:11.700 4549 4932
3 2022/05/17 - 19:16:46.759 101 136d - 19:16:46.742 2 Perm-Yellow 10117 0:16:51.700 4958 4541 10117 0:16:51.700 4958 4941
4 2022/05/17 - 19:1826.776 100 136d - 19:18:26 760 2 Perm-Yellow 11117 0:18:31.700 4940 4924 11117 0:18:31.700 4940 4924
5 2022/05/17 - 1920011173 88 136d - 19:20:11.155 2 Perm-Yellow 12117 0:20:11.700 0545 0527 12117 0:20:11.700 0545 0527
6  2022/05/17 - 19:21:46.777 100 136d - 19:71:46.760 2 Perm-Yellow 13117 0:21:51.700 49540 49723 13117 (x21:51.700 49540 4923
7 2022/05/17 - 19:23:26.807 65 136d - 19:23:26.775 2 Perm-Yellow 14117 0:2331.700 4925 4293 14117 x2331.700 4925 42893
&  2022/05/17 - 19:25:11.200 104 136d - 19:25:11.180 2 Perm-Yellow 15117 0:25:11.700 0520 0500 15117 (x25:11.700 0520 05
9 2022/05/17 - 19:26:46.806 100 136d - 19:26:46.790 2 Perm-Yellow 16117 0:26:51.700 4910 4294 16117 0:26:51.700 4910 4854
10 2022/05/17 - 192826806 99 136d - 19:28:26.790 2 Perm-Yellow 17117 0:28:31.700 4910 42894 17117 0:28:31.700 4910 4854

To examine broadcast data accuracy, the yellow phase duration for each signal group from the TSC ATSPM event log data is
compared to the yellow phase duration in the SPaT message determined from the minEndTime data element.
Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 26 shows plots of yellow phase duration from the TSC data log and the respective SPaT
message for eight signal groups. The duration reported in the TSC log is shown in blue and the
SPaT message in orange. For the basic RLVW application, given that all clocks are synchronized
to UTC time, the time difference between the indicated yellow phase duration by the TSC and in
the SPaT message shall be within = 100 ms. As the figure shows, except for the signal group #2
and #5, the yellow duration indicated in the SPaT message (minEndTime at start of yellow)
differs significantly (> 200ms) for several cycles.
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TSC Log: CEL_20220727_2.csv; SPaT Msg: E-RSU_DSRC_2022-07-27_18-32-44-5PaT-0-7707.csv
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Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 26: Yellow Phase Duration - TSC Log vs. SPaT Message

Yellow Phase Broadcast Latency:

The yellow phase start time for each signal group is determined from the TSC event log

timestamp data, and the SPaT message generation time is derived from DE_MinuteOfTheY ear

and DE_DSecond timestamp data elements as shown in column D in Table 6. Column B shows

the timestamp of each SPaT message broadcast by the RSU. Figure 27 shows the time difference

between the TSC logged start time of the yellow phase and the timestamp of the SPaT message

broadcast thus indicating end-to-end process time in milliseconds. Total allowable delay from

TSC data generation to RSU message broadcast must be no greater than 300 msec. Note the

anomaly in signal group 6 which significantly exceeds this threshold.
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Figure 27: Time Difference Between TSC Yellow Phase Determination and
SPaT Message Broadcast Time

SPaT Message Broadcast Periodicity:
Figure 28 shows the inter-message time intervals for SPaT message generation (Green) which is

derived using DEMinuteOfTheYear and DE DSecond data elements and the message broadcast
(Blue) from the RSU. The red dashed line indicates the maximum allowable jitter threshold of
200 ms. As shown, message generation is well maintained at the nominal 100 ms interval
(standard deviation 1.69 ms). However, the inter message broadcast interval varies significantly
(standard deviation 24.039 ms) exceeding the 200 msec threshold.
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Figure 28: Analysis of SPaT Message Generation and Broadcast Periodicity

Pass/Fail Assessment:
The three message performance criteria analyzed are used as the pass/fail criteria for SPaT

broadcast. Table 7 shows the summary report for the CI examined. As shown, the report is in two
parts: 1) Yellow Phase processing Time of SPaT data from the TSC to the SPaT broadcast and
2) Yellow Phase duration (change interval) between the TSC and SPaT message.
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Table 7: CI SPaT Broadcast Analysis Summary

*E% 1 TSC & SPal Message Yellow Phase Analysis Summary for RIVW - w05 ***

Test Name: SPaT - Test Location:

TSC Log ATSPM

TSC Log File: CEL 20220727 2.csv

SPal File:  E-RSU_DSRC_2072-07-27 18-32-44-SPal-0-7707 csv
# of SPal Messages Processed: 107991

Report Created: 2022-09-26; 09:44:53
Intersection ID: 7707

<L L= ¥P Processing Time Analysis: TSC to SPaT Broadcast =
signal  <--———- TSC to SPaT Msg -————- > <—---— RSU Msg Process {Jitter) -——-: > <-End-to-End: TSC to SPaT Broadcast >
Group #f Max {ms) Pass/Fail Remark Max{ms} Pass/Fail Remark Max {ms) Pass/Fail Remark
1 142 Pass 78 Pass 218 Pass
2 142 Pass 110 Pass 251 Pass
3 1M Pass a Pass 231 Pass
4 141 Pass 106 Pass 247 Pass
5 142 Pass 110 Pass 251 Pass
6 100140 - Fail - >200ms 2] Pass 100157 - Fail — >300ms
T 141 Pass 106 Pass 247 Pass
8 141 Pass (] Pass 204 Pass

<L Yellow Phase Duration Analysis Panel >33 3>>
Signal L — TSC: YP Duration < SPaT: YP Duration {minEndlime @ Start) ——————-- > - — SPaT: YP Duration at Msg Broadcast —---—-——-- >
Group #f Min {s) Max{s) Time Diff {s} Pass f Fail Remark  Msg Min {s) Msg Max {s} Time Diff {s) Pass [/ Fail Remark RXMin {s} RXMax {s) Time Diff{s) Pass [ Fail Remark
1 37 37 0 Pass 0.16 3.66 35 - Fail - > 200ms 0.135 3644 3484 — Fail - > 200ms
2 5 5 0 Pass 4958 4.95 0.002 Pass 4849 4944 -0.014 Pass
3 3 3 0 Pass 0.06 2.9 29 - Fail - > 200ms 0.043 2944 2884 — Fail - >200ms
4 35 35 0 Pass 0.56 3.46 29 - Fail - > 200ms 052 3444 2884 — Fail -- > 200ms
5 41 41 0 Pass 4.058 4.06 0.002 Pass 3.919 4.044 -0.014 Pass
[ 44 104.4 100 »? Unequal 4359 4.36 0.001 Pass 429 4344 -0.015 Pass
7 3 3 0 Pass 0.06 2.9% 29 - Fail - > 200ms 0.043 2944 2884 — Fail -- > 200ms
8 31 3.1 0 Pass 126 3.06 18 - Fail - > 200ms 1242 3.043 1783 - Fail - >200ms
Notes:
Following pass/ffail criteria are used
1. Yellow Phase Duration: Reported time difference between the TSC and the broadcast SPaT message >+ 100ms
2. RSU Process Time {Jitter): Reported time difference between the generated SPaT message time and message broadcast time > + 100ms
3. Yellow Phase SPaT Broadcast Time: End-to-end time difference from TSC to SPaT message broadcast > 300ms {as per ITE O guideline)
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Basis for MAP Assessment

The SAE J2735 MAP message standard specifies the content and format of the geometric intersection
description broadcast by a CI using 12V communications to support in-vehicle safety and mobility
applications such as Basic RLVW. The ITE CI Guidelines and Connected Vehicle Pooled Fund Study
(CV PFS) MAP Guidance document [8] specifies desired common practices for creating MAP messages
describing connected intersections and position correction data to equipped vehicles.

The purpose of this assessment procedure is to verify that the MAP message and position correction data
broadcast by a CI can be successfully utilized by an equipped vehicle to position itself on the correct
approach lane to operate in-vehicle applications such as Basic RLVW utilizing the correct SPaT data for
the actual lane of travel.

Verification of the connected intersection geometry contained in a MAP message is based on how well
the connected vehicle matches itself to the correct lane using the positional information provided. It is
assumed that the CI is broadcasting Radio Technical Commission for Maritime Services (RTCM) v3.x
position corrections, as specified in the CI Guidance document, and that the vehicle is instrumented to use
this information to improve its positional accuracy. The MAP verification procedures use vehicle path
data collected by driving through the intersection in a prescribed manner.

This document describes two MAP message assessment / verification procedures. First, an optional MAP
segment accuracy assessment procedure is provided for use by the Infrastructure Owner / Operators
(IOO0s) interested in understanding the accuracy of their MAP messages including the means to assess /
correct various errors that may be present. Second, an automotive Original Equipment Manufacturer
(OEM) MAP verification procedure is provided to evaluate the utility of a MAP broadcast to enable
vehicles to properly map match to the correct through approach lane segment(s) and determine the proper
signal phase information to operate Basic RLVW. This includes test validity and MAP utility pass / fail
criteria.
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MAP Segment Accuracy

This process is recommended for [OOs to check the accuracy of their MAP messages prior to utility
assessment testing. It involves overlaying the intersection geometry defined in the MAP messages on
Google satellite view for initial visual verification, and then overlaying vehicle path data collected by
driving through the intersection onto the lane geometry provided in the MAP message for analysis.

The logic used to make this assessment involves establishing three levels of virtual bounding boxes
between each set of sequential node points contained in the MAP message for each ingress lane at a CI to
indicate the vehicle position is close to the left edge, to the right edge or within the center of the lane. If
the node points that describe the lane geometry are not appropriately placed (e.g., shifted either to the left
or right by 1/4" the lane width from the required lane center), the vehicle lane determination may indicate
an incorrect lane match. As illustrated in Figure 29, the analysis tool creates three virtual bounding boxes.
The center box is equal to % the lane width between two node points that describe a lane segment. The
left and right boxes are equal to % of the lane width for the same lane segment.

Vehicle position data collected by driving each ingress lane and centering the vehicle in lane, close to the
left lane edge, and close to the right lane edge, is then compared to the lateral limits of each virtual
bounding box on the approach.

e MAP bias due to a shift in node placement to the left or right from lane center will result in either
a left or right edge assessment failure causing incorrect lane identification

o Excessive node point spacing for a lane segment’s curvature will result in a center assessment
failure

o Successfully verifying crossing approaches at an intersection indicates proper placement of the
MAP reference point

® — B
[] Left and Right
q_ —_ bounding boxes
L] each equal to the
O 1/4% |ane width
[]
C _ Center bounding
® [ ] "~ box equal to half
Ql lane width
~iy
R IS Vehicle path—
o %\ left, center and
= right bounding
o) o boxes
[] .\
e}
® ® \
L] MAP Node
o ® points
[]
A
@ ]
Vehicle path points
Left edge Lane center Right edge

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 29: MAP Assessment Procedure using Virtual Bounding Boxes
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Equipment and Personnel
The following items and personnel are needed to execute the drive procedure described above and collect

the data elements described in the next section.

e A light duty passenger vehicle which can be easily maneuvered within the approach lane to

maintain the position on center or at the right / left edges of the lane without crossing the lane

boundaries.
e An On Board Unit (OBU) capable of receiving CI MAP, position correction and SPaT broadcast
data in Packet Capture (PCAP) format as well as logging vehicle position data at 10 Hz for post

processing. The OBU should be equipped with automotive grade or higher accuracy Global
Navigation Satellite System (GNSS) capable of applying RTCM corrections v3.3 as prescribed in

the CI implementation guide received from the infrastructure.

e A driver to follow the lane as indicated and a test engineer to initiate and terminate data collection

for each test run.

Data Elements

To perform the MAP Segment Accuracy assessment, the following vehicle position data elements are

required at 10Hz as the vehicle is driven on different ingress lanes through the intersection.

A A A o S

Timestamp in UTC for each record

Vehicle Speed (meters per second)

Vehicle Latitude in degrees (accuracy to 7 decimal places)
Vehicle Longitude in degrees (accuracy to 7 decimal places)
Vehicle Altitude in meters (for future use)

Vehicle Heading in degrees

Number of satellites being tracked

Horizontal Dilution of Precision (HDOP)

GNSS Fix Quality to indicate type of position correction utilized:
0 = invalid

1 = Global Positioning System (GPS) fix (Standard Positioning Service (SPS))
2 = Differential GPS (DGPS) fix

3 = PPS (Precise Positioning Service (PPS)) fix

4 = Fixed Real Time Kinematic

5 = Float Real Time Kinematic

6 = Estimated (dead reckoning) (2.3 feature)

7 = Manual input mode

8 = Simulation mode

Data Collection Method(s)
Vehicle path data can be collected using one of the following two methods:

Method 1: OBU-based data logging system:

Any OBU-based system capable of applying RTCM 3.3 position corrections and collecting the data
elements specified at I0Hz can be used for data collection. Such a system should do the following.

o Allow the user to start / stop / pause data collection
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Generate unique file names based on date and time

Log data in .csv format for post processing

A vehicle data log generated using an OBU-based system is shown in Figure 30.

Method 2: Log National Marine Electronics Association (NMEA) sentences at 10 Hz:

User needs to start / stop / pause data collection as needed for ingress lanes

Speed Elevation Heading  Matched Dist To Stop Intersection TimeToNext Num
Ti Formatted | (m/s) Latitude  Longitude (m) (deg) Lane D Bar(m) D Signal Phase Phase (sec) ThreatState Satellites HDOP | FixQuality
2022/03/09-15:55:25.177  15.6 42.5664645 -B2.950936 152.07 17835 1 126.4 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 558 a 9 097 2
2022/03/09-15:55:25.277  15.6 42.5664503 -B2.950936 152.06 178.37 1 1245 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 557 a 9 097 2
2022/03/09-15:55:25.377 15,6 42.5664362 -82.950935 152.06 178.17 1 1233 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 55.6 0 9 097 2
2022/03/09-15:55:25.477 157 425664222 -82.950935 152.07 17834 1 1217 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 555 0 9 097 2
2022/03/09-15:55:25.577  15.7 42566408 -82.950934 152.07 17847 1 1202 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 55.4 0 5 097 2
2022/03/09-15:55:25.677 157 42.5663938 -B2.550933 152.08 17835 1 118.6 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 553 a 9 097 2
2022/03/09-15:55:25.777  15.7 425663797 -B2.950933 1521 17845 1 17 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 552 a 9 097 2
2022/03/09-15:55:25.877  15.7 42.5663656 -82.950932 15212 17841 1 1155 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 55.1 0 9 097 2
2022/03/09-15:55:25.977  15.7 42.5663515 -82.950932 15212 178.25 1 1139 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 55 0 9 097 2
2022/03/09-15:55:26.077  15.7 42.5663374 -82.950931 15212 17832 1 1123 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 549 0 5 097 2
2022/03/09-15:55:26.177  15.7 42.5663233 -B2.95093 152.13 178.41 1 110.7 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 548 ] 9 097 2

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 30: Example Vehicle Path Data Logged Using an OBU

Separately provide the following:

a. Intersection ID and description
b. List of lane IDs on which the vehicle was driven for path data collection

c. For each lane driven, intended vehicle drive type as:
o Leftedge
o Right edge

o Lane center
d. Intersection MAP message either in JavaScript Object Notation (JSON) (as defined in the CI

field validation report [9]) or in a PCAP file. A MAP message in PCAP format will require
translation to JSON to overlay the intersection geometry on Google satellite view for

analysis.

Test Procedure
For each ingress lane:

Bring the vehicle to the posted speed limit at a distance greater than the extent of the MAP data

for the lane of travel being evaluated (requires knowledge of the specific MAP configuration) and
initiate data logging.

As illustrated in Figure 31, maintain vehicle position either on center or close to the left /right
lane boundary without allowing the nearest tire to touch the lane marking, until the vehicle

reaches the stop bar.

Terminate data logging at the stop bar for each individual test run.
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Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 31: Vehicle Drive Path for MAP Assessment Data Logging

Data Analysis
Assessment of MAP segment accuracy is comprised of two evaluation steps using the data collected from
driving through the intersection in the manner described.

Visual Verification

The initial visual verification is performed by overlaying the broadcast MAP message onto the Google
satellite view. All node points for the ingress lanes are used to formulate virtual bounding boxes. The
analysis software is a web application in JavaScript that uses Google’s geometry and drawing library API
to overlay the intersection geometry from the MAP message, to draw virtual bounding boxes and to plot
vehicle position information as shown in screen capture in Figure 32. The left panel provides the
intersection map detail as defined in the MAP message. The assessment of how well the MAP matches
the image is performed by visual inspection of ingress lane boundary and stop bar alignment on all
approaches.

Path Data Analysis

Path data analysis is performed by drawing three additional virtual bounding boxes for each ingress lane
segment. The left and right bounding box each of 1/4" lane width is represented by blue color and the
middle box of half the lane width is represented by magenta color. Vehicle position information is
represented by colored dots as follows:

e Purple dots indicate the vehicle is outside the mapped ingress lanes area.

¢ Yellow dots indicate the vehicle is on the left (1/4 lane width) bounding box.

o Blue dots with white boarder indicate the vehicle is in the middle (half lane width) bounding box.
¢ Cyan dots indicate the vehicle is on the right (1/4 lane width) bounding box.

Each vehicle position dot contains the following information which can be viewed by clicking on it as
illustrated in Figure 32.
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Data#: logged data point #

Speed: vehicle speed in m/s and mph

Lane: determined lane number by the RLVW application, the independent algorithm and
indication of left, middle or right bounding box from the virtual bounding box

SB: distance to stop bar from the current location by the RLVW application

Veh Pos: current vehicle position in latitude and longitude

Heading: current vehicle heading angle

CAMPLLC

|®.mm...."m — Map  Satelite

Click to Toggle
MAP!

SPaT. | #Data: 3324; Pos Corr: DGPS; # Sats: 9, HDOP: 0.97, =
" | Test Drive: L+G+R: Bounding Bores 54;

CI Field Test - MAP Message L | HV on Left: 939; in Center- 142, on Right: 174
MAF Mg Received DuteTime (UTC): 20220309 153735199 !
BT Pl BCAY. 15, 200203 31_56_dsrc0_rx_000-MAP-0-2515 jsof Lenes( Left Conter. Right _ [Total
3‘3‘..5’.‘2.?3!.‘&“3.2‘:“2‘3”:: nle |Gn 13:54: oy ey 1 fse1 (reTexiis (25 saxpl 0000w [z
Message Time Stamp (MOY): 0 8 | 576 (76:39%) | 26 (3.45%) 152 (2016%)

Intersection MAP Information ity LA0UG LR

Rel o 135851551 52 80958
Noof Lanes: 28; Ref Lane Width: 384 cm
Speed Lim Type: NA; Speed Lims NA (002 m/s)

Reg ID: NA, Intersection ID: 2515

Lane Information and Associated Attributes

ID: name(0), ingress 1d(0), egress 14(0) | attr: direction, shared with, use
e | ] To: lanes;

‘mapped lane len(m)

1:NA, NA, NA Lin, 1000:[3], vehicle, No 18000; 11153 1:21270 85m
2MA, NA.NA Vi, 00013, vk, No §8000: 11161 121 26091

5:NA, NA,NA in, 1000:3], vehicle, No 1 8000: {1 1
6:NA,NA, NA Iin, 1000:[3] vehicle, No 1 2000: £ 1 I
7:NA, NA, NA 1 in, 1000:(3], vehicle, No 14000: 91 1
8t NA,NA, NA | in, 1000:3], vehicle, No 1 8000: 11 1
9:NA, NA,NA 1 in, 1000:3], vehicle, No |

10:NA, NA. NA L in, 1000-(3], vehicle,

1:NA, NA,NA in, 10003], ve
12:NA, NA. NA 1 in, 1000:(3]. vehicle, No 1 8000; £ 120; 1: 8 1 259m
13: NA, NA, NA L in, 1000:(3], vehicle, No 1 2000; 1 15; 81 102.60m
14: NA, NA. NA 1, 1000:(3] ve
15:NA,NA,NA | out, 1000:13], ve i
16: NA, NA.NA | out, 1000131, vehicle, No I NA | NA:%; NA 1 56.75m
17: NA, NA.NA | ut, 100031, vehicle, No I NA: | NA%; NA 1 74 T8m

23:NA, NA,NA | in, 0200:[6], xwalk, No |
24 NA.NA.NA | in, 0200:(6]. sidewalk, No | NA: I N.
25:NA, NA,NA | in, 0200:[6], xwalk, No 1 NA: 26;

27:NANANA | in,0200:(6], xwalk, No I NA: 1 28;
28: NA.NA,NA | in, 0200:[6]. sidewalk, No | NA: | NAz: NA10.1m

 No 1 4000: 1:;7 % 1140.16m

4000: 9118; %, 31 50.67m

Data#: 2586; Speec: 6,60(14.76); Lane: 9/9(RE); SB: 13.8m
Veh Pos: 42.5648134,-82.9507131; Heading: 359"

LEGENDS

NA = Not Available; in = Ingress; out = Egress
1= Straight; 4= Lt. Tum; =Rt Tum; = U Turn; V = Yield

Imagery © 2022 Google, Imagery © 2022 Maxar Technologies Map Data ©2022. Overlaid Information by an Application
Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 32: Screenshot of MAP Assessment Visualization and Data Analysis

Appendix A — GNSS Position Trace Assessment provides illustration(s) of several types of MAP segment
errors that may be identified using this method as well as a decision tree to assist in the interpretation of

driving data.

The analysis software identifies the lane and counts the number of times the vehicle position is located
within each bounding box for each ingress lane. The percentage of the total number of vehicle position

counts, matched lane counts, and matched bounding box counts are determined. Figure 33 shows the test

assessment analysis provided by clicking on the * icon in the visualization.
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Intersection ID: 2515; Garfield & Moravian;
Veh Pos Corr Applied: DGPS; No of Sats: 9; HDOP: 0.97;
Drive Type: L+C+R; Bounding Boxes: 54;
Veh in Left Box: 939; Center Box: 142; Right Box: 174

Lane # Left Center Right Total
8 361 (76.16%) 113 (23.84%)| 0(0.00%) | 474
9 (576 (76.39%)| 26 (3.45%) 152 (20.16%) 754
11 2(741%) | 3(11.11%) |22 (81.48%) | 27
None -—- --- - 216

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022
Figure 33: Path Data Analysis
Where:

e Veh Pos Corr Applied: Position correction applied as reported by “Fix Quality” by the
GPS/GNSS receiver

e No of Sats: Number of satellites in view as reported by the GPS/GNSS receiver

e HDOP: Horizontal Dilution of Precision as reported by the GPS/GNSS receiver

e Drive Type: Indicates drive type where, L = Left Edge, C = Lane Center, R = Right Edge

¢ Bounding Boxes: Number of ingress lane segments containing bounding boxes

e Veh Pos:

- Left Box: Indicates number of times the vehicle position indicated in the left bounding
boxes (number of times the vehicle close to the left edge of ingress lanes)

- Center Box: Indicates number of times the vehicle position indicated in the center or
middle bounding boxes (number of times the vehicle close to the lane center of ingress
lanes)

- Right Box: Indicates number of times the vehicle position indicated in the right bounding
boxes (number of times the vehicle close to the right edge of ingress lanes)

In this example, the vehicle was driven northbound in lanes 8 and 9. The vehicle was driven on the left
edge and the lane center on lane 8, while on the left edge, lane center and right edge on lane 9. The
vehicle also matched lane 11. Lane 11 is the start of the left turn lane pocket that overlays on lane 9 (not
visible in the figure). The vehicle did not match any lane for 216 vehicle position points. These position
points are for when the vehicle was driven outside the intersection map coming out of a parking lot.

Survey of Strategic Node Points
The analysis of the intersection map geometry described above does not quantitatively assess stop bar

location. It would be beneficial to also conduct a GNSS survey of several points at each intersection stop
location to determine if there is any bias/shift of node points in the broadcast MAP message not identified
by vehicle path data analysis or visual inspection. This should be done by selecting points on the lane
boundary (lane marker) at each stop bar, the computing lane center from the lane width, and comparing
this data to the first node point node point in each ingress lane in the MAP message.
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RSU Broadcast Range

For the RLVW application, the Roadside Unit (RSU) broadcast range must be at least the length of
geometry defined in the MAP message for each ingress lane. This can be confirmed by examining the
data present at the last node point for each ingress lane to confirm reception of SPaT, MAP and RTCM
data.

MAP Issue Identification

The analyses below illustrate application of the MAP Segment Accuracy assessment process and tools to
identify specific issues at deployed intersections. MAP messages for both intersections shown were
generated from Lidar survey data. Vehicle position data was collected by driving all ingress lanes in each
of the four available directions using a CAMP/Denso OBU with Wide Area Augmentation System
(WAAS) position corrections applied.

Example 1 — Incorrect Reference Point

MAP data analysis for the intersection of Garfield Road and Moravian Drive in Macomb County,
Michigan is shown in Figure 34. Vehicle path data collected northbound in lane 9 and southbound in lane
2 align with the MAP provided and places the vehicle in the correct lane. However, vehicle path data
collected westbound in lane 5, highlighted by the white ellipse, does not align with the MAP and the
vehicle is incorrectly matched to lane 6.

cAMPLLC -
€D Crosh voidance Merries rrmen 2 [ G Map: | Satelkte

Click to Toggle =
MAP' Intersection: 2515; Garfield & Moravian,
SPaT Veh Pos Corr: DGPS; No of Sats: 9 HDOP- 0.97,
CI Field Test - MAP Message 3 Drive Type: Left+Center+Right; Bounding Boxes 54
5 Lt. Box Ctr. Box Rt.Box [Total
26 (100.00%)| 0(0.00%) | 0(000%) | 26
0(0.00%) 0(0.00%) [326 (100.00%) | 326

MAP Mg Received Date/Tin
MAP File: PC.

Veh Path File:

Vi

me (UTC): 2022.03.09 15:37:39.199
¢ 5_31.56_ds MAP-0-2515 jso

0(000% | 0(000% |27 (100.00%) | 27
90(69.23%) |32 (2462%) | 8(6.15%) |130

isualization
Message Time Stamp (MOY):

Intersection MAP

8(3333%) | 10(4167%) | 6(2500%)
ction ID: 2515 61(1889%) [258 (79.88%)| 4 (124%) 323

Gi M Road Reg ID: NA, Int
Ref Point; 42.5651292. 829507924 :
No of Lanes: 25: Ref Lanc Width: 384 cm NoMatch| — = =
‘Speed Lim Type: NA; Speed Lim: NA (102 /s) Tol 3 %0 =1

Lane Information and Associated Attributes

D: name(0), hared with, use
type, revocuble | {To: lancs; i
‘mapped lane len(m)

1: NA.NA, NA lin, 1000:|3], vehicle, No 1 8000: T 115: 1321270 85m

3:NA,NA, NA Lin, 1000.3], w
45 NA.NA. NA | in, 1000:{3]. vehicle, No 14000: 9120;
5:NA,NA, NA Fin, 1000:{3], vehicle, No 18000: 1 1 17
6: NA.NA.NA |in, 1000:{3], vehicle, No 1 2000  119; 734 1105 83m
7:NA,NA, NA lin, 1000.[3], 14000: 11 16; % 7 15602m
i, 1000 18000 1 119; 1:61281.59m
in, 1000: 18000: 11 18; 1:6128055m
A.NA,NA Lin, 1000:3], vehicle, No 1 2000: £ 120; /; 61 100.02m
IA.NA Lin, 1000:[3], (014000 9117; %; 1149.16m
. NALNA lin, 1000:3], 018000: 1120; : 81259
A.NA,NA Lin, 1000.3], 012000: £115: % 81102.69m

No 14000; 9118 %; 3150.67m
No I NA: I NA NA164.6m
No I NA: I NA: NA156.75m

(A NA, NA T out, 1000:{3], vehi
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Imagery © 2022 Google, Imagery © 2022 Maxar Technologies Map Data ©2022. Overlaid Information by an Application
Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 34: Intersection MAP with Reference Point in NAD83 Datum

Further investigation revealed that the reference point for the MAP message was based on the North
America Datum 1983 (NADS3) [10] utilized in the laser survey. However, the SAE J2735 specification
requires map representation provided to the vehicle to utilize the World Geodetic System 1984 (WGS84)
datum [10]. The WGS84 datum has moved 100 meters [11] from the prior utilized prime meridian while
the NAD83 datum has not moved. Since the node points that describe lane geometry are defined as XY
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offsets from the reference, use of the incorrect datum for the reference point causes the lanes defined in
the MAP to appear as shifted slightly south causing the incorrect lane determination observed on the
westbound approach.

Figure 35 shows the same intersection after converting the MAP reference point from NADS83 to WGS84
datum. The reference point conversion adjusted lane placements accordingly and the same vehicle path
data collected in lane 5 on the westbound approach now correctly aligns with the MAP data.
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Imagery © 2022 Google, Imagery © 2022 Maxar Technologies Map Data ©2022. Overlaid Information by an Application
Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 35: Intersection MAP with Reference Point in WGS84 Datum

Example 2 — Incorrect Lane Width
MAP data analysis for the intersection of Garfield Road and Metropolitan Parkway in Macomb County,

Michigan is shown in Figure 36. In this example, the vehicle path data analysis shows a high percentage
of correctly determined lanes, apart from lanes 8 and 10. Vehicle path data recorded in lanes 8 and 10 is
the result of the test vehicle crossing these lanes to position itself in lane 9 prior to driving through the
intersection. The data collection software is currently being updated to enable the test operator to easily
start / stop data collection to eliminate such artifacts.
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Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022
Figure 36: Intersection MAP with Wider Over lapping Lane Width

Examination of the map data provided shows the lane width indicated in MAP message as 393 cm for all
approaches which is wider than the normal width of 360 cm. This appears to be true for Metropolitan
Parkway (east/west direction) and for Garfield Road in the northbound direction but not for Garfield Road
in the southbound direction. Based on measurements made using the Google Earth satellite view, the lane
width for Metropolitan Parkway is approximately 390 cm, while the lane width for Garfield Road
southbound approach is only 360 cm. Applying an incorrect lane width in the analysis tool results in a
bounding box that is too wide and overlaps the bounding boxes for adjacent lanes. Figure 37 shows an
expanded view of the bounding boxes for the southbound approach with lane 1 changed to white to help
visualize the lateral overlap with lanes 2 and 3 shown in cyan. This overlap may cause incorrect lane
determination when the vehicle is driven close to the lane edges.
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Imagery © 2022 Google, Imagery © 2022 Maxar Technologies Map Data ©2022. Overlaid Information by an Application
Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 37: Bounding Box Overlap on Southbound Approach
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MAP Utility Verification

This process is utilized to verify that a vehicle can properly match itself to the through approach lanes of a
CI using broadcast MAP and RTCM data. Figure 38 illustrates a multi-lane approach to a single signal
phase where the green cross hatching indicates the valid map matching region for Basic RLVW, and the

red diagonal stripped areas are invalid. For multiple lanes utilizing the same signal phase, this assessment
involves driving the left and right lane edges for the outer lanes of the through approach and monitoring
the vehicle’s lane selection performance. Previous work developing similar test procedures for CI
assessment to support RLVW can be found on CAMP’s website [13].

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 38: Through Lane Map Matching Assessment

Equipment and Personnel
The following items and personnel are needed to execute the drive procedure described above and collect
the data elements described in the next section.

A light duty passenger vehicle which can be easily maneuvered within the approach lane to
maintain position on center or at the right / left edges of the lane without crossing the lane
boundaries.

An OBU capable of receiving CI MAP, position correction and SPaT broadcast data in PCAP
format as well as logging vehicle position data at 10 Hz for post processing. The OBU should be
equipped with an automotive grade GNSS capable of applying RTCM v3.3 corrections as
prescribed by the CI implementation guide received from the infrastructure. CAMP has
developed this capability using a Denso dual-mode Dedicated Short-range Communication
(DSRC) and Cellular Vehicle-to-Everything (C-V2X) Hercules OBU with an external ublox
EVK-M91 Global Navigation Satellite System (GNSS) receiver and custom data logging
software (CAMP/Denso OBU).

A driver to follow the lane as indicated and a test engineer to initiate and terminate data collection
for each test run.
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Data Elements
To perform the MAP Segment Accuracy Assessment, the following vehicle position data elements are

required at 10Hz as the vehicle is driven on different ingress lanes through the intersection.

A e I A o S e

Timestamp in UTC for each record

Vehicle Speed (meters per second)

Vehicle Latitude in degrees (accuracy to 7 decimal places)
Vehicle Longitude in degrees (accuracy to 7 decimal places)
Vehicle Altitude in meters (for future use)

Vehicle Heading in degrees

Number of satellites being tracked

Horizontal Dilution of Precision (HDOP)

GNSS Fix Quality to indicate type of position correction utilized:
0 = invalid

1 = Global Positioning System (GPS) fix (Standard Positioning Service (SPS))
2 = Differential GPS (DGPS) fix

3 = PPS (Precise Positioning Service (PPS)) fix

4 = Fixed Real Time Kinematic

5 = Float Real Time Kinematic

6 = Estimated (dead reckoning) (2.3 feature)

7 = Manual input mode

8 = Simulation mode

The CAMP/DENSO OBU based data logging tool is also equipped with CAMP’s version of a RLVW
application to log the following additional test parameters which provide additional data needed for MAP
Utility Verification.

10.
11.
12.

13.
14.
15.
16.

Intersection ID from the MAP message

Host vehicle’s matched lane number (id) as defined in the MAP message

Distance to stop bar in meters as computed in the application from the current vehicle
position

RLVW application performance

Current signal phase of the host vehicle lane

Time remaining in the current phase in milliseconds

RLVW application warning status

Data Collection Method
The CAMP/DENSO OBU based data logging system:

e Allows user to start / stop / pause data collection

e Generates unique file name based on date and time

e Logs data in .csv format for processing

A vehicle data log generated using the CAMP/DENSO OBU is shown in Figure 39.
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Speed Elevation Heading  Matched Dist To Stop Intersection TimeToNext MNum
T Formatted | [m/s) Latitude Longitude {m) (deg) Lane ID  Bar (m) D Signal Phase Phase (sec) Satellites HDOP ' FixQuality
2022/03/09-15:55:25.177  15.6 42.5664645 -82.950936 152.07 17835 1 126.4 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 55.8 0 9 097 2
2022/03/09-15:55:25.277  15.6 42.5664503 -82.950936 152.06 178.37 1 1245 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 55.7 0 5 097 2
2022/03/09-15:55:25.377  15.6 42.5664362 -82.950935 152.06 178.17 1 1233 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 55.6 a 9 097 2
2022/03/09-15:55:25.477  15.7 425664222 -B2.950935 152,07 178.34 1 217 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 55.5 0 5 097 2
2022/03/09-15:55:25.577  15.7 42566408 -82.950934 152.07 17847 1 1202 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 55.4 0 9 097 2
2022/03/09-15:55:25.677  15.7 425663938 -82.950933 152.08 17835 1 1186 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 553 0 9 097 2
2022/03/09-15:55:25.777  15.7 425663797 -B1.950933 1521 17845 1 17 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 552 0 5 097 2
2022/03/09-15:55:25.877  15.7 42.5663656 -82.950932 152.12 17841 1 115.5 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 551 a 9 097 2
2022/03/09-15:55:25.977  15.7 42.5663515 -82.950932 152.12 178.25 1 1139 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 55 0 5 097 2
2022/03/09-15:55:26.077  15.7 42.5663374 -82.950931 15212 17832 1 1123 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 549 0 9 097 2
2022/03/09-15:55:26.177  15.7 425663233 -B2.95093 15213 17841 1 110.7 2515 MPS_PERMISSIVE_MOVEMENT_ALLOWED 548 0 9 097 2

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 39: Example Vehicle Path Data Logged Using the CAMP/Denso OBU

Test Procedure
For each test run:

e Bring the vehicle to the posted speed limit at a distance greater than the extent of the MAP data
for the lane of travel being evaluated (requires knowledge of the specific MAP configuration) and
initiate data logging.

e As illustrated in Figure 40, maintain vehicle position close to the left / right lane boundaries of the
combined set of through lanes (associated with the same signal group) without allowing the
nearest tire to touch the lane marking until the vehicle reaches the stop bar. Collecting data along
individual lane centers is considered optional.

e Terminate data logging at the stop bar for each individual test run.

2
-
3
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8
5

O optional N —>
O optional W ——

(@)
—

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 40: Example Vehicle Drive Path for MAP Utility Assessment Data Logging

Test Validity
Valid runs must indicate minimum GNSS quality [12] for the entire run as follows:

*  HDOP <= 1.0 (smaller is better)
*  # Satellites >= 9 (more is better)

Pass/Fail Criteria
For each CI approach evaluated, map matching to the group of through lane segments must be maintained

for the entire run for both L and R drive paths for at least 7 out of 8 runs each with starting distance at
least 10 sec from the stop bar for the 85" percentile speed determined as the posted speed plus 7 mph.
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Appendix A — GNSS Position Trace Assessment for MAP Accuracy
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Figure 41: Driving Positions for Data Collection
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Figure 42: Drive Data Interpretation - MAP Segment Skewed
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Figure 43: Drive Data Interpretation - Incorrect MAP Segment Width
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Figure 44: Drive Data Interpretation - Incorrect MAP Segment Heading
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Connected Intersection SPaT Accuracy Assessment
Supporting Basic Red Light Violation Warning
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Figure 45: Drive Data Interpretation
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Connected Intersection MAP Accuracy Assessment
Supporting Basic Red Light Violation Warning

Appendix B —MAP Utility Verification Example
MAP Assessment: Moravian Avenue and Garfield Road, Clinton Township, Macomb County, Michigan

Date of Test: Oct. 27, 2022

Connected Intersection Location: Moravian Drive and Garfield Road, Clinton Township, Macomb
County, Michigan

Position Correction Setup:
As per the CI implementation guide, RTCM v3.3 position correction was used during testing to improve

vehicle positioning. At the time of testing, there was no Cl-equipped RSU in South-Eastern Michigan that
broadcast RTCM v3.3 correction in SAE J2735 message format. Instead, Figure 46 shows the test setup
used to obtain position corrections over the internet.

User registration is required (user id and password) in order to connect to a local Network Transport of
RTCM via Internet Protocol (NTRIP) caster and access RTCM corrections from a nearby Continuously
Operating Reference Stations (CORS). U-Center software from U-Blox was set up on a Windows PC at
the prescribed serial communication baud rate and connected via serial port to a U-Blox GNSS EVK-M91
receiver. The U-Center software also acts as an NTRIP client connected to a nearby CORS that supports
RTCM v3.3 over an internet connection. All the available messages from the CORS were used for testing.
The software applies the corrections received to the external GNSS receiver. The output of the GNSS
receiver is sent to the OBU over the serial interface.
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Internet Connection

Local NTRIP Caster = it = W Dual Mode
to RTCM 3.x DENSO Hercules
ry RTCM Corrected
t U-Blox EVK M91 GNSS Input OBU
GNSS5 Receiver

Windows PC . iy Ethernet

L= + U-Center S/W  Adapter
* V2X Monitor S/W '\ g

Steps:
* Setup U-Center s/w in a Windows PC

* Connect EVK-M91 GNSS receiver

+ Connect to NTRIP server, select appropriate location of base station for RTCM v3.3
* Setup OBU

* Connect output of the external EVK M91 receiver to Hercules OBU

* Connect the Windows PC to OBU via ethernet adapter

* Launch V2X Monitor on Windows PC-2 for OBU user interface and data logging

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 46: Setup for RTCM v3.x Position Correction Using NTRIP Caster

Test Runs on East and West Bound Approaches:
Table 8 shows 30 test runs driving as close as possible to the right edge and the left edge of the through

lanes on the east and west bound approaches of Moravian Drive. A data recording error resulted in only
capturing 7 runs for east / west left edge testing.

Table 8: Test Runs on East and West Bound Approaches

‘ No “ Approach ” Drive Type H MAP Lane ID ” Test Runs ‘
Travel Road: Moravian Drive
1 East Bound Right Edge 12 8
2 West Bound Right Edge 5 8
3 East Bound Left Edge 12 7
4 West Bound Left Edge 5 7

Figure 47 provides a satellite view of the CI used to evaluate the test procedure with MAP data
superimposed. The east and west bound approaches have one straight through lane (5 and 12) and the
north and south bound approaches have two through lanes (1 & 2 and 8 & 9).
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Map Satellite
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Imagery © 2022 Google, Imagery © 2022 Maxar Technologies Map Data ©2022. Overlaid Information by an Application
Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 47: Screenshot of MAP Layout of CI Under Test

Figure 48 shows the MAP assessment visualization and associated matched lane table for each test run on
the east bound approach on Moravian Drive driven close to the right edge of lane #12.
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Run # Run #
1 2
3 4
6
8

Imagery © 2022 Google, Imagery © 2022 Maxar Technologies Map Data ©2022. Overlaid Information by an Application
Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 48: MAP Assessment Test Visualization - East Bound Approach, Right Edge of Lane #12
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Figure 49 shows the MAP assessment visualization and associated matched lane table for each run for
Run #

west bound approach on Moravian Drive driven close to the right edge of lane #5.
Moravian Drive: West Bound Approach, Right Edge, Lane #5

Run #

e [

o v
o | s

[ s

3
ion 8 03 D122 DT STEN.

BT1 MR 020 9 P P 2

oz

sz

PE Tt st & Bz Bowza 59
o [l

Imagery © 2022 Google, Imagery © 2022 Maxar Technologies Map Data ©2022. Overlaid Information by an Application
Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 49: MAP Assessment Test Visualization - West Bound Approach, Right Edge of Lane #5
Figure 50 shows the MAP assessment visualization and associated matched lane table for each test run on
47

east bound approach on Moravian Drive driven close to the right edge of lane #12.
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Figure 50: MAP Assessment Test Visualization - East Bound Approach, Left Edge of Lane #12
48
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Figure 51 shows MAP assessment visualization and associated matched lane table for each run for west
bound approach on Moravian Drive driven close to the left edge of lane #5.

Run # Moravian Drive: West Bound Approach, Left Edge, Lane #5 Run #

i 2615 pdaram o § Gl DIEL 0T AT,
e Sl 100 BB G o 212,

Imagery © 2022 Google, Imagery © 2022 Maxar Technologies Map Data ©2022. Overlaid Information by an Application
Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 51: MAP Assessment Test Visualization - West Bound Approach, Left Edge of Lane #5
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MAP Assessment on East and West Bound Approaches on Moravian Drive
The test results show that the east as well as the west bound approaches on Moravian Drive did not pass

the proposed criteria of the vehicle successfully matching the correct lane for 7 out of 8 runs. All east
bound test runs driven close to the right edge of lane #12 failed thus indicating as high as 70% incorrect
lane matching to the adjoining lane #13, south of the driven lane. Similarly, three west bound test runs
driven close to the left edge of lane #5 failed thus indicating as high as 37% incorrect lane matching to the
adjoining lane #7, south of the driven lane.

Figure 52 provides a closer look at the MAP visualization on Google satellite view. Note that the
placement of node points that define the lane geometry for east and west bound lanes are not in the lane
center. These nodes are shifted to the north resulting in a shift in the virtual bounding box from the actual
lane geometry thus causing incorrect lane matching by the vehicle to the adjoining lane. The proposed
MAP utility assessment test procedure successfully identified an error in the east / west MAP data.

Marathon Gas B

-

Imagery © 2022 Google, Imagery © 2022 Maxar Technologies Map Data ©2022. Overlaid Information by an Appliation
Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 52: Placement of Node Points for Lane Geometry Definition

Figure 53 provides an expanded view illustrating the types of lane matching errors observed in east / west
testing. Data from run #6 for the east bound approach driving close to the right edge of lane #12 is shown
in the left half of the figure. Data from run #7 for the west bound approach driving close to the left edge
of lane #5 is shown in the right half of the figure. In this analysis, green dots indicate a match to the right
side of a lane, blue to the center of a lane, and yellow to the left side of a lane, regardless of lane number.
Thus, on the east bound approach driving close to the right edge of lane #12, the green dots indicate
correct lane matching to the right side of lane #12 while the yellow dots indicate incorrect lane matching
to the left side of lane #13. Similarly, on the west bound approach driving close to the left edge of lane #5,
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the yellow dots indicate correct lane matching to the left side of lane #5 while the green dots indicate
incorrect lane matching to the right side of lane #7.
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Figure 53: Failed MAP Assessment of East and West Bound Approaches
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Test Runs for North and South Bound Approaches:

Table 9 shows 32 test runs driving as close as possible to the right edge and the left edge of the through
lanes on the north and south bound approaches on Garfield Road. Note that since there are two through
lanes in each direction, the north bound right and left edges correspond to lanes 8 and 9, respectively, and
the south bound right and left edges correspond to lanes 1 and 2.

Table 9: Test Runs for North and South Bound Approaches

‘ No ” Approach ” Drive Type H MAP Lane ID ” Test Runs ‘
Travel Road: Garfield Road
1 North Bound Right Edge 8 8
2 South Bound Right Edge 1 8
3 North Bound Left Edge 9 8
4 South Bound Left Edge 2 8

Figure 54 shows the MAP assessment visualization and associated matched lane table for run #1 for the

north and south bound approaches on Garfield Road driven close to the right edge of lanes #8 and #1,
respectively.

Garfield Rd: North and South Bound Approach, Right Edge, Lane #8, Run #1
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Figure 54: MAP Assessment Test Visualization — North and South Bound Approach, Right Edge of
Lane #8 and #1
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Figure 55 shows the MAP assessment visualization and associated matched lane table for run #1 for the
north and south bound approaches on Garfield Road driven close to the left edge of lanes #9 and #2,

respectively.

Garfield Rd: North and South Bound Approach, Left Edge, Lane #9, Run #1

wora

Intx ID: 2515; Moravian & Garlield-2022/10/27_ATCM; X
Pos Coer: v3.3, Sats: 10/10; HDOP: 0.8/0.8; GPS Fax: 2/2;
Drive Type: LE; Test Run 1; Bounding Boxes: 54
[Lane# [Lt.Box | CirBox | Rt.Box Total
[ 9 forooos) [190 (100.00%) [0 (000%) [ 190
o Mateh | | [0
[Tom [0 | w0 [ o |[1m0

ntx 0 2515; Moravian & Garfield 2022/10/27_RTCM, %

Fos Corr: v3.3; Ssis: 910; HDOP: D.83/0.8 GPS Fix /2
Diive Tyger LE: Teest R 1; Bourding Boses: 54

[Lane# | L1.Box | CinBox | RLBox Tatel

[ 2 |[maie4.98x) 48 (a5 00w o n.00%) 127

parvaen| — [ = [ = |[@o

| Toml | 88 [ 4 o [

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure 5 (V2I-5) Consortium, 2022

Figure 55: MAP Assessment Test Visualization — North and South Bound Approach, Left Edge of
Lane #9 and #2

MAP Assessment on North and South Bound Approaches on Garfield Road
All 32 test runs show the north and the south bound approaches on Garfield Road correctly matched the

driven lanes. The MAP visualization does not show any visual shift in the placement of the node points
that define the lane geometry. Since all test runs were successful, only the images for the first test run are

provided in this report.
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