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(57) Abréegée/Abstract:
A ftraffic signal preemption system, and a related method for its use, using differential global positioning system (GPS)
measurements for accurate monitoring of the position, speed and direction of an emergency or service vehicle approaching a
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(57) Abrege(suite)/Abstract(continued):

controlled Intersection. The preemption system includes a reference GPS recelver, for computing GPS measurement corrections,
and a GPS recelver In each vehicle, which transmits its GPS measurements by radio to a receiver located at the controlled
Intersection. A computer also located at the intersection uses corrected vehicles position, and speed and direction measurements,
IN con-junction with previously recorded data defining approach routes to the intersection, to determine the optimum time to switch
a traffic light controller to preemption mode to permit safe passage of the vehicle. GPS measurement corrections may be applied in
a vehicle computer or in the computer located at the intersection. Other modes of operation of the system include a self-survey
mode, whereby the reference GPS recelver determines its own true position by averaging position measurements over a period of
a day or two, and a learn mode, whereby the Intersection computer "learns” unusual approach routes to the intersection as the
vehicle traverses the approach routes and transmits position and velocity measurements.
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(54) Title: AUTOMATIC DETERMINATION OF TRAFFIC SIGNAL PREEMPTION USING DIFFERENTIAL GPS

(87) Abstract

A traffic signal preemption system, and a related method
for its use, using differential global positioning system (GPS)
measurements for accurate monitoring of the position, speed and
direction of an emergency or service vehicle approaching a con-
trolled intersection. The preemption system includes a reference
GPS receiver, for computing GPS measurement corrections, and
a GPS receiver in each vehicle, which transmits its GPS measure-
ments by radio to a receiver located at the controlled intersec-
tion. A computer also located at the intersection uses corrected
vehicles position, and speed and direction measurements, in con-
junction with previously recorded data defining approach routes
to the intersection, to determine the optimum time to switch a
traffic light controller to preemption mode to permit safe passage
of the vehicle. GPS measurement corrections may be applied in
a vehicle computer or in the computer located at the intersection.
Other modes of operation of the system include a self-survey
mode, whereby the reference GPS receiver determines its own
true position by averaging position measurements over a period
of a day or two, and a learn mode, whereby the intersection com-
puter 'learns’ unusual approach routes to the intersection as the
vehicle traverses the approach routes and transmits position and
velocity measurements.
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AUTOMATIC DETERMINATION OF TRAFFIC
SIGNAL PREEMPTION USING DIFFERENTIAL GPS

BACKGROUND OF THE INVENTION

This invention relates generally to control of traffic signals under emergency
conditions and, more particularly, to systems for automatic control of traffic signals in such a way
as to preempt normal signal operation and permit the unimpeded and safe passage of emergency
vehicles, such as ambulances, police cars, fire trucks and so forth. There is a related need for
preemption control systems to give priority to non-emergency vehicles, such as buses, which have
to maintain a schedule in busy traffic. It has been widely accepted that, particularly in high density
traffic areas, there is a vital need for such systems. Not only must an emergency vehicle be free
to move through an intersection in a selected direction of traveb but the traffic flow in other
directions, which could interfere with the movement of the emez:gency vehicle, must be stopped
by an appropriate signal indication until the emergency vehicle has passed.

A number of present day systems have been utilized to accomplish this general
purpose, but all have fallen short of the desired result in some respect. A common approach has
been to provide apparatus on the emergency vehicle to transmit an emergency signal to a receiver
associated with the traffic signal. The traffic signal controller, which has been suitably modified,
1s actuated to operate the signals in a predetermined emergency sequence. Some systems of this
type require the installation of a receiver or sensor under the road surface, to detect where the
vehicle is located with respect to the traffic signals. Obviously, systems of this type present
difficulties of installation and maintenance. Various traffic preemption systems use radio signals,
infrared signals, ultrasonic signals, audio signals or optical signals transmitted from the emergency |
vehicle and detected in some manner at the controlled intersection. A common difficulty with all
systems of the prior art is that of accurately determining the time of arrival of the vehicle at the
intersection. Clearly, preemption of normal traffic control should not occur too early. Apart from
the obvious inefficiency this entails, there is an element of risk in that impatient drivers may try
to enter a controlled intersection before the emergency vehicle arrives. Various techniques have
been proposed for determining vehicle location and estimating arrival time. For example, electronic
"signposts” can be installed beside or beneath the roadway to detect the passage of vehicles. Such
systems are used, for example, to determine the locations and predicted arrival times of buses and
to help maintain more accurate bus schedules. For the traffic preemption problem, however,
installing multiple sensors or “signposts” near each intersection would be very expensive-and still

would not necessarily provide the desired accuracy.
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More specifically, optical preemption systems are limited by the line of sight
between the vehicle and the intersection control unit. Audio preemption systems detect the sound
of an approaching siren on an emergency vehicle and take appropriate action. Unfortunately, the
sound can be blocked by other vehicles or buildings, and microphones must be installed at points
approaching the intersection.

Radio preemption systems currently available utilize signal strength to determine
distance from the intersection. However, natural variations in terrain and man-mede obstructions

render this approach quite inaccurate.

Beacon based systems are more accurate, but do not permit subsequent
adjustment to preemption distance needed for changing traffic patterns or construction zones. Also
the installation cost of a beacon system is high because long lengths of underground cable has to
be installed beneath the intersection and its approaches. Sensor loops underground are used te sense
the vehicle positions, but are prone to breakage in cold weather. A failed sensor can render the
system inoperative while repairs are made over an extended period, possibly months.

. Another common aspect of traffic signal preemption systems is that they are
typically manually actuated from the emergency vehicle. When the driver actuates a button or
switch in the velﬁcle, an emergency signal is transmitted to the controller at the intersection, to
preempt normal operation and modify the controller temporarily for passage of the vehicle. Some
systems allow the driver to indicate a direction of turn at the intersection, so that the traffic signals
can be appropriately controlled during preemption. However, existing preemption systems are
typically not optimized to disrupt normal traffic control for as short a time as possible, or to clear
as much of the interfering traffic as possible from the intersection. Moreover, existing preemption
systems have no provision for preempting signals at edjacent intersections to one side or the other
of the vehicle direction of travel when a preemptipn request is made. In existing systems, some
intersections may not be preempmd soon enough, if the vehicle deviates from a straight path along
a single ﬁreet, and may be preempted unnecessarily if the vehicle turns before reaching a nearby
preempted intersection. The present invention has the goal of providing safe and unobstructed
passage for emergency vehicles, while at the same time minimizing disruption of normal traffic

through the intersection, and eliminating many of the disadvantages of the prior art systems.

SUMMARY OF THE INVENTION

" The present invention resides in a traffic signal preemption system using
differential global positioning system (GPS) measurements, and a related method of Operation of

the system.
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According to an aspect of the invention there 1s provided a traffic signal
preemption system using differential global positioning system (GPS) measurements, the
system comprising:

a traffic signal subsystem, including

a GPS reference receiver having an antenna installed at a known position, for
recerving GPS signals and computing measurement corrections for the received GPS
signals,

a traffic signal controller capable of operation in a normal mode and in a
preemption mode when an emergéncy vehicle approaches an intersection,

a communication radio for receiving data from the approaching emergency vehicle,
and

an intersection computer, containing a model of the intersection and programmed
such that corrected vehicle position, speed, and direction measurements are used to

determine when to send a signal to the traffic signal controller to switch to a

preemption mode;

a vehicle subsystem, including :

a vehicle GPS receiver for receiving GPS signals including GPS signals from which
the vehicle’s position, speed, and direction can be determined;

a vehicle communication radio for transmitting data to a traffic signal subsystem
radio, and

a vehicle computer, for coordinating operation of the vehicle GPS receiver and the
vehicle communication radio;

a differential GPS subsystem portion in communication with the GPS reference
recelver to receive therefrom the measurement corrections and in communication with the GPS
vehicle receiver to receive the GPS signals and to compute and to provide to the intersection
computer corrected vehicle position, speed, and direction measurements that are used by the
intersection computer to determined when to switch the traffic signal controller to and from

preemption mode in such a way as to minimize disruption of normal traffic.

In one embodiment of the system, the GPS measurement corrections computed
by the intersection computer are transmitted to the vehicle, and the vehicle computer computes
corrected measurements of vehicle position, speed and direction for transmission back to the traffic

 signal subsystem. In another embodiment, the vehicle communication radio transmits uncorrected

vehicle position, speed and direction measurements to the traffic signal subsystem, and the
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intersection computer computes corrected vehicle position, speed and direction measurements. In
yet another embodiment, the vehicle communication radio transmits raw GPS measurements to the
traffic signal subsystem, and the intersection computer computes uncorrected and corrected vehicle

position, speed and direction measurements. In still another embodiment, a sihgle GPS reference

‘receiver serves multiple controlled traffic intersectiohs and broadcasts GPS measurement

corrections to multiple vehicles in the same vicinity. The vehicle computer in each vehicle
computes corrected measurements of vehicle position, speed and direction for transmission to the
traffic signal subsystem.

Prefembly, the vehicle subsystem includes a turn signal indicator, wherein the
vehicle communication radio also transmits turn signal and vehicle identification information to the
traffic signal subsystem and to other adjacent intersection subsystems. An adjacent intersection in
the path of a turning vehicle 'can'issue a preemption output earlier than if it had waited for the
vehicle to approach in the normal way, thereby allowing traffic in the adjacent intersection to be

cleared soon enough for the vehicle's arrival. Moreover, nearby intersections that are not on the

‘vehicle's path can ignore preemption requests received from vehicles that are about to turn from

their current path.
The traffic signal preemption system may also be operated in a “learn” mode
in which a manually operated switch in the vehicle is actuated at a selected points on each approach
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route to the intersection; and the traffic signal subsystem includes means for operating in the
learn mode, during which each approach route to the intersection is recorded for later use in a
normal mode of operation. -
According to a further aspect of the mvention there is provided

a method for operating a traffic signal preemption system, comprising the steps of:

receiving global positioning system (GPS) signals at a reference GPS receiver whose
location 1s accurately known;

computing differential position corrections to be applied to position measurements
derived from the received GPS signals;

recetving GPS signals at a vehicle GPS receiver;

transmitting some form of the received vehicle GPS signals to a traffic signal
intersection subsystem:;

computing corrected measurements of vehicle position, speed and direction; and

computing from the corrected vehicle position, speed and direction measurements,
taken with known intersection approach data, an optimum time for switching to a preemption

mode of traffic control.

One embodiment of the method further includes the step of transmitting position
corrections to eac h vehicle. In this embodiment the step of computing corrected measurements is
performed in the vehicle; and the step of transmitting some form of received vehicle GPS signals
transmits corrected vehicle position, speed and direction measurements.

In another embodiment of the method, the step of computing corrected
measurements is performed in the traffic signal intersection subsystem; and the step of transmitting
some form of received vehicle GPS signals transmits uncorrected vehicle position, speed and

~direction measurements.

In yet anothgr embodiment of the method,' the step of computing corrected
measurements is performed in the traffic signal intersection subsystem; and the step of transmitting
some form of received vehicle GPS signals transmits raw GPS measurements obtained in the
vehicle. |

- Preferably, the method also includes the step of transmitting from the vehicle
to the traffic signal intersection subsystem additional data including vehicle identification ‘
information and vehicle turn signal information. |
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In accordance with another aspect of the invention, the method further
comprises the step of determining in the reference GPS receiver an accurate position of the
receiver, by averaging position measurements taken periodically over a long time interval. In
accordance with yet another aspect of the invention, the method further comprises the step of
operating the system in 2 "learn” mode, including switching the system to learn mode, driving the
vehicle over each approach route to the intersection, mapping the approach routes to the
intersection for use in normal operation, actuating a switch in the vehicle at a vehicle position in
which preemption of the traffic signal is desired, and recording the desired position of preemption

for later use in normal operation.
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It will be appreciated from the foregoing summary that the present invention
represents a significant advance in the field of traffic signal preemption systems. In particular, the
invention provides extremely accurate data defining an approaching vehicle's position, speed and
direction, which data can be used in a variety of preemption algorithms to minimize disruption of
normal traffic. The system of the invention may also be operated in a "self-survey"” mode to
provide accurate position data for a reference GPS receiver used by the system, and in a "learn”
mode to record parameters relating to each approach route to an intersection. Other aspects and
advantages of the invention will becom€ apparent from the following more detailed description,

taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 1s a block diagram of a traffic signal preemption system in
accordance with the present invention;

FIG. 2 1s a flowchart depicting functions performed by the traffic signal
preemption system of FIG. 1;

FIG. 3 is a flowchart depicting the functions performed by the intersection
computer in controlling switching between normal mode and preemption mode of operation of the
traffic signal controller;

FIG. 4 is a plan view of an intersection, labeled to indicate various terms used
to describe a vehicle route through the intersection;

FIG. 5 i1s a flow diagram showing the functions performed by the intersection
computer in its “run” mode;

FIG. 6 is a flow diagram showing the functions performed by a vehicle
subsystem in the "run” mode;

FIG. 7 is a flow diagram showing the functions performed by a base station
subsystem in the "run"” mode; and

FIG. 8 is a simplified plan view of four closely spaced intersections, depicting

operation of the preemption system of the invention when turn signals are utilized.
DESCRIPTION OF THE PREFERRED EMBODIMENTS

As shown in the drawings for purposes of illustration, the present invention is
concerned with a traffic signal preemption system, which preempts normal traffic control for
emergency vehicles and other vehicles, such as buses, but minimizes disruption of normal traffic.

A number of embodiments of the invention are described below, but all make use of a technique
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known as differential GPS (differential global positioning system) to measure the position, direction
and speed of an emergency vehicle relative to a controlled traffic signal.

Briefly, by way of further background, the global positioning system (GPS) is
a system of multiple orbiting satellites that transmit radio signals of a known format. A GPS
recelver on or near the earth's surface receives signals from multiple GPS satellites simultaneously
and computes the position of the receiver in three-dimensional space, using well known signal
processing techniques. GPS was originally intended as a military navigation tool and permits
vehicles to obtain their latitude, longitude and altitude &ccurately. The basis for these calculations
is the measurement of the distance or range between the receiver and each of several uniquely
identifiable satellites from which transmissions are received. These range values are referred to as
"pseudorange” measurements. They are subject to a timing or clock bias error because the receiver
1s not necessarily synchronized with the satellite transmitters. From the pseudorange measurements
for at least four visible satellites, and a knowledge of the orbital positions of the satellites, referred
to as ephemeris data, which is also transmitted from each satellite, the position of the receiver is
calculated and the clock bias error is eliminated. The accuracy of GPS for commercial purposes
is deliberately limited by government control of the satellite signals. For many commercial
applications, such as navigation on the open sea, position determination to an accuracy of a hundred
meters or so is more than sufficient. Increased positional accuracy for other commercial purposes
can be obtained using a technique known as differential GPS (DGPS). In DGPS, an additional GPS
recetver, called the reference receiver, is installed at a fixed location and its position is determined
to a high degree of accuracy using any available means. Since the reference receiver already
"knows" its position, it can determine any error in a position as determined from currently received
GPS signals. The amount of the error can then be transmitted to one or more nearby mobile GPS
receivers, which can correct their GPS-determined positions. An assumption is usually made that |
the errors in GPS-determined position are the same for all receivers that are relatively close
together. Using DGPS, positions of mobile GPS receivers can be determined to almost the same
accuracy as that of the known position of the reference receiver. DGPS is used, for example, for
marine navigation close to shore, with the reference receiver being located on land near the
coastline.

FIG. 1 illustrates how the principle of DGPS is applied in a traffic signal
preemption system. The apparatus includes a traffic signal subsystem located at a street
intersection, indicated generally by reference character I, and a vehicle subsystem V. Since each
of the subsystems I and V include similar components, they will be referred to by the same
reference numerals, with the suffix I or V. The traffic signal subsystem has a GPS antenna 10I,

a GPS receiver 121, which is the reference receiver, a computer or central processing unit (CPU)

141, a communication radio 161 and an associated radio antenna 18I. Similarly, the vehicle
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subsystem includes a GPS antenna 10V, a GPS receiver 12V (the mobile receiver), a computer
CPU 14V, a communication radio 16V and a radio antenna 18V.

The tratfic signal subsystem also includes a conventional traffic signal control
unit 20 coupled to the CPU 141, such that the computer can both monitor the status of the control
unit and, to a limited degree, control or modify the control unit to operate in a preemption mode
or various specific preemption modes. The vehicle computer 14V receives input from the vehicle
turn signal, as indicated at 22, and is thus made aware of the intended direction of turn of the
vehicle as it approaches an intersection.

The intersection CPU 141 performs two principal functions:

(1) The intersection CPU will use the GPS reference receiver measurements
together with the known antenna location to compute an estimate of the local receiver clock time.
Then, after removing any clock bias from the pseudorange code measurements, the CPU will
compute a correction value which would cause each of the pseudorange measurements to represent
accurately the distance between the satellite and the reference GPS antenna 10I. The pseudorange
correction values are then passed on to the communication radio 161 for transmission to
participating vehicles in the vicinity.

(2) The differentially corrected GPS position, together with the direction and
speed of the vehicle is received back from the vehicle subsystem, through the radio communication
Iink, and transferred to the intersection CPU 14I. Included with this information will be the status
of the vehicle turn signal indicator. The received information, together with the status of the traffic
signal control unit 20, is used to generate a preemption control signal to the traffic signal control
unit and a command as to the desired state of the traffic signal.

The functions of the vehicle subsystem are generally complementary to those
of the intersection subsystem. The GPS antenna and receiver in the vehicle supply the GPS
measurements and satellite position information to the vehicle CPU 14V. The communication radio
16V and associated antenna 18V receive the measurement corrections transmitted from the
reference subsystem, and transmit back the computed position, direction and speed of the vehicle,
together with the status of the vehicle turn signal. The task of the vehicle CPU 14V is to use the
GPS measurement and orbit information together with the measurement corrections received from
the reference receiver in the intersection subsystem, to compute an accurate position and speed of
the vehicle, along with its direction of travel. When the position, direction and speed data are
computed, they are passed to the communication radio, together with the turn signal status, security
codes and other pertinent information, for transmission to the traffic signal reference subsystem
at the intersection.

As described thus far, the system of the invention utilizes a two-way

communication link between the vehicle and the traffic signal subsystem. The traffic signal



10

15

CA 02220216 1997-11-04

WO 96/35197 PCT/US96/05668
8

subsystem transmits GPS measurement corrections to the vehicle, and the vehicle transmits back
to the traffic signal subsystem the corrected position, speed and direction, as well as turn signal,
vehicle identification and other pertinent information. Various other configurations are possible and

within the scope of the invention, as summarized in the following table.

Configuration Data transmitted Data transmitted Remarks
TO vehicle FROM vehicle

GPS measurement Corrected GPS Corrections made in

corrections, either: position, speed & vehicle CPU and

(1) GPS pseudorange |direction; turn signal; | transmitted to
corrections, vehicle id., etc. intersection CPU.
(2) GPS position

corrections.

None. Uncorrected GPS Corrections made in
position, speed and intersection CPU.
direction; turn signal;
vehicle id., etc.

None. Raw GPS Corrections made in
measurements; turn intersection CPU.

signal; vehicle 1d.,

etc.

GPS measurement Corrected GPS Corrections made in

Separate

one-way corrections broadcast | position, speed & vehicle CPU and

radio links. to all vehicles in area; |direction; turn signal; | transmitted to

either: vehicle id., etc. intersection CPU.

(1) GPS pseudorange

corrections,

(2) GPS position

corrections.

Configuration (A)(1) is the one described above, using a two-way radio
communication link. Configuration (A)(2) is similar except that the intersection CPU computes
corrections in measured position, rather than corrections in the raw GPS pseudoranges. The vehicle

CPU then uses the position corrections to compute corrected position, speed and direction data for

transmission to the intersection.
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In configuration (B), the vehicle computes its position, speed and direction from
received GPS signals and transmits this uncorrected data to the intersection CPU over a one-way
radio link. As in the other configurations, the turn signal indicator is also transmitted, together with
vehicle identification, security, and other information. The intersection CPU corrects the position,
speed and direction data for the vehicle and performs the necessary traffic signal control functions.
Nothing is transmitted back to the vehicle.

Configuration (C) also uses a one-way radio communication link, but the vehicle
CPU in this case does not compute its position, speed and direction. Instead, raw GPS
measurements are transmitted to the intersection CPU, which computes the vehicle position, speed
and direction, and then applies corrections based on its own GPS measurements and known
position. Again, nothing is transmitted back to the vehicle.

Configuration (D) is similar to the two-way radio communication link of
configuration (A), except that there is no requirement that a GPS reference receiver be located at
every controlled intersection. Instead, a single reference receiver could be used for an extended
geographical area, which may be as large as an entire city for some installations. The GPS
measurement corrections, either pseudorange corrections (configuration (D)(1)) or position
corrections (configuration (D)(2)), are broadcast to all of the vehicles in the area covered by the
reference receiver. Each vehicle has a one-way radio communication link with each controlled
intersection, and transmits corrected position, speed and direction measurements to the intersection.

With regard to the two options, (1) and (2), for transmitting corrections to the
vehicle, the first option, transmitting pseudorange corrections, is generally preferred because then
the vehicle can make use of the corrections even if the same satellites are not being tracked. The
other option of transmitting position corrections requires less data to be transmitted, but requires

in addition some means for ensuring that the same satellites are being tracked.

Self-Survey Mode:

As discussed above, differential GPS depends on accurate knowledge of a
reference GPS receiver antenna. This requirement can met by making a survey of the reference
location and determining its position with respect to a local survey datum point. However, the
required accuracy for the location of the reference antenna in the traffic preemption system can be
met quite easily using the reference GPS receiver in a self-survey mode. Self-survey means the use
of the GPS reference receiver to make an accurate determination of its own position. One way of
doing this is to capture the result of GPS position determination periodically over an extended

period, e.g., every five minutes over one or two days. A common source of position errors is
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multipath effects, whereby a signal transmitted from a satellite to a receiver takes an undesired
alternate path due to reflections from geographical or man-made objects. Because each satellite is
a moving transmission source, the multipath effects vary with time, but only relatively slowly.
Multipath errors are said to be strongly correlated with time, and there is little benefit to averaging
measurements taken at closely spaced intervals because the errors are not changing rapidly enough.
Sampling position measurements every five minutes or so involves far less computation and data,
and the averaged position is almost as accurate as if measurements had been taken every second.
Errors due to multipath effects are virtually eliminated if the position measurements are averaged
over a long observation period. In most cases, it should be possible to determine the reference
antenna position to an accuracy of a few meters, which is more than adequate for the traffic signal
preemption application. Another approach for averaging the position measurements over an
extended period is to modify a standard GPS receiver to use a different statistical data filtering
technique. GPS receivers typically employ a Kalman filter that is implemented to provide
independent position measurements at each GPS time epoch. The Kalman filter can be modified
to directly combine successive measurements to obtain a best average position solution. This
involves changing the filter such that the position states are not propagated in time. Instead, all
measurements are processed to arrive at the single best position that fits all the data. An equivalent
alternative to this stationary Kalman filter implementation is a Least Squares solution which
incorporates all measurement data into a single best solution.

From a cost standpoint, any of these methods is probably preferable to
performing a survey to determine the location of the GPS reference antenna. Averaging
measurements over a day or two costs virtually nothing, and the statistical methods that require a
modified receiver can be implemented by modifying a single receiver and temporarily installing

it at each reference receiver site to determine the position with accuracy.

Learn Mode:

Another innovative feature of the invention is its ability to operate in a "learn”
mode in which a vehicle equipped with a differential GPS receiver is driven over all routes that
approach the controlled traffic signal. While driving these approach routes, an operator button or
other indicator in the vehicle is used to indicate the appropriate distance, which can be a mean
distance or a maximum and minimum distance, at which the approaching vehicle should cause
preemption of the traffic signal. In the learn mode, frequent samples of the approaching vehicle
position, as transmitted to the intersection receiver site, will be sampled, stored and subsequently
processed to define the possible approach paths to the traffic signal. The learn mode will allow the
same path to be traversed a number of times, if necessary, to smooth out errors due to either

positioning noise or small variations in the path followed by the vehicle. The learn mode should
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only be necessary to define intersections with unusual or curved approach paths. Most intersections
can be defined by standard intersection models. The data obtained during learn mode 1s processed
to provide a mathematical description of each approach path. For curved paths, a mathematical

approximation may be required to match the observed approach path data.

Basic sequence of operations:

FIG. 2 shows the basic functions performed by the traffic signal subsystem and the vehicle
subsystem. The traffic signal subsystem receives GPS signals from multiple satellites and first
computes uncorrected posiion measurements indicative of the uncorrected position of the GPS
reference receiver antenna. This function is indicated in block 30. It will be understood that,
although the flowchart of FIG. 2 implies a sequence of operations, some of the described functions
may be performed on a continuous basis in parallel with other functions. As indicated in block 32,
the position measurement corrections are computed from the uncorrected measurements and a

knowledge of the actual position of the reference receiver antenna.

As shown in block 34, the position measurement corrections are transmitted to
the vehicle, or all vehicles in the vicinity. FIG. 2 depicts the two-way radio communication
embodiment of the invention, referred to earlier as configuration A. It will be understood, of
course, that the corrections may not necessarily be transmitted to the vehicles, but may be applied
to uncorrected data transmitted from the vehicle. It will also be understood that the modifications
to FIG. 2 to operate as configurations B, C or D may be easily made.

As shown in block 36, the traffic signal subsystem next receives corrected data
back from the vehicle, indicative of vehicle position, speed and direction. Using this received data,
together with previously stored data defining the approach routes to the intersection, the traffic
signal subsystem determines when to switch the traffic controller to preemption mode and back into |
normal mode, as indicated in block 38 and further defined in FIG. 3. The functions described
above are performed repeatedly while the vehicle is approaching and passing through the
intersection. Once the vehicle is safely through the intersection and the controller is back 1n normal
mode, the traffic signal subsystem has competed its task, which is repeated for other vehicles
approaching the intersection, as indicated in block 40.

The vehicle subsystem, as also shown in FIG. 2, receives GPS signals in its own
mobile GPS receiver and computes uncorrected position data, as indicated in block 42. The vehicle
then receives position measurement corrections from the traffic signal subsystem, as indicated in
block 44, and computes corrected measures of position, speed and direction, as indicated in block
46. These corrected values are then transmitted back to the traffic signal subsystem, as indicated
in block 48. The vehicle subsystem functions are performed repeatedly until the vehicle is through

the intersection, and repeated again for other intersections, as indicated in block 50.
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Basic traffic control functions:

The function described broadly in block 38 of FIG. 2 is shown in more detail
in FIG. 3. It will be understood, however, that the invention is not limited to a specific traffic
signal preemption algorithm and any of a number of different approaches may be used to determine
when and how to preempt the traffic signals based on the information derived from the approaching
emergency vehicle. The first broad step, shown in block 52, is to determine from the vehicle
position and direction data the specific preemption mode that will be used. The vehicle turn signal
i1s also used in this determination. From these data components, the vehicle's intended path through
the intersection is determined and appropriate steps are taken to prepare for a switch to the
preemption mode. In a simple case, normal operation may continue until the switch is made. In a
more complex preemption technique, the vehicle approach time may be used to clear the
Intersection in an appropriate manner. When the vehicle is signaling an intended direction of turn
at the intersection, preemption may involve multiple intersections, as discussed in a separate
descriptive section below.

As shown 1n block 54, the next step is to compute an estimated position (on the
vehicle approach route) at which switching to preemption mode should most desirably take place.
Basically, the selection is made as a function of the measured vehicle speed, and the known
distance to the intersection, allowance being made for an appropriate time of operation in
preemption mode before the vehicle enters the intersection. Next, as indicated in decision block 56,
the vehicle's current position is compared with the estimated “preemption point” on the approach
route. If the preemption point has not yet been reached, the preemption point is recomputed, in

block 54, based on more current position and speed data, and the vehicle's position is again

~compared with the preemption point position. When the preemption point is reached, the traffic

controller is switched to preemption mode, as indicated in block 58. Then the vehicle position is
monitored to determine when the vehicle has passed through the intersection, as indicated in
decision block 60. When this occurs, the traffic controller is switched back to normal operation

mode, as indicated in block 62, and the preemption task is complete.

More Detailed Example of Preemption Control:

To understand how the traffic signal subsystem operates requires the
introduction of some terminology defining the geometry of an intersection, as shown in FIG. 4 for
a simple right-angle intersection. Each approach route to the intersection may be unique, but the
four routes will be practically identical in the symmetrical intersection illustrated in FIG. 4. The
elements of each include:

The "route baseline” 60 comprises a number of GPS coordinates sufficient to

define the basic route of travel required to traverse the intersection in a given direction.
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The "left lateral band" 62 is a band running parallel to the route baseline on its
left side, as viewed from a vehicle following the route baseline, and defining the left boundary of
the route.

The "right lateral band" 64 serves the same purpose as the left lateral band, but
on the opposite side of the route baseline.

The "maximum preempt point" 66 is a line defining the furthest distance from
the intersection at which a preemption output will be allowed to be activated.

The "minimum preempt point” 68 is a line defining the nearest distance from
the intersection at which a preemption output must be activated.

The "termination band” 70 is a band defining the outer edges of the preemptive
route through the intersection, along the left, right and front edges. Any vehicle that has been
granted a preemption output based on passage through either or both "preemption windows"”

(defined below), shall have its preemption output terminated upon passage through the termination
band.

The "discretionary preemption window" 72 is that portion of the route extending
from the maximum preempt point line at the rear to the minirnum preempt point line at the front,
and from the left lateral band to the right lateral band. A vehicle entering this window and
requesting a preempt shall be granted the request provided there are no other requests of equal or
higher priority being serviced. The exact point within the window where the preemption is granted
is determined by a calculation of the time required by the vehicle to reach the intersection at its
current speed and the time required by the traffic signal controller to clear the intersection.

The "mandatory preemption window" 74 is that portion of the route extending
from the minimum preempt point line at the rear to the termination band at the front, left and right
sides. Any vehicle entering this window and requesting a preempt shall be granted an immediate
preempt output provide that no other requests of equal of higher priority are already being serviced.

In the description that follows, 1t should be understood that preemptioﬁ of the
normal traffic signal operation may be requested from two types of sources, which are designated
priority-1 requests and priority-2 requests. Priority-1 requests are from emergency vehicles, such
as fire trucks, ambulances and police vehicles. Priority-1 requests may also be received from base
stations, such as fire or police stations located near an intersection. As will be explained, these two
types of priority-1 requests are treated differently in some respects. Priority-2 requests come from
public service vehicles, such as buses or garbage trucks, which must maintain schedules as closely
as possible, but which do not have priority over emergency vehicles. Another aspect of handling
priority-2 requests from buses is that a bus may also request "queue jumping,” wherein the bus gets

an early green signal when stopped in a bus lane at the intersection.
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Operation of the intersection CPU 141 in its "run” mode can best be understood
from the functional flow diagram of FIG. 5. In run mode, the intersection unit "listens" for signals
from approaching vehicles, as indicated at 80. Upon detection of an approaching vehicle, the unit
checks the incoming packet of data for validity, as indicated at 82. The validity of the system id.,

S5  the agency id., the vehicle id. and the GPS data are all checked at this point. If the data is invalid
in some respect, the logic flow returns to the listening mode of block 80. If valid data is received,
the unit next checks to determine whether the data received is from a vehicle or from a base
station, as indicated at 84. If from a base station, such as a nearby fire station, there is no need to
determine GPS position and the ensuing few steps bypassed, as indicated by line 86. As indicated

10  in block 88, the next step is to determine the vehicle position. As already discussed earlier in this
specification, position determination involves a use of an intersection GPS module 90, and
correction of position measurement either in the vehicle or at the intersection unit, depending on
the technique selected for implementation.

The next step is to match the GPS vehicle position with a predefined template

15  of the route baseline through the intersection, as indicated at 92. Then a comparison is made to
determine whether the vehicle position is within the discretionary preempt window or the
mandatory preempt window, as indicated at 94. If not, the position is recalculated, by returning
to block 88 in the flow diagram. At this point the logic determines whether the vehicle is an
emergency vehicle or a bus, as indicated at 96. The functions performed in the case of an

20  emergency vehicle will be described first.

For emergency vehicle processing, the intersection unit first determines, as
indicated at 98, whether other preempt outputs are active, i.e. whether other vehicles have aiready
triggered a preempt output signal. If other preempts are already active, the unit next determines,
as shown at 100, the priority of the other preempt. If the existing

25  preempt is for bus (priority 2), the unit ends the bus's preempt output, as indicated at 102. If the
exiéﬁng preempt is for another emergency, the unit next determines, as indicated at 104, whether
the other emergency is from a vehicle or a base station. If the other emergency was also from a
vehicle, the current preempt request is ignored and the unit resumes it listening mode. (The two r
vehicles compete on a first-com-first-served basis.) If the other emergency was from a base station,

30 the unit next determines whether vehicles can override base emergencies, as indicated at 106. (This
is a programmable option for the intersection.) If vehicles do not override base stations at this
intersection, the unit resumes its listening mode and ignores the current preempt request. If vehicles
can override base station emergencies, the base station preempt is terminated, as indicated in block
108. At this point, having addressed the question of prior existing preempt outputs and distinguished

35  between vehicle and base station emergencies, the intersection unit is now ready to issue a priority-

1 (emergency vehicle or base station) preempt output, as indicated at 110.
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After issuing the preempt output, the unit next checks to see if the vehicle is still
on the route, as indicated in block 112. As the vehicle approaches the intersection, its position is
tracked by the intersection unit to determine if it is still within the preempt windows. If the vehicle
1s still on the route, a further check is made to see if the vehicle is still in motion, as indicated in
block 114. If a vehicle stops for some reason, this condition will be detected by the intersection unit
an the preempt output will be terminated. Blocks 116 and 118 indicate that a timer is used to time
the how long the vehicle has been stopped. When a time limit is exceeded, the priority-1 preempt
output is ended, as indicated at 120. The preempt output is also terminated when the vehicle exits
the route by crossing the termination band, as determined in block 112.

Processing of preempt requests from buses are slightly different, as indicated
in the lower-right portion of the flow diagram. First it is determined whether the bus is requesting
a priority-2 preempt, as indicated at 122. If so, the next test, at block 124, is to determine whether
the intersection is operating in a free-running or coordinated mode. "Coordinate” means that
operation of the intersection is coordinated with other intersections. If the intersection is
coordinated, some agencies may not allow priority-2 preemptions. If preempt has not been
requested (block 122) or if the intersection is coordinated (block 124), issuing the priority-2
preempt output is bypassed, as indicated by the line 126. Immediately before issuing the request,
the unit check for the existence of other priority-2 requests, as indicated at 128. If there are any,
the current request is ignored, as indicated at 130 and the unit continues in the listening mode.

If all the foregoing tests are passed for the bus preemption request, a priority-2
preempt output 1s issued, as indicated at 132. The remaining portion of the logic diagram pertains
to "queue jumps” by buses. At some intersections, buses may be provided with a queue jump lane
at the right-hand edge of the route. A signal given to that lane only allows the bus to enter the
intersection a few seconds before the rest of the traffic. The unit logic first checks a queue jump
flag, as indicated at 134, to determine whether queue jumping is permitted at this intersection. If
not, the queue jumping logic is bypassed. If the queue jump flag is set, the next test made is to
determine whether a queue jump has been requested by the bus, as indicated at 136. If not, the
remaining queue jump logic is bypassed. If the request has been made, a final check is made of the
bus's position, to see that it is in the bus lane that will get the queue jump signal, as indicated at
138. If so, the queue jump output is issues, as indicated at 140. If not, the output is not issued.

| Regardless of whether queue jumping is implemented, if a priority-2 preempt
output has been issued, the unit continues to check, as shown at 142, whether the bus position is
still on the route. If so, the logic continues looping as shown. When the bus leaves the route, by
crossing the termination band, the priority-2 output and any queue jump output will be terminated,
as indicated at block 144.
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For completeness, FIG. 6 shows a similar flow diagram for operation of the
vehicle subsystem, primarily the vehicle transmitter, in the “run" mode. The vehicle subsystem
spends much of its time in an idle mode, as indicated at 150, checking for actuation of a transmit
button, as indicated at 152, and checking whether an idle input is active, as indicted in block 154.
An idle input 1s generated by some selected aspect of vehicle operation that would render the
vehicle incapable of entering the intersection. For example, an idle input signal may be generated
if the driver-side door of the vehicle is open. If the transmit button has not been pressed or if an
active idle input is detected, the subsystem remains in the idle mode. Otherwise, GPS data are
received from the GPS module, as indicated at 156. The GPS module collects GPS position data,
is indicated generally at 158, but the flowchart has been simplified in the sense that it does not show
the correction of GPS data based on information received from the intersection subsystem. If the
turn signals are on, as indicated at block 160, a direction code is added to the data to be
transmitted, as indicated at 162. Then a data packet is encoded and transmitted, as indicated at 164.
The data packet from the vehicle includes the following elements:

System ID Code,
Agency ID Code,
Vehicle ID Code,
Priority (1 or 2),
GPS Data,
Anticipated turn direction code.
Operation of a base station transmitter is shown in FIG. 7. When a base station,

such as a fire station located near a controlled intersection, is ready to request preemption, a

manual key 1s pressed, as indicated at 170; then a direction change information is obtained, as

indicated at 172. If a left or right turn is proposed, an appropriate bit is added to the data packet
being prepared for transmission, as indicated at 174 and 176. Then a delay timer is started, as
indicated at 178, and the data packet is encoded and transmitted, as indicated at 180. The delay
timer is decremented, as indicated at 182, and checked for zero value in block 184. The packet is
transmitted repeatedly until the delay timer has expired; then a return is made to the idle mode, as

indicated at 186.
The data packet from the base station includes:

System ID Code,
Agency ID Code,
Station ID Code,
Base unit identifier,
Priority (1 or 2),

Anticipated turn direction code.
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Preemption Utilizing Turn Signals:

Preemption systems prior to the present invention could only preempt
intersections directly in front of the approaching vehicle. In areas where the intersections are
located close to each other, false preemptions of intersections were common, and intersections to
the left or right of vehicles path were not preempted in sufficient time to allow unimpeded passage
of a turning emergency vehicle. An important aspect of the present invention is its ability to allow
emergency vehicles to preempt an adjacent intersection to the left or right of the vehicle's direction
of travel when preemption is first requested. This feature allows the vehicle to preempt a nearby
adjacent intersection before arrival at the current intersection, thereby improving safety by clearing
traffic in the path of the vehicle at the adjacent intersection. A related benefit is that adjacent
intersections, in directions that the vehicle will not be travelling along, do not have their signals
preempted unnecessarily. By preempting only those intersections that the vehicle will cross, the
system reduces disruption of normal traffic at non-preempted intersections.

More specifically, operation of the system utilizing turn signal data is shown
diagrammatically in FIG. 8, which depicts four closely spaced intersections A, B, C and D. An
eastbound vehicle is approaching intersection A, as indicated at vehicle position #1. At vehicle
position #2, intersection subsystem A issues an eastbound preempt output to the intersection
controller. At vehicle position #3, the driver of the vehicle turns on his left-hand turn signal. The
vehicle subsystem adds a left-turn bit to the transmitted data packet and this information becomes
immediately available at the intersection subsystem.

At intersection B, which is located to the left of the vehicle as it approaches
intersection A, the intersection subsystem (B) would normally ignore signals from the approaching
vehicle because it direction of travel is eastbound and the vehicle is not within any of intersections
B's preempt windows. However, because the data packet contains a left-turn but, intersection
subsystem B issues an early northbound preempt request when the vehicle is at position #4, i.e. just
as it 1s making a left turn at intersection A. This preempt request would not normally occur until
the vehicle reached positions #35 or #6 and only for a vehicle travelling in a northbound direction.

In addition, if the eastbound preempt route for intersection D (located east of
intersection A) were to extend beyond position #4a in the figure, and overlap the mandatory
preempt window of intersection A, then intersection D might issue an eastbound preempt output
unnecessarily, since the vehicle would not reach intersection D. In the system of the invention, the
left-turn bit transmitted by the vehicle would also be received by the intersection subsystem at D,
alerting it to the fact that the vehicle is turning and does not need preemption at intersection D.

Similarly, a right-turn bit would be added to the transmitted data if the driver
turned on the right-hand turn signal when approaching intersection B. This would cause the

intersection subsystem at C (east of B) to issue an early eastbound preempt output.
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Another important aspect of the invention is that because each intersection
subsystem receives data pertaining to the vehicle's direction of travel, as contrasted with its
intended direction of travel indicated by the turn signal, each intersection can provide preemption
for an appropriate direction of travel. For example, when the vehicle reaches position #10 in
intersection C, it will have crossed the termination band for the eastbound preempt route but will
be within the mandatory preempt window for the northbound route. However, the intersection
subsystem is aware that the vehicle is travelling east and not travelling north, so the intersection

will not issue a northbound preempt for the vehicle.

Conclusion:

It will be appreciated from the foregoing that the present invention represents
a significant advance in the field of traffic signal preemption for emergency vehicles. In particular,
the invention uses accurate position, speed and direction measurements t0 preempt normal traffic
control at an intersection without unnecessary disruption of traffic. It will also be appreciated that,
although a number of related embodiments of the invention have been described in detail for
purposes of illustration, other modifications may be made without departing from the spirit and
scope of the invention. Accordingly, the invention should not be limited except as by the appended

claims.
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The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1. A traffic signal preemption system using differential global positioning system
(GPS) measurements, the system comprising:

a traffic signal subsystem, including

a GPS reference receiver having an antenna installed at a known position, for
receiving GPS signals and computing measurement corrections for the received

GPS signals, '

a traffic signal controller capable of operation in a normal mode and in a
preemption mode when an emergency vehicle approaches an intersection,

a communication radio for receiving data from the approaching emergency
vehicle, and

an intersection bomputer, containing a model of the intersection and
programmed such that corrected vehicle position, speed, and direction
measurements are used to determine when to send a signal to the traffic signal
controller to switch to a preemption mode;

a vehicle subsystem, including

a vehicle GPS receiver for receiving GPS signals including GPS signals from
which the vehicle’s position, speed, and direction can be determined;

a vehicle communication radio for transmitting data to a traffic signal
subsystem radio, and

a vehicle computer, for coordinating operation of the vehicle GPS receiver and
the vehicle communication radio;

a differential GPS subsystem portion in communication with the GPS reference
recelver to receive therefrom the measurement corrections and in communication with
the GPS vehicle receiver to receive the GPS signals and to compute and to provide to the
intersection computer corrected vehicle position, speed, and direction measurements that
are used by the intersection computer to determined when to switch the traffic signal

controller to and from preemption mode in such a way as to minimize disruption of

normal traffic.
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2. A traffic signal preemption system as defined in claim 1, wherein:

the measurement corrections provided to the intersection computer are transmitted to the
emergency vehicle; and

the vehicle computer computes additional corrected vehicle position, speed and direction

measurements for transmission to the traffic signal subsystem.

3. A traffic signal preemption system as defined in claims 1 or 2 wherein:
the vehicle communication radio transmits uncorrected GPS signals received by the
vehicle GPS receiver relating to vehicle position, speed and direction measurements to the traffic

signal subsystem; and

the intersection computer computes corrected vehicle position, speed and direction

measurements.

4. A traffic signal preemption system as defined in any one of claims 1 to 3,

wherein:

the vehicle communication radio transmits uncorrected GPS signals received by the
vehicle GPS receiver to a traffic signal subsystem; and

the intersection computer computes uncorrected and corrected vehicle position, speed and

direction measurements.

J. A traffic signal preemption system as defined in any one of claims 1 to 4,

wherein:

the GPS reference receiver comprises a single GPS reference receiver serving multiple
controlled traffic intersections and broadcasting GPS position corrections to multiple vehicles;
and

the vehicle computer in each vehicle computes corrected measurements of vehicle

position, speed and direction for transmission to the traffic signal subsystem.
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6. A traffic signal preemption system as defined in any one of claims 1 to 5,

wheren:

the vehicle subsystem includes a turn signal indicator, wherein the vehicle
communication radio also transmits turn signal and vehicle identification information to the

traffic signal subsystem.

7. A traffic signal preemption system as defined in any one of claims 1 to 6, and
further comprising:

means for 1dentifying selected points for use in a learn mode on each approach route to
the intersection; and

means contained 1n the traffic signal subsystem, for operating in the learn mode, during

which each approach route to the intersection is recorded for use in a normal mode of operation.

8. A method for operating a traffic signal preemption system, comprising the steps of:

recerving global positioning system (GPS) signals at a reference GPS receiver whose

location is accurately known;

computing differential position corrections to be applied to position measurements

derived from the received GPS signals;
recetving GPS signals at a vehicle GPS receiver:;

transmitting some form of the received vehicle GPS signals to a traffic signal intersection

subsystem,;

computing corrected measurements of vehicle position, speed and direction; and
computing from the corrected vehicle position, speed and direction measurements, taken

with known intersection approach data, an optimum time for switching to a preemption mode of

tratfic control.

9. A method as defined in claim 8, wherein:

the method further includes transmitting position corrections to each of multiple vehicles:
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the step of transmitting some form of received vehicle GPS signals transmits corrected

vehicle position, speed and direction measurements; and

the step of computing corrected measurements is performed in the vehicle.

10. A method as defined in claims 8 or 9, wherein:
the step of transmitting some form of received vehicle GPS signals transmits uncorrected
vehicle position, speed and direction measurements; and

the step of computing corrected measurements is performed in the traffic signal

intersection subsystem.

11. A method as defined in any one of claims 8 — 10, wherein:
the step of transmitting some form of received vehicle GPS signals transmits raw GPS

measurements obtained in the vehicle; and

the step of computing corrected measurements is performed in the traffic signal

intersection subsystem.

12. A method as defined in any one of claims 8 — 11, and further comprising:
transmitting from the vehicle to the traffic signal intersection subsystem additional data

including vehicle identification information and vehicle turn signal information.

13. A method as defined in any one of claims 8 — 12, and further comprising:
determining in the reference GPS receiver an accurate position of the receiver, by

averaging position measurements taken periodically over a long time interval.

14. A method as defined in any one of claims 8 — 13, and further comprising operating the
system 1n a “learn” mode of operation, including the steps of:

switching the system to learn mode;

driving the vehicle over each approach route to an intersection:;

mapping the approach routes to the intersection for use in normal operation;
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1identifying and recording selected successive vehicle positions along each approach route

to the intersection; and

recording desired preemption positions for later use in normal operation.

15. A method as defined in any one of claims 8 — 14, and further comprising the steps of:
preempting traffic control at more than one adjacent intersection, based on the vehicle’s
intended direction of travel through the intersection, whereby only intersections through which

the vehicle will pass are subject to preemption.
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