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a b s t r a c t

Dedicated short-range communication (DSRC) has been used in prototyped vehicles to test vehicle-to-
vehicle communication for collision avoidance. However, there is little study on how collision avoidance
software should behave to best mitigate accident collisions. In this paper, we analyse the timing of events
and how they influence software-based collision avoidance strategies. We have found that the warning
strategies for collision avoidance are constrained by the timing of events such as DSRC communication
latency, detection range, road condition, driver reaction and deceleration rate. With these events, we
define two collision avoidance timings: critical time to avoid collision and preferred time to avoid collision,
and they dictate the design of software-based collision avoidance systems.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Vehicle and road safety has been a key issue for the com-
munities and governments. With emerging new technologies and
knowledge, different approaches have been proposed to reduce
road accidents. The National Highway Traffic Safety Administra-
tion sponsors developed an Integrated Vehicle-Based Safety System
to monitor traffic environment with an aim to reducing crashes
(University of Michigan Transportation Research Institute, 2007).
A similar project sponsored by the European Union develops a
precrash sensorial system (Fuerstenberg et al., 2002). Both sys-
tems employ radars and vision sensors in a vehicle to detect
potential collisions and trigger different mechanisms to mitigate
or avoid the collisions. The development and application of dedi-
cated short-range communications (DSRCs) for vehicle-to-vehicle
communications is a recent development that could help reduce
vehicle collisions. The DSRC device uses a bandwidth around the
5.9 GHz range and it is based on the proposed IEEE 802.11p stan-
dard (IEEE Task Group p). The National Highway Traffic Safety
Administration has commissioned a study in 2006 to assess the
effectiveness of such technology on road safety (U.S. Department of
Transportation, 2006b). In this study, DSRC tests were performed
to evaluate the safety benefits. It was found that DSRC provides
an effective communication between two vehicles in a range of
250 m in a vehicle following scenario, and slightly poorer perfor-
mance in an intersection scenario. Another study has found the
probability of successful message reception is around 90% at a
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300 m and drops off significantly with longer distances (Jiang et al.,
2006). This technology is being developed and tested for vehicle-to-
vehicle communication in many projects, examples are IVI in USA,
Safespot and WILLWARN in Europe, and AVS in Japan (Strandén et
al., 2008).

DSRC is an enabling technology that allows vehicles to commu-
nicate with each other so that advance notice or warning can be
given to the driver and or the vehicle to mitigate potential colli-
sions. Ideally the DSRC device could detect potential danger before
the driver can perceive them, such as intersection collision or sud-
den braking of a leading vehicle. However, many issues are not well
understood for the successful deployment of such a technology.
Firstly, we need to understand the relationship between looking
ahead for potential collision detection and when to deploy colli-
sion mitigation strategies. Secondly, within the constraint of the
time that is allowed for the driver and the vehicle to react given
the accident scenario, determine the best warning and mitigation
mechanisms to interact with the driver. These two considerations
have scarcely been studied.

In this paper, we use information from a prototyped DSRC-based
collision detection system, and we take into account different tim-
ing factors that affect collision avoidance, factors such as driver
reaction time, braking time and road conditions. With this infor-
mation, we study how they can be used in a collision avoidance
warning system, employing a DSRC device that could detect sur-
rounding vehicles for computing vehicle trajectories. The results of
this study illustrate the critical timing zones when advanced warn-
ings must be given to effectively avoid collision in different accident
scenarios. From these critical timing zones, we have devised colli-
sion detection and mitigation strategies for developing on-board
computer software.

0001-4575/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
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Fig. 1. Vehicle-to-vehicle communication.

2. Background

General Motors (GM) has developed a prototype Vehicle-to-
Vehicle (V2V) communication device that is intended to detect
potential collisions and gives drivers early warnings as well as pro-
viding automated collision avoidance measures (see Fig. 1). The
device is based on a dedicated short-range communication (DSRC)
using the IEEE 802.11p standard, a specialised Wi-Fi standard and
DSRC message set protocol (SAE International, 2007). Vehicles that
are in the vicinity of 300 m can communicate with each other of
their positioning, course, speed traffic information and vehicle size.
From this information, the on-board computer can compute the
trajectories and if they are in danger of colliding. In case of any
potential dangers, the system then alert drivers through chimes,
visual icons or seat vibrations and, in cars fitted with automated
braking systems (as with many modern cruise controls), can even
bring the car to a safe stop and avoid a crash if the driver does not
respond fully in time. For example, in an emergency stop when the
car registers it is in danger of being rear-ended, it flashes its tail-
lights rapidly. At the same time, the driver of the approaching car
will get alerts in time to perform a braking or avoidance manoeuvre.

Under different traffic accident scenarios, the application of a
software-based intelligent accident avoidance strategy using a V2V
device relies on the contextual information gathered in real-time.
For instance, in a given accident scenario, the software must com-
pute the time to potential collision, and compares that with the
timing events such as drivers’ reaction time, vehicle braking perfor-
mance, traffic scenarios and road conditions. These timing events
are dynamic and can differ between vehicles, road conditions and
drivers. In order to design the behaviour of a collision-avoidance
device based on V2V communication and the dynamic timing
events, we must first analyse the key factors that influence the time
from when a warning is given to the time when a collision can be
avoided. We call this timing zone a collision timing avoidance zone.

Consider a simple scenario, a V2V device in a subject vehicle con-
tinuously scans the surrounding road environment for any potential
collisions. When a subject vehicle finds another vehicle, it com-
putes the potential collision by using their trajectories and speed. If
the collision potential is high, knowing when to warn the users to
avoid this collision would depend on knowing a few more things.
For instances, the time to decelerate the vehicle (or braking), the
time for the driver to react to the warning, the time for the V2V
device to detect the danger, etc. Each of these factors has certain
variability, braking depends on the road condition—slippery or dry,
driver reaction depends on alertness and age, V2V communication
time depends of the density of the communication and the geog-
raphy. These variables can significantly affect the performance and

the reliability of a warning system. There has been no study on
how such variations affect the strategies and the design of an early
warning system and such is the purpose of this paper.

3. Timing components

Innovative traffic treatments have been difficult to assess
because there is a lack of good predictive models of crash poten-
tials and a lack of consensus on what constitutes a safe or unsafe
facility. A research project has investigated into the different sur-
rogate safety measures on the basis of an occurrence of a collision
event (Gettman and Head, 2003). The proposed measures that are
considered to be most useful include time to collision (TTC), post-
encroachment time1 (PET), deceleration rate, maximum speed and
speed differential.

In order to assess the effectiveness of a V2V device, we study the
time availability for advanced warnings and investigate the events
that occur before a potential collision for selected accident scenar-
ios that are described in Section 4. The investigation would make
use of computer models to compute the collision avoidance time
using different parameters. The purpose of having such a model
is to assist the software design of a V2V-based collision avoidance
system. We recognized that the parameters used in the computer
model will vary depending on the driving conditions. For instance,
braking performance can vary between vehicle models, road condi-
tions and driver’s age can change. Therefore, an intelligent warning
system should take these factors into consideration in order to pro-
vide appropriate warnings. We posit that in an implementation,
some of these key factors such as deceleration performance should
be calibrated statically and other parameters such as V2V latency
can be computed dynamically.

3.1. DSRC-based V2V collision timing analysis

Punctual warning and reacting to a potential collision based on
a V2V device depends on two categories of information – the space
between two vehicles and their relative speed and positions; the
time it takes for the driver and the vehicle to slow down or stop.
Given a vehicle velocity and direction, the conversion between time
and space is straight forward. However, collision avoidance involves
human reaction and other timing factors. Therefore, we choose
to use the time dimension in our analysis. This study compares,
under different circumstances or parameters, how much warning
time drivers can have when the V2V device is available, and what
would be the normal and poorer condition scenarios in an intel-
ligent software system that make decisions to mitigate potential
collisions. The normal condition is defined as the average time of
driver reaction and vehicle deceleration in dry road conditions.
Poorer condition is when driver reacts slowly and road conditions
are wet and takes longer to decelerate (see Section 3.2). A study was
done by (Miller and Huang, 2002) to evaluate some timing factors
but it did not provide an in-depth analysis of how timing parameters
influence software-based mitigation strategies.

In Fig. 2, we outline the basic parameters that influence the tim-
ing events of an accident. The time to avoid collision (TTAC) is a
function of when a potential collision is detected to the point of
just avoiding the collision. With a V2V device, detection is when
the device detects a potential collision at time Ti, from that time
to the projected point of just avoiding the collision (time Tm) is
the duration in which the V2V device can activate any mitigation
strategies such as providing warnings or automatic braking, and

1 Encroachment time is the time duration during which the turning vehicle
infringes upon the right-of-way of through vehicle.
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Fig. 2. Timing analysis of collision avoidance.

there is sufficient time to the driver and vehicle to react. The dura-
tion between Ti and Tm can be quite short if the vehicle does not
decelerate, i.e. the driver does not brake or react to the warning. If
we assume that a driver would react to a warning, the duration of
the time would be longer. It can be computed based on a number of
factors – including the potential collision scenario, the speed that
the vehicles are travelling and the deceleration of the vehicles.

If we dissect TTAC into the timing components that are needed
for mitigating the risk of a potential accident, then we observe
timing related factors in three distinct phases:

1. Phase A: V2V Communication Phase. This is a phase in which
interaction between V2V-equipped vehicles occur continuously.
The timing of this phase depends on the density of the traffic and
when the communication latency is high it reduces the time to
react to potential collision.

2. Phase B: Pre-warning phase. In this phase, information is gath-
ered by the collision avoidance software (CAS) in real-time and
it continually evaluates if there is a threat of collision. If a threat
is detected, it would move to Phase C. CAS also communicates
the information to a driver in this phase.

3. Phase C: When a collision threat has been determined and the
mitigation actions are computed by CAS, a mitigation strategy
would be initiated. This phase depicts the time it would take
to execute the actions. For instance, the time to avoid collision
would depend on the deceleration rate, which is a function of
vehicle speed, vehicle mass and mechanical braking.

Without the V2V device, the driver would, eventually, detect the
danger of collision at a certain time. That time could be early enough
or too late to avoid the accident. The CAS system is advantageous
when it foresees a potential collision and warns the driver before
s/he detects the danger. CAS determines how much time the V2V
system can provide a warning in advance (i.e. Tm − Ti) to give the
driver and the vehicle sufficient time to react. This modelling of col-
lision timing enables us to evaluate the various mitigation strategies
that could be implemented by the V2V device for different collision
scenarios.

3.2. Timing parameters

An intelligent V2V system should compute the timing for a vehi-
cle to stop under different circumstances. The algorithm is basically
an estimation of the trajectory of a vehicle. In order to provide
an early warning system for the driver to take mitigation actions,
the software must, at an appropriate time, provide warnings that
allow a driver to react to a collision threat. If manual actions are
not carried out in time to avoid a collision, the V2V device can

activate mitigation actions automatically to minimise the damage.
This type of strategies requires an understanding of the timing of
events. The timing events are the activities that make up the time
when attempting to avoid a collision. For instance, the time, loca-
tion, speed, direction and the distance of two travelling vehicles
determine whether they may collide. If we dissect the time to slow
down or to stop a vehicle, we have the following:

stop or slowdown time = driver perception time

+ driver reaction time

+ deceleration time (1)

The driver perception time, the driver reaction time and the
deceleration time can vary depending on the driver, the alertness
of the driver, the vehicle and the road conditions. These variables
can have significant influence on the stop time of a vehicle. Simi-
larly, some vehicles are equipped with advanced features such as
emergency braking support that influence the stop time. In order to
deploy an effective V2V collision avoidance system, the stop time
must be computed given the current conditions of the driver, the
characteristics of a vehicle and the road condition.

Another set of factors that affect the timing of detection and
avoidance are the communication and computation time of the
devices. If the time that a V2V device takes to detect a potential
threat is long, then the CAS software must compensate for the lost
time to ensure that there is sufficient time for the driver/vehicle to
react.

communication time = transmission time + broadcast latency

(2)

collision activation time = threat analysis computation time

+activate mitigation strategy time (3)

The communication time between DSRC-based devices can vary
depending on the density of the traffic and the topography (U.S.
Department of Transportation, 2006b). If the broadcast frequency of
positioning information by a vehicle is low, the time to wait for the
next update by other vehicles would be higher, i.e. higher latency. As
a result, the positioning information may be out of date. A potential
threat may actually become an imminent accident in between the
two communication exchanges, and valuable warning time could be
lost when the system waits for the next data exchange. Similarly,
it would take time for the CAS to compute collision threats and
activate the mitigation strategy such as displaying a warning or
vibrating driver’s seat.
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3.2.1. V2V communication
The V2V device requires access to some positioning systems

(PS) such as satellite positioning, e.g. GPS, or infrastructure-
based positioning. This information is computed to determine
the trajectory of the vehicle and communicated to nearby vehi-
cles using the DSRC Message Set Dictionary (SAE International,
2007). Each vehicle equipped with a V2V device can therefore
compute whether another vehicle is encroaching into its space to
cause a collision. In our model, we assume that a DSRC device
would have a positioning accuracy within 10 cm or 1 dm. This
assumption underpins the calculation of just-in-time collision
avoidance. In one scenario using precise positioning technology
with a subject vehicle and a leading vehicle, the positioning of
the two vehicles has a known error margin of 20 cm in the fac-
ing direction, a collision may be avoided if allowance of such an
error margin is compensated for. However, using today’s civilian
GPS technologies, positioning can be erroneous by more than a
meter and the error margin cannot be determined, making the
computation of collision timing and collision distance less accu-
rate.

The communication between the V2V devices is performed
through a pre-assigned communication channel when nearby vehi-
cles are within range. It takes approximately 20 ms to handshake.
Then each vehicle would allocate a channel, out of 10 possible chan-
nels, and communication would take place through that dedicated
channel. The minimum time for data exchange between two vehi-
cles is in milliseconds. This time includes data transmission and
broadcasting latency and would vary depending on the load on the
communications channels.

When there is more traffic in the vicinity, this situation may
change. Vehicles would compete for the bandwidth in the V2V
device. Therefore, the time to receive a message is a function of the
scheduling delay, which depends on the number of vehicles that are
connected, and the time to physically transmit a message. In a study
on DSRC-based inter-vehicular communication, it has been found
that the message reception probability deteriorates from about 80%
accuracy at 0 m to about 50% at around 250 m (Jiang et al., 2006).
This indicates two issues. Firstly, the communication time depends
on the effectiveness of a DSRC communication device. Secondly,
the time taken for two vehicles to communicate their positions
can increase significantly, thereby reducing the warning time to
the drivers.

Using Eq. (2), we have a model for representing the V2V com-
munication time. We model the transmission delay to be between
25 ms (normal condition) and 300 ms (poorer condition).2 The
broadcasting frequency of a vehicle’s position depends on the time
that it takes by the two vehicles to communicate their positions,
which can typically be between 100 ms and 1000 ms. When that
position is communicated, it may no longer be its actual position
because of the time delay, thus creating a threat to the accuracy
of the position of a vehicle and the time to collision. If the com-
munication latency is high, then the two vehicles may be closer to
collision than the reported positions, as such it is necessary to com-
pensate for the time loss. This is adjusted in the overall CAS timing
model by incorporating the Communication Time. Therefore, the
communication overheads (i.e. Ta − Tc) must be taken into consid-
erations in order to compensate for the V2V device latencies. In
a CAS implementation, this variable can be statistically measured
using the average message communication time, and dynamically
adjusted in the timing model to compensate for the communication
delays.

2 This estimation is provided by General Motors based on their data.

3.2.2. Collision detection and activation
Based on the information given to a vehicle by other vehi-

cles, CAS computes if there is any potential danger of collision.
The information required for such computation is encoded in
the DSRC message set (i.e. MSG BasicSafetyMessage Part I) (SAE
International, 2007). It includes the following: (i) message informa-
tion – MAC address for identification and security, message type;
(ii) position – latitude, longitude, elevation and positional accuracy;
(iii) motion – speed, heading, acceleration; (iv) control – brake,
steering, throttle position and exterior lights; (v) vehicle size –
weight, load and length.

Collision detection is a computation process that is made up by
collision threat analysis and the activation of mitigation strategy
(see Fig. 2). Threat analysis determines the trajectory and threat
of collision, it typically takes about 1–105 ms. The decision process
would use software algorithm to decide what to do about a threat
based on time availability and mitigation strategies. The strategies
could be the activation of some visual, audio or physical warning
devices. The time to activate some warnings would typically take
less than 100 ms. The analysis process runs continuously. The miti-
gation process is active until either the threat is no longer there or
some actions are taken. This period is denoted by Tc − Ti in Fig. 2
and computed with Eq. (3).

3.2.3. Drivers’ reaction
The way a driver controls a vehicle is significant to the time

that is available to avoid a potential collision. In a study on a
forward warning system, the system starts giving warning at time-
headway3 of 1.7 s and the warning signal starts flashing from 1.0 s to
0.8 s (Young et al., 2007). However, when a traffic incident such as
the sudden stopping of a forward vehicle happens, the reaction time
of drivers may differ. According to (Triggs and Harris, 1982), most of
the delay between the presentation of a stimuli and the response by
a human is due to central processing time rather than to the con-
duction relays along neural pathways. Reaction time depends on
the possible alternatives that can occur. The more alternatives that
is available to a driver the longer the reaction time. It also depends
on the ease of interpreting a signal or a stimulus and the associa-
tion between the input stimulus and the response codes, such as
interpreting an unfamiliar road sign. In the case of an in-vehicle
generated warning, the braking reaction of a driver depends on a
number of factors:

• Brake reaction time – The reaction time to braking from a stimulus
is measured to be between 500 ms and 700 ms for the majority
of drivers (De Silva and Forbes, 1937), or 440–640 ms in another
study (Lister, 1950). The studies were not conducted in road con-
ditions and the subjects may have an expectation and thus reacted
faster.

• Driver’s age – Reaction time depends on the age of the driver. Age
group of 15–19 years has a mean reaction time of 438 ms, and
range to 522 ms for 65–69-year-old group (American Automobile
Association, 1958). A more recent study found that young, mid-
age and older people’s brake reaction time is 350 ms, 390 ms and
430 ms, respectively (Warshawsky-Livne and Shinar, 2002).

• Movement time – Total brake reaction time is made up of brake
reaction time and movement time (Liebermann et al., 1995) and
the time is influenced by the both the country of origin and the
awareness of the driver (Sohn and Stepleman, 1998).

Vehicle slowdown time specified by Eq. (1) comprises the driver
perception time and the driver reaction time. Driver perception

3 Time-headway is defined as the time difference between any two successive
vehicles when they cross a given point.
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time is the time a driver takes to perceive a warning, which depends
on alertness, age and so on. Driver reaction time is the time for a
driver to have perceived a danger to moving the foot to braking
position. In the CAS model, we use average and age compensated
perception–reaction times based on a study by (Green, 2000). The
average perception–reaction time is estimated to be 1.25 s, and the
age compensation is 0.3 s. Studies by (Fambro et al., 1997; Fambro
et al., 2007) have suggested that a 2.5 s delay should be allowed for
driver perception and reaction time, and that should cover 90–95%
of the cases. In the CAS model, we have adopted a dynamic timing
approach to cater for different scenarios under varying conditions.
For instance, a senior driver may set his/her preference to a higher
level of allowance to get more advanced warning, or the car may
automatically calibrate driver response time.

3.2.4. Vehicle deceleration rate
In order to gauge the deceleration of a vehicle through braking, a

number of factors such as the deceleration rate of the vehicle in dif-
ferent environments based on the vehicle speed, road slope, road
surface and load conditions must be considered. This timing is a
part of Eq. (1). Other assumptions such as the brake condition, over-
load condition, the temperature, brake lining condition, moisture,
adjustment, and any mechanical problems should also be made to
estimate the deceleration rate. In this study, we start with a simple
model where we obtain the manufacturer-tested braking condition.
We model the braking of a specific car-model manufactured by GM
using different speed and deceleration rate. First of all, we compute
the travelling distance of a vehicle from the time a warning should
be issued to just avoid the collision:

Ds = Db(h, i, j) + Dr(k, l) (4)

Db = hVi + Vi
2 − Vt

2

2Rd(i, j)

Dr = Vi(k + l)

where

Db is the braking distance of the vehicle;
Dr is the distance travelled during the perception-reaction reaction
time;
h is the vehicle response time, i.e. time required to pressurise the
brake system and overcome the inertia of car;
i is the braking action, i.e. moderate or hard braking;
j is the road condition, i.e. ideal or slippery;
k is the time for the driver to perceive the warning;
l is the time for the driver to react to the warning;
Vi is the initial velocity of the subject vehicle;
Vt is the target velocity of the subject vehicle, which is also the
velocity of the leading vehicle;
Rd is the deceleration rate for a given braking action i and road
condition j.

When a subject vehicle’s target speed is 0, vehicle slowdown dis-
tance equates to vehicle stopping distance. This formula can cater
for accident scenarios such as rear-end collision and intersection
collision. With varying road conditions, i.e. dry or wet and other
parameters such as tyre conditions, the stopping distance and time
also vary. Given that CAS has detected a collision threat, the driver
may or may not brake very hard. Let us say the driver brakes very
hard and can just avoid a collision, we call that a critical time to
avoid collision. It means that beyond that point in time, a braking
manoeuvre alone will not avoid the collision. On the other hand, if
a driver brakes moderately and is able to avoid an accident, it is a

preferred time to avoid collision. These two scenarios represent the
worst case mitigation and the preferred mitigation respectively.

4. Time to collision analysis

The purpose for modelling the timing parameters is to inves-
tigate how the variability of these parameters may influence the
accident mitigation strategy of the V2V device. The timing of events
that happen during an accident is not clearly understood. A study of
timing events in potential accident collisions would provide infor-
mation needed for V2V designers to devise better strategies using
different timing scenarios. For instance, designers can estimate how
much extra time a V2V device would have to warn the driver or to
activate any automatic mitigation strategy in a potential collision
situation. In order to achieve this, we build models to study the rel-
evant timing events. The following are the key timing zones in the
modelling:

1. Given a set of pre-defined collision scenarios, what are the mini-
mum TTACs when two vehicles are travelling at different speeds?
This is to measure the time between Tj and Tm.

2. For any scenario in (1), what is the time to detect and analyse
collisions by a V2V device? This is to measure the time between
Ta and Ti.

3. When we combine (1) and (2), driver reaction time and vehicle
braking time together, what are the time allowances for giving
collision warning and executing collision mitigation techniques?
This is to study the events between time Ti and Tm.

There are many events occurring during timing zones, the vari-
ability of these timing events can be represented in a model. In this
study, we provide a general model to illustrate the CAS strategies.
This general model can be re-calibrated according to local and spe-
cific conditions. We study the collision scenarios under normal and
poorer conditions of TTAC using different sets of data.

The computation of two vehicles colliding in a trajectory course
requires the location, direction, speed and distance between two
vehicles. Assuming the vehicles are heading the same way, the
headway distance, HD, which is the distance between the leading
and subject vehicles such that the subject vehicle can slow down to
just avoid a collision, can be computed:

HD = Ds − Dlv + M (5)

Dlv = VtTb(h, i, j)

Tb = h + Vi − Vt

Rd(i, j)

where

Ds is the slow down distance travelled by subject vehicle computed
from Eq. (4);
Dlv is the distance travelled by the leading vehicle;
Tb is the vehicle braking time by subject vehicle;
M is the vehicle dimensions in meters, which is (a) the length of the
leading vehicle for rear-end collision scenarios, and (b) the width
of the intersecting vehicle for intersection collision scenarios;
Vi is the initial velocity of the subject vehicle;
Vt is the target velocity of the subject vehicle, which is also the
velocity of the leading vehicle;
h is the vehicle response time;
Rd is the deceleration rate for a given braking action i and road
condition j.
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Fig. 3. (a) Headway distance with moderate braking. (b) Headway distance with hard braking.

Once we know the headway distance between the two vehicles,
we can work out the time to avoid collision:

CT = HD
Vi

(6)

Furthermore, the time it takes for the subject vehicle to slow
down, i.e. Ts, to target velocity is a sum of the vehicle braking time
Tb (computed from Eq. (5)), and the time for the driver to perceive
k, and react l, to the warning.

Ts = Tb(h, i, j) + k + l (7)

As reported in the IVBSS program, rear-end collisions, road
departure and lane-change crashes account for 60% of all police-
reported light-vehicle and heavy-vehicle crashes, and 50% of all
crash fatalities (Kloeden et al., 1997). According to (U.S. Department
of Transportation, 2006a), 70% of crashes with fatalities and 89% of
on road crashes in the U.S. involve multiple vehicles. Additionally,
21% of fatalities and 45% of crash injuries are intersection related.
The potential for reducing crashes on road could be significant if
vehicles could communicate and coordinate amongst themselves to
assess and prevent the threat of on-road accidents. Using the results
of the Vehicle Safety Communications Project (U.S. Department of
Transportation, 2006b), we have selected to study four V2V accident
scenarios:

• collision with a forward stationary vehicle;
• collision with a forward moving vehicle;
• collision with a vehicle at an intersection;
• head-on collision.

The crash scenarios in this study involve only two vehicles. We
have not considered accidents that involve a single vehicle or multi-
ple vehicles. The model can be extended to cater for these additional
crash scenarios in a CAS system.

4.1. Collision with a forward vehicle – stationary or moving

Rear-end collision basically involves a subject vehicle that is
travelling faster than a leading vehicle in-front. The leading vehi-
cle can be stationary or moving. In this study, we illustrate the
model with a leading vehicle that has a constant speed. The soft-
ware model can be adapted for a leading vehicle that decelerates.
The deceleration of the subject vehicle to a certain speed to avoid a
collision is computed based on a common braking distance formula.
Firstly, we measure the headway distance and the time to avoid a
collision using Eqs. (5) and (6) in the computation. It means that we
compute the distance and the time to avoid collision for two scenar-
ios: the subject vehicle brakes moderately and brakes hard. Fig. 3a
and b illustrates these two scenarios. If we take the instance of a
subject vehicle travelling at 110 km/h and the leading vehicle is sta-
tionery (0 km/h), then moderate braking requires 140 m of headway
and hard braking requires about 110 m of headway. According to Eq.
(5), the calculation is on the basis of: (a) normal road conditions;
(b) average driver response time. Under these ideal conditions, a
subject vehicle would be able to avoid the collision given there is
a minimum of 110 m headway between it and the leading vehicle
with hard braking.

If a vehicle encroaches into the 110 m zone, even hard braking
could not avoid a collision. We call this point the critical distance to
avoid collision and the critical time to avoid collision. The critical dis-
tance relationship is shown in Fig. 3b. Therefore, this critical point,
in time or space, becomes the last possible chance the driver must
react to avoid a collision. It means that if a warning is to be given
to the driver, it must be given before this point (before Tj in Fig. 2).
Ideally CAS should provide an earlier detection so that the driver
can brake moderately to avoid the accident. We call this point the
preferred distance to avoid collision and preferred time to avoid col-
lision. The preferred time to avoid collision should be before Ti, as
shown in Fig. 2. Preferred headway distance with moderate braking
distance relationship is shown in Fig. 3a.

The deceleration of a vehicle to avoid accident very much
depends on the road condition. Let us assume that a subject vehi-
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Fig. 4. Subject vehicle deceleration under normal condition.

cle is travelling at 110 km/h and the leading vehicle is travelling at
60 km/h. Under the normal condition, the distance to slow down
the subject vehicle to avoid the accident would be 107 m/88 m for
moderate/hard braking respectively, and the distance to slow the
subject vehicle under the poorer condition would be 148 m/119 m
respectively (see Appendix A). As mentioned earlier, there are other
variables such as driver reaction and V2V communication latency
that affect the timing of warning drivers. Using Eqs. (5) and (6), we
compute, under normal condition and poorer condition, the pre-
ferred distance/time to avoid collision and the critical distance/time
to avoid collision.

When we compute vehicle deceleration under different road
conditions, we relate time and space with the collision avoidance
events in normal condition (Fig. 4) and poorer condition (Fig. 5).
In these two figures, the y-axis depicts the distance between the
subject vehicle and the leading vehicle, the x-axis depicts the
time between the events that occur during any collision avoidance
manoeuvre. The origin (0,0) or Tj, is defined as the critical dis-
tance/time that a driver must act to avoid collision. The graph that
crosses the origin is defined as the time–distance relationship of the
latest reaction time to avoid collision with hard braking. There are
three graphs in each diagram. The bottom graph depicts the timing

Fig. 5. Subject vehicle deceleration under poorer condition.
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Fig. 6. Stationary leading vehicle under the poorer condition.

events to avoid collision with moderate braking. The middle graph
crosses the origin and depicts the timing events to avoid collision
with hard braking. The top graph depicts the time to collision if no
actions are taken by the driver in the subject vehicle. The labels on
the graphs identify the timing and the distance of the events that
happen:

• Tj – The origin (0,0) is the point in time when the driver is alerted
and hard braking must be made immediately to avoid a collision,
this point defines the critical time to avoid collision.

• Ti – Time when driver is alerted by early collision warning.
• Tj to hTk and Ti to mTk – time periods for driver to perceive and

react in hard braking or moderate braking scenarios, respectively.
• hTk to hTm and mTk to mTm – time periods when a subject vehicle

avoid colliding with the leading vehicle after decelerating using
hard braking or moderate braking scenarios, respectively.

• Tj to X – time period when subject vehicle collide with leading
vehicle if driver takes no action.

Figs. 4 and 5 both show a scenario when a subject vehicle travel-
ling at 110 km/h is fast catching up on a vehicle travelling at 60 km/h.
Fig. 4 shows this scenario under the normal condition, approxi-
mately 80 m and 2.8 s is the distance/time to collision if the driver
and vehicle do not react to the warning, i.e. Tj − X. However, if CAS
sounds a warning just before Tj, and the driver brakes hard to avoid
a collision, the point when the two vehicles barely miss the acci-
dent is at hTm where the distance/time is 88m/3.3 s. If CAS warns
earlier at point Ti, the driver gets an earlier warning by 0.2 s and an
extra distance of about 6 m, allowing the driver to brake moderately
to avoid the collision. Note that mTm is later than hTm because the
leading vehicle is travelling further away. Fig. 5 shows the same sce-
nario under poorer condition, i.e. wet road surface. Approximately
120 m and 4.5 s are the minimum distance/time required to avoid
the collision with an earlier warning (Ti) of 0.3 s.

Fig. 6 shows a scenario where the subject vehicle is travelling
at 110 km/h and the leading vehicle is stationary under the poorer
road condition, say a vehicle breaks down in the rain on a highway.
In this case, a warning to the subject vehicle must be at least 152 m
away, and preferably 193 m away (see X and the distance between
Ti and X). For the same scenario under the normal condition, the
latest warning given to the subject vehicle must be at least 111 m
away, and preferably 139 m away.

From Figs. 4–6, we observe the following:

• The time and distance between preferred early warning for mod-
erate braking (Ti) and latest warning for hard braking (Tj) is
relatively small. In this case, it is 0.19 s under normal condition
and 0.28 s under poorer condition. This will have implications on
when the CAS should sound warnings with regards to the time
that a driver has to react before more severe warnings and actions
are taken by a vehicle.

• The time difference between the normal condition and the poorer
condition can significantly affect when the warning should be
given. In the stationary leading vehicle scenario, there is about
1.8 s or 54 m difference to avoid collision under the two condi-
tions. Therefore, in CAS design, current road conditions must be
taken into account.

• The distance in which collision can be avoided is a minimum of
152 m if the relative velocity is 110 km/h under the poorer con-
dition. This is still within the effective range of the DSRC device
using (U.S. Department of Transportation, 2006b) as a guideline.

4.2. Collision with a vehicle at an intersection

The intersection collision analysis is similar to the collision anal-
ysis of a forward vehicle except two differences. Firstly, we assume
that when a potential collision is detected, the subject vehicle will
come to a stop before the intersection. The stopping scenario is the
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Fig. 7. DSRC intersection collision distance analysis.

safest, whereas crossing the intersection and avoiding the other
vehicle depend on variables such as velocities of both vehicles,
vehicle sizes and their relative positions. Secondly, there is less dis-
tance for a subject vehicle to stop because of the angle in which
they approach each other (see Fig. 7). When the two vehicles detect
each other at the ideal range of 300 m, there is only 212 m to stop a
vehicle to avoid collision.

Assuming that there are no obstructions to hinder the DSRC
communication of the two vehicles, the stopping distance is only
212 m. It provides the subject vehicle barely sufficient time/distance
(i.e. 190 m, see Fig. 6) to carry out moderate braking if it is travel-
ling at 110 km/h under the poorer road conditions. However, the
reliability of DSRC communication can drop quite significantly due
to distance (Jiang et al., 2006) and structures at intersections (U.S.
Department of Transportation, 2006b). If the two vehicles detect
each other at the range of 240 m, it is only 169 m before the colli-
sion point and insufficient time for the vehicle to stop in time to
avoid the collision.

An additional issue could be the latency of communication
between vehicles and the delay of the positioning broadcast. When
the positioning data of a vehicle is broadcast, the accuracy and the
timing are important because that vehicle could already be meters
away from its original position and that would provide erroneous
data for CAS computation. Additionally, we can consider the width
of the intersecting vehicle in our model solution (see inset in Fig. 7).
It would allow us to compute avoidance using the dimensions of a
vehicle, therefore the algorithm can be applied to longer vehicles
such as trucks and trains.

4.3. Head-on collision

In a highway situation where vehicles from opposite directions
are travelling at high speed, a detection range of 300 m without any
latency or delays can help avoid an accident. As shown in Fig. 8, at
300 m there is approximately 1.4 s before the critical time to avoid
a collision Tj. This applies to both vehicles. However, in the case
of both vehicles travelling at 80 km/h, the warning time can be
extended to 2.6 s and the drivers will have more time to react to
the situation.

The time that is available for a driver and a vehicle to react in
a head-on collision scenario is a lot less. Therefore, CAS requires
the maximum detection range that DSRC can provide to give as
early a warning as possible. Additionally, avoidance mitigation also
relies on the accuracy of the positioning system as well as the low
latency of the V2V communication. As discussed in the last sec-
tion, a high latency of DSRC communication would imply that the
position of the vehicles can be quite different and affect the com-
putation of the time to decelerate or stop. One second latency can
imply a 30.5 m difference in distance when a vehicle is travelling at
110 km/h.

5. Findings for collision avoidance mitigation strategies

The main objective of studying the timing relationships between
DSRC-based communication and accident avoidance is to under-
stand the events that need to take place within the time constraint

Fig. 8. Head-on collision time–space analysis.
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Fig. 9. Collision warning time gap analysis.

given by the forewarning of a DSRC device. Such understanding
would allow better accident avoidance system to be built.

5.1. Timing components

In this study, we have shown that there are a number of variables
that need to be considered in a DSRC-based CAS system. They are
DSRC communication latency time, driver reaction time, road con-
ditions and deceleration rate. These variables need to be tailored
for each type of vehicle, the driver and the driving conditions. The
dynamic change of these variables as conditions change is essen-
tial to accurately warn the driver. For instance, an older driver with
slower response time could have the vehicle compensate for his/her
slower response by adjusting a dial or having the vehicle auto-
matically set the adjustment according to the driver’s response
calibration. Similarly, varying road conditions and DSRC commu-
nication latency should be compensated for in the computation of
accident timing.

We define the critical time to avoid collision (CTAC) which is
the last chance a driver can decelerate a vehicle with hard braking
to avoid collision; we also define preferred time to avoid collision
(PTAC), which is the time when a driver should be warned so that
s/he can moderately brake to avoid a collision. For drivers who
require early warnings to compensate for his/her slower reaction
time, being able to receive an earlier warning gives more allowance
to react to the situations (i.e. the times between Ti and mTk and
between Tj and hTk shown in Figs. 4–6). Since varying road con-
ditions affect braking distance and time, its accurate computation
can determine if an accident can be avoided. For instance, the timing
difference to stop from 60 km/h between normal and poor condi-
tions is 1.2 s. If for instance, the DSRC latency is 200 ms and the
driver has a 0.3 s slower reaction time, the total timing variations
would add up to 1.7 s. If the driver is not aware of the poten-
tial danger with a stationary vehicle ahead and the V2V system
sounds the warning 1.7 s after PTAC, instead of avoiding the col-
lision, the vehicle would have travelled another 28.3 m and then
collide with the stationary vehicle at a speed of 12.7 km/h. For
CAS to work correctly, such timing variations must be dynami-

cally adjusted according to the environment to obtain an accurate
warning time.

5.2. DSRC communication

The analysis has shown that in some scenarios, especially in
poorer road conditions and in intersections, the time to warn the
drivers is limited. Communication latency (depicted by Ta–Tc zone
in Fig. 2) may cause a subject vehicle to encroach into the critical
time zone and miscalculate collision timing. There are two scenar-
ios. Firstly, if the DSRC communication broadcast frequency is in
seconds (Jiang et al., 2006), in cases where vehicles are travelling
fast and the DSRC range is small, there may not be enough time for
a driver and vehicle to avoid a collision by the time the next broad-
cast is made. Secondly, when the DSRC communication channels
are congested, there would be delays in communicating the posi-
tion and speed of vehicles. A similar observation was reported in
Ito (2007).

In both scenarios, CAS must first realise that delays are occurring.
One way to detect this delay is to have the CAS software examine
the frequencies and the timestamps of the packets being exchanged
between vehicles. Since communication delays would mean that
the real position of the other vehicle is different to when it broad-
casts its position, CAS must compensate for such error by computing
its current position based on current time and last positions.4 It
must recompute the timing events and collision mitigation strate-
gies based on this compensation for delays.

5.3. Time gap and warnings

We have also found that the time gap between the pre-
ferred warning and the critical warning is small (as shown in

4 The messaging protocol (i.e. MSG BasicSafetyMessage) defined in the draft DSRC
standard does not contain a timestamp that could be used for computing the
positional compensation. For compensation to work, vehicle clocks must be syn-
chronised.
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Tables 3a and 3b in Appendix B). Preferred warning is the warning
for when a driver can avoid a collision by braking moderately, criti-
cal warning is when the driver must brake hard to avoid a collision.
From when the DSRC device first detects an approaching vehicle
to when the time a warning should be given, there is a window of
opportunities to warn a driver. There are two especially important
times: (a) duration to give early warning, Tew; (b) duration to give
latest warning, Tlw. They are defined as:

Tew = DR − HD(m)
V

(8)

and

Tlw = DR − HD(h)
V

(9)

where DR is the detection range of the V2V device, HD(m) and HD(h)
are the headway distance for moderate and hard braking respec-
tively and V is the velocity of the subject vehicle. The time duration
that is available to warn the driver is primarily bound by the com-
munication range of a DSRC device. If a subject vehicle is travelling
at 110 km/h towards a stationary vehicle and the DSRC detection
zone is 300 m, then the total time available to warn the driver is
known. As shown in Fig. 9, Tew is the duration between the lead-
ing vehicle coming into range and a warning is given for a driver
to brake moderately; Tlw is the duration between the leading vehi-
cle coming into range and when a driver must brake hard to avoid
collision. In the case of poorer road condition, CAS has at most 5 s
to warn the driver (i.e. Tlw) and the early warning is only 1.4 s ear-
lier (i.e. Tlw − Tew). The questions are at which point in time CAS
should warn the driver and what mitigation steps should be taken
and when.

From Fig. 9, we see two different timing zones when information
and warnings could be given: (a) the time zone between preferred
warning Ti and last warning Tj; (b) the time zone to forewarn the
driver before Ti. With (a), the time gap between Ti and Tj is small.
It is not very useful to give two consecutive warnings because just
as the driver has a chance to perceive and react to the first warn-
ing, the second warning is sounded. The overlap of warnings may
startle the driver unnecessarily. So it is preferable to have CAS pro-
vide a warning immediately at first detection of danger at Ti. If the
earliest detection is beyond Tj, then the accident is imminent, an
autonomous braking system similar to Adaptive Cruise Control can
be used to minimise the impacts of a collision. Autonomous brak-
ing has been demonstrated in the PreVENT project (Schulze et al.,
2008). Additionally, a risk-based analysis could also be incorporated
into the CAS design to compute the potential severity of collisions
for deciding what mitigation strategies to deploy. For instance, if a
vehicle is travelling at high speed and the collision impact is high,
then the mitigation strategies should be different.

Scenario (b) is concerned with pre-warning timing (i.e. before
Ti) by CAS to a driver so that s/he can decelerate and/or manoeuvre
the vehicle before the danger arises. The issue is how far ahead the
information should be given, and in what form. In terms of timing
of the information dissemination within Tew, information provided
to a driver could be continuous through audio and/or video signals.
If there is no risk of a collision, the information provided to a driver
could be minimal. The urgency of that information could increase as
the vehicles approach Ti. Further studies on human machine inter-
face are required to determine what type of information and in
what form are most useful to drivers in both cases. Considerations
should be given to driver perception of information and reactions.
With the right information provided to a driver pre-Ti, early and
defensive driving could minimise the chance that a driver would
encroach in the Ti − Tj zone.

5.4. Intersection collision avoidance

We have found that the time allowed for warning in intersec-
tion collision is short, especially when vehicles are travelling in high
speed. Ineffective DSRC communication exacerbates this problem.
In order to address this problem, some DSRC roadside infrastructure
should be considered. The installation of a roadside DSRC device
at an intersection may not solve this issue entirely, installation
of roadside relays to extend the range of detection could be con-
sidered. One possible application is railway level-crossing when
forewarning road traffic must be further than the 300 m range
that DSRC can support, and similarly for trains. Such CAS soft-
ware requires enhancements to the proposed SAE J2735 message
standard, and construction of intelligent CAS software to relay and
compute appropriate mitigation strategies.

6. Conclusion

DSRC has been used in prototyped vehicles to test vehicle-to-
vehicle communication for collision avoidance. However, there is
little study on how in-vehicle software should behave to mitigate
the risk of accident collision. One important aspect is the timing
events that determine when collision might occur. In this study,
we have analysed the timing events and their relationships with
computing warnings for collision avoidance.

We have defined three timing zones: pre-warning, preferred
time to avoid collision (PTAC) and critical time to avoid collision
(CTAC). Pre-warning zone is defined as from when two vehicles
start communicating through DSRC to PTAC; PTAC is the time when
a driver is warned and s/he could brake moderately to avoid a col-
lision; CTAC is the time when a driver is warned and s/he must
brake hard to avoid a collision. Since the information and warn-
ings that CAS provides to a driver are according to the timing
zones, these timing zones help us define the events based on the
amount of time available to a driver and a vehicle to avoid a colli-
sion.

In analysing the timing events, we have found that variations
in road conditions, driver perception–reaction time and commu-
nication latency significantly affect the correctness of computing
warning times and recommending mitigation strategies. We sug-
gest that these timing events should be dynamically monitored and
adjusted by CAS according to the current driving conditions. For
instance, vehicle positions can be incorrectly reported due to DSRC
communication latency, leading to incorrect computation of trajec-
tory and collision time. Dynamic compensation for such errors by
allowing for communication latency can reduce such errors. Similar
adjustments should be handled by CAS for road and driver condi-
tions. Additionally, current commercial and affordable positioning
systems do not give positioning information with enough accu-
racy and this will add to the computational errors. These are the
challenges that need to be addressed for a V2V collision avoidance
system to work effectively.

Although CAS captures a lot of the surrounding real-time traffic
information, not all of them would be presented to a driver because
that would overload and confuse the driver. In order to understand
what type of information should be presented by CAS, in which
timing zone and by what means they should be presented, exper-
iments on driver reactions over the three timing zones should be
conducted. Studies in human–machine interface would be essential
to implement an adaptable and accurate CAS.
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Table 1a
Slowdown distance for moderate braking under normal condition (m).

Initial velocity (km/h) Target velocity (km/h)

0 10 20 30 40 50 60 70 80 90 100

10 5
20 11 10
30 19 18 16
40 28 27 25 21
50 39 38 36 32 27
60 51 50 48 44 39 32
70 65 64 62 58 53 46 38
80 80 79 77 73 68 61 53 43
90 96 96 93 90 84 78 70 60 49

100 114 114 112 108 103 96 88 78 67 54
110 134 133 131 127 122 116 107 98 87 74 60

Table 1b
Slowdown distance for hard braking under normal condition (m).

Initial velocity (km/h) Target velocity (km/h)

0 10 20 30 40 50 60 70 80 90 100

10 5
20 10 10
30 17 16 15
40 24 24 22 20
50 33 32 31 28 25
60 43 42 41 38 34 30
70 53 53 51 49 45 41 35
80 65 65 63 61 57 52 47 40
90 78 77 76 73 70 65 59 53 45

100 92 91 90 87 83 79 73 67 59 50
110 107 106 104 102 98 94 88 81 74 65 55

Table 2a
Slowdown distance for moderate braking under poorer condition (m).

Initial velocity (km/h) Target velocity (km/h)

0 10 20 30 40 50 60 70 80 90 100

10 6
20 14 13
30 25 23 20
40 37 36 33 27
50 52 51 48 42 34
60 69 68 65 59 51 41
70 89 87 84 79 71 61 48
80 110 109 106 100 92 82 70 56
90 134 133 129 124 116 106 94 79 63

100 160 159 155 150 142 132 120 105 89 70
110 188 187 184 178 170 160 148 134 117 98 77

Table 2b
Slowdown distance for hard braking under poorer condition (m).

Initial velocity (km/h) Target velocity (km/h)

0 10 20 30 40 50 60 70 80 90 100

10 6
20 13 12
30 22 21 18
40 32 31 29 25
50 44 43 41 37 31
60 57 56 54 50 45 38
70 72 71 69 65 59 53 44
80 88 88 85 81 76 69 60 50
90 106 105 103 99 94 87 78 68 57

100 126 125 123 119 113 106 98 88 76 63
110 147 146 144 140 134 128 119 109 97 84 70

Appendix A. Slowdown distance for moderate and hard
braking under normal and poorer conditions

Tables 1a, 1b, 2a and 2b
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Appendix B. Additional time required for preferred
warning under normal and poorer conditions

Tables 3a and 3b

Table 3a
Additional time required for preferred warning under normal condition (s).

Initial velocity (km/h) Target velocity (km/h)

0 10 20 30 40 50 60 70 80 90 100

10 0.08
20 0.16 0.04
30 0.25 0.11 0.03
40 0.33 0.18 0.08 0.02
50 0.41 0.26 0.15 0.07 0.02
60 0.49 0.34 0.22 0.12 0.05 0.01
70 0.57 0.42 0.29 0.19 0.11 0.05 0.01
80 0.66 0.50 0.37 0.26 0.16 0.09 0.04 0.01
90 0.74 0.58 0.45 0.33 0.23 0.15 0.08 0.04 0.01

100 0.82 0.66 0.52 0.40 0.29 0.20 0.13 0.07 0.03 0.01
110 0.90 0.74 0.60 0.48 0.36 0.27 0.19 0.12 0.07 0.03 0.01

Table 3b
Additional time required for preferred warning under poorer condition (s).

Initial velocity (km/h) Target velocity (km/h)

0 10 20 30 40 50 60 70 80 90 100

10 0.12
20 0.25 0.06
30 0.37 0.16 0.04
40 0.49 0.28 0.12 0.03
50 0.61 0.39 0.22 0.10 0.02
60 0.74 0.51 0.33 0.18 0.08 0.02
70 0.86 0.63 0.44 0.28 0.16 0.07 0.02
80 0.98 0.75 0.55 0.38 0.25 0.14 0.06 0.02
90 1.11 0.87 0.67 0.49 0.34 0.22 0.12 0.05 0.01

100 1.23 0.99 0.79 0.60 0.44 0.31 0.20 0.11 0.05 0.01
110 1.35 1.12 0.90 0.71 0.55 0.40 0.28 0.18 0.10 0.04 0.01

Table 4a
Time available to give latest warning under normal condition (s).

Initial velocity (km/h) Target velocity (km/h)

0 10 20 30 40 50 60 70 80 90 100

10 104.6
20 51.3 52.3
30 33.4 34.2 34.9
40 24.4 25.1 25.6 26.2
50 18.9 19.5 20.0 20.5 20.9
60 15.1 15.7 16.2 16.7 17.1 17.4
70 12.4 13.0 13.5 13.9 14.3 14.7 14.9
80 10.3 10.9 11.4 11.8 12.2 12.5 12.8 13.1
90 8.7 9.2 9.7 10.1 10.5 10.8 11.1 11.4 11.6

100 7.3 7.8 8.3 8.7 9.1 9.4 9.7 10.0 10.3 10.5
110 6.2 6.7 7.1 7.5 7.9 8.3 8.6 8.9 9.1 9.3 9.5

Table 4b
Time available to give latest warning under poorer condition (s).

Initial velocity (km/h) Target velocity (km/h)

0 10 20 30 40 50 60 70 80 90 100

10 104.2
20 50.8 52.1
30 32.8 33.9 34.7
40 23.7 24.6 25.4 26.1
50 18.1 19.0 19.7 20.3 20.8
60 14.3 15.1 15.8 16.4 16.9 17.4
70 11.5 12.2 12.9 13.5 14.1 14.5 14.9
80 9.3 10.0 10.7 11.3 11.8 12.3 12.7 13.0
90 7.6 8.3 8.9 9.5 10.1 10.5 10.9 11.3 11.6

100 6.1 6.8 7.4 8.0 8.6 9.1 9.5 9.8 10.2 10.4
110 4.9 5.5 6.2 6.8 7.3 7.8 8.2 8.6 9.0 9.2 9.5

Appendix C. Time available to give latest warning with a
300 m V2V detection zone under normal and poorer
conditions

Tables 4a and 4b
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