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OMNeT++ is an open-source component-based C++ simulation library and
framework, designed for building network simulators [Ltd15]. OMNeT++ runs on
the most popular operating systems such as Windows, Linux, Mac OS X and a
variation of Unix systems. It has become a popular platform both in the scientific
and industrial communities. Along with a physical layer modelling toolkit called
MiXiM, is it possible to employ accurate models for radio interference, obstacles and
other transmission challenges.

It was designed to enable large-scale simulations, relying on a hierarchical structure
with reuse of components. The components which represents the building blocks in
the system architecture are programmed in C++ and later assembled into larger
components by using a high-level language referred to as NED. The OMNeT++ IDE
is based on the Eclipse platform. A capture of the IDE is shown in Figure 4.2.

Figure 4.3: A capture of the SUMO GUI. The yellow arrows represents the moving
vehicles.

SUMO (Simulation of Urban MObility) is a free traffic simulator which supports
modelling of complex traffic systems [Hil15]. SUMO offers multiple features such
as time scheduled traffic lights and modelling of pedestrians. The simulator has for
instance been used to provide traffic forecast before large events such as the World
Cup or presidential visits. Performance testing of traffic light control algorithms
before deployment is another important application.

SUMO communicates with OMNeT++ via the mentioned TraCI protocol. It
offers large scale simulations as there are no limitations in network size nor number
of vehicles. The SUMO package is equipped with several tools supporting tasks as
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route-planning, visualization and emission calculation. Figure 4.3 shows a capture of
the SUMO GUI during a simulation.

4.2.2 Simulation Scenario 1 - Country Road

Table 4.1: Simulation Parameters - Situation 1,2,3

Parameter Value
Simulation time 600s
Access technology IEEE 802.11p
Frequency band 5.9 GHz

Channel CCH
Channel width 10 MHz

Data rate 6 Mbps
Radio sensitivity -89dBm

EDCA Priority CAM AC_BE
EDCA Priority DENM AC_VI

Length of road 10 km
No. of lanes per direction 1

Number of vehicles 20, 40, 100, 200
Average inter-vehicle spacing 45m, 90m, 220m, 440m

Vehicle speed 80 km/h
Loss model Simple path loss model (k=2)
CAM size 750 Bytes (200 Bytes)

CAM frequency 1 Hz, 5 Hz, 10 Hz
DENM size 550 Bytes

The simulated topology utilized for the first part of the simulation is a 10 km
Norwegian country-road with one lane in each direction. The road section does
not contain any sharp turns and the surrounding landscape is flat without any
tall obstacles. In this section we will study a four different situations with various
characteristics. The utilized parameter values for the first part of the simulation are
listed in Table 4.1.

Situation 1 - Vehicle Density & CAM Frequency

In the first scenario we evaluate a pure CAM dissemination scenario without any
DENMs being triggered. The examined variables in this scenario are the CAM
frequency and the vehicle density. The CAM frequency for the ETSI standardization
is adaptive and is optimized based on the surroundings, as described in Section 2.2.2.
This algorithm is however not implemented in this thesis due to the limited time
frame and limitations in the simulation framework. Instead, is the upper and lower
limit of the algorithm (10 Hz and 1 Hz) tested, in addition to 5 Hz. The vehicles are
generated by SUMO as described in Section 4.2.1. Every other vehicle is located in
the opposite ends of the road, driving in opposite directions of each other.
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The results of the simulations indicated a very small difference in Update Delay
(UD) for the different inter-vehicle spacings. A decision was made to not present
the graph of these results in this thesis, due to the small performance differences
compared to the values of the confidence interval. The small differences did however
indicate a small tendency for the different CAM frequencies. For a CAM frequency
of 1 Hz, gave the shortest inter-vehicle spacing (45m) the best UD. For a 10 Hz CAM
frequency however, was the tendency reversed. The longest inter-vehicle spacing
(440m) now gave the lowest average UD. The cause of this shift is the increasing
packet loss which is experienced for the vehicles within an area with a relatively high
vehicle-density.

Figure 4.4: The average amount of received CAMs per second for various inter-
vehicle spacings and CAM frequencies.

The same is also applicable when evaluating the results shown in Figure 4.4. The
bars for the 10 Hz CAM frequency clearly shows the sudden reduction of received
CAMs for the highest density (45m). Whilst the bar for the 90m inter-vehicle spacing
almost doubles from 5 Hz to 10 Hz, is the bar for the 45m spacing more than halved
in the same interval. This is a results of the increased packet loss caused by the high
vehicle-density and the fact that twice as many CAMs are generated per vehicle.

Situation 2 - CAM Size

It has been discussed whether or not every triggered CAM should contain a certificate
and trace-information. By only including this information in every fifth or tenth
broadcasted CAM, could the load on the network be significantly reduced. This
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reduction could lead to a CAM size of 200 bytes instead of 750 bytes, for every 4/5
or 9/10 triggered CAM. This proposal is also mentioned in Section 2.5.3. The same
topology is used for the examining the performance of this proposal. The proposal is
only simulated for a 10 Hz CAM frequency, as this will indicate the largest possible
differences. No DENMs are broadcasted in this simulation.

Figure 4.5: The improved UD for the 1/5 and 1/10 proposal for a 10 Hz CAM
frequency.

Figure 4.5 illustrates the UD improvement for the 1/5 and 1/10 proposals com-
pared to the 1/1 scheme. The results are quite unambiguous and does not indicate
any surprising implications. For the sparse vehicle-densities are the experienced
improvement relatively small. An inter-vehicle spacing of 220m provides an improve-
ment of approximately 2% for both the proposals. This has a low impact on the
performance, as it only decreases the average UD from 118 ms to approximately
115ms for the inter-vehicle spacing. The implications are much more clear for the
inter-vehicle spacings of 90m and 45m. The results shows an improvement of 10%
and 14% for the 1/5 scheme, and 11% and 17% for the proposed 1/10 scheme. This
represents an improvement in the range of 13-24ms for the UD. Despite the relatively
modest improvement, is it reasonable to believe that the proposal could have larger
implications in more complex scenarios. This may for instance apply to situations
where several DENMs are triggered in topologies with high vehicle-densities.
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Situation 3 - One Vehicle Trigger DENM

The third simulated situation is a DENM dissemination scenario. The road topology
and the varying inter-vehicles spacings are similar to the previous situations. In this
situation, one vehicle detects an arbitrary event which triggers a DENM by one of
the ITS safety applications. To ensure optimal results, are the DENMs triggered by
several different vehicles at different times during the simulation. Only one vehicle
is triggering the DENM each simulation-run. As mentioned in Section 4.1.3, did
the VEINS-example only support single-hop communication. In order to examine
the performance of different multi-hop forwarding algorithms for DENM, was some
modification of the example required. First was a simple flooding algorithm imple-
mented. This algorithm re-broadcasts a DENM automatically upon reception. The
Remaining Hop Limit (RHL), often referred to as Time To Live (TTL), determines
the number of allowed re-broadcasts for a GeoNetworking packet. This parameter
is part of the Basic Header. However, the value of this field is not specified in the
standardization. A maximum hop count of 10 hops was decided for the implementa-
tion of the algorithm, which is referred to as the "Simple Flooding Algorithm" in the
following paragraphs.

Algorithm 4.1 Pseudo-code for an self-implemented CBF inspired algorithm.
cbfInspiredAlgorithm {

if (timerExpired(packet)) //timer expires if no other
sendDenm(packet) //has re-broadcasted the message

//sends the DENM

Packet packet = listen()

if (packetInBuffer(packet)) //indicates a duplicate DENM
stopTimer(packet) //meaning that another node has
discard(packet) //already re-broadcasted.

//discards the DENM
else

addToBuffer(packet) //timer dependent on the
startTimer(packet) //distance from sender.

}

An algorithm inspired by the standardized CBF algorithm was also implemented.
The pseudo-code for the implementation is shown in Algorithm 4.1. The timer-
values are based on a variation of defined distances. Due to the simplicity of the
implementation and lack of sufficient defined intervals, will vehicles within in the
similar distance get the same timer-value. This might cause neighboring vehicles to
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re-broadcast the same DENM. This behaviour will be less likely for the standardized
algorithm. The described situation is simulated for both the Single-hop, Simple
Flooding and the CBF inspired algorithm. To simplify the simulation, is every vehicle
considered to be part of the destinationArea for the event. The CAM frequency is
statically set to 1 Hz.

Figure 4.6: The total percentage of the vehicles within the destinationArea that
received the DENM.

Figure 4.6 shows the percentage of the vehicles which received one or several
DENMs for the detected event. The result of the three forwarding algorithms shows
clear inequalities as they behave and alters differently. The Single-hop DENM
algorithm only accomplishes a receiving-percentages of approximately 15-20%, which
is about as modest as expected. The performance slightly improves from 440m to
220 due to increasing number of vehicles within communication range. However,
from 220m to 45m, is the receiving-percentage steadily decreased. This is caused by
the increased packet loss.

The Simple Flooding forwarding algorithm provides much better results than
Single-hop. At the most sparse situation is 42% of the vehicles able to receive the
DENM. This is slightly more than double the recipient-percentage of single-hop
for the corresponding density. For the other vehicle-densities, the differences are
even bigger. An inter-vehicle spacing of 90m ensures 100% DENM delivery for the
simulated vehicles. The green curve, which illustrates the trend-curve for the Simple
flooding bars, indicates a negative trend when the density gets higher than a 90m
inter-vehicle spacing. For 45m, the delivery rate has fallen to 95%. The increase
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of duplicate traffic and consequently increased packet loss is the reason behind this
unfortunate development. It is therefore grounds to suspect that similar scenarios
with even higher densities might experience a similar negative behaviour.

The implemented CBF-inspired algorithm shows a totally different development
than the Simple flooding algorithm. For a 440m vehicle-density, can the algorithm
almost compete with the performance of the Simple flooding algorithm. However,
for 220m inter-vehicle spacing, is the difference between the two bars much larger.
Whereas the Simple flooding algorithm had a 25% increase at this interval, is the
corresponding increase for the CBF-inspired algorithm only 7%. The delivery-rate of
the algorithm starts to increase more rapidly for the next inter-vehicle spacings. At
45m inter-vehicle spacing, only 2% separates the two multi-hop forwarding algorithms.
The algorithm’s yellow trend-curve clearly indicates a positive development as the
density increases. This corresponds well with the discussed characteristics of the
standardized CBF algorithm in Section 2.3.3. In short, is a certain node-density
required for the CBF algorithm in order to ensure good performance. This gives
reason to believe that the CBF algorithm would surpass the performance of the
Simple flooding algorithm for higher vehicle-densities, and at the same time at a
much lower cost.

Figure 4.7: The amount of received DENMs for the same event for each of the
receiving vehicles.

The simplicity of the simple flooding causes a lot of duplicates and overhead traffic.
Figure 4.7 clearly demonstrates the wasted capacity that is caused by the Simple
flooding algorithm. The diagram shows the average amount of received duplicate
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DENMs for each of the receiving vehicles. For single-hop is obviously only one
DENM received per vehicle, as the DENM is only broadcasted once by the triggering
vehicle. The Simple flooding algorithm ensures that as many as 16-23 DENM is
being received and processed at the each of the recipients. All of which contains
identical details concerning the one detected event. This large amount of duplicates
are unfortunate for the system’s capacity. The duplicates which are received using
the CBF-inspired algorithm on the other hand, is caused by the mentioned simplicity
of the implementation. The standardized CBF algorithm will most likely keep the
amount of duplicate traffic at a very low level. Some duplicates will regardless be
received for the vehicles that are located within communication range of multiple
CBF-elected forwarders.

Table 4.2: Simulation Parameters - Situation 4
Parameters Value

Number of vehicles 200
Average inter-vehicle spacing 45m

CAM frequency 1 Hz
CAM size 750 bytes
DENM size 550 bytes

Situation 4 - Every Vehicle Detects Hole in Road

In this situation is every vehicle detecting the same hole in the road and thereby
triggering their own DENM. The road topology is still the same, while the inter-
vehicle spacing is now constant at 45m. Table 4.2 shows a selection of the parameter
values for the simulated situation.

The vehicles triggers their own unique DENM as they pass the location of the
hole. The presented results are based on the average of 10 simulation runs. The
confidence interval is not shown in the tables. This was determined due to the fact
that it is the magnitude of the numbers which are considered important, and not the
small deviations between each of the simulation-runs. Details and results from three
different forwarding algorithms will be presented in the next paragraphs.

Table 4.3: Results for the simple flooding forwarding algorithm

Results Value
Total (re)broadcasted DENMs 1 336 714

(re)Broadcasted DENMs per vehicle 6 684
Average received DENMs per vehicle 19 514
Total lost CAM/DENMs due to SNIR 37 553 528

Average UD 1.35s
Highest average UD 1.50s
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1. Simple flooding
Table 4.3 displays the results for the previously described Simple flooding algorithm.
Since every vehicle triggered its own DENM, in addition to the re-broadcasting of
every valid received DENM, was the total amount of (re)broadcasts per vehicle as
high as 6 684. As a result were 19 514 DENMs received on average for each vehicle.
This means 19 514 DENMs which all describes the same event. In total was 553 528
CAM and DENMs lost due bit errors. The average UD was 1.35 seconds for a CAM
frequency of 1 Hz.

Algorithm 4.2 Pseudo-code for 0.25 - Probabilistic Forwarding with DENM recog-
nition.
ProbabilisticForwardingAlgorithm_DENM {

DENM denm = listen()
if (denmInDatabase(denm)) //If already received,

return 0 //does nothing.
else

store(denm) //Stores DENM in DB.
Boolean rebroadcast = drawRandom(0.25) //Gets true with 0.25
if (rebroadcast) //probability.

broadcastDENM(denm) //if true,
} //re-broadcasts.

Table 4.4: Results for 0.25 - Probabilistic Forwarding with DENM recognition

Results Value
Total (re)broadcasted DENMs 6 625

(re)Broadcasted DENMs per vehicle 33
Average received DENMs per vehicle 731
Total lost CAM/DENMs due to SNIR 188 033

Average UD 1.14s
Highest average UD 1.22s

2. 0.25 - Probabilistic Forwarding with DENM recognition algorithm
The second forwarding algorithm simulated is a probabilistic forwarding algorithm
that recognizes duplicate DENMs and re-broadcasts with a probability of 0.25. The
pseudo-code for the algorithm is shown in Algorithm 4.2. A pseudo random number
generator (PRNG) is utilized to generate the probability. This algorithm manages
to recognize DENMs triggered by the same ITS-S. However, it does not recognize if
the received DENMs is triggered by the same event. Table 4.4 illustrates the results,
which are in a entirely different magnitude than the Simple flooding algorithm. The
results are further discussed in later paragraphs.
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Algorithm 4.3 Pseudo-code for 0.25 - Probabilistic Forwarding with event recogni-
tion algorithm.
ProbabilisticForwardingAlgorithm_EVENT {

DENM denm = listen()
event = getEventInfo(denm)
if (eventInDatabase(event)) //If already received a DENM for

return 0 //the same event, does nothing.
else

store(event) //Stores event-info.
Boolean rebroadcast = drawRandom(0.25) //Gets true with 0.25
if (rebroadcast) //probability.

broadcastDENM(denm) //if true,
} //re-broadcasts.

Table 4.5: Results for 0.25 - Probabilistic Forwarding with event recognition

Results Value
Total (re)broadcasted DENMs 246

(re)Broadcasted DENMs per vehicles 1.23
Average received DENMs per vehicle 53
Total lost CAM/DENMs due to SNIR 76 480

Average UD 1.14s
Highest average UD 1.22s

3. 0.25 - Probabilistic Forwarding with event recognition
The third and last forwarding algorithm tested in this scenario is a probabilistic
forwarding algorithm that recognizes events. The pseudo-code for the algorithm is
shown in Algorithm 4.3. This algorithm is able to recognize DENMs triggered by
the same event, thus reducing re-broadcasting of DENMs for the same events.

The results for the algorithm are presented in Table 4.5. The presented results
are similar to the previous algorithm, in a entirely different magnitude than the
Simple flooding algorithm. The results also indicated a small improvement compared
to the second algorithm.

Comparison
A comparison of the results of the three algorithms are presented in Table 4.6. The
objective of this particular situation was to illustrate the total amount of DENMs
transmitted and received for the same event. The delivery-rate for all the 200 unique
DENMs are consequently not presented in the results. 100% of the vehicles did
however receive one or several DENMs. The variation of the different results are
enormous, as the amount of overhead traffic significantly decreases for the more
intelligent forwarding algorithms.
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Table 4.6: A comparison of the results for situation 4

Results 1 2 3
Total (re)broadcasted DENMs 1 336 714 6 625 246

(re)Broadcasted DENMs per vehicle 6 684 33 1.23
Percentage of vehicles which received one or more DENM 100% 100% 100%

Average received DENMs per vehicle 19 514 731 53
Total lost CAM/DENMs due to SNIR 37 553 528 188 033 76 480

Average UD 1.35s 1.14s 1.14s
Highest average UD 1.50s 1.22s 1.22s

The results indicates that amount of overhead traffic for the Simple flooding
algorithm, does not have severe consequences for the CAM dissemination. Its average
UD was no worse than 1.35s, which is only 18% worse than corresponding results for
the more intelligent algorithms. Implementation of similar recognition algorithms as
the ones implemented, will however require forwarding decisions at a higher layer
than the simple flooding. Whereas simple flooding can be performed at the network
& transport layer, is more intelligent forwarding required to take place at the facility
layer. Details on how to implement DENM/event recognition for the ETSI TC ITS
standard is not discussed any further.

Figure 4.8: The simulated complex intersection (capture from SUMO).

4.2.3 Simulation Scenario 2 - Complex Intersection

The simulated topology in this section is a complex intersection with two roundabouts
and several crossing lanes with varying standard. A sketch of the topology is shown
in Figure 4.8. The simulated 150 vehicles are placed randomly in the topology based
on the quality of the roads. The parameter values used for the simulation is listed in
Table 4.7.
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Table 4.7: Simulation Parameters - Situation 5
Parameter Value

Simulation time 900s
Access technology IEEE 802.11p
Frequency band 5.9 GHz

Channel CCH
Channel width 10 MHz

Data rate 6 Mbps
Radio sensitivity -89dBm

EDCA Priority CAM AC_BE
EDCA Priority DENM AC_VI
Number of vehicles 150

Vehicle speed 80 km/h
Percentage of vehicles detecting hazard 7.5%, 15%, 30%

Loss model Simple path loss model (k=2)
Forwarding algorithm Probabilistic (p = 0.25, 0.5, 0.75)

CAM size 750 Bytes
CAM frequency 1 Hz
DENM size 550 Bytes

Situation 5 - Probabilistic Forwarding for Several Detecting Vehicles

In the previous evaluated scenarios is the events detected either by only one vehicle
or all vehicles. This might be a realistic for some real-world situations, but definitely
not for all. In this section, we study the performance of a scenario where 7.5%,
15% and 30% of all the vehicles trigger a DENM. The results are based on several
simulation-runs where different vehicles trigger the DENMs. The utilized forwarding
algorithm is a simple probabilistic forwarding algorithm that re-broadcasts a (valid)
received DENMs with a probability P equal to 0.25, 0.5 or 0.75. The probability is
generated by a PRNG.

Figure 4.9a) shows the total number of broadcasts and re-broadcasts in the
simulated scenario. The results confirms the expected behaviour of the algorithm,
with a steadily increasing number of (re)broadcasts. The behaviour shown in the
diagram in Figure 4.9b) is on the other hand somewhat interesting. Despite the
number of broadcasted DENMs being much higher for the higher probability-values,
the number of successfully received is decreasing. This trend is applicable for all
trigger-rates, although it is most noticeable for a 30% trigger-rate. Again, this is
caused by the packet loss which increases in parallel with the data-traffic, illustrated
in Figure 4.10a).

The delivery-rate of the DENMs is presented in Figure 4.10b). All p-values ensures
a 100% delivery-rate for the situations where 15% or 30% of the vehicles detects
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Figure 4.9: a) The total amount of (re)broadcasted DENMs. b) The total amount
of received DENMs for each of the receiving vehicles.

the event. For a 7.5% rate the different probabilistic forwarding algorithm ensures
a delivery-rate of 94.7% to 96%. This small variance is basically insignificant as it
might be caused by unfortunate transmission conditions in the simulated scenario. In
other word is the delivery-rate equal, despite that twice and thrice as many DENMs
are broadcasted (Figure 4.9a). These results indicates that the most cost-effective
approach, which is 0.25 probability forwarding, might be equally efficient in scenarios
with similar characteristics.

Figure 4.10: a) The total amount of lost CAM/DENMs. b) The delivery-rate for
the DENMs.
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4.3 State-of-the-art Results

In addition to these simulation-results, have several available research papers which
are evaluating the performance of VANET, ITS and CAM/DENMs, been studied
in detail. A few of these are mentioned in Section 1.3 - "Related Work". As
discussed in the beginning of this thesis are both VANET and ITS in particular,
relatively new research topics. This is clearly reflected in the small amount of relevant
research papers which are available as of today. Most of these are based on other
standardizations, and consequently only discusses single-hop communication. Some
are however based on the ETSI standardization, but only studies the performance of
one of the two standardized messages and not the co-existing of both of them. As the
CAM and DENM are highly affected by each others presence, will the results from
these types of papers not be further analyzed. Papers that actually considers all these
specifics such as [BJU13], emphasizes the importance of the keeping DENM overhead
traffic at a minimum, by proposing enhanced dissemination strategies similar to the
ones presented in section 2.5.

4.4 Discussion

In this section we will discuss some of the key elements and features of the V2V/V2I
messages for the ETSI TC ITS standardization.

4.4.1 Adaptive CAM Frequency

Proper CAM dissemination is one of the key elements enabling good overall perfor-
mance for the V2V and V2I messages. The CAMs, also often referred to as beacons,
are periodically sent, and consequently constitutes the majority of the total amount
of messages. Unnecessary frequent transmission of CAMs could in specific scenarios
occupy the entire dedicated capacity and prevent DENMs from being successfully
delivered. On the other hand could too rare CAM transmission lead to impaired
performance for the ITS applications, or problems maintaining neighboring tables.

The standardized adaptive CAM frequency algorithm discussed in Section 2.2.2,
will in all likelihood help optimizing the CAM dissemination. This could prevent
unfortunate situations as the ones described the previous paragraph. Due to the
limited scope of this thesis has the algorithm not been implemented. The efficiency
of the algorithm (shown in Algorithm 2.1) is difficult to predict, as it greatly depends
on the defined thresholds and the efficiency of the DCC algorithm.

4.4.2 Multi-hop vs. Single-hop

Unlike most of the other C-ITS standardization initiatives, does the ETSI TC ITS
standardization support multi-hop communication for the DENMs. This feature
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allows vehicles outside of single-hop communication range, to exchange information.
This feature significantly improves the DENM delivery-rate in situations where one or
just a few vehicles detects and triggers a DENM. A similar situation was simulated in
Section 4.2.2 - Situation 3. Here, the single-hop DENM dissemination only achieved a
delivery-rate of approximately 20%, whereas multi-hop ensured a 100% delivery-rate
for some of the corresponding vehicle-densities. It is worth mentioning that single-hop
might perform as well as multi-hop in situations where a large percentage of the
vehicles detects and triggers DENMs for the same events. Perhaps even better if one
is considering the delivery-costs.

Although the advantage of the multi-hop feature is easy understand, is it also
important to be aware of the disadvantages of the multi-hop feature. The consequences
of irresponsible forwarding might affect the CAM delivery-rate thus potentially
decreasing the performance of the ITS applications. Enabling multi-hop might also
cause decreased delivery-rates and increased delay for the single-hop neighbors which
would be within communication range regardless of this feature. The additional
computational effort required because of the complex forwarding algorithms and the
duplicate traffic, might also be a concern for the ITS vehicles.

4.4.3 KeepAlive Forwarding (KAF)

The ability to cache DENMs and later forward is without a doubt a very useful
feature, as long as it is utilized properly. Forwarding at sparse situations without
immediately relaying vehicles within communication range are no longer a hopeless
situation if KAF is enabled. This allows vehicles within a DENM’s destinationArea,
which never reaches the single-hop communication range of the originator, to still
be able to receive the DENM. Simply by the help of forwarding vehicles caching
DENMs. The KAF feature is quite similar to the repetition feature. The difference
however, is that KAF also allows the forwarding vehicles to repetitively re-broadcast
the DENMs, not just the DENM’s originator.

Although KAF can be useful, may it also cause additional overhead traffic that
potentially could impact the delivery-rate. If several DENMs triggered by the same
event are cached, will most likely all of the cached DENMs (for the same event)
be re-broadcasted. The re-broadcasting will either occur at a specific frequency, or
whenever a new vehicle enters the communication range of the forwarder. This will
lead to a lot of duplicate traffic that will continue to propagate at the neighboring
vehicles. Because of this pitfall should there be some sort of event recognition
implemented, to ensure that just one stored DENM per event is re-broadcasted. A
proposal that reduces the number of duplicate DENM entries is proposed in Section
2.5.2.
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4.4.4 DENM Forwarding Algorithms

Another part of this evaluation concerns the impact that the proposed forwarding
algorithms have on the system’s performance. As described in Section 2.3.3, are
three algorithms standardized for DENM dissemination in the ETSI TC ITS. These
have very different characteristics and are best suited for various uses. The Simple
GeoBroadcast forwarding algorithm with line forwarding (described in Algorithm 2.2)
is a fairly simple algorithm that re-broadcasts a valid packet as long as the forwarder
is considered as part of the DENM’s destinationArea. If the forwarder is outside this
area, it will trigger the GF algorithm to find another suitable forwarder closer to
the destination. The advantage of the Simple GeoBroadcast forwarding algorithm
is the good performance achieved at relatively low density scenarios. By letting
every vehicle re-broadcasts the received DENMs, one prevents messages from dying
out in certain directions (as described for CBF). The simplicity of the forwarding
decisions makes also sure that no extra delay is added. The major disadvantage is
however the decreasing performance due to duplicate traffic and packet loss when
the vehicle-density gets high.

The Contention Based Forwarding (CBF) algorithm discussed in Section 2.3.3,
overcomes some of the disadvantages of the simple forwarding, but at the same time
it introduces some new ones. The presented trend-curves for the two algorithms in
Figure 4.6 clearly demonstrates their different characteristics. Whereas CBF requires
a certain vehicle-density to perform well, is the performance of simple flooding
decreasing for the corresponding density. The objective and the main advantage
of the algorithm is the accomplished delivery-rate at a much lower cost than the
simple flooding. The important reduction of overhead traffic and duplicates might
be essential in dense situations in order to be able to achieve sufficient delivery-rates.
Unfortunate forwarder-election as a consequences of the mentioned assumptions the
algorithm relies on, is one of the fundamental weaknesses for the CBF algorithm.
The scenarios presented in Section 2.3.3 are just some of the many possible scenarios
where the CBF may perform poorly. In addition, is also additional delay introduced
by the use of the CBF timers.

The Advanced GeoBroadcast forwarding algorithm (Algorithm 2.4) is as stated
designed to improve the efficiency of the CBF algorithm. The performance of the
algorithm is however not simulated in this paper due to the scope of the thesis,
and the limitations of the VEINS framework. Several other algorithms have also
been discussed and implemented in this thesis, such as probabilistic forwarding, with
or without DENM or event recognition. These algorithms have shown promising
results and might prove effective in a number of situations. The implementation
of the discussed algorithms might require intelligence from the higher layers than
the network & transport layer of the protocol stack. The details concerning the
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implementations are outside the scope of this thesis.

4.4.5 Varying Topologies

The very wide range of existing road topologies makes C-ITS a very challenging
system. The aim of the system is to ensure good performance in all possible
topologies and situations, ranging from very deserted areas to the most crowded
intersections imaginable. The adaptivity of the CAM frequency algorithm, the
different standardized forwarding algorithms and the opportunity to cache messages
(KAF) are all key elements of ensuring the system’s objectives.

An C-ITS implementation with for instance a static CAM frequency of 10 Hz and
DENM forwarding using simple flooding, could possibly perform well in certain sce-
narios with an ideal vehicle-density. However, if the scenario is a crowded intersection
with a very high density, could the usability of the implementation be very limited.
In other words, are the different topologies not necessary crucial for the system’s
performance, although they might cause some extra challenges. The performance
in these situations will instead depend on the robustness and detail-level of the
implementation for the ITS applications. In very challenging scenarios involving
difficult transmission conditions, high vehicle-density and several events occurring
simultaneously will it be difficult to give any performance guarantees. Regardless, is
a robust and comprehensive implementation a good starting point.

4.4.6 Proposed Strategy

As clearly illustrated in chapter 4, may unsuitable parameter values cause very
unfortunate transmission conditions and strongly affect the system’s performance.
This especially applies for the decisions concerning the election of forwarding algorithm
and various types of repetition. These are both potential pitfalls that requires carefully
informed decisions.

An essential part of the ability to chose optimal parameters and dissemination
strategies, is the information that is learned through the exchange of CAMs. This
information is sometimes directly utilized by the safety applications to avoid collisions
etc, but is it also absolutely crucial when the objective is to gain knowledge of the
current surroundings. Information concerning the vehicle-density for instance, is
easily accessible through the neighbor table (LocT) learned through CAMs. Available
details such as the CAM freshness could for instance also be used to calculate the
probability of successful dissemination. This could make it easier to determine
whether or not a DENM should be repeated or which forwarding algorithm to use. In
addition could the cached information from the recently received DENMs be utilized
to decide whether or not an ITS should refrain from broadcasting a DENM even
though an event is detected. Classifications of events may also be an important part
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of optimizing DENM forwarding. This could be performed by giving different priority
to the various possible events thus increasing the probability of reception for these
events, by utilizing the available functionalities in the standardization.

In short, is the key to sufficient dissemination and good performance, the ability
to utilize all the available information.





Chapter5Conclusion & Future Work

This thesis has conducted a performance evaluation of the V2V/V2I messages for
the ETSI TC ITS standardization. The evaluation is based on simulations of several
challenging situation containing various features of the standardization. The two
simulated topologies are a typical country road as well as a complex urban intersection
with crossing lanes and several roundabouts. The situations range from a pure CAM
dissemination scenario to more challenging situations where CAMs co-exists together
with DENMs, broadcasted by a variety of forwarding algorithms. This thesis also
gives a thoroughly description of the background information as well as the necessary
technical details for the CAM and the DENM message. Three specific situations
containing detailed information of the necessary DENM parameters are carefully
reviewed and discussed.

The challenge of the C-ITS is the ability to ensure sufficient CAM delivery-rates,
combined with high DENM receiving-percentage at a low-cost. Several forwarding
algorithms are standardized for DENM dissemination purposes. These have fairly
different characteristics and their performance highly depends on the surroundings
and the current vehicle-density. The objective of maintaining duplicate traffic at a
minimal level while still ensuring high DENM delivery-rates, is difficult to fulfill. The
presented results clearly indicates the correlation of these two factors, and creates a
distinct picture of the large differences in terms of the amount of duplicate traffic
for the algorithms. The responsibility to handle these challenges and efficiently
ensure sufficient results, are mainly based on the robustness and efficiency of the ITS
applications implementation. Several enhancement techniques are also presented in
this thesis. DENM forwarding based on probabilistic forwarding algorithms with or
without event or DENM recognition, are some of the proposals that shows promising
results. A suggestion that optimizes the packet size for a varying rate of CAMs are
also discussed and simulated. This amendment shows a noticeable improvement for
CAM’s update delay as the vehicle-density increases.
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The ability to cache the DENMs is especially important in rural scenarios with a
limited amount of vehicles within communication range. Without this feature, would
in all likelihood the DENM delivery fail. The thesis also discusses the consequences
irresponsible caching might have on the network due to the increasing amount of
duplicate traffic. The proposal of aggregating LDM entries might help reduce some
of these concerns.

The C-ITS has the potential to achieve good results and sufficient performance
for a large variety of possible situations and topologies. The decisive factor will be
the system’s ability to adapt and chose optimal parameter values for the situations
that may arise.

Even though the VEINS framework is a robust and well-documented framework,
could it be interesting to perform simulations utilizing other frameworks, especially
the iTETRIS framework. This framework is more ETSI specific and could allow
more complex and comprehensive simulations. Due to limitations of this thesis, was
only a handful of situations simulated and discussed. Implementing and testing the
standardized forwarding algorithms as well as the other performance enhancement
proposals could potentially be very useful. In the future could it also be interesting
to simulate several of the ITS applications and observe their behaviour.
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