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1 INTRODUCTION AND ACKNOWLEDGEMENT

Transport engineers often have to justify theirjgxts by proofing that the resulting benefits
outweigh the costs. But what about transport rebeas? With no doubt the “assessment” or
“evaluation” has become an integrated part of atmatisesearch and development projects.
But most of the time it is done by comparing ackataffic parameters or a single criterion
like nowadays the CQOfootprint. To ensure that new developed transperhnologies not
only tackle the problems they are directly addréswebut do so with a positive overall
impact, a standardised evaluation framework hdmetapplied. This paper lays down how the
existing method Cost-Benefit-Analysis (CBA) coulé lused on cooperative telematics
systems, e.g., V2I, and which adjustments are reduiSection 2 summarises the current
CBA practice in road projects on the German exampéetion 3 presents the particular V21
technologies under investigation, while sectionofitains the evaluation procedures where
adjustments were found to be necessary and sugggestow to realize them.

The research was done within the KOLINE projectalihieceived financial support from the
German Federal Ministry of Economics and Technol@@jy1Wi) according to a decision of
the German Federal Parliament within the 3rd trarispesearch framework “Mobility and
Transport Technologies”. Project partners were thiestitut fir Automation und
Kommunikation e.V. Magdeburg (ifak)”, Institute Gontrol Engineering TU Braunschweig,
Transver GmbH Munich, and Volkswagen AG Wolfsbuvg\).

2 CBA IN ROAD TRANSPORT PROJECTS

21  Existing Regulations

Generally ex-ante evaluations of publicly fundedjgcts are often legally demanded, e.g., in
Germany by the Federal Budgetary Regulations ornfi@jor investments where the EU
Cohesion Fund is involved [DG REGIO 2008]. Legaiding CBA procedures with detailed
execution directives and cost unit rates are wsthldished in many countries, e.g., New
Approach to Appraisal (NATA) in the UK and Bundeskehrswegeplan (BVWP) in
Germany [BMVBW 2003]. An extensive overview abobe tpractice in transport project
appraisal in the EU25 countries can be found inAREO 2005].

2.2 Criteria, Indicators, and M easur es

Most of CBA procedures incorporate only four ousof global goals according to [TP 2007],
[BOLTZE et al. 2006], leaving ouecurity and Customer satisfaction as intangible benefits
which are hard to predict and value. On the exaroplthe German BVWP Table 1 gives
possible criteria, i.e., more detailed sub-goal#y ithese goals can be broken down. These
criteria need physical indicators with measuremuaritis also shown in the table. It comprises
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the eight benefit criteria, whereas the two cosmgonents of investments (building /
acquisition) and infrastructure operation and neiatce are not shown.

Table 1: Criteria and Indicators of the German BVWP

Global Goals Criteria Indicator Units
1. Mobilit a) Vehicle Travel Time
Y ) . . (PAX*h)/a
b) Pedestrians Delay Time
2. Resource Efficiency c) Vehicle Operation + Mairdnce km/a + h/a

Vehicle Occupancy Rate (included above) NpAX

3. Environment Friendlinegsl) Pollutant Immissions (NQCO, HC, PA) | t/(km*a)

e) Climate Gas Emission (GO t/(km*a)

f) Noise Immissions dB(A)

g) Fuel Consumption l/(km*a)
4. Safety h) Accidents and Fatalities n/(km*a)

PAX: Passenger; a: year

Even for the current situation before project lon, the so-called baseline, not all of these
indicators are measured in reality, above all wtienarea of the envisaged project is quite
big. It is rather common practice that models aaffic software are applied to emulate the
measures, being calibrated on the baseline andupragl the outputs for the project’s
scenarios.

After the differences of each indicator between Iaseline and the project scenarios are
computed they are monetised, i.e., multiplied wifteir respective cost unit rate, and simply
synthesised into a single multi-annual sum expngsshe overall benefit. Currently the
benefits from time saving form the highest fractajrthe overall result with up to 80% of the
sum [Mackie et al. 2001].

2.3 Underlying Traffic M odel

The established CBA procedures are tailored foraping civil engineering constructions
like new motorways or broadening intersections,clvhéad to significant changes in the
demand and patterns of traffic flow. These chamgestly manifest in the number of vehicles
per hour [veh/h] or per average dawhich is assigned to the links of a network, drel t
averaged travel speedkm/h] respectively travel time[s] on these links. The travel speed is
commonly derived as capacity-restraint (CR) funtiizcorporating the free-flow spegdnd
the actual flong. Whereas the (open) CR functions for the GermakliVB\still indicate a low
stop-and-go speed even when the road capaciteeedrd, the reality looks definitely more
like the fitted Van Aerde CR function with a maximwcapacity as can be seen in Figure 1. It
also shows that in situations nearby saturation {ia this case between 700 and about

950 veh/h) the speed can be significantly reduceidtiaus two different traffic states and

speed levels for the same flow exist. Neverthdbesls functions try to approximate one (or
3



two) deterministic speed value(s) per flow valubgeve actually the measured data underlies a
stochastic distribution with a range larger tharks¥h.
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Figure 1: CRfunctionsfor an urban arterial road with one lane

As state-of-the-art macroscopic models and softwkeeVISUM or SATURN are applied to
calculate the direct effects of road transport guty, i.e., the vehicle travel time as well as
vehicle operation and maintenance costs (basetieotrdvel length) as indicators of criteria
(@) and (c), without distinguishing between thefedldnt traffic states and thus probably
generating incorrect results for saturated situgtio

24  Overlying Criteria Models

In the German BVWP the remaining six criteria aegived using additional functions and
under consideration of further determinants sudhasiumber of affected inhabitants.

The pedestrian delay time (b) is calculated dependin the type of road either as constant
value or as a function of the vehicle flow g andltplied by the number of inhabitants
alongside the road.

Pollutant (d’) and climate gas emissions (e) awemyifor four different discrete traffic states
sub-categorised by the type of road and the veltidss. The tabled values are taken and
simplified from the database HBEFA [INFRAS 2010]hieh contains data for Austria,
Germany, Norway, Sweden, and Switzerland. In otBBA procedures a function which
incorporates the average speed and road slopeed. Usis counts also for the fuel
consumption (g). The pollutant immission (d) takés account the average wind speed, type
and distance of road accompanying buildings ingadithmic model.

Noise emissions (f) are calculated on the averagg ttaffic (ADT) volume and the share of
heavy goods vehicles; the transmission is simplpped by look-up tables with different
road attributes and multiplied by the number ofabitants alongside the road.

The accident rates (h) are based on the ADT andyihe of road. They can be altered

according to the recorded rates of the baselinegevhecessary.
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3 V2l TECHNOLOGIESUNDER INVESTIGATION

In the last few years an ever-growing rangdraélligent Transportation Systems (ITS) or
Telematics components andAdvanced Driver Assistance Systems (ADAS) has been
introduced in order to tackle deficits in the rdemhsport sector, both in urban and interurban
areas. Such systems can be, e.g., variable mesgageon the collective level, or adaptive
cruise control (ACC) on the single vehicle levelnéw component to be introduced from the
year 2015 on is the communication between vehiales traffic infrastructure (V2I) and
amongst vehicles (V2V), so-called cooperative IT&E 2012]. Vehicles need to be
equipped with On-Board Units (OBU), and Roadsidé&4J(tRSU) are to be placed at the road
infrastructure.

A distinctive attribute of these cooperative systeémthat the envisaged goals are the better
achieved the higher the rate of equipped vehidedhis leads to the fact that through the
evaluated multi-annual time period a rising equiptrate with different benefits has to be
considered somehow.

Amongst the numerous possible V21 applications éhdeveloped in the national research
project KOLINE shall be investigated. They aim atproving the mobility, resource
efficiency and environment friendliness, but nofesa The description of the KOLINE
components tailback estimatioMRANSFusion) and Green Light Optimised Speed Advisory
(GLOSA), both in conjunction with signalised intections, as well as the model based signal
program optimisation are discussed in detail inUidann et al. 2012] resp. [Bley et al. 2012].
It becomes clear that such systems may not ortordylow degree influence the demand and
patterns of traffic flow on the macroscopic lev&hey rather change the single driver’s
actions and interactions between (platooning) \tekicon a microscopic if not sub-
microscopic level. Therefore the described traffiodels and overlying indicator models
cannot be used anymore for the still necessarylmstfit-analyses of these transport-related
technologies.

4 ADJUSTMENTS TO CBA PROCEDURES

4.1  Microscopic Traffic Simulation

As described above no changes in the flow and jptglkeven the average speed will occur
under V2l application. Therefore the macroscopaffitt simulation with its averaged and

aggregated values must be replaced by a microsa@cwhere the movements of every
single vehicle are based on physical vehicle typgacteristics and driver behaviour models.
They ensure that the actual traffic state, sigatibs and surrounding traffic participants are
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taken into account in very small time discretisatisteps. Thus, e.g., the problem of
unrealistic speeds during instable traffic statearby saturation is avoided. Although basic
traffic data like travel time (a) and average tiaseed is calculated for every single object
like vehicles, links, lanes and nodes, it shouldalbderaged for suitable time periods, object
classes or areas. If calculations regarding thiadurcriteria like emissions and safety shall be
conducted with external software it is often neagg$o log vehicle traces — trajectories — for
at least a fraction of all vehicles.

In KOLINE the software AIMSUN 6.1.3 by TSS was usedhilst other projects prefer
VISSIM by PTV or the open source software SUMO hyRD

4.2  Microscopic Simulation Of Overlying Criteria Models

Additional to the basic traffic data, microscopicadels for emissions (d’, e) and fuel
consumption (g) are often implemented into the &tmn software, either with default
parameters or ones to be edited by the user. htnfigppen that the needed parameter set
must be derived by conversion from other forms,, élge acceleration factor is conceived of

the factor for slope impacts since s [%]Tl(?a [m/s?], or the continuously valid velocity

parameter is computed from discrete values ofitratiates fuzzily described as “free-flow”
or “stop and go”. This was done in KOLINE to gee tRBEFA tables into the AIMSUN
formula. Another way is to rely on external softevavhich might have more coded expertise
and up-to-date parameters, but needs the huge ambtrajectory input data from the actual
traffic simulation software. A solution, yet to b&ecuted very carefully, could be to base the
emission and consumption simulation only on a $icgt percentage of all vehicle
trajectories and scale up the result by this peéacgn In both cases it should be ensured at the
end that the fuel consumption meets the, @@ission, if not one value is derived by the other
anyway. They are directly linked by the factorsZ8.%g CQ/| (petrol) resp. 2.614 kg GO
(diesel) [DEFRA 2011].

The transmission and consequential the immissiopodifitants can be calculated applying
external tailor-made software basing on complicaliéférential equations and on the expense
of re-modelling the road network again. The morgable way is to stick to the existing
parameter-relying procedure as done in KOLINE.

A great advantage of microscopic simulation lies tire near-to-reality modelling of
pedestrian movements, as long as this module isemgnted into the evaluator's software
suite. Then the pedestrian delay time (b) can lerained exactly and depending on the
changing signalisations rather than approximatihgwvith half the red time assuming
uniformly distributed arrivals. Due to the unavhilay of neither the AIMSUN plugin nor
detailed pedestrian movement inputs the latteragmbr had to be used in KOLINE.

Noise emissions (f) are not yet implemented in m@affic software programs, and a rather
big variety of models exists. Some of them comprisese effects from acceleration and
deceleration or, as a part of this consideratioa,degree of flow harmonisation expressed by
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the standard deviation of the speed. Here lies tanpal to appraise the effects of V2I
technologies since the average daily traffic (AD/Bjume and the share of heavy goods
vehicles as the sole parameters of the current hvatlenot be changed significantly by V21
and hence will not yield noise emission reductioAfMSUN does not comprise noise
calculation and hence did not enable to take thiisrion into consideration within KOLINE.
Another criterion which is not contained in microp traffic simulations is the number of
accidents, since the underlying physical movemeaodlets prevent accidents. The existing
approach - relying only on the ADT and type of readll not yield any changes triggered by
V21, similar to noise emissions. The arisifgrrogate Safety Assessment Method SSAM
[FHWA 2008] could offer a way to predict accidemteen only the conflictual interactions
between traffic participants change, expresseddwyds likeTime To Collision TTC or speed
differences. The number of conflicts and accidghen will be linked by regression and
calibrated to observed accidents. Although the gegrieasibility of coupling AIMSUN with
SSAM was proved in KOLINE no reliable parameteras® regression could be applied.

4.3  Microscopic Simulation with Added V2l

Essential for investigations of V2I functionalities to correctly integrate them into the
simulation. Up to now they are coded outside thaaddraffic simulation, but act as software-
in-the-loop via theApplication Programming Interface (API) by altering the parameters of
each desired object like vehicles and traffic kghOn the feedback channel vehicles
attributed with an OBU serve as additional detextorenhance the tailback estimation and
traffic flow prediction which run outside the traff simulation. Direct communication
amongst vehicles (V2V) is not possible this way. KOLINE the simulation software
included the penetration rate as an edible vehyge attribute and thus supported the V2I
integration. Scenario parameters were set to &t€s 5, 15, 25, and finally 35%. In some
projects like iTetris and PRE-DRIVE [Bieker et @D10] the simulation of communication
was an additional task, but not performed in KOLIA&Ea model simplification with perfect
propagation conditions was assumed. So far ittimmated that the message reception rate has
a minor influence on the general V2I traffic effect

4.4  Extrapolation In Time

Applying macroscopic traffic models for CBA demaruddculating all 24 hours of a day and
for different day types due to traffic demand chemghroughout a year. In contrary
microscopic models often concentrate on only aliewrs of a typical day, e.g., the peak hour
and an average off-peak hour. These scarce rdsaits effects outside the lower and upper
bounds unrecognised and should not be simply eottgrl by an educated guess as it is
currently practised, if at all. For a start, théragolation can be based on a standard annual
load curve like in the BVWP, which includes 201 waays, 101 Saturdays and workdays



during school holidays, and 63 Sundays plus putdidays. Every of these three day types is
further split into five different classes with AQactors as in

Table 2, where the resulting daily traffic volum@TV) of a fictional basic ADY, with
g=2.000 veh/24h are given as example.

Table 2: Day types per year, corresponding ADTdiscand resulting DTV

Workdays 2 p.a. [d/a]
count 14 48 77 48 14 201
factor 0,91 0,95 1,0 1,05 1,09
ADT,:2.000 1.820 1.900 2.000 2.100 2.180
Workdays (school holidays) and Saturdays

count 7 24 39 24 7 101
factor 0,8 0,9 1,0 1,1 1,2

ADTh+s 1.320 1.056 1.188 1.320 1.452 1584

Sundays and public holidays

count 4 15 25 15 4 63
factor 0,81 0,9 1,0 11 1,19

ADTs.p 1.000 810 900 1.000 1.100 1.190

Afterwards a given particular proportional dailyatbcurve [%/h] is assigned to every DTV
leading to 24 hourly traffic volumes per DTV [veh#éiccording toFigure 2. Summing up,
360 different hour categories have to be consideréldeory — in practise there might be less
due to some pairs of hours with equal traffic vobsmWith the fictional DTVs from Table 2
there are seven hour categories with a flowg=20 veh/h (DT o-hours 0-1, 1-2, 4-5, 5-6,
23-24, DT\k+p1,chours 21-22, 22-23).

250
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% e DTVW1,05
>
2 = DTVW1,0
o 100
b e DTVWO0,95
50 e DTVWO0,91
DTVmin
O T T T T T T T T T T T T T T T T T T T T T T T 1
123 456 7 8 91011121314151617 18192021 222324
hour

Figure 2: Hourly traffic volumes for selected DTV
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Taking into consideration that microscopic simuaa$ have to be repeated several times — in
KOLINE 16 runs were necessary — to ensure thestitati significance of the final (average)
result, computing all 360 hours can become unbé&atahe consuming, above all when the
embedded V2I functionalities slow the simulatiomdao real-time. As a compromise a real
hour could be shortened, at least those with urested conditions, and the results be re-
scaled afterwards.

Another probably less resource consuming approsado iconvert the disadvantage of the
numerous necessary simulation runs into an advanggapplying statistics on them. As
already discussed in sec. 3.2 and illustrate#igyre 1 the relationship flows speed is rather
stochastic. Thus the probability distribution oésg or travel time (intervals) for a given flow
(class) can be stated asHigure 3 instead of a deterministic average value. ForéRkample

of a 83 m long subordinate junction access road wite lane in Braunschweig the raw data
of 15-minute-intervals between 6 a.m. and 10 p.ithisw 17 simulation runs was counted in
each flow class what can be seelffrigure 4, and afterwards normalised to 100%.
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Figure 3: Probability distribution of travel time levels [sh a 83 m long link
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Figure 4: Flow - travel time raw data from simulation
In a last step these probability distributions mstmapped onto the right amount of hours
per year with the respective flogw According to Table 3 a flow=20 veh/h occurs on 435

hours a year on this link.

Table 3: Hours per year with a flow g£20 on the link

Daytype Day factor | Day count | hoursg=20 2 p.a. [h/a]

Workdays 1,0 77 5 385

Sundays and public holidays 1,0 25 2 50
435

During these 435 hours five different travel timéervals were found to be possible with the
following probabilities and resulting absolute ctaifTable 4). Rounding issues remained
unsolved so far.

Table 4: Hours per year with a flow g£20 and particular travel time interval on the link

Travel timeinterval | ]25,30]s | ]30,35]s | ]35,40]s| ]40,45]s ]45,50]s]25,50] s

Probability 28,6% 28,6% 14,3% 14,3% 14,3% | 100,1%

Hours per year 124 124 62 62 62 434

Travel time per |68.200s| 80.600s| 46.5005 52.700s 58.900386.900s
year
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This procedure is repeated for all flow classestts® annual amount of 8.760 hours is
distributed to one particular flowtravel time relation in order to compute the ovietiavel
time.

To which extent this method could be applied todtieer criteria was not examined yet and
should be investigated in the future. The KOLINBjpct and others applied only a rough
estimation, e.g., that effects of the single sirradavorkday occur 201 times per year in the
same manner and that the effects of the remair6dgiays are scaled linearly with the ADT.
With regard to the importance of the single créaasiithin V2I projects Table 5 suggests that
probably not all of them need to be considered taaefully within the extrapolation. The
impact analysis of the KOLINE project reveals tli@vel time savings have the highest
influence on the overall benefit outcome, followeyl operation costs and G@missions.
Pollutant immissions and pedestrian delay timese t no changes of their green times -
have hardly any impact.

Table 5: Ordered impact of criteria in V2I projects

Criteria I mpact

a) Vehicle Travel Time [26,78] %
c¢) Vehicle Operation incl. (g) Fuel Consumption @7 %
e) Climate Gas Emission (GO [5,17] %

b) Pedestrians Delay Time 0%

d) Pollutant Immissions (NQCO, HC, PA) 0%

The evaluation period normally comprises seveealades, e.g., 20 years in the BVWP. It
can be assumed that during this time the V2X egeigmate rises what, as mentioned before
in section 3, alters the respective benefit outcri@us the benefit and cost results (see also
sec. 4.5) of different technical scenarios withcassive equipment rates should be wrapped
into several multi-annual market scenarios whi@hdistinguished by the speed of equipping
the fleet. These market scenarios, and not thenteshscenarios, should be compared since
they make clear whether a strategy of quick intobdn outvalues a smooth one or not.

45 Cost deter mination

The operation and maintenance costs of OBUs andsR8em to be negligible — the applied
OBU LinkBird-MX of the KOLINE project for example consumes durimmymal operation
only 3 W. The investment costs per node d@mprise the RSU at estimategdsG=10.000€
and the optimisation software update a{€3.000€ for the evaluation period of 20 years.
The investment costs per OBU can be assume@&=600€, the usage duration equals the
average vehicle life cycle of 10 years. It is intpat to make further considerations, e.g., how
many equipped nodeg & vehicle passes by during its trip, whether iidghg back and forth
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during a day(Azﬂ), and how many different V21 functionalities arenssl by the OBU

leading to only a fraction of the costs being asstgto one particular node and functionality.
In the KOLINE case we assumed that the equipméatRgsy and the number of functions

=% 3%-0.05. The resulting

- e 7

nFogy are rising at the same rate, thatﬁ%ﬂ = const.
OBU

averaged annual costs for three different sampiliesiare listed in Table 6.

Table 6: Annual system costs per node

Node ADT Number of passed nodes ny

(16 hozurs) 1 2 3 4
K61 32.750 41.600 € 21.100 € 14.300 £ 10.900 € (B€30
K47 51.050 64.500 € 32.600 € 21900 € 16.600 § 0108227
K46 26.050 33.200 € 16.900 € 11.500 € 8.800€ 7€200
Sum 47.700 € | 36.300 € 29.400 €

5 CONCLUSION AND OUTLOOK

The paper showed that cost-benefit-analyses (CBA&Rnasport projects on the one hand and
microscopic traffic simulations of transport teld@roga projects on the other hand are well
established. Yet the link between both lacks apguloprocedures and is loaded with
uncertainties and unsolved questions. For a starsimulation of only a limited spectrum of
flow levels which occur during a year must be exjehto include all possible effects, even if
no or negative effects of the investigated techgyplppear. The accident prediction as part of
a conventional CBA is left out until now but thecoming method SSAM needs to be looked
at whether its assumptions are valid and which toeg are necessary. Also models for noise
emission as CBA criterion must be integrated ircaupled with the traffic simulation, in a
way it is already done with pollutant emissionsfidal answer how far the restrictions of
radio propagation of cooperative messages influémeéraffic parameters must be found.

A promising concept for the temporal extrapolatidrsimulated results was presented, which
transforms the vast data of the different simutatians into probabilities rather than reducing
the information by averaging values. The next neseatep is to apply a simple Bayesian
network on this approach to consider the dependerwrer time, i.e., several simulated time
periods.
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