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ABSTRACT

Injuries are one of the main causes of death aoaptd W.H.O. For this reason the attention
of road safety researchers especially regardsttidy ©f the relationship between driver and road
environment.

Several research works show that operating spead excellent driver behavior parameter.
This article describes a different approach tocthssical definition of prediction models for optérg
speed on horizontal curves. In this paper, the domehtal theories, the applied operating procedures
and the first results obtained with the applicatainGeostatistics are discussed. The mathematical
models expressing operating speed in function ofizbotal curves characteristics found in
International scientific literature, have mainlyebebuilt on the basis of Classical Statistics. fhis
reason, it needs to be pointed out that the intatige techniques found in Classical Statistics are
based upon the use of canonical forms (linear dmpmial regressions) that completely ignore the
correlation law between collected data. As sucle tletermined interpolation stems from the
assumption that the data represent a random sample.

The models described in this article have insteadnbcreated with the geostatistical
interpolation technique (i.e. Kriging). This techue allows to obtain theb&st" estimates possible
because it considers the true correlation law betvike measured data.

The applied methods are then described along Wwehrésults obtained in the field of road
safety by applying Geostatistics which, for sevgedrs, have been used, with positive resultsllin a
scientific and engineering fields dealing with erigal data analysis and processing.
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INTRODUCTION

Numerous studies have been developed in the laadds in the field of road safety in order
to forecast, already during the project phase réfetionship between real driver behavior and rural
road features (especially on horizontal curve, White more dangerous than tangent). Many of these
studies focus on creating analytical models exprggdriver behavior in relation to the charactécist
of the two lane rural roads. In these models, didghavior is expressed by the operating speegd (V
that represents the 85th-percentile speed), whderdad characteristics are generally represented b
the Curvature Change Rate of the single curve (§ORhe horizontal curve radius (Rl).

To create such models, various research groupsdzavied out a lot of survey campaigns to
collect a numerous mass of inherent data on theacteistics of the road and the corresponding
operating speed, to elaborate with statisticalregres(2).

The present article arises from these considemtwith the objective of introducing the
experiences accomplished by our research teameimélieloping new analytical models to predict
Vgs. These new predict models have been created bgt&mstics analysis and interpolation. This
technique among the various advantages offeremysito obtain the interpolation that minimizes the
estimated variance value: to determine unknowneglit considers only the experimental values that
exercise a real influence and weighs them with @gmte coefficients obtained by studying the
correlation laws between experimental values thérmase The strong point of this approach is to
admit that the collected data do not representnapksa of random values but they are a punctual
manifestation of a phenomenological reality regedalby a precise law. This is a strong point of the
Geostatistics approach in respect to the Statisties

The article is divided into four main parts. Thesfipart briefly summarizes the main fields of
application of Geostatistics and the advantagegsofise, reporting a schematic description of the
fundamental steps making up the geostatisticalyaisalThe second part describes the data collected
to calibrate the proposed model. The third parculess the development of our proposed predict
model using geostatistical techniques. The finat pammarizes the main conclusions of the study
and briefly indicates its future developments.

GEOSTATISTICAL ANALYSISOF EXPERIMENTAL DATA

In all scientific fields, experimental data anatysind processing assume a considerable
importance. In fact, in the majority of cases, tetgrfrom a limited set of collected informationist
necessary to reconstruct a phenomenon of inteidsnvits existing domain. In order to do thateth
enlargement of the sampling mesh does not représeikest solution: investigation time and costs or
in some cases, the inaccessibility of points of sueament can hinder the feasibility of this choice.
Therefore, the target is, in practice, to maintain (as possible) the number of observations and to
proceed to create representative models of thegohemon in study.

Among the available alternatives, Geostatisticdydical and interpolation techniques have
assumed a high importance today in all those besoh engineering science requiring experimental
data process instruments. These techniques, novermepted in all most common software (for
example, Surfer and ArcGIS), are based on coroglagtudies of collected observations and use of
that law for the interpolation.

This is because the experimental data gatherednmiagepresent a random sample of values
but, in interpreting the precise expression of $hene phenomenon, must be objectively related to
each other. Recognition of the correlation law lestv the observations allows to carry out an
interpolation based on the real law of phenomenon.

Geostatistics was born last century in the minialglf based on studies conducted by Georges
Matheron, Danie Krige and Herbert Sichel, as s@doc providing tools for the evaluation of mineral
deposits. Since then a lot of progresses has baee im the development of Geostatistics techniques
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of analysis and interpolation. For this reason Gaissics has become an extremely powerful tool for
studying and modeling of space/time phenomena.

Therefore Geostatistics supplies a collection ohméques addressed to the study of spatial
correlation between experimental values of a sjpeedriable, representing a phenomenon in study in
order to determine the value of the unknown paivitein the existing dominiof3) (4) (5).

In the research work proposed in this paper, thssatal Geostatistics tools are used in an
innovative way for studying the correlation lawJeen the operating speed and road parameters (as
CCRs or R) that are not a space and/or time coatebrbut only design features.

More simply, a geostatistical analysis consisttheffollowing main steps:

1. estimate of spatial correlation between measured observations. Such analysis is carried
out by construction of an experimental curve (Féglly expressing the spatial and/or time correlation
between collected data. This relationship, or mamecisely, the variability of the size studied is
represented by the function of the experimentaisemogram (Figure 1), defined by the equation:

)= Svarlz(x+n)-Z(x)F ®

y(h) represents the semi-variance between collectad péiobservations separated by a specific

distance (measured along the horizontal axis) aher, the error which would be made if the
unknown point was replaced with the collected @atde definite distancd).

Experimental Semivariogram

gamma

lag
FIGURE 1 An experimental semivariogram example

2. modeling the experimental semivariogram using a theoretic model, of a well-known
equation, that fits the trend of experimental semogram which, as already stated, represents the
phenomenon law. Calculating and modeling the erpemtal semivariogram offers a series of
important information of the phenomenon in examamgtbut it also represents the need of a basis to
define the values of the unknown points.

In the Figures 2 some of the main theoretical modet shown.
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Thearetical Semivariograrm Models

gamma
1

Power Model
Linear Model i
Gaussian Model

Exponential Model
— Spherical Model b

FIGURE 2 Theoretical modelsfor experimental semivariogram inter pretation

3. definition of the variable parameters of the phenomenon in study. This step is

necessary to identify uniquely the phenomenon laworder to obtain the best fit between the
experimental and theoretical semivariogram. Refgrto the Figure 3, these parameters are:

the nugget effect, which represents the value of the semivariogranpéirs of observations
separated from a distances close to zero;

therange, which represents the distance, measured alonigattizontal axis, where the curve
of the semivariogram tends to flatten, or rathexydmd which the data become totally
independent: for this reason all values beyond lihg in respect to the unknown point,
should not be considered during the interpolation;

the sill corresponds to the value of the semivariogram wisaeached at the distance equal
to the range.

“ariogram Interpretation
T T T T T T T T

|

gamma

nugget effect ]
1 1 1 1 1 1 1 Il n n 1 1 1 1 1 1 1 1 |

lag
FIGURE 3 Variographic parameters of experimental semivariogram
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4. estimate of the unknown values and error calculation associated with the geostatistical
linear interpolation, named “Kriging(4). The Kriging is able to obtain a goodness of imbdaition
otherwise difficult to achieve with other technigue

Regarding classical interpolation techniques, Kigghdvantages are mainly:

a. Kriging estimation procedure is based on the reatetation law between the data
(represented by the experimental semivariogram);

b. Kriging interpolation leads to unique solutions;

c. Kriging interpolates the data exactly (i.e. it retithe experimental value in the case
of measured point estimation) and also it is ablgive the estimated variance for
each calculated value (in this way is possibleuitddboth the phenomenon map and
the estimation error map at once);

d. Kriging results only depend from the model of sesmiggram, from the distance
between sampled points and unknown point to estinfiedm sampling geometry and
not from measured values.

For these reasons the kriging is defined as “liesat unbiased estimator” (B.L.U.EST.).

From a mathematical point of view Kriging estimatiechnique is defined by the equation 2:

Z, =2 A(X)zZ(x) @)

where ZX represents the unknown point valu&(xi) represents each measured valued
which will be considered for the interpolation and, (x) are appropriate weights which depemd o
the position and distance of each these point frokmown point and which satisfies the condition 3:

> AK)=1 Q

i=1

5. results graphical restitution (i.e. contour maps, block maps etc.) dependinthertype of
data and use of results. This procedure must beedayut after processing the data since the Kgigin
results are represented by a matrix of numericialegawnhich is difficult to read by those who do not
possess a specific know-how.

DATA COLLECTION

This paragraph describes the phase of the expa@data collection and the construction of
a datafile to develop the investigation. Our analgsly concentrated on horizontal curves in otder
construct a prediction model where operating speedpressed as a function of CCRs, R and both R
and L (where L is the length of the horizontal).

In order to make the results of our work comparakitn those proposed in international
bibliography, the survey campaigns were carriedioutorrespondence to several Italian two lane
rural road sections with the following charactécs(l) (2):

e curves found in two lane rural roads;

» lack of elements which could influence driver (sashworking zones signals);
* longitudinal grade below 5%;

e low traffic flow;
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* lane width between 3.00 and 3.75 m;
» shoulder width less than 1.50 m.

Twenty-two horizontal curves, on different Italiamo lane rural roads, were chosen with a
radius of 50 to 850 m.

A radar instrument was used to reveal the insta@eds of the vehicles. It was located along
the shoulder of each road section and hidden franview of the drivers. This type of instrument was
also chosen for its characteristic of being eadyide from the view of the drivers and to instail @
vertical mobile support at any site. In additidme shape of the instrument is such that even if bge
the driver, it is not recognized as a survey oraradstrument. In this way it is possible do not
influence driver behavior.

Speeds were registered in the center of each mbalzourve. The survey campaigns were
carried out during the daytime, on dry pavementiargbod weather conditions.

The radar also revealed real time speeds coming froth senses of direction, so for each
section and for each vehicle, we recorded the tengthe vehicle, the direction of flow, the ingtan
speed, the date (day, month, year) and the tineehglr of the single passage).

The quantity of recorded data (about 1000 speedgdoh curve) required an appropriate
management system capable of processing thesdén twr make accurate analysis. For this reason, a
database of Postgres was made to store each catagRigure 4). A table has been made for each
curve section in which the following parameters aveecorded: vehicle id, instant speed, time of
recording, date of recording, direction of vehiclength of vehicle and temporary gap between
vehicles.

Necessary data to calculatgsVor each section of the curve surveyed were etddaby SQL
gueries to Postgres tables. This procedure allongdiminate the vehicles that, even if travellimg i
opposite directions, crossed the recording spat fean 2 seconds. This allowed to eliminate any
eventual recording errors, caused by the simulias@assage of two vehicles (in opposite directions
too). And secondly, by eliminating vehicles withpgé (going in the same direction less than 6
seconds) we were able to limit the study to isolatehicles only. Isolated vehicles mean those with
travelling time distance of at least 6 secondstapar

@
o
L
.0

! isolated2 !
+

0 D P 3 P B B P P P P B B P b B B B haban
CEIEIIOIIIIISIIEDoIOESIDIEoEE0nHD
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FIGURE 4 A example of the used Postgrestable

The decision to isolate vehicles was made in otdetink vehicle speed only to the
characteristics of the road and not other factdiklvcould influence the speed, such as traffie/flo
Besides, the study is only concentrated on carsjudixg trucks, commercial vehicles and
motorcycles. The instant speed was recorded for @@® vehicles on each curve. For these
calculations only isolated cars (with ‘gap2’ of raathan 2 seconds and ‘gap6’ with more than 6



NRPRRRRRRRR R
COWONOURAWNROOONOUAWNE

NN
N~

WNNNDNDNDNDN
Qowoo~NOoOUThhWw

wWww
WN -

WWWwWwww
© 00 ~NO Olh

A BEADMDMDPADMDADDIDS
CoO~NOOOUITA~WNEFO

A.Mazzella, F.Pinna, C.Piras 8

seconds) were considered.

At this point the operative speed associated tt saction of recording was calculated: the
85" percentile speed was calculated for probabilitdisfribution for each curve. A data file was then
constructed containing design values for each @eatf the curves (CCRs, R, length, DC) and
operating speeds.

GEOSTATISTICAL ANALYSISOF COLLECTED SPEED DATA

The preliminary geostatistical study and succesap@ication of the Kriging technique were
conducted on imaginary grids composed of:

* alinear grid of points with coordinates (CCRs [fom], Vg5 [km/h]), for the construction of
the model expressing CCRs vgV

* alinear grid of points with coordinates (R [m}s\tkm/h]), for the construction of the model
expressing R vs §

* a 2D grid of points with coordinates (R [m], L [M™{gs [km/h]), for the construction of the
model expressing R and L vgV

M odel V85:f (CC RS)

The calculation of the data collected in the experital semivariogram gave us the result in
the Figure 5.

“ariogram
w = m =) ~ @
=1 =] 2 2 =] 2
2 2 2 2 = 2
I I I I 1

)

=1

=1
L

=]
=1
L

0

T T T T T T T T T T T
0 100 200 300 400 500 600 70O 800 900 1000 1100
Lag Distance

FIGURE 5 Experimental semivariogram for Vg vs CCRs and itsinterpretation

The modeling was conducted by choosing the bdsiditheoretical model to describe the
general trend and to further estimate variographiameters using least square criterion.

The Figure 6 represents the Kriging result of tteadcarried out using parameters of
variographic calculated models.

The trend of the model seems almost linear, likedther models suggested by international
literature, but it has not a perfect linear treftlis demonstrates that tleepriori choose of the
regression type produces errors in all the phenomeraluation.

That is underlined also in the Figure 7, which skdhe comparison between bibliographic
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international models and our one.
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FIGURE 6 Kriging interpolation result for the Vg vs CCRs modéel

CCRs s V85

100

V85

40+

30-

201

10

McLean - Australia (2) (6) (7)
Lamm et al. - Germany (2) (8)
Lamm & Choueri - USA (2) (9) (10)
Krammes & Ottesen - USA (2) (11)
Choueri et al. - Lebanon (2) (12)
Piras & Pinna - Italy (13)
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FIGURE 7 Comparison between international models and inter polation result for the Vgs vs

The Figure 7 shows the evolution of speed on cunisa radius of 50 to 850 m. It shows a
similar trend between the proposed model and miodtase in use in various countries, even if the

200 400 600
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800

1000

trend of our model, cutting the other ones, fitddyethe measured data.

M odel V85:f(R)

1200
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The calculation of the data collected in the experital semivariogram gave us the result in
the Figure 8.

7004
6004

500+

Wariogram
=
=}
8

w
&
=]

2004

1004

0 T T T T T T T 1
100 200 300 400 500 600 700 800

Lag Distance

FIGURE 8 Experimental semivariogram for Vg VSR and itsinter pretation

The modeling was conducted by selecting the b#stditheoretical model to describe the
general trend and to further estimate variographiameters using least square criterion. The Figure

represents the Kriging results carried out usimgupters of variographic calculated models.
Rws V85
120 T T

100+ B

+ 7,,,,;/7 —
80f + + /—tjr’: N + -
+ B _+
+
10 e
2 B i
g 60 P
iy
40+ B
201 -
Mazzella, Pinna, Piras - ltaly
+ Measured Values
O [ [ [ [ [ 1 [ 1
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FIGURE 9Kriginginter poIationRresuIt for the Vg vs R modéd

The parabolic trend of the proposed model fitsdveitan other models the distribution of
collected data. Also in this case this demonstritas thea priori choose of the regression type
produces serious errors on the phenomenon evatuatio
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Geostatistical curve built on measured data shbhevgxistence of three different behaviors of
the phenomenon: first for radii between 50 m an@d 30 second for radii between 300 m and 750 m,
third for radii greater than 750 m (Figure 9). @isttopic our research team is still working. Like
previous case, the Figure 10 shows some the cosapabetween bibliographic international models

and our model.
Rws V85

120 T T

V85

Lamm et al. - Germany (2) (8)
Krammes & Ottesen - USA (2) (11)|
Kannellaidis et al. - Greece (15)
Bird et al. - UK (16)

| Islam et al. - UK (17)
20? Piras & Pinna - Italy (13) ]
Mazzella, Pinna, Piras - ltaly

+  Measured Values

I I I I I I I I
100 200 300 400 500 600 700 800
R

FIGURE 10 Comparison between international models and inter polation result for the Vg vSR

The Figure 10 shows a similar trend between thpgsed model and most of those in use in
various countries, especially for values of theiradtween 150 and 700 m. Besides the difference
between our model (with the lowest) and the Kamaidi$ one (with the greatest values) is almost
equal to 20 km/h.

M odel V85:f(R, L)

The calculation of the experimental semivariogranthe data collected provided the results
shown in the Figure 11.
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FIGURE 11 Experimental semivariogram for Vg VSR and L and itsinterpretation

The modeling was conducted by selecting the b#stditheoretical model to describe the
general trend and to further estimate variographi@meters using least square criterion. The Figure
12 represents the Kriging result of the data cdrdat using parameters of variographic calculated

models.
Lvs Rvs'Ba

L [m]

] T T T e
300 400 500 GO0 700
R [m]

FIGURE 12 Kriging interpolation result for the Vg vs R and L model

The graph clearly shows the generak ¥end in variation to the radius R values and the
length of the circular curves. In the image itlsacly shown the link betweengy/ R and L.

CONCLUSIONS

There are numerous models in literature to caleuls in function of the rural road
geometric characteristics, such as CCRs or hodtanirve radius. Almost all of these models were
constructed using techniques own of Classical sStegsi No research group has still used
Geostatistical analysis techniques even though éineylargely used in many other fields of research
inherent to Engineering sciences.

Some similarities can be seen when confrontinggireeral trend of proposed models (using
CCRs or R as independent variables) with thosesggective models in use on an international level
(created with classical Statistics techniques) fEig7 and 10). This clearly indicates a high
implication of the validity of our proposed modetspecially considering the fact that they are the
first results using the geostatistical approachoriher to improve the models proposed in this paper
we are still working on data collection on horizrdurves with radii greater than 700 m.

Using the correct study and modeling of such cati@h, interpolations can be created which
are based on the true variable of the phenomeneram where precise observations are obviously
represented by exact demonstrations within the diomiof the study.

Geostatistics analytical instruments used correantly in combination with the potentiality of
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the Kriging algorithm, can create interpolationsandthe estimated variance is minirtid).

In the current literature we find that many studiesated models linking operating speed on
curves to the horizontal curve features, or moeeipely CCRs, radius of the horizontal curve, DC,
etc. Even though it has been demonstrated thaitlwmligal grade or road alignment (tangent or curve)
preceding the curve influence the speed in curthewe have been few studies that analyze such
linking factors(2). For this reason, our research is leading tow#rdsanalysis of the relationship
between driver behavior and other parameters, asitbngitudinal grade, with the aid of geostatidtic
techniques. We are also in the process of defiaipgovisional 2D model wheregyis calculated by
geostatistical analysis, contemporarily in functadrkR or CCRs and the longitudinal grade.

Furthermore, Geostatistics offers several analyiinsaruments that could be able to reveal the
influence of the speed trend of vehicles goincghim$ame direction for each section of study, meanin
the element preceding the circular curve.

On the whole, the proposed work describes a newoapp to study driver behavior in
relation to the characteristics of the horizont@grament, going beyond the limitations of classical
statistics that:

1. chooses priori regression type;
2. for the interpolation does not consider the trueedation between the sampled data.
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