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Speeds are affected by several variables such as driver characteristics, vehicle performance,
road geometrics, environmental conditions and driving regulations. It is therefore
important to study the relationships between speed and such variables in order to facilitate
conscious speed management on existing and planned roads, and to induce drivers to
select a speed consistent with the posted limit. This relationship is of great interest to those
who wish to achieve roadway functionality and improve overall road safety.

A small number of studies have focused on this objective; however, few of them concern
urban roads and they are limited to specific road types and recently built-up areas. These
studies often refer to the 85th percentile of the speed distribution and are relevant to
locations which are homogeneous in terms of geometry, environment, driving regulations
and vehicle type.

This paper presents results obtained from a study carried out on urban arterials and
collectors characterized by dissimilar geometric features which facilitated the inclusion
of a fully representative range of variables. A general model able to predict operating speed
for a generic percentile was calibrated using three different strategies: (a) a simple multi-
ple regression analysis in which the variables were selected using the Bayesian Information
Criterion (BIC); (b) the analysis of covariance method including random effects on the same
set of variables as in (a); and, finally, (c) the analysis of covariance method with random
effects and a new selection of variables (again using BIC). The analysis shows a dramatic
variation in results depending on the method selected. In particular, when random effects
are considered, almost all the variables are found to be statistically significant.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Urban roads are characterized by an elevated accident risk factor, which is mainly due to high traffic volumes, the coex-
istence of multiple categories of road users moving at different speeds, and the number of daily activities along the roadsides
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(Committee for Guidance on Setting, 1998). In 2010, in Italy, the number of road accidents on urban roads was 150,602
which represented more than 71% of the total crashes, while the number of fatalities was 1744 equal to 45% of the total fatal-
ities recorded on the national road network (Ministero delle Infrastrutture e dei Trasporti, 2011). More than 20% of urban
fatalities involved vulnerable road users like pedestrians and cyclists who are prone to accidents with fast passenger cars
or light duty vehicles. As a consequence, speed management remains crucial for creating a safe road system and for achieving
the EU imposed target of a further 50% reduction in road fatalities in the decade 2011–2020 (European Transport Safety
Council, 2012).

There is a general consensus that if speeds on a specific road section decrease, then accidents will be less severe, and
therefore fewer crashes will be reported (Global Road Safety Partnership, 2008; Hauer, 2009). Garber and Gadiraju (1989)
found that the crash severity is linked to the average speed, while the speed variance has a bearing on the number of crashes.
Hauer (2009) stressed that speed data from flow speed observations and crash scene investigations are not estimated with a
uniform degree of accuracy, so any results from research into the effects of speed variations are inconclusive and inadequate.
Similar conclusions were drawn by Aarts and van Schagen (2006).

Studying the relationship between driver speed and the variables affecting driver behaviour is important for conscious
speed management on existing and planned roads and also helpful to those seeking ways to encourage drivers to select a
speed consistent with the posted speed limit (PSL) and traffic conditions.

High unsafe speeds occur mainly under free-flow conditions when low-density streams are mostly composed of isolated
vehicles. In urban road networks, free-flow speeds are difficult to observe given the level of traffic and the influence of traffic
signals and other traffic control devices. According to the Highway Capacity Manual (Transportation Research Board, 2010),
in the case of urban roads, free-flow speeds occur at off-peak hours in the central part of urban street segments where traffic
control systems do not affect driver speed choice.

The research presented here aims to generate new relationships between geometric variables and speed for urban roads.
This has been accomplished by using an approach capable of identifying the most significant variables affecting average
speed and by also taking into account the dispersion of the collected data.

The study builds on a previous observational investigation (Bassani & Sacchi, 2012) performed on a limited dataset, which
has been enriched with new free-flow speed data. All the observations were conducted within the municipality of Torino
(Italy) on urban arterials and collector streets that were selected in order to include a wide range of fully representative vari-
ables. Speed measurements were recorded during the times of day in which free-flow traffic conditions prevailed. Different
models have been constructed taking into account the hierarchical structure of collected data, thus distinguishing the set to
which each speed belongs (lane, section and road).

2. Background to operating speed

2.1. Driver behaviour on urban roads

In contrast to rural roads, urban roads have more operating functions. In fact, designers have to provide a harmonious and
comfortable driving environment in which longitudinal and transversal movements coexist, and where other roadway users,
such as cyclists and pedestrians, have to be safely accommodated. However, on too many occasions the operating speeds
exceed the PSL (European Transport Safety Council, 2011).

In Fig. 1, each line represents the percentage of drivers that exceeded the PSL during an observational study on selected
urban roads in a representative sample of European cities during the decade 2000–2009. Observations reveal that in some
countries the percentage of aggressive drivers is constantly high (in Austria, 70% of vehicles exceed the 30 km/h limit in res-
idential zones and 51% exceed the 50 km/h limit), in other cases the percentage is relatively low (roads in Switzerland and
Fig. 1. Percentage of cars and vans exceeding the posted speed limits (PSL) on European urban roads in the period 2000–2009 (the labels indicate the
country and the PSL of considered roads) (European Transport Safety Council, 2011).
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Britain with a PSL equal to 64 km/h), and in others a sizeable decrease has been registered following the introduction of new
initiatives on speed control enforcement (roads in Ireland, France, Czech Republic, and Britain with a PSL equal to 48 km/h).

Experience shows that, where drivers are very aggressive, speed enforcement systems should be adopted or, when pos-
sible, the geometric characteristics of the road should be re-evaluated and modified (Garrick & Wang, 2005).

In support of this, Mannering (2009) highlighted that speed enforcement plays a large role in determining the speed of
uninhibited drivers when travelling above the speed limit, and that other significant variables such as gender, age and eth-
nicity have a lesser impact.

2.2. Operating speeds

It has been widely demonstrated and commonly accepted that in free-flow conditions the driver population can be sep-
arated into two groups (Fig. 2). The larger group consists of users that select safe speeds and tend to respect the PSL; this
group normally behaves in a manner consistent with road geometry and flow conditions. The second group consists of users
that drive fast and aggressively, and frequently exceed the PSL. It has been repeatedly demonstrated (Lamm, Psarianos, &
Mailaender, 1999) that, for any specific road section, the speeds of these two groups combined are normally distributed,
and that the 85th percentile of speed distribution (V85) is commonly considered a good indicator of the threshold between
them. This parameter has been widely investigated and a considerable number of authors have linked operating speeds to
geometric design variables in V85 models (Transportation Research Circular, 2011).

Basing their conclusions on a literature review, Garrick and Wang (2005) sustained that the V85 in urban areas is insen-
sitive to longitudinal geometric characteristics, while it is highly sensitive to transversal characteristics of road elements
such as lane and shoulder width, margin width, and driveway density. This explains why some have questioned the validity
of applying the design speed concept to urban roads.

In literature V85 includes the speeds of most conservative drivers and is, therefore, considered an appropriate indicator for
operating speeds, and used by designers to make comparisons with the assumed design speed. Any difference between oper-
ating and design speeds should be minimized so as to be in harmony with the expectations of careful drivers and to achieve
design consistency for new facility designs or roadway redesigns.

According to Lamm et al. (1999), consistency between the PSL, design and operating speed is a prerequisite for safe traffic
operations. In particular, road safety literature reports many relationships linking safety to road geometric features
(American Association of State Highway & Transportation Officials, 2010), and others where V85 is correlated to road geomet-
rics (Transportation Research Circular, 2011).

V85, however, cannot represent the entire speed distribution (Fig. 2) and is not useful for the derivation of a possible cor-
relation with accident indicators. This is the reason why some have recently emphasized the need to use the average speed
(V50) and its standard deviation (r) instead of V85 (Transportation Research Circular, 2011).

3. Background to operating speed models for the urban environment

Operating speed models help road designers with the selection of geometric characteristics of road elements which can
positively affect driver behaviour (Garrick & Wang, 2005). An understanding of driver perception of the road environment is
helpful when selecting the combination of geometric features and traffic control systems that should encourage road users to
adopt the most appropriate speed (National Cooperative Highway Research Program, 2004).

In fact, the speed chosen by drivers is also influenced by factors such as weather conditions, and road lighting efficiency.
Bassani and Mutani (2012) demonstrated that driver behaviour is certainly influenced by environmental lighting conditions,
Fig. 2. Two examples of free-flow speed distribution different in terms of mean and standard deviation but equal in terms of V85, and identification of
careful and uninhibited drivers. (a) Probability and (b) cumulative distribution.
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driving regulations (e.g., PSL and overtaking rules) and visibility conditions. Misaghi and Hassan (2005) suggested that no
single operating speed model should be universally adopted. Model format, independent variables, and regression coeffi-
cients differ from one case to the other.

Among other variables, Wang, Dixon, Li, and Hunter (2006) noted that the geometric elements of roads are highly depen-
dent on the PSL. Therefore, they considered it appropriate to investigate the influence of road environment characteristics
without including the PSL in speed studies. However, they did not take into account that for some old urban facilities this
correlation is very low or non-existent. This is the case, for example, with Italian and European urban roads which, in many
cases, were designed and/or built without reference to any design standards.

Survey technique and data collection methodology are also critical elements in speed studies (Transportation Research
Circular, 2011). In fact, sample sizes, incidental errors related to the survey methodology adopted (e.g., radar and laser speed
gun data need be corrected for the cosine effect), and possible influences on driver behaviour (e.g. due to the presence of the
test equipment that might be perceived as a speed enforcement tool) might all affect the quality of the data and the results of
the deriving models.

While a large number of operating speed models with different characteristics are available in literature, only a few relate
to urban roadways. Among these, the investigation of Fitzpatrick, Shamburger, Krammes, and Fambro (1997) was based on
free-flow speed data collected at several sections on eight suburban arterials in Texas with speed limits ranging from 64 to
81 km/h. From their data analysis, the most significant variables were found to be the approach density (frequency of drive-
ways and intersections within the roadway section), and the horizontal radius.

The observations from 27 sites on urban collector streets in central Pennsylvania formed the database considered by Poe
and Mason. (1995) who were the first to suggest the inclusion of transversal geometric and environmental factors in speed
formulation. The resulting model, valid also for straight sections where the degree of curvature (DC) is zero, was the
following:
V85 ½km=h� ¼ 61:7� 0:23 � DC� 0:52 � G� 0:82 � HR � 2:66 � IN� 1:08 � DR þ 0:15 � LWðR2 ¼ 0:67Þ ð1Þ
where G is the absolute value of the roadway gradient, HR is the hazard rating which is a measure of the number and severity
of lateral obstructions within 1.5 m of the road, IN is the number of intersections, DR is the number of driveways, and LW is
the lane width in m.

The use of linear regression equations has been proposed extensively in literature. The PSL is the most frequently used
variable in these kinds of studies; the NCHRP Report 504 (National Cooperative Highway Research Program, 2003) assesses
PSL linear effects as a single covariate.

Wang et al. (2006) modified the survey approach; they collected continuous speed data from 200 vehicles equipped with
GPS devices on tangents along low speed urban corridors in Atlanta. The authors considered a variety of cross sections and
adjoining terrain using both numerical and Boolean parameters. The following equation resulted from their study:
V85½km=h� ¼ 50:50þ 10:39 � NL� 0:08 � RS� 0:13 � DD� 0:21 � I þ 4:82 � C � 6:82 � SW� 5:10 � P þ 5:30 � LU1

þ 5:24 � LU2ðR2 ¼ 0:67Þ ð2Þ
where NL denotes the number of lanes, RS the density of trees and utility poles (number/km) divided by their average offset
from the roadway (m), DD is the density of driveways (driveways/km), I represents the density of T-intersections (intersec-
tions/km), C indicates the presence of curbs (0 if there is no curb, otherwise 1), SW indicates the presence of sidewalks (0 if
there is no sidewalk, otherwise 1), P the presence of parking (0 if there is no on-street parking, otherwise 1), and finally LU1

and LU2 are commercial and residential land use indicators respectively (1 for positive case, otherwise 0).
Wang et al. (2006) found that, when using the PSL as a covariate, the intercept and variables such as roadside object,

driveway and T-intersection densities, and on-street parking become statistically insignificant. The reason for this is that
design speed depends on the PSL, so geometric variables are highly correlated to speed limits. The speed limit is, therefore,
not an independent parameter and should not be included.

Referring to 67 case studies of four-lane rural and suburban roads in Indiana, Tarko (2009) proposed a model containing a
mix of cross-sectional geometric and environmental parameters. The model demonstrates that in free-flow conditions the
preferred speed of drivers is the result of a trade-off between the perceived risks of having an accident, the perceived pres-
ence of speed enforcement measures, and the subjective cost of time.

Not with standing the availability of operating speed models for different road types and elements, the low coefficient for
some of the determinants confirms that the selection of variables is of fundamental importance for the validity of the pro-
posed models. Moreover, the use of a modelling technique other than linear regression analysis for V85 is desirable in order to
correctly compute the effects of geometric parameters, avoid the assumption of data independence, and limit the use of
aggregated data with an overstatement of the coefficient of determination (Transportation Research Circular, 2011).

Although it has been promoted and suggested by many authors (Hassan, 2004; Misaghi, 2003), panel data (PD) models
are not yet widely used. The PD analysis is a statistical method employed in social, medical and econometric sciences and
deals with data collected over time from the same sample of individuals; following which a regression analysis is performed
considering these two dimensions (time and individuals). The use of such an approach in the field of operating speed analysis
is complicated by the fact that a number of isolated vehicles have to be tracked through sites, thus multiple speed data need
to be collected for individual drivers.



14 M. Bassani et al. / Transportation Research Part F 25 (2014) 10–26
The use of the PD approach on urban roads was first proposed by Tarris, Poe, Mason, and Goulias (1996). In their pioneer-
ing work, the authors considered 27 urban collectors in Pennsylvania characterized by different variables in terms of road-
way alignment, cross section, roadside elements and land use. In particular, the analysis was limited to curved segments
with radii comprised of values between 11 and 230 m. As a consequence of the site characteristics selected, they found that
V85 depends linearly on the degree of curve (DC), and that a small variation in model coefficients is evident when single or
aggregated values for each site are taken into account. The PD methodology used illustrated how speeds are highly depen-
dent on roadway geometry, driver age and time of observation.

The difficulties associated with the use of the PD approach, primarily due to the complications related to the recording
over time of operating speeds of individual undisturbed drivers, can be surmounted by employing the modelling technique
adopted by Figueroa and Tarko in their 2005 study. They assumed that speeds recorded at a site were normally distributed
and proposed a new modelling approach able to calculate any percentile speed as a linear combination of variables affecting
both the central tendency and the dispersion of collected data.

4. Data collection and methodology

Starting with a literature review and bearing in mind all the limitations and deficiencies of databases and models as high-
lighted in Misaghi and Hassan (2005), this investigation was organized with an in-field speed survey that resulted in the col-
lection of speed data from each lane of 16 different road sections. The final dataset has the following characteristics:

� cars in free-flow conditions; data corresponding to commercial vehicles were excluded because they were not sufficient
in number to form a consistent group of observations;
� cars moving at a uniform speed; cars in accelerating/decelerating conditions and cars influenced by traffic control sys-

tems like traffic lights and priority signals at intersections were not considered;
� tangent and curved sections are characterized by very high radii due to the square grid pattern of the road network sys-

tem of Torino; in only a few cases the roads presented curved segments characterized by radii greater than 250 m which
do not impose significant speed variations on contiguous segments.

4.1. Survey methodology

In order to ensure the quality and the integrity of the database, field investigations were conducted by means of longi-
tudinal and transversal measurements taken on ordinary lanes and excluding those dedicated to public services (bus and
taxi). A number of the measurements were taken by combining the use of a laser speed gun with a high-speed digital video
camera; in some cases the camera was used alone with the optic perpendicular to the centreline of the road. Consequently,
the database was formed using longitudinal and perpendicular measurement techniques employed at a single point location.
At a subsequent stage and through the analysis of video frames, the running speeds of isolated vehicles were calculated and
included in the database.

In accordance with (Wang et al., 2006), great attention was paid to the selection of unobtrusive measurement positions,
which were located in places which would avoid any psychological effects on drivers, and would limit the cosine effect. Fur-
thermore, measurement periods were not allowed to exceed 15 min, and were repeated at different intervals under similar
traffic and weather conditions. Only the speeds of isolated vehicles not conditioned by traffic signals and surrounding vehi-
cles were recorded, thus considering typical free-flow conditions to which any speed-related design parameter usually
refers. Sections of 150 m in length were located across the middle point between two successive intersections along tan-
gents, and in the middle section along curves.

Speed data were consolidated only in cases where the time headways and tailways were greater than 5 s as per accepted
practice in recent papers (Figueroa & Tarko, 2005; Tarko, 2009), and were rejected in the remaining cases in compliance with
best practice suggested in literature (Nie & Hassan., 2007).

Driver behaviour at weekends differs from that on weekdays as a consequence of a change in travel goals (Shinar &
Compton, 2004). Observations made by Agarwal (2004) on urban roads reveal that speeds increase only slightly at weekends
with respect to weekdays. Assum, Bjørnskau, Fosser, and Sagberg (1999) assert that variations in speed between night-time
and daytime is partly explained by the fact that careful drivers, for the most part elderly people and women, try to avoid
driving at night-time. More aggressive drivers, a group consisting largely of young males, represent a greater proportion
of the total driver population during the hours of darkness. In this research, speed surveys were concentrated during daylight
hours with very low traffic volumes. Therefore, the results obtained are relevant for the times of day and days of the week
when traffic is light and driver preferences can be observed.

4.2. Case studies

As stated previously, the sections were chosen by excluding segments characterized by high variability in features along
their length. The road segments (Table 1) form part of the urban road network of the municipality of Torino (Italy). These
facilities match the typologies of urban arterials (A) and collector (C) streets indicated by Italian road design standards



Table 1
Geometric and operative characteristics of the selected road segments.

Road Section Road name Type NT NL LW A R V85 PSL # Data
# # Unit ? – – – m – m km/h km/h –

1 1 lungo Stura Lazio A 2 3 3.25 C 295 96.0 70 518
2 2 corso Marche A 2 2 3.50–4.00 C 850 106.0 70 439
3 3 corso Orbassano A 1 3 4.00–4.50 C 250 96.4 70 212
4 4 corso Grosseto A 2 2 3.50 T – 93.0 70 602
5 5 corso Massimo d’Azeglio C 2 2 3.50–4.10 T – 74.0 50 200

6 corso Massimo d’Azeglio C 2 2 2.80–3.00 T – 66.7 50 250
3 3.25–4.00

7 corso Massimo d’Azeglio C 2 3 2.80–3.00 T – 65.2 50 300
6 8 via Borsellino C 1 2 4.42–4.62 T – 62.2 50 100

9 via Falcone C 1 1 5.00–5.90 T – 50.0 30 300
10 via Principi d’Acaja C 1 1 3.85–4.00 T – 46.0 50 100

7 11 via Filadelfia C 1 1 4.19–4.35 T – 60.0 50 100
12 via Filadelfia C 1 1 3.98–4.48 T – 55.0 40 100
13 via Filadelfia C 1 1 4.30–4.40 T – 54.0 50 300

8 14 corso Unità d’Italia A 2 3 3.00 T – 90.8 50/70 918
15 corso Unità d’Italia A 2 3 3.00 C 2100 81.4 70 300
16 corso Unità d’Italia A 2 3 3.00 T – 86.2 50/70 600

Total – 25 76 2.80–5.90 – – – 30/70 5339
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(Ministero delle Infrastrutture e dei Trasporti, 2001). In the Italian road network system, the arterials support heavy traffic
volumes moving at a relatively high speed, and represent the terminals in the urban areas of the freeway system that, when
present, encircles cities. Collector streets represent the most important network for internal movements, and provide access
to adjacent built-up areas and to the local street network; in this case, road functions are divided between mobility and
access with one sometimes prevailing over the other.

Of the total 16 road sections (Table 1), seven are arterials and nine are collectors. In this latter category, there is a further
subdivision between divided and undivided travelled ways. Fig. 3 shows the schematic representation of these two types of
sections.

The road sections included in the database are listed in Table 1, in which the corresponding information regarding road,
geometry and operating characteristics are also reported.

The symbols used to denote the geometric characteristics of the roads in Table 1 and Fig. 3 are as follows:

� NT is the number of travelled ways,
� NL is the number of lanes per direction,
� LW is the lane width,
� A is the horizontal alignment of the segments (T = tangent, C = curve), and
� R is the radius of the centreline.

In some cases, a variation in the LW between lanes of the same travelled way was found. In other cases, the two travelled
ways of the same road segment are not symmetrical as is the case with road segments Nos. 3 and 6 (Table 1). Finally, some
arterial sections present different PSLs for the two travelled ways, as per segments Nos. 14 and 16.

Other variables presented in Fig. 3 are:

� RSW and LSW, right and left shoulder width respectively (in m),
� MW, median width (in m),
� LP, lane position in the travelled way, assigning an increasing whole number to the external lane and moving toward the

centreline, and
� PUB, PKL and S, presence of dedicated bus and taxi lanes, parking lanes and sidewalks near the travelled way.

4.3. Variable selection

All the variables that form the database are presented in Table 2, where abbreviations used in this paper are also reported.
As can be noted, some variables are numerical continuous (NC), some are numerical discrete (ND), and some are Boolean (B).
For the last-named only integer values 0 or 1 were used in the model, with a value of 0 assigned when the road element is
absent and 1 when it is present along the considered road segment.

Table 2 includes new variables not listed before. RS and LS indicate the presence of a right or left shoulder respectively in
the transversal section, while in the length of 1 km across the same section (500 m before and after the section) the following
six variables were also considered:



Fig. 3. Transversal section parameters for divided and undivided travelled ways.

Table 2
Summarized statistics of considered variables.

# Variable Symbol Type Unit min. max. l r Frequency

1 Lane position LP ND – 1.0 3.0 1.6 0.778 76 100%
2 Posted speed limit PSL ND km/h 30.0 70.0 56.6 12.707 76 100%
3 No. of travelled ways NT ND – 1.0 2.0 1.7 0.462 76 100%
4 Travelled way width TWW NC m 7.0 17.0 10.2 2.626 76 100%
5 No. of lanes per direction NL ND – 1.0 3.0 2.3 0.836 76 100%
6 Lane width LW NC m 2.8 5.9 3.6 0.774 76 100%
7 Median width MW NC m 0.0 9.1 3.9 3.753 53 70%
8 Right shoulder RS B – 0 1 – – 24 32%
9 Right shoulder width RSW NC m 0.0 3.0 0.3 0.695 24 32%

10 Left shoulder LS B – 0 1 – – 20 26%
11 Left shoulder width LSW NC m 0.0 1.3 0.1 0.284 20 26%
12 Curvature 1/R NC m�1 0.0 4.02 � 10�3 5.26 � 10�4 1.17 � 10�3 19 25%
13 Dedicated bus and taxi lane PUB B – 0 1 – – 4 5%
14 Deviation Dev B – 0 1 – – 37 49%
15 Deviation density DevD NC No./km 0.0 8.0 2.2 2.741 37 49%
16 Driveways D B – 0 1 – – 39 51%
17 Driveway density DD NC No./km 0.0 18.2 4.1 6.206 39 51%
18 Intersections I B – 0 1 – – 20 26%
19 Intersection density ID NC No./km 0.0 10.0 1.5 2.983 20 26%
20 Sidewalk S B – 0 1 – – 56 74%
21 Pedestrian crossing Ped B – 0 1 – – 39 51%
22 Pedestrian crossing density PedD NC No./km 0.0 18.2 4.3 4.789 39 51%
23 Parking lanes PKL B – 0 1 – – 16 21%
24 Traffic calming devices TCD B – 0 1 – – 21 28%

16 M. Bassani et al. / Transportation Research Part F 25 (2014) 10–26
� Dev and DevD indicate the presence and the density of deviations respectively (dedicated lanes for leaving or entering the
main travelled way),
� D and DD represent the presence and the density of driveways respectively feeding into the travelled way, and
� I and ID denote the presence and the density of intersections respectively with the considered travelled way.
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In the same table adjacent to the domain of variation (minimum and maximum values), l denotes the average value and
r represents the standard deviation of all the numerical variables considered. The frequency expresses the number of times
in which the variable has been included in the model with any value other than zero, and it is indicated in both absolute
terms (the maximum being equal to 76 i.e. the number of lanes investigated) and in percentage form.

The selection of variables was made while avoiding problems of multi-collinearity which can arise when travelled way
width (TWW), NL and LW are simultaneously selected as significant variables. However, it should be noted that NL indicates
the number of lanes per direction, so this excludes multi-collinearity for collectors. Moreover, in most of the sections the lane
width is not uniformly distributed along the lanes. The contemporary presence of such variables will be discussed later.

In the preliminary phase, the variables were selected by reference to results reported in literature. Of these variables,
some were rejected due to the difficulties encountered with their identification, as in the case of land use parameters con-
sidered in (Wang et al., 2006).

In fact, the land use around the road segments studied is not homogeneous since commercial activities are present but
dispersed throughout residential areas. Moreover, the arterials are located in areas with mixed residential and recreational
use in which it is not always clear which type of activity is predominant over the other.

Regarding the variables, LP was considered in an initial phase of our analysis by comparing those lanes which were part of
the same travelled way. The results in Fig. 4 relate to the lanes of the same travelled way of road segment No. 1, and dem-
onstrate that there is a significant speed difference between such lanes. Although the Italian Highway Code (Ministero delle
Infrastrutture e dei Trasporti, 1992) permits the overtaking manoeuvre on both sides on urban roads, most drivers on these
roads still tend to consider the right lane as the ‘‘slow’’ lane, while the left lane is considered the ‘‘fast’’ lane.

This means that most drivers tend to adopt the same behaviour on both urban roads and rural multilane highways.
Regarding the latter case, it is worth noting that the driving regulations adopted in continental European countries permit
overtaking of slower vehicles on the left side only.

The authors also noted that, in some cases, the difference in speed between lanes was amplified by the presence of a side-
walk near the right lane. Thus, drivers tend to exercise more caution in the first lane (LP = 1) than they do in other positions
on the travelled way (LP P 2). In the example given in Fig. 4, 65.6% of drivers moving along the first lane respect the PSL of
70 km/h, while this percentage decreases to 25.9% in the second lane (LP = 2), and to 7.2% in the third lane (LP = 3).

4.4. Data treatment

The speed database consisted of 5339 values observed on 76 lanes (l), 25 single travelled ways, 16 sections (s), and 8 roads
(r) (Table 1). The data associated with each lane were, firstly, analyzed in order to verify the homogeneity of the sample and,
secondly, to assess the compliance with normal distribution. Only data groups that passed these two tests were subse-
quently used for the model calibration. The random fluctuation of speeds in the space domain across their average value
was assessed by plotting the data on control diagrams in order to detect any undesired trend in the speed data. Fig. 5 shows
an example pertaining to the 2nd lane of road segment No. 5. All the groups were found to be homogeneous; hence, all the
samples were subjected to a subsequent statistical analysis by means of the v2 test.

In 75 of 76 cases the test revealed the samples to be normally distributed:
Vl;i � Nðml; s2
l Þ ð3Þ
where Vl,i indicates the sample of speed data associated with a generic lane (l). As a result, 75 lanes were considered in the
model calibration. Fig. 6 shows the results obtained with the 2nd lane of road segment No. 5.
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4.5. Modelling

In this paper, as mentioned in paragraph 3, the speed model proposed by Figueroa and Tarko (2005) was considered for
the separate (albeit computed in one step) modelling of both the central tendency of speeds and all the deviations (percen-
tiles) of individual speeds. Furthermore, as a result of the design of this observational study and the characteristics of urban
roads, each speed data is a speed percentile for a single lane, on some segments and on some routes, thus the sample dataset
consists of a hierarchy of different populations the differences in which may be attributed to this data structure. In accor-
dance with our experimental design, all lanes were observed in randomly selected sections (al|s), which in turn were ran-
domly selected from the total number of sections in each road (as|r), and roads from the entire set of roads in the urban
network of Torino (ar).

To illustrate this hierarchy, the following subscripts have been adopted:

� r, for the specific road, with 0 6 r 6 R (R represents the total number of observed roads – equal to 8 in Table 1);
� s, for the section within the road, with 0 6 s 6 S (S represents the number of observed sections – equal to 16 in Table 1);
� l, for the lane of a section belonging to a specific road, with 0 6 l 6 L (L is the number of observed lanes, equal to 75); and
� i, for the generic observation.

Consequently, random effects have been included in the statistical model to remove the dependency between any esti-
mation errors of individual observations. The authors included three ‘‘a’’ terms to evaluate the existence of random effects
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(which measure the random difference between the speed prediction for all roads and the corresponding prediction for a
specific road).

The three random effects have been considered to be normally distributed according to the following equations:
ar � Nð0;r2
r Þ ð4Þ

asjr � Nð0;r2
s Þ ð5Þ

aljs � Nð0;r2
l Þ ð6Þ
The dependent variable (Vrsl,i) is then derived from a random effect (RE) model as follows:
ð7Þ
in which ersl,i is the error/bias associated with each measurement, b0 is the general model intercept, bC
k and bD

j are calibration
parameters for the variables affecting the estimated mean (Xk), and the estimated standard deviation (Xj) respectively, and Zp

is the standardized normal variable. If the three random effects (ar, as|r, al|sr) are excluded from Eq. (7), the model becomes a
fixed effect (FE) model in line with the most common approach followed in literature. In Eq. (7) the following additional sub-
scripts have been adopted:
� p, for the selected percentile;
� k, for the number of significant variables affecting the central tendency (Xk), with 1 6 k 6 K, where K = 24 as reported in

Table 2; and
� j, for the number of significant variables affecting the deviation from the mean (Xj), with 1 6 j 6 J, where J = 25 (variables

listed in Table 2 with Zp).

For the calibration, each observation has been associated with the corresponding percentile p (Zp) derived from the lane
speed distribution identified by its mean and standard deviation; in particular, Zj = 0 when p = 50%, and Zj = 1.036 when
p = 85%.

5. Model calibration and results

The data analysis was carried out using R-software version 3.0.2 (R Development Core Team., 2005). Results were
obtained via the implementation, in dedicated code, of the Bayesian Information Criterion (BIC) (Schwarz, 1978), which iden-
tifies the most significant variables from those selected as possible covariates. The model with the lowest BIC function value
(fBIC) calculated according to Eq. (8) has to be preferred:
fBIC ¼ �2 � bL þ k � lnðnÞ ð8Þ
where L̂ is the maximized value of the log-Likelihood function, n the number of observations, and P is the number of param-
eters included in the model:
P ¼ 1þ K þ J ð9Þ
where the values 1, K and J denote the size of b0, bC
k and bD

j respectively. According to Schwarz (1978), the variables that con-
tribute to the minimization of the BIC function are the most significant and should be selected in the model.

To highlight the contribution made by random effects, three different calibration strategies (CS) have been pursued:

(a) CS#1. This is a FE model where a simple multiple regression analysis is performed by including all the variables
selected according to the BIC criterion. CS#1 does not consider the contribution of possible random effects (RE);

(b) CS#2. This is a RE model where an Analysis of Covariance (ANCOVA) is performed using the Restricted Maximum Like-
lihood (REML) algorithm (McCulloch et al., 2008). The set of variables calibrated is the same set selected in CS#1 (in
this case the final value of the BIC function has been derived for comparison); and

(c) CS#3. The ANCOVA method and the REML algorithm are used to calibrate the RE model, but the variables are selected
according to the RE model specification using, once again, the BIC criterion.

To run the REML algorithm, the ‘‘lme4’’ package was implemented in the R code (R Development Core Team, 2005). The
results obtained from the application of these three strategies are summarized in Table 3. Table 4 reports the synthesis of the
statistical performance measurements for the regression analysis, and the quantification of random effects according to Eqs.
(4)–(6) for CS#2 and #3.
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6. Discussion

The operating speed models derived with the three different strategies are characterized by good coefficients of determi-
nation and a low level of standard errors. From the results reported in Tables 3 and 4 it appears that:

(a) the use of the RE model (Eq. (7)) leads to a better fit between observed and predicted speed values (Fig. 7);
(b) in the case of CS#1, the use of the BIC criterion results in the same set of significant variables as that derived using the

p-value (in Table 3 the right shoulder variable - RS - is the only one that exhibits a p-value greater than that corre-
sponding to the 95% confidence interval;

(c) the RE model reduces the number of significant variables from 33 (in CS#1 and #2) to 28 in (CS#3);
(d) all the 24 variables listed in Table 2 are significant for all the calibration strategies (#1, #2, and #3);
(e) the number of significant variables affecting the central tendency of the model are 23 for CS#1 and #2, but only 3 for

CS#3;
(f) the number of significant variables affecting the dispersion of the data are 10 for CS#1 and #2, and 25 for CS#3.
Table 3
Model coefficients and significant variables.

# Variable Calibration strategy #1 Calibration strategy #2 Calibration strategy #3

Estimate Std. error t-Value Pr (>|t|) Estimate Std. error t-Value Estimate Std.error t-Value

– Intercept 89.63 11.49 7.80 <2 � 10�16 60.27 114.10 0.53 26.03 13.52 1.93
1 LP 6.20 0.10 59.26 <2 � 10�16 6.23 1.06 5.90 6.05 1.02 5.96
2 PSL 0.05 0.02 2.18 0.029 0.04 0.26 0.14 – – –
3 NT 41.39 2.56 16.18 <2 � 10�16 24.50 32.00 0.77 16.81 7.75 2.17
4 TWW �0.58 0.29 �1.99 0.047 �0.03 3.04 �0.01 – – –
5 NL �6.42 1.19 �5.42 6.31 � 10�8 �4.21 12.60 �0.33 – – –
6 LW �7.53 0.55 �13.73 <2 � 10�16 �4.71 5.75 �0.82 – – –
7 MW �7.32 0.46 �15.75 <2 � 10�16 �2.94 5.51 �0.53 – – –
8 RS �3.16 1.80 �1.76 0.078 �20.11 20.86 �0.96 – – –
9 RSW �7.80 1.03 �7.57 4.53 � 10�14 5.29 13.08 0.40 – – –

10 LS �38.48 3.25 �11.84 <2 � 10�16 �7.86 37.64 �0.21 – – –
11 LSW 19.82 2.49 7.97 1.97 � 10�15 1.78 27.50 0.06 – – –
12 1/R �2553.00 807.60 �3.16 0.001 3230.00 8814.00 0.37 5312.00 2432.00 2.18
13 PUB 11.95 0.77 15.52 <2 � 10�16 5.24 9.70 0.54 – – –
14 Dev 6.64 0.50 13.28 <2 � 10�16 6.02 4.77 1.26 – – –
15 DevD – – – – – – – – – –
16 D 5.17 0.72 7.20 6.98 � 10�13 3.97 8.83 0.45 – – –
17 DD �0.93 0.05 �17.42 <2 � 10�16 �0.89 0.62 �1.44 – – –
18 I �1.32 0.38 �3.47 0.0005 �1.59 3.39 �0.47 – – –
19 ID �0.72 0.08 �9.06 <2 � 10�16 �0.47 0.98 �0.48 – – –
20 S �8.84 1.39 �6.35 2.34 � 10�10 �3.96 14.60 �0.27 – – –
21 Ped �27.72 2.35 �11.81 <2 � 10�16 �4.46 28.93 �0.15 – – –
22 PedD �0.64 0.10 �6.51 8.47 � 10�11 �0.44 1.15 �0.39 – – –
23 PKL 7.65 0.61 12.46 <2 � 10�16 1.70 7.66 0.22 – – –
24 TCD 5.98 0.38 15.75 <2 � 10�16 2.60 4.88 0.53 – – –
25 Zp – – – – – – – 16.46 2.45 6.71
26 Zp � LP 1.09 0.09 12.15 <2 � 10�16 0.84 0.02 35.52 0.74 0.02 33.23
27 Zp � PSL 0.10 0.01 18.04 <2 � 10�16 0.11 0.00 76.69 0.01 0.00 1.39
28 Zp � NT – – – – – – – 12.07 0.55 22.06
29 Zp � TWW �0.12 0.04 �3.11 0.001 �0.11 0.01 �10.88 �0.19 0.06 �3.11
30 Zp � NL – – – – – – – 0.18 0.25 0.73
31 Zp � LW 0.98 0.13 7.44 1.13 � 10�13 0.91 0.03 26.26 �1.08 0.12 �9.24
32 Zp �MW – – – – – – – �2.85 0.10 �28.59
33 Zp � RS – – – – – – – 6.14 0.39 15.94
34 Zp � RSW 0.44 0.10 4.54 5.86 � 10�6 0.35 0.03 13.75 �5.19 0.22 �23.60
35 Zp � LS – – – – – – – �19.65 0.69 �28.47
36 Zp � LSW – – – – – – – 13.54 0.53 25.62
37 Zp � 1/R – – – – – – – �3305.00 172.40 �19.17
38 Zp � PUB 2.21 0.40 5.51 3.68 � 10�8 2.23 0.11 21.24 4.36 0.17 25.73
39 Zp � Dev 2.65 0.29 9.11 <2 � 10�16 2.19 0.08 28.66 1.87 0.13 14.42
40 Zp � DevD �0.32 0.05 �6.14 8.72 � 10�10 �0.26 0.01 �18.41 �0.11 0.01 �7.65
41 Zp � D – – – – – – – 1.97 0.15 12.85
42 Zp � DD – – – – – – – �0.09 0.01 �7.65
43 Zp � I – – – – – – – �0.79 0.08 �9.69
44 Zp � ID – – – – – – – 0.08 0.02 4.41
45 Zp � S – – – – – – – �3.31 0.30 �11.12
46 Zp � Ped – – – – – – – �11.64 0.50 �23.16
47 Zp � PedD – – – – – – – �0.15 0.02 �6.93
48 Zp � PKL �0.82 0.26 �3.14 0.001 �0.91 0.07 �13.03 1.19 0.14 8.78
49 Zp � TCD �0.41 0.20 �2.06 0.039 0.25 0.05 4.69 1.52 0.08 18.22



Table 4
Synthesis of statistical analysis.

Calibration strategy #1
Residual standard error: 4.949 on 5305 DoF
Multiple R2 corrected: 0.9338
F-statistic: 2266 on 33 and 5305 DoF, p-value: <2.2 � 10�16

Residuals:
Min 1Q Median 3Q Max

�15.821 �2.598 0.255 2.792 20.365

Variance Std. dev.

Residual 6.436 2.537
Calibration strategy #2
BIC function at convergence: 18339.96
Multiple R2 corrected: 0.9956
Random effects:
Group name Variance Std. dev.

Lane:(Section:Road) (Intercept) 33.936 5.825
Section:Road Intercept) 29.110 5.395
Road Intercept) 0.000 0.000
Residual 1.658 1.288

Calibration strategy #3
BIC function at convergence: 16351.56
Multiple R2 corrected: 0.9970
Random effects:
Group name Variance Std. dev.

Lane:(Section:Road) Intercept) 32.749 5.723
Section:Road (Intercept) 21.037 4.587
Road (Intercept) 92.985 9.643
Residual 1.109 1.053

Fig. 7. Comparison of observed and modelled speed data on a randomly selected sample of 750 data from the complete database (5339 data).
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Fig. 7 shows the comparison between the observed and predicted speeds for a reduced number of randomly selected
observations (10 per lane). In the plot it is noticeable that RE models (CS#3, blue points or CS#2, red points), produce much
better results than the fixed effect model (CS#, green points).

It should be pointed out that the inclusion of random effects has been effective for a subset of elements. Fig. 8 reports the
improvements that occur when the prediction of speeds is made according to CS#3 instead of CS#1, for the data correspond-
ing to four specific lanes. A similar improvement is evident in Fig. 9 where the comparison between observed and predicted
values has been illustrated by selecting the speed data for section #10 and road #1 (Fig. 9A and B respectively).



Fig. 8. Comparison of observed and modelled speed data on the 4 lanes where the random effects have produced the greatest benefits in terms of speed
prediction.

Fig. 9. Comparison of observed and modelled speed data on the section (A) and the road (B) where the random effects have produced the greatest benefits
in terms of speed prediction.
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Similarly Fig. 10 reports the case of 4 lanes, Fig. 11 shows the case of one section and one road, where the random effects
produced only a marginal improvement in the model predictions.

To assess the contribution of the variables in each calibration strategy, we report in Fig. 12 the value ranges obtained
when multiplying the coefficients b0, bC

k and bD
j (Table 3) by the minimum and maximum values of the variables listed in

Table 2 (in the case of the normal standardized variable Zp the extreme values adopted are ±2). From an analysis of
Fig. 12 it can be derived that:

(a) the contribution of the normal standardized variable (Zp) is captured by the RE model calibrated according to the strat-
egy CS#3; moreover, Zp is significant only in this case;



Fig. 10. Comparison of observed and modelled speed data on the 4 lanes where the random effects have produced the least benefit in terms of speed
prediction.

Fig. 11. Comparison of observed and modelled speed data on the section (A) and the road (B) where the random effects have produced the least benefit in
terms of speed prediction.
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(b) in the CS#3 case, the weight of the dispersion term acquires a prominent role to the detriment of the central tendency
term (in CS#3 all the geometric and operational variables listed in Table 2 are significant when combined with the
normalized standard variable);

(c) the bC
k coefficient associated with LP does not change significantly with a change in the calibration strategy, passing

from 6.23 (CS#1) to 6.05 (CS#3);
(d) the number of travelled ways (NT) significantly affects the central tendency of the FE model, while it contributes both

to the central tendency and dispersion in the RE model calibrated according to CS#3;
(e) PSL is not included in the RE model calibrated according to CS#3, while its effect is negligible in the FE model;



Fig. 12. Influence range of considered variables for CS#1 (A), CS#2 (B), and CS#3 (C).
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(f) the curvature coefficient (1/R) is negative in the FE model (CS#1), while it becomes positive in the RE model (CS#2 and
CS#3); in CS#3 it affects the central tendency term (1/R) with a positive coefficient and the dispersion term (Zp � 1/R)
with a negative coefficient, thus mitigating the effects of the curvature in the final result;

(g) the density of deviations (DevD) does not affect the central tendency term in both the FE and RE models.

By limiting the analysis to the results obtained with the RE model (Fig. 12C), the following additional comments may be
included:

(a) the presence and the width of both left (LS and LSW) and right (RS and RSW) shoulders contribute to speed dispersion,
even though their combined effects tend to reduce the effects of individual variables;

(b) the presence of a dedicated bus and taxi lane (Pub) close to the travelled way increases the dispersion of speeds;
(c) the presence of a sidewalk (S) and pedestrian crossing (Ped and PedD) makes a significant contribution to the reduc-

tion in speed dispersion;
(d) traffic calming devices (TCD) and parking lanes (PKL) make a small contribution to speed dispersion.

7. Conclusions

The main objective of this study was to identify the variables influencing central tendency and dispersion of operating
speeds on urban arterials and collector roads. The survey was performed on these two road typologies and on a sample
set of roads selected from the road network of Torino (Italy). The data has a hierarchical structure, each speed data is a speed
percentile for a single lane, on some segments and on some routes. This data collection effort led to the creation of a robust
database which was, firstly, validated from a statistical point of view, and, secondly, processed in order to derive predictive
equations capable of explaining the effects of geometric and operational variables on the speeds recorded.



M. Bassani et al. / Transportation Research Part F 25 (2014) 10–26 25
As indicated in literature, operating speed models present great variability even when relating to the same road typology
with similar geometric characteristics. This can only be explained by differences in driver behaviour, road geometry, envi-
ronmental conditions, driving regulations and vehicle type between locations. Hence, every model should only be used
where it has been calibrated.

According to previous studies, multiple-linear regression analysis enables analysts to select a restricted set of variables
which have a strong correlation with observed speeds. This study proposes the use of the random effect model on panel data
in order to take into account the hierarchical nature of the data collected and to remove the dependency existing between
the estimation errors of individual observations.

The results obtained demonstrate that in an urban environment, greater importance should be attached to the transversal
geometric characteristics and less to longitudinal ones; thus confirming the findings in Garrick and Wang (2005).

From among the parameters affecting speeds, the random effect model calibrated according to CS#3 identifies the lane
position (LP) and the number of travelled ways (NT) as the two most influential variables on the mean value of the observed
speeds. All the longitudinal and transversal geometric variables considered as covariates affect the dispersion term of the
calibrated model, thus confirming and quantifying the operational effects of road geometrics. In the calibrated random effect
speed model the effects of the posted speed limit are negligible.

In conclusion, initiatives aimed at regulating traffic speed are essential when seeking a reduction in the incidence of
crashes and deaths. The enforcement of speed restrictions with speed cameras and other devices is only one of the numerous
measures that are effective on transversal sections where such systems operate. The results derived from this study suggest
the possibility of acting on driver perception and behaviour via the adoption of an appropriate mix and size of road elements.
In contrast to speed cameras, the effects of such measures may be effectively distributed along the road contributing to the
formation of a more consistent and legible urban road environment.
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