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Abstract: Since the inception of the traffic flow theory, numerous traffic flow models have been for-
mulated by scholars in an effort to more accurately delineate the relationships between various traffic
flow parameters. However, only a limited number of studies have explored the distinctions between
fundamental traffic diagrams, which characterize continuous and interrupted traffic flow conditions.
Addressing this research lacuna, we compared twelve “speed–density” and “flow–density” models
fitted to empirical data collected under continuous and interrupted traffic flow conditions on a
selected regional road in Croatia. The empirical data used to develop these models were extracted
from video footage captured by an unmanned aerial vehicle on two representative road segments
during characteristic peak and off-peak hours on workdays. Our analysis reveals that, depending
on the selected traffic flow model and prevailing traffic flow conditions, the practical capacity of
the observed regional road is estimated to be in the range from 799 to 2333 veh/h/lane. It was also
discovered that the considered models reach practical capacity at a significantly different density
under continuous and interrupted traffic stream conditions, i.e., between 37 and 129 veh/km/lane.
The conducted t-tests underscore the need to employ distinct “speed–density” and “flow–density”
regression functions for modeling continuous and interrupted traffic stream conditions.

Keywords: traffic flow theory; traffic flow modeling; fundamental traffic flow diagram; correlation
analysis; regression analysis; unmanned aerial vehicles; speed–density relationship; flow–density
relationship

1. Introduction

Depending on the traffic stream conditions, traffic flows can be categorized as continu-
ous, semi-continuous and periodically interrupted traffic flows. Continuous (uninterrupted)
traffic stream conditions are present on open road sections without property access points
and intersections. In a continuous traffic flow, vehicle speeds and traffic flow are influenced
primarily by traffic density and secondarily by existing speed limits, roadway design ele-
ments and roadway environmental features. Under these conditions, vehicles do not stop
until traffic density reaches its maximum value (congestion).

Semi-continuous traffic stream conditions are typically observed along freeway and
motorway segments, particularly near various types of off-grade intersections. These
conditions are marked by the additional interactions between vehicles in the main traffic
flow and those involved in merging and diverging traffic flows, as well as between vehicles
interacting along weaving road segments. In contrast to continuous traffic flow conditions,
semi-continuous conditions are characterized by more frequent and substantial fluctuations
in the speed, acceleration and deceleration of individual vehicles. Interrupted traffic flow
conditions occur on road sections with unsignalized and signalized at-grade intersections,
where two or more traffic flows cross-intersect each other. In these traffic stream condi-
tions, the movements of individual vehicles in the conflicting traffic flows on signalized
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intersections are separated in time by traffic signals. Due to this fact, vehicles must stop
their movement during each red phase to give way to vehicles in conflicting traffic streams.
Vehicles also need to stop at minor approaches of unsignalized at-grade intersections in
cases where they must yield to vehicles on the major intersection approaches. Due to
the presence of periodic vehicle movements, interrupted traffic stream conditions differ
significantly from continuous (uninterrupted) and semi-continuous traffic flows.

Over the past decades, numerous research works have attempted to describe and
visualize the mathematical relationships between fundamental traffic flow parameters in
different traffic flow regimes [1,2], utilizing diverse forms of traffic flow diagrams [3–6].
However, during this period, few researchers have specifically addressed the contrasts
between the various functional forms of fundamental traffic flow diagrams suitable for rep-
resenting the mathematical relationships between empirical traffic flow parameter values
observed in both continuous and periodically interrupted traffic flow conditions. Therefore,
in an attempt to reduce this research gap, this paper primarily aims to propose and compare
optimal mathematical expressions for deterministic “speed–density” and “flow–density”
fundamental diagrams suitable for describing the relationships between empirical values
of relevant macroscopic traffic flow parameters in continuous and periodically interrupted
traffic stream conditions on the ŽC5210 regional road within the Republic of Croatia. The
purpose of this paper is to identify the differences in the expected ranges and in the relevant
boundary and critical values of the empirical traffic flow parameter values representative of
continuous and periodically interrupted traffic flow conditions on selected road sections of
an undivided two-lane regional road and to define appropriate deterministic functions for
describing the relationships between mean values of the observed traffic flow parameters.
The research hypotheses are formulated as follows:

• H0 (Null Hypothesis): There is no statistically significant difference in the speed–
density and flow–density functional relationships obtained for continuous and pe-
riodically interrupted traffic flow conditions on the representative road segments
of the selected regional road, and therefore, the same mathematical formulation of
“speed–density” and “flow–density” models can be used for modeling traffic flow
characteristics on the observed regional road, both in continuous and interrupted
traffic stream conditions.

• H1 (Alternative Hypothesis): There is a statistically significant difference in the speed–
density and flow–density functional relationships obtained for continuous and period-
ically interrupted traffic flow conditions on the representative road segments of the
selected regional road, and therefore, two alternative mathematical formulations of the
“speed–density” and “flow–density” models need to be used to separately model the
traffic flow characteristics under continuous and interrupted traffic stream conditions
on the observed regional road.

The specific contributions of this research stem from (1) determining the calibrated
“speed–density” equations and regression functions representative of modeling continuous
and interrupted traffic stream conditions on regional (lower tier) roads in Croatia by fitting
the selected macroscopic traffic flow models to empirical data collected from an open road
segment and a road segment with signalized intersection from the regional road ŽC5210;
(2) obtaining valuable insights into the distinctions between specific values of basic traffic
flow parameters at boundary and critical points of “speed–density” and “flow–density”
fundamental traffic flow diagrams of selected macroscopic traffic flow models, i.e., between
the values of free flow speed, critical speed, critical density, jam density and practical road
capacity representative of continuous and interrupted traffic stream conditions; (3) ob-
taining more realistic “speed–density” and “flow–density” relations due to the fact that
empirical traffic flow density values are determined directly based on the actual number
of vehicles present on the observed road segments in discrete time intervals, visible from
the recorded aerial footage, i.e., they are not estimated based on occupancy or calculated
indirectly by dividing empirical flow and speed values; (4) the possibility of applying the
research findings to other geographic regions to identify the approximate functional forms
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of “speed–density” and “flow–density” fundamental diagrams, which could be used for
modeling continuous and interrupted traffic stream conditions on other lower tier roads
(regional and local roads) in the Republic of Croatia, as well as in comparable road cate-
gories in other countries. Regional and local road authorities could use these fundamental
diagrams to make more informed decisions related to investment in road infrastructure,
road traffic management, designing new and maintaining existing networks of regional
and local roads. The aerial footage of observed road segments recorded in the scope of
this research can be potentially used by researchers for the purpose of developing and
integrating various algorithms and software based on artificial intelligence and machine
learning, which would enable automatic video data processing, i.e., automatic detection
and tracking of movements of individual vehicles in a traffic stream, automatic extraction of
relevant traffic flow parameter values and automatic fitting of selected traffic flow models
to collected empirical data.

The subsequent sections of this paper are organized in the following manner. The
following chapter gives an overview of research related to this paper. Chapter 3 defines the
macro and micro study areas within which drone-based aerial traffic flow video recording
was conducted to collect the input data necessary for performing correlation and regression
analysis between relevant traffic flow parameters. Chapter 4 provides detailed descriptions
of the methodological steps employed for drone-based video recording of traffic flows on
selected road sections, data processing, data filtering and analysis of the recorded aerial
video files. Additionally, this chapter outlines the methodological procedures utilized for
determining the empirical values of fundamental traffic flow parameters. It also highlights
the approach taken to identify specific theoretical forms of fundamental traffic flow dia-
grams suitable for describing the real traffic flow characteristics on selected road sections.
Chapter 5 delves into the results of the performed correlation and regression analysis
carried out between the empirical values of observed traffic flow parameters and gives a
comparative overview of suggested “speed–density” and “flow–density” models suitable
for describing the traffic stream characteristics on observed road sections under continuous
and interrupted traffic stream conditions. The conclusion gives a summary of the attained
results and offers recommendations for conducting future research.

2. Literature Review

Since the inception of the traffic flow theory in the 1930s, a multitude of researchers
have endeavored to develop mathematical models, which accurately represent the relation-
ships between empirical traffic flow parameter values. During this period, many scientific
papers, studies and projects were devoted to the development and validation of various
deterministic [7–28] and stochastic representations [29–32] of basic traffic flow diagrams.
The main goal of these efforts has been to represent the complex spatial and temporal
characteristics of traffic flow more accurately.

Over the past 90 years, researchers have proposed various forms of fundamental traffic
flow diagrams in their attempt to improve the initial Greenshields linear “speed–density”
model developed in 1934 [7,8]. In 1959, Greenberg proposed a logarithmic form of the
speed–density relationship [9]. A year later, Underwood suggested that the speed–density
relationship can be described by the negative exponential function [10], while in 1961, Eddie
presented the first two-regime traffic flow model based on two logarithmic functions [11].
In 1966, Dick developed the first traffic flow model specifically adapted for describing the
relation between speed and density on urban roads [12]. In 1967, Drake suggested that the
speed–density relationship can be represented by Gaussian distribution [13]. At the same
time, May and Keller [33] and independently Pipes [34] developed generalized “speed–
density” models by expanding the initial Greenshields linear model with the introduction
of additional adjustment factors. Smulders, in 1990, proposed a combined linear–parabolic
“speed–density” model [15]. In 1995, Del Castillo and Van Aerde independently presented
new modified versions of the “speed–density” model [16,35]. In 2003, Chanut and Buisson
developed a three-dimensional fundamental traffic flow diagram, based on which, it is
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possible to describe the differences present in a “flow–density” relationship at different
percentages of heavy vehicles in a traffic stream [19]. Over the last two decades, an
increasing number of researchers have suggested that the “speed–density” relationship can
be more accurately described by different forms of logistic and sigmoid functions [21,23,36].

In their pursuit of finding the optimal deterministic and stochastic functional forms for
the “speed–density”, “flow–density” and “flow–speed” models, the majority of researchers
have predominantly focused on studying vehicle interactions within uninterrupted traffic
flow conditions, which has been regarded as the basic traffic flow condition representative
of establishing the fundamental relations between the main traffic flow parameters. On
the other hand, only a limited number of researchers have studied specific functional
relationships between the macroscopic and microscopic traffic flow parameters under inter-
rupted traffic flow conditions [37–44] and discussed the comparative differences between
the values of traffic flow parameters measured in uninterrupted and interrupted traffic
flow conditions [45–48]. In a 1996 study, Akcelik provided a comparative overview of
the mathematical relations between speed, density and travel time, which can be used to
describe the characteristics of traffic flow in uninterrupted and interrupted traffic stream
conditions [45]. In 2005, Pueboobpaphan, Nakatsuji, Suzuki and Kawamura developed
three distinct shock wave models, which can be used to convert vehicle speeds measured
within uninterrupted traffic stream conditions on a road segment located prior to a signal-
ized intersection into vehicle speeds present in the interrupted traffic stream conditions
formed in the immediate vicinity of the signalized intersection [46]. In the same year,
Pueboobpaphan et al. attempted to identify the relationship between vehicle speeds in
uninterrupted and interrupted traffic stream conditions using the method of character-
istics [47]. In a study conducted in 2021, Barka and Polis performed a calibration of the
most commonly used volume-delay models, including BPR, Conical, Akcelik and modified
Davison model, for continuous and interrupted traffic stream conditions in different road
categories in the urban area of Thessaloniki in Greece [48].

In recent years, a growing number of researchers have used unmanned aerial vehicles
(drones) to capture the aerial footage of traffic flows, based on which, it is possible to extract
empirical values of relevant traffic flow parameters [49–55]. This innovative approach facil-
itates the analysis, comparison and assessment of prevailing traffic stream characteristics
across various road network segments.

One of the main advantages of using unmanned aerial vehicles for traffic data collec-
tion stems from the fact that they allow data collection without significantly disrupting
normal traffic flow. Therefore, by using drones, it is possible to ensure that the collected
data remain representative of real-world conditions without introducing bias into samples,
which are used to develop the “speed–density” and “flow–density” regression models.
Furthermore, drones equipped with high-resolution cameras and advanced sensors can
capture much finer details of complex traffic flow spatiotemporal characteristics, and aerial
video footage recorded by drones can be used for numerous research purposes. With the
further development and integration of various algorithms and software based on artificial
intelligence and machine learning, aerial footage can be automatically processed and used
to detect and track the movement of individual vehicles in a traffic stream, identify complex
traffic flow patterns, extract the trajectory of vehicles, detect various traffic flow anomalies,
predict potential traffic flow congestions and vehicle collisions. The ability to utilize these
computational tools to process aerial video data far surpasses the limited possibilities of
traditional traffic data collection methods. In addition to that, aerial video footage can be
stored and used again at any time to conduct additional research. Regardless of the fact
that the implementation of commercially available unmanned aerial vehicles is still limited
by their relatively short battery life, there is no doubt that, in the future years, they will
become fully accepted as one of the most advanced, accurate and reliable techniques for
the collection of traffic data.

Quite a number of researchers have already implemented unmanned aerial vehicles
for the purpose of capturing aerial video footage of traffic flows. For instance, Yahia and
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his team explored the potential of utilizing unmanned aerial vehicles for simultaneous
traffic state estimation and incident detection on multiple road segments [56]. In a 2021
study, Ahmed, Ngoduy, Adnan and their colleagues proposed specific functional forms of
fundamental traffic flow diagrams for describing the characteristics of heterogeneous and
undisciplined traffic streams [57]. Specific functional forms of fundamental diagrams were
developed based on empirical traffic data gathered from aerial footage captured by drones
over representative road segments in the city of Karachi in Pakistan.

Recently, an increasing number of researchers suggested that the “speed–density” rela-
tionship can be more accurately described by compound forms of logarithmic, exponential,
potential, logistic and sigmoid S-shaped multi-parameter functions [58–63]. Besides this, it
should also be considered that various other types of mathematical models used in other
fields, such as Morgan-Mercer-Flodin growth model, could be modified for the purpose of
describing the relation between traffic flow speed and density [64].

3. Spatial and Temporal Scope of Research

The study area includes one macro- and two micro-observation zones (Figure 1).
The macro-observation zone includes the urban road network of the city of Novalja in
the Republic of Croatia, its bypass and the main radial roads in the vicinity of the city,
including state road D106 and regional roads ŽC5210 and ŽC5151. The micro-observation
zones include two road sections of regional road ŽC5210 with the following specific road
design elements and traffic flow characteristics:

1. Road section A: The road section of regional road ŽC5210, spanning from a three-
leg unsignalized intersection (connecting regional road ŽC5210 to Čiponjac South
Street) to a four-leg roundabout (linking regional road ŽC5210 with state road D106),
covering 310 m. The traffic flows were recorded on a straight section of this road,
sufficiently distanced from adjacent intersections to ensure that all empirical traffic
flow parameter values, representative of continuous traffic stream conditions, could
be accurately extracted from the captured video files.

2. Road section B: The road section of regional road ŽC5210, situated near a signalized
intersection (connecting regional road ŽC5210 to Caskin Way Street), 205 m in length.
The traffic flows were recorded on a straight segment of the road, directly adjacent
to the four-leg signalized intersection to ensure that the empirical traffic flow param-
eter values, indicative of interrupted traffic stream conditions, could be accurately
extracted from the captured video files.

The reason behind selecting this particular geographic region and road category for this
study stems from the following facts: (1) To date, there have been few studies in the world
and in Croatia, which have developed the specific forms of “speed–density” and “flow–
density” fundamental diagrams representative of modeling traffic flow characteristics on
lower tier (regional and local) bi-directional undivided roads; (2) Due to high seasonal
traffic flow fluctuations in the selected geographic region, i.e., higher traffic flow volumes on
lower tier roads during the tourist summer season, it was possible to capture the different
patterns of traffic flow dynamics present in various traffic flow regimes (free flow, normal
and saturated traffic flow) and to obtain a sufficiently large empirical sample necessary
for development and calibration of “speed–density” and “flow–density” fundamental
diagrams, which would not be possible in other geographical regions of Croatia, where
traffic flow on lower tier roads is typically very low during the whole year.
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Geoportal of Croatian public roads [65–67].

The empirical values of traffic flow parameters—essential for conducting statistical
analysis to determine the optimal functional forms of “speed–density” and “flow–density”
fundamental diagrams—were calculated on the basis of data obtained from the aerial
photographs taken by unmanned aerial vehicles on two selected road sections of regional
road ŽC5210 at representative 15 min intervals during peak hours (in the morning period
from 7:00 to 9:00 a.m. and in the afternoon period from 15:00 to 17:00 p.m.) and off-peak
hours (the period from 11:00 a.m. to 13:00 p.m.). Figure 1 shows the macro- and micro-
observation zones situated within the study area, together with the indicated time periods
of the aerial video recordings conducted and the size of the empirical samples collected on
road sections A and B.

4. Methodology of Research

The basic steps of the methodology used for recording the aerial footage of selected
road segments and for the processing, filtering and analysis of data extracted from captured
video files are shown in Figure 2.
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4.1. Defining the Spatio-Temporal Scope of Research

The empirical samples required to perform descriptive, correlation and regression
analyses of the relevant macroscopic traffic flow parameters were formed based on data
extracted from the aerial video files recorded on two selected road sections of regional
road ŽC5210 in Croatia. To ensure the acquisition of empirical samples representative
of continuous and interrupted traffic flows, aerial video recordings were conducted on
one straight open road section without intersections and one road section near a four-leg
signalized intersection. The recordings were conducted on workdays at representative
five-, fifteen- and twenty-minute intervals during peak and off-peak hours to capture the
different traffic flow regimes (free, normal, stable, unstable and saturated flow).

4.2. Capturing and Processing Aerial Video

The aerial recording of traffic flows on selected road segments was performed using an
unmanned aerial vehicle MAVIC PRO equipped with advanced GPS/GLONASS satellite
positioning systems, along with sensor systems enabling intelligent flight control, detection
and avoidance of both stationary and moving obstacles during its operation. The drone
was additionally equipped with a fully stabilized video camera, capable of capturing
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12-megapixel photographs and recording aerial video footage in a very high 4K Quad
HD resolution of 3840 × 2160 pixels. The aerial videos were captured at frame rates of
30 images per second. The recorded aerial video files were extracted from the drone’s
micro-SD card and transferred to a personal computer. They were then converted from
their original MOV format into the MP4 format, ensuring compatibility for subsequent
video data processing.

4.3. Determining the Empirical Values of Relevant Traffic Flow Parameters

Before reviewing the aerial video recordings, it was necessary to define the positions
of entrance and exit reference lines separately for each observed road segment on ŽC5210
regional road. These lines were used for detection of vehicle entrance and exit times on
each observed road segment, based on which, it was possible to calculate the empirical
values of all relevant traffic flow parameters, including vehicle time headways, vehicle
speeds, traffic density and traffic flow values. Vehicle time headways at defined entry/exit
reference lines on each observed road section of ŽC5210 regional road were computed
by subtracting the times at which two successive vehicles in a traffic stream have passed
through each entry/exit reference line. Mathematically, this can be expressed using the
following formulae:

thUi = tUi+1 − tUi[s], (1)

thIi = tIi+1 − tIi[s], (2)

where thUi and thIi represent vehicle time headways between two successive vehicles in
a traffic stream determined on the entry and exit reference lines in seconds, respectively;
tUi and tIi represent the arrival time of the i-th vehicle (leading vehicle) on the entry and
exit reference line in seconds, respectively; tUi+1 and tIi+1 represent the arrival time of the
first successive vehicle behind the i-th vehicle (following vehicle) on the entry and exit
reference line in seconds, respectively. The velocity of each vehicle in the traffic stream
was calculated by dividing the distance between the defined entry and exit reference lines,
which represents the length of the observed road segment, by the difference between the
exit times and the entry times recorded for each vehicle in the database, which represents
the travel time of each vehicle through the observed road segment. This can be expressed
using the following formula:

Vi = 3.6 · vi = 3.6 · Lo

∆ti
= 3.6 · Lo

(t Ui − tIi)
[km/h], (3)

where Vi represents the velocity of the i-th vehicle in the traffic stream, expressed in
kilometers per hour; vi represents the velocity of the i-th vehicle in the traffic stream,
expressed in meters per second; Lo represents the length of the observed road segment
in meters; and all other variables are as previously defined. In order to determine the
empirical values of traffic density, the aerial videos were stopped at frames on which
individual vehicles were present on the entry reference detection lines defined for each
observed road segment. The current number of vehicles, which were present between the
entry and exit reference lines at those times, was recorded in the database. The recorded
number of vehicles between the entry and exit detection lines at discrete time intervals was
then used to calculate traffic density using the following formula:

gi = 1000 · Ni

L0
[veh/km], (4)

where gi represents traffic density at discrete time interval i, expressed in the number of
vehicles per kilometer, and Ni represents the number of vehicles on the observed road
segment at discrete time interval i. All other variables are as previously defined. The
traffic flow values were computed based on the previously determined empirical values of
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relevant macroscopic and microscopic traffic flow parameters, according to the following
expressions:

qi = Vi · gi =
3600 · Ni
(t Ui − tIi)

=
3600 · Ni

∆t
=

3600
th

[veh/h], (5)

where qi represents the traffic flow at discrete time interval i, expressed in vehicles per hour;
∆t represents the travel time of the i-th vehicle in a traffic stream through the observed
road segment, expressed in seconds; th represents the time headway in seconds; and all
other parameters are as previously defined. All empirical traffic flow parameter values
were stored in a database set up within the MS Excel platform. The traffic flow parameter
values, computed based on data collected on two observed road sections of ŽC5210 regional
road, were stored in two distinct data tables named “ZC5210_Road_Section_A” (Table S1)
and “ŽC5210_Road_Section_B” (Table S2). Following a data filtering process, the values
stored in relevant data columns were then extracted separately for each observed traffic
stream and recorded in a comparative output table named “ZC5210_Comparative_Models”
(Table S3). The comparative output table comprises the computed empirical values of
relevant traffic flow parameters for a total of 1581 vehicles, i.e., a total of 4743 observations,
including 1581 vehicle speed values, 1581 traffic density values and 1581 time headway
values.

4.4. Comparative Analysis, Calibration and Fitting the Deterministic “Speed–Density” and
“Flow–Density” Fundamental Traffic Flow Diagrams to Collected Empirical Data

The empirical values of traffic flow parameters were visualized on “speed–density”
and “flow–density” scatterplots and then analyzed using the least-squares method to iden-
tify the best fitting regression functions, which could be effectively used for deterministic
modeling of traffic flow characteristics under continuous and interrupted traffic stream
conditions on the two observed road segments of ŽC5210 regional road.

In order to determine specific “speed–density” and “flow–density” fundamental
traffic flow diagrams suitable for modeling traffic flow characteristics under continuous
and interrupted traffic stream conditions, in the scope of this research, we comparatively
analyzed, calibrated and fitted mathematical formulations of twelve selected traffic flow
models. Based on the regression fitting procedure conducted using Python script created
in the PyCharm integrated development environment [68], three distinct “speed–density”
and three “flow–density” regression functions were established for each of the traffic flow
models considered:

• “Speed–Density” and “Flow–Density” regression functions obtained using the overall
statistical sample collected containing all empirical values of traffic flow parameters
determined both under continuous and interrupted traffic stream conditions;

• “Speed–Density” and “Flow–Density” regression functions developed based on the
partial empirical sample collected under continuous traffic stream conditions on the
open road segment (road segment A); and

• “Speed–Density” and “Flow–Density” regression functions developed based on the
partial empirical sample collected under interrupted traffic stream conditions on the
road segment with signalized intersection (road segment B).

The obtained regression functions of proposed deterministic models were compared
to highlight the differences among the deterministic fundamental traffic flow diagrams
suitable for describing the continuous and interrupted traffic stream conditions on the
selected undivided bi-directional two-lane road in the Republic of Croatia.

5. Results
5.1. Results of the Comparative and Regression Analysis of Selected “Speed–Density” Models
Fitted to Empirical Data Contained in Overall Statistical Sample

The outcomes of the regression analysis conducted between the empirical values of
speed and traffic density contained in the overall statistical sample collected are depicted
in Figure 2 and Table 1. By comparing the values of Pearson coefficient (r) and coefficient
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of determination (r2) obtained for the twelve “speed–density” models considered, it was
discovered that Wang’s five-parameter sigmoid model best fits the empirical data, with a
Pearson correlation coefficient of 0.6191 and a coefficient of determination of 0.3833.

Table 1. Comparative overview of fundamental and calibrated “speed–density” equations of traffic
flow models considered, obtained by fitting the “speed–density” regression functions to empirical
data contained in the overall statistical sample collected from selected representative segments of
regional road ŽC5210.

Model Fundamental
“Speed–Density” Equation

Calibrated
“Speed–Density” Equation

R-
Squared

Greenshields (1935) [7] v(g) = vmax

(
1 − g

gmax

)
v(g) = 52.05

(
1 − g

160.00

)
0.2690

Greenberg (1959) [9] v(g) = vcln
(

gmax
g

)
v(g) = 18.02ln

(
160
g

)
0.1563

Underwood (1961) [10] v(g) = vmaxexp
(
− g

gc

)
v(g) = 54.88exp

(
− g

69.05

)
0.3760

Drake (1967) [13] v(g) = vmaxexp
(
− 1

2

(
g

gc

)2
)

v(g) = 50exp
(
− 1

2

( g
40.75

)2
)

0.3559

Modified Morgan
(1975) [64] v(g) = vmax−vmin

1+(m·g)n + vmin v(g) = 49.84+4.32
1+(0.018·g)1.72 − 4.32 0.3825

Wang (3P) (2011) [23] v(g) = vmax
1+exp(m(g−gc))

v(g) = 74.14
1+exp(0.03(g−28.69)) 0.3817

Wang (5P) (2011) [23] v(g) = vc +
vmax−vc[

1+exp
(

g−gc
θ1

)]θ2
v(g) = 74.69[

1+exp
(

g−35
35.6

)]1.15 0.3833

Kucharski and Drabicki
(2017) [4] v(g) = vsw[

1+a
(

g
go

)]b v(g) = 54.87[
1+0.01 ( g

60 )]
86.45 0.3611

Gaddam and Rao (5P)
(2019) [58]

v(g) =

vmax

 exp
[
−
(

g
gc

)1+δ1
]
−exp

[
−
(

gmax
gc

)1+δ1
]

1−exp
[
−
(

gmax
gc

)1+δ1
]


δ2

v(g) = 44

{
exp

[
−( g

57 )
3]−exp

[
−( 167

57 )
3]

1−exp
[
−( 167

57 )
3]

}0.8
0.3730

Gaddam and Rao (6P)
(2019) [58]

v(g) =

vmax

[
1 −

(
g

gmax

)γ1
]γ2[

1 + E
(

g
gmax

)γ3
]−1 v(g) = 63.97

[
1 −

( g
167

)0.14
]3.69[

1 + 492.5
( g

167

)0.40
]−1

0.3810

Fosu et al. (2020) [58] v(g) = vcln
(

gmax+gmin
g+gmin

)ϕ
v(g) = 25.88ln

(
167

g

)0.57
0.3123

Cheng et al. (2021) [63] v(g) = vmax[
1+

(
g

gc

)m]2/m v(g) = 56.13[
1+( g

83 )
1]2 0.2681

The meaning of the parameters in the table is as follows: v(g) represents speed as a function of traffic density,
expressed in kilometers per hour; g—represents traffic density as an independent variable, expressed in the
number of vehicles per kilometer; vmax denotes free-flow speed; gmax denotes jam density; vc is the critical speed
at road capacity; and gc is the critical density at road capacity.

The second-best model is Morgan’s modified logistic model, with correlation and
determination coefficients of 0.6184 and 0.3825, respectively. Similar values of correlation
and determination coefficients were also obtained for Wang’s three-parameter sigmoid
model (r = 0.6178 and r2 = 0.3817), Gaddam and Rao’s six-parameter model (r = 0.6172
and r2 = 0.3810), Underwood’s negative exponential model (r = 0.6131 and r2 = 0.3760)
and Gaddam and Rao’s five-parameter model (r = 0.6107 and r2 = 0.3730). Underwood’s
negative exponential model slightly outperformed Gaddam and Rao’s six-parameter model,
Kucharski and Drabicki’s model, Drake’s bell-curve model and Fosu’s model. Greenshields’
model achieved a determination coefficient of 0.2690 and therefore fitted empirical data
better than Cheng’s model and Greenberg’s logarithmic model, which showed the weakest
fit with the sample data, with the r-squared value being equal to 0.1563.

5.2. Results of the Comparative and Regression Analysis of Selected “Speed–Density” Models
Fitted to Empirical Data Contained in Partial Statistical Samples Collected under Continuous and
Interrupted Traffic Stream Conditions

In order to determine the specific functional forms of the “speed–density” models
considered—representative of describing the relationship between the empirical values of
speed and traffic density under continuous and interrupted traffic flow conditions—we
conducted two separate regression analyses: the first one by fitting the traffic flow models
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considered to empirical data contained in the partial statistical sample collected on an open
road segment (road segment A) and the second one by fitting the models considered to the
observations included in the partial sample gathered on the road segment with signalized
intersection (road segment B).

Table 2 gives a comparative overview of the specific mathematical formulations of the
traffic flow models considered, which were identified as representative of modeling contin-
uous and interrupted traffic stream conditions on the observed regional road, together with
the correlation and determination coefficient values obtained. Based on the results obtained,
it is evident that nine out of the twelve models proposed for modeling the continuous
traffic flow condition achieved similar results in terms of correlation and determination
coefficients. Most of the traffic flow models considered show an approximately equal
determination coefficient value (r2 between 0.28 and 0.27). The lowest determination coeffi-
cient value (r2 = 0.24) was obtained for Greenberg’s model. On the other hand, the results
obtained for the models fitted to empirical data collected under interrupted traffic stream
conditions show significantly lower correlation and determination coefficients compared to
the models proposed for modeling continuous traffic stream conditions. The determination
coefficient for regression models adjusted for interrupted traffic stream conditions ranges
from 0.07 to 0.11, respectively.

Table 2. Comparative overview of specific mathematical formulations of the traffic flow models
considered, obtained by fitting the “speed–density” regression functions to empirical data contained
in partial statistical samples collected under continuous and interrupted traffic stream conditions.

Model
Regression Function for

Continuous
Traffic Stream Condition

R2
Regression Function for

Interrupted
Traffic Stream Condition

R2

Greenshields (1935) [7] v(g) = 53.53
(
1 − g

160.00

)
0.29 v(g) = 34.36

(
1 − g

160.00

)
0.09

Greenberg (1959) [9] v(g) = 18.75ln
(

160.00
g

)
0.24 v(g) = 15.03ln

(
160.00

g

)
0.06

Underwood (1961) [10] v(g) = 54.32exp
(
− g

100.54

)
0.28 v(g) = 50.00exp

(
− g

58.59

)
0.07

Drake (1967) [13] v(g) = 50.00exp
(
− 1

2

( g
46.90

)2
)

0.28 v(g) = 50.00exp
(
− 1

2

( g
37.33

)2
)

0.09

Modified Morgan
(1975) [64] v(g) = 51.57

1+(0.02·g)1.60 0.28 v(g) = 30.47
1+(0.02·g)2.88 0.09

Wang (3P) (2011) [23] v(g) = 87.95
1+exp(0.02(g−21.77)) 0.29 v(g) = 43.93

1+exp(0.02(g−58.21)) 0.09

Wang (5P) (2011) [23] v(g) = 66.93[
1+exp

(
g−41.94

33.63

)]0.95 0.28 v(g) = 31.32[
1+exp

(
g−45.98

14.61

)]0.31 0.15

Kucharski and Drabicki
(2017) [4] v(g) = 54.46

1+
[
0.08 ( g

60 )]
7.42 0.28 v(g) = 35.04

1+
[
0.01 ( g

60 )]
45.35 0.08

Gaddam and Rao (5P)
(2019) [58]

v(g) =

48.2

{
exp

[
−( g

54.2 )
3]−exp

[
−( 167

54.2 )
3]

1−exp
[
−( 167

54.2 )
3]

}0.81 0.27
v(g) =

30

{
exp

[
−( g

74.8 )
3]−exp

[
−( 167

74.8 )
3]

1−exp
[
−( 167

74.8 )
3]

}0.66 0.10

Gaddam and Rao (6P)
(2019) [58]

v(g) =

53.75
[(

1 −
( g

167

))0.33
]4.4[

1 + 4.93
( g

167

)0
]−1 0.28

v(g) =

33.97
[
1 −

( g
167

)0.27
]3.65[

1 + 4.32
( g

167

)0
]−1 0.11

Fosu et al. (2020) [58] v(g) = 33.65ln
(

167
g

)0.55
0.25 v(g) = 22.28ln

(
167

g

)0.36
0.07

Cheng et al. (2021) [63] v(g) = 51.70[
1+( g

81.97 )
1.54]2/1.54 0.28 v(g) = 30.36[

1+( g
64.67 )

3.17]2/3.17 0.09

The obtained values of the determination coefficient (r2) suggest that, depending on
the traffic flow model considered, the amount of variability in the speed variable, which
can be effectively explained by the density variable, varies from 15.63% to 38.33%. The
R-squared values presented in Tables 1 and 2 indicate that the models considered can only
explain the relatively small percentage of variability present in the measured vehicle speeds
and flows. The low R-squared values obtained for “speed–density” and “flow–density”
models fitted to the empirical data are a result of several factors.
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The R-squared values obtained are especially low for models fitted to the empiri-
cal sample collected under interrupted traffic stream conditions. This can primarily be
explained by the fact that interrupted traffic streams, especially near signalized intersec-
tions, have inherent variability due to stop-and-go movements. This introduces additional
randomness in the data and therefore lowers the obtained values of the determination coef-
ficient. Moreover, the scattering effect present in the “speed–density” and “flow–density”
fundamental diagrams can be explained by numerous other contributing factors, including
the impact of road geometry and the presence of specific road environment characteris-
tics on the observed road segment, the impact of traffic flow structure, the presence of
pedestrian flows near the signalized intersections and the variations in drivers’ behavioral
characteristics, just to name a few. On the other hand, it is also important to consider the
fact that the models presented in this paper were developed based on the disaggregated
empirical traffic flow parameter values, and therefore, it was expected that the R and
R-squared values would be relatively low. By aggregating the measured speed and flow
values into larger time intervals, it is possible to develop alternative mathematical formu-
lations of “speed–density” and “flow–density” functions, which will have higher R and
R-squared values; however, these models may be too simplistic for capturing the stochastic
characteristics of real traffic flows, especially under interrupted traffic stream conditions.

Deterministic “speed–density” models fitted to empirical data contained in the sta-
tistical sample collected from the observed road segments of regional road ŽC5210 are
presented on Figure 3, while Figure 4 presents comparative scatterplots with specific forms
of “speed–density” regression functions suitable for describing the mathematical relation
between mean traffic flow speed and mean traffic flow density under continuous and inter-
rupted traffic stream conditions on the two observed segments of regional road ŽC5210 in
the Republic of Croatia. The empirical observations collected on the open road segment
and the road segment with signalized intersections—as well as the resulting regression
functions suitable for modeling continuous and interrupted traffic stream conditions on the
observed regional road—are represented in green and red colors on the scatterplots, respec-
tively. The regression functions presented were obtained by fitting the traffic flow models
considered to data contained in the statistical subsamples collected on road segments A
and B. Based on the data shown in the comparative speed–density scatterplots, it is clear
that all regression functions obtained by fitting the traffic flow models considered to the
empirical sample collected on the open road segment are positioned above the regression
functions determined based on the empirical sample collected on the road segment with
signalized intersection for the entire range of possible density values. Based on the com-
parative analysis of these two groups of regression functions, it was possible to determine
the absolute and relative differences among mean traffic flow speeds representative of
continuous and interrupted traffic stream conditions at different traffic density levels, i.e.,
in different traffic flow regimes.

The fundamental traffic flow diagrams (Figures 5 and 6) representative of the observed
road segments of regional road ŽC5210 were derived by transforming the proposed linear
“speed–density” models into “flow–density” models. This transformation was conducted
by applying the fundamental traffic flow equation, which establishes a direct relationship
between the average vehicle flow and the product of average traffic flow speed and density.
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the empirical data contained in the partial statistical sample collected on (a) Road segment A of
ŽC5210 regional road (open road segment) and (b) Road segment B of ŽC5210 regional road (road
segment with signalized intersection); (equations and references for considered traffic flow models
are available in Tables 1 and 2). Source: Created by authors.
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statistical sample collected on the observed road segments of regional road ŽC5210; (equations
and references for considered traffic flow models are available in Tables 1 and 2). Source: Created
by authors.
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Figure 6. Comparative presentation of selected deterministic “flow–density” models fitted to empiri-
cal data contained in the partial statistical sample collected on (a) Road segment A of ŽC5210 regional
road (open road segment) and (b) Road segment B of ŽC5210 regional road (road segment with
signalized intersection); (equations and references for considered traffic flow models are available in
Tables 1 and 2). Source: Created by authors.
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6. Discussion
6.1. Discussion on the Comparative Analysis of Selected “Speed–Density” Models Fitted to
Empirical Data Collected under Continuous and Interrupted Traffic Stream Conditions

Based on the results obtained, it is evident that, for most of the models considered,
the highest comparative difference among the mean traffic flow speeds representative of
continuous and interrupted traffic stream conditions occurs in a free-flow regime. This
difference is steadily reduced with the increase in traffic flow density, and it reaches its
minimum in a congested traffic stream regime.

The difference among traffic flow speeds for continuous and interrupted traffic stream
conditions computed by Greenshields’ model ranges between 19.2 kph at free-flow speed
(vmax) and 9.6 kph at critical (saturation) speed (vc). In a saturated traffic stream regime,
this difference is further reduced, and it becomes zero at jam density (gmax). The differences
in predicted traffic flow speed obtained by Greenberg’s model calibrated to empirical data
collected in continuous and interrupted traffic stream conditions range from 18.9 kph at
free flow to 3.7 kph at saturation density. In a congested regime, this difference continues
to decrease, and it reaches zero at jam density.

The regression functions obtained by fitting the Underwood and Drake models suggest
that the maximum comparative difference in the mean speed of continuous and interrupted
traffic flow appears in the region between unsaturated and saturated traffic stream regime,
i.e., when the traffic flow reaches practical road capacity. According to Underwood’s model,
the difference between continuous and interrupted traffic flow speed is equal to 4.3 kph in
free-flow conditions, reaches its maximum of 12 kph at traffic density of 64 veh/km and
then reduces back to 7.8 kph in a congested traffic flow regime. Even smaller differences are
obtained using Drake’s model, according to which the absolute speed difference predicted
for continuous and interrupted traffic stream conditions is equal to 0 both at free-flow speed
and at jam density, while the largest speed difference of 8.3 kph is reached at 57 veh/km.
According to the modified Morgan logistic model, the differences between continuous and
interrupted traffic flow speeds are reduced from 21.1 kph at free flow to 10.6 kph at critical
density. In a congested traffic flow regime, the difference between these two speeds is
further reduced to 5.9 kph.

Wang’s three-parameter sigmoid model generates significantly different traffic flow
speeds for continuous and interrupted traffic stream in free-flow conditions and approx-
imately equal speed values in a saturated traffic flow regime, whereby the difference in
the traffic flow speeds produced for continuous and interrupted traffic flow varies from
19.9 kph at free flow to 3.6 kph at saturation density. In a congested traffic flow regime, this
difference is further reduced, and it reaches zero at jam density. Wang’s five-parameter sig-
moid model produces very similar results to Wang’s three-parameter model over the entire
range of possible density values, whereby the maximum difference between continuous
and interrupted traffic stream speed does not exceed 1.5 kph. Kucharski and Drabicki’s
model shows similar differences between continuous and interrupted traffic flow speeds to
Wang’s three-parameter and five-parameter models in free-flow and normal traffic flow
regimes and slightly larger differences in the saturated and congested traffic flow regime.
The five-parameter model developed by Gadam and Rao produces somewhat unexpected
results for the saturated and congested traffic stream regime. The difference in traffic flow
speeds for continuous and interrupted traffic stream conditions computed by Gadam and
Rao’s five-parameter model ranges between 18.2 kph at free-flow speed and approximately
0 kph at critical (saturation) speed. Afterward, the traffic flow speed estimated for inter-
rupted traffic stream conditions becomes higher than the speed estimated for continuous
traffic stream conditions. On the other hand, an alternative version of Gadam and Rao’s
model with six parameters produces very similar results to Wang’s three-parameter sig-
moid model, whereby the difference in traffic flow speed estimated for continuous and
interrupted traffic stream conditions decreases from 6.8 kph at free-flow speed to 1.76 kph
at critical density, and it then reaches 0 at jam density. Fosu’s logarithmic-potential form
of the “speed–density” model generates very high differences, up to 42.5 kph, between
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continuous and interrupted traffic flow speeds in a free-flow regime. This difference is
gradually reduced to 6.3 kph at saturation density, and it comes close to 0 at jam density.
According to Cheng’s model, the difference in the traffic flow speed produced for continu-
ous and interrupted traffic stream conditions amounts to 21.34 kph in a free-flow regime
and 6.7 kph at critical density. After reaching saturation density, the speeds estimated for
continuous and interrupted traffic stream conditions become approximately equal.

If we consider the fact that, in a free-flow regime, the drivers are not restricted by
the movements of other vehicles in the traffic flow, and therefore, they can drive at their
desired speed, together with the fact that, in interrupted traffic stream conditions, vehicles
are periodically slowed down and stopped due to the presence of signalized intersections
along the road, it is logical to conclude that there must be a noticeable difference in the
mean speed of continuous and interrupted traffic flow in a free-flow regime.

Following this reasoning, we argue that the “speed–density” regression functions
obtained by fitting Greenberg’s, Underwood’s and Drake’s models do not produce logical
results. By taking into account the fact that Greenshields’ model oversimplifies the speed–
density relationship and therefore cannot be used for realistic representation of real traffic
flow characteristics, which are non-linear in nature, we can come to the conclusion that only
eight of the twelve traffic flow models considered are based on sound logical assumptions
and are therefore practically applicable for describing the differences in mean traffic flow
speed representative of continuous and interrupted traffic stream conditions. However, it
is also important to emphasize here that the remaining models also have their limitations.
For example, the mean traffic flow speed estimated by Wang’s sigmoid models, Kucharski
and Drabicki’s, Fosu’s and Cheng’s models does not reach zero at jam density. If we
also consider the fact that Gadam and Rao’s five-parameter model produces somewhat
unexpected results in a saturated and congested traffic flow regime, we can conclude that
only modified Morgan’s and Gadam and Rao’s six-parameter models satisfy all logical
assumptions based on the traffic flow theory.

6.2. Discussion on the Comparative Analysis of Selected “Flow–Density” Models Fitted to
Empirical Data Collected under Continuous and Interrupted Traffic Stream Conditions

Based on the comparative analysis of fundamental traffic flow diagrams of the traffic
flow models considered, we determined that the practical road capacity values representa-
tive of continuous and interrupted traffic stream conditions vary significantly depending
on the selected model. The maximum practical capacity values, both for continuous and
interrupted traffic stream conditions, are obtained using Fosu’s model. According to Fosu’s
negative asymmetric “flow–density” curve, the practical road capacity of the observed re-
gional road is reached at saturation densities of 96 and 116 veh/km/lane under continuous
and interrupted traffic stream conditions, respectively. The practical road capacity (qmax)
is equal to 2333 veh/h/lane and 1793 veh/h/lane in continuous and interrupted traffic
flow, respectively. On the other hand, the lowest practical road capacity values for continu-
ous and interrupted traffic stream conditions and, at the same time, the smallest mutual
difference in practical road capacity representative of continuous and interrupted traffic
stream conditions are predicted by Cheng’s and modified Morgan’s model, respectively.
According to Cheng’s model, the practical road capacity value is reached at a saturation
density of 60 veh/km/lane, and it is equal to 1084 veh/h/lane in continuous traffic flow
and 1030 veh/h/lane in interrupted traffic flow conditions. According to modified Mor-
gan’s model, the practical road capacity is reached at 69 veh/km/lane, and it is equal to
1331 veh/h/lane in continuous traffic conditions. In interrupted traffic stream conditions,
the practical road capacity is reduced to 799 veh/h/lane, and it is achieved at a lower
saturation density, i.e., at 40 veh/km/lane.

The practical road capacity value predicted by the remaining nine models ranges
from 1104 to 2141 veh/h/lane for continuous traffic stream conditions and from 885 to
1640 veh/h/lane for interrupted traffic stream conditions. According to Greenshields’
parabolic “flow–density” model, the practical road capacity is reached at a saturation



Appl. Sci. 2024, 14, 533 18 of 25

density of 80 veh/km/lane, both in continuous and interrupted traffic stream conditions,
and it is equal to 2141 veh/h/lane in uninterrupted and 1374 veh/h/lane in interrupted
flows. Greenberg’s model estimates much lower practical road capacity values, which are
equal to 1104 veh/h/lane in continuous and 885 veh/h/lane in interrupted traffic stream
conditions. Underwood’s asymmetric “flow–density” parabolic curve reaches its practical
road capacity at 2009 veh/h/lane in continuous traffic flow and at 1078 veh/h/lane in
interrupted traffic flow conditions. However, these two practical capacity values are
reached at significantly different density levels, i.e., at 101 veh/km/lane in continuous
traffic stream conditions and at 59 veh/km/lane in interrupted traffic stream conditions.
According to Drake’s model, the practical roadway capacity in a continuous traffic flow is
reached at 47 veh/km/lane, and it is equal to 1422 veh/h/lane, while the practical road
capacity for an interrupted traffic flow amounts to 1132 veh/h/lane, and it is reached at a
somewhat lower traffic density level (37 veh/km/lane). Wang’s three-parameter and five-
parameter “flow–density” sigmoid curves achieve maximum hourly traffic flows of 1699
and 1714 veh/h/lane at saturation densities of 68 and 69 veh/km/lane under continuous
traffic stream conditions and practical capacities of 1381 and 1421 veh/h/lane at saturation
densities of 81 and 83 veh/km/lane under interrupted traffic stream conditions. Kucharski
and Drabicki’s “flow–density” curve reaches a practical road capacity of 1388 veh/h/lane
in continuous traffic stream conditions, at a density of 40 veh/km/lane. In interrupted
traffic stream conditions, Kucharski and Drabicki’s model predicts a relatively lower
practical road capacity value of 1277 veh/h/lane, which is reached at a saturation density
of 59 veh/km/lane. Gadam and Rao’s five-parameter and six-parameter “flow–density”
models reach the practical road capacity point at significantly different saturation densities,
i.e., at 58 and 113 veh/km/lane under continuous and at 63 and 129 veh/km/lane under
interrupted traffic stream conditions. Additionally, it is determined that Gadam and Rao’s
five-parameter model reaches practical road capacity at comparably higher traffic flow
volumes, i.e., at 1562 veh/h/lane in continuous and at 1268 veh/h/lane in interrupted
flows, while according to Gadam and Rao’s six-parameter model, the practical road capacity
is equal to 2099 veh/h/lane and 1640 veh/h/lane under continuous and interrupted traffic
stream conditions, respectively.

Although Underwood’s, modified Morgan’s and Wang’s three-parameter and five-
parameter sigmoid models clearly produce much more realistic values of practical road
capacity than Greenshields’ and Greenberg’s models, it is also evident that they are not
able to reproduce the realistic hourly traffic flow volumes in a congested traffic flow
regime. Drake’s “flow–density” model produces realistic practical road capacity values,
but it also incorrectly assumes that the vehicle flows in a free-flow regime are equal both
under continuous and interrupted traffic stream conditions. In terms of the “flow–density”
relationship, Gadam and Rao’s six-parameter model produces the most realistic values for
both continuous and interrupted traffic stream conditions.

The main limitation of modified Morgan’s, Wang’s, Fosu’s and Cheng’s models stems
from the fact that they predict unrealistically high hourly traffic flow volumes at jam
density, both in continuous and interrupted traffic stream conditions, which is not logically
achievable in bumper-to-bumper traffic conditions. Underwood’s model produces an even
more unrealistic representation of the vehicle flows in a congested traffic stream regime,
with hourly traffic flow volumes up to 1770 veh/h/lane for continuous traffic stream
conditions and up to 521 veh/h/lane for interrupted traffic stream conditions.

Table 3 gives an overview of the relevant traffic flow parameter boundary values
representative of continuous and interrupted traffic stream conditions, determined by
fitting the “speed–density” and “flow–density” regression functions of the traffic flow
models considered to empirical data collected on two selected segments of regional road
ŽC5210, together with their comparative relative differences.
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Table 3. Comparative overview of the relevant traffic flow parameter boundary values representative
of continuous and interrupted traffic stream conditions, determined by fitting the traffic flow models
considered to empirical data collected on two selected segments of regional road ŽC5210.

Continuous Traffic Stream Conditions

Model vmax [km/h] vc [km/h] gc [voz/km] qmax [voz/h]

Greenshields (1935) [7] 53.5 26.8 80.0 2141
Greenberg (1959) [9] ∞ 18.7 59.0 1104

Underwood (1961) [10] 54.3 19.9 101.0 2009
Drake (1967) [13] 50.0 30.3 47.0 1422

Modified Morgan (1975) [64] 51.6 19.3 69.0 1331
Wang (3P) (2011) [23] 53.4 24.6 69.0 1699
Wang (5P) (2011) [23] 53.7 25.2 68.0 1714

Kucharski and Drabicki (2017) [4] 48.2 34.7 40.0 1388
Gadam and Rao (5P) (2019) [58] 52.7 26.9 58.0 1562
Gadam and Rao (6P) (2019) [58] 54.5 18.6 113.0 2099

Fosu (2020) [58] 82.6 24.3 96.0 2333
Cheng (2021) [63] 72.3 18.1 60.0 1084

Interrupted Traffic Stream Conditions

Model vmax [km/h] vc [km/h] gc [voz/km] qmax [voz/h]

Greenshields (1935) [7] 34.4 17.2 80.0 1374
Greenberg (1959) [9] ∞ 15.0 59.0 885

Underwood (1961) [10] 50.0 18.3 59.0 1078
Drake (1967) [13] 50.0 30.6 37.0 1132

Modified Morgan (1975) [64] 30.5 20.0 40.0 799
Wang (3P) (2011) [23] 33.5 17.0 81.0 1381
Wang (5P) (2011) [23] 34.0 16.9 84.0 1421

Kucharski and Drabicki (2017) [4] 30.0 21.6 59.0 1277
Gadam and Rao (5P) (2019) [58] 30.9 20.1 63.0 1268
Gadam and Rao (6P) (2019) [58] 35.0 12.7 129.0 1640

Fosu (2020) [58] 42.5 15.5 116.0 1793
Cheng (2021) [63] 49.6 12.4 83.0 1030

Comparative Relative Differences [%]

Model vmax [km/h] vc [km/h] gc [voz/km] qmax [voz/h]

Greenshields (1935) [7] 35.8% 35.8% 0.0% 35.8%
Greenberg (1959) [9] - 19.8% 0.0% 19.8%

Underwood (1961) [10] 8.0% 8.2% 41.6% 46.4%
Drake (1967) [13] 0.0% −1.1% 21.3% 20.4%

Modified Morgan (1975) [64] 40.9% −3.5% 42.0% 40.0%
Wang (3P) (2011) [23] 37.3% 30.8% −17.4% 18.7%
Wang (5P) (2011) [23] 36.8% 32.9% −23.5% 17.1%

Kucharski and Drabicki (2017) [4] 37.7% 37.7% −47.5% 8.0%
Gadam and Rao (5P) (2019) [58] 41.3% 25.2% −8.6% 18.8%
Gadam and Rao (6P) (2019) [58] 35.7% 31.5% −14.2% 21.9%

Fosu (2020) [58] 33.1% 33.7% 0.9% 34.2%
Cheng (2021) [63] 31.3% 31.3% −38.3% 5.0%

The meaning of the parameters in the table is as follows: vmax denotes free-flow speed; vc is the critical speed at
road capacity; gc is the critical density at road capacity and qmax represents road capacity (maximum flow).

Based on the data presented in Table 3, it is visible that the practical capacity of the
observed regional road—determined by twelve calibrated traffic flow models fitted to
empirical data collected under continuous traffic stream conditions—ranges from 1084 to
2333 veh/h/lane. On the other hand, according to the traffic flow models fitted to empirical
data collected under interrupted traffic stream conditions, the practical road capacity of
the observed road varies between 799 and 1793 veh/h/lane. Depending on the traffic flow
model considered, the practical road capacity of the observed regional road in interrupted
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traffic stream conditions is 5%–46.4% lower than the practical road capacity determined for
continuous traffic stream conditions.

The highest difference in practical road capacity values representative of continuous
and interrupted traffic stream conditions (46.4%) is obtained based on Underwood’s model.
The flow–density model based on modified Morgan–Mercer–Flodin equation, as well
as Fosu’s and Greenshields’ models, also produce significantly different practical road
capacity values for continuous and interrupted traffic flow conditions. According to the
modified Morgan–Mercer–Flodin equation, the practical road capacity of the observed
regional road is reduced by 40% in interrupted traffic stream conditions, while Fosu’s
and Greenshields’ models predict that the interrupted traffic flow has a 34.2% and 35.8%
lower practical road capacity than the continuous traffic flow, respectively. The remaining
traffic flow models suggest that the impact of interrupted traffic stream conditions on the
reduction in roadway capacity is significantly lower, whereby the difference in the practical
road capacity determined for continuous and interrupted traffic stream conditions ranges
between 5% and 21.9%.

The regression functions of all the traffic flow models considered fitted to empirical
data collected under continuous traffic stream conditions have free-flow speed values in the
range of 48–82.6 kph. On the other hand, except for Greenberg’s model, all the other models
fitted to empirical data collected under interrupted traffic stream conditions show less
pronounced variations in the free-flow speed parameter. According to Underwood’s and
Drake’s models, the free-flow speed representative of modeling interrupted traffic stream
conditions is equal to 50 kph; Cheng’s model has a negligibly lower free-flow speed value
(49.6 kph), while the remaining models show relatively lower values of free-flow speed,
in the range of 30–40.3 kph. Depending on the traffic flow model selected, the relative
difference in free-flow speed values representative of modeling traffic flow characteristics
under continuous and interrupted traffic stream conditions can reach up to 41.3%.

The value of critical (saturation) speed, at which practical road capacity is reached,
varies in the ranges of 18 kph–35 kph and 12 kph–31 kph for continuous and interrupted
traffic stream conditions. The relative difference in the critical speed value determined
under continuous and interrupted traffic flow ranges from −3.5% to 37.7%. The saturation
traffic flow density value for continuous traffic flow conditions ranges between 40 and
117 veh/km/lane, while in interrupted traffic flow conditions, it ranges between 37 and
129 veh/km.

6.3. Discussion on the Results of the t-Tests Conducted

Lastly, t-tests were conducted to determine the statistical significance of the differences
in empirical values of the main traffic flow parameters determined in continuous and
interrupted traffic flow conditions. The results of these tests are presented in Table 4. Based
on the results derived from the t-test for the speed variable, it is clear that the differences in
vehicle speeds determined under continuous and interrupted traffic stream conditions are
statistically significant. A derived t-statistic of 34.69 far exceeds the critical t-value of 1.96,
leading to rejection of the null hypothesis. The positive t-statistic indicates that the mean
speed of the first statistical sample, associated with continuous traffic stream conditions, is
greater than the mean speed of the second statistical sample, related to interrupted traffic
stream conditions. The resulting 95% confidence interval, spanning the range [17.97, 20.12],
implies that there is a 95% probability that the actual difference in population mean speeds
determined under continuous and interrupted traffic flow conditions on the observed
regional road will fall within this interval.
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Table 4. Comparative summary of t-test results for significance of the differences in empirical values
of the main traffic flow parameters determined in continuous and interrupted traffic flow conditions
on the observed road sections of regional road ŽC5210. Source: Created by authors.

Traffic Flow Parameter t-Statistic Critical
t-Value

95%
Confidence Interval Hypothesis (H1)

Mean vehicle speed (V) 34.6934 1.96 [17.9685, 20.1221] Accepted
Mean vehicle flow (q) 5.04610 1.96 [71.3028, 161.9837] Accepted

Mean traffic density (g) 26.6395 1.96 [−20.6768, −17.8408] Accepted

The outcomes of the t-test conducted for the vehicle flow variable also reveal a statisti-
cally significant distinction between hourly vehicle flow volumes determined in continuous
and interrupted traffic stream conditions. The t-statistic in this case is 5.05, notably exceed-
ing the critical t-value of 1.96 at the 5% significance level. The 95% confidence interval,
ranging from 71.30 to 161.98 veh/h, implies that the actual difference in the means of traffic
flow volumes determined under continuous and interrupted traffic stream conditions will
lie between 71.3 and 161.98 veh/h in 95% of cases.

The results of the t-test conducted for the traffic density variable also confirmed the
presence of statistically significant differences in the means of traffic density determined in
continuous and interrupted traffic stream conditions. The negative t-statistic indicates that
the density values determined on the open road segment are notably lower compared to
density values determined on the road segment with signalized intersection. The results
obtained also indicate that there is 95% certainty that the actual difference in the means of
traffic density determined under continuous and interrupted traffic stream conditions will
fall within the range from −20.67 veh/km to −17.84 veh/km.

7. Conclusions

In this paper, we investigated the comparative differences in fundamental traffic flow
relations present under continuous and interrupted traffic stream characteristics on the
two selected segments of regional road ŽC5210 in the Republic of Croatia to identify the
specific functional forms of “speed–density” and “flow–density” fundamental diagrams
suitable for modeling continuous and interrupted traffic stream conditions. The results and
conclusions derived from this research can be summarized as follows:

• Based on the comparative analysis of R-squared values determined for the twelve
traffic flow models considered fitted to empirical data collected under continuous and
interrupted traffic stream conditions, it is revealed that Wang’s five-parameter sigmoid
model best fits the empirical data, with Pearson’s correlation coefficient of 0.6191 and
coefficient of determination of 0.3833.

• The results obtained indicate that the practical road capacity value representative
of continuous and interrupted traffic stream conditions varies significantly depend-
ing on the selected model and prevailing traffic stream conditions. The practical
capacity of the observed regional road, determined by twelve calibrated traffic flow
models, ranges from 1084 to 2333 veh/h/lane under continuous and from 799 to
1793 veh/h/lane under interrupted traffic stream conditions. Depending on the traffic
flow model considered, the practical road capacity under interrupted traffic stream
conditions is 5–46.4% lower than under continuous traffic stream conditions, while
the relative difference in free-flow speed values representative of modeling traffic flow
characteristics under continuous and interrupted traffic stream conditions can reach
up to 41.3%.

• The practical capacity of the observed regional road is reached at significantly different
levels of traffic density when comparing continuous and interrupted traffic stream
conditions. Depending on the selected model, the saturation traffic flow density value
for continuous traffic flow conditions ranges between 40 and 117 veh/km/lane, while
in interrupted traffic flow conditions, it ranges between 37 and 129 veh/km.
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• The statistical significance of the differences in mean speed, mean hourly vehicle
flow and mean traffic flow density values determined for continuous and interrupted
traffic flow conditions by the proposed “speed–density” and “flow–density” models
is confirmed by the t-tests conducted.

• We reject the Null Hypothesis (H0) and confirm the Alternative Hypothesis (H1) that
there is a statistically significant difference in the speed–density and flow–density
functional relationships obtained for continuous and periodically interrupted traffic
flow conditions on the representative road segments of the selected regional road,
and therefore, we conclude that two alternative mathematical formulations of the
“speed–density” and “flow–density” models need to be used to separately model the
traffic flow characteristics present under continuous and interrupted traffic stream
conditions.

When interpreting the results and conclusions of the research conducted within this pa-
per, it is necessary to consider the following methodological and spatio-temporal limitations
and research constraints:

• The empirical samples used in this research to identify representative deterministic
“speed–density” and “flow–density” models were gathered over relatively short pe-
riods and exclusively on the two representative road segments of ŽC5210 regional
road. All of the models considered were fitted to an empirical sample, which did not
include the empirical traffic flow parameter values measured in a congested traffic
flow condition, i.e., at traffic flow densities higher than 93.00 veh/km.

• Twelve traffic flow models selected were fitted directly to disaggregated empirical data
collected on the two observed road sections of regional road ŽC5210 in the Republic
of Croatia. The impacts of higher levels of time aggregation of the observed traffic
flow parameter empirical values on the shape of regression functions used to describe
the relations between average traffic flow parameter values were not considered in
this research.

• The impact of traffic flow structure, road environment characteristics, relevant road
design and road infrastructure elements on the shapes of the obtained “speed–density”
and “flow–density” regression functions was not considered in the scope of this
research.

Based on the obtained results, derived conclusions and defined limitations of the
research performed, the following suggestions and guidelines for future research are
proposed:

• Future research should prioritize the collection of extensive statistical sample with
a sufficient number of empirical values of traffic flow parameters measured in a
congested traffic flow condition. Based on such sample, it would be possible to further
examine the possibility of developing other specific non-linear regression models,
which would enable more accurate descriptions of the mathematical relationship
between average speed and density values under high-density (unstable) traffic flow
conditions.

• In future research, it is also important to investigate the impact of higher levels of time
aggregation of the observed traffic flow parameters, as well as the impact of traffic flow
structure, road environment characteristics, relevant road design and infrastructure
elements and other relevant factors, which possibly contribute to the scattering effect
of empirical data visible in the “speed–density” and “flow–density” fundamental
diagrams.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app14020533/s1, Table S1: ZC5210_Road_Section_A; Table S2: ZC5210_
Road_Section_B; and Table S3: ZC5210_Comparative_Models. Tables S1 and S2 contain the input
data used to perform the correlation and regression analysis and to develop the “speed–density”
and “flow–density” models representative of continuous and interrupted traffic stream conditions,
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which were obtained based on the processing and analysis of aerial video files recorded using an
unmanned aerial vehicle on two selected road segments of ŽC5210 regional road in the Republic
of Croatia. The tables include data on vehicle ID numbers, vehicle types, lengths of observed road
segments and data on the empirical values of traffic density, time headways, vehicle speeds and
vehicle flows, determined on the open road segment (Road Section A) and the road segment with
signalized intersection (Road Section B) of the selected regional road. Table S3 contains the cumulative
empirical sample of traffic flow parameter values collected on both observed road segments, together
with the data on traffic flow parameter values, determined based on the developed “speed–density”
and “flow–density” models.
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