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THE AVERAGE VEHICLE SPEED IN A DENSE TRAFFIC FLOW WITH THREE
SLOW-MOVING VEHICLES ON A ROAD SECTION WITH LIMITED
MANOEUVRING OPPORTUNITIES

Forecasting the urban traffic flow parameters remains one of the most challenging tasks for scientists and
practitioners around the globe. The fundamental diagram of a traffic flow, which is a statistically established
relationship between flow parameters, helps to solve this task. This diagram shows a decrease in speed with an
increase in flow density, and one of the explanations for this is that drivers are forced to adapt to the speed of slower
vehicles in front. This affects the variation of speed and indicates that it is reasonable to consider it a random variable
with the mean and distribution, which depend on traffic conditions. For free flow, the normal vehicle speed
distribution is generally recognised, while the issue of what distribution to use to represent the speed in dense traffic
remains open. The current research contributes to the clarification of this issue, and its core is an elaboration of the
process of forming an average speed of similar vehicles in the densest traffic flow on a road section with no overtaking
opportunities. The search for this average value was started by considering the simplest situations of a vehicle platoon,
where all vehicles are expected to move at the same maximum permitted speed except for one or two slow-moving
vehicles that limit the speed of the others. This paper is a logical extension of these situations and is devoted to
deriving a formula to calculate the average speed of a traffic flow with three slow-moving vehicles. A generalisation
of the obtained results will create a sound basis for deriving a formula to calculate the average speed of a dense traffic
flow with any number of slow-moving vehicles. The availability of this formula can be a starting point for
understanding the changes in normally distributed free-flow speed caused by a dense traffic flow.

Keywords: traffic speed, average speed, traffic flow, flow density, traffic lane, traffic conditions, analytical
modelling, transport system.

INTRODUCTION

Traffic flows (TFs) in modern cities significantly load street networks, causing many transport,
environmental and safety problems [1]. Important information for their solution is the main TF parameters,
including speed, which is particularly important [2]. The speed variable can be considered sufficiently
studied in free-flow traffic conditions, under which it is well described by normal distribution [3]. This
distribution is widely used in practice — for example, when planning traffic management measures, transport
engineers and researchers estimate the percentiles of a normal distribution to set speed limits or advisory
speeds, determine the modal and mean speed, pace speed, etc. [4].

The statement about the normal distribution of speed in free-flowing conditions is based only on
empirical data. At the same time, it does not contradict the regularities in people’s behaviour during personal
and social activities [5-7], which undoubtedly include the satisfaction of mobility needs. On the other hand,
the behaviour of road users in TF is determined by the individual characteristics of their mind, which results
in the choice of a specific speed in certain traffic conditions. At the current level of knowledge, this excludes
the possibility of substantiating the type of vehicle speed distribution analytically, making statistical tests of
relevant hypotheses the main way to establish this distribution and estimate its parameters.

As for vehicle speed in complicated traffic conditions, no reference distribution, which scientists and
practitioners would consider universal to represent it, has been established. Therefore, the issue of
forecasting the TF parameters in urban areas, which are the places of concentration of the significant number
of traffic problems, remains relevant. The fundamental diagram (FD) of TF, which is based on statistical data
analysis, like the aforementioned normal speed distribution, helps to solve this issue. This diagram
establishes a relationship between the flow speed, density and volume [2, 8, 9] and represents all TF states in
one coordinate system. At the same time, the degree to which the FD considers the processes that occur in
dense TFs, causing the variation of speed and affecting its average value, requires careful analysis.

LITERATURE REVIEW AND PROBLEM STATEMENT

The relationship between the main TF parameters has been keeping the attention of scientists and
engineers for a long time. In 1930, American scientists led by Johnson A.N., while studying highway
capacity, already noted a decrease in traffic speed with an increase in traffic volume and density [10]. In
1935, Greenshields B.D. published his work presenting a linear relationship between vehicle speed and
traffic density, and his linear model is still popular [11].

The next in chronology is the TF study conducted in 1965 by Greenberg H., who presented a
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logarithmic relationship between speed and density [12]. His work also suggested that the speed depends
only on the flow density, and TF behaviour can be described by analogy with classical fluid behaviour. At
that time, the abovementioned suggestions could have helped represent the TF. Still, they cannot be
considered fully justified because flow parameters depend on many factors — road surface and geometry,
vehicle technical characteristics, driving style, driver’s awareness of a particular road section, traffic
conditions (lighting, weather, etc.) — that are not typical for the field of hydrodynamics [2, 13].

In 1965, the concept of discontinuous diagrams was established. The TF FD, which initiated this
concept, was first demonstrated by the engineer and researcher Edie L.C. and represented the TF in the
Holland Tunnel [14]. Edie L.C. showed that at the same traffic density, two different traffic volume values
can exist on the diagram: a higher value for the flow entering the studied bottleneck and a lower value for the
flow leaving it. The volume drop was explained by the difference in vehicle decelerations when approaching
the bottleneck and accelerations after passing it.

Approximately in the same period, two conceptual works — the books by F.A. Haight [8] and D.R.
Drew [9] — were published. They made a significant contribution to the development of the traffic flow
theory. Slightly later, the book by H. Inose and T. Hamada [2] was published, and it also took a confident
place in classical specialised literature.

In his book, F.A. Haight presents the FD plot, which is typical of modern research [8]. While
categorically stating that any TF theory must correlate with the FD to be correct, the author also
acknowledges that diagrams refer to specific places and traffic conditions and that there is controversial
empirical data on the shape of the FD and the absence of a single function to represent it. F.A. Haight also
attempts to find a speed distribution for the entire range of traffic conditions — from congested to free-
flowing — and considers type | and type 11 distributions (beta and gamma families) for this purpose, taking
into account that any driver cannot maintain the desired speed in the presence of other vehicles in the flow
[8]. In these attempts, the author also notes that the problem of establishing a function to plot the FD can be
reduced to the problem of determining the average vehicle speed as a function of the flow density. Using the
mentioned distributions in the study of the movement of two vehicles — a leader and a car-follower that does
not have the opportunity to overtake — the book’s author tries to derive a function to represent the FD. In
addition, the book considers the movements on a two-lane road with two-way traffic and overtaking
opportunities to obtain the distribution of spot speeds; here, the waiting for the opportunity to overtake is
perceived as a restriction on the movement, which leads to the formation of ‘moving queues’ [8]. These
issues are studied using the queuing theory. However, using this theory raises some doubts as it is more
appropriate for studying traffic controlled by traffic signals than for traffic without automatic control, where
the flow parameters depend on the individual characteristics of drivers and should be determined empirically
[8]. At the same time, it is worth noting that F.A. Haight’s considerations on the possibility of maintaining
the desired speed in the flow and the vehicle movement with no overtaking opportunities are relevant to the
present and are pretty close to those that will be used in the problem statement in the current paper.

D.R. Drew’s book points out that field surveys and the statistical analysis of their results are the
traditional way to obtain traffic data, which is equally valid for the present time [9]. The author also
emphasises the importance of speed as the traffic smoothness parameter and presents a more generalised
measure for TF quality based on the average speed on a road section. The importance of the average speed
value is also underlined when showing the prevalence of the use of the normal distribution to describe the
speed variable [9].

In the book by H. Inose and T. Hamada, speed and other urban TF parameters are considered averaged
characteristics of vehicle traffic, which is formed from vehicles having different technical specifications and
randomly meeting on the network [2]. To estimate these parameters, the authors use the analogy of the TF to
an incompressible fluid flow. In addition to the averaged vehicle speed presented on the FD, the book shows
the derivation of the traffic speed distribution function as a weighted sum of the exponentially distributed
time headway of vehicles in a free flow and the gamma-distributed (or Erlang-distributed) time headway in a
dense flow [2]. The reason for using the latter distribution instead of the commonly used exponential
distribution is that in dense traffic, the headways very close to zero cannot occur with high probability, as
implied by the exponential distribution, because each vehicle has a non-zero length. F.A. Haight and D.R.
Drew used the same headway distributions, but they did not use them to obtain the speed distribution. It is
worth noting that H. Inose and T. Hamada, when considering the relationship between speed and density,
assume that with increasing traffic density, drivers are forced to reduce their speed to maintain a safe
distance and ensure traffic safety [2].

The research on TF FD became more extensive in the late XX and early XXI centuries. This period
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showed the development of existing and new approaches to describe the scattering of data points on volume-
density, speed-density, and speed-volume plots [13]. During this time, S. Smulders published an approach
[15, 16], according to which the part of the speed-density graph corresponding to the free flow was plotted as
a straight line while the other part showed nonlinear dependence. However, the reasons for choosing the
functions that produce such a graph were not explained.

Sometime later, a work that can be considered a development of the concept of discontinuous FDs was
published [17]. This work presented a diagram based on a microscopic car-following model that
differentiates driver behaviour in free and congested traffic flow. The advantage of the model used is taking
into account the platooning process, albeit in a simplified way, and the disadvantages are as follows: 1) the
use of a constant time headway for all traffic states up to the dense flow; 2) the possibility of determining
one of the model parameters only based on the assumption that the maximum speed of a dense flow is equal
to the speed of the free flow with total platooning.

More recent approaches to representing the FD include a highly flexible function proposed by J.M. del
Castillo. The parameters of this function can be freely adjusted to obtain almost any desired graph to fit
empirical data [18, 19].

Throughout the history of research on the FD, many models have been developed to represent the
relationship between TF parameters at specific locations and to study driver behaviour in certain traffic
conditions [20-23]. These models are so numerous that it is almost impossible to analyse all of them.
However, there is no critical need for this since all models constitute an approximation of empirical data
using the least squares method [20]. All mentioned models and the approaches to develop them do not
guestion the existence of a regular relationship between TF parameters. At the same time, none of the models
explains the reasons for the undeniable regularities reflected in the scattering of data points in the FD plots,
including the ‘speed-density’ plot. The speed-density relationship indicates a decrease in the flow speed with
an increase in density. In the literature, this is explained by the fact that as the traffic becomes saturated
(dense), drivers reduce their speed to ensure traffic safety, i.e., to maintain a safe distance [2]. However, the
distance between vehicles is determined not only by safety reasons but also by the fact that drivers are forced
to adapt their speed to the speed of the vehicles in front, and this fact is confirmed in up-to-date research
[13].

This adaptation certainly affects the variation of speed and its average value. From this point of view,
the speed in a dense TF, which is represented by the rightmost part of the speed-density diagram, can
reasonably be considered a random variable. Such consideration is the subject of many studies [24]. A part of
them indicates a normal speed distribution [24], and the other part shows the possibility of using distributions
with a left-shifted mode (with right asymmetry), namely lognormal, gamma, Weibull and similar [25, 26]. At
the same time, the reasons for the change in speed values as the free-flow conditions change to complicated
ones are either not explained or reduced to the heterogeneity of the traffic composition [26]. The latter
explanation cannot be considered sufficient because the vehicle speed in a dense TF is not always explicitly
determined by the vehicle type but formed by many random factors, the contribution of which is quite
challenging to assess.

Therefore, a situation arises when the distribution of speed values located in the leftmost part of the
speed-density diagram is known — it is a normal distribution, and the distribution of speeds concentrated in
the rightmost part of the diagram is somewhat uncertain. To study the latter distribution, it is reasonable to
examine the process of forming the average vehicle speed value, and the great attention to this parameter in
the analysed literature supports this way of study. It is rational to develop such a study by considering
practically possible situations of vehicle movement in dense traffic and a logical description of the processes
that occur in the flow.

AIM AND TASKS

One of the reasons for the increase in traffic density on road network sections is that there are no
alternative trajectories for drivers to pass those sections without interruptions. The change of TF state from
free to dense can be reasoned by various situations, which are often the result of permanent or temporary
traffic management measures or specific traffic conditions at certain road sections. These situations
frequently occur in urban areas when a carriageway is narrowed to a single lane for heavy traffic and when
vehicles leaving a signalised intersection enter a road section with only one lane available for traffic. These
situations can also be caused by curb parking. In both mentioned situations, drivers are limited in their
manoeuvrability and forced to follow slow-moving vehicles (SVs) until they can overtake these SVs
travelling at a speed lower than the desired speed for others. Travelling at the speed limited by the vehicle in
front divides the vehicle platoon into smaller platoons led by SVs. This creates the conditions for formalising
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the processes in the flow and deriving the dependence of the average flow speed on the speed of individual
traffic participants under their strong influence on each other.

Both of the situations mentioned above — a carriageway narrowed to one lane and a signalised entry to
a road section with only one lane available for traffic — are similar in terms of traffic conditions [24] since,
quite often, vehicles start at a particular place from zero speed (from rest), enter a one-lane section and then
form a platoon. The vehicles in this platoon can reach the desired speed or the speed prescribed by traffic
rules. In the case of a signalised entrance to a road section, the start from rest is obvious, and the same
conditions also arise in the case of a narrowed carriageway since the vehicles can only hypothetically enter
such a carriageway without any stops [27]. Therefore, the condition of starting from rest and entering a one-
lane section stipulates the need to estimate the average platoon speed at the exit from the section. To be
correctly stated, the problem of determining the average speed in the listed situations should be considered
for the one-lane sections having a length sufficient for the acceleration of the vehicles up to the desired speed
(close or equal to the permitted speed) in traffic conditions which are free-flowing except for no overtaking
opportunities. In other words, the average speed of the vehicles should be estimated at such a distance from
the place of platoon formation that would allow all vehicles, which are not retarded by slow-moving traffic
participants in the platoon, to attain the desired speed.

This paper deals with the task of determining the flow speed under conditions of strong interaction
between traffic participants, which suggests obtaining the formula to calculate the average speed of the
vehicles of the same type that would move at different speeds in free-flow conditions at the exit from a one-
lane road section where overtaking is impossible. The search for this formula was started in papers [28] and
[29], which considered the simplest situations of a dense platoon, in which all drivers want to travel at the
same maximum permitted speed, except for (i) one slow-moving vehicle (SV) and (ii) two SVs that limit the
speed of the others. The current paper is a logical continuation of this search. It is devoted to deriving the
formula for the average vehicle speed in the case of three SVs in a platoon.

RESEARCH RESULTS

The presence of not one or two but three SVs in a TF is the next difficult task of estimating the
average vehicle speed at the exit from a lane with no overtaking opportunities. To address this task, it is
reasonable to formalise it in the following way:

- let N vehicles, the number of which is more than three (N >3) and which drive in a dense flow,
randomly enter a road section with one lane and no overtaking opportunities. Let the numbering of vehicle
positions in the platoon formed at the section starts from 0. Then, under equal probability for each vehicle to
take any position x in the platoon, each vehicle can have number [O;N —1] (i.e., xe[0;N —1]) with

probability 1/N ;
- let all but three drivers want to drive at the maximum permitted speed V,

max !
- let the driver of the first SV (SV1) travels at speed V., 0<V, <V, , the driver of the second SV

(SV2) travels at speed V,, V, <V, <V, and the driver of the third SV (SV3) travels at speed V;,
V, <V; <V,

max !

- let Ay =V, —V,) be the deviation of SV1’s speed from the maximum permitted speed,
A, =(V, —V,) be the deviation of SV2’s speed from the SV1’s speed (the speed of the slowest vehicle), and
Ay = (V5 —V,) be the deviation of SV3’s speed from the SV1’s speed.

Before proceeding to the derivation of the formula for the average speed of the flow with three SVs at
the exit from a lane with no overtaking opportunities, it is necessary to briefly summarise the results of
considering a flow with one and two SVs presented in papers [28] and [29], respectively. In the presence of
only one SV in the TF, the average vehicle speed under equal probability of SV to take any position x in the
platoon was determined as

|_\

V=

gMZ

N
% :izz_:o ax T(N=X) V), 1)

where x is the in-flow position of the single SV which drives at speed V,;
V_ is the average speed of the vehicles in the flow when the single SV takes position x with

X

probability 1/N ;
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[X-V o + (N —Xx)-V,] is the sum of the speeds of all vehicles in the flow when the single SV takes
position x.
After mathematical transformations made in paper [28] taking into account designation for A, the

following formula was obtained to calculate the average speed of the flow with a single SV on a lane with no
overtaking opportunities:

VL,

* 2N ° @

Based on this, the case with two SVs in the flow was considered in paper [29]. It was taken into
account that SV2, having the speed V,, may take position x ahead of SV1 with probability 1/N . For the

case of two SVs in the flow, it was found that for (N —x—1) vehicles behind position x in the TF, the above
situation with one SV occurs, but with a maximum speed equal to V, . The equation for the average speed of

these vehicles V,, where x denotes the SV2’s position in the flow, was derived taking into account Eq. (2)
and the number of vehicles behind the position x [29]:

V. =V, + N-x-2

x smz- (3)

Then, by analogy with Eq. (1), the following equation for the average flow speed, which considers all
possible positions of two SVs among N vehicles, was written:

vz%@+ v, (@)

N

where the terms represent the average vehicle speed which takes into account the possibility of a SV to take
the position x e[O; N —2] in the flow (the presence of two SVs reduces the number of possible positions for
each of them to (N —2)) -V, is the average speed if SV1 takes the position x, and V, is if the SV2 [29].

After determining the total number of situations when SV1 can take the position ahead of SV2, the

formula for V, for the case of two SVs in the flow was obtained: Vv, =V, +%'NT_2. Then, using Eg. (3),

the sum of speeds of all vehicles in the flow when SV2 takes position x ahead of SV1 was written down:
X'(VS+AS)+(VS+A2)+(N_X_l)'\7x' (5)

Based on this sum, the formula for V, for the case of two SVs in the flow was derived:
- - A N-2
V, =V, +—2-(1+—j 29].
2 =Vt 5 ) %]

Substituting the obtained equations for \71 and \72 into Eq. (4) allowed for deriving the formula for the

average speed of a dense flow with two SVs at the exit from a single-lane road section with no overtaking
opportunities [29]:

A N-2 A, N+L ©)
N 3 2N 3

The briefly presented results of previous studies of simpler cases with a smaller number of SVs in the
flow [28, 29] are the necessary material to proceed to the subject of this paper, namely the consideration of
the case with three SVs in the TF.

Since overtaking on the considered road section is impossible, in the case of three SVs, the speed of
(N —3) vehicles, which want to travel at speed V. , depends on which SV they follow. If they follow the
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SV1, they will exit the one-lane road section at speed V,; if they follow SV2, they will exit at speed V, ; if
they follow SV3, they will exit at speed V;; and vehicles ahead of all the SVs will exit at speed V.

Obviously, the flow speed depends on the order of vehicles in it and the total number of possible vehicle
orders in the flow is N!. According to the task stated, it is necessary to determine the average speed of
vehicles at the exit from a one-lane road section with no overtaking opportunities, which considers all
possible vehicle permutations in the flow.

The probability of the event that one of the three SVs takes the position x in the flow under a single

realisation of the random order of vehicles is equal to 3/N, and the probability that each of the three SVs
takes the position x is the same for all SVs and equals to 1/N . Under an equal probability of all vehicle
orders in the flow, each vehicle will take the position x exactly (N -1)! times, i.e., the variants for

positioning of SVs are invariant with respect to the SV’s number. However, the speed of the vehicle flow on
the lane with no overtaking opportunities is completely determined by the order of vehicles, and to calculate
the average speed for the entire flow, it is essential to take into account not so much the position of one of the
three SVs as its location relative to other SVs. To consider this aspect, it is reasonable to divide the entire set
of vehicle orders in the flow into subsets in which one of the SVs drives ahead of the other SVs. Since all
orders are invariant with respect to the SVs’ numbers, the quantity of situations in which SV1 (the slowest
vehicle) is ahead of the other SVs is equal to the number of situations in which SV2 or SV3 is ahead.
Therefore, by analogy with Eg. (1) and concerning Eg. (4) and the introduced designations, it is possible to
write down the equation for the average flow speed, which considers all possible variants of the relative
position of three SVs among N vehicles:

V, +

vzévﬁ v, )

Wl
Wl

where \71\72\73 represent the average flow speed when SV1, SV2 or SV3 is ahead of the other SVs,
respectively.
If SV1 travelling at speed V, takes position x in the flow ahead of SV2 and SV3 (Fig. 1), the average

flow speed at the exit from a lane will be the same as in the case of a single SV in the TF. It can be
determined using Eq. (2). The number of these situations in the full set of vehicle permutations is equal to
N3, and the probability of this event is equal to 1/3. At that, the number of positions available for SV1 is

reduced to the first (N —2) positions in the platoon since SV2 and SV3 must necessarily be behind SV1.

vehicle speeds —m Vinax v, v, v, v, v, v,
A A 4
vehicle positions »  x=0 1 2 3 4 x=N-1
the first SV the second SV (the driver the third SV (the driver
(the slowest one)| wants to travel at speed 75)| wants to travel at speed 173)

Figure 1 — Traffic flow with three SVs when the slowest one takes a position ahead of the other SV's

With the same probability 1/3, both SV2, which wants to drive at speed V,, and SV3, which wants to
drive at speed V;, can take position x ahead of the SV1.

If SV2 is ahead of the other SVs, then all vehicles ahead of it will drive at the maximum permitted
speed V.., , SV2 will drive at speed V,, and the vehicles behind it will either drive at speed V, if there is no
SV1 ahead of them (Fig. 2a) or at minimum speed V, otherwise (Fig. 2b). A similar situation for a full set of

N vehicles with the same speeds has already been studied in paper [29] and represented by Eq. (6), but in
the situation under consideration in the current paper — when there are three SVs in the flow — the sum limit
will depend on the position of SV2 in the flow.

If SV3, travelling at speed V;, will take the position x in the flow ahead of the two slowest SVs, then

all vehicles ahead of it will drive at maximum permitted speed V. SV3 will drive at speed V;, and the

max !
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vehicles behind it will drive at speed V; if there are no two slowest SVs ahead of them. If, however, one of
the two slowest SVs is ahead of them, they will either drive at speed V, if SV2 travels in the tail of the
platoon behind SV3 and ahead of the SV1 (Fig. 3a) or at speed V, if in the tail of the platoon (behind SV3)
SV1 travels ahead of the SV2 (Fig. 3b).

Vinax I 8 Vs Vs Vs Vs
y A »
x=0 1 2 3 4 x=N-1
the second SV (the driver the third SV (the driver the first SV
wants to travel at speed 1) | wants to travel at speed 13) (the slowest one)

Vinax I

2 I8 Vs [/
> A 4
1 2 3

x=0 4 x=N-1
the second SV (the driver the first SV the third SV (the driver
wants to travel at speed ;) (the slowest one) wants to travel at speed 173)
Figure 2 — Traffic flow with three SVs when SV2 takes the position ahead of the other SVs:
a) the fastest SV is ahead of the slowest one; b) the slowest SV is ahead of the fastest one

Vimax Vs Vs Vs 7 Vs Vs
A A LY

x=0 1 2 3 4 x=N-1

the third SV (the driver the second SV (the driver the first SV
wants to travel at speed ;) | wants to travel at speed 1) (the slowest one)

Vinax Vs Vs Vs Vs Vs Vs

» [\ 4

x=0 1 2 3 4 x=N-1
the third SV (the driver the first SV the second SV (the driver
wants to travel at speed I'3) (the slowest one) wants to travel at speed 1)

Figure 3 — Traffic flow with three SVs when the fastest one takes the position ahead of the other SVs:
a) SV2 is in the tail of the platoon and ahead of the slowest SV;
b) the slowest SV is in the tail of the platoon and ahead of SV2

Now, the average flow speed under different SV positions in the TF presented in Figs. 1-3 should be
considered in detail. It is logical to start this process by deducing the analytic dependence for \71 in Eq. (7).

At the beginning, it is appropriate to mention that the mandatory presence of two other SVs behind SV1,
whether even slower or potentially faster, means that not all of N, but only first (N —2) positions in the
flow are available to SV1. Taking this into account, for each x-th position of SV1 in the flow, it is necessary
to determine the number of situations when it takes that position, given that the other two SVs follow it. The
total number of situations when SV1 can take each position in the flow without the condition of the
mandatory presence of two other SVs behind it is known and is equal to

%=(N 1y, ®)
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i.e., the number of permutations of all other vehicles — fast and slow — regardless of the value of x. The
dependence of the sought number of situations on the position of SV1 arises precisely from the condition of
its location ahead of the other SVs.

In the first position (x=0), this condition is met automatically, and the number of situations when
SV1 can take this position is always equal to Eg. (8).

As for the general case of taking the x-th position by SV1, it should be considered that the number of
positions in the flow available to two other SVs following the SV1 is equal to Q=(N —1—x). The number

of variants for placing these two SVs on those available positions is equal to [30, 31]

Q!
(Q-2)!

AQ.2) = —Q-(Q-D=(N-1-x)-(N-2-x).

At that, the fast vehicles (FVs) can take (N —3) remaining positions, and the total number of variants
for placing them in the TF equals (N —3)!. Consequently, according to the combinatorial rule of product [30,

31], the total number of situations when SV1 can take the position ahead of the other SVs is determined by
the expression (N —1—x)-(N —2—-x)-(N —3)!. The correctness of this expression is confirmed by the fact

that under x=0, it transforms to the right side of Eq. (8). Also, under x=(N-2) or x=(N-1), the

obtained expression results in 0, which is logical since in this case, there will be no available positions for
placing two other SVs.

Using these findings, the following equation for \71 can be written down:

NZ_s(N Z2-%)-(N=1-x)- (N -3 K Vs + A+ IN = X]-V)
\71:x:0 — N ,
Y (N=2-x%)-(N-1-X)-(N —3)!

In the numerator and denominator of this formula, it is reasonable to take the multipliers (N —3)!,

which do not depend on the summation index, out beyond the summation sign and cancel them. After this
cancellation, the presented formula will look as follows:

=3 X[V, + A J+[N =x]-V,)
> (N-2-x)-(N-1-x)- s T s
v, = N , ©
> (N-2-x)-(N-1-X)
x=0

where (N —-2-x)-(N —1—x) can be considered the component that regards the number of situations when

SV1inaflow of N vehicles occurs in the position x and ahead of the other two SVs.

Eq. (9) represents the average speed of all vehicles in the flow, weighted by the number of situations
when SV1 takes the position ahead of the other SVs. After the collection of like terms, Eq. (9) can be
simplified to

(XA +N-Vy)

’\f’(N —2—-Xx)-(N-1-x)
x=0 N

Vl: N-3
> (N=2-x)-(N-1-x)
x=0

Dividing the parenthetical expression (x-A, + N -V,) on the right of the numerator into two separate
terms — x-A; and N -V, — allows for taking the speed V, and the multiplier at x out beyond the summation

sign since the weighted average of the constant is equal to the constant itself and the mentioned multiplier
does not depend on the summation index:
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his(N —2-X)-(N-1-x)-x
\71:VS+WS- 0 : (10)
> (N-2-x)-(N-1-X)
x=0

The multiplier at Ws can be simplified by removing the brackets in its numerator and denominator

and applying the formulas for the sum of series ZX:W, szzm-(m+1)6-(2-m+1) and
x=1 x=1

& 3 (m-(m+1) ? . S . .
Zx :(Tj [30]. Putting a zero term under the summation sign in these formulas, which will not

x=1
change the sum totals since this term will be equal to zero, and substituting m=(N —3) to bring the sum
limit into compliance with the one used in Eq. (10) allows for obtaining the following:

N

P _(N-3)-(N-2)

11

2. 2 (11)

gxz:(N—3)-(|\1—62)-(2-|\|—5), 12)
oy ((N=3)-(N-2))* (N-3)?-(N-2)°

X:Ox _( 5 j = 2 ) (13)

Removing the brackets in the numerator of the multiplier at WS in EQ. (10) and collecting like terms

results in
N-3 N-3
S (N=2-%)-(N-1-%)-x=> x:[(N2=3-N+2) - x-(2-N -3) +x* | =
x=0 x=0
(14)
N-3 N-3 N-3
=(N*-3:N+2)- > x—(2-N=3)- Y x*+ > %’
x=0 x=0 x=0
Substituting Egs. (11)-(13) into Eq. (14) allows for simplifying this numerator as follows
(Nz_3_N+2),(N —3)-(N—2)_(2'N_3)_(N—3)-(N—2)-(2-N—5)+(N—3)2-(N—2)2 _
2 6 4 (15)
_N-(N®-6-N*+11-N-6) N-(N-1)-(N-2)-(N-3)
N 12 - 12 '

Removing the brackets in the denominator of the multiplier at % in Eq. (10) and collecting like

terms results in

N2_3(N—2—x)-(N —1—x)=h§[(N2—3-N +2)-x-(2-N=3)+x?]=

x=0 x=0

N-3 N-3 N-3 (16)
=(N*-3:N+2)- > 1-(2-N=3)- > x+ Y x°.
x=0 x=0 x=0
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N-3
Substituting Eqgs. (11), (12) and » 1=1-[(N-3)-0+1]=(N—-2) [30] into Eq. (16) allows for
x=0
simplifying this denominator as follows

(N?-3:N+2)-(N-2)-(2-n -9 (=22 (=9 (B2 B2
N-(N?*-3:N+2) N-(N-1)-(N-2)
3 3 '

The ratio of the numerator represented by Eq. (15) to the denominator represented by Eq. (17) results

17)

in the final expression for the multiplier at % in Eq. (10), which can be simplified as follows:

N23(N —2-X)-(N-1-x)-x
x=0

_NA(N-1):(N-2)-(N-3) 3 N -3

= (18)
12 N-(N-)-(N-2) 4

NZfs(N —2-X)-(N-1-x)
x=0

Taking into account Eq. (18), the average flow speed when SV1 is ahead of the other two SVs in the
TF can be finalised as follows:

— A, N-3
V=V, +—=-——. 19
1 S N 4 ( )

The derivation of the formula for the second term in Eq. (7) is similar to the case of two SVsina TF
(Eg. (6)) since the presence of another vehicle willing to travel at a speed higher than that of SV2 does not
cause any changes because that another vehicle will follow the slower vehicle and will be forced to adapt to
latter’s speed just as all the FVs in the flow behind SV2. However, unlike SV3, the FVs may also be ahead
of SV2. So, the situation is precisely the same as in the case of two SVs in the flow, except that the sum limit
must now be equal to (N —3) since SV2 will always be followed by two other SVs, which also means that it
cannot take two last positions in the TF. The sum of the vehicle speeds in such a flow can be written down
using the number of vehicles following the first SV and their average speed determined from Eq. (3):

X'(Vs +As)+(vs+A2)+(N _X_l)'\7x'

In this situation, the number of vehicle orders when SV2 can be ahead of the other SVs in the flow is
also can be considered through the use of expression (N —2—Xx)-(N —1-x). Then, by analogy with Eqg. (9),

the following equation for V, can be written down:

X)_[X'(Vs +As)+(vs +A2)+(N _X_l)'\7x]

N273(1\1 —2-x)-(N-1-
_ x=0 N

V, =

NZﬁS(N —-2-X)-(N-1-x)
x=0

In multiplier [x-(V, +A)+(V, +A,)+(N—-x-1)-V,], which is on the right of the numerator, the
term in the middle, which contains only the constants V, and A,, can be taken out beyond the summation
sign since the weighted average of the constant is equal to this constant itself. After that, the average speed
\7X can be substituted with Eq. (3), that will result in the following:
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N-2-x
[x-(\/S +A,)+(N —x—l)-{vs +2-(N—x—1)'A2D

N-3
> (N=2-x)-(N-1-x)-

- V.+A - N

V, = SN 2= N3 ’
> (N=2-x)-(N-1-x)
x=0

[X-AS AV, (N—1)+ NZ27X _22_X-A2J

_VS+A2+XZ=(;(N—2—X)-(N—1—X)- N
2 N-3 !
N S (N-2-%)-(N-1-X)
x=0

=3 N—-2-x
DIN=2=-%)(N=1-X):| X-Aj+——A,
g _VetA, Vo(N-D 15 2
"N TN N (S !
> (N-2-x)-(N-1-x)
x=0

N-3 9 _
SN-2-%)-(N-1-%)-[ x-A, + V727X 5
- A, 1 : 2 2
V, =V, +—2+—. 20 o :

> (N-2-x)-(N-1-x)

hia(N—2—x)-(N—1—x)-x N Z(N 2_%)-(N-1-x)- 22 X
\/2 ::\g 4.__2L_+._Ji. X??—S 4___2L. x=0 N3 ,
S(N-2-%)-(N-1-x) " S (N-2-%)-(N-1-Xx)

x=0 x=0

N-3 _9_
Z(N—Z—x)-(N _1_X).N72X
Az Az _x=0

NN

<|
H<|

N-3
> (N-2-x)-(N-1-x)
x=0

Z(N 2-x)-(N-1- x) hf(N—Z—x)-(N—l—x)-x

- - A A
V, Vlwzwzona 2.?\|'N3
Z(N—Z—x)-(N—l—x) Z(N 2-x)-(N-1- x)
x=0
\72:\71+ﬁ+A2.(N—2)_A2-(N—3):\71+ﬁ'(1+N—Z_E.N—BJ,
N 2-N 8-N N 2 2 4
— o 3:A,-(N+D)
V, =V, +—2 -~ 20
,=Vh T (20)

The formula for the third term in Eq. (7) can be derived based on the analogy with the case of two SVs
in a TF (Eq. (6)). In the situation under consideration, which is presented in Fig. 3, the case with two SVs
arises for (N —x—2) vehicles behind position x in the flow. The maximum speed for these (N —x—2)

vehicles should be taken equal to V. By analogy with Eq. (5), the sum of vehicle speeds in the flow will be
as follows:
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X'(VS+AS)+(VS+A3)+(N_X_l)'vx’ (21)

where V., is the average speed of vehicles following the SV3 provided that it takes a position in the flow

ahead of the other two SVs. The formula for this average speed (\7X) can be obtained from Eqg. (6) by
replacing N with (N —x—1) and proper changing of subscripts at designations A :

VoV, Ay N-x-3, A, .(1+N—X—3)
N-x-1 3 2-(N=x-1) 3

(22)
Unlike the case of only two SVs in a TF, to obtain the formula for \73 in Eq. (7), it is necessary to use

the average speed of the vehicles behind SV3 represented by not the Eq. (3), but Eq. (21) divided by the
number of vehicles in the flow since Eq. (21) takes into account the presence of two SVs with a speed lower
than the speed of the leading SV. Given the same number of vehicle orders when SV3 can be ahead of the
other SVs in the flow as in the two previous cases with other leading SV, it is possible to write down the

equation for V, based on the analogy with Eq. (9):

[X'(Vs +As)+(vs +A3)+(N _X_l)'\ix]
N

N-3
D (N-2-x)-(N-1-X)-

N-3

> (N=2-x)-(N-1-x)

x=0

V; =

In multiplier [x-(V, +A)+(V, +Ag) +(N —x—1)-V,] on the right of the numerator, the term in the
middle, which contains only the constants V, and A,, can be taken out beyond the summation sign since the

weighted average of the constant is equal to this constant itself. After that, average speed \7x can be
substituted with Eq. (22), that will result in the following:

S [X'(Vs +As)+(N _X_l)'Y]
:VS+A3+XZ_:O(N—2—X)-(N—1—X)- \

\73 N N-3
D (N-2-x)-(N-1-x)
x=0

where Y =V, + A, N=x=3 4 (1+N_X_3j.

N-x-1 3 2-(N—x-1) 3
Removing the inner brackets in expression [X-(V, +A,)+ (N —x—=1)-Y] in the numerator allows for
eliminating the repetition of the value of the speed of SV1 in the flow:

(X.AS +[N _:I_].Vs +A3'(N_X_3)+A2+A2.N_X_3)

N-3
S (N=2-%)-(N-1-x)- 3 2 2 3
\7:V5+A3+x=o N

3 N N3
> (N=2-x)-(N-1-x)
x=0

After that, it is possible to take out the constants that do not depend on the summation index beyond
the summation sign:
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D> (N-2-%)-(N-1-x)-
g _Veras IN-DV, A, & N
) N-3
N Noo2eN ST (N-2-%)-(N-1-%)
x=0

Now, it is possible to divide the large fraction in the numerator into several terms:

N-3

Ay Ay A Z:(;( 3

V.=V, +—=+ + =X .
3 N Z_i;
x=0

N—2-x)-(N-1-x)-x A NZ_S(N—Z—x)-(N —-1-x)-(N-x-3)
x=0
(

° N 2-N N =2 "3N = "
-2-%)-(N-1-x) > (N=2-%)-(N-1-x)
x=0
hia(N—2—x)-(N—1—x)-(N—x—3)
+ AZ . x=0
6-N

Nif(N -2-X)-(N-1-x)
x=0

The simplification of the first fraction among those showing the ratio of the sums is presented in
Eqg. (18), and the following fractions of this type can be factorised to extract index x:

Vy =V, +—2+ +—. +
N 2-N N 4
N-3 N-3
> (N=-2-x)-(N-1-x)-(N-3) > (N=2-x)-(N-1-x)-x
+ A3 .x=0 — A3 .Xx=0 +
3-N & 3N &
> (N-2-x)-(N-1-x) > (N-2-x)-(N-1-x)
x=0

X

=0
-3

p=4

NZ_:S(N—2—x)'(N—1—x)-(N—3) (N=2-x)-(N-1-x)-x
x=0

0
3

A
N-3
D(N-2-x)-(N-1-x) 6-N

X

6-N (N=2-x)-(N-1-x) |

N

0

>
1l

Based on Eq. (18) and the fact that certain sums contain an index-independent value (N —3), it is
possible to simplify these sums as follows:

ARV LA N-3 A;(N-3) Ay N-3 A,-(N-3) A, N-3
N 22N N 4 3N 3N 4 6-N 6-N 4

Now, it is reasonable to rearrange the terms in the following way:

Gov oD N=3, 8 A(N-3) A N-3 A A-(N-Y) 4 N-3
N 4 2N 6N 6N 4 N 3N 3N 4

After that, proper terms can be substituted with \71 from Eq. (19), and the equation for \73 can be
finalised as follows:

\73:\71+ AZ . 1+N_3_N_3 +ﬁ. 1+N__3_N__3 :\71+ Az [1+N_3)+ﬁ(l+N__3)
2-N 3 12 N 3 12 2-N 4 4
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\732\71+ AZ N+1+EM (23)
2-N 4 N 4

Thus, all the terms in Eq. (7) are deduced — these are Egs. (19), (20), (23) representing the flow speed
in situations when SV1, SV2, and SV3 take a position ahead of the other SVs. After the substitution of these
equations into Eq. (7), the latter one takes the following form:

Vol iy 38 (N LG A, N+ A N+1)
3 3 8-N 3 2-N 4 N 4
This substitution allows for finalising the formula for the average speed of a dense TF with three SVs:

V=V +

S

%.N—3+ﬁ‘N+1+£‘N+1' 24)

4 N 6 N 12

This formula establishes the dependence of the average speed of the vehicles at the exit from a one-
lane road section with no overtaking opportunities from the total number of these vehicles in the flow
(platoon) and the speed of the three SVs.

DISCUSSION

The initial analysis of the formula in Eq. (24) indicates that with the increase in N, there is an
increase in the influence of the second term in Eq. (24), which represents the contribution of the slowest

vehicle to the average flow speed and a decrease in the influence of subsequent terms which reflect the
contribution of the other SVs, Fig. 4.

This means that additional SVs moving at speeds above V, have an effect on the average speed, which
is less than that of the slowest SV, and the closer the speed of additional SVs to V,,, , the lower the effect.
This effect can be characterised as follows: when N — oo, the average platoon speed will not exceed V, by
more than (A,/4+A,/6+A,/12).

2.5

[\

second term
===-third term
-~y — - —fourth term

-
-
-
- —————
- - -

The values of the terms in Eq. (24), km/h

0
345 6 7 8 91011121314151617 1819202122 232425262728 2930
Number of vehicles N in a flow

Figure 4 — Influence of the terms in the formula for the average speed of a dense TF with three SVs at
different total number of vehicles in the flow (example for A, =10 km/h, A, =7 km/h, A; =5 km/h)

It is also worth noting that when N — oo, the coefficients at terms A, A,, A; in Eq. (24) follow the

reciprocals of the rectangular (pronic) numbers (1/4 = 1/2 - 1/2, 1/6, 1/12) [30, 31]. They can be interpreted
as a characteristic of a gradual tangible decrease in the contribution of each subsequent SV to the average TF

speed V . This may mean that the SVs have a regular influence on the average flow speed since the infinite
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series of the reciprocals of the rectangular numbers sums to 1 (Zm =1 [30, 31]) just as the sum of
g=14"
the probabilities of random variable values.

CONCLUSIONS

One of the widely used tools to forecast urban TF parameters for engineering and scientific purposes is
a FD of TF, which is based on statistical analysis of empirical data and their approximation with the most
convenient and, whenever possible, simple functions. Many functions have been fitted to represent the FD
but none clarifies the regularities reflected in the scattering of data points in the diagrams. This scattering
also applies to the speed-density diagram, which indicates a decrease in speed with an increase in density.
The results of studying the speed as a random variable also make a little contribution to clarification of these
regularities and allow for concluding that the distribution of speed values plotted in the leftmost part of the
speed-density diagram is known — this is a normal distribution which is beyond question in the scientific and
engineering community — and the distribution of speeds plotted in the rightmost part of the diagram is
characterised by ambiguity. To study the latter distribution, it is reasonable to carefully examine the process
of forming the average vehicle speed value and consider practically possible situations of vehicle movement
in a dense TF. Corresponding research has already been started in papers [28] and [29], which consider a
dense platoon of vehicles, where all vehicles are willing to drive at the same maximum permitted speed
except for one and two SVs that limit the speed of the others.

The current paper extends the mentioned research and presents the formula for calculating the average
speed of a platoon, where three SVs limit the speed of other drivers who would drive faster in free-flowing
conditions. Taken together, this provides a sound basis for generalising the obtained formulas to derive a
formula for calculating the average speed of a TF with any number of SVs. Knowledge of this formula will
be a starting point for understanding the change in the average value of the normally distributed free-flow
speed caused by the increase in TF density and the corresponding complication of traffic conditions.
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TPaHCIIOPTHOTO TIOTOKY, SIKa SIBJsIE COOOI0 CTATHCTHYHO BCTAHOBJICHHWH 3B’A30K MDK HOro mapameTpamu,
30KpeMa, MK IMMBHIKICTIO 1 mIbHICTIO. DyHAaMEHTAbHA JiarpaMa moKa3ye 3HIKCHHS IMBHIKOCTI TTOTOKY
31 30UIBIIEHHSIM HOTO IIIIBHOCTI, 1 cepell MOSCHEHb LbOMY € BUMYIICHE IMiJJAIITYBaHHS BOJIIB i
HIBUKICTH MOBUIBHIIINX aBTOMOO1IiB Toniepeay. Lle 6e3yMOBHO BIITMBAaE Ha KOJIMBAaHHS IIBUAKOCTI 1 BKa3ye
Ha JIOMUIBHICTG ii pO3IIsAy SIK BHITAIKOBOI BEJIMYWHHU 31 CBOIM CEpeqHIM 3HAUEHHSIM Ta PO3MOILIOM IpH
pi3HMX yMoBax pyxy. s BUIBHOTO NMOTOKY 3arajJbHOBH3HAHUM € HOPMAJIBHHMH PO3MOIII HIBHIKOCTEH
TPaHCHOPTHUX 3ac00iB, B TOM Yac SK MUTaHHSA NP0 Te, SKUM PO3MOMLT BUKOPHUCTOBYBAaTH ISl OMHCY
MIBUAKOCTEH y IMITPHOMY TIOTOII, 3aJIMIIAETHCA BIIKpUTHM. [lOTOYHE MOCHIKEHHI € BHECKOM ¥
NPOSCHEHHSI JIAHOTO THTAaHHA 1 BHOYZOBaHE HABKOJO MPOIECYy (OPMYBAaHHS CEPEIHBOTO 3HAYCHHS
HIBUKOCTI OAHOTUITHUX TPAaHCIOPTHHUX 3ac00iB y HaHOUIBII MIIIEHOMY TPAaHCTIIOPTHOMY TMOTOIl Ha JiISHII
JOpOTH, A€ HEMOXJIMBI 00roHM 1 BumnepemkeHHs. [Iomyk bOro cepeaHboro 3Ha4YeHHs OyB pO3MOuYaTHi 3
PO3TISAY HAWMPOCTIHX CHUTYallii pyxXy Nadkk aBTOMOOLTIB, 1€ BCi aBTOMOOUN OaxaroTh ixatm 3
OJTHAKOBOIO HaHOLIBIIOI HEe3a0OpOHEHOI0 INBUAKICTIO, OKpiM omHOro Ta ABoX IIA, ski 0OMexyroTh
HIBUJKICTH iHIMX. J[aHa cTaTTs € iX JOriyHMM MpPOJOBXKEHHSM 1 MPUCBSYEHA OTPUMAHHIO (HOPMYIH IS
PO3paxyHKy cepenHbOi MIBHIKOCTI TPAHCIOPTHOTO MOTOKY UISI BUMIAAKY TPHOX IMOBLIHPHUX aBTOMOOLTIB Y
HbOMY. Bce pa3om 1ie cTBOpIOE TPYHTOBHY OCHOBY JUISl y3arajJbHEHHS OTPHMAHHX 3aJIC)KHOCTEH 3 METOIO
BUBE/ICHHS (OPMYIH IS PO3PAaxXyHKY CEPEAHBOI HIBHIKOCTI MOTOKY 3 OyIb-SIKOIO KUIBKICTIO MOBUTBHHX
aBTOMOO1ITIB. 3HAHHS TaKOi 3aJIE)KHOCTI MOCIYKHUTh BiJIPaBHOI TOYKOK ISl PO3YMIHHS CHPUYHMHEHOT
IIUTBHAM TIOTOKOM 3MiHH SIK CEPEeIHBOTO 3HAYEHHS, TaK 1 PO3MOALTY MIBHAKOCTI pyXy, KOTpa y BUTBHUX
YMOBAaX OMUCYETHCS HOPMAIILHUM 3aKOHOM.

KirouoBi cioBa: MBHUIKICTH PyXy, cepeqHs MIBHUIKICTb, TPAHCIOPTHUHA MOTIK, IIIIBHICTh MOTOKY,
CMyTa pyXy, YMOBH PyXy, aHAJIITHIHE MOJICITIOBAHHS, TPAHCIIOPTHA CUCTEMA.
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