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Abstract. Small size motorized vehicles such as the motorized two-wheelers are predominantly present in the traffic
observed in the developing countries. Presence of these smaller vehicles invalidates the concept of lane discipline com-
monly observed in the homogeneous traffic streams. In this paper an attempt has been made to understand the Motor-
ized Two-Wheeler (MTW) lane-sharing behavior and its effects on traffic flow modeling. The objectives of this attempt
are to analyze the lane-sharing behavior of MTWs at microscopic and macroscopic level, and to propose a methodol-
ogy to incorporate this behavior in the macroscopic modeling concepts. Effect of the MTW lane-sharing behavior on
the microscopic and macroscopic traffic characteristics and the corresponding models is discussed. A plausible way to
incorporate this behavior, specifically in macroscopic modeling, is discussed. From a specific analysis based on VIS-
SIM (version 5.20) it has been observed that the MTW lane-sharing behavior significantly influence the equilibrium
speed-density relationships which are the key inputs to the macroscopic traffic flow models. Density diminishing factor
is found to be significantly influenced by the proportion of MTWs present in the traffic stream. It has been observed
that the lane-sharing behavior starts taking place when the average stream speed is less than 65 km/hr, for the propor-
tions of MTWs in between 25 to 60%. For further higher MTW proportions lane-sharing has been observed even in
free flow conditions.
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factor.
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Introduction smaller following vehicle overtakes/passes the leading
vehicle or vice versa.

In the absence of lane discipline, it is difficult to
apply the conventional microscopic or the macroscopic
traffic variables to study and model the heterogeneous
traffic. If these variables are used in the modeling with-
out understanding the ramifications, the results may
misguide the modeler. In this scenario it is necessary to
understand and incorporate the absence of lane disci-

Heterogeneous traffic observed in the developing coun-
tries like India is quite complex to model due to numer-
ous reasons. Some of the important reasons are the traf-
fic composition and the absence of lane discipline even
when the lane markings are present (lane width varies
between 3.5 to 3.75 m). The latter reason cannot be at-
tributed to the indiscipline of the drivers and the actual
reason behind the absence of lane discipline may be the

presence of smaller vehicles in the traffic stream. In gen-
eral the cars used in India are also smaller in size when
compared to the cars used in the developed countries. In
these conditions on 3.75 m wide single lane there can be
overtaking/passing operations involving the Motorized
Two-Wheelers (MTWs) and the other vehicles. When
the road width is 7.5 to 10.5 m (two-lane or three-lane
roads), there are numerous ways in which a faster and

pline into the modeling process.

In this study an attempt is made to understand and
incorporate the absence of lane discipline into the mod-
eling process. The absence of lane discipline is assumed
to be resulting from the presence of the smaller vehicles
on the sides of the other vehicles in the same lane and
it is termed as MTW lane-sharing. The impact of the
lane-sharing of the MTWs is analyzed at microscopic
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and macroscopic levels. A factor, termed as the density
diminishing factor, has been formulated to incorporate
the lane-sharing behavior into the macroscopic models.
Lane-sharing has been simulated using the VISSIM (ver-
sion 5.20) software, which allows overtaking/passing in
the same lane. The results from the VISSIM, in terms of
speed-density relationships, have been used in knowing
the effect of the lane-sharing behavior.

1. Literature Review

Not much work has been done in the past that deals
with the operations of smaller vehicles such as the
MTWs and motorized three wheelers which are present
in significant numbers in most of the developing coun-
tries. This section presents the relevant literature focus-
ing mostly on the macroscopic models.

Many researchers in the past have modified the
Lighthill, Whitham, and Richards (LWR) model to
study the homogeneous traffic stream with the hetero-
geneous drivers travelling at different desired speeds
(Wong, Wong 2002; Gupta, Katiyar 2007; Ngoduy, Liu
2007; Logghe, Immers 2008). Wong and Wong (2002)
have considered the heterogeneity of traffic with refer-
ence to different speeds that each group of vehicles opts.
This extension is based on the surmise that the choice
of speed by a particular user class is not only affected
by the presence of this user class, but also by all other
user classes on the highway. They related the speed of
the each user group as a function of the total density. In
a similar work, Ngoduy and Liu (2007) have identified
the relevance of the traffic regime in this formulation.
They proposed that a particular class speed will very
well be a function of the total stream density, but only
when the stream density values are less than the critical
density. In other words, the speed differences among the
classes happen only in the unrestricted traffic regime.
In the congested regime all the vehicles move with the
same speed. This formulation appears more likely as this
would mean that the vehicles will overtake only while
moving freely, and not when moving under the congest-
ed conditions. Gupta and Katiyar (2007) have developed
a continuum model with anisotropic nature and can
model the vehicles opting for various speed levels. They
have also assumed that the speeds opted by a particular
vehicle class is affected by the presence of all user classes
on that location.

Logghe and Immers (2008) have proposed a new
model where the slow moving vehicles hinder the move-
ment of the capable fast movers. Three regimes or phases
can be distinguished according to the class densities:
the free-flow regime, the semi-congestion regime, and
the congestion regime. In the free flow regime, vehicles
move with their free flow speed without disrupting each
other. In semi-congested regime the fast vehicles are in
congested region and would reduce their speed but not
less than speed of the slow vehicles, such that the hin-
drance from the slower vehicles cause the speed reduc-
tion in capable fast movers. Needless to say, slow vehi-
cles travelled with their free flow speed. In congested
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region, all vehicles move with same speed, as in the case
of Ngoduy and Liu (2007).

Some of the researchers have worked on the analy-
sis of MTW behavior near intersections (Rongyviriya-
panich, Suppattrakul 2005; Lee et al. 2009; Haque et al.
2008; Su et al. 2006). Minh et al. (2005) have studied
the operations of the MTWs on mid-block sections. To
incorporate the MTW behavior, specifically when ap-
proaching the signalized intersections, Powell (2000)
made some changes to the first order macroscopic traf-
fic flow model. He has attempted to find the number of
MTWs that percolate through the queue and reach the
front end of the queue.

Tang et al. (2010) have proposed a dynamic model
for the heterogeneous traffic stream consisting of cars,
bicycles, and pedestrians. All these three elements of the
traffic stream move on separate lanes and the movement
of each of these elements is influenced by the traffic
stream moving on the adjacent lane. The friction effects
at microscopic level are translated into the correspond-
ing macroscopic variables which are the basis for the dy-
namic model. Tang et al. (2011) have proposed another
macroscopic model considering the honk effects on the
movement of pedestrian and cycle. A detailed review of
the macroscopic models and their evolution in the con-
text of heterogeneous traffic flow modeling can be found
in Bhavathrathan and Mallikarjuna (2012).

Microscopic simulation models allow explicit rule
based vehicle movements and are convenient for mod-
eling the MTWs and the other smaller vehicles. Many
researchers have developed microscopic simulation
models incorporating the MTWs behavior and in most
of these models the vehicles are updated based on the
explicit interactions between the vehicles (Khan, Maini
1999; Meng et al. 2007; Lee et al. 2009; Mallikarjuna,
Ramachandra Rao 2009; Lan et al. 2010). Understanding
and modeling the explicit interactions among the vehi-
cles require huge amount of data and even if they are
modeled at microscopic level it is difficult to validate the
model using the microscopic observations.

2. Motivation and the Objectives

When the smaller vehicles are predominantly present in
the traffic stream there is a competition among the vehi-
cles to utilize the available road space. This competition
compels the MTW riders to utilize the space available
alongside the four-wheelers, making the values of the
flow and the density indefinite. Thus, for a model to be
useful in simulating the Indian traffic conditions, it in-
evitably has to incorporate the side-by-side movement
of the MTWs and the four-wheelers.

Specifically in a developing country like India, uti-
lization of the space adjacent to the cars cannot be re-
garded as illegitimate on the parts of MTWs as they are
not violating any established guidelines. In this context,
where already the supply is on lower side, a law could
not be framed to stop this as such a regulation would re-
sult in the under utilization of the urban road space. Al-
ternatively efforts must be put in to consider the effect of
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this phenomenon while planning the infrastructure. In
the near future the traffic flow models will be more and
more employed in the decision making process hence it
is important that this phenomenon is considered in such
models. The phenomenon of lane-sharing is explained in
the following paragraphs.

Fig. 1a shows a possible scenario in the heteroge-
neous traffic stream moving under free flow conditions
(minimal interaction between the vehicles). As can
be seen from the figure the MTWs do not exhibit the
side-by-side movement hence the existing macroscopic
models are capable of representing this scenario. Fig. 1b
illustrates the heterogeneous traffic stream at a slightly
higher density. The distance between the four-wheelers
reduces, and the MTWs start moving side-by-side to
each other.

At even higher densities, the MTWSs opt out from
their previous positions, and start occupying the avail-
able space on the sides of the leading four-wheelers, as
shown in Fig. 1c. On the urban roads in India the peak
hour traffic conditions will mostly be as shown in Figs 1¢
and 1d. The MTWs move on the sides of four-wheelers
for considerable amount of time, and the utility of this
empty space is a function of the density and the number
of MTWs present in the traffic stream. Thus, models that
do not account for the property illustrated in Figs 1c and
1d cannot be used as-such to represent the Indian urban
traffic conditions.

Theoretically, the macroscopic models are the ex-
panded forms of the microscopic models. The micro-
scopic models adopt parameters like headway and ve-
hicle speed, which are defined based on the vehicle tra-
jectories of the time-space diagram. In the macroscopic
models the time and the space headways are translated
in to the macroscopic variables flow, and the density,
respectively. Inverse of the average time headway cor-
responds to the flow and the inverse of the average space
headway corresponds to the density.

Trajectories of vehicles, commonly observed in ho-
mogeneous traffic conditions, are shown in Fig. 2a. The
difference in the time-space diagrams of the heteroge-
neous traffic without and with the MTW lane-sharing
is shown in Figs 2b and 2c, respectively. These figures
represent the traffic movement observed on a single
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Fig. 2. Snap shots of the vehicular trajectories observed
over a single lane of a three-lane wide road, carrying the
heterogeneous traffic: a — trajectories of the vehicles moving
on a single lane; b - observed overtaking operation
on a single lane; ¢ — observed side-by-side movement
on a single lane (dotted and the crossed lines
representing two trajectories)
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Fig. 1. MTW and four-wheeler interaction assumed in the conventional models, equivalent to the heterogeneous free flow
traffic (a); MTWs with the side-by-side movement at higher densities (b); MTWs occupying the sides of four-wheelers at even
higher densities (c); peak-hour conditions or jam conditions (d)
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lane of a three-lane wide road. Trajectory data have
been extracted from the video film collected on a three
lane road located on the outskirts of Delhi using the
video image processing software - TRAZER™ (TRaffic
AnalyZer and EnumeratoR). Fig. 2b represents the traf-
fic conditions where the MTWs quickly pass the other
vehicles and Fig. 2c represents the traffic where MTWSs
move on the sides of the other vehicles for considerable
amount of time.

Trajectories in Fig 2b show that none of the vehicles
are moving side-by-side (along the length of the single
lane road) except during the process of overtaking. Even
this is a peculiar feature observed only in the absence
of lane discipline. Fig. 2¢ illustrates the trajectories of
MTWs coinciding with that of the other vehicles, in oth-
er words the MTWs and the other vehicles are traveling
side-by-side for about 40 m distance. From Fig. 2c the
density observed at frame number 3900 is two vehicles
over a length of 60 m road length. Even though there
are three vehicles present over this road stretch due to
the side-by-side movement the density value turns out
to be two vehicles over the observed road length. The
effect of the lane-sharing behavior on the density values
is further explained in the following sections.

3. The Concept of Diminishing Density

It is known that the vehicular speeds are influenced by
the longitudinal space headways. When dealing with the
traffic at macroscopic level it may be said that the aver-
age speed of the traffic stream is influenced by density.
When MTWs are sharing the lane, longitudinal head-
ways may be correlated to the lane-sharing behavior in
addition to the density. In these conditions, even when
the observed densities are high (the actual number of
vehicles seen on the road) space headways available for
the vehicles may not be that low. Considering this, and
also considering the importance of the speed-density
relationship in the macroscopic traffic flow models, it is
hereby suggested that the density is the major parameter
that should be adjusted.

Del Castillo and Benitez (1995) have proposed sev-
eral forms of the speed-density relationships. All these
relationships have the following functional form in com-
mon:

V=¥, 1),

where: Vyis the free-flow speed of the traffic stream; f(-)
is the generating function and its argument; A is equiva-
lent spacing:

X:H.[i_l}
Vf Hj

where: C; is the kinematic wave speed at jam density; H;
is the jam spacing; H is the average spacing, the recipro-
cal of density.

It is thus evident that the functional form of the
speed-density relationship is based mainly on the lon-
gitudinal spacing between the vehicles. Therefore, to in-
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corporate the lane-sharing behavior, the observed values
of density on the Indian roads should be corrected be-
fore being used in the speed-density relationships, and
subsequently the modified speed-density relationships
are to be given as the input into the existing macroscopic
models. For this purpose, a concept that deals with the
diminishing density is proposed in this study.

3.1. The Density Diminishing Factor

Considering the roadway shown in Fig. 1d, one may find
the density as eleven vehicles per unit length, just by
counting. However, as explained earlier, the existence
of MTWs numbered one to seven cannot be incorpo-
rated in the speed-density equation. In the absence of
side-by-side movement, the density would have been
four vehicles per unit length. Thus, in the perspective
of speed-density relationship, any observed density will
thus have an equivalent suitable value, which will be
lower in magnitude. At the same time the density value
cannot be considered as four vehicles (the side-by-side
movement has certain effect such as the lateral friction
on the speed of the vehicles) and it may be anywhere
in between 4 and 11. To find this equivalent value, the
observed density will have to be diminished by a fac-
tor. Calling this as the density diminishing factor, and
denoting it with ©:

pr=>D-p,
where: @ is density diminishing factor, the range is
0<®<I1; p is the total observed density of the traffic

stream; p" is diminished density, to be used in the speed-
density relationships.

3.2. Effect of MTW Lane-Sharing While
Calculating the Jam Density

From the Figs 1c and 1d it can be seen that the number
of MTWs sharing the lane with the other vehicles is in-
creasing with the total density. Hence, the jam densities
are also to be adjusted accordingly and the correspond-
ing density diminishing factor is a characteristic of the
traffic composition and the road geometry. As a general
case, the jam density on a highway may be formulated as
follows in the case of homogeneous traffic, without any
lane-sharing behavior:
1

Pin =T
where: L and h are respectively the length of the vehicle
and the safe distance maintained by the vehicles in jam
conditions.

Tang et al. (2009) improved this relation to bring
in the heterogeneity of N vehicle classes with p; as the
proportion of the jth vehicle class in the traffic stream:

1
Pjam -~
;E(%*%)

when the MTWs are present in the traffic stream along
with the cars the following two cases may arise with re-
spect to the effective jam density.
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For the traffic stream consisting of cars and MTWs:

— if all the MTWs occupy the space on the sides
of the cars the jam density would be equals to
or slightly greater than the density corresponding
to the homogeneous traffic stream, consisting of
only cars:

N 1
Plam = W;
car
- if some of the MTWs occupy the space behind
the cars, as shown in Fig. 1d, the effective jam
density would be:

* 1 = 1
Phn TRy P (L) B (£ 1),

where: p_,,. is the proportion of the cars in the traffic
stream; p,,,,,, is the proportion of the MTWs that are be-
hind the cars and it is equals to zero when all the MTWs
are on the sides of the cars.

In a more generalized scenario where the traffic
stream consists of N vehicle types, the jam density would
be as follows:

. 1
Pjam =N ’

ij -(Lj +hj)+p;\, -(L+h)mtw
im1

where: j = 1...N-1 refers to all other vehicle types except
the MTWs present in the traffic stream; p; refers to the

corresponding proportions; py is the proportion of the
MTWs that are standing behind the bigger vehicles.

3.3. Class-Specific @,,;, Values

The class specific ®,;, value is the density diminish-
ing factor corresponding to the maximum number of
MTWs that can occupy the space available on the side
of a particular vehicle class, under jam conditions. The
diminished jam density is:

Pjam = D@pin "Pijam-

The ®,_;, values corresponding to each vehicle class
can be used in calculating the diminished or the effective
jam density. A relation to arrive at the @, value for a
vehicle class is proposed based on the area where MTW
lane-sharing takes place, i.e. the area left on the sides of
that particular vehicle class:

_ (Lmtw +h)'(Wmtw +g)

(Dmin,i - Li (W—I/Vl)

where: @ ;. ; is the value associated with the maximum
MTW lane-sharing on the sides of class i; L,,,, and
W, are the length and width of a typical MTW; L,
and W; are the length and width of a typical ith class
vehicle; h and g are the safe longitudinal and transverse
gaps, respectively, the MTW drivers would maintain at
jam densities; W is the width of the lane.

As an illustration, let us consider a typical case of
MTW lane-sharing on the sides of the cars shown in
Fig. 3.

47 m

1.7m

3.5m

Fig. 3. MTW lane-sharing, a hypothetical case

In addition to the dimensions shown in the figure,
the safe longitudinal and the transverse gaps are assumed
as 0.5 m and 0.1 m, respectively. In this case the value
of @i ar i 0.19. It can be seen that the actual density
is 7 vehicles over a length of 4.7 m or 1487 veh/km, but
the diminished density is 1.33 vehicles over 4.7 m or
283 veh/km.

When several types of vehicles are present in the
traffic stream and if the corresponding proportions are
known the jam density may be computed as follows:

N-1

p;’am = z q)min,i "D +P;\] P>

i=1
where: @, ; is the minimum diminishing factor corre-
sponding to the ith vehicle class; p; is the corresponding
vehicle’s proportion in the traffic stream; p is the actual
density; py is the proportion of the total number of
MTWs that are behind the other vehicles.

4. Expected Behaviour of Density Diminishing
Factor from a Hypothetical Simulation
Using VISSIM

4.1. VISSIM Simulations

Before using the VISSIM for simulations, some of the
important parameters have been adjusted for the het-
erogeneous traffic conditions. Though all the parameters
ranging from CCO to CC9 are approximately adjusted
for the heterogeneous traffic conditions, the main em-
phasis was put on calibrating the time headway param-
eter, CC1. The model has been validated at macroscopic
level using the data collected on one of the arterials lo-
cated in Delhi, India. Traffic composition observed at
this location is shown in Fig. 4. Important vehicle related
inputs to the VISSIM are shown in Table 1. Lateral gap
data for different vehicle types are shown in Table 2. It
is assumed that the gaps vary linearly between the two
extreme values (at zero and 60 km/hr speeds). It was
observed that the lateral gaps maintained by the vehi-
cles when traveling at different speeds have significant
influence on the output from VISSIM. Finally the ob-
served and the simulated flow-occupancy relations are
shown in Fig. 5. From the comparison of observed and
simulated flow-occupancy relationships it can be said
that VISSIM is able to simulate the heterogeneous traf-
fic conditions with reasonable accuracy.
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MTW
5%

Fig. 4. Traffic composition used for validating VISSIM
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Fig. 5. Observed and simulated flow-occupancy relationship

Table 1. Acceleration deceleration behavior of various types of vehicles used in VISSIM validation

Acceleration [m/sec?] at different speeds

Vehicle type Deceleration [m/sec?]
< 5.5 m/sec Between 5.5 and 11 m/sec > 11 m/sec
Car 2.0 1.5 1.0 2.0
MTW 2.5 2.0 1.5 1.5
Bus 1.5 1.0 0.5 1.5
Truck 1.0 0.5 0.5 1.5
LCV 1.0 1.0 0.5 1.5
Three-Wheeler 1.0 1.0 0.5 1.5

Table 2. Gaps maintained by various types of vehicles at 0
and 60 km/hr speed (Nagaraj et al. 1990)

Lateral gap Lateral gap

Type of vehicle at zero speed [m] at 60 km/hr speed [m]

Bus 0.4 1.0
Truck 0.4 1.0
I\}leghhitC lSommercml 0.3 07
Car 0.3 0.7
MTW 0.1 0.7
Three-Wheeler 0.2 0.7

4.2. Results from VISSIM

The density diminishing factor @ is expected to exhibit
inverse proportionality behavior with the total density
of the stream as well as with the relative density of the
MTWs. Same was evident from the simulation of a hy-
pothetical single lane road stretch using VISSIM. VIS-
SIM is based on Wiedemann’s car-following model and
does not account for the MTW lane-sharing behavior.
However, VISSIM is capable of simulating the overtak-
ing behavior within a lane if the available lateral gap is
sufficient. As shown in Fig. 2, overtaking is a phenom-
enon that is comparable to the side-by-side movement.
The major difference is that the overtaking operation is
completed in a considerably lower amount of time com-
pared to the side-by-side movement. Same is evident
from the simulation of a hypothetical single lane stretch

allowing and prohibiting the within-lane overtaking.
Output from this simulation is used in observing the
trend of the density diminishing factor with respect to
the total density and the fraction of MTWs. The trend of
the density diminishing factor is obtained from the com-
parisons of the speed-density relations corresponding
to the scenarios, overtaking permitted, and overtaking
prohibited. Several simulation runs have been carried
out for different MTW proportions to know the rela-
tionship between the fraction of MTWSs and the density
diminishing factor.

The density and the avg. speed data were obtained
directly from VISSIM. The data from VISSIM are aver-
aged over one-minute duration. As the simulations are
carried out for one hour period, sixty data points on the
density and the speed have been obtained. Speed-density
relations obtained from the simulation runs, for differ-
ent fractions of MTWs, are shown in Fig. 6. The den-
sity values with overtaking permitted are always greater
than those with overtaking prohibited, corresponding
to the same stream speed. It may be observed that ir-
respective of the MTW and four-wheeler proportions,
the difference in densities increases with the increasing
density. Further, magnitude of the difference in densi-
ties increases with the increase in the proportion of the
MTWs. Variation of density diminishing factor with
speed, for various proportions of MTWs, is shown in
Fig. 7. From this figure it can be seen that the fraction
of MTWs present in the traffic stream significantly in-
fluence the density diminishing factor. At the same time
for from 40 to 60% of MTWs there is not much change
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in the diminishing factor. More simulations, with vary-
ing proportions of MTWs, may give a better insight into
this behavior. Fig. 8 shows the variability of threshold
speed with respect to the fraction of MTWs observed
in the traffic stream. Threshold speed for lane-sharing
is 65 km/hr for the MTW proportion ranging from 25
to 60%. When 90% of MTWs are present in the traffic

M. Chunchu, B. B. Kuzhiyamkunnath. Analysis of the effect of two-wheeler lane-sharing behavior ...

stream lane-sharing is observed even at higher speeds.

Correlating the behavior found in the cases of
overtaking permitted and overtaking prohibited to the
conditions with and without MTW lane-sharing, it may
be concluded that the density diminishing factor @ is
inversely proportional to the total density as well as to
the relative density of the MTWs (Fig. 7).
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Fig. 6. Flow-density curves at: a — 25% MTW, rest all being cars; b — 40% MTW, rest all being cars;
¢ - 50% MTW, rest all being cars; d - 60% MTW, rest all being cars; e - 90% MTW, rest all being cars
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The difference in densities corresponding to the
same average traffic stream speed, as can be seen in
Fig. 6, is attributed to the side-by-side movement of
the MTWs within a single lane. Hence when the speed-
density relation is given as the input to the macroscopic
traffic flow models the difference in the densities must
be reflected in that relation.

Summary and Conclusions

Lane-sharing behavior of the MTWs is a crucial aspect
to be analyzed when modeling the heterogeneous urban
traffic observed in the developing countries like India.
Lane-sharing behavior of the MTWs significantly in-
fluences the applicability of microscopic as well as the
macroscopic traffic characteristics. Headways and the
corresponding macroscopic characteristics do not de-
scribe the actual traffic behavior when there is no lane
discipline along with the lane-sharing of the MTWs. It is
necessary to integrate the lane-sharing behavior with the
traffic characteristics before using them in the modeling
process. In this study a factor termed as ‘the density di-
minishing factor’ has been proposed to compute the ef-
fective density. Density diminishing factor considers the
number of MTWs that are using the road space available
adjacent to the other vehicles.

Speed, as a function of the density, is a crucial input
to the macroscopic traffic flow models. Speed-density
relations have been obtained for the lane disciplined
and no-lane disciplined traffic streams using the micro-
scopic simulation software VISSIM. No lane-discipline
has been regenerated by allowing the overtaking/passing
within the same lane. From the resulting speed-density
relations it has been found that the density diminishing
factor will be inversely proportional to the total density
as well as to the relative density of the MTWs. It has
also been observed that the density diminishing factor
is found to be significantly influenced by the proportions
of MTW s present in the traffic stream. From the limited
simulations, it has been observed that the lane-sharing
behavior starts taking place when the average stream
speed is less than 65 km/hr, for the proportions of
MTWs in between 25 to 60%. For further higher MTW
proportions lane-sharing has been observed even in free
flow conditions. More field observations along with sev-
eral simulation runs are planned in further research for
better understanding of the density diminishing factor.
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