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Abstract 

In this paper is going to be proposed a Cell Transmission Model (CTM), its analysis and evaluation with a case study, 

which addresses in a detailed way the aspect of merging and diverging operations on urban arterials. All those few CTM 

models that have been developed so far, to model intersections, have some limitations and drawbacks. First, unlike the 

simple composition road networks, such as highways, urban arterials must include some complex parts called merge sand 

diverges, due to the fact of vibrational values of reduced capacity, reduced saturation flow rate, etc. In order to simulate 

an urban network/arterial it is not possible to neglect the traffic signal indication on the respective time step. The 

objective of this paper is to highlight the difference between the results of the original CTM and our proposed CTM and 

to provide evidence that the later one is better than the old one.  The proposed and formulated model will be employed 

through an algorithm of CTM to model a segment- arterial road of Pristina (compound from signalized intersections). For 

the functionalization and testing of the proposed model is build the experimental setup that is compatible with the 

algorithm created on C# environment. Results show that the proposed model can describe light and congested traffic 

condition. In light traffic conditions, in great mass traffic flow is dictated by the traffic signal status, while in medium 

congestion is obtained a rapid increase of the density to each cell. Fluctuations of the density from the lowest to the 

highest values are obvious during the first three cycles to all cells of the artery in a congested traffic state. 

Keywords: Cell Transmission Model; Urban Traffic; Merge and Diverge; Intercell Flow; Traffic Congestion. 

 

1. Introduction 

During history of seeking various analytical traffic engineering techniques, lots of traffic simulation tools have 

been proved to have potential solutions in traffic problems. Related to the traffic control of intersections, whatever 

they were, un-signalized or signalized, adequate techniques were adopt for analysis and identifications of various 

problems. These simulation techniques have evolved with traffic flow models that describe traffic flow by different 

aspects, and as the most popular classification of them is the microscopic and macroscopic traffic flow [1]. 

 In microscopic models the process of traffic flow is described on the level of the individual entities or driver units 

(vehicles) and the interactions between these units explicitly modelled. The traffic flow process is the collective 
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behavior of all the units together while macroscopic models consider the traffic as the continuum as fluid flow by the 

characteristic quantities such as characteristics as, speed traffic density and traffic flow or volume at point and time 

respectively. The earliest macroscopic model was proposed by Chen et al. (2015) and Lighthill and Whitham (1955); 

referred as LWR model [2, 3].  

Some other forms of traffic flow modeling are discretized models when the main traffic variables of LWR model 

are discretized in time length dimensions. In the frame of the discretized models one and very extensively used on the 

two past decades is the cell transmission model (CTM). This dissertations purpose is the development of an enhanced 

CTM model that will be able to model traffic conditions particularly on the urban arterials, in both free and saturated 

flow state. CTM model was first developed by Daganzo (1993 and 1995) [4, 5], but since that time due to the fact of 

its simplicity of expression of traffic parameters, has become a popular model to researchers of the modelling 

disciplines. Author has found the new way to overcome the difficulties of partial differentiating by partitioning the 

road segments and adopting the fundamental diagram of flow and density.  

So, models that derived from the first general CTM hopefully have served as robust tools for addressing traffic 

problems although their perfections is not achieved yetWe are witness to a lot of researches based on CTM, since 

1994, when Daganzo [4] has developed it in a simple link with no convergences. The models based on CTM, in the 

most cases, have proved to provide satisfied results on modelling the different traffic conditions as well as efficient 

tools for analysis, estimation and prediction of traffic parameters. The nowadays Intelligent Transportation Systems 

(ITS) require on line information of traffic parameters and during the development of the CTM models many benefits 

are achieved from them toward this aspect. In following unit is given a brief review by intentionally ordering, firstly 

the researches related to highways model and then the arterials, because the first ones have date immediately after the 

first version of CTM, following by researches with regard to complex nodes-intersections of urban arterials. 

1.1. Highway Models  

Daganzo (1994) [6] presented a simple representation of traffic on highway with a single entrance and exit. The 

one way road was divided in homogeneous sections (cells), with length that are set equal to the distances travelled in 

light traffic in a time step as the author decided to be shown with a clock tick. The paper provides an analogue 

presentation of the equation of CTM model with the discrete approximation of the LWR hydrodynamic model with a 

density-flow relationship of the trapezoid form and then used to predict the traffic parameters. Munoz et al. (2003) [7] 

developed a switching-mode model (SMM) for a short highway section where suggested that the upstream and 

downstream flows are measured and under the assumption of the triangular diagram of flow density relationship, the 

inter cell flows are determined as in the simple example of CTM model.  

The mentioned authors applied a mixture Kalman Filter [8], which is a recursive data processing algorithm that 

uses only the previous time-step’s prediction with the current measurement, in order to make an estimate for the 

current state [8], to estimate the densities on the sections with unmeasured traffic flows. Sun (2005) [9] in his 

dissertation developed a ramp-metering control algorithm using the linear quadratic controlling in a modified cell 

transmission model of a freeway segment by developed by Munoz et al. (2003) [7]. Waller et al. (2007) [10] have 

developed the validation of a CTM based highway segment model which is used to predict the occupancy using 

coverage detectors on different parts of it.  

Accuracy of the results concluded that the CTM model can well be suited in the areas of forecasting through 

different advanced techniques as neural network, Kalman filter etc. Aligawesa (2009) [11] proposed a model and 

algorithm which applied to various scenarios of congestion incidents and validated with real traffic data that show 

satisfied results. Author proposes a switched CTM model that contains five modes namely FF, FC1, FC2, CF and CC, 

whereby each letter represents either a free flow (F) or congestion (C) status for a cell respectively, and identified the 

state of each cell particularly based on a proposed distribution of the probabilities of the cell state.  

Chen et al. (2010) [12] tried to give an improvement to the original CTM model extending it by defining various 

shapes of fundamental diagram with the aim to reproduce more types of traffic conditions including capacity drops, 

lane-by-lane variations, non-homogenous propagation of backward waves. Author proposed different diagram for each 

of five lanes of a freeway segment in California for which poses the collected data by loop-detectors. For lanes 1 and 2 

adopted a fundamental diagram with capacity drop, for lane 3 and 4 a triangle density-flow relationship diagram and 

for the lane 5 a trapezoid form fundamental diagram. Tests have shown that this modified promises good results, 

compared to the field data.  

1.2. Intersection and Arterial Models 

Easily can be guessed from the literature review that cell transmission model evolution of the complex nodes, has 

followed after a considerable time from the cell transmission model of the simple composition of roads, as highways 

and freeways segments. Since the nature of the intersections in general and some specific cases of nodes in particular, 

differ from the highways that in most of cases are treat as one way, with some entries and exits, considerable 

modifications and modalities to the original cell transmission model have seen as necessary.   
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Wang (2010) has developed a conditional cell transmission model CCTM in her dissertation research [13], by 

proposing the adding a so called conditional cell in the center of the intersection which stores the vehicles which cause 

blockades. With an added conditional cell, author tended to simulate the blockades and spillbacks in the intersections. 

With one word, when the left turn vehicles face a conditional cell on their target entry, could be blocked by this cell. 

The flow reduction increases if the occurrence of this conditional cell happens frequently, and the decreases if its 

occurrence happens rarely. This occurrence is expressed in probability percentage.  

The overall inter-cell flow laws and capacity determinations of the individual lanes, are same as the cell 

transmission model for simple links. CCTM flows also accounted for traffic signal indication. For a red signal the 

value is zero and for a green signal a constant that accounts for flow takes value one. Nevertheless, the mentioned 

conditions are well reflected in the output results of the mode, from my point of view, the model has lead an excessive 

approximation of the blockades rather than in real presentation of the conditions.  In the midst of scientific works 

toward efforts to create a suitable cell transmission model that is capable to present inclusion of different movements 

on the phases of traffic signal plans of controlled intersections, it is worth to mention the algorithm of CTM-URBAN 

[14], developed by Huang (2011). Algorithm proved to overcome limitations of the original cell transmission model in 

the application of urban intersection by implicating generate changeable turning ration factors, which on the past had 

static values. Thorough comparative analysis between this new algorithm and a validated model of Vissim [15], have 

been achieved optimistic results in the aspect of representing permitted flow by incorporated parameters, benefits of 

full blockage factor and accuracy of the queue length estimation. Xie et al. (2013) gave their contribution on the 

application of the cell transmission model in estimating traffic congestions/jams and collisions, with explicit analysis 

of the effect of traffic light through a gridlock plan of an urban network [16]. Through a parameter named CG, they 

presented the collision and gridlock that take values from zero to one, with statement, higher is the value, heavier is 

the collision impact. With approximately similar idea of presenting the blockages on the intersections by inserting 

additional cells on particular lanes as Wang (2010) [13], is appeared with his research Papapanagiotou et al. (2013), 

but with difference referring to them as virtual cells. Model serves also to calculate number of stops delays [17]. As a 

base for estimating queue length, by first predicting the density of each cell and then the tail of length, CTM [18]. 

Identification of the tail of length was done through a density evolutions table which changes over time and space. The 

main criteria from, which the tail of queue is identified is that if the cell 𝑖 and all its downstream cell densities are 

larger than the critical density and if the upstream cell densities are lower than the critical density, the queue tail 

locates in cell 𝑖 or cell 𝑖−1.Further, to analyze whether the queue tail still stays in cell𝑖 or moves to cell 𝑖−1, the 

demanded space from cell 𝑖−1 and the supplied space from cell 𝑖 should be compared. If all the last time interval 

vehicles of cell 𝑖−1, 𝑛 𝑖−1 (𝑘−1), flow into cell 𝑖 in this time interval, it suggests that the traffic flow is free and the 

queue tail is still in cell 𝑖. Otherwise, the tail of the queue is located in cell 𝑖−1. Thus, it can be summarized that the 

queue tail is located in cell [13]. Cell transmission model was successfully used for traffic signal optimization also. 

Adacher and Tiriolo (2016) [19] presented a distributed algorithm for optimization of coordinated traffic signals. As 

the objective function of the optimization they laid the sum of delays that were obtained from e urban cell 

transmission model simulation. Although, CTM was used as a layout for optimal strategies of traffic signal control by 

not addressing well the discharge flow rate through different times of the cycle, i.e., green and red interval, leading in 

overestimated signal planning splits. Chow et al. (2015) in a cell transmission model of signalized intersection defined 

the red and green durations of the traffic light is set to be 30 (sec) and 30 (sec) respectively [20]. 

2. Principles of CTM and New Approaches Toward Its Improvement 

CTM relies on the conversional of trapezoidal simplification of the fundamental diagram of the flow-density 

relationship that on this paper will be referred as FDR diagram. In order to be quickly linked with the FDR of the LWR 

model from which has evaluated cell transmission model, let we have a brief mention of its parameters. In the diagram 

depicted in the Figure 1,a), we can distinguish three parameters: maximal flow-capacity, Qcap [veh/s], density, ρ 

[veh/m], critical density, ρcr [veh/m], jam density, ρj [veh/m], free flow speed vf[km/h], and backward speed or 

propagation wave speed, w [m/s]. 

 

 
Figure 1. Fundamental diagram, a) fundamental parameters, b) Inter cell flows 

Sending flow from the upstream cell and receiving flow of the downstream cell. With other words, the number of 

vehicles that can pass the cell i-1 is dictated by the empty space of the downstream cell i. 

a) b) 
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𝑞𝑖−1→𝑖(𝑡) = min⁡{𝑆𝑖−1, 𝑅𝑖} 

Where: 𝑆𝑖−1 = ⁡min⁡{⁡𝑣𝑓𝜌𝑖−1, 𝑄𝑖−1⁡}  and   𝑅𝑖 = ⁡min⁡{𝑄𝑖−1⁡, 𝑤𝑖(𝜌𝐽 − 𝜌𝑖)} 
(1) 

Where: 

qi-1→i (t) is the number of vehicles that enter in cell i during time step t; 

S i-1 is the sending function of cell i-1, 

Ri is the receiving function of cell i , 

Vf is free flow speed in cell i-1, 

𝜌𝑖−1 is the density of cell i-1, 

𝑄𝑖−1⁡Maximal flow or capacity of cell i-1, 

𝑤𝑖  Backward speed of cell i, 

𝜌𝐽 is jam density of cell i and 

𝜌𝑖 is the density of cell i. 

2.1. Definitions of CTM  for Urban Intersections 

As were comprehensively given on the previous unit, the novel features of the proposed CTM model that guarantee 

accommodation of the various urban arterials, can be built by treating the variability of the characteristic parameters 

Despite of original CTM when these characteristic parameters were constant at all discretized parts and during all time 

steps, here we face with the need of a calibration framework, from which will obtained the main parameters depending 

on the dynamic of traffic conditions belonging on the parts of arterial or in any particular cell of it as well as for 

different evolution times, i.e. red/green interval, beginning of green, end of green, etc. In the Table (1) are presented 

the characteristic features of CTM of freeways and urban segments. 

Table 1. Consideration of Changeable Parameters/ Calibration 

 
Original CTM New CTM 

Freeway Intersection Freeway Urban Intersection 

Complexity of road 
configuration 

No 
Yes 

Merge/diverge 
No 

Yes 
Merge/diverge 

Inter Cell Flow No No 
Yes 

Sending/receiving demand 
Yes 

Sending/receiving demand 

Flow Capacity No No 

Yes 

Sending/receiving demand, 

On ramp Metering 

Yes 

Sending/receiving demand, 

Signal  Phase 

Storage Capacity No No Yes Yes 

Free Flow Speed No No Yes Yes 

Backward Speed No No 
Yes 

Beginning /End of Green 
Yes 

Portion of Green 

Critical Density No No Yes Yes 

Queuing Discharge 
Headways 

No No No 
Yes 

Traffic Signals 

2.2. Inter Cell Flows for Merge and Diverge 

2.2.1. Diverge 

Determination of inter cell flow of ordinary links is easier to calculate than that of the complex configuration, that 

Daganzo referred as Merges and Diverges, Figure 2. Instead of calculating the above value of only one amount of flow 

qi that can be send from the upstream cell a, we have to determine two f them, one that can be accepted from cell b and 

one from the cell c. These diverging flow can be easily calculated if we know the turning percentage. If we suppose 

we have a diverge with proportions of βb(t) and βc(t) of Sa(t) going to each link, βb (t) + βc (t)=1, the two flows that go 

from cell a must fulfil the preliminary condition:  

𝑞𝑎−𝑏 = 𝛽𝑏∙𝑞𝑖 and 𝑞𝑎−𝑐 = 𝛽𝑐∙𝑞𝑖. Secondly, the total flow qa-b+ qa-c can dot be higher than the sending flow of the cell a, 

Sa and none of the flows qa-b and qa-c can exceed the respective receiving flow Rb and Rc,. 

Taking into account the above conditions, the main constraint equations can be written: 
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𝑞𝑖 = min⁡[𝑆𝑎 , 𝑅𝑏/𝛽𝑏 , 𝑅𝑐/𝛽𝑐] (2) 

𝑞𝑎−𝑏 = 𝛽𝑏∙𝑞𝑖 (3) 

𝑞𝑎−𝑐 = 𝛽𝑐∙𝑞𝑖 

𝑞𝑖 ≤ 𝑅𝑏/𝛽𝑏∙⁡𝑎𝑛𝑑⁡𝑞𝑖 ≤ 𝑅𝑐/𝛽𝑐 
(4) 

After substituting the main equation for the sending and receiving functions respectively (1) in the above constraint 

equations, can be written the Equations 5 and 6 for flow downstream cells, b and c, respectively. 

𝑞𝑎−𝑏 = min⁡{𝛽𝑏min[𝑣𝑓𝑎𝜌𝑎, 𝑄𝑎] ;min⁡[𝑄𝑎 , 𝑤𝑏(𝜌𝐽𝑏 − 𝜌𝑏);⁡𝛽𝑏/𝛽𝑐min[𝑄𝑎 , 𝑤𝑐(𝜌𝐽𝑐 − 𝜌𝑐)] (5) 

𝑞𝑎−𝑐 = min⁡{𝛽𝑐min[𝑣𝑓𝑎𝜌𝑎, 𝑄𝑎] ; 𝛽𝑐/𝛽𝑏min⁡[𝑄𝑎 , 𝑤𝑏(𝜌𝐽𝑏 − 𝜌𝑏);min[𝑄𝑎 , 𝑤𝑐(𝜌𝐽𝑐 − 𝜌𝑐)] (6) 

2.2.2. Merge  

Merge can be in one the three possible regimes: Merges provides a complicated form of CTM configuration and 

flows must satisfy the conditions:  

𝑞𝑎→𝑐 ≤ 𝑆𝑎⁡⁡⁡⁡⁡⁡𝑎𝑛𝑑⁡⁡⁡⁡⁡𝑞𝑏→𝑐 ≤ 𝑆𝑏  (7) 

𝑆𝑎 + 𝑆𝑏 ≤ 𝑅𝑐 (8) 

When sum of sending flow of cell a and cell b Figure 2, a) is less than the receiving flow of cell c then the entire 

volumes can be absorbed by cell c, but in other case when sending flow is greater than the possibility of acceptance by 

cell c then the matter varies in that there are some rules of vehicle issuance according to the linear rule given below.  
𝑞𝑎→𝑐 = 𝑅𝑐 − 𝑞𝑏→𝑐⁡⁡;    𝑞𝑏→𝑐 = 𝑅𝑐 − 𝑞𝑎→𝑐 

Depending on the proportions 𝛽𝑎⁡𝑎𝑛𝑑⁡𝛽𝑏  of vehicles on each cell respectively, a line can be defined so that 

𝑞𝑎→𝑐/𝑞𝑏→𝑐 = 𝛽𝑎/𝛽𝑏. The linear equation is: 

𝑞𝑏→𝑐 = 𝛽𝑏/𝛽𝑎 ∙ 𝑞𝑎→𝑐  and/or 𝑞𝑏→𝑐 = 𝛽𝑏/𝛽𝑎 ∙ 𝑞𝑎→𝑐 (9) 

The flow originating from the cells a or b cannot be greater than their maximum flows, i.e. 𝛽𝑎 ∙ 𝑅𝑐 > 𝑆𝑎 or  𝛽𝑏 ∙
𝑅𝑐 > 𝑆𝑏  and qa must respect constraint to Sa and qb to Sb. The remainder of Rc can be assigned to the other flow, i.e. 

𝑞𝑎→𝑐 = 𝑅𝑐 − 𝑆𝑏 or 𝑞𝑏→𝑐 = 𝑅𝑐 − 𝑆𝑎. 

The above elaboration of merge, can be defined comprehensively with the below equations: 

𝑞𝑎→𝑐 = 𝑆𝑎⁡,⁡⁡⁡𝑞𝑏→𝑐 = 𝑆𝑏⁡    𝑖𝑓⁡⁡𝑆𝑎 + 𝑆𝑏 ≤ 𝑅𝑐 (10) 

Otherwise; 

𝑞𝑎→𝑐 = 𝑚𝑖𝑑{𝑆𝑎 , (⁡𝛽𝑎 ∙ 𝑅𝑐), ⁡(𝑅𝑐 − 𝑆𝑏)} 

𝑞𝑏→𝑐 = 𝑚𝑖𝑑{𝑆𝑏 , (⁡𝛽𝑏 ∙ 𝑅𝑐), ⁡(𝑅𝑐 − 𝑆𝑎)} 
(11) 

 

 

 

 

 

 

 

Figure 2. a) Merge and b) Diverge 

2.3. Notation of Merge and Diverge Cells 

We agree to make a denomination for a cell through two digits, and one letter such way that the first digit presents 

the segment number, the second digit presents the ranking number of cell in segment, where n is the most distant cell 

and 1 is the first cell nearby the stop line and the digits presents the turning lane r-right and l-light as in Figure 3 and 

choose to drawn the equation of inter cell flows of diverge and merge of segment 1. For example label 12 stands for 

the cell in segment 1, ranked on the second place from the stop bar. Adding a letter r, we present the cell in right turn 

lane, nearby the sop line. The absorption cell of every approach exit has e second digit zero on its label. For example 

the cell 1,0 is the merge cell of segment1. Initially there are denominated the main intersection approaches as 1 and 2 

and the minor approaches with 3 and 4. 
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Figure 3. Merges and Diverges of an intersection-Notation 

3. Demand of Nearby Stop-Bar Cell (SBC)-New Definition of Fundamental Diagram 

In very early CTM models the demand functions of the cells next to stop (SBC) line are considered constant in both 

free flow and congested traffic flow conditions. The only difference was on defining the traffic signal phase belonging. 

Depending on the instant state of the traffic signal indication, the discharge flow/outflow was assumed as zero if the 

signal phase is red and different from zero of the signal phase is green [21-23]. As it is known, by the traffic flow 

nature on the signalized intersections, at the beginning of green interval the discharge rate is low, with higher 

discharge headways do to the reaction time and start up time of the first vehicle, which increases to the capacity flow 

until the queue is being dissipated.  

Having the above description, the CTM functions do not capture the demand of the nearby-stop cell during the 

different portions of green interval. On this way the derived model is not capable to treat the nature of discharge 

features of urban arterials and may lead to non-consistency of the model and observed real traffic parameters. Aron et 

al. based on a discretization LWR model, defined that the demand on the congested traffic has a lower value than the 

capacity and decreases with density [24, 25].  

 

Figure 4. Illustration of demand (violet) and supply (gray) functions of the proposed CTM, on the final diagram, three new 

CTM parameters are presented (Qj, ρj’ and w’) 

Regarding the new one fundamental diagram FDR, of the proposed new CTM model, we can highlight three new 

parameters additional to the original CTM model. These parameters as, are depicted on the fig. are, slope of the new 

demand curve, w’ (written same as the slope of the supply or backward speed but with a ‘notation “’”), new jam 

density, ρj and jam flow rate which correspond to the new jam density, Qj. 

The density of the queued vehicles of the SBC is higher than the critical density which corresponds to low speeds, 

as the signal is indicating the first green seconds. At general cases, a role on the determination of the traffic state plays 

the length of the cell. A cell with a length long enough to include the entire queue, implicitly can be qualified as the 

congested traffic state and the cell upstream to it can be qualified as is in free flow state FC, Figure 5, b). In opposite 
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case if the SBC does not achieve to include the entire queue length, the both it and its upstream cell can be qualified as 

congested sate or CC, Figure 5 a). The downstream cell, or merge cell of the entry approach of intersection is always 

supposed as is in free flow state. The above statement stands for the very early portion of the green interval. 

 

Figure 5. SBC traffic state conditions and FDR employment, a) SBC and its upstream congested and b) SBC congested and 

its upstream free flow 

As the queue continues to dissipate through green interval, the density decreases while the flow rates increases 

Since the CTM is a discrete model not only by length dimension but also of time, the selection of the demand 

functions depends on the time increment intervals. Special cases can be employed of on selection of the FDR diagram, 

based on the step time inclusion to the portion of green interval. Consequently, only during the first time step during 

which the vehicle density is over critical, must be employed e new demand function which is linearly decreasing with 

density, but on the other next time steps (surely included on green interval) we can employ a demand that corresponds 

to capacity flow after which, the density is under critical Figure 5, a).  If the time step is almost equal to green interval, 

only the new FRD for demand is applied.  

 The minimum flow rate that correspond to the new demand function, jam flow, Qj is calculated as: 

𝑄𝑗 = 𝑤
′ ∙ (𝜌𝑗

′ − 𝜌𝑗) (12) 

From the fundamental diagram of above Figure 4 can be drawn the expression for calculations of the new 

parameters. The capacity flow that from the fundamental diagram was calculated as: 

𝑄𝑐 = 𝑤 ∙ (𝜌𝑗 − 𝜌𝑐) (13) 

With changes of the new fundamental diagram can be calculated as: 

𝑄𝑐 = 𝑤′ ∙ (𝜌𝑗
′ − 𝜌𝑐) (14) 

Consequently, any intermediate value of the flow rate between the above two values Qj <Qi< Qc, can be calculated 

with the formula: 

𝑄𝑖 = 𝑤
′ ∙ (𝜌𝑗

′ − 𝜌𝑖) (15) 

 

Figure 6. In flow and out flow of SBC 

If we agree to denote the inflow to the SBC, q(SBC-1→SBC) with qin and the outflow q (SBC→SBC+1) with qout , Figure 6 

from the CTM fundamental diagram of relationship of flow and density we can write their equations as follows. 

𝑞𝑖𝑛 = min{𝑆𝑆𝐵𝐶−1, 𝑅𝑆𝐵𝐶} (16) 

Where 𝑆𝑆𝐵𝐶−1⁡𝑎𝑛𝑑⁡𝑅𝑆𝐵𝐶  are the sending and receiving of the SBC-1 and SBC cells, respectively, calculated with 

Equation 17; 
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𝑆𝑆𝐵𝐶−1 = min{𝑄𝑐 , 𝑣𝑓𝜌𝑆𝐵𝐶−1} 𝑎𝑛𝑑⁡𝑆𝑆𝐵𝐶 = 𝑚𝑖𝑛{𝑄𝑐 , 𝑤(𝜌𝑗 − 𝜌𝑆𝐵𝐶)} (17) 

Since the SBC-1 is uncongested and SBC is congested, the inflow is dictated by receiving function of SBC. 

𝑞𝑖𝑛 = 𝑚𝑖𝑛{𝑄𝑐 , 𝑤(𝜌𝑗 − 𝜌𝑆𝐵𝐶)} = 𝑤(𝜌𝑗 − 𝜌𝑆𝐵𝐶) (18) 

The outflow q(SBC→SBC+1) is calculated as: 

𝑞𝑜𝑢𝑡 = min{𝑆𝑆𝐵𝐶 , 𝑅𝑆𝐵𝐶+1} (19) 

Where 𝑆𝑆𝐵𝐶 ⁡𝑎𝑛𝑑⁡𝑅𝑆𝐵𝐶+1  are the sending and receiving functions of the cell SBC and cell SBC+1 respectively, 

calculated as; 

𝑆𝑆𝐵𝐶 = min{𝑄𝑐 , 𝑣𝑓𝜌𝑆𝐵𝐶} 𝑎𝑛𝑑⁡𝑅𝑆𝐵𝐶+1 = 𝑚𝑖𝑛{𝑄𝑐 , 𝑤(𝜌𝑗 − 𝜌𝑆𝐵𝐶+1)} (20) 

Since the SBC is congested, and SBC+1 is uncongested the outflow is dictated by demand of the SBC cell. 

𝑞𝑜𝑢𝑡 = 𝑚𝑖𝑛{𝑄𝑐 , 𝑣𝑓𝜌𝑆𝐵𝐶} (21) 

But as results of changes of the new fundamental diagram FDR, and new demand function of the outflow of the 

last equation takes the form as in equation; 

𝑞𝑜𝑢𝑡(𝑡) = 𝑚𝑖𝑛{𝑄𝑐 , 𝑣𝑓𝜌𝑆𝐵𝐶} = min⁡{𝑤′ ∙ (𝜌𝑗
′ − 𝜌𝑐), 𝑣𝑓𝜌𝑆𝐵𝐶} (22) 

Where Qc may have values from its minimal value at the beginning of interval Qj till its maximal value Qc, based on 

the increasing function of the new FDR (3.12).  

𝑄𝑆𝐵𝐶 =

{
 
 

 
 
𝑄𝑗 = 𝑤′ ∙ (𝜌𝑗

′ − 𝜌𝑗)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑖𝑓⁡𝑡 ≥ 0,

𝑄𝑖 = 𝑤′ ∙ (𝜌𝑗
′ − 𝜌𝑖)⁡⁡⁡⁡⁡⁡⁡𝑖𝑓⁡⁡⁡⁡⁡0 ≤ 𝑡 ≤ 𝑡𝑓𝑟𝑒𝑒

⁡
𝑄𝑐 = 𝑤′ ∙ (𝜌𝑗

′ − 𝜌𝑐)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑖𝑓⁡𝑡 ≥ 𝑡𝑓𝑟𝑒𝑒
⁡⁡0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑖𝑓⁡⁡⁡⁡⁡⁡⁡𝑡⁡ < 0⁡(𝑟𝑒𝑑)

 (23) 

The aim of adopting the new one demand function was on satisfying the discharge process of queues at beginning 

of green through a decreasing function of flow by density. 

4. Case Study 

Test bed is focused on the urban road network of the city of Prishtina, capitol of Kosovo (Figure 7). It is the urban 

segment of bulevard “Bill Clinton” an extension of the Highway M9- “Peja League. The arterial is of legth 970 

meters, with lane widths 3.2, meters on the first and second intersections and 3.0 meters on the third intersection. As 

an entry segment of to the entire network of the city, thorugh which spills all traffic from the respective highway, it 

obiously faces from congestion until full blockages of traffic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 7. Urban segment road “Bill Clinton”/ M9, sources: a) Macro location, Pristina, Kosovo, b) Micro location-Geo Portal-

Kosovo map and c) CTM configuration 
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Figure 8. Urban segment road “Bill Clinton”/ M9, CTM Configuration 

The actual cycle length of subjected intersections is120 seconds, which means that one of them comprises of 52 

time steps, the overall number of cycles within the simulation is 7.5 cycles, consequently the number of time steps in 

simulation run is 390. The beginning of greens for each cycle (as in Figure 9) are spread differently on each 

intersection, thus the definition of the beginning of greens intervals and their ending are very crucial in involving the 

cell transmission model properties. Our aim is not to perform a model simulation in separated cycles, but to obtain a 

continuance of the traffic state from cycle to cycle, nevertheless, the corresponding time steps to the main point as, 

beginning and ending of each green interval, had to be appointed on algorithm. 

To find on which time step the green intervals begin and end, on respective cycle, we use the below expressions: 

𝑔𝑛
𝑠 = (𝑛 − 1) ∙ 52 + 𝑔0,𝑖 (24) 

𝑔𝑛
𝑒 = (𝑛 − 1) ∙ 52 + 𝑔0,𝑖 + 𝑔𝑖 (25) 

Where: 

𝑔𝑛
𝑠

 is the beginning time step of the green interval on cycle n, 

𝑔𝑛
𝑒

  is the ending time step of the green interval on cycle n, 

𝑔0,𝑖  is the beginning time of green interval on a single cycle, of Intersection i 

𝑔𝑖  is the length of green interval of intersection i. 

n is the number of cycle which can take values from n=1,…,7. Consequently, a value one (1) of n, gives the beginning 

of green interval in initial cycle:⁡𝑔𝑛
𝑠 = (1 − 1) ∙ 52 + 𝑔0,𝑖 = 𝑔0,𝑖 ⁡, where value 52 corresponds to the number of time 

steps in a single cycle. 

As it was stated through the formulation of the model algorithm, the new CTM model accounts for the variability 

of the parameter value related to the time steps evolution, such as flow capacity of a SBC cell that may have an 

increasing trend of its value on the advanced time steps, from its minimal value of QJ at the beginning green interval 

(first time step), till the maximal value of capacity QC on the tenth time step. 

The respective values of the flow capacity to first ten time step can be calculated with expression below: 

𝑄𝑖 = 𝑏 + [𝑎 ∙ (𝑡𝑖 − (𝑔0 + (𝑛 ∙ 52)))] (26) 

Where: 

𝑄𝑖  is the flow capacity of the time step i, 

𝑡𝑖 is the time step from 1 to 10, 

n is the number of cycle which can take values from n=1,…,7 

𝑔0,𝑖  is the beginning time of green interval on a single cycle, of Intersection i 

a and b are the parameters of new demand function. 
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Traffic flow on the three signalized intersections is controlled with fixed-time traffic signals. Fixed-time signal 

control uses present time intervals that are the same every time the signal cycles, regardless of changes in traffic 

volumes. The duration of each phase and the phase configuration is given in the traffic signal plan in Figure 9. In 

particular signal phases are assigned the major through movements of the both directions seperated from minor 

thorugh movements. Left turning movement of the first and third intersections are assigned to protected phases, while 

those of the minor approaches are permitted on the first intersection and protected on the third one. Right truning 

movements are permitted plus protected with  storage lane length of twenty meters on the first and third intersections. 

These flows of the third one are chanalized at a radius of twenty meters.  

 

 

 

 

 

 

 

 

 

Figure 9. Traffic signal phase durations for the three intersections 

Diverge flow equations of intersection 1: 

𝑞(13→(12,12⁡𝑙)) = 𝑚𝑖𝑛{ 𝑆13,
𝑅12
𝛽12

,
𝑅12𝑙
𝛽12𝑙

} 

𝑞(13−12⁡) = 𝛽12 ∙ 𝑞(13→(12,12⁡𝑙))     or⁡the⁡expanded⁡form: 

𝑞(13−12) = min{𝛽12 ∙ min[𝑣𝑓13𝜌13, 𝑄𝐶13] ; 𝛽12 𝛽12𝑙⁄ ∙ min[𝑄𝐶13, 𝑤12𝑙(𝜌𝐽12𝑙 − 𝜌12𝑙)] ;⁡∙ min[𝑄𝐶13, 𝑤12(𝜌𝐽12 − 𝜌12)]} 

(27) 

𝑞(13−12𝑙) = 𝛽12𝑙 ∙ 𝑞(13→(12,12⁡𝑙)) 

𝑞(13−12𝑙) = min{𝛽12𝑙 ∙ 𝑚𝑖𝑛[𝑣𝑓13𝜌13, 𝑄𝐶13] ;𝑚𝑖𝑛[𝑄𝐶13, 𝑤12𝑙(𝜌𝐽12𝑙 − 𝜌12𝑙)] ;⁡𝛽12𝑙 𝛽12⁄ ∙ 𝑚𝑖𝑛[𝑄𝐶13, 𝑤12(𝜌𝐽12 − 𝜌12)]} 
(28) 

𝑞(12→(11,11⁡𝑟)) = 𝑚𝑖𝑛{ 𝑆12,
𝑅11
𝛽11

,
𝑅11𝑟
𝛽11𝑟

} 

𝑞(12−11⁡) = 𝛽11 ∙ 𝑞(12→(11,11⁡𝑟)) 

𝑞(12−11) = min{𝛽11𝑚𝑖𝑛[𝑣𝑓12𝜌12, 𝑄𝐶12] ; 𝛽11 𝛽11𝑟⁄ 𝑚𝑖𝑛[𝑄𝐶12, 𝑤11𝑟(𝜌𝐽11𝑟 − 𝜌11𝑟)] ;⁡𝑚𝑖𝑛[𝑄𝐶12, 𝑤11(𝜌𝐽11 − 𝜌11)]} 

(29) 

𝑞(12−11𝑟) = 𝛽11𝑟 ∙ 𝑞(12→(11,11⁡𝑟)) 

𝑞(12−11𝑟) = min{𝛽11𝑟𝑚𝑖𝑛[𝑣𝑓12𝜌12, 𝑄𝐶12] ; 𝑚𝑖𝑛[𝑄𝐶12, 𝑤11𝑟(𝜌𝐽11𝑟 − 𝜌11𝑟)] ;⁡⁡𝛽11𝑟 𝛽11⁄ 𝑚𝑖𝑛[𝑄𝐶12, 𝑤11(𝜌𝐽11 − 𝜌11)]} 
(30) 

𝑞(23→(22,22𝑙)) = 𝑚𝑖𝑛{ 𝑆23,
𝑅22
𝛽22

,
𝑅22𝑙
𝛽22𝑙

} 

𝑞(23−22⁡) = 𝛽22 ∙ 𝑞(23→(22,22𝑙)) 

𝑞(23−22) = min{𝛽22𝑚𝑖𝑛[𝑣𝑓23𝜌23, 𝑄𝐶23] ; 𝛽22 𝛽22𝑙⁄ ∙ 𝑚𝑖𝑛[𝑄𝐶23, 𝑤22𝑙(𝜌𝐽22𝑙 − 𝜌22𝑙)] ;⁡𝑚𝑖𝑛[𝑄𝐶23, 𝑤22(𝜌𝐽22 − 𝜌22)]} 

(31) 

𝑞(23−22𝑙) = 𝛽22𝑙 ∙ 𝑞(23→(22,22𝑙)) 

𝑞(23−22𝑙) = min{𝛽22𝑙 ∙ 𝑚𝑖𝑛[𝑣𝑓23𝜌23, 𝑄𝐶23] ;𝑚𝑖𝑛[𝑄𝐶23, 𝑤22𝑙(𝜌𝐽22𝑙 − 𝜌22𝑙)] ;⁡𝛽22𝑙 𝛽22⁄ ∙ 𝑚𝑖𝑛[𝑄𝐶23, 𝑤22(𝜌𝐽22 − 𝜌22)]} 
(32) 

           

Diverge flows of intersection 3: 

𝑞(33→(32,32⁡𝑙)) = 𝑚𝑖𝑛{ 𝑆33,
𝑅32
𝛽32

,
𝑅32𝑙
𝛽32𝑙

} 

𝑞(33−32⁡) = 𝛽32 ∙ 𝑞(33→(32,32⁡𝑙)) 

𝑞(33−32) = min{𝛽32𝑚𝑖𝑛[𝑣𝑓33𝜌33, 𝑄𝐶33] ; 𝛽32 𝛽32𝑙⁄ ∙ 𝑚𝑖𝑛[𝑄𝐶33, 𝑤32𝑙(𝜌𝐽32𝑙 − 𝜌32𝑙)] ;⁡𝑚𝑖𝑛[𝑄𝐶33, 𝑤32(𝜌𝐽32 − 𝜌32)]} 

(33) 
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𝑞(33−32𝑙) = 𝛽32𝑙 ∙ 𝑞(33→(32,32⁡𝑙)) 

𝑞(33−32𝑙) = min{𝛽32𝑙 ∙ 𝑚𝑖𝑛[𝑣𝑓33𝜌33, 𝑄𝐶33] ;𝑚𝑖𝑛[𝑄𝐶33, 𝑤32𝑙(𝜌𝐽32𝑙 − 𝜌32𝑙)] ;⁡𝛽22 𝛽22𝑙⁄ ∙ 𝑚𝑖𝑛[𝑄𝐶33, 𝑤32(𝜌𝐽32 − 𝜌32)]} 
(34) 

𝑞(32→(31,31𝑟)) = 𝑚𝑖𝑛{ 𝑆32,
𝑅31
𝛽31

,
𝑅31𝑟
𝛽31𝑟

} 

𝑞(32−31⁡) = 𝛽31 ∙ 𝑞(32→(31,31𝑟)) 

𝑞(32−31) = min{𝛽31𝑚𝑖𝑛[𝑣𝑓32𝜌32, 𝑄𝐶32] ; 𝛽31 𝛽31𝑟⁄ ∙ 𝑚𝑖𝑛[𝑄𝐶32, 𝑤31𝑟(𝜌𝐽31𝑟 − 𝜌31𝑟)] ;⁡𝑚𝑖𝑛[𝑄𝐶32, 𝑤31(𝜌𝐽31 − 𝜌31)]} 

(35) 

𝑞(32−31𝑟) = 𝛽31𝑟 ∙ 𝑞(32→(31,31𝑟)) 

𝑞(32−31𝑟) = min{𝛽31𝑟 ∙ 𝑚𝑖𝑛[𝑣𝑓32𝜌32, 𝑄𝐶32] ;𝑚𝑖𝑛[𝑄𝐶32, 𝑤31𝑟(𝜌𝐽31𝑟 − 𝜌31𝑟)] ;⁡𝛽31𝑟 𝛽31⁄ ∙ 𝑚𝑖𝑛[𝑄𝐶32, 𝑤31(𝜌𝐽31 − 𝜌31)]} 
(36) 

4.1. Merges of Intersection 1 

Ordinary inter cell flows are: 

𝑞(1.1−1.0) = 𝑚𝑖𝑛{ 𝑆1.1, 𝑅1.0} 

𝑞(6.1𝑟−1.0) = 𝑚𝑖𝑛⁡{𝑆6.1𝑟 , 𝑅10, } 

𝑞(5.1𝑙−10) = 𝑚𝑖𝑑 {min⁡[𝑛51𝑙⁡;⁡ ⁡
1

𝑡𝑓
(𝑇 − 𝑡0 ∙ 𝑄61)]; ⁡min⁡𝑤/𝑣𝑓[𝑄10, 𝑁10 − 𝑛10} 

(37) 

Merge flow from simultaneous major through movement and protected left turning movement of minor segment. 

𝑞(51⁡𝑙−10) = min⁡[𝑛51𝑙⁡;⁡
1

𝑡𝑓
(𝑇 − 𝑡0 ∙ 𝑄61)]⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑞(61⁡−10) = min⁡[𝑛61⁡;⁡𝑄61]⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

⁡𝑖𝑓⁡𝑅10 ≥ 𝑆51⁡𝑙 + 𝑆61⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑞(51⁡𝑙−10) = 𝑚𝑖𝑑⁡ {
1

𝑡𝑓
⁡(𝑇 − 𝑡0 ∙ 𝑄61), 𝛽51⁡𝑙min[𝑄10, 𝑁10 − 𝑛10] , [⁡min⁡[𝑄10, 𝑁10 −min⁡[𝑛11⁡;⁡𝑄11]}

𝑞(11−10) = 𝑚𝑖𝑑⁡ {min⁡[𝑛11⁡;⁡𝑄11], 𝛽11⁡min⁡[𝑄10, 𝑁10 − 𝑛10], [min⁡[𝑄10, 𝑁10 −
1

𝑡𝑓
⁡(𝑇 − 𝑡0 ∙ 𝑄61)]}

 (38) 

4.2. Merges of Intersection 2 

Ordinary inter cell flows are: 

𝑞(2.1−2.0) = 𝑚𝑖𝑛{ 𝑆2.1, 𝑅2.0} (39) 

𝑞(7.1𝑙−2.0) = 𝑚𝑖𝑛⁡{𝑆7.1𝑙 , 𝑅2.0, } (40) 

Merge flow from simultaneous major through movement and protected left turning movement of minor segment 7. 

𝑞(7.1𝑙−2.0) = 𝑆7.1⁡𝑙 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑞(2.1⁡−2.0) = 𝑆2.1⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑖𝑓⁡𝑅20 ≥ 𝑆2.1 + 𝑆7.1𝑙 ⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑞(7.1𝑙−2.0) = 𝑚𝑖𝑑⁡{𝑆7.1𝑙 , 𝛽7.1𝑙⁡𝑅2.0, (𝑅2.0 − 𝑆2.1)}

𝑞(2.1−2.0) = 𝑚𝑖𝑑⁡{𝑆2.1, 𝛽2.1⁡𝑅2.0, (𝑅2.0 − 𝑆7.1𝑙)}⁡⁡

 (41) 

4.3. Merges of Intersection 3 

Ordinary inter cell flow is: 

𝑞(8.1𝑙−4.0) = 𝑚𝑖𝑛⁡{𝑆8.1𝑙 , 𝑅4.0, } (42) 

𝑞(3.1−4.0) = 𝑚𝑖𝑛{ 𝑆3.1, 𝑅4.0} (43) 



Civil Engineering Journal         Vol. 7, No. 02, February, 2021 

368 

 

Merge flow from simultaneous major through movement and right turning movement of minor segment 8; 

𝑞(8.1𝑙−4.0) = 𝑆8.1⁡𝑙⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑞(9.1𝑟⁡−4.0) = 𝑆9.1𝑟⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑖𝑓⁡𝑅40 ≥ 𝑆8.1𝑙 + 𝑆9.1𝑟⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑞(8.1𝑙−4..0) = 𝑚𝑖𝑑⁡{𝑆8.1𝑙 , 𝛽8.1𝑙 ⁡𝑅4.0, (𝑅4.0 − 𝑆9.1𝑟)}⁡⁡

𝑞(9.1𝑟−4.0) = 𝑚𝑖𝑑⁡{𝑆9.1𝑟 , 𝛽9.1𝑟⁡𝑅4.0, (𝑅4.0 − 𝑆8.1𝑙)}⁡⁡

 (44) 

Merge flow of though movement that are simultaneous with left turning movement of segment 9 are: 

𝑞(4.1−4.0) = 𝑆4.1⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑞(8.1𝑙⁡−4.0) = 𝑆8.1𝑟⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑖𝑓⁡𝑅40 ≥ 𝑆4.1 + 𝑆8.1𝑙 ⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑞(4.1−4..0) = 𝑚𝑖𝑑⁡{𝑆4.1, 𝛽4.1⁡𝑅4.0, (𝑅4.0 − 𝑆8.1𝑙)}⁡⁡⁡⁡

𝑞(8.1𝑙−4.0) = 𝑚𝑖𝑑⁡{𝑆8.1𝑙, 𝛽8.1𝑙 ⁡𝑅4.0, (𝑅4.0 − 𝑆4.1)}⁡⁡

 (45) 

4.4. Data Collection, FDR Diagrams 

Compilation of fundamental diagram is realized through surveying with smart phone video recordings. The 

analyzed parameters can be considered as microscopic since are evaluated for each individual entity/vehicle as a 

component of traffic. The length of road cells are chosen of 25 meters long. Video recordings were uploaded on 

computer for analysis through detailing the each vehicle’s prescription time with the aid of a smart phone application 

called Stop Watch, (Figure 10). Vehicles of each road section are analyzed and recorded. Through this application the 

headways with precision of one tenth are obtained and processed on excel spreadsheets (Attached in appendix of data).  

Through the times collected are obtained amount of flows, speeds and densities for every five second interval. 

Summarizing, for every single cell, are obtained 180 flow/densities data. (5second intervals of 15 minute). 

 

Figure 10. Video recordings in “Bill Clinton” segment road and data processing with Stopwatch 

As can be seen from the Table 2, for each relevant cell to the sample are obtained different values of the main 

traffic parameters, maximal flow, Qc, critical density, ρcr, free flow speed, Vf backward speed, w all this because of 

different number of lanes (column two) which directly affects the value of the jam density, ρJ, that on the case of three 

lanes has a value of ρJ=600 [veh/km], while for two lanes ρJ=600=400 [veh/km]. 

Table 2. FDR parameters for each sample/cell 

Sample Relevant CELL No. of Lanes 
Qc 

[veh/hr] 

ρcr 

[veh/km] 

Vf 

[km/hr] 

w 

[km/hr] 

[1] (1.10-1.3) 3 2880,00 147,00 20,00 6,35 

[2] (1.2&1.1) 2 4230,00 115,00 37,00 14,84 

[3] (1.0) Merge 3 4320,00 117,00 37,00 8,94 

[4] (2.4) Middle 3 4320 (3600) 149 (113) 29 (32) 9,57(7,39) 

[5] (2.3) 3 3600,00 176,00 20,00 8,49 

[6] (2.2) 2 3600,00 164,00, 22,00 15,25 

[7] (2.1) 2 2880,00 88,00 33,00 9,23 

[8] (2.0) Merge 2 3600,00 183,00 20,00 16,58 

[9] (3.2) 2 2880 (2160) 77 (102) 37 (21) 8,91(7,24) 

[10] (3.1) 2 2280,00 115,00 20,00 10,10 

[11] (3.7-3.6) 3 2880,00 133,00 22,00 6,16 
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5. Experiment Performing 

5.1. Initialization 

Prior to experiments realization, an initialization as a foregoing process is performed in order to estimate the 

evolution of traffic through artery from the “zero point”. This “zero point” means the initial conditions of the whole 

artery, when all the cells are empty (density is zero), but the entry cell of the first segment (Cell 1.10) feeds the artery 

with average traffic flow until is get a stable state of traffic.  A special survey is dedicated to the most representative 

cells i.e. initial cells on the segment (Cell 1.8, Cell 2.8 and Cell 3.8), cells upstream to intersections (Cell 1.1, Cell 2.1 

and Cell 3.1) during the first cycle, consequently during first 52 time-steps. As it can be seen from the below 

diagrams, there is a faster increase of density (fill up with vehicles) of the cells of the first segment, that start 

immediately after the second time-step (Figure 11,a), while there is an obvious delayed increasing of density on the 

cells of the far away segments  (Figure 11,b) and (Figure 11,c). The earlier increasing of density is noted by after the 

tenth time-step to Cell 2.8, which reaches the average value in the middle of cycle (around time-step 25). The most 

delayed increasing of density is noted to the most far away cell (Cell 2.1) of the segment 2. 

It is important to note that the high density values are never reached during the first cycle, by the last segment 

(segment3: Cell 3.8 to 3.1), that it is understood that a single cycle cannot be considered as a “feeding” or “warm up” 

period during which the artery sufficiently fills up. The Cell 3.1 positioned upstream to intersection 3, starts to fill up 

with vehicles by the end of cycle, at time-step 36 (Figure 11, c). An approximately equal evolution is obvious in the 

aspect of inter-cell flow too. Attention must be paid to the signal timing when it comes to the evaluation of the inter-

cell flow. The SBC of first intersection (Cell 1.1) starts to release vehicles from the first time-step (Figure 11, d); the 

SBC of intersection 2 (Cell 2.1) starts to release vehicles by the time-step 23 when its interval green begins (Figure 11, 

f) but no single vehicle is released from the Cell 3.1 during the first cycle. The diagrams are accompanied with the 

tables at the end of this section that contains numerical values of the density and inter cell flow. As can be seen, a 

diagonal between positive and zero values is formed, that can be interpreted as a tendency of the increasing of the 

parameters for the distant cells, during later time-steps. 

  

  

  

Figure 11. Traffic flow evolution during first cycle, a)Density of segment 1;b) Density of segment 2; c) Density of segment 3; 

d) Inter cell flow of segment 1; e) Inter cell flow of segment 2 and f) Inter cell flow of segment  
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5.2. Modelling of Different Traffic Conditions 

5.2.1. Light Traffic Conditions 

Toward testing of suitability of new CTM to model different traffic conditions, special emphasis is given to the 

definition of entering flow or demand on the first cell, and the initial values of the density on each cell. It should be 

noted that for following experiments, we put default value for light traffic conditions 0.3veh/sec/Cell 1.10 (360veh/hr), 

for medium to congested conditions above 0.6veh/sec/Cell 1.10 (720veh/hr). The parameter of density has been 

chosen for the evaluation of the traffic conditions of each cell. The evaluation is done for the most representative cells 

toward the subject direction of artery, i.e. initial cells on the segment (Cell 1.8, Cell 2.8 and Cell 3.8), cells upstream 

to intersections (Cell 1.1, Cell 2.1 and Cell 3.1), left turn lane cells (Cell 1.1L, Cell 2.1L, Cell 3.1L).  

Light Traffic  

Input values:  

- Traffic demand: 0.3veh/sec, 

- Signal timing plan as in Figure 12,  

- Initial density 0.05veh/m. 

In light traffic conditions, in great mass traffic flow is dictated by the traffic signal status, consequently we have a 

harmonious move of the density curve that follows the signal status. An increasing trend of density during green 

intervals and in opposite and a decreasing trend of density during green interval for each cell is noted. By the time-step 

17 the initial cells (Cell 1.10, Cell 1.9, Cell 1.8 and Cell 1.7) of segment 1 reach the value of initial density 

(0.05veh/m) and maintain that value during the overall running time, (353 time-steps, equal; to seven cycles) (Figures  

12,a, b and c). The highest values of density are observed in the cells approaching the intersections, as a result of the 

influence of signal status. SBC of the first segment reach faster (at time-step 17) the density value 0.4veh/m that is 

equal to 10veh/SBC (3,3veh/lane), while the those of the next two segment reach the same value slowly (at time-step 

33), (Figures 12,d, f and k). A rapid increasing of density to overcoming of higher values is not observed during the 

whole simulation time during light traffic conditions 
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Figure 12. Evolution of flow and density on characteristic Cells during light traffic flow conditions 

5.2.2. Congested Traffic Conditions 

-Traffic demand: 0.6 veh/sec, 

-Signal timing plan as in Figure 12, 

-Initial density 0.1 veh/m. 

Explication of results (Evolution of Densities) 

For creation of medium congestion of traffic flow, in this experiment is imposed a higher number of released 

vehicles to the first cell. Beside the higher traffic flow values, a double initial density is set to the CTM calculator. 

Unlike the light conditions, in medium congestion is obtained a rapid increasing of the density to each cell. 

Fluctuations of the density from the lowest to the highest values are obvious during the first three cycles to all cells 

of the artery (Figures 13, a, b, c and d). The lowest is zero and the highest takes values till 0.4veh/m, 0.5veh/m or 

0.6veh/m, depending on the number of lanes that cell covers. After the first three cycles, density never get back to 

the lowest values but their fluctuations are between 0.4veh/m to 0.6veh/m (Figures 12, d, f, g and h). 
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Figure 13. Evolution of flow and density on characteristic Cells during congested traffic flow conditions 

Beside the possibility to update the densities of cells through time step, the new CTM model offers the estimation 

of evolution of the velocities which may be an important factor of challenging real time prediction and control 

strategies. 

6. Hypothesis Testing 

A t-statistic, statistical significance indicates whether or not the difference between two groups’ averages reflect a 

real difference in the population from they were sampled. T-test can be computed based on the important statistical 

concept of CLT (Central Limit Theorem) that states that given a large sample size from population with a level of 

variance, the mean of all samples from the population will be approximately equal to the mean of the population. [46, 

47 and 48]. The main concepts of the CLT is the confidence interval and the critical values calculated with expressions 

(46) and (47), respectively. 

𝑃(−𝑡(1−∝ 2⁄ ) ≤
(𝜇̅ − 𝜇)

𝜎√𝑛
≤ 𝑡(1−∝ 2⁄ )) ≈ (1−∝) (46) 

𝑇 =
𝜇̅ − 𝜇

𝑆𝑛/√𝑛
 (47) 

Where: 𝜇̅ is the sample mean (𝜇̅ =
(∑ 𝑥)

𝑛⁄ , {x1, x2, ..., xN} are random variables) and⁡𝜎 is the standard deviation 

(variance) (𝜎2 =
∑(𝑥𝑖 − 𝜇̅)

2

(𝑛 − 1⁄ ), P is probability of data lie in a confidence interval between critical values 

(i.e.90 % if ∝= 0.1 or 95% if ∝= 0.05).  𝑡(1−∝ 2⁄ ) and ⁡−𝑡(1−∝ 2⁄ ) are the critical values that define the confidence 

interval (i.e. for ∝/2 = 0.025, |⁡𝑡(1−∝ 2⁄ )| = 1.96, T is the test Statistic value and Sn is the pooled standard deviation. 

The main objective, as stated on the objective unit of this dissertation is to highlight the difference between the 

results of original CTM and our proposed CTM and to provide evidence that the later one is better than the old one. 

The results of the new CTM will be analyzed according to the effect of the new function demand. The outflow from 

the SBC cells, directly has an effect to the delays of these cells. For the purpose of elaboration of the hypothesis upon 

the differences between both models, the delays of the second and the third SBC of the artery during the first ten time 
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steps of green intervals are compared. In order to have a better representation of data, the delay data of the last three 

cycles were used only. Average values of the delays on three cycles of each SBC are involved into the statistic test. In 

this dissertation the delay is calculated as the difference between numbers of vehicles in a cell i during time step T and 

the number of vehicles that leave the same cell and enter to next cell: 𝐷𝑖(𝑇) = ∑ (𝑛𝑖(𝑇) − 𝑞𝑖→𝑖+1⁡(𝑇))
10
𝑇=1  

The delay difference between two models can be analyzed by formulating the problem through specification of 

null hypothesis. A statistical hypothesis is an assumption or a statement about one or two parameters of one or more 

populations. There can be decided, based on data in a sample, or samples, whether the stated hypothesis is true or not. 

A statistic is computed for a selected level of confidence, and if the difference between the two means is less than that 

statistic, then the null hypothesis is accepted and it is concluded that there is insufficient evidence to prove that the one 

model is better than the other, otherwise if the difference is higher the null hypothesis is rejected and it is concluded 

that two models are different. Through a number of repetitions (four to ten runs for all alternatives, according to 

recommendations of Traffic Analysis Toolbox III), in order to accept or reject the hypothesis, based on a confidence 

interval. In this dissertation are done ten repetitions of runs in order to avoid the possibility of change of results from 

random chance. Table of delay results is given in Table 3. 

Table 3. Average value of delays for ten time steps of cycle 𝑫𝒊(𝑻) 

Orig. CTM 54.7 60.0 54.7 40.3 55.0 40.3 52.4 57.7 40.00 82.8 

New CTM 65.7 60.9 65.7 60.0 60.6 65.7 50.3 72.60 65.70 60.1 

The statistical hypothesis is: 

Null Hypothesis:            H0: 𝜇𝑜𝐶𝑇𝑀 − 𝜇𝑛𝐶𝑇𝑀 = 0 

Against:                          H1: 𝜇𝑜𝐶𝑇𝑀 − 𝜇𝑛𝐶𝑇𝑀 ≠ 0 
(48) 

Where 𝜇𝑜𝐶𝑇𝑀⁡and⁡𝜇𝑛𝐶𝑇𝑀are delay means of the runs for original CTM and our proposed CTM. 

Procedure Step I: Pooled standard deviation Ϭp. Let n be the number of runs for each model. 

and⁡𝜎𝑜𝐶𝑇𝑀⁡and⁡𝜎𝑛𝐶𝑇𝑀⁡the standard deviations of the delay parameters of two models, respectively. Pooled standard 

deviation Ϭp is calculated: 

𝜎𝑝
2 =

(𝑛−1)𝜎𝑜𝐶𝑇𝑀
2 +(𝑛−1)𝜎𝑛𝐶𝑇𝑀

2

𝑛+𝑛−2
⁡  For n=10 sample of data  𝜎𝑝

2 =
(9∙33.95+9∙161.50)

18
= 97.72 (49) 

Procedure step II: Choose of confidence interval. As usually, the confidence interval for hypothesis testing is 

often chosen a 95% confidence level. So,α=1-95%=1-0.95=0.05 ⇒α/2=0.025.  

Procedure step III: Difference between two means 𝜇̅𝑜𝐶𝑇𝑀 = 62.18⁡𝑎𝑛𝑑⁡𝜇̅𝑛𝐶𝑇𝑀 = 53.79. Procedure step IV: T- 

Statistic, degrees of freedom: n+n-2, determine t0.05 from Statistic Table 3; 

𝑇 =
(𝜇̅𝑜𝐶𝑇𝑀−𝜇̅𝑛𝐶𝑇𝑀)−0

𝜎𝑝∙√
1

𝑛
+
1

𝑛

    By replacing the values, we have:  𝑇 =
(62.18−53.79)−0

√97.72∙√
1

10
+
1

10

= 2.040 
(50) 

Procedure step IV: From table of Student’s distribution for 18th(2n-2) of freedom, we find that t=1.73.  Check if 

the test statistic belongs to rejection region and decide to accept or reject H0. From⁡|𝑇| > 𝑡0.05⁡or⁡ − 𝑇 > 𝑡0.05 , reject 

H0, otherwise accept. At our case T=2.04 > t=1.73 and finally H0 rejected, in favour of the preposition that difference 

between original CTM and CTM is statistically significant.  

7. Conclusions 

Through this is shed light on the disadvantages and flaws of the existing CTM models so far. CTM was used 

mostly to model one way traffic networks, with simple composition of the connections as freeway, with or without on 

ramping and off ramping segments. Obvious limitations are overcome in our model by taking in considerations: 

 Physic features/geometric features: Complex composition of urban segment approaching to intersections, 

providing merge and diverge cells. Basic principles (the flow from cell i-1 to cell i is the smallest value between 

the sending flow from the upstream cell or receiving flow of the downstream cell and capacity flow) of the CTM 

models such fully adapted to the merge and diverge configurations.  

 Dynamic traffic of urban segments: In the original CTM, besides the special node complexities regarding to 

diverging and merging, was neglected the definition of out flow from the nearby stop-bar cell (SBC). As it is 

known, by the traffic flow nature on the signalized intersections, at the beginning of green interval the discharge 

rate is low, with higher discharge headways do to the reaction time and start up time of the first vehicle, which 

increases to the capacity flow until the queue is being dissipated. Implication of new demand function makes 
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new CTM model capable emphasize the difference of the outflow rate from the SBC on different consequential 

portions of green interval.  

Model can describe light traffic, medium and congested traffic condition. In light traffic conditions, in great mass 

traffic flow is dictated by the traffic signal status, consequently we have a harmonious move of the density curve that 

follows the signal status. An increasing trend of density during green intervals and in opposite and a decreasing trend 

of density during green interval for each cell is noted. Unlike the light conditions, in medium congestion is obtained a 

rapid increasing of the density to each cell. Fluctuations of the density from the lowest to the highest values are 

obvious during the first three cycles to all cells of the artery. The lowest is zero and the highest takes values till 0.4, 

0.5 or 0.6 veh/m, depending on the number of lanes that cell covers. After the first three cycles, density never get back 

to the lowest values but their fluctuations are between 0.4 to 0.6 veh/m. Hypothesis test concludes that finally H0 

rejected, in favour of the preposition that difference between original CTM and CTM is statistically significant. 

8. Declarations  

8.1. Data Availability Statement 

The data presented in this study are available in article. 

8.2. Funding 

Department of Traffic Engineering, University of Prishtina “Hasan Prishtina”, Kosovo. 

8.3. Conflicts of Interest 

The authors declare no conflict of interest.  

9. References  

[1] Barceló, Jaume, ed. “Fundamentals of Traffic Simulation.” International Series in Operations Research & Management Science 

(2010). doi:10.1007/978-1-4419-6142-6. 

[2] Chen, Xiqun, Li Li, and Qixin Shi. “Stochastic Evolutions of Dynamic Traffic Flow: Modeling and Applications” (2015). 

doi:10.1007/978-3-662-44572-3. 

[3] M.J. Lighthill; G.B. Whitham “On Kinematic Waves II. A Theory of Traffic Flow on Long Crowded Roads.” Proceedings of 

the Royal Society of London. Series A. Mathematical and Physical Sciences 229, no. 1178 (May 10, 1955): 317–345. 

doi:10.1098/rspa.1955.0089. 

[4] Daganzo, C. F. "The cell transmission model. Part I: A simple dynamic representation of highway traffic. Berkeley, CA: 

Institute of Transportation Studies." University of California, Berkeley (1993). 

[5] Daganzo, Carlos F. “The Cell Transmission Model, Part II: Network Traffic.” Transportation Research Part B: Methodological 

29, no. 2 (April 1995): 79–93. doi:10.1016/0191-2615(94)00022-r. 

[6] Daganzo, Carlos F. “The Cell Transmission Model: A Dynamic Representation of Highway Traffic Consistent with the 

Hydrodynamic Theory.” Transportation Research Part B: Methodological 28, no. 4 (August 1994): 269–287. doi:10.1016/0191-

2615(94)90002-7. 

[7] Munoz, L., Xiaotian Sun, R. Horowitz, and L. Alvarez. “Traffic Density Estimation with the Cell Transmission Model.” 

Proceedings of the 2003 American Control Conference, (2003). doi:10.1109/acc.2003.1240418. 

[8] Portugais, Brian, and Mandar Khanal. "State-Space Models with Kalman Filtering for Freeway Traffic Forecasting." 

International Journal of Modern Engineering 15, no. 1 (2014): 11-14. 

[9] Sun, Xiaotian. Modeling, estimation, and control of freeway traffic. No. 31-96609 UMI. University of California, Berkeley, 

(2005). Available online: https://ucb-trans.org/topl/diss/2005Spring_XiaotianSun__Dissertation.pdf (accessed on November 

2020). 

[10] Waller, S. Travis, Yi-Chang Chiu, Natalia Ruiz-Juri, Avinash Unnikrishnan, and Brenda Bustillos. “Short Term Travel Time 

Prediction on Freeways in Conjunction with Detector Coverage Analysis.” No. FHWA/TX-08/0-5141-1. (2007). Available 

online: www.utexas.edu/research/ctr/pdf_reports/0_5141_1.pdf (accessed on November 2020). 

[11] Aligawesa, Alinda K. The detection and localization of traffic congestion for highway traffic systems using hybrid estimation 

techniques. Purdue University, (2009). Available online: https://docs.lib.purdue.edu/dissertations/AAI1470125/ (accessed on 

November 2020). 

[12] Chen, Xiqun, Qixin Shi, and Li Li. “Location Specific Cell Transmission Model for Freeway Traffic.” Tsinghua Science and 

Technology 15, no. 4 (August 2010): 475–480. doi:10.1016/s1007-0214(10)70090-0. 

https://ucb-trans.org/topl/diss/2005Spring_XiaotianSun__Dissertation.pdf
http://www.utexas.edu/research/ctr/pdf_reports/0_5141_1.pdf
https://docs.lib.purdue.edu/dissertations/AAI1470125/


Civil Engineering Journal         Vol. 7, No. 02, February, 2021 

375 

 

[13] Wang, Ping. "Conditional cell transmission model for two-way arterials in oversaturated conditions." PhD diss., University of 

Alabama Libraries, (2010). Available online: https://ir.ua.edu/handle/123456789/770 (accessed on September 2020). 

[14] Huang, Kuo Cheng. "Traffic simulation model for urban networks: CTM-URBAN." PhD diss., Concordia University, (2011). 

Available online: https://spectrum.library.concordia.ca/7041/ (accessed on September 2020). 

[15] Fellendorf, Martin, and Peter Vortisch. “Microscopic Traffic Flow Simulator VISSIM.” International Series in Operations 

Research & Management Science (2010): 63–93. doi:10.1007/978-1-4419-6142-6_2. 

[16] Bo Xie, Ming Xu, Jerome Harri, and Yingwen Chen. “A Traffic Light Extension to Cell Transmission Model for Estimating 

Urban Traffic Jam.” 2013 IEEE 24th Annual International Symposium on Personal, Indoor, and Mobile Radio 

Communications (PIMRC) (September 2013). doi:10.1109/pimrc.2013.6666579. 

[17] Papapanagiotou, Eftychios, Andreas Poschinger, and Maoyan Zeng. "CTM Based Calculation of Number of Stops and Waiting 

Times." In mobil. TUM 2013, p. 12. (2013). Available online: https://mediatum.ub.tum.de/doc/1256295/1256295.pdf 

(accessed on September 2020). 

[18] Zhao, Shuzhi, Shidong Liang, Huasheng Liu, and Minghui Ma. “CTM Based Real-Time Queue Length Estimation at 

Signalized Intersection.” Mathematical Problems in Engineering 2015 (2015): 1–12. doi:10.1155/2015/328712. 

[19] Adacher, Ludovica, and Marco Tiriolo. “Distributed Urban Traffic Signal Optimization Based on Macroscopic Model.” 2016 

Sixth International Conference on Innovative Computing Technology (INTECH) (August 2016). 

doi:10.1109/intech.2016.7845123. 

[20] Chow, Andy H.F., Shuai Li, W.Y. Szeto, and David Z.W. Wang. “Modelling Urban Traffic Dynamics Based Upon the 

Variational Formulation of Kinematic Waves.” Transportmetrica B: Transport Dynamics 3, no. 3 (January 28, 2015): 169–

191. doi:10.1080/21680566.2015.1005559. 

[21] A.Rrecaj, М. M. Todorova, “Estimation of Densities in a Cell Transmission Based Model", UPB Scientific Bulletin, Series D: 

Mechanical Engineering 80, no. 3:79-88.  

[22] Rrecaj, Arlinda Alimehaj, and Marija Malenkovska Todorova. “Estimating Short Time Interval Densities in a CTM-KF 

Model.” Advances in Science, Technology and Engineering Systems Journal 3, no. 2 (March 2018): 85–89. 

doi:10.25046/aj030210. 

[23]   Qin, Yanyan, and Hao Wang. “Cell Transmission Model for Mixed Traffic Flow with Connected and Autonomous Vehicles.” 

Journal of Transportation Engineering, Part A: Systems 145, no. 5 (May 2019): 04019014. doi:10.1061/jtepbs.0000238. 

[25] Aron, Maurice, Florence Boillot, and Jean-Patrick Labacque. "Modélisation du trafic(Arcueil, 2000)." Actes INRETS 

(Arcueil). 

[24] Ahmed, Afzal, Satish V. Ukkusuri, Shahrukh Raza Mirza, and Ausaja Hassan. “Width-Based Cell Transmission Model for 

Heterogeneous and Undisciplined Traffic Streams.” Transportation Research Record: Journal of the Transportation Research 

Board 2673, no. 5 (April 12, 2019): 682–692. doi:10.1177/0361198119838841. 

https://ir.ua.edu/handle/123456789/770
https://spectrum.library.concordia.ca/7041/
https://mediatum.ub.tum.de/doc/1256295/1256295.pdf

