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Abstract: This paper describes a location specific cell transmission model of freeway traffic based on the 

observed variability of fundamental diagrams both along and across freeway segments. This model extends 

the original cell transmission model (CTM) mechanism by defining various shapes of fundamental diagrams 

to reproduce more complex traffic phenomena, including capacity drops, lane-by-lane variations, nonho-

mogeneous wave propagation velocities, and temporal lags. A field test on a Canadian freeway was used to 

demonstrate the validity of the location specific CTM. The simulated spatio-temporal evolutions of traffic flow 

show that the model can be used to describe the traffic dynamics near bottlenecks more precisely than the 

original model. 
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Introduction 

The study of macroscopic continuum traffic flows be-
gan with the well known Lighthill-Whitham-Richards 
(LWR) model which was proposed independently by 
Lighthill and Whitham in 1955[1] and Richards in 
1956[2]. The model assumes that the discrete flow of 
vehicles can be approximated by a continuous flow 
and then vehicle dynamics can be described by the 
spatial vehicle density ( , )x tρ  as a function of the 
freeway location, x, and time, t . As a result, many 
theoretical and numerical methods can be used to study 
this property based on the partial differential equation 
type traffic flow model. 

The cell transmission model (CTM) was proposed 
by Daganzo[3,4] as a direct discretization of the LWR 
model using the Godunov Scheme[5], in which the flow 
rate is modeled as a function of density with a triangu-
lar or trapezoidal form. Different modifications of the 
CTM have been proposed in the last decade. For ex-
ample, lags were introduced to formulate the lagged 
cell transmission model (LCTM) that adopts a non-
concave fundamental diagram, with consideration of 
the fact that the forward wave velocity is larger than 
the backward wave velocity[6]. Another approach is the 
wave tracking resolution scheme based on the iterative 
construction of the exact solution of the fundamental 
diagram[7]. In some recent approaches, extensions of 
CTM have combined various higher order traffic flow 
models to reproduce nonlinear spatial-temporal phe-
nomena (e.g., shock waves, rarefaction waves, stop-     
and-go waves, and local cluster effects) on free-
ways[8-12]. Other modifications include the switching 
state model (SSM)[13], asymmetric cell transmission 
model (ACTM)[14], and compositional CTM[15]. 

This paper presents a modified CTM, named the lo-
cation specific cell transmission model, which empha-
sizes the dependence of the model parameters on the 
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properties of the road segments. The diverse traffic 
characteristics are examined both lane-by-lane and 
site-by-site based on empirical data. The temporal lag 
effects of the CTM are also calculated for all the sec-
tions using different shaped fundamental diagrams 
along the freeways.  

1  Cell Transmission Model 
1.1  Basic model 

Table 1 shows the parameters and variables used to 
formulate the model in this paper. Generally, the mass 
conservation in fluid dynamics can be written as 

( , ) ( , ) ( , )t xx t q x t g x tρ + =           (1) 
where subscripts denote partial derivatives, ( , )x tρ  is 
the density at position, x , and time, t; ( , )q x t  is the 
flow rate; and ( , )g x t  is the net traffic inflow. 

Table 1  Model parameters and variables 

Symbol Definition Typical value Unit 
mq  Mainline capacity 1800-2000 veh/(h∙lane)

mcq  Mainline maximum  
congested flow 1600-1800 veh/(h∙lane)

fv  Free flow speed 100-120 km/h 

w  
Congestion wave  
speed 30-40 km/h 

cρ  Critical density (free 
flow to congestion) 20-30 veh/km 

ccρ  Critical density (con-
gestion to free flow) 20-30 veh/km 

jamρ  Jam density 130-160 veh/km 

dρ  Density of queue  
dissipation Variable veh/km 

qρ  Density of queue  
formation Variable veh/km 

( )if t  Flow from section i  
to i−1 in period t Variable veh/(h∙lane)

( )iR t  On-ramp flow of  
section i in period t Variable veh/(h∙lane)

( )iS t  Off-ramp flow of  
section i in period t Variable veh/(h∙lane)

( )i tρ  Density in section i  
in period t Variable veh/km 

 

The LRW model assumes that the system is in equi-
librium, so e e( , ) ( , ) ( ) ( )q x t x t V Qρ ρ ρ= = . Equation 
(1) can be rewritten as 

( , ) ( ) ( , ) ( , )t xx t f x t g x tρρ ρ ρ+ =        (2) 

The CTM discretes the time and space scales in Eq. 
(2) to obtain a mainline flow conservation equation in 

section i  as 
1( 1) ( ) ( ) ( ) ( ) ( )i i i i i iy t y t f t f t R t S t−+ = + − + −   (3) 

where ( )iy t  is the number of vehicles in cell, i , in 
period, t; ( )if t  is the number of vehicles transfer-
ring from cell, i , to 1i +  in period, t ; and ( )iR t  
and ( )iS t  are the on- and off-ramp flows. 

The flow is assumed to be constant during each time 
step, which can easily be calculated by 

( ) min{ [ ( , )], [ ( 1, )]}if t S i t R i tρ ρ= + =  

e e mmin{ [ ( , )], [ ( 1, )], }Q i t Q i t qρ ρ +      (4) 
where S  and R  are sending and receiving functions 
that reflect the relationship between the demand of 
downstream cell, ,i  and the supply of upstream cell, 

1i + . Different e ( )Q ρ  can be defined here, which 
lead to different CTMs. However, the fundamental 
diagram is correlative with the feature of flow in each 
segment being a function of geometric characteristics, 
speed limits, and ramp metering. 

1.2  Location specific CTM model 

The original CTM model assumes a continuous    
fundamental diagram. However, the phenomena of 
capacity drop and induced discontinuities in the    
density-flow relationship often appear at merging   
bottlenecks on freeways. Therefore, the maximum 
saturated flow during congestion, known as the queue 
discharge rate, is often smaller than the true capacity. 
The more accurate model uses a piecewise linear as-
sumption for the fundamental diagram for the sake of 
simplicity. 

For the extensive version of the CTM, the freeway is 
divided into N  cells, some of which contain one on-
ramp and/or one off-ramp as shown in Fig. 1. Freeway 
sections are numbered from 0 to 1N −  starting from 
the most upstream cell. 

 
Fig. 1  Freeway with one on-ramp and/or one off-ramp 

The conservation equation is directly derived from 
the LWR model as 

1, , 1( ) ( ) [ ( ) ( )]i i i i i i
i i

tt t t q t q t
l

ρ ρ
λ − +

Δ
+ Δ = + − =  

,in ,out( ) [ ( ) ( )]i i i
i i

tt q t q t
l

ρ
λ
Δ

+ −         (5) 
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where i  denotes the cell number; tΔ  is the time 
interval; il  is the cell length, i ; iλ  is the number of 
lanes in cell, i; ( )i tρ  is the vehicle density in cell, i ; 
at time, t; and ,in ( )iq t  and ,out ( )iq t  denote the traf-
fic flows entering and leaving cell, i, at time, t . 

The original LWR model is extended by dividing 
the traffic states into a free flow (F) and a congestion 
flow (C). The corresponding state transition density in 
the field data for the free flow is qρ  while that for the 
congestion flow is dρ . Regressions of field data show 
that a critical density, cρ , can be defined such that the 
F→C phase transition occurs for c( , )x tρ ρ> and 
for T( , ) / ( , ) ( , )q x t x t v x tρ < , the phase transition speed   
is T q d q d( , ) [ ( , ) ( , )] / [ ( , ) ( , )].v x t q x t q x t x t x tρ ρ= − −  
Similarly, a regressive critical density ccρ  can be de-
fined to trigger the C→F phase transition for 

cc( , )x tρ ρ<  and T( , ) / ( , ) ( )q x t x t v tρ > . 
Thus, the piecewise linear CTM is written as: 

if c( , ) ( , )x t x tρ ρ , 

e f m[ ( , )] max{ ( , ) ( , ), }Q x t v x t x t qρ ρ=     (6a) 
if c cc( , ) ( , ) ( , )x t x t x tρ ρ ρ< , 

e mc[ ( , )]Q x t qρ =             (6b) 
if cc( , ) ( , )x t x tρ ρ> ,  

e mc[ ( , )] max{ ( , )[ ( , )Q x t q w x t x tρ ρ= − − cc m mc( , )], , }x t q qρ  
           (6c) 

As with the original CTM, the maximum sending 
flow of the upstream section is assumed to be at the 
free flow speed fv  but not more than the mainline 
capacity mq , when the upstream cell density is low. 
The maximum receiving flow of the downstream cell 
is at the backward wave speed w  but not more than 
the congested capacity mcq , which ensures that the 
mainline flow does not exceed what can be accommo-
dated by the downstream cell. 

Thus, if no data were collected at the on-ramp i, the 
on-ramp flow ( )iR t  can be estimated as 

,in 1,out( ) ( ) ( ) ( )[ ( ) ( )]i i i i i iR t t q t t R t q tγ γ −= = +    (7) 
where ( )i tγ  is the dimensionless blending ratio for 
the on-ramp i . 

The off-ramp flow, ( )iS t , can be estimated by 

,out 1,in( ) ( ) ( ) ( )[ ( ) ( )]i i i i i iS t t q t t S t q tβ β += = +    (8) 
where ( )i tβ  is a dimensionless split ratio for off-    
ramp i , defined for each cell and set to 0 if the cell 
does not contain an off-ramp. 

The time lags of the receiving function are used to 

more accurately describe the transmission as[6] 

( ) min{ [ ( , )], [ ( 1, )]}if t S i t R i t l tρ ρ= + − Δ =  

e e mmin{ [ ( , )], [ ( 1, )], }Q i t Q i t l t qρ ρ + − Δ    (9) 
where l  is the lag based on 1

max[ ( | | ) ]i il l t w −< Δ  
where max| |iw  is the maximum absolute backward 
wave speed. 

The extensive transmission criteria between cell 
1i −  and i  with an on-ramp is as: 

Free flow-to-free flow, 
1,out m, 1 1 f , 1 1 1( ) min{ , ( ) , ( ) / }i i i i i i iq t q t v t l tρ ρ λ− − − − − −= Δ  

(10a) 
Congestion-to-free flow, 

 1,out mc, 1 1 1( ) min{ , ( ) / }i i i i iq t q t l tρ λ− − − −= Δ    (10b) 

Free flow-to-congested flow, 
1,out m, 1 mc,( ) max{min{ ,i i iq t q q− −= −  

cc, 1 1[ ( ) ] ( ), ( ) / },0}i i i i i i it l t w R t t l tρ ρ ρ λ− −− Δ − − Δ  (10c) 

Congested flow-to-congested flow, 
1,out mc, 1 mc,( ) max{min{ , [ ( )i i i iq t q q t l tρ− −= − − Δ −  

cc, 1 1] ( ), ( ) / },0}i i i i i iw R t t l tρ ρ λ− −− Δ    (10d) 

The transmission rules for the off-ramp cells are 
similar. For the conservation of flow at the boundary 
between two cells, 

,in 1,out( ) ( ) ( )i i iq t q t R t−= +         (11a) 
 1,in ,out( ) ( ) ( )i i iq t q t S t+ = −         (11b) 

2  Dependence of Model Parameters 
on Sensor Location 

The section uses the loop data collected from the I5 
freeway in California to show the dependence of mod-
el parameters on the sensor location. The data was col-
lected by the loop-detector with an aggregation time 
window length of 5 min from Nov. 1 to Nov. 30, 
2008[16]. 

2.1  Lane-by-lane variability of density-flow  
relationship 

Figure 2 shows the significant traffic flow differences 
for five lanes at the same location on the I5 freeway. 
Lanes 1 and 2 exhibit the reverse- λ  shape fundamen-
tal diagrams with obvious capacity drop. Lanes 3 and 4 
have triangle density-flow relationships with two dis-
tinct regimes of free flow and homogeneous conges-
tion flow. Lane 5 is a trapeziform fundamental diagram. 
All lanes have chaotic transitions between the free 
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flow state and the congested flow state. Lane changing 
maneuvers will easily cause the traffic in the right lane 
(i.e. Lane 5) to become congested. This clearly reflects 
the lane-by-lane variability of the density-flow rela-
tionship. 

 
Fig. 2  Fundamental diagram for all lanes at station 
1108507, I5 Freeway, California, Nov. 1-30, 2008 

2.2  Site-by-site wave speed variability 

Regressions for the four different segments of the I5 
freeway also show that the estimated free flow speeds 
are almost the same at different locations, which shows 
that free traffic flow spreads downstream without loca-
tion-based variations. 

However, the data shows that congestion flows 
propagate upstream with different wave speeds, vary-
ing form 12 km/h to 18 km/h. These variations are re-
lated to the various shapes of the fundamental dia-
grams. Therefore, the wave speed, w , in the CTM 
receiving function should not be taken as constant 
along a homogenous freeway with ramps, but different 
model parameters should be used for different sections 
to improve the estimates. 

3  Model Evaluation 

This section shows how the modified CTM can repro-
duce the dynamic behaviors of real traffic flows. The 
testing segment along a 10-km stretch of the Queen 
Elizabeth Way[17] shown in Fig. 3 had 15 loop detector 
stations, with the last 7 stations used to validate the 
model. The test stretch was subdivided into 8 cells, 
each with an approximate length of 650 m, with    

simulation update times of 20tΔ = s. The traffic flow,  
occupancy, and average vehicle speed were collected 
every 20 s for 4 h from 6:00 am to 10:00 am. The ramp 
flows ( )R t  and ( )S t  were manually counted. The 
study was restricted to those days which had sufficient 
levels of congestion (observations in the congested 
regime) so that the density-flow parameters can be re-
liably estimated. 

 
Fig. 3  Field test on Queen Elizabeth Way, Ontario, Canada 

The simulated cell partition size was set to about 
125 m with a simulation update time 4tΔ = s to ana-
lyze the spatio-temporal evolution of the traffic jams in 
detail. The analysis assumed a uniform traffic flow 
distribution in 20 s, and the traffic flows at stations 
49-52 were unknown with the fundamental diagram 
parameters for these sections estimated from the data 
in Table 2. 

Table 2  Model parameters estimated from traffic data 
for Queen Elizabeth Way from 6:00 am to 10:00 am, Dec. 
15, 1998 

ck cck fv w  mq  mcq  Station
No. % % h−1 h−1 veh/(h∙lane) veh/(h∙lane)
41 12.4 12.4 161.7 11.9 2000 1508.2 
42 12.9 12.9 149.9 28.1 1940 1936.3 
43 14.1 14.1 147.5 25.9 2080 1907.2 
44 11.7 16.0 188.7 34.4 2200 2200.0 
45 15.0 15.0 153.0 37.7 2290 2206.4 
46 15.4 15.4 149.6 25.7 2310 2099.5 
47 14.7 14.7 149.3 33.3 2190 2063.4 
48 13.5 13.5 176.4 34.9 2390 2288.3 
49 12.6 12.6 188.9 32.2 2380 2164.9 
50 13.6 13.6 158.4 21.0 2160 1994.6 
51 18.3 18.3 133.2 13.8 2440 2252.7 
52 16.8 16.8 139.1 25.8 2330 1952.0 
53 18.4 18.4 129.4 21.0 2380 2285.7 
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The models were evaluated by reconstructing the 
flows at stations 48-52 using the CTM data upstream 
station 48 and downstream station 53. The measured 

and simulated time occupancies are compared in    
Fig. 4. 

 
Fig. 4  Measured and predicted spatio-temporal occupancy evolution for 6:00 am to 10:00 am where Station 53 is at the 
bottom of each figure and Station 48 is at the top. (a) Field data, (b) CTM with Δt = 4 s; (c) LS-CTM with Δt = 20 s; (d) 
LS-CTM with Δt = 4 s. 

Figure 4a shows the measured traffic flow evolution. 
Figure 4b shows the simulation results of the original 
CTM that assumes a uniform parameter set for the 
fundamental diagram of m 2390,q = mc 2130,q =  

c 13.1%k = , cc 13.1%k = , f 182.8,v =  and 24.5.w =  
The congestion wave propagates upstream with the 
proper velocity with the bottleneck exaggerated iden-   

tified near the on/off ramps. Figures 4c and 4d show 
that the backward-traveling shock wave emanating 
from the bottleneck near Station 51 after about 6:40 am 
travels faster than the forward-traveling shock  

(dissipation wave). A wide moving jam is triggered to 
propagate backward from Station 53 at about 7:40 am. 
These features observed on the freeway are correctly 
reproduced by the model but not by the original CTM. 
Thus the location specific CTM accurately reproduces 
the observed bottlenecks and the approximate duration 
and spatial extent of the congestion upstream of each 
bottleneck. The accuracy of the estimated spatio- tem-
poral dynamics illustrates the effectiveness of this 
method, even with noise and fluctuations. 
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4  Conclusions 

Field data were used to calculate both lane-by-lane and 
site-by-site variations of the traffic flow parameters for 
a fundamental diagram model of freeway traffic flows. 
A modified CTM model was then used to take into 
account the model variability influenced by sensor lo-
cations, geometry features, and many other factors. 
The lane-by-lane fundamental diagrams show obvious 
variations, where the free flow speed decreases from 
the median lane (high occupancy vehicle lane) to the 
shoulder lane and the capacity drop only exists on the 
median two lanes from the experimental segment on 
the I5 Freeway, California. Field tests demonstrate that 
the predictions by the modified CTM better fit the field 
data. The model can be further applied to on-line inci-
dent detection, routing, and ramp metering control due 
to its piecewise linear transmission structures. 
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