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This paper presents the development, analysis, and calibration of the Anisotropic Meso-
scopic Simulation (AMS) model for uninterrupted flow facilities, such as freeways. The pro-
posed AMS model is a vehicle-based mesoscopic traffic simulation approach that explicitly
considers the anisotropic property of traffic flow into the vehicle state update at each sim-
ulation step. The advantage of AMS is its ability to address a variety of uninterrupted flow
conditions in a relatively simple, unified and computationally efficient manner.

The discussions focus on the key modeling concepts, the analytical properties and
numerical analysis, and the calibration process and results. The addressed analytical prop-
erties are the overtaking conditions, acceleration and deceleration rate bounds, and shock-
waves. The numerical analysis includes both freeway segments as well as merging
junctions. Considerable efforts were devoted to employ the Next-Generation Simulation
(NGSIM) program datasets to calibrate the AMS model parameters. The high traffic fidelity
and satisfactory computational efficiency make AMS a promising simulation approach for
large-scale regional dynamic traffic simulation and assignment.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Traffic flow simulation models have been widely used for the purpose of analyzing transportation system performance
because of their capability and flexibility to capture time-variant vehicular traffic dynamics. The levels of detail in these
models range from microscopic, mesoscopic, to macroscopic. Macroscopic models depict the traffic at high levels of aggre-
gation in flow, speed and density without having to explicitly represent vehicles. On the other hand, microscopic models are
aimed at describing detailed information about an individual driver’s adjustment of speed or lane position in reaction to
other lead or adjacent vehicles, or roadway conditions. Generally, mesoscopic simulation models maintain varying degrees
of characteristics associated with both macroscopic and/or microscopic models.

In the literature, several recent mesoscopic models have been developed; some have an explicit representation of indi-
vidual vehicles that allows various decision rules vis-à-vis route, departure time and mode choices to be applied to individ-
ual motorists/vehicles. Such models were been developed as an integral part of simulation-based dynamic traffic assignment
(SBDTA). Its macroscopic relation, which aims to maintain reasonable traffic flow dynamic, is utilized to evaluate the time-
dependent link travel time and intersection turning penalties—solving the intermediate dynamic traffic assignment solu-
tions during the solution process (Mahmassani et al., 1993; Ben-Akiva et al., 2001, 2003; Mahmassani, 2001; Taylor, 2003).
. All rights reserved.
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In the SBDTA model framework, the simulation model evaluates the intermediate assignment results and provides time-
varying traffic statistics for the next-iteration assignment. Because SBDTA is aimed at regional modeling, the simulation
model requires an algorithmic design that permits not only faster execution of simulation steps, but also more efficient com-
puter memory usage in order to simulate millions or tens of millions of vehicles on a large network over a long time period in
a computationally efficient manner. Application areas that favor such computational and algorithmic characteristics are gen-
erally imposed with large temporal and spatial scale modeling requirements, such as corridor traffic improvement and man-
agement, regional air quality analysis, or traffic modeling for mass evacuation.

It is generally agreed that using simulations to estimate the link travel time and intersection turning penalty exhibit sev-
eral advantages over analytical approaches, such as BPR-type functions, because they lack realism in capturing the complex
roadway–control–driver interactions (Peeta and Ziliaskopoulos, 2001; Ge and Carey, 2004). Nonetheless, the characteristics
of various mesoscopic simulation models, such as the accuracy of their link travel times and intersection turning penalty
estimation under various roadway conditions, have not been fully discussed and understood.

This paper presents the development, analysis, and calibration of the Anisotropic Mesoscopic Simulation (AMS)
model for uninterrupted flow facilities, such as freeways. The proposed AMS model departs from prior models in that
it is a vehicle-based mesoscopic traffic simulation approach that explicitly considers the anisotropic property of traffic
flow into the vehicle state update at each simulation step. The discussions presented in this paper focus on the key
AMS modeling concepts that include analytical properties and numerical analysis, and the calibration process and re-
sults. The overtaking conditions, acceleration and deceleration rate bounds, and shockwaves are the addressed analyt-
ical properties. The numerical analysis includes both freeway segments and merging junctions. Considerable efforts
were devoted to employing the Next-Generation Simulation (NGSIM) program datasets to calibrate the AMS model
parameters.

The methodological contribution of this research is in the theoretical development of the innovative modeling approach
and polynomial algorithmic procedure, analytical and numerical analysis of various intuitive and desirable traffic properties,
and the carryout of a validation and calibration of AMS using actual field data.

The study described in this paper is a part of a larger study. The discussions in this paper are limited to uninterrupted flow
facilities. Applying AMS to interrupted facilities requires a careful examination of intersection signals and queue formation
for different turning movements, as well as calibration; therefore, these issues are not addressed in this paper.

This paper is presented according to the following structure: Section 2 reviews the existing related traffic simulation
models; Section 3 introduces the Anisotropic Mesoscopic Simulation (AMS); Section 4 discusses the analytical properties
of the AMS model, including the non-overtaking conditions and acceleration and deceleration bounds and shockwaves; Sec-
tion 5 presents a set of numerical results for both non-homogeneous freeways and merging junctions; Discussed in Section 6
are the calibration results using the NGSIM data. Lastly, Section 7 offers concluding remarks and discusses further research
ideas.
2. Literature review

In the literature, the definitions and development focus of mesoscopic traffic flow models vary widely, and several differ-
ent models with distinct modeling concepts can be found. Earlier models include the headway distribution model that as-
sumes probability distribution functions to capture vehicle traffic dynamics (Buckley, 1968; Branston, 1976); the cluster
model (Botma, 1978); the gas-kinetic continuum model, first published by Prigogine and Herman, which employs the
Phase-Space Density (PSD) as its core mechanism (Nelson and Sopasakis, 1998).

Another model class is the simulation-oriented models that are aimed at describing vehicle trajectories following link,
segment, or cell structure of the network arcs at every simulation clock tick. Falling within this category are several other
types of models with distinct modeling features. A common model type is the link-based queue-server models. The Queue
model introduced by Gawron (1998) describes the links with a flow capacity that limits the number of agents that can leave
the link and a space constraint which defines the limit of the number of agents that can be on a link at the same time. The
spillback modeling issue appeared in the original model (Gawron, 1998) was later addressed by Cetin et al. (2003).

In another type of model in the same category, vehicles are moved according to an average speed calculated from the
average link density in conjunction with a macroscopic speed–density (v–k) relationship at every clock tick. A queue-server
at the downstream node discharges vehicles according to the constraints imposed at these nodes, accounting for delays
caused by traffic signals, downstream capacity limits, and interaction with additional traffic. A typical model requires a
non-zero minimal speed to prevent a complete stop once the link density reaches the jam density. A vehicle’s change of
speed when moving from one upstream link to the downstream link is not explicitly regulated. A typical model is DYNA-
SMART (Jayakrishnan et al., 1994).

Improved versions of this model are the DynaMIT DTA model (Ben-Akiva et al., 1998) and MEZZO (Burghout, 2004), in
which a link is divided into two segments with one consisting moving vehicles and the other with possible queued vehicles.
All moving vehicles move at the same speed, which is calculated using a method similar to that in DYNASMART. If no queue
exists, the speed transition from one link to its downstream link is considered. This is based on the assumption that speed is
constant on the upstream section of the link, followed by a deceleration zone covering a downstream section, where the
speed of vehicles varies linearly as a function of the position. The length of the deceleration zone depends on the geometry
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of the segment and traffic conditions. In the case of a queue, the queue segment contains queue vehicles with separate sim-
ulation logics to handle queue formation and dissipation.

In CONTRAM (Leonard et al., 1989; Taylor, 2003), vehicles within the links are grouped into packets and each packet is
treated as one vehicle. The packets are arranged in order of their entry time and the travel time is calculated, assuming that
packets experience junction delays as a function of current flow on the link. Vehicles entering or leaving the link are respec-
tively added or subtracted in the appropriate time intervals to produce new flow estimates.

A similar concept, called the space–time queue (STQ), was proposed by Mahut (Mahut, 2001; Mahut et al., 2002). The
network loading problem is solved using a traffic simulation model that moves individual vehicles according to the tri-
angular flow–density relationship. In the case of a one-lane link, the model is the discrete-flow equivalent of the sim-
plified kinematic wave model of Newell (Newell, 1993; Mahut, 2001). Rather than computing a real-valued amount of
flow that can pass a point (node) over a fixed time interval (as in Newell’s model), this model calculates the real-valued
duration of time that separates fixed-size increments of flow (individual vehicles) at a given point, similar to the dis-
crete-event simulation concept. This model was later implemented as part of the DTA model DYNAMEQ (Mahut
et al., 2004; INRO, 2005).

A recent study (Dell’Orco, 2006; Celikoglu and Dell’Orco, 2007) categorized dynamic disaggregate mesoscopic network
loading problems based on whether vehicles are either grouped into discrete packets or spread within continuous packets.
Continuous packets mean that vehicles are distributed inside each packet, which is defined by the head and the tail points;
and discrete packets mean that all vehicles belonging to a packet are grouped and represented by a single point. In the same
studies, a model with uniformly accelerated discrete packets was proposed. However, this model also assumed that the
speeds of all vehicles on the same link are determined by all vehicles on that link.

A common problem arising in existing mesoscopic algorithms, as pointed out by (Dell’Orco, 2006), is representing the
anisotropic traffic flow property because all moving vehicles move at the same speed based on the link average density; in
the case of a long link, the leading moving vehicles’ speed will be affected by the inflow of the link, implying that a infi-
nite-speed forward moving shockwave is always generated during simulation. This violates the basic anisotropic property
of traffic flows, which says that vehicles mostly react to other vehicles that are in front of them as also pointed out in
some earlier articles (Daganzo, 1995a,b; Zhang, 2001) although these discussions focus more on the higher-order contin-
uum models. Not observing the anisotropic property can underestimate the recovery of traffic congestion. This is a result
of the leading vehicles moving at unrealistically slow speeds regardless of the capacity restoration downstream from the
link.

Handling the queue formation and discharge processes in the queue-server type of models is particularly challenging.
Some models either use a virtual queue in conjunction with minimal positive speed (Jayakrishnan et al., 1994) or explicitly
capture the queue dynamics but with a family of different models that work in a rather ad hoc manner (Ben-Akiva et al.,
1998). Because the virtual queue does not correspond to actual traffic characteristics, these models may not necessarily cap-
ture traffic dynamic characteristics (e.g. queue lengths, delays, shockwaves, etc.).

Ben-Akiva et al. (Ben-Akiva et al., 1998; Ben-Akiva, 2003a,b) and Burghout (Burghout, 2004) attempted to improve
queue modeling. The proposed technique is to treat moving and queued segments of a link separately while vehicles
in the free-moving portion of the link move according to a user-defined macroscopic v–k relationship. In the event
that a queue is identified, a family of different deterministic models is used to approximate the queue formation or
dissipation processes (Ben-Akiva et al., 1998, 2003). Such an approach may only be suitable for arterial streets, in
which queues are constantly formed by traffic signals. For uninterrupted flow facilities, such as freeways, defining
distinct free-moving and queued portions of the traffic stream in general traffic conditions may be difficult. Transient
queues or shockwaves caused by temporary flow state transitions may not be detected unless more complex rules
are devised.

The Cell Transmission Model (CTM) proposed by Daganzo (Daganzo, 1994; Daganzo, 1995a,b) is an approximation of
the Lighthill and Whitham’s (Lighthill and Whitham, 1955) and Richards’ (Richards, 1956) equations by a set of differ-
ence equations. Specifically, a link is divided into homogeneous cells according to the free-flow speed of that link,
which are numbered consecutively from upstream of the link. The cell transmission determines the flow at a certain
point of a road according to the downstream and upstream cell flow situation. The cell size can be sufficiently small to
capture the state of individual vehicles while reasonably capturing both free-flow conditions as well as interrupted
flows. CTM’s applicable range has been extended from uninterrupted to generalized interrupted flow conditions (Zili-
askopoulos and Lee, 1997). CTM has also been used as a network loading model to support SBDTA (Boyles et al., 2005).
In addition, it has also been formulated as a mathematical problem to solve an array of network flow problems (Li
et al., 1999; Waller et al., 2001; Ziliaskopoulos and Waller, 2001; Ge and Carey, 2004; Chiu and Zheng, 2007; Chiu
et al., 2007).
3. Anisotropic Mesoscopic Simulation modeling concept and basic properties

The AMS model is developed based on two intuitive concepts and traffic characteristics: (1) at any time, a vehicle’s pre-
vailing speed is influenced only by the vehicles in front of it, including those that are in the same or adjacent lanes and (2) the
influence of traffic downstream upon a vehicle decreases with increased distance. These two characteristics define the
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‘‘anisotropic” property of the traffic flow and provide the guiding principle for AMS model design. Based on such concepts,
we define that for any vehicle i, only those leading vehicles (in the same lane or in the adjacent lanes) present in vehicle i’s
immediate downstream and within a certain distance are considered to influence vehicle i’s speed response. This is a similar
concept to a stimulus–response type of car-following model, with the distinction that in AMS, the stimulus of a vehicle’s
speed response is represented in a macroscopic manner instead of using inter-vehicle distance or speed as in microscopic
models.

For modeling purposes, the Speed Influencing Region (SIR) for vehicle i is defined as vehicle i’s immediate downstream
roadway section in which the stimulus is significant enough to influence vehicle i’s speed response. This concept is further
depicted in Fig. 1, in which a multi-lane homogeneous roadway segment is considered. The Speed Influencing Region (SIR)
for vehicle i is defined as the area (including the lane in which vehicles reside and all the adjacent lanes) in front of vehicle i,
where the traffic condition (represented by the density) affects vehicle i’s speed response. At each simulation clock tick, vehi-
cle i’s speed is influenced by the density in SIR. The upstream traffic and downstream traffic outside the SIR does not influ-
ence vehicle i. The SIRi length can be assumed to be either equal for all vehicles or variable according to different flow
conditions. The SIRi length is assumed to be an average value l across all vehicles in this paper. The traffic density in SIRi,
denoted as ki, is calculated as the number of vehicles present in SIRi divided by the total lane-miles of the SIRi. As such,
the unit of ki becomes the number of vehicles per mile per lane.

At the beginning of a simulation interval, for each vehicle i, the prevailing speed of vehicle i during the simulation interval
is determined by Eq. (1), where }:k ? v is a non-increasing speed–density relationship function with two boundary condi-
tions: }(0) = vf and }(kjam) = 0.

The algorithmic steps of an AMS model during simulation are as follows: at each clock tick t (the beginning of a simulation
interval), each vehicle’s speed v t

i is evaluated based on its SIR density, which is obtained from the previous clock tick kt�1
i

through the v–k relationship function }ðkt�1
i Þ. The SIR density is calculated based on Eqs. (2) and (3), depending on whether

or not the SIR spans over the freeway segment with a different capacity. If the SIR spans a homogeneous highway section, Eq.
(2) applies; otherwise, Eq. (3) is used. Vehicle i’s traveling distance at the end of the current simulation interval is obtained
by taking the prevailing speed v t

i times the duration of the simulation interval D.
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Fig. 1. AMS model concept.
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where i is the subscript denoting a vehicle. The index i decreases with vehicles traveling in the same direction on the same
link, t the superscript denoting a simulation interval, l the SIR length, xt�1

i the distance between vehicle i and the upstream
edge of lane drop (open) or the location of point bottleneck within SIR at clock tick t � 1, m the number of lanes for the SIR
area designated with xt�1

i , n the number of lanes for the SIR area outside that is designated with xt�1
i ;v t

i is the prevailing speed
of vehicle i during simulation interval t, kt�1

i the density of the SIR for vehicle i, Nt�1
i the number of vehicles present in SIR,

excluding vehicle i, vf the free-flow speed in the speed–density relationship, } : k! v the non-increasing speed–density
function specifying the v–k relationship, where }ð0Þ ¼ v f and }ðkjamÞ ¼ 0, kjam the jam density, and }ðkjamÞ ¼ 0.

During the AMS simulation, each vehicle maintains its own prevailing speed and SIR at the beginning of a simulation
interval. Individual vehicles’ traveling distances are therefore likely to differ, even though they are on the same link. This
feature is different from certain previous models (Jayakrishnan et al., 1994; Balakrishna et al., 2005), in which all moving
vehicles on the same link travel at the same speed. This characterizes the AMS model as a vehicle-based mesoscopic model
having a greater degree of resemblance with car-following-based microscopic models. The major difference between AMS
and car-following models is that in AMS, a vehicle’s speed adjustment at each simulation time interval is governed by the
SIR density kt

i , which is a macroscopic measure of all the vehicles present in the SIR region, instead of an inter-vehicle mea-
sure between the target and the leading vehicle(s).

Since the SIR moves with each vehicle during simulation, it can be anticipated that in the AMS model, the vehicle advanc-
ing mechanism is generally independent of the representation of network structures (i.e. size/length of cell/segment/link)
under the uninterrupted flow condition. Each vehicle makes speed adjustment decisions solely based on its SIR density;
the AMS simulation results generally remain stable regardless of how link lengths are defined unless the link is shorter than
a certain threshold that violates that required by a general time-based simulation.

AMS handles queue formation/discharge in a natural and straightforward manner. When kjam is reached, v = }(kjam) = 0;
vehicles speed up when the SIR density decreases. This mechanism allows for clear representations of substantial or tran-
sient queue formation or discharge. When a free-moving vehicle approaches the end of a queue, its speed gradually ap-
proaches the same speed of the queue tail as its SIR density approaches the SIR density of the leading vehicles. Depending
on how the overtaking condition is met, this vehicle may trail at the end of the queue without ‘‘jumping over” leading vehi-
cles, or it may stop ahead of the leading vehicle. More explanations in this regard are offered in Section 4.1.

Eq. (1) was further extended to simulate traffic flow in uninterrupted flow facilities under various configurations, such as
homogeneous highways, non-homogeneous highways (e.g. lane drops, bottleneck discharge, or merging/diverging) and tem-
porary blockage, by specifically considering different SIR density kt

i calculations corresponding to those conditions. As shown
Eq. (2), in the case of the homogeneous highway, kt

i is calculated as the number of vehicles presenting in the SIR divided by
the total lane-miles of the SIR (i.e. the SIR length times the number of lanes). When lane drops or lane additions occur within
the SIR, the total lane-mile of SIR is the sum of lane-miles of separate sections, as shown in Eq. (3). When the lane drop
(Fig. 1b-1) or point bottleneck (Fig. 1b-2) (from m to n lanes, n < m) occurs downstream from vehicle i within the SIR range,
the total lane-miles in the SIR is calculated as mx + n(l � x), and the resulting kt

i is the smaller of kjam and Nt�1
i

mxþnðl�xÞ, which is the
number of vehicles in the SIR at the beginning of the time interval t � 1 divided by the total lane-miles mxþ nðl� xÞ in the
SIR.

In the case of a lane drop or a point bottleneck (n < m), the SIR density of a vehicle gradually increases (and hence speed
reduces) as it approaches the bottleneck. When n = 0, a complete blockage occurs; this can be applied to either a point block-
age or a red-light signal indication situation. On the other hand, in the case of discharging from a bottleneck, as a vehicle
approaching the open-up of the bottleneck, the density reduces and speed increases gradually.

To ensure desirable computation tractability of AMS, the following polynomial algorithmic procedure is proposed. At each
simulation clock tick, Step VS updates individual vehicle speeds. In Step VS.1, for each link h, vehicles are scanned and up-
dated only once from the tail to the head of the data structure holding the vehicle IDs. The complexity of Step VS is O(z),
where z is the total number of vehicles present in the simulation at clock tick t. With the updated vehicle speed v t

i , Step
VP updates the position of all vehicles according to the prevailing speed v t

i . The complexity of Step VP is also generally
O(z) if non-overtaking is observed.

For those links with incoming vehicles, Step VR updates its vehicle list. The complexity of this step is O(z) because these
incoming vehicles are typically appended to the end of list without insertion. Step VA updates individual vehicles’ SIR density
kt

i after all the vehicles are updated with a new position. kt
i will be used for the Step VS in next simulation instant t + 1. The

key of this algorithmic step is, for those vehicles whose SIR front remains in the same link, to update the increment of density
when scanning from vehicle i � 1 to vehicle i without re-counting the number of vehicles in SIR for vehicle i. This allows the
complexity of Step VA to be OðzÞ. The algorithm comprising four updating steps is briefly presented as follows.
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Given: for h e {all links}, vehicles present at each link are stored in a data structure Qh in ascending order of their distance
to the downstream node at the beginning of the simulation interval t.

1. (Step VS) Vehicle speed update:
(Step VS.1) For link h e {all links}, do the following,

(Step VS.1.1) For vehicle i 2 Qh, do the following,
Retrieve kt�1

i from computer memory,
Calculate v t

i ¼ }ðk
t�1
i Þ.

2. (Step VP) Vehicle position update:
(Step VP.1) For h e {all links}, do the following,

(Step VP.1.1) For vehicle i e Qh, do the following,
(Step VP.1.1.1) Read v t

i and yt�1
i from computer memory and update vehicle i’s position to be yt

i ¼ yt�1
i � v t

i � D,
where D is the simulation interval.

(Step VP.1.1.2) if yt
i < 0, mark gi vehicle i’s arrival time at the downstream end. Retrieve vehicle i’s next traversing

link ID b, insert vehicle i to the incoming vehicle list wb in the ascending order of downstream end arrival time. Increase
the incoming vehicle counter hb hb + 1.

(Step VP.1.2) Update vehicle i’s order in h based on yt
i .

3. (Step VR) Vehicle relocation:
(Step VR.1) For h e {all links}, retrieve qh the allowed max number of incoming vehicles for link ha for D, do the following,

(Step VR.1.1) For the first g = min {qh, hh} vehicles in wh, do the following,
(Step VR.1.1.1) Insert i e wh into Qh. Delete vehicle i from their respective Q .
(Step VR.1.1.2) Update vehicle i position on link h as yt

i ¼ kh � v t
i � ðD� giÞ

4. (Step VA) AMS variable update:
(Step VA.1) For link h e {all links}, do the following,

(Step VA.1.1) For vehicle i e Qh, do the following,
(Step VA.1.1.1) Calculate Nt

i based on the following conditions:
Calculate the position of the SIR front for vehicle i to be st

i ¼ yt
i � l.

If (vehicle i is the farthest from the downstream node) then
If (st

i � 0) then,
Calculate Nt

i as the number of vehicles i: st
i � yt

k–i < yt
i :

Else,
Find vehicle i’s next traversing link ID b and its length kb. Calculate Nt

i as the sum of the number of vehicles
i e Qh: 0 � yt

k–i < yt
i and the number of vehicles k e Qb: kb � ðl� yt

i Þ � yt
k.

else,
If (st

i � 0) then,
Calculate Nt

i ¼ Nt
i�1 � 1þ bNt

i , where bNt
i is the number of vehicles located between st

i�1 and st
i ,

st
i ¼ st

i�1 � ðyt
i�1 � yt

i Þ, where ðyt
i�1 � yt

i Þ is the distance between vehicles i and i � 1.
Else,

Find vehicle i’s next traversing link ID b and its length kb. Calculate bNt
i as the sum of the number of vehicles

i e Qh: 0 6 yt
k–i < yt

i and the number of vehicles k e Qb: kb � ðl� yt
i Þ � yt

k
(Step VA.1.1.2) Calculate kt

i using Eqs. (2) or (3).

a This is calculated by other capacity update modules and is not discussed in details herein.
4. Analytical properties

Based on the above algorithmic procedure, certain microscopic and macroscopic properties for AMS can be understood
analytically. This section discusses the microscopic properties related to vehicle overtaking, deceleration/acceleration and
overtaking, as well as macroscopic properties related to shockwaves.
4.1. Microscopic properties

4.1.1. Overtaking conditions
Overtaking is defined as the situation in which yt�1

i�1 � yt�1
i and yt

i�1 � yt
i , where yt

i is the position of vehicle i at time
t and yt

i�1 is the position of the following vehicle i � 1 at time t. This occurrence is a likely scenario in AMS because
each vehicle’s prevailing speed is calculated individually. For any two consecutive vehicles, i � 1 and i, given a pre-
determined SIR length l, jam density kjam, and simulation interval D, Lemma 1 holds. Lemma 1 indicates the condition
in which vehicle i � 1’s speed is greater or equal to vehicle i. v t

i�1 � v t
i is the necessary condition for the overtaking to

occur at time t.
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Notations
l
 length of SIR, assume to be the same for all vehicles

v
 vehicle speed

k
 SIR density

D
 duration of a simulation interval

} : k! v
 non-increasing function specifying the v–k relationship, }ð0Þ ¼ v f and }ðkjamÞ ¼ 0

kjam
 jam density
Lemma 1
On a homogeneous highway section; at clock tick t; v t
i�1 > v t

i if and only if there are at least two vehicles
present between the front end of the Speed Influencing Regions ðSIRsÞ of vehicles i� 1 and i: ð4Þ
Proof (See Appendix B).

Theorem 1 (Non-overtaking Sufficient Conditions). In the AMS model, given the speed–density function } : k! v , if the
following conditions are satisfied, then no vehicle overtaking will occur during simulation:
1: Speed—density function} : k! v is non-increasing; and ð5Þ
2: The length of the Speed Influencing Region ðSIRÞ l > �minð}0Þ � D � kjam ð6Þ
The proof for Theorem 1 is provided in Appendix C.
Theorem 1 is a sufficient condition that prevents overtaking from occurring during simulation. For illustration purposes,

we discuss the non-overtaking conditions using Greenshield’s type of speed–density function with the form of v = vf (1 � k/
kjam)a. The first-order derivative of the function leads to }0 ¼ av f ð1� k=kjamÞa�1 � ð�1=kjamÞ. Examining the second-order
derivative, one can find that }00 ¼ aða� 1Þv f ð1� k=kjamÞa�2 � ð1=ðkjamÞ2Þ if a P 1. For most of the model forms found in liter-
ature, a = 1 leads to Greenshield’s model and a > 1 is found in most field data (Mahmassani et al., 2003; Ben-Akiva et al.,
2004; Balakrishna, 2006). To this extent, k = 0 = arg min (}0), }0ð0Þ ¼ av f � ð�1=kjamÞ and }0ðkjamÞ ¼ 0. With
minð}0Þ ¼ }0ð0Þ ¼ av f � ð�1=kjamÞ, we have av f � D � l. As an example, for a highway section with 50 mph free-flow speed
and a simulation interval of 3 s, the SIR length needs to be greater than or equal to 220a ft to prevent overtaking. Note that
a = 1 refers to Greenshield’s model; some calibrated models have a ranging from 2.0 to 5.5 (Mahmassani et al., 2003), result-
ing in SIR lengths of 440–1100 ft.

Theorem 2 (Overtaking sufficient conditions). In the Anisotropic Mesoscopic Simulation model, given the speed–density
function } : k! v , if the following conditions are satisfied, then vehicles i � 1 will overtake vehicle i at clock tick t:
1: Speed—density function } : k! v is non-increasing; and ð7Þ
2: The spacing between vehicles i� 1 and i is less or equal to the SIR length l; and ð8Þ

3: The SIR length l < D � kjam �
}ðkt

i�1Þ � }ðk
t
i Þ

kjam � kt
i�1

ð9Þ
The proof for Theorem 2 is presented in Appendix D.
Theorem 2 indicates that the vehicle overtaking occurrence is jointly determined by model parameters as well as the

relationship between vehicles i � 1 and i at clock tick t as depicted by Eqs. (1)–(3). Overtaking is illustrated through an exam-
ple in which vehicle i � 1 travels at free-flow speed vf, i.e. kt

i�1 ¼ 0, whereas vehicle i stops at the tail of a standing-still queue,
i.e. kt

i ¼ kjam. Assuming a 3-s simulation interval, if l < D � kjam �
v f

kjam
¼ D � v f ¼ 3 � 73:3 ¼ 220 ft and the spacing between vehi-

cles i � 1 and i at the clock tick t is less or equal to l, then vehicle i � 1 overtakes vehicle i after the position update at clock

tick t.
4.1.2. Bounds for deceleration and acceleration rates
Acceleration and deceleration rates are defined as a vehicle’s speed change from time t � 1 to t, divided by the simulation

interval. Acceleration/deceleration rates are of particular interest when considering using them to support certain modeling
applications, such as local level air quality analysis, in which vehicle acceleration/deceleration rates are inputs for the air
quality model.

Theorem 3 (Deceleration bound). If v t
i�1 < v t�1

i�1 then the deceleration rate of vehicle i � 1 at time t during simulation is within
the following bound:
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0 � at
i�1 � }0ðk

t�1
i�1 Þkþ

}00 ðkt�1
i�1 Þ

2!
k2Dþ }000 ðkt�1

i�1 Þ
3!

k3D2 þ � � � ;

where k ¼ ½}ðk
t�1
i�1 Þ�}ðk

t�1
i Þ��kjam

l > 0
ð10Þ
Theorem 4 (Acceleration bound). If v t
i�1 > v t�1

i�1 , then the acceleration rate of vehicle i � 1 at time t during simulation is within
the following bound:
0 � at
i�1 � }0ðk

t�1
i�1 Þkþ

}00 ðkt�1
i�1 Þ

2!
k2Dþ }000 ðkt�1

i�1 Þ
3!

k3D2 þ � � � ;

where k ¼ ½}ðk
t�1
i�1 Þ�}ðk

t�1
i Þ��kjam

l < 0
ð11Þ
Theorems 3 and 4 indicate that vehicle i � 1’s deceleration/acceleration rate is jointly determined by the relative speed be-
tween vehicle i � 1 and its leading vehicle i (through k), as well as the speed of vehicle i � 1 at time t � 1 (through
}0ðkt�1

i�1 Þ; }00ðk
t�1
i�1 Þ; }000ðk

t�1
i�1 Þ; ::::), and the simulation interval D. It is trivial to show that when v t

i�1 ¼ v t�1
i�1 , k ¼ 0, and at

i�1 ¼ 0.
The mathematical derivations of Theorems 3 and 4 are presented in Appendix E.

It can be seen from Theorems 3 and 4 that when }ðkt�1
i�1 Þ ¼ }ðk

t�1
i Þ, k ¼ 0, and at

i�1 ¼ 0, and }ðkt�1
i�1 Þ > }ðkt�1

i Þ, k > 0, decel-
eration occurs. Likewise, acceleration occurs when }ðkt�1

i�1 Þ < }ðkt�1
i Þ.

The acceleration rates based on varying speeds of vehicles i � 1 and i are displayed in Figs. 2 and 3. In Fig. 2, it appears that
at

i�1 ¼ 0 8 }ðkt�1
i�1 Þ < }ðkt�1

i Þ. The deceleration rate increases with increasing vehicle i � 1 speed and with increasing speed
difference between vehicles i � 1 and i. The maximal deceleration rate occurs at around �12.2 f/s2 when vehicle i � 1’s speed
is at the free-flow speed and vehicle i’s speed is lower than 16.7 mph.

Following Theorem 4, acceleration occurs when }ðkt�1
i�1 Þ < }ðkt�1

i Þ. Using the same example, the maximal acceleration was
found to be about 11.5 f/s2, and it occurs when vehicle i is at the free-flow speed and vehicle i � 1 is at a speed lower than
5.0 mph. When vehicle i is at a lower speed, the acceleration rate for vehicle i � 1 is capped at a lower rate. In other words,
when vehicle i’s speed is much higher that that of vehicle i � 1, vehicle i � 1 will accelerate at a higher rate to keep up with
the speed of vehicle i as soon as possible. Also note that if overtaking does not occur, then vehicle i � 1’s acceleration will
stop once it reaches vehicle i’s speed.

In the illustrated examples, both the deceleration and acceleration rates yielded by AMS simulation are within a compa-
rable range and pattern with real-world observations as well as prevalent microscopic simulation models such as CORSIM
(FHWA, 2007) and VISSIM (PTV, 2009).
4.2. Macroscopic properties – shockwaves

The shockwaves caused by highway capacity (e.g. lane drop or expansion, or incidents) can be estimated by macroscopic
approaches using q–k fundamental diagrams. In AMS, vehicles will slow down due to the same conditions and such changes
Fig. 2. Vehicle deceleration conditions.



Fig. 3. AMS vehicle acceleration conditions.
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of traffic flow will also cause shockwaves to form. Theorem 4 indicates that the shockwaves generated by AMS are identical
to those estimated by the macroscopic q–k diagram based approach under the specified model setting.

Theorem 4 (AMS Shockwave Speed). Given the AMS settings (12) and (13), the speed of the backward shockwave generated by
AMS simulation of vehicles approaching the tail of a standing-still queue equals to that calculated by xab ¼ qa�qb

ka�kb
using the q–k

diagram:
l ¼ v f � D ð12Þ

v ¼ v f 1� k
kjam

� �
ð13Þ
Proof (see Appendix F).
The above discussion depicts AMS’ general analytical properties that aid in understanding certain key microscopic and mac-
roscopic traffic simulation characteristics. However, numerical examples are also needed to provide insights regarding the
actual numerical simulation outcomes. In the next section, the numerical properties of the AMS model are illustrated and
discussed through two freeway simulation cases, including a non-homogeneous freeway segment and a freeway merging
junction. h
5. Numerical analysis

5.1. Simulation of a non-homogeneous highway segment

This simulation experiment was conducted on a one-way, two lane, 60-mile-long freeway segment with a permanent
lane drop and a temporarily roadway blockage. The permanent lane drop is located between the 30 and 40 mile posts.
The temporary roadway blockage, closing the entire roadway from 100 to 200 min after the simulation start, is located
10 miles downstream from the permanent lane drop (see Fig. 4). Constant vehicle loading is set at 1500 passenger-car
per-hour per-lane (pcphpl), which leads to a total of 12,000 vehicles to be generated during a 240-min simulation period.
Simulation intervals are set to be 6 s. The trajectories of sample vehicles are recorded at clock tick in order to construct de-
tailed space–time diagrams. The two-regime modified Greenshield’s model without a minimal positive speed
}ðkÞ ¼ v f ; 8 k 6 30;}ðkÞ ¼ 77:9ð1� k=200Þ2:73

; 8 30 6 k 6 200 is used in the experiment. The SIR length l is set to be
1000 ft with a simulation interval of 6 s, and free-flow speeds for all highway segments are set to 48 mph.

Fig. 5a illustrates the chosen }ðkÞ function, while Fig. 5b is the q–k relationship that is mathematically equivalent to }ðkÞ.
Fig. 5c shows all the speed–density data points collected from the simulation. The comparison between Fig. 5b and c



Fig. 4. Test network for AMS model (not to exact scale).
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indicates that the q–k relation represented by the AMS model closely matches the theoretical patterns. The resemblance reit-
erates that the AMS model exhibits consistent and intuitive macroscopic characteristics.

The space–time plots for a set of sample vehicles are illustrated in Fig. 6. Vehicles initially travel at a free-flow speed
(48.0 mph) before they reach the lane drop. Upon entering the lane drop section, the density increases and speed drops
to approximately 17.2 mph. Upon exiting the lane drop section, vehicles accelerate to the speed corresponding to the satu-
ration flow rate. Those vehicles which reach the temporary blockage section during the blockage time or are affected by the
Fig. 6. AMS model test case space–time diagram (SIR length = 1000 ft).
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blockage-induced backward-moving shockwave are entirely stopped until the discharge-induced backward-moving shock-
wave arrives. Upon discharging from the queue, vehicles start to discharge at a maximum flow rate.

The formation of various shockwaves resulting from varying traffic flow states caused by both the lane drop and the tem-
porary roadway blockage is demonstrated in the space–time diagram. Wave A–B indicates the backward shockwave gener-
ated from vehicles entering the lane drop, while wave A–D indicates the stationary shockwave at the entrance of lane drop.
Further, wave C–G is a stationary shockwave at the exit of the lane drop. Moreover, wave H–G corresponds to the backward
shockwave caused by the temporary blockage. Wave G–D is the H–G shockwave propagated into the lane drop section,
where the wave speed changes due to change of interfacing traffic states. The backward shockwave generated by discharge
after the capacity of the temporary blockage is restored is represented by wave I–J. The same shockwave changes its speed
upon entering the lane drop, wave J–F. Forward-moving shockwave J–K is also observed as the vehicles catches up to those
slower vehicles (as they accelerate from a complete stop). Forward shockwaves captured by the AMS model includes H–L, I–
M, and J–K. These wave speeds are not faster than the speeds of the actual flows that carry them, which is consistent with
basic traffic flow properties.

Further examination of the shockwaves exhibited by the AMS model and those generated by the fundamental diagram
Fig. 5b, demonstrates the AMS macroscopic properties. Shockwave A–B serves as an example. The speed of the backward
shockwave A–B represented by the AMS model is found to be �0.14 ml/min = �8.4 mph, using Fig. 6. The shockwave A–B
is caused by the traffic state transition from 3000 pcphpl (1500 pcphpl � two lanes) to 1782 pcphpl due to the lane drop.
The corresponding densities and flows of the two traffic states are found to be 60.0 pc/ml and 227.6 pc/ml (Fig. 5b), resulting
in a wave speed of (3000 � 1782/(60.0 � 227.6)) = �0.12 (ml/min) = �7.2 mph. The number captured by the AMS model is
slightly higher than the theoretical figure. Note that this can be improved through proper calibration of model parameters.

5.2. Simulation of a freeway merging junction

The second simulation scenario highlights the traffic dynamic for AMS under the freeway merging situation. In the test
network, two 3-lane freeways merge into one 5-lane freeway. Twenty miles downstream of the merging junction, a lane
drop reduces the number of lanes from 5 to 3 (Fig. 7). The inbound freeway branch B has a constant inflow rate of 4000 vehi-
cles per hour (vph), which is equivalent to 1333 vehicles/hour/lane (vphpl) between 0 and 120 min. The inbound branch A
has a constant inflow rate of 7000 vph, which is equivalent to 2333 vphpl with a shorter time period between 30 and 60 min.
The } function and the simulation interval are kept the same as those used in the simulation scenario in Section 5.1.

The simulation follows the algorithmic steps described in Section 3. In particular, for vehicles whose SIR spans across the
merging junction, the SIR is defined as illustrated as in the shaded area shown in Fig. 7. Moreover, Eq. (3) applies with x de-
fined as the distance between the vehicle and the merging junction, and m and n are applied to as the number of lanes for the
inbound branch and the outbound branch, respectively.

The space–time diagram of vehicles entering the network from inbound branches A and B are displayed in Fig. 8. Fig. 8(1)
shows those from branch A, and Fig. 8(2) shows those from branch B. As shown in Fig. 8(2), vehicles traversing the merging
junction prior to 30 min move at the free-flow speed. From 30 to 60 min, the B originated vehicles experience speed reduc-
tion at the merging junction (points (a)–(b) in Fig. 8(2)). It can be observed that these vehicles gradually recover their speed
after passing the merging junction until they reach the downstream lane drop location (as shown as points (d) and (f) in
Fig. 8). Fig. 8(2) also shows that a backward shockwave (d)–(c) is originated from the downstream lane drop because the
inflow rate is greater than the capacity of the lane drop. Vehicles traversing the merging junction after 60 min join the slower
moving vehicles, and the speed transition is depicted by the shockwave (b)–(c). When shockwaves (d)–(c) and (b)–(c) meet,
the resultant wave (c)–(e) is formed between the free-flow moving vehicles and the lane drop induced traffic state. One can
also see that similar space–time trajectories can be observed for vehicles originated from inbound branch A.

Additional numerical comparison was conducted to understand, at network and macroscopic levels, the comparison of
AMS and the microscopic simulation model VISSIM using the same testing case. The same network and input flows were
B
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A
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(30-60 min)

20 miles 1 miles
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x

Fig. 7. Freeway merging scenario.



Fig. 8. Space–time diagram for the freeway merging case.

Table 1
Comparison of AMS and VISSIM in the freeway merging scenario.

Average travel time by VISSIM (min) Average travel time by AMS (min) Difference (%)

(SIR length, ft) (min)

69.79 200 70.52 1.1
220 69.91 0.1
240 68.98 1.2
260 68.55 1.8
280 68.41 2.0
300 67.94 2.7

Y.-C. Chiu et al. / Transportation Research Part B 44 (2010) 152–174 163
specified in VISSIM to create the comparison case. As shown in Table 1, the average travel time from VISSIM is 69.79 min,
whereas that for the AMS model varies according to the SIR length. The AMS travel time does not vary greatly due to changed
SIR length. Furthermore, the difference is minimally (0.1%) with the SIR length set to be 220 ft. The differences for other SIR
lengths range from 1.1% to 2.7%. Although this comparison may be short of theoretical rigor, it indicates, in a loosely quan-
titative manner, that AMS exhibits comparable macroscopic characteristics compared to a microscopic simulation model.
5.3. Flow distribution at a freeway merging junction

The further question of interest is how AMS depicts traffic under a variety of upstream inflow and downstream capacity
conditions. In this simulation case, the simulation parameters are unchanged. The inflow of each upstream branch varies
from 600 vph to 4800 vph (200 vphpl to 1600 vphpl). The v–k relation }ðkÞ is set as:
}ðkÞ ¼
63:87 8 k � 23:0
63:87ð1� k=182:18Þ4:08 8 23:0 � k � 182:18

�

As such, the capacity of the downstream branch can be mathematically calculated to be 7100 vph.

Fig. 9 illustrates the simulated merging junction outflow for each inflow combination. The X-axis stands for the inflow for
branch A, while the Y-axis is for branch B. Each dot stands for the simulated outflow according to each A, B flow combination.
The dashed line stands for the downstream branch capacity at 7100 vph. For the outflow reading for each dot in the figure,
simply draw a line in parallel to the dashed line and read the intercept of the line to either Y or X-axis. One can see that for all
the inflow combinations, the simulated junction outflow equals the sum of both inflows if the sum is less than 7100 vph. On
the other hand, the simulated junction outflow is capped at 7100 vph when the sum of the inflow is higher than 7100 vph.
This means that the AMS simulation maintains a reasonable demand–supply relationship for a freeway merging junction.

Another issue of concern is the inbound branch flow distribution under various inflow combinations. As summarized in
Table 2, qi

A and qi
B are the traffic inflows of branches A and B. qo

A and qo
B are the simulated outflows from upstream branches A

and B. Rd is defined as the ratio of branch A inflow to branch B inflow; therefore, Rd ¼ qi
A=qi

B. Rf is defined as the ratio of the
branch A outflow to branch B outflow; thus, Rf ¼ qo

A=qo
B. ðRf � RdÞ=Rd �% is defined as the percent deviation of outflow ratios to

the inflow ratios. Given that both branches are freeway sections, no specific priority is given to any branch.
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As can be seen From Table 2, ðRf � RdÞ=Rd �% in most cases are less than 2%, indicating that outflow distribution is similar
to inflow distribution. This suggests that AMS simulations exhibit similar demand-based distribution characteristics as dis-
cussed by Jin (Jin, 2003).
6. Calibration of the AMS model

In addition to the encouraging analytical properties and numerical results, it is critical to demonstrate how to calibrate
AMS model parameters with field data. The details of the model calibration are offered in this section.
6.1. Descriptions of field data

The AMS calibration task was carried out by using two I-80 dataset released by the Next-Generation Simulation
(NGSIM) research program (NGSIM, 2005). The data presented in this research represent vehicle trajectories on the
north-bound (east-bound) direction of Interstate 80 collected between 2:35 p.m. and 3:05 p.m. on December 3rd, 2003
(first prototype dataset) and during the afternoon peak period on April 13th, 2005 (I-80 dataset). There are three separate
15 min periods of data: (1) 4:00–4:15 p.m.; (2) 5:00–5:15 p.m.; and (3) 5:15–5:30 p.m. in the I-80 dataset. The first pro-
totype dataset primarily represents free-flow traffic conditions. The first part of the I-80 dataset covers the period from
4:00 p.m. to 4:15 p.m., representing the onset of congestion. The remaining two periods represent peak-hour congested
traffic conditions. The first prototype dataset contains trajectories for 4733 vehicles with nearly 3 million data points.
The I-80 dataset for the 4:00–4:15 p.m. period, the 5:00–5:15 p.m. period and the 5:15–5:30 p.m. period contain 3366,
2589 and 3009 vehicle trajectories with about 1.25 million, 1.50 million and 1.75 million data points, respectively (NGSIM,
2005).

The NGSIM vehicle trajectory data files consist of millions of rows. Each row is a single x, y, t data point for a vehicle (spec-
ified by vehicle identification number) with associated information. There are 18 columns in each row. Five of these columns
are used in the calibration process, including:

� Column 1: vehicle ID, i.e. vehicle identification number (ascending by time of entry into the study site).
� Column 2: frame ID, i.e. frame identification number (ascending by start time), unit: 1/15 of a second (first prototype data-

set) and 1/10 of a second (I-80 dataset).
� Column 3: total frames, i.e. total number of frames in which the vehicle appears in this dataset.
� Column 6: local Y, i.e. longitudinal (Y) coordinate of the front center of the vehicle with respect to the entry edge of the

section in the direction of travel.
� Column 14: lane identification, i.e. current lane position of vehicle. Lane 1 is the farthest left lane and lane 6 is the farthest

right lane.



Table 2
Simulation results of AMS merge model.

qi
A (vph) qi

B (vph) qo
A1 (vph) qo

B (vph) Rd Rf
ðRf�RdÞ

Rd
ð%Þ

600 600 596 598 1.000 0.997 �0.3
1200 599 1200 0.500 0.499 �0.2
1800 600 1791 0.333 0.335 0.6
2400 600 2384 0.250 0.252 0.8
3000 599 2997 0.200 0.199 �0.5
3600 597 3571 0.167 0.167 0
4200 598 4128 0.143 0.145 1.4
4800 595 4187 0.125 0.142 13.6

1200 600 1193 598 2.000 1.995 �0.3
1200 1195 1192 1.000 1.003 0.3
1800 1195 1788 0.667 0.668 0.2
2400 1195 2380 0.500 0.502 0.4
3000 1195 2981 0.400 0.401 0.35
3600 1192 3597 0.333 0.331 �0.6
4200 1192 4038 0.286 0.295 3.2
4800 1194 4069 0.250 0.293 17.2

1800 600 1790 597 3.000 2.998 �0.1
1200 1786 1193 1.500 1.497 �0.2
1800 1791 1789 1.000 1.001 0.1
2400 1787 2381 0.750 0.751 0.1
3000 1788 2977 0.600 0.601 0.2
3600 1789 3540 0.500 0.505 1.0
4200 1788 4120 0.429 0.434 1.2
4800 1789 4287 0.375 0.417 11.2

2400 600 2388 594 4.000 4.020 0.5
1200 2382 1192 2.000 1.998 �0.1
1800 2384 1787 1.333 1.334 0.1
2400 2384 2382 1.000 1.001 0.1
3000 2388 2982 0.800 0.801 0.1
3600 2388 3571 0.667 0.669 0.3
4200 2382 4027 0.571 0.592 3.7
4800 2374 4256 0.500 0.558 11.6

3000 600 2983 595 5.000 5.013 0.3
1200 2983 1195 2.500 2.496 �0.2
1800 2980 1789 1.667 1.666 �0.1
2400 2978 2382 1.250 1.250 0
3000 2982 2978 1.000 1.001 0.1
3600 2979 3572 0.833 0.834 0.1
4200 2981 3998 0.714 0.746 4.5
4800 2982 4150 0.625 0.719 15.0

3600 600 3575 597 6.000 5.988 �0.2
1200 3573 1195 3.000 2.990 �0.3
1800 3571 1791 2.000 1.994 �0.3
2400 3572 2387 1.500 1.496 �0.3
3000 3568 2983 1.200 1.196 �0.3
3600 3570 3573 1.000 0.999 �0.1
4200 3432 3937 0.857 0.872 1.8
4800 3275 4181 0.750 0.783 4.4

4200 600 4125 599 7.000 6.886 �1.6
1200 4055 1191 3.500 3.405 �2.7
1800 4079 1770 2.333 2.305 �1.2
2400 4092 2386 1.750 1.715 �2.0
3000 3789 3000 1.400 1.263 �9.8
3600 3818 3564 1.167 1.071 �8.2
4200 3389 3788 1.000 0.895 �10.5
4800 3170 3921 0.875 0.809 �7.5

4800 600 3740 598 8.000 6.254 �21.8
1200 4299 1193 4.000 3.604 �9.9
1800 4286 1788 2.667 2.397 �10.1
2400 4271 2379 2.000 1.795 �10.3
3000 4235 2920 1.600 1.450 �9.4
3600 4024 3372 1.333 1.193 �10.5
4200 3737 3230 1.143 1.157 1.2
4800 3394 3999 1.000 0.849 �15.1
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6.2. Model calibration approach and procedure

Before discussing the calibration procedure, the two modified two-regime Greenshield’s models used in this effort are
introduced. The first model, as shown in Eq. (14), is employed by the supply simulator model of DynaMIT – hereafter referred
to as the G1 model (Ben-Akiva et al., 1998); the second model, as shown in Eq. (15), is used in DYNASMART – hereafter
referred to as the G2 model (Jayakrishnan et al., 1994). The objective of calibration is to determine the optimal values for
the SIR length and its corresponding parameters (vf, kjam, kb, a, and b (for G1 model only)) that best fit the NGSIM data.
vcal ¼
v f ; k � kb

v f 1� k�kb
kjam�kb

� �b
� �a

; kb � k � kjam

8><>: ð14Þ

vcal ¼
v f ; k � kb

v f 1� k�kb
kjam�kb

� �h ia
; kb � k � kjam

8<: ð15Þ
where, vcal is the speed calculated according to the two-regime equation with AMS (mph), k the density in a certain Speed
Influencing Region (veh/ml/ln), kb the maximum density that sustains free-flow speed, parameter to be calibrated, kjam the
jam density, parameter to be calibrated, vf the free-flow speed, parameter to be calibrated, a the parameter to be calibrated,
and b is the parameter to be calibrated (G1 model only).

Recall that the AMS simulation mechanism relies on the SIR density function }ð�Þ and the parameters to be calibrated,
which are the SIR length and the parameters in }ð�Þ. As depicted in Fig. 10 in the overall calibration procedure SIR length
l was set between 100 and 500 ft with a 25-ft increment. For a given SIR length l, the average speed and SIR density were
processed and calculated from the NGSIM raw data for each vehicle and every simulation interval. For each SIR length l,
the calculation creates more than 160,000 data points ðkt�Dt;obs

i ;v t;obs
i Þ from the NGSIM dataset.

The same observed SIR density data kt�Dt; obs
i were applied into the assumed speed–density function to obtain the calcu-

lated speed v t; cal
i . Both calculated and observed speed variables constituted the residual column matrix
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Fig. 10. Calibration procedure.
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X ¼ ½ðvcal
1 � vobs

1 Þ; . . . ; ðvcal
i � vobs

i Þ; :::�
T , where i is the subscript denoting the ith data point and vobs

i is the ith observed speed in
NGSIM dataset. The resulting least-square problem can be expressed as
Table 3
Calibrat

SIR leng

G1 mod
100
125
150
175
200
225
250
275
300
325
350
375
400
425
450
475
500

G2 mod
100
125
150
175
200
225
250
275
300
325
350
375
400
425
450
475
500
min
v f ;a;b;kb ;kjam

f ¼ 1
2 XT X

subject to v f > 0; a > 0; b > 0; 0 < kb < kjam

ð16Þ
The objective was to minimize the sum of the square of the deviations between the observed and calculated speeds for all
data points by solving for the optimal model parameters such as vf, a, b, kb, and kjam. Many well-established algorithms, such
as Newton’s Method, Gauss–Newton’s Method and Levenberg–Marquadt Method, exist to solve this problem. The MATLAB
function lsqcurvefit was used in this calibration effort. After solving the least-squares problem, the optimal parameters and
corresponding SIR length were recorded. The SIR length was further incremented based on a predefined increment (e.g. 25 ft)
and the entire process was repeated until all the candidate SIR lengths were examined. The complete process was repeated
separately for both the G1 and G2 models.

6.3. Calibration results

Table 3 lists all the optimal parameters associated with each SIR length for both the G1 and G2 models. Judging from the
least-square function values shown in Table 3, for the G1 model, the optimal SIR length is found to be 225 ft, and the optimal
parameter values are: free-flow speed vf = 61.23 mph; jam density kjam = 185.27 veh/ml/ln; and the two-regime cut-off den-
sity = 31.36 veh/ml/ln. In addition, the value for a and b is 1.94 and 0.50, respectively. The optimal SIR length for the G2 mod-
el appears to be the same, 225 ft. The optimal parameter values are: free-flow speed vf = 63.87 mph; jam density
kjam = 182.18 veh/ml/ln; and two-regime cut-off density = 22.85 veh/ml/ln. Moreover, the optimal a value is 4.08. These re-
sults show that the calibrated parameter values for both models are comparable.

Examining the least-squares function values for different SIR lengths for both G1 and G2 models as shown in Fig. 11, one
can find two convex curves, the nadir of the curve stands for the SIR length permitting the best fit. The optimal SIR length
ion results of Greenshield’s models 1 and 2.

th (ft) vf (mph) kjam (veh/ml/ln) kb (veh/ml/ln) a b F (ml	ml/h/h)

el
60.161 186.435 30.004 1.61 0.42 2476688.90
59.046 185.307 27.581 1.88 0.53 2112413.47
64.124 193.94 22.265 2.55 0.68 1971397.55
60.405 185.171 29.614 1.99 0.54 1867050.37
62.58 185.346 31.254 1.91 0.49 1852751.07
61.233 185.266 31.361 1.94 0.50 1794331.19
62.897 185.272 30.715 2.00 0.51 1809755.73
62.062 185.285 31.677 1.93 0.49 1824607.10
63.589 185.293 30.648 2.01 0.51 1886354.76
64.611 185.305 30.849 1.96 0.48 1990042.20
63.588 185.308 30.289 2.02 0.51 2031743.43
63.23 185.371 30.93 1.92 0.48 2119347.00
63.523 185.486 31.187 1.84 0.45 2242453.54
63.682 185.407 30.438 1.86 0.46 2353016.02
64.451 185.417 29.993 1.84 0.45 2503827.90
64.818 190.063 25.973 2.32 0.59 2613741.17
63.93 190.125 24.221 2.51 0.65 2709079.86

el
60.737 212.943 12.835 4.01 – 2326386.11
62.392 186.637 13.970 3.48 – 2122940.33
62.594 186.139 18.487 3.77 – 1987370.10
62.299 185.307 21.798 3.98 – 1914209.79
62.601 184.929 23.703 4.17 – 1878530.95
63.868 182.184 22.852 4.08 – 1850805.45
63.669 182.136 24.827 4.29 – 1873055.97
63.982 182.243 25.138 4.36 – 1915219.47
64.332 182.29 25.775 4.50 – 1983079.77
64.45 182.326 26.198 4.59 – 2072796.61
64.755 182.498 26.516 4.72 – 2175600.74
64.579 182.456 27.248 4.86 – 2303820.51
64.699 188.825 27.477 5.19 – 2442971.36
64.851 182.625 27.589 5.06 – 2598406.94
64.927 186.838 27.819 5.33 – 2761852.87
64.903 189.735 28.091 5.56 – 2944527.88
64.151 187.037 27.871 5.52 – 3121991.82
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appears to be 225 ft. This number suggests that during light traffic conditions, such as level of service A (k = 11 veh/ml/ln,
average spacing = 480 ft) or B (k = 18 veh/ml/ln, average spacing = 293 ft), vehicles are likely to be at free-flow speed, or
responding to only one leading vehicle most of the time. When traffic gets more congested, such as level of service C
(k = 26 veh/ml/ln, average spacing = 203 ft), D (k = 35 veh/ml/ln, average spacing = 150 ft), and E (k = 45 veh/ml/ln, average
spacing = 117 ft), a vehicle’s speed is more likely to be frequently affected by more than one leading vehicles. This is anal-
ogous to the concept of the anticipative car-following theory (Lenz et al., 1999).

For Greenshield’s model of interest, the curves based on the 225-ft SIR length and associated optimal parameter values are
plotted in Fig. 12, along with all the speed-SIR density data points. One should note that this is not a typical v–k diagram
because the x-axis is the SIR density based on the 225 SIR length and each point is obtained by taking the average over
the simulation interval (6 s) over all the collected data for all vehicles in this case. It appears that both curves fit the data
fairly well, and the jam density and two-regime cut-off density point are in the range consistent with that established in
the literature, although the density definition in this paper is different from a typical density definition.
7. Discussion and concluding remarks

This paper presents an Anisotropic Mesoscopic Simulation (AMS) model that explicitly captures the anisotropic proper-
ties of traffic flows. The Anisotropic Mesoscopic Simulation (AMS) model is a vehicle-based model that explicitly incorpo-
rates the concept of the car-following mechanism. The anisotropic traffic flow properties can be intuitively observed as
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vehicles’ speeds are mainly influenced by average traffic conditions in front of the vehicles. Through both analytical and
numerical analysis, this proposed model was shown to exhibit satisfactory traffic flow properties.

The discussions focus on the key modeling concepts, analytical properties and numerical analysis, and the calibration pro-
cess and results. The addressed analytical properties are the overtaking conditions, acceleration and deceleration rate
bounds, and shockwaves. The numerical analysis includes both freeway segments as well as merging junctions. Considerable
efforts were devoted to employ the Next-Generation Simulation (NGSIM) program datasets to calibrate the AMS model
parameters. The NGSIM data are the unique data source that was used to extract all the information needed for AMS model
calibration. The results satisfactorily validate the AMS model, and the SIR length and its corresponding parameter values best
fit the datasets have been found.

In addition to the improved anisotropic traffic dynamic properties compared with traditional queue-server type meso-
scopic models, the computational advantage of AMS can be also intuitively observed from the memory storage and temporal
scalability when compared with other anisotropic cell-based type of models such as CTM. AMS operates on a node-arc net-
work representation, which is generally more memory efficient and temporally scalable than cell-based models from the
standpoint of storing network-related attributes. For a cell-based simulation approach, if for any reason that the simulation
interval needs to be changed, the entire cell network structure needs to be rebuilt; on the other hand, changing simulation
interval would not affect network structure representation in AMS. As shown in Section 3, in AMS, required computation
time is generally linear to number of vehicles present in the network. This ensures desirable computational tractability.

This presented study is part of a wider effort that focuses on the development of generalized mesoscopic modeling capa-
bility for DTA applications. The ongoing research activities include network merging junctions with priorities (e.g. freeway
main-lanes versus on-ramps), weaving sections, heterogeneous SIR length based on facilities or traffic conditions, and the
determination of the optimal simulation interval through calibration. Moreover, the development of AMS on interrupted
flow facilities such as signalized intersection is also underway.
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Appendix A. – Notations
i
 subscript for vehicles

di
 distance between vehicle i and trailing vehicle i � 1

n
 total number of vehicles present within vehicle i’s SIR, excluding vehicle i

Si
 Speed Influencing Region for vehicle i

l
 length of Si, assumed to be the same for all vehicles

hiþn

i
 distance from vehicle i + n to the front boundary of Si, measured from the center of a vehicle, hi
i ¼ l.
D
 duration of a simulation interval

vf
 free-flow speed, assumed to be the same for all vehicles

vi
 speed of vehicle i

ki
 SIR density of vehicle i, ki = n/l

t
 beginning time instant of the simulation time interval [t, t + D]

} : k! v
 non-increasing function specifying the speed–density relationship of vehicle progression, }ð0Þ ¼ v f and

}ðkjamÞ ¼ 0

kjam
 jam density

cjam
 minimum spacing between vehicles, cjam = 1/kjam
njam
 maximum number of vehicles within a Speed Influencing Region

yt

i
 distance of vehicle i to downstream stop bar at time t
As shown in Fig. 13, a vehicle stream is present in a single lane highway. Vehicle i has n leading vehicles (i + 1 to i + n) within
its SIR. The SIR length is assumed to be l for all vehicles of interest. The distance between each of these n vehicles (vehicle k)
and the front end of SIR for vehicle i is assumed to be hiþk

i , where i + k is the identification number of the kth vehicle in front of
vehicle i. Vehicle i � 1 approaches vehicle i at a higher or equal speed by definition. At the beginning of the simulation inter-
val D, the distance between vehicles i and i � 1 is di.

At the beginning of a simulation interval [t, t + D], the prevailing speeds of vehicle i � 1 and i, vi � 1(t) and vi(t), can be
evaluated by } : k! v given their respective SIR densities. The SIR density ki equals n/l, whereas, the SIR density ki�1 is deter-
mined based on di, which is the distance between vehicle i � 1 and i, and the locations of vehicles in Si, represented by
h1

i ; h
2
i ; . . . ;hiþn

i .



Fig. 13. Schematic for the proof of overtaking condition.
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Appendix B

Proof for Lemma 1

Overtaking requires that vehicle i � 1 travels at a higher speed than its leading vehicle i. Since vehicle i has n leading vehi-
cles in its SIR, vehicle i � 1 needs to have a fewer number of leading vehicles to exhibit a higher speed. According to Fig. 13, if
there are at least two vehicles existing between the vehicle i � 1 and i’s SIR front end, then vehicle i � 1 has less number of
vehicles present in its SIR compared with vehicle i. Q.E.D.

Appendix C

Proof for Theorem 1 (Non-overtaking sufficient condition)

Given the speed–density function shown in Fig. 14 and the condition that vehicle i � 1 travels at a higher speed
than vehicle i, without loss of generality, di always satisfies one and only one condition listed in Table 4 at the
beginning of the simulation interval D. Based on the respective SIR density, the shortened distance between vehi-
cles i and i � 1 for each di condition by simulation is listed on the right-side column. Deriving the non-overtaking
condition is equivalent to showing that regardless of what condition di falls into at the beginning of any simulation
interval, the distance between vehicle i � 1 and i at the end of that particular simulation interval is not greater
than di.

As depicted in Table 4, in a general case in which hiþn�m
i < di 6 hiþn�m�1

i ,8 m ¼ 0; . . . ;n; the distance shortened is
½}ððn�mÞ=lÞ � }ðn=lÞ�D. It is also true that m � cjam � hiþn�m

i because hiþn�m
i is the distance of the (n �m)th vehicle to the front

end of Si, and hiþn�m
i must be no shorter than that occupied by m vehicles at jam density, i.e. m/kjam space. The sufficient con-

dition is to guarantee that for all possible di conditions, inequality (17) always holds. That is,
Fig. 14. Speed–density function used in the AMS simulation.



Table 4
Possible conditions of di and respective shortened distance between vehicle i and i � 1 during simulation D.

Possible conditions for di (di > 0) ki�1 ki Distance shortened between vehicle i� 1 and i at the end of simulation interval (t þ D)

hi
i < di 0/l n/l [}(0) � }(n/l)]D

hiþ1
i < di � hi

i 1/l n/l [}(1/l) � }(n/l)]D
..
. ..

.
n/l ..

.

hiþn�m
i < di � hiþn�m�1

i n �m/l n/l [}(n �m/l) � }(n/l)]D
..
. ..

.
n/l ..

.

hiþn�2
i < di � hiþn�3

i n � 2/l n/l [}(n � 2/l) � }(n/l)]D
hiþn�1

i < di � hiþn�2
i n � 1/l n/l [}(n � 1/l) � }(n/l)]D

hiþn
i < di � hiþn�1

i n/l n/l 0
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di > ½}ððn�mÞ=lÞ � }ðn=lÞ�D; 8 0 � m � n;0 � n � njam ð17Þ
Because di > hiþn�m
i � m=kjam, therefore, m=kjam > ½}ððn�mÞ=lÞ � }ðn=lÞ�D implies di > ½}ððn�mÞ=lÞ � }ðn=lÞ�D.

Furthermore, we have:
m
kjam

> ½}ððn�mÞ=lÞ � }ðn=lÞ�D) l
D � kjam

>
}ðkt

i�1Þ � }ðk
t
i Þ

h i
kt

i � kt
i�1

) l
D � kjam

>
}ðkt

i�1Þ � }ðk
t
i Þ

h i
kt

i � kt
i�1

)

� l
D � kjam

< �
}ðkt

i�1Þ � }ðk
t
i Þ

h i
kt

i � kt
i�1

; 8 0 � m � n; 0 � n � njam ð18Þ
Obviously,� }ðkt
i�1Þ�}ðk

t
i Þ½ �

kt
i�kt

i�1
is the slope of the line connecting kt

i�1; }ðk
t
i�1Þ

h i
and kt

i ; }ðk
t
i Þ

h i
. Establishing the sufficient condition is

equivalent to finding inf � }ðkt
i�1Þ�}ðk

t
i Þ½ �

kt
i�kt

i�1

� 	
. Without loss of generality, if } is differentiable everywhere, inf � }ðkt

i�1Þ�}ðk
t
i Þ½ �

kt
i�kt

i�1

� 	
can

be represented as minkð}0Þ. The sufficient condition for non-overtaking hence becomes � l
D�kjam

< minð}0Þ )
l > �minð}0Þ � D � kjam.

Appendix D

Proof for Theorem 2 (Overtaking sufficient condition)

Given the speed–density function shown in Fig. 14 and following the inequality di � hiþn�m�1
i ; 8 m ¼ 0; . . . ;n in Table 4,

the shortened distance is ½}ðn�m=lÞ � }ðn=lÞ�D. If di < ½}ðn�m=lÞ � }ðn=lÞ�D, then overtaking occurs. It is also true that
hiþn�m�1

i 6 l� n�m
kjam

; therefore, if l� n�m
kjam

< ½}ðn�m=lÞ � }ðn=lÞ�D then di < ½}ðn�m=lÞ � }ðn=lÞ�D.

l� n�m
kjam

< ½}ðn�m=lÞ � }ðn=lÞ�D can be re-written as:
½}ðn�m=lÞ � }ðn=lÞ�
m=l

>
l

m
l� n�m

D � kjam

� �
) }ðkt

i�1Þ � }ðk
t
i Þ

kt
i � kt

i�1

>
ðl � kjam � l � kt

i�1Þ � l
Dðkt

i � kt
i�1Þ � l � kjam

) }ðkt
i�1Þ � }ðk

t
i Þ

kt
i � kt

i�1

>
l

D � kjam
� ðkjam � kt

i�1Þ
ðkt

i � kt
i�1Þ

) �}ðk
t
i�1Þ � }ðk

t
i Þ

kt
i � kt

i�1

< � l
D � kjam

� ðkjam � kt
i�1Þ

ðkt
i � kt

i�1Þ

) l < D � kjam �
}ðkt

i�1Þ � }ðk
t
i Þ

ðkjam � kt
i�1Þ

Q :E:D:
Appendix E

Proof for deceleration and acceleration bounds

Given that vehicle i � 1 is decelerating, the deceleration/acceleration of vehicle i � 1 at time t can be expressed as
at
i�1 ¼

}ðkt
i�1Þ � }ðk

t�1
i�1 Þ

D
ð19Þ
The change in distance between vehicle i � 1 and i during D is ½}ðkt�1
i�1 Þ � }ðk

t�1
i Þ�D. The maximal number of vehicles that can

be accommodated into such distance is ½}ðkt�1
i�1 Þ � }ðk

t�1
i Þ�D � kjam. As a result, the change of SIR density for vehicle i � 1 at time

t Dkt
i�1 is bounded by inequality:
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Dkt
i�1 �

}ðkt�1
i�1 Þ � }ðk

t�1
i Þ

h i
D � kjam

l
ð20Þ
Let k ¼ }ðkt�1
i�1 Þ�}ðk

t�1
i Þ½ ��kjam

l , Eq. (20) can be expressed as Dkt
i�1 � k � D.

From Eq. (19), we have
at
i�1 ¼

}ðkt
i�1Þ � }ðk

t�1
i�1 Þ

D
¼ }ðk

t�1
i�1 þ Dkt�1

i�1 Þ � }ðk
t�1
i�1 Þ

D

For deceleration, k > 0, therefore 0 � }ðkt�1
i�1þDkt�1

i�1 Þ�}ðk
t�1
i�1 Þ

D � }ðkt�1
i�1þkDÞ�}ðkt�1

i�1 Þ
D

For acceleration, k < 0, therefore 0 � }ðkt�1
i�1þDkt�1

i�1 Þ�}ðk
t�1
i�1 Þ

D � }ðkt�1
i�1þkDÞ�}ðkt�1

i�1 Þ
D

}ðkt�1
i�1 þ kDÞ can be expressed as a Taylor Series, that is:
}ðkt�1
i�1 þ kDÞ ¼ }ðkt�1

i�1 Þ þ }0ðk
t�1
i�1 ÞðkDÞ þ

}00ðkt�1
i�1 Þ

2!
ðkDÞ2 þ }

000ðkt�1
i�1 Þ

3!
ðkDÞ3 þ � � �
Therefore, the deceleration bounds for vehicle i � 1 at time t can be expressed as:
0 � at
i�1 � }0ðk

t�1
i�1 Þkþ

}00ðkt�1
i�1 Þ

2!
k2Dþ }

000ðkt�1
i�1 Þ

3!
k3D2 þ � � � ;

k ¼
}ðkt�1

i�1 Þ � }ðk
t�1
i Þ

h i
� kjam

l
> 0
Similarly, the acceleration bounds for vehicle i � 1 at time t can be expressed as:
0 � at
i�1 � }0ðk

t�1
i�1 Þkþ

}00ðkt�1
i�1 Þ

2!
k2Dþ }

000ðkt�1
i�1 Þ

3!
k3D2 þ � � � ;

k ¼
}ðkt�1

i�1 Þ � }ðk
t�1
i Þ

h i
� kjam

l
< 0 Q :E:D:
Appendix F

Proof for AMS Shockwave Speed

As illustrated in Fig. 15, assuming that vehicles i + 1, i + 2, . . . are in a standing-still queue, with the corresponding spacing
l

m. Vehicles i, i � 1, i � 2, . . .are assumed to averagely have spacing l
n and n < m. Vehicles i, i � 1, i � 2, . . . have non-zero speed

because l
n >

l
m.

The backward shockwave speed between two states x can be calculated using a typical flow–density fundamental dia-
gram approach as Eq. (21):
x12 ¼
q1 � q2

k1 � k2
ð21Þ
Subsequently, the shockwave can be calculated as:
Fig. 15. Schematic for the derivation of shockwave speed.
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q2 ¼ kv ¼ n
l
� v f 1� n=l

m=l

� �
¼ n

l
� v f �

m� n
m

x1 ¼
Dq
Dk
¼ q1 � q2

k1 � k2
¼

0� v f � n
l � m�n

m
m
l � n

l

¼ � n
m
� v f
The shockwave depicted by the AMS can be shown by determining how many vehicles join the tail of the standing-still
queue after one simulation time interval D. Denoting the distance between vehicle i and the immediate leading vehicle
i + 1 at time t = 0 as d0

i ¼ l
n, the corresponding vehicle i speed can be calculated as:
d0
i ¼

l
n
) k0

i ¼
1þ m

l l� l
n


 �
l

¼ 1
l
þm

l
1� 1

n

� �
) v0

i ¼ v f 1� 1
m
� 1þ 1

n

� �
¼ v f �

1
n
� 1

m

� �

After one simulation interval D, the spacing between vehicles i and i + 1 is reduced to dD

i ¼ l
n� v f � D � 1

n� 1
m


 �
¼ l

m. This means
that the speed of vehicle i becomes zero after the position update.

Similarly, the spacing between vehicles i � 1 and i is also reduced to l
m as shown below.
d0
i�1 ¼

l
n
) k0

i�1 ¼
2þ m

l l� 2l
n
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For vehicle i � n + 1
d0
i�nþ1 ¼

l
n
) k0

i�nþ1 ¼
nþ m

l l� nl
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l
) v0
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However, the spacing between vehicle i � n and i � n + 1 remains the same as shown below.
d0
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l
n
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l
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m

� �
) dDt
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l
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� v f 1� n
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� n
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� �
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n
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n
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i�n�1 ¼ v f 1� n
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� �
) dD
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� �
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The above derivations show that vehicles i to i � n + 1 (a total of n vehicles) change their spacing with their immediate lead
vehicle to l/m. All the vehicles behind vehicle i � n � 1 do not have spacing reduction. At time t = 0, the shockwave is located
at the back of vehicle i + 1. After the clock tick, the location of the shockwave propagates to the back of vehicle i � n + 1. This
means that the shockwave travels n vehicles. As compared to the ground, the total change in distance can be expressed as
�n � l

m. Recall that l ¼ v f � D; it is can be seen that �x12 ¼ � n
m � v f .

Checking with Eq. (21) it is apparent that x12 ¼ �x12. Q.E.D.
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