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This paper studies the development of macroscopic freeway traffic
models and parameter calibration methodologies that are computa-
tionally efficient and suitable for use in real-time traffic monitoring
and control applications. Toward the fulfillment of these objectives,
a macroscopic traffic model, the switching-mode model (SMM), is pre-
sented; it is a piecewise-linearized version of Daganzo’s cell trans-
mission model {CTM). The observability and controllability properties
of the SMM modes are reviewed because these properties are of fun-
damental importance in the design of traffic estimators and on-ramp
metering controllers. A semiautomated method has been developed
for calibrating the CTM and SMM parameters. In this method, a
least-squares data-fitting approach is applied to loop detector data to
determine free-flow speeds, congestion-wave speeds, and jam densities
for specified subsections of a freeway. Bottleneck capacities are esti-
mated from measured mainline and on-ramp flows. The calibration
method was tested with loop detector data from Interstate 210 west-
bound (I-210W) in Southern California. The main traffic data source was
the performance measurement system. Parameters were calibrated
for a 2-mi (3-km) subsection of I-210W and were tested on both the SMM
and CTM, which were shown to perform similarly and to reproduce
the general behavior of traffic congestion.

Accurate freeway traffic models are valuable tools for the design
and evaluation of traffic management and monitoring strategies. For
example, macroscopic and microscopic traffic models can be used
to predict the effects of implementing different on-ramp metering
algorithms on a freeway (/-3), and a dynamic model can be used as
a basis for a freeway traffic state estimator (4, 5). To evaluate a
model for possible use in a traffic study, it is worth investigating
properties that will affect the usefulness and accuracy of the model,
such as the number and types of parameters, possible methods for
parameter calibration, computational efficiency, and structural prop-
erties such as observability and controllability. To produce an accu-
rate model, it is usually necessary to calibrate the parameters, but this
process can be laborious and time-consuming, especially in the case
of microscopic models. As discussed by Zhang et al. (6), the topics
of traffic model calibration and validation remain an active area of
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research, and there is a need for standardized methods of parameter
calibration.

To help fulfill the goal of providing an accurate, computationally
efficient, and easy-to-calibrate model for the development of freeway
traffic control and estimation algorithms, a piecewise-linearized
version of Daganzo’s macroscopic cell transmission model (CTM)
(7.8), called the switching-mode model (SMM), has been developed
(9) and is discussed in this paper. Its linear structure lends the advan-
tage of simplifying control analysis, design, and data-estimation
methods. Both the CTM and SMM perform well in describing traf-
fic behavior when tested with data from a 2-mi (3-km) portion of
Interstate 210 westbound (I-210W) in Southern California (9, 10).
Furthermore, the observability and controllability properties of the
SMM, which are of fundamental importance in the design of traffic
data estimators and freeway on-ramp control systems, can be derived
by standard linear systems techniques, as discussed later in this paper.
To facilitate calibration of the CTM and SMM, a semiautomated
calibration methodology for estimating their common parameters
has been developed (10, /1) and applied to a segment of [-210W that
typically endures heavy congestion during the weekday morning
commute period.

CELL TRANSMISSION MODEL

The CTM was selected as a starting point for this research because of
its analytical simplicity, ease of calibration, and ability to reproduce
important traffic behavioral phenomena, such as the backward prop-
agation of congestion waves. The CTM was previously validated for
a single freeway link, with no on-ramps or off-ramps, with data from
1-880 in California (/2). A more complete description of the model
can be found elsewhere (7, 8, 13), but the main equations are reviewed
in this section.

In the CTM, a freeway is partitioned into a series of cells, as in
Figure 1. Here, p{k) is the density, in vehicles per unit length of free-
way, in cell / at time &7, where k is the time index and T is the dis-
crete time interval. The density evolves according to conservation
of vehicles:

p‘(k+l)=pl(k)+%[q,,in(k)_qi.mu(k)] M

where g;;,(k) and g; ,.(k) are, respectively, the total flows, in vehi-
cles per unit time, entering and leaving cell / during the kth time



184

cell 5 -)Z f
2

"

/
Loop Detectors

FIGURE 1 Freeway segment: mainline divided into four cells.

interval, T [k, k + 1), including flows along the mainline and the
on- and off-ramps, and /; is the length of cell i.

The model parameters include v, w, Qu, and p,, which are depicted
in the trapezoidal fundamental diagram of Figure 2. The parameters
can be uniform over all cells, or they can be allowed to vary from
cell to cell.

The parameters are defined as follows:

v = free-flow speed (mph or km/h),
w = backward congestion wave speed (mph or kph),
Qu = maximum allowable flow [vehicles/h (vph)],
p, = jam density [vehicles/mi (vpm) or vehicles/km (vpk), or
vpm or vpk per lane (vpmpl, vpkpl)], and
p. = critical density (vpm, vpk, vpmpl, or vpkpl).

A trapezoidal fundamental diagram was chosen for the CTM,
because this type of diagram is a standard formulation for the model
(8) and lends itself easily to the piecewise linearization described
in this paper. However, a trapezoidal diagram is not mandatory;
it is possible to implement the CTM with other diagram shapes, as
discussed by Daganzo (/3).

Three different types of intercellular connection are allowed: simple
connection, merge, and diverge. In a simple connection, two cells
are connected to one another without any intervening on-ramps or
off-ramps (e.g., Cells 2 and 3 in Figure 1). Let/ — 1 be the upstream cell
and let i be the downstream cell in the pair. As described by Daganzo
(8), gi(k), the flow entering cell i from the mainline, is determined
by taking the minimum of two quantities:

g,(k)=min[S,, (k).R, (k)] 2
S,-x(k)=min(vn-|pi-1(k)v QM.i—I) (3)
R:(k)=min{QM.i‘wi[pJ.i_pi(k)]} 4
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FIGURE 2 Trapezoidal fundamental diagram.
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where S;.,(k) is the maximum flow that can be supplied by cell i — 1
under free-flow conditions, over the kth time interval, and R(k) is
the maximum flow that can be received by cell i under congested
conditions, over the same time interval.

In the work presented here, the CTM merge and diverge laws
of .aganzo (8) were used. A merge and diverge are shown in the
freeway segment of Figure 1, where g, and r, are the flows merg-
ing into Cell 2, and g, and f; are the flows diverging from Cell 3.
The diverging flows are defined as g4(k) = [1 ~ B3(k)193 0u(k), and
S3(k) = Bs(k)g3.0u(k), where Ba(k) is the split ratio for the diverge junc-
tion (i.e., the fraction of vehicles leaving Cell 3 that exits through the
off-ramp during the kth time interval). It is assumed here that the
split ratios can be determined externally to the model as functions
of time. The version of the CTM used here consists of flow con-
servation (Equation 1) for each cell, along with the flow specifi-
cation (e.g., Equation 2) for each intercellular connection. The
state variable is p=[p, . . . py]” for a freeway partitioned into N cells,
and the model inputs include the measured flows entering the free-
way at the upstream mainline boundary and at each on-ramp merge
location. A complete statement of the boundary conditions can
be found elsewhere (10).

For reference, congestion refers to the traffic condition that occurs
when vehicle density is high, and drivers proceed at reduced speeds
to avoid collisions. Free flow is the opposite condition, where vehi-
cle density is low, and drivers travel at high speeds. The left part
of the fundamental diagram of Figure 2, where Q(p) =v p, is an
approximation of the typical behavior of free-flow traffic, whereas
the right side [Q(p) = w(p, — p)] is associated with congested traffic.
For the case in which the fundamental diagram is triangular instead
of trapezoidal, the congestion status of cell i is determined by the
cell density being compared with the critical density: if p; < p.,
the cell has free-flow status, otherwise p, 2 p.; and the cell has
congested status.

SWITCHING-MODE MODEL

To gain additional insight into freeway traffic behavior, and to sim-
plify the control analysis, control design, and data-estimation design
methods, a piecewise-linearized version of the CTM, the SMM,
has been designed (9, /0). Because the SMM is composed of sev-
eral linear models, straightforward linear techniques for model
analysis and control design can be applied to the individual linear
subsystems.

As a first step in specifying the SMM, it is assumed, for sim-
plicity, that a freeway section can be in only one of five modes:
(a) free flow—free flow (FF), in which all cells in the section have
free-flow status; (b) congestion—congestion (CC), in which all celis
in the section have congested status; (¢) congestion—free flow (CF),
in which the upstream part of the section is congested and the down-
stream part has free-flow status; (d) free flow—congestion 1 (FC1),
in which the upstream part of the section has free-flow status, the
downstream part has congested status, and the boundary (i.e., wave-
front) separating the two regions is moving downstream; and (e) free
flow—congestion 2 (FC2), in which the upstream part of the section
has free-flow status, the downstream part has congested status,
and the wavefront separating the two regions is moving upstream.
This set of modes covers the possible congestion patterns within
a section that has, at most, one status transition, referred to here
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as a wavefront. The single-wavefront assumption is an approxi-
mation that is expected to be acceptable for short freeway sec-
tions. To deal more accurately with longer sections, the SMM can
be modified to allow multiple wavefronts within a section.

Next, for each mode, the intercellular flows of the CTM in Equa-
tion 1 are written as explicit functions of cell densities. For sim-
plicity, a triangular fundamental diagram (which is a special case
of the trapezoidal shape) is assumed here, but this assumption is not
necessary for development of the SMM. Then, in a segment with-
out merges or diverges, in FF mode, each ¢,(k) would be replaced
with vp,_,(k). If this procedure is carried out for each mode, the
CTM conservation equations become linear because of the piece-
wise linearity of the fundamental diagram. To complete the SMM,
a method must be specified to enable mode transitions. This is han-
dled by a set of rules, described later, that determine the current
mode, based in part on the most recent measurements at the segment
boundaries. .

The SMM does not fully replicate the CTM merge and diverge
laws described by Daganzo (8). Although the on-ramp entering
[(k)] and off-ramp exiting [e.g., (k) v; p:] flows are represented in
the SMM, the ramps are not modeled by cells; hence, traffic den-
sities on the ramps are not included in the model. These simplifi-
cations are considered reasonable when (a) the SMM is being used
in a calibration or validation study—then, (%) is set equal to the mea-
sured flow merging onto the freeway from the associated on-ramp
(this quantity is typically available from field measurements)—
and (b) the selected freeway segment contains no off-ramp bottle-
necks, or, more generally, there are no situations in which congestion
originates on an off-ramp because of insufficient capacity on the
off-ramp. A review of the traffic data from the I-210 segment, dis-
cussed in part by Muifioz (/0) and by Gomes et al. (/4), indicates
that the segment does not appear to exhibit any off-ramp congestion;
hence, the SMM off-ramp flow representation is reasonable. If the
SMM is used as a basis for designing ramp-metering controllers,
as described by Sun and Horowitz ({, 2), it is advisable also to
consider an on-ramp queuing model. See Sun and Horowitz (1, 2)
for more detail.

Consider the freeway segment in Figure 1. Measured aggregate
flows and densities at the upstream and downstream mainline detec-
tors are denoted by g,,, p, and g, p,. All five modes of the SMM can
be summarized as follows:

p(k+1)=Axp(k)+Bsu(k)+BlJpj+BQ.qu (%)
where
s = 1,2, 3,4, 5 indicates the mode (1, FF; 2, CC; 3, CF; 4, FC1;
5, FC2);

P = [p) ... pa]" =the state;

u =1q, r, pa]” = flow and density inputs, and r, = measured
on-ramp flow entering the section, subscripted according to
its cell of entry;

0, = [P11 Ps2 Pr3 Psa Pus)” = vector of jam densities, and
gu = [Qa1 Ori2 Qurs Qura)” = vector of maximum flow rates.

In free-flow mode, the flow across each cell boundary is dictated by
upstream conditions. Each cell releases traffic at the free-flow rate
(i.e., the total flow exiting cell i is given by v; p;). The state equation
is as follows:
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In CC mode, the flow across each cell boundary is dictated by
downstream conditions—that is, the total flow entering cell / is given
by wip,; — p;). The state equation is as follows:
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In CF mode, there exists one congestion-to-free-flow transition
inside the section. One assumption of the SMM is that the wavefront
will always lie on a cell boundary. Cells upstream of the wavefront
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accept vehicles at the congested flow rate, and cells downstream of
the wavefront release vehicles at the free-flow rate. The wavefront
acts as a bottleneck, expelling vehicles at maximum allowed rate Qy
and decoupling the region upstream of the wavefront from the
downstream region. When the wavefront is located between Cells 2
and 3, the state equation is as follows:
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The wavefront could have occurred between Cells | and 2,
or between Cells 3 and 4, instead of between Cells 2 and 3; how-
ever, the example serves to illustrate the equation structure for

this mode.

In both FC modes, one free-flow-to-congestion transition exists
inside the section. Unlike the previous mode, the state matrices
change depending on the direction of motion of the wavefront. In
FCl, the wavefront moves downstream. Assuming, for example,
that the wavefront is between Cells 2 and 3, the state equation for

this mode is as follows:

l—v'—T‘ 0 0
ll
p‘ vl7‘x 1_ V27; O
! I
P sy =| ’
p] 0 V;T; 1
Py }
0 0 ©

b
Pz
Ps
Ps

Transportation Research Record 1965

’—L 0 O +
[I
T q.
0=~ 0
) + A r, |(k)
00 0 |p,
0 o 2L
L 14 A
(o 00 0 0 Tp“-
000 0 0 0,,
1 w, T
+1000 - 2 0 Pia
]—Bs(k) [3
T wr | P
W_‘ 5 _ 5% s
R ) L)

=4, (k)p(k)+84"(k)+31.4 (k)pl 9

For FC2, the wave moves upstream. Again assuming that the
wavefront is between Cells 2 and 3, this mode differs from the pre-
vious case in that, because of the dominance of the congested flow rate
at the wavefront boundary, the tridiagonal row is now the second
instead of the third row, and more terms appear in B,
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At each time step, the SMM determines its mode on the basis of
the measured mainline boundary data and the congestion status of
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the cells in the section. If both p, and p, have free-flow status (i.e., both
densities are below p,), the FF mode is selected; if both of these den-
sities are congested (i.e., both densities are at or above p.), the CC
mode is selected. If p, and p, are of opposite status, then the SMM
performs a search over the p; to determine whether there is a status
transition inside the section. This wavefront search consists of search-
ing through the cells, in order, looking for the first status transition
between adjacent cells (/0).

The quality of density estimates can be improved with output feed-
back; for example, Sun et al. (4, 5) applied a mixture Kalman filter
(MKF) based estimator to two of the SMM modes (FF and CC). At
each time step, the estimator determines which mode is stochastically
most likely (i.e., whether the FF or CC model is a better fit for each
freeway section). Through its estimation of the congestion mode, the
MKF-based estimator alleviates the need to specify a set of logical
mode-selection rules, such as those described here and by Mufioz
etal. (9, 10). s

OBSERVABILITY AND CONTROLLABILITY

The observability and controllability properties of the SMM modes
are presented here, because those properties are of fundamental impor-
tance for the design of data estimators and ramp-metering control
systems. Loosely, controllability answers the question of whether a
control input (e.g., a regulated on-ramp flow) can affect the model
state (in this case, traffic density). Observability answers the question
of whether the measurements recorded at a particular detector station
(along with knowledge of the system inputs) can be used to recon-
struct the initial system state. Brogan (15 ) provides a more thorough
discussion of these properties.

Table | summarizes the observability and controllability for
each SMM mode. These results were derived by standard linear
systems techniques [see Muiioz (/0) for more detail]. In the first
and second columns, “upstream cells” and “downstream cells”
give the status of cells both upstream and downstream of the con-
gestion wavefront. If there is no such wavefront, both sets of cells
have the same status. The third column indicates which of the two
mainline boundary measurements, if either, can be used to make
each SMM mode observable. The fourth column states whether each
SMM mode is controllable from an on-ramp at the upstream end
of the section or from an on-ramp at the downstream end of the
section.

If all cells have free-flow status, densities are observable with a
downstream measurement, whereas, in congested mode, they are
observable with an upstream measurement. If no downstream mea-
surement is available when cells are in free-flow mode, or if there is
no upstream measurement when cells are congested, the system is

TABLE 1 Observability and Controllability for Different SMM Modes
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unobservable. This is related to the wave (information) propagation
directions on a freeway in different congestion modes. When a freeway
section is in free-flow mode, information propagates downstream at
speed v, which is the vehicle traveling speed. Therefore, to be able
to estimate the cell densities, the downstream density measurement
is needed. When the freeway is in congestion, information propa-
gates upstream at speed w, and an upstream measurement is needed
to estimate densities.

The controllability results can be derived similarly to the observ-
ability results. Generally, a section in free-flow mode is controllable
from an on-ramp at its upstream end, whereas a congested section can
be controlled from an on-ramp at its downstream end. These control-
lability results have motivated the design of a traffic-responsive, linear-
quadratic-integral-based local ramp-metering regulator that switches
between using upstream and downstream densities for feedback,
depending on whether the freeway section surrounding the regulated
on-ramp has congested or free-flow status. This regulator has been
observed to reduce total travel times significantly and to perform
favorably in simulation (/-3) with regulators such as ALINEA (16)
and SWARM (/7).

CTM AND SMM CALIBRATION METHOD

In this section, a methodology is described for tuning the CTM and
SMM parameters to reproduce observed freeway traffic behavior. The
calibration method was previously tested (on the CTM only) with data
from a 14-mi (23-km) stretch of I-210W (11).

Freeway Representation and Traffic Data

Figure 3 is a schematic of the freeway section used to test the CTM and
SMM. It is a subsection of I-210W, approximately 2 mi (3 km) long,
with four mainline lanes, two on-ramps, two off-ramps, three main-
line loop-detector stations labeled Myrtle (ML 34.05), Huntington
(ML 33.05), Santa Anita (ML 32.20), and additional detector stations
on each ramp. ML stands for mainline, and the numbers (e.g., 34.05)
are the absolute postmile indices of the detector stations (postmiles
are a measurement of distance, in miles, along the highway). The
mainline segment is partitioned into eight cells, with lengths (0.088
0.3750.375 0.192 0.088 0.276 0.276 0.246) mi. The full I-210 testbed
extends beyond this segment; it is 14 mi (23 km) long, from ML 39.16
to ML 25.40. A 4]-cell partition has been developed for the full
testbed (10, 11).

The performance measurement system (PeMS) (/8), developed
by researchers at the University of California, Berkeley, was the
main source of traffic data used in this study. Each freeway loop

Upstream Cell Downstream Cell Observable with Controllable from

Free-flow Free-flow Downstream measurement Upstream on-ramp

Congested Congested Upstream measurement Downstream on-ramp

Congested Free-flow Upstream and downstream measurement Not controllable

Free-flow Congested | Unobservable Upstream and downstream on-ramps
Free-flow Congested 2 Unobservable Upstream and downstream on-ramps
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FIGURE 3 Segment of I-210W divided into cells.

detector provides measurements of volume (vehicles per time step)
and percent occupancy every 30 s. PeMS aggregates these data, and
makes them available online, for freeways throughout California. For
mainline detectors, densities (vpm) were computed for each lane using
density = occupancy/g factor, where the g factor is the effective
vehicle length, in miles, for that detector. For single loop-detector
freeways such as [-210, PeMS provides g factors calculated according
to the PeMS algorithm (/9).

Calibration Methodology

The main steps of the calibration procedure are as follows:

1. Free-flow parameter calibration. The free-flow traffic velocities,
v;, are determined by performing a least-squares fit on flow versus
density data over the period 5:00 to 6:00 a.m. For the I-210 section,
traffic typically flows freely during this period. For the jth detector
station (numbered in the direction of traffic flow), v;is the least-squares
solution to the equation ®v; = Y;, where ¢; and Y; are column vec-
tors that, respectively, contain densities and flows measured over the
specified time interval. The free-flow speed v; is assigned to the cell
containing detector j, and free-flow speeds are computed for cells
that do not contain detectors by linear interpolation.

2. Bottleneck identification. Bottleneck locations are identified
by examining space—time contour plots of measured traffic densities
or speeds and determining the locations of fixed spatial boundaries
that divide the freeway into an upstream congested region and a
downstream free-flow region.

3. Non-bottleneck capacity selection. A set of nominal Q,;
are assigned to cells that are not located at bottlenecks. It is not
advisable to set Oy, equal to the maximum observed flow at each
detector-equipped cell, because this will most likely result in under-
estimating the true capacity of the freeway. Typically, nominal Qy;
must be chosen to be larger than the maximum observed flows
[usually 22,000 vph per lane (vphpD)] in each region of the freeway.

4. Bottleneck capacity determination. Consider a freeway portion
divided into two consecutive cells, 1 and 2, where an active bottle-
neck exists between the two cells; hence, the upstream cell (Cell 1) is
congested, whereas the downstream cell (Cell 2) remains in free-flow
status. Further assume that an on-ramp (with merging flow r; entering
Cell 2) enters between the two cells. It can be shown (/0) that the
bottleneck capacity in this situation is represented by Oy, =g, + 1,
where g, is the modeled flow entering Cell 2 from the mainline (10; /1).
Assuming both g, and r, are measurable, these quantities are used to
estimate the bottleneck flow rate, with the default method (assuming
no faulty or missing data) being

in.: =mean, . [qz (k)+ N (k)]

Ky corresponds to the half-hour time interval ending at arg max{g,(k) +
ry(k)]. Determination of the causes and evolution of bottlenecks and
estimation of the ensuing capacities are active areas of research. For
a recent example, see Bertini and Cassidy (20).

5. Congestion parameter calibration. w; and p,; are estimated
by performing a constrained least-squares fit on flow versus den-
sity measurements. First, the critical density is estimated for each
detector: ﬁc_,- = max[q{(k)]/v;, where q,; is the flow measured at
detector j. The [p4(k), g4(k)] data are sorted so that only congested
pairs are used in the estimation. Let x = {k, L kn.} denote the set
of all k for which py(k) > P.;. For a cell in a congested section, it
can be shown that the CTM conservation equation (or alternatively
the CC mode of the SMM) can be rewritten in the form ®;[w; wp,;|" =
Y;, where

g, (k) 4280, (&)
o {—pd,. (k) .. -p,, (h,)} ’
1 1
9., (kN, )+7[~LA94, (kN()

5

and g4(k) is used in place of the flow exiting the cell containing
detector j, and p,; values are used in place of the difference terms in
the conservation equation—that is, AP (k) = py(k + 1) — py(k) (10, 11).
Then, [w; wip,,]" is the least-squares solution to ®{w; wp,;JT =Y,
subject to the constraint

0, < ViWiPs,
M.j =

V,.+WI-

which can be written as linear in [w; w;p, 7. The constraint is included
to prevent the solution [w; w;p,;]” from limiting the maximum
possible flow in cell j below the Q,; determined in previous steps.
Currently, only values of w; that fall within a physically reasonable
range, 10 <w; <20 mph (16 and 32 km/h), are retained. If the con-
strained least-squares solution does not yield w, the acceptable range
for a particular detector cell n, this cell is assigned the w; of the
nearest downstream neighbor with a w inside the range. The cor-
responding p,, is found by solving the equality case of the constraint;
w; and p,; are determined for nondetector cells through linear
interpolation.

6. Time-varying parameter adjustments. If necessary, temporary
parameter changes (e.g., reduction of Qy; in a region) can be applied
to reproduce the effect of an incident. Additionally, with w; in the
midmoming time range being reduced, when traffic is still congested
but beginning its recovery back to free-flow mode, the effect of



Murioz, Sun, Horowitz, and Alvarez

flow-density hysteresis can be approximated. Additional detail on
the calibration method can be found eisewhere ({0, 11).

RESULTS AND DISCUSSION

For comparison with results presented later in this section, the valida-
tion work covered by Muiioz et al. (9, 10) is reviewed briefly. Muiioz
et al. (9, 10) validated the CTM and SMM on the same 2-mi (3-km)
segment of I-210W indicated in Figure 3. A single set of hand-tuned
parameters [v=63 mph (101 km/), Q= 2,000 vphpl, p,= 172 vpmpl
(107 vpkpl)] was selected, and the models were simulated with bound-
ary data from five different weekdays over the period 5 a.m. to 12 noon.
Approximate flow hysteresis was induced in the models by w being
reduced from 14.26 mph (22.96 km/h) to 12.5 mph (20.13 km/h)
at 9 a.m. The CTM and SMM were shown to perform similarly to one
another and to reproduce density and flow measurements with mean
absolute percentage errors of approximately 13% and 4%, respec-
tively (9, 10). However, because hand-tuning the parameters is time-
consuming, a standardized calibration procedure was desired; this led
to development of the calibration methodology described earlier.

To test this calibration methodology, the procedure was applied
to I-210 testbed data collected on April 25, 2001, and yielded param-
eters for the segment of Figure 3. The resulting calibrated parameters
showed little spatial variation: 60 to 62 mph (97 to 100 km/h) for v,
2,000 vphp! for Qy, 15 mph (24 km/h) for w, and 168 to 169 vpmpl (104
to 105 vpkpl) for p,. These parameters are similar to the hand-tuned
values used by Muiloz et al. (9, 10).

The desired next step was to simulate the CTM and SMM with
the newly calibrated parameters and boundary data from April 25,
2001. Additional data processing was first conducted to produce
suitable boundary data for the simulations. To compensate for two
nonfunctioning loops (one in Lane 2 of Myrtle station and another
in one of the off-ramp lanes at Santa Anita), scaling-corrected
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aggregates were prepared with the mean of the densities (or flows)
over the functioning loops at each station being taken and then
multiplied by the total number of loops. These reconstructed data
were not used in the calibration procedure; specifically, faulty
mainline detector stations were left out of the estimation of v;, w;
and p,,;, which were then interpolated, with the methods described
previously, from the nearest available good values. Furthermore,
the cell lengths chosen for the 2-mi segment prohibited a simulation
time step as large as 30 s; thus, a zeroth-order interpolation was
applied to the PeMS data to yield data with T, =5 s, which was cho-
sen as the time step for both models. To counteract noise in the
PeMS 30-s data, a first-order Butterworth lowpass filter with cutoff
frequency 0.017 -} Hz was applied to the data using a zero-phase
forward-and-reverse filtering technique. The reader is referred to
Muiioz et al. (9, 10) for additional details on data processing and
split ratio estimation.

The calibrated parameters were implemented in Matlab simulations
of both the CTM and SMM, with the same hysteresis conditions as
Muiioz et al. (9, 10). The simulated densities and flows in the middle
of the section (near postmile 33.05) were compared with the measured
values at that location (i.e., p,, and g.,), as indicated in Figure 4. The
densities and flows predicted by the models are similar to one another
and agree reasonably well with the measured values, although the
models tended to overestimate density during the peak congestion
hours. The mean percentage error is defined as

1 & |x(k)-2(k)
EMpszﬁ; x(k) ’

where x(k) represents the measured value (flow or density) at the
middle detector station, and x(k) is the model-predicted value. The
CTM and SMM density errors were 13% and 14%, respectively, and
the flow errors were 4% and 5% over the simulated time period. These
results closely resemble those of the validation tests of Muiioz et al.
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detector station st postmile 33.05, on April 25, 2001.
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(9, 10); this is unsurprising, because the calibration method produced
parameters similar to the hand-tuned ones.

The automated steps of the calibration method have been deter-
mined to have low computational cost. The most time-consuming
automated step of the calibration process is the constrained linear
least-squares estimation of congestion parameters for each cell, which
can be carried out for the 14-mi (23-km) portion of [-210W, partitioned
into 41 cells, in less than 1 min for 7 h of 5-min average measurement
data on a 1.0-GHz, 256-megabyte Pentium Il computer.

The single-wavefront assumption of the SMM means that the SMM
is expected to be suitable for short freeway sections; the model requires
modification to handie longer sections, which are more likely to
contain multiple wavefronts simultaneously. However, this issue
can be avoided in the design of a closed-loop estimator. In this case,
a long segment can be broken into a series of shorter segments, and
a series of SMMs can be put together to produce state estimates at
unmonitored locations, using feedback from any available nonfaulty
mainline station (4, 5).

Muioz et al. (/0) made a preliminary comparison between the
CTM and SMM estimation errors and results reported in other work
such as that of Chen et al. (27). This analysis indicates that the CTM
and SMM may yield density and flow estimates that are similar to, or
better than, those derived with certain other approaches. A complete
comparison with other methods, under normalized test conditions,
is the subject of ongoing work.

CONCLUSIONS

In this paper, a macroscopic freeway traffic model, the SMM, was
presented. This model is a piecewise-linearized version of Daganzo’s
CTM (7. 8), which was found to be computationally efficient and
well suited for implementation in real-time control, estimation, and
traffic monitoring applications (5). The observability and controlla-
bility properties of the individual modes of the SMM were stated,
because they are of fundamental importance in the design of data
estimators and ramp-metering control systems. It was explained that
the free-flow traffic mode is observable from a downstream mea-
surement and controllable from an upstream on-ramp and that the
congested mode is observable from an upstream measurement and
controllable from a downstream on-ramp.

The following points summarize the main disadvantages and
advantages of the CTM relative to the SMM, and vice versa.

Cell Transmission Model

® Disadvantages. It is a nonlinear model; hence, the model-analysis
methods and estimator and controller designs will be more complex,
and potentially slower performing in real-time applications, than
those for a linear model.

* Advantages. The congestion status of a cell (free-low or con-
gested) can be determined automatically by comparison of p(k) with
p..- In addition, unlike the SMM, the model lacks an assumption of
a single wavefront per section.

Switching-Mode Model

* Disadvantages. Congestion-mode selection rules, such as those
described previously, must be specified for the model. In addition,
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there is the assumption of single wavefront per section, also discussed
previously. .

® Advantages. It yields similar performance (in terms of accu-
racy and computation time) as the CTM but with the advantage of
possessing a linear-mode structure. Linear analysis methods and
contfpller and estimator design techniques can be applied to the
individual modes.

Both of the aforementioned disadvantages of the SMM can be
mitigated with the closed-loop estimation approach described by
Sun et al. (4, 5). The SMM has been found to be well suited for use
in a closed-loop estimator, with feedback from available measurements
to estimate densities at unmonitored locations.

A procedure for calibrating the CTM and SMM parameters was
summarized. Parameters were calibrated for a short [2-mi (3-km)]
subsection of I-210W and tested on both the SMM and CTM,
which were shown to perform similarly and to have reasonable
agreement with observed values. A main benefit of the overall
calibration method is that it provides a well-defined, partially auto-
mated procedure for using loop-detector data to estimate free-
flow speeds, congestion parameters, and bottleneck capacities for
these models.
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