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Abstract

The objective of this paper is to review our recent research completed on the determination of the
probability distribution of the time of breakdown on a freeway. The methodology applied was unique, in
that, it applied Markov chains to develop the probability distribution of the time of breakdown.

To develop an improved methodology for the prediction of breakdown, the probability distribution of
the time of breakdown was determined based on the zonal merging probabilities with respect to the vehicles
traveling on the throughway. Freeway flow, available gaps, and drivers’ actions as they approach the merge
area were taken into consideration in developing the model.

The analytical model was developed based on the information obtained from the literature and an initial
field data sample. After determining the arrival distributions of the merging vehicles and the probability of
transitioning from state to state, the probability distribution of the time of breakdown occurring was de-
termined before any time, ¢, through a model analysis which applied Markov chains and implemented it in
MATLAB® code. Finally, field data were reduced and applied in the model validation.

With respect to the application of Markov chains, it was expected that higher arrival rates of the vehicles
traveling on the throughway would lead to higher probabilities of breakdown. This is logical since one
would expect a greater probability of breakdown occurring when there are a large number of vehicles
entering the system. The model did produce results which predicted a higher probability of breakdown for
higher arrival rates.

The significance of the results is a better understanding of the prediction of breakdown and capacity
estimation. With an improved concept of breakdown on freeways, better freeway analysis and simulation
software may be developed. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In freeway operations, merging sections are one of the greatest areas of conflict, and the most
difficult sections of the freeway to analyze satisfactorily (Ostrom et al., 1993). Freeway merges are
typically designed to allow high speed merging maneuvers without disrupting main freeway traffic
(Highway Capacity Manual, 1994). Merging vehicles try to find gaps in the freeway flow. Higher
freeway flow means smaller gaps in the traffic stream, and reduced opportunities for vehicles to
merge causing them to stop or force their way into the stream (Elefteriadou, 1994).

Although it is believed that capacity and breakdown are interrelated, this relationship is not
well-defined in such documents as the Highway Capacity Manual (HCM). Due to the lack of data
at or near the capacity level for the definition of speed—flow—density relationships, the process of
flow breakdown in merge areas has not been adequately documented (Elefteriadou, 1994). The
existing models predict the breakdown as a deterministic function of a given flow rate, or speed, or
density, and these models generally assume that breakdown will occur at capacity flows only. The
HCM currently defines breakdown through a deterministic process, which is based on a US
averaged value for capacity. It should also be noted that for the same volumes, breakdown does
not always occur, which is assumed within the HCM deterministic process.

Recent research has found that capacity cannot always be measured in the field immediately
prior to breakdown, but rather capacity may occur without the occurrence of breakdown (Elef-
teriadou, 1994). A quantitative model describing the process of flow breakdown around entrance
ramps was developed by Elefteriadou using general probability relationships, which is very useful
for the operational analysis of ramp-freeway junctions and the establishment of freeway control
strategies to maximize flow and optimize operations on the freeway (Elefteriadou, 1994).

The model developed in this paper follows Elefteriadou’s model in that the freeway flow and the
respective gaps available on each freeway lane, as well as the drivers’ actions as they approach the
merge area, are taken into consideration in developing the model (Elefteriadou, 1994). To develop
an improved methodology for the prediction of breakdown, the probability distribution of the
time of breakdown based on zonal merging probabilities is the method to be applied. In contrast
to most existing merging models, Markov chains rather than computer simulation will be applied.

The objectives for this paper are as follows:

(a) Complete a thorough review of the literature available on freeway merging models and

Markov chain applications in traffic operations;

(b) Develop an analytical model for the prediction of breakdown on a freeway merge;

(c) Analyze the model to obtain the frequency distributions of the breakdown;

(d) Collect accurate and applicable data and validate the model; and

(e) Propose potential applications of the model, potential extensions, and possible drawbacks.

An analytical model was developed based on the information obtained from the literature and
initial data sample. After determining the arrival distributions of the merging vehicles and the
probability of transitioning from state to state, the probability distribution of the time of
breakdown occurring may be determined before any time, ¢, by applying Markov chains.

After developing the model, the field data were reduced and applied in the model validation. It
should be noted that Markov chains are appropriate for this application because they are
probability models for stochastic processes (Hiller and Lieberman, 1995), of which freeway
merging maneuvers are one.
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2. Literature review
2.1. Historical review

A historical review of the literature was completed including an in-depth review of several
articles relevant to the topic of discussion in this report. The following paragraphs summarize the
unique and common key points discussed in each of the articles reviewed.

The earliest research relevant to this topic was by Haight et al. (1962) whose unique key point
was treating a merge as stop controlled/uncontrolled intersection. Their description of merging
depending on leading and following vehicles was applied by others in future research.

Other early research completed in the 1960s was by Buhr, Drew, Wattleworth, Williams, and
Whitson on various projects (Buhr et al., 1967; Drew et al., 1968). Their unique research points
included time orientation techniques, a quantitative method for determining the influence of
geometrics on merge capacity/LOS, and the assumption that continual merge vehicles are waiting.
Common points applied in their research included study sites operating at or near capacity while
unaffected by up/downstream and regression analysis (critical gap and slope of gap acceptance
line) performed.

In the 1970s relevant research was completed by Szwed and Smith (1972) and Blumenfeld and
Weiss (1979). Unlike their predecessors, Szwed and Smith simulated merging with Monte Carlo
techniques to generate probability distributions and applied a Markov renewal process with car-
following/non-following groups of states. Also, the latter set of authors examined effects on
delay and capacity if there was a consistent critical gap, and the variability in gap acceptance
was assumed to be due to the inconsistency of drivers. Common to other authors, Szwed and
Smith predicted the probability for a given volume that a driver is unable to merge within a
distance.

In the early 1990s, relevant research was completed by Banks (1991), Hall and Agyemang-
Duah (1991) and Nihan and Berg (1992). Their unique research points included the following:
consideration if ramp metering can increase bottleneck capacity by delay of breakdown, con-
firmation that flow decreases at breakdown, and found that the two-capacity phenomenon was
unlikely to provide a metering basis (Banks); consideration of whether maximum flow rates
reduce when a queue forms and consideration of maximum flow distribution (Hall and Agye-
mang-Duah); evaluation of the feasibility and usefulness of an algorithm for metering that
anticipated capacity reduction, attempted to reduce or eliminate breakdown conditions by re-
stricting upstream metering rates, tested on-line, and applied time-series intervention analysis
(Nihan and Berg). Common to other researchers, Nihan and Berg applied linear regression
analysis.

In recent years, research has been completed by Cassidy and Windover (1995), Elefteriadou
et al. (1995), Akcelik (1996), Yagar and Hui (1996), Persaud et al. (1998). Different from others,
Cassidy and Windover used cumulative arrival curves and evaluated disturbances by comparing
cumulative curves. Likewise, Elefteriadou et al. developed a probabilistic aspect of merge
breakdown through examination and analysis of data, estimated the probability distribution of
the time of breakdown as a function of clusters, and considered flow, gaps, and driver actions.
Akcelik explained density, speed, flow and travel time model relationships for uninterrupted and
interrupted flows, and provided formulae, examples, and basic relationship among speed, density,
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spacing and flow. Also, Yagar and Hui discussed adding capacity to freeways, determined if/
where to restripe to gain capacity, and applied a systems analysis procedure for evaluating broad
effects of gains. Finally, Persaud et al. defined breakdown as freeway operation near a bottleneck
entrance when changing from free flow to a queue, determined the time of breakdown by visual
inspection, measured mean queue breakdown flow over intervals, found mean queue discharge
flow by computing mean flow after the transition period until speeds recovered to uncongested
levels, and determined the probability distribution of the time of breakdown as instances mean
queue breakdown flow fell within a range divided by frequency of flows.

2.2. Other relevant research

Although not critically reviewed for this paper, it is important to note other relevant research
regarding Markovian applications and freeway driver behavior. Research has been completed
applying Markovian principals to transportation, but not to the same extent as presented in this
paper, by Makigami et al. (1983) and Davis and Kang (1993). Also, freeway driver behavior
research has been completed by several authors, including: Olsen and Hostetter (1976), Michaels
and Fazio (1989), Lunenfeld (1993), Hunt and Yousif (1994) and Bunker and Troutbeck (1996).

2.3. Review of Markov chains

Because a Discrete Time Markov Chain (DTMC) was applied in this research project, a brief
review of DTMC’s is included here. A DTMC is formed as a set or collection of random variables
Xo0,X1,X2,X3,...,X, (Hiller and Lieberman, 1995). DTMC'’s follow the Markov Property where
the conditional probability of future states of the stochastic process depend on the present state
and not on the past.

The conditional probabilities are called transition probabilities. A transition probability is
necessary to draw the transition diagram for the DTMC. Properties of the transition probability,
P, are that (i) all entries have values between 0 and 1, and (ii) rows must add up to 1. An example
transition probability matrix and transition diagram (Fig. 1) is shown below.

A B
P= 403 0.7 (1)
B[0.6 0.4]

Fig. 1. Example DTMC.
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The long-run or steady-state properties of the DTMC for a transition probability with i rows and j
columns are defined as the following:

P; = transition probability scalar for states i by states j

2
lim (P,)"" = 11, (2)

J

where II; is the same down any column j.
;= (P, (3)

and
dI,=1. (4)

For a more extensive review of Markov chains, please refer to ““An Introduction to probability
models” by Ross.

3. Model of breakdown

The model of breakdown developed in this paper represents one direction of a four-lane
freeway with a single lane on-ramp entering from the right. The area around the merge is divided
into zones with approximate length of 175 ft, representative of a typical 2-s time headway between
sequential vehicles traveling at 60 mph. The 175-ft length also allowed the initial number of zone—
lane pairs to be restricted to a reasonable number. Three zones are defined starting at the nose of
the gore point, which leads to two zones in the merge lane and three zones in the through lanes.
Therefore, there are eight zone-lane pairs.

The probability distribution of the time of breakdown was determined based on the zonal
probabilities of vehicles merging onto a freeway with respect to the other vehicles traveling on the
main throughway. Fig. 2 demonstrates an example of the aforementioned zonal probabilities,

B e

Fig. 2. Zonal probabilities.
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where Pyy and P,y are the probabilities that a merging vehicle is present in zones 1 and 2, re-
spectively, and Py, through P;, are the probabilities of a vehicle in that zone and lane.

3.1. Model development

The model was developed through the following steps:
(a) Identification of states,

(b) Definition of breakdown,

(c) Probability of transitioning from state to state,

(d) Probability of breakdown occurrence.

3.1.1. Identification of states

As discussed previously, there are eight zone—lane pairs, and hence there are 2% or 256 possible
combinations of states. An example definition for a state (state 56) is presented in Fig. 3, where ‘1’
represents a vehicle present in that zone-lane pair and ‘0’ represents no vehicle present. These
states were then utilized to develop a 256 by 256 matrix of the probability of transitioning from
any one state to another. The time to transition from state to state was assumed to be 2 s based on
60-mph speeds and 175-ft zones.

3.1.2. Definition of breakdown

For this paper, breakdown is defined as any time there is a merging vehicle present, and one of
the following occurs for a minimum time span of 6 s (the time to transition three states total or
two states after the initial state):

(a) Vehicles are present in lane 1 and vehicles continually arrive in that lane by moving forward

in lane 1 and/or merging from lane 2,

(b) Vehicles are present in lane 1 and vehicles are braking in lane 1.

Breakdown is defined as described above since the state immediately following this situation
would have experienced the inability to merge for at least 6 s. There were 47 initial states which
met the above requirements that may potentially lead to breakdown. For example, state 68,
shown in Fig. 4 is a potential breakdown state because the merge vehicle could possibly be forced

Fig. 3. Definition of state 56.
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Fig. 4. Definition of state 68.

to brake for three consecutive states if vehicles continue to move forward into the zone-lane pair
adjacent to it (as demonstrated by the arrows). Such states which are potential breakdown states
are called ‘bad states’ and other states are called ‘good states’.

3.1.3. Probability of transitioning from any state to another state

To set up the 256 states in a matrix, the probability of transitioning from any one state to
another state was determined. The transition probability is computed as the multiplication of the
probabilities of vehicles arriving or not arriving, or being present (1) or not present (0), in each
zone for each lane at the next state. It is assumed that a vehicle can only make one of three moves
in transitioning from state to state. A vehicle can:

(a) Brake and remain in its current position if a vehicle is present in its forward-moving and

lane-changing path, or in the adjacent zone and lane for a merge vehicle;

(b) Continue to move in its current lane to the next zone; or

(c) Change lanes and move forward to the next zone (with the exception that vehicles will never

move from freeway mainstream lanes to the merge lane).

With the above assumption, then, the general logic in determining P;;, probability of transi-
tioning from state i to state j, is to solve for the product of each individual probability of vehicles
in each zone—lane pair at state i to transition, as necessary, to achieve state j. For example, state 1
is defined as the state with no vehicles present in any of the zone-lane pairs, shown in Fig. 5 and
state 2 is defined as the state with only one vehicle present in zone 1-lane 2, shown in Fig. 6. To
find the probability of transitioning from state 1 to state 2, the following formula is applied:

P(state 1 = state 2) = (Pn@IZ)(l _Pn@ll)(l —Pn@lo)(l)(l)(l)(l)(l), (5)

where P,g), is the probability of a new arrival in zone 1-lane 2, P,g; the probability of a new
arrival in zone 1-lane 1, P,g) the probability of a new arrival in zone 1-merge lane and 1 is the
probability of lane changing or moving forward into a zone-lane pair if no vehicle is present in
this zone-lane pair.

In this example, the probability of a vehicle not being present in state 2 is 1 for all lanes in zones
2 and 3, since there were no vehicles present in zone 1, 2, or 3 in state 1 to possibly transition to
zone 2 or 3. Values for the probabilities of braking, moving forward, and changing lanes were
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Fig. 5. Definition of state 1.

Fig. 6. Definition of state 2.

assumed based on the authors’ engineering judgement and were to be refined through a trial-and-
error process. The twenty possible probabilities used in the equation for the probability of
transitioning from state to state are listed and defined in Table 1.

Another example would be if in state i there were vehicles in zone-lane pairs zone 1-lane 2
(vehicle A), zone 2-lane 1 (vehicle B), and zone 2-lane 0 (vehicle C), and in state j there were
vehicles in zone 2-lane 2, zone 3-lane 2, and zone 3-lane 1. In order to get from state i to state j,
based on our previously listed assumptions, vehicle A had to move forward to zone 2-lane 2,
vehicle B needed to change lanes to zone 3-lane 2, and vehicle C needed to change lanes to zone 3—
lane 1. Hence, the probability of transitioning from state i to state j would be equal to the product
of the probabilities of no new vehicles arriving, vehicle A moving forward from zone 1-lane 2 to
zone 2-lane 2, vehicle B changing lanes from zone 2-lane 1 to zone 3-lane 2, and vehicle C
changing lanes from zone 2-merge lane to zone 3-lane 1. This is demonstrated by the formula
shown below:

P(state i= state j) = (1 — Pua2)(1 = Pa@i1) (1 — Pa@io) (Pmt@22) (Pe@s2) (Beasr) (1)(1), (6)
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Table 1
Probabilities for transitioning from state to state
Probability Definition
Pran Probability of a new arrival at zone 1-lane 2
Puan Probability of a new arrival at zone 1-lane 1
Praro Probability of a new arrival at zone 1-lane 0
Prsan Probability of moving forward to zone 2-lane 2
Prani Probability of moving forward to zone 2-lane 1
Prano Probability of moving forward to zone 2-lane 0
Prtan Probability of moving forward to zone 3-lane 2
Prasi Probability of moving forward to zone 3-lane 1
Pran Probability of lane changing to zone 2-lane 2
Pio@ai Probability of lane changing from lane 2 to zone 2-lane 1
Pio@ai Probability of lane changing from lane 0 to zone 2-lane 1
P Probability of lane changing to zone 3-lane 2
Pioast Probability of lane changing from lane 2 to zone 3-lane 1
Pio@si Probability of lane changing from lane 0 to zone 3-lane 1
Pygin Probability of braking in zone 1-lane 2
Pvaii Probability of braking in zone 1-lane 1
Pyvaio Probability of braking in zone 1-lane 0
Py Probability of braking in zone 2-lane 2
Pvani Probability of braking in zone 2-lane 1
Pyano Probability of braking in zone 2-lane 0

where P,g), is the probability of a new arrival in zone 1-lane 2, P,g; the probability of a new
arrival in zone 1-lane 1, P,g)o the probability of a new arrival in zone 1-merge lane, Ppga2, the
probability of moving forward to zone 2-lane 2, Pi.g3, the probability of lane changing to zone 3—
lane 2, P31 the probability of lane changing to zone 3-lane 1 and 1 is the probability of lane
changing or moving forward into zone 2-lane 1 or zone 2-merge lane.

If any state i cannot transition to another state j due to the assumptions of the three possible
vehicle transitioning moves, then the probability of transitioning, from i to j, is zero. After the
matrix was completed with equations for the probabilities of transitioning from i to j, the matrix
was sorted by those states that will not lead to a breakdown two states later (‘Good’ states), and
those states that may lead to a breakdown two states later (‘Bad’ states). A sample of the tran-
sition probability matrix is shown in Table 2. It should be noted that to check the matrix, all rows
needed to sum to one.

3.1.4. Probability of breakdown occurrence

Utilizing the transition probability matrix and applying Markov Chains, the probability dis-
tribution of the time of breakdown occurring can be determined. This was completed using the
defined assumption of 6-s time span as the definition of breakdown. The 6-s refers to the time to
transition from any one state to two states later in time.

To develop the model a probability mass function/density function was developed as described
below:

P: is the probability transition matrix = [p;],
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S: is the state space of Markov chains.

The matrix was partitioned into state spaces G (‘Good’ states — those states that do not include
the potential for a vehicle to brake) and B (‘Bad’ states — those states that include the potential
for a vehicle to brake) as follows:

P— [pGG pGB:|7 (7)
PBG  PBB
where Pgp is the transition matrix of going from a ‘Bad’ state to another ‘Bad’ state.
Define ¢,(i) = Pgp occurs after nth time slot/X, = i, where BD is the breakdown (= 3 consec-

utive bad states) and X the initial state.
Therefore for n = 2,

> 4n(py  ifi€G,

J

Y qua(k)py ifi€B, jeG,
k

qn+l(i) = . (8)
Y qnoa(Dpy fi€B, jEB, keQq,
I
0 ifieB, jeB, keB.
On conditioning, we get
>_4:(J)pis ifie @G,
J
qn+l(i) = e~ (9)
2\ a1 (K)pic )iy + 22 2\ 2odn—2(Dpu | pyppe if i € B
jeG \ k keGjeG \ 1
with
qo(i) = 1V i, (10)
qi(i) =1V i, (11)
1 if i € G,
©() =9 1-X[p, ificB (12)
jeG
Then, define for n > 1, and all i
fu(i) = P {Breakdown occurs at nth time slot/X, = i} (13)

= qnfl(i) - qn(i)'

Therefore the distribution of the breakdown times can be plotted.

It should be noted that once three consecutive bad states occur, the model recognizes this as
breakdown. The model will not continue to read each additional bad state as another separate
breakdown. In other words, if five bad states would occur in a row, the model would recognize
this as one breakdown, not three.

A sample of the partitioned transition probability matrix with the initial values for this model
may be found in Table 2 shown earlier. The MATLAB® code used to define this model may be
seen in the appendices of Jodie (O’Leath) Evans’ thesis (O’Leath, 1998). The model was run for
varying flow rates by editing the partitioned matrix, and the cumulative probability of breakdown
versus time graphical outputs is displayed in Figs. 7-9.
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Fig.7. Graphical output for (1500/1500/600 vph arrival rates for lanes 2/1/0 and n=1:150).
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Fig. 8. Graphical output for (1000/1000/400 vph arrival rates for lanes 2/1/0 and n = 1:150).



J.L. Evans et al. | Transportation Research Part B 35 (2001) 237-254 249

025

02

0.15

01

Cumulative Probability of Breakdown

0.05

0 20 40 60 80 100 120 140 160
‘Time (2 second periods)

Fig. 9. Graphical output for (2000/2000/800 vph arrival rates for lanes 2/1/0 and n=1:150).

In explaining the graphical output in Figs. 7-9, a probability of breakdown of 0.01 signifies a
1% chance of breakdown occurring within the given relational number of 2-s time periods. For
example, to find the probability distribution of the time of breakdown occurring within 5 min for
a freeway with arrival rates of 1500/1500/600 vph for lanes 2/1/0 and n=1:150, one would locate
150 2-s time periods (300 s/(2-s/time period)) along the x-axis of Fig. 7 and find the corresponding
breakdown based on the graphical relationship. In this example, the probability distribution of
the time of breakdown would be 0.09% or 9%.

In viewing the graphical output, it may be noticed that the curve only extends to 150 along the
x-axis which represents time in 2-s periods. This is attributed to the application of the model with
n = 150 (where n is a 2-s time slot). Although a very large value of n, such as 3600, would be
desirable, the model was applied with a limited value for n due to the extensive amount of time it
would take to apply the model with a larger value in MATLAB® code. For example, about 16 h
were required for the n = 150 run, and nearly two days were required for n = 300. To produce an
improved output from the model, a high-powered computer should be used with the application
of n = 3600.

3.2. Data collection

Data were collected at a site in Chicago, Illinois. The data were collected using videotape at
three different locations at the site. The three locations included one near the gore point of the
merge, one near the ending taper of the merge lane, and one in the center between the previous
two views. A diagram of the data collection locations is provided in Fig. 10.
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Camera 4

Camera 3

Fig. 10. Data collection locations.

3.3. Data analysis

For the data analysis the following tasks were completed;

(a) Collected the arrival rates and presence in each zone-lane pair;

(b) Determined the mean arrival rates and probabilities of presence; and
(c) Inserted the arrival rates into the matrix.

3.3.1. Arrival rates and presence in each zone—lane pair

Initially, a machine vision technology product was applied for the data reduction. This product
can collect information from either a video camera or VCR tape based on user-specified detector
locations.

When manual counts were conducted through viewing the videotapes, the results were found to
be inaccurate. Therefore, it was decided that the manual counts would be used for model vali-
dation rather than the product’s results.

3.3.2. Mean probability of presence in each zone—lane pair

To validate the model, the probability of presence in each zone-lane pair was averaged for the
site based on data collected. The manual data collection estimates where found by viewing the
percentage of a given time interval (same as that used to determine the arrival rates) that a zone—
lane pair had vehicles present. This could demonstrate whether the developed model can accu-
rately determine the probability of presence in each zone-lane pair, and therefore indirectly
validate the model.
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3.3.3. Probability of transitioning from state to state

Once the arrival rates were determined, they were substituted in the probability equations in the
matrix, along with the assumed values for braking, moving forward, and changing lanes. When
the arrival rates as well as the probability of braking, moving forward, and changing lanes were
substituted in the matrix for their respective variables, a numerical matrix was created allowing
the application of Markov Chains for the determination of the probability distribution of the time
of breakdown.

3.4. Comparison of probabilities of vehicle presence using the model with data

To determine the validity of the model, a comparison was made between the probabilities of
vehicle presence (zonal probabilities) using the developed model and the values obtained through
manual data collection. The model estimates were determined by finding the long run probabil-
ities of vehicle presence in each zone-lane pair for the study site arrival rates. The manual data
collection estimates were found by viewing the percentage of a given time interval (same as that
used to determine the arrival rates) that a zone—lane pair had vehicles present. This was completed
by counting the number of vehicles passing through each zone-lane pair by viewing the videotape,
and another manual estimate was also attempted by taking snapshot views but did not produce as
accurate results — most likely due to the fact that the snapshots were taken throughout the 2-h
videotape, rather than being restricted to the same time interval as that used to find the arrival
rates. The values for the model and data collection estimates are summarized in Table 3.

3.5. Model validity

After comparing the probabilities of vehicle presence using the developed model with the values
obtained during data collection, it can be seen that the values are very close. Since the arrival rates
were taken as vehicles entered zone 1 (zone-lane pairs 12, 11, and 10), it is logical that the model
and data collection estimates would be nearly identical at this point.

It can be seen that the model estimation is fairly accurate as the vehicles move through zones 2
and 3. The probable reason for a slight reduction in accuracy is the fact that the lane-changing
algorithm comes into application through zones 2 and 3. Therefore, it is expected that varying the
transition probabilities in the lane-changing algorithm will probably remove the slight error.

Table 3
Probability of presence for model and data
Zone-lane pair Model estimate Data collection estimate
12 0.44 0.44
11 0.31 0.31
10 0.14 0.13
22 0.48 0.47
21 0.32 0.35
20 0.19 0.11
32 0.49 0.46

31 0.38 0.42
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Table 4

Assumptions and their potential error in determining model validity
Assumption Potential error
(1) Vehicles traveling at 60 mph with 2-s As breakdown potential increases the speeds drop below 60 mph
headways — allowing only one vehicle per and headways decrease to less than 2 s — allowing more than one
175-ft assumed zone vehicle per 175-ft zone
(2) Lane-changing, braking, and forward- Without a validated algorithm of lane-changing, braking, and
moving probabilities based on engineering forward-moving behavior, it is difficult to justify the validity of
judgement the assumed values
(3) Model developed for four-lane freeway, Additional lane for flow could effect lane-changing behavior, but

and data collected from six-lane freeway sites since the number of vehicles lane-changing to and from the inside
third lane was minimal, its effect is also expected to be minimal —
also, the addition of three more cells would add tremendously to
the number of states and, therefore, the research effort for little
added value

Overall, the model appears to be valid with some restrictions due to several assumptions in the
model. These assumptions and the errors they may have caused in validation are summarized in
Table 4.

4. Conclusions and future research

To develop an improved methodology for the prediction of breakdown, the probability dis-
tribution of the time of breakdown was determined based on the zonal merging probabilities with
respect to the vehicles traveling on the throughway. Freeway flow, available gaps, and drivers’
actions as they approach the merge area were taken into consideration in developing the model.

The analytical model was developed based on the information obtained from the literature and
initial data sample. After determining the arrival distributions of the merging vehicles and the
probability of transitioning from state to state, the probability distribution of the time of
breakdown occurring was determined before any time, ¢, by applying Markov chains and im-
plementing it in MATLAB® code. Finally, the data were reduced and applied in the model val-
idation.

With respect to the application of Markov chains, it was expected that larger arrival rates of the
vehicles traveling on the throughway would lead to higher probabilities of breakdown. This is
logical since one would expect a higher probability of breakdown occurring when there are a large
number of vehicles entering the system. The model results did predict a higher probability of
breakdown for higher arrival rates.

The significance of the results are a better understanding of the prediction of breakdown and
capacity, through the definition of breakdown, estimation. With an improved concept of
breakdown on freeways, better freeway analysis and simulation software may be developed.
Although the model may be improved to produce even more accurate results by applying smaller
zone length and/or a more detailed lane-changing algorithm, it is important to note the logical
nature of the model that was simply restricted by a few assumptions.
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