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Recent research at the University of Central Florida has focused on
increasing safety on the 1-4 corridor through Orlando, Florida. This
study investigated the benefits of variable speed limit (VSL) imple-
mentation for real-time crash risk reduction. VSL has been used in
various nations around the world (including the United Kingdom,
the Netherlands, Germany, Australia, New Zealand, and even the
United States) to decreasetheintensity of traffic congestion (1) aswell
as for weather advisory scenarios (2, 3). VSL has also been used to
reduce the occurrence of crashesin some aress (4).

In the Netherlands, Van de Hoogen and Smulders used VSLs to
homogenize the traffic flow on a 20-km section of the six-lane A2
Motorway connecting Amsterdam and Utrecht (1). The primary func-
tion of the control wasto decrease not average speed but rather speed
differences on the freeway. According to the authors, decreasing
speed differences implies more regulated headways and a reduction
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inthe number and severity of shockwaves. The authorsfound that the
implementation of variable speed limits provided calmer traffic and
improved the distribution of the traffic over the available road space.

In the United States, VSLs are used in Washington State, New
Jersey, New Mexico, and Wisconsin to identify and implement asafe
speed limit wheninclement wegather convergeson vulnerablefreeways
(3). The systemsin these states have been successful in detecting dan-
gerousroadway conditionsand suggesting asafe speed to the drivers.
They have been effective in reducing average speed in dangerous
conditions and decreasing the risk of crashes on the road.

In the United Kingdom, mandatory variable speed limits are used
toimprovetraffic flow and safety onthe M 25 London Orbital Motor-
way. Their incident detection system, Motorway Incident Detection
and Automatic Signaling (MIDA'S), monitorstraffic flow and speeds
to adjust the speed limit to avoid or delay congestion when the system
is operating near capacity. MIDAS is also used to detect queuing
behavior and prevent secondary accidentsat theback of queuesasthey
form. Borrough reported that the enforcement of VV SLs effectively
decreased the number of crashes on the M25 (4).

Inthisstudy, V SL wasinvestigated using a microsimulation pro-
gram to analyze its ability to reduce crash risk in real time. Unlike
previous studies, thisresearch applied VSL in auniquely dynamic
approach through a networkwide strategy. The concept of homoge-
neous speed zoneswasintroduced, and V SL was made availablefor
application at every station over adynamic distance defined by thetraf-
fic flow. The objectives of this study were to examine multiple strate-
giesfor the implementation of VSLs and to recommend the optimum
treatmentsfor use on urban freewaysunder variousloading conditions.

PREVIOUS STUDIES ON REAL-TIME
CRASH RISK REDUCTION

Several studies have been conducted to examine the effects of ITS
strategies on real-time crash risk, including the implementation of
variable speed limits. Park and Y adlapati found that implementing
V SL inwork zones reduced the speed variation throughout the work
zonearea(5). Leeet d. performed astudy inwhich VVSL wasapplied
to afreeway network using the PARAMICS microsimulation program
(6). Thisstudy showed the effectivenessof VSL at reducing the crash
potential; however, this study was extremely limited in scope, did not
use red traffic data, and focused on only raising or lowering the
speed limit, but never both simultaneously.

Abdel-Aty et d. (7) expanded on Lee sstudy by simulating a20-mi
freeway in PARAMICS, which allowed for more flexibility in the
implementation of VSL. This study showed that simultaneously
raising the speed limit downstream while reducing the speed limit
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upstream had the greatest safety benefits. It was also found that V SL
was gpplicable only when the freeway was operating at higher speed
(uncongested) conditions. During congested conditions, VSL was
found to have no effect on the crash risk because the freeway was
already operating beneath the speed limit and, therefore, altering the
speed limit had little to no affect on the traffic flow. Abdel-Aty et al.
noted that when V SL was applied, there was potential for crash risk
migration or the lowering of the crash risk at one location coupled
with theincreasein the crash risk at another location (8). Abdel-Aty
and Dhindsacombined V SL with ramp metering and proved that this
combination held great safety potential (9). These previous studies
all used ameasure of crash-risk developed by Abdel-Aty et a. (10).

STUDY AREA

For thiswork, the PARAMICS microsimul ation software was used
to model a 36.25-mi segment of 1-4 in Orlando, Florida. Through-
out the downtown area, the freeway varies between 6 and 8 lanes
with 12 ft width and a speed limit of 50 mph. Outside the downtown
region, the freeway is typically six-lanes with speed limits as high
as 65 mph. The composite annual average daily traffic (AADT) of
1-4 through this area as given by the Florida Department of Trans-
portation is 183,000 veh/day (11). The segment of the freeway that
is modeled is fitted with dual inductance loop detectors at 0.5-mi
intervals throughout its length in the field. These detectors yield
measures of the speed, lane occupancy, and volume on each of the
three mainline lanes at 30-s intervals. Loop detector data has been
archived at the University of Central Floridabetween 1998 and 2004.
These datawere extracted and compared with the simulation to both
calibrate and validate the simulation with respect to the field condi-
tions. These loop detector data were aso used in statistical models
to create the crash risk measures used in this study.

MICROSIMULATION

Traffic simulation software packages have been used with increasing
frequency to examinethe effects of variousintelligent transportation
systems (I TS) ontraffic flow. Simulation software alowsresearchers
to examine multiple strategies, in waysthat cannot possibly betested
inthefield. They also alow for optimization of I TS strategiesbecause
multipleimplementation methods can be tested before the most ben-
eficia strategy isdetermined. The PARAMICS microsimulation pro-
gram was sel ected because of itsproven reliability on urban freeways
and its use in previous works examining variable speed limits and
real-time crash risk (6, 7, 9).

Beforethe simulated network could be used to examinethe safety
potential of variable speed limits, the network wasfirst calibrated and
then validated. The calibration procedureinvolved optimizing built-
in calibration parameters that define how the vehicles behave in the
network to ensurethat the simulated vehicles mimic vehicular behav-
iorinthefield. Thefour major calibration parametersin PARAMICS
arethemean driver headway, mean driver reaction time, queue speed
(maximum speed boundary defining queuing conditions), and queue
distance (maximum distance between two vehiclesthat define queu-
ing conditions). Thevaluesof the calibration parameterswere obtained
from aprevious study performed by Dhindsa (12) in which an exten-
sive calibration procedure was performed for asmaller (20-mi) sec-
tion of 1-4, which is contained within this study area. The calibration
done by Dhindsa (12) considered 5-min flowsand 5-min speedsaong
the freeway, which makes his calibration procedure more detailed
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than most; on the basis of areview of availableliterature, other net-
worksusually consider only hourly flowsfor their calibration proce-
dures, and many do not even consider speed at al. The valuesfound
in Dhindsa s calibration resulted in realistic vehicul ar behavior, and
they were deemed acceptable for this study because the study area
is approximately the same, and the same simulation program was
used to create both networks. The values of the calibration parame-
ters are aqueue speed of 8 mph, queue distance of 9 ft, mean driver
headway of 1.0 s, and mean driver reaction time of 0.45s.

The validation of the network was performed by comparing the
simulated hourly flowsat specific loop detector stationswith real data
extracted from the field. The hourly volumes were compared by cal-
culating the GEH statistic (hamed after Geoff E. Havers), which con-
sidersboth the rel ative and absol ute difference between the s mulated
and observed volumes at each location. This measureiswidely used
by researchers working with PARAMICS and provides an estimate
of how well the simulated data matches the real field data (13).
Approximately 80% of the locations examined had a GEH statistic
less than 5, which indicates an excellent representation of the field
data; theremaining stationsall had aGEH statistic lessthan 10, which
means that the flows at these locations were not unreasonable.

MEASURE OF SAFETY

Traffic crashesare very complex eventsthat involve numerous human
and environmental factors in addition to traffic and roadway condi-
tions. For this reason, microsimulation software cannot be used to
directly measure crashes or safety. Therefore, a surrogate measure
needs to be used when a simulation program is used to assesstraffic
safety. A surrogate measure of safety isadirectly measurablevariable
that has a known relationship with traffic crashes. Typica surrogate
measures of safety include speed, speed variance, timeto collision, or
postencroachment time (14). Some researchers have al so devel oped
statistical models using directly measurable variables to assess the
risk of acollision on aroadway. One such exampleis research that
created asimple model that compares the safe foll owing distance of
avehicle to the actual following distance (5). Because following a
vehicle too closely has aknown relationship with rear-end crashes,
thismeasure can be used as asurrogate measure of safety for rear-end
incidents.

Another, more complex, surrogate measure of safety comesfrom
models created by Abdel-Aty et a. (10), which describe the risk of
acrash occurring on an urban freeway using logistic regression and
real-time loop detector data. These models were created using the
loop data taken from the same study area (1-4) used in thisresearch,
which make them applicable to this work. However, the drawback
to using these modelsis that the crash risk values that are outputted
are spatially independent. The models control for geometry or spa-
tial input variables, and, because of this, the crash risk values can-
not be compared across different locations. This means that when
these models are used, there is no way to determine which areas
along the freeway have the highest crash risk values and, therefore,
which areas need the application of crash prevention strategies the
most. Newer models created by Pande and Abdel-Aty using neural
networks include factors to account for the location and geometry
along the freeway and yield separate values for rear-end and lane-
change crashrisks (15, 16). These model s use the 30-s|oop datathat
has been aggregated over 5-min intervals and across the three lanes
of the freeway to reduce the natural noise and variation within the
data. The real-time measures considered are average speed, coeffi-
cient of variation of speed (the standard deviation divided by the
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average), standard deviation of speed, average occupancy, standard
deviation of occupancy, average volume, and standard deviation of
volume all taken either at the station of interest or at locations up to
1 mi upstream or downstream of the station of interest. These values
are all calculated for the period of time 5 to 10 min before the time
of interest, which meansthat if the models areimplemented in real
time, they will become predictive and give the crash risk for atime
period 5 mininthefuture. Thiswill alow for theimplementation of
acrash prevention strategy in real timeto help reduce the crash risk
before a potential crash occurs.

In the research by Pande and Abdel-Aty (15), rear-end crashes
were determined to occur within one of two distinct traffic regimes:
Regime 1 (congestion conditions) or Regime 2 (uncongested condi-
tions). Separate models were created to determine the crash risk for
each of the traffic regimes. The Regime 1 model used traffic data
located at thelocation (loop detector station) of interest only. Thiswas
done because in the congested situation the traffic conditions do not
vary much upto 1 mi upstream or downstream of thelocation of inter-
est. Therefore, using traffic data from other nearby locations does
little to improve the accuracy of the moddl. In thistraffic regime, the
average occupancy is the most important variable affecting the rear-
end crash risk, because higher occupanciesincrease therisk of such a
crash occurring in congestion situations. The Regime 2 model uses
traffic information at the station of interest as well as up to 1 mi
upstream and downstream of that location. In this model, the speed
differential isvery important becausethe crash risk isincreased when
faster moving vehicles approach slower moving vehicles. Therefore,
average speeds at the location of interest and both upstream and
downstream of thislocation areimportant to determine whether there
isalarge speed differentia that would increase therisk of arear-end
collision. The outputs of the two models were normalized (by sub-
tracting the mean and dividing by the standard deviation forcing the
normalized mean to be 0 and the normalized standard deviation
to be 1) and then combined using the probability that the respective
traffic conditions belonged to Regime 1 or Regime 2. Thisyielded a
single metric for the real-time rear-end crash risk aong the freeway
that was taken from the output of the two different regime models.

For the lane-change crash risk (16), only one neural network
model was devel oped; however, the output was normalized using the
previously described method so that the rear-end and lane-change
crashrisk metricswere on comparable scales. The main factors affect-
ing the lane-change crash risk are the average speeds upstream and
downstream of the station of interest aswell asthe differencein the
lane occupancies across each individual lane on the freeway. The
higher the absolute difference in the lane occupancy across adja-
cent lanes on the freeway is, the higher the chance of having alane-
changerelated crash is because this means that more vehicleswill
be switching lanes.

MEASURES OF EFFECTIVENESS

Using the aforementioned crash risk models, a value of the rear-end
and lane-change crash risk was determined for every 5-min period at
every location a ong thefreeway for each of the simulation runs. When
multiple different scenarios are simulated, plots of the crash risk ver-
sustimeand crash risk versus|ocation can be created to assessthe sce-
nariothat hasthelowest real-time crash risk value. However, graphical
comparisons were not sufficient at determining the best strategy, so
numerical measures of effectiveness (MOES) were also used to help
determine the strategies that reduce the crash risk the most.
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The primary MOEsin this study arethe overall risk changeindex
(ORCI) for therear-end and lane-change crash risks. These measures
denotethe changein the rear-end and lane-change crash risk, respec-
tively, between any particular test case and the base case. The MOEs
are calculated in the following manner. First, the crashrisk iscalcu-
lated for each 5-min period at every location. Second, the crash risk
at each location is averaged over the entire simulation length (3-h
simulation = thirty-six 5-min crash risk values) at every location.
Next, aplot of the average crash risk value versus location was cre-
ated for the base case and the test case. The areabetween thetwo crash
risk curvesrepresentsthe ORCI. Thismeasureis shown moreclearly
in Equation 1. A positive value of the ORCI indicates that the over-
all change acrossthe network isanincreasein the crashrisk, whereas
anegative value shows adecreasein the crash risk (improved saf ety
conditions).

ORCI :Z[% ;(risk_profile)u ]b —Z[%g(risk_proﬁle)“}
@

where (risk_profile), is the average rear-end crash risk at time t
and Station 1, and T isthe number of time periodsin the simulation
run (36).

The other measure of effectivenessthat is considered in thisstudy
isthe overall network travel time. Thetravel timewasincluded asa
measure of effectivenessto takeinto account the operational effects
of changing the speed limit in real time.

SPEED DIFFERENCE

One of the most important factors in the crash risk models is the
variance of speed between the station of interest and the nearest sta-
tion upstream. This measure is referred to as the speed difference.
The speed differenceis defined as the difference between the 5-min
average speed at the station upstream and the 5-min average speed at
the station of interest and is described by Equation 2.

speeddiff = avgspeed, — avgspeed, 2

Loop detector stations exist every % mi on the network and are
numbered in order. The station of interest is always referred to as
Station F, and upstream stations take on relative symbols, such as
Station E located a% mi upstream and Station D |ocated 1 mi upstream
from the station of interest. Stations downstream also take on relative
symbols, such as Station G located a %> mi downstream and Station
H located 1 mi downstream from Station F.

The measure of speed differenceisthe primary stimulation needed
to implement VSL in this study. However, there is a question as to
how great aspeed difference demandstheimplementation of variable
speed limitsto reduce the crash risk and homogeni ze average speeds.
Exploratory analysis was performed to determine the critical speed
difference at which VSL should be implemented, according to its
effect on crash risk. Two locations were chosen at which to exam-
ine the effects of speed difference on the crash risk measures. It was
shownin both locationsthat aspeed difference of 7 mph between sta-
tionsisthe critical point at which crash risks begin to increase sub-
stantially. Therefore, a critical speed difference of 7 mph was used
as the threshold for variable speed limit implementation throughout
thisstudy. For moreinformation about the procedureto determinethe
critical speed difference, the reader is referred to Cunningham (17).
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HOMOGENEOUS SPEED ZONES

Previous VSL studies have typically used sets of fixed distances
over which VSL would be applied (6, 7, 9). A fixed distanceishard
tojustify asthe best option, however, considering the dynamic char-
acteristics of traffic flows on freeways. For instance, a backward-
forming queue may necessitate decreased speeds upstream and
increased speeds downstream. It may do no good to increase speed
limits2 mi downstream if the queueis, say, 5 mi long. For this study,
then, adynamic distance was considered for VSL application. Asfar
as the authors know, this is the first time a dynamic distance has
been considered for VSL application.

Toinclude adynamic application distancein the VSL strategy, the
concept of homogeneous speed zones was introduced. A homoge-
neous speed zone is a collection of similar, contiguous segments of
road, based on average speed, and isdistinguished from other homoge-
neous segments. The similarity of these groups is determined by the
difference in their average speeds between stations. The entire net-
work, then, is made up of a small number of homogeneous speed
zones described by an average speed at the borders of each zonerather
than 70 different stations with 70 average speeds. This concept is
illustrated in Figure 1a. Initially, the highway is split into %-mile
stations. The station number and the distance covered between each
station are shown, aswell asthe 5-min average speed for each station.
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The process of defining homogeneous speed zones involves tak-
ing the difference of the 5-min average speeds at each station and
the station upstream. This measure was earlier referred to as the
speed difference. If the speed difference at astation isless than the
speed zone threshold, then that station is considered to be part of
the same homogeneous speed zone asthe next station upstream. How-
ever, if the speed difference at the station of interest is greater than
thethreshold, then that station of interest becomesthefirst stationin
anew speed zone. The speed zones threshold in this example was a
speed difference of 5 mph. As shown in Figure 1a, the freeway,
whichwas once arbitrarily defined by 13 separate /%.-mi segments, is
now consi dered three homogeneous speed zoneswith defined lengths,
aswell as beginning and ending average speeds. The defining speed
zone difference, or the speed difference threshold for the homoge-
neous speed zones, was considered asafactor in this study to properly
analyze the sensitivity of this measure.

EXPERIMENTAL DESIGN

Several important factors are necessary for properly describing a
VSL implementation technique. These factors include the imple-
mentation strategy, the defining speed difference of the speed zones,
the speed zone multiplier describing the spatial extent over which

Distance 05fJ05fJ05fJ05)05)J05)105]J0505]J05)05]05]0.5
Station 12 | 13 ) 14 | 15116 | 17 1 18 | 19 J 20 | 21 | 22 | 23 | 24
Average Speed | 70 | 72 | 71 | 69 | 64 | 63 | 65 | 66 | 72 | 70 | 69 | 71 | 73
| | | |
Distance 2.0 2.0 25
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FIGURE 1 (a) Typical freeway layout according to stations and homogeneous speed zones and

(b) VSL implementation on I-4.
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speed limits would be changed, and the minimum time period for
which the changein speed limitswould be sustained. For clarity, the
speed zone multiplier is the fraction by which the length of a speed
zone is multiplied to give a value to the dynamic distance over
which variable speed limits are implemented.

Multiple approaches for deciding the implementation strategy of
VSL areavailable. Some of these approachesinclude setting thetar-
get speed limit to some all-encompassing “safe speed,” setting the
target speed limit equal to the average speed of vehiclesdownstream,
or changing the speed limitsin specific areas by some predetermined
amount. The latter was chosen as the best approach for this study.
Thisprovidesfor smooth speed limitsthat are divisible by 5 mph and
an implementation strategy that is dynamic to the location on the
freaway. The minimum and maximum speed limitsthat can be posted
on the freeway must also be considered. 1-4 has a minimum speed
limit threshold of 40 mph, although thisspeed limit is posted nowhere
on the freeway. The minimum speed limit in the study section is
50 mph. Therefore, the maximum that speed limits can be reduced
is10mph. A 10-mph reduction in speedsought to be set asamaximum
reduction anyway. It is not reasonable to change the speed limitsin
an area by 15 mph, especialy when the area is traveled heavily by
familiar commuters. Two strategies of upstream speed limit lowering
were tested. A decrease of 10 mph and a decrease of 5 mph in the
upstream speed limitswill beinvestigated in the experimental design.

Another strategy should also beincluded, that of lowering upstream
speed limitsand simultaneously raising downstream speed limits. The
maximum allowable speed limit on most roadwaysisthe design speed.
The design speed ensures adequate stopping sight distance, adequate
radii on horizontal curves, and reasonabl e superelevations, among
other factors. Therefore, the posted speed limit should never exceed
the design speed on the freeway. The minimum design speed occurs
throughout the downtown segment of |-4 at 60 mph. The speed limit
inthat areais set at 50 mph. Therefore, there should be noincreasein
speed limits that exceed 10 mph. Increasing speed limits by 10 mph,
however, may aso be ahit extreme. To allow for reasonable recom-
mendationsfrom this study, thethird strategy implemented adecreas-
ing of upstream speed limits by 5 mph coupled with a simultaneous
increasing of downstream speed limits by 5 mph.

The next factor must define the threshold speed difference for
homogeneous speed zones. Because the threshold speed difference
for variable speed limit implementationis 7 mph, asdiscussed inthe
previous section, the threshold for speed zones must be less. A nat-
ural choiceis’5 mph. Thiswould separate the segments with differ-
ent speed limits into speed zones, and any disruptions greater than
5 mph within aspeed limit section also would be separated. However,
it may be more desirable to have more defined speed zones, based
on alower threshold. A threshold of 2.5 mph could also be used so
that the speed zones that are defined have average speeds within
2.5 mph of each other. When thisthreshold is exceeded, anew speed
zoneisdefined. Based on this, then, the speed zone threshold variable
will have two levels: 5 mph and 2.5 mph.

On the basis of the speed zones, the spatial extent of the VSL
implementation can be defined by amultiplier. Theideabehind homo-
geneous speed zones was to capture the stations with similar traffic
conditions and change them all together. Therefore, a necessary
multiplier for the speed zoneis 1.0. If agiven speed zoneis5 mi long
and it is determined that VVSL should be implemented in that area,
then amultiplier of 1.0 would allow the entire 5 mi to be effected. It
may also be of interest to see the effects that implementation only
over afraction of the speed zone has. Inthiscase, 0.5 isanideal mul-
tiplier. For the scenario previously mentioned, a multiplier of 0.5
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would allow speed limits to be changed over the 2.5 mi closest to
the location of interest, whereas the remainder of the speed zone is
unchanged. The speed zone multiplier, then, will consist of two levels:
1.0and 0.5.

Finally, the minimum time period for V SL to be extended will be
discussed. Previous studies found time periods of 5 min and 10 min
to work best (6). Longer time periods should be avoided, because
their effectsmay be overstated or exaggerated. Also, to create atreat-
ment that is as dynamic as possible, the most adaptabl e factors should
beused. Inthis case, the minimum feasibletimeis5 min, becausethe
speed differences are analyzed only every 5 min. To maintain highly
adaptable time periods, then, the minimum time periods for VSL
implementation wereinvestigated at 5 min and 10 min and extended
if needed.

Considering these four variables, one at three levels and three at
two levels, there are 24 possible treatment combinations. A treat-
ment is referred to here as a unique combination of factors. Each
combination of factorsis given a unique treatment ID, as shown in
Table 1.

Figure 1b showsaschematic of how Treatment 17 might work, for
instance. In the example, speeds are fairly homogeneous from Sta-
tions 12 through 15. At Station 16, however, the 5-min average speed
jumpsfrom 56 mph up to approximately 63 mph. This negative speed
difference of 7 mph constitutes the creation of a new speed zone,
Speed Zone 2, which begins at Station 16. High average speeds are
maintai ned until Station 24, wherethe speeds go back down to approx-
imately 55 mph. This speed difference also constitutes a new speed
zone, Speed Zone 3, which beginsat Station 24. When eval uating the
speed differences at every station for VSL implementation, Station
24 had a high positive speed difference (10 mph), which warrants
VSL application. On the basis of Treatment 17, the speed limit for
thewhole speed zone upstream (Speed Zone 2) was|owered by 5 mph,
and the speed limit for the whole speed zone downstream (Speed
Zone 3) wasraised by 5 mph. These speed limitswould be maintained
for 5 min and then reeval uated.

This experimental design of 24 treatments was applied to three
different volume |loading blocks: 60%, 80%, and 90%. Thefirst sce-
nario refers to free-flow conditions on the freeway, the second sce-
nario refers to conditions approaching congestion before the peak
period, and thelast scenario refersto congested conditions observed
during the peak period.

RESULTS
60% Loading

Each of the 24 treatments was applied to the 60% |loading scenario.
It was found that the first 16 treatments, which operate by decreas-
ing the speed limits upstream by 10 mph or 5 mph, do not positively
affect the overall rear-end or lane-change crash risk on the network.
However, positive resultswere observed when the downstream speed
limits were increased and the upstream speed limits were decreased
simultaneously by 5 mph. The best results were observed when a
liberal speed zone multiplier was used (5 mph) and V SL wasimple-
mented over thewhole network (multiplier = 1.0). Treatments 17 and
18 represent these values, and they have atime period of 5 min and
10 min, respectively. Using atime period of 10 min wasfound to be
dlightly more profitable than using 5 min. Figure 2 shows a segment
of significant benefitin rear-end crash risk. Treatments 17 and 18 are
shown to reducethe crash risk the greatest, with Treatment 18 being
dlightly better than Treatment 17.
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TABLE 1 Layout of Experimental Design

Treatment Speed Change Speed Zone Speed Change Speed Change
ID Implementation Threshold (mph) Distance Time Period (min)
1 -10 5 Speed zone 5
2 -10 5 Speed zone 10
3 -10 5 7> speed zone 5
4 -10 5 7> speed zone 10
5 -10 25 Speed zone 5
6 -10 25 Speed zone 10
7 -10 25 7> speed zone 5
8 -10 25 7> speed zone 10
9 -5 5 Speed zone 5
10 -5 5 Speed zone 10
11 -5 5 7> speed zone 5
12 -5 5 7> speed zone 10
13 -5 25 Speed zone 5
14 -5 25 Speed zone 10
15 -5 25 7> speed zone 5
16 -5 25 7> speed zone 10
17 —5/+5 5 Speed zone 5
18 —5/+5 5 Speed zone 10
19 —5/+5 5 7> speed zone 5
20 —5/+5 5 7> speed zone 10
21 —5/+5 25 Speed zone 5
22 —5/+5 25 Speed zone 10
23 —5/+5 25 7> speed zone 5
24 —5/+5 25 7> speed zone 10

Thedifferencesin crash risk were tested for statistical significance
usingttests. Asshownin Table 2, Treatments 17 and 18 outperformed
every other treatment in rear-end and lane-change crash risk reduc-
tion. The bolded values indicate where the crash risk reduction was
significant. It should also be noted that where crash risk migration
appears to be prevalent in the upstream reduction of speed limits

(Treatments 1-16), Treatments 17 to 24 appear to be completely
resistant to the effects of crash risk migration inthe free-flow scenario.

Travel time analysiswas also performed for Treatments 17 and 18.
The total network travel time, measured in vehicle-hours traveled,
was reported directly by PARAMICSin the simulation output. This
valuewas cal culated by summing thetravel time of each vehicle over
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FIGURE 2 Average rear-end crash risk versus location for Treatments 17 to 20.
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TABLE 2 Summary of Rear-End and Lane-Change ORCI Values for 60% Loading, Treatments 17 to 24

Test Case ID

T17 T18 T19 T20 T21 T22 T23 T24
Rear-end ORCI 1.894 1.540 9.256 8.336 -0.118 0.446
No. stations affected 16 16 16 16 16 16 16 16
Lane-change ORCI 8.564 6.082 5.710
No. stations affected 38 38 38 38 38 38 38 38

the entire network and the whole simulation time. In the free-flow
scenario, Treatments 17 and 18 actually reduced the network travel
time. Treatment 17 reduced the travel time by 0.4%, and Treatment
18 was found to significantly reduce the travel time by 0.8%.

80% Loading

The 24 treatments were also applied to the 80% loading scenario,
which simulated conditions approaching congestion. Again it was
observed that simply decreasing the speed limits upstream by 5 or
10 mph did not effectively reduce the crash risk. It was also seen
that VSL affected the corridor in positive and negative segmentsin
the 80% loading scenario. Typically, the negative segments occurred
upstream, and the positive segments occurred downstream. The
upstream, negatively affected segments were the results of crash
migration, which wasfound to be much more prevalent in conditions
approaching congestion. The best treatment, Treatment 19, had the
highest cumulative ORCI in the rear-end and lane-change crash risk
analyses. Treatment 19 used the technique of simultaneously reducing
speed limits upstream and increasing speed limits downstream. It
defined homogeneous speed zones by a5 mph threshold and applied
speed limit changes over half the speed zone distances for a mini-
mum time period of 5 min. Itshigh ORCI valuesareduein part toits
superiority in resisting the effects of crash migration.

In fact, the treatments that implemented speed limit changes over
half the speed zone distance (Treatments 19, 20, 23, and 24) were
found to resist the effects of crash migration much better than other
treatments. Thisisshown clearly in Figure 3, wherethe differencein
rear-end crash risks for Treatments 17 to 24 from the base case were
compared for in the 60% and 80% loading scenarios. Thelight yel-
low cellsrepresent apositive change (improvement) in crash risk from
the base case, and the dark grey cells represent a negative change in
crash risk from the base case, which is evidence of crash migration.
It can be seen that in the 60% |loading scenario, these treatments are
fully resistant to crash migration. However, in the 80% loading sce-
nario, the effects of crash migration appear to be stronger, and only
the treatments mentioned earlier resist them well.

Table 3 shows the rear-end and lane-change cumulative ORCI
valuesfor Treatments 17 to 24. The cumulative ORCI issimply the
sum of ORCI values across affected sections. For example, Treat-
ment 17 was affected negatively from Stations 14 to 31 but positively
from Stations 33 to 44. These segments were analyzed separately,
but the ORCI values from each segment were summed to obtain the
cumulative ORCI. Inthisway, the cumulative ORCI valuetakesinto
account the negative effects of crash migration when comparing
multiple treatments.

It is shown in the table that none of these treatments were found
to significantly reduce the rear-end crash risk in the 80% loading

scenario, but all of them were able to significantly reduce the lane-
change crash risk. Treatment 19 had the highest cumulative ORCI
value for both crash risks and in no way significantly affected the
crash risk in anegative way. It is, therefore, the best treatment for
conditions approaching congestion.

Travel time analysis was a so performed for Treatment 19 in the
80% loading scenario. It was found that Treatment 19 increased the
network travel time by approximately 60 vehicle-hours traveled,
whichisanincrease of lessthan 0.4%. Thissmall increaseis deemed
acceptable for the beneficial trade-off with safety.

90% Loading

In the congested scenario, no treatments were found to have a posi-
tive ORCI in the rear-end or lane-change crash risk analyses. This
isbecause of the nature of thetraffic flow in the 90% | oading scenario.
In congested situations, the speeds of vehicles are mostly determined
by the traffic conditions as opposed to the speed limit. Varying the
speed limit, therefore, will not have the desired effect, because the
vehicles are subject more to the congestion than to the speed limit.
These findings concur with past studies on variable speed limitsin
congested situations, such as Abdel-Aty et a. (7).

CONCLUSION

Thisstudy found that the implementation of variable speed limits suc-
cessfully reduced the rear-end and lane-change crash risks at low-
volumetraffic conditions (60% and 80% loading conditions). In every
case, themost successful treatmentsinvolved thelowering of upstream
speed limits by 5 mph and the raising of downstream speed limits by
5 mph. In the free-flow condition (60% loading), the best treatment
(Treatment 18) involved the more liberd threshold for homogeneous
speed zones (5 mph) and themoreliberal implementation distance (the
entire speed zone) for aminimum time period of 10 min. Treatment 18
was actually shown to reduce the network travel time by a fraction of
apercent. It was also shown that this particular implementation strat-
egy (lowering upstream, raising downstream) iswholly resistant to the
effects of crash migration in free-flow conditions.

In the condition approaching congestion (80% loading), the best
treatment (Treatment 19) again involved the more liberal threshold
for homogeneous speed zones (5 mph) but the more conservative
implementation distance (half the speed zone) and the minimum
time period of 5 min. This particular treatment arises as the best
because of itsunique capability to resist the effects of crash migration
inthe 80% loading scenario. It was shown that the treatmentsimple-
menting more than half the speed zone (Treatment 19, Treatment 20,
Treatment 21, Treatment 22) were more robust against crash migra-
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FIGURE 3 Comparison of difference in rear-end crash risk for 60% and 80% loading scenarios.
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TABLE 3 Summary of Rear-End and Lane-Change Cumulative ORCI Values for 80% Loading,

Treatments 17 to 24

Test CaseID

T17 T18 T19 T20 T21 T22 T23 T24
Rear-end ORCI 1.017 0.406 1.196 0.858 0.327 0.869 1.112 0.770
No. stations affected 29 29 29 29 29 29 29 29
Lane-change ORCI
No. stations affected 36 36 36 36 36 36 36 36

tion than the other treatments. Treatment 19 exemplified the greatest
benefit in reduced sectionsand the greatest resistanceto crash migra-
tion in other sections. This treatment was found to increase the
network travel time by lessthan 0.4%, which was deemed acceptable.
Finally, no treatment was found to successfully reduce the rear-
end and lane-change crash risks in the congested traffic condition
(90% loading). Thisisattributed to thefact that, in the congested state,
the speed of vehiclesis subject to the surrounding traffic conditions
and not to the posted speed limit. Therefore, changing the posted
speed limit does not affect the speed of vehiclesin adesirable way.
However, it was shown that the effects of crash migration are more
prevalent in the congested situation than in the previous conditions,
confirming that the effects of crash migration increase astraffic vol-
umeincreases. It was also confirmed that the treatmentsimplement-
ing speed limit changes upstream and downstream over half thelength
of the speed zones, athough they were unable to effectively reduce
therear-end and lane-change crash risks, were more resistant against
the effects of crash migration than other treatments. Although this
study shows considerable benefitsof V SL for the safety and efficiency
of freeways, thereare still substantial i ssuesthat need to be addressed
including traffic law enforcement and drivers acceptance.
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