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Methodology for Evaluating Effectiveness of
Traffic-Responsive Systems on Intersection
Congestion and Traffic Safety

RasHAD M. HANBALI AND CHRIS J. FORNAL

In 1986, the city of Milwaukee applied for and received approval for a Requirements for Traffic-Responsive System
hazard elimination grant to reduce congestion and traffic accidents at

the intersection of two major and one minor arterial on the northwest To reduce congestion on specific roadways, traffic-responsive oper-
side of the city. The intersection complex had several approaches at or. '

above capacity, associated long queues of traffic, and an annual traffic-atlon would have to change the green-to-cygl) (atio for the con-

accident rate of more than three per 1 million entering vehicles. The 9€sted roadways, but not change the established timing relationships
hazard elimination grant called for the installation of a closed-loop, Within the triangle described previously. Another requirement of
traffic-responsive signal system to manage the congestion and tatraffic-responsive operation is that the three intersections in the tri-
reduce traffic accidents. The intersection complex presented manyangle not be allowed to get out of coordination with each other

constraints on traffic-responsive operati(_)n, the _most critical of which during the changing of coordination plans. If the three intersections
was that the three arterials formed a signal triangle (three separatg,q; o, gination with each other during plan changes, gridlock
signalized intersections) with intersection spacing as short as 27.4m !

(90 ft). FHWA realized the unusual nature of this project and designatedWOUId result.

it an experimental project in 1987. The development of the traffic-
respo_nsive signal system within the many constraints of th(_a location isc truction Enai .
described. After a lengthy process, the traffic-responsive system onstruction Engineering
became operational in September 1993 and proved to be an operational
success by reducing the length of traffic queues. After extensive dataThe only communication cable installation necessary was from a
collection, an analysis and evaluation confirmed that the traffic- nearby fire station to the master controller within the intersection tri-
responsive signal system reduced the occupancy levels per vehicle omngle and between the master controller and the five local con-
:?aefﬁsgiec%gﬁfgcmrs and reduced the incidence of congestion-relateg}|iers, because cable is available among all municipal buildings.

: The communication system would allow full system observation;

data upload, download, and storage; and controller programming

In 1986, the city of Milwaukee applied for and received approval for capabilities from a micocomputer in the engineering office or the
a hazard elimination grant to reduce congestion, long queues, andity’s maintenance facility.
traffic accidents at the intersection complex of West Capitol Drive,
West Fond du Lac Avenue, and North 51st Street in the northwest part )
of the city. The grant called for the installation of a closed-loop, traf- SYStem Detector Design
fic-responsive signal system at this intersection complex. A graphical ) ) ]
illustration of the intersection complex is presented in Figure 1. This System detector design was an important part of the design process
intersection complex presented many constraints on traffic-respon-0€cause accurate data from the system detectors are essential to
sive operation. West Capitol Drive and West Fond du Lac Avenue areProper closed-loop, traffic-responsive operation. Many of the
two of the highest-volume principal arterials (34,000 and 34,900 important concepts used in the design of the system detectors were
annual average daily traffic, respectively) on the north side of the city found in theTraffic Control Systems Handbo¢k). The project
of Milwaukee. More important, these two roadways and North 51st €ngineer observed traffic operation on all critical approaches to the
Street intersect in a signal triangle (three separate signalized intersedtiangular intersection complex during the highest-volume periods,
tions) with intersection spacing as short as 27.4 m (90 ft). noting queue lengths and so forth. It was critical that congestion
conditions be apparent from the system detector data. The detectors
had to be far enough from the stop line that normal queues during
uncongested conditions could be differentiated from queues caused
) ) ) ] ] . by congested conditions, but not so far from the stop line that queue-
The largest constraint on implementing traffic-responsive operation ing and related speed-reduction zones never occur. The locations of

was the triangle geometry and the unusual signal-timing plan nec+,q system detector loops are presented in Figure 1. Detector 2 has
essary in the triangle. The important part of this timing plan is the y¢5_on1y function. Detectors 3-6 have plan-selection function.
relative relationships among the intersections, notjust the phasing at

one particular intersection. If these relation-ships were adjusted
even slightly, queue spillovers and gridlock could result. Master Controller Programming

PROJECT DEVELOPMENT

Department of Public Works, City of Milwaukee, 841 N. Broadway, Room The eXisting cycle length for the five intersections was 90 sec.
909, Milwaukee, Wis. 53202. Because of crosswalk lengths and the phasing requirements, it
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FIGURE 1 Intersection layout with detector locations (1 ft = 0.3 m).

was not feasible to use a shorter signal cycle length. Therefore, thdevelopment of Occupancy Thresholds
base or uncongested timing plan would be the existing plan. To
change splits og/c ratios, it was necessary to increase the system Extensive logs of data output from the system detectors were made,
cycle length. Following evaluation of progression possibilities and and these data allowed the calculation of occupancy thresholds that
overall delay, it was decided that a 120-sec cycle would be the max-defined congestion on West Capitol Drive and West Fond du Lac
imum signal cycle and would be used for any of the congestion-basedAvenue. The detector data verified that Detector 6 (southeastbound
coordination plans. Fond du Lac) frequently exceeded thresholds during weekday morn-
ings (7:00 to 9:00, approximately), Saturday afternoons (12:00 to
6:00), and occasionally during the weekday-afternoon peak periods.
Sample Length Selection Detector 5 (northwestbound Fond du Lac) and Detector 4 (west-
bound Capitol) commonly exceeded thresholds during the weekday-
The sample length is the period during which data will be gatheredafternoon peak periods (2:00 to 7:00). Overall, it was found that the
from the system detectors and used for plan selection by the mastethresholds for the Fond du Lac Avenue detectors were exceeded
controller. The desired sample length was the lowest common mul-more frequently than were the thresholds for the Capitol Drive
tiple of the base 90-sec cycle and the longer 120-sec cycle chosen tdetectors.
be in effect during congestion. The shorter the sample length, the
more rapidly a traffic-responsive system can respond to congestion.
The chosen sample length was 6 min. Programming Local Controllers for
Traffic-Responsive Operation

System Detector Data Collection Some unusual programming techniques were necessary to allow
signal plans (cycle, split) to change without causing the fixed-time

Data were collected from the system detectors for a few months anctontrollers to lose coordination with each other. The controllers

analyzed, and an important conclusion was made: Volume data weravere programmed with the following coordination plans as defined

not a reliable indicator of congestion. In effect, volume and conges-by the Wapiti W70SM traffic-responsive algorithm for Type 170

tion were not a continuous mathematical function. In other words, controllers:

under heavily congested conditions, the traffic volume passing over

a detector can be very low. Plan selection made by volume datawould * Plan 2: uncongested operation,

be wrong in this case. There was a continuous relationship between ¢ Plan 10: Capitol Drive approachs congested,

occupancy and congestion levels by which occupancy data could < Plan 11: Capitol Drive and Fond du Lac Avenue approachs

reliably predict or confirm congested conditions. Therefore, only congested, and

occupancy data would be used for plan selection, not volume data. * Plan 12: Fond du Lac Avenue approachs congested.
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No other plans would be implemented because they were basedhtermodel Surface Transportation Efficiency Act of 1991 (ISTEA)
on volume thresholds. The cycles and splits (coordination plans) recognized the importance of this activity by mandating development
were changed by adding time to certain timing intervals. This of six management systems, including a congestion management
process had to be done very carefully to avoid changing critical system (CMS). The regulation governing CMS implementation
timing relationships within the signal triangle. The green time requires several system components, including methods to measure
added per plan and the resultiggc ratios for each critical system performance and procedures to assess alternativetioconges
approach are shown in Table 1. The green time added per coordimitigation strategies. Such evaluations require several input
nation plan was calculated using the goal of adding as much greewariables, two of which are average vehicle occupancy (AVO) and
as possible to the congested approachs while still providing an adetraffic accidents. Although the project involved in this paper was
guateg/c ratio to meet the demand on the uncongested approachsnot funded as a part of ISTEA, the system performance analysis
The resultingg/c ratios per coordination plan were calculated by should be applicable to projects funded under the act. The basic
summing the Plan 2 green length and the added green (per plan panalysis technique used in the performance evaluation of this proj-
approach) and dividing by the cycle length for the coordination ect is the simple “before-and-after” method. The before period is
plan. Several safeguards were added to the intersection signal praSeptember 1, 1991, to August 31, 1993; and the after period is
gramming in the unexpected case that the local controllers lostOctober 1, 1993, to September 30, 1995. The AVO and traffic-
coordination with the master controller. accident data used in this study are, in general, used to formulate

transportation strategies to analyze the success of different trans-
portation programs.

IMPLEMENTATION AND OPERATION

AVO
On September 15, 1993, on-line traffic-responsive signal operation

was msﬂtuted_. FoIIowmg Some minor fine tunlng,_ by October 1, The literature shows that vehicle-occupancy data collection
19_93,the tr_afflc-responswe S|gpal_control was cpn5|dered fuIIy_oper- methodology has been thoroughly researched for uninterrupted
ational. This date was the beginning of the period for evaluation of traffic-flow facilities, whereas little was researched for interrupted

the performance of the new traffic system. traffic-flow facilities. A study by Barton Aschman Associat8y (

. The trgfflc-responswe c‘on.trollsystem was very effective in reduc- reports that trip purpose has the greatest influence on AVO and the
ing, and in some cases eliminating, queues on southeastbound Foqﬁp purpose varies by time of day. The study reports that the low-

du !_ac Avenue from 51st Street dur_ing the mor_n_ing-weekday pe""kest AVO rates were associated with home-based work trips and
periods and Saturday-afternoon periods. In addition, the system Wa$y se formulate a large percentage during the morning peak hours
able to reduce queues on northwestbound Fond du Lac Avenue frorr()j1nO| the afternoon peak hours. This may be the case only under
Capitol Drive during the afternoon peak periods, but to a lesseruncongested, free traffic flow. Ulberg and McCormagkexam-
extent. In general, it was noticed that Coordination Plan 12 (l‘avoringined the accuracy and factors affecting AVO rates. Their study
Fhond dukgac Avenye) Wai alm.osét exc(ljuswely |mdplem§nted during reports human factors, traffic characteristics, and environmental
,t € weekday-morming peak periods and on Satu_r ay arternoons, ar'gonditions as some of the significant factors affecting AVO esti-
in the weekday-afternoon peak periods C_:oor_dmatlon Plan 12 WaSmation. In their research on the accuracy of field-measured AVO
|mp|_ement_ed more frequently than Coordination F?Ia_m 10 (favor!ng data, they identify various sources of error associated with field
Capitol Drive). There was no regular pattern of shifting congestion studies, including weather, time of day, traffic density, vehicle

from one roadway to another as coordination plans changed. speed, and vehicle weaving and lane changing. These errors must
be addressed in the AVO sampling procedures for a statistically
valid estimate. The algorithm of the traffic-responsive system
ANALYSIS AND EVALUATION implemented at West Capitol Drive, West Fond Du Lac Avenue,
and North 51st Street was tailored to provide real-time measure-
As demand for limited intersection capacity increases, traffic ments of total occupancy in seconds per 360-sec sample length
and transportation agencies also are increasingly involved inand as a function of flow rate at each of the previously discussed
implementing systematic procedures to mitigate congestion. Thedetectors.

TABLE 1 Added Green Time per Approach/Coordination Plan (in Seconds)

APPROACH PLAN 2 PLAN 10 PLAN 11 | PLAN 12
CAPITOL DRIVE 0 25 13 5
FOND DU LAC AVENUE 0 5 12 25
51st. STREET 0 0 5 0

RESULTING G/C RATIOS PER CRITICAL APPROACH /COORDINATION PLAN
(No pedestrian actuation

APPROACH PLAN 2 PLAN 10 PLAN 11 PLAN 12
East/Westbound CAPITOL at FOND DU LAC 0.333 0.458 0.358 0.292
Southeastbound FOND DU LAC at S1st 0.289 0.258 0.317 0.425

Northwestbound FOND DU LAC at CAPITOL 0.267 0.242 0.300 0.408
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Analysis Approach The incremental change in the total occupancy as a function of
the traffic-flow rate was calculated for each approach on the basis
AVO data are valuable input to congestion-management systemsof Equation 2 and graphed for both before and after periods in
The AVO data collected in this project were based on field real-time Figure 36).
measurements at each of the four approaches of the triangle that
were used as input to the traffic-responsive algorithm: 0 (total trafficflow occupancy, seconds)
0 (flow rate)

= (b-1) x e x (flow rate)® )

* Eastbound approach of West Capitol Drive (west of 51st
Street);

* Westbound approach of West Capitol Drive (east of Fond du The AVOs of the 6-floop detector as a function of traffic-flow rate
Lac Avenue); were calculated for each approach on the basis of Equation 3 and

* Northwestbound approach of West Fond du Lac Avenue (southgraphed for both before and after periods in Figug 3(
of Capitol Drive); and

* Southeastbound approach of West Fond du Lac Avenue (north 1 eax (flow rate)®*?
of 51st Street). AVO (seconds) = 2+1

flow rate 2

©)

flow rate flow rate 1

Data were collected per approach before and after implementa-
tion of the traffic-responsive control system. Twenty random sam-
ples per each before-and-after period were included in the analysisStatistical Analysis
Each sample has 240 total traffic-flow occupancy (seconds per
360 sec) measurements. Each total occupancy measurement is A statistical decision process is a procedure for making decisions
function of traffic flow per lane per 360 sec. All samples included about a population on the basis of observations or measurements
in the analysis occurred under normal weather with dry or wet roadmade on a sample. The procedure is set up so that the probability of
surfaces and cover different times of day, lighting levels, traffic den- making an incorrect decision can be made quantifiable. All statisti-
sity, driver behavior, and vehicle speed. The wide range in traffic cal inferences assume random sampling, that is, that each member
volumes encountered during this study over different times of day of the population has the same chance of being selected in the
did produce a sufficient number of occupancy samples at varioussample. The test of a statistical hypothesis is about the value of, or
levels of traffic flow. Occupancy readings were obtained from each relationship between, unknown parameters. A test of a statistical
detector computer output and for different levels of traffic flow. hypothesis is a procedure for deciding, on the basis of a sample,
Before the traffic-responsive system was implemented, more thanwhether to reject the hypothesis. One statistical hypothesis might be
2,000 samples (360-sec samples) per detector were compiled anthat the means of two random variables (AVO before, AVO after)
sorted by level of traffic-flow rate and detector. After implementa- are equal; another, that the mean of one is larger than the mean of the
tion of the system an equivalent number of samples per detector wasther. One of the statistical hypothesis is chosen to serve as the null
compiled and sorted by level of traffic-flow rate and detector. hypothesis and usually is denotedhy The test ends by a statement
about whetheH,, is rejectedH, is rejected whenever the outcome
is in the rejection region. The probability of an outcome to be in the
Evaluation Approach rejection region when the null hypothesis is true is the probability to
reject a correct null hypothesis. This usually is called the level of sig-
On the basis of the collected, compiled, and analyzed data, a regresificance, or the maximum probability of making a Type | error, and
sion analysis was used to generate a mathematical model to predigs denoted as. In practice, the analyst doing the hypothesis testing
total occupancy as a function of traffic-flow rate before and after chooses an appropriate value dor
implementation of the traffic-responsive system. The modeling  For eactH, to be tested there is an associated alternative hypoth-
approach finds a relationship between total occupancy (seconds pessis, usually denoted bi. The alternative hypothedis reflects the
360 sec) and various levels of traffic-flow rate under two conditions: change or difference anticipated. Accordingtly,is the statement
that reflects the situation anticipated to be tri€ i not true 4).
* Maximum total occupancy condition. This condition presents  |n this study of AVO data the pairedest is used. The paired
the worst average vehicle arrival possibility (highest deceleration) t-test is used to analyze pairs of observations, AVO before and AVO
per each level of traffic-flow rate. after, to see if the mean of AVO befora,{,J equals the mean of
* Minimum total occupancy condition. This condition presents AVO after (n..,). The matched pairs of AVO before and after data
the best average vehicle arrival possibility (lowest deceleration) perare reduced to a single sample by subtracting the AVO after imple-
each level of traffic-flow rate. mentation of the traffic-responsive system from its respective AVO
before for the same traffic-flow rate.
On the basis of the coefficient of determinati®) (values, the

exponential model fits the data best. Diff, = AVO,, petore = AVOy, aer (4
total trafficflow occupancy (seconds per 360 sec) wherev is the traffic flow per 360-sec sample. Accordingly, the
= gla+bxIn(flow rate)] ) hypothesis to be testedH: Myetore = Muser (NO change in the mean

AVO), versusH;: Myerore™> Myger (the mean AVO is higher before).
The parametersa(andb) andR? for the relationship between the For a choice oft = 0.01 (99 percent level of confidence), Table 2

total traffic-flow occupancy and traffic flow (Equation 1) are pre- summarizes the results of the statistical analysis for the four system
sented for each detector in Figure 2. detectors.
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FIGURE 2 Parameters for relationship between total traffic-flow occupancy and traffic flow (1 ft = 0.3 m).
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TABLE 2 AVO Paired t-test (@ = 0.01)

MEAN | Standard SE T P Result”
DETECTOR | AVO Deviation | MEAN Yes or No

MIN. +0.176 0.089 0.010 | 124.60 | 0.000 Yes
No. 3 MAX. | +0.148 0.121 0.013 89.90 | 0.000 Yes

MIN. | +0.094 0.341 0.036 3030 | 0.000 Yes
NO. 4 MAX. | -0.029 0.260 0.028 3528 | 0.000 Yes

MIN. | +0.420 0312 0.033 4290 | 0.000 Yes
NO.3 MAX. | +0.752 0.618 0.066 26.74 | 0.000 Yes

MIN. | -0.057 0316 0.034 28.14 | 0.000 Yes
No. 6 MAX. | -0.072 0.450 0.048 19.45 | 0.000 Yes
* If P <« Reject H and accept H; = Yes Otherwise No

On the basis of the results of the statistical analyses presented itradeoffs between factors that improve traffic flow and those that
Table 2,H, is rejected for all detectors, and it is concluded that the improve traffic safety.
mean AVO has decreased from before to after implementation of the
traffic-responsive system. Thevalue is too small for all detectors,

so there is very little chance of making a Type | error. Analysis Approach

Traffic accidents are indicative of failures in the travel interactions
of driver, vehicle, roadway, traffic, and environmental conditions.
A traffic accident is a discrete variable, measured by a numerical

. . . . _scale with a zero point, and assumes only integer values. A traffic-
Balancing the competing demands for roadway improvements is a_ . . . .

o . . . : accident frequency is the number of occurrences of a traffic accident
difficult task. As peak-period traffic flows continue to increase,

engineers endeavor to improve roadway operation by reducing thedurlng a period. Exposures in roadway safety studies are used as a

. . . . . measure of opportunities for traffic accidents to occur. A traffic
extent and duration of congestion while trying to increase safety for_ . o
: . . accident is the product of an unstable condition of one or more expo-
all road users. Certain traffic-flow improvements may enhance . .
N . . sures or an unbalanced interaction between two or more exposures,
safety, but little is known about the interaction between safety and

traffic-flow treatments for roadway sections or spots. The purnose®” both. Typical exposure measures for traffic accidents include the
Y pots. PUTPOSE , mber of sites considered, the length of the period for which

of this project was to enhance roadway safety by reducing Conges'traffic-accident data are available, the total length of the sites, envi-

tion. This analysis was undertaken to determine the relationship of - . :
. . - . " onmental condition, and the total vehicle-kilometers of travel on
the interaction between congestion and safety at urban signalize .
hose sites. The greater the exposure, the greater the number of

mtersectlon.s and_ adjacent roadvyay segments. . . . traffic accidents that would be expected to océ)r (
The relationship between traffic flow and accident experience is - ' .
To determine whether there are more or fewer traffic accidents

poorly understood, especially under conditions in which traffic ; . .

. : . than expected at a site (or group of sites), both an accident frequency
flow approaches capacity (congestion or near-congestion). There .
. R . . . . and an exposure measure are needed. Thus safety measures used in
is convincing evidenceb) that traffic-accident rates are highest at

night, when traffic flows are relatively low. This may be due to traffic-accident surveillance often combine both traffic-accident and

tired or impaired drivers, the difficulties of driving in the dark, or exposure measures for a given time.

the small denominator in the traffic-accident rate equation. It is

clear, however, that most congestion-related improvements will trafficaccident rate =

not be of significant benefit during low-volume night conditions.

The technical Iltergture prowdes !'ttle guidance on what to expect Thus the traffic accidents form the numerator and the exposure

at or near congestion. Higher traffic volumes and the larger denom- : ' : )

. - . . - forms the denominator of the traffic-accident rate expression. Dur-

inator in the traffic-accident rate equation would tend to decrease, ! ) ) ; . .
) . ) - ing periods of traffic congestion, complicated interactions take place

the traffic-accident rate. However, the stop-and-go traffic condi- . - ;

. i - . between exposure data and traffic-accident pote@jial (

tions that prevail as facilities become congested provide many

opportunities for collisions. In these situations, improvements to )

Roadway Safety and Congestion

measured trafficaccident frequency _ A
exposure under prevailing condition E

®)

=t
facility capacity would decrease the incidence of stop-and-go driv- ZZ(Al +A+A+ L FA)
ing, but their effect on traffic-accident experience is less obvious. trafficaccident ratey, = fjl (6)
One might conclude that a facility with better traffic flow must EZ(EI xE, x B3 x.. . x Ey),

inherently provide safer operation. Realistically, there may be =
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where between intersections) and distance between intersections (for only
roadway sections between intersections). On the other hand,
A . "
all other exposures that have a possible effect on the probability of
traffic-accident occurrence or these variable exposures were con-
sidered constant and around their averages for the before and after
conditions.

total categorized traffic accidents per exposwuaed per
unit timet;
E.. = exposuré (wherei =1, 2, ... ,n) per unit timet; and

n = maximum number of exposures at any time.

In many safety projects it is desirable to collect data under only
certain conditions of traffic volume, weather, lighting, and so
forth. Although it generally is advisable to collect data under a
representative range of conditions, it is usually neither possible nor
desirable to gather data for every condition. This is not as critical
for problem diagnosis, but it can be critical for evaluation. Because
of the problems associated with the complexity of exposure data,
a criterion was developed in another stuito evaluate roadway were retreived for the entire project period (September 1991

safety by comparing various conditions with their respective )
-y by paring . pecive through September 1995) from the automated traffic recorder
accident rates under normal conditions. The developed criterion is . .
located at the center of the triangle. These data reflect the traffic

based on generating a reference scale to measure the inflation inol me variation between the before and after periods. A summar
hazardous conditions from the condition that has the lowest 'O oM vanal W periods. A su y

traffic-accident rate (normal ideal condition) to each prevailing of the tre}ffic volume_ variation is iIIustr_ated in Figure 4. A formula
condition. was derlved_to estimate hourl_y traffic vo_Iumes before and after
implementation of the traffic-responsive system for each
approach.

Exposure Data ~ The exposures that were considered to have a

variable effect on the probability of traffic-accident occurrence estimated hourly traffic volume = base volume x 1 x 3 x i

were traffic flow (for both intersections and roadway sections = base volume x f (7)

» Traffic flow. Because traffic volume variation is a function
of time or location or both, traffic flows were considered a variable
exposure affecting the probability of traffic-accident occurrence
on the roadway. Data on hourly traffic volume were collected for
each approach of the triangle before and after implementation
of the traffic-responsive system. Hourly traffic volumes also

@VERAGE MONTHLY TRAFFIC VOLUME VARIATIO@ @VERAGE DAILY TRAFFIC VOLUME VARIATION]
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FIGURE 4 Estimated traffic volume per hour per direction.
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where was to reduce congestion and delay by reducing or eliminating
queues, and this in turn should improve safety.

Hardcopy reports for all the traffic accidents included in this
study were obtained from the city’s computerized accident data
base. A total of 1,513 traffic accidents occurred on the locations
covered during the analyzed period (2 years before and 2 years after
implementing the traffic-responsive system). The number and loca-

p = traffic daily index;

B = traffic monthly index;

i = traffic hourly index; and

f = traffic inflation or deflation factor from the base volume.

* Distance between intersections. Because of the variation in

distance between intersections, distance was considered a varlablréonlOf edach traffllc acc\ﬁent gccurr;ng on anz Iolcatlon within tzed
exposure affecting the probability of traffic-accident occurrence on analyzed areas along West Capitol Drive and along West Fond du

the roadway section between intersections. Figure 5 shows all dis-, Lac Avenue (Figure 5) during the researched period were identified

tances between intersections (midblocks) in feet. These data wer@y category (fatal, injury, or property damage only), by type (rear
used to account for distance exposure to adjust for traffic accidents end, angle, left-turn, and same-direction sideswipe), and by occur-
occurring between intersections. rence time (date and hour). The traffic-accident data reported for
* Weather data. Weather data were obtained from the NatlonaINOrth 51st Street were insufficient for further analysis.
Climatic Data Center in Ashville, North Carolina, through its cli-
matological data monthly report for the city of Milwaukee. In this Traffic-Accident Rates A number of relationships between
study, all periods that had adverse weather conditions were excludedraffic-accident frequencies and traffic volumes have been sug-
from the analysis and these were limited to conditions of snow or icegested over the years. A comprehensive survey of these relation-
on the roadway pavement. ships has been discussed by ChapnTdra(d Satterthwaitesy.
Others 9-11) suggest that traffic-accident frequency is directly pro-
portional to the sum of traffic volumes that enter the intersection.
Traffic-Accident Frequency In this study and to make this  This approach is simple, but its shortcoming is that it is logically
analysis complete, traffic-accident data were included for both inter- unsatisfactory and not a suitable basis for the engineering analysis,
section and nonintersection (midblock) locations. Midblock traffic which attempts to link cause and effect. Haui®) (presents an
accidents are critical in this study because multiple-block queuesexample on the weaknesses of this approach. One expects that the
were observed frequently on certain approaches to the traffic signahumber of rear-end traffic accidents at an intersection approach will
triangle during congestion periods. These queues created conditionsepend strongly on the traffic volume of Approach A, and will
conducive to congestion-related midblock traffic accidents, partic- depend less on the traffic volume of Approaches B, C, and D. Sim-
ularly rear-end accidents. On the other hand, one of the stated purilarly, one should expect that collisions between vehicles from
poses of implementing the traffic-responsive system in this project Streams A and B lead to the logical difficulty that one will predict

b v < Congress St. >
o Vance pl i
O >
8 B
. Marion St.
Ely PL -
g 8
- &y u
) Ao \ PV - Hope Ave.
. ,pae\ '
= . N .
2 O < "Ja gFlebmntz Ave. - ‘ .
J"b‘w /' = o= = 3 = = =
53th. St. 'a e @ o - ®
£ £ £ £ £ = £
szna. st »»e;;»o wma & & 5 3 3 003
i 1,230 . 4 ) e ;3,250 .260.: £ 260 3265 3,270 :. 290 —
2787 T ?7 IR0 (TEEE 2607 T 0 ST 1 e 645" 1260
. o o s : . < » .
i 3 & & & & & o - 8. % Melvina St
& = € £ £ B B . Yoo
g 2 E 2 F 2 § “ g g ., Hoyt PL s
o 3 Medford Ave. ™. z
S %%, =
) %94.. . . Ridge Ave. <
Vienna Ave. o e E
@
. o =2
KEY: ey L @
(&) = Traffic Signal in the Traffic 1
Responsive system Nash St. Roosevelt Drive v
= Traffic Signal outside the system
Mxxx 1 = Mid Block Distance between Two s S
Intersections in Sequence (Feet). I o Keefe Ave.

<

FIGURE 5 Distances between intersections, in feet (1 ft = 0.3 m).



146 Paper No. 970065 TRANSPORTATION RESEARCH RECORD 1603

accident occurrence even when one of the traffic volumes is zerorespective after-implementation values for both intersections and
and to use A + B + C + D produces a poor prediction. Some researcimidblocks. The changes in traffic-accident frequencies from before
(13-15) relates traffic accidents to the products of the conflicting to after implementation of the traffic-responsive system were cal-
flows. In other empirical researchg17) it has been found that the  culated for intersections and midblocks. The comparison results are
number of traffic accidents is not proportional to the product of the presented in Table 3.
flows but rather is related to the product of traffic flows with each
flow raised to a power of less than 1.

In this study, an attempt is made to relate traffic accidents to traffic Statistical Analysis
congestion. It was observed that recurring congestion occurs only
during the following peak traffic periods: The statistical analysis procedure used to analyze categorized
traffic-accident frequencies before and after implementation of the
traffic-responsive system resembles the procedure discussed and
presented earlier for AVO. Accordingly, the hypothesis to be tested
IS Ho: Muerore = Mager (NO change in the mean of traffic accidents),
versusH;: Myerore > Mager (the mean of traffic accidents is higher
Accordingly, the analysis in this study was limited to those periods. before).
The rationale for this approach is that the traffic-responsive algo-  For a choice ofi = 0.01 (99 percent level of confidence), Table 3
rithm would implement only congestion-related coordination plans summarizes the results of the statistical analysis for both intersec-
during periods of congestion. During periods without congestion it tions and midblocks.
is expected that the traffic-responsive algorithm would implement  On the basis of the results of the statistical analyses presented in
the base coordination Plan 2, which is identical to the timing plan Table 3H, is rejected for all intersections and all but three midblock
implemented in the before period. approaches. Itis concluded that the mean congestion-related traffic-

Accordingly, traffic accidents were analyzed carefully. Traffic accident frequency has decreased from before to after implementa-

accidents categorized as rear-ends, angle, left-tur, and santiulirec  tion of the traffic-responsive system for all locations except where
sideswipe were considered to be related to congestion. Thus, onlyj s not rejected.

traffic accidents of those types were included in the analysis.

To account for exposures at the intersections, a traffic-volume
adjustment factorff was applied to the traffic-accident frequencies ~oNCLUSIONS
(A) before and after implementation of the traffic-responsive system
as follows:

* Weekdays, 6:00 a.m. to 9:00 a.m.;
* Weekdays 2:00 p.m. to 7:00 p.m.; and
* Saturdays, 12:00 p.m. to 6:00 p.m.

Completing this experimental projedts] represented a consider-
able investment of effort, time, and resources. The amount of time

A . k L
~before, caegory required to complete the project was far greater than originally

adJ usted A before, category

A Fovfore ® anticipated. However, the project goal of reducing traffic accidents
adjusted A rer, category = % by managing and reducing congestion at signalized intersections

appears to have been realized. The use of traffic-responsive,

] _ _ ) _ closed-loop signal control to manage traffic congestion at a geo-
All traffic-accident frequencies were adjusted on the basis of metrically constrained intersection complex was appropriate and

Equation 8 and are graphed in Figure 6. A similar procedure wasgccessful.

followed for roadway segments at midblock. To account for expo-  The overall resuits of this project are summarized according to

sures at blocks, a traffic-volume adjustment factr gnd a vehicular delay and safety as shown below:

distance-adjustment factat)(were applied to the traffic-accident

frequencies before and after implementation of the traffic-

- * Delay
responsive system as follows:

— Significant reduction in AVO,
— Increase in effective approach capacity, and

A before, cat . .
s, ey — Increase in average vehicle speed over system detectors.

adJ USted A before, category

Afbefore xd (9) R Safety
adjusted A sier, category = % — Significant reduction in adjusted frequency of congestion-

related intersection accidents,
— Noincrease in accidents at adjacent signalized intersections

whered is the distance between two consecutive intersections in
hundreds of fret.

Figure 5 presents all midblock distances. All traffic-accident fre-

guencies were adjusted on the basis of Equation 9 and are graphed

in Figure 6.

Evaluation Approach

outside of the traffic-responsive system,

— Overall reduction in congestion-related midblock accidents,
and

— Increased in adjusted frequency of congestion-related
midblock accidents on a few blocks.

Considerable effort was made to analyze the congestion-related
midblock accidents along Capitol Drive and Fond du Lac Avenue.
As was stated earlier, it was felt that including these accidents was

On the basis of the collected, compiled, and analyzed data, a comeritical because of the long vehicle queues that develop on certain
parison was made between categorized traffic-accident frequenciespproaches to this intersection complex. Separating the midblock
before implementation of the traffic-responsive system and its accidents by direction and block was a further attempt to isolate
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TABLE 3 Midblock and Intersection Traffic Accidents Described

MIDBLOCK TRAFFIC ACCIDENTS (accidents per 100 feet) MIDBLOCK TRAFFIC ACCIDENTS Paired—t Test (¢ = 0.01j
INJURY PROPERTY DAMAGE ONLY Standard SE Result
« MEAN Deviati MEAN T P S
LOCATION Before | After | Change || Before After Change ation Yes/No
West of 51 st. 0.39 0.09 -0.30 0.19 047 +0.28 -0.259 0.715 0.270 2.74 0.0340 NO
East of Fond Du Lac 0.19 023 +0.04 0.61 0.38 -0.23 +0.202 0.552 0.195 6.16 0.0005 YES
West of 51 st. 0.00 -0.00 0.00 0.06 0.04 -0.02 +0.012 0.032 0012 | 8491 | 0.0000 YES
East of Fond Du Lac 0.05 0.00 -0.05 0.19 0.00 -0.19 +0.241 0.408 0.144 8.60 0.0000 YES
Southeast of Capitol 0.15 0.12 -0.03 0.40 0.49 +0.09 -0.057 0.503 0.225 4.19 0.0140 NO
Northwest of 51 st. 0.11 0.02 -0.09 021 0.16 -0.05 +0.152 0.123 0.071 16.22 0.0040 YES
Southeast of Capitol 0.08 0.08 0.00 0.15 0.13 -0.02 +0.017 0.265 0.119 8.56 0.0010 YES
Northwest of 51 st. 0.14 0.15 +0.01 0.16 031 +0.15 —-0.164 0.177 0.102 8.18 0.0150 NO
INTERSECTION TRAFFIC ACCIDENTS (accidents per intersection) INTERSECTION TRAFFIC ACCIDENTS Paired—t Test (« = 0.01)
INJURY PROPERTY DAMAGE ONLY Standard SE Result
MEAN Deviation | MEAN T P
Before | After | Change || Before After Change Yes/No
| W. CAPITOL. +1.888 2293 | 055 | 519 | 0.0001 YES
at Fond du lac 7.00 4.00 -3.00 j. 13.00 14.00 +1.00
at Sist. 7.00 6.00 -1.00 12.00 13.00 +1.00
East of Fond du lac 1.63 127 -0.36 288 | 245 -0.43
West of S1st. 3.00 1.79 -121 3.29 2.24 -1.05
+3.275 3.277 0.988 433 0.0015 YES
at Capitol 7.00 4.00 -3.00 13.00 15.00 +2.00
at S1st. 3.00 4.00 +1.00 9.00 5.00 —4.00
Southeast of Capitol 1.80 1.10 -0.70 4.40 141 -2.99
Northwest of S1st. 4.75 391 -0.84 4.75 3.72 -1.03

the effect of congestion on accidents as vehicles approached th®ISCUSSION OF RESULTS
intersection complex.

Although there was an overall reduction in congestion-related mid- A few recommendations can be made regarding closed-loop, traffic-
block accidents within the entire analysis area, the before-afterresponsive signal operation as a result of this project. First, a good
adjusted accident frequencies on certain blocks approaching the inteeommunication system is absolutely essential for this type of signal
section complex were somewhat disappointing. Both approaches taoperation. If communication cable is used, it is recommended that the
the intersection complex along Fond du Lac Avenue showed rela-cable system be checked for proper connections and good integrity
tively small increases in adjusted accident frequencies in the afterbefore the traffic-responsive operation is implemented. In addition,
period despite observed and recorded reductions in vehicle queuethorough observation of critical approaches in a signal system is rec-
on these approaches. There is no definitive reason for this slightbommended to ensure that system detector loops are properly placed
increase, although it may be related to increased average speedand will provide reliable data.
during congested time periods. Although the overall results of this project were positive, it

Although the nonintersection congestion-related accidents alongwould be desirable for the traffic-responsive control system to
Capitol Drive generally showed a favorable trend in the after period, respond more quickly to the onset of congestion. The traffic-
one approach block (5300-5399) showed a large increase inresponsive system used in this project is able to change coordina-
adjusted traffic-accident frequency in the after period for eastboundtion plans only as frequently as once each sample length. Although
traffic. It appears that this block was negatively affected by traffic- it would have been desirable to shorten the sample length in an effort
responsive signal operation. This approach to the intersection com+o increase the response rate of the system, this was not possible
plex generally did not exhibit congestion or long queues in the because of the reasons described earlier in this paper. The sample-
before period. Because Coordination Plan 12 (favoring Fond du Laclength restriction is common to all closed-loop traffic-responsive
Avenue) was implemented much more frequently than Plan 10 systems.

(favoring Capitol Drive) in the after period, the eastbound approach With the development and deployment of adaptive signal sys-
on Capitol Drive experienced an overall reduction in avegdge tems, the possibility of more rapid system response should be real-
ratio during congestion periods. This change would have resulted inized. It is reasonable to assume that the level of benefits derived
somewhat longer queues and increased overall congestion on thifrom this traffic-responsive system may have been even greater had
approach to the intersection complex and may have contributed toadaptive signal control been implemented. Unfortunately, when
the increase in traffic accidents. this project was developed there were no planned or operational
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adaptive traffic signal systems in the United States. This technol- 8.
ogy was being developed and implemented in other areas of the
world, however.

9.

10.

REFERENCES 11.

. Traffic Control Systems HandbaokHWA-IP-85-11. FHWA, U.S.
Department of Transportation, 1985.

. Barton Aschman Associatégehicle Occupancy DeterminatoifSinal
Report FHWA-AZ89-252, FHWA, U.S. Department of Transportation,
1989.

. Ulberg, C., and E. McCormack. Accuracy and Other Factors Affecting a
Continuous Vehicle Occupancy Monitoring Progran dansportation
Research Record 1206RB, National Research Council, Washington,
D.C., 1988, pp. 35-47.

. Hauer, E. Statistical Test of the Difference Between Expected Accident
Frequencies. Presented at 75th Annual Meeting of the Transportation
Research Board, Washington, D.C., 1996.

. Hall, 3. W., and M. P. de Hurtado. Effect of Intersection Congestion on
Accident Rates. InTransportation Research Record 1376RB,
National Research Council, Washington, D.C., 1992, pp. 71-77.

. Hanbali, R. M. Criterion for Evaluating the Effectiveness of Intellegent
Transportation Systems On Traffic Safety. Presented at 3rd Annual 18.
World Congress on Intelligent Transport Systems, Orlando, Fla.,
October 1996.

12.

13.

15.

16.

17.

14.

Paper No. 970065 149

Satterthwaite, S. A Survey of Research into Relationships Between
Traffic Accidents and Traffic VolumeBRRL SP 692. U.K. Transport
and Road Research Laboratory, Crowthorne, Berkshire, England, 1981.
Thorpe, J. D. Traffic Accident Measuremedtsurnal of the Institution

of EngineersAustralia, Vol. 35, 1963.

Smith, W. L. Probability Study of High-Accident Locations in Kansas
City, Missouri.Traffic EngineeringVol. 40, No. 7, 1970, pp. 42-49.
Worsey, G. Predicting Urban Accident Rates from Road and Traffic
CharacteristicdTE Journal December 1985.

Hauer, E., J. C. N. Ng, and J. Lovell. Estimation of Safety at Signalized
Intersections. ITransportation Research Record 118RB, National
Research Council, Washington, D.C., 1988, pp. 48-61.

Breunning, M. S., and A. J. Bone. Interchange Accident Expd3ulre.
letin 24Q HRB, National Research Council, Washington, D.C., 1959,
pp. 44-52.

Surti, H. V. Accident Exposure for At-Grade Intersectiohsffic
Engineering Vol. 36, No. 3, 1965.

Hakkert, S. A., and D. Mahalel. Estimating the Number of Accidents at
Intersections from Knowledge of the Traffic Flows on the Approaches.
Accident Analysis and Preventioviol. 10, 1978.

McDonald, J. W. Relation Between Number of Accidents and Traffic
Volumes at Divided-Highway Intersectioigulletin 74 HRB, National
Research Council, Washington, D.C., 1966, pp. 7-17.

Webb, G. M. The Relationship Between Accidents and Traffic Volumes
at Signalized IntersectionBroc., ITE Conferencel 955, pp. 149-160.
Hanbali, R. M. and C. J. Forrtdhzard Elimination Traffic Responsive
Control SystenFinal Report, Department of Public Works, Infrastruc-
ture Services Division, Transportation and Lighting Section, June 1996.

. Chapman, R. A. The Concept of Exposukecident Analysis and
Prevention Vol. 5, 1972, pp. 95-110.

Publication of this paper sponsored by Committee on Traffic Signal Systems.



