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ABSTRACT 

This report presents the development and findings of a research project 
conducted by the Texas Transportation Institute entitled "Development of a 
Frontage Road Level of Service Evaluation Program -.- PASSER III. -The research 
was sponsored by the State Department of Highways and Public Transportation in 
cooperation with the U.S. Department of Transportation, Federal Highway Administra
tion. The one year research effort was directed toward several topic areas 
which included: development of a practical diamond interchange computer program 
which could be used to evaluate various design and signalization strategies and to 
determine optimum configurations, development of a related operational computer 
program for providing frontage road progression, evaluate techniques for making 
smooth signal transitions, develop methods for estimating freeway and frontage 
road travel times, and develop design distance separation requirements for entrance 
and exit ramps to cross-street interchanges on urban freeways with frontage roads. 
A package of computer programs dealing with the design and operation of signalized
diamond interchanges was programmed on SDHPT•s computer system, and a user•s manual 
was prepared. 

Key Words: Diamond Interchange, Signalization, Signal ~rogression, Delay-Offset, 
PASSER, Travel Time, Frontage Roads. 
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SUMMARY 

The continued demand for urban mobility requires that the highest degree of 
traffic service be obtained from existing and future freeway facilities including 
the frontage roads and related signalized diamond interchanges. Innovative solutions 
to selected types of urban freeway traffic problems, such as ramp metering, have 
been successfully implemented. To facilitate freeway flow during incident conditions, 
changeable message signing systems have been tested. More effective utilization 
of the freeway - fran tage road system is needed, however, to serve existing peak 
hour traffic demands and freeway motorists during incident conditions. In reco
gnition of the unique mobility needs of urban motorists, the State Department of 
Highways and Public Transportation sponsored a cooperative research project with 
the Texas Transportation Institute in cooperation with the Federal Highway Adminstra
tion entitled "Development of a Frontage Road Level of Service Evaluation Program -
PASSER III which addressed several objectives related to improving frontage road
freeway design and operations. This report describes the project•s objectives 
and study results. 

Th·e first major section of the report describes the theory and operational 
features of the PASSER III computer program. Pretimed or traffic responsive, 
fixed-sequence, signalized diamond interchanges can be analyzed. All basic inter
change signal phasing patterns can be calculated using Webster's method and then 
analyzed by the delay-offset technique to determine which pattern provides the 
smallest overall interchange delay. Signal phasing patterns which can be analyzed 
include the lead-lead, lag-lead, lead-lag, and lag-lag sequences. Both interior 
-and exterior movement delays are accounted for by the program. Interior maximum 
queue lengths experienced per cycle are also compared to the queue storage pro
vided by the design. The program is structured to evaluate either proposed designs 
or existing facilities on an individual interchange basis. Example problems are 
provided to demonstrate program features. 

Linked to the individual diamond interchange program, to be used when desired 
on an optional basis, is the frontage road progression program. This program can 
analyze the diamond interchange - frontage road network as if it were a signalized 
arterial. Optimal frontage road progression time-space diagrams can be developed 
and offsets calculated. A complete frontage road level of service analysis is 
provided including frontage road travel times. 

Several previous methods for implementing various interchange and intersection 
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signal timing plans, and the required transition phases, are discussed. A 
simulation study of various transition strategies was conducted and results 
presented. Practical transition guidelines are provided based on the study re
sults and existing technology and operational experience. 

A detailed discussion of theoretical travel time considerations and study 
results are presented in a subsequent chapter. Travel time predictions for both 
the freeway and frontage roads are presented during nonnal and freeway incident 
conditions. A variable input-output model was developed for predicting future 
freeway travel times~ whereas. a real-time algorithm was formulated and tested 
for estimating current travel time. 

Extensive field studies were conducted on urban Texas freeways to observe 
and evaluate existing design distances provided between entrance or exit ramps 
and adjacent cross-street signalized diamond interchanges. I.t was concluded 
that more specific separation distance design guidelines were needed. Recommended 
distances·were developed and provided in the report. 
Imp 1 ementat ion 

This report provides the theory of operation and validation studies for 
the diamond interchange computer program PASSER III currently being implemented 
on the Department • s computer sys tern. This battery of programs wi 11 be avai 1 able 
to the local district traffic and design engineers through the remote computer 
tenninal facilities. A user's manual of the program is also being developed. 

Additional study results on design guidelines for entrance and exit ramp 
separation requirements to cross-street intersection may also be included in 
future urban. freeway design procedures. 

iv 
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Introduction 

CHAPTER 1 

PROJECT BACKGROUND 

The expansion of traffic engineering technology in recent years has 

resulted in innovative solutions to several traffic flow problems plaguing 

urban areas. For example, ramp metering techniques. have been effective 

in reducing freeway congestion and improving the freeway level of service. 

To facilitate flow along urban arterials, computerized traffic signals 

systems have been de vel oped _which have- proven to be cost-effective. Despite 

these advances, movement of vehicular traffic remains a major problem in 

urban areas. Since urban traffic demands for mobility continue to increase, 

new methods for improving th.e design and operation of traffic facilities 

are needed to malntain even current transportation standards. The improve

ment of traffic operations in urban areas, therefore, remains a continuing 

goal for traffic enginee-rs. 

In recognition of the mobility needs of urban motorists, the State Depart

ment of Htghway.s and Public Transportation has sponsored a cooperative research 

program with the Texas Transportatton Institute. During the past several years, 

this joint research effort has developed or refined many traffic design and 

operations techniques. These previous research program efforts have resulted 

in: {1) new design and. operations procedures for signalized intersections,· 

(2) ·multiphase progression analysts of arterial signal systems using PASSER· 

II,. and (3) l'evel of service determination for intersection approaches. 

This current research project extends the research effort into the area 

of the freeway corridor, including consi·deration of the freeway main lanes, 

frontage road ramps, and signalized diamond interchanges. The PASSER II pro

gram, desi:gned to evaluate arterial signal systems, was not applicable to front

age road analysis due to the differences in design and operation of freeway 

interchanges. Thus, a frontage road signal analysis program, PASSER III, had 
its genesis. 

To fully evaluate traffic operations along the freeway corridor, it is 

desirable to know what effects signalization has on vehicle operating char

acteristics in the corridor. Level of service analyses of frontage roads and 

interchange intersections should include all allowable signal phasing combin

ations, including 3-phase and 4-phase diamond interchange phasings. Efficient 
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signal transitions from one phasing arrangement to another are desired to avoid 
excessive delay and unstable traffic flow, particularly if computer control is 
operative. Also, time~space diagrams obtained from optimization calculations 
are needed for both design and operations applications. 

TTl has reported on an algorithm for predicting the time required to 
travel past an incident on the freeway main lanes under average flow conditions. 
Additional work was proposed to develop a variable input-output flow model. 
Also, there has been little research to determine the time required to travel 
along an alternate route such as a frontage road and an arterial street. 
The PASSER II program provided a means to predict the travel time along an 
alternate arterial street route. Completion of the prediction model is needed 
to determine whether it is best for the motorist to remain on the freeway or, 
directed by signing or other means, to select an alternate frontage road or 
city street route. 

A need to consider the effects of the location _of freeway entrance and 
exit ramps with regard to the adjacent diamond interchange also exists. Under 
certain traffic volume conditions at interchanges and entrance ramps, the 
spacing between the entrance and exit ramps and the interchange becomes critical 
to interchange operation. Additional research is warranted to determine if the 
ramps should be located farther from the interchange to obtain suitable oper
ation. 
Project Objectives 

The Texas Transportation Institute initiated a one year research effort 
September 1, 1975, to study the problem areas previously describeq. During 
this one year period, seven specific project objectives were addressed. These 
were as follows: 

1. Expand PASSER II Level of Service analysis to include frontage roads 
and frontage road (and interchange) intersections. The research will 
include the analysis of diamond interchange phasings generally used 
(3-phase and 4-phase). 

2. Evaluate techniques for making smooth signal pattern transitions 
from one phasing arrangement to another. 

3. Develop PASSER II time-space plot for progression along frontage 
roads. This will provide a means of designing and operating 
continuous frontage roads and short segments of continuous frontage 

roads during non ... incident peak and.off~peak period-conditions and 
·during main lane ·incident management-conditions. 
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4. Develop a practical variable, input flow, travel time prediction 
model for the freeway main lanes during freeway incident conditions. 

5. Develop a means to predict travel time along an alternate route such 
as a frontage road when an incident occurs on a freeway main lane. 

6. Study the location of entrance and exit ramps with regard to their 
effects on the operation along the frontage road approaches to inter
changes and develop (identify) criteria to determine the appropriate 
distance away from the interchange for locating the ramps. 

7. Analyze the frontage road geometric design procedure used by the 
Department in regard to the design and operations findings of the 
research. Reconmend any additions to the design and operations 
manual developed in HPR Project 203. 

The following chapters of this report describe the research conducted to
ward satisfying these objectives and present study results. 
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Introduction 

CHAPTER 2 

OPTIMIZATION OF PRETH4ED SIGNALIZED 
DIAMOND INTERCHANGES AND FRONTAGE ROAD 

PROGRESSION USING PASSER III 

The urban signalized diamond interchange is a critical facility for pro
viding high levels of operational performance in the urban freeway corridor, 
Efficient movement of traffic through the interchange is highly desired. The 
quality of service provided motorists depends to a large measure on the physical 
qesign and type of signalization used. However, there seem to be differences 
of opinion regarding the best way to signalize a diamond interchange. This may 
be due in part to the lack of an efficient methodology for analyzing the problem. 

The goal of this chapter is to describe a computer program that can d_eter
mine the design and signalization strategy which minimizes the average delay per 
vehicle experienced by all vehicles using a pretimed or traffic responsive fixed 
sequence signalized diamond interchange. This computer program, named PASSER 
III, is one of a series of signalization p'rograms (l, f.) developed for the State 
Department of Highways and Public Transportation in Texas (SDHPT). 

Munjal (3) has presented a systematic discussion of diamond interchange 
signa 1 i zati on. Subsequent diamond interchange s i mul at ion programs were reported 
by Munjal and Fitzgerald-(.1_). Much discussion in the literature has addressed 
the relative merits of four-phase overlap signalization as compared to other 
types of phasing patterns. Messer, et al. (i) have contributed to this discussion. 
The authors hope that this study will provide results that traffic engineers can 
use to accurately analyze their interchange problems. 

Signalization Problem 

The basic problem addressed is to determine the optimal diamond interchange 
signalization pattern to service a given set of traffic demands using pretimed 
and traffic responsive fixed sequence control techniques. Assume the given set 
of traffic demands ·are those presented in Figure 2-1. Poisson arrivals are 
assumed for the exterior traffic f1 ow. Two-1 ane approaches exist on a 11 arteria 1 

through movements and on the frontage roads; whereas the two interior left 
turn volumes are serviced by one-lane left turn bays having adequate storage 
capacity. All geometries and volume assumptions are arbitrary. 

2-1 



L 
900----.. 

4----800 
r.---3oo J 

300-~-

aoo------

-4o---900 

t 
500 

Figure 2-l. Diamond Interchange Example Signalization 
Problem With Approach Volumes 

2-2 
L___ ________________________ _ 



Signa 1 Phasing 
Consider the left-side intersection of a diamond interchange as shown in 

Figure 2-2 and note how many different signal phases this intersection can 
have where there will be no conflicts between movements. One phase at this 
intersection would exist when the off-ramp and the left-turn traffic from the 
arterial are stopped and the straight-through traffic is moving. This phase is 
called Phase A, as shown in Figure 2-2. Another phase results when the traffic 
from the off-ramp is given a green signal. To do this, all other movements at 
this intersection must be stopped. Call this Phase B. The other phase occurs 
when the outbound arterial left turn traffic is given a green signal. To obtain 
this, all the incoming conflicting traffic that may feed the diamond at this 
intersection must be stopped. Call this Phase C. There are no additional basic 
phases at this intersection. In addition, there are only 3 similar basic phases 
at the right-side intersection of the interchange; these fonn the basi:s for all 
possible phasing patterns. Any phases for pedestrians, as well as amber phases, 
have been excluded from all phasing patterns discussed. Permissive left turns 
(left turns legal on circular green) in conjunction with a protected left turn 
phase are disGussed on-page 2-29 of thi~ chapter, however. 

• • - •.. l. • ..... • • 

Munjal (~) has shown that the left- and right-side intersections can have 
either phase order ABC or ACB independently of one another. Order ABC was ca 11 ed 
1 eading 1 eft turns and order ACB lagging left turns. Thus, there are only four 
possible basic interchange phasing codes (sequences) that can be generated, as 
presented in Figure 2-3. Munjal•s (.~) equivalent descriptions are given in 
Table 2-1. All of the possible signal phasing patterns that an engineer might 
devise can be developed by using these basic phase codes and then varying the 
offset between the two intersections from zero to one cycle length. In this 
chapter, the offset is defined as the time difference in seconds between the 
start of left-side phase A and the end of right-side basic phase B. 

An example of how an interchange signal phasing pattern results from a 
given interchange phasing code and offset is presented in Figure 2-4. Phase 
code No. 1 from Table 2-1 has been selected together with an arbitrary offset. 
Signal Timing 

Signal green times are usuall~ calculated by the PASSER III computer program 
as if two intersections were independent of one another. The green 
times are also normally calculated independently of the interchange phase code 
selected. One exception is permittehd, four-phase with overlap signalization(§_). 
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TABLE _2-1. BASIC INTERCHANGE PHASE CODE DESCRIPTIONS 

Phase Left-side Right-side Munjal 
Code Phase Order Phase Order Descriptions 

1 (& 1 A)* ABC ABC lead-lead 

2 ACB ABC _1 ag-lead 

3 ABC ACB lead-lag 

4 ACB ACB lag-lag 

*Phase Code lA is -denoted as-Phase-Cade· 5 in PASSER I I I input data. 

The green times o!f phases A, B and C of Figure 2-2 are calculated, in the 
independent mode of operation, using Webster's formula (§_): 

where 

G = t • (C-L) + l 

G = phase green on approach, sec.
Y = q/s 
q = approach volume, veh./sec. 
s = approach saturation flow, veh./sec. green 
Y = sum of all y at intersection 
C = cycle length, sec~ 
l = individual phase lost time, sec. 
L = sum of intersection phase lost times, l, sec. 

(2~ 1) 

~~sser and Berry (5) have shown that a formula similar to Equation 2-1 should 
be used to calculate green times for four-phase overlap signalization (a special 
case of interchange phase code No. 1). In this case, green times on the four 
external approaches to the interchange are calculated from 

where 

G = f · (C + 0 - L) + l 

G = phase green on exterior approaches, sec. 
Y = q/s 
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q = approach volume, veh./sec. 
s = approach saturation flow, veh./sec. green 
Y = sum of all external y at interchange 
C = cycle length, sec. 
L = sum of four exterior phase lost times, l, sec. 
0 =sum of interchange overlap (offset times), sec. 

Exterior Delay 

The operational perfonnance of the diamond interchange is evaluated primarily 
on the basis of average vehicle delay experienced by all vehicles using the inter
change. To begin the analysis procedure, delays are first calculated on the four 
exterior approaches to the interchange using Webster's delay equation (§_) 

2 2 
d _ C~l - :X) + X O GS ( C ) l/3 x(2 + 5).) 

- 2 l - ).X) 2q( l - X) - • ~ (2-3) 

where 

d = average vehicle delay for exterior approach movement, sec./veh. 
C = cycle length, sec. 
q = approach movement flow rate, veh./sec. 
:x = proportion of cycle green for approach movement 
x = signal saturation ratio, qC/gs 

A total of 14 separate exterior movements· are analyied for delay, one for 
each identifiable turning movement from the exterior approaches. The two arterial 
approaches have three movements: right turn, thru on arterial, and thru then. 
left turn within the interchange. The two ramps (frontage roads) have four: 
right turn, thru, left turn then thru on the arterial,and left turn then left 
turn within the interchange (a ramp U-turn). 
Interior Delay 

Vehicle delays that occur within the interchange are calculated by a 
version of the deterministic delay-offset technique '{7). Applications of the 
delay-offset technique have been described in several excellent papers as applied 
to signalized intersections {8, 2_, 10). Validation studies of the de·lay-offset 
model ·for PASSER III are presented i:n a subsequent section. 

As shown in Figure 2-5, a traffic link is defined as a section of street 
carrying a traffic flow movement in one direction between two signalized inter
sections. Delay is incurred at the downstream signal of the link, i.e., where 

?_o 
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traffic exits the link. The offset across any link may be defined as the time 
difference between the starting point of green phase A at the upstream signal 
of the link and the starting point of the next green phase at the downstream 
signal. It is a directional quantity, assuming the direction of traffic flow 
along that link. This section describes the flow of traffic through the link•s · 
exit signal and the computational procedure for obtaining a delay-offset re
lationship, given the cyclic flow pattern on the link. 

For the purpose of the present discussion, a zero value is assigned to 
the beginning of the red time at the exit signal of the link in order to 
establish it as a reference point. Thus, the time interval (0, C) consists of 
an effective red period (0, r) and an effective green period (r, r + g) 
so that 

r + g = C, 

where C denotes the cycle length. The following notations are also used: 
qa(t) =arrival rate from upstream inputs (vehicles/second), 
qd(t) =departure rate (vehicles/second), 
A(t) = cumulative number of arrivals, 
D(t) = cumulative number of departures, 
s = saturation flow rate during green period. 

The upstream arrival rate q (t) can be any one of five values in PASSER III, a 
depending on the resulting link time-space diagram. These include the following: 

qAp' qAn' qBp, qBn' 0; where qAp is the platoon saturation flow during phase A, 
qAn is the normal flow during phase A green when the platoon has cleared, 
corresponding flows for phase B, and no flow duri.ng phase C. Starting with the 
beginning of any red period at the exit signal, we have the following basic 
relationships: 

A(t) = 
0
/t qa(w)dw 

b(t) = 
0
Jt qd(w)dw 

The following assumptions are made: 
1. Arrivals are periodic, i.e., for any integer number n, 

2-10 

(2-4) 

(2-5) 



q (t) = q (t- nC) a a (2-6) 

Z. The signal is undersaturated, i.e., 

A < g • s (2-7) p 

where the total number of cars arriving during one cycle (the platoon size) is 

A = 
0
Jcq (t)dt 

p a (2-8) 

3. The arrival rate during the green time of the signal does not exceed the 
saturation flow rate, 

q ( t) < s 
a if r < t ~ r + g 

This implies that, once a queue has vanished during the green period, it 
cannot rebuild before the next red period begins. 

(2-9} 

According to these assumptions, all vehicles arriving during a cycle in 
which the red period precedes the green can be accommodated in that cycle. It 
follows that the queue is always empty at the end of the green period, and de
lay time calculations can be confined to a single interval (0, C). 

The queue length Q(t) at any time 0 < t ~ C is given by the difference 
between the cumulative number of arrivals and the cumulative number of departures. 

Q(t) = A(t) - D(t) = 

A(t) 

A(t) - (t-r)s 

0 

if 0 < t < r 

if r < t < t 
- 0 

if t < t < c 
0 -

(2-10) 

t 0 denotes the time when the queue disappears (r < t
0 

<C). By definition, 
t = t

0 
when 

If we follow this analysis, the departure rate is described by 
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0 if 0 < t < r 

s if r < t < t 
- 0 

q (t) if t < t < c a o -

(2-12) 

The delay incurred by Q(t) queueing vehicles during an interval dt is 
Q{t)dt. Therefore, the total delay time, d(e), incurred by traffic during one 
cycle {0, C) is represented by the area under the queue-length curve. 

(2-13) 

The delay depends on the exit signal offset, e. The average delay per car (per 
'cycle), <S(e), is obtained by dividing by the total ·number of arrivals during· 
one cycle. 

o(e) = ~ d(e) 
p 

(2-14) 

The procedure described yields only one point on the delay-offset curve. 
To obtain the complete relationship requires that this procedure be repeated 
while the relative phasing between the exit signal settings and the arrivals is 
altered so that all possible offsets across the link under consideration are 
examined. 

According to the principles of the combination method, where two or more 
1 inks occur in parallel, joining two node·s, the delay function of the individual 
links can be combined with reference to the same offset, to yield a total delay 
function. Referring to Figure 2-5, d1 (e .. ) and d2 (e .. ) are calculated for 

. ~J J~ 

0 <e .. < C and 0 <e .. < C respectively. The two offset variables in this - 1,J - ~ J~-

case are constrained by the following relationships: 

e .. + e .. = c (2-15) 
~J J~ 

Consequently, only one of the two offsets can be determined independently. Re
lating the total delay D to offset e .. , it follows that: 

. ~J 

D(e .. ) = d1 (e .. ) + d2 (C - e .. ) (2-16) 
1,J 1,J 1,J 
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To obtain the average combined delay function CD( e .. ) from the individual 
. ~J 

average delay functions, the following formula is used: 

1 CD(e .. ) =A +A {A 1 5
1

(e • • ) +A 
2 

5
2
(C- e .. )} 

~J pl p2 p ~J p ~J (2-18) 

An optimal offset e.~, between the adjacent pair of signals, is readily obtainable 
~J 

by searching for the minimal value of the combined function. Four links must be 
evaluated in PASSER III, thru and left turn in each direction. 
Interchange Delay 

Average delay per vehicle ,at a diamond interchange is calculated.by 
combining the effects of exterior and interior interchange delays. For an 
otherwise given set of geometric, volume and signalization inputs, interchange 
delay changes only as the offset between the two intersections is varied, as 
illustrated in Figure 2-6. 

Figure 2-6 was developed using the volume data in Figure 2-1 with an 
assumed U-turn volume of 150 vehicles per hour on both ramps, a 70-second cycle 
length and a 14-second travel time between the two intersections. ·Interchange 
delays were calculated using interchange phase code No. 1 (ABC:ABC). Delay is 
observed to drop to a minimum delay value at a 14-second offset, then begins to 
rise beyond this minimum delay offset. Also shown in Figure 2-6 is the component 
of interchange delay occuring within the interchange. External delay remained 
constant. 

Figure 2-7 shows the variation in maximum queue lengths that would occur 
on the interior left turn and thru lanes for the left-to-right (east bound) 
arterial as a function of offset. Queue storage capacities, while unlimited 
in all analyses in this study, are important input constraints to the PASSER 
III program. 
Interchange Phasing Analyses 

In addition to the four basic interchange phasing codes (Table 2-1), a 
fifth interchange phasing code was studied. This code, denoted as No. 1A, re
presents a special case of the normal No. 1 (lead-lead) interchange phase code. 
While the phase sequences are the same as No. 1 (ABC:ABC), the four external 
green times are calculated such that they add to C + 2·(overlap time) (see 
Equation 2-2). The popular "four-phase with overlaps .. signal phasing results 
if the offset between the two intersection signals is selected to be the same 
as the overlap time (l). 
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The performance of 11 four-phase with overlaps .. can be determined in Figure 
2-8 from the delay curve of interchange phase code No. 1A at an offset of 14 
seconds. As might be expected, this offset results in the minimum delay for 
this set of conditions. Other offsets (overlaps) increase the average inter
change delay. It should be noted that the normal unimpeded travel time between 
the two intersections is assumed to remain constant at 14 seconds regardless 
of the offset selected. In the real world, motorists may adjust their travel 
time slightly depending on the offset. If a queue forms on a movement in the 
interior of the interchange, a queue start up delay or signal lost time is 
a 1 so assumed to occur (JJJ. 

A comparison of the performance of two different types of interchange 
phasing arrangements, No. 1A (ABC:ABC) and No. 4 {ACB:ACB) can be made from 
Figure 2-8. Minimum delay for code No. 4 occurs at 0 and 70 second offsets, 
which are the same since the cycle length is also 70 seconds. A zero second 
offset for No. 4 results in a three-phase, lag-lag interchange signal phasing 
pattern. Munjal (~) has concluded in his subjective review of the signalization 
patterns traffic engineers typically use that the four-phase with overlaps and 
the three-phase, lag-lag patterns were generally preferred patterns. For this 
example problem, the PASSER III program outputs indicate that these two patterns 
would operate well in this case. More importantly, however, the phasing pattern 
which provides the minimum delay can be determined. 

While interchange phase codes No. 1, or 1A, and No. 4 may be able to 
generate good operating conditions if the proper offset for each is selected, 
there are other possible basic interchange phasing arrangements (Table 2-1) 
which may provide even superior results. Until all of these phase codes are 
considered (2 and 3 in Table 2-1), an optimal interchange phasing pattern can
not be determined with certainty. 

An example of the performance of all five interchange phasing codes is 
presented in Figure 2-9. For this problem, three phasing codes (1, 1A and 4) 

will provide relatively good operations at their respective minimum delay off
sets. Interchange phase codes Nos. 2 and 3 do not perform as well as the others. 
Their performance curves lie in the middle range of delay values and are not as 
responsive to differences in offset. A total of 350 different interchange 
timing plans were analyzed to generate the results presented in Figure 2-9. 
A manual analysis would not be practical and a detailed microscopic simulation 
may not be economical. 
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These delay results tend to support the previously discussed general 
guidelines that the four-phase with overlaps (lead-lead) and the lag-lag 
signalization strategies are generally preferred signalization strategies. 
While this general guideline may be useful, it does not indicate which is better. 
Other phasing codes may operate better under a different set of conditions. 
Field Validation Studies 

Several methods were used to validate the delay-offset analysis technique. 
Example problems were mathematically analyzed manually and the results were 
compared to computer program results. Trend analyses of computer runs were 
made for consistency and scale. All of these studies resulted in favorable 
comparisons between calculated and expected results. 

Field studies were conducted at signali:zed diamond interchanges located 
in Austin and Dallas to further verify PASSER III outputs. The U.S. 290 
interchange of I-35 in Austin was studied for approximately two hours one after
noon before, during and after the afternoon peak hour. This interchange is 
under computer control by the City of Austin. Signal timing_ data were obtained 
by the research staff and manually checked in the field. Two computer controlled 
interchanges on U.S. 75 in Dallas were also studied in detail using portable 
video recording methods depicted in Figure 2-10. These two interchanges offered 
special advantages because their signal phasing arrangements (phase codes) 
could be changed on request by radi~ and automatically logged by the central 
computer. Both peak and off-peak studies were conducted. 

Field data collected for comparative purposes in all cases consisted of 
the maximum number of vehicles stored in queue per cycle on the two interior 
left turn and thru movement approaches of the interchanges. These maximum 
queue counts per cycle were then used to compute an average maximum queue 
count for each movement. Volume and signal timing data were used to calculate 
theoretical average maximum queue counts using PASSER III. 

The results of this study are presented in Table 2-2 for the Austin inter
change and Tables 2-3 and 2-4 for the two Dallas interchanges. In general, 
comparisons between calculated and observed results are excellent. Since 
maximum queue counts are very sensitive measures of effectiveness, differences 
of 2.0 vehicles between calculated and observed values would have been considered 
acceptable. This acceptance criterion was not met in only 2 out of 50 cases. 
In one problem case, (Study #5 in Table 2-2) heavy left turn volumes were observed 
to block thru traffic and vice versa. The storage capacity of the left turn 
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Figure 2-10. Portable Video Recording Methods Used 
for Diamond Interchange Studies in Dallas 
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TABLE 2-2. MAXIMUM QUEUE COMPARISONS ON FOUR 
INTERIOR MOVEMENTS BETWEEN PASSER ..I I I 
AND FIELD OBSERVATIONS AT 
U.S. 290 IN AUSTIN 

Study Signal Study Interior Traffic Movements 
No. Phasing Method Thru Left Left Thru 

1 ACB:ACB Calculated 0.5 2.5 2.4 3.4 

Observed 0.4 3.5 4.3 

2 ACB:ACB Calculated 2.2 3.4 3.3 5.1 

Observed 1.7 3.6 3.2 5.4 

3 ACB:ACB Calculated 2.2 6.0 8.4 7.7 

Observed 2.0 5.9 8.4 7.6 

4 ACB:ACB Calculated 2.2 8.1 1. 8 2.3 

Observed 1.2 8.8 1.8 1.1 

5 ACB:ACB Calculated 2.2 8.5 2.9 3.9 

Observed 1.0 12.3 3.0 3.1 
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TABLE 2-3. MAXIMUM QUEUE COMPARISONS ON FOUR 
INTERIOR MOVEMENTS BETWEEN PASSER III 
AND FIELD OBSERVATIONS AT 
UNIVERSITY DRIVE IN DALLAS. 

Study Signal Study Interior Traffic Movements 
No. Phasing Method Thru Left Left Thru 

1 ACB:ABC Calculated 1.0 4.6 

Observed 0.6 4.9 

2 ABC:ABC Calculated 0.0 0.0 

Observed 0.0 0.0 

3 ACB:ABC Calculated 4.7 1.7 

Observed 4.2 1".2 

4 ABC:ABC Calculated 5.7 6.5 

Observed 3.2 6.4 

5 ABC :ABC Calculated 0.0 0.0 

Observed 0.0 0.0 
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TABLE 2-4. MAXIMUM QUEUE COMPARISIONS ON FOUR 
INTERIOR MOVEMENTS BETWEEN PASSER III 
AND FIELD OBSERVATIONS AT 
WALNUT HILL LANE IN DALLAS. 

Study Signal Study Interior Traffic Movements 
No. Phasing . Method Thru Left Left Thru 

1 ABC:ACB Calculated 4.2 0.6' 0.4 4.3 

Observed 3.2 1.3 1.0 3.2 

2 ABC:ABC Calculated 0.0 0.0 0.0 0.0 

Observed 0.0 0.0 0.0 0.0 

3 ABC:.ACB Calculated 14.9 1.7 0.2 4.3 

Observed 8.8 3.5 2.0 2.3 

4 ABC:ACB Calculated 5.2 0.2 0.1 2.3 

Observed 5.0 0.0 0.8 1.3 

5 ABC:ACB Calculated 5.3 0.4 0.3 4.1 

Observed 4.6 0.4 0.7 3.8 
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lane is only six vehicles. The reason for the large difference in Study #3 in 
Table 2-4 is unknown, although speculation centers around the computer implement
ing an incorrect offset which was not recorded in the field. Overall, however, 
PASSER III generated consistent and reliable outputs. 
Minimum Delay Studies 

A number of geometric, signalization and traffic flow studies will be pre
sented to demonstrate PASSER III program features and to illustrate the need 
for a thorough investigation of the performance of design and signalization 
options that are available. Delay performance curves were developed, similar 
to Figure 2-9, for 18 basic signalization problems. 

Throughout the studies, the interchange external volumes shown in Figure 
2-1 were used and held constant. These volumes result in exterior volume-to
capacity ratios of about 0.8. Turning movement variations were allowed within 
the interior of the interchange such that frontage road U-turn volumes of 50 
and 150 vehicles per hour occurred. A U-turn volume in excess of 100 may be 
considered large (1£). Three interchange spacings were selected for study such 
that running travel times between the two intersections would be 6, 10 and 14 
seconds. This range of travel times includes most signalized diamond interchanges 
found in the United States (~). Relationships between spacing and travel time 
have previously been published (~, 1£). Lastly, cycle lengths of 60, 70 and 80 
seconds were analyzed. Five interchange phasing codes (1, lA, 2, 3.and 4) were 
analyzed for all possible offsets in one second increments. A minimum delay 
was then selected for each of the 18 problem sets. 
Minimum Delay Results 

Minimum delay results for the 50 vehicles per hour U-turn volume problems 
are presented in Table 2-5. Table 2-6 contains the minimum delay results for 
U-turn volumes of 150 vehicles per hour. Minimum interchange delays are shown 
together with minimum delays for phase codes 1 and lA. The minimum delay off
sets (not shown) for phase codes 1 and lA in all cases would provide signal 
phasings in the family of 11 four-phase with overlaps 11

• 

The minimum delay interchange phasing codes for all 18 signal problems 
studied are given in Table 2-7. The most important finding of this study is 
that every one of the possible interchange phasing codes produced a minimum 
delay solution in at least one of the 18 problems studied, as can be determined 
from Table 2-7. As the travel time increases (the distance between the inter
sections increases) from 6 to 14 seconds, the interchange phase code which 
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Travel 
Time, 
Seconds 

6 

6 

6 

10 

10 

10 

14 

14 

14 

TABLE 2-5. MINIMUM DELAY FOR INTERCHANGE AND PHASE 

CODES 1 and lA FOR 50 V.P.H. U-TURN VOLUME 

Cycle Minimum Interchange Delay, Sec./Veh. 
Length, Optimal* Phasing Code Phasing Code 
Seconds Phasing 1 lA 

60 20.85 21.89 23.95 

70 23.17 25.33 27.52 

80 25.68 27.85 31.03 . 

60 19.92 20.30 21.28 

70 22.92 23 .. 61 24.81 

80 25.95 26.93 28.31 

60 19.35 19.35 20.00 

70 22.05 22.22 23.07 

80 24.80 25.42 26.31 

See Table 2-7. 
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Travel 
Time, 
Seconds 

6 

6 

6 

10 

10 

10 

14 

14 

14 

TABLE 2-6. MINIMUM DELAY FOR INTERCHANGE AND PHASE 

CODES 1 and lA FOR 150 V.P.H. U-TURN VOLUME. 

Cycle Minimum Interchange Delay, Sec./Veh. 
Length, Optimal* Phasing Code Phasing Code 
Seconds Phasing 1 lA 

60 22.75 25.32 26.65 

70 25.02 28.87 29.97 

80 27.71 31.81 33.75 

60 23.93 23.54 24.10 

70 26.99 27.24 28.04 

. 80 28.72 30.85 31.94 

60 22.57 23.40 22.82 

70 26.28 26.28 26.28 

80 29.35 29.35 29.83 

See Table 2-7. 
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TABLE 2-7. MINIMUM DELAY PHASE CODES FOR 18 

INTERCHANGE SIGNALIZATION PROBLEMS 

Optimum Phase Codes 
Travel Cycle U-Turn U-Turn 
Time, Length, Volume, Volume 
Seconds Seconds 50 V.P.H. 150 V.P.H. 

6 60 2,3 2,3 

6 70 2,3 2,3 

6 80 2,3 2,3 

10 60 4 1 

10 70 4 2,3 

10 80 4 2,3 

14 60 1 4 

14 70 4 1,1A 

14 80 4 1 
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provides the minimum delay changes. 
Discussion of Results 

The varying opinions expressed by traffic engineers concerning the re
lative merits of different diamond interchange phasing schemes seems to have 
been justified, if the results of this study are as descriptive of the real 
world as we believe them to be. For example, four-phase can be better than 
three-phase in some cases; whereas. in other cases three-phase is better than 
four-phase. However, another phasing pattern may be better than either three
phase or four-phase. 

PASSER III removes the guesswork out of selecting the optimal minimum de
lay signal phasing pattern at a pretimed diamond interchange. A total of 6300 
interchange phasing options were analyzed to find the minimum delay phasing 
codes shown in Table 2-7 and their respective interchange phasing patterns. 
This analysis was done at a total computer cost of $25 on the local university 
computer system running on the lowest computer job priority level. A higher 
priority run (8 a.m. - 5 p.m.) would have cost only $100. The PASSER III 
program will automatically select the optimal solution if requested and output 
the resulting interchange phasing pattern. 

Some of the literature might be interpreted to suggest that four-phase 
with overlaps signalization has unusual advantages that other types do not have. 
It is true that four-phase with overlaps does have s.ome good features, e.g., 
arterial progression, but no diamond interchange signal phasing pattern has 
mystical powers, not even four-phase with overlaps. Four-phase with overlaps 
is simply a lead-lead phasing arrangement that is timed such that perfect 
progression results for the front of the two arterial thru movement platoons. 
As the intersection spacing and travel time increases, the green times on the 
external movements at both intersections must be increased to maintain the per
fect progression of the arterial thru movements. This increase will result in 
an obvious increase in external signal "capacity". Increasing the external 
green times is done at the expense (loss) of the green on the interior left 
turn phases. In the standard lead-lead phasing arrangement (code No. 1), greens 
are split at the two intersections in proportion to the volumes at each inter
section. Increasing the spacing does not change the green split. Progression 
may not be as good, however. As the previous results show, it is difficult to 
estimate what the net effects of these features will have on total average 
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interchange delay. 
Permissive Left Turns 

A number of states are using the protected left turn phase at signalized 
intersections (left turn arrow) followed (or led) by a permissive left turn 
phase (left turn legal on circular green if clear) in order to increase the 
capacity of high volume intersections. Texas is using the protected plus 
pennissive left turn phasing at many high volume diamond interchanges. This 
type of cant ro 1 effectively pro vi des some 1 eft turn capacity on the arteria 1 
thru phase, phase A in Figure 2-2. This type of signalization may completely 
change the preferred signal phasing patterns engineers are accustomed to and may 
also change the minimum delay interchange phasing patterns for a given signal
ization problem (Table 2-7). 

The PASSER III computer program has the capability of analyzing the pro
tected plus permissive phasing concept in either the leading or lagging phase 
sequence. The effects of opposing queues and traffic flow are considered. 
A mathemati ca 1 model of this process has been developed and validated by TTI 
from data collected in several Texas cities during 1974-75 (Jl). 

An example of the reduction in overall interchange delay that would occur 
if a pennissive left turn phase is added to phase A on both ramp (frontage road) 
intersections can be determined from Figure 2-11. In this case, an overall 
reduction in delay of approximately 2 seconds per vehicle (8% reduction) would 
re.sult. A much higher reduction in delay to the interior left turn vehicles, 
where the capacity is increased, occurs together with a reduction in maximum 
queue lengths. 
Summary of Delay Optimization 

The results of this study show that the optimal minimum delay, pretimed 
diamond interchange signal phasing pattern can be determined using PASSER III. 
While signalization guidelines and preferred signal phasing patterns are help
ful, their utility is limited and performance uncertain. A detailed analysis. 
of all pretimed signalization options can now be performed efficiently. 

Interchange Design Applications 

PASSER III can ·be used in several ways to assist in the evaluation of 
various signalized diamond interchange design alternatives. Basic design 
options such as: (l) nunter of exterior and interior approach lanes, (2) 
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separation distance between the intersections, and (3) storage length of the 
interior left turn bays can be evaluated under selected or optimal signalization 
patterns. PASSER III calculates several operational performance measures in

cluding: (1) a measure of overall interchange performance in terms of average 
delay per vehicle, (2) three individual movement measures of effectiveness 
(volume-to-signal capacity ratio, delay, and probability of clearing queues), 
and (3) ratios of maximum queue observed per cycle for each of the four 
interior movements (left turns and thrus) divided by their respective vehicular 
storage capacities as determined from the length of storage provided by the 
design. 
Number of Lanes 

Adding additional basic through lanes to the interchange might be 
considered if the operating conditions provided by the initial design were 
unsatisfactory. Similar considerations might be given to frontage road 
(ramp) approaches where basic frontage road capacity is deficient. Less ex
pensive options might be considered for selected high-volume turning movements 
such as the provision of exclusive left turn, right turn, or.U-turn lanes. 
The PASSER III program (£) defines a capacity for each of 18 traffic movements 
at the interchange in tenns of the effective nurrber of lanes of capacity pro
vided each movement. A value of 1.0 means that 1800 vehicles per hour of green 
time could use the signal serving the movement under consideration. 
Separation Distance 

The separation distance is the center-to-center distance between the 
two frontage road (ramp) intersections of the interchange. In general, this 
distance is primarily determined by the freeway design, the type of surface
street crossing selected (over crossing or under crossing), and right-of-way 
considerations. However, the separation distance also affects operational 
performance at the interchange and some variation in separation distance may 
be desirable and cost-effective. 

There are several situations where increasing the separation distance may 
be desirable. It is apparent that increasing the ramp-to-ramp separation 
distance would increase the storage space provided the four interior movements. 
This may be required or desirable, as will be discussed later. Increasing the 
separation distance may improve the quality of signal progression and/or 
capacity. A modest increase in spacing may result in a considerable improvement 
in the level of service at the interchange. However, it is possible that 
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reducing the separation distance slightly from some given spacing may improve 
pe rfo nnan ce. 

The separation distance affects the performance of signalization in part 
through the travel time required to start from one intersection after green 
is displayed and travel to the downstream intersection. Other factors affect
ing the required travel time include vehicle acceleration rate and roadway 
grade. Travel time data may be collected at local interchanges to determine 
these relationships. Data collected several years ago in Houston (ill are 
presented in Table 2-8 for illustration and reference. Using these data in 
Table 2-8 for reference, it can be seen that Table 2-5 was essentially an 
evaluation of three interchange design alternatives having intersection 
separation distances of 67 ,. 200 and 376 feet which provided travel times of 
6, 10 and 14 seconds, respectively. 
Interior Storage 

The amount of storage required for the two interior left turn and through 
movements depends on the movement volume, the traffic pattern, the green time 
available per cycle, the cycle length, the type of signalization used (See 
Tab 1 e 2-1.), and on the signa 1 offset between· the two intersections. An i 1-
lustration of the maximum queue occurring per cycle for two interior traffic 
movements as a function of offset was presented in Figure 2-7. PASSER III can 
provide printer plots similar to Figure 2-7 upon request (at the district 
terminals). However, ratios of maximum queue per cycle for the minimum inter
change delay (or maximum progression) signal phasing pattern are routinely pro
vided in the output data if the de 1 ay-offset routine is used. 

For example, assume that the minimum delay phasing pattern was Code No. 
1 with an offset of 10 seconds in Figure 2-7. The maximum left turn queue per 
cycle for the movement shown would be 4.0 vehicles. Assume the design provides 
storage capacity for 8 vehicles. The calculated storage ratio for this case 
would be 0.5 (4 in queue/8 spaces). Storage ratios should not exceed 0.8 with 
0.6 being a more desirable maximum. Storage capacity, S, is calculated from 

where 

L • p 
S = 25 (1 + T) (2-19) 

S = storage capacity of lane, vehicles 
L =length of available storage, feet 
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TABLE 2-8. INTERCHANGE INTERIOR TRAVEL TIME AND OVERLAP 
AS A FUNCTION OF SEPARATION DISTANCE 

Distance Travel Timea Overlapb 
(feet) (Seconds) (Seconds) 

67 6 4 

94 7 5 

125 8 6 

160 9 7 

200 10 8 

244 11 9 

288 12 10 

322 13 11 

376 14 12 

420 15 13 

a Travel time of through vehicle from stop line on exterior 
approach to interior stop line at downstream intersection. 
Calculated from T = 0.5 + (0.45 · d)O.S; 30 mph maximum 
speed. 

b Used primarily with ICODE = 5; four-phase overlap signal
ization. Provides a 2.0 second advance green. 
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P = decimal fraction of traffic in lane making maneuver. 

T = decimal fraction of trucks and buses in flow. 

If more than one lane is available for the movement (usually for the through 
movement)s the storage provided by each lane must be added together to determine 
the total storage capacity. It is possible for P (in Equation 2-19) to be 1.00 
for one lane and some other value (e.g.s 0.56) in an adjacent lane, particularly 
for through storage capacity when no left turn bay is provided. 

Various alternatives of interior geometries of a diamond interchange are 
presented schematically in Figure 2-12 which provide generally increasing 
storage capacities from the upper to lower figures. No attempt has been made 
to illustrate optional right turn or U-turn lanes. The upper figure illustrates 
a basic design with no left turn bays. Storage capacity for the interior left 
turn lane depends on the volume distribution on the inside lane. No protected 
storage is provided; potential for rear-end and side-swipe accidents is highs 
and signal capacity is reduced. Some improvement can be obtained if additional 
through lanes are provided between the two intersections. 

The second figure illustrates the provision of left turn bais by using 
some form of the S-type median design. Signal capacity and safety are increased 
considerably if the storage length is such that acceptable storage ratios result. 

A note of caution is offered with regard to either of the upper two design 
alternatives. Care should be exercised to insure that adequate turning paths 
are provided. for frontage road (ramp) traffic wishing to make a left turn into 
the interchange. The geometry of the center island channelization (and stop 
line) together with interior through lane widths should be such that Single
Unit (SU) vehicles turning two abreast can safely make the left turn maneuver. 
Unless this turn can be made easily, a high variation in lane volumes will 
occur on frontage road approaches resulting in a loss in capacity and an increase 
in interchange delay. For example, the interchange of I-35 with U.S. 290 in 
Austin does not provide sufficient turning paths for frontage road left turns. 
Left turns are made from two lanes. The second lane provides both left turns 
and frontage road through vehicles. Yet during five studies made on this 
approach, more vehicles turned left from the second frontage road approach lane 
than from the exclusive inside lane even though a large number of through 
frontage road vehicles were also using the second lane. 

Returning to Figure 2-12, the lower two designs provide increased storage 
for interior left turns. The lower figure also provides additional exterior 
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left-turn storage capacity. However, some potential for wrong-way turning onto 
the frontage road may exist on the exterior arterial approaches. 

Frontage Road Progression 

In order to improve the quality of traffic flow along continuous one-way 
frontage roads, the frontage road signal phases at the diamond interchanges may 
be coordinated to achieve progressive traffic flow. Progression can be readily 
obtained in one direction by manual analysis methods. 

Messer et al. (}i) have previously developed the theory for optimizing 
progression simultaneously on both frontage roads. This optimization theory 
has been incorporated into PASSER III and a user's manual has been written to 
assist the traffic engineer in using the program effectively (£). 

Assume four signalized diamond interchanges are connected by continuous, 
one-way frontage roads as illustrated in Figure 2-13. Also assume optimal 
progression is desired simultaneously on both frontage roads at a 60-second 
cycle length. Assume the distance between interchanges 1 through 4 (Figure 
2-13) are 1,200, 1,800, and 600 feet, respectively. All speeds on the frontage 
roads arbitrarily are assumed to be 40 feet per second (27 mph). 

The quality of frontage road progression depends on several variables. 
One of the more important variables is the type of diamond interchange signal 
pattern operating at each interchange. One pattern might result in good pro
gression; whereas, another pattern might provide no progression at all. It is 
apparent that the more patterns which PASSER III can consider, the better the 
progression would likely be. PASSER III, like PASSER II, can analyze_ up to 
four signal patterns at each interchange. 

Two methods are available in PASSER III to input the allowable signal 
patterns (£). One method is direct data entry. This method inputs the desired 
interchange phase code and offset (See Figure 2-4) to define each pattern 
permitted to be analyzed for progression. PASSER III VJill select a pattern. 
This pattern will be the one that maximizes the progression. When using this 
method, thoughtful consideration is required to define signal patterns that 
will: (1) promote good progression possibilities and (2) provide minimal inter
change delay at the same time, as described earlier in this chapter. 

The second method available in PASSER III for inputing allowable inter
change phasing patterns is to request PASSER III to determine the four best 
patterns based on total interchange delay using the delay-offset technique. 
This analysis and selection process is done automatically by the program and 
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requires a minimum of data input coding. Basically, it is only necessary to 
define which of the phase codes (Table 2-1) are to be evaluated by the delay

offset technique. Computer costs will increase as the number of options 
considered increases. 

Continuing with the example problem, assume that the first method described 

was used to input the allowable signal patterns to PASSER III. Only two phase 

patterns were permitted at each of the four interchanges: (1) ABC:ABC with a 7-
seco·nd offset and (2) ACB:ABC with 0 second offset. These are shown in Figure 

2-14. The frontage road progression green phases (phase B) are also emphasized. 
The optimum frontage road progression time-space diagram is presented in 

Figure 2-15. The blocks represent the location of the two progressive green 
phases (phase B) in time for each interchange. For this example problem, the 

ABC:ABC phas~ sequence with a 7 second offset was the optimal progression signal 
pattern only at interchange No. 3. The ACB:ABC sequence with a 0 second offset 
was selected by PASSER III at the other three interchanges. 

PASSER III outputs all timing information necessary for evaluation or 
implementation (2), including green times, offsets, level of service analysis, 

time-space diagrams, and phase interval timings. It should be noted that the 

delay-offset analysis of one or more interchanges can be analyzed without 
conducting a progression analysis; the converse is also true. 
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CHAPTER 3 

SIGNAL TRANSITION ANALYSIS 

Introduction 
An increasing number of traffic signal systems are being brought under 

computer control. Although the designs of these control systems vary in detail, 
nearly all can be described as a sequence of selected signal patterns. One of 
the primary advantages of computer control is the ability to change signal 
patte.rns in response to measured variations in traffic conditions. Associ a ted 
with each pattern change is a phase transition period wherein the signal settings 
transform from one pretimed pattern to the next. Operational experience has 
.shown that these transition periods can have disruptive effects on traffic flow. 
Types of Transitions 

In general, transition policies may be classified as (a) a smooth, staged 
transition that restricts the change in offset per cycle or {b) a procedure 
designed· to minimize delay (!_). The first is smooth from the viewpoint of the 
control system; such a pol icy is frequently used but few useful guidelines are 
available to aid in implementation which would avoid large delays. The second 
transition procedure is intuitively appealing and could well produce good results 
but the hi'gh level of technical complexity reduces its utility. The UTCS-2-GT 
and RAST algorithms are illustrative of these complex methods (l). The following 
transition models are presented to illustrate the two types of transition pro
cedures. 
Toronto Model (2) 

In the signal transition procedure in use in the Toronto system, the old 
timing pattern is transformed to the new pattern irrrnediately. The procedure 
involves the adjustment of both the major street and minor street green aspects, 
subject to a maximum allowable change, until the new offset pattern is achieved. 
The transition could take as long as three signal cycles, and the disruption 
to the traffic during the transition period may have a lasting effect on the 
signal system. This is, in fact, the major problem with the Toronto offset 
transition model, especially in cases where frequent control plan changes are 
made. 

For a given signal, the amount of offset adjustment necessary in the 
transition process is determined in the followi'ng·manner: 

1. The difference (D) between the existing and new offset numbers for 
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intersection i is calculated by the equation: 

0 = a. - b. + k.C 
1 1 1 n 

subject to the following constraint: 

where a. = old offset· for intersection i with respect to the 
1 

b. = 
1 

c = n 

new cycle 
new offset 
new cycle length 

ki = an integer chosen to maintain the periodicity condition 
2. The clock difference (P) between the existing and new cycle lengths 

expressed as 

P = L - M 

subject to the following constraint: - C < P < C n n 

where L = existing cycle length clock time 
M = new cycle length clock time 

en = new cycle length 
3. The offset adjustment (E) for intersection i is then given by: 

E. = D - P 
1 

c en 
subject to the following constraint: - -; < Ei < 2 

P.M.M. Model (3) 
Another offset transition method, developed for computerized traffic 

control systems by Peat, Marwick and Mitchell, is based on the fact that off
sets are always maintained with irespect to a master reference point, and a 
constant can always be added to a set of offsets without changing the offset 
relationship between signals. In changing from one set of offsets to another, 
there is an optimum value of this constant which when added to each of the new 
offsets will minimize the ·average length of time for signal transition. An 
optimum value of the offset transition constant can be found by minimizing the 
sum of the squares of the individual transition times. This places an extra 
penalty on the longer transition times. The function to be minimized is given 
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by: 

N 2 
Y = E (a. - b. - X + k.C) 

• . 1 1 1 
1=1 

where Y = sum of the squares of the individual offset adjustments 

a. = old offset for intersection i wi.th respect to the new cycle 1 

length 

b. = new offset for intersection i 1 

C = new cycle 1 ength 

ki = integer chosen to maintain the periodicity condition 

X = the offset transition parameter which is to be found subject to 
the following constraint: 

c c - .,.. < a. - b. - X + k.C < ?r 
c. 1 1 1 c. 

N = number of signals in the network 

Transition Simulation Analysis_ 

The scope of this research effort was directed toward evaluating the 

effects on delay caused by two basi c. types; of "smoothed" transition procedures: 

(1) red time added to the affected phase (usually the cross street has the red 

time added to it while the main street has the same amount of green time added) 

while the new prog.ression offset is being established and (2) green time sub

tracted from the affected phase (short-way offset implementation; could be on 

main or cross street). In either case, vehicular delay is increased on' the 

affected phase. The Toronto mode 1 assumes this offset adjustment (Ei) can range 

from- ~ to+~. The following study results will show that significant 

differences in delay do occur and that the above allowable range could be 

improved. A previously developed signalized intersection simulation program (1) 
was used to study the effects of various transitions on delay. The follotv1ing 
study variables were considered: 

Type of Number of Signal Saturation 
Transition Transition Cycles Ratios, qC/ gs 

Add l 0.4 

Subtract 2 0.6 

4 0.8 
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The results of these simulation studies of delay experienced with varying per
centages of the cycle used to achieve the offset shift are presented in Figures 
3-1, 2 and 3. An add offset adjustment (E

3
) is equal to the percent offset 

shift multiplied by the cycle length; 0 ~ Ea < C. A subtract offset adjustment 

(Es) is equal to C - Ea. 
The results of the simulation study and previous research were studied and 

evaluated. From these sources, the following operational guidelines for imple
menting offset transitions were developed. 
Offset Transition Guidelines 

1. The range of add offset adjustments, E , probably should not exceed 70% a 
of the cycle length, if possible. Subtract offset adjustments, Es' 
probably should not exceed 30% of the cycle length. It is usually 
better to lengthen the cycle length to achieve the desired new offset 
rather than shorten it for both vehicular and pedestrian reasons. Short 
phase green times may result if the subtraction method (shorter cycle) 
is used. Minimum phase green times should not be violated due to the 
transition process. 

2. Using more than one cycle of transition time to produce the new offset 
should be considered in the following cases: (a) anytime the subtraction 
method is used, particularly if the minimum green time would otherwise 
be violated; (b) where the addition method migh.t result in an excessively 
long queue forming on an approach and overflow into an upstream signal
ized intersection if only one cycle of transition were used; (c) where 
experience indicates that more than one transition cycle is beneficial. 

The simulation results show that some reduction in delay occurs 
at an (isolated) intersection if green time and/or cycle length adjust
ments are smoothed out. It is rational to propose that the add offset 
adjustment should not exceed 25% C per cycle, and that the subtract off
set adjustment should not exceed 10% C per cycle. Thus, the maximum 
transition period would not exceed three cycles if the 11 Short-way" 
guideline, guideline No. 1, were followed. If the all-add method were 
used, the transition period might last four cycles. 

However, other factors should also be considered. The longer the 
transition period, the longer operational conditions along the arterial 
are changing and disturbed. More cycles of control are floating and 
unstable with the quality of progressive flow provided being unknown. 
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It does not necessarily follow that more transition cycles mean less 
total disturbance to traffic using the arterial. 

3. When possible, offset adjustments (either add or subtract) should 
be implemented on the street which has the critical (maximum) volume
to-signal capacity ratio (qC/gs). In addition, add offset adjustments 
(Ea) should be added to the through movement green phase, whereas 
subtract offset adjustments (Es) should be subtracted from the red 
time of the signal. The critical street may be selected, to a high 
degree of accuracy, as being the street with the highest volume per 
lane. The main street usually would be the street selected. This 
guideline requires that volume data be available regarding current 
traffic flow conditions at the intersection. 

These same basic guidelines may be considered to apply at signalized diamond 
interchanges. Several years of computer control of diamond interchanges in 
Dallas by TTl personnel indicate that motorists are much more adaptable and 
responsive to changes in signal patterns than they v1ere intially thought to be. 
Project personnel are not aware of any traffic accidents that might have been 
related to signal pattern transitions. Care should be taken, however, to avoid 
skipping a green phase during high volume conditions as motorists may think the 
controller has failed and be tempted perhaps to run a red traffic signal. 
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Introduction 

CHAPTER 4 

TECHNIQUES FOR PREDICTING TRAVEL TIMES 
IN THE URBAN FREEWAY CORRIDOR 

Freeway ramp control systems have proved their.effectiveness in re
lieving freeway congestion when operations are free of incidents. Incident 
conditions, however, are a frequently occurring phenomenon on urban freeways. 
Goolsby found that, within a 6-mile section on the Gulf Freeway in Houston 
(l), more than 13 lane-blocking incidents occur on the average during the 
time period of 6 a.m. to 7 p.m. from t·1onday through Friday. Stalled vehicles 
and accidents were the contributing causes of 97 percent of the incidents 
observed. Approximately 80 percent of the incidents reduced the capacity 
of the freeway in one direction by about one-half or more. Table 4-1 presents 
the incident characteristics observed on the Gulf Freeway and Table 4-2 provides 
observed incident capacities. 

Freeway operational improvements have been implemented or proposed to 
improve the level of service during incidents. Several of these systems 
have consisted of some form of variable-message signs (£-~}. One of the 
chief operational objectives of these signs is to increase the effective 
capacity of the freeway corridor during incidents on the freeway by achieving 
a higher utilization of the adjacent frontage road and surface street system. 
Driver preference questionnaire studies indicate that drivers will divert 
around congestion if accurate, reliable, and timely traffic information is 
provided tc them. This diversion could occur from the freeway, at the frontage 
roads, or at major intersections locz+e~ within the freeway corridor (?_). 

One measure of the likelihood anddesirabilit.~: ,..f diversion is the travel 
time sav~ing that may occur to motorists if they are a·iverted (?_; .?.) • This 
evaluation requires an estimate of the travel times along the freeway and 
along the alternate route during the incident conditions. 

Variable Input-Output Freeway Travel Time Model 

This section presents a method for predictirt.g a motorist's travel time 
from selected freeway locations to the end of the freeway system during incident 
conditions. It is predictive in that it computes an estimate of what a motorist's 
travel time would be at some future time after the incident has occurred. 
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Lane 
Blocked 

One Lane 
Outside 
Center 
t1edi an 

Two Lanes 

Three Lanes 

Ramps 

Other 

Total 

TABLE 4-1. CHARACTERISTICS OF LANE BLOC 
STALLED VEHICLES AND ACCIDEN 

Stalls 
Number 

432 
231 
299 

8 

0 

134 

13 

1117 

Percent 

86.2 

0.7 

0.0 

12.0 

1 . 1 

100.0 

Numbe 

244 
204 
284 

111 

22 

238 

51 

1154 

KAGE BY 
TS ON GULF FREEWAY 

Accidents 
r Percent 

63.5 

9.6 

1. 9 

20.6 

4.4 

100.0 

TABLE 4-2. CAPACITY OF INBOUND GULF FR 
DURING DIFFERENT INCIDENT C 

EEWAY 
ONDITIONS (l) 

Number Sample Average 
of Size Flow Rate 

Condition Incidents (No. Min.) (Veh/Hr) 

Nonnal Flow 312 5560 

Stall (one lane 
blocked) 4 43 2880 

Non-Injury Acci-
dent (one lane 
blocked) 17 167 2750 

Accident (two 
lanes blocked) 6 53 1150 

Accident on 
Shaul der 23 254 4030 
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Members of the research team have previously developed a freeway travel 
time prediction model during freeway incident conditions (~). This model 
and related operational computer program (lQ) are rather complicated yet solve 
only a limited case solution: that of a freeway section having uniform input 
flow and only one reduced capacity incident output flow rate. A more 
practical solution approach was needed in addition to one that would analyze 
variable input and output flow rates. 
Example Problem 

The approach is best illustrated using a typical example problem. 
Suppose travel time and delay estimates are desired along a 4.4-mile inbound 
section of a 4-lane urban freeway in Texas. A "typical" incident is assumed 
to have occurred 3.0 miles downstream at 8 a.m. Normal operating speeds 
along the section are assumed to average 30 miles per hour at 8 a.m. The 
incident is assumed to block one of the two inbound lanes; the result is a 
reduction in maximum possible (capacity) freeway flow at the scene of the 
incident from a normal capacity flow of 4000 vehicles per hour (VPH) to 
1500 VPH during the duration of the incident. The normal 15-minute flow rates 
(expressed in equivalent hourly volumes) on the freeway at (near) the scene 
of the incident from 6:00 a.m. to 9:00 a.m. are depicted at the top of Figure 
4-1. These "variable input" demand volume counts starting at 8 a.m. will 
serve as a data source to the variable input-output travel time model. 
Approach 

The basic approach selected was to mathematically model estimated de
mand-capacity (input-output) queueing functions as suggested by Wattleworth 
et al. ()J). Tr" delay incurred by a motorist {0 (t)J is the difference 
between the cumulative input {l">I (t)} a.1d t:umula'tive output {E 0 (t*)} 
functions, as illustrated in the lower a.Jwing or rigure 4-1. Mathematical 
programming techniques were used to develop polynomial equations for the 
variable input and output functions based on estimates of input volume demand~ 
as determined from traffic counts, and incident blockage characteristics. 
Cumulative Input 

Using the input demand volumes presented at the top of Figure 4-1, 
cumulative data points are calculated starting at 8:00 a.m. for subsequent 
15.minute periods until 9:00 a.m. as presented in Table 4-3. 
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TABLE 4-3. CUMULATIVE INPUT DATA FOR EXAMPLE PROBLEM 

Time Since 
Ending Time, t Incident Occurred 15 Minute Normal I(t), Cumulative 

A.M. Min., (hrs.) Vehicle Count Number of Vehicles 
8:00 0 (0.0000) 955 0 
8:15 15 (0.2500) 935 935 
8:30 30 (0.5000) 905 1840 
8:45 45 (0.7500) 870 2710 
9:00 60 {1.0000) 820 3530 

Five data points of cumulative input as a function of time in hours of 
the form {(t1,o), (t2, I(t2)), {t3, I{t3)), {t4, I(t4)), (t5, I(t5))} would be 
selected to calculate a polynomial equation for I(t) using Lagrange•s inter
polation formula {23). Time increments do not have to be uniform, although 
they may be. The resulting continuous function for I{t) would be: 

{4-1) 

where: 

I{t) = cumulative input function, in vehicles, as a function of time, t, 
in hours. 

a1 = calculated polynomial coefficients. 

Cumulative Output 

The same procedure is used to develop a cumulative output function for 
any continuous variable output function that may result due to the occurrence 
of an incident. Typical data are presented in Table 4-4. The variable 
cumulative output function would be of the form: 

where: 
O(t) = cumulative output function, in vehicles, as a function of time, 

t, in hours. 
ci = calculated polynomial coefficients. 
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TABLE 4-4. CU~1ULATIVE OUTPUT FOR 4-LANE AND 6-LANE FREEWAYS. 

Time Since Incident 4-lane * 6-lane 
Occurred, t Freeway Freeway 
min. (hrs.) O(t , vehicles 0 t , vehicles 

0.0 (0.0000) 0 0 

10.0 (0.1667) 318 580 

20.0 (0.3333) 830 1367 

30.0 (0.5000) 1435 2244 

40.0 (0.6667) 2083 3186 

* Used in example problem. See Figure 4-1. 
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The difficult problem is in accurately estimating the cumulative output 
function O(t), particularly for freeway incidents. Controlled incidents 
caused by lane blockages due to freeway maintenance operations (}l) would be 
easier to estimate. The cumulative output function, O{t), is calculated 
from the expected output flow, E {o{t)}. Since the cumulative output function 
is the cumulative sum of vehicles flowing past the incident site as a function 
of time (t), then: 

{4-3) 

Since the duration of the usual freeway incident (accident, stall, etc.) 
is not known beforehand, estimates of its expected effect on output flow 
can be determined from expected values based on probability theory (1!) and 
typical incident duration characteristics. The expected flow past the in
cident location as a function of time (t) after the incident begins may be 
calculated from: 

E{o(t)l = P(d ~ t) • en + P(d > t) • ci (4-4) 
E{o(t)} = expected or average output flow past incident location at time 

t after incident begins, vehicles per hour. 
P(d ~ t) =percent of incidents having duration less than timet, decimal. 
P(d > t) = percent of incidents having duration greater than timet, decimal. 

en= normal, short-term, freeway capacity, vehicles per hour. 
C. = average capacity of freeway during incident, vehicles per hour. 1 

Many factors affect the period of time an incident may block the free
way, including the type and location of incident. In Houston, approximately 
45 percent of incidents were stalled vehicles and 45 percent were single-
lane blockage accidents (~). Both of these types of incidents had similar 
incident capacities and durations of blockages. Durations of incidents were 
also studied in Dallas for 4-lane and 6-lane sections of the North Central 
Expressway (~). As shown in Figure 4-2, 40.5 percent of all incidents on the 
4-lane section lasted 10 minutes or less while 43.3 percent of all incidents 
on the 6-lane section (Figure 4-3) had a duration of 10 minutes or less. 
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The average capacity of a freeway incident (Ci) depends on the type of 
incident to some degree, but more on the number of lanes blocked. Approxi
mately 90 percent of all incidents on the 6-lane Gulf Freeway in Houston 
(~) blocked one lane. The average flow through the incident section~ Ci~ 
was about 2800 vehicles per hour~ which is the value assumed for 6-lane 
freeways. A one lane blockage on a 4-lane freeway reduces the incident 
capacity, C., to about 1500 vehicles per hour (16). 

1 -

The normal capacity of a freeway (Cn) can be estimated using well known 
procedures (Jl.) or it may be measured from surveillance techniques. However, 
the short-term (i.e., 5 to 15 minute) capacity flow rate should be used rather 
than an hourly flow rate. Normal, short-term capacity flow values for en of 
4000 and 6000 vehicles per hour were assumed for 4-lane and 6-lane freeway 
sections. 

Substituting the data of Figures 4-2 and 4-3, the capacity values 
previously described for E {o(t)} in Equation 4-4, and solving Equation 4-4, 
yields the cumulative vehicle output results presented in Table 4-4. These 
results may be used as typical output data for the variable input-output 
travel time program if no other typical incident output flow data are 
available. 
Travel Time 

Assume the travel time of a vehicle is to be calculated for any time, 
t, after the start of the incident at 8:00 a.m. As illustrated in Figure 
4-4, assume the vehicle enters from an entrance ramp 0.5 miles downstream, 
travels through the scene of the incident, and continues to the end of the 
freeway section. Input and output volumes are as previously described. 

The normal freeway travel time to the location of the incident would 
be 

(4-5) 

where: 

ttn = normal freeway travel time to location of incident, in hours. 
D = freeway travel distance, in miles. 
un(t) = normal average speed for freeway over D at time, t = t

0
• 
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Figure 4-4. Freeway Section where Travel Times are to be Predicted.· 
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Referring to the lower illustration in Figure 4-1, the cumulative in
put function must be evaluated at time t=t

0 
+ ttn, using Equation 4-1 as 

I(t
0 

+ ttn). Since the delay this vehicle will experience is D(t
0 

+ tt
0

) 

(See Figure 4-1.), it is necessary to determine the time, t=y, when the 
cumulative output function O(t = y) will equal I(t

0 
+ ttn). The solution 

to this problem (solving the 4th order polynomial for time t = y given 
O(t = y) is accomplished using the Newton-Raphson solution technique (!l). 

from 

where: 

The predicted travel time through the freeway section is calculated 

TT(x,t) = + D (t + tt ) 
o n (4-6) 

TT(x,t) = predicted travel time in hours for vehicle at position 
x, in miles downstream, at time t = t

0
, in hours after 

incident occurred. 
L = length of freeway section, in miles. 
X-= milepost of vehicle entry, in miles. 

un(t) = normal average travel speed over section, L-X, at time 
t, in miles per hour. (Assumed to be 30_ m.p.h.) 

D(t0 + ttn) = predicted delay to vehicle, in hours, = y-(t
0 

+ ttn) 

Travel Time Estimation 

The results of the model are presented in Figure 4-5 for the example 
problem. The delay and travel times are those that a motorist entering 
the freeway system 0.5 miles downstream is predicted by the model to 
experience if he entered the freeway at the time shown. These results 
can be predicted as soon as the location and time of the incident are known. 
The model can predict up to seven entry locations at the same time. 

Simulated Vehicle Travel Time Model 

The theoretical variable input-output travel time model previously 
described can be used to predict future travel times along an urban freeway. 
For the operating freeway surveillance and control systems capable of measuring 
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traffic speeds along the freeway, an efficient method is needed to automatically 
collect "real-time" freeway travel time data without having to maintain and 
conduct an elaborate systems input-output data collection program (~). In 
addition, it would be very useful to the freeway operating agencies to be 
able to test, evaluate and calibrate any freeway travel time prediction model 
(~, ~' 20) that the operating agency may elect to use, including the variable 
input-output model previously described. 

An efficient freeway travel time model was developed, programmed and 
implemented on U.S. 75 (North Central Expressway) in Dallas as part of this 
study. The North Central Expressway computer surveillance and control system 
is capable of collecting traffic speed data from freeway detectors approximately 
every one-half mile along the freeway. 

Imaginary Vehicle Model. 
Using the speed detectors located in the outside lane, and using the re

lationship for time given speed and distance, the model projects an 11 imaginary" 
vehicle down· the freeway. This "vehicle" can be started down the freeway at 
any point in time. The available speed data are used in predicting a travel 

time from one station to the next. A step by step example of how this program 
works is perhaps the most effective explanation of it. 

Suppose travel time data is desired for the freeway during incident 
conditions starting at 8:00 a.m. The program will use the speed (u) at speed 
station #1 at 8:00 a.m. and the distance (d) between station #1 and station 
#2, and using the equation 

t = ~ (4-7) 

will predict the time (t) it takes to get to speed station #2. The program 
will take this predicted arrival time and use the speed at speed station #2 
at the predicted arri va 1 time and t_hen project an arri va 1 time to speed 
station #3. This procedure is repeated to the end of the freeway section and 
the travel times between.stations are summed. This sum is the time that it 
would take an average vehicle to travel the freeway section under consideration. 

The speed values used should be the average speed of the traffic stream 
for the past minute or so and not the speed of an individual vehicle. In 
Dallas, exponential smoothing is used to obtain average speeds. It would be 
desirable if the average speed value at a speed station also represented 
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the average speed across all freeway lanes. It may not be practical or 
necessary to have a speed detector in every lane. Study results in Dallas 
using only one lane speed detection in the outside lane (probably the least 
desired condition) provided good correlation between actual measured vehicle 
travel times and model results. 

This travel time model has proven to be very representative of the 
travel times a motorist experiences on the freeway. Actual travel times were 
measured on the North Central Expressway to determine the accuracy of this 
program. The freeway was driven by project staff in a standard auto and 
travel time measured using a stop watch. Table 4-5 shows the measured and 
calculated travel times and the percent difference between the two. It is to 
be noted that the freeway detector system was calibrated prior to the travel 
time study. These travel times include travel made over four-lane and six-
lane freeway sections. Most runs were made over the outside lane. Insufficient 
travel time data were collected to reliably measure travel time in the-median 

or middle lanes. It is speculated that the middle freeway lane is more re
presentative of average freeway conditions. Staff observations made during 
the Dallas travel time study suggests that travel time differences of no more 
than 1 minute occurred between the median and outside freeway lanes over the 
ten mile section studied during both peak and off-peak conditions. 

Travel time along a freeway varies with volume and congestion conditions 
as shown for a 4.3 mile section of outbound North Central Expressway in 
Figure 4-6. As expected, travel time increased as volumes increased until 
demand exceeded capacity. At this point, volumes decreased and travel time 
continued to increase with the freeway breakdown. If a motorist were traveling 
30 mph (capacity flow) on this section, the travel time would be 520 seconds. 
Travel times exceeding 520 sec. in Figure 4-6 are due to a freeway breakdown 
and are not caused by an incident. As the volumes decreased, the travel 
times decreased; but when the vehicles began to progress smoothly at the 30 
mph point, the volumes began to increase again and approach the freeway capacity. 
Effects of Rain on Freeway Travel Time 

The effects of rain on freeway operations has typically been discussed 
in terms of headways, speeds, and volumes. Research conducted by the Texas 
Transportation Institute has found that as rain intensity increases the head
ways on the freeways increase (~). This research has also found that motorists 
tend to reduce their speeds as rain intensity increases because of reduced 
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TABLE 4-5. U.S. 75 TRAVEL TIME CALIBRATION STUDIES 

Measured Calculated 
Date Study No. Time Direction Travel Time Travel Time % Difference 

5/10 1 4:07pm 08 14:25 13:59 -3.01% 

5/10 2 4:25pm 18 13:24 13:43 +2.36% 

5/10 3 4:41pm 08 24:00 22:33 -6.04% 

4* 5:18pm 18 

5/10 5 5:30pm 08 26:49 26:26 -1. 43%" 

5/11 6 7:35am 18 18:53 18:23 -2.65% 

5/11 7 7:57am 08 12: 17 12:40 +1.81% 

5/11 8 8:13am 18 14:02 14:38 +4.28% 

* Study discontinued because of stalled vehicle. 
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visibility. This reduction in speed and increase in headways result in an 
increase in travel time along the freeway. 

Travel time data were collected~along North Central Expressway using the 

simulated vehicle program and are shown in comparison to normal condition 
travel times in Figure 4-7. The results show a dramatic increase in travel 
time along this section on the day of the rain. Note that the travel times 
decreased between 3:00p.m. and 3:50p.m., when the rain stopped, but again 
increased when the rain resumed. The usual peak period congestion was am
plified by the rain on the freeway. 
Summary 

A simulated vehicle travel time model was developed in the research to 
provide a quick and accurate means of collecting travel time data without the 
need of actually driving on the freeway. This program was developed for use 
on the North Centra 1 Expressway, but could be applied to any freeway which 
has some type of computer control system. The program listing is presented 
in the Appendix. 

Introduction 

A Study of 
Frontage Road Travel Times 
on North Central Expressway 

In order to calibrate and confirm results of the PASSER III - Frontage 
Road Level of Service Program studies were made along the frontage road of 
U.S. 75 (North Central Expressway) from Mockingbird Lane to Caruth. This 
section includes four signalized diaw~nd interchunges with studies being 
made for both the inbound and the outbound direction. Studies did not 
include the Mockingbird interchange and the Caruth interchange, but included 
all the interchanges between those two. 

With the results of these studies, conclusions were made as to a method 
of developing a means to predict travel times along an alternate route such 
as a frontage road or city street when an incident occurs on a freeway main 
lane. Insight into the factors which cause delay and increase travel time 
was obtained from the data and implemented into the PASSER III program. 

Similar studies were conducted on the frontage roads of I-10 (Katy Free
way) in Houston and I-35E (Stemmons Freeway) in Dallas. These studies were 
not as intense as those made on North Central Expressway, but did provide 
insight into the characteristics of delay at the signalized intersection. 
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The results of these studies will be incorporated in this report, but, the 
procedure will not be discussed as it parallels closely the travel time studies 
conducted on North Central Expressway. 
Methods of Research 

The studies were conducted in a TTl vehicle, located at the Dallas office, 
from 7:30 a.m. to 10:15 a.m. Two researchers drove the frontage road section 
and recorded the delay and travel time data. Each study was started from a 
known point before arriving at the first signalized diamond interchange. 
Cumulative travel times were recorded with a stop. watch::b"etween intersection 
centerlines to a known point beyond the last interchange. 

The delay encountered at each signalized interchange was recorded by the 
driver. It can be shown that delay occurs whenever the speed drops below one 
half the running speed. Typically the running speed was 35 mph which is the 
speed limit. However, the driver tried to drive with the flow of traffic, 
and during light traffic conditions this speed was about 40 mph. As the driver 
approached the signalized interchanges he recorded the time the speed was be
low 17 mph. This time was then recorded on the data sheet next to the 
cumulative travel time for that particular. intetsection: Delay was recorded 
for each intersection and was not recorded as a cumulative time. 

The final recorded value was the estimate of the traffic conditions. 
This was recorded at the end of each run, and was evaluated in terms of 
light, moderate, heavy, and incident traffic conditions. 

A total of 60 runs were made on North Central Expressway with 20 
runs made in a similar manner on Katy Freeway. These studies were started 
before the peak period and were continued until peak traffic cleared. Stemmons 
Freeway studies were done only during the peak hour. 

The diamond interchange signals on North Central Expressway were all 
of the interconnected, traffic responsive fixed sequence type and progression 
was provided along the study section. The interchanges on West Katy and Stemmons 
were fully actuated with no progression provided. 
Results 

In order to effectively evaluate these data, several different factors 
were evaluated for each traffic condition {light, moderate, heavy, and incident) 
in both directions of travel. These factors were: (1) number of runs, {2) 
average travel time, {3) number of stops per run., (4) stops per mile, {5) stops 
per intersection, {6) average delay time {7) average delay per intersection, 
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(8) average delay per stop, (9) average delay per mile, {10) average travel 

time per mile, (11) delay per mile divided by travel time per mile, (12) 

running travel time per mile divided by travel time per mile, (13) delay per 
mile minus travel time per mile. 

As expected each of these factors worsened as traffic conditions along 

the frontage road worsened, except for delay per mile minus travel time per 

mile. Figure 4-8 shows four of the different factors plotted with traffic 

conditions versus time and delay per mile minus travel time per mile plotted as 

a straight line. This difference yields the running speed between intersections, 

and it can be seen that it remains relatively constant for all traffic conditions .. 

The fact that the running speed between signals remains constant with varying; 

traffic conditions would indicate that the travel time along the frontage road 

is a function of the delay at the signalized interchanges. The delay at the 

signal is a function of volumes and types of signalization with the latter being 

more important. With actuated equipment 1 ike that on Katy and Stemmons, large 

delays (i.e. greater than 2 minutes) were encountered; whereas, on North Central 

delay was about 50 seconds during similar volume conditions. 

Progression along the frontage road reduced frontage road travel time 

considerably as can be determined from Table 4-6. During moderate traffic 

conditions, the average delay experienced per vehicle per intersection was 19.33 

seconds along North Central Expressway and 43.87 along Katy Freeway. During 

heavy (peak hour) traffic, the average delays experienced were 31 . 03 (North 

Central}, 52.24 (Katy) and 78.01 (Stemmons). The running speed travel time per 

mile divided by the travel time per mile is a type of efficiency ratio. This 

is the time it would take to travel a mile at 35 mph divided by the actual 

average time it took to travel one mile of the study section. As this ratio 

approaches 1.00 the frontage road comes closer to providing the motorist with 

a travel time with no delay incurred. During moderate traffic, this ratio is 

0.86 for North Central and 0.57 for Katy. During heavy traffic, this ratio was 

0.72 (North Central), 0.50 (Katy) and 0.39 (Stemmons). Note that, in reality 

the frontage road operating speed during heavy traffic along North Central 

is 25.2 mph (0.72 x 35), 17.5 mph (0.50 x 35) along Katy, and 13.7 mph (0.39 x 

35) along Stemmons. North Central progressive control provided better frontage 

road operations in all cases. 

Conclusions 

Travel time along frontage roads can be expressed in terms of four variables: 
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TABLE 4-6. COMPARISONS OF FRONTAGE ROAD OPERATIONAL MEASURES 
ALONG NORTH CENTRAL EXPRESSWAY, WEST KATY FREEWAY 
AND STEMMONS FREEWAY 

Operati anal North Central a Katyb 
Measures Expressway Freeway 

Moderate Traffic Conditions 

Stops/intersection 0.72 0.87 
De 1 ay/intersection 19.33 43.87 
Delay/mile 37.98 80.27 
Travel Time/mile 121.02 181.68 
35 mEh T.T./mile 0.86 0.57 
Trave 1 Time/mi 1 e 

Heav~ Traffic Conditions 
' 

Stops/intersection 0.87 0.;93 
Delay/intersection 31 .03 52.24 
Delay/mile 61.05 100.90 
Travel Time/mile 146.32 211 .16 
35 mEh T. T. /mi 1 e 0.72 0.50 
Travel Time/mile 

a Interconnected fixed sequence 

b Isolated full-actuated 
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time of day, type of signalization, freeway operating condition, and speed 
limit; with these variables known, traffic engineers could estimate travel time 
along a frontage road after some local data had been collected. 

Research shows that frontage road travel time was lower where progression 
was provided through the signalized diamond interchanges. PASSER III estimates 
an average travel time along a frontage road where progression is provided. 
It does this by calculating the travel time between interchanges from a given 
running speed between each interchange and adding a calculated average delay 
for each intersection to get the travel time along the section. It should be 
noted that the running speed between interchanges could be affected by the number 
of lanes, parking, high volume exit ramps, and queues at entrance ramps where 
ramp metering is used. 

Perhaps the most important aspect of this research was determining the 
effect that different typ.es of signalization at interchanges have on travel time. 
It was found that some type of fixed-time or computer controlled configuration 
providing- progression is more efficient than actuated control on a frontage road 
system. Excessive delays will be incurred at actuated signals where moderate 
or high cross street volumes exist. 
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Introduction 

CHAPTER 5 

FRONTAGE ROAD RAMP TO 
CROSS-STREET DISTANCE REQUIREMENTS 

IN URBAN FREEWAY DESIGN 

The modern urban freeway was conceived and constructed to move large 
numbers of persons and goods safely and efficiently over considerable distances. 
The basic design objective was to provide a high level of servic·e in an eco
nomical manner. One of the consequences of this design objective was that 
relatively long spacings of freeway ramps and interchanges have been selected 
to the extent possible to minimize the effects of weaving on the freeway flow. 
Apparently, little attention has been given to the resulting negative effects 
on the connecting ramps and frontage roads (l, £). Neither AASHTO (l) nor Leisch 
(2) discuss this separation requirement between the intersection and ramps in any 
great detail. The traffic engineer currently has a minimum of design criteria 
or procedures available to use in objectively selecting a desirable ramp to 
cross-street separation distance. Some designers have used rule-of-thumb pro
cedures such as 500 feet for exit ramps and 750 feet for entrance ramps. 

Significant operational problems have been observed on urban freeway ramps 
and frontage roads near diamond interchanges, especially in cases where ramp 
metering systems are in operation. In most cases, operational problems on 
connecting exit and ehtrance ramps are directly related to insufficient 
ramp-crossroad space. These problems are of three different types: 

a. Interchange signal queues blocking merge areas of exit ramps and the 
frontage road (Fig. 5-l ) 

b. Interchange signal queues backing onto the freeway main lanes 
c. Ramp metering queues backing into the.cross-street intersection 

(Fig. 5-2) 

Freeway exit ramp location and design should be capable of storing enough 
vehicles to prevent the "s pi 11 back 11 of the ramp vehicles onto the freeway. The 
dangerous condition of spillback should not be tolerated as a recurring event 
and may occur only as a result of unusual circumstances. Entrance ramp location 
and design should have sufficient length to minimize queue spillback into the 
adjacent cross-street intersection due to ramp metering. The installation of 
ramp metering is a str.ong possibility on many urban freeways, even on newly 
constructed facilities, and its requirements should be considered in the freeway 
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Figure 5-l. Exit Ramp Blockage Caused By Interchange Queues 

Figure 5-2. Intersection Blockage Caused By Entrance Ramp Queues 
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design process. 
Study Objective 

The objective of this study was to investigate the location of entrance 
(lnd exit ramps with regard to their effects on the operation along the frontage 
road approaches to an interchange and to develop criteria to determine the 
appropriate distance to space ramps from interchanges. This chapter will identify 
the different components which determine ramp distance requirements and incor
porate them into analytic exit and entrance ramp models. The chapter will also 
provide information on various field studies conducted on freeways throughout 
Texas. Finally, design crit~ria and recommendations based on the data collected 
through this research will be presented. 

Exit Ramp Spacing 

Exit Ramp Mode 1 

The approach used for determining the storage 1 ength needed to prevent 
blockage of the ramp merge area considers three storage length components. 
The geometric configuration sho\'m in Figure 5-3 gives the three traffic oper
ational components used to compute the exit ramp-to-interchange spacing. 
These three components: weaving, stopping, and queueing distances, will be 
discussed in the paragraphs to follow, and perhaps it would be best to develop 
the length from the exit ramp to the signalized intersection of the interchange. 

The weaving distance needed to perform the weaving maneuver is the first 
distance which is to be provided. The basic weaving model presented in the 
Highway Capacity Manual is used (1). Table 5-l presents the required weaving 
distances for three levels of weaving "quality of flow" (3) based on urban and 
suburban arterial operational criteria. Total weaving volume must be estimated 
from exit ramp and frontage road volumes and their respective turning movements 
at the interchange. It was felt desirable that no braking should be required 
to occur during this weaving movement. The motorist should not be required to 
perfonn but one basic driving task at a time. Therefore, this movement should 
be completed before the motorist brakes to a stop. 

The next component of the assumed driving maneuvers is the safe stopping 
distance. This length can be readily found using the equation: 

SSD = 1.47 V • T + V
2 

30 . f 
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TABLE 5-l. WEAVING LENGTHS FOR VARIABLE WEAVING VOLUMES 
AND DESIGN LEVELS 

Design Levels 
1 2 3 

Tota 1 Weaving a Quality of Flow 
Volume III-IV IV v 
(epcph) (A-B)b ( c-n)b (E)b 

100 50 50 50 
200 50 50 50 
300 50 50 50 
400 100 50 50 
500 100 50 50 
600 100 50 50 
700 200 100 50 
800 250 100 50 
900 300 150 50 

1000 350 200 50 
1100 400 200 50 
1200 450 250 50 
1300 500 300 50 
1400 550 300 50 

aTotal Weaving volume is assumed to be 63 percent of total front
age road approach volume. 

bLevels of service based on urban and suburban arterial criteria, 
p. 173-5, HCM. Assumes number of lanes is adequate for weaving. 
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where 
SSD = safe stopping distance, feet. 

V = frontage road speed, miles/hour. 
T = perception-reaction time, sec. 
f = coefficient of friction. 

The driver must safely stop before he reaches the end of the queued vehicles 
stopped at the interchange traffic signal. Solutions to the safe stopping 
sight distance equation are shown in Figure 5-4 for perception-reaction times 
(T) of 1.0 and 2.5 seconds. Deceleration rates and resulting coefficients of 
friction vary with approach speed. Values used in this paper are those given 
by AASHTO (!). A 1.0 second perception-reaction time should be considered to 
provide only a minimum condition reaction time; whereas, a 2.5 second time is 
considered desirable. 

The queue length of the interchange is the final component in the exit 
ramp model. The design queue length can be obtained from Figure 5-5, which 
previously has been developed by the Texas Transportation Institute for the 
Texas State Department of Highways and Public Transportation (4). 
Exit Ramp Studies 

In order to develop and test the model, several types of studies were 
conducted. It was noted that these studies should be conducted on several 
different freeway locations in order to account for the varying situations 
which might exist. U.S. 75 (North Central Expressway) in Dallas, U.S. 59 
(Southwest Freeway) and I-10 (Katy Freeway) in Houston and some studies in 
Corpus Christi were chosen. These freeways are varied with respect to 
geometries and volume experienced. 

It was considered desirable to conduct three types of studies on exit 
ramps: (1) volume counts, (2) queue counts, and (3) spacing between the ramp 
and interchange. Exit ramp volumes were taken on 1-10 in Houston and on U.S. 
75 in Dallas. Cumulative exit ramp volumes used to classify volume levels are 
shown in Figure 5-6. Eighteen exit ramps are included in the A.M. and P.M. 
I-10 studies. Twenty-two exit ramps are included in the U.S. 75 counts. A 
particularly troublesome high volume exit ramp in Corpus Christi has a peak 
hour volume of 1025 vehicles per hour. These volumes provide a base for 
calculating weaving distances. 

Figure 5-7 presents study data collected on measured exit ramp distances 
versus cumulative percent of ramps for twenty ramps on U.S. 75 in Dallas and 
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ten ramps on U.S. 59 (Southwest Freeway) in Houston. The median (50-th per
centile) distance is about 500 feet on U.S. 59 and 600 feet on U.S. 75. Dis
tances were measured from the physical nose to the stop line of the intersection. 
These studies may be used to compare model results with existing ramp spacings. 
Exit Ramp Design Criteria 

The exit ramp spacing model has been formulated in terms of three com
ponent lengths: weaving distance, stopping distance and queue length. The 
distance required due to weaving is primarily related to the exit ramp volumes 
and the total weaving volume. The exit ramp volume data indicates that 95%
tile exit ramp volumes of the two study sites in Figure 5-6 are approximately 
690 and 1100 vehicles per hour. These are termed 11moderate 11 and 11 high volume .. 
conditions, which are the two basic design volume conditions defined in this 
chapter. Assumed volume distributions for the 1100 vehicle per hour exit ramp 
flow are presented in Figure 5-8. Frontage road, U-turn and lane distribution 
were selected as being representative of high volume conditions. Any other 
exit ramp volume (including 690) is assumed to have the same percentage 
distribution of traffic movements as does the 1100 volume level. Volumes 
would be scaled to a lower or higher level than that shown in Figure 5-8 
depending on how the exit ramp volume compared to 1100. These volumes would 
then be used to determine the total weaving volumes (Table 5-l) and resulting 
required weaving distances. 

In order to define trade-off options between freeway level of service and 
frontage road operating conditions, exit ramp design levels of performance 
were defined as: l) desirable, 2) usual minimum, and 3) absolute minimum. 
While these design levels are not defined specifically in terms of equivalent 
levels of service, they represent approximately Levels of Service C, D and 

E, respectively. Design criteria selected for the model variables are presented 
in Table 5-2. These variables include quality of weaving, safe approach speed 

for stopping, perception-reaction time and signalized intersection cycle length. 
The values selected define reasonable 11 desirable 11 conditions for operations but 
certainly not ideal conditions. Design Level No. 3 is an absolute minimum or 
11 Capacity 11 level. Design at absolute minimum conditions is not recommended. 
Exit Ramp Spacings 

Exit ramp spacings calculated by the model for total frontage road volumes 
ranging from 200 to 2000 vehicles per hour are presented in Table 5-3 for the 
three previously defined design levels. Values of the design criteria used in 
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TABLE 5-2. EXIT RAMP DESIGN CRITERIA 
FOR THREE DESIGN LEVELS 

Design 
Criteria 

Operating Speed, mph 

Weaving Quality 

Weaving Volume, % 

Perception-Reaction, sec. 

Stopping Distance, feet 

Cycle Length, sec. 

Signal Saturation, X 

Maximum Lane Volume a 

aF = 0.4 + 0.6e -· 13 VTC 
3600 

#1 
Desirable 
Design 

35-40 

III-IV 

63 

2.50 

275 

90 

0.80 

F·V T 

VT = total frontage road approach volume. 
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Design Level 
#2 

Usual 
Minimum 

30-35 

IV 

63 

1.75 

175 

80 

0.80 

F·V T 

#3 
Absolute 
Minimum 

20 

v 

63 

1.00 

75 

70 

0.80 

F·V T 



Total a 

Frontage Road 
Volume 
V.P.H. 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 

TABLE 5-3. EXIT RAMP TO CROSS-STREET 
SEPARATION DISTANCE REQUIREMENTS 
IN FEET FOR DIFFERENT DESIGN LEVELS 

Approximateb Design Levelc 
Exit Ramp #1 #2 
Volume Desirable Usual 
V.P.H. Minimum 

140 500 380 

275 560 460 

410 630 500 

550 690 540 

690 760 590 

830 870 640 

960 970 690 

1100 1070 770 

1240 1180 860 

1380 1300 970 

a Exit ramp volume plus existing frontage road volume. 

b Exit ramp volume assumed to be 69 percent of total volume. 

c See Table 5-2 for assumed design criteria. 

5-14 

#3 
Absolute 
Minimum 

260 

360 

400 

430 

450 

480 

500 

530 

550 

580 



the model were given in Table 5-2. Distances are from the exit ramp center
line merge point with the frontage road to the stop line at the signalized 
intersection. This distance may be 100-200 feet less than the actual distance 
from the physical nose of the exit ramp to the intersection due to the exit 
ramp entry angle (4°) and due to any pedestrian crosswalk requirements at the 
intersection. 
Exit Ramp Summary 

Experience has shown that exit ramps may experience operational blockages 
at their merge point with frontage ,roads due to queue spill back from the adjacent 
signalized intersection. It is highly probable that a considerable number of 
exit ramps experience this type of problem, and these ramps should be redesigned 
to provide more frontage road spacing. Table 5-3 can be used to guide the 
evaluation process. A "desirable" level of design should be provided where 
possible. Trade-off analyses could be made between the freeway and frontage 
road operations where providing a desirable exit ramp spacing would result 
in lowering the level of service on the freeway. 

Careful consideration should be given before designing the spacing of 
exit ramps less than those required by the 600 vehicle per hour total 
volume level in Table 5-3. Planning data and projected volumes are based on 
numerous assumptions and estimations of future events, and consequently exit 
ramp volume projections may be in considerable error. Likewise, exit ramps 
which are expected to feed adjacent major arterials or major traffic generators 
probably should not be designed for a volume level less than 1600 vehicles per 
hour total frontage road volume design guidelines presented in Table 5-3. 

Entrance Ramp Spacing 

Entrance Ramp Model 
Ramp metering systems are becoming an accepted practice on urban freeways 

today. This fact has caused concern about the spacing provided between diamond 
interchanges and the entrance ramp merge point to the freeway main lanes. Queues 
form at these metered ramps and sometimes back into the cross-street intersections, 
as shown in Figure 5-2. The number of vehicles stored behind the ramp signal 
over a period of time depends on the ramp demand volume and the operating 
capacity of the ramp metering signal. 

With the assumption of Poisson arrivals to the ramp and Poisson departures 
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from the ramp metering signal, Morse (5) shows that the probability of a ramp 
of a known queue storage, N, overflowing is given by 

Probability of Overflow= (c~~!~~~Y) N + 1 

Results of this model are presented in Figure 5-9 for volume-to-capacity ratios 
(V/C) of the ramp metering signal of 0.80, 0.90 and 0.95. The higher the V/C 
ratio, the longer the ramp storage required for a given probability of queue 
overflow. For a given ramp demand volume level, the required ramp storage 
increases as the freeway level of service decreases. 

From a theoretical viewpoint, the queue length distribution over time and 
space can be determined if the ramp demand volume and metering capacity are 
known. Few studies have been published relating ramp metering capacity to 
freeway lane number one (outside lane) volumes. Brewer et. al., however, 
developed a theoretical model of merging control operations which was later 
validated in Houston (~). An approximation of this model is 

where 

cr = 1620 - 0.81 · v1 

C = Capacity of metered entrance ramp, vehicles per hour r 
V1 = Lane No. 1 (outside) freeway lane volume, vehicles 

per hour 
The normal ramp capacity theoretically cannot be less than the minimum accept
able cycle length if one car per cycle is metered onto the freeway. Cycle 
lengths should not be less than 4.0 to 4.5 seconds (900 to 800 vehicles per 
hour). Ramp volumes in excess of 800 vehicles per hour usually experience 
high violation rates and multiple vehicle entries during the green. 

The volume existing on the outside lane of the freeway (lane 1) varies 
with the total freeway flow. An estimate of the volume in lane 1 can be 

determined from Figure 5-10 from the SDHPT design manual (l). Using level of 
service criteria given in the design manual, a range of Level of Service 11 011 

lane 1 volumes and resulting ramp metering capacities were developed. From 
these results, required ramp vehicle storages were calculated at 5% probability 
of overflow using Morse's equati'on previously described, as presented in Table 
5-4. Level of Service 11 011 V.Jas selected since peak hour metering frequently 
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TABLE 5-4. CALCULATED VEHICLE STORAGE NEEDED FOR GIVEN 
RAMP VOLUMES FOR 5% OVERFLOW FOR VARIOUS 
FREEWAY LEVELS OF SERVICE non 

Freeway Leve 1 of Service "D" 
Near Mid Near ncu noll "E" 

Lane No. l Volume = 1000 1200 1400 
Ramp Metering Capacity = 810 648 486 

Ramp Demand 
Volume Number of Vehicles in Queue 

300 2 3 6 

400 4 6 15 

500 5 11 * 
600 7 38 * 
700 11 * * 
BOO 25 * * 

* Large Queue. Cannot be calculated by theory. 

5-19 



operates within this high volume stable flow region. 
Entrance Ramp Studies 

Several studies of geometric and operational characteristics were conducted 
to assist in the establishment of model parameters, to confirm the realism of 
the model results, and to provide field data to objectively evaluate existing 
freeway geometries. Additional data were obtained from a concurrent study being 
conducted in Houston by SDHPT and TTl personnel. 

Entrance ramp volume data were collected for 21 metered entrance ramps 
along U.S. 75 (North Central Expressway) in Dallas during the peak hour for 
two days during April, 1976. A cumulative frequency plot (converted to percent) 
is presented in the top illustration of Figure 5-11 as curve 75. Most metered 
ramp volumes ranged from 250 to 400 vehicles per hour. The maximum observed 
ramp volume was 510 vehicles per hour. No connecting roadways from interchanges 
to the freeway were included in this sample. All ramps· were also on continuous 
frontage road sections. 

Metered entrance ramp volume studies were also conducted along U.S. 59 
(Southwest Freeway) in Houston during the Spring of 1976. Four high volume 
ramps, Bellaire, Westpark, Chimney Rock, and Enloe, were initially observed to 
study high volume and delay conditions. These ramps are in an area of southwest 
Houston beyond loop I-610 near a large shopping center complex and most do not 
have frontage roads or other convenient alternate freeway routes. Cumulative 
percent plots of ramp volume data taken during the peak hour are presented in 

the top illustration of Figure 5-11 as curves 59 (A). Most ramp volumes are be
tween 450 and 650 vehicles per hour; two-thirds are above 500 vehicles per hour. 

Another set of entrance ramps along U.S. 59 inside of loop I-610 were studied. 
Four ramps near the Summit arena, inbound and outbound Buffalo Speedway together 
with outbound Shepherd and Kirby, were counted. The ramps are in a continuous 
frontage road section of a eight-lane freeway section of U.S. 59. Curve 59 (B) 

in Figure 5-11 shows that high volumes occur on these ramps. 

A fourth set of ramp volume data was obtained from a study being conducted 
by SDHPT along I-10 (Katy Freeway) in Houston between the outer loop (I-610) 
and West Belt. A total of 16 entrance ramps were counted during the peak hour 
in the inbound or outbound direction. 
depicted in Figure 5-11 as curve 10. 

These average volume results are also 
Notice that the curve is much flatter having 

a wider range of volumes with about 20 percent exceeding 800 vehicles per hour. 
These ramps were not metered. The capacity of a metered ramp will seldom exceed 

5-20 



1-100 
z 
~eo 
a: 
w 
0... 60 
bJ 
> 
i= 40 
<t 
_.J 

~ 20 

G o~----~~--~--------~~----~ 
0 200 400 600 800 

ENTRANCE RAMP VOLUMES, VPH 

~100------~~----~~----~~----~ 
IJJ 
u 
a:: 80 
LLJ 
0... 

LLJ 60 
> 
~ 40 
_J 
::> 
:E 20 
::> 
u 

0~~--~~----~~------~----~ 
0 20 40 60 80 

ENTRANCE RAMP QUEUES, VEHICLES 

Figure 5-11. Entrance Ramp Volumes and Queues For 
Ramps in Dallas and Houston 

5-21 



800 vehicles per hour. Metered ramp volumes tend to balance the traffic demand 
over a section of freeway, thereby reducing "hot spots" or local pockets of 
high density flow. 

Queue count studies at rretered entrance ramps were also conducted along 
U.S. 75 (North Central Expressway) in Dallas and U.S. 59 (Southwest Freeway) 
in Houston. These peak hour results are presented in the lower illustration 
of Figure 5-11. Most queues observed along U.S. 75 in Dallas ranged from 5 to 
15 vehicles although none of the 21 ramps in the continuous frontage road 
sections studied operate at what might be considered high volumes. Some of 
the lower volume ramp queue counts were not included in this data set. As 
mentioned previously, the ramp metering combined with continuous frontage roads 
and progressive operations tend to balance out the ramp loadings. Motorists 
were frequently observed to divert from joining a ramp queue when it exceeded 
8-10 vehicles. 

High-volume conditions along the metered section of U.S. 59 in southwest 
Houston, beyond loop I-610 near Sharpstown Shopping Center, produced some nearly 
unbelievable results. Queue counts between 40 and 60 were noted on most of 
the four ramps, often for most of the entire rush hour. Three days of counts 
were made which were considered typical days by the resident TTI staff in 
Houston. No good alternate freeway routes were available, however. The results 
of this queue count study are depicted as curve 59 (A) in the lower illustration 
of Figure 5-11. 

Another controlled section of U.S. 59 inside loop I-610 near Greenway Plaza 
and the Summit which has frontage roads was studied. This ~'more typi ca 1" urban 
freeway section included the outbound ramps at Buffalo Speedway, Shepard, and 
Kirby, and the inbound ramp at Buffalo Speedway. These results are shown as 

curve 59 (B) in Figure·S-11. Most of the observed queues on these four metered 
ramps ranged between 10 and 15 vehicles. 

Referring to Table 5-4 and Figure 5-11, ramp volumes in the 300-400 vehicle 
per hour range in Table 5-4 would be expected to experience queue lengths in the 
5-15 vehicle range during the peak hour as did the U.S. 75 ramps in Figure 5-11. 
Ramp volumes in the 400~600 range normally would be expected to operate with 
moderately 1 ong queues from 6 to 38 vehicles at mi d-Leve 1 of Service D (Table 
5-4). This rather wide queueing range is illustrated by the higher volume results 
of curve 75 in Figure 5-11 and the lower volume queues of curve 59 (A). Ramp 
volumes above 500 vehicles per hour may experience large ramp queues, as did 
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U.S. 59 (A), with some queues frequently exceeding 50 vehicles when the freeway 
is operating near or at Level of Service E. 

On the other hand, ramp volumes in the 600-800 range may have only moderate 
queues, as did U.S. 59 (B), if the freeway level of service is operating near 
"C" at the metered ramp. 

Based on the results of this study, it appears that the number of vehicles 
in a ramp queue varies primarily with the operating level of service on the 
freeway, the ramp demand volume, and whether continuous frontage roads (with 
frontage road progression) are available. 

Entrance Ramp Design Criteria 

It is recommended that the design of entrance ramps in urban areas provide 
adequate spacing between the adjacent diamond interchange and the entrance ramp 
merge point on the freeway such that ramp metering can be installed and operated 
without queues being likely to overflow into the adjacent interchange. 

There are basically only two parts required in determining spacing re
quirements - the metering section and the queue storage. The first part of the 
ramp design must provide adequate distance between the ramp signal and the merge 
point to permit adequate distance to accelerate to a reasonable merge speed and 
select a gap if available. Everall, in an FHWA report(~), indicates that 200 
to 250 feet is required to provide adequate time to merge. Ramp metering de
sign in Dallas and Houston supports these guidelines. However, 200 feet should 
be considered a minimum distance to the merge point and 250 desirable. 

Recent research in Texas has shown that vehicles store at about 25-foot 
intervals behind traffic signals (i). Thus, the queue storage needs previously 
discussed multiplied by 25 feet/car and added to the 200-250 required from the 
ramp signal to the merge point determine required ramp spacings in feet. 
Entrance Ramp Spacings 

Recommended entrance ramp spacing design requirements are presented in 
Table 5-5. Desirable and minimum spacings were selected based on the pre
vious study results and the considered judgment of the researchers. 

A comparison can be made between the recommended design spacings of Table 5-
5 and existing entrance ramp spacings determined for two of the freeways pre
viously described. These spacings for U.S. 75 in Dallas and U.S. 59 near the 
Swnnit arena are shown in Figure 5-12. In general, minimum ramp spacings are 
being provided by the two current freeway designs although some ramps may be 
deficient. An individual ramp volume and spacing analysis of the U.S. 75 data 
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TABLE 5-5. RECOMMENDED ENTRANCE RAMP SPACING DESIGN 
REQUI RE~·1ENTS FOR URBAN FREEWAYS 

Ramp Demand Desirable ~li nimum 
Vo 1 ume, Veh . /Hr. Spacing, Feet Spacing, Feet 

300 or less 750 I 450' 

400 1000 1 575 1 

500 1250 1 700' 

600 1500 I 825' 

700 1750 1 950 1 

800 or more 2000 1 1075' 
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shows that 55% of the entrance ramps do not meet the desirable spacing criteria. 
All U.S. 59 (B) ramps studied fail to meet the desirable spacing criteria due 
to the high volume levels experienced. It was observed in the U.S. 75 data set 
of ramp volumes versus spacing (not shown) that no correlation existed between 
ramp volumes and ramp spacing provided. That is, a low volume ramp was just as 
likely to have a long spacing as a higher volume ramp. 
Summary 

The design of entrance ramps in urban areas should consider the possibility 
of entrance ramp metering being installed. Adequate ramp spacings are required 
between the adjacent diamond interchanges and the entrance ramp merge point to 
the freeway to insure smooth ramp metering operations and little queue overflow 
into the interchange. Minimum and desirable ramp separation distances have peen 
presented which should be considered in future design work. An investigation 
should be conducted of the current adequacy of all entrance ramps in urban 
centers in Texas to evaluate the potential need to redesign those ramps with 
deficient spacings. 

REFERENCES 

1. A Policy on Geometric Design of Rural Highways. 1965. American Association 
of State Highway Officials, Washington, D.C., 1965. 

2. Leisch, J.E. Spacings of Interchanges on Freeways in Urban Areas. American 
Society of Civil Engineers 1961 Transaction, Vol. 126, Part IV. 

3. Highway Capacity Manual 1965. Highway Research Board Special Report 87, 
1965. 

4. Messer, C.J., Fambro, D. B. and Andersen, D.A. A Study of the Effects of 
Design and Operational Performance of Signal Systems Final Report. Texas 
Transportation Institute Research Report 203-2F, August 1975. 

5. Morse, P.M. Queues, Inventories and Maintenance. Operations Research 
Society of America. Pub 1 i cations in Oper·ati ons Research Number 1, 1967. 

6. Brewer, K.A., Buhr, J.H., Drew, D.R. and Messer, C.J. Ramp Capacity and 

Service Volume as Related to Freeway Control. Highway Research Record 
279, 1969. 

7. Highway Design Division Operations and Procedures Manual, Part IV, Texas 
Highway Department, 1970. 

8. Everall, P.F. Urban Freeway Surveillance and Control: The State of the 

5-26 



Art, U.S. Department of Transportation, Federal Highway Administration, 
Washington, D.C., 1972. 

ACKNOWLEDG~1ENTS 

The research reported herein was performed within the research project 
entitled, .. Development of a Frontage Road Level of Service Evaluation Program -
PASSER III, .. by the Texas Transportation Institute and sponsored by the Texas 
Department of Highways and. Public Transportation in cooperation with the U.S. 
Department of Transportation, Federal Highway Administration. 

The contents of this report reflect the views of the authors \'lho are 
responsible for the facts and accuracy of the data presented herein. The 
contents do not necessarily reflect the official views or policies of the 
Federal Highway Administration. This paper does not constitute a standard, 
spec i f i cat i on or re gu 1 at i on . 

The authors \'Ji sh to gratefully acknowledge f·1ess rs. Herman E. Haene 1 of 
D-18T, Elmer A. Koeppe of D-19 and Harold D. Cooner of D-8 of the Texas Depart
ment of Highways and Public Transportation for their technical input and 
constructive comments during the conduct of the research and preparation of this 
report. The assistance provided by W.R. McCasland, G. Ritch, R. Fullerton, 
S. Richards arid D. Durham of the Urban Transportation Systems Division of the 
Texas Transportation Institute is also gratefully acknowledged. 

5-27 





APPENDIX 

lNT F.G F.R AVSP ,.0~ ST ( 2 ~ t7) ·.· . , .. 
O!M~NS!dN CAALc2,3l,tSTAC{2),fFRSf(,),ISTA(2,1 
f)Ifv,ENSION TTS(l7),TTi'1(17) 

.·t 

DI~fNSION lABLN(3),LARLS(3),ISTAN(l7),1STAS(l7),1DSTN(l7), 

nATA ISTAC/1A,l7/ 
c' II F F I 1\l r= B E (; P-.1 N I ~~1 G S P E E D S T A T I 0 N ~~ U M R F R 

·DATA IFRST/2,377 
C DEflNf SPEED STATIONS 

. '0 AT A I STAN /4·, 6 t 8 , 1 0 , 41 , 12 , 14, 1 6 ,<U.,-2 2 , 2 4 , 2 6 , 2 8 t 3 0 , 3 2· t 3 4 , Ol 
hAfA t51As73~;33,3!,29,27,.25,21,t~,t7,1~,{j,\1,4,7,~,3,1/ 

C n t F P\1 r= S P E E D S T A T I n 1\1 D I S T A N C E S 
n !\ T t\ I D S T M I 1 0 3 n , ~ 8 8 0 , 2 4 9 0 , 3 4 7-0 , ?. 4 5 0 , 1 0 6 0 , 3 6 8 0, 2 Q 50 , ]_ 4_l0 , 2 A 0 0 , 1 6 n l , 

xz7ao,35In,346o,4ooo,633o,o7 
DATA IDS TS/~360 t 3940, 4100t 2 750,2880, 21.2?, 1910,2455, 1990t·l.,l80 t •. UB.Ot 

... Xll40,2i870.,l~~,~n,l6so"2'6~o,;,gs4ot · .. , .. · . . .· . · ,:, .. :·· :· ... - ·.~· · 
C f~ANS~~~ d~E bfM.~NstnNAL TO TwO D!MENS10NAL ARRAYS . 

DO 55 J=l,3 
L A E L { J. , J ) = L A 8 L i'.l ( J ) 
LABL(2,J)=LABLS(J) 

55 CONTINUE 
00 65 J=l,17 
ISTA( l,,J)=ISTA~J(J) 
ISTA(2,J)=ISTAS(J) 
DIST(l,JJ=IDSTN(J) 

. DJ S T ( 2 , J l=JDS TS { J l 
· (;>5/ CtJNT.,fNU E. 

C <S;·E:l" ·.ttJRR.ENl· J,)~:yE 
C t'd .. L C i\! V 0 T ( I f·1, I 0, I Y) 
IY=IY-1900 

C DEFINE MPH FACTOR 
Fiv1PH=3600./52BO. 

C REQtJEST DECECTOR OUTTAGE SUB.ST!TUJION~. 
2 WRITE ( 9, 110.} : .~, . , · ,, , . , .. 

.?. 

lln FQRMi~T ( 1 Ef\ITF.R SUBSTITUTION DETECTOR OONN•) 
READ{S,l?O) NnLD,NNEW 

1?.0 FOR.r'1/\T{2J2) 

._:_···\ . ·.~: .. 

C fliSCONTlNUE WHE~ l&RO . . .. 

. ~·. v~·i<U&:-~";, € .• ~~~i·1·;•,c:" : · ~~*< F i>';1;,;... .;;:......... ··~~ii:sl:; · 
. ~ DO 45 1=1,~ . . . 

LIM=ISTAC(L) 
DO 4 5 ,.1 = 1, LIM 
IF ( t STA ( 1, Jl-NOLD) 45, lt45>; '· 

1 ISTA(I,J)=NNEW 
GO TO 2 

4 s C 0 f,lT ff\'lJ F 
GO Tr1 2 

Lr- u 0 3 5 L = 1 ' 2 

. ~ -~· ···:;') :,. · .. 

C OEFJ~f SPEED SJA:T InN COlJ.f'lT ·NORTHBOUND( L=l) OR SOUTHBOUND {t=2) 
·.· . ! (~·.f:M= lS T./1\C f t..l . 
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C IN IT I At I Z E ·T RAVt:t · 1f l.Mf .SU·t•U~··JN(; tOUNTEJS .. 
tJM 2 r.~ 1 = 1 , L! ~f' . , . . -.. 
TTS(I)=O. 

2 ~ C f 11'-·' T I i ,J! I F: 

. \.· ::-· . 
~-- - ~ . ·: 

-c __,RrT"!Er-tQ""'t....,t E....,.S.....,I~K..,..E"'TV.,.,..B o...-AT'lR~D~E"""rNT"'II-. R:""M?~o,_F -.......$ ...... , A~RIC""'i1~'"'"'~1M'N""'G.._,....I.,..I .,..M .,..E -------------'---·--.. ·--·-·-

. WR T T E ( 9, 10 ) t LAB L ( lt J) , J= ~ t 3) 
·~·o FORMAT f • ENle:o . S 1;A~~.~~~NG·'·;.:T'J' ... J '· ·HtiMM • 1A 2·t.$0UND.• ) · ~r7tM t n, f~rf)'' t11 t~·1F.'. · '·· ··.· · ., , L • • • J •• • · • 

BO FOR~~/-\ T (I L~) 
C C 0 i'.l V F R T M I t. I T A R Y T I M F T n l I 1\1 EAR M I f\H IT F 

ttNM=( 11 IMF.7100)*6o.+lTtME-r·IJlfJI·E/100)ilC1oo 
C SAVE AEGINNING Ti-ME FOR lJPC).ATE . 

T IMES*L INM . < .. . .... , . ,.- ,~"· 
t: T~MPtl~A~Tlv PJ~~M~~ ~LC ~Pti:M ·STATJMf\1 nATA 

C A L L f< S P E 0 ( L I f\H'1 ) 
C START NEW PI\GF: \r!/HFADER 

C c; F T F I P. S T I I ~~ K 1 S S P E F. f1 IN F P S ( K ) AN[) MPH ( I< K ) 
K=AVSP(IFRST(L),LINM) 

C RFPnRT ~PH AT FIRST SPEED STATION 
i-.1RTTf.(3,lOO) Kl<. 

'f' ~ ~ : ·-
. I 1 

too FORMA1(!17J . . .. · . . , 
C BEGIN SUMMING LOOP FOR .S.P.-:CIFlC O:IREC.f..ION , ::j~· 

.. DO 5 1::1 t llM· . . · .·· .... ··.· :- .,,.,. > .• ,, . +:·· . : ·~· ·:\;,.,<,, 

r: riFTFHf-1Jftl:; TRl\vEL TiK,E IKI ·s~Cr1Klos Th TAts ~f'~Fn SfAffhN, AASEn 
C 1\ T P R F \l I r11 t S S TAT I 0 N 

TTS/\=FLOAT{DIST(L,I))/FLOAT(K) 

l'l t:Of,tTINtlF. 

. I 

. . ..... _. ~; 

C IJPnATE Lli,JFAR r·l,J~tUTE /.\CCOROING TO /.\~R.IVAL THv1F. FROtv1 HEGI~.!Nir ... tG SPFEfl STATinN 

tiNM= 1 1 MF.S+ 11 Mt 1 J +u. 5 .. ·. . .... · :. .:: H • • •• • • •• • •• • •• • .... ·•·•· / ••• •:.... • ••••••• •••• 

c FET~~; ;if~ I~ f H H~il; t~i~~'{,tt~tA G E~~l~:IIN ,~,1~~t~;,~~"~t~~,: ifiit;~\> 
C P F P n P T I NT F R r· 11= rn A T F T R A V E L T I M .E S I f\1 r·H N lJ T F S 

I·' f) T T t= { 3 , 3 n ) T S T t\ ( 1.. , I ) , n I S T ( L , J ) , 1.. I 1\l M, I< , ( T T ~ .. t ( ,J ) , ,J = 1 , I ) 

~; C 0 i\I T I f' II I F 

3~ CQI\1TI1\li!F 
· WR 1 I E l 3 , I o J 

10 FORMAT ( '1..' ) 
.• ':,'~<, 
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S liB R 0 U T 1 N F R S P f 0 ( L I f\1 t-1 ) 
C SUBROU'TlNE TO TEMPORARilY REPORT All _SPEE.D STATION DATA FROM 
C MINUTE f LINM:l TO 2:~ M:tNure.:&.~:_tfENCE .• ,- . 

. ,C-: ~;< - .· ;.· ... > ·.- ·. ·- >; .. -;<: . ;·:ufr~+"'~~:;·.f, . . :.f.'·· ,-.-._ .... -.i, _,~_ :< --·-·· :'.:·, ·( a-'· 

INTEGER AVSP 
DIMENSION ISP0(41,23) 

C DEFIWF LAST MINUTE 

' .f.· 

. ·_·J;,_::,_:.<1r_: .--- ;;-. 

ISPO{J,Jj=AVSP{J,J+LINM-1) 
5 Cn~IT I NUE 

- ~- ~ 

,-·-. 
~·· .. _::; ...... . 

····H·tft:IAD_~~w PAGE ____ .___ _ ____ -~-

'~··:i:~cti~t.;t:~,"~~l:•:tpS l • i '·. SJ:1t3.~51. . . 
... _ J tJ L . 

WRITE(3,20) (J,fiSPD(J,Jl,J=l,23),I=l,41) 
20 FORMAT(I3,23I5) 

. . .. ~ :·-.%-- .:' 
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··- __ ,... 
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:~~:i·~\ ';-~ ( :_} -4~:;:;-:· ~~~~~: .. -.. · .;:: . 
~-: .. ~- . 

-.,. -~ 
, I 

r:/~Llt~S ~!ORTH CENTRAL EXPRESSWAY NORTHBOUND TRAVEL T lf'-1F~ 
FPS TTM 

· --·- S J D l s·t_ : AIK.J;·: :f'PH ) t S. · \J~~L · · ,. 

!~k~iS\llj:~;J~::~it~::~f~~~~ . ·:·,& ~~~~1~'~,t , ·"~~" • . . ·."r ~, . , ... 

4 1030 540 A6 0.27 

II'··., -~i . '-'. ;._ ~-.. ·-· . ' 

A 2490 542 79 1.53 1.26 0.53 
. 32.< 
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