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1. INTRODUCTION
1. PROBLEM STATEMENT

The signalized diamond interchange is 2
widely used form of freeway-to-street inter-
change. A typical diamond interchange is
shown in Figure 1. The design includes one-
way frontage roads and U-turn bays, and is
different from the urban arterial with two in-
tersections in that left-turn bays on the inter-
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nal links extend to the upstream links. Efficient
movement of traffic through a interchange is
critical in maintaining an acceptable level of
service in the freeway corridor. During high-
volume and possibly saturated conditions, inap-
propriate traffic control may produce long
queues and excessive delays. Long queues can
become a safety problem when the ramp (or
frontage road) queues overflow onto busy free-
way mainline, or arterial queues block adjacent
intersections, as demonstrated in Figure 2.
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Figure 1. Diamond Interchange
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Figure 2. Queue Spillback to Freeway Mainline

Pignataro et al. (1) defined Congestion as
a condition in which all waiting vehicles cannot
pass through the intersection in one signal
cyclee. They also defined saturation(or
oversaturation) as the condition when vehi-
cles are prevented from moving freely, either
because of the presence of vehicles in the inter-
section itself or because of back-ups in any of
the exit links of the intersection. In interchang-
es, oversaturation occurs when traffic demand
exceeds interchange capacity. Queues fill entire
blocks or exit ramps, and interfere with the
performance of adjacent facilities when this
heavy demand continues for a long time period.
Sometimes freeway exit ramps are blocked by
the extended queues. Queue spillback to free-
way mainlines may occur in the heavily loaded
interchanges. In oversaturated conditions, con-
gestion is unavoidable, thus the control policy
should be aimed at postponing the onset and/or
the severity of secondary congestion caused by

the blockage of adjacent intersections or free-

way off-ramps that are not the originatoré of
the congestion.

Control strategies have been developed and
applied successfully for the control of
undersaturated signalized interchages, but most
of them appear to be ineffective or invalid
when traffic volumes become excessively high.
Traffic engineering models like PASSER I (2)
and TRANSYT-7F(3) have been produced to
assist traffic engineers in developing signal tim-
ing plans for signalized diamond interchanges.
None of these are applicable to oversaturated
environments. [t would be almost impossible to
modify these programs to produce an optimal
control policy for oversaturated interchanges.
There is an urgent need to develop optimal con-
trol strategies for oversaturated diamond
interchagnes.

2. RESEARCH OBJECTIVES

The goal of this research was to develop an
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optimization model to provide optimal traffic
signal
dismond interchagnes. Generally the control ob-

control policies for oversaturated

jective of traffic signal timing has been to ob-.

tain maximum bandwidth and/or minimum
delay. However, the control objective for
oversaturated environments should be to maxi-
mize throughput in the system during the con-
trol period, i. e., the productivity. When de-
mands are extremely high, the control policy
should be such that queue lengths on all inter-
nal links of ‘the roadway system do not exceed
queue storage capacity, and simultaneously all
available green times are utilized as fully as
possible in order to obtain maximum system
productivity. This control objective has been
pursued for the control of freeway on-ramps( 4,
5),

For the control of oversaturated interchang-
es, the optimization model should have the ca-
pability of controlling queue lengths on external
approaches. When traffic demand exceeds in-
terchange capacity, the queue formation on spe-
cific approaches depends on the magnitude and
duration of the heavy demand. Consequently,
the traffic engineering model should be dynam-
ic to accommodate the variation in demand dur-
ing the control period.

The specific objectives of this research were
as follows.

1. Develop dynamic optimization models
which have a queue management capability for
signalized diamond interchagnes; and

2. Use the dynamic models to develop opti-
mal control strategies for the oversaturated dia-
mond interchages and evaluate the control
strategies.

I. DYNAMIC OPTIMAIZATION
MODEL

- 1. CONTROL STRATEGIES

Suppose the queue storage capacities on the
external approaches to a diamond interchange
are limited and the queue spillback to the inter-
sections or freeway mainlines adjacent to the
interchange can cause severe operational prob-
lems. As the main objective of traffic signal
control during oversaturated conditions is to ob-
tain maximum system productivity, this control
objective can not be accomplished without con-
sidering potential queue spillback on the exter-
nal approaches. This spillback may cause seri-
ous operational problems on the interchange, in-
cluding the adjacent intersections or
thransportation facilities.

The two-fold control objectives proposed by
Michalopoulos (6) appear
address this condition. First,

devleoping on external approaches must be

reasonable to

the queues

restricted so that adjacent upstream intersec-
tions are not blocked. Second, total system
delay during the entire control period should be
minimized. It is believed that control sirategies
satisfying these objectives would also maximize
total system productivity.

It is evident that queue formation deperids
largely on the magnitude and duration of the
heavy demand. Conventional static models like
PASSER I (2) and TRANSYT-7F(3) that
use one set of demand data during the entire
control period are not appropriate for dynamic
queue management. These static models consid-
er only the average magnitude of heavy de-

mand in signal timing optimization, not is dura-
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tion. The optimization model for queue manage-
ment should accommodate dynamic variation in
traffic demand.

The following assumptions were used in the
mathematical formulation of the dynamic
model:

1. The traffic demand during each time slice
is uniform;

2. The control period is divided into several
time slices of 15 minutes; and

3. Demands are known for all time slices
during the entire control period.

Thé dynamic model was formulated to obtain
minimum delay subject to queue length con-
straints. The model includes formulas to define
relationships of queue carryover between time
slices. The model has two groups of con-
straints; one for individual time slices and the
other for the control of queue lengths. The con-
straints adjust green indication times between
time slices and approaches so that maximum
queue length does not exceed the allowable
storage capacity. In the dynamic model, signal
timing plans, usually the green splits, change

with every time slice. Green splits are adjusted -

toward minimizing delay and permitting queues
to build to a predetermined upper bound.

One special feature of the dynamic model is
that the signal timing plan chagnes for every
time slicé, usually every 15 minutes in response
to changing traffic patierns. Since average
traffic flows vary with time, it tis desirable to
change signal timing accordingly. Such fre-
quent chagnes in a fixed-time signal system,
however, may sometimes cause serious opera-
tional problems. To change from one timing
plan to the next, phase durations may meed to
be either lengthened, shortened or possibly even

omitted. During this process, excessive delay or
unexpected intersection blockage can be caused
by the loss of green time on some approaches
and the loss of coordination for the entire net-
work. Efficient methods for changing plans can
minimize this transient delay. An effort to re-
duce these transition problems is addressed in
the following paragraphs.

The 4-phase overlap signalization strategy
(7) has an advantage over three-phase strate-
gies for geometric design shown in Figure 3. A
major advantage of the 4-phase strategy is
that it generally does not produce queues on
the internal links, particularly if no frontage
road{or exit ramp) U-turns occur. That is, the
4-phase strategy results in nearly perfect pro-
gression between two closely spaced signalized
intersections within the interchange, as shown
in Figure 4. ’

An effort to reduce the signal timing transi-
tion problem is addressed in this section. In the
dynamic model, green splits change every time
slice, wusually at 15-minute intervals.
TRAFNETSIM (8) allows users to input a se-
ries of timing plans duﬁng a simulation period
for fixed time controllers. TRAF-NETSIM also
provides three signal transition options: imme-
diate, two cycle, and three—cycle transitions.

Becaise frequent changes of the green times
may cause operational problems at convention-
al diamond interchanges, a special coding
scheme of the 4-phase overlap strategy in
TRAF-NETSIM was prepared to minimize the
problem, as shown in Figure 5. The phase se-

.quence of 4-phase overlap strategy is ABC :

ABC. Phases of the left intersection are nor-
mally coded as a sequence of ABC. Signal tim-
ing at the right intersection starts with Phase B
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of the duration identical to the overlap phase. overlap, therfore, the sum of intervals 1 and 4
Phases C and A are coded in intervals 2 and 3, is the Phase-B duration. The offset between
respectively. Phase B is coded in interval 4 the first interval of the two intersections must

with the duration of Phase-B duration minus be zero so as to insure perfect progression.
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Figure 3. Diamond Interchange
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Immediate transition should be applied in
TRAF-NETSIM for the coding scheme to be ef-
fective in reducing the transition delay. Figure
~ 6 illustrates how the coding scheme works dur-
ing the transition period. Time Slice 1 is fol-
lowed by Time Slice 2. Figure 6(a) shows two
timing plans obtained from the 4-phase overlap
strategy. Signé{l plans change suddenly at the
end of Time Slice 1. Plan 1 changes into Plan 2
without losses ‘of green time and progression,

as shown in Figure 6(b). This coding scheme
minimizes transient delay.

2. Formulation

The numbering-scheme of movements and
the signal phase scheme are shown{ in Figures 7
and 8. The follwing notation is used in the for-
mulation: ‘

— &~ ,._____.:7—/'

37—

Arterial

‘Left Intersection

Cross Street
e —

Right Intersection

Figure 7. Arterial with Two Intersecions
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Figure 8. Three Basic Phases and Phase Sequence

i = signal phase and/or movement, i=1,2,3,4,6,7

j = time slice of duration AT, '

C = system cycle length, sec,

1 = lost time per phase, sec,

effective green time of phase i at time slice }, sec,
g; = Gy/C, green ratio normalized to cycle length,

£
i

¢ = one—direction overlap, sec,

V; = average input volume on approach i at time slice j, vps,

S; = saturation flow of approach 1, vpsg,

Pa; = proportion of turning movement, as shown in Figure 9,

L; = queue length of external phase i at the end of time slice j, veh,
N; = queue storage capacity of external phase j, veh,
D: = delay for external approach i, veh-min,
TD = total external delay, veh-min,

7. = {O-When approach is undersaturated, and
1 when approach is oversaturated
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Figure 9. Notation for Turning Percentages.

Objective Function

The control objective of the dynamic model is
to minimize total external delay. Total external
delay is the sum of delays on all external ap-

proaches. Delay on individual approach i, D, is
equivalent to the area formed by the X-axis
and queue length line, as shown in Figure 10.
Namely.

Di=(1/2){(Lio+Li) + (La+Lig) ++++ + (Lia—s

+Ln)}AT
= (1/2) (Lio+2Lu+2Liz+ o +2Lin—]+Ljn)
‘AT (1)

where n is the number of time slices. If an
undersaturated traffic condition before the initi-
ation and after the termination of the control
period is assumed, then:

L.=L,=0
and,

Di=ATZL,

=1

for all i (2)

Because the duration of the time slice is a

15
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fixed AT, the product of the duration of the
time slice and the sum of the queue lengths
over all time slices is equivalent to total delay
on the individual approach. Thereforé, the ob-
jective function to minimize total external
delay, TD, is:

Minimize @ TD=ATXY S L; 3
. ali j ’
Constraints

Set 1. In Coordinated signal systems, the
sum of phase durations at the individual inter-
sections must be equal to the system cycle
length, C. For three-phase signals, this require-
ment leads to: |

Gii+Gy+Gg+31=C for all j (4a)

Gs+Gy+Gy+31=C for all j (4b)
or, dividing by C to normalize the green splits:

8i+gitgs=1-3l/c for all j (5a)

gt+gitgs=1-3l/c for all j (5b)

Set 2. For the internal links, the input to the
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Figure 10. Queue Profile on Approach “”

system must not be greater than the output in
order to stabilize queue lengths over many cy-

cles:
S]P17g1j+ Sangz;SdS7g7; for all ] (68)
SPugii+ S:Prgs<aSu(gs+gn) for all j (6b)
SiPasgs+ SiP gy <aSs; for all j (6¢)

~ SiPags+SPugi=<aSi(gy;+gs) forall j (6d)
where « is an adjustment factor of saturation
flow, usually not greater than 1. '

Due to the complex lane configurations some-
times found on internal links and the stochastic
nature of lane utilization, vehicles sometimes
cannot fully utilize the available lanes. In this

Time Slice vl

situation, it is desirable to adjust saturation
flows using an « factor of less than 1. In most
cases, however, the ¢ factor should be 1. Small-
er factor values give larger green times for in-
ternal phases, resulting in smaller green times
for external phases. '

Set 3. The 4-phase-overlap signalization
strategy widely used in Texas was adopted for
traffic control of the oversaturated diamond in-
terchange in this research:

st_+G7j+21=C—2¢
or,

for all j (7)
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(C—2¢4—-2))
7_‘—6—'_ :

ga+8r for all j (8)

Set 4. The queue lengths occurring at the
end of each time slice must be non-negative.
The non-negativity is achieved by letting:

Lij= Max{O, Lij—1+ (Vﬁ—S.-gu) AT}
for all i, j (9)

which is equivalent to:

L;=0 foralli,
Ly=Lij-1+ (Vi—Sgy) AT for all i, j
Lis MZ; for all i, j
Li— {Li-+ (Vi—Sg) AT} = M(1-Z)
foralli,;

where M ) 0 is sufficiently large such that Ly<
‘MZ; is redundant with respect to any active
constraint. Z,; is an integer variable having bi-
nary values.

As demonstrated in Figure 10, queue length
on external approach i at the end of time slice
j, li» is the sum of any queues trangferred from

17 .

the previous time slice and the difference be-
tween input and output at the current time
slice; namely: ‘
Li=Lij-1+(V;~Sgi) AT (10)
The queue length estimation of Equationi 10
is based on the Input-Output Analysis method-
ology. If Vi = Sgi;, the queue length increases;
otherwise, the queue length decreases. When an
approach becomes undersaturated, the right-
hand side of Equation 9 can have a negative

. value, as illustrated in Figure 11. Suppose the

queue dissipates at time slice j and then grows
again at time slice j+1. The actual profile of
the queue length follows line ABCDE in Figure
11. Without the non-negativity constraints on
L;, the dynamic model may predicts an erro-
neous ﬁueue profile along line ABGHIL This
prediction causes some false estimation of the
queue length starting from time slice j+1.

Queue Length —p

(o=l

Figure 11. Role of Non-Negativity Constraints

j+1  j+2  Time Slice™=>
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This problem is solved by adding non-nega-
tivity constraints to the calculation of queue
lengths in the dynamic model. The non-negativ-
ity constraints make the model estimate the
queue profile along line ACDE. The queue
length starting from time slice j+1 is estimated
reasonably by adding the non-negativity con-
straints to the formulation. Actual delay at
time slice j is the area of AFB, whereas the dy-
namic model slightly overestimated the delay as
the area of AFC. The overestimation has little
effect on the optimal solution because the over-
estimated delay is usually minor compared to
the total delay. Integer variables, Z,; were intro-
duced for modelling the non-negativity of the
queue lengths; thus, the dynamic model take a
form of Mixed Integer Linear Programming
(MILP)

Set 5. The queue lengths at the end of each
time slice must not exceed available queue stor-
age capacity of their respective external links:

Li=AN; for all i, j (11)
where # is the adjustment factor for queue stor-
age, usually not greater than 1. The adjustment
factor, B, makes the queue storage capacity
smaller than it actually is so as to provide a
storage buffer to absorb some natural fluctua-
tions in demand. The queue storage capacity of
external link, N; is an upper limit for queue
length on approach i. This storage capacity is
calculated using the following equation:

(Link Length, feet) X (Number of Lanes)
 (Vehicle Storage Length, feet)

Ni =

(12)

Set. 6 The green time must be greater than
the minimum green time: ‘

E4ZE&i min for allij (13)

where g is minimum green ratio for phase i.
The minimum green ratio can be determined
from pedestrian crossing requirements or driver

expectancy considerations.
3. DISCUSSION

The dynamic model proposed was designed
to produce optimal signal timing plans for
oversaturated traffic conditions. This model
may generate an undesirable solution for
undersaturated conditions. Even if the rush
hour is selected as the control period, traffic
conditions may be undersaturated during some
time slices. The dynamic model solution for
these time slices may not be desirable because
it sometimes assigns only minimum green time
to an approach and excessive green times to
the other approaches. The signal timing may
result in unbalanced levels of service between
the approaches. One can find the
undersaturated time slices by analyzing the op-
timal solution of the dynamic model and handle
this problem as follows:

The integer variable Z; indicates the traffic
condition on the associated approaches. If Z; is
equal to zero for all approaches i at time slice I

 then the time slice j is an undersaturated time

slice. It is desirable to adjust the solution of the
LINDO output for the undersaturated time slic-
es. The dynamic model solution for these time
slices should be replaced by a green split based
on flow ratio. This green split can be calculated
using the conventional static model like PASS-
ER I.

When heavy traffic demand lasts for a long
period of time and queue storage capacity is
limited, the dynamic model has an advantage
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over conventional static models due to its
queuecontrol capability. Users may want to
constrain the queues of all competing approach-
es to predetermined upper limi;s. The dynamic
model, however, may not always produce a fea-
sible solution if the queues on all external ap-
proaches are bounded.

If heavy demand lasts for a long time period,
the dynamic model attempts to assign green
times to commpeting approaches and critical
time slices to reduce queue lengths. When avail-
able green times are exhausted, all queue stor-
age capacities are full of stopped vehicles, but
demand for service still remains. The dynamic
model cannot provide a feasible solution for
this situation, due to its physical queue con-
straints. In this case, users must increase the
queue constraint limits until the model produces
a feasible solution. The dynamic model always
produces a feasible solution if the queue length
of at least one approach is unbounded.

Il. EVALUATION

The dynamic optimization model was pro-
posed for traffic control of congested signalized
diamond interchanges. In this section the per-
formances of the model were evaluated by com-
paring them with current signal timing model.

1. STUDY APPROACH

The dynamic model were evaluated by com-
paring the performances of signal control strat-
egies generated by the mode! to that of conven-
tional model. Control strategies were generated
twice; once using the conventional model and
once using the newly developed dynamic model.

19

Three different test cases were generated for
each type of roadway system. Case 1 was de-
signed as a base case. It was prepared so that
its demand level was slightly over the capacity
calculated by the conventional model. Cases 2
and 3 were designed by increasing demand
level and providing different time-varying de-
mand profiles and/or origin-destination traffic
patterns. Three-hour control periods divided
into fifteen-minute time-slices were selected in
designing the signal timing plans. PASSER II
(2) was selected as the conventional model for
diamond interchanges. PASSER II is a deter-
ministic optimization model designed exclusive-
ly for the signal timing of conventional dia-
mond interchanges.

The TRAF-NETSIM simulation of each con-
trol strategy was replicated five times using
different random .seed numbers. TRAF-
NETSIM provides various measures of effec-
tiveness (MOE’'S). Among them the following
measures were used for evaluation purposes:

1. Total travel(vehicle-milés) —the total dis-
tance traveled by all the vehicles released with-
in the roadway system during the pre-deter-
mined control period,

2. Vellicles discharged(vehicles) —the num-
ber of vehicles exiting the roadway system dur-
ing the control period,

3. Queue length(feet) —the distance occupied
by stopped vehicles,
delay(seconds/vehicle) — the
time lost per vehicle while traffic is impeded by

4. Average

traffic control devices, and

5. Stops per trip—the average number of
stops experienced by vehicles released into the
system.

Maximizing system productivity was a major
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control objective of the models proposed in this
research. Total travel and vehicle discharge
were the MOE's representing system productivi-
ty; thus, they were selected as major MOE's.
The dynamic model’s queue management capa-
bility was gvaluated by examining queue
lengths on external approaches. Average delay
and stops, widely accepted MOE's were also
used to evaluate the performance of specific
links.

Statistical analyses were performed to test
the superiority of the proposed model. A num-
ber of tests are available to test two samples.
Nonparametric tests are appropriate when sam-
ple sizes are small and the normality assump-
tion is not valid. In this research, five replica-
tions were conducted in simulating each signal
control strategy. The same random seed num-
bers were used for the paired simulation trial
of PASSER ]I[ output and the dynamic-model
output.

Hays(9) stated that the Mann-Whitney and
Wilcoxon tests are generally regarded as the
best of the order tests for two samples of all
nonparametric tests. The Mann-Whitney test
for two independent samples was not suitable
since the samples in this research were paired.
Consequently, the Wilcoxon rank-sum test for
paired observations was selected for testing the
simuiation results. The null hypothesis of the
statistical tests was that the dynamic model did
not improve system performance as compared
to the selected conventional models typically
used by traffic engineers. The research
hypothesis was that the dynamic model im-
proved the system performance. Improved
system performance resulted in increased total
and vehicle discharge, but reduced delay, stops,

and queue backup.
2. RESULTS

The performance of the dynamic model modi-
fied for diamond interchanges was evaluated.
by comparing it with results generated by
PASSER H. Three cases were prepared for the
evaluation as follows:

Case 1. v/c=1.07, Simultaneous peak time,
Heavy cross-street left-turn,

Case 2. v/c=1.13, Alternate peak time, Mod-
erate cross-street left-turn, and

Case 3. v/c=1.13, Random Demand, Moder-
ate cross-street left-turn.

Demand in Case 1 was slightly higher than
interchange capacity. Peak hour volume
(PHV) was raised for Cases 2 and 3. Simulta-
neous peak time in Case 1 means that the peak
demands on the four external approaches oc-
curred at almost the same time. Alternate peak
time of Case 2 means that peak demands on
the external approaches did not occur
simultaneously. The PHV of Approaches 1 and
2 occurred between Time Slices 1 and 4; PHV
of Approaches 3 and 4 occurred between Time
Slices 6 and 9. Random Demand in Case 3
means that demand profiles for the approaches
were uneven and irregular. When compared
with the other test cases, left~turn traffic from
the cross street to the frontage road was heavy
in Case 1. Approximately 60 percent of total
traffic at internal approach of the right inter-
section turned left. The left-turn traffic for
Cases 2 and 3 was reduced to 40 percent.

Cycle length is an important signal timing
variable. Messer (7) found that shorter cycle
lengths produced larger interchange cépacity in
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unconstrained diamond interchanges when the
4-phase overlap strategy was applied and total
overlap was longer than total lost time. In this
research an 11-second overlap and a 4-second
phase lost time were used for each direction.
Total overlap for both directions is 22 seconds
and total lost time for the four external phases

21

is 16 seconds. Because the total overlap is long-
er than the total lost time, short cycle lengths
can increase interchange capacity for the 4-
phase overlap strategy according to Messer’s
finding. A short cycle length, however, can cre-
ate an oversaturation problem at the internal
left turn phase, as illustrated Table 1.

Table 1. SIGNAL TIMING GENERATED BY PASSER II FOR CASE 2

Left-Side Intersection | Right-Side Intersection
Phase Duration(second)
Cycle Length( v/c Ratio A B c A - B c
55sec 1.09 15.6 20.6 18.8 25.6 15.2 14.2
90sec 1.14 22.1 302 377 38.0. 21.7 30.3

Table 1 illustrates signal timing plans gener-
ated by PASSER II for Case 2 using the 4
phase overlap strategy. PASSER W produced
the minimum delay cycle length of 55 seconds
for Case 2. PASSER 1I chooses the minimum
delay cycle by examining a range of feasible
cycle lengths. In the 55-second cycle length,
Phase A of the right side intersection is much
longer than Phase C of the left side intersec-
tion. This signal timing causes oversaturation
at the internal left—turn phase (Phase C) of the
left side intersection when Phase A of the right
side intersection is fully utilized. By increasing
the cycle length was used for Cases 1 and 2 for
this reason. In Case 3, a 75-second cycle length
could eliminate the oversaturation problem and
was used for the PASSER 1T run. For the dy-
namic model, a 90-second cycle length was
used for all cases.

Table 2 summarizes the results of simulation
using TRAF-NETSIM. It can be seen that total
travel and vehicle discharge with the dynamic

model are consistently larger than those ob-
tained using PASSER H. The dynamic model
increased delay by 2 percent in Case 1, while it
decreased delay by 13 percent in Case 2, and .
by 14 percent in Case 3. As expected, this
result means the dynamic model is more favor-
able when peak demands do not occiur
simultaneously among the approaches. _ '
The dynamic model assigns large green times
to an approach in peak traffic when the peak
demands for the competing approaches occur
alternately. In the next time slice, the large
green time is assigned in a timely manner to
other approaches experienbing heavy démand.
if the peak demands occur at the same\ time,
the dynamic assignment of the green times pro-
duces limited effectivenesss when compared to
the conventional static model. The dynamic
modle attempts to minimize total delay and to
constrain maximum queue lengths. A model
simply minimizing total delay without control-
ling queues would produce less delay than a
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mode! minimizing total delay as well as con-

straining queue lengths. The dynamic model

can control queue lengths, but cannot reduce

total delay for the case of simultaneous peak
traffic demands.

Table 2. Comparison Of Performances Between Passer Il And Dynamic Model Using Traf-Netsim

Total Travel Vehicles Delay Stops Queue
(veh-mile) Discharged (min/veh) per Trip Backup(sec)
Case 1. V/C=1.07, Simultaneous Peak Time, Heavy Cross-Street Left-Turn
PASSER 1 8,542 16,483 273 15
DYNAMIC MODEL -8,560 16,521 2.79 15
% DIFFERENCE +0.2 +0.2 +2 0
Improve " yes yes no no
Case 2. V/C=1.13, Alternate Peak Time, Moderate Cross-Street Left-Turn
PASSER H 9,008 17,559 351 15
DYNAMIC MODEL 9,171 17,791 3.04 15 0
% DIFFERENCE +18 +1.3 -13 0
Improve? yes yes yes no
Case 3. V/C=1.13, Random Demand, Moderate Cross-Street Left-Turn
PASSER I 8,814 17,391 2.08 1.3 0
DYNAMIC MODEL 8,876 17,521 1.78 1.3
% DIFFERENCE +0.7 +0.7 -14 0
Improve? yes yes yes no

1) Results of Wilcoxon rank-sum test
Research Hypothesis : Dynamic Model improved system performance.

Significance Level=0.05

Sample Size=5

Figure 12 shows the cumulative average

delay for the total interchange, as estimated by
TRAF-NETSIM. In Case 1, delay obtained
using the dynamic model increases faster than
that obtained using PASSER II. In Case 2,
delay produced using the dynamic model is con-

sistently smaller than that produced using
PASSER W during the entire control period.
No differences were observed in the number of

stops. No queue spillback was estimated for ei-

ther model since its elimination is a major
advantage of the 4-phase overlap strategy.

Figure 13 shows queues on the external ap-
proaches as estimated from the Input-Output
model in Case 1. In this figure, the queue length
data points for the dynamic model were derived
form the solution of the dynamic model. The
dynamic model estimates queue lengths using
the Input-Output model. Input is the time-slice
demand and output is the number of vehicles
discharged at the stop line. The difference be-
tween input and output is the queue length esti-
mated by the dynamic model. The queue
lengths for PASSER Il were also estimated



KRR RE B+2% B0, 1904

Cumulative Average Delay(min/veh)
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--+ Dynamic Model
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Fagure 12. Cumulative Delay at TUDI(Cases 1 and 2)
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using the Input-Quiput model because PASS-
ER I cannot estimate timing based on varing
queue lengths on the external approaches.

From Figure 13, the PASSER I timing plan
proudced very long queues on Approach 3, ex-
ceeding the queue storage capacity. The dynam-
ic model reduced this queue to the storage ca-
pacity and thereby produced slightly longer
queues on the other approaches than those pro-
duced using PASSER I. Even if some portion
of the queues on the critical approaches trans-
fer to noncritical approaches, the overall
queues were reduced by using the dynamic
model due to its responsive green split capabili-
ty. ‘

Queues estimated by TRAF-NETSIM in Case
1 are shown in Figure 14. Queue profiles by
TRAF-NETSIM have trends similar to that of
the Input-Output model, but they are not the
same. In Approach 3, PASSER H queues do
not exceed 60 vehicles while the PASSER I§
queues reach 90 vehicles from the Input-Output
model. The reason for this difference is that 1,
200 feet was coded as the external link length
for TRAF-NETSIM. TRAF-NETSIM produced
an error message of out —of memory for any
link longer than this length. If too many vehi-
cles to be exhausted, resulting in an out-of-
memory error.

Figure 15 shows comparisons of queue esti-
mations between the Input-Output model and
TRAF-NETSIM. Regression analysis was con-
ducted to estimate the best fit line. The slopes
of the regression lines are less than 1. This
result means that Iput-Output Analysis under-
estimates queue lengths compared to TRAF-
NETSIM. The reason for this difference is that

the Input-Output model estimates queues based,

on uniform traffic demand only, and does not
consider the effect random demand has on
queue length estimation. The g factor in Equa-
tion 11 should be adjusted based on this result.
From the regression analysis, a value of .65 ap-

~ pears to be reasonable for the 8 factor.

Figure 16 illustrates how signal timing
responds to queue length constraints. Figure 16
(a) shows queue profiles on Approach 3 of
Case 1. Two different queue constraints were
applied: 93 and 50 vehicles: Figure 16(b) pre-
sents the green times of Approach 3 produced
by the dynamic model. In the 50-vehicle queue
constraint case, queue on Approach 3 reaches
its upper bound at the end of Time Slice 4. To
prevent queue spillback, the dynamic model as-
signs large green time to the 50-vehicle queue
constraint case compared to the 93-vehicle

case.

V. CONCLUSIONS AND RECOM-
MENDATIONS

Dynamic optimization model was developed
for signal control of congested diamond inter-
changes. The performance of the dynamic
mode! was evaluated using the TRAF-NETSIM
simulation program. Conclusions drawn from
this research are described as follows.

1. The proposed dynamic model produces an
optimal signal timing plan for traffic control of
the signalized diamond interchange during
oversaturated traffic conditions.

2. The dynamic model consistently outper-
forms conventional model, PASSER M, with
regard to system productivity. This conclusion
was drawn from the TRAF-NETSIM simula-
tion. Total trave and vehicle discharge in the
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'I‘RAF—NETSIM output indicated increased pro-
ductivity of the control systems.

3. The dynamic model solution tends to re-
duce total system delay while it increased delay
slightley for a test case. The dynamic model
generally increases the number of stops as com-
pared to PASSER W because it more fully
utilizes the forward storage capacity of the sig-
nalized network.

4. Queue management on external approach-
es is a primary concern in the traffic contraol
of congested conventional dismond interchang-
es. The capability of queue management is a
unique feature of the dynamic model. This ca-
pability was demonstrated by the Input-Output
analysis and the TRAF-NETSIM simulation.
The dynamic model is superior to PASSER II
in queue management for congested interchang-
es. ‘

5. The dynamic model controls lengths
through efficient and timely changes of signal
timing plans as demand changes. The frequent
change of signal timing may cause unexpected
operational problems, however. Traffic control
strategies presented in this paper were de-
signed to minimize the transitional delay. The
control strategies appear to be effective in re-
ducing this delay.

6. The dynamic model is regarded as a low-
cost transportation improvement technique.
This model is effective in relieving congestion
within the traffic demand range that the queue
storage capacity of the roadway system can ac-
commodate. Beyond this acceptable range, how-
ever, the model is not very helpful, and major
geometric improvements should be condidered
to solve the remaining congestion problems.

7. TRAF-NETSIM was used as an evalua-

29

tion tool to test the control strategies developed
for oversaturated traffic conditions. Its ability
to simulate queue spillback and intersection
blockage was very important in evaluating the
traffic control of the oversaturated conditions.
It was found that TRAF-NETSIM was able to
simulate these phenomena. The graphic presen-
tation of the dynamic simulation process great-
ly aided the interpretation of operational

results.

This research was an initial attempt to em-
ploy a dynamic optimization model for signal
control of oversaturated diamond interchanges.
Based on the simulation results, the dynamic
model showed improved performance, and its
applicability from a practical viewpoint was
demonstrated successfully. Further studies are
recommended to enhance the dynamic model,
as follows:

1. Field validation of queue management
control is recommended to confirm the benefits
estimated by TRAF-NETSIM for the dynamic
model. '

2. The dynamic model has a weakness in sig-
nal timing during undersaturated time slices.
Slack green times exist when all competing ap-
proaches are undersaturated. The dynamic
model should be improved by introducing a rou-
tine to efficiently allocated these slack green
times. This problem can be solved using a two-
step optimization procedure like PASSER II-
87(10).

3. TRAF-NETSIM appeared to produce ac-
ceptable results in the simulation of congested
traffic conditions. Studies are recommended to
verify the reliability of its simulation results for
congested traffic conditions through field tests.



30 ' Journal of Korea Transportation Research Society Vol. 12, No. 2, 1994

REFERENCES

1. LJ. Pignataro et al. Traffic Control in
Oversaturated Street Networks. NCHRP
Report 194, TRB, National Research Coun-
cil, Washington, D.C., 1978.

2. DB. Fambro et al. A Report on the
Users Manual for the Microcomputer
Version of PASSER 1M-88. Report
FHWA/TX-88/478-1, Texas State Dept.
of Highway and Public Transportation,
Austion, Texas, 1988.

3. C.E. Wallace, et al, TRANSYT-7F
User's Manual. Transportation Research
Center, University of Florida, Gainesville,
Florida, 1988.

4. J.A. Wattleworth and D.S. Berry. Peak-Per-
iod Control of a Freeway System-Some The-
oretical Investigations. Highway Research
Record 89, HRB, National Research council,
washingtion, D.C., 1965, pp. 1~25.

5. T. Imada and ADMay. FREQSPE:@ A
Freeway Corridor Simulation and Ramp
Metering Optimiaziion Model. Report
UCB-ITS-RR-85-10, Institute of Transpor-

tation Studies, Univ. of California, Berkeley,
California, 1985.

6. P.G. Michalopoulos. Oversaturated Signal
Systems with Queue Length Constraints-I.
Single  Intersection. = Transportation
Research, Vol. 11, 1977, pp. 413~421.

7. CJ.Messer and D.J. Berry. Effects of Design
Alternatives on Quality of Service at Signa-
lized Diamond Interchanges. Transporta-
tion Research Recore 538, TRB, National
Research Council, Washington, D.C., 1975.

8. FHWA. TRAF-NETSIM User’s Manual.
FHWA, U.S. Depariment of Transportation,
Washington, D.C., 1988.

9. W.L.Hays, Statistics. 3rd Ed., CBS College
Publishing, New York, NY, 1981, pp. 590~
591.

10. ECP. Chang, J.C. Lei, and CJ. Messer
Arterial Signal Timing Optimization
Using PASSER 1-—87 Microcmputer
User's Guide. Report TTI-2-18-86-467-1,
Texas Transportation Institure, Texas A &M
University System, College Station, Texas,
1988.



