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Although it is evident which measurements describe an uncontrolled 
ramp operation, measurements relevant to describing the operation of 
a signal-controlled ramp are not readily apparent. A basic queuing 
approach is utilized to develop a model attempting to describe the op
eration of a signal-controlled ramp. The assumptions of Poisson ar
rivals into the ramp, a negligible move-up time in the queue, and an 
Erlang distribution of freeway gaps inherent in the model are verified 
by study measurements. A rate of service (wait at the signal) is then 
predicted for both fixed-rate metering and gap-acceptance control. The 
average queue at the ramp signal is also predicted for both types of sig
nal control. The predicted values are compared to observed study data. 
The study was conducted on the Dumble Street inbound entrance ramp 
on the Gulf Freeway (Interstate 45), Houston, in 1968. Because the 
computerized data collection system was not fully operational at the 
time the study was conducted, a field data collection scheme was de
veloped to monitor in-place loop detectors. 

•THE MEASUREMENT of the characteristics of a particular freeway entrance ramp 
is a relatively straightforward problem, even though it may be somewhat laborious. It 
is not necessarily obvious, in the case of a metered (or signal-controlled) ramp, which 
measurements are relevant to establish the ramp characteristics. Drew, Buhr, and 
Whitson (1) developed a r elationship to estimate the theoretical merging capacity of a 
signal-controlled ramp. Brewer et al. (2) established a capacity and service vol
ume relationship for a controlled ramp, whereas Buhr et al. (3) documented traffic 
characteristics of merging control systems. Weiss and Maradudin (4) have studied the 
theoretical delay characteristics of a stop-sign-controlled ramp. However, none of 
these approaches sufficiently describe a controlled ramp to readily indicate what char
acteristics should be measured for operational analysis. It was therefore necessary 
to develop a model describing a signal-controlled ramp, verify its assumptions as com
pletely as possible, check values for the predicted ramp characteristics, and estimate 
the unaccounted influence of other characteristics. 

PREDICTIVE MODEL 

Because the vehicles wanting to enter the freeway by the signal-controlled entrance 
ramp must wait in line for a green signal and then enter the freeway one vehicle at a 
time, some form of queuing theory should be applicable to this process. The use of 
queuing theory requires some knowledge about the stochastic nature of the vehicular 
arrivals to the ramp and the length of time a vehicle has to wait on red at the ramp 
signal. 

In 1936 Adams (5) indicated that the arrival of vehicles at a point on a roadway was 
often very well described mathematically by the Poisson distribution. Since then the 
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Poisson distribution has been used as an appropriate vehicular counting distribution, 
and it would seem to be applicable to the ramp arrivals. No historical backlog of data 
exists on wait at a signal, which is strictly a function of traffic conditions. Therefore, 
Kendall's (6) development of queuing relations for a Poisson input and an arbitrary 
service was utilized. As such, the average line of vehicles at the ramp signal might 
be expected to be described by 

where 

E(t) = qr • E(s) + 
~- • er~ + [qr • E(s)r 

2(1 - qr · E(s)] 

t = the number of vehicles waiting at the ramp signal, 

s = the length of time a vehicle waits at the ramp signal on red, 

qr = average rate of ramp arrivals, 

E(s) = expectation of wait at the signal, 

er~ = variance of wait at the signal, and 

E(t) = expectation of waiting line. 

The length of time a vehicle waits in line before reaching the signal would be 

E(w) = E(t) - E(s) 
qr 

and the total expected time from arrival until release at the ramp signal would be 

E(v) = E(t) 
qr 

(1) 

(2) 

(3) 

To obtain values for the expressions in Eqs. 1, 2, and 3 the form of E(s) and er~ 
must be known. One of the methods of signal control of ramps strongly advocated by 
some pe1·sons is metering vehicles on a constant rate with a fixed time signal cycle (7). 
For a fixed-rate metering type of control, E(s) would be a constant and er! would be -
zero (at least in theory) because vehicles would be allowed to enter the freeway on a 
regular basis. Equations 2 and 3 would remain the same but Eq. 1 would become 

[ qr . E(s)r 
E(t) = qr • E(s) + 2[ 1 - 'lr • E(s)] (4) 

Another method is to allow vehicles to enter the freeway when a gap in the outside 
freeway lane (large enough for a ramp vehicle to reasonably accept it) is expected to 
be in the merge area at the same time the ramp vehicle reaches the merge area (8) . In 
this case , the actual form of E(s) and er~ may be quite complicated. However, because 
each vehicle i s released at the signal one at a time on a first-come, first-served basis, 
an expression may be obtained for E(s) and er~. 

When a gap in the freeway stream greater than or equal to T seconds is detected, a 
vehicle can be released into it. Thus, the probability of selecting a gap can be denoted 
by 

g(t) 

g(t) 

o, t < T 

1, t.: T 

(5a) 

(5b) 

where tis the freeway gap in seconds. Furthermore, the gaps in the outside freeway 
stream as a whole will be taken to be independent random variables with a probability 
density function, h(t). Because the start of a gap detected does not necessarily coin
cide with the beginning of the search for a gap large enough to release the ramp vehicle, 
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the probability density of the detection of the first freeway vehicle on a gap search is 
denoted by 

B j h(x)dx 

t / x • h{x)dx 

(6) 

A conditional probability, b(t)dt, is defined as the probability that a gap is selected in 
the time interval (t, t + dt) given that no gap was selected in the interval (0, t). The 
probability density of the time waited at the signal, a(t), is 

a(t) 

co 

r 
d(t) j h0 (X) 

l 
• g{X) + b(t) J h(x) • g{x)dx 

0 0 

= d(t) • D0 + b(t) • D (7) 

where d(t) is a delta function. Equation 7 indicates a wait of zero time for the ramp 
vehicle if the first gap (or partial gap) is selected with a probability D0 , or a wait of 
time t until a gap appears that is greater than T seconds. 

In considering t.11e last term of Eq. 7, either the freeway vehicle that arrives at 
time tis the first vehicle to appear since time t = o and the time tis unsatisfactory, 
or the last vehicle passed the detector at time t0 and the time (t - t0 ) is unsatisfactory. 
From this, 

t 

b(t) h0 (t) [ 1 - g(t)] + J b(t0 ) • h(t - t0 ) [ 1 - g(t - to) ]ctto 

• G0 (t) + / b(t,,) • G(t - t 0 )dt0 (8) 

which is an integral equation of convolution form. Application of Laplace transforms 
to Eq. 8 will yield the following for E(s): 

"' 

E(s) = 1 f t [ D • G0 (t) + (1 - D0 ) • G(t)]ctt 

0 

Similarly, for the second moment of the wait at the signal, 

E(s ') ~ • I j t' [ D' • G0 (t) + (1 - D0 ) • D , G(t)]dt 

co 

+ 2 f t • G(t) dt • 

0 

(9) 

(10) 
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The variance of the wait at the signal, a~, can be calculated from the relationship of 
the first and second moments: 

a~ = E(s 2) - [E(s)J 2 (11) 

In order to establish a numerical value for E(s) and cr~ a specific distribution 
must be assigned to h(t). A general distribution yielding a mathematical tractible ex
pression is the Erlang distribution, 

h(t) 
(aq)a ta- 1 0 -aqt 

= (a - 1)1 (12) 

where 

a the Erlang parameter, 
q = the average vehicular flow rate, and 
t the gap size. 

If a = 1 (implying simple Poisson traffic on the outside freeway lane), then 

T 

E(s) 
eq - gT - 1 

= q2 
(13a) 

and T 2qt 2gTeq - 1 a2 e -= s q2 
(13b) 

Numerical evaluations of E(s) and a~ have been cal culated for numerous combinations 
of parameter varia tions (9). Figure 1 shows the variation of both expressions for dif
ferent values of Erlang "a", freeway flow rate, and ramp-controller gap setting. 

STUDY METHODOLOGY 

The study was conducted on the Dumble Street inbound entrance ramp to the Gulf 
Freeway in Houston. Normally data would have been collected using the computerized 
detection system. However, at the time this study was conducted, the computer avail
able at the Freeway Surveillance Center was not fully operational and more data inputs 
were required than were computerized. 

Data were collected by recording events on an Esterline-Angus 20-pen graphic re
corder. In order to attain the desired accuracy in measuring vehicle speed based on 
the actuation of two consecutive, closely spaced induction loop detectors, the recorder 
was modified for a chart drive speed of 30 in. per minute. This allowed the measure
ment of speeds up to 50 mph with an accuracy of 2 mph over a 30-ft speed trap. 

To collect the desired data, use was made of the permanent loop detector installa
tions as well as temporary loops that were taped on the ramp and the freeway outside 
lane. The locations of these detection stations are shown in Figure 2. Some data were 
also collected by observers with microswitches. The detector amplifier units and 20-
pen recorder were housed in the back of a station wagon. Permanent detector amplifiers 
and permanent circuit terminals were located in cabinets beside the frontage road. The 
station wagon was located near a detector cabinet to connect the recorder to the per
manent circuit relays, and to obtain power for the recorder and temporary loop ampli
fier units. 

Two observers were utilized during the study . One observer recorded the arrival 
of vehicles to the ramp queue and the departure of impatient drivers from the ramp 
queue. The second observer recorded the time at which the ramp vehicle merged, the 
ramp vehicle classification, and the delay incurred by a vehicle that became trapped 
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Figure 1. Mean and variance of wait at ramp signal. 

\ t GULF FREEWAY (I ,H. 45) 

DIMENSIONS LEGEND 

Rl = 15 Ft 
R2 = 24 Ft 
R3•23Ft 
R4"' 25 ft 
RS= 36 Ft 
x, "25 ft 

a TEMPORARY 6 ft x 6 Ft LOOP 
• PERMANENT 6 Ft x 6 Ft LOOP 
• PERMANENT SPECIAL SIZE LOOP 
cDC DETECTOR CABINET 
c SURVEILLANCE TV CABINENT 

SCALE: 

Figure 2. Layout of site. 
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TABLE 1 

SUMMARY OF DATA SETS COLLECTED 

Data 
Nu mber of Number of 

Study Date Time Type of Control Freeway Ramp 
Set Vehicles Vehicles 

1 Dec . 21, 1967 a.m. Fixed rate 611 187 
2 Dec. 20, 1967 a.m. Fixed rate 523 118 
3 Dec . 20, 1967 a. m . Fixed rate 815 283 
4 Dec . 21, 1967 a. m. Fixed rate 693 126 
5 Jan . 24, 1968 a . m. Gap-acceptance 643 103 
6 Jan. 24, 1968 a.m. Gap-acceptance 763 222 
7 Jan. 25, 1968 a.m. Gap-acceptance 679 219 
8 Jan . 25, 1968 a.m . Gap-acceptance 535 86 
9 Dec . 21, 1967 p . m . None 353 168 

10 Dec . 20, 1967 p.m . None 445 195 
11 Jan. 26, 1968 a.m. Capacity-demand 678 99 
12 Jan. 26, 1968 a.m. Capacity-demand 779 259 
13 Dec. 22, 1967 a.m. Fixed rate 769 186 
14 Dec . 22, 1967 a.m. Fixed rate 617 152 

TABLE 2 

DATA SETS PROCESSED THROUGH ANALYSIS PROGRAMS 

Data Set Number 
Analysis Program 

2 3 4 5 6 7 8 9 10 11 12 13 14 

Ramp speed and acceleration ✓ ✓ ,/ ✓ ✓ ✓ ✓ ✓ ✓ ✓ .J ✓ ✓ ✓ 

Ramp arrival pattern ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Ramp queue ✓ ✓ ✓ ✓ 0 ✓ ✓ ,/ ,/ 0 ✓ ✓ ✓ ✓ 

Ramp system input-output ✓ ✓ ✓ ✓ ✓ ✓ ..J ..J ..J ..J ..J ✓ ✓ ..J 

Ramp travel times X X ✓ ✓ ✓ ✓ ✓ ✓ X X ✓ ✓ ✓ ✓ 

Freeway approach speed ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ X .j ✓ .j .j 

Freeway arrival pattern ,J ✓ .j .j ✓ .j ✓ ' .j ✓ ✓ .j .j .j '/ 

Freeway gap pattern ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ .j ✓ ..J ..J 

NOTES: 
,J • Data set has been successfully processed through program . 
>< • Data set cannot be processed thrOugh program because of failure in data collection. 
0 ::: Data set cannot be processed through program because of unidentifiable error. 

at the end of the acceleration lane. Weather conditions prohibited conducting all stud
ies on consecutive weekdays. Two separate study periods were required necessitating 
a second preparation of the site. The total quantity of data collected is given in Table 1. 

Each graphic data record was processed through a Gerber analyzer to reduce the 
graphic data record to a BCD punched card data record. The data analysis was com
puterized as much as possible. The reduced data presented a semirandomly organized 
set of data points because of the nature of the process through the Gerber analyzer. 
Consequently, most computer programs were organized in two sections: (a) a main 
program that read all the data cards from a data set, reorganized the data, and stored 
the data in arrays representing the order in which events occurred during the original 
study; and (b) one or more subroutines that contained the analytic procedures. The 
one exception to this scheme of organization was a main program section that calculated 
the speed and acceleration of ramp vehicles. 

Table 2 gives the extent to which all data collected and reduced were processed 
through the analysis programs. Note that some data sets were not compatible with all 
analysis programs because of either a failure in a hardware component of the data col
lection system, or an unidentifiable data inconsistency. 
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VERIFICATION OF ASSUMED TRAFFIC CHARACTERISTICS 

Poisson Ramp Arrivals 

In order to develop the model, Poisson arrivals into the ramp queue had to be as
sumed. Although this may not be a particularly crucial assumption, it is worthwhile 
to investigate its validity. The fact that a control period spans the build-up, peak 
period, and dissipation of a transient traffic demand is sufficient justification. Table 
3 gives the results of testing the hypothesis, using the chi-square test, that arrivals 
in each data set were Poisson-distributed. If the hypothesis is rejected when the prob
ability of chi-square exceeding the calculated chi-square is less than 0.05, then only 8 
out of the 42 tests indicate that the observed arrivals were significantly different from 
a Poisson distribution. On this basis, the assumption of Poisson arrivals is valid. 

TABLE 3 

RESULTS OF TESTING RAMP ARRIVALS FOR POISSON BEHAVIOR 

Data Interval Chi-Square Degrees of Probability of 

Set (minute) Value Freedom Greater 
Chi-Square 

0.5 3 .46 7 0.80 
1.0 6.34 0 0.30 
,n 1 ?.1 ~ 0.80 

2 0 .5 6 .14 5 0 .20 
2 1.0 8 .38 6 0.20 
2 5.0 7 .23 3 0.05 

3 0.5 6.60 8 0.50 
3 1.0 6 .96 8 0.50 
3 5.0 4 .92 4 0 .20 

4 0.5 6 .23 5 0.20 
4 1.0 2.7 4 6 0.80 
4 5.0 4.31 3 0.20 

5 0 .5 8.03 5 0.10 
5 1.0 17 .18 4 0 .001 
5 5.0 7 .60 3 0 .05 

6 0.5 27 .96 '1 0.0005 
6 1.0 2 .05 7 0.95 
6 5.0 2 .38 4 0.60 

7 0 .5 4 .79 8 0.70 
7 1.0 2 .51 7 0.90 
7 5.0 3.03 4 0. 50 

8 0.5 6 .17 4 0.10 
8 1.0 3 .95 5 0.50 
8 5.0 2 .26 2 0 .70 

9 0.5 2.18 8 0.975 
9 1.0 8 .24 0 0.20 
9 5.0 2 .31 2 0.30 

10 0. 5 12.64 7 0 .05 
10 1.0 16.88 6 0 .005 
10 5.0 7 .81 2 0.01 

11 0.5 8 .25 5 0.10 
11 1.0 3.79 5 0.50 
11 5.0 5.05 4 0 .20 

12 0.5 6.47 6 0.50 
12 1.0 7.71 8 0.40 
12 5.0 6.85 5 0.20 

13 0.5 3.44 6 0 .70 
13 1.0 5.28 0 0 .50 
13 5.0 7 .83 3 0.025 

14 0.5 32.23 5 0.0005 
14 1.0 22.82 4 0.0005 
14 5.0 11.55 3 0.005 
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Move-Up Time (Starting Delay) 

Because the basic queuing approach inherently assumes that a negligible time is re
quired for each vehicle to move forward one position in the queue, the starting delay 
at the ramp signal was measured. To investigate the driver-vehicle response to the 
ramp signal s timulus , the time interval between the instant that the ramp signal turned 
green and the instant that the check-out detector (located 9.5 ft from the signal) was 
actuated was measured for each vehicle facing an unobstructed ramp. The resultant 
histograms are shown in Figure 3. From this figure the response times appear to be 
normally distributed. Table 4 gives the results of testing for normality with the chi
square test. By rejecting the null hypothesis that the driver-vehicle response is nor
mally distributed when the calculated chi-square exceeds the chi-square with 5 percent 
confidence, only data sets 3, 6, and 11 are considered normal. 

Data sets 3, 6, and 11 were tested for equality of variances, and all F-test statistics 
are not significant at the 95 percent level of confidence. The results of the tests are 
given in Table 5. Combinations of the three data sets were tested against the null hy
pothesis that the means were equal. All combinations were not significant at 95 per
cent confidence. Because all the data sets indicate a strong central tendency, even 
though a few deviant values prevent all sets from testing as normally distributed, the 
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Figure 3. Driver-vehicle response at ramp signal (unob-
structed vehicle). 
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TABLE 4 

DRIVER-VEHICLE RESPONSE TO RAMP SIGNAL STIMULUS TEST FOR NORMALITY 

Data Number of Mean Variance Calculated Degrees of Tabulated 
Set Vehi cles Time of Time Chi-Square Freedom Chi -Squar ea 

2 41 2 .69 0.772 16 .13 5 11.1 
3 37 2.55 0 .966 5.38 5 11.1 
5 35 2 .73 3.390 39.92 9 16.9 
6 74 2.72 1.020 12.61 7 14.1 
7 65 2 .83 3.989 109 .58 9 16.9 
8 25 2.25 0 .256 7.36 2 5.99 

11 35 2.83 0 .830 7 .94 5 11.1 
14 76 2.47 1.569 46.78 8 15.5 

aProbability of greater value is O 05 

Data Sets 
Tested 

3, 6 

3, 11 

6, 11 

TABLE 5 

TESTS FOR EQUAL MEANS AND VARIANCES OF DRIVER-VEHICLE 
RESPONSE TO A RAMP SIGNAL 

Calculated F-Test Calculated t-Test 
F Statistic 

Table F 
Significant? t Statistic Table t Significant? 

1.06 1.86 No 0 .846 1.983 No 

1.16 1.98 No 1.272 1.994 No 

1.23 1.86 No 0.590 1.983 No 

mean value can be considered to be a good measure of the driver-vehicle response to 
be used in a model. All the data, grouped together, have a mean of 2.62 sec and a 
variance of 0.705 sec. 

It is obvious that if the move-up time is to be negligible, there must be some other 
minimum time required at the signal that tends to exceed the move-up time. The ap
proximate lower bound on a background cycle to flash the red, green, and amber sig
nal indications is 3.0 sec. In all cases, the majority of the data points are less than 
3.0 sec, thus indicating that, on the average, the initial assumption was permissible. 
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However, any predictions based on the model could be expected to represent only aver
age trends. 

Erlang Gap Distribution 

If signal control is based on response to the availability of gaps in the freeway 
stream, then the assumed pattern of freeway traffic should be a reasonable model of 
the actual process. The Erlang headway distribution has been studied previously for 
applicability to traffic flow (10). The parameter of interest with respect to outside free
way lane flow is the value oTThe Erlang "a" parameter. Drew, Buhr, and Whitson (1) 
reported an empirical approximate relationship between the Erlang "a" parameter for 
the headway probability density and the average freeway lane flow as shown in Figure 4. 
A number of data sets of freeway gaps recorded at the gap detector (5-min and 1-min 
intervals) were evaluated to establish Erlang distribution parameters for the total study 
period. Table 6 gives a summary of the headway analysis for one such data set. The 

TABLE 6 

SUMMARY OF FREEWAY GAP-DISTRIBUTION ANALYSIS 

Average Headway Average Average 
Erlang "a" Erlang "b" Freeway Freeway Headway Variance Flowa Speed 

Total period 
2 0 .706 3.0 4 .21 1,210 37 .40 

5-min intervals 
3 1.172 2.7 2.27 1,344 36.09-
2 0 .619 3.2 5.22 1,116 37 .77 
3 1.246 2.7 2.19 1, 320 36.24 
2 0.576 2.7 4.68 1,332 34.22 
2 0.547 3.1 5.68 1,164 37 .47 
2 0.645 3.0 4.65 1,200 39.25 
2 0.677 3.5 5.18 1,020 41.42 

1-min intervals 
3 1.257 2.3 1.80 1,560 35.78 
3 1.170 2.8 2.42 1,260 34.85 
3 0.894 3.2 3.57 1,080 35.95 
4 1.623 2.7 1.69 1,260 36 ,76 
3 1.160 2.5 2.16 1,560 36 .96 
1 0.346 3.0 8.69 1,200 36 ,64 
2 0 .599 3.4 5.60 1,080 37 ,54 
3 1.010 3.3 3.3 1 1,080 36 .68 
2 0 .592 3.5 5.98 1,020 38.19 
3 0 .886 3.0 3.38 1,200 39.72 
3 1.084 3.0 2.78 1,200 36.10 
4 1.580 2.6 1.63 1,380 36.18 
3 1.062 2.9 2.74 1, 260 34,54 
4 1.545 2.3 1.50 1,560 34,23 
3 1.138 3.0 2.59 1,200 40,56 
2 0.524 3.2 6.04 1,140 33 ,34 
1 0.530 2.7 5.18 1,320 34.52 
2 0.795 3.0 3.77 1,140 34.12 
4 1.976 2.1 1.06 1,800 32 .84 
1 0.307 2.8 9.09 1,260 36 .75 
2 0.507 3.5 6.99 1,020 40.27 
2 0 .588 3.3 5.68 1,080 38.21 
2 0 .630 2.6 4.16 1,320 35.41 
5 1.981 2.7 1.38 1,260 37 .94 
1 0.302 3.5 11.49 1,140 36.13 
5 1.844 2.8 1.51 1,200 36.91 
1 0.364 3.4 9.22 1,140 40.29 
2 0.542 3.1 5.73 1,140 34.42 
2 0.853 2.5 2.95 1,440 39.23 
2 0.704 3.4 4.84 1,080 40.09 
2 0.492 4.2 8.56 840 44.14 
2 0.512 3.5 6.85 1,020 43.65 
4 1.171 3.0 2.60 1,200 39.29 
2 0.587 3.3 5.68 1,080 40.35 
4 0.982 3.7 3.73 960 40.52 

aoutside lane flow rate for interval , 
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range of variation on the Erlang "a" parameter in Table 6 is typical for a sample of 
stable peak-period flow. 

Figure 4 is based on a 5-min interval to measure the flow rate and gap distribution. 
Because 1-min counts of gaps are unduly influenced by one very large or very small 
gap, the 5-min count was used in this research as the basis for establishing the value 
of the Erlang "a". Figure 5 shows the Erlang "a" values versus a 5-min freeway flow 
rate obtained from the gap analysis. The values used to predict the wait at signal are 
also shown in Figure 5; 5-min flow rate parameters are stable and reasonably well 
predicted. 

PREDICTED TRAFFIC CHARACTERISTICS OF OPERATION 

Constant Fixed-Rate Metering 

When the fixed-rate metering is employed, it is presumed that the rate of release 
of vehicles at the signal is in fact a constant. If drivar-vehicle characteristics vary 
in a manner that distorts the effective metering rate, they must be verified. -A control 

schedule develope,d on the basis of er
roneously predicted metering rates 
could undo all the anticipated freeway 
benefits. 
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Figure 6. Observed and expected service time for fixed
rate metering. 

In Figure 6 the inverse of the set 
metering rate, the average observed 
service time for unobstructed vehicles, 
and the individual observed service 
time for unobstructed vehicles are 
shown. The data points were obtained 
for two different metering rates (7 ve
hicles per min and 11 vehicles per min). 
If the service time had been a constant, 
the individual observed points should be 
scattered about either the line repre
senting the inverse of the set or the ob
served average service time with vari
ation caused by measurement errors. 
At a set rate of 11 vehicles per min 
(expected service time of 5.47 sec), the 
observations vary less than those at a 
set rate of 7 vehicles per min (expected 
service time of 8.57 sec), but the vari
ation does exceed possible measurement 
error (on the order of 0.05 sec). The 
variability can possibly be caused by the 
driver's response to the signal that 
would tend to produce a service time 
longer than expected. The service times 
considerably shorter than expected are 
probably due to signal violators that 
accounted for 10.1 percent of the sam
ple. As can be seen in Figure 6, the 
set rate of metering is a good central 
tendency rate of ramp vehicle input to 
the freeway. 

Wait at Ramp Signal 

The service time (wait) of each ramp 
vehicle was measured as the time ex
piring between the instant that the check-
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Figure 7. Theoretical and observed mean service times at ramp signal under 
gap-acceptance control. 
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in detector was first actuated until the instant that the ramp signal turned green. In 
order to exclude delays caused by other vehicles stopped in the merging area, service 
times were measured only when the merge detector was off. In addition, owing to a 
severe limitation on ramp queue storage, some waits at the signal had to be omitted 
because the vehicles were released under a fixed-rate override metering rate rather 
than gap-acceptance control. The mean service time was calculated for each 5-min 
period of gap-acceptance control during stable freeway speeds (no slowdown or shock 
wave). A 5-min period was used because the Erlang parameters for the predictive 
model are based on a relationship to 5-min freeway flow rates. 

Figure 7 shows, for service gap settings of 2.5 and 3.0 sec, the observed mean 
service and the theoretical expected delay as predicted by an evaluation of Eq. 9. The 
observed values fluctuate about the predicted curve, which is to be expected because 
the theoretical curve is based on steady-state conditions. In general, however, the 
predicted service times seem to be shorter than the observed times. This is probably 
due to the assumption, inherent in the theoretical derivation of the delay, that a vehicle 
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TABLE 7 

PREDICTED AND OBSERVED AVERAGE QUEUE 
LENGTH FOR STUDY PERIOD 

Data Set Type of Control 

Average 
Observed 

Queue 
Length 

Predicted 
Average 
Queue 
Length 

2 
3 

13 
6 
7 
8 

Fixed-rate metering 
Fixed-rate metering 
Fixed-rate metering 
Gap-acceptance 
Gap-acceptance 
Gap-acceptance 

0.71 
1.29 
2.71 
3.82 
7 .21 
1.18 

0.48 
1.27 
2.55 
0.53 
1.04 
0.37 

accepting the first available gap is not de
layed and has a service time of zero. This 
would be true except for a minimum back
ground cycle that fixes the minimum time 
between the release of two consecutive 
vehicles. 

By taking the theoretical relationship 
to be a reasonable representation of the 
delay at the signal and measuring the head
way characteristics approaching the merg
ing area, the average wait at the signal 
can be projected on a minute-by-minute 
basis. This is useful in considering two 
problems associated with merging con
trol: (a) the wait at the signal that a 

driver will tolerate before violating the red signal indication, and (b) the approximate 
number of vehicles that can be expected to be served in the next minute. If the toler
ance for a driver's wait at the signal is known, the upper limit on controller settings 
can be established for given freeway flow conditions. If the headway characteristics 
approaching the merging area are known, then the inverse of the expected delay yields 
an average number of vehicles that may be served in the next time interval for the 
present merging controller setting. 

Queue Lengths at Ramp Signal 

Equation 4 was used to predict the average queue length based on the controller-set 
fixed metering rate. Both the average measured queue length and the predicted queue 
length are given in Table 7. Under the fixed-rate metering, Eq. 4 yielded a good mea
sure of the queue on the three studies that had no freeway stoppages. 

Equation 1 produced the predicted average queue length during gap-acceptance con
trol. In comparing the observed and predicted values, it is obvious that Eq. 1 grossly 
underestimated the queue length. (Note that the mean and variance of the wait at the 
signal used in Eq. 1 are based on the gap-acceptance control release of every vehicle.) 
A considerable number of vehicles were unduly delayed because a driver stopped in the 
merging area, thereby terminating gap-acceptance control until the merge area of the 
ramp cleared. During this time the queue builds up, but allowance is made for this in 
the expected service time used in Eq. 1. 

FINDINGS AND CONCLUSIONS 

The following can be concluded with respect to predicting ramp operating character
istics under signal control by a queuing approach: 

1. The assumption of Poisson arrivals during a peak period is valid for ramp arrivals. 
2. The wait at the ramp signal for vehicles released under gap-acceptance control 

is reasonably well predicted by the renewal process development. It does, however, 
tend to underestimate the wait. 

3. For fixed-rate metering control, the queuing model yields a good estimate of the 
expected queue length. 

Additional findings include the following: 

1. A set fixed metering rate does not represent a constant rate of release of vehi
cles from the ramp signal. On the average, it approximates the controller setting. 

2. Driver-vehicle units do not respond to the green signal in a constant fashion. 
The response time appears to be normally distributed about a mean response. 

3. Average queue lengths are not predicted well by the gap-acceptance queuing 
model over any length of time. It is not possible to sufficiently describe mathemati
cally all the control mechanisms by which the queue can be depleted. The study site 
would not permit adjusting the controller to only gap-acceptance release of vehicles. 
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