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Abstract: A theoretical sensitivity analysis of total lost time
and saturated flow rate is conducted based on the method
proposed in the Highway Capacity Manual ( HCM). In
addition, the accuracy of the timing calculation algorithm
suggested in the HCM is verified using field data from three
intersections. It is demonstrated that there is a positive
correlation between the estimation error rates of the signal
cycle length and the phase lost time. Also, the estimated value
of saturated flow rate must meet the specific requirements
under different saturated conditions to guarantee the accuracy
of the signal cycle length. However, through analysis of field
data collected on the discharge headway in three intersections,
it is also found that, if the 4th vehicle is set as the initial spot
for the stable discharge headway, as is recommended in the
HCM, the error of the phase lost time will be over 40% when
the line length is over 10 vehicles. Moreover, the calculation
error for signal cycle length is not guaranteed to fall within the
15% range when the length of line is over 15 vehicles. It is
suggested that, to improve the applicability of the HCM
method, a more accurate description of the distributed
regularity of the discharge headway is necessary when
calibrating key parameters.
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A reasonable signal timing plan is necessary to guar-
antee the efficiency of an urban transportation net-
work. To optimize a signal timing plan, it is necessary to
study methods for enhancing the accuracy and reliability
of isolated intersection control. Classic algorithms for sig-
nal timing include the British TRL method, the ARRB
method, and the method proposed by HCM'" .
widely used signal timing algorithm in China is the meth-
od proposed in the HCM, which will be used as the foun-
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dation for this study to optimize the signal cycle length al-
gorithm.

Classic algorithms generally pay more attention to refi-
ning external conditions or set some specific goals. Re-
search on improving classic algorithms was mainly carried
out in 1990s, such as the studies of Al-Salman et al. "™
and Yang et al™. In recent years, less research on this
direction has been done. With the rise of ITS technology,
treating signal timing plans as an optimal control problem
became a popular new research idea'. Fuzzy control,
neural networks, and reinforcement learning came to oc-
cupy the predominant position. Related studies on intelli-
gent methods can be found in Refs. [5 —7] and so on.

Besides improvement on the classic algorithms and in-
telligent control methods, parameters calibration is an im-
portant way to improve the signal control efficiency' .
Based on Refs. [9 — 10], it is easy to see that the dis-
charge headway is correlated to the queue position. Satu-
ration flow rate and lost time are computed based on the
headway of one specified queue position, which is regar-
ded as the beginning of the saturated flow. However,
Shao et al. """ and some other researchers also show that
using the average value of headways statistics to calculate
the SFR may result in underestimations. Above all, the
importance of parameters calibration for signal timing is
obvious while the criterion and acceptable error level for
calibration is lacking research.

Based on the errors existing in parameters calibration,
this paper performs the sensitivity analysis of the lost time
and saturation flow rate. An acceptable error range for
calibration is determined, which is useful for evaluating
the efficiency of the calibration method.

1 Basic Theory of Signal Timing Algorithm in
HCM

This study uses the signal timing method recommended
in HCM 2010 to perform a sensitivity analysis of the
algorithm’s main parameters.

1.1  Calculation method of signal cycle length in

HCM

Based on the Highway Capacity Manual 2010, the fun-
damental theory of signal cycle length calculation can be
presented as follows.

The established principle for a signal cycle is that all
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vehicles can pass through the intersection within the cy-
cle, which means no stranded vehicles. Consequently,
the cycle length should be equal to the sum of the lost
time of critical phases in one cycle and the time that all
arriving vehicles need to pass through the intersection at
the saturation state; that is

c=L+Y Lc (1)
i=1

where C is the cycle length, s; L is the cycle lost time,
s; g,/ 1s the flow ratio of the critical phase i in the criti-
cal lane; ¢, is the real arrival flow rate of the critical
phase in the critical lane, veh/h; S, is the saturation flow
rate of the critical phase in the critical lane, veh/h; n is
the number of critical phases.

The arrangement of the above formula can be shown as

L=3Y1, (3)

Y=1% (4)

Cs = Y C (5)
Ry =0.95,P . f. (6)

where Y is the sum of the flow ratio of the critical phases;
c; is the set of critical phases on the critical path, s; [, is
the phase i lost time [,; =1, , + I, ;; [, is the startup lost
time, [, ;=2.0s; [, is the clearance lost time, [, , =A +
R, -e, A is the yellow change interval, s, R, is the red
clearance interval,
green, e =2.0; C is the critical sum, veh/h; Ry is the
reference sum flow rate, veh/h; C, is the critical phase
volume, veh/h; P is the peak hour factor; s, is the bas-
ic saturation flow rate in each lane, pcu/(h - In); f, is
the adjustment factor for area type, which is 0. 90 for a
central business district and 1. 00 otherwise.

s, e is the extension of effective

1.2 Parameter calibration method

According to the signal cycle timing method in HCM
2010, the cycle lost time L and the sum of the flow ratio
of the critical phases Y are two main parameters influen-
cing the accuracy of cycle length estimation.

1.2.1

As shown in Eq. (3), cycle lost time L is the sum of
the phase i lost time, and the phase i lost time is divided
into two parts: start-up lost time and clearance lost time.

Calibration of cycle lost time L

It is noted in HCM that the influence of reaction time
and acceleration time on traffic flow decreases with vehi-
cles going through the stop line. Supposing that their in-
fluence can be ignored when the (m +1)-th vehicle rea-

ches the stop line, the lost time of phase i can be ob-
served and calculated by

L= X1 (7)

j=1
where £, is the start-up lost time of the j-th vehicle; m is
the m-th vehicle in the queue.

It is proposed in HCM that the value of m is 4 under
observable situation, and headways after the 4th vehicle
can be regarded as stable; under unobservable situations,
it is recommended that the start-up lost time of one phase
is set to be 2 s.

Clearance lost time can be determined by subtracting
the yellow change interval and the extension of the effec-
tive green from the red clearance interval. As recommen-
ded in HCM, the extension of effective green is 2 s.
1.2.2 Calibration of the sum of flow ratio of critical

phase Y

As shown in Eq. (4) , the sum of the flow ratio of crit-
ical phase Y is the ratio of the critical sum C; to the refer-
ence sum flow rate R;. The accuracy of C is determined
by the precision of the traffic monitoring method, which
is not within the research scope in this study; thus, Cs is
assumed to be accurate.

According to Eq. (6), the reference sum flow rate is
composed of the basic saturation flow rate, the peak hour
factor, and the adjustment factor for the area type. It
should be noted that the basic saturation flow rate is the
maximum flow rate under the assumption that the green
ratio is equal to 1. 0. The value of the basic saturation
flow rate can be gathered through a field survey. Also,
the rate in each lane is the expected flow rate in a straight
vehicle lane in the situation that the adjustment factor is
equal to 1.0.

=200 ()
where £ is the saturation headway, s.

As pointed out in HCM, when the saturation headway
cannot be observed, the default value of the basic satura-
tion flow rate is 1 900 pcu/(h - In) in metropolitan areas
where the population is greater than 250 000 people, and
1 750 pcu/(h - In) elsewhere.

2 Sensitivity Analysis of Key Parameters

In order to guarantee the accuracy of signal timing, this
study analyzes the lost time and the saturation flow rate,
which are two key parameters in the signal timing algo-
rithm.

2.1 Sensitivity analysis of lost time

In ideal circumstances, the signal cycle length can be
calculated via Eq. (2) and the parameters L and Y can be
determined accurately. However, errors exist in the cali-
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bration of L and Y in practical applications. If assuming
that Y can be calibrated accurately and the error exists while
calibrating L, the signal cycle length can be calculated as

=Cy, (9)

where C, is the calculated value of the signal cycle
length; L, is the actual calibrated value of lost time; v, is
the ratio of actual calibrated value to the theoretical value
of lost time (the theoretical value is the calibrated value
with no errors) .

Therefore, the ratio of the calculated value C, to the
ideal value C is represented as

C.
C =70 (10)
It is illustrated here that there is a positive correlation
between the error of the total lost time and that of the cal-
culated value for the signal cycle length. As Eq. (3)
shows, the total lost time is the sum of the lost time in
each phase, which includes the start-up lost time and the
clearance lost time. It can be concluded that the total lost
time of a signal cycle is influenced by the number of pha-
ses, the start-up lost time, and the clearance lost time.
In the application of signal control in China, the most
commonly used signal timing plans are two phases, three
phases, and four phases. There is no all-red clearance in-
terval. The extension of green time can be set to be 2 s as
recommended in HCM, and the clearance lost time for
each phase is 1 s. It is proposed in HCM that the start-up
lost time can be 2 s for each phase when there is no sur-
vey data. However, it is believed that this value has a
relatively large error and cannot be adopted without ap-
propriate research. Therefore, the total lost time of the
signal cycle length can be generated as

L= Zlm‘ = Z(ll,i+12,i) = z(ll‘i*—l)
(11)

So the total lost time of the signal timing plan depends
on the number of phases and the start-up lost time. As
there are no effects on the analysis results, it can be as-
sumed that using the same method for lost time estimation
leads to the same estimation error for each phase. The er-
ror in the total lost time remains on the same scale as the
error in each phase; that is, the scales of the errors for to-
tal lost time and for [, ; +1 are the same.

In accordance with Eq. (10), the ratio of the calculation
error for the signal cycle length is positively related to the
ratio of the lost time error as well as the ratio of error for
[, ; +1. When it is required that the error for the signal cy-
cle length calculation is no more than 5% , 10% , or 15% ,
the estimation error for /, ; +1 in each phase should be no
more than 5% , 10% , or 15% , respectively.

2.2 Sensitivity analysis of saturation flow rate

If assuming that L can be calibrated accurately, and er-
ror exists when calibrating Y, then the calculation result
for the signal cycle length can be established as

L L

= 12
cRT 7
R

0s 1=
Ya

Se S S

&

where Y, is the calibrated value of the sum of the flow ra-
tio of the critical phases; R, is the actual calibrated value
of the reference sum flow rate; vy, is the ratio of the actu-
al calibrated value to the theoretical value of the saturation
flow rate (theoretical value is the calibrated value with no
errors) , and y, > Y.

It can be concluded from Eq. (12) that, when error
exists in the sum of the flow ratio in the critical phases Y,
the ratio of the calculated value of the signal cycle length
C. to the ideal value C can be depicted as

:g:’yiQ(] _y>

d
©C Yo~ Y

(13)

where d_ is defined as the accuracy of the cycle length.

0.7 0.5

0.9
Ya

0.2 T3 11
Fig.1 Three-dimensional function of y,, ¥, and d,

As illustrated in Fig. 1, d, is significantly influenced by
the values Y and vy, and as the value of Y increases, the
sensitivity of d, to vy, increases. As the accuracy of the
cycle length d, must be guaranteed to meet the overall ob-
jective of signal timing, the requirements of vy, for inter-
sections under different levels of saturation are important.

Engineering applications require the calculation error of
signal cycle length to be as small as possible. However,
although it is impossible to be completely accurate, it is
possible to control the error scale within an acceptable
range, e. 2., 5% , 10% , or 15% . The acceptable ranges
for d_ corresponding to the error ranges of 5% , 10% ,
and 15% are 0.95<d.,<1.05, 0.90<d, <1.10, and
0.85<d_ <1.15, respectively, and the requirements for
Y and vy, are as
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1.05Y 0.95Y
0.95<d.<1.05, mS’YQsiY—O.OS (14)

1.10Y 0.90Y
0.90<d <1.10, m$70$7_0.10 (15)

1.15Y 0.85Y
0.85=d.=<1.15, Y+0.15$7Q$Y—0.15 (16)

Signal control is usually performed at intersections with
a relatively large flow rate, and no signal control intersec-
tions typically operate under small saturation. Therefore,

Eqgs. (14) to (16) are suitable for intersections whose
saturation is greater than 0. 15. According to Egs. (14)
to (16), for intersections under different saturations, 7y,
must meet the requirements listed in Tab. 1 to guarantee
the required level of accuracy for the signal cycle length.
For example, when an intersection is under the saturation
of 0.6 and it is required that the calculation error of the
signal cycle length is less than 10% , then the value of vy,
must fall within the range of [0.94,1.08].

Tab.1 The range of vy, at different levels of accuracy for signal cycle length of intersections at different saturations

Accis:p'table e'rror level Acceptable v, Y

of signal time/% 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Upper 1.14 1.09 1.06 1.04 1.02 1.01 1.01

> Lower 0.90 0.93 0.95 0.97 0.98 0.99 0.99

10 Upper 1.35 1.20 1.13 1.08 1.05 1.03 1.01

Lower 0.83 0.88 0.92 0.94 0.96 0.98 0.99

s Upper 1.70 1.36 1.21 1.13 1.08 1.05 1.02

Lower 0.77 0.84 0.88 0.92 0.95 0.97 0.99

3 Accuracy Analysis of Key Parameters Cali-
bration Method

3.1 Basic data collection

Three intersections in Nanjing, China, are selected for
collection of headway. The field study focuses on through
traffic during morning peak (7:30—8.:30) and evening
peak (17:00—19:00) on weekdays. One through lane is
chosen for each intersection. Recorded videos are pro-
cessed manually. For the first vehicle of a queue, the dis-
charge headway is the elapsed time between the start of a
green light and the time when the vehicle’s front bumper

passed the stop line. For the remaining vehicles, inclu-
ding all vehicles that join the queue during the green, the
discharge headways are the elapsed time between the
points when two successive vehicles’ front bumpers pass
the same stop line.

The headway is collected in groups; each group con-
tains the headways for all vehicles in the queue for one
phase. The numbers of valid headway data for the three
intersections are 301, 302, and 320. All data is presented
in Tab.2. The headway at each spot in line is the average
of valid data. The saturation flow rate at that spot can be
calculated according to Eq. (8).

Tab.2 Statistical parameters for entering headway

Intersection 1

Intersection 2 Intersection 3

Spot
in Il)ine Number Headway/'s Capacity/ Number Headway/s Capacity/ Number Headway/s Capacity/
(veh - h) (veh - h) (veh - h)
1 301 3.40 1 060 302 3.30 1 091 320 3.87 930
2 301 3.23 1113 302 3.07 1173 320 3.44 1 047
3 301 2.72 1326 302 2.61 1379 320 3.00 1201
4 301 2.58 1397 302 2.43 1 484 320 2.68 1 341
5 301 2.44 1 476 302 2.28 1578 318 2.60 1383
6 301 2.44 1 476 302 2.18 1 654 318 2.60 1387
7 299 2.35 1 534 302 2.20 1 640 316 2.49 1 444
8 294 2.28 1 580 302 2.16 1 664 312 2.44 1 476
9 289 2.20 1 636 299 2.08 1727 301 2.43 1484
10 275 2.15 1 673 289 2.01 1795 287 2.26 1 591
11 263 2.11 1 706 266 1.93 1 870 278 2.23 1612
12 255 2.07 1737 241 1.89 1 905 238 2.22 1 624
13 230 2.06 1751 221 1.81 1 985 213 2.11 1705
14 190 1.99 1812 202 1.79 2014 197 2.08 1731
15 119 1.98 1817 154 1.77 2 037 177 2.06 1750

3.2 Accuracy analysis for total lost time calibration

According to the sensitivity analysis of lost time, the
ratios of calculation error for the signal cycle length and
the error of [, ; + 1 are positively related. It is stated in

HCM that the discharge headway will remain stable after
the 4th vehicle, meaning that the start-up lost time can be
set to be 2 s when it is unobservable.

For the data from three intersections, each spot between
the 4th and the 15th vehicle is set as an assumed stable



320

Zhao Yi, Zhong Ning, Lu Jian, and Li Yunxuan

spot for discharging vehicles in the queue and the value of
[, ; +1 is calculated. Results are shown in Tab. 3.

Tab.3 Lost time analysis of queuing vehicles achieving stable
conditions at different spots in line

Spot of stable (L +1)/s

headway Intersection 1 Intersection 2 Intersection 3
4 2.61 2.70 3.26
5 3.17 3.28 3.58
6 3.17 3.80 3.62
7 3.72 3.69 4.23
8 4.20 3.92 4.61
9 4.82 4.55 4.72
10 5.26 5.26 6.18

11 5.67 6.05 6.47
12 6.10 6.44 6.67
13 6.29 7.36 7.93
14 7.20 7.70 8.34
15 7.26 7.99 8.64

If it is assumed that the discharge headway achieves a
stable condition after the 4th vehicle, the values of [, ; + 1
for the three intersections are, respectively, 2.61, 2.70,
and 3.26 s. If it is considered that the discharge headway
achieves a stable condition after the 10th vehicle, the val-
ues of [, ; +1 are, respectively, 5.20, 5.26, and 6. 18 s.
It is obvious that the values of /, ; +1 under the latter as-
sumption are greater than 90% , which are larger than
those under the former assumption. Moreover, the values
of [, ; +1 under the assumption that the discharge head-
way achieves a stable condition after the 15th vehicle are
greater than 40% , which are larger than those under the
assumption that the stable spot is at the 10th vehicle. The
ratios of calculation error for the signal cycle length when
assuming that the saturated spots of the discharge head-
way are at the 4th, 10th, and 15th vehicle are thus over
40% , and even over 90% . Therefore, it can be conclu-
ded that it is not appropriate to set the spot of the 4th ve-
hicle as the initial saturation point for the discharge head-
way , and the changes in headways at a subsequent spot in
line have a significant influence on the calculation of sig-
nal cycle length.

3.3 Accuracy analysis for saturation flow rate cali-
bration

If the discharge headway is stable after the 4th vehicle,
the saturation flow rates of the three intersections can be
obtained by Tab.2, and these are, respectively, 1 397,
1 484, and 1 341 veh/h. To ensure that the error rate of
the signal cycle length is within the range of 5% , 10% ,
or 15% , the acceptable maximum values for the real sat-
uration flow rate can be calculated by

_ Cin

max YQU

Yo

C

(17)

where C, . is the acceptable maximum value of the real
saturation flow rate; C,, is the saturation flow rate at the

spot in line of the 4th vehicle; vy, is the acceptable upper
bound of y,in 0; vy, is the acceptable lower bound of vy,
in 0. These calculation results are shown in Fig. 2.

Fig. 2 illustrates that, when the calculation error for
signal cycle length falls within 5% , the saturation flow
rate at the 10th vehicle is over the value of C,, at most
levels of saturation. When the calculation error for the
signal cycle length is required to be within 10% , the val-
ue of C_, under a saturation of over 0.55 is lower than
the saturation flow rate at the spot of the 10th vehicle,
and the C,,
saturation flow rate at the spot of the 15th vehicle. When
the calculation error for the signal cycle length is required
to be within 15% , the C,_, for saturation over 0. 55 is
lower than the saturation flow rate at the spot of the 15th

under a saturation over 0. 45 is lower than the

vehicle. Also, as was proven, the results of this analysis
are the same when the spot of the 6th vehicle or the 8th
vehicle is set as the initial spot of saturation.

Error level/%:

3500 -~
- 10
3000 15
2500
© 2000} 15th position
1500F [ T ——==ul0h position
1 000 L L L 1 1 L )
03 04 05 06 07 08 09 1.0
Y
(a)
3500 Error level/%:
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3000 15
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] 10th position
1500

1 00% 1 1 1 1 ]
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3500 - Err_(:ilscvel/%:
- 10
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Y
(¢)
Fig.2 Acceptable maximum values of real saturation flow rate
C.... under different conditions. (a) Intersection 1; (b) Intersection

2; (a) Intersection 3

It can thus be concluded that, when the spot in the line
of the 4th vehicle is used as the initial spot for the stable
discharge headway, the saturation flow rates at the spot of
the 10th and 15th vehicles are over the value of C,  at
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most saturations. Particularly when the intersections are at
a high level of saturation, the real saturation flow rates in
the subsequent spots are over the acceptable maximum
saturation flow rate when the 4th vehicle is set as the ini-
tial spot of stabilization. The desired accuracy in signal
cycle length cannot be guaranteed even when setting the
spot of the 6th or 8th vehicle as the initial stable spot of
the discharge headway.

4 Conclusions

1) There is a positive correlation between the value of
[, ;+1 and the error rate of the calculated result for the
signal cycle length. The error of /, ; +1 is large when dif-
ferent spots in line are set as the initial stable spot of the
discharge headway.

2) Itis found that y, and Y should obey a specific rela-
tionship to guarantee the calculation error for signal cycle
length within a desired accuracy level. The relationship
indicates that the vy, value must be within specified ranges
under different saturations.

3) It is suggested that the calibration of L and Ry must
meet specific requirements to guarantee the accuracy of
calculating signal cycle length. As a result of limited field
data, the initial stable spot for the discharge headway is
not clear. However, it is important to precisely calibrate
the regularity of the discharge headway to improve the ac-
curacy of signal timing.
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