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ABSTRACT:

The “Taiwan Highway Capacity Manual” was published by the 10T in 1990 with revisions in 2001 and
2011. In addition, 10T further developed the “2011 Taiwan Highway Capacity Analysis Software (THCS),” based
onthe “Taiwan Highway Capacity Manual (2011 edition)” to improve the ease of analyzing highway capacity. With
these tools, analysts can not only perform accurate numerical computations but also understand operations and deliver
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operation strategies. The THCS software is now widely used in numerous highway capacity and service standard
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In order to improve the convenience, user-friendliness, compatibility, and applicability of THCS, and to
promote the initial results of recent highway capacity research, the major works this year was focused on updating the
THCS software, revising the software manual, maintaining the website and providing training, while an expert was
employed to provide consultation services on high capacity analysis. Also, materials were produced showing the

important results.
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Development of the 2020HTSS Model for Simulation of

Urban Street Operations
Task 1: Simulation of Free-Flow Acceleration of Queuing Vehicles
at Signalized Intersections

Feng-Bor Lin
Professor Emeritus, Clarkson University
Submitted to the IOT on May 6, 2020

Introduction

To facilitate the capacity analysis of highway facilities that have complex operating
characteristics, the Institute of Transportation (IOT) has developed a microscopic simulation
model referred to as the 2018 Highway Traffic Systems Simulation (2018HTSS) Model. This
model contains algorithms for simulating interrupted and uninterrupted flows. The algorithms for
simulating uninterrupted flows on freeways, rural multilane highways, and rural two-lane
highways have been calibrated with field data. Those for simulating interrupted flows, however,
have yet to be calibrated. To provide a tool for simulating the traffic operations of urban streets,
the current effort is focused on calibrating and improving the interrupted-flow algorithms
imbedded in the 2018HTSS model. One area of concern is the simulation of the queue discharge
characteristics at signalized intersections. Another area is the simulation of the operations of
urban bus transit systems. The enhanced model is referred to as the 2020HTSS model.

The traffic movement on an urban street is often interrupted by the presence of signalized
intersections. Vehicles facing a red light have to stop behind a stop line to wait for a green light.
The formation and the subsequent discharge of queuing vehicles from a stop line govern to a
large extent the capacity and the operating efficiency of an urban street. Therefore, a simulation
model should realistically capture the queue discharge characteristics at an intersection.

There are two key features of queue discharge that must be considered in analyzing the operation
of a signalized intersection. One is the average queue discharge headway as a function of the
vehicle position in a queue and its related distribution of individual headways. The other is the
average and the distribution of dwell times over a roadway segment when queuing vehicles
accelerate to enter the intersection. Discharge headways govern the capacity of an intersection
and the related traffic delays. Dwell times, which are the durations in which vehicles remain in a
specified zone after the green light is turned on, reflect the speeds at which vehicles move toward
and beyond the stop line. Their characteristics affect average travel speeds and how vehicles
interact with the detectors that are used for adjusting signal timing.

The acceleration characteristics during queue discharge can be classified into free-flow
acceleration and car-following acceleration. Free-flow acceleration refers to the acceleration of
the lead vehicle in a queue after the onset of a green light. Car-following acceleration is
associated with those queuing vehicles of which the freedom of movement is constrained by the
vehicles ahead.
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This technical note describes the calibration of the 2018HTSS model for simulating the free-flow
acceleration of queuing vehicles at signalized intersections. Subsequent notes will describe other
aspects of the development of the 2020HTSS model.

Database

Vehicles on urban streets are mostly motorcycles, small vehicles such as cars and vans, and light
single-unit trucks. Figs. 1 and 2, which are based on studies conducted respectively in Taiwan [1]
and India [2], show that acceleration characteristics vary with vehicle speed and vehicle type. For
small vehicles and motorcycles, maximum acceleration is achieved when vehicle speed reaches
5~10 km/h after accelerating from a stationary position. For trucks, the maximum acceleration
occurs when their speeds are in the range of 0~5 km/h. Within this range, the average
acceleration of trucks doesn’t appear to vary significantly with speed.

2.4 T T T

22 n -
3 jﬁ Institute of Transportation

2.0 [ %\\ Taiwan
1.8

1.6 [, ’\
1.4 ]

1.2 . il AN
‘0 A W NTAN

0.8 M

IZI:E 4 v Wl \ \
Y /AL A \

5 Ll IRRL

1EH
0 10 20 30 40 50 60 TO
Vehicle Speed, km/h

Acceleration, m's’

p—

Fig.1 Relationships between Speed and Mormal Acceleration of 10T Test Car

To understand the free-flow acceleration characteristics of small vehicles after the green onset of
a traffic signal, Taiwan’s Institute of Transportation [3] observed the acceleration characteristics
of small vehicles in the first queue positions of various signal cycles on Taoyuan’s Zing-Kuo
Road and Zong-Yi Road (¥* F] % 5 R # % 2 & § ). This effort reveals the acceleration time-
space relationships of small vehicles shown in Figs. 3 and 4. At the time of the field investigation
the average free-flow speeds on the two aforementioned roads were 65~70 km/h. The Institute of
Transportation also conducted a study on the free-flow acceleration characteristics of
motorcycles on Ming-Chen E. Road in Taipei City (o~ # # % & L ). Fig. 5 shows the time-
space relationships of the motorcycles observed in the field. In general, the free-flow
acceleration characteristics of individual vehicles vary substantially.
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Fig. 5 Time-Space Relationships of Motorcycles Accelerating
from Stop Line on Ming-Chen E. Road

Most of the trucks on an urban street are light trucks. No research has been conducted in Taiwan
to explore the acceleration characteristics of such trucks. Therefore, the relationships between
acceleration duration and travel distance for light trucks reported in AAHSTO’s Green Book [4]
and by Yang, et al. [5] are used for calibrating the 2018HTSS model. These relationships are
shown in Fig. 6.
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Method of Calibration

The procedure used to calibrate the free-flow acceleration algorithm of the 2018HTSS model is
as follows:

1. Based on observed acceleration characteristics shown in Figs.3~6, assume a likely
relationship between acceleration rate and speed for a given type of vehicles.

2. Use the assumed speed-acceleration relationship to simulate the travel distance as a

function of elapsed time after a vehicle accelerates from a stationary position.

Compare simulated distances with the base average distances shown in Figs. 3~6.

4. Revise the assumed speed-acceleration relationship if significant discrepancies exist
between the simulated and the base distances over time. Otherwise, accept the assumed
relationship as one that may be incorporated into the HTSS model.

5. Based on individual time-distance relationships shown in Figs.3~5, determine the
respective distributions of the acceleration rates for small vehicles and motorcycles.

6. No field data are available for exploring the distribution of the acceleration rates of light
trucks. It is assumed that light trucks and small vehicles have the same distribution of
acceleration rates.

w

Results

Mean Acceleration Rate as a Function of Speed

Fig. 7 shows the speed-acceleration relationships that enable simulated time-space relationships
to be in good agreement with the observed average relationships shown respectively in Figs. 3~6.
A comparison of simulated and observed relationships is shown in Fig. 8.
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For small vehicles, the speed-acceleration relationships shown in Fig. 7 can be
represented by the following models:

A, =1.2606 +M forV <8km/h (1a)

V-15905
1+e 25868
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A =33122 -5 fory >8km/h (1b)

V95425
1+e 18278

where 4; is the mean acceleration rate (m/s?) of a small vehicle moving at speed V (km/h).

Similarly, the mean acceleration rate 4,, (m/s) of a motorcycle moving at speed ¥ (km/h) can be
modeled as:

A, =2.4776 + 2528 torv <gkm/h (2a)

V-05662
1+ 12765

A, =3.4377 -8B gorv > 8Kkm/h (2b)

V32186
1+e 75648

For light trucks, the mean acceleration rate A7 (m/s?) at speed V' (km/h) can be determined from
the following relationship:

3.0957
V05425 3)

1+e 18278

A =3.3722 -

Variation of Individual Acceleration Rates

The free-flow acceleration of a vehicle can vary with vehicle design, driver behavior, and the
nature of highway facility. Based on Figs. 3~5 and related field data, Fig. 9 shows how the ratio,
B, of an individual acceleration to mean acceleration is distributed among vehicles. The
acceleration rates of small vehicles can vary from about 45% to about 200% of their mean and,
for motorcycles, from about 70% to 140% of their mean.

1.0 —

- ! ,r—'—'_'_'—‘—‘—'_'_’
e

o ,/( [ 3 ”
'g 08 5// | Small Vehicle (Zong-Yi)
< / S T
S /| smallvehicle Zing-Kuo)

4 1
= /
5 |
2 04 J/
5 /1
2 ff T
s o |
S 02 &l Motorcycle
£ / /!' 1 |
3 | 2%

00 ok

04 06 08 10 1.2 14 16 1.8 20 22
Acceleration/Mean Acceleration ratio, 8

Fig. 9 Cumulative Distribution of Normalized Free-Flow
Acceleration Rates of Small Vehicles
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Let R be a uniformly distributed random number with a value between 0 and 1. Also let 5, and
B, represent respectively the S values (ratios of acceleration to mean acceleration) for small
vehicles and motorcycles. Then the distributions shown in Fig. 9 can be represented by the

following relationships:

For small vehicles observed on Zong -Yi Road,

1.070603
=0.95979 —0.18786 In(——— -1
2 (Rrooe0s @
For small vehicles observed on Zing-Kuo Road,
1.064116
=0.97071 - 0.14386 In(——————-1
Z ( R +0.059516 ) ©)
For motorcycles,
If R <0.01,
S, =0.7 (6a)
If 0.01 < R<0.993,
1.055127
=1.0015 —0.097466 In -1
P ( R +0.044427 ) (6b)
IfR >0.993,
Py =14 (6c)

Data revealing the variation of the acceleration characteristics of light trucks are not available.
Because truck weights may vary significantly, their related acceleration rates may also vary over
a wide range. The 2020 HTSS model assumes that individual acceleration rates of light trucks
and small vehicles have the same distribution as those of the small vehicles on Zong -Yi Road.

Simulation Applications
The acceleration models described above are based on vehicles that have an average free-flow
speed of 65~70 km/h. In reality the vehicles on an urban street may have a higher or, a lower,

average free-flow speed. To allow for flexible applications, the 2020HTSS model uses the
following relationship to simulate the free-flow acceleration of a queuing vehicle:

A= ABA, (7)

where A is the acceleration rate of a vehicle; 1 is a site-specific adjustment factor (default value
=1.0); pis ps for small vehicles and light trucks or Sm for motorcycles; and Axis As for small
vehicles, Am for motorcycles, or At for light trucks.
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Figs. 10~12 show the simulated time-space relationships when 1 is set to 1.0 and /£ is set to the
respective boundary values of Ss (for example, 0.6As and 1.8 As for Zing-Kuo Road) and fm (0.7
Amand 1.4 An).
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0 5 10 15 20 25 a0 35 40 45
Travel Time (s)
Fig. 10 Observed Time-Space Relationships of Small Vehicles on
Zing-Kuo Road and Simulated Boundary relationships
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Fig. 11 Observed Time-Space Relationships of Accelerating Small Vehicles
and Simulated Boundary Relationships on Zong-Yi Road
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Fig. 12 Observed Time-Space Relationships of Motorcycles and
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The value of 1 is expected to be greater than 1.0 if the average free-flow speed is greater than
65~70 km/h, and less than 1.0 if the average free-flow speeds is below 65 km/h. At present it is
suggested that A be limited to 0.85~1.15.
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Introduction

Vehicles waiting in a lane for a green traffic light will form a stationary queue as shown in Fig. 1.
In this figure Siand Lj, (i=1, 2, 3, ...) are related respectively to the positioning of the stationary
queuing vehicles and the vehicle length. These features have random variations and affect the
efficiency with which the queue can be discharged after the green light is turned on (the green
onset). After the green onset, the driver in the first queue position will accelerate after a reaction
time has elapsed. Each of the drivers behind will also need a start-up reaction time before
accelerating in succession. Driver reaction time is also random in nature but the average start-up
reaction time is close to 1 s.

Queue Position

| Stop

1 3 2 Ny ;me
[ (| [ [ |
| | e
Fs, T, Ts,!

Fig. 1 Schematic of a Stationary Queue

The characteristics of queue discharge are usually quantified in terms of queue discharge
headways. Queue discharge headways can be measured in terms of the times when the rear
wheels of vehicles cross the stop line. The discharge headway of the first queuing vehicle is
defined as the elapsed time from the green onset to the time when the rear wheels cross the stop
line. The headway of any subsequent vehicle in queue position i (vehicle i) is the difference
between the times when the rear wheels of vehicle i -1 (the vehicle ahead) and those of vehicle i
cross the stop line.

When vehicles randomly arrive at an intersection that is controlled with a pretimed signal,
Webster [1] shows that the average delay can be estimated as:
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0.65(%)1/2 x(2+59) (1)

where d = average delay; ¢ = cycle length; ¢ = effective green to cycle length ratio; x = ratio of
average number of arrivals per cycle to maximum number of departures per cycle; and q =
arrival rate.

The first term on the right side of the Webster’s formula is the portion of the average delay
attributable to constant rates of arrival and departure. The second term minus the third term
represents the portion of the average delay caused by the randomness in individual arrivals and
departures. For a given arrival rate, the random variations in vehicle arrivals and departures can
significantly increase the delays at an intersection. Therefore, for estimating delays, a simulation
model should at least be able to realistically reflect the following two aspects of queue discharge
characteristics:

1. Average queue discharge headway as a function of either the queue position of a vehicle
or the elapsed green duration in a signal cycle.
2. The variation of the discharge headways.

Furthermore, if a simulation model is to be used to assess the performance of traffic-actuated or
traffic-adaptive signal operations, then it should also realistically mimic the interactions between
the vehicles moving toward an intersection and the detectors used for monitoring the traffic
movement. At a minimum, this requires a simulation model to produce realistic dwell time
characteristics of the vehicles that enter and depart from a specified lane segment. Dwell time
refers to the time a vehicle is at least partially inside a specified area (for example, the detection
zone of an inductive loop detector). In this regard, the following characteristics of dwell time are
considered in the development of the 2020HTSS model:

1. Average dwell time over a detection area for the vehicles in a specified queue position.
2. The variation of the dwell times among queuing vehicles.

This technical note described the calibration of the queue-formation and queue-discharge
algorithm used in the 2020HTSS model. Its focus is on the simulation of small vehicles.

Queue Discharge Characteristics

Studies by 10T [2, 3] reveal that the average queue discharge headway of the small vehicles in
Taiwan decreases with the queue position occupied by the vehicles. As shown in Figs. 2 and 3,
the average discharge headway of the vehicles in the first queue is the longest. This average
headway can vary significantly from one intersection to another because of the differences in
driver reaction times and the distances to the stop lines. The average discharge headways for the
vehicles in the subsequent queue positions tend to become shorter. As shown in Figs. 2 and 3, it
is often unclear whether these average queue discharge headways will converge to a more or less
stabilized value. This phenomenon contradicts the traditional concept that average queue
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discharge headway would stabilize after the fourth vehicle crosses the stop line. The prevalent
use of long signal cycles in Taiwan is likely the major cause of this contradiction. When a cycle
length is long, the drivers in the back of a long queue may attempt to reduce their headways to
minimize the chance of being caught by the impending red light.
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Fig. 2 Variations of Average Queue Discharge Headway with Queue Position
in six straight-through lanes
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Fig. 3 Variations of Average Discharge Headway with Queue Position
in Three Left-Turn Lanes

When average headways are converted to average discharge rates, Fig. 4 shows that straight-
through small vehicles may reach a discharge rate of more than 2,000 vehicles/h/lane. In contrast,
Fig. 5 shows that the discharge rates of left-turn small vehicles are generally much lower. For
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the typical lane widths in Taiwan, lane width doesn’t appear to have a significant impact on the
discharge rate of small vehicles.
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Fig. 4 Queue Discharge Rates of four Straight-Through Lanes

J

800

2200
A
2000 ; \
E L
@ 1800 v /-O-n bl \
B B o
< 1600 /"/O ;‘l&/«- —}%\/\ wf\/ 5
ks /O-E/\/ < \
T 1400 o | e
27 Al
s 1200 7
z 1 !
® 000 Left-Turn
S
©
=
@
g

| c’>/ —o— Urban
600 | Rural
400 L— - : J : I : :
0 4 8 12 16 20 24 28

Queue Position

Fig. 5 Characteristics of Queue Discharge Rates in Left-Turn Lanes

The queue discharge headways of the vehicles in a given queue position can vary substantially.
As shown in Fig. 6, they can be less than 55% of the mean headway or more than 200% of the
mean.
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Another 10T study [4] on

Headways of Small Vehicles

the vehicles in exclusive motorcycle lanes shows that, 5sto 10 s after

the green onset, the queue discharge rate of the vehicles in exclusive motorcycle lanes would
often stabilize for as long as 15 s. It would then start rising about 20 s to 25 s after the green
onset. This phenomenon is shown in Fig. 7.
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Fig. 7 Average Small-Vehicle Queue Discharge Rates in Five

Exclusive Motorcycle Lanes

Lane width does not correlate well with the queue discharge rate of an exclusive motorcycle lane.
But the lane width used by 90% of the motorcycles (in terms of tire location at the stop line) has
the following strong linear relationship (r?> = 0.95) with the queue discharge rate:
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Qs =4,836 1+ 1,900 Wy, (2)

le ;\ =
Os = saturation flow (vph) (4 f=ii 5 (§8//] FF ) ;
Wop = lane width with 90% utilization rate (m) (i * & (£90%2_ & %
(2= )o

Dwell Time Characteristics

Refer to Fig. 8. The dwell time of a vehicle in a specified zone refers to the time period, after a
green signal indication is displayed, in which that vehicle is at least partially in the zone. This
time period is measured from the time the front wheels enter the zone after the green onset until
the rear wheels depart from the zone. If a vehicle is already in the zone at the green onset, its
dwell time is the difference between the green onset and the time when the rear wheels depart
from the zone. Therefore, for a vehicle in the first queue position, its dwell time equals its
discharge headway.

Detection
Zone - |

am -
|

Dwell Time =12 - t1
t1 =time when front wheels enter zone after green onset
t2 =time when rear wheels depart from zone
Reference time for measuring t1 and t2: green onset

Fig. 8 Definition of Dwell Time

For a detection zone extending upstream for 15 m from the stop line, Figs. 9 and 10 show
respectively the averages and the variations of the dwell times observed at two intersections.
For the vehicles in the third queue position, their respective average dwell times at the two
intersections differ substantially. This is caused by the differences in driver reaction time,
acceleration rate, and the positioning of the first three queuing vehicles relative to the stop line
and the detection zone.
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Fig. 10 Cumulative Distributions of Normalized Dwell Times over
15-m Long Detection Areas in Two Traffic Lanes

There is a significant difference between the two distributions shown in Fig. 9. At the
intersection on Sin-Bin Expressway, individual dwell times rarely exceed 140% of their mean. In
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contrast, some individual dwell times at the intersection on Dun-Hwa N. Road exceed 200% of
the mean. The average dwell time is about 2.5 s for queue positions 8 through 12 (about 50 m to
80 m from the stop line) on Dun-Hwa N. Road. This implies an average speed of about 28 km/h
over the detection zone. A dwell time exceeding 200% of the mean thus implies an average
speed of below 14 km/h over the detection zone. This extremely low speed is likely caused by
the blockage of the traffic movement downstream of the stop line. The dwell-time distribution
on Si-Bin Expressway reflects better stable queue discharge without blockage.

Algorithm for Simulating Small-Vehicle Queue Formation and Queue Discharge

The 2020HTSS model is a microscopic model that updates the position, the acceleration, and the
speed of each simulated vehicle at regular intervals. Each of such intervals, refers to as the
scanning interval, should be short to provide a high resolution in imitating real-life traffic
operations. It is recommended that the length of the scanning cycle be set at 0.5 s.

In the absence of lane changes, the position and the speed of a simulated vehicle are determined
as follows:

X(j+1) =x(j)+Vv(j)T +0.5a(j)T? (3)
and
v(j+D=v(j)+a(jT (4)

where j = the j" scanning interval, x(j) = the position of the vehicle at the beginning of the jt"
scanning interval, measured as the distance between the front end of that vehicle and an upstream
reference point; v(j) = the speed of the vehicle at the beginning of the j'" scanning interval; a(j) =
a constant acceleration (or deceleration) rate during the j" scanning interval that is applicable to
the vehicle; and T is the length of the scanning interval.

The queue-formation and queue-discharge algorithm used in the 2020HTSS model includes the
following modules:

Specification of vehicle attributes.

Formation of stationary queues.

Discharge of the lead vehicle in a stationary queue.
Discharge of the vehicles behind the lead vehicle.
Imposition of constraints on acceleration rates.
Update of vehicle positions and speeds.

o E

The nature of each of these modules is described below.

1. Specification of Vehicle Attributes

(1) Driver Timidity Index

The characteristics of queue formation and queue discharge are governed in part by
driver behaviors. For example, all other things being equal, an aggressive driver may
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apply a greater acceleration rate or follow the vehicle ahead more closely than a timid
driver. The 2020HTSS model randomly assigns a driver timidity index to each simulated
vehicle to determine how a vehicle will behave in a traffic stream. This index is
uniformly distributed between 0 and 1, with O represents the most aggressive (least timid)
behavior.

(2) Length of Small vehicle

The average length of small vehicles is assumed to be 4.5 m. The lengths of individual
small vehicles are randomly assigned as follows:

L, =4.5(0.8+0.4R,) (5)

where L is the length of vehicle i and Ry is a uniformly distributed random number
between 0 and 1.

(3) Weight and Horsepower

The weight-to-horsepower ratio of a vehicle can affect the ability of that vehicle to
accelerate on a steep grade. How the weight and horsepower are incorporated into the
2018HTSS model has been reported in detail elsewhere [6, 7, 8 ]. The 2020 HTSS model
adopts the same process in treating the impact of weight and horsepower. For the
simulation of urban street operations, the 2020HTSS model uses a weight-to-horsepower
ratio of 82 kg/kW as the default average for small vehicles. Each vehicle, however, has its
own weight-to-horsepower ratio.

2. Formation of Stationary Queues

Vehicles facing a yellow light will either stop before the stop line or enter the intersection. The
2020 HTSS model uses drivers’ comfortable deceleration rates under normal conditions to
decide the choice. These rates are determined as

d,=-2.1-1.83(1-6) (6)

where d; is the comfortable deceleration rate (m/s?) of driver i under normal conditions and 6
is the driver timidity index.

When the yellow light is turned on, the vehicle closest to the stop line is forced in the
simulation process to enter and cross the intersection if it requires a deceleration less than the
larger of d; -0.9 and -4.3 m/s*. Otherwise, this vehicle will wait until it requires a deceleration
rate close to d; to start decelerating and stop at or before the stop line. The vehicles behind
would also wait until they require deceleration rates close to their respective comfortable
deceleration rates to decelerate and stop behind the vehicle ahead.

Refer to Fig. 1. The distance S; between the stop line and the first queuing vehicle can vary
with lane location and signal cycle. This distance is simulated as follows:
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S,=S,+S,0 (7)

where Sy represents the minimum distance between the stop line and the first queuing vehicle
(Sx = 0 with a default value of 1 m), S, is the maximum deviation in distance from Sy (default:
2 m); and @ is the driver timidity index (0 ~ 1).

Field data show that the gaps between successive vehicles in a stationary queue (S, i = 2, 3,
4,...) are almost randomly distributed between 40% and 160% of their mean. Therefore, each
individual gap is determined as

Si=¢+ &R (8)
where ¢1 is the minimum gap; ¢2 is the maximum deviation from the minimum; and Rs is a
random number uniformly distributed between 0 and 1. This random number is independent

of the RL in Eq. 6.

3. Discharge of the First Queuing Vehicle

After the green onset, the driver in the first queuing vehicle requires a reaction time before
accelerating into the intersection. Sometimes a driver may accelerate across the stop line even
before the green onset. To simplify data processing, the 2020HTSS model does not consider
such an event.

The mean of the start-up reaction times after the green onset is likely between 1 s and 1.5 s.
The 2020HTSS model determines the start-up reaction times as follows:

T, =T,+T,0 9)

where 7 is the start-up reaction time of a driver; 7, is the minimum reaction time, Ty is the
maximum deviation from the minimum; and @ is the driver timidity index (0 ~ 1).

Eq. 9 implies that the more aggressive a driver (lower timidity index), the shorter the start-up
reaction time would become. The first discharged vehicle is assumed to move at a desired
free-flow acceleration rate unless it is interfered with by a vehicle ahead. Based on a previous
analysis [9], Figs. 11 and 12 show the representative characteristics of such free-flow
acceleration on level streets. These characteristics can be determined as follows for
simulation :

A =12606 + %22 fory <gkm/h (102)

V-1.5905
1+e 25868

A =337122 -9 forv >8km/h (10b)

V95425
1+e 18278
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where 4, is the mean acceleration rate (m/s?) of a small vehicle moving at speed ¥ (km/h).
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The free-flow acceleration of a vehicle can vary with vehicle design, driver behavior, and the
nature of highway facility. Fig. 12 shows that, for small vehicles, the ratio of an individual
acceleration to mean acceleration can vary from about 45% to about 200% of their mean.
Based on the characteristics exhibited on Taoyuan’s Zong-Yi Road (see Fig. 12), the
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2020HTSS uses the following distribution as a default to determine the free-flow acceleration
of a small vehicle on level streets:

1070603
R, +0.065703

. =0.95979—0.18786[In( 1] (11)

where fs is the ratio of acceleration rate to mean acceleration rate and Ra is a random number
uniformly distributed between 0 and 1.

The acceleration models described above are based on vehicles that can reach an average
free-flow speed of 65~70 km/h. In reality the vehicles on an urban street may have a
higher, or a lower, average free-flow speed. It is reasonable to assume that a street with a
higher average free-flow speed would allow vehicles to accelerate at a higher average rate.
Therefore, the 2020HTSS model uses the following relationship to simulate the free-flow
acceleration of a queuing vehicle on a level street:

a, = A A (12)

where az is the probable free-flow acceleration rate of a small vehicle in scanning interval j
and 4 is a site-specific adjustment factor (default:1.0).

The site adjustment factor in Eq. 12 may be greater than 1 for streets with average free-flow
speeds above 70 km/h and less than 1 for those with average free-flow speeds below 65 km/h.

Under normal conditions, a discharged vehicle can only accelerate to a speed equal to its
desired free-flow speed. This constraint is discussed later in this note.

. Discharge of Queuing Vehicles behind the Lead Vehicle

At the beginning of each scanning interval, the 2020HTSS model determines whether a
stationary vehicle is ready to move and determines a probable acceleration rate a> for each
vehicle that is ready to move or already in motion. A set of constraints is then imposed on his
probable acceleration rate to determine the acceleration rate to be used for updating the vehicle
speed and location.

(1) Start-up Reaction Time

The discharge of the vehicles behind the first queuing vehicle is dictated by the car-
following behaviors of that vehicle. After the vehicle directly ahead starts accelerating, a
driver of the vehicle behind needs a reaction time before accelerating. On average, the
start-up reaction time is usually in the range of 1.0s to 1.5 s. This means on average the
vehicle in the 10" queue position will start to accelerate about 10s to 15 s after the green
onset. The start-up reaction times of individual vehicles, however, can vary significantly.

An explicit treatment of the start-up reaction times of individual vehicles would
substantially increases the complexity of a simulation process, particularly when
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motorcycles and other types of vehicles occupy the same lane. For this reason, the
2020HTSS model uses the following surplus gap to determine when a stationary vehicle
would start accelerating:

AS = Sa - Smin (13)

where A4S is the surplus gap available to stationary vehicle i; S, = the actual gap between
vehicle i and vehicle i-7 ahead (distance between front end and rear end); and Syx is the
desired minimum gap of vehicle i when vehicle i and vehicle i-7 are stationary (default: 2
m).

When both vehicle i and vehicle i-/ are stationary, and S, is equal to Sy, or less than Syin,
vehicle i cannot accelerate. Once A4S exceeds a threshold value, which varies from one
vehicle to another, then vehicle i will start accelerating. The threshold 4S for a vehicle is
determined as

(AS), =F(6) (14)

where (45). is the threshold surplus gap of vehicle i and F(6) is a function of the
timidity index of the follower.

(2) Car-following Maneuvers-Scenario 1

Fig. 13 shows the components of the space headway of a vehicle (the follower) following
another vehicle (the leader) in a car-following situation. The notations shown in the
figure have the following meanings:

X1, X> =respective distances of the front ends of the leader and the follower from a
common origin at the beginning of a scanning interval;
Vi, V2 =respective speeds of the leader and the follower at the beginning of a
scanning interval;
L; = length of the leader;
Smin = minimum desired gap of the follower when both vehicles are stationary;
S« = actual buffer distance beyond Sy.»; and.
Sa = desired buffer distance to be calibrated based on smaller of V; or V2.
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Scenario 1 of the car-following maneuvers refers to the situation in which the speed of
the follower is equal to or above that of the leader (i.e., 2> V). In this case, the HTSS

model determines the difference between the actual buffer distance S, (i.e., X7 —L;-
Smin —X2) with the desired buffer Sa.

If S <S4, the follower has to decelerate immediately to a speed equal to V;. In this case,
the probable deceleration rate (negative value) is

V, -V
a, :% (15)

where a; is a probable deceleration rate of the follower in the current scanning interval
and 7 is the scanning interval (e.g., 0.5 s)

If S, > Su, the follower may accelerate, decelerate, or maintain the same speed. The
2020HTSS model first assumes that the leader would maintain the same speed V; while
the follower is reducing its speed from /> to V;. Under this condition, the required
deceleration rate for the follower to maintain the desired buffer distance when its speed
equals V; can be estimated as

(Vz _V1)2

=TG-8y (16)

where a, is the required deceleration rate under the above conditions.
If a, is smaller than or equal to d;+ 0.3 m/s?, then the required deceleration is close to, or
worse than, the comfortable deceleration d;. Therefore, the probable deceleration of the

follower in the current scanning interval should be equal to a,. In other words,

a, =a, 17)
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If a, is greater than d;+ 0.3 m/s%, then the follower may accelerate, decelerate, or
maintain the same speed. In this case, the 2020HTSS model determines the maximum
probable acceleration a2 for the follower under the following conditions:
e The follower accelerates at a, during the current scanning interval, then
decelerates at a comfortable rate d» (determined from Eq. 6) until its speed equals
V1.

e When V2 is reduced to V1, the actual buffer distance equals the desired buffer
distance of the follower.

e The leader maintains its speed V1 when the follower changes its speed.
e The acceleration rate and the deceleration rate are constant.

The above conditions can be represented by the following relationship:

- 2 _\y2
X, L, ~D,y -S4V, (T — 2y _ %, pv,T + g 72 - Vot @T) Vs (18)
d 2 2d,
Let
2
=
2d,
2
Hy—— Yl [ T° VT
d, 2 d,

-V.)?
Hy=- Y vt -6, -5)
2

Then, if H>* — 4H;H3 < 0, Eq. 18 has no real solutions. This means the follower needs
to decelerate at its comfortable deceleration rate d>. Therefore,

a, =d, (19)

If H,*> — 4H;H; > 0, then

_—H,+H,"—4HH,

2 2H,

(20)

(3) Car-following Maneuvers-Scenario 2

Scenario 2 of the car-following maneuvers refers to the situation in which the speed of
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the follower is below that of the leader (i.e., V1> V). In this case, vehicles can be
expected to accelerate to catch up with the ones ahead if their actual buffer distances are
greater than their desired buffer distances. On the other hand, vehicles may have to either
decelerate or maintain their speeds if the actual buffer distances are not sufficient.

The 2020HTSS model assumes that, at the beginning of each scanning interval, the
follower will try to reach the current position occupied by a small vehicle in p seconds.
This desired time headway, referred herein as the catch-up headway, varies with vehicle
speed. During the catch-up headway, the distance to be covered by the follower is
assumed to be

D =X, — (L, ~45) = X, + £,(, ~V,)u+ fy(h— )V, (21)

where D is the distance (in meters) to be covered by the follower in x« seconds; L is the
vehicle length (in meters); X1 and Xz are respectively the front-end locations of the leader
and the follower (in meters); V1 and V2 are respectively the speeds of the leader and the
follower; fy and f, are factors related respectively to speed and headway; and h (in
seconds) is the current time headway, which is estimated as

he (X;-L+45-X,)

22
V,+0.1 (22)

In Eq. 22 the typical length of a small vehicle is assumed to be 4.5 m. The 0.1 m/s in the
denominator prevents the value of h from becoming infinity for stationary followers and
the subsequent failure of a simulation run.

The probable acceleration under scenario 2 is determined as

. _2AD-V,u)

2 2

U

(23)

5. Imposition of Constraints on «a(j) and a>

(1) Constraint 1: Collision Avoidance

In a car-following situation, the 2020HTSS model assumes that the leader may suddenly
decelerate to stop and, in response to this possibility, the follower will always adjust its
speed and headway to avoid a collision. The maximum allowable speed to avoid a
collision can be determined from the following condition:

v/} v 2
Xl - L:L - Smin _i = X2 +Vmaxtr _ﬁ (24)
1 2

where ds is the probable deceleration rate (negative value) as perceived by the follower; d>
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is the comfortable deceleration rate of the follower; Vmax is the maximum allowable speed
to avoid a collision; tr is the desired reaction time of the follower before decelerating; and
all other notations are as defined previously.

In Eq. 24 the probable deceleration rate di (in m/s?) of the leader and the reaction time t;
(in seconds) of the follower are respectively determined as

d, =-3(0.7 +0.66) (25)
and

t =05+0 (26)
where 0 is the timidity index of the follower (0 ~ 1).

Let

V2
AS=X,-L, -8, ——=2—-X (27)
1 2d1 2

If 4S'is less than or equal to O, the follower needs to decelerate to a speed below V1 to
avoid a collision. In this case the 2020HTSS sets the maximum allowable speed (in m/s)
to V1 — 0.7. In general, the maximum allowable speed Vmax (in m/s?) is determined as
follows:

If A4S <0,
V. =V, -07>0 (28a)
If 45> 0,
V., =dyt, +4/d,’t, +2d,48 (28b)

At the end of the current scanning interval, the speed of the follower cannot exceed Vmax.
This means if V2 + a>T > Vmax, then the probable acceleration rate should be modified as

(29)

(2) Constraint 2: Speed < Free-flow Speed

Both the free-flow acceleration a(j) and the probable acceleration a> are limited by the
free-flow speed of a vehicle. The free-flow speeds of the vehicles on a street are affected
by vehicle type, speed limit, grade, the spacing between intersections, and many other
factors. The distribution of normalized speeds (speeds to mean speed ratios), however,
does not vary significantly with vehicle type. Fig. 14 shows the typical distribution of
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normalized speeds as reported in the 2011 Taiwan Highway Capacity Manual [5]. Based
on this distribution the 2020HTSS model uses the following equation to determine the
free-flow speeds of vehicles:

1.016418

V, =V, [0.99266 —0.069561 In(—————
1.013418 -6

] (30)

where V7 is the free-flow speed of a vehicle belonging to a specified vehicle type (for
example, small vehicles); V,, is the mean free-flow speed of the given type of vehicles;
and @ is the driver timidity index (0 ~ ).
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0.6 0.7 0.8 0.9 1.0 1.1 1.2 1:3 1.4

Speed/Mean Speed Ratio

Fig. 14 Representative Cumulative Distribution of Normalized Free-Flow
Speeds for Small Vehicles, Mortocycles, or Heavy Vehicles

Given V7 is the applicable free-flow speed, the a(j) has to be revised if V> + a(j)T exceeds
Vr. The same constraint is imposed on az.

(3) Constraint 3: Speed >0

If V2 + axT is less than 0O, then the scanning interval T is replaced with —V>/a, for updating
the speed and the location of a vehicle.

(4) Constraint 4: V1 = V> for small gaps
When the gap between the rear end of the leader and the front end of the follower is less
than 0.8 s of the travel time at V>, the follower is forced in the simulation process to reduce

its speed to V1. The governing deceleration rate a; is thus determined as (V1 - V2)/T.

(5) Constraint 5: Deceleration Rate > -4.3 m/s?
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Most small cars with good tires can achieve a maximum deceleration rate of close to -6
m/s?. The average deceleration rate of vehicles approaching an intersection and facing a
red light is likely about 3 m/s?. The 2020 HTSS model assumes that, mathematically, the
actual deceleration rate should be greater than or equal to -4.3 m/s?.

(6) Constraint 6: Acceleration Rate < Acceleration Rate on Grade
The 2020HTSS model uses a tedious algorithm to determine the most likely acceleration
(or deceleration) rate on a grade segment [6, 7, 8]. Both a(j) and a2 are constrained by the
applicable rate on grade.

(7) Constraint 7: Speed < Turning Speed
For turning movements, the turn point is assumed to be 50% of the intersection width
beyond the stop line for left-turn vehicles and 3 m beyond the stop line for right-turn
vehicles. If the vehicle approach speed is greater than the desired turning speed, then the
vehicle has to decelerate at its comfortable deceleration rate when it’s near the turn point.
The turning speeds is governed in part by the turning radius, which can vary from one

lane to another. The 2020HTSS model determines the turning speed of a vehicle, V (in
km/h), as follows:

V, =V,[0.6+0.7(1-6)] (31)

where \7t is the average turning speed (defaults: 22 km/h for left turn and 15 km/h for
right turns).

6. Update of Vehicle Location and Speed

The finalized a2 is used as a(y) in Egs. 2 and 3 to update the location and the speed of a vehicle
at the end of the current scanning interval.

Model Calibration

The algorithm described previously relies heavily on prescribed traffic flow characteristics.
Some of these characteristics, such as free-flow speed, free-flow acceleration, vehicle length, and
the gap between stationary vehicles, can be directly modeled based on past observations. They
may only require minor modifications for the simulation of the traffic in a particular urban street.
Other characteristics, on the other hand, have to be calibrated through trial and error.

The discharge headway and dwell time characteristics observed on Taipei’s Dun-Hwa N. Road
(speed limit: 50 km/h) and Si-Bin Expressway (speed limit: 80 km/h) are used to calibrate the
algorithm described above. The findings are summarized below.

1. Eq.7 S, =S5, +S,0 (Distance of first queuing vehicle to stop line, in meters)
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Tun-Hwa N. Road, Taipei: S, =3.546 (average 1.77 m)
Si-Bin Expressway: S, =3.35¢ (average 1.68 m)
Eq.8 S, =¢ + ¢4,R, (Gap between stationary small vehicles, in meters)
Tun-Hwa N. Road, Taipei: S; =0.91+1.83R; (average 1.83 m)
Si-Bin Expressway: S, =1.83+1.83R, (average 2.74 m)
Eq.9 T, =T, +T,0 (Start-up reaction time in seconds)
Tun-Hwa N. Road, Taipei: T, =0.15+1.80 (average 1.05 s)
Si-Bin Expressway: T, =0.15+1.460 (average 0.85 s)
. Ain Eq.12 a, = A5,A (Site-specific factor of free-flow acceleration)
Tun-Hwa N. Road, Taipei: 0.85
Si-Bin Expressway: 1.1
Eq. 14 (AS),(Threshold gap, in meters)
Tun-Hwa N. Road, Taipei: (AS), =0.076 +0.762 (1- 6)
Si-Bin Expressway: (AS), =0.03+1.524 (1-0)
. win Eq. 21 (Catch-up time headway, in seconds): u = pu
Refer to Fig. 15 and let 7 (in km/h) be the smaller of V7 and 1.
Tun-Hwa N. Road, Taipei:

v

Z[ —2.09028+ 2.9401 1 1069284
Si-Bin Expressway:

10=1.83349+ 2.72950¢ 1069284

Value of p:
If < 0.0,
p=0.55
If0.01 <0< 0.61,
= 0.92055 —0.11217 [In(—2222%27__qy;
0+0.01048
If0.61< 0 < 0.985,
= 0.67739 —0.23576 [In(— =920 _y)
0+0.899038
If 6> 0.985,
p=21

The value of x is constrained as follows:

\%
1< 1+2.095+0.4060e 80060

\

1> 11— (0.994 +0.5148¢ 69156)
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Fig. 16 shows the characteristics of the boundary values of p for Dun-Hwa N. Road.
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Fig. 15 Calibrated Catch-up Headways
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Fig. 16 Mean and Boundary Values of Desired Catch-up Headways
for Dun-Hwa N. Road

7. Desired buffer distance Sq in Fig. 13 (in meters)
The desired buffer distance is determined as follows:
If V <10 km/h,

\

Sy =V (0.294 +0.817)e 1203325

Otherwise,
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45+S .
S V=7 E)

where V is vehicle speed (km/h); p is the desired catch-up headway (s); and Smin is the
desired gap between two stationary vehicles (m).

Figs. 17~ 23 compare the simulated and the observed discharge headway and dwell time
characteristics. The simulated and the observed characteristics are in good agreement. As shown
in Fig. 22, however, the simulated dwell times on Dun-Hwa N. Road rarely exceed 140% of their
mean, whereas about 6% of the observed dwell times are longer than 140% of the mean. As
discussed previously, this discrepancy is likely caused by the blockage of the observed queue-
discharge flows by the downstream vehicles during data collection. The simulation of queue
discharge assumes the lead vehicle can always can under free-flow conditions.
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Fig. 17 Average Queue Discharge Headway as a Function of
Queue Position on Dun-Hwa N. Road
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Issues Concerning Model Applications

Queue discharge characteristics vary with lane location. Therefore, the 2020 HTSS model has to
be calibrated with site-specific data if accurate representation of the real-life characteristics is a
must. Additional work will be carried out to provide a default queue formation and queue
discharge algorithm that can be readily modified by the users of the model through an input file.
This default algorithm will be based on representative queue discharge characteristics of straight-
through, right-turn, and left-turn movements. How the default algorithm can be modified
requires a better understanding of the impact of changes in the algorithm on the simulation
results. This can be accomplished by using the 2020 HTSS model for sensitivity analyses. Fig.
24 through 27 show several examples of such analyses. They reveal that minor changes in the
algorithms, which are calibrated respectively for Dun-Hwa N. Road and Si-Bin Expressway, can
produce rather realistic results under various conditions.
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Introduction

Many signalized intersections in Taiwan have areas designated for the motorcycles that are
waiting for the green lights. These areas include waiting boxes and 2-stage left-turn boxes such
as those shown in Fig. 1. Consider a motorcycle on the eastbound approach in Fig. 1. If this
motorcycle intends to go straight-through but faces a red light, then it can move ahead into the
waiting box unless the box is full. On the other hand, when 2-stage left-turn box is designated, a
left-turn motorcycle has to move into box while the green light is displayed. This motorcycle can
then complete the turn when the green light is given to the northbound approach. To
accommodate large motorcycle flows, some traffic lanes may be designated as exclusive

motorcycle lanes.
|
North ‘

Motorcycle
Waiting Box
/ -
3
- -
. el 2-Stage Left-turn Box
1101
\
Car/Truck/Bus ‘ ‘ ‘

Fig. 1 Schematic of Motorcycle Waiting Box and 2-Stage Left-turn Box

The presence of motorcycles greatly complicates the task of developing a model to simulate the
traffic operations in urban streets. The 2020HTSS model has algorithms to simulate motorcycle-
related traffic flows in exclusive lanes and in lanes shared by different types of vehicles. The
focus of this technical note is on the simulation of the motorcycle flows in exclusive lanes.
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Motorcycle Queue Discharge Characteristics

An 10T study [1] shows that, 8 s to 10 s after the green light is displayed (the green onset), the
queue discharge rates of exclusive motorcycle lanes would often stabilize. The stabilized rates,
however, usually last only for short periods. About 20 s ~ 25 s after the green onset, the
discharge rates may surge. This phenomenon is shown in Fig. 2. In this figure, Wqg refers to the
lane width used by 90% of the motorcycles at the stop line.
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2 10000 Rt il |} G
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Elapsed Green Duration, s

Fig. 2 Temporal variations of Average Queue Discharge Rates in Six
Exclusive Motorcycle Lanes

The averages of the stabilized discharge rates shown in Fig. 2 range from about 72,00
motorcycles/h for a Woo of 1.4 m ~ 1.7 m to about 11,300 motorcycles for a Wgo 0of 3.3 ~ 3.4 m.
As shown in Fig. 3, these averages have a strong linear relationship with Wao. This relationship
can be represented by the following equation:

O, =4,281.5 +2,061.7 Woo (1)

where Qs is the average stabilized discharge rate ( in motorcycle/h) and Woyis the lane width with
90% utilization rate (in meters).

Algorithm for Simulating Motorcycle Queue Formation and Queue Discharge

The 2020HTSS model is a microscopic model that updates the position, the acceleration, and the
speed of each simulated vehicle at regular intervals. Each of such intervals, refers to as the
scanning interval, should be short to provide a high resolution in imitating real-life traffic
operations. It is recommended that the length of the scanning cycle be setat 0.5 s.

In the absence of lane changes, the position and the speed of a simulated vehicle are determined
as follows:

it 3-2



12000

11000 /

10000

9000 | /
/

8000

Stabilized Discharge Rate, vph

TDDD 1 / L 1 1 1 1
1.0 1.5 2.0 2.5 3.0 3:8 4.0

w,, Lane Width, m

Fig. 3 Relationship between Stabilized Queue Discharge Rate
of Motorcycles and W |

X(J+D)=x())+v()T +0.5a(j)T2 (2
and

v+ =v())+a(pnT 3)

where j = the j" scanning interval; x(j) = the position of the vehicle at the beginning of the jt"
scanning interval, measured as the distance between the front end of that vehicle and an upstream
reference point; v(j) = the speed of the vehicle at the beginning of the j" scanning interval; a(j) =
a constant acceleration (or deceleration) rate during the j scanning interval that is applicable to
the vehicle; and T is the length of the scanning interval.

The queue-formation and queue-discharge algorithm used in the 2020HTSS model includes the
following modules:

Specification of vehicle attributes.

Formation of stationary queues.

Discharge of the vehicles in a stationary queue.
Imposition of constraints on acceleration rates.
Update of vehicle positions and speeds.

The nature of each of these modules is described below.
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1. Specification of Vehicle Attributes
(1) Driver Timidity Index

The characteristics of queue formation and queue discharge are governed in part by
driver behaviors. For example, all other things being equal, an aggressive driver may
apply a greater acceleration rate or follow the vehicle ahead more closely than a timid
driver. The 2020HTSS model randomly assigns a driver timidity index to each simulated
vehicle to determine how a vehicle will behave in a traffic stream. This index is
uniformly distributed between 0 and 1, with 0 represents the most aggressive (least timid)
behavior.

(2) Lengths of Motorcycles

Most of the motorcycles in Taiwan have engine displacements below 155 cc. Their
lengths are mostly between 1.7 m and 2.0 m. To avoid unnecessary complications in
modeling, the HTSS model ignores this small variation in lengths by assigning a length
of 1.85 m for every motorcycle.

(3) Weight-to-Horsepower Ratio

Common motorcycles used in Taiwan are likely about 110 kg in weight and having a
maximum engine output of about 8 kW. Under normal conditions, only a fraction of the
maximum power output would be used to carry up to two persons. The weight-to-
horsepower ratio of a vehicle can affect the ability of that vehicle to accelerate on a steep
grade. How the weight and horsepower are incorporated into the 2018HTSS model has
been reported in detail elsewhere [2, 3, 4]. The 2020 HTSS model adopts the same
process in treating the impact of weight and horsepower. For the simulation of urban
street operations, the 2020HTSS model uses a weight-to-horsepower ratio of 50 kg/kW as
the default average for motorcycles. Each vehicle, however, has its own weight-to-
horsepower ratio.

2. Formation of Stationary Queues

Facing a yellow or a red light, motorcycles will either decelerate to stop or go through the
intersection. When a motorcycle has to use the lateral gap between two larger stopped
vehicles, such as cars, to enter a waiting box, the 2020HTSS model assumes the motorcycle
will decelerate to a low speed of 3 km/h before squeezing through the gap. Some motorcycles
that cannot enter a waiting box may stop alongside a car or a truck. Motorcycles that have to
execute 2-stage left turns have to decelerate and move into the designated boxes when the
green light is on.

Drivers’ comfortable deceleration rates before stopping are determined as

d, =-15-1.0(1-6) )
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where d; is the comfortable deceleration rate (in m/s?) of driver i under normal conditions and
@ is the driver timidity index.

If the lane width is sufficiently wide, several motorcycles usually can stop side-by-side as
shown in Fig. 4. For a given lane width I, the nature of the stationary queue can be defined
by the average lateral distance D between two side-by-side wheels, the vehicle length L, the
minimum longitudinal distance Smin between the motorcycles in different rows, and the
distance S; of a motorcycle in the front row to the stop line (or to the leading edge of a

designated box). Similar to the vehicle length, Smin (in meters) is set to a constant 0.3 m. But
S is treated as random variable and determined as

s, =030 (5)

where 0 is the driver timidity index (0 ~ 1).

Stop
Line
; —F
T ) ) | e
Lane Width D . '
w N
d q
l L Smin I

Fig. 4 Schematic of a Stationary Motorcycle Queue

The average lateral distance, D (in meters), between side-by-side wheels is assumed to be as
shown in Fig. 5 and can be estimated as

0.353
7W9072.75873 (6)
1+e 0.2765

D =1.2501 +

Based on the lateral distance D, the number of side-by-side wheel paths, denoted as N, that can
fit into a width of Wy is

Ny = Integer of (V\%)-f-l

(7
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The value of N,, ranges from 2 for a Wy between 1.4 m to 2.95 m and 3 for a Wy between 3.0 m
and 4.6 m. The residual lane width, Woy— N,.D, may also be used by some motorcycles for
overtaking.
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1.30

Lateral Distance between Wheels, m

1 I 2 I 3 I 4 I 3
W, Width, m

Fig. 5 Assumed Average Lateral Distance between Wheels as a
Function of W_,

3. Discharge of the Vehicles in a Stationary Queue

Start-up Reaction Times of Vehicles in the First Row

Each driver in the first row of a queue would take some time to react to the green onset before
accelerating into the intersection. Occasionally a driver may accelerate across the stop line
even before the green onset. To simplify data processing, the 2020HTSS model does not
consider such an event.

The 2020HTSS model determines the start-up reaction times as follows:
T, =0.15+1.56 (8)

where T’ is the start-up reaction time of a driver (in seconds); and @ is the driver timidity index
(0~1).

Eq. 8 implies that the more aggressive a driver (lower timidity index) is, the shorter the start-
up reaction time would become.
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Free-Flow Acceleration Rates

Once discharged, the vehicles in the front row would move at their respective desired free-
flow acceleration rates unless they are interfered with by a vehicle ahead. Based on a previous
analysis [5], Figs. 6 and 7 show the representative characteristics of such free-flow
acceleration on level streets. The average acceleration characteristics shown in Fig. 6 for
motorcycles can be determined as follows:

0.8248

1_,_97 1.2765
A, =3.4377 - 385 o0y S 8km/h (9b)
1+ e_ 7.5648

where A4, is the mean acceleration rate (m/s?) of motorcycles moving at speed ¥ (km/h).
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Fig. 6 Representative Speed-Acceleration relationship of
Free-Flow queuing Vehicles after green onset

Fig. 7 shows that the acceleration rates of individual motorcycles at a given speed vary from
about 70% to about 140% of the mean rate. This phenomenon can be represented by the
following relationship:
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1.055127

=1.0015 —0.097466 [In(—————— -
P [ (Ra +0.044427

1] (10)

where £, is the ratio of an acceleration rate to mean acceleration rate and R, is a random
number uniformly distributed between 0 and 1.
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Acceleration Rates of Small Vehicles

The acceleration models described above are based on the vehicle acceleration behaviors on
Ming-Chen E. Road in Taipei. The motorcycles at other locations may have different
acceleration characteristics. Therefore, the 2020HTSS model uses the following relationship to
simulate the free-flow acceleration of a motorcycle on a level roadway:

a2 = ﬂ“ﬁmAﬂ (11)

where a; is the probable free-flow acceleration rate of a motorcycle in scanning interval j and
A s a site-specific adjustment factor (default:1.0).

Under normal conditions, a discharged vehicle can only accelerate to a speed equal to its
desired free-flow speed. This constraint is discussed later in this note.

Target Motorcycle for Car-Following

Unlike cars or other larger vehicles, motorcycles do not have to follow the same wheel path
in a lane. Nevertheless, the movement of a motorcycle in a platoon is still impeded by the
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motorcycles ahead. Therefore, car-following maneuvers also exist even when only
motorcycles are present in lane.

For each motorcycle trailing a group of motorcycles ahead, the 2020HTSS model determines
first a target vehicle to follow. This task is based on the number of side-by-side wheel paths
Ny determined from Eq. 7. The 2020 HTSS model assumes a typical trailing driver will
follow the Nw " vehicle ahead, but aggressive drivers will follow the (Nw+1)" vehicle
instead. These two cases are depicted in Fig. 8.

For a driver to follow the (Ny+1)" vehicle ahead, the following conditions should be met:
(1) The number of side-by-side vehicles immediately ahead is less than Ny (the lane is not

blocked).
(2) The gap between the first and the second rows of the motorcycles ahead is at least 2 m.

(3) The driver has the following attribute:
<6 (12)

where 0 is the driver timidity index and 6 is a threshold value.

First Row
{a) Scenario 1 L_Ahead_}‘
T

Trailing
Vehicle

A = _

First Row Second

{b) Scenario 2 FA“EE'”»| IFFE':'W %‘
Trailing //B: === [ (target])
[——1
D
C_

Vehicle ===
A =2m

Fig. 8 Two Example Scenarios of Car Following for Ny, = 3

Discharge of Trailing Vehicles

At the beginning of each scanning interval, the 2020HTSS model determines whether a
stationary motorcycle, which is impeded by another motorcycle ahead, is ready to move. It is
assumed that the trailing vehicle will start accelerating when the following condition is met:

S, >S., +S (13)
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where S is the distance between the target and the trailing vehicle (in meters); Spin is the
minimum desired distance between the stationary target and the stationary trailing vehicle (in
meters); and St is a threshold value (in meters). Eq. 13 implies that the trailing vehicle will
start accelerating when its distance to the target is St meters longer than its desired minimum
distance.

Once a trailing vehicle is in motion, the 2020HTSS model simulates the car-following
behavior of a motorcycle and that of a car or a large vehicle in similar manners. The simulated
car-following behavior pertains to either of the two scenarios described below. For
convenience, the target motorcycle and the trailing motorcycle are respectively referred to as
the leader and the follower.

(1) Car-following Maneuvers-Scenario 1

Fig. 9 shows the components of the space headway of the follower in a car-following
situation. The notations shown in the figure have the following meanings:

X1, X> =respective distances of the front ends of the leader and the follower from a
common origin at the beginning of a scanning interval,
Vi, V> =respective speeds of the leader and the follower at the beginning of a
scanning interval;
L; =length of the leader;
Smin = the minimum desired longitudinal distance between the leader and the
follower when both are stationary;
S. = actual buffer distance beyond Syi»; and.
Sa = desired buffer distance to be calibrated based on smaller of V; or V2.

X
Xz
Follower — V2 Leader —V;
Sa | Smn | LI
— s -
e Space Headway —

Fig. 9 Components of Vehicle Space Headway
in Car-Following

Scenario 1 of the car-following maneuvers refers to the situation in which the speed of

it 3-10



the follower is equal to or above that of the leader (i.e., 2> V). In this case, the HTSS
model determines the difference between the actual buffer distance S, (i.e., X7 —L;-
Smin —X2) with the desired buffer Sa.

If S. <S4, the follower has to decelerate immediately to a speed equal to V;. In this case,
the probable deceleration rate (negative value) is:

_Vi-V,

a, T

(14)

where a is a probable deceleration rate of the follower in the current scanning interval
and 7 is the scanning interval (e.g., 0.5 s)

If S, > Su, the follower may accelerate, decelerate, or maintain the same speed. The
2020HTSS model first assumes that the leader would maintain the same speed V; while
the follower is reducing its speed from J> to V;. Under this condition, the required
deceleration rate for the follower to maintain the desired buffer distance when its speed
equals V7 can be estimated as

V, -V,)?
ar - _ ( 2 l) (15)
2(S, —=S4)
where a; is the required deceleration rate under the above conditions.
If a, is smaller than or equal to d;+ 0.3 m/s?, then the required deceleration is close to, or

worse than, the comfortable deceleration d;. Therefore, the probable deceleration of the
follower in the current scanning interval should be equal to a,. In other words,

a, =a, (16)
If a, is greater than d;+ 0.3 m/s?, then the follower may accelerate, decelerate, or
maintain the same speed. In this case, the 2020HTSS model determines the maximum
probable acceleration a> for the follower under the following conditions:
e The follower accelerates at a, during the current scanning interval, then
decelerates at a comfortable rate d> (determined from Eq. 4) until its speed equals
V1.

e When V2 is reduced to V1, the actual buffer distance equals the desired buffer
distance of the follower.

e The leader maintains its speed V1 when the follower changes its speed.

e The acceleration rate and the deceleration rate are constant.
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The above conditions can be represented by the following relationship:

2_ 2
X, —L -D, S 4V(T-Ye=Viy_x qyrelare(Metdl) -Vi (17)
d_ 2 2d,
Let
2
H, =
2d,
2
oo VT T T
d, 2  d,
Vz _Vl ’
Hy =il v, v T =5, -,)

2

Then, if H>*> — 4H;H; < 0, Eq. 17 has no real solutions. This means the follower needs
to decelerate at its comfortable deceleration rate d>. Therefore,

a, =d, (18)
If H,> — 4H;H; > 0, then
—H, ++/H,” —4H,H,

a, = 19
: 2. (19)

(2) Car-following Maneuvers-Scenario 2

Scenario 2 of the car-following maneuvers refers to the situation in which the speed of
the follower is below that of the leader (i.e., V1> V>). In this case, vehicles can be
expected to accelerate to catch up with the ones ahead if their actual buffer distances are
greater than their desired buffer distances. On the other hand, vehicles may have to either
decelerate or maintain their speeds if the actual buffer distances are not sufficient.

The 2020HTSS model assumes that, at the beginning of each scanning interval, the
follower will try to reach the current position occupied by a small vehicle in p seconds.
This desired time headway, referred to herein as the catch-up headway, varies with
vehicle speed and the elapse green duration. For a period equal to the catch-up headway,
the distance to be covered by the follower is assumed to be:

D, =X, (L -1.85) - X, + f,(V; -V, + T, (h— 1)V, (20)

where Dy is the distance (in meters) to be covered by the follower in x seconds; L1 is the
vehicle length (in meters); X1 and Xz are respectively the front-end locations of the leader
and the follower (in meters); V1 and V2 are respectively the speeds of the leader and the
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follower; fy and f, are factors related respectively to speed and headway; and h (in
seconds) is the current time headway estimated as:
o (X =L +1.85-X,)

21
V,+0.1 (21)

In Eq. 21 the typical length of a motorcycle is assumed to be 1.85 m. The 0.1 m/s in the
denominator prevents the value of h from becoming infinity for stationary followers and
the subsequent failure of a simulation run.

The probable acceleration under scenario 2 is determined as:

2(D-V
a, = ( 22;“)

y7,

(22)

4. Imposition of Constraints on a(j) and a:
(1) Constraint 1: Collision Avoidance

In a car-following situation, the 2020HTSS model assumes that the leader may suddenly
decelerate to stop and, in response to this possibility, the follower will always adjust its
speed and headway to avoid a collision. The maximum allowable speed to avoid a
collision can be determined from the following condition:

V& VA
X, -L-S  —— =X,+V__t —_max_ 23
1 Li min 2d1 2 max-r 2d2 ( )

where d is the probable deceleration rate (negative value) of the leader as perceived by the
follower; d2 is the comfortable deceleration rate of the follower; Vmax is the maximum
allowable speed to avoid a collision; tr is the desired reaction time of the follower before
decelerating; and all other notations are as defined previously.

In Eq. 23 the probable deceleration rate d; (in m/s?) of the leader and the reaction time ¢,
(in seconds) of the follower are respectively determined as

d, = —(0.7 +0.66) (24)
and

t, =0.5+0.70 (25)

where @ is the timidity index of the follower (0 ~ 1).

Let
v

AS=X1_|-1_Smin_2d
1

- X, (26)
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If AS'is less than or equal to 0, the follower needs to decelerate to a speed below V; to
avoid a collision. In this case the 2020HTSS sets the maximum allowable speed (in m/s)
to V1 —0.7. In general, the maximum allowable speed Vimax (in m/s?) is determined as
follows:

If45<0,
Vigx =V4 —0.7>0 (27a)

If A4S >0,

At the end of the current scanning interval, the speed of the follower cannot exceed Vmax.
This means if V2 + a>T > Vmax, then the probable acceleration rate should be modified as

(28)

(2) Constraint 2: Speed < Free-flow Speed

Both the free-flow acceleration a(j) and the probable acceleration a> are limited by the
free-flow speed of a vehicle. The free-flow speeds of the vehicles in a street are affected
by vehicle type, speed limit, grade, the spacing between intersections, and many other
factors. The distribution of normalized speeds (speeds to mean speed ratios), however,
does not vary significantly with vehicle type. Fig. 10 shows the typical distribution of the
normalized speeds as reported in the 2011 Taiwan Highway Capacity Manual [6]. Based
on this distribution, the 2020HTSS model uses the following equation to determine the
free-flow speeds of vehicles:

1.016418

V; =V, (0.99266 —0.069561 [In(—=——ro— —
1.013418 — 0

D] (29)

where V7 is the free-flow speed of a vehicle belonging to a specified vehicle type (for
example, small vehicles); V,, is the mean free-flow speed of the given type of vehicles;
and @ is the driver timidity index (0 ~ 1). Given Fris the applicable free-flow speed, the
a(j) has to be revised if V> + a(j)T exceeds Vy. The same constraint is imposed on a>.

(3) Constraint 4: Speed >0

If Vo + axT is less than 0, then the scanning interval T is replaced with —V>/a, for updating
the speed and the location of a vehicle.
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Fig. 10 Representative Cumulative Distribution of Normalized Free-Flow
Speeds for Small Vehicles, Mortocycles, or Heavy Vehicles

(4) Constraint 5: V1 = V2 for small gaps

When the gap between the rear end of the leader and the front end of the follower is less
than 0.8 s of the travel time at V>, the follower is forced in the simulation process to reduce
its speed to V1. The governing deceleration rate a; is thus determined as (V1 - V2)/T.

(5) Constraint 6: Deceleration Rate > -4.0 m/s?

The maximum deceleration rate of motorcycles for emergency braking depends on vehicle
design, the brake used, and human factors. Several studies [7, 8, 9] have revealed that the
average deceleration rates of motorcycles are in the range of 0.31g to 0.52g (3 m/s? to 5
m/s?) when only the rear brake is applied, and are between 0.44g to 0.74g (4.3 m/s? and 7.3
m/s? ) when only the front brake is applied. The 2020 HTSS model assumes that the
absolute values of the actual deceleration rates should not exceed 4 m/s?.

(6) Constraint 6: Acceleration Rate < Acceleration Rate on Grade
The 2020HTSS model uses a tedious algorithm to determine the most likely acceleration
(or deceleration) rate on a grade segment [2, 3, 4]. Both a(j) and a are constrained by the
applicable rate on grade.

(7) Constraint: Speed < Turning Speed
For turning movements, the turn point is assumed to be 50% of the intersection width

beyond the stop line for left-turn vehicles and 3 m beyond the stop line for right-turn
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vehicles. If the vehicle approach speed is greater than the desired turning speed, then the
vehicle has to decelerate at its comfortable deceleration rate when it’s near the turn point.

The turning speeds is governed in part by the turning radius, which can vary from one
lane to another. The 2020HTSS model determines the turning speed of a vehicle, Vi in
km/h, as follows:

V, =V,[0.6+0.7(1-6)] (30)

where V, is the average turning speed (defaults: 22 km/h for left turn and 15 km/h for
right turns).

5. Update of Vehicle Location and Speed

The finalized a- is used as a(j) in Egs. 2 and 3 to update the location and the speed of a vehicle
at the end of the current scanning interval.

Model Calibration

The major challenge in calibrating the 2020HTSS model for simulating the queue discharge of
motorcycles is to find a combination of functional relationships that would realistically
reproduce the queue discharge characteristics shown in Fig. 2. These functional relationships can
be identified through trial and error. The findings are summarized below.

1. Threshold Driver Timidity Index &7 (Eq. 12)

This threshold governs the proportion of drivers that will target the (Nw +1)™ vehicle ahead for
following. It is primarily a function of Wgo. The HTSS model sets the threshold as follows:

0-'- = ebase + 5 (31)
where 6hase is the threshold when the queue discharge rate is expected to stabilize about 10 s
after the green onset and & is the adjustment to Ghase if @ surge in the discharge rate is expected.
As shown in Fig. 2, the stabilized discharge rate may not last and the discharge rate can surge
about 22 s to 25 s after the green onset. Therefore, d is applied shortly before a surge appears.

The HTSS model is calibrated with the queue discharge characteristics shown in Fig. 2 and
the expected discharge rates determined from Eq. 1. The calibrated values of fhase are shown
in Figs. 11 and 12. These values are used to derive equations that relate fvase to Woo for general
application of the 2020HTSS model. These equations are shown in Table 1.
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Table 1 Values of fhase and ¢ for Simulation Applications

Woao Nw Ovase

ForG<25s
~0.75564 +0.52958 Wy,

14m~-29m | 2 |ForG>25s:
~0.68889 +0.47642 Wy,

ForG<25s

6.04608
s0m-46m | 3 ~031728 + ——cor

l+e 10142
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ForG>25s

~ 012744 + — 23703

1+e 069186

“Wy,-5.1016

2. Threshold St (Eq. 13)

The threshold St governs how soon a stationary vehicle starts accelerating after the vehicle in
front has started moving. A larger St means a longer distance between the two vehicles needs
to be present before the trailing vehicle would accelerate. Thus St affects simulated queue

discharge rates. St (in meters) is determined as follows:

For Wyo between 1.4 m and 2.95 m,

S; =0.19-0.0915 (Wg, —1.4) +0.20

For Wgo between 3.0m and 4.6 m,

St = Space(0.343 — 0.16375 (Wo —3.0) + 0.2

(32a)

(32b)

As shown in Table 2, Spase in Eq. 32b is treated as a step function of the distance between a

stopped vehicle and the stop line.

Table 2 Calibrated Values of Spase

Distance to Stop Line | Value of Spase Distance to Stop Line | Value of Spase
(m) (m) (m)
0~23 1.83 18.6 ~ 20.9 0.198
24~4.6 1.46 21.0 ~23.2 0.204
47~7.1 0.30 23.3~255 0.206
7.2~9.3 0.15 25.6 ~27.8 0.207
94~11.7 0.15 27.9 ~30.1 0.210
11.8~14.0 0.18 30.2~32.4 0.213
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141~16.4 0.19 32.5~34.8 0.213

16.5~18.5 0.195 >34.8 0.213

3. Desired Buffer Distance Sq (Eq. 15)
Theoretically, the desired buffer distance is the distance traveled during the desired catch-up
time minus the sum of the motorcycle length and Smin. At speeds below 10 km/h, this may

result in what appears to be rather long distance. Therefore, the 2020HTSS model adjusts the
desired buffer distance at low speeds downward to the distance traveled in 30% of the catch-

up time.
For V2 <10 km/h ,
Sq =0.3u(V,/3.6) (33)
For V2 > 10 km/h,

S, =u(V,/36)-1.85-S,, (34)

In the two equations above,  is the catch-up headway used in Eq. 21.

. fvand fi of Eq. 20
The two coefficients f, and fi affect the simulated acceleration rate of a motorcycle. Using

larger values for these coefficients would lead to a higher acceleration rate and thus a higher
discharge rate. The values used in the HTSS model are determined as

f, = f, =024-0.024V, >0 (35)
. Catch-up Headway u (Eq. 21)
The catch-up headway is determined as
H= P, (36)

where B is the ratio of the catch-up time of a trailing vehicle to the mean catch-up time um; and
um the average catch-up headway (in seconds) at a specified speed V2 (in km/h).
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The um and B in Eq. 36, as illustrated in Figs. 13 and 14, are respectively represented by the
following relationships:

If Vo< 38.4 km/h,
N
sy =0.8888 +1.31751 e 80049 (37a)
If V2> 38.4 km/h,
V,-31.643
tty = 0.88491 +0.03876 e 727422 (37b)
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Fig. 13 Average Catch-up Headway as a Function of Speed
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Comparisons of Simulated Discharge Rates with Observed/Expected Rates

When the aforementioned algorithm is calibrated for individual sites, the simulated queue
discharge characteristics can march the observed ones very closely. Using the general calibrated
functions described above, larger differences between the observed and the simulated
characteristics can be expected. Based on the general calibrated function, Figs. 17 ~ 20 compare
simulated queue discharge characteristics with the observed ones for four levels of Wgo, These
figures show the simulation algorithm is still capable of producing realistic queue discharge
characteristics. They also show the values of ¢ in Eq. 31 for simulating the surges in queue
discharge rates can vary substantially.

As mentioned previously, the queue discharge rates often stabilize for a short period about 10 s
after the green onset. In addition, the expected stabilized rates can be estimated from Eq. 1.
Table 2 compares the simulated discharge rates with either the observed rates or the expected
rates estimated from Eq. 1. The deviations of the simulated rates from the observed or the
expected rates are negligibly small.
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Table 2 Comparisons of Simulated Discharge Rates with Observed and
Expected Rates (Elapsed Green Duration: from10 s to 25 s)

Stabilized Discharge Rate, vph
Woo, m | Estimates from | Field Data Simulation Data
Eqg. 1 (Deviation)
1.4 7,168 7,211 (+43)
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1.4 7,194 7.211 (+17)
16 7,580 7,553 (-27)
1.8 7,993 8,008 (+15)
2.0 8,405 8,433 (+28)
2.2 8,817 8,834 (+17)
2.45 9,332 9,310 (-22)
2.45 9,202 9,310 (+108)
2.6 9,642 9,576 (-66)
2.8 10,054 10,172 (+118)
2.8 10,174 10,172 (-2)
3.0 10,467 10,486 (+19)
3.2 10,879 10,882 (+3)
3.4 11,291 11,275 (-16)
3.4 11,276 11,275 (-1)
3.6 11,704 11,686 (-18)
38 12,116 12,130 (+14)
4.0 12,528 12,584 (+56)
4.2 12,941 13,004 (+63)
4.4 13353 13,384 (+31)
46 13,765 13,707 (-59)
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Task 4: Testing of Simulated Queue Discharge Characteristics

Feng-Bor Lin
Professor Emeritus, Clarkson University
Submitted to the IOT on August 7, 2020

Introduction

The algorithms described in previous technical notes TN 2000 B [1] and TN 2000C [2] (referred
to as the TN algorithms) have been integrated into the 2020HTSS model. The integration process
involves the modification of serval existing subroutines of the HTSS model and the conversion
of the TN algorithms into new HTSS subroutines.

After the TN algorithms were developed in June 2020, further tests of these algorithms revealed
that they could be simplified to enhance its simulation efficiency. In addition, there are
differences in the data management structures used respectively in the TN algorithms and the
HTSS model. For example, the TN algorithms determines when a stationary vehicle will begin

to accelerate by comparing the gap between that vehicle and the vehicle ahead at the same instant,
whereas the HTSS model makes a determination by comparing the gap after the vehicle ahead
has accelerated for one scanning interval of 0.5 s. This requires a recalibration of the TN
algorithms when they are integrated into the HTSS model.

For general applications, the HTSS model simulates a set of default queue discharge
characteristics and provides the users of the model with a mechanism to alter the simulated
characteristics. The current technical note describes the ability of the HTSS model to simulate
the default queue discharge characteristics and the means of changing the simulated
characteristics.

Default Queue Discharge Characteristics

This technical note concerns only the queue discharge from either an exclusive motorcycle lane
or a lane used by small vehicles. There are no field data that can be used to calibrate the HTSS
model for simulating the queue discharge of mixed-vehicle flows.

The simulation of the queue discharge of motorcycles is based on the observed characteristics
shown in Fig. 1. In this figure, Wyo is the lane width used by 90% of the motorcycles when the
wheel cross the stop line. Instead of trying to duplicate the surges in the discharge rate that often
occur 20 s~ 25 s after the green light is turned on (the green onset), the default characteristics
shown in Fig. 2 assume that the more or less stable discharge rates that exist 10 s after the green
onset will continue indefinitely. The discharge rates shown in Fig. 2 can be converted to Fig. 3
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to show the relationships between the numbers of the discharged motorcycles as a function of the
elapsed green interval in a traffic signal cycle.

13000 . :
~ 12000 |- 33m * 34 m
2 11000 }=0—0-040-0=f=0-g e
2 10000 forlsidiy Logm__
e B ks al s | soniiiiose WS
£ 8000 i 1.7 = <|> °‘\°-_°
o 7000 »*"'}('_3"—'6"-?——07 —o”
Pt 3

% '6/0 W?D
2 6000 o o
£ 5000 ///6 '
A 4000 g

3000

2000

0 5 10 15 20 25 30 35 40 45

Elapsed Green Duration, s

Fig. 1 Temporal variations of Average Queue Discharge Rates in Six
Exclusive Motorcycle Lanes

14000
12000
—t—e o0 _ | LI
ﬁ P e & 34m
% 10000 At —t—tt—t—t— —4 4 28m
= / X g X X XX |
u 2 245m
. 8000 4 |
% / OO0 —0—Q—C—01-0 T
—

& 1 ] 58 W =14m
o 6000 % ]
> /e
—
© +
% 4000
@ g
[m]

2000

1) ) 10 15 20 25 30 35 40

Elapsed Green Duration, s
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Derived from Fig. 2

Fig. 4 shows observed queue discharge headways of straight-through small vehicles. This figure
can also be converted into Fig. 5, which reveals two distinct groups of queue discharge patterns.
The first group, which has higher discharge rates, is associated with intersection approaches
where 80% of the queue lengths (Lso) during peak 1.5 hours contain at least 20 vehicles. For this
group, the average numbers of discharged vehicles as a function of the elapsed green are
represented by Line A in Fig. 6. The discharge rates represented by this line are the default
discharge rates simulated by the HTSS model.
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Fig. 4 Variations of Average Queue Discharge Headway with Queue Position
in six straight-through lanes
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Fig. 6 Average Queue Discharge Rates of Small Vehicles Derived from Fig. 5

Another group of queue discharges shown in Fig. 5 is related to intersection approaches where
80% of peak-period queue lengths contain about 15 vehicles. The discharge rates of this group
are about 84% to 88% of the default rates. The discharge rates at rural intersections where 80%
of peak-period queue lengths are less than 7 vehicles are only about 75% to 80% of the default

discharge rates.
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Comparisons of Simulated and Default Discharge Rates

An intersection controlled with a pretimed signal was used to test the queue discharge rates of
the flows simulated by the HTSS model against the default rates described previously. The cycle
lengths used for the test ranged from 80 s to 150 s, and the green intervals varied from 14 s to 84
s. The effective green, which is the sum of the displayed green interval and the portion of the
subsequent yellow interval that is treated essentially as an extension of the green interval by the
drivers, is approximately equal to the green interval plus 2 s. Figs. 7 and 8 compare simulated
queue discharge rates and the default discharge rates. The discrepancies between these rates are
mostly less than 2%. To produce the simulated discharge rate shown along Line B of Fig. 8
requires the users of the HTSS model to apply an adjustment factor through an input file.

130 T T T
- ! Default 3l m
S "0 ASimulated: >

100 H =
% = W, =34m < //
8 wH x W, =28m .
o g
@ soH © W, =245m }/
5 0 * W, =14m v e
5 e 1.4]m
S
% Al )/ ¥
s 40 %
2 g /
2 A
E ¥ Cydle Length: 805 ~ 150 5
= L T ]

0
0 5 10 %5, 20 25 30 35 40 45

Effective Green Interval, s

Fig. 7 Comparison of Default and Simulated Queue Discharge Rates
of Exclusive Motorcycle Lanes
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Threshold Adjustment Factor for General Applications of the HTSS Model

The HTSS model uses a threshold gap to determine when a stationary vehicle would start
moving in response to the acceleration of the vehicle immediately ahead. For simulating the

default discharge characteristics of small vehicles, this threshold gap is determined as
D

S; =0.8374 +0.762(1— 0) +1.394¢ 72894 (1)

where St is the threshold gap (in meters); @ is the driver timidity index (0 ~ 1); and D is the
distance between a stationary vehicle and the stop line (in meters).

The simulated discharge rates are sensitive to this threshold gap. By using a longer or a shorter
threshold gap, the HTSS model can produce a lower or a higher discharge rate. For example, the
simulated discharge rates along Line B of Fig. 8 are generated by using a threshold gap equal to
1.56St . Therefore, The HTSS model applies an adjustment factor to St as follows so that users
of the model can use an input data file to modify simulated discharge rates:

Sy =45 @

To choose an adjustment factor, users of the HTSS model may consult Fig. 9, which shows how
the adjustment factor would affect the simulated discharge rate. This figure shows, for example,
using an adjustment of 0.8 will result in a queue discharge rate that is about 107% of the
corresponding default rate. It also reveals the ranges of the adjustment factors that should be used
for simulating flows with various discharge rates based on peak-period queue length Lago,
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Fig. 9 Relationship between Threshold Adjustment Factor and
Simulated Discharge Rates relative to Default Rates

If it is necessary to simulate the surges in motorcycle discharge rate as those shown in Fig. 1,
users of the HTSS model can also use an input data file to specify when a surge will begin and
the magnitude of the surge. The User Manual of the 2020HTSS model, which is expected to be
available in 2021, will explain how this can be done.
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Classification of Levels of Service of
Arterials and Uninterrupted Flow Facilities

July 29, 2020

Principles in Classifying Levels of Service

1. Must satisfy planning and design needs.
(1) Based on observed flow characteristics , operating efficiency, and
safety considerations to establish critical thresholds between levels.
(2) Be able to reveal spatial and temporal changes in quality of service.

2. Need at least V/C and speed-related measures of effectiveness
for evaluating uninterrupted flows and the flows in arterials with
traffic signals.

3. To promote design/operating consistency, use as few sets of criteria as
possible for evaluating various types of facilities
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Typical Characteristics of Uninterrupted Flows

1. Even at a very low V/C of about 0.25, a slight increase in flow rate
would cause an obvious drop in speed. So the range of V/C for
level-of-service A should be narrow.

2. Once the V/C exceeds about 0.8, the traffic flow starts to
break down frequently.

3. When the average speed drops by about 10~20 km/h,
traffic flow has a very high probability of breaking down.
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Principles in Classifying Levels of Service

1. Must satisfy planning and design needs.
Based on observed flow characteristics , operating efficiency, and
safety considerations to establish critical thresholds between levels.

2. Need at least V/C and speed-related measures of effectiveness
for evaluating uninterrupted flows

3. To promote design/operating consistency, use as few sets of criteria as
possible for evaluating various types of facilities
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Principles in Classifying Levels of Service 10

1. Must satisfy planning and design needs.
Based on observed flow characteristics , operating efficiency, and
safety considerations to establish critical thresholds between levels.

2. Need at least V/C and speed-related measures of effectiveness
for evaluating uninterrupted flows and the flows in
arterials with traffic signals.

3. To promote design/operating consistency
Use as few sets of criteria as possible.

Speed

0 V/C: Volume/Capacity Ratio 1.0

11
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