UC Berkeley

Research Reports

Title
Vehicle Sorting for Platoon Formation: Impacts on Highway Entry and Throughput

Permalink
https://escholarship.org/uc/item/58t3f9pg

Authors

Hall, Randolph
Chin, Chinan

Publication Date
2002-03-10

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/58t3f9p8
https://escholarship.org
http://www.cdlib.org/

CALIFORNIA PATH PROGRAM
INSTITUTE OF TRANSPORTATION STUDIES
UNIVERSITY OF CALIFORNIA, BERKELEY

Vehicle Sorting for Platoon Formation:
| mpacts on Highway Entry and Throughput

Randolph Hall
Chinan Chin

California PATH Research Report
UCB-I TS PRR-2002-7

Thiswork was performed as part of the California PATH Program of the
University of California, in cooperation with the State of California Business,
Transportation, and Housing Agency, Department of Transportation; and the
United States Department of Transportation, Federal Highway Administration.

The contents of this report reflect the views of the authors who are responsible
for the facts and the accuracy of the data presented herein. The contents do not
necessarily reflect the official views or policies of the State of California. This
report does not constitute a standard, specification, or regulation.

Report for TO 4216

March 2002
ISSN 1055-1425

CALIFORNIA PARTNERS FOR ADVANCED TRANSIT AND HIGHWAYS



Vehicle Sorting for Platoon Formation:
Impacts on Highway Entry and Throughput

Randolph Hall
Chinan Chin

March 10, 2002

Department of Industrial and Systems Engineering
University of Southern California
Los Angeles, CA 90089-0193



TABLE OF CONTENTS

Y 015 1 = o S i
EXECULIVE SUMIMEIY ....ooveeiieieciesie ettt sne e e e sneenneeneas iv
T 0T (8 T (o PR 1
Strategies for Forming Platoons at ENranCes..........ccceveeveeieseeseceesieeseseeseeeneas 4
S T 101 = 1o U 20
(0] 00 111 o | T 29
R LS (= 410 - 30

LIST OF FIGURES

1. Effect of Switching Destination into Another Group.........cccoevererenenenennenn 6
2. Graphical Interpretation of Equation 6¢ (CONtINUOUS)..........cccevveeiveeiiieiiieeinnns 8
3. MUILI-SEAgE SOMTING.....ceueeeeierieie e bbb 12
4. Average Waiting Time Versus Number of Lanes, 5-mile Spacing................. 24
5. Average Waiting Time Versus Number of Lanes, 1-mile Spacing................ 24
6. Platoon Ratio Versus Number of Lanes, Exponential Trip Length................ 25
7. Highway Throughput Versus Number of Lanes, Exponential Trip Length.... 25
8. Highway Throughput Versus Number of Lanes, 1-mile Spacing................... 26
9. Average Waiting Time Versus Number of Lanes, Uniform Trip Length....... 26
10. Platoon Ratio Versus Number of Lanes, Uniform Trip Length...................... 27
11. Throughput Versus Number of Lanes, Uniform Trip Length...........ccccue...e. 27
12. Average Waiting Times Versus Number of Lanes, Clustered Pattern............ 28
13. Platoon Ratio Versus Number of Lanes, Clustered Pattern ............ccoccevueeneee. 28
LIST OF TABLES
1. Probability that Platoon Remains Intact at EXit.........cccoovevviveiieiceniie e 2
2. ZI(LIN) s 10
3. Transition Probabilities (Djk) .....covoereeereiiinir e, 14
4. E(Platoon size) [upper bound].........ccooveiieiieiiie e 16
5. E(Platoon size) [1ower BoUNd]........ccooiiiinirenineneeee e 16
6. P(Release) for DGPS When New Vehicle ArTiVES.......ccccveeeevcce e, 20



ABSTRACT

This paper develops and evaluates strategies for organizing vehicles into platoons, with
the objective of maximizing the distance that platoons stay intact. Fundamentally, this
entails grouping vehicles according to their destination. We evaluate various strategies
in which vehicles are sorted on entrance ramps, with respect to platoon sizes, throughput

and queueing characteristics.



EXECUTIVE SUMMARY

Automated Highway Systems (AHS) are intended to increase the throughput and
safety of roadways through computer control, communication and sensing. In the
“platoon” concept for AHS, vehicles travel on highwaysin closely spaced groups. To
maximize benefits, it is desirable to form platoons that are reasonably large (five or more
vehicles), and it is also desirable to ensure that platoons remain intact for considerable
distances. This paper develops and evaluates strategies for organizing vehiclesinto
platoons, with the objective of maximizing the distance that platoons stay intact.
Fundamentally, this entails grouping vehicles according to their destination. We
evaluate various strategies in which vehicles are sorted on entrance ramps, with respect to
platoon sizes, throughput and queueing characteristics.

Among four strategies investigated, a static grouping of destinations provided the
largest throughput in most situations. However, with a small number of lanes (2 or 3)
and the uniform trip length distribution, dynamic grouping performed better. The
flexibility of dynamic grouping appears to be important when the ratio of number of lanes
to number of exitsisasmall number. The random assignment strategy, as could be
expected, produced the smallest platoon ratio and throughput in al cases. We also
found that throughput is not a strictly increasing function of the number of entrance lanes

inall cases.



INTRODUCTION

Automated Highway Systems (AHS) are intended to increase the throughput and
safety of roadways through computer control, communication and sensing. In the
“platoon” concept for AHS, vehicles travel on highwaysin closely spaced groups.

Within a platoon, vehicles are separated by very short distances (on the order of 1m)
Spacing from platoon to platoon can be considerably longer, to minimize the likelihood
that platoons collide with each other. The advantages and disadvantages of platoon
operation are discussed in Browand and Michaelian (2000), Shladover (1979), Tsao and
Hall (1994), Tsao et a (1993), and Rajamani et a (2000).

To maximize benefits, it is desirable to form platoons that are reasonably large (five
or more vehicles), and it is also desirable to ensure that platoons remain intact for
considerable distances. Unfortunately, when an individual vehicle needs to exit from the
highway, it may need to be separated from its platoon. The separation process can force
vehiclesto travel farther apart, consuming more highway capacity. It also exposes
vehiclesto additional safety risk. Thus, the frequency in which vehicles enter and exit
platoons can affect highway performance.

Asasmpleillustration, suppose that a highway is homogeneous with respect to
origin/destination patterns, has an average trip length of L, spacing between exits of x and
platoons designed to be size N. The probability that a randomly selected vehicle will
choose to leave the highway at an exit isthen x/L. If platoons are formed through an
independent selection process, the probability that a platoon has no exiting vehiclesis (1-

x/L)N. Example calculations are shown in Table 1.



Table 1. Probability that Platoon Remains Intact at Exit

Designed Platoon Size (N)

x/L 1 2 3 4 5 6 7 8 9 10
020 080 0.64 051 041 033 0.26 021 017 0.13 0.11
0.10 090 0.81 073 066 059 053 048 043 0.39 0.35
0.05 095 0.90 0.86 081 0.77 0.74 0.70 066 0.63 0.60

For example, with exits spaced 2 miles apart, an average trip length of 20 milesand a
platoon size of 5, there is only a 59% chance that a platoon will remain intact between
one exit and the next, thus creating considerable instability. On the other hand, if
vehicles are grouped by destination, platoons would remain intact over longer distances,
adding to the safety and throughput of the highway.

This paper develops and evaluates strategies for organizing vehicles into platoons,
with the objective of maximizing the distance that platoons stay intact. Fundamentally,
this entail s grouping vehicles according to their destination. There are, however, many
ways to accomplish this goal, along with significant trade-offs with respect to
construction costs, queueing and throughput. Within this paper, both analytical and
simulation results are provided. We limit the research to strategies for sorting vehicles at
highway entrances. Future research will examine strategies for sorting vehicles on
highway lanes. Our analysisis limited to asingle class of vehicles, thus precluding
sorting vehicles by characteristics other than destination (such as size; see Hall and Li,
1999, for instance).

A variety of authors have devel oped capacity estimates under platooned
operation. In theinterest of brevity, we smply list some of the related work: Rao et a
(1993), Rao and Varaiya (1993, 1994) and Tsao et al (1993), Tsao and Hall (1994),

Broucke and Varaiya (1995), Hall (1995b), Hall (1996a,b), Hall and Caliskan (1997),



Hall and Li (2000), Hall et a (2001), Alvarez (1997), Ramaswamy (1995, 1997) and
Tsao et al (1997),

The current paper is most similar to the entrance models developed in Hall et d
(2001), Hall and Li (2000) and Hall and Li (1999) in which the entrance capacity of an
AHS was evaluated via simulation. The focus here, however, is on grouping vehicles by
destination in order to increase the distance that platoons can travel without splitting
apart. Unlike these prior papers, we do not explicitly model the merging of vehicles on
the entrance ramp with vehicles on the mainline and instead concentrate on the formation

and characteristics of platoons that can be created on ramps.

System performance is evaluated on the following dimensions:

Platoon Ratio: Ratio of vehicle milestraveled to platoon miles traveled
Platoon Distance: The average distance traveled by platoons before separating.

Highway Throughput: Upper bound on highway throughput, derived from the platoon
ratio, combined with inter- and intra- platoon spacing parameters.

Waiting Time: Average waiting time for platoon formation.

Policies are classified according to the following factors:

Platoon Splitting: Whether an exiting vehicle causes the entire platoon to split apart, or
whether continuing vehicles can remain as a platoon until subsequent splits.
Static/Dynamic: Whether the rules for classifying vehicles into platoons are constant

over time, or whether they dynamically respond to the state of the system.

The following section presents a set of policies for sorting vehicles and develops

analytical models for some system characteristics. Section 3 simulates the policies with



respect to a greater range of performance characteristics and situations. Section 4

provides interpretations and conclusions.

Strategies for Forming Platoons at Entrances

The focus of this section isfirst to define a set of platoon formation strategies, and
second to develop analytical models for performance measures. The analytical models
are limited to a set of special cases and approximations. For instance, in some cases an
exponential trip length distribution is used and in other cases a uniform trip length
distribution isused. More detailed results are presented |ater, based on a series of
simulations, and based on different types of trip length distributions.

In this paper, we do not permit platoons to form on the highway itself (strategiesin
which platoons are formed on the highway are investigated in a subsequent report).
Thus, once avehicle splits from its platoon, it stays split for the remainder of itsjourney.
Several strategies are examined for forming platoons on ramps, which are described in
the subsections. All strategies assume that vehicles are grouped by lanes, and that each

platoon represents an uninterrupted sequence of vehicles within an individual lane.

Destination Group (DG)

Under the DG strategy, platoons are formed at the entrance ramp on the basis of
destination groups. Each entrance lane represents one group, which comprises a set of
adjacent highway exits. Each exit is assigned to exactly one destination group. Vehicles

enter the highway as platoons, which remain intact until a distance y upstream from the



first ramp in the group. At this point, the platoon separates, and vehicles travel
individually until reaching their exits. The distance y must be sufficient for completion of

de-platooning maneuvers, and to maneuver into appropriate exit lanes.

Distance Traveled by Platoon

To optimize highway capacity, it is desirable to form destination groups that
maximize distance traveled by platoon. The following terminology defines the

optimization problem:

p(i) = proportion of demand that is destined for ramp i

X(i) = distance from entranceto ramp i

m = number of exit ramps
n = number of destination groups
bj = index for the first ramp in destination group j

(b1<by<...<h)
We assume that x(1) <y and x(b,) >y. The expected distance traveled by platoon can
then be cal culated through the following objective function.:
n bj+1 -1
Max P =2 2 (x(by)- y)p(i) (1)
bj ]=2 izbj
The problem posed by Eq. 1 is equivalent to finding the following longest path. Let:
a; = lengthof arc (i,j)

j-1

SR ACOROR (i) 2y (22
= 0 x(i) <y (2b)



di; = length of longest path from node i to node m+1, alowing for no more than | arcs

= max {aj+d1} , <m-i+1, i<m (20)
m+1>j>i

dm+10= 0 (2d)

The solution is found through solving the backward recursion in Egs. 2 by dynamic
programming. di; defines the optimal path, and optimal destination grouping, for |
destination groups. That is, any arc (i,j) in a path defines a destination group: i, i+1, ..., -
1.

A necessary condition for optimality is that P cannot be increased by switching an
exit ramp from its assigned group to an adjacent group. First, consider switching the
first ramp in a group to the prior group. Thiswould have the effect of decreasing platoon
distance for the switched ramp and increasing platoon distance for the remaining ramps in

the group (Figure 2). The necessary condition for optimality is that:

Group j-1 Group j
O O D
1 ;
x(bj.1) x(by) x(bj+1)

Platoon Distance Decreases

Platoon Distance Increases

Figure 1. Effect of Switching Destination Into another Group



Decrease in Platoon Distance for First Ramp in Group >
Increase in Platoon Distance for Remaining Ramps , or

[x(b)—x(b1)Ip(ky) > [x(bj+1) —x(b)] bJ.+Zl-1|0(i) , 1=34,...n (©)
i=bj+1
Eq. 3 depends on a combination of four factors: (1) distance between the start of the prior
destination group and the start of destination group j; (2) proportion of trips that are
destined for by; (3) distance from ramp by to the next downstream ramp, and (4)
proportion of tripsthat are destined for other rampsin group j.

A similar necessary condition can be written for switching the last ramp in a

destination group into the subsequent group:

Increase in Platoon Distance for Last Ramp in Group <
Decrease in Platoon Distance for Remaining Ramps, or
bj+2'1
[x(By.1-1)- x(b)]p(bya-1) < [x(byj+2) —x(byj+2-1)] i p(i) , j=23..n1 (4)
1= j+]_
Because of the y parameter, necessary conditions must be expressed differently for ramp

b, and b,-1. Inthe interest of brevity, results are omitted.

Continuous A pproximation

The principles for formation of destination groups are more clearly seen through a
continuous approximation. Let:
f(x) = probability density function for trip destinations, based on distance

F(x) = probability distribution function for trip destinations, based on distance
z; = location where destination group j begins



We define F(z,+1) = 1, where n is again the number of destination groups. Then our
objective becomes:
n
Max P = X (gY)[Fz)-F2) (5)
Z j=2
Assuming continuity for the distribution function, the optimal values of z; can be derived
from the following recursion, once the optimal value of z, is determined. The recursion

is derived from the derivative of Eq. 5 with respect to z:

(z-z1) = [F(z+1)-FZ)]/1(z), j=34..,n (69)

(z-y) = [F(z+)-F@)]/1(z), j=2 (6b)
or

zs = FHF@Z)+1(2) (z-2z4)], j=3 ...n (6c)

23 = F'[F(z) +1(z) (z2- )], (6d)

Figure 2 provides a graphical interpretation of Eq. 6¢, using the exponentia distribution

as an example.

1
5 08 1 - _—
= 0.6 ‘
S
S 04
o 0.2
0 z T , z T T T
0O 5 10 15 20 25
Distance

Figure 2. Graphical Interpretation of Equation 6c (continuous) for Exponential Distribution



z, isaspecia case, which can be simplified to the following:

Zn=zn1 + [1-Hz)] /f(z)), n>3 (7)

Following the recursion, the entire solution can be determined through a one-dimensional

search for z,.

A Special Case: Exponential Distribution

The exponential distribution is of special interest because it captures an empirical
trend seen in trip length distributions: that the likelihood of a given trip length declines as

trip length increases. For this specia case, Egs. 6 and 7 can be simplified to the

following:
(z-z1) = (UN)[1- e @22 i=3,...n (8a)
(Zry) = (UN[1-e™® 7] (8b)
zj+1= Z - (UN)IN[1-A(z-7.1)] j=3,...,n (99)
23= 2 - (UN)In[(1 - A(z2y)] (9b)
Zn = Zpg + UA (10)

Beginning from Eq. 10, a backward recursion can be formed, resulting in the following
pattern:
Zn1=2Zn2t (UN)(1- Ve), n>4 (11a)
Zno = Zng+ (UN)[1- €9 n>5, ... (11b)
For the specia case wherey = 0, these equations |ead to the following numerical values
for z; and P (expected distance traveled by platoon). z; is expressed as aratio to the mean

trip length (1/A).



Table 2. z/(1/\)

| n=__2 3 4 5 6 7

2 1 632 469 374 312 .268
3 - 163 110 .842 .686 .580
4 - - 210 148 116 .954
5 - - - 248 179 142
6 - - = = 279 206
7 e e e .- 306
P/(1/A) 368 531 .626 .688 .732 .765

Thelast row of Table 1 shows that, with two destination groups, less than 37% of the trip
length is traveled by platoon; even with six destination groups less than 75% of distance
istraveled in platoon. These results do not factor in splitting of platoons prior to exits
(represented by the parameter y), which would further reduce the percentages. On the
other hand, non-exponential trip length distributions should support more platooned
travel, especialy if alarge portion of traffic shares a common destination (asis
sometimes the case when major trip generators are located near highways).

It can aso be observed that with y = 0 and the exponential distribution, the
following property is satisfied for an optimal destination grouping:

1-F(zp) = P*/(1/N) (12)
or, the probability that a vehicle enters a platoon equals the proportion of total vehicle
mileage that is traveled within platoons. The validity of thisrelationship is easily seen

for the following specia case with two destination groups

10



z* = U\ (133)

1-F(z,) = e = 7t (13b)

P = (UN[1-F@)] = (UA)(EY (130)
Because of the memoryless property of the exponential distribution, the relationship also

holds for larger numbers of destination groups.

Queueing Considerations

Vehicle queues build at the entrance ramp as part of the platoon formation
process. Consider two policies, afixed time release and a fixed queue size release, and

let:

T = time gap between platoon releases

N = platoon size for fixed queue sizerelease

For afixed time release and Poisson arrivals, average wait in queueisssmply /2. For
fixed platoon size, average wait in queueis derived from Little’sformulaand equals (N-
1)/(2)), where A isthe arrival rate per lane. The average platoon size for the former iS AT,
while the average platoon size for the latter isN. In both cases, additional queueing can
occur as vehicles wait to enter gaps in the highway traffic stream.

Allowance for multiple entrance lanes can cause average platoon size to decrease,
average waiting time to increase, or both. It should be noted that the policies set forth for
grouping destinations do not assure equal allocations of traffic among lanes, and therefore

waliting times and platoon sizes can vary among lanes. It should also be noted that

11



creating more destination groups requires more entrance lanes, and therefore more space
to accommodate queued vehicles at the entrance.

It is also possible to form platoons through atwo (or more) staged sorting process,
which can reduce the width of the entrance ramp (Figure 3). For instance, stage one
could divide vehicles into three groups, and stage two could subsequently divide each
group into three subgroups. Thus, three lanes would produce nine destination groups.
Suppose that the process follows afixed cycle (length T), divided into n; phases (or
groups). At the start of each phase, the queued vehiclesin one lane are sent to phase 2,
where vehicles are sorted into n, sub-groups. The sub-groups are released to the
highway as soon as the vehicles from stage 1 are sorted in stage 2, and the process repeats
with the next lanein the cycle. The principle drawbacks of this approach are adrop in
entrance throughput (due to loss time switching between phases), along with additional

entrance delay as vehicles are processed through multiple stages.

Stage 1 Stage 2
—
%/
L2 L2 ][ 2]

Figure 3. Multi-stage Sorting, First Grouped 1-2-3, then into subgroups a-b-c.

Dynamic Grouping (DYG)
Under the dynamic grouping strategy, destination groups are not permanently

assigned to lanes. We propose the following policy:

12



B Platoons are constrained to have a maximum destination range of r, representing the
difference in index between the closest and the furthest destinations in the group.

B Anarriving vehicleis assigned to afeasible platoon (i.e., satisfying the ranger), if
one exists. If no feasible platoon exists, the largest waiting platoon is released, and
the arriving vehicle initiates a new platoon in this lane.

B If more than one feasible platoon exists, the arriving vehicle is assigned to the platoon

with the “ closest boundary.”

To illustrate the closest boundary concept, suppose that one group currently has
destinations { 1,2}, another currently has {5} and destinations are equally spaced. Also,
suppose that r =2. If the newly arriving vehicle has destination 3, it is assigned to the first
group, even though it would be feasible to assign it to the second. Ties are broken
arbitrarily. Because a platoon can serve vehicles destined for either further, or closer,
destinations than its first vehicle (or vehicles), the effectiverangeislarger thanr. This
means that when platoons are small, the probability that anew arrival generates arelease
issmaller than would be indicated by range alone (leading to somewhat larger average
platoon sizes than fixed destination groups).

EDG has the potential to create more tightly spaced groups of destinations
without adding to the number of lanes. However, it is more difficult to form large
platoons, unless the range and the number of lanes are large enough to cover all
destinations. Thus, to make room for a new arrival, a platoon may be forced to depart

prior to reaching its maximum size.

13



Asan illustration, consider a simple case with asingle lane. Further assume that r
<< m (thus minimizing end effects), all destinations are equally likely and independent,
and that entrances are spaced at unit distance. The system can be modeled as a Markov
process, where the state, ', represents the destination range among the vehicles currently
in the queue. A state transition occurs when each vehicle arrives. The matrix below

shows transition probabilities, which we |abel as pj:

Table 3. Transition Probabilities (pj)

To
From 0 1 2 3 ....  Departure(0)
0 p 2p 2p 2p - 1-(2r+1)p
1 0 2p 2p 2p - 1-(2np
2 0 0 3p 2p - 1-(2r-1)p

For example, if the current rangeisone and r = 3, any of four eventsis possible:

Event Probability
New arrival fallsin existing destination group, and range remains the same 2p
New arrival falls one outside existing group, and range increases by one 2p
New arrival falls two outside existing group, and range increases by two 2p

New arrival falls more than two outside existing group;
Current platoon is released, new arrival forms new group, and range
Returnsto state O 1-6p

Proportion of Distance Traveled by Platoon

If all platoons reach the maximum range r, and destinations are spaced at unit

distance, then each vehicle will approximately travel, on average, a distance r/2+y outside

14



of a platoon (This presumes that destinations are symmetrically distributed within the
range of r). With destinations that are equally likely and equally spaced, the average trip
lengthis (m+1)/2. Thus, the proportion (m+1-r-2y)/(m+1) will be spent traveling in
platoon. In reality, asomewhat higher portion of distance will be spent in platoon, as not

all platoons will reach the maximum range before being released.

Expected Platoon Size

By ignoring end effects, an upper bound on the expected platoon size can be

computed from state transition probabilities. Let:

Pix = probability that a platoon eventually reaches sizei with range k.
k
= _ZO Piwipk, 1>1,k<r (14)
J:
= 1, i=1, k=0
= 0, i=1, k>0

Then, if platoon size is unrestricted:
o T
E(platoon size) = El kZ: Oi Pi (15)
The model (Table 4) tends toward over-estimating E(platoon size) for small n, asit does
not account for end effects. For instance, if thefirst arrival in a platoon has destination 1,
then the probability that the following arrival generates areleaseis 1- (r+1)/n, which is

larger than assumed.

15



Table 4. E(platoon size) [upper bound]

n= o] 10 15 20 large n
r=2 207 176 143 130 1+(2r+1)/n
r=3 320 240 171 147 1+(2r+1)/n

The limiting equation (large n) is afirst-order approximation, applicable when it is very
unlikely to form platoons larger than size two.

A lower bound on the departure probability is created for equally likely
destinations by assuming that each lane is always limited to accommodating exactly r
destinations. (Recall that the effective range can be larger when asingle vehicleisin

gueue). Thelower bound follows:

E(platoon size) > n/[n-(r+1)] (16)
It should be noted that the tightness of this bound increases as r+1 approaches n. When
r+1 equals n, the lower bound predicts an infinite queue size, which is effectively exact
(new arrivals would always fall in the existing destination group). For n = 8, the lower

bound equals 1.6 for r = 2 and 2.0 for r=3. Other results follow.

Table 5. E(platoon size) [lower bound]

n= 8 10 15 20 large n
r=2 1.6 143 125 118 1
r=3 2.0 167 136 125 1

16



It should be apparent that when all destinations are equally likely, asingle laneis
unlikely to form very large platoons, unlessr is quite large relative to n. However, when
rislarge relative to n, platoons will be unableto travel far before they need to separate.
By expanding the state space, similar stochastic models can be created for multiple lanes.

We have instead created simulations to represent these situations, to be presented later.

Dynamic Grouping and Platoon Splitting (DGPS)

We now consider adynamic policy for grouping destinations that permits
platoons to continue after some vehicles split off. Thisis accomplished by ensuring that
vehiclesin each platoon are sorted, front to back, in order of non-increasing destination.
Thus, the same vehicle can remain as platoon leader through the platoon’ s lifetime, while
the platoon “drops off” vehicles that have closer destinations. This aso provides
flexibility to group vehicles with a greater range of destinations within a single platoon,
which provides flexibility in the entrance process.

Suppose there are n lanes, and et d; be the destination index for the last vehiclein
lanej. The policy isimplemented through three rules, representing (1) lane assignment,

(2) platoon release, and (3) platoon splitting.

Lane Assignment

Upon arrival, avehicle with destination 6 is assigned to the lane for which:

d; > 6, and d;— B isminimized. If no lane satisfies d; > 6, then platoon release isinvoked.

17



Platoon Release

A platoon is released when any of the following events occurs:
» Theelapsed time since thefirst vehicle arrived equals the release time T
* The number of vehiclesin the platoon reaches the maximum N, or
» Anarrival cannot be assigned to any current platoon, and the platoon has the

smallest value of d;

Platoon Splitting

A platoon is split when reaching a distance y before the destination of the last
vehicle in the platoon. Vehicles with more distant destinations remain in the platoon
until reaching a distance y before their destinations.

Suppose, without loss in generality, that lanes are numbered according to the
destination indexes. d; < d, <...<d,. If 6 >d,, then platoon oneisreleased, and 0 is
inserted at the end of the sequence, creating a state vector of (da, ds,...,d,, 6). Otherwise,
0 isinserted at the end of one of the platoons. For instance, if 6 is greater than d;, but
less than or equal to d,, the state becomes. (d; , 8 ,d3,..., dy). If Tand N do not
constrain queue length, P(release) is then defined by P(6 > d,), and the expected platoon

sizeis defined by 1/P(6 >d,).

Calculation of Platoon Sizes

Consider the simple case where there isa single lane, and platoon sizeis
unbounded by T and N. Then the last vehicle in the queue will aways be the last vehicle

that arrived. The probability that a new arrival causes a platoon to be released isthe

18



probability that the new arrival has a more distant destination than the last vehicle that

joined the queue. If independence can be assumed:
m . m -
Plrelease) = = p(i) > p() (17)
A continuous approximation for Eq. 17 would be:
P(release) = 0If(x) | f(2)dzdx = 1- OI f(X)F(x)dx (18)
X

The expression is equivalent to computing the expectation of the function F(X), where X
isarandom variable with density function f(x). For any continuous distribution, F(X)
variesin value from 0 to 1, with mean %2. Therefore, the P(release) = %2 and expected
platoon size equals two (inverse of P(release)). For discrete destinations, P(release) is
somewhat less than %2, as a new vehicle has a non-zero probability of having an identical
destination as the currently queued vehicle. Nevertheless, the P(release) is reasonably
large and the expected platoon size would be only slightly larger than 2. Clearly, the
policy isineffective at forming large platoons when there is just one lane.

For more than two lanes we can approximate the expected platoon size by
assuming that, at any time, the probability that d, =i equals p(i) for al j, and that d; are
independent among lanes. Then the probability of release is defined by:

m i-1

Plrelease) = P(max{d}< 6) =2 p(i) [ Zp()] . (19)

where 6 isthe destination for arandomly arriving vehicle. If destinations are equally

likely, P(release) equals the valuesin Table 6:
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Table 6. P(Release) for DGPS When New Vehicle Arrives
m

) 10 15 20 00

4 45 47 48 50

24 28 30 31 .33

16 20 22 23 .25

J1 .15 17 .18 .20

08 12 14 14 17

GO WNRIr

With three entrance lanes, the approximation produces expected platoon sizesin the
range of four to six (inverse of P(release)). The policy isreasonably robust with respect
to changing the number of destinations, and approaches the limiting value of 1/(m+1) as
m becomes large (a continuous approximation result). However, the policy will not
produce very large platoons (on the order of 10) unless the number of entrance lanesis
quite large (five or more).

These results are premised on equally likely destinations. Demand concentrations

around alimited number of destinations would improve results.

SIMULATION

A simulator was developed to evaluate platoon formation policies with respect to
agreater range of performance measures, and for a greater range of scenarios. The
following features were common for all policies: (1) Vehicles arrive by stationary
Poisson process, (2) Platoon size is constrained not to exceed N, and (3) Vehicle waiting
time was constrained not to exceed T. In our simulation, N was set at 8 and T was set at
180 seconds.

Performance was evaluated with respect to: Platoon Ratio, Highway Throughput,

and Waiting Time. For comparison, we also evaluated a policy in which vehicles were
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randomly assigned to lanes. In this policy a platoon was split as soon as the first vehicle
needed to exit.

The policies were evaluated for a set of scenarios, defined as follows:

Trip length was exponentialy distributed, uniformly distributed or clustered. For
clustered, (1) 20% of the exits accounted for 50% of demand; (2) demand was identical
within each group (those with high demand and those with low demand); and (3) demand
followed a repeating pattern, with four low demand exits between each pair of high
demand exits.

Exit Spacing was either large (5 miles) or small (1 mile)

Number of Entrance Lanes varied from 2to 7

Average Trip Length equaled 10 milesin all cases

Highway L ength depended on the trip length distribution. For exponential, the highway
was limited to 60 miles (6 x mean trip length); for uniform, the highway was limited to

20 miles (e.g., 20 exits with 1-mile spacing).

Throughput Calculation

An upper bound on highway throughput was calculated from spacing parameters
and expected platoon sizes. We assume that different types of platoons are intermixed in
lanes, and that throughput can be derived from the platoon ratio (which is averaged across
all highway segments). In this model, spacing is defined by the time-separation between

fronts of vehicles, which eliminates the need to parameterize vehicle sizes. Let:
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a = intra-platoon time spacing, front-to-front (seconds)

b = inter-platoon time spacing, front-to-front (seconds)

M = expected platoon size

M1 = vehicle flow per lane

U = platoon flow per lane = py/T1
Then

ap + (b-a) p <3600 (20a)
or

M1 <3600/ [a + (b-a)/ M) (20b)
For expected platoon size, we use the platoon ratio (expected vehicle miles divided by
expected platoon miles). Following Hall and Li (2000), we evaluated throughput for a=

26sandb=1.36s.

Dynamic Grouping Range (DY G)

For the DY G strategy, the range was adjusted to produce the maximum
throughput in each situation. Thiswas accomplished by simulating system performance
for different values of r, and selecting the best quantity. For 5 miles spacing, arange of 2
was used in all cases. For 1 mile spacing, the range varied from 2 to 7, depending on the
trip length distribution and number of lanes. The optimal range increased as the number
of lanes increased, and was larger for exponential trip lengths than uniformly distributed

or clustered trip lengths.
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Simulation Results

Figures 4 to 13 provide results for arange of cases. Asageneral trend, adding
lanes tends to provide longer average waiting time, larger platoon ratios and larger
throughput. Waiting times increase because each lane handles fewer vehicles, meaning it
takes longer to form a platoon of a given size. The platoon ratio increases because
platoons can serve a smaller range of destinations, and because (for some strategies)
larger platoons can be formed. Throughput increases because the platoon ratio increases.
However, the benefits of adding lanes diminish rapidly beyond four entrance lanes.

The maximum attainable platoon ratio is 8 in all cases, which is the maximum
allowed platoon size in the simulations. The maximum is attained for DG (destination
grouping) when the number of entrance lanes equals the number of exits (e.g., when exit
spacing is 5 miles and there are four entrance lanes and trip length distribution is
uniform).

Among the four strategies, DG provided the largest platoon ratio and throughput
in most situations. However, with asmall number of lanes (2 or 3) and the uniform trip
length distribution, dynamic grouping (DY G) performed better. The flexibility of
dynamic grouping appears to be important when the ratio of number of lanes to number
of exitsisasmall number. The random assignment strategy, as could be expected,
produced the smallest platoon ratio and throughput in all cases. It should be noted
that throughput is not a strictly increasing function of the number of lanes for DGPS. The
range of destinations within a platoon can be smaller with fewer lanes, meaning that

platoons remain intact over longer distances.

23



70

60

30 +

20 +

Average Waiting Time (seconds)

Number of Lanes

Figure 4. Average Waiting Time Versus Number of Lanes, Exponential Trip Length with 5-mile Exit
Spacing

70 —&— Random
;g‘ 60 I —8—DG
g —&— DGPS
< 50 + ——DYG
e
i= 40 +
(o))
£
£ 30 +
% 20
g
3: 10 +

0 f f f f f f

1 2 3 4 5 6 7 8
Number Of Lanes

Figure 5. Average Waiting Time Versus Number of Lanes, Exponential Trip Length with 1-mile Exit
Spacing

24



—&@— Random
6
—8—DG
5T —A—DGPS
o 4+ —¢DYG
g
04
c 3+
S
B
o o2t
.l S\
0 : : : : : :
1 2 3 4 5 6 7 8

Number of Lanes
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Average waiting timeis anearly linear function of number of lanesin most cases.
When vehicles are split into more categories, it takes longer to form a platoon of a given
size. And athough platoon sizeis also afunction of number of lanes, the relationship is
fairly insensitive. DY G tends to produce the smallest expected waiting time, though the
range among strategiesis not so great as the range for platoon ratio or throughput.
However, shorter waits do not seem sufficient to compensate for lower throughput

(relative to DPGS and DG).

CONCLUSIONS

To maximize highway throughput, it is desirable to create platoons that are large
in size, and that remain intact over long distances. Sorting vehicles by destination at the
entrance is one way to accomplish this objective. Toward this end, this paper evaluated a
range of strategies, and determined how to optimize a dedicated assignment of vehiclesto
entrance groups. For the cases studied in this paper, dedicated assignment performed
better than dynamic assignments with respect to platoon ratio and throughput. However,
average waiting time at entrance was somewhat larger.

In future research, we will examine the integration of vehicle sorting at entrances
with vehicle sorting on highways. In combination, the strategies will group vehicles

according to exit, to facility egress from the highway.
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