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ABSTRACT
The current lane change maneuver for vehicles in a platoon

under the California PATH automated highway system (AHS)
architecture is inefficient, because the follower has to split from
the rest of the platoon before making a lane change. In this pa-
per, we propose to add alane change within platoonsmaneu-
ver that allows a follower to change lanes and be inserted into
another platoon directly without splitting either platoon. This
maneuver is performed by aligning and locking the longitudinal
positions of the two platoons in adjacent lanes. The estimated
improvement in the AHS utilization, in term of the space-time,
is approximately 4342 m·s. The longitudinal controller for the
lane changing follower is designed and proved to maintain the
string stability of the platoons. The leader law is modified for
the common leader of the two locked platoons. An intra-platoon
spacing adjustment procedure is also designed for the purpose of
the proposed maneuver.

INTRODUCTION
In the normal operation mode of the California PATH (Part-

ners for Advanced Transit and Highways) automated highway
system (AHS) architecture [1, 2], the control system is built on
a hierarchy of five layers, which from the top to the bottom, as
shown in Figure 1, are network, link, coordination, regulation,
and physical layers.

The network and link layers reside on the road side. The

∗Address all correspondences to this author.
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Figure 1. The control system hierarchy in the California PATH AHS ar-

chitecture.

network layer models the highway as a capacitated graph and its
main functions are to control entering traffic and to route traf-
fic flow within an AHS network. A link layer controller com-
putes and broadcasts an activity plan,i.e., the route, maneuvers
to be executed, speed, platoon size, etc., for each vehicle type in
the link, which is a 0.5–5-km-long highway segment, based on a
fluid flow model with distributed controls.

The other three layers reside on board an automated vehi-
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cle and their primary objective is to safely control the vehicle
while executing its activity plan. The coordination layer com-
municates and coordinates with peer vehicles and selects one
maneuver to be executed. The regulation layer controller is re-
sponsible for longitudinal and lateral guidance of the vehicle and
execution of the maneuver commanded by the coordination layer.
It accepts the sensed and communicated information, such as the
velocities and accelerations of itself and neighboring vehicles,
from the physical layer and sends the control commands, such
as steering and acceleration/deceleration, to the physical layer,
which includes all the controllers for the physical components
such as the engine, the transmission, brake and steering systems,
the guidance and range sensors, and the inter-vehicle radio com-
munication system. The physical layer decouples and linearizes
the longitudinal and lateral vehicle dynamics.

The activity plan determined by the link layer controller
is consisted of atomic maneuvers from a predefined finite set,
which includes lead, follow, split, join, lane-change, etc., with
the following restrictions:

1. Only leaders (and free agents)1 can initiate maneuvers, while
followers maintain platoon formation at all time.

2. Leaders can only executeonemaneuver at a time.
3. Maneuvers are coordinated between the leaders of neighbor-

ing platoons and a maneuver is initiated only after an agree-
ment is reached between these leaders.

These restrictions ensure safety and significantly reduce the
complexity of the link and coordination layer tasks. However,
they also cause inefficiency in highway capacity in many cases.
For example, when a followerc in a platoonA is to change lanes
and join another platoonB on the adjacent lane, in addition to the
lane change itself, 3 split and 3 join maneuvers have to executed
in the worst case: first,c and followers behindc split from the
platoon; then the followers behindc split from c thusc becomes
a free agent; in the mean time, the platoonB splits into 2 pla-
toons and opens up a desired space; after that,c changes lanes;
thenc merges with the first part of platoonB and then the sec-
ond part merges with the first part; in the mean time, the second
part of platoonA merges with the first part and maneuvers are
completed.

The inefficiency is in both the space and time. The designed
inter-platoon space, which is usually about 60 m, is much larger
than the intra-platoon space, which is 1–2 m. On the other hand,
it takes much longer time to execute a split or join maneuver
than a lane-change. We measure the efficiency of a maneuver
by the space-time that it occupies, which is defined as the in-
tegral of the space over time. As we mentioned earlier, in the
worst scenario, a lane-change procedure requires 3 split and 3
join maneuvers plus the lane-change itself. A split or join maneu-
ver, from 1-m intra-platoon spacing to 60-m inter-platoon spac-

1The following naming convention is used throughout this paper: the lead
vehicle of a platoon is called theleader; the other platoon member vehicles are
called thefollowers; a one-vehicle platoon is called afree agent.
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Figure 2. The four scenarios for the lane change within platoons maneu-

ver.

ing, usually takes about 15 s to complete at a velocity of about
25 m/s [3], while a lane-change takes about 5 s [4]. For sim-
plicity, we assume that the spacing changes linearly with respect
to time during a split or join. Therefore, without considering the
coordination delay, etc., we estimate that the total space-time the
lane-change procedure occupies is approximately 4470 m·s.

LANE CHANGING WITHIN PLATOONS
To improve the capacity of an automated highway, we pro-

pose to eliminate the restriction that only a free agent can change
lanes. Instead, a follower can also change lanes without split-
ting from the platoon first. The follower send a request for lane
change to its leader, which coordinates the request with other
leaders in the vicinity and decides to approve or disapprove the
request depending on whether an agreement is reached between
the neighboring leaders or not.

Furthermore, we propose to eliminate the restriction that any
vehicle can only be engaged in one activity2 at a time. More
specifically, we propose to allow a vehicle to be engaged in both
following and lane changing activities at the same time. This is
justified by the fact that following is a longitudinal task, while
lane changing is a lateral maneuver, and the longitudinal and lat-
eral vehicle dynamics are decoupled as a part of the physical
layer design.

We propose to include a maneuver calledlane change within
platoons, which allows a member (either the leader or a follower)
of a platoon of more than one vehicle to change lanes without
first splitting from the platoon and becoming a free agent. As
illustrated in Figure 2, based on different scenarios, this maneu-
ver is sub-classified into 4 cases: the original free-agent-to-free-
agent lane change, free-agent-to-platoon lane change, platoon-
to-free-agent lane change, and platoon-to-platoon lane change.

Among these cases, the platoon-to-platoon lane change is

2All longitudinal and lateral tasks and maneuvers, such as leading, following,
splitting, joining, lane keeping, lane changing, etc., are referred to asactivities.
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Figure 3. A one-lane platoon of automated vehicles.

Table 1. Comparison of estimated time and space-time needed by

the original follower lane-change and the proposed lane-change-within-

platoons maneuvers.

Maneuvers Time (s) Space-time (m·s)

Original lane change 35 4470

Proposed lane change 11 128

the most complicated and the most general one. The other cases
can be treated as special cases of the platoon-to-platoon lane
change. Thus in the following design and analysis, we only con-
sider this case and the results can be easily applied to the other
cases.

In a platoon-to-platoon lane change, the two platoonsA and
B first align themselves to each other properly and lock their lon-
gitudinal positions after they agree to engage themselves in the
maneuver, as shown in Figure 2(d). Then the spacings in front of
and behind the lane changing vehiclec in the origin platoonA are
increased, and a proper space is opened up in the target platoon
B. After that,c moves laterally into the vacant space in platoon
B. Upon finishing the lateral movement, the two locked platoons
are dissolved. And to finish the maneuver, the increased intra-
platoon spacings are reduced to the original values. Now the two
platoons are ready for the next maneuver in their activity plans.

We also estimate the space-time occupied by the lane-
change-within-platoons maneuver. We assume that in the origin
platoon the spacings in front of and behind the lane changing ve-
hicle are increased from 1 m to 2 m, one after another, which
takes about 3 s each, while at the same time in the target platoon,
a space of 9 m is opened from 1 m, which takes about 6 s, ac-
cording to the trajectory design we will discuss later in this paper.
We also assume that the lateral movement for the vehicle takes
5 s. The approximate space-time that the maneuver occupies is
only 128 m·s.

We summarize the efficiency gain in terms of maneuver time
and space-time for the lane-change-within-platoons maneuver in
Table 1. As can be seen, the improvement in maneuver efficiency
and highway utilization is significant.3

3It is worthy to note that in these estimates of occupied space-time by the

STRING STABILITY AND LONGITUDINAL CONTROL
Platoon string Stability

For an inter-connected system, such as a platoon of auto-
mated vehicles, stability of each component system itself is not
sufficient to guarantee a certain level of performance, such as the
boundedness of the spacing errors for all the vehicles. In addi-
tion, another stability criterion known as the string stability [5] is
needed.

Given a platoon, as shown in Figure 3, we denote the leader
by 0, and number the followers 1,2, . . . from the leader. For a
follower i, its desired position, measured from the leader 0, isLi .
We define its position error

εi := xi − x0 + Li , (1)

where x0 and xi is the position of the leader and the follower
i relative to a fixed coordinate system. Similarly, we denote the
desired spacing, measured from vehiclei−1 to i, by l i , and define
the spacing error

ei := xi − xi−1 + l i . (2)

Note thatε1 = e1.

Definition 1 (String stability of a platoon [6]) A platoon is
string stable if∀γ > 0, ∃δ > 0 such that

max

{
sup

i
|ei(0)| , sup

i
|ėi(0)| , sup

i
|εi(0)| , sup

i
|ε̇i(0)|

}
< δ (3)

implies

sup
i
‖ei‖∞ < γ, (4)

where‖ei‖∞ = supt |ei(t)|.

maneuvers, the coordination and communication delays are neglected. In both
the original and proposed lane-change maneuvers, coordination and communi-
cation are essential to ensure safety. The proposed lane-change-within-platoons
maneuver may require more complicated coordination protocols and thus result
in larger delays, because of the more complex maneuver procedure and smaller
safety margin. Therefore, the space-time occupied due to coordination and com-
munication delays is larger for the lane-change-within-platoons than for the orig-
inal maneuver. This might reduce the efficiency gain as estimated in Table 1.
However, we still expect this efficiency gain to be significant.

3 Copyright© 2003 by ASME



(1, c− 1)

c

(2, c− 1) (2, c + 1)

(1, c + 1)

L(2,c−1) − ε(2,c−1) = x0 − x(2,c−1) l(2,c) − e(2,c)

l(1,c) − e(1,c)

Lc − εc = x0 − xc

L(1,c−1) − ε(1,c−1) = x0 − x(1,c−1)

0

v

Figure 4. Two locked platoons for lane changing. In the figure, the follower c is carrying out the lane change within platoon maneuver.

In the definition,ėi and ε̇i are the velocity errors with respect to
the preceding vehicle and the leader, respectively.

A sufficient condition [6] for the string stability is that with
zero initial errors,

‖ei‖∞ < ‖ei−1‖∞ (5)

is true for alli. If we define the transfer function fromei−1 to ei

to be

G(s) =
êi(s)

êi−1(s)
, (6)

whereêi(s) is the Laplace transform ofei(t), and letg(t) be the
impulse response ofG(s), then condition (5) for the string stabil-
ity becomes

‖g(t)‖1 < 1, (7)

due to a well-known result in system theory that

‖ei‖∞ ≤ ‖g(t)‖1 ‖ei−1‖∞ .

Remark 1 (Necessity of (5))Note that neither (5) nor (7) is a
necessary condition for the sting stability, since (4) only requires
that theL∞-norms of the spacing errors are uniformly bounded
with respect to the vehicle indexi. Therefore, we can allow a
finite number of spacing errors to grow by a finite factor,i.e.,

‖ek‖∞ < M ‖ek−1‖∞ , for k ∈ K, (8)

where 1< M ∈ R is a finite gain, andK is a finite set of the ve-
hicle indices. We will use this observation later in the analysis of
the longitudinal control laws for the lane change within platoons
maneuver.

Longitudinal Control for the Lane Changing Vehicle
As we described earlier, before a vehicle can change lanes

within the platoons, the two platoons involved in the maneuver
must align and lock their longitudinal positions with each other
and follow a common leader. Therefore, they in effect become
one platoon that occupies two adjacent lanes. In the remaining
part of this section, we will design a longitudinal control law for
the followers of the locked platoons and prove that this follower
law is string stable according to Definition 1. We will discuss the
leader law for the common leader in the next section.

Figure 4 shows a schematic of two locked platoons. In the
figure, similar to a one-lane platoon, we denote the common
leader by 0. A follower is in the middle of lane changing and
it is denoted byc. Each of the other followers is denoted by a
2-tuple (i, k), wherei ∈ {1,2} denotes the platoon that the vehicle
is in, andk ∈ N denotes the position where the vehicle is within
platooni.

In [6], the follower law is designed using a control surface
S = 0. The surface is chosen so that when the vehicle dynam-
ics stays onS = 0, the maximum absolute spacing error decays
along the platoon in the upstream direction. And the actual vehi-
cle control commandu, which is the acceleration of the vehicle,
is computed so thatS converges to 0 exponentially,i.e., the dy-
namics ofS are

Ṡ + λS = 0. (9)

We will follow a similar approach in our follower law design.
We consider a control strategy that utilizes both the leader

and the preceding vehicle position, velocity and acceleration in-
formation. For each of the followers other than the one that is
changing lane, we define the same control surfaceS as the one
in [6]:

S(i,k) = ė(i,k) + a1e(i,k) + a2ε̇(i,k) + a3ε(i,k), for (i, k) , c. (10)

Swaroop has shown [6] that when

a1a2 ≥ a3, (11)
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the spacing errors satisfy the following relation:

‖ei‖∞ ≤
a1

a1 + a3
‖ei−1‖∞ . (12)

Applying this result to the followers in each of the two platoons,
we have∥∥∥e(i,k)

∥∥∥
∞
≤

a1

a1 + a3

∥∥∥e(i,k−1)

∥∥∥
∞
, for i = 1,2 and (i, k) < c, (13)

i.e., the maximum absolute spacing errors decrease along the pla-
toon up to the one preceding the lane changing vehiclec.

For the lane changing vehiclec to avoid collision to either
of its preceding vehicles in the two platoons, (1, c−1) and (2, c−
1), the longitudinal control law needs to ensure that both of the
spacing errors,e(1,c) ande(2,c), as shown in Figure 4, are bounded
appropriately.

We define a combined spacing error

ec :=
1
2
(
e(1,c) + e(2,c)

)
, (14)

and the control surface for the lane changing vehiclec

Sc = ėc + a1ec + a2ε̇c + a3εc. (15)

We need to find out how the spacing errors propagate from vehi-
cles (1, c− 1) and (2, c− 1) to c when the vehicle dynamics stay
on theS = 0 surface.

Noticinge(i,k) = ε(i,k) − ε(i,k−1), we have

Sc − S(1,c−1)

= ėc + a1ec + a2ė(1,c) + a3e(1,c) − ė(1,c−1) − a1e(1,c−1)

=
1
2

[
(1+ 2a2)ė(1,c) + ė(2,c) + (a1 + 2a3)e(1,c) + a1e(2,c)

]
− ė(1,c−1) − a1e(1,c−1)

= 0.

(16)

By taking Laplace transform on both sides of (16), we have

1
2
[
(1+ 2a2)s+ (a1 + 2a3)

]
ê(1,c) +

1
2

(s+ a1)ê(2,c) = (s+ a1)ê(1,c−1).

(17)
Similarly,

1
2

(s+ a1)ê(1,c) +
1
2
[
(1+ 2a2)s+ (a1 + 2a3)

]
ê(2,c) = (s+ a1)ê(2,c−1).

(18)
Write (17) and (18) in matrix form and we obtain

1
2

[
(1+ 2a2)s+ (a1 + 2a3) s+ a1

s+ a1 (1+ 2a2)s+ (a1 + 2a3)

] [
ê(1,c)

ê(2,c)

]
= (s+ a1)

[
ê(1,c−1)

ê(2,c−1)

]
.

(19)

For simplicity of the notations, we defineA = (1+ 2a2)s+ (a1 +

2a3) andB = s+ a1, and (19) becomes

1
2

[
A B
B A

] [
ê(1,c)

ê(2,c)

]
= B

[
ê(1,c−1)

ê(2,c−1)

]
. (20)

Solve these equations and we have[
ê(1,c)

ê(2,c)

]
=

2B
A2 − B2

[
A −B
−B A

] [
ê(1,c−1)

ê(2,c−1)

]
. (21)

We define a coordinate transformation matrixT =

[
1
2

1
2

1
2 −

1
2

]
andT−1 =

[
1 1
1 −1

]
and left multiplyT to both sides of (21)

[ e(1,c)+e(2,c)

2e(1,c)−e(2,c)

2

]
=

[
2B

A+B 0
0 2B

A−B

] [ e(1,c−1)+e(2,c−1)

2e(1,c−1)−e(2,c−1)

2

]
=

[ s+a1
(1+a2)s+(a1+a3) 0

0 s+a1
a2s+a3

] [ e(1,c−1)+e(2,c−1)

2e(1,c−1)−e(2,c−1)

2

]
=

[
H1(s) 0

0 H2(s)

] [ e(1,c−1)+e(2,c−1)

2e(1,c−1)−e(2,c−1)

2

]
,

(22)

whereH1(s) = s+a1
(1+a2)s+(a1+a3) andH2(s) = s+a1

a2s+a3
.

It is a well known result in system theory that

‖h(t)‖1 ≥ ‖H(s)‖∞ ≥ |H(0)| , (23)

whereh(t) is the impulse response ofH(s). Whenh(t) does not
change sign for allt, the equalities are attained.

Let h1(t) and h2(t) be the impulse responses ofH1(s) and
H2(S), respectively. When

a1a2 ≥ a3, (24)

h1(t) ≥ 0 andh2(t) ≥ 0 for all t. Note here that (24) is the same
condition as (11).

Under this condition,

‖h1(t)‖1 = |H1(0)| =
a1

a1 + a3
< 1, (25)

and

‖h2(t)‖1 = |H2(0)| =
a1

a3
< 1, (26)

if

a3 > a1. (27)
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Therefore, we have

‖ec‖∞ =

∥∥∥∥∥e(1,c) + e(2,c)

2

∥∥∥∥∥
∞

<

∥∥∥∥∥e(1,c−1) + e(2,c−1)

2

∥∥∥∥∥
∞

, (28)

and ∥∥∥∥∥e(1,c) − e(2,c)

2

∥∥∥∥∥
∞

<

∥∥∥∥∥e(1,c−1) − e(2,c−1)

2

∥∥∥∥∥
∞

. (29)

Therefore∥∥∥e(1,c)

∥∥∥
∞
≤

∥∥∥∥∥e(1,c) + e(2,c)

2

∥∥∥∥∥
∞

+

∥∥∥∥∥e(1,c) − e(2,c)

2

∥∥∥∥∥
∞

<

∥∥∥∥∥e(1,c−1) + e(2,c−1)

2

∥∥∥∥∥
∞

+

∥∥∥∥∥e(1,c−1) − e(2,c−1)

2

∥∥∥∥∥
∞

≤
∥∥∥e(1,c−1)

∥∥∥
∞
+
∥∥∥e(2,c−1)

∥∥∥
∞
.

(30)

Similarly, ∥∥∥e(2,c)

∥∥∥
∞
<
∥∥∥e(1,c−1)

∥∥∥
∞
+
∥∥∥e(2,c−1)

∥∥∥
∞
. (31)

For the two vehicle immediately following the lane changing
vehicle, we define the same control surface as the one described
in (10). So for vehicle (1, c+ 1),

S(1,c+1) − Sc = (1+ a2)ė(1,c+1) + (a1 + a3)e(1,c+1) − ėc − a1ec = 0.
(32)

Take Laplace transform and we have

ê(1,c+1) =
s+ a1

(1+ a2)s+ (a1 + a3)
êc = H1(s)êc. (33)

We have established that‖h1(t)‖1 =
a1

a1+a3
as long as (24) is sat-

isfied. Therefore,
∥∥∥e(1,c+1)

∥∥∥
∞
≤

a1
a1+a3

‖ec‖∞. It is obvious that the
same result holds for the other immediate follower (2, c+ 1) and
other followers in the two platoons beyond (1, c+1) and (2, c+1).

In summary, we have established that∥∥∥e(i,k)

∥∥∥
∞
≤

a1

a1 + a3

∥∥∥e(i,k−1)

∥∥∥
∞
, for i = 1,2 and (i, k), (i, k− 1) , c,

‖ec‖∞ <

∥∥∥∥∥e(1,c−1) + e(2,c−1)

2

∥∥∥∥∥
∞

,∥∥∥e(i,c)

∥∥∥
∞
<
∥∥∥e(1,c−1)

∥∥∥
∞
+
∥∥∥e(2,c−1)

∥∥∥
∞
, for i = 1,2,

and ∥∥∥e(i,c+1)

∥∥∥
∞
≤

a1

a1 + a3
‖ec‖∞ , for i = 1,2.

Comparing these results with Definition 1 and Remark 1, we con-
clude that the locked two platoons are string stable.

Remark 2 According to (30) and (31), it is possible for the spac-
ing errors between the lane changing vehiclec and the vehicles
precedingc to increase. To avoid possible collision due to this
increase in spacing errors, we can increase the nominal inter-
vehicle space, say by a factor of 2, using theintra-platoon spac-
ing adjustmentthat we will discuss later in this paper.

MODIFIED LEADER LAW FOR THE COMMON LEADER
When the leader of the origin platoon receives a lane change

request from one of its followers, it coordinates with the lead-
ers of the target platoon and other platoons in the vicinity. If an
agreement for lane changing is reached, the leader of the target
platoon replies to the leader of the origin platoon with the ap-
propriate position within the target platoon for the lane changing
vehicle to insert into. With the knowledge of the lane changing
vehicle positions in the origin platoon and in the target platoon,
the leader of the origin platoon calculates the relative longitudi-
nal positions for the two platoons. Of the two platoon leaders,
the one that is further ahead in the longitudinal position is se-
lected as the common leader for the two locked platoons in the
duration of the lane change maneuver. The vehicles in the other
platoon adjust their position relative to the common leader us-
ing the intra-platoon spacing adjustment procedure discussed in
the next section. In this section, we modify the original one-lane
platoon leader law for the use of the common leader of the two
locked platoons.

For a single lane platoon, Alvarez and Horowitz [3, 7] have
designed the following leader law based on the so-called safety
regions:

vsafe(∆x,∆ẋ, vlead) = −c2 − vallow

+
[
2atrail

min(∆x+ η∆ẋ) + α(vlead− vallow)2 + atrail
minc2d

]1/2
,

(34)

where∆x and∆ẋ are the distance and relative velocity between
the leading and trail platoons,vlead is the velocity of the lead-
ing platoon,d is the braking delay,η > 0 is a gain,vallow is the
allowable relative collision speed,4

c2 =
(
atrail

max+ atrail
min

)
d, (35)

and

α =
atrail

min

alead
min

. (36)

In this design, the accelerating/decelerating capabilities of the
leading platoon and the trail platoon are assumed to be within[
−alead

min ,a
lead
max

]
and
[
−atrail

min,a
trail
max

]
, respectively.

The desired leader velocity is given by

vd = min {vsafe, vlink} , (37)

wherevlink is the velocity given to the leader by the link layer.
In our locked two-lane-platoon situation, we assume that

both platoons have the same accelerating/decelerating capabili-
ties, i.e., the same values ofatrail

max, atrail
min and delayd. To avoid

4If collisions need to be strictly avoided, setvallow = 0.
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collisions with the leading platoons and obstacles on both lanes,
the leader law needs to be aware of the conditions in both lanes.
Thus we define

∆x = min {∆x1,∆x2} , (38)

∆ẋ = min {∆ẋ1,∆ẋ2} , (39)

and

vlead= min
{
vlead,1, vlead,2

}
, (40)

where the subscripts 1 and 2 refer to the two platoons respec-
tively. Note that∆ẋ is negative when the velocity of the trail
platoon is larger than that of the leading platoon.∆x1, ∆x2, ∆ẋ1,
∆ẋ2, vlead,1, andvlead,2 are measured and communicated to the
selected common leader by the first vehicles (the original lead-
ers) of the two platoons. Using these values in (34) and (37),
we obtain the desired velocity of the common leader. This de-
sired velocity is then used as the reference for the leader velocity
tracking controller designed in [3].

INTRA-PLATOON SPACING ADJUSTMENT
In the original design of the AHS, the inter-vehicle space

within one platoon, which we refer to as the intra-platoon spac-
ing, is assumed to be constant. However, during different stages
of the proposed lane change within platoons maneuver, the intra-
platoon spacing needs to be adjusted. For example, one of the
two platoons needs to adjust its position relative to the common
leader; the space in front of the lane changing vehiclec needs
to be increased to accommodate the possibly increased spacing
error; a space in the target platoon needs to be opened up forc
to move into; and in the final step, these increased spaces have to
be closed before the maneuver is completed.

In contrast to the split and join maneuvers, which are done
non-operatively between the leading and the trail vehicles, this
intra-platoon spacing adjustment is completed using the same
follower longitudinal controller, with the full knowledge of the
leader and preceding vehicle information. The intra-platoon
spacing for followeri is adjusted by changing the desired po-
sitions Lk, for k ≥ i and the desired spacingl i , along a cubic
spline trajectory designed with consideration of the ride comfort.

For ride quality, the vehicle longitudinal accelerationa and
its rate of change (jerk)j must be within certain bounds,i.e.,
a ∈ [−acom,acom] and j ∈ [− jcom, jcom]. The commonly ac-
cepted comfortable limits for the acceleration and jerk areacom =

2 m/s2 and jcom = 2.5 m/s3, respectively [8, 9]. We use the
same jerk limit in our trajectory design. However, in the pro-
cess of spacing adjustment, the platoon leader may be engaged
in acceleration or deceleration, and the acceleration for the spac-
ing adjustment will be added on top of the leader acceleration.
Therefore, we reduce the acceleration limit by half to 1 m/s2.

In the trajectory design, we assume that the vehicles pre-
ceding i are cruising at a constant velocity.5 In the following
discussion, we take the spacing increase for the followeri as an
example and only consider the spacing trajectoryl i(t). The posi-
tion trajectoriesLk(t) for k ≥ i and the cases for the spacing de-
crease are similar. In this example, we assume thatl i is increased
from the nominal spacingl0, which is 1–2 m in the current de-
sign of AHS, tol0 + ∆l, and the time duration is (t0, t f ]. The
trajectory is divided into 5 stages at time pointst1, t2, t3, andt4.
During (t0, t1], the vehicle increases its acceleration from 0 toam

at a rate ofjm, wheream = 1 m/s2 and jm = 2.5 m/s3. During
(t1, t2], it travels with a constant acceleration ofam. Then during
(t2, t3], it decreases its acceleration fromam to −am at a rate of
− jm, and then travels with a constant acceleration of−am during
(t3, t4]. In the final stage (t4, t f ], it increases its acceleration from
−am to 0 at a rate ofjm.6

The time points at which the stages are divided are deter-
mined by the following formulas:

t1 − t0 = δt, (41)

t2 − t1 =
−3δt +

√
δt2 + 4∆l/am

2
, (42)

t3 − t2 = 2δt, (43)

t4 − t3 = t2 − t1, (44)

t f − t4 = δt, (45)

where

δt = am/ jm. (46)

The desired trajectories are

l̈ i(t) =



jm(t − t0), t0 < t ≤ t1,

am, t1 < t < t2,

am − jm(t − t2), t2 < t ≤ t3,

−am, t3 < t ≤ t4,

jm(t − t f ), t4 < t ≤ t f ;

(47)

l̇ i(t) =



jm(t − t0)2/2, t0 < t ≤ t1,

am(t − t1 + δt/2), t1 < t ≤ t2,

am(t − t1 + δt/2)− jm(t − t2)2/2, t2 < t ≤ t3,

am(t4 − t + δt/2), t3 < t ≤ t4,

jm(t − t f )2/2, t4 < t ≤ t f ;

(48)

5This is not true in general, since the leader may be accelerating or decelerat-
ing according to the leader law. However, the accelerations of the leader and the
preceding vehicle are the known disturbance to the longitudinal controller for the
followers and the controller is designed to command the vehicle with an appro-
priate acceleration according to the desired trajectories and these feedbacks.

6Because of the relative small values ofjm andam and the length of∆l, which
is usually more than a couple of meters, there are always 5 stages for the trajec-
tory.
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Figure 5. Desired trajectory for intra-platoon spacing adjustment. ∆l =
8 mand t f = 6.07 s.

and

l i(t) =



l0, t ≤ t0,

l0 + jm(t − t0)3/6, t0 < t ≤ t1,

l0 + jmδt3/6+ am(t − t1)2/2, t1 < t ≤ t2,

l0+∆l/2+ jm(t − t2 − δt)
3/6

+ am(t2 − t0)(t − t2 − δt),
t2 < t ≤ t3,

l0 + ∆l − jmδt3/6− am(t − t4)2/2, t3 < t ≤ t4,

l0 + ∆l + jm(t − t f )3/6, t4 < t ≤ t f ,

l0 + ∆l, t > t f .

(49)

Figure 5 shows sample trajectories for a spacing increase of
8 m, which is approximately the space that needs to be opened
up in the target platoon for the lane changing vehicle to move
into. It takes a little more than 6 seconds to complete this spacing
adjustment.

SUMMARY AND FUTURE WORK
In this paper, we have proposed a newlane-change-within-

platoonsmaneuver under the California PATH AHS architecture
for improving operational efficiency of the current follower-lane-
change procedure. The space-time occupied by the lane change
procedure decreases from 4470 m·s to 128 m·s, approximately.
The designed follower longitudinal control laws are proved to
be string stable. The platoon leader law is modified and a new
intra-platoon spacing adjustment procedure is designed for the
purpose of the proposed maneuver.

The control strategies presented in this paper are currently
under implementation by the authors using SmartAHS simula-
tion environment [10]. We are also working on the evaluation
and improvement of the performance of the current sensing and
communication systems in the AHS architecture for the proposed
maneuver. Findings and results will be reported in future publi-
cations.
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