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1 Introduction velocity because of a slower moving vehicle downstream, or it

The design of Automated Highway SysterisHS) under the may exceed the link layer velocity while involved in a specific
hierarchical control structure described[if] consists of five hi- maneuver, such as joining a platoon. Because safe capacity con-

erarchical layers: network, link, coordination, regulation an traints[8] on the AHS are guaranteed, the link layer control laws

physical (see Fig. 1 The first two layers are roadside control ere presented are such that the real AHS vehicle velocity and

systems, and the latter three are installed on each automated R/rgpomons of vehicles changing lane will agree on average with

hicle. One network layer controller exists for the entire automatéae commands transmltted.from thg link layer controller.
highway network, which assigns routes such that vehicles mi i_-_The link I_ayer contrpller is comprised of feedforward anc_:l sta-
mize a given measure of performance, such as travel time. ,\\%l}_lzmg portions(see Fig. 2 The feedforward controller specifies

work layer control is exerted by specifying a desired traffic flo esired hig_hway f'F’YV trajectories,_\_/vhich match fluctua_ting high-
profile in each of the highway junctions. A single link layer conWvay capacity conditions. The stabilizing controller provides feed-

troller supervises several links or highway sections. Each highw3@ck action for the traffic flow to match the desired trajectory.
section is approximately 100 to 500 m long. The link layer doet is paper discusses the design of the non-stationary velocity pro-
not identify individual vehicles, but rather specifies velocities, pldt€ for the feedforward controller and presents feedback control-
toon size and lane changing for each particular vehicle type {§S that cope with time-varying feedforward velocity profiles.
destination. Roadside sensors provide vehicle count informatif€Se feedback controllers are different from those presented in
for each link. Control commands from the link layer are transmit®] and [10] because now they do not require the feedforward
ted to the lower control layers residing in each vehicle that carfpntroller to specify stationary velocity profiles that depend only
out the prescribed maneuvers, while maintaining safety at & vehicles’ location and not upon time. Non-stationary velocity
times. The coordination layg@—4] determines what maneuversProfiles are useful for changing local traffic behavior without im-
to perform, manages inter-vehicle communications, and coord#act to the capacity of entire AHS. Examples of applicable sce-
nates the movement of the vehicle with neighboring cars. THérios include emergency vehicles circulating on the AHS or de-
regulation layer, a continuous-time feedback controller, receiveieasing local vehicle density in a given time and location so that
commands from the coordination layer and executes the chod@ne change maneuvers can be performed. The controllers are
maneuverg5-7]. The lowest hierarchical level is the physicaldemonstrated in simulation for the high priority transit of an emer-
layer, which pertains to the vehicle’s dynamics. It receives stegrency vehicle.
ing, throttle, and brake actuator commands from the regulation
layer and returns information such as vehicle speed, acceleration,
and engine state.

Work performed in this paper pertains to controller design for
theh_lir|1k Ia);]er. I__ink IIa?)/er comman(_XS/edIocityhand pr((j)_port_ionsI of 2 Modeling and Notation
vehicles changing laneare transmitted to the coordination layer . . o .
controllers on each individual vehicle on the AHS. Each vehicle The_ link layer flow is modeled_ by a set .Of pa”"f’" (_j|ﬁerent|a_1l
on a highway link attempts to adjust its activities to match th quations based on a conservation of vehicles principle. Vehicle

transmitted commands; whether commands are executed is de Sity, P; IIS e>_<tp|;je_ss:e(rj]_mtr1ars/ m anqt_para_lrrletenze((jj by i'.nl(e()j’
dent on the vehicle’s current state and safety requirements. e, and longitudinal highway positid®). Time and spatial de-

example, a vehicle may not be able to achieve the link |aygpnden0|es are implicit in the notation except where noted.

o K(t,x)=[K;K;,...Kn,]", vector of vehicle densities in lanes
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feedback control law which minimizes an error norm for the dif-
ference between the actual and desired traffic flow behavior.

3 Nonstationary Velocity Profiles

A nonstationary velocity profile is defined to be a velocity func-
tion which moves with a determined speed. Figure 3 shows an
example of a nonstationary velocity profile for a single lane. The
graph depicts the traffic speed versus highway coordinate at a
particular time. The shape shown in the figure travels along the
highway at specified speed(t) and does not change as it moves
on the highway. In this paper, nonstationary velocity profiles are
parameterized by a single coordinatas shown in Eq(3), which
defines the new spatial coordinate in terms of the original coordi-
natesx and timet. The functionw(-) describes the profile’s
propagation speed.

SZX*ftW(S)dS 3)

0
In this section it is shown that nonstationary velocity profiles
can be utilized to produce circulating regions of low vehicle den-
sity. The nonstationary velocity profile of Fig. 3 has a speed of
w(t), which is greater than that of any highway vehicle. Vehicles
in each of the highway sections travel at speeds specified by the
velocity profile at a given location and time. To determine the
associated changes in density due to this velocity profile under
steady state conditions, the time derivative of the intef#l,dx
is evaluated in the regiora,b].

b b
ij Kddx:bKd(t,b)—aKd(t,a)+J [Kedx — (4)
dt J, a
For a steady-state solution, set the derivative of the left-hand side
of Eq. (4) to zero and utilize Eq(2) to obtain an expression that
relates the densities at locatioasand b to each other, after and
before encountering the velocity profile, respectively.

b—V4(t,b)
—Nio N21 -0 . '

L -0 If the velocity profile does not change shape and travels faster

Ni2 N217N23 than all vehicles at speedw(t), then let w(t)=a=b

o N(t,x)= 0 Ny 3 --0 , >Vy(t,x)Vx, t. It can be noted from Fig. 3 thaV,(t,b)

: >Vy(t,a) and, thus, thaKy(t,a)<Ky(t,b) from Eq. (5). The
nonstationary velocity profile creates a region of low vehicle den-

0 “Nmm-1 sity which coincides with the dip in velocity in Fig. 3.

wheren; ;(t,x) is the proportion of vehicles changing lan
from lanei to j per unit time. These proportions apply only

to vehicles at positiox and timet.

e

The traveling region of low vehicle density can also been seen
in an approximate time-spad@&S) diagram in Fig. 4 for the ve-
locity profile. On this plot of highway distance versus time, the
trajectories of many highway vehicles are depicted. Each line rep-

Subscripts oft and x denote partial derivatives with respect toresents the path of a single vehicle.tAt0s, vehicles are spaced
those variables. In this paper modeling framework, vehicle desivery 100m and travel at 20n/s, which is the initial slope. The

nation is not differentiated, and only two types of vehicles angelocity profile travels at 3@/s. When vehicles encounter the
considered: those with and without high transit priority. Therofile, they slow to 10n/s, which is reflected in the decrease in
framework, however, can be expanded to dgXkH. The conser- slope. After exiting the profile, vehicles return to their initial
vation of vehicles principle is expressed as

slope/speed of 20/s. To observe the effects of the velocity pro-
file, focus on the highway section between 700@nd 7500m.

K= —[VK ]+ NK (1)

At t=40s, there are 6 vehicles in this section of highwayclu-

Physical highway constraints impose certain conditions on ti§&/€). During the traffic slowdown at=100s to 10m/s there are

variables involved: namelyy;=0 for all lanesi=1...m and

n; «=0 for all adjoining laneg andk. A desired traffic flow be-
havior is introduced and it is assumed that it also obeys a conser-
vation law for vehicles; the desired traffic flow behavior should
also be physically realizable. Subscriptefers to desired traffic
flow behavior.

[Kali= —[VaKglx+NgKg (2

Kg, Vg4, andNy are associated with the link layer feedforward
control. The design of a link layer traffic flow controller consists
of 1) specification of desired traffic flow behavior for the feedfor-
ward link layer controller and of )2an appropriate stabilizing
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only 3 vehicles in the same section. The vehicle density returns tolf there is more than one highway lane, this accumulation of
6 vehicles after the velocity wavelet passes. It can be seen that Wedicles can be cancelled by use of lane changes. Lane changes
velocity profile produces an accompanying region of low-vehiclare utilized in front of the point of accumulation, whevg(t,a)
density. =w(t), to empty the lane of vehicles so that they are not caught
These regions of low vehicle density can be desirable fromup in the shock wave. The vehicles that change lane can be re-
safety standpoint; they allow vehicles inside the regions moterned to the original lane after the wave has passed. For safety
time and opportunity to perform maneuvers such as lane changansiderations and spacing requirements, lane changing should
under decreased traffic density conditions. Slower moving veet occur between lanes with a large difference in speed at that
hicles require less headway space for safety. A moving region lotation.
low vehicle density, which results from the nonstationary velocity Figure 7 shows a set of velocity profiles for two lanes which
profile, can be used to perform vehicle maneuvers which are otltilize lane changing. The two profiles travel together at speed
erwise not possible due to capacity and safety constraints. ~ w(t), which is equal to the maximum speed in lanewi(t)
Depending on shape and traveling speed, velocity profiles carVyignh. The overall number of vehicles on the AHS is high, such
also lead to point accumulations of vehicles and can have a d#tat vehicles in both lanes cannot be moved into a single lane
rimental effect on traffic. Figure 5 illustrates a single lane exwhile maintaining the nominal speed due to safe spacing con-
ample. In this casw(t):a:b:Vd(t,a)>Vd(t,b). Eqg. (5) im- straints. As vehicles in both lanes encounter the velocity profile,
plies an infinite increase in the vehicle densky(t,a). Slower the vehicles decelerate t,,,. The deceleration has the same
moving vehicles in front ofx=a are caught up by the rapidly effect as illustrated in the case shown in Fig. 3, i.e., vehicle den-
moving velocity profile traveling atv(t). Once a vehicle’s posi- Sity decreases in the location Wf,,, by the proportion given in
tion coincides with poing, its velocity becomes the same as thaEd. (5). This slow speed vehicle density region can be utilized for
of the velocity profilew(t); the vehicle is forced to travel with lane changing. The velocity profile is defined such that the veloc-
the velocity profile, which accumulates the slower moving vety of vehicles atx=X. is Vg, the maximum speed of lane 1. In
hicles in front of it. this particular case, the speed of the velocity profile is set by
Figure 6 depicts the approximate TS diagram for this unstab#@sign to bew(t). BecauseVyg,=w(t) at X=X, any vehicles
velocity profile. Att=0s, vehicles are spaced every 1@0and which remain in lane 1 will be caught up in the shock wave if not
travel at 20m/s. The profile travels at 3f/s. As vehicles en- moved out of the way, as illustrated in Fig. 5. The velocity pro-
counter the traveling velocity profile from behind, they speed ujje’s characteristics at=x, are the same as that of the example
to 30m/s, which is shown as an increase in the slope of eadiown in Fig. 5, which experiences a point accumulation of ve-
trajectory. At the lower boundary of the graph, all the vehicles joificles. It is necessary to determine the proportion of vehicles that
together in a single path, which corresponds to an accumulation of
vehicle density along the trajectory. This can be thought of as

vehicles joining the velocity profile as it moves along the highway traffic flow directign
and those cars being unable to escape the profile. Because the __é

. . . o | Vhigh.. ...
profile overtakes all cars and retains them, the number of vehicles E
inside the profile increases indefinitely. s
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Fig. 5 One lane nonstationary velocity profile Fig. 7 Two lane nonstationary velocity profiles
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need to change lane out of lane 1 and into lane 2. For safetyUsing the velocity profile shown in Fig. 7, a vehicle or priority
reasons, vehicles are allowed to change lane only in regions whgreup of vehicles is able to travel along the highway at speed
both lanes have the same highway speed. Assume that w(t), faster than the rest of the traffic. The velocity profile indi-
cates that if there is high traffic density on the AHS, the vehicles
downstream should decelerate in order to change lane out of the
6) way, which is counterintuitive. The speed and spatial shape of the
velocity profile should be chosen such that the maximum
The link layer controllers attempt to move all vehicles out of thgcceleration/deceleration capabilities of vehicles is not violated.
way; i.e.,Kq1(t,x3)=0. Using Eq.(4) together with Eq(2), we  On a nonautomated highway system, the coordinated deceleration

Na1t,X)#0  Xe[X3,X4]

Ng21(t,X)=0

obtain: and lane changing needed by the nonstationary velocity profile is
d (% Xa difficult to achieve. In future sections, the use of the nonstationary
—_ Kd 10X=Vpign Kg.a(t,xg) — Kga(t, Xs)]+f —[Vq.1Kq 1]y velocity profile will be illustrated and stabilizing traffic flow con-

dt X3 trol laws for an emergency vehicle which must travel faster than

the average traffic on an AHS are presented.
—Ng 1 2Kqg10X

Xa 4 Traffic Flow Stabilizing Control

= (Vhigh= Viow)Ka,a(t.Xa) = fx Na12Ka0x  (7) A link layer controller does not seek to identify or control in-
® dividual vehicles; rather, it controls the distribution of vehicle
For a steady-state solution without accumulation of vehicles indensity on the automated highway by issuing speed and activity
€[X3,%4], set the left hand side of E¢7) to zero. Assuming that commandg8]. The link layer controller is comprised of two parts:
the proportion of vehicles changing lane per unit time in thig feedforward and a stabilizing portidRig. 2). The feedforward
interval is constant, E¢(8) is obtained fx4|<d 1dx is the number controller provides a desired traffic flow behavior in terms of ve-
hicle density distributiorK 4, traffic flow speedvy and activity
proportionsNy . An activity that could be described by this type of
model is lane changing, for example. The stabilizing controller
[Vhigh— View]Kaa(t,X4) processes the desired trajectory information and true density dis-
K, dx Xe[X3,X4]  (8) tribution to determine feedback control laws for the traffic flow
xg 01 speed and activity proportions. It is assumed that the real traffic
low obeys Eq(1) and that the desired traffic flow behavior obeys
he continuity equation Eq.2). The trajectory produced by the
geedforward controller should be physically meaningful and real-
1zable. Recall that subscriptrefers to desired traffic.
Control action is exerted by specification of velocity, and
change lane commands, to vehicles along the highway. They
pre decomposed as

of vehicles betweer; andx,. In the case of no vehicles, we can
safely setng 5(t,x) =0 for xe[X3,X4].

Ng,1.2(t,X) =

If vehicles are not able to change lane out of the way in r
sponse to the link layer commands due to safety conditierts,
another vehicle alongsiglespecial coordination layer maneuver
have been developed to circulate vehicles out of the[@d} The
link layer works together with the coordination layer to prevent
the accumulation of vehicles.

Forx<x. in Fig. 7, lane 1 is void of vehicle density because o

the lane changing downstreata [ X3,X4]. To describe the return V=V4+ Vs,
of vehicles to lane 1, a similar expression is derived for lane 2 for 12)
xe[X;,X,]. It is assumed that the following holds true for the N=Ng+N¢
proportions of lane changing. whereV¢, N;, Vg4, andNy represent the feedback and feedfor-
Ngoa(t,X)#0  Xe[Xq,Xs] ward portions of the controller, respectively. Appropriate choice of
- (9) the velocity,V, and lane change), feedback terms will be
Ng,12(t,X)=0 discussed in Section 6. Define the vehicle density error t& be
In a similar manner to deriving Eq®), Eq. (4) is combined with ;Kér Kl.3The error dynamics of the traffic density flow are given
Eq. (2) to obtain y Eq.(13).
d X K= —[VgK = VK ]+ NgK — N;K (13)

X
ﬁjx Kdvzdxzvhigh[Kde(t’XZ)_Kd~2(t’xl)]+fx ~[VaKazlk Previous research for link layer control can be founfin, 11].
! ! In [12], a matrix transformation is utilized to convert vehicle den-

—Ng 21K g0% sity into a variable which better reflects the influence of velocity
fields upon lane change activity. Desired lane change proportions
=(Vhigh— View) [Kg2(t,X2) =Ky o(t,X1) ] are time-invariant. If11], a controller without matrix transforma-
%o tion but with time varying lane change proportions is used to
—f Ng 2,1Kq 20X (10) demonstrate the stability of the feedback controller[18] this
X1 controller is used for the circulation of traffic around a moving

This expression differs from Eq7) because the number of ve-S€ction of highway. Lane change commands were used to achieve
a local region of low vehicle density.

hicles to retain in lane 2 after the velocity profile has passef,
Kq2(t,X;) can be chosen. For a steady-state solution, set the left . .
hand side of Eq(10) to zero and assume that the proportion og Coordinate Transformation
vehicles changing laneng,, is constant in the intervalk A nonstationary velocity profile is a velocity function param-
€[X1,%2]. eterized by a single coordinage as shown in Eq(14). It is as-
sumed that the velocity profile travels at velocityt) and pro-

(Vhigh=Viow)[Ka,A(t,Xz) ~Kg ot x1)] xe X1, %] pose the following co)(l)rzinate transformationcv%r,)toﬂ(s?r)

fled‘zdx (Eq. (14).
(11)

t
The denominator of Eq11) is the number of vehicles in lane 2 STXT fow(s)ds
in the intervalx e [Xq,X,]. If there are no vehicles in this region, (14)
Ng 21 Can be set to zero because there are no cars to control. =t

Ng21=
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The time and position partial derivatives transform in the followx (F;(7,s)K;(7,s) —F;(7,8)K;(7,s))] where F(r,s)

ing manner: =AT(8) Vg rel(S)A(s)K(7,5). The boundary conditions are
9 p K(0t)=K(L,t)=0. Then L, stability follows
X 1 oll s Proof. Use the Lyapun[(;(\t/) fTunctiomN(t)= —1/2f(L,GT(t,x)
o |7 l=wy 1]l 4 (15) XV el(t,X)G(t,x)dx=1/2[ ¢y G (7,S)[ = Va rei(S) 1G(7,5)ds
Z =z where «a(t)=—[fw(e)de and B(t)=L—[fw(e)de. Recall
ot ar that Vg ¢ is negative definite.
Under this coordinate transformation, Ed)) may be rewritten as: 1 1
B . __pn! ‘VT 7‘\7 ; ! ";T
[K],= —[V,eK]s+ NK (16) W(t) ZB (DG [= Vg relll . 2“ (G
Subscripts refers to partial derivatives with respect to that vari- 1 (AW
able.K(r,s) andN(7,s) are the vehicle density and lane change X[ = Vg relC + _f [GT[ = Vg e]Clds
terms, respectively, after the change of coordinates. The black- ’ s=alt) a(t) '

board boldface type refers to matrix quantities in the new coordi- A1)
nate system+,s). Eq.(16) describes vehicle densities in the mov- _ f
ing coordinate frame in terms of the relative velociy, =V w
—w(t)l. The coordinate transformation removes the desired ve-

Bt
GV el AL ViK]ods+ f GV e ANKdS

(1) a(t)

locity’s time dependence and casts the flow equation into a form (20)
similar to the original conservation expressidy. (1)). The de- Using integration by parts and noting thafVy e/ Vy relGls
sired traffic flow behavior in Eq2) transforms similarly. =[G"Vq relsVd.relG-

[Kal-= = [Varelals T NaKq 7 A

. 1
W(t) :E\GTVd,rel[‘\’Yd,rel +2w(t)-11G

. . . —[CTVq, e AVKIS
The error dynamics, expressed in the new coordinate system are ’

a(t)

. a(t)
shown in Eq.(18). 50 . . s . :
[]K]T: 7[\«7d’re|ﬂg]s+[‘vfﬂg]s+ Nd]KfI\\’f]K (18) + f (t) [‘[J \ d,relA]s\ deS“F f (t) (_v \ d’re|AI\\f]KdS
Because the desired velocity profile travels at speég, the (21)

desired relative velocityy g 1¢(S)=Vq(7,5) —W(7)], is time in- .
variant under the coordinate transformation. It is also assumedMpose the conditions that(t,x=0)=V(t,x=L)=0.

that the profile velocityw(t) satisfiesw(t)>V; 4(7,s) Vt, sand 1 B(H)
for all lanesi. Vg (e/(S) is negative definitér's. W(t):EUTVdm[VdJe,Jr2W(t)-][]U (22)
a(t)
6 Stabilizing Controller With Matrix Transformati PO Ty : Ao ,
apbllizing controller Wi atrix lransrormation + [‘CT\'d,relA]s\/ (Kds+ ‘CTVd,reIAI\deS
In this section we present a stabilizing controller based on a a(t) «t) (23)

matrix transformation for the vehicle error density. This matrix _
transformation oK allows to take into account the desired landRecall thatF(7,s)=AT(s) Vi rel(S)A(S)K(7,8).
change proportions and traffic speed. The matrix transformation

varies with relative highway position. Subscriptstpt andx in J ' [TV, ,eAleVKds= fﬁm, W(r 5)2 K.F2ds<0
this section denote partial differentiation with respect to the vari- J o) e a() e
ables. Another link layer feedback stabilizing controller that does (24)
not require the use of the coordinate transformation is presented in At (1)
[14,15. _ _ _ f V4 el AN;Kds= f FTN¢Kds
Lemma 1. LetA(s) be a nonsingular matrix transformation J ) ' alt)
for the vehicle density K(7,s) such that Ag(s) sy M
= —A\(S)Nd(s)\\&rlm(s). Define G(7,8)=A(s)K(7,s). — f 2 — u(7,9)(FjK;— FiK;)2
Then Gy(7,8)=—[A(8) Vg el(S) A~ (8)C(7,8) s+ A(S)[ Vi(7,8) a(t) i#7=1
X K(7,8)]s— A(S)Ny(7,9)K(7,8). li=il=t
Proof: DifferentiateG: <0 Vu(r,s)=0 (25)
Ci=AK+AK;=—[AVg A TAK]— AN(K+ A[ V(K] . 1 ) A
N ) ) W() =5 GTVg il Varert w(t) 116
n B(t) "
Lemma 2. Suppose Vg,(s)=6-1 and Ag(s) <1 To
T \ ; . <-G'Vg,eVg6| =0 26
—— A(ING(S) Vo () Then Cy(7,9)=—[Vare(8)C(7.9)]s 2" VarerVd (26)

+A[Vi(r,8)K(7,8)]e— A(S)Ny(1,8)K(7,3). v

Proof: AVy g A 1= A8 TA 1=V ). m WwhereVg e (s)<0 andVy(7,s)>0. u
A(s) is a time independent coordinate transformation and is .
also required to be nonsingulds. Note that\y(s) is nonsingular 7 Simulation Results

and Vg re((S) is nonsingular everywhere. Because of the time in- The feedforward and feedback controllers described in the pre-
dependence of\(s), the matrix can be precomputed a prioriyjous sections are applied to control the circulation of an EV in an
Ng(s) must also be time independent as well, in orderX¢s) to  AHS. High priority transit is desired for the EV, which should
remain time independent with the dynamics given above. move faster than the surrounding traffic. From a safety standpoint,
Theorem 1. Let Vg, (s)=0-1 and  A4S) anarea of low vehicle density is desired around the moving EV so
=~ A(S)Ng(S) Vg rei(5). Define the velocity feedback law to bethat other vehicles can circulate around it. This region of low
Vi(7,8)=—i(7,s)diag [AT(s)) arel(S)A(S)K(7,8)]s and the vehicle density is achieved by moving a low velocity profile in the
lane change feedback law to be (;p=max0u(7,s) non-EV lane, as discussed in Section 3. In the EV lane, vehicles
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Fig. 8 No feedback control: vehicle density versus longitudinal section

are requested to move out of the way; these vehicles must afsofile is formed and begins to travel at 3@s. The vehicles
decrease speed to provide safe lane changing space. The nonsside the profile decelerate to b's in order to change lane out
tionary velocity profile to be used is shown in Fig. 7. The E\f the way of the EV.
travels at the location of the peak velocity in lane 1. To avoid It is important to note that vehicles at the nominal velocity of
vehicle pile-up in front of the EV and to restore the nominal flov20 m/scannot change lane out of the way of the EV while main-
of the highway after the EV passes, lane changing is required.taining that speed due to capacity constraints. The time delay be-

SmartCap[16], a traffic flow simulation package, is used tatween its deceleration and that of the car in front causes vehicles
simulate a hypothetical emergency vehideV) circulating on a to “spread out.” In this low density region, vehicles are then able
two lane highway. The controller with coordinate transformatioto change lane out of the EV’'s lane. While the adjacent lane’s
described in Section 6 is used for feedback control. vehicles continue to travel at 19/s, the EV travels along with

In these simulations, all vehicles are assumed indeperident the velocity profile at 3@n/s. After the EV has passed, vehicles in
no platoong and all highway sections are 100 m long. A safetyhe adjacent lane are able to change lane back into the EV lane
policy which imposes constraints on vehicle spacing dependentwhile maintaining the slow speed of 1fi/s. Vehicles in both
activity and vehicle speed is imposed. Activities such as changitanes then accelerate to the nominal traffic speed upon leaving the
lane require additional space in both the origin and destinationstationary velocity profile. Highway capacity conditions do
lanes. not permit all vehicles to change lane into a single lane at the

In Figs. 8 and 9, SmartCap results are shown for the two laspeed of 30n/s. At lower speeds, headway space demands can be
nonstationary profile without control feedback. ¥t 0, the high- relaxed. The nonstationary velocity profile allows fast circulation
way is empty and a net inflow of 4800 vehicles per hour distribaf local traffic around an emergency vehicle without restriction of
uted equally over the lanes is allowed. These vehicles travel at thighway inflow.
nominal speed of 20n/s. By t=1000s, the highway is filled In Fig. 9 the velocity profile retains the basic shape shown in
evenly with 3.3 vehicles per section. At this time the velocityFig. 7 in the absence of feedback. This is due to the fact that the
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commands sent to the highway vehicles are entirely based upale-up is located. Very small changes in the velocity curve result
the desired traffic profiléN=Ny andV=V,), which are specifi- in significant vehicle density dissipation. This suggests that using
cally designed to generate the density distribution shown in Fig. @ontrol feedback for dissipation of local density peaks may have
However, there are differences between Fig. 7 and Fig. 9;lille negative impact on large scale highway capacity. The vehicle
pile-up of vehicle density results upstream of the profile in Fig. 8ensity is also equalized in the two lanes upstream of the profile
because vehicles must be moved out of the way to create spacedioe to lane change feedback. The amount of lane changing activ-
the EV. In the absence of feedback control, this pile-up persistg behind the profile is significant. Restoration of nominal high-
during the simulation and travels down the highway at the nomivay conditions behind the EV is desirable from a capacity stand-
nal speed. When space for the EV is initially formed in lane Joint. Simulations utilizing the controller 114,15 produce
vehicles must change lane into lane 2. Because the vehicles dosiotilar results.
return to their original lane 1, there is a greater pile-up of vehicle
density in lane 2 than in lane 1 upstream.

Figures 10 and 11 depict the results of a simulation with t .
same highway conditions but utilizing the coordinate transforma- Conclusions
tion controller of Section 6 for feedback. Prior to simulation, the Link layer traffic flow controllers to be used within the PATH
matrix transformationA(s) is precomputed in Matlab. The over-hierarchical control architecture are introduced. Nonstationary ve-
all effect of the feedback control is a smoother vehicle densitgcity profiles for multilane highways that include changes in ve-
distribution. After the initial formation of space for the EV, thehicles speed and lane are described. By analyzing the effects of
peak number of vehicles in a section is greater in the absencesbfpe and speed of these profiles on the traffic flow, it is deter-
feedback control, resulting in greater perturbation. mined that they create a moving region of low density. This re-

The pile-up of vehicle density upstream of the profile is dissgion, that can be moved with a speed greater than the maximum
pated as time progressed due to feedback control. The veloaorghicle speed, allows the fast circulation of emergency vehicles, a
profile shown in Fig. 11 is similar in general shape to Fig. 9ery important feature for incident handling inside or outside the
except for a slight “bowing” of the velocity curve where the AHS. Implementing this non-stationary velocity profiles requires
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