W) Check for updates

Research Article

Transportation Research Record
2021, Vol. 2675(7) 67-80

© National Academy of Sciences:
Transportation Research Board 2021
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0361198121994581
journals.sagepub.com/homef/trr

®SAGE

Arterial-Friendly Local Ramp Metering
Control Strategy

Yao Cheng' and Gang-Len Chang'

Abstract

To prevent local streets being blocked by overflowing on-ramp queues, a standard practice of ramp metering control is to
restrain its function when a series of preset conditions are identified by on-ramp queue detectors. Such a trade-off between
potential ramp queue spillback and the restraint resulting from the operation of metering control may often fail to either
effectively mitigate bottlenecks caused by on-ramp waving or convince arterial users and local traffic agencies of the need for
ramp metering operations. This study, therefore, presents an arterial-friendly local ramp metering system (named AF-ramp)
that can achieve the target metering rate to produce optimal freeway conditions without ramp queues spilling back onto local
streets. This is achieved by concurrently optimizing the signal plans for those intersections that send turning flows to the
ramp. At this stage, this system has been developed for time-of-day control. It could also serve as the base module for
extending to real-time control, or multi-ramp coordinated operations. The AF-ramp model, with its ability to optimize the
arterial signals concurrently with the ramp metering rate, can ensure the best use of the capacity of local intersections and
prevent any gridlock caused by overflows from on-ramp queue spillback or arterial turning traffic. With extensive simulation
experiments, the evaluation results confirmed the AF-ramp model’s effectiveness in improving traffic conditions on both the
freeway and its neighboring arterial links at the same time. This study has also introduced the real-time extension of the pro-

posed model and a framework of a transition from the time-of-day control to fully responsive real-time operations.

Implementing ramp metering control has long been
recognized as a strategy that can be effective in improv-
ing traffic efficiency along congested freeway segments.
Control functions, such as a signal to regulate on-ramp
vehicle flows, are used to break up arriving platoons to
smooth the traffic flow merging onto the freeway and to
prevent the likely formation of freeway bottlenecks.

Depending on the availability of real-time information,
a local ramp metering control system can be operated
under a pre-timed (/-3) or a traffic-responsive mode (4-9).
As one of the pioneer studies on pre-timed ramp metering,
Wattleworth (/) generates optimized metering rates with
linear programming under the constraints of freeway main-
line capacity with the objective of maximizing the total vol-
ume of traffic joining the freeway. Using detectors to
measure the occupancy rate, ALINEA (4) determines the
ramp metering rate based on the difference between a pre-
set and the observed occupancies. Various extensions along
the core concept of ALINEA have been proposed in the lit-
erature to use flow information instead of occupancy, and
to take into account the traffic state on the upstream and
downstream segments. (6)

Over the past two decades, traffic control researchers
have also extended local metering operations to

coordinated control of multiple ramps along the con-
gested freeway segments. For example, SystemWide
Adaptive Ramp Metering (SWARM) (/0) computes a
coordinated metering rate based on the estimated density
and a preset local rate using distance headway measure-
ments, and then selects the more restrictive one. In
HEuristic Ramp metering coOrdination (HERO) (/1)
each on-ramp is independently controlled with ALINEA
while all ramps are connected to each other through a
central controller so that a master ramp, where the bot-
tleneck occurs, can be identified and then given priority
during coordinated control. METALINE (/2) deter-
mines the metering rates at different on-ramps using a
list of occupancy values from several detectors. This has
been reported to yield an increase in the mainline speed
in several cities. Essentially, coordinated ramp metering
strategies usually use the available space at upstream on-
ramps so that the metered vehicles can be stored in an
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expanded space to avoid the formation of bottlenecks.
Other examples of coordinated ramp control strategies
include systematic control with linear programming (/),
AIMD (/3), HELPER (/4), and the Advanced Real-time
Metering System (ARMS) (15).

However, despite the abundance of literature in free-
way ramp metering, such strategies, either at local or
coordinated levels, often favor the operation of the free-
way but do not account for their potential negative
impact on the local traffic caused by the excessive on-
ramp queues. For example, while performing well in
maintaining a desirable flow rate on the freeway,
ALINEA (4) and the Neural control algorithm (9) may
create long queues at the on-ramp (/6, /7). Such long
queues created by ramp control often result in blockage
of the arterial’s signal and an increase in vehicle emis-
sions on the on-ramps (/8). A standard practice for cir-
cumventing the queue spillback issue is to restrict the
metering rate when a deployed ramp queue detector
identifies a high occupancy rate (10, 11, 19) or when the
ramp entering volume is over the preset level (6, 20).
Kattan and Saidi (/8) further accounted for the on-ramp
queue length in the optimization of the ramp metering
rate by integrating the ramp waiting time in the objective
function. However, since ramp metering control is pri-
marily deployed at those interchanges experiencing high
on-ramp volumes, the resulting on-ramp queue length is
likely to trigger frequent overriding calls by the queue
detectors, thus rendering it difficult to achieve the desired
level of performance.

As is well recognized in the traffic control community,
excessive ramp waiting times and the resulting queue
spillbacks to the connected surface streets are two signifi-
cant concerns frequently raised by both the users of local
arterials and the agencies responsible for traffic control
and management. Most existing practices seek only to
optimize the activation and rates of ramp metering, and
thus cannot, even taking the on-ramp queue length into
consideration, effectively address such concerns.
Furthermore, a ramp control system may not help the
target freeway segment operate at peak efficiency if it
suffers from frequent override activations caused by
potential on-ramp queue spillover to the local arterial.

An alternative methodology for ramp metering pro-
posed in this study is to expand the control area to
include not only the interchange’s on-ramp freeway seg-
ment but also all local intersections feeding traffic flows
to the on-ramp (see Figure 1). Thus, the control strate-
gies will aim to achieve concurrent optimization of both
the ramp metering rate and the signal plans for all inter-
sections within the control area so that both the local
freeway and arterial segments can simultaneously achieve
their optimal state under the given volumes and available
roadway capacity.

Ramp metering

Movements exiting the target
-) control area, to be included in
the total arterial throughput

Figure I. Control area of the proposed arterial-friendly local
ramp metering strategy.

Under such a design notion, the control objective for
the local ramp metering to optimize the selected measure
of effectiveness (MOE) ought to cover not only the free-
way and the on-ramp, but also all arterial intersections,
either feeding traffic to the ramp or likely to suffer from
excessive ramp queues. Such an integrated ramp meter-
ing control strategy, accounting for traffic conditions
both on the on-ramp and at local intersections, has not
been extensively studied in the literature. Su et al. (27)
proposed a coordinated control strategy for an on-ramp
and its feeding intersections but optimized the metering
rate and intersection signals in sequential steps to favor
mainly the freeway operations. More specifically, a con-
trol system intending to achieve the target metering rate
to optimize the freeway conditions but not to spill ramp
queues back to the surface street, should simultaneously
optimize the signal plans, including the phase sequences
and offsets for those intersections sending turning flows
to the ramp, so that flows arriving at the ramp can be
regulated effectively by the signals, thus preventing
potential arterial gridlocks caused by overflows of turn-
ing traffic with path-flow-based progression. Such an
arterial-friendly ramp control system will be more likely
to ease the concerns of local commuters and offer the
best prospect for comprehensive field implementation at
local freeway bottlenecks caused mainly by heavy on-
ramp weaving flows.

With such a control objective in mind, this study pre-
sents an arterial-friendly local ramp metering system
(named AF-ramp) for time-of-day control. The proposed
system can also serve as the base module for an
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Figure 2.

extension to real-time on-line control, or multi-ramp
coordinated operations under a reliable traffic surveil-
lance environment. Figure 2 shows the principal modules
and their interrelations within the proposed AF-ramp
system, including the control objectives and model out-
put. Its key system features, as illustrated in the figure,
include its ability to:

e maximize the total throughput for both the
freeway and arterial links within the control
area;

e prevent ramp queues from spilling back to neigh-
boring local streets by coordinating intersection
signal plans with ramp metering control;

e minimize the impact of an intersection’s turning-
to-ramp flows on the arterial’s other traffic flow
movements with local progression, using a set of
specially designed offsets to provide progression
for all path flows within the control area of the
local arterial; and

e optimize the signal plan, including the phase
sequences, for each intersection to ensure that its
turning queues heading to the on-ramp will not
exceed the available bay length.

A detailed discussion of mathematical formulations to
model those key system features and operational con-
straints is presented below, followed by performance eva-
luation with extensive numerical analyses and simulation
experiments.

Model structure for the arterial-friendly local ramp metering control system.

Model Formulations

To facilitate the presentation of the proposed system’s
embedded formulations, Table 1 lists the key notations
of all variables and parameters used in this study.

Available Capacity to Accommodate the On-Ramp
Flows

The optimal on-ramp metering rate, regardless of the
control strategy, depends primarily on the receiving free-
way segment’s available capacity. The capacity, however,
is not a constant but a variable that is a function of main-
line and ramp volumes, freeway geometric features, the
composition of traffic flows, and the weaving behaviors
of the driving populations. However, from the perspec-
tive of developing control strategies, it is recognized that
such a capacity drop mainly varies with two variables of
arriving flow rates: those from the ramp’s upstream
mainline segments; and those from the connected local
intersections. Because of the need to exercise corporative
deceleration for on-ramp flows, traffic streams on the
freeway mainline, especially in the rightmost lane, often
comprise a series of voids between a leading on-ramp
and following mainline vehicles. Such voids, as noted by
Lertworawanich and Elefteriadou (22) and Won (23),
inevitably contribute to a reduction in the freeway seg-
ment’s available capacity to accommodate the on-ramp
traffic.

Conceivably, depending on the purpose of having such
capacity reduction information (e.g., service quality
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Table I. List of Key Notations

Sets
Q
A

[}
Parameters

I, Wi

Lb,i» Ll,i

7]

T

Cmax; Cmin

31, 82

Y

o, B
Variables

rO

Crl

tﬁ, i tf;,,i
Td(m),i

l.i

8.

8. (gz, i)
8li (él, i)
grl.i (i)
mt,i (gmt,i)

Set of intersection movements heading to the on-ramp
Set of movements exiting the target network
Set of movements entering the target network

Average vehicle speed on Lane i of the freeway (fps)

Deceleration rate of the rear vehicle for cooperative lane change (ft/s?)

Average density on Lane n of the freeway (vpm)

Capacity in the weaving section (vph)

Freeway basic capacity (vph)

Average vehicle spatial headway (ft)

On-ramp length (veh)

Saturation flow rate at the ramp metering point (vph)

Downstream and upstream movements of traffic path m between two adjacent intersections
Travel time from intersectionitoi + | (in cycle);

Volume demand for movement . at intersection i (vph)

Freeway mainline demand (vph);

Lane-use factor based on the number of lanes for movement . at intersection i
Volume ratio of movement . from arterial at intersection i

Bay length and the link length at intersection i (veh)

Lost time for each signal phase (s)

Time duration of the study (h)

Upper bound and lower bound for the cycle length (s)

Parameters for estimating the weaving section capacity

Robustness factor that represents the sensitivity of volume fluctuation to the occurrence of queue spillback
Weighting factors in the objective function

On-ramp metering green ratio

Capacity reduction in the weaving section because of the cooperative deceleration of the
mainline vehicle behind the merging vehicle (vph)

Capacity reduction in the weaving section because of pre-allocation lane change (vph)

Number of on-ramp vehicles merging into the freeway mainline (veh)

Actual volume for movement . at intersection i (vph)

Freeway throughput (vph)

Arterial throughput (vph)

Number of queueing vehicles outside the target area because of the limited green time (vph)

The length of the rear void created by cooperative deceleration of the freeway mainline vehicle
behind the on-ramp merging vehicle (ft)

Queue length caused by excessive demand at the end of the study period (veh)

Queue length caused by arrivals from the upstream intersection in every cycle (veh)

Reciprocal of the cycle length at the arterial intersections (/s)

Local progression bands, that is, the duration within which vehicles from traffic path m can traverse
intersections i—| and i without stop (in cycle)

Start and end of the green phase for downstream movement . at intersection i

Queue clearance time of movement d(m) at intersection i (in cycle)

Queue length for movement . at intersection i (veh)

Green ratio, including the lost time (in cycle)

Through green ratio for outbound (inbound) direction along the arterial (in cycle)

Left-turn green ratio for outbound (inbound) direction from the arterial (in cycle)

Green ratio for side street left-turn that would join outbound (inbound) direction along the arterial (in cycle)

Through green ratio for side street where the corresponding left-turn would join
outbound (inbound) direction along the arterial (in cycle)

Note: fps = feet per second; vph = vehicles per hour; vpm = vehicles per mile; veh = vehicles.

evaluation or adaptive on-line control) and its required freeway and ramps; traffic flow characteristics; volume
accuracy, one can perform such an estimation from either distributions across lanes; behavioral patterns of the driv-
the macroscopic or microscopic perspective, based on ing populations; and the percentage of heavy vehicles
some or all of the following data: geometric features of  (24-26). Therefore, in seeking to design time-of-day local
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ramp control, this study employs the following equation
to approximate the capacity reduction because of the
total loss time incurred by those voids between mainline
and ramp vehicles:

2 2

Vi — VW
Ly=———— 1
P ()

v — vp?
Coy =3 V;‘% 2)
where

L,, is the length of the rear void (ft),

vi and vy refer to the vehicle speed in the rightmost
and acceleration lanes (ft/s), respectively, and

a denotes the deceleration rate of the rear vehicles fol-
lowing the on-ramp flows (ft/s?).

Therefore, L,, divided by the vehicle length I, offers
the base for approximating the impact of per void cre-
ated by on-ramp vehicles. One can then approximate the
resulting reduction in freeway capacity because of on-
ramp volume V¢, as C,;, where 8; is a parameter. Note
that the magnitude of capacity reduction identified with
Equation 2 would be more prominent under high main-
line volume scenarios, where spaces between vehicles are
limited.

Equation 3 shows that the allowable on-ramp volume
can be determined by the actual flow rate for movement
. at intersection i, the set of movements heading to the
on-ramp ( Q), the on-ramp metering green ratio (r,), and
the saturation flow rate (s,) for the metered on-ramp.

Ve = min <sar0, > Vii> (3)

neQ

Note that the collective manifestation of ramp
upstream drivers’ discretionary lane-changing maneuvers
to avoid the speed impedance by ramp flows, as noted
by Kwon (27), may also contribute significantly to the
capacity reduction of the downstream freeway segment.
Methodologies for a precise estimate of such a lane-
changing frequency and the resulting impacts on the
capacity from a behavioral perspective are available else-
where (28-30), but for the purpose of this application it
is assumed to be a function of the density ratio between
the rightmost lane (i.e., lane 1) and its neighboring lane
(lane 2), as expressed below:

ky
C,y =5,V
2 e h

4)

where k; and k, denote, respectively, the densities for
lane 1 and lane 2 before receiving the on-ramp merging
vehicles (vehicles per mile), and §, is a parameter.

Note that Equation 4 is grounded in the assumption
that the density ratio between lane 1 and lane 2, before

and after receiving the merging flows, will be approxi-
mately unchanged, because traffic flows, when perceiving
the impacts from on-ramp flows, tends to evolve to the
same state by exercising discretionary lane changes.
Therefore, to achieve such a state after accommodating
on-ramp volumes, if without those upstream lane
changes, it is expected that the k,/(k; + k) ratio of total
on-ramp volume should be distributed to lane 2.
However, most such on-ramp vehicles, as shown in most
field observations, tend to stay in lane 1 over certain time
intervals, thus often triggering a series of lane changes by
those upstream lane-1 vehicles so that the lane density
ratio between these two neighboring lanes can evolve
back to the same level at the downstream segment of the
on-ramp. Each such lane-changing maneuver, approxi-
mated with the number of on-ramp vehicles to be distrib-
uted to lane 2 to maintain the pre-merge density ratio,
will occupy the space in both lane 1 and lane 2, thus
inevitably impeding the traffic flow and consequently
contributing to the capacity reduction, denoted as C,,,
on the downstream segment.

As such, the available freeway capacity for local ramp
control, accounting for the aforementioned two primary
impacts, can be expressed as follows:

V12—V02
Co=Cp—C—Co=Cp— V] ———
¢ 2al 5
. )
— 8,V
2oty

Constraints for Ramp Queues

The on-ramp queue length typically consists of the resi-
dual queues after the whole control period and the arriv-
ing vehicles discharged per cycle from connected
intersections. For the former, one can formulate
Equation 6 to compute the resulting queue length (in the
unit of vehicles), whereas the latter can be approximated
with Equation 7. During the target control period, the
total queue length is constrained to be within the ramp
length, as specified by Equation 8.

I, = max (Z Vai— Sol’o,()) xXT (6)

pneQ

le=>_ V&/3600¢ (7)
neQ
L+ 1.<L, (8)

where [, represents the queue length (number of
vehicles [veh]) because of the excessive demand at the
end of each control period, and /. reflects the queue
length (veh) of arriving vehicles per cycle from connected
intersections.
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Figure 3. Example of a local progression band for one traffic
path between two adjacent intersections.

Formulations of Intersection Queue Constraints

To ensure that the proposed ramp control will not cause
queue spillback at those intersections feeding flows to
the freeway, the proposed system has adopted the local
band notion (3/) to estimate the number of vehicles stop-
ping at the intersections within the ramp’s affected area.
Figure 3 illustrates the local band for one traffic path
between two adjacent intersections in the time-space dia-
gram, where a specially designed signal plan, coordinated
with ramp control, is included in the proposed system to
offer a progression band for each of those nine possible
path flows over the arterial link between two intersec-
tions in the vicinity of an interchange. Note that each of
those nine possible path flows consists of one upstream
movement u(m) and one downstream movement d(m), as
shown in Figure 3. Only vehicles not within their local
progression bands have to stop at the downstream inter-
section and contribute to the queues.

A mathematical expression for such local progression
bands for the outbound direction is shown with
Equation 9:

bm,i = min (tg(m),i’ tZ(m)’i71 + ti*l) (9)

— max (ffz(m),i + Taom), is Ly, im1 + fi—l)

where

b, 18 progression band for vehicles from path flows
m to move from intersections i~1 to i,

d(m) and u(m) are the downstream and upstream
movements for traffic path-flow m,

Ta(m),i 1 the queue clearance time of movement d(m)
at intersection 7 (in cycle),

t; is the travel time from intersection i to 7 + 1 (in
cycle),

., and t[’}(m)J are the start and end of the green
phase for downstream movement m at intersection i,
respectively; and

IZ(m)i and tz(m)i are the start and end of the green
phase for upstream movements m at intersection i,
respectively.

Note that the second term on the right-hand side,
max (tz(m).i + Tam), iatZ(m),H + ti_l), shows the starting

time of the local progression band, which is to be deter-
mined by the arrival time of the first vehicle from traffic
path m to the downstream intersection and the queue
clearance time of the downstream movement associated
with traffic path m. By the same token, the ending time
of the local progression band, denoted by

min (tS(m),i’tz(m),i—l + tH), depends on the earlier time

between the end of the downstream green phase and the
last vehicle arrival from the same traffic path to the
downstream intersection.

From the local bands associated with left-turn and
through movements at the downstream intersection, one
can formulate their resulting queues at the onset of the
green phase at the downstream intersection based on
their volumes and turning ratios, as follows:

i = Z Vf<m),i_1rd(m),i
d(m) =

(8u(m).i=1 = bm.i—1)fa(m).i/3600E,
w = through or left-turn

(10)

where
l,..; denotes the queue length for movement . at intersec-
tion i (veh),
Jam),i refers to the lane-use factor based on the number
of lanes for movement d(m) at intersection #, and
F4(m),i 18 the volume ratio of movement d(m) from arterial
at intersection i.

Therefore, to prevent the queue spillback from the
left-turn bay and the through lanes, one can present the
following equations:

S
L, Xy<Lp; 11
i Vpuﬂifp‘,z Y b, ( )
S
i Xy<L;; 12
M, § — V“,,ifp,i 'Y 1, ( )

where

s 1s the saturation flow rate (vehicles per hour [vph]),

Ly ; and L;; are the bay length and the link length at
intersection i, respectively (veh), and

v is a robustness factor greater or equal to 1 that repre-
sents the sensitivity of volume fluctuation to the occur-
rence of queue spillback.

The left-hand side represents the estimated maximum
queue length during a cycle. The queue discharging time
in Equation 9 can then be estimated with the obtained
queue length as follows:
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Tp,,i = lu,iﬁ? (13) VV Z Z VM,i (22)
W, i, i i peA
Following the same logic, one can develop similar con- R = Z (V _ypa ) (23)
straints as Equations 9—13 for the inbound direction. ! Mo d i

Constraints for Intersection Flows and Signal
Parameters

Note that the actual number of vehicles arriving at a
downstream intersection can be derived from the flows
moving out from its upstream intersection, as with
Equation 14.

Vﬁ,i AT Z Vz?(m),i—l (14)
d(m) = p

If an internal link within the target area experiences over-
flow, the queues would rapidly spill back to the upstream
intersection and cause a local bottleneck. Such a situation
can be avoided by providing sufficient green time to dis-
charge all vehicles on the links within the target control
area, as shown in Equation 15.

Vo iui=< (gu.i — ti€)s (15)

where g, ; represents the green ratio, including the lost
time (in cycle), and # denotes the lost time (s). The green
ratios at the intersections should satisfy the following
constraints to be practical:

&uit 8.i =8t &.i= &najor.i (16)
Cut,i v &mii = &mi,i T &mt,i = Cminor, i (17)
gmajor,i + gminar,i = 1 (18)

The cycle length will be constrained with its lower and
upper bounds using Equation 19.

1/Cmax$§$l/cmin (19)

Objective Function

As mentioned above, this study focuses on maximizing
the total throughput for the freeway and the local arter-
ial. Furthermore, queucing vehicles that may not be able
to enter the control area because of the lower cycle length
and green ratio, should cause a penalty in the objective
function since these vehicles would incur excessive delay
if not properly discharged. The objective function of the
proposed model can, therefore, be expressed as:

Max Vi + aVf — BZRi (20)

Vi = min(Vs, + V,,Cy) (21)

where
Ve denotes freeway throughput (vph), which is deter-
mined by freeway mainline demand, on-ramp
volume, and weaving section capacity, as expressed in
Equation 21,
V¢ represents the arterial throughput (vph), which counts
all vehicles exiting the target area, as expressed in
Equation 22,
R; is the number of queueing vehicles outside the target
area because of the limited green time on the entering
approaches of intersection i (vph),
a and B are weighting factors,
Vin denotes the freeway mainline demand (vph),
Vi 1s the volume demand for movement p at intersec-
tion i (vph),
A is the set of movements exiting the target network, and
®@; is the set of movements entering the target network at
intersection i.

In brief, the proposed model can be formulated with
Mixed Integer Linear Programming (MILP) and can be
summarized as follows:

Max Vi +aVf — BZR,»

s.t.
Equations 21-23
Freeway capacity constraints: Equations 2—5
On-ramp queue constraints: Equations 6—8
Intersection queue constraints: Equations 9-13
Constraints for intersection flows and signal para-
meters: Equations 1419

Case Study

To verify the unique capability of the developed AF-
ramp model and evaluate its effectiveness, this case study
has included both numerical investigations and simula-
tion experiments within a real-world network. The
numerical results are presented to show the proposed
model’s functions in response to the volume surge and
geometric constraints such as the ramp length, while the
resulting MOEs and the impacts on the local arterial
under such control are assessed with microscopic traffic
simulation. All analysis results from this case study con-
stitute the basis to confirm the AF-ramp model’s fore-
most function of concurrently improving traffic
conditions on the freeway and local arterials, but not
causing queues to overflow from the on-ramp.
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Table 2. Optimization Results from the Proposed Model under Four Designed Scenarios

Scenario | Scenario 2 Scenario 3 Scenario 4
Ramp metering green ratio 0.38 0.42 0.47 0.45
Arterial cycle length (s) 90 90 150 100
SB LT green ratio at Intersection 2 0.36 0.40 0.42 0.41
Intersection offsets (s)
Intersection | 0 12 135 0
Intersection 2 83 70 101 59
Intersection 3 84 0 3 35
Intersection 4 58 5 0 96
Note: SB = Southbound; LT = left-turn.

Table 2 show the AF-ramp model’s key output for the
area-wide ramp control under the following scenarios of
different volumes and ramp lengths:

area . .
\ e Scenario 1: the base-level volume as shown in
& / Figure 4;
————————— g (111 e g g e Scenario 2: same as Scenario 1 but with an increase
P, J«2000ft>{ P. gs0ftyp>{ Py & —960f P, 080> Pe | £10% 1 al | )
: ':j.:_ oy | ettt | n= e of 10 o to all arterial vo umes; ' .
=1 e Scenario 3: same as Scenario | but with an increase
e (i g D of 20% to all arterial volumes; and
oo therteeed | 1 [gor | (28] Spec catetion pois nthe e Scenario 4: same as Scenario 3 but with a shorter
By, | I I simulation experiments
=0 - ramp length (from 792 ft to 500 ft).
[ | Movements exiting the target
il i ! control area, to be included in
= :m ==l the arterial throughput
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Figure 4. The key geometric and volume information associated

with the study site.
Note: vph = vehicles per hour.

Study Site

Figure 4 shows the key geometric information and the
input volume associated with the study site at 1-270 @
MD 187 in Maryland for extensive analysis. The freeway
mainline volume and hourly demand for all movements
entering the target control area are shown in the figure,
along with the number of lanes on the arterial links and
the freeway segment. The eastbound on-ramp for meter-
ing control is colored in gray and the turning ratios onto
the on-ramp are also shown. The minimum and maxi-
mum cycle lengths are 90 and 180s, respectively. The
model is solved with Gurobi 9 (32) on a Windows 10
desktop with an Intel Core 17-6700 processor and 16GB
RAM. The computation times are less than 5s.

neighboring intersections. Also, note that the model will
concurrently increase the ramp green ratio (from 0.38 to
0.47) and intersection’s cycle length (90-150s) to accom-
modate the 20% volume surge as in Scenario 3.

To prevent queue spillback on a short ramp as in
Scenario 4, the proposed model with its embedded func-
tions for capturing the interrelations between the ramp
and arterial flows can concurrently generate a shorter
cycle length and less green ratio to constrain the on-
ramp’s arriving flows. For instance, compared with
Scenario 3, the cycle length in Scenario 4 is reduced from
150s to 100s, along with a slightly adjusted green ratio
(from 0.42 to 0.41) for the left-turn movement to get
onto the ramp.

In brief, the above results of numerical investigation
clearly show that the AF-ramp model with its function
for optimizing the cycle length concurrently with the
ramp metering rate can indeed best use the capacity of
local intersections and prevent any gridlock by overflows
from the on-ramp queue spillback.
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Table 3. Average Speed with Two Control Strategies under Scenarios | and 2

Location P| P2 P3 P4 P_r,
Scenario |: Three-lane average speed (mph)

No-RM 54.7 45.2 383 44.7 50.1
Proposed 56.6 (3.5%) SLI(13.1%) 46.6 (21.5%) 45.2 (1.1%) 50.2 (0.2%)
Scenario I: Rightmost lane average speed (mph)

No-RM 54.5 42.4 342 42.6 50.0
Proposed 56.6 (3.7%) 48.5 (14.4%) 42.8 (25.0%) 44.0 (3.3%) 50.2 (0.4%)
Scenario 2: Three-lane average speed (mph)

No-RM 49.2 38.0 339 44.5 50.1
Proposed 53.3 (8.4%) 47.9 (26.1%) 40.4 (19.5%) 44.5 (0.1%) 50.1 (-0.1%)
Scenario 2: Rightmost lane average speed (mph)

No-RM 48.9 35.0 28.6 42.0 50.0
Proposed 53.1 (8.4%) 45.2 (29.0%) 36.0 (25.7%) 43.2 (2.7%) 50.0 (-0.1%)

Note: RM = ramp metering. Percentages in the brackets indicate the improvement over the No-RM strategy.

Simulation Experiments

To evaluate the model’s effectiveness with other MOEs,
this study has further conducted simulation experiments
with Scenarios 1 and 2 using VISSIM. The performance
of the proposed model has been compared with the fol-
lowing two controls:

e no-RM control: no metering control and the arter-
ial signal timing is calculated with Critical Lane
Volume (CLV) and the coordination offsets are
optimized with MAXBAND (33); and

e RM-only control: the ramp metering rate is set
only to maximize the freeway throughput based
on Equation 21, and the arterial signal timing plan
is optimized independently as with the No-RM
control.

The set of MOEs generated from the simulation
includes: (1) average vehicle speed for all lanes and on
the rightmost lane, collected at five locations (denoted as
P; to Ps) shown in Figure 4; (2) completed trips on the
freeway mainline over the one-hour control period; (3)
average freeway mainline delay; (4) arterial’s total
throughput from the target control area (including all
movements leaving the target control area shown in
Figure 4); (5) average arterial through-movement delay;
(6) network average delay; and (7) queue lengths on the
on-ramp and arterial links. The results are obtained from
10 simulation runs with different random seeds.

Figure 5 shows the time-dependent on-ramp queue
length with the AF-ramp model and the RM-only con-
trol under two scenarios. As expected, the RM-only con-
trol, without accounting for the arterial traffic, would
rapidly increase the on-ramp queues and further over-
flow those vehicles to the upstream intersections about
1,600 ft away. In contrast, such on-ramp queue vehicles
under the AF-ramp control are all constrained within

On-ramp queue length with the proposed model and RM-only control
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* Due to the design features of VISSIM, the spillback queue from the ramp will be counted only up to
the upstream intersection only, i.e., 1600 ft in the case study site.

Figure 5. Evolution of on-ramp queue length with the proposed
model and RM-only control.
Note: RM = ramp metering.

the ramp up to the end of the control period, due mainly
to the higher metering rate designed to avoid on-ramp
queue spillback and the coordinated operation of the
arterial signals.

Note that since RM-only control will yield undesir-
ably long queues to the arterial, the benefits analysis pre-
sented below for the developed AF-ramp model will
focus on its resulting benefits using the No-RM control
as the baseline for comparison. Tables 3 and 4 show the
average speed of all lanes and on the rightmost lane,
along with all other MOEs with these two control strate-
gies under Scenarios 1 and 2. Figure 6 further shows the
results from the same comparison but focuses on the
time-dependent queue length on the arterial link, which
is often plagued by the excessive queues in the vicinity of
the freeway ramp.
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Table 4. Related Measures of Effectiveness with Two Control Strategies under Scenarios | and 2

Freeway mainline

Freeway mainline

Average arterial Arterial Network average

average delay (s) completed trips through delay (s) throughput (vph) delay (s)
SCENARIO |
No-RM 32.17 5592 100.14 6180 70.29
Proposed 17.62 (45.2%) 5621 (0.5%) 76.63 (23.5%) 6193 (0.2%) 53.92 (23.3%)
SCENARIO 2
No-RM 51.90 5522 105.54 6777 82.92
Proposed 29.15 (43.8%) 5591 (1.2%) 86.83 (17.7%) 6800 (0.3%) 61.97 (25.3%)

Note: vph = vehicles per hour; RM = ramp metering. Percentages in the brackets indicate the improvement over the No-RM strategy.

As shown in Table 3, the freeway segment upstream
of the on-ramp, without ramp metering control, exhibits
a significant speed drop, but the traffic flows will recover
the speed when passing the ramp and entering the down-
stream segment. For example, under Scenario 1, the
average speed progressively drops from its initial speed
of 54.7mph at the most upstream detection point to
38.3mph right at the on-ramp merging area, and then
back to 50.1 mph at the Ps detection point. One can also
detect the same spatial evolution pattern of the average
speed for Scenario 2, but with a more pronounced drop
because of the impact of higher ramp flows (i.e., from
49.2 mph to 33.9, and back to 50.1 mph). In both scenar-
i0s, the rightmost lane, as shown in Table 3, suffers the
most impact from the ramp flows, reducing its speed
from 54.5mph to 34.2mph in Scenario 1, and likewise
from 48.9 mph to 28.6 mph in Scenario 2. Such a signifi-
cant speed drop clearly justifies the need to implement
ramp metering.

In contrast, under the proposed AF-ramp control, the
freeway’s average speed on the bottleneck segment
increases from 45.2 mph to 51.1 mph at P,, and 38.3 mph
to 46.6mph at P3 in Scenario 1, an average of 17.3%
(i.e., 13.1% and 21.5%) improvement. As expected, the
rightmost lane, generally benefiting more from an effec-
tive ramp metering control, exhibits the speed improve-
ment of 14.4% and 25.0%, respectively, in Scenario 1,
over the same detection points in the bottleneck area. In
general, the magnitude of such improvement may
increase with the ramp volume, as evidenced by the
29.0% and 25.7% speed improvement for the rightmost
lane under Scenario 2 at the same data collection points.

Table 4 summarizes various MOEs for both the free-
way and arterial with the AF-ramp model and under No-
RM control, where the delay on the freeway mainline
reduces by 45.2% and 43.8%, respectively under these
two scenarios, attributed mainly to the AF-ramp con-
trol’s function to prevent the formation of a local bottle-
neck by the on-ramp flows.

With respect to the widespread concern that freeway
improvements under ramp metering will inevitably

generate negative impacts on local traffic, the results in
Table 4 clearly show that the arterial’s traffic conditions
can concurrently benefit from the proposed control strat-
egy. For example, the through movement’s average delay
exhibits a reduction of 23.5% and 17.7%, respectively, in
Scenarios 1 and 2, because of the AF-ramp model’s
embedded progression design and its coordinated func-
tion between the metering rate and the intersection signal
plans. In addition, the same arterial throughput under
these two controls further indicates that the ramp control
with the AF-ramp model will not have undesirable effects
on the local traffic flows.

To ensure that the coordination between intersection
signals and ramp metering control will not result in
excessive queues on the arterial links, especially those
accommodating vehicles turning to the ramp, this study
has further analyzed the queue length evolution at all
intersection approaches and confirmed that no links or
turning bays have experienced traffic overflows under
the AF-ramp control. For example, the queue evolution
patterns for the northbound through movement at
Intersection 3 and southbound left-turn traffic at
Intersection 2, shown in Figure 6, clearly demonstrate
that those arterial links connecting to the freeway ramp
are likely to experience traffic gridlock and extend their
queues to their upstream intersections under No-RM
control. However, under the specially designed local pro-
gression and coordination with ramp metering control,
both arterial links under AF-ramp can well constrain the
resulting queues in a relatively stable pattern, and also
within their designated space.

In brief, the above analysis results from both the
numerical investigation and simulation evaluation have
confirmed the developed AF-ramp model’s effectiveness
in concurrently improving traffic conditions on both the
freeway and its neighboring arterial links, and most
importantly, yielding no queue spillback on either the
ramp or arterial links. With such an arterial-friendly
ramp control system, traffic agencies responsible for
operations of the freeway and local arterial can work
together to contend with the freeway’s local bottleneck
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Figure 6. Time-dependent queue length on the arterial link with the proposed model and No-RM control under the two scenarios: (a)
northbound through queue length at Intersection 3; and (b) southbound left-turn queue length at Intersection 2.

Note: RM = ramp metering.

because of high ramp volume, and also alleviate the neg-
ative impacts of ramp overflows on local traffic
conditions.

Extension of the Proposed Model to Real-
Time Operation

Note that ramp metering control strategies should in the-
ory be designed for real-time traffic-responsive opera-
tions in response to the time-varying volumes on the
freeway and nearby local arterials. The proposed AF-
ramp system and its core functions can be ready for use
in real-time operations if the responsible highway agen-
cies have reliable sensor deployment and sufficient
resources for real-time operations, monitoring, and
maintenance. The alteration to the proposed formula-
tions for real-time traffic-responsive operation should at
least include a requirement to:

e replace the constant demand flows with predicted
demand at both the freeway upstream segment
and arterial boundary intersections based on reli-
able volume prediction methods;

e change the allowable maximum on-ramp queue
length in Equation 8 to a time-dependent para-
meter to ensure that the on-ramp queue would
not expand rapidly and occupy the entire on-ramp
immediately after the activation of RM control;

e cxamine the discrepancy between the calculated
and real-time detected queue length at the on-
ramp and update the queue length constraint
accordingly;

¢ include a detector surveillance system to activate
the backup off-line plan when the detectors mal-
function; and

e cxamine the discrepancy between the calculated
and detected throughput at the on-ramp weaving
area and update the related model parameters if
needed.

We, however, recognized that the lack of sufficiently
reliable sensors and the shortage of resources for mainte-
nance and operations have limited most real-time control
systems to operating at the demonstration level but not
being used sustainably in practice. Therefore, this study
presents an alternative as a transition from time-of-day
pre-timed control to fully responsive real-time opera-
tions, based on the core logic of the proposed model.
This alternative is also proposed in response to the actual
concern in practice, because most arterial controllers for
intersection signals in most states are not designed for
adaptive operations, and mostly cannot change their sig-
nal plans as conveniently and frequently as for the local
ramp signal. To extend the AF-ramp model from the
time-of-day control to the real-time mode, one viable
way to circumvent the demanding on-line computing
requirements is to divide the control period as well as
possible into a sufficient number of small time periods
based on the day-to-day detected traffic patterns, and
then monitor such time-of-day control with the informa-
tion from real-time available traffic data.

As shown in Figure 7, traffic operators, in practice,
can first execute the optimal control plan, computed off-
line with the AF-ramp for each time period, and then
proceed with real-time available traffic data and queue
information. If the detected traffic information for either
freeway or local arterials differs significantly and sustain-
ably from the traffic data classified for that control
period, one can then switch to a new control plan from
the database that contains the set of off-line optimized
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Figure 7. Real-time operation of arterial-friendly local ramp
metering system.

control plans for all observed day-to-day historical traf-
fic patterns.

Conceivably, such a real-time operating system
extended from time-of-day off-line control does not
require its controller to have high computing power and
is sufficiently flexible for accommodating fluctuating
traffic conditions and non-recurrent congestion because
of special events or incidents. Note that to optimize such
a system’s performance in real-time operations, it should
ideally also have one supplemental module that functions
to inform the system with respect to the optimal timing
to change the current control plan if it is justified to do
so, and also the selection of new plans from the database
to best respond to the newly detected traffic conditions.

Conclusion

This study has proposed an arterial-friendly local ramp
metering control strategy to concurrently optimize the
ramp metering rate and signal plans at those intersections
feeding traffic to a freeway on-ramp. With the objective
of maximizing the total throughput for both the freeway
segment receiving the on-ramp flows and the connected
arterial links within the control area, the proposed model
can serve as an effective tool for responsible freeway and
arterial traffic agencies to coordinate their operations
with the mutual-benefit control plan.

More specifically, to ensure that the intersections on
the local arterial would not suffer from on-ramp queue
spillback, the maximum queue length, estimated with the
arriving on-ramp volume and the optimized metering
rate, has been constrained to be within the ramp length.
On the other hand, the arterial’s signal plan has also been
designed with optimally coordinated offsets and phase

sequences to maximize the progression efficiency for both
through and turning flows over intersections within the
vicinity of the interchange.

The results of extensive numerical investigations have
confirmed that the proposed model can best use the
capacity of the freeway segment in the merging area and
prevent any potential gridlock that results from the on-
ramp queue spillback with the concurrently optimized
intersection signal plan and ramp metering rate. The
simulation studies have further demonstrated that the
AF-ramp model can improve the traffic conditions on
the freeway mainline near the on-ramp while avoiding
both excessive ramp queues and arterial link overflows
with a set of specially designed progression offsets.

As a transition from the time-of-day control to fully
traffic-responsive operations and to minimize the
required expertise and hardware requirements for real-
time operations of the proposed system, this study has
also presented a look-up table approach (similar to that
used in Urban Traffic Control System 1.5) for the system
to execute a timely update of its control plan when
detecting significant variation in traffic conditions.
Further studies along this line will include the extension
of the proposed arterial-friendly model to coordinated
ramp metering control in a traffic corridor. A more com-
prehensive structure for real-time traffic-responsive oper-
ation to benefit both freeway and arterial users will also
be developed.
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