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This study is the first to quantify throughput (saturation flow) of noncooperative automated vehicles when performing turning
maneuvers, which are critical bottlenecks in arterial road networks. We first develop a constrained optimization problem based on
AV kinematic behavior during a protected signal phase which considers both ABS-enabled and wheels-locked braking, as well as
avoiding encroaching into oncoming traffic or past the edge-of-receiving-lane. We analyze noncooperative (“defensive”) behavior,
in keeping with the Assured Clear Distance Ahead legal standard to which human drivers are held and AV will likely also be for
the foreseeable future. We demonstrate that, under plausible behavioral parameters, AV appear likely to have positive impacts on
throughput of turning traffic streams at intersections, in the range of +0.2% (under the most conservative circumstances) to +43%
for a typical turning maneuver. We demonstrate that the primary mechanism of impact of turning radius is its effect on speed,
which is likely to be constrained by passenger comfort. We show heterogeneous per-lane throughput in the case of “double turn
lanes.” Finally, we demonstrate limited sensitivity to crash-risk criterion, with a 4% difference arising from a change from 1in 10,000
to 1in 100,000,000. The paper concludes with a brief discussion of policy implications and future research needs.

1. Introduction optimization model of defensive driving car-following behav-
ior during a turning maneuver that takes into account AVs’
sensing/processing/actuating capabilities and then employ
this model to estimate capacity (vehicles per hour per
lane). The intent is to provide both a methodology and
numerical results suitable for application in transportation
planning models when attempting to forecast the impact of
AVs on traffic flow and related outcomes (e.g., emissions).
This research is timely, as the state of the art in planning
studies attempting to forecast AVs impacts (cf. [12-14]) is to
arbitrarily increase roadway network capacity; Guerra [15]
reports that “nearly all” transportation plans in the USA do

Within the functional lifetime of much of today’s road
infrastructure, vehicle automation is expected to impact a
range of important aspects of the transportation system,
including traffic operations [1-3], safety [4], public trans-
portation networks [5], design of arterial streets, limited-
access facilities, parking facilities [6-8], activities performed
while traveling [9], and possibly the dominance of the private
automobile ownership business model [10, 11].

This study fits within the wider body of literature that
addresses the issue of how automated vehicles (AVs) will
impact traffic flow. This is a broad research question, with

far-reaching consequences for future investment in the road
network. This study’s specific objective is to quantify the
impact of AVs on the traffic flow properties of protected
turning movements at signalized intersections (i.e., left- or
right-turning vehicles performing turning maneuvers dur-
ing a protected signal phase). We formulate a constrained

not consider AVs, which he demonstrates (on the basis of
practitioner interviews) to be attributable to “uncertainties
about the technology.” Planners, network managers, and
policymakers therefore urgently require estimates of capacity
impacts based on fundamental kinematic analysis rather than
guesswork.
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Vehicle automation is often analyzed alongside vehicle-
to-X (V2X) connectivity; the focus of this research is on
noncooperative automated vehicles in which the only source
of information that an individual automated vehicle uses to
make safety-critical driving decisions is line-of-sight infor-
mation from its own vehicle-borne sensors. While large
gains in throughput can in principle be delivered through
V2X connectivity, there are major barriers to delivering
these benefits and there is evidence of the automotive sector
preparing for an extended period of noncooperative driving
(see extended discussion in Section 3.1).

Turning maneuvers account for a relatively small propor-
tion of the time that vehicles are in motion on an arterial
road network; however, they act as important bottlenecks
on network-wide capacity for several distinct reasons [16-
18]. A first mechanism is that a vehicle approaching a
turning maneuver generally must slow as it approaches the
location of the maneuver, thereby increasing the duration of
the time-slot that it consumes a given physical space and
hence reducing capacity. A second mechanism is that, at a
typical four-way intersection, left-turning vehicles compete
for signal time with through traffic and right-turning vehicles
traveling in the opposing direction, in addition to traffic on
the cross street. Finally, both left-turning and right-turning
vehicles at arterial road-network intersections conflict with
pedestrians, introducing a third mechanism that constrains
capacity.

This study quantifies saturation flow rates for AVs per-
forming turning maneuvers and is subject to a set of limi-
tations. First, our focus is on protected turning movements;
we leave the issue of “permitted” turning movements (i.e.,
movements that involve accepting a gap in a conflicting
traffic stream) as a matter for future research, along with
issues of sight line limitations and interactions between AV's
and pedestrians (cf. [3]). Second, by focusing on saturation
flow (i.e., maximum sustained flow), we explicitly do not
address the decreased-flow regimes (termed “start-up” and
“clearance” in [19]) that occur at the beginning and end,
respectively, of a signal phase when vehicles are not proceed-
ing at a steady-state rate. Third, we focus on defensive driving
(i.e., noncooperative) behavior, as described in Section 3; this
is the standard to which human drivers are held. More aggres-
sive driving strategies such as short-headway platooning of
connected AVs would tend to increase capacity; however,
this behavior would be fundamentally inconsistent with the
longstanding responsibility of the operator of each vehicle to
not strike (i.e., “rear-end”) the vehicle ahead of it.

The remainder of this paper is organized as follows:
Section 2 presents further background relevant to this study.
Section 3 introduces the data and methods employed in
the analyses. Section 4 presents and discusses the empirical
calculations of saturation flow rates, and Section 5 concludes
the paper.

2. Background

Given the major policy and operational issues surrounding
the issue of road-network capacity, a wide and growing body
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of literature has attempted to quantify the potential capacity
impacts of automated vehicles. There is much interest in,
for instance, whether AVs may enable increased capacity
within the existing footprint of the road network, which
would have the potential to reduce congestion and increase
journey-time reliability without additional land consump-
tion. A fundamental limitation of the existing literature
is that, due to AVs being in their embryonic phase, the
general approach to estimating capacity impacts is to employ
simulation techniques rather than to perform empirical field
testing on closed courses or collect observations from real-
world network operations.

The body of literature on AVS impacts on roadway
network capacity (cf. [20] for a review of literature published
up to year 2013) can be organized on the basis of whether
the context is a freeway environment [21-25] or an arterial
environment [26-30], or both [31]. The gap in the literature
that this study addresses is that previous studies of AVs
capacity impacts have not specified driving behavior during
turning maneuvers on the basis of turning vehicles’ unique
kinematics.

A related body of literature that has taken shape in
recent years addresses the AV motion-planning problem (i.e.,
programming an AV’s trajectory as it performs driving tasks);
compare [32] for a detailed review of this literature, with
Alhajyaseen et al. [33], Gu et al. [18], and Wolfermann et
al. [34] having studied the trajectories of turning vehicles at
intersections. Studies in this category have focused on the
task of controlling the trajectory of a single AV and do not
consider the capacity impacts arising from the interactions
among multiple AVs’ driving behaviors (e.g., consequences
on saturation flow rates).

Therefore, to the best of the authors’ knowledge this
study represents the first in-depth evaluation of the capacity
of turning maneuvers under automated driving. Indeed,
Hoogendoorn et al. [20], providing a wide-ranging year-2014
review of the literature on AV's and traffic efficiency, reported
that “no studies were found on the influence of automation of
the lateral control task on traffic flow efficiency” (p.114).

Further, in contrast to earlier studies of AVs kinematics
which have specified deterministic braking system perfor-
mance, we operationalize the “defensive driving” requirement
with an analysis that explicitly accounts for the stochastic
nature of braking system performance (i.e., achieved deceler-
ation rates that cannot be known a priori with certainty) and
which therefore allows us to perform sensitivity tests with a
range of plausible crash-risk criteria.

For human drivers, the Highway Capacity Manual [19] is
the standard traffic flow model of turning vehicles employed
in the USA. Both right- and left-turning vehicles are specified
to have lower saturation flow rates than vehicles traveling
straight through an intersection, by 5% and 18%, respectively
(see Equations 19-13 and 19-14 of [19]). In this model
of intersection operations, turning radius is not explicitly
taken into account in calculations of saturation flow rate.
However, the lower flow rate of right-turning vehicles is
an implicit recognition of the influence of turning radius,
given that ceteris paribus a right-turning movement at a 90-
degree intersection has a smaller radius than a left-turning
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movement (in a right-hand-drive road network). The work
of [19] also contains explicit accommodation of the influence
of turning radius on throughput in the special case of
interchange-ramp-terminal intersections, with smaller turn
radii associated with lower flow rates (see Exhibit 23-27). For
instance, turning movements at ramp terminals with radii
of 25, 50, and 75 feet are defined to have 18%, 10%, and
7% less capacity than through movements, ceteris paribus. A
further implicit recognition in [19] of the effect of turn radii
is the specification that when multiple turn lanes are present
capacity per lane is reduced relative to when a single turn lane
exists (by 3% and 12% for double-left-turn lanes and double-
right turn lanes, resp.; cf. Exhibit 31-39). Empirically, Cooner
et al. [35] studied the operations of triple-left-turn lanes;
the results with respect to turn radii were inconclusive, with
some sites showing higher capacities for larger-radius turn
lanes and some for the smaller-radius lanes. Earlier studies by
Sando and Mussa [36], Courage et al. [37], and Leonard [38]
reported similarly inconclusive findings regarding the effects
of turn radius on capacity of triple-left-turn lanes; however,
Ackeret [39] reported higher saturation flow rates for larger-
radius turn lanes.

3. Methods

The analysis strategy for this study incorporated a microsim-
ulation model of the operation of two vehicles (one leading
[veh;] and one following [veh ¢]) negotiating a 90-degree
turning maneuver. The analysis is discrete in time (0.01-
second time steps) and continuous in space. Notations are
summarized in the Summary of Notations.

3.1. Calculation of Minimum Safe following Headway. Calcu-
lating minimum safe following headway for turning vehicles
is a more complex problem than the same calculation for
vehicles traveling only longitudinally. In the latter case, (1) can
be used to determine the minimum safe following distance
X, that allows a following vehicle (veh () to avoid striking
the “leading” vehicle (veh;) that it is following in the event of
veh; unexpectedly initiating emergency braking:

X Vb, + LA A ho @)
min ag,f 2 % af 2 % a vel
2
v xveh_v/(z*al)
H, t + , 2
min lag, f 2 % af v ( )
1
C, = .
vTH 3)

Equations (1) and (2) arise from the equations governing
translational motion; the derivation can be found in the
Appendix of [30]. Equation (3) expresses capacity (C, ) as the
reciprocal of the minimum headway value. In (1), the first
term on the right-hand side (incorporating velocity v and
latency time £}, ;) represents the distance that veh travels
after veh; begins graking and before veh ; does so. The second
term accounts for the distance that veh, will travel while it
brakes. The third term accounts for the distance that veh,

will travel during its braking maneuver and is relevant only
for the “weak” ACDA interpretation. This is because under
the “strong” interpretation of ACDA it is assumed that veh;
will decelerate at a rate (a;") that is arbitrarily large, thereby
effectively removing this term from the analysis. Finally, the
fourth term (x,,,) represents vehicle length. (Note. Equations
(1) and (2) apply only under the conservative assumption that
the rate of deceleration of the leading vehicle (g;) is greater
than or equal to the rate of deceleration of the following
vehicle (af); that is, g, > af.)

Equations (1)-(3) formalize the Assured Clear Distance
Ahead (ACDA) legal standard, which codifies the driv-
ing behavior colloquially termed Defensive Driving. ACDA
requires that a car’s operator leave sufficient spacing behind
the vehicle or object ahead of it, such that it can avoid striking
the vehicle/object. In formally defining ACDA, Buchwalter
et al. ([40], Automobiles and Highway Traffic, Sect. 1115)
report that “most jurisdictions follow the rule that a collision
between a preceding and a following motorist gives rise to a
presumption of negligence on the part of the following motorist,
whether the preceding vehicle is moving, stopped, or stopping.”
Though ACDA is generally applicable as a criterion, it has not
been universally applied to establish negligence in a crash.
A vehicle operator that strikes an object that has suddenly
“darted out” (i.e., moved laterally) into their trajectory of
travel is, for instance, generally not deemed to be negligent
([40], Automobiles and Highway Traffic, Sect. 498). Likewise,
ACDA has not been applied uniformly by the judiciary;
courts have variously interpreted it “weakly” (cf. Naftky [41],
Sect.664) or “strongly,” with the distinction that under the
“weak” interpretation a driver is held responsible only to
avoid striking the vehicle in front of itself that is traveling in
the same direction, and under the “strong” interpretation a
driver is responsible to avoid striking a stationary object (cf.
[42]). The “strong” interpretation of ACDA results in larger
following distances and hence larger headways between
vehicles, to account for the fact that a vehicle’s forward sight
line is blocked by the vehicle in front of it. Though there
is a wide body of literature that has considered cooperative
automated driving (cf. [2, 25, 43]), there is also evidence of
automotive manufacturers preparing for an extended period
of noncooperative automated driving. In a patent application
disclosed by Ford Global Technologies (a subsidiary of Ford
Motor Company) in 2016, for instance, Stanek and Lockwood
[44] envision AVs engaging in ACDA-compliant (noncoop-
erative) driving behavior: “Each of [an AV's] onboard sensors
has a limitation in the range (i.e. distance) at which objects
and/or conditions can be detected. . .the top speed at which the
vehicle is controlled to travel under autonomous driving mode
may be calculated as a factor of how far ahead the sensors can
detect objects” (p.3).

We now introduce the additional dimension of lateral
(turning) motion, which is not considered in (1)-(2). Figure 1
schematically depicts the position of two vehicles engaged
in left-turn maneuvers of fixed-radius r (measured from
center-of-circle to vehicle center-of-gravity, consistent with
AASHTO 2011 [[45]; cf. Equation (3)-(6)] in sequence (veh;
first, followed by vehy). When traveling along a trajectory
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FIGURE 1: Schematic diagram of leading (veh,) and following (veh )
left-turning vehicles.

which is an arc of a circle, each vehicle’s velocity has two
components: translational and rotational.

The translational component is similar in some respects to
longitudinal-only deceleration when two vehicles following
one another both brake in a straight line. However, the
difference in the case of turning motion is that the two
vehicles are not traveling in sequence in a straight line
but rather are at different points along the arc of a circle.
The trajectory that the vehicles will follow after initiating
emergency braking will depend on whether the braking is
“wheel-locked” or is “ABS-engaged” (Automated Braking
System), as is the case with new automobiles sold today in
the USA (we assume that deceleration occurs at a constant
linear rate, consistent with earlier models of emergency-
braking maneuvers (cf. [45, 46]) and field testing results
of autonomous emergency-braking systems [47]). Steering
control is lost for the duration of wheel-locked braking; ABS
is designed to preserve steering control (whether braking is
initiated while traveling in a straight trajectory or during a
turning maneuver), which is achieved by pulsing the brakes
more quickly than humans’ physical capabilities permit.
However, ABS does not in general result in a reduction in
achieved braking distance (cf. [46, 48]).

In an ABS-equipped human-driven vehicle, ABS engages
automatically during emergency braking. In an AV, however,
the vehicle’s controller would have much better situational
awareness than today’s ABS systems and would therefore
in principle be able to select which of “wheels-locked” or
“ABS-engaged” braking is optimal in any given emergency
maneuver (rather than assuming, as ABS systems do with
human drivers, that engaging ABS is always optimal). In
the case of two AVs (veh; and veh;) performing turning
maneuvers, there are two separate issues: whether veh; would
engage ABS upon initiating emergency braking (which veh
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cannot know in advance or control) and whether veh , would
engage ABS (which veh, does control). The consequence
of “wheels-locked braking” is that the vehicle’s translational
motion will continue along the line tangent to the arc of
the vehicle’s prior trajectory at the point when emergency
braking is initiated. By contrast, a vehicle performing ABS-
engaged braking will continue its translational motion along
the curved trajectory until it comes to a rest. In the case
of wheels-locked braking, there is an additional constraint
that the braking vehicle must not travel into the crosswalk
(or past the stopbar if no crosswalk is present) or impact
the curb of the exit leg of the intersection during its braking
maneuver. As a practical matter, this means that, considering
a northbound left-turning vehicle, the vehicle must ensure
that if it must initiate emergency braking it will not encroach
further north than the northern curbline of the western leg or
its eastward extension across the southern boundary between
the intersection “box” and the intersection’s northern leg.

With regard to rotational motion, we specify constant
deceleration, resulting in the rotational orientation at rest
(@) of a vehicle during an ABS-enabled braking maneuver
calculated via

o = W * tbrakmg i (4)
2
where w is the initial rotational velocity (expressed in radians
or degrees per second) and fy,y;,, is the duration of the
braking maneuver, which is equal to the duration required
for the translational motion to come to rest.

Figures 2 and 3 show a time-lapse progression of veh,
and veh performing emergency braking; the parameters in

this diagram are radius r = 50', v = 20 mph, and angle 3
of veh; when it initiates emergency braking of 45 degrees.
Figures 2 and 3 depict the two vehicles performing ABS-
engaged and wheels-locked braking maneuvers, respectively.
The time-frames shown represent the following:

(i) Top-left: initiation of emergency braking by veh; (¢ =
0)

(ii) Top-right: after a period of time f,,, ; elapses (spec-
ified to be 0.4 seconds; see Section 3.2), veh recog-
nizes that veh; has initiated emergency braking and
also begins emergency braking (¢ = 0.40 seconds)

(iii) Bottom-left: veh; has come to rest (¢ = 0.97 seconds)

(iv) Bottom-right: veh ; has also come to rest (t = 1.52
seconds). Note that in both Figures 2 and 3 veh  has
selected its following distance at time ¢ = 0 to ensure
that after the emergency-braking maneuvers it comes
to rest at the precise critical location where its front
bumper is infinitesimally close to the rear bumper of
Vehl.

In contrast to the translation component of motion
(discussed in the previous three paragraphs), the rotational
component describes the type of motion in which a vehicle
pivots around a point (in this study, we assume that the
rotational motion of each vehicle is centered on the centroid
of the vehicle. In practice, the rotational motion of an
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veh,
veh,
veh
55.7 deg I
45 deg veh;
19.3 deg
eg
t=0s t=04s
veh, veh;
veh
Vehf f
61.2 de 61.2de

33.5deg 38.1 deg
t=097s =152

=1.52s

FIGURE 2: Time-lapse sequence of two left-turning vehicles, with ABS-engaged braking trajectories. Parameters: » = 50', f, = 45°, and
v = 20 mph.

R=50feet V =20mph
B =45 NABS_NABS

veh;

veh f

t=097s t=152s

FIGURE 3: Time-lapse sequence for two left-turning vehicles, with wheels-locked braking trajectories. Parameters: » = 50', f; = 45°, and
v = 20 mph.

automobile that is not heavily loaded with passengers or  orientation and therefore experiences rotational or angular

cargo is likely to be located closer to the front of the vehicle,  velocity (degrees per unit time). Upon initiating emergency
due to the heavy weight of the engine and other vehicular ~ braking, this angular velocity will begin to decrease until it
systems located in front of the passenger compartment).  reaches zero. As with the translational component of motion,

When a vehicle is performing a turning maneuver, it changes ~ we specify that the rotational component also decelerates at
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FIGURE 4: Curves depicting maximum speed (v"''?)

a constant rate, and also that the two components of motion
reach zero velocity at the same time (in this study, we assume
that the rotational motion of each vehicle is centered on the
centroid of the vehicle. In practice, the rotational motion of
an automobile that is not heavily loaded with passengers or
cargo is likely to be located closer to the front of the vehicle,
due to the heavy weight of the engine and other vehicular
systems located in front of the passenger compartment). The
positions-at-rest of veh; and veh ; shown in Figure 3 account
for both components of motion. In general, for left-turning
vehicles the wheels-locked-braking position-at-rest will be
located above and to the right of the position-at-rest of ABS-
engaged-braking; this is because the ABS-engaged trajectory
involves the same amount of overall motion, but with the
x/y-axis components of motion being distributed to a larger
extent towards the left (following the arc) and therefore to
a smaller extent along the y-axis towards the top of the
graphic.

veh; is the member of this vehicle-couplet that makes
the choice of following distance. veh ; also has the power to
decide whether it will follow the ABS-engaged or wheels-
locked trajectory, but it does not know and cannot control
which of these two trajectories veh; will follow. Therefore,
veh; must assume that veh; follows the “worst-case” of the
two trajectories (i.e., the trajectory that would require that
veh; leave the largest spacing ahead of it). Because veh
has the power to decide which trajectory it will follow,
we specify that it selects the minimum of the two safe-
following-distances associated with the ABS-engaged and
wheels-locked trajectories. The exception to this is when
multiple turn lanes exist: if the two vehicles are in any turn
lane except the lane directly adjacent to through traffic in
the same direction, veh; must assume that it will follow an
ABS-engaged trajectory in order to avoid encroaching into
the adjacent turn lane.

Hmin =min {max {Hmin > 7 “min

ABS,ABS HnoABS,ABS} , max {HABS,noABS HnoABS,noABS}}

at which a wheels-locked braking maneuver can be performed.

Figure 4 shows the relationship between f and the
maximum speed (v"'®) at which a vehicle can perform a
“wheels-locked” braking maneuver without encroaching into
oncoming traffic or past the edge-of-lane after exiting the
intersection, for selected turning radii (r = 15, 25, 50',
and 75'). Two general relationships can be seen: v"'"* tends
to decrease as 3 increases, and v"'"® also tends to decrease
as r decreases. Neither of these relationships is monotonic,
however, which is due to the rectangular vehicle shape.
Figure 5 demonstrates this phenomenon, by showing the
vehicle kinematics that result in the curve for r = 15’ in
Figure 4 crossing the curve for r = 25 in the vicinity of
B = 60°. At the timeframe (t = 0.07 seconds) depicted in
both panels of Figure 5, a vehicle traveling initially at v =
15.2 mph would encroach past the edge-of-lane with its front-
right corner if r = 25’ (right panel) but would not encroach
past the edge-of-lane if r = 15 (left panel). In the latter case,
the rear-right corner of the vehicle would be the first point
of the vehicle to encroach past the edge-of-lane if speed were
higher.

During a turning maneuver, a vehicle’s speed is con-
strained by two additional factors which do not affect purely
longitudinal motion: the amount of friction available to
enable the vehicle to successfully navigate the desired curved
trajectory, and the comfort of the vehicle’s occupant(s) under
lateral acceleration, which is proportional to velocity squared
(cf. [29]) (for completeness, we note that a third con-
straint on turning-vehicle speed is the positive relationship
between speed and the propensity of the vehicle to “roll-
over”).

We formulate car-following behavior as a constrained
optimization problem. Conditional on a set of input param-
eters (r, v, G, ay, g5, and X)) that are held constant
during a given instance of the optimization process, headway
is minimized (H,,):

min >~ “min (5 )
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R = 15feet

t=0s

60 deg

R = 25 feet

FIGURE 5: Two time-lapse sequences; each panel depicts a single vehicle’s wheels-locked braking maneuver. Parameters: = 15’ (L) and
r=25 (R), B = 60°, and v = 15.2 mph. Solid-outline vehicle and dashed-outline vehicle depict location at time of t = 0 and ¢ = 0.73 seconds,

respectively.

subject to the following constraint:

90°

[ ]2 =1 (6)

B=0t=1

The logic of the minimum and maximum functions in the
objective function (see (5)) is explained earlier in this section.
In Constraint (6), I, is an indicator function that takes a
value of 1 if no part of veh ; would strike any part of veh, at
time t if veh; begins emergency braking at angle $ and a value
of 0 otherwise. The overall product function (evaluated across
all values of 8 and t) defined by Constraint (6) therefore
takes a value of 1 if and only if a candidate headway value is
large enough to ensure that veh ; can be assured (conditional
on the input parameters) of not striking veh,; regardless of
the possibility of noncooperative driving behavior by veh,
at any point during the turning maneuver. Any candidate
headway value that results in Constraint (6) evaluating
to 0 is therefore rejected as “following too closely.” The
constrained optimization problem was solved through sim-
ulation due to the objective function not being continuously
differentiable.

3.2. Values of Empirical Parameters. Several parameters in
(1) require empirical specification in order to calculate the
capacity of AVs performing turning maneuvers.

The latency time (t,,, ;) of AVs sensing/processing was
specified to be 0.4 seconds, as in [30]. We note that assump-
tions of smaller values of (e.g., 0.2 seconds) would require
sustained favorable visibility and weather conditions and 0%
failure rates in sensing/control [4] and that larger values of
latency will limit the number of instances that emergency
braking is unnecessarily initiated, because a larger number of
sensor readings become available.

We specified cars’ length and width to be 19 feet and 7
feet, respectively, per the “passenger car” design vehicle in
[45].

The deceleration values of the two vehicles (¢, and a;
for veh; and vehy, resp.) are drawn from empirical testing

of ABS-enabled vehicles performed by the National High-
way Traflic Safety Administration [49]. Empirical results of
emergency-braking test runs of a Chevrolet Malibu passenger
sedan on four days of dry conditions were employed (cf. [49]
Tables E-4, F-4, G-4, and H-4). Of 50 braking maneuvers
performed during the testing in [49], we removed 16 due
to insufficient pressure applied to the brake pedal. Of the
remaining 34 braking maneuvers with acceptable braking-
pedal pressure, we first calculated the mean (28.3 ft/sec”) and
standard deviation of the rate of deceleration (0.67 ft/sec?).
We then tested the distribution for normality using the
Shapiro-Wilk test, which supported the null assumption
that the data are normally distributed, and subsequently
developed estimates of various percentile points of the dis-
tribution. We specified g; to be at the 99.9th percentile of
the distribution (—30.38 ft/sec?) and the deceleration rate of
as to be at the 0.1th percentile (-26.21 ft/sec’). The joint
probability of these two rates being exceeded (in the case
of a;) or not achieved (in the case of af) is 1/1,000, 000.
In Section 4, we present sensitivity analyses to take into
account the possibility that AVs could be programmed to
take either larger or smaller risks than this criterion. We note
that achievable deceleration rates during emergency braking
depend on vehicular technology, which has evolved since the
braking tests reported in [49] were performed in the year
2000 and is expected to continue to evolve as increasing levels
of automation influence future vehicle design.

In the next section, we present results from a range
of combinations of turn radius and travel speed. While
alternative specifications are possible (cf. [29] regarding
the relationship between lateral acceleration and occupant
comfort within AVs), for the purposes of direct comparison
of AV turning-movement saturation flow to human drivers
we specified that AVs select their turning velocity by emu-
lating human drivers’ behavior. In the empirical analysis
presented in Section 4, we characterized this behavior using
the model of the relationship between radius and turning
speed proposed by Wolfermann et al. [34]; for the four
turning radii studied in Section 4 (r = 15', r = 25', r = 50/,
and r = 75), this turning speed (denoted by vHIPM) §5 12,4,
12.9, 14.0, and 15.2 mph, respectively.
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4. Empirical Calculations of Saturation
Flow Rates

Figure 6 shows the fundamental diagrams of traffic flow
(speed plotted versus capacity) of turning vehicles based
on the “weak” and “strong” ACDA interpretations (see
Section 3.1). Of the four turning radii (15', 25', 50', and 75")
that we analyzed, only the smallest (15") and largest (75"
values are shown. Figure 6 shows that the effect of turning
radius by itself is small, as the curves for r = 15" and
r = 75  are nearly indistinguishable. The square markers in
Figure 6 depict the maximum turning speed v“™* for both
turning radii that can be performed without skidding oft of
the turning-arc trajectory, due to the limitation of friction at
the tire/roadway-interface (calculated to be a friction factor
of 0.85, using the empirical value of a = 28.3 ft/sec’; cf.
Section 3.2). The gray and black square markers in Figure 6
represent the v values for r = 15" (v“TF = 13.8 mph) and
r =75 (v“™ = 30.9 mph), respectively. Here we see that,
under the “weak” ACDA interpretation, the saturation flow
rate at r = 75' (3750 veh/hour/lane) is much larger than the
saturation flow rate for » = 15" (2400 veh/hour/lane), though
this difference is much smaller (both absolutely and propor-
tionately) for the “strong” ACDA interpretation (1989 versus
1865 veh/hour/lane). Therefore, it can be concluded that the
principal constraint on capacity of AVs performing turning
maneuvers at intersections is the programmed turning speed
(which is influenced by turning radius), rather than turning
radius itself, and that the ultimate constraint on turning
speed is therefore likely to be passenger comfort under
lateral acceleration.

Table 1 extends from Figure 6, by presenting capacity
calculations for both interpretations of ACDA, four turning
radii (r = 15, 25', 50’, and 75'), three turning speeds
(W yHPM Jand v©TF, calculated separately for each turning
radius), and two “lane contexts.” Lane context refers to
whether a single turn lane exists to serve a turning movement
or whether multiple turn lanes are present. In the case
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of multiple turn lanes operating at capacity, vehicles in
all turn lanes except the largest-radius turn lane (i.e., the
lane directly adjacent to the “through” lanes of the same
direction of travel) have the constraint that they cannot
perform a “wheels-locked” braking maneuver that would
intrude into the adjacent turn lane and therefore must brake
along the “ABS-engaged” trajectory. It can be seen that for
all combinations of radius and speed the “weak” ACDA
interpretation results, as expected, in higher capacity than
the “strong” interpretation. Table 1 also shows that, with
turning speeds equal to the estimated average speed of human
drivers negotiating the same turning maneuver (i.e., v"°)
the calculated saturation flow rates consistently represent an
increase in capacity relative to human drivers across all four
radii. For r = 25, for instance, this increase varies between
a minimum of +0.2% (for a left turn, strong ACDA interpre-
tation, and the presence of multiple turn lanes: 1809 versus
1850 veh/hour/lane) to a maximum of +43% (for a right turn,
weak ACDA interpretation, single turn lane: 2308 versus 1615
veh/hour/lane). The largest calculations of capacity occur at
the highest speeds conditional on available friction (v*™F =
30.9 mph, for r = 75'); headways less than one second (0.96
seconds, equating to saturation flow of 3750 veh/hour/lane)
can theoretically be sustained.

The analysis up to this point has specified 1 crash in
1,000,000 as the criterion for acceptable crash risk if veh,
initiates emergency braking. Table 2 shows the results of a
sensitivity analysis in which this criterion is varied by two
orders of magnitude both larger and smaller, for a moderate-
radius turning movement (r = 25 feet) with a single turn
lane and under the weak ACDA interpretation. It can be seen
that capacity is relatively insensitive to the choice of safety
standard: varying the crash risk by four orders of magnitude
(between a 11in 10,000 risk and a 1 in 100,000,000 risk) leads
to only a 4% variation in turning-movement capacity (2857
versus 2748).

>

5. Conclusions

This study represents the first systematic evaluation of the
traffic flow properties of automated vehicles when perform-
ing turning maneuvers. The driving behavior model respects
the Assured Clear Distance Ahead criterion, which codifies
“defensive driving” practice. We evaluate the kinematics
of two distinct types of braking maneuvers for collision
avoidance and specify that the AV trajectory-planning incor-
porates for the maneuver that permits the shortest following
distance behind the leading vehicle while respecting the
ACDA standard.

Our results demonstrate that the impact of AVs on the
capacity (vehicles per hour per lane) of turning movements
will be constrained primarily by the comfort of vehicle
occupants (as represented in this analysis by the typical
turning speed of human drivers as a function of turning
radius), rather than AVs' performance limitations or the
available friction at the tire/roadway-interface. We show that
the rectangular shape and typical size of a passenger car lead
to complex relationships between turning radius and feasible
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TABLE 2: Sensitivity analysis of rates of deceleration of leading and
following vehicle (weak ACDA interpretation).

. Capacity @
Sr?ili;)rfk a, (ft/sec’) as (ft/sec?) r =25,
vCTF = 17.9 mph

1in 10,000 -29.87 -26.73 2857

11in 100,000 -30.14 —26.46 2839

1in 1,000,000 -30.38 -26.21 2812

lin

10,000,000 -30.60 -26.00 2801

lin

100,000,000 -30.81 -25.79 2748

vehicle kinematics. We demonstrate that, as with human
drivers, for some combinations of speed and turning radius
adding additional turning lanes to serve AVs performing a
turning movement would be subject to diminishing marginal
returns (i.e., doubling the number of lanes from one to two
would lead to less than a doubling of capacity). Finally, we
demonstrate that the capacity estimates are relatively robust
with regard to selection of a quantitative standard for safety;
capacity is shown to vary by 4% in response to varying the
safety standard by four orders of magnitude (i.e., a factor of
10,000, between a 1in 10,000 risk and a 1 in 100,000,000 risk).

We now conclude with a brief discussion of research
needs for the next phase of the research agenda.

First, we show that achievable flow rates of AVs perform-
ing turning maneuvers will have a strong dependence on
AVs turning speed, which implies that establishing guide-
lines for determining turning speeds may be an important
policy consideration. For human drivers, turning speed is a
decision made by each individual driver during each specific
turning maneuver, subject only to the external constraint of
a speed limit. Capacity is maximized by fast turning speeds;
however individual AV occupants may desire the low rates
of lateral acceleration achieved through slow turning speeds
[29]. There may therefore be a role for public policy in
specifying the envelope of acceptable turning speeds and
rates of lateral acceleration/deceleration in a range of different
circumstances. For instance, Urmson et al. [50] proposed
an AV-control paradigm through which “an autonomous
vehicle may be configured with some general safe envelope
driving patterns. . .adaptive autonomous driving [then] allows
the vehicle to perform autonomous driving within the general
safe envelope but still safely in the drivers preferred style of
driving” (p.2).

Second, research is needed to establish whether novel
geometric design principles for turning movements can
enable additional capacity gains. For instance, recent work
by Kozey and colleagues [51] demonstrates that flexible
use of road space enabled by vehicle automation has the
potential, under certain circumstances, to allow increased
capacity without large increases to the physical footprint of
an intersection.

Third, given the context-specificity of whether the
“strong” or “weak” Assured Clear Distance Ahead criterion
is the standard to which human drivers are held, there is a

Journal of Advanced Transportation

need for policy clarity as to which of these criteria will govern
AVs driving behavior in various sets of circumstances.
When performing turning maneuvers, an argument in favor
of the applicability of the more generous “weak” ACDA
interpretation is that the leading vehicle in a couplet does not
physically block the sight line of the following vehicle to the
same degree as when both vehicles are traveling in a straight
line [52].

Fourth, further research is required to establish the
operations of noncooperative AVs during “start-up” and
“clearance” time at the beginning and end of a signal phase,
to complement the saturation flow rates calculated in this
research for the interior time points of a signal phase. Other
important research questions relate to AVs’ operations during
permitted (as opposed to protected) turning movements
and the operations of cooperative (connected) AVs when
performing turning maneuvers. With regard to cooperative
driving behavior, it will be necessary to establish whether
connectivity between vehicles will simply reduce latency
times towards zero or will allow exchange of actionable intent
information (cf. [53]), the latter of which extends beyond
the protocols of the currently planned rollout of vehicle-to-
vehicle communications [54].

Finally, there is a need for integrated analysis of unco-
operative AV's operations across a diversity of roadway geo-
metrics and driving maneuvers. This line of enquiry would
follow on from recent research by Shelton et al. [31] that
studied connected-vehicle operations on a part-freeway/part-
signalized-arterial network. In the coming years, it is likely
that AVs operating independently of one another (as partially
automated vehicles currently do) will predate the arrival of
connected AV that rely on communications links to external
sensors (e.g., V2V/V2I) for making safety-critical decisions.
Therefore, planners, road-network managers, and transport
policymakers urgently need both standardized techniques
and reliable findings regarding the impacts of “unconnected”
noncooperative AVs that drive defensively, as human drivers
today do.

Summary of Notations

veh;, veh: Leading and following vehicle, respectively

H, H,;,: Headway (front of veh; to front of veh ), units
of seconds. H,;, is minimum value

Hﬁl{n: H,,;,» conditional on whether veh; and veh ¢
perform ABS-engaged or ABS-not-engaged
braking maneuvers. For instance, HAp>"0APS

denotes H,;, if veh; performs an ABS-engaged

braking maneuver and veh ¢ performs an

ABS-not-engaged maneuver

Spacing (front of veh; to front of veh ), units of

feet. x;, is minimum value

v Translational velocity, units of ft/sec

w: Rotational velocity, units of deg/sec

a, ag: Rate of deceleration of leading and following
vehicle (units of ft/sec?), respectively

B By: Angle (degrees) at which veh; and veh ,

respectively, initiate emergency braking

X, xmin:
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o Orientation (angle, units of degrees) at rest (at
completion of braking maneuver)
fpraking: Duration (seconds) of braking maneuver

tgs: Timelag (seconds) between veh,; and veh
initiating emergency braking. Fixed at 0.4
seconds throughout analysis (see discussion in
Section 3.2).

X,q: Length of vehicles (ft). Fixed at 19" throughout
analysis (see discussion in Section 3.2)

C,: Capacity (vehicle per hour per lane) at velocity v

r: Turning radius (ft), defined as radius of vehicle
centroid

vWIB. Maximum speed at which a wheels-locked

braking maneuver can be performed without
encroaching into oncoming traffic or past the
edge-of-lane after exiting the intersection

vHPM. - Average speed of human drivers during turning
maneuver, assuming approach-segment speed
of v = 35mph (per [33])

veTF: Maximum speed to avoid skidding during
turning maneuver (i.e., constrained by
tire/roadway-interface friction).
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