Vehicle Posture Control through Aggressive Maneuvering
for Mitigation of T-bone Collisions
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Abstract—This work analyzes the mitigation of unavoidable
T-bone collisions between two automobiles through the exation
of an aggressive maneuver involving a rapid yaw rotation of ne
of the vehicles, in order to achieve a favorable vehicle paste
prior to the collision. The maneuvering vehicle is assumedat
possess torque vectoring technology at the rear wheels, alling
the generation of a direct yawing moment. The maneuver is
posed as an optimal control problem, whose numerical solutin
yields the optimal control strategy. Several conditions imolving
a variety of speeds and friction coefficients are investiged.

I. INTRODUCTION

Active safety systems such as ABS, TCS, ESP, AFS, Fig. 1. T-bone collision.
etc ([1], [2], [3]) have become increasingly available o

production vehicles, assisting the driver to avoid "abraffm the effects of the collision by distributing the residuahédic

driving scenarios (skidding, excessive understeer/teer : :
9 ( 9 B energy over a larger surface area. The tire force requiresmen

that are characterized by nonlinear vehicle dynamics. Th L . :
achieve this by restricting the operational envelope of trﬁead the braking inputs required to perform the first segment

) o . ; . o . ve been analyzed in [5] and [6] respectively. This work
vehicle W'tr:"n a Imer?r,l stablsll.regl_m.e. While tT'S IS a Icajp focuses on the rapid yaw rotation immediately following the
way to enhance venicle stability, It IS an overly consematl straight-line braking segment. The execution of the predos
appr_oach from the standpoint of vehicle controllab|llt_jn_e'Fe maneuver is facilitated by Torque Vectoring (TV) technglog
are msta_mces, howeyer, where the e_ffect of a c_oII|5|(_)n ¢ , which allows a “direct” yawing moment to be generated
be gllewated.by deliberately operating the vehicle in t. complement the moment generated by front-wheel steering
nonlinear regime through the controlled use of aggressive

maneuvering. This work analyzes such a maneuver to avoid T- II. TORQUEVECTORING TECHNOLOGY
bone qollisions, made possible _by deliberately expandieg t Torque Vectoring (TV) technology, described as “left-tigh
operational envelope of the vehicle. _ torque vectoring” in [7], uses the concepts of Differential
_T-bone collisions (Fig. 1,[4]), in which one vehicle rame thg,aking (DB) and Active Differential (AD) in order to gener-
side of another, frequently occur when one vehicle violates,e 5 direct yawing moment on the vehicle without affectisg i
red light or stop sign and proceeds into a traffic intersectiogngitudinal response. DB allows independent braking of al
where it collides with another vehicle traveling perpemtic o1 wheels, thus allowing the generation of a yawing moment
to it. Such an incursion may be the result of a mechanical fayiihout any steering input. Currently available ElectmSta-
ure (stuck throttle_, falle_d brgkes), insufficient tractiovet/icy bility Control (ESC) systems utilize this concept to auginen
roads), lack of driver situational awareness, etc. directional stability and ensure controllability in cotidns
Even if the collision is physically unavoidable, its effect ¢ requced grip or driver-induced instability [8]. AD, oneth
may be mitigated by applying intelligent control to at leas{ther hand, incorporates an Electronic Control Unit (ECU)
one of the vehicles. In this work, we analyze an unavoidaigat yses information on yaw rate, lateral acceleration etc
T-bone collision scenario between two vehicles, under th¢ getermine the necessary torque distribution to the iedt a
assumption that the intelligent vehicle is mechanicallyre (ight drive wheels to eliminate unwanted handling behavior
and sufficient road-tire traction exists to allow the exemut (e.g., understeer). TV uses the concepts of DB and AD in
of the proposed maneuver. . _ tandem, to vector torque between the left and right wheels,
_ The maneuver involves a segment of maximum straighfuch that a braking force is generated on one side while a
line braking, followed by a rapid yaw rotation that bringgractive (driving) force of the same magnitude is generated
the longitudinal axes of the two vehicles into a near parallgn the other. As noted in [7], the direct yawing moment thus
generated is independent of the engine torque output, agsl do

IAIignment. Such a relative pre-impact orientation miggat
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paper we assume rear-axle TV only for two reasons: firstepend on the normal loads on the front and rear axleg,

the steering mechanism makes front TV mechanically moaad F.,.. For this analysis, the latter are treated as equal to
complex to implement than rear TV. Second, rear-axle TWieir steady-state (static) values as follows,

does not limit the driver’s steerability, while for fronkla TV, y ‘.
large front braking will lead to a reduction of the cornering F.;= mger , F.= YTy , )
capacity of the front wheels which, in turn, will limit the by + L by + &

driver’s steering authority. Nonetheless, front-axle Tah@lso wherel; and/, are the distances of the front and rear axles
be applied, if desired, with the same presented methodoldggm the CG of the vehicle respectively, as shown in Fig. 2.
being applicable. |

IIl. VEHICLE MODEL

Although some prior works [9], utilize a four-wheeled
model, the “bicycle model,” introduced in [10], is a commynl
used simplification, which will also be used in this work.
The left and right wheels are merged to yield a single-track
“bicycle,” consisting of a single front and rear tire. This
representation is unable to capture certain aspects ofethie v
cle’s dynamics such as lateral load transfer during comngeri
or the roll dynamics. However, with suitable modifications,
the basic bicycle model can be modified to incorporate the
effects of longitudinal load transfer ([11], [12]) and théefion

circle constraint ([11], [12], [13]). In this work, longitinal Since the aggressive maneuver analyzed in this paper in-

load transfer is not included, but the friction circle coasit }’&hves large slip angles, the linear force-slip relatiapsh
is modeled, due to the nonlinear tire response encounte (eh as those found in [14], [15] are not applicable. Third

for high tire slip angles arising from aggressive yawing o . ; . L

drifting. The bicycle model, with relevant nomenclaturedanomIer polynomial [16] and_ ratlon-al f“”C“Of? apprommaﬂ;on

conventions, is shown in Fig. 2. [17] can cap.ture _the nonlinear tire dynamics and saturapon
The vehicle's state vector is given by= [u, v, r, s, 2, y|T, effects, but in this work, the well-known Pacejka “Magic

whereu, v are the components of the vehicle’s total velodity Formula” (MF) [18] is used instead. The MF models the tire

along the body-fixed:, andy, directions, i.e) = va? + o2, forces as transqender?tal functions (_)f the tire Iongitu_cbmmi

r is the yaw ratey is the heading, and. y are the coordinates lateral slips. Using this representation, the lateral toees
of the vehicle’'s CG measured from a fixed origin. The contr§i'® expressed as

vector is chosen as = [§, F.r, F,.., My]", featuring, respec- _ _ pmax _

tively, the steering ang[le, thje front ar]1d rear tire longitadl Fr Fysin(Carctan(Bsy)), = frr - (3)
forces and the direct yawing moment generated using TWhere the constant® and C' depend on the tire and road
Other selections are also possible for the longitudinatr@bn surface characteristics, ang; and s, are the lateral slip
parameters, e.g., tire longitudinal slip ratio ([11], [L2V¥heel ratios of the front and rear tires, expressed as

torque or angular velocity. With the above state and control

Fig. 2. Bicycle model.

vcosd —usind + rly cosd

vectors, the equations of motion of the bicycle model aremiv Syf = , (4a)
below Y. ucosd +vsind + rlysind
1 v—Lr
U= —(Fppoosd— Fypsing + Fyp) +or, (1a) Sy = T (4b)
- l(me sind + F, 7 cosd + F,) — ur (1b) It should be noted that the maximum force a tire can extract
m . Y ’ from the ground is finite, and the maximum longitudinal and
Fo= i(gf(mesin§+ F,5cos8) — 0, F,y, +My), (1c) lateral forces that can be achieved at a given time are not
' I, ' . . mutually independent. These constraints are represented b
v o= 7 (1d) the so-called “friction circle,” ([11], [13]). In this worka
i = wcost — vsin, (1e) representation of the friction circle is utilized as follew
¥ = wusiny + vcos. (af) F,. < uF.., x = f,r (5a)
In (1), m and I, are, respectively, the vehicle mass and P = (uF,.)% — F2,, x = f,r. (5b)

moment of inertia. The vehicle’'s sideslip angle is defined - o )
as 8 = arctan(v/u) = arctan(y/#) — ¥, and the relations The conditions (5) together enforce the friction circle con

u = Veos andv = Vsin 8 hold. M, is the direct yawing Straint. . . _
moment created as a result of T, (i=z,y; *=f,7) denote 1 Nhe proposed rotation maneuver is performed subject to the

the longitudinal and lateral forces developed at the frort afollowing assumptions.
rear tires, referred to a tire-fixed reference frame. Thesseb 1) DB and AD act only on the rear axle.



2) The combined effect of DB and AD is to generate equal Each of the control input$ and M, is assumed to be
and opposite forces on the rear-left (RL) and rear-riglksbnstrained between some maximum and minimum values:
(RR) tires, similarly, to the TV concept. < < < -

3) The driving and braking forces sent to the front and Omin < 0(t) < Omax; Mamin < Ma(t) < Mamax (10)
rear axle are distributed in the rati@ — v) : v, where The extreme steering deflection depends on the geometry of
v € 10,1]. the steering system, and the maximum magnitude of the direct

4) The RL and RR tires see the same lateral slip angle.yawing moment\/,; can be computed based on Fig. 3 and the

principle of limiting friction. In particular,

M,
d Md,max = _J\/[d,min = MFzrb- (11)
CG — Table | provides the values for all vehicle and tire paramsete
used in the numerical simulations.
/ TABLE |
Fxr,L r VEHICLE DATA.
Variable | Value Unit Variable Value | Unit
m 1450 Kg B 7 -
1. 2740 | Kg.m? C 14 -
Ly 1.1 m Omax=-Omin 45 deg.
b b r l, 1.6 m g 9.81 | m/s?
I | zr,R b 0.75 m 5 0.6 -

Fig. 3. Rear axle geometry.
IV. QUALITATIVE DESCRIPTION OF THEMANEUVER
Figure 3 shows the relevant geometry of the rear axle. Usmglntuitively speaking, the acceleration phase should ol
this geometry subject to the previous assumptions, we havgy,_steering (steering in the direction of desired rottio

- - and the deceleration should involve counter-steeringo Als
Ma = (For.p = Far.r)b = 20Far. 1, ©) intuitively, the direct yawing moment vector should be i th
whereb is the semi-track width of the vehicle. From (6), same direction as the angular acceleration vector. It shoul
be noted that during the course of the rotation, the fromt tir
Fprp = Mqg/(20), Fprr=—Mg/(2b), F,=0. (7) is always driven according to a fixed ratio to the driven rear
tire (left or right), and never braked, i.e; > 0. Assuming
a clockwise rotation as viewed from above, the pro-steering
_ _ phase involves a steering deflection to the right-(0). Since
Fop = {0 =)/ Fer] = {(1 =)/ (2b7)}[Mal. - (8) initially there is no lateral velocity or yaw rate, this give
Note that (8) implies that”,; > 0, whose justification is Fys = 0. If at this time the front wheel was braked, (i.e.,
provided later on. In order to compui&2*, the friction circle 1f Fzy < 0), it is clear from the vehicle geometry (Fig. 2)
constraint for both the RL and RR tires must be consideréapt the moment due té’,; would have opposed that due to
separately. Using Assumptions 2), 3) and 4), the net reler-aX'ys- In other words, braking would have partly negated the

Using Assumptions 2 and 3, we also have

lateral forceF),, is given by moment generated through steering input, and thus adyersel
‘ affected the yaw acceleration. For the yaw deceleraticegar
Fy = Fyr+Fuyr phase, counter-steering impli€s< 0 which, depending on the
= F™sin(C arctan(Bs,,)), (9) Vehicle’s lateral velocity and yaw rate, may yielt; < 0. In

this case also, the moment generated by braking the frant tir
where Fjiax = Fnax 4 Finax — \/(qur)2 — (2F,,1)?. The opposes that generated by the lateral force of the front tire

r,L
tire lateral forceysﬁyf and F,, are now computed by a directF, ;. For this reason, the conditiofi,; > 0 is maintained
application of (3), with Assumption 4) invoked fdf,,. for the duration of the maneuver. Furthermore, by avoiding
Note that both the RL and RR tires are saturated in thxaking of the front wheels the driver maintains the neagssa
longitudinal direction whenF,, | = |F..r| = wF../2. steering control.
This yields 2 = 0, which when subst_ituted in (9) gives V. OPTIMAL CONTROL PROBLEM FORMULATION
F,. = 0. Note also from (8) thatF,; is a function of

Consider the nonlinear dynamical system (1) subject to the
force modeling conditions given by (2)-(9), and controll®d
u =[5, M4]", subject to the control constraints (10). The

assumed to be provided by a TV (DB/AD) system, the contrgyStem s to be transfer;ed from an initial Tstate given by
input § to the wheels can be provided either by the drivef? ~ [uo, vo, 0, o, 2o, yo] " = [VO’O’O’O}O’O] to a final

or by an active steering system [19], [20], [21] that caniate given byy = [ug, vy, 7y, 0y, 27, y,]" , wherery =0
compensate/override the driver’s steering wheel inputhst tand Wy = /2, while minimizing the cost function given by
the optimally calculated amount of steering is applied t® th by

front wheels. ‘7:/0 dt =ty.

the direct yawing momend/,;, and from (7) it follows that
F,, = 0, so the control vector in fact reducesute= [5, M) .
In the current formulation of the problem, whereag; is

(12)



In other words, the rotation is posed as a minimum-tim@ase 3, the X-distance traversed before the completioneof th
optimal control problem (OCP). Subsequent extensionsi$o thotation is higher. Also, note that since only the minimumet
work will consider the problem of limiting the lateral detian  problem is dealt with, the vehicle in each case goes through a
encountered during the performance of the maneuver, layeral deviation as well. Subsequent extensions will $oon
adding a term to the cost function that penalizes final latedaniting this lateral deviation, since the ultimate goaltisbe
deviation. In this case, (12) becomgs= tﬁ-ny} for k > 0. able to perform the collision mitigation maneuver withireth
dimensions of an average traffic intersection.

Longitudinal Velocity

VI. NUMERICAL SOLUTION OF THEOCP

. . . . . Yaw Rate
Given the high degree of nonlinearity present in the ve-_ 3

hicle system dynamics, a numerical solution to the optimal% —Case %
control problem was obtained usingauss Pseudospectral 2 —(Case2 T
Optimization Softwar¢GPOPS) [22], which requires guesses \__Cfi g
for the initial and final times, states and controls to perfor ?'0\ 5
the optimization. The optimality of the obtained solutioasy 2 ‘ ‘ ‘ § ‘ ‘ ‘
verified from the time histories of the Hamiltonian andtheco 30 05 1 15 2 & 0o 05 1 52
states of the problem, also computed by GPOPS, but these are T'me(s)‘ T'me,(s)
not shown in the paper in the interest of brevity. Conformity _ 0 ‘Lateral\/‘elouty ‘ % Heao}mg
with (10) was used to ensure control feasibility. E ‘_CM ) — Case3 ‘ g %
VIl. RESULTS AND DISCUSSION % ! 76 el
The maneuver was analyzed for different initial velocities> -10 ?30 , —Gased
and tire-road coefficients of friction. Table I provides a & | ‘ ‘ f: ‘ =
description of each case tested. E'z% 05 ! 15 , Y 05 1 15 2
TABLE Il Time (S) Time (S)
CASE DESCRIPTIONS Total Velocity Sidleslip
Case| Initial Speed| Friction Case| Initial Speed| Friction 23 : : : ) 0 \
I V014‘Bm/h Cooefgf;.éu . V0’4|Bm/h Cogf;éﬂ £ ‘—Case1 —(Cased —Case3 ‘ -E
2 55 080 | 5 55 0.50 SO ]
3 72 0.80 6 72 0.50 O S gl —ase k/
T o T — O ||—Case3
Note that Cases 1-3 consider three initial velocities with 5 : : ‘ 2 g ‘ : :
a high coefficient of friction, which is meant to represent ~ » Time](s) K P . Timé(s) ° 2

contact between an average tire and a level, dry road free fro
any loose material. Cases 4-6 analyze the same three initial
velocities with a lower coefficient of friction, which is meta

to represent a wet road surface.

Fig. 5. State histories - Case 1, 2, and 3.

Steering

Direct Yawing Moment

4000

——Case 1

——Case 2 2000

A. Cases 1, 2, and 3: Dry Asphalt

Vehicle Ground Trajectory

——Case 3

o

Steering (deg)
o

2000

Direc} Yawing Moment (Nm)

—4000
o 0.5 1 1.5 2 o 0.5 1 1.5 2

Time (s) Time (s)

Fig. 6. Control histories - Case 1, 2, and 3.

Figure 5 shows a comparison of the evolution of the vehicle
states during the course of the maneuver for Cases 1, 2, and
3. It is observed that the highest yaw rate is achieved for
Case 3, where the initial velocity is the highest. This cdse a
results in a larger sideslip angle than the other casesrd-igu
shows the control histories for Cases 1, 2 and 3. Note that for
each case, the direct yawing moment is at its positive exdrem
at the start of the maneuver, while the steering deflection is
at its negative extreme (full counter-steer) towards thd en

The minimum-time solutions for Cases 1, 2, and 3 oof the maneuver. Note that since Cases 1-3 all involve the
dry asphalt were computed respectively as 1.62 sec, 1s€dme coefficient of friction, the maximum magnitude of the
sec, and 1.90 sec. Figure 4 shows the trajectories followeidect yawing moment is the same for all three cases. Figure
by the vehicle during the maneuver for Cases 1, 2, and B.shows the longitudinal and lateral forces generated by the
Note that as the initial velocity increases from Case 1 foont and rear tires during the maneuver for Cases 1-3. Note

X Position (m)

10 15
Y Position (m)

Fig. 4. Ground Trajectories - Case 1, 2, and 3



Front Tire Longitudinal F Front Tire Lateral F . . .
o e ongrnaneTTore 7500 ront e e roree are shown, since the right front and rear tire forces can be

w000 immediately obtained from the left tire forces using the tir
} constraint relationships mentioned in Section Ill. It iss¢hat
the rear tires operate at or close to saturation for the durat
of the maneuver, with both longitudinal and lateral saiorat
200)—Cagen being encountered. The front tires are driven by a fixed ratio
~5000 —Case2 to the driven rear tire and have a friction circle with a large
—Case 3 . .
0 ] s ‘75000 0 1 o ) radius (on the account of the higher normal force on the front
Time (s) Time (s) axle), and hence these do not encounter longitudinal sainra
Rear Tire Longitudinal Force Rear Tire Lateral Force However, lateral saturation is encountered during theticota
5000 . . . . .
These observations reinforce the necessity of using nealin
tire modeling for these types of maneuvers.

2000

—Case 1
1500 —Case 2
—Case 3

2500
5 1000

w
f=3
S

o

Front Tire Long. Force (N)
Front Tire Lateral Force (N)

o
N

3000
—Case 1
2000 —Case 2

1000 —Case 3

S
[=3
[s3
S

TABLE Il
OPTIONWINDOWS FORCASES1, 2,AND 3
Case| Speed | Stopping dist.| Rotation dist. | Option Window
(Km/h) (m) (m) (m)

-1000
-2000

o

Rear Tire Long. Force (N)
Rear Tire Lateral Force (N)
-_ N w
o o o
o o o
o o o

-3000

05 1 15 0 0.5 1 15 2
Time (s) Time (s)

Fig. 7. Tire forces - Case 1, 2, and 3.
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o
a
IN
=
N
~
=
~

TABLE IV
- Front Left Tire o0 Rear Left Tire RECOMMENDEDACTIONS FORCASES1, 2,AND 3

200 Zone | Braking to stop| 90 deg. Rotation] Recommended Actior]
Z-1 Impossible Impossible Rotate
Z-2 Impossible Possible Rotate
1000 Z-3 Possible Possible Brake

0

3000

2000 2000

1000

—1000 -1000

Longitudinal Force (N)

-2000 ~2000

-3000

-3000

-4000
—4000 ~2000

2000 4000 ~4%%0," 3000 2000 —1000 0 1000 2000 3000 4000
Lateral Force (N)

[—circle - Case1 + Case2 * Case3 | [—circle ~ Case1 - Case2 - Case3 |

(a) Front Left Tire. (b) Rear Left Tire.

Fig. 8. Tire operating conditions - Case 1, 2, and 3. Only #fé front
and rear tires are shown, as the forces on the right tires eamimediately
inferred from those.

0
Lateral Force (N)

Z-2]

Longitudinal Separation (m)

that according to the formulation of the vehicle model, the E‘w Km/h 555 Km/h E’z Km/h
front tires are driven in a fixed force ratio to the driven rear _ . _ _

tire, and the conditiorF, ; > 0 always holds. This is evident Fig. 9. Decision making options.

from the plots of the front and rear tire longitudinal forces

The plot for the front tire lateral force (Fig. 7) clearly The results obtained for Cases 1-3, in conjunction with
shows pro-steering and counter-steering yawing moments gaccepted values of required stopping distances from variou
erated by the steering input. However, towards the end gftial speeds, allow a decision-making strategy to be supe
the maneuver, when the sideslip angle is larger, the latefi@posed on the collision mitigation/avoidance problemeveh
force generated by the front tire opposes the yaw decederatihe recommended action depends on the distance between the
despite full counter-steering input. intelligent vehicle and the second vehicle, when the later

The plot for the rear-left (RL) tire lateral force (Fig. 7)sighted and classified as a collision threat.
shows that for each case the rear tire is initially saturatedg Table Il shows the stopping distances required from ihitia
the longitudinal direction, and is thus unable to generatespeeds of 40 km/h (Case 1), 55 Km/h (Case 2), and 72 Km/h
lateral force (note: the rear-right (RR) tire longitudifiaice is (Case 3). These figures are from the Virginia Code - Tables of
the negative of that for the RL tire, and thus it is not shown$peed and Stopping Distances (46.2-880) [23], and apply to
For the rest of the maneuver, the rear tire lateral force adighicles in good condition on a level, dry road free from Bos
opposite to the direction of the slide, i.e., to the righewed material. The same table also shows the X-distance traverse
from the vehicle’s body-fixed frame. during the rotation for each of Cases 1, 2, and 3. It is clear

Figure 8 shows the friction circle superimposed on the letihat in each case the X-distance traversed during the agigees
tire forces for Cases 1-3, and represents the tire operatiogation is less than the distance required to brake to afofi
conditions. For brevity, only the left front and rear tirades in a straight line. This results in the creation of an “option



window” (Zone Z-2 in Fig. 9), such that if the second vehicle
is spotted within this window, a successful 90 deg rotatiorﬂl]
is possible, although braking to a full stop using strailiyne-
braking is not. (2

In addition to zone Z-2, Table IV shows the recommended
actions for the other two zones which arise, namely Z-1 anfi]
Z-3. It should be noted that zone Z-1 allows neither succéssf
braking nor successful rotation, while Z-3 poses no reaahr
as simple straight-line braking will suffice. Figure 9 albows
the relative positions and lengths of the zones for the threél
speeds considered.

(4

(6]
B. Cases 4, 5, and 6: Wet Asphalt

The results for the wet asphalt (Cases 4, 5, and 6) are show
in Fig. 10. Only the vehicle trajectories are shown owing
to lack of space. Because of the lower friction coefficient[s]
the X-distance traversed during the rotation for each case i
higher than the corresponding distance with the highetidrnic g
coefficient. The minimum-time solutions for Cases 4, 5, and

6 are respectively 2.22 sec., 2.40 sec., and 2.40 sec. [10]

Vehicle Ground Trajectory
T T

[11]

[12]

[13]

X Position (m)

[14]

\‘D = 2‘0 30‘ 4‘0 50 [15]
Y Position (m)
Fig. 10. Ground trajectories - Case 4, 5, and 6.
[16]
VIII. CONCLUSION

Torque vectoring (TV) technology is used in a novel manné’]
to perform an aggressive maneuver aimed at mitigating a T-
bone collision. The maneuver is posed as an optimal control
problem and solved numerically, and the solution is vatidat [18]
using a nonlinear model of the vehicle. The creation of ‘opti [19
zones” due to the performance of the aggressive rotation is
described and explained for various initial speeds. Fukumne
includes the incorporation of the effects of longitudinahd
transfer and the use of conventionally available steerimd) aj20;
braking controls to produce these aggressive manuevers (i.
without torque-vectoring). Finally, the real-time comatin
of such aggressive trajectories on board the vehicle alseso
a challenge with the current state of technology and needs2d
be dealt with before implementation on an actual vehicle ﬂ'§2]
possible.
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