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Current Mars entry, descent, and landing technology is near its performance limit and igenerally
unable to land payloads on the surface that exceed approximately 1 metric ton. One option for increasil
|l anded payload mass capability is decreasing t
ballistic coefficient vehicle deelerates higher in the atmosphere, providing additional timeline and altitude
margin necessary folanding more massivepayloads. This study analyzed the guided entry performance ¢
severallow ballistic coefficient vehicleconceptsat Mars. A terminal point controller guidance algorithm,
based on the ApolloFinal Phase algorithm,was used to provide precision targeting capabilityTerminal
accuracy, peak deceleration, peak heat rate, and integrated heat load were assessed and compared
traditional Mars entry vehicle conceptto determine the effects of lowering the vehicle ballistic coefficien
on entry performance. Results indicate that, while terminal accuracy degradesslightly with decreasing
ballistic coefficient, the terminal accuracy and other peformance metrics remain within reasonable
bounds for ballistic coefficients as low as 1 kg/fn As such, this investigation demonstrates that from &
performance standpoint, guided entry vehicles with dw ballistic coefficients (arge diameter§ may be
feasible at Mars. Additionally, flight performance may be improved through the use of guidance scheme
designed specifically for lowballistic coefficient vehicles, as well as novel terminal descent systems desigt
around low ballistic coefficient trajectories.

Nomenclature

b = ballistic coefficient, kg/rh r = radius of the planet, m
m = mass, kg %o = bank angle, rad
Co = hypersonic drag coefficient at Mach 25 o = heading error, rad
= aerodynamic reference ared, m d =  downrange angle t@mrget, rad

L/D = hypersonic liftto-drag ratio M = Mach number
X = trajectory range, m o} = dynamic pressure, Pa
\% = velocity, m/s J = density, kg/m
0 = altitude rate, m/s a =  standard deviation
Fy = partial derivative of range with respectdrag

acceleration, %kg Subscripts
F, = partial derivative of range with respect to altitude togo = togo

rate, s cmd = command
D = drag, N ref =  reference
Fs = partial derivative of range with respect to vertical hom = nominal

L/D, m
Y = crossrange error limit, rad
K = gain constant
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l. Introduction

HE Mars Science Laboratory (MSlthission will usethe largesblunt bodyaeroshellever flownto land the

most massive payloaon Mars to dateWith a landed masef 900 kg, MSL hasreached the capabilities of
presenday Mars landing systembased on/iking-derivedtechnology{l]. MSL&é6s base di ameter i s
the maximum available launch vehicle fairing diameter. Increasing the landed mass without also increasing the
diameterwould cause the vehicle to decedée lower in the atmosphere, decreasingtitheline to deploy anduse
terminal descent system\&/ith an increased mass angleorter timelingit would bechallenging and of highisk to
useexisting terminal descem¢chnologiedo safely place a payldeon the surface of Mars.

Studies for missions involvingigher mas vehicles, including advanced robotic missions, hupracursor
missions,and human exploration missiortsave considered usinigwer ballistic coefficient systems to increase
landedmasscapability[1]. Lower ballistic coefficientsystems experience most of their energy dissipation at higher
altitudes,increagng thelanding squence timeline. The ballistic coefficient idefined in Eq(1):
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Eqg. (1) shows that there are three ways to decrbasiecreasehe mass, increaséhe drag coefficient,or
increasethe aerodynamic reference aredost concepts it he avail abl e |Ibyitceasimgther e decr
aerodynamic reference ardaecreasing the mass is not considered because future Mars migsgogenerally
expected to lanthrgerpayloads Increasing the drag coefficient is also not consideredusecall missions to date
at Mars have used a 70 deg sphere caovtdch is within 15 percent of the theoretical maximum drag in the
hypersonic regimeFor traditionalMars entrysystems, he maximumaeroshell diameter is limitebly the launch
vehicle paylod fairing maximum diameterTo circumventthe payload fairing restrictienlarger mass vehiclegay
use rigid, semrigid, or inflatable deployable decelerators to redtleeir ballistic coefficienfl], [2], [3], [4]. Fig. 1
showsseveral potential inflatablgeployable decelerat configurationsfor Mars entry systemg].

[V2N

Fig. 1 Trailing torus (left), trailing sphere(center), and clamped torus (right) hypersonic inflatable
aerodynamic deceleratord?2].

Fig. 2 illustrates how entry trajectories vary wikhfor the four guided entry cases analyzed in this studwer
b sy experiemse most of their deceleration at higher altitufles.is often citied within the entry, descent, and
landing community aa concern because atmosphariwertainties increase with altitudehis is especially true at
Mars, where atmospheric uncertainties are lafFge.example,tiis discussed iRRef.[5] thatfor MSL, a10 percent
atmosphdc density reduction at altitudes below 30 km results in a 1 km loss of landing elevation capability
Additionally, towards the end oM S L drajectory the vehicle flies in dift-up configuration Differences in
atmospheric density and wind from the expected conditthmg this phasevill directly lead to performance
variations[5]. Higher than expected densities can lead to the vehicle undershooting the target, and lower than
expected densities can lead to the vehicle overshooting the faeggeting errorand entry system performance
sensitivities have not been systematically examined foflows y st e ms .
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This study analyzesominal and dispersed tragecies todetermine the sensitiyitbetween ballistic coefficient
and miss distancassuminghe traditional approach to guided entry at Mditss study als@uantifesthe effects of
various uncertais on vehicle performancky examining thesehicle state at teninal descent initiatiofTDI) in
comparison tdnistorical data.

Il. Approach

This study analyzed the performance of several different vehicles at Mars. The properties for each vehicle were
equivalent and similar to MSL, with the exception of the aerodynaafiicence ared heterminal point controller
guidance algorithm that is used by M®lasapproximated in thistudyusing the ApolloFinal Phase algorithmA
threedegreeof-freedom trajectory simulation was integrated with the guidance algorithm, andhiaah set of
target conditions was developed for each vehidleMonte Carlo analysis wathen performedto quantify the
sensitivty between ballistic coefficient and entry performantbe primary metric of interest in this study was
target miss distan¢dut aher parameters includg peak heat rate, peak deceleratimtegratedheat load, and the
vehicle state atDI were examined.

The traditional approach to guided entry at Mars uses bank argglalation.This studyassumedhat it was
possible to sethis form of controko guide lowb vehicles to a specified targfthis assumption nieit possible to
compare the entry trajectory @& baselineMSL-like, traditional vehiclewith that of lowerb vehicles This
investigation did not assess whether lbamgle modulationor any other form of lifivector flight control is
physicallycompatible with largeflexible erry systems associated with leiwehicles.

A. Trajectory Simulation
The threedegreeof-freedomequations of motion were integrated with aefixtimestep, fourthorder Runge
Kutta method. The trajectories were integrated at a frequency of 10 Hz.

Thet r aj e cohvectivgabdradiative heatra;ewer e consi dered only at the veh]
convective heat ratevas calculatedising the formulation by Sutton and Grayé% The radiative heat rate was
estimated using the method by Taubed Suttor{7]. Wor k by N3p&a Brepuldion program has shown
that the effective nose radius for a ballute increasea psrcentage of the ballute radiusths ballute radius
increased8]. This study usg an approximation presented by REf] to calculate th effective nose radius. For
ballute diameters up to 25 m, the effective nose radassone quarter of the ballute diameter. For ballute diameters
between 25 m and 100 m, the effective nose radassinterpolated between one quarter and three quarten® of
ballute diameter.



Vehicle Models

The vehicles analyzed in this study span ballistic coefficients betwdagin? and 148 kg/rh The highest
ballistic coefficient represents a traditional, Mithke aeroshellThe vehicle mass and aerodynamics were based on
the current statef-the-art Mars entry, descent, and landing (EB¢ghnology andredefined inTablel.

Hypersonicaerodynamicavere generated using the Configuration Based Aerodynamics (CBAERO) software
package with a 78egsphere conshape CBAEROIs a panel metho@erathermodynamicsool that uses Modified
Newtonian flow to compute aerodynamic coefficients ahptex geometriefl0]. A nominaltrim angle of attack of
-15.75 deg was used to produce hypersoniclift-to-drag ratio of 0.24[11]. The aerodynamics data were
implemented in the simulation as a table lagkof lift and drag coefficients as funct®of Mach number and ang!
of attack.

Table 1 Vehicle properties

Parameter Value

Mass 3300 kg

Vehicle shape 70 degspherecone
Co 1.4

Hypersonic L/D 0.24
Trim angle ofattack -15.75 deg

Environment Models

Mars was model ed as an el | i p pdarmdi Gravitynwgs niotleted gslarma net 6 s
inverse square magnitude witheffects.The Marsatmosphere msmodeled withatable of density and tempure
as functios of altitude. The table was generated ugshmMars Global Reference Atmosphere Model 2(1@).

Guidance, Navigation, and Control

To provide the best approximation of current st#téhe-art entry performance, aapproximationof the MSL
guidance algorithm was developed based on the Apollo Final Phase guidance al§t2ithido flight control
algorithms were imigmented, but a bank ralieniter was employed to approximate finitate bank maneuversA
rate limit of 20 deg/s was useohd the vehicle took the shortest distance path to the eoned bank anglg.3].
With respect to the flight computer model, guidance and control were both executed at a rate Nblirtdrtial
measurement unit errors veemodeled.

The developed guidance algorithm is composed of three distinct phases:

1. PreentryPhase
2. Apollo Final Phase
3. HeadingAlignmentPhase

The first phase holds a preset bank angle until the vehicle reaches a sensed deceler&i@naof @. h g 6 s , a
which pointthe algorithmtransitions to the Apollo Final Phase. The Apollo Final Phase is used to steer out
downrange errors while managing crossrange errors. The algorithm transitions to the heading alignment phase at a
velocity of 1100 m/s. The headirglignment phase is used to maintain altitude while steering out remaining
crossrange errors. Guidance execution terminatesttedr one of the twoMSL-basedTDI conditions:540 m/s
planetrelative velocityor 11 km altitude

B. Precision Entry Guidance
Apollo Final Phase

The Apollo Final Phase algorithm is a terminal point controller that determines bank commandsnistaéel
errors relative to a prgenerated reference trajectdd?2]. The Final Phase decouples longitudinal and lateral
steering. The terminal point controller is used to null the downrange error, while crossrange error is managed via
periodic bank reversals.

The predicted vehicl#ight range is computeduring Final Phase according to Eq),2
4
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wherew i s the ref er enc®s theralitjde ate,driythese hri & ged,s dr ag, V is
velocity, and™O and "O are thepartial derivativesof range with respect to drag acceleration and altitude rate,
respectively Reference values for the drag acceleratiop;, @nd altitude rat€Q , are stored inthe reference

trajectory as functiomof velocity.

The L/D commandare generatedith Eq. 3),

- - — ®

where (L/D)}nqis the commanded vertical lfo-drag ratio, (L/D)y is the constant reference trajectesrtical L/D
command/ g is the range to the targedqy, is the predicted vehicle flight range during the Final Phase, aisd F
the partial derivative of range with respecvésticalL/D and is stored in a tadl

The lateral channel periodically commands bank reversals to manage crossrange error during entry. Guidance
computes the estimated crossrange error each cycle and determines the crossrange error limit as a function of
velocity. If the crossrange errexceeds the limit, a bank reversal is commandied. crossrange error limit is given

by Eq. (4),

ATV (4)

whereKjgera aNdKpias are gainsyaverageis the average radius of the planet, &gy is the circular orbital velocity
at the planet 6% issompufedinadians.Thib aosstangmlimit decreaswith the square of the
velocity to ensure that the allowable errors decrgasgedecreasing control authority. For velocities above 3 km/s,
the corridor width iglivided by fourto force an early bank reversal in most trajectories.

The bank command is calculated fr&n. 6),

j
i

%o Al O (5)
whee % is the bank commanahd (L/D),,mi S t h e nemenhlilifetd-dead mtio.The + sign is determined
by the lateral channel.

Heading Alignment Phas

The heading alignment phase begina &elocity ofL 1 00 m/ s . The heading alignment
the crossrange error and maintain altitudeT™. Downrange errors are completely neglected during this phase,
highlighting the importance of altitude maintenance over accuracy for Mars miseiatatet Bank commands
during this phasare generated frofaqg. (6),

%o +fAOAT (6)
whereK is a proportional gaire i s t he cangleeronanddh eiasd i tnhgegularranger t@ targetA
gain value of 100 was found to providegaod balance between accuracy and bank command staBeihk

command are limited betweett 30 deg to maiatin altitude

Final Phase Reference Trajectory Desig
New reference trajectories were generated for each vehicle concept in this study. This process was modified
from the original formulationthat isdescribed in Ref[12] to include Machdependent vehicle aerodynamics and
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bank profile. Initial conditions for the reference trajectory wegkected to match the expected vehicle statbeat
start ofthe Apollo Final Phase. The reference bank profile was chosen to prthedeest overall accuracy tite
terminal state

The reference trajectonyas generated by first integrating simplified entry equations of motion &@iven
initial stateto the desired DI stateusing a assumedeference bank commammofile. Thesimplified equations of
motion assuneka nonrrotating spherical planet. Then, the adjoint equatis@ieintegrated backwards in time from
TDI to generate the reference control gainse déitg includingthe reference commandserethen compiled into a
single table as function of velocity fo use in the guidance algorithm.

The type of bank angle profile developedRef. [11] was used for this stly. The profileis a linear function
with constant tails that are defined by the early and late bank akigesS shows thereference command as a
function of velocity for the baseline vehidlethis study The constankarly bank angle is used for velocities above
6 km/s. Between 2.5 km/s and 6 km/s, the reference bank command is linearly interpolated between the early bank
angle and late bank amgBetweenl.1 km/s and2.5km/s the constantate bank angle igsed. Velocities below 1.1
km/s, the heading alignmenstarting velocity,use a reference bardngle of21.1 deg. Thissection of thebank
profile is used to account for the heading aligningimase in which the bank angle varies betwe80 tleg. A bank
angle of 21.1 deg corresponds to one half of the vertical lift between 0 deg and 30l tfagectories in this study
used the bank angle profile shownrFig. 3. This type of bank angle profile is wedlited to Mars entry: the vehicle
dives into the thicker atmosphere early in the trajectory and then slowly transitions to a mgrefiftntation to
maintain altitude at parachute deploy.

90
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Reference bank command, deg
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Planet-relative velocity, km/s

Fig. 3 Reference bank profile for the baseline vehicle

C. Mission Design

The entry interface statie the initial state of the trajectory simulatioFhe entry velocity andaltitude in this
studywereselectedo beconsistent with the MSL entry stdtkl]. All ballistic coefficient systems in this study used
the sameentry interface state, with the exception of the entry fligdth angle. This parameter was selected so that
the peak deceleration for each system matched that of the baselinelwasédifferent trajectory termination
conditions were considered: planetrelative velocity of 540 m/sand an altitude of 11 km. These conditions
correspond to the approximate parachute deploy conditions of[Mi3LVehicles whose ballistic coefficients differ
from MSL fly different entry trajectories and because of thissetgarachute deploy conditions do not occur
simultaneously. To accommodate this, the vehicle states at each of the MSL parachute deploy scovatiéion
analyzedindependently The terminal descent sequence was not considered in this study, so the vehicle state at the
terminal condition is refer(T®Ostateo as the fAterminal des:
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D. Monte Carlo Design Uncertainties

Monte Carlo siralations werecomputedto analyze the performanesensitivityof the lower ballistic coefficient
systems when subjextto dayof-flight uncertaintiesProbability distributions were assigned to relevant simulation
model parameters, includingehicle aerognamics, atmospheric parameters, vehicle massirétna vehicle state.
Table2 shows the nominal valudijstributiontype, anddistribution parameterf®r each disprsed parametefhese
parameters were based on past Mars uncertainty angdy8psThe distributions were used to generdt800
dispersed sets of inputs and mbgarametersTo provide more conservative results, the entry state uncertainties
were not correlated.

Table 2 Monte Carlo dispersions

Parameter Nominal Distribution Deviatior

min/max
Entry mass kg [12] 3300 Gaussian 3.0 kg
Axial-forcecoefficientmultiplier, nd[12] 1.0 Gaussian 3%
Normaltforcecoefficientmultiplier, nd[12] 1.0 Gaussian 5%
Trim angle ofattack deg[12] -15.75 Gaussian 2.0
Inertial entry flight-pathangle, deg -15.5,-14.7,-14.3,-11.7* Gaussian 0.050 deg
Entrylatitude deg 0 Gaussian 0.100 deg
Entrylongitude deg 0 Gaussian 0.100 deg
Entry azimuth deg 90 Gaussian 0.005 deg
Inertial entry velocity magnitude m/s 6100 Gaussian 2.0 m/s
Entry altitude, km 135 Gaussian 2.5 km
Atmosphereadustopacity (Dust Tau)nd 0.45 Uniform 0.1/0.9

*Listed f or? 50kgsmi, 10 kgh, dndfl/kgmf, respectively

MarsGRAM was used to generate a set 1800 dispersed atmospheres with which the different ballistic
coefficient systemswere testedThese atmospheres included dispersions in atmospheric winds and density. The
nominal atmosphere was generated by calculating the mean of the set of disperseceadsiosph

Fig. 4 shows a plot of the nominal density variation with altitude used in the Monte Carlo simulations. Near the

entry altitude of 18 km, the3-0 dispersed ensitywas 107 percentof the nominal densityAt altitudesbelow 20
km, the densitwvas much less dispersed, witl3dl v a r i @gdroximately®perceat othe nominal density

1201
100}
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60 |

Altitude [km]

401

201

0 L 1 L L
-100 =50 0 50 100 150 200
Percent Variation in Density [nd]

Fig. 4 Mars-GRAM density variations.
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Fig. 5 shows the variation in wind magnitude as a function of altitude used in the Monte Carlo simulations. Wind
variationsarelargest between altitudes of 0 km 1 m and 80 km to 110 km.
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Fig. 5 Mars-GRAM wind variations.

E. Performance Metrics

Several metrics were used to assess the performance of the different ballistic coefficient systems in this study.
These metrics includethe TDI vehicle state,peak sensed deceleration, peak heat eatdintegratedheat load
Target niss distance, altitude, dynamic pressure, and Mach number were all considéBdd Miss distance was
calculatedu si ng Vi nc dldltby dvmparngtheHatitddendlongitudeat TDI with thetarget latitudeand
longitude.The iterative method developed by Vincenty computes the distance between two points by assuming that
the planet is an oblate spheroithe peak heat ratwas the maximumsum of theconvective heat rate and the
radiative heat rate.

Il. Results: Nominal Trajectories

Nominal entry trajectories werdevelopedfor the baseline entry vehicle anbe three ballist coefficient
variations ofl, 10, and50 kg/n? for each of the twd@ DI triggers.The entry interfacgEl) points were selected such
that the target was centereithint h e v adspectiVvaangecapabilitiesAdditionally, theEl points were offset
slightly in crossrange to reduce the total number of required bank reversals. Fewer bank reversald copro/e
authority margin and reference command tracking during ehlwy target conditionaregiven inTable3.

Table 3 Downrangeand aossrange totarget at El

b, kg/m? Target crossrange, km  Target downrange, km

2% 1 5.9 533.5
'g =) 10 5.9 548.3
o= 50 8.9 637.2
>F 148 (baseline) 8.9 652.0
o = 1 5.9 548.3
25 10 5.9 563.1
E 2 50 8.9 637.2

148 (baseline) 8.9 666.8




Baseline Cas@erformance

Fig. 6 showst he b as el entretrajeceotiesoc theevélacity and altitude triggerBeceleration occurs
near 20 kmaltitude with a peak deceleration of approximateBB a r t h  gighspath dngleeal Ol is about-
10 deg, indicating that the vehicle has begun its gravity turn.
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Fig. 6 Baseline vehicle nominal entry trajectory.

The trajectories for the two TDI triggers are very similar, so only the nominal results with the velocity trigger are
shown inFig. 7. Fig. 7 showsthe guidance commands associated wh#h nominalbaselinetrajectory. The miss
distance affDI is small & 1 km), indicating that the guidance algorithisy performing effectively The vehicle
performs two bank reversals prior to the initiation of the heading alignment phase. The heading alignment phase is
able to remove most of the remaining crossrange error priDko
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Fig. 7 Baseline vehiclenominal entry guidance command.

Low-b C Resfermance

Fig. 8 showsthe nominal trajectories for all four ballistic coefficierdas®es with eachTDI trigger. The trend
among the trajectories is as expected: lofwsystems decelerate significantly higher in the atmospfdrie leads
to a higher altituder alower velocityat TDI, depending on the type @Dl trigger. The high-altitude deceleration
results indecreased peak heat raftae heat rate profiles are nearly identical for the TDI triggblsing the altitude
trigger leads to much steeper flighdaith angles at TDI fortheley v e hi cl es t han ewibused.
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Fig. 8 Nominal trajectories for several ballistic coefficientsfor a)/b) altitude, c)/d) peak heat rate, ande)/f)
relative flight-path angle.
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Guidance commands fall of thetrajectories are shown iRig. 9 for both of theTDI triggers Severalof the
trajectories exhibit a significant amount ofifp saturation early on in the trajectory, near peak deceleration. This is
a result of the targeting methodology used for this study: target downranges were selettgthize the targe
miss distancesometimegesulting in arange to targettrax c eeded t he reference trajectoc
more liftup bank angles throughout the entry. All of the bank command histories exhibit similar features but at
different times beasse of the different flight times for each vehicle.
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Fig. 9 Guidance commands for nominal trajectories for several ballistic coefficient systems

(\VA Results: Dispersed Trajectories Velocity Trigger

A. Monte Carlo Resultswith All Dispersions

1000sampleMonte Carlo simulations were performetth the velocity triggefor each ballistic coefficient with
dispersions in all of thparameters listeth Table2. Results from simulations with the altitude trigger are discussed
later in this paper. Results from the velocity triggenulations are summarized Trable4. Cumulative distribution
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function (CDF) plots are shown ifrig. 10 andFig. 11. Results show thatsathe ballistic coefficient decreased, the
standard deviationf the miss distancgenerallyincreased, but remained within the expected performance of MSL.
This trend isillustratedin Fig. 12, which showscrossrange error as fanction of downrange erroat TDI. A
downrange targeting bias was used for each case to improve mean aceimdley to that used in the MSL
guidance algorithnfil1].

Table 4 Monte Carlo statistics with all dispersions for \elocity trigger

Mean Standard deviation
b kg/m? b kg/m?
Parameter 1 10 50 148 1 10 50 148
Miss distance km 0 0 0 0 2.94 1.43 1.05 1.13
Peakheatrate W/cnt 1.24 8.64 314 71.1 | 0.047 0.240 0.606 1.00
Integrated katload, J/cnf 47.2 429 1300 2850 | 0.694 4.06 13.7 21.3
PeaksenseddecelerationE ar t h 13.5 12.9 12.0 11.7 1.08 0.656 0.369 0.272
TDI dltitude, km 58.2 37.7 231 107 1.58 0.653 0.466 0.422
TDI dynamicpressurePa 4.81 48.9 227 685 0.449 2.11 7.02 18.7
TDI relativeflight-pathangle, deg -961 -6.78 -102 -10.2 | 1.13 0.586 0.633 0.565

Fig. 10 CDF of performance characteristics for velocity trigger
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