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Overarching Theme

Systems-control theory and algorithms
for densities
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What is density?

3



4
Trajectory Generation  
and Optimal Control

Probability Density Fn.Probability Density Fn.

x(t) ∈

!

"
x
y
θ

#

$ ∈ X ≡ R2 × S1

ρ (x, t) : X × [0, ∞) $→ R≥0

!

X
ρ dx = 1 for all t ∈ [0, ∞)

4



4
Trajectory Generation  
and Optimal Control

O
pt

im
al

 C
on

tr
ol

Trajectory Generation  

Optimal Control

Traj
ec

tory
 G

en
era

tio
n  

Optim
al 

Contro
l

Trajecto
ry G

eneratio
n  

Optim
al C

ontro
l

Tr
aj

ec
to

ry
 G

en
er

at
io

n 
 

O
pt

im
al

 C
on

tro
l

Trajecto
ry G

eneratio
n  

Optim
al C

ontro
l
Traj

ec
tory

 G
en

era
tio

n  

Optim
al 

Contro
l

Probability Density Fn.Probability Density Fn.

x(t) ∈

!

"
x
y
θ

#

$ ∈ X ≡ R2 × S1

ρ (x, t) : X × [0, ∞) $→ R≥0

!

X
ρ dx = 1 for all t ∈ [0, ∞)

x(t) ∈

!

"
x
y
θ

#

$ ∈ X ≡ R2 × S1

ρ (x, t) : X × [0, ∞) $→ R≥0

!

X
ρ dx = 1 for all t ∈ [0, ∞)

5



4
Trajectory Generation  
and Optimal Control

4
Trajectory Generation  
and Optimal Control

4

Tr
aj

ec
to

ry
 G

en
er

at
io

n 
 

an
d 

O
pt

im
al

 C
on

tr
ol

4

Trajectory Generation  

and Optimal Control

4

Trajectory Generation  

and Optim
al Control

4

Trajecto
ry G

eneratio
n  

and O
ptim

al C
ontro

l

4

Tr
aj

ec
to

ry
 G

en
er

at
io

n 
 

an
d 

O
pt

im
al

 C
on

tro
l

4

Trajecto
ry G

eneratio
n  

and O
ptim

al C
ontro

l

4

Traj
ec

tory
 G

en
era

tio
n  

an
d O

ptim
al 

Contro
l

Population Density Fn.Probability Density Fn.

4
Trajectory Generation  
and Optimal Control

O
pt

im
al

 C
on

tr
ol

Trajectory Generation  

Optimal Control

Traj
ec

tory
 G

en
era

tio
n  

Optim
al 

Contro
l

Trajecto
ry G

eneratio
n  

Optim
al C

ontro
l

Tr
aj

ec
to

ry
 G

en
er

at
io

n 
 

O
pt

im
al

 C
on

tro
l

Trajecto
ry G

eneratio
n  

Optim
al C

ontro
l
Traj

ec
tory

 G
en

era
tio

n  

Optim
al 

Contro
l

Probability Density Fn.Probability Density Fn.

x(t) ∈

!

"
x
y
θ

#

$ ∈ X ≡ R2 × S1

ρ (x, t) : X × [0, ∞) $→ R≥0

!

X
ρ dx = 1 for all t ∈ [0, ∞)

x(t) ∈

!

"
x
y
θ

#

$ ∈ X ≡ R2 × S1

ρ (x, t) : X × [0, ∞) $→ R≥0

!

X
ρ dx = 1 for all t ∈ [0, ∞)

Population Density Fn.

6



Why care about densities?

7



Prediction Problem

Process  
model

Initial 
conditions

Parameters

Process noise

State density

Motivation: Uncertainty Propagation

Dynamics

Initial 
conditions

Parameters

Process noise

State density

r(x(t), t)

Need to compute evolution of density r(x(t), t)

Prediction Problem

Problem: Uncertainty Propagation

Process  
model

Initial 
conditions

Parameters

Process noise

State density

Motivation: Uncertainty Propagation

Dynamics

Initial 
conditions

Parameters

Process noise

State density

r(x(t), t)

Need to compute evolution of density r(x(t), t)

Trajectory flow:

dx(t) = f(x, t) dt + g(x, t) dw(t), dw(t) ∼ N (0, Qdt)

Density flow:

∂ρ

∂t
= LFP(ρ) := −∇ · (ρf) +

1
2

n

∑
i,j=1

∂2

∂xi∂xj

!"
gQg⊤

#

ij
ρ

$

Compute
joint state PDF

x(t) ∈

!

"
x
y
θ

#

$ ∈ X ≡ R2 × S1

ρ (x, t) : X × [0, ∞) $→ R≥0

!

X
ρ dx = 1 for all t ∈ [0, ∞)

8



Process  
model

Initial 
conditions

Parameters

Process noise

Prior density

Motivation: Filtering

Process  
model

Initial 
conditions

Parameters

Process noise

State density

Motivation: Uncertainty Propagation

Dynamics

Initial 
conditions

Parameters

Process noise

State density

r(x(t), t)

Need to compute evolution of density r(x(t), t)

r� (x(t), t)
r+ (x(t), t)

Trajectory flow:

dx(t) = f(x, t) dt + g(x, t) dw(t), dw(t) ⇠ N (0, Qdt)

Density flow:

∂r

∂t
= �r · (rf) +

1
2

n

Â
i,j=1

✓⇣
gQg>

⌘

ij
r

◆
, r(x(0), 0) = r0(x)

Motivation: Filtering

Process  
model

Initial 
conditions

Parameters

Process noise

State density

Motivation: Uncertainty Propagation

Dynamics

Initial 
conditions

Parameters

Process noise

State density

r(x(t), t)

Need to compute evolution of density r(x(t), t)

r� (x(t), t)
r+ (x(t), t)

Trajectory flow:

dx(t) = f(x, t) dt + g(x, t) dw(t), dw(t) ⇠ N (0, Qdt)

Density flow:

∂r

∂t
= �r · (rf) +

1
2

n

Â
i,j=1

✓⇣
gQg>

⌘

ij
r

◆
, r(x(0), 0) = r0(x)

Measurement  
model

Posterior density

Sensor noise

Filtering Problem

Problem: Filtering

Process  
model

Initial 
conditions

Parameters

Process noise

Prior density

Motivation: Filtering

Process  
model

Initial 
conditions

Parameters

Process noise

State density

Motivation: Uncertainty Propagation

Dynamics

Initial 
conditions

Parameters

Process noise

State density

r(x(t), t)

Need to compute evolution of density r(x(t), t)

r� (x(t), t)
r+ (x(t), t)

Trajectory flow:

dx(t) = f(x, t) dt + g(x, t) dw(t), dw(t) ⇠ N (0, Qdt)

Density flow:

∂r

∂t
= �r · (rf) +

1
2

n

Â
i,j=1

✓⇣
gQg>

⌘

ij
r

◆
, r(x(0), 0) = r0(x)

Motivation: Filtering

Process  
model

Initial 
conditions

Parameters

Process noise

State density

Motivation: Uncertainty Propagation

Dynamics

Initial 
conditions

Parameters

Process noise

State density

r(x(t), t)

Need to compute evolution of density r(x(t), t)

r� (x(t), t)
r+ (x(t), t)

Trajectory flow:

dx(t) = f(x, t) dt + g(x, t) dw(t), dw(t) ⇠ N (0, Qdt)

Density flow:

∂r

∂t
= �r · (rf) +

1
2

n

Â
i,j=1

✓⇣
gQg>

⌘

ij
r

◆
, r(x(0), 0) = r0(x)

Measurement  
model

Posterior density

Sensor noise

Trajectory flow:

dx(t) = f(x, t) dt + g(x, t) dw(t), dw(t) ∼ N (0, Qdt)
dz(t) = h(x, t) dt + dv(t), dv(t) ∼ N (0, Rdt)

Density flow:

dρ+=
%
LFPdt+

&
h(x, t)−Eρ+{h(x, t)}

'⊤R−1&dz(t)−Eρ+{h(x, t)}dt
'(

ρ+

Compute conditional
joint state PDF

Filtering Problem

x(t) ∈

!

"
x
y
θ

#

$ ∈ X ≡ R2 × S1

ρ (x, t) : X × [0, ∞) $→ R≥0

!

X
ρ dx = 1 for all t ∈ [0, ∞)

ρ+ := ρ (x, t | z(s), 0 ≤ s ≤ t)

9



Control Problem
Control Problem

Steer joint state PDF
via feedback controlSteer joint state PDF via feedback

control over finite time horizon

minimize
u∈U

E

!! 1

0
!u!2

2 dt
"

subject to
dx = f (x, u, t) dt + g (x, t) dw,
x (t = 0) ∼ ρ0, x (t = 1) ∼ ρ1

10



Neural Network Learning Problem

11



Motivation: Mars Entry-Descent-Landing

Gale Crater (4.49S, 137.42E)

Figure 3. Relevant test and flight experience of supersonic
Disk-Gap-Band parachutes in the region of MSL parachute
deployment (shaded region).

algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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Figure 2. Mars Science Laboratory DGB parachute under-
going full-scale wind-tunnel testing.

deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute

2

Supersonic parachute

Motivation: Mars Entry-Descent-Landing

Navigational
uncertainty

Heating
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Chute deployment
uncertainty
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Image credit: NASA JPL
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Figure 3. Relevant test and flight experience of supersonic
Disk-Gap-Band parachutes in the region of MSL parachute
deployment (shaded region).

algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
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many sites were initially proposed at the first of these work-
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at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
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parachute deploy trigger was changed. In light of this reduced
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emulating either velocity or range triggers by appropriate
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systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
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sures result in higher structural loads on the parachute; (2)
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exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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Figure 2. Mars Science Laboratory DGB parachute under-
going full-scale wind-tunnel testing.

deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the

3

Figure 2. Mars Science Laboratory DGB parachute under-
going full-scale wind-tunnel testing.

deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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Figure 3. Relevant test and flight experience of supersonic
Disk-Gap-Band parachutes in the region of MSL parachute
deployment (shaded region).

algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites
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Name (deg) (deg) (km)
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Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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Figure 2. Mars Science Laboratory DGB parachute under-
going full-scale wind-tunnel testing.

deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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Figure 2. Mars Science Laboratory DGB parachute under-
going full-scale wind-tunnel testing.

deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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going full-scale wind-tunnel testing.

deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the

3

Figure 2. Mars Science Laboratory DGB parachute under-
going full-scale wind-tunnel testing.

deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute

2

Supersonic parachute

Motivation: Mars Entry-Descent-Landing

Navigational
uncertainty

Heating
uncertainty

Chute deployment
uncertainty

Landing footprint
uncertainty

Image credit: NASA JPL

Large number of uncertain scenarios ⇝ Probability density

Prediction Problem Filtering Problem Control Problem

PDFs in Mars Entry-Descent-Landing

Predict heating rate uncertainty Estimate state to deploy parachute
Steer state PDF to achieve 

desired landing footprint accuracy

PDFs in Mars Entry-Descent-Landing

Motivation: Mars Entry-Descent-Landing

Gale Crater (4.49S, 137.42E)

Figure 3. Relevant test and flight experience of supersonic
Disk-Gap-Band parachutes in the region of MSL parachute
deployment (shaded region).

algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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Figure 2. Mars Science Laboratory DGB parachute under-
going full-scale wind-tunnel testing.

deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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Figure 2. Mars Science Laboratory DGB parachute under-
going full-scale wind-tunnel testing.

deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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algorithm. To minimize the parachute deploy footprint, the
parachute was to be deployed on a command from the en-
try guidance when the estimated range-to-go to the target
was minimized [7]. As an additional safety measure, the
Smart Chute algorithm also included navigated velocity lim-
its. These limits were used in order to protect the parachute
against either excessively high dynamic pressures or exces-
sively low deployment altitudes [2]. Above the high veloc-
ity set-point, parachute deploy was inhibited. Below the low
velocity limit, parachute deploy was triggered, regardless of
range-to-go.

Eventually, the Smart Chute range trigger was dropped from
the MSL baseline in-favor of a velocity trigger. The rationale
for this decision was to maximize the altitude performance
of the system, which was being strained at that time by rapid
mass growth of the rover and a very challenging altitude re-
quirement for demonstrating the capability to land as high as
+2.0 km above the MOLA reference areoid. It was argued
at the time, that due the monotonically decreasing altitude
and velocity just prior to parachute deploy, the upper velocity
limit of the Smart Chute represented the earliest, and there-
fore highest, deployment condition that was considered safe.
Replacing the Smart Chute trigger with a pure velocity trig-
ger, operated at the same set-point as the upper velocity limit,
would maximize the parachute deploy altitude, while main-
taining the same level of risk to the parachute.

Study Motivation

As stated, the switch from a range trigger to a velocity trigger
had been argued for the maximization of parachute deploy
altitude. Though the project would eventually receive some
relief from the +2.0 km altitude requirement, a premium on
altitude performance existed for quite some time. Concur-
rently, however, the project had initiated a series of Landing
Site Workshops, open to the scientific community, for the pur-

Table 1. MSL Candidate Landing Sites

Site Lat. Lon. Elevation
Name (deg) (deg) (km)

Mawrth Valis 24.01oN 341.03oE -2.25
Gale Crater 4.49oS 137.42oE -4.45

Eberswalde Crater 23.86oS 326.73oE -1.45
Holden Crater 26.37oS 325.10oE -1.94

pose of proposing and selecting possible landing sites. While
many sites were initially proposed at the first of these work-
shops, the outcome of the 4th Landing Site Workshop in 2008
was a list of four candidate sites, listed in Table 1. Of the
four final sites, Eberswalde Crater has the highest elevation
at -1.45 km MOLA, which is significantly below the altitude
capability of the system (estimated to be somewhere around
0 km MOLA). These lower site altitudes have improved EDL
timeline margins significantly compared to the time when the
parachute deploy trigger was changed. In light of this reduced
premium on altitude, this study sought to re-evaluate the mer-
its of a range trigger relative to the baseline velocity trigger.

2. MONTE CARLO RESULTS

A side-by-side comparison of a range trigger and velocity
trigger was conducted for MSL. The purpose of this com-
parison was to evaluate the relative performance of the range
trigger relative to the baseline velocity trigger. A single hy-
brid velocity-range trigger was developed that is capable of
emulating either velocity or range triggers by appropriate
choice of parameters. This trigger works by specifying a lin-
ear switching curve in velocity-range space. The algorithm
triggers parachute deploy when the velocity drops below the
switching curve for the given range to target. A horizontal
switching curve, therefore, produces a pure velocity trigger,
while a vertical switching curve, on the other hand, produces
a pure range trigger.

For each trigger a 6-DoF Monte Carlo analysis was per-
formed using the 08-GAL-06 MSL POST2 end-to-end EDL
performance simulation. The two triggers were each indepen-
dently tuned to produce the same nominal parachute deploy at
Mach 2.0, as was the standard project procedure for running
Monte Carlos. It was expected that the results would show
a smaller parachute deploy footprint for the range trigger at
the expense of reduced altitude performance and increased
deploy Mach number.

Figure 4 shows the expected reduction in the 99.5%-tile foot-
print ellipse. In this case, the ellipse was reduced from 16.7
by 7.5 km for the velocity trigger to 7.7 by 4.1 km for the
range trigger, a 75% reduction in area. However, the expected
altitude loss and Mach increase were not observed.

Table 2 contains a summary of Monte Carlo results for the
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deliver such a large and capable rover safely to a scientifi-
cally compelling site, which is rich in minerals likely to trap
and preserve biomarkers, presents a myriad of engineering
challenges. Not only is the payload mass significantly larger
than all previous Mars missions, the delivery accuracy and
terrain requirements are also more stringent. In August of
2012, MSL will enter the Martian atmosphere with the largest
aeroshell ever flown to Mars, fly the first guided lifting entry
at Mars, generate a higher hypersonic lift-to-drag ratio than
any previous Mars mission, and decelerate behind the largest
supersonic parachute ever deployed at Mars. The MSL EDL
system will also, for the first time ever, softly land Curiosity

directly on her wheels, ready to explore the planet’s surface.

Parachute Decelerators for Mars

Since the first Viking landing in 1976, the super-sonic deploy-
ment of a parachute has been a critical event in all Mars EDL
systems. This is because at Mars, due to the planet’s thin
atmosphere, only entry systems with ballistic coefficients be-
low about 50 kg/m2 have the ability to deliver payloads to
subsonic terminal velocities [1]. For MSL, a blunt aeroshell,
with a ballistic coefficient of approximately 140 kg/m2, is
first used to slow the vehicle from hypersonic entry veloci-
ties as high as 6 km/s down to low super-sonic speeds, near
400 m/s. At that point, the 21.5 m diameter Disk-Gap-Band
Parachute Decelerator System (PDS), shown in Figure 2, is
then used to reduce the ballistic coefficient to approximately
15 kg/m2. The parachute continues slowing the vehicle be-
low Mach 1 to a sub-sonic terminal velocity of approximately
100 m/s.

Because of the importance of the parachute deployment
event, parachute failure is a key risk considered in Mars EDL
system design. Higher Mach numbers and dynamic pres-
sure during parachute inflation put the parachute at a higher
risk of failure due to three factors: (1) higher dynamic pres-
sures result in higher structural loads on the parachute; (2)

higher Mach numbers result in increased aerothermal heating
of parachute structure, which can reduce material strength;
and (3) at Mach numbers above Mach 1.5, DGB parachutes
exhibit an instability, known as areal oscillations, which re-
sult in multiple partial collapses and violent re-inflations.
The chief concern with high Mach number deployments, for
parachute deployments in regions where the heating is not a
driving factor, is therefore, the increased exposure to areal
oscillations.

The Viking parachute system was qualified to deploy between
Mach 1.4 and 2.1, and a dynamic pressure between 250 and
700 Pa [1]. However, Mach 2.1 is not a hard limit for suc-
cessfully operating DBG parachutes at Mars and there is very
little flight test data above Mach 2.1 with which to quantify
the amount of increased EDL system risk. Figure 3 shows
the relevant flight tests and flight experience in the region of
the planned MSL parachute deploy. While parachute experts
agree that higher Mach numbers result in a higher probabil-
ity of failure, they have different opinions on where the limit
should be placed. For example, Gillis [5] has proposed an up-
per bound of Mach 2 for parachute aerodynamic decelerators
at Mars. However, Cruz [3] places the upper Mach number
range somewhere between two and three.

This presents a challenge for EDL system designers, who
must then weigh the system performance gains and risks as-
sociated with deploying the parachute earlier, at both higher
altitudes and Mach numbers, against a very real, but not well
quantified, probability of parachute failure. It is clear that
deploying a DGB at Mach 2.5 or 3.0 represents a significant
increase in risk over an inflation at Mach 2.0. However, it is
not clear how much additional risk is encumbered by deploy-
ing the parachute at 2.25 instead of 2.05. This is especially
true for Mars EDL in light of the extremely large uncertainties
in the flight environment, especially atmospheric density and
winds, that result in very large uncertainties in Mach number.

Parachute Deployment Algorithms

Previous missions have utilized various methods for trigger-
ing parachute deployment. Though the parachute qualifica-
tion has been stated in terms of Mach number and dynamic
pressure, no previous mission has had the ability to directly
measure either of these quantities. Therefore, all missions
have had to rely on proxy measurements of other states in or-
der to infer whether or not conditions were safe for deploying
the parachute. Viking used a radar altimeter measurement to
trigger this critical event [6]. Mars Pathfinder [8] and MER

[4] both used triggers based on sensed-acceleration measure-
ments, provided by the on-board Inertial Measurement Unit
(IMU), to proxy dynamic pressure, though their algorithms
differed. Mars Phoenix Lander, on the other hand, used a
navigated velocity trigger to proxy Mach number.

When originally proposed, MSL (known then as Mars Smart

Lander) featured a range trigger as part of the Apollo-heritage
entry guidance system, often referred to as the Smart Chute
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Figure 9. Examples of terrain classifier predicted classes in two Curiosity Navcam images.

C. Collection of Annotated Data

In order to collect annotations of terrain classes, a browser based annotation tool was developed which allows
for scientists and operational rover planners to view MSL navcam imagery with classifier output overlayed.
A screenshot of the tool can be seen in Figure 8. Using this tool, operators and scientists can review the
classified output from previous Sols, and correct it when necessary. As more observations of terrain are
collected, and the SPS team corrects it, our dataset will expand, allowing retraining and improvement of the
classifier. Additionally, as the rover moves into new areas which contain novel terrain types, new classes can
be added and annotated in the imagery. These can then be added to the training set and used to tune the
classifier.

D. Results

Example classification results are shown in Figure 9. In both cases, the classifier does a reasonable job at
predicting the correct label. However, some limitations become clear. In some cases, even a human might
struggle to determine classes. For example on the right image, determining the boundary between Sand
and Small Rocks is di!cult. In the case where there are large rocks on top of bedrock, the correct class
is also unclear. A confusion matrix on the holdout set for the classifier is shown in Table 3. These results
show that in most cases the classifier performs well. Most misclassifications occur between classes that are
similar and for which the boundary is unclear. Problems from unclear class boundaries are compounded
by inconsistencies in human labeling. The other main source of misclassifications is due to Small Rocks
making up more than half of the training data. Other classes are often misclassified as Small Rocks due
to the frequency with which it appears in the training set. Such class imbalances are often problematic for
classifiers, and we are investigating ways (e.g. data augmentation) to reduce the e"ect of these imbalanced
priors.

Table 3. Confusion matrix of terrain classification on MSL Navcam imagery.

Prediction

Sand S. Rocks Bedrock L. Rocks Outcrop Tracks % of data

G
ro
u
n
d
T
ru
th

Sand 50.5% 44.4% 0.8% 1.7% 0.2% 2.4% 10.9%

S. Rocks 2.0% 90.2% 0.6% 7.0% 0.2% 0.02% 54.6%

Bedrock 9.9% 16.8% 44.5% 28.6% 0.3% 0.0% 7.7%

L. Rocks 1.1% 57.5% 1.81% 38.3% 1.3% 0.02% 23.5%

Outcrop 1.6% 34.6% 0.0% 34.0% 28.6% 1.1% 2.2%

Tracks 0.7% 39.0% 0.0% 0.9% 0.8% 58.6% 1.1%
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Sand

Smooth with Rocks

Outcrop

Rocks

Rocks on Outcrop

Figure 7. Example of classifier output on terrain images from MSL Navcam. On the left are some of the
individual frames which are used for classification. On the right side the full classified panoramic mosaic is
shown.

and small rocks into di!erent classes. This means that, somewhat counter-intuitvely, we wish to avoid scale
invariance within our classifier - as a small rock in the near-field will often be identical in appearance to
a large rock in the far-field. While in principle a classifier could learn to understand projective geometry
through training, we found that in practice this added too much complexity to the problem and prevented
convergence. This was especially true given the small size ( 500 images) of our training set. To account
for this, we developed a pre-processing scheme for scale-normalizing our input images using the local 3D
geometry found using dense stereo reconstruction. First, we fit a plane to the local ground geometry using
RANSAC, and then find the homography between this and the image plane. The image is then warped to a
birds-eye view, cropped to a maximum distance of 30 meters from the rover, and all rover pixels are masked
out. We chose to limit range to 30 meters as we found that beyond this point the sparsity of pixels made
classifier results unreliable. An example of this pipeline is shown in Figure 6.

Figure 8. LoSILT Annotation Tool. This browser-based utility allows scientists and rover planners to review
and correct the output of the classifier quickly from any location. This allows for iterative improvement of the
classifier as more data of various terrain types is collected and added to the training set.
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Solving prediction problem as 
generalized gradient flow

16



What’s New?What’s New?

Main idea: Solve
What’s new?

Main Idea: Solve
@⇢

@t
= L⇢, ⇢(x , 0) = ⇢0 as gradient flow in P2(Rn

)

Proximal Operator: ⇢k = proxW 2

h� (⇢k�1) := arg inf
⇢2P2(Rn)

⇢
1
2
W 2(⇢, ⇢k�1) + h �(⇢)

�

Optimal Transport Cost: W 2(⇢, ⇢k�1) := inf
⇡2⇧(⇢,⇢k�1)

Z

Rn⇥Rn
c(x , y)d⇡(x , y)

Free Energy Functional: �(⇢) :=

Z

Rn
 ⇢ dx + ��1

Z

Rn
⇢ log ⇢ dx
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Infinite dimensional variational recursion:

Proximal operator:

Optimal transport cost:

Free energy functional:
17



Geometric Meaning of Gradient Flow
Gradient Flow

Gradient Flow in Rn

dx
dt

= �r'(x), x(0) = x0

Recursion:

xk = xk�1 � hr'(xk)

= arg min
x2Rn

⇢
1

2
kx � xk�1k22 + h'(x)

�

=: proxk·k2

h' (xk�1)

Convergence:

xk ! x(t = kh) as h # 0

Gradient Flow in P2(Rn
)
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@t
= �rW

�(⇢), ⇢(x , 0) = ⇢0

Recursion:

⇢k = ⇢(·, t = kh)

= arg min
⇢2P2(Rn)

⇢
1

2
W

2
(⇢, ⇢k�1) + h�(⇢)

�

=: proxW 2

h� (⇢k�1)

Convergence:

⇢k ! ⇢(·, t = kh) as h # 0
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Geometric Meaning of Gradient Flow

 as Lyapunov function:  as Lyapunov functional:
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D

Geometric Meaning of Gradient Flow
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Algorithm: Gradient Ascent on the Dual SpaceAlgorithm: Gradient Ascent on the Dual Space
Our Contribution: Algorithm

Uncertainty propagation via point clouds

No spatial discretization or function approximation
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Algorithm: Gradient Ascent on the Dual Space
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⇢k = ⇢(x , t = kh) = arg inf
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2
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�

+ Discrete Primal Formulation

%k = arg min
%
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M2⇧(%k�1,%)
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hCk ,Mi + h h k�1 + ��1

log%,%i
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+ Entropic Regularization
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Recursion on the Cone
Fixed Point Recursion

Theorem: Consider the recursion on the cone Rn
�0

⇥ Rn
�0

y � (�kz) = %k�1, z �
⇣
�k

>y
⌘
= ⇠k�1 � z� �✏

h ,

Then the solution (y⇤, z⇤
) gives the proximal update %k = z⇤ � (�k

>y⇤
)
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— K.F. Caluya and A.H., Gradient flow algorithms for density propagation in stochastic systems, 
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D2. Then, the idea is to design the metric d(·, ·) and the
functional �(·) in (3) such that %k(x) ! ⇢(x, t = kh) as
h # 0, i.e., in the small time-step limit, the solution of the
variational recursion (3) converges (in strong L

1 sense) to
that of (1). The main result in [17] was to show that for FPK
operators of the form (2) with f being a gradient vector field
and g being a scalar multiple of identity matrix, the distance
d(·, ·) can be taken as the Wasserstein-2 metric with �(·) as
the free energy functional. We will make these ideas precise
in Section II and III. The resulting variational recursion (3)
has since been known as the Jordan-Kinderlehrer-Otto (JKO)
scheme [18], and we will refer the FPK operator with such
assumptions on f and g to be in “JKO canonical form”.
Similar gradient descent schemes have been derived for many
other PDEs; see e.g., [19] for a recent survey.

To motivate gradient descent in infinite dimensional
spaces, we appeal to a more familiar setting, i.e., gradient
descent in Rn associated with the flow

dx

dt
= �r' (x) x(0) = x0, (4)

where x,x0 2 Rn and ' : Rn ! R�0, and is continuously
differentiable. The Euler discretization for (4) is given by

xk � xk�1 = �hr'(xk�1), (5)

which can be rewritten as a variational recursion

xk = arg min
x

1

2
k x � xk�1 k2 +h '(x) + o(h). (6)

In the optimization literature, the mapping xk�1 7! xk,
given by

proxk·k
h'(xk�1) := arg min

x

1

2
k x � xk�1 k2 +h '(x), (7)
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as an infinite dimensional proximal operator. As mentioned
above, the sequence {%k} generated by the proximal re-
cursion (3) converges to the flow of the PDE (4), i.e., the
sequence satisfies %k(x) ! ⇢(x, t = kh) as the step-size
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which implies ' decays along the flow of (4). As we will see
next, the appeal of using (3) to solve the FPK PDE comes
from the fact that the Euclidean gradient descent can be
generalized to the manifold D2 by appropriately choosing
the metric d(·, ·) and the functional �(·) in (3), in parallel
with the quantities k · k and '(·) in (8), respectively.
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of proximal operators to recursively update PDFs from time t =
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In this paper, we will develop an algorithm to solve the
FPK PDE via proximal recursion of the form (3) without
making any spatial discretization. A schematic is shown in
Fig. 1. The resulting recursion is proved to be contractive and
enjoy fast numerical implementation. Numerical simulation
results show the efficacy of the proposed formulation.
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Proximal Prediction: 2D Linear GaussianProximal Prediction: 2D Linear GaussianProximal Propagation: 2D Linear Gaussian
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Proximal Prediction: Nonlinear Non-GaussianProximal Prediction: 2D Nonlinear Non-GaussianProximal Propagation: Nonlinear non-Gaussian

25



Computational Time: Nonlinear Non-GaussianComputational Time: 2D Nonlinear Non-Gaussian
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Proximal Prediction: Satellite in Geocentric OrbitProximal Prediction: Satellite in Geocentric OrbitMixed Conservative-Dissipative Drift

Relative motion of a satellite in geocentric orbit:
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Computational Time: Satellite in Geocentric OrbitComputational Time: Satellite in Geocentric OrbitComputational time for 6 State Satellite Motion
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Extensions: Nonlocal InteractionsExtensions: Nonlocal interactionsExtensions: interacting particles

PDF dependent sample path dynamics:
dx = − (∇U (x) +∇ρ ∗ V)dt +

%
2β−1 dw

Mckean-Vlasov-Fokker-Planck-
Kolmogorov integro PDE:
∂ρ

∂t
= ∇ · (ρ∇ (U + ρ ∗ V)) + β−1∆ρ

Free energy:
F(ρ) := Eρ

&
U + β−1ρ log ρ + ρ ∗ V

'
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Extensions: Nonlocal InteractionsExtensions: Nonlocal interactions (contd.)Extensions: interacting particles (contd.)
U(·) = V(·) =' · '2
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Extensions: Multiplicative NoiseExtensions: Multiplicative NoiseExtensions: multiplicative noise
Cox-Ingersoll-Ross: dx = a (θ − x) dt + b

√
x dw, 2a>b2, θ>0
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Solving filtering as 
generalized gradient flow

32



What’s New?What’s New?

Main idea: Solve the Kushner-Stratonovich SPDE

Recursion of {deterministic   stochastic} proximal operators:!

Convergence: 

For prior, as before: 

For posterior:
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Explicit Recovery of Kalman-Bucy FilterThe Case for Linear Gaussian Systems

Model:
dx(t) = Ax(t)dt + Bdw(t), dw(t) ∼ N (0, Qdt)

dz(t) = Cx(t)dt + dv(t), dv(t) ∼ N (0, Rdt)

Given x(0)∼N (µ0, P0), want to recover:

For uncertainty propagation:

µ̇ = Aµ, µ(0) = µ0; Ṗ = AP + PA⊤ + BQB⊤, P(0) = P0.

For filtering:

dµ+(t) = Aµ+(t)dt+

P+CR−1

K(t) (dz(t)− Cµ+(t)dt),

Ṗ+(t)=AP+(t) + P+(t)A⊤ + BQB⊤ − K(t)RK(t)⊤.

The Case for Linear Gaussian Systems

Model:
dx(t) = Ax(t)dt + Bdw(t), dw(t) ∼ N (0, Qdt)

dz(t) = Cx(t)dt + dv(t), dv(t) ∼ N (0, Rdt)

Given x(0)∼N (µ0, P0), want to recover:

For uncertainty propagation:

µ̇ = Aµ, µ(0) = µ0; Ṗ = AP + PA⊤ + BQB⊤, P(0) = P0.

For filtering:

dµ+(t) = Aµ+(t)dt+

P+CR−1

K(t) (dz(t)− Cµ+(t)dt),

Ṗ+(t)=AP+(t) + P+(t)A⊤ + BQB⊤ − K(t)RK(t)⊤.

— A.H.  and T.T. Georgiou, Gradient Flows in Uncertainty Propagation and Filtering of Linear 
Gaussian Systems, CDC 2017.

— A.H.  and T.T. Georgiou, Gradient Flows in Filtering and Fisher-Rao Geometry, ACC 2018.

Explicit Recovery of the Kalman-Bucy Filter

— A.H. and T.T. Georgiou, Gradient Flows in Uncertainty Propagation and Filtering of Linear Gaussian 
Systems, CDC 2017.

— A.H. and T.T. Georgiou, Gradient Flows in Filtering and Fisher-Rao Geometry, ACC 2018.
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Explicit Recovery of the Wonham Filter
Explicit Recovery of Wonham Filter

— A.H.  and T.T. Georgiou, Proximal Recursion for the Wonham Filter, CDC 2019.

Model:

Posterior                                            solves the nonlinear SDE:

Initial condition: 

where 

State space:

By defn.

— A.H. and T.T. Georgiou, Proximal Recursion for the Wonham Filter, CDC 2019.

Exact Solution: Wonham Filter (1964-65)
J.SIAM Cono.

Ser. A, Vol. 2, No.
Printed in U.S.A., 1965

SOME APPLICATIONS OF STOCHASTIC DIFFERENTIAL
EQUATIONS TO OPTIMAL NONLINEAR FILTERING*

W. M. WONHAM
1. Introduction. A current problem in control theory is that of estimat-

ing the dynamical sate of a physical system, on the basis of data perturbed
by noise. Solution of the estimation problem is usuully immediate if one
knows the probability distribution of the system state at each instant of
time, eondiLionM on the data available up o that instant. It is therefore
of interest o ask how this posterior probability distribution evolves with
time, and if possible to specify the dynamical structure of a filter (i.e.,
analog device) which generates the posterior distribution when is input
is the time function actually observed.

In the present paper, filters of this type ure defined by means of stochastic
differential equations for the posterior distribution in which the observed
time function appears as a forcing term. Differential equations for this
purpose were introduced in 1960 by Stratonovi5 [1], who also indicated
their application to stochastic control problems [2]. When the dynamical
system under observation is linear and the noise is white Gaussian it hs
been shown [3] that StratonoviS’s equation cn be solved formally to yield
the sLoehusLic differential equation of the optimal (linear) filter. When
the function o be estimated is a Markov step process and the noise is
while Gaussia the optimal (non,linear) filter equations were stated in
[4]. The latter equations are discussed in more detail in 3, below; they
differ from those of SLratonovi5 in a sense to be noted in the sequel. For
one example, discussed in 3, performance of the optimal nonlinear filter
is evaluated numerically and is found to be somewhat better than that of
the simpler Wiener filter, particularly when the noise intensity is low.

In 4, the equations of 3 are generalized heuristically to the ease where
the state space of the step process is continuous, and iu 5 some tentative
remarks are made on the form of the solutions.
Some parallel work on noisy observation of a diffusion process has been

reported by Kushner in recent pper [5].
* Received by the editors April 30, 1964, and in revised form November 3, 1964.
Center for Control Theory, RIAS, BMtimore, Maryland. Now at Divisiol of

Applied Mathemutics, Center for Dynamical Systems, Brown University, Prov.i-
dence, Rhode Island. This research was supported in prt by the United States Air
Force through the Air Force Office of Scientific lZeserch, under Contract No. AF
49(638)-1206, nd in prt by the National Aeronautics and Spce Administration
under Contract No. NASw-845.

A brief review of stochastic differential equations is given in Appendix 1.
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Posterior prob. p+(t) := {p+
1 (t), . . . , p+

m (t)} solves:

dp+(t) = p+(t)Q dt + 1
(sV(t))

2 p+(t)
⇣

H � bh(t)I
⌘
⇥

⇣
dZ(t)� bh(t)dt

⌘

with initial condition p+(0) = p0.

H := diag (h(a1), . . . , h(am)) , bh(t) :=
m

Â
i=1

h(ai)p
+
i (t).
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Numerical Results for the Wonham FilterNumerical Results for Wonham Filter

— A.H.  and T.T. Georgiou, Proximal Recursion for the Wonham Filter, CDC 2019.— A.H. and T.T. Georgiou, Proximal Recursion for the Wonham Filter, CDC 2019.
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Solving density control as 
generalized gradient flow
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Finite Horizon Feedback Density Control
Control Problem

Steer joint state PDF
via feedback controlminimize

u∈U
E

!! 1

0
!u (x, t) !2

2 dt
"

subject to

dx =

#
f (x, t)+ B(t)u (x, t)

$
dt +

√
2"B(t) dw,

x (t = 0) ∼ ρ0, x (t = 1) ∼ ρ1
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Finite Horizon Feedback Density Control
Control Problem

Steer joint state PDF
via feedback controlminimize

u∈U
E

!! 1

0
!u (x, t) !2

2 dt
"

subject to

dx =

#
f (x, t)+ B(t)u (x, t)

$
dt +

√
2"B(t) dw,

x (t = 0) ∼ ρ0, x (t = 1) ∼ ρ1

Necessary conditions for optimality: coupled nonlinear PDEs (FPK + HJB)
∂ρopt

∂t
+∇ ·

%
ρopt

%
f + B(t)⊤∇ψ

&&
= %1⊤

'
D(t)⊙ Hess

'
ρopt(( 1,

∂ψ

∂t
+

1

2
)B(t)⊤∇ψ)2

2 + 〈∇ψ, f 〉 = −%〈D(t), Hess (ψ)〉

uopt(x, t) = B(t)⊤∇ψ

∂ρopt

∂t
+∇ ·

%
ρopt

%
f + B(t)⊤∇ψ

&&
= %1⊤

'
D(t)⊙ Hess

'
ρopt(( 1,

∂ψ

∂t
+

1

2
)B(t)⊤∇ψ)2

2 + 〈∇ψ, f 〉 = −%〈D(t), Hess (ψ)〉

uopt(x, t) = B(t)⊤∇ψ

Optimal control:Boundary conditions:

∂ρopt

∂t
+∇ ·

%
ρopt

%
f + B(t)⊤∇ψ

&&
= %1⊤

'
D(t)⊙ Hess

'
ρopt(( 1,

∂ψ

∂t
+

1

2
)B(t)⊤∇ψ)2

2 + 〈∇ψ, f 〉 = −%〈D(t), Hess (ψ)〉

uopt(x, t) = B(t)⊤∇ψ

ρopt (x, 0) = ρ0(x), ρopt (x, 1) = ρ1(x) 39



Feedback Synthesis via the Schrödinger SystemSolution via Schrödinger System
Schrödinger’s (until recently) forgotten papers: Entropic couplings

Universität Potsdam/ University of Reading 3

269

Sur la théorie relativiste de l’électron
et l’interprétation de la mécanique quantique

PAR

E. SCHRÖDINGER

I. - Introduction 

J’ai l’intention d’exposer dans ces conférences diverses idées concer-
nant la mécanique quantique et l’interprétation qu’on en donne géné-
ralement à l’heure actuelle ; je parlerai principalement de la théorie
quantique relativiste du mouvement de l’électron. Autant que nous
pouvons nous en rendre compte aujourd’hui, il semble à peu près
sûr que la mécanique quantique de l’électron, sous sa forme idéale,
que nous ne possédons pas encore, doit former un jour la base de toute
la physique. A cet intérêt tout à fait général, s’ajoute, ici à Paris,
un intérêt particulier : vous savez tous que les bases de la théorie
moderne de l’électron ont été posées à Paris par votre célèbre compa-
triote Louis de BROGLIE.

Les recherches que je vais exposer ne forment nullement une théorie
nette et complètement achevée (1). Le lien commun, un peu lâche
d’ailleurs, qui les rattache les unes aux autres, la source commune
dont elles dérivent, est le mécontentement que l’on éprouve quand
on considère l’état présent de la théorie et surtout celui de l’in-

terprétation physique actuelle de la mécanique quantique. Je voudrais

(i) Les mémoires originaux, qui forment la base de ces conférences, ont été publiés dans les
.SitzuYzgsberick1? der preussischen Akademie der Wissenschaften, i93o, p. q.i8; I93I, pp. 63, 144,
238. Dans les pages qui vont suivre, quelques-uns des asp;cts des problèmes envisagés sont peut-
être un peu mieux précisés ; on y trouvera également des résultats nouveaux (v. Notes I-III).

Schrödinger’s contribution: change of variable

Optimal controlled joint state PDF: 

Optimal control: 

Hopf-Cole transform:

∂ρopt

∂t
+∇ ·

%
ρopt

%
f + B(t)⊤∇ψ

&&
= %1⊤

'
D(t)⊙ Hess

'
ρopt(( 1,

∂ψ

∂t
+

1

2
)B(t)⊤∇ψ)2

2 + 〈∇ψ, f 〉 = −%〈D(t), Hess (ψ)〉

uopt(x, t) = B(t)⊤∇ψ

ρopt (x, 0) = ρ0(x), ρopt (x, 1) = ρ1(x)
(ρopt, ψ) %→ (ϕ, ϕ̂)

ρopt (x, t) = φ̂(x, t)φ(x, t)
uopt(x, t) = 2"B(t)⊤∇ log φ (x, t)

Optimal controlled joint state PDF:

Optimal control:

∂ρopt

∂t
+∇ ·

%
ρopt

%
f + B(t)⊤∇ψ

&&
= %1⊤

'
D(t)⊙ Hess

'
ρopt(( 1,

∂ψ

∂t
+

1

2
)B(t)⊤∇ψ)2

2 + 〈∇ψ, f 〉 = −%〈D(t), Hess (ψ)〉

uopt(x, t) = B(t)⊤∇ψ

ρopt (x, 0) = ρ0(x), ρopt (x, 1) = ρ1(x)
(ρopt, ψ) %→ (ϕ, ϕ̂)

ρopt (x, t) = ϕ̂(x, t)ϕ(x, t)
uopt(x, t) = 2"B(t)⊤∇ log ϕ (x, t)

∂ρopt

∂t
+∇ ·

%
ρopt

%
f + B(t)⊤∇ψ

&&
= %1⊤

'
D(t)⊙ Hess

'
ρopt(( 1,

∂ψ

∂t
+

1

2
)B(t)⊤∇ψ)2

2 + 〈∇ψ, f 〉 = −%〈D(t), Hess (ψ)〉

uopt(x, t) = B(t)⊤∇ψ

ρopt (x, 0) = ρ0(x), ρopt (x, 1) = ρ1(x)
(ρopt, ψ) %→ (ϕ, ϕ̂)

ρopt (x, t) = ϕ̂(x, t)ϕ(x, t)
uopt(x, t) = 2"B(t)⊤∇ log ϕ (x, t)

ϕ (x, t) = exp
%

ψ (x, t)
2"

&
,

ϕ̂ (x, t) = ρopt (x, t) exp
%
−ψ (x, t)

2"

&
,
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Feedback Synthesis via the Schrödinger System

2 coupled nonlinear PDEs              boundary-coupled linear PDEs!! 

Solution via Schrödinger System

Wasserstein proximal algorithm             fixed point recursion over  

(Contractive in Hilbert metric)

Let

2 coupled nonlinear PDEs              boundary-coupled linear PDEs!! 

Solution via Schrödinger System

Wasserstein proximal algorithm             fixed point recursion over  

(Contractive in Hilbert metric)

Let

∂ρopt

∂t
+∇ ·

%
ρopt

%
f + B(t)⊤∇ψ

&&
= %1⊤

'
D(t)⊙ Hess

'
ρopt(( 1,

∂ψ

∂t
+

1

2
)B(t)⊤∇ψ)2

2 + 〈∇ψ, f 〉 = −%〈D(t), Hess (ψ)〉

uopt(x, t) = B(t)⊤∇ψ

ρopt (x, 0) = ρ0(x), ρopt (x, 1) = ρ1(x)
(ρopt, ψ) %→ (ϕ, ϕ̂)

ρopt (x, t) = ϕ̂(x, t)ϕ(x, t)
uopt(x, t) = 2"B(t)⊤∇ log ϕ (x, t)
(ϕ̂0, ϕ1)

∂ϕ̂

∂t
= −∇ · (ϕ̂ f ) + %1⊤(D(t)⊙ Hess (ϕ̂))1

) *+ ,
forward Kolmogorov PDE

, ϕ0 ϕ̂0 = ρ0,

∂ϕ

∂t
= −〈∇ϕ, f 〉 − %〈D(t), Hess (ϕ)〉

) *+ ,
backward Kolmogorov PDE

, ϕ1 ϕ̂1 = ρ1.
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Fixed Point Recursion on ('0, '̂1)

'̂0(x)
<latexit sha1_base64="zuTbyQe5fGZoEkydI8GsmtXM25o=">AAAB/HicbVBNS8NAEN34WetXtEcvwSLUS0lE0GPRi8cK9gPaEDbbTbN0swm7k2II9a948aCIV3+IN/+NmzYHbX0w8Hhvhpl5fsKZAtv+NtbWNza3tis71d29/YND8+i4q+JUEtohMY9l38eKciZoBxhw2k8kxZHPac+f3BZ+b0qlYrF4gCyhboTHggWMYNCSZ9aGIYZ8OMUyCdnMsxuP51XPrNtNew5rlTglqaMSbc/8Go5ikkZUAOFYqYFjJ+DmWAIjnM6qw1TRBJMJHtOBpgJHVLn5/PiZdaaVkRXEUpcAa67+nshxpFQW+bozwhCqZa8Q//MGKQTXbs5EkgIVZLEoSLkFsVUkYY2YpAR4pgkmkulbLRJiiQnovIoQnOWXV0n3ounYTef+st66KeOooBN0ihrIQVeohe5QG3UQQRl6Rq/ozXgyXox342PRumaUMzX0B8bnD+hdlEI=</latexit><latexit sha1_base64="zuTbyQe5fGZoEkydI8GsmtXM25o=">AAAB/HicbVBNS8NAEN34WetXtEcvwSLUS0lE0GPRi8cK9gPaEDbbTbN0swm7k2II9a948aCIV3+IN/+NmzYHbX0w8Hhvhpl5fsKZAtv+NtbWNza3tis71d29/YND8+i4q+JUEtohMY9l38eKciZoBxhw2k8kxZHPac+f3BZ+b0qlYrF4gCyhboTHggWMYNCSZ9aGIYZ8OMUyCdnMsxuP51XPrNtNew5rlTglqaMSbc/8Go5ikkZUAOFYqYFjJ+DmWAIjnM6qw1TRBJMJHtOBpgJHVLn5/PiZdaaVkRXEUpcAa67+nshxpFQW+bozwhCqZa8Q//MGKQTXbs5EkgIVZLEoSLkFsVUkYY2YpAR4pgkmkulbLRJiiQnovIoQnOWXV0n3ounYTef+st66KeOooBN0ihrIQVeohe5QG3UQQRl6Rq/ozXgyXox342PRumaUMzX0B8bnD+hdlEI=</latexit><latexit sha1_base64="zuTbyQe5fGZoEkydI8GsmtXM25o=">AAAB/HicbVBNS8NAEN34WetXtEcvwSLUS0lE0GPRi8cK9gPaEDbbTbN0swm7k2II9a948aCIV3+IN/+NmzYHbX0w8Hhvhpl5fsKZAtv+NtbWNza3tis71d29/YND8+i4q+JUEtohMY9l38eKciZoBxhw2k8kxZHPac+f3BZ+b0qlYrF4gCyhboTHggWMYNCSZ9aGIYZ8OMUyCdnMsxuP51XPrNtNew5rlTglqaMSbc/8Go5ikkZUAOFYqYFjJ+DmWAIjnM6qw1TRBJMJHtOBpgJHVLn5/PiZdaaVkRXEUpcAa67+nshxpFQW+bozwhCqZa8Q//MGKQTXbs5EkgIVZLEoSLkFsVUkYY2YpAR4pgkmkulbLRJiiQnovIoQnOWXV0n3ounYTef+st66KeOooBN0ihrIQVeohe5QG3UQQRl6Rq/ozXgyXox342PRumaUMzX0B8bnD+hdlEI=</latexit><latexit sha1_base64="zuTbyQe5fGZoEkydI8GsmtXM25o=">AAAB/HicbVBNS8NAEN34WetXtEcvwSLUS0lE0GPRi8cK9gPaEDbbTbN0swm7k2II9a948aCIV3+IN/+NmzYHbX0w8Hhvhpl5fsKZAtv+NtbWNza3tis71d29/YND8+i4q+JUEtohMY9l38eKciZoBxhw2k8kxZHPac+f3BZ+b0qlYrF4gCyhboTHggWMYNCSZ9aGIYZ8OMUyCdnMsxuP51XPrNtNew5rlTglqaMSbc/8Go5ikkZUAOFYqYFjJ+DmWAIjnM6qw1TRBJMJHtOBpgJHVLn5/PiZdaaVkRXEUpcAa67+nshxpFQW+bozwhCqZa8Q//MGKQTXbs5EkgIVZLEoSLkFsVUkYY2YpAR4pgkmkulbLRJiiQnovIoQnOWXV0n3ounYTef+st66KeOooBN0ihrIQVeohe5QG3UQQRl6Rq/ozXgyXox342PRumaUMzX0B8bnD+hdlEI=</latexit>

'̂1(x)
<latexit sha1_base64="btoklR+IseUv5QhypxuU878c5q8=">AAAB/HicbVBNS8NAEN34WetXtEcvwSLUS0lE0GPRi8cK9gPaEDbbTbN0swm7k2II9a948aCIV3+IN/+NmzYHbX0w8Hhvhpl5fsKZAtv+NtbWNza3tis71d29/YND8+i4q+JUEtohMY9l38eKciZoBxhw2k8kxZHPac+f3BZ+b0qlYrF4gCyhboTHggWMYNCSZ9aGIYZ8OMUyCdnMcxqP51XPrNtNew5rlTglqaMSbc/8Go5ikkZUAOFYqYFjJ+DmWAIjnM6qw1TRBJMJHtOBpgJHVLn5/PiZdaaVkRXEUpcAa67+nshxpFQW+bozwhCqZa8Q//MGKQTXbs5EkgIVZLEoSLkFsVUkYY2YpAR4pgkmkulbLRJiiQnovIoQnOWXV0n3ounYTef+st66KeOooBN0ihrIQVeohe5QG3UQQRl6Rq/ozXgyXox342PRumaUMzX0B8bnD+nllEM=</latexit><latexit sha1_base64="btoklR+IseUv5QhypxuU878c5q8=">AAAB/HicbVBNS8NAEN34WetXtEcvwSLUS0lE0GPRi8cK9gPaEDbbTbN0swm7k2II9a948aCIV3+IN/+NmzYHbX0w8Hhvhpl5fsKZAtv+NtbWNza3tis71d29/YND8+i4q+JUEtohMY9l38eKciZoBxhw2k8kxZHPac+f3BZ+b0qlYrF4gCyhboTHggWMYNCSZ9aGIYZ8OMUyCdnMcxqP51XPrNtNew5rlTglqaMSbc/8Go5ikkZUAOFYqYFjJ+DmWAIjnM6qw1TRBJMJHtOBpgJHVLn5/PiZdaaVkRXEUpcAa67+nshxpFQW+bozwhCqZa8Q//MGKQTXbs5EkgIVZLEoSLkFsVUkYY2YpAR4pgkmkulbLRJiiQnovIoQnOWXV0n3ounYTef+st66KeOooBN0ihrIQVeohe5QG3UQQRl6Rq/ozXgyXox342PRumaUMzX0B8bnD+nllEM=</latexit><latexit sha1_base64="btoklR+IseUv5QhypxuU878c5q8=">AAAB/HicbVBNS8NAEN34WetXtEcvwSLUS0lE0GPRi8cK9gPaEDbbTbN0swm7k2II9a948aCIV3+IN/+NmzYHbX0w8Hhvhpl5fsKZAtv+NtbWNza3tis71d29/YND8+i4q+JUEtohMY9l38eKciZoBxhw2k8kxZHPac+f3BZ+b0qlYrF4gCyhboTHggWMYNCSZ9aGIYZ8OMUyCdnMcxqP51XPrNtNew5rlTglqaMSbc/8Go5ikkZUAOFYqYFjJ+DmWAIjnM6qw1TRBJMJHtOBpgJHVLn5/PiZdaaVkRXEUpcAa67+nshxpFQW+bozwhCqZa8Q//MGKQTXbs5EkgIVZLEoSLkFsVUkYY2YpAR4pgkmkulbLRJiiQnovIoQnOWXV0n3ounYTef+st66KeOooBN0ihrIQVeohe5QG3UQQRl6Rq/ozXgyXox342PRumaUMzX0B8bnD+nllEM=</latexit><latexit sha1_base64="btoklR+IseUv5QhypxuU878c5q8=">AAAB/HicbVBNS8NAEN34WetXtEcvwSLUS0lE0GPRi8cK9gPaEDbbTbN0swm7k2II9a948aCIV3+IN/+NmzYHbX0w8Hhvhpl5fsKZAtv+NtbWNza3tis71d29/YND8+i4q+JUEtohMY9l38eKciZoBxhw2k8kxZHPac+f3BZ+b0qlYrF4gCyhboTHggWMYNCSZ9aGIYZ8OMUyCdnMcxqP51XPrNtNew5rlTglqaMSbc/8Go5ikkZUAOFYqYFjJ+DmWAIjnM6qw1TRBJMJHtOBpgJHVLn5/PiZdaaVkRXEUpcAa67+nshxpFQW+bozwhCqZa8Q//MGKQTXbs5EkgIVZLEoSLkFsVUkYY2YpAR4pgkmkulbLRJiiQnovIoQnOWXV0n3ounYTef+st66KeOooBN0ihrIQVeohe5QG3UQQRl6Rq/ozXgyXox342PRumaUMzX0B8bnD+nllEM=</latexit>

'1(x)
<latexit sha1_base64="oh6OiNJGL+xYl2+XxgmbE1bcwNc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXsquCHosevFYwX5Au5Rsmm1Dk+yaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8W3mtydUaRbJBzONqS/wULKQEWys5PcmWMUj1veqT+elfrni1tw50CrxclKBHI1++as3iEgiqDSEY627nhsbP8XKMMLprNRLNI0xGeMh7VoqsaDaT+dHz9CZVQYojJQtadBc/T2RYqH1VAS2U2Az0steJv7ndRMTXvspk3FiqCSLRWHCkYlQlgAaMEWJ4VNLMFHM3orICCtMjM0pC8FbfnmVtC5qnlvz7i8r9Zs8jiKcwClUwYMrqMMdNKAJBB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4jVkUU=</latexit><latexit sha1_base64="oh6OiNJGL+xYl2+XxgmbE1bcwNc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXsquCHosevFYwX5Au5Rsmm1Dk+yaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8W3mtydUaRbJBzONqS/wULKQEWys5PcmWMUj1veqT+elfrni1tw50CrxclKBHI1++as3iEgiqDSEY627nhsbP8XKMMLprNRLNI0xGeMh7VoqsaDaT+dHz9CZVQYojJQtadBc/T2RYqH1VAS2U2Az0steJv7ndRMTXvspk3FiqCSLRWHCkYlQlgAaMEWJ4VNLMFHM3orICCtMjM0pC8FbfnmVtC5qnlvz7i8r9Zs8jiKcwClUwYMrqMMdNKAJBB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4jVkUU=</latexit><latexit sha1_base64="oh6OiNJGL+xYl2+XxgmbE1bcwNc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXsquCHosevFYwX5Au5Rsmm1Dk+yaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8W3mtydUaRbJBzONqS/wULKQEWys5PcmWMUj1veqT+elfrni1tw50CrxclKBHI1++as3iEgiqDSEY627nhsbP8XKMMLprNRLNI0xGeMh7VoqsaDaT+dHz9CZVQYojJQtadBc/T2RYqH1VAS2U2Az0steJv7ndRMTXvspk3FiqCSLRWHCkYlQlgAaMEWJ4VNLMFHM3orICCtMjM0pC8FbfnmVtC5qnlvz7i8r9Zs8jiKcwClUwYMrqMMdNKAJBB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4jVkUU=</latexit><latexit sha1_base64="oh6OiNJGL+xYl2+XxgmbE1bcwNc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXsquCHosevFYwX5Au5Rsmm1Dk+yaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8W3mtydUaRbJBzONqS/wULKQEWys5PcmWMUj1veqT+elfrni1tw50CrxclKBHI1++as3iEgiqDSEY627nhsbP8XKMMLprNRLNI0xGeMh7VoqsaDaT+dHz9CZVQYojJQtadBc/T2RYqH1VAS2U2Az0steJv7ndRMTXvspk3FiqCSLRWHCkYlQlgAaMEWJ4VNLMFHM3orICCtMjM0pC8FbfnmVtC5qnlvz7i8r9Zs8jiKcwClUwYMrqMMdNKAJBB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4jVkUU=</latexit>

'0(x)
<latexit sha1_base64="cVrCtbKVBhI2iYDPpaj6QUudi6g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbm+bHg2mD87RTW1jc2t4rbpZ3dvf2D8uFRS0eJoqxJIxGpjk80E1yypuFGsE6sGAl9wdr++Dbz2xOmNI/kg5nGzAvJUPKAU2Ks5PUmRMUj3sfVp/NSv1zBNTwHWiVuTiqQo9Evf/UGEU1CJg0VROuui2PjpUQZTgWblXqJZjGhYzJkXUslCZn20vnRM3RmlQEKImVLGjRXf0+kJNR6Gvq2MyRmpJe9TPzP6yYmuPZSLuPEMEkXi4JEIBOhLAE04IpRI6aWEKq4vRXREVGEGptTFoK7/PIqaV3UXFxz7y8r9Zs8jiKcwClUwYUrqMMdNKAJFB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4dNkUQ=</latexit><latexit sha1_base64="cVrCtbKVBhI2iYDPpaj6QUudi6g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbm+bHg2mD87RTW1jc2t4rbpZ3dvf2D8uFRS0eJoqxJIxGpjk80E1yypuFGsE6sGAl9wdr++Dbz2xOmNI/kg5nGzAvJUPKAU2Ks5PUmRMUj3sfVp/NSv1zBNTwHWiVuTiqQo9Evf/UGEU1CJg0VROuui2PjpUQZTgWblXqJZjGhYzJkXUslCZn20vnRM3RmlQEKImVLGjRXf0+kJNR6Gvq2MyRmpJe9TPzP6yYmuPZSLuPEMEkXi4JEIBOhLAE04IpRI6aWEKq4vRXREVGEGptTFoK7/PIqaV3UXFxz7y8r9Zs8jiKcwClUwYUrqMMdNKAJFB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4dNkUQ=</latexit><latexit sha1_base64="cVrCtbKVBhI2iYDPpaj6QUudi6g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbm+bHg2mD87RTW1jc2t4rbpZ3dvf2D8uFRS0eJoqxJIxGpjk80E1yypuFGsE6sGAl9wdr++Dbz2xOmNI/kg5nGzAvJUPKAU2Ks5PUmRMUj3sfVp/NSv1zBNTwHWiVuTiqQo9Evf/UGEU1CJg0VROuui2PjpUQZTgWblXqJZjGhYzJkXUslCZn20vnRM3RmlQEKImVLGjRXf0+kJNR6Gvq2MyRmpJe9TPzP6yYmuPZSLuPEMEkXi4JEIBOhLAE04IpRI6aWEKq4vRXREVGEGptTFoK7/PIqaV3UXFxz7y8r9Zs8jiKcwClUwYUrqMMdNKAJFB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4dNkUQ=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="0WPc+w+5b3ukaMbOZuDY+rrrVII=">AAAB6XicbZDNTgIxFIXv4B8iKrp100hMcEM6bnRp4sYlJvKTwIR0yh1o6HTGtkMkhOdw40JjfCF3vo0dYKHgSZp8OafNvT1hKoWxlH57ha3tnd294n7poHx4dFw5KbdMkmmOTZ7IRHdCZlAKhU0rrMROqpHFocR2OL7L8/YEtRGJerTTFIOYDZWIBGfWWUFvwnQ6En1ae74s9StVWqcLkU3wV1CFlRr9yldvkPAsRmW5ZMZ0fZraYMa0FVzivNTLDKaMj9kQuw4Vi9EEs8XSc3LhnAGJEu2OsmTh/n4xY7Ex0zh0N2NmR2Y9y83/sm5mo5tgJlSaWVR8OSjKJLEJyRsgA6GRWzl1wLgWblfCR0wzbl1PeQn++pc3oXVV92ndf6BQhDM4hxr4cA23cA8NaAKHJ3iBN3j3Jt6r97Gsq+CtejuFP/I+fwBFt4/l</latexit><latexit sha1_base64="0WPc+w+5b3ukaMbOZuDY+rrrVII=">AAAB6XicbZDNTgIxFIXv4B8iKrp100hMcEM6bnRp4sYlJvKTwIR0yh1o6HTGtkMkhOdw40JjfCF3vo0dYKHgSZp8OafNvT1hKoWxlH57ha3tnd294n7poHx4dFw5KbdMkmmOTZ7IRHdCZlAKhU0rrMROqpHFocR2OL7L8/YEtRGJerTTFIOYDZWIBGfWWUFvwnQ6En1ae74s9StVWqcLkU3wV1CFlRr9yldvkPAsRmW5ZMZ0fZraYMa0FVzivNTLDKaMj9kQuw4Vi9EEs8XSc3LhnAGJEu2OsmTh/n4xY7Ex0zh0N2NmR2Y9y83/sm5mo5tgJlSaWVR8OSjKJLEJyRsgA6GRWzl1wLgWblfCR0wzbl1PeQn++pc3oXVV92ndf6BQhDM4hxr4cA23cA8NaAKHJ3iBN3j3Jt6r97Gsq+CtejuFP/I+fwBFt4/l</latexit><latexit sha1_base64="/6H8aUlBDbuTtVS6FyvJmLwhI3M=">AAAB9HicbVA9TwJBEJ3DL8Qv1NJmIzHBhuzZaEm0scREPhK4kL1lDzbs7R27e0Ry4XfYWGiMrT/Gzn/jHlyh4EsmeXlvJjPz/FhwbTD+dgobm1vbO8Xd0t7+weFR+fikpaNEUdakkYhUxyeaCS5Z03AjWCdWjIS+YG1/fJf57SlTmkfy0cxi5oVkKHnAKTFW8npTouIR7+Pq02WpX67gGl4ArRM3JxXI0eiXv3qDiCYhk4YKonXXxbHxUqIMp4LNS71Es5jQMRmyrqWShEx76eLoObqwygAFkbIlDVqovydSEmo9C33bGRIz0qteJv7ndRMT3Hgpl3FimKTLRUEikIlQlgAacMWoETNLCFXc3oroiChCjc0pC8FdfXmdtK5qLq65D7hSv83jKMIZnEMVXLiGOtxDA5pAYQLP8ApvztR5cd6dj2VrwclnTuEPnM8fhg2RQA==</latexit><latexit sha1_base64="cVrCtbKVBhI2iYDPpaj6QUudi6g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbm+bHg2mD87RTW1jc2t4rbpZ3dvf2D8uFRS0eJoqxJIxGpjk80E1yypuFGsE6sGAl9wdr++Dbz2xOmNI/kg5nGzAvJUPKAU2Ks5PUmRMUj3sfVp/NSv1zBNTwHWiVuTiqQo9Evf/UGEU1CJg0VROuui2PjpUQZTgWblXqJZjGhYzJkXUslCZn20vnRM3RmlQEKImVLGjRXf0+kJNR6Gvq2MyRmpJe9TPzP6yYmuPZSLuPEMEkXi4JEIBOhLAE04IpRI6aWEKq4vRXREVGEGptTFoK7/PIqaV3UXFxz7y8r9Zs8jiKcwClUwYUrqMMdNKAJFB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4dNkUQ=</latexit><latexit sha1_base64="cVrCtbKVBhI2iYDPpaj6QUudi6g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbm+bHg2mD87RTW1jc2t4rbpZ3dvf2D8uFRS0eJoqxJIxGpjk80E1yypuFGsE6sGAl9wdr++Dbz2xOmNI/kg5nGzAvJUPKAU2Ks5PUmRMUj3sfVp/NSv1zBNTwHWiVuTiqQo9Evf/UGEU1CJg0VROuui2PjpUQZTgWblXqJZjGhYzJkXUslCZn20vnRM3RmlQEKImVLGjRXf0+kJNR6Gvq2MyRmpJe9TPzP6yYmuPZSLuPEMEkXi4JEIBOhLAE04IpRI6aWEKq4vRXREVGEGptTFoK7/PIqaV3UXFxz7y8r9Zs8jiKcwClUwYUrqMMdNKAJFB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4dNkUQ=</latexit><latexit sha1_base64="cVrCtbKVBhI2iYDPpaj6QUudi6g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbm+bHg2mD87RTW1jc2t4rbpZ3dvf2D8uFRS0eJoqxJIxGpjk80E1yypuFGsE6sGAl9wdr++Dbz2xOmNI/kg5nGzAvJUPKAU2Ks5PUmRMUj3sfVp/NSv1zBNTwHWiVuTiqQo9Evf/UGEU1CJg0VROuui2PjpUQZTgWblXqJZjGhYzJkXUslCZn20vnRM3RmlQEKImVLGjRXf0+kJNR6Gvq2MyRmpJe9TPzP6yYmuPZSLuPEMEkXi4JEIBOhLAE04IpRI6aWEKq4vRXREVGEGptTFoK7/PIqaV3UXFxz7y8r9Zs8jiKcwClUwYUrqMMdNKAJFB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4dNkUQ=</latexit><latexit sha1_base64="cVrCtbKVBhI2iYDPpaj6QUudi6g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbm+bHg2mD87RTW1jc2t4rbpZ3dvf2D8uFRS0eJoqxJIxGpjk80E1yypuFGsE6sGAl9wdr++Dbz2xOmNI/kg5nGzAvJUPKAU2Ks5PUmRMUj3sfVp/NSv1zBNTwHWiVuTiqQo9Evf/UGEU1CJg0VROuui2PjpUQZTgWblXqJZjGhYzJkXUslCZn20vnRM3RmlQEKImVLGjRXf0+kJNR6Gvq2MyRmpJe9TPzP6yYmuPZSLuPEMEkXi4JEIBOhLAE04IpRI6aWEKq4vRXREVGEGptTFoK7/PIqaV3UXFxz7y8r9Zs8jiKcwClUwYUrqMMdNKAJFB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4dNkUQ=</latexit><latexit sha1_base64="cVrCtbKVBhI2iYDPpaj6QUudi6g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbm+bHg2mD87RTW1jc2t4rbpZ3dvf2D8uFRS0eJoqxJIxGpjk80E1yypuFGsE6sGAl9wdr++Dbz2xOmNI/kg5nGzAvJUPKAU2Ks5PUmRMUj3sfVp/NSv1zBNTwHWiVuTiqQo9Evf/UGEU1CJg0VROuui2PjpUQZTgWblXqJZjGhYzJkXUslCZn20vnRM3RmlQEKImVLGjRXf0+kJNR6Gvq2MyRmpJe9TPzP6yYmuPZSLuPEMEkXi4JEIBOhLAE04IpRI6aWEKq4vRXREVGEGptTFoK7/PIqaV3UXFxz7y8r9Zs8jiKcwClUwYUrqMMdNKAJFB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4dNkUQ=</latexit><latexit sha1_base64="cVrCtbKVBhI2iYDPpaj6QUudi6g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4bs+0etPXBwOO9GWbm+bHg2mD87RTW1jc2t4rbpZ3dvf2D8uFRS0eJoqxJIxGpjk80E1yypuFGsE6sGAl9wdr++Dbz2xOmNI/kg5nGzAvJUPKAU2Ks5PUmRMUj3sfVp/NSv1zBNTwHWiVuTiqQo9Evf/UGEU1CJg0VROuui2PjpUQZTgWblXqJZjGhYzJkXUslCZn20vnRM3RmlQEKImVLGjRXf0+kJNR6Gvq2MyRmpJe9TPzP6yYmuPZSLuPEMEkXi4JEIBOhLAE04IpRI6aWEKq4vRXREVGEGptTFoK7/PIqaV3UXFxz7y8r9Zs8jiKcwClUwYUrqMMdNKAJFB7hGV7hzZk4L86787FoLTj5zDH8gfP5A4dNkUQ=</latexit>

Z

<latexit sha1_base64="oZVJcUc0nkAdlcSGwzmyvQzg4bM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x0+agrQ8GHu/NMDMvTKUw6LrfTmVtfWNzq7pd29nd2z+oHx51TJJpxn2WyER3Q2q4FIr7KFDybqo5jUPJH8PJbeE/PnFtRKIecJryIKYjJSLBKFrJ7wuFtUG94TbdOcgq8UrSgBLtQf2rP0xYFnOFTFJjep6bYpBTjYJJPqv1M8NTyiZ0xHuWKhpzE+TzY2fkzCpDEiXalkIyV39P5DQ2ZhqHtjOmODbLXiH+5/UyjK6DXKg0Q67YYlGUSYIJKT4nQ6E5Qzm1hDIt7K2EjammDG0+RQje8surpHPR9Nymd3/ZaN2UcVThBE7hHDy4ghbcQRt8YCDgGV7hzVHOi/PufCxaK045cwx/4Hz+AFhhjl0=</latexit><latexit sha1_base64="oZVJcUc0nkAdlcSGwzmyvQzg4bM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x0+agrQ8GHu/NMDMvTKUw6LrfTmVtfWNzq7pd29nd2z+oHx51TJJpxn2WyER3Q2q4FIr7KFDybqo5jUPJH8PJbeE/PnFtRKIecJryIKYjJSLBKFrJ7wuFtUG94TbdOcgq8UrSgBLtQf2rP0xYFnOFTFJjep6bYpBTjYJJPqv1M8NTyiZ0xHuWKhpzE+TzY2fkzCpDEiXalkIyV39P5DQ2ZhqHtjOmODbLXiH+5/UyjK6DXKg0Q67YYlGUSYIJKT4nQ6E5Qzm1hDIt7K2EjammDG0+RQje8surpHPR9Nymd3/ZaN2UcVThBE7hHDy4ghbcQRt8YCDgGV7hzVHOi/PufCxaK045cwx/4Hz+AFhhjl0=</latexit><latexit sha1_base64="oZVJcUc0nkAdlcSGwzmyvQzg4bM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x0+agrQ8GHu/NMDMvTKUw6LrfTmVtfWNzq7pd29nd2z+oHx51TJJpxn2WyER3Q2q4FIr7KFDybqo5jUPJH8PJbeE/PnFtRKIecJryIKYjJSLBKFrJ7wuFtUG94TbdOcgq8UrSgBLtQf2rP0xYFnOFTFJjep6bYpBTjYJJPqv1M8NTyiZ0xHuWKhpzE+TzY2fkzCpDEiXalkIyV39P5DQ2ZhqHtjOmODbLXiH+5/UyjK6DXKg0Q67YYlGUSYIJKT4nQ6E5Qzm1hDIt7K2EjammDG0+RQje8surpHPR9Nymd3/ZaN2UcVThBE7hHDy4ghbcQRt8YCDgGV7hzVHOi/PufCxaK045cwx/4Hz+AFhhjl0=</latexit><latexit sha1_base64="oZVJcUc0nkAdlcSGwzmyvQzg4bM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKphbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x0+agrQ8GHu/NMDMvTKUw6LrfTmVtfWNzq7pd29nd2z+oHx51TJJpxn2WyER3Q2q4FIr7KFDybqo5jUPJH8PJbeE/PnFtRKIecJryIKYjJSLBKFrJ7wuFtUG94TbdOcgq8UrSgBLtQf2rP0xYFnOFTFJjep6bYpBTjYJJPqv1M8NTyiZ0xHuWKhpzE+TzY2fkzCpDEiXalkIyV39P5DQ2ZhqHtjOmODbLXiH+5/UyjK6DXKg0Q67YYlGUSYIJKT4nQ6E5Qzm1hDIt7K2EjammDG0+RQje8surpHPR9Nymd3/ZaN2UcVThBE7hHDy4ghbcQRt8YCDgGV7hzVHOi/PufCxaK045cwx/4Hz+AFhhjl0=</latexit>

⇢1(x)/'̂1(x)
<latexit sha1_base64="BMlwKHEEIWSKjELrHNPG4K42Nz4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbmoigi6LblxWsA9oQphMp83QyUyYmRRL6MaNv+LGhSJu/Qd3/o3TNAutHrhwOOde7r0nTBhV2nG+rNLS8srqWnm9srG5tb1j7+61lUglJi0smJDdECnCKCctTTUj3UQSFIeMdMLR9czvjIlUVPA7PUmIH6MhpwOKkTZSYB96MhKBW7s/OfUipDNvjGQS0WkuBXbVqTs54F/iFqQKCjQD+9PrC5zGhGvMkFI910m0nyGpKWZkWvFSRRKER2hIeoZyFBPlZ/kXU3hslD4cCGmKa5irPycyFCs1iUPTGSMdqUVvJv7n9VI9uPQzypNUE47niwYpg1rAWSSwTyXBmk0MQVhScyvEEZIIaxNcxYTgLr78l7TP6q5Td2/Pq42rIo4yOABHoAZccAEa4AY0QQtg8ACewAt4tR6tZ+vNep+3lqxiZh/8gvXxDTzJl8A=</latexit><latexit sha1_base64="BMlwKHEEIWSKjELrHNPG4K42Nz4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbmoigi6LblxWsA9oQphMp83QyUyYmRRL6MaNv+LGhSJu/Qd3/o3TNAutHrhwOOde7r0nTBhV2nG+rNLS8srqWnm9srG5tb1j7+61lUglJi0smJDdECnCKCctTTUj3UQSFIeMdMLR9czvjIlUVPA7PUmIH6MhpwOKkTZSYB96MhKBW7s/OfUipDNvjGQS0WkuBXbVqTs54F/iFqQKCjQD+9PrC5zGhGvMkFI910m0nyGpKWZkWvFSRRKER2hIeoZyFBPlZ/kXU3hslD4cCGmKa5irPycyFCs1iUPTGSMdqUVvJv7n9VI9uPQzypNUE47niwYpg1rAWSSwTyXBmk0MQVhScyvEEZIIaxNcxYTgLr78l7TP6q5Td2/Pq42rIo4yOABHoAZccAEa4AY0QQtg8ACewAt4tR6tZ+vNep+3lqxiZh/8gvXxDTzJl8A=</latexit><latexit sha1_base64="BMlwKHEEIWSKjELrHNPG4K42Nz4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbmoigi6LblxWsA9oQphMp83QyUyYmRRL6MaNv+LGhSJu/Qd3/o3TNAutHrhwOOde7r0nTBhV2nG+rNLS8srqWnm9srG5tb1j7+61lUglJi0smJDdECnCKCctTTUj3UQSFIeMdMLR9czvjIlUVPA7PUmIH6MhpwOKkTZSYB96MhKBW7s/OfUipDNvjGQS0WkuBXbVqTs54F/iFqQKCjQD+9PrC5zGhGvMkFI910m0nyGpKWZkWvFSRRKER2hIeoZyFBPlZ/kXU3hslD4cCGmKa5irPycyFCs1iUPTGSMdqUVvJv7n9VI9uPQzypNUE47niwYpg1rAWSSwTyXBmk0MQVhScyvEEZIIaxNcxYTgLr78l7TP6q5Td2/Pq42rIo4yOABHoAZccAEa4AY0QQtg8ACewAt4tR6tZ+vNep+3lqxiZh/8gvXxDTzJl8A=</latexit><latexit sha1_base64="BMlwKHEEIWSKjELrHNPG4K42Nz4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbmoigi6LblxWsA9oQphMp83QyUyYmRRL6MaNv+LGhSJu/Qd3/o3TNAutHrhwOOde7r0nTBhV2nG+rNLS8srqWnm9srG5tb1j7+61lUglJi0smJDdECnCKCctTTUj3UQSFIeMdMLR9czvjIlUVPA7PUmIH6MhpwOKkTZSYB96MhKBW7s/OfUipDNvjGQS0WkuBXbVqTs54F/iFqQKCjQD+9PrC5zGhGvMkFI910m0nyGpKWZkWvFSRRKER2hIeoZyFBPlZ/kXU3hslD4cCGmKa5irPycyFCs1iUPTGSMdqUVvJv7n9VI9uPQzypNUE47niwYpg1rAWSSwTyXBmk0MQVhScyvEEZIIaxNcxYTgLr78l7TP6q5Td2/Pq42rIo4yOABHoAZccAEa4AY0QQtg8ACewAt4tR6tZ+vNep+3lqxiZh/8gvXxDTzJl8A=</latexit>
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This recursion is a contraction with respect to the Hilbert Metric

endowed on a suitable function space.
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Feedback Density Control: Zero Prior DynamicsFeedback Density Control: Zero Prior Dynamics
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Feedback Density Control: LTI Prior DynamicsFeedback Density Control: LTI Prior Dynamics
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Feedback Density Control: Nonlinear Grad. Drift
Feedback Density Control: Nonlinear Gradient 
Prior Dynamics
Uncontrolled joint PDF evolution:

Optimal controlled joint PDF evolution:
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Feedback Density Control: Mixed Conservative-
Dissipative DriftDecember 3, 2019 13

Fig. 8: For the SBP in Section VI-B, shown here are the contour plots of the optimal controlled transient joint state PDFs ⇢opt(x, t), t 2 [0, 1],
along with the endpoint joint PDFs ⇢0(x), ⇢1(x). Each subplot corresponds to a different snapshot in time; all subplots are plotted on the domain
[�4, 4]⇥ [�10, 10]. The color denotes the joint PDF value; see colorbar (dark hue = high, light hue = low).

Fig. 9: For the SBP in Section VI-B, shown here are the contour plots of the optimal feedback control uopt(x, t). Each subplot is plotted on the
domain [�4, 4]⇥ [�10, 10]. The color (blue = high, red = low) denotes the value of uopt at each snapshot in time; see colorbar.

which is the HJB PDE (19a). The associated FPK PDE (19b) results
from substituting (63) into (15b). The boundary conditions (20)
follows from (15c). This completes the proof. ⌅
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— K.F. Caluya and A.H., Wasserstein proximal algorithms for the Schrodinger bridge problem: 
density control with nonlinear drift, IEEE TAC 2021.



Application to Safe Automated Driving
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Density Prediction for Safe Automated Driving

t0 t1
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Density Control for Safe Automated Driving

t0 t1
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Application to Safe Automated Driving

S. Haddad, A.H., and B. Singh, Density-based stochastic reachability computation for 
occupancy prediction in automated driving, IEEE Transactions on Control Systems 
Technology, 2022.

S. Haddad, K.F. Caluya, A.H., and B. Singh, Prediction and optimal feedback steering 
of probability density functions for safe automated driving, IEEE Control Systems 
Letters, 2021.
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Thank You

Support:

Reach set computations in two and three dimensions

Anytime Parallel Computation of Forward Reachable Tubes for 
Provably Safe Unmanned Aerial Systems Traffic Management

Lia Gianfortone and Abhishek Halder
Applied Mathematics and Statistics, University of California, Santa Cruz

Snapshots of motion protocol

Schematic of the anytime, parallel computational architecture

UAS Traffic Management

Motion Protocol

200 ft AGL

500 ft AGL

Class G airspace extends up to 1200 ft AGL

Weight no more than 55 lbs 

Requires: • Automated V2V separation management 
• Yield manned traffic 
• Avoid obstacles (buildings, geofencing)

Algorithm for Fast Computation 
of Reachable Tubes

LTV closed-loop dynamics
• 12 states
• 4 controls
• 3 wind disturbances

!̇ # = 	& # ! # + ( # ) # + 	* # +(#)

Ellipsoidal uncertainties:

!(0) ∈ ℰ !1,31	 , ) # ∈  ℰ 4 # ,5 # ,

+(#) ∈ ℰ +6(#),7(#)

ℰ !6, 3 = ! ∈ 	ℝ9	|	 ! − !6 ⊺3=> ! − !6 ≤ 	1

Compute	ℛH such that ℛH 	⊇ 	ℛ, the actual reach set

ℰJK ConvHull ℛH 	⊇ 	ℰJK ConvHull ℛ

Kurzhanski parameterization of shape matrix:

3̇ℓR(S)
T (#) = A(t)3ℓR S

T +	3ℓR S
T # &(#)⊺	

+	UℓR S (#)3ℓR S
T # +	 >

VℓR W S
( # 5 # ( # ⊺

−	 3ℓR S
T # XℓR S # * # 7 # * # ⊺		

− * # 7 # * # ⊺XℓR S # ⊺ 3ℓR S
T #

Compute the Lowner-John MVOE of

ℛH ℓRY RZ[
\ #, #1, ℰ !1, 31 = 	⋂ ℰ !6(#), 3ℓR(S)

T (#)^
_`>

Asymptotic	exactness:	

ℛh#, #1, ℰ(!1, 31	)i = 	jℰh!6, 3ℓR(S)
T (#)i	

k

_`>

Inner optimization via S-procedure (SDP relaxation)

• Compute MVOE of	⋂ ℰ_^
_`>

Outer optimization is exact SDP

• Compute MVOE of ⋃ ℰmn
m`>
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Numerical Simulations

Project tube onto 3D space
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touter SDP
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