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In recent years, there has been an increasing interest in space-qualified processors such
as multi-core central processing units and graphics processing units that can withstand the
adverse effects of space radiation. These processors can allow parallel programming to perform
tasks that typically demand high computational power. One can study guidance schemes that
can take advantage of these currently developing processors and provide more robust guidance.
Software for Multi-model Autonomous Real-time Trajectories (SMART) guidance can identify
robust trajectories by running an onboard Monte Carlo analysis. SMART guidance can take
advantage of knowledge updates obtained from the onboard sensors, allowing it to consider the
off-nominal cases that it would not typically encounter during the offline trajectory analysis.
This work uses the SMART guidance for the powered divert at Mars simulation in Program to
Optimize and Simulated Trajectories- II.

I. Nomenclature

SMART = Software for Multi-model Autonomous Real-time Trajectories
EDL = Entry, Descent, and Landing
POST2 = Program to Optimize and Simulated Trajectories- II
MFMC = Multi-Fidelity Monte Carlos
6DOF = Six Degree Of Freedom
PID = Proportional-Integral-Derivative
MLE = Main Lander Engine
UQ = Uncertainty Quantification
GNC = Guidance, Navigation, and Control
IMU = Inertial Measurement Unit
X-J2000 = x-component of the inertial position vector in J2000 frame coordinates
Y-J2000 = y-component of the inertial position vector in J2000 frame coordinates
Z-J2000 = z-component of the inertial position vector in J2000 frame coordinates
VX-J2000 = x-component of the inertial velocity vector in J2000 frame coordinates
VY-J2000 = y-component of the inertial velocity vector in J2000 frame coordinates
VZ-J2000 = z-component of the inertial velocity vector in J2000 frame coordinates
Q_I2B_0 = first element of the quaternion describing the attitude from inertial frame to body frame
Q_I2B_1 = second element of the quaternion describing the attitude from inertial frame to body frame
Q_I2B_2 = third element of the quaternion describing the attitude from inertial frame to body frame
Q_I2B_3 = fourth element of the quaternion describing the attitude from inertial frame to body frame

II. Introduction

In recent decades, science missions to several planets and their moons, such as Mars 2020 [2], Mars Science
Laboratory [3], and Cassini-Huygens [4] have been launched. In addition, many more missions, such as Mars sample
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(a) EDL Sequence for Viking in 1976 [1]

(b) Perseverance Rover’s EDL Sequence [1]

Fig. 1 Evolution of EDL Mission at Mars

return mission [5] and Dragonfly [6], are currently in development. In addition to robotic missions in the near future,
human exploration missions to Mars are gaining a lot of interest [7]. To this end, the Entry, Descent, and Landing (EDL)
of aerospace vehicles has been studied significantly in the literature. The EDL sequence has matured with technological
development and lessons learned from past missions. Figure 1 compares Mars EDL’s rather benign Viking lander
sequence in 1976 and the more complicated Perseverance rover sequence in 2020. More advanced missions, such as
human exploration missions and sample return missions, will be required to have the capability of a pinpoint landing to
satisfy the mission requirements, such as landing close to on-ground assets. Missions would need to determine robust
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guidance for safe and efficient powered divert trajectories that can enable the pinpoint landing for these advanced space
missions. There are several guidance schemes in literature developed for the powered divert phase of the EDL missions
such as polynomial guidance [8], predictor-corrector guidance [9], and Guidance FOr Large Diverts (G-FOLD) [10].

Extensive offline trajectory analysis is required to determine the nominal guidance for EDL missions, including those
using the powered divert guidance, such as the previous Mars missions [11]. For this analysis, several uncertainties such
as atmospheric, aerodynamic, navigation, and mass properties, are modeled conservatively to account for the errors
in the engineering models. However, such guidance schemes are only robust to the uncertainties modeled during the
trajectory analysis. If the vehicle encounters unanticipated conditions (e.g., large off-nominal atmospheric perturbations),
the predetermined guidance will sometimes result in performance loss or failure of the mission. Human-in-the-loop
interference is impractical for these precision landing applications on distant planets, as the one-way light time is on the
order of minutes, and typically, EDL missions are on the order of tens of minutes. To this end, the vehicle has to be
capable of making onboard autonomous decisions to land safely and efficiently.

Typically, EDL vehicles are equipped with sensors such as Inertial Measurement Unit (IMU), Terrain Relative
Navigation (TRN), and Altimeter, among others, that collect data in real time. These sensors can then aggregate
that sensed data into measured conditions with smaller uncertainties [12, 13]. One can leverage this data, which is
unavailable during the offline trajectory analysis, to determine more accurate, robust, and efficient powered divert
guidance. To do so, the vehicle has to be capable of determining the guidance in real time by performing similar tasks as
offline methods, such as analyzing the Monte Carlo analysis. Using the onboard sensor data will help to better estimate
the uncertainties and avoid over-conservatism in modeling uncertainties that would otherwise be done during the offline
analysis. However, performing a Monte Carlo analysis onboard the vehicle can be computationally expensive.

In recent years, the development of radiation-hardened processors for space missions has paved the way for onboard
parallel programming [14–16]. This advancement has enabled the practical application of the Software for Multi-model
Autonomous Real-time Trajectories (SMART) guidance [17]. SMART guidance, determined through a Monte Carlo
analysis that uses sensor data to characterize uncertainties, can autonomously generate robust and safe trajectories. This
capability is particularly essential for practical applications like powered divert maneuvers. This study demonstrates the
practical application of SMART guidance in simulating a powered divert at Mars within the Program to Optimize and
Simulated Trajectories- II (POST2) [18].

The rest of the paper is organized as follows: Section III discusses the SMART guidance and POST2 simulation
setup in detail. The numerical simulations of the Mars-powered divert in POST2 using the SMART guidance are
presented in Section IV. Finally, the conclusions of this study are presented in Section V.

Fig. 2 N Trajectories with different target azimuth considered by the SMART guidance

3



III. Simulation Setup
This section will discuss the SMART guidance and the models used to simulate the powered divert at Mars in

POST2. This section will also discuss the POST2 - SMART guidance interface.

A. SMART Guidance
The SMART guidance is initialized with current states from the onboard navigation filter and considers an N number

of candidate trajectories. The initial and target states remain constant for each of these N trajectories. However, the
SMART guidance generates these N trajectories by considering different target approach azimuth angles as shown in
Figure 2. For each trajectory, the SMART guidance integrates six degree of freedom (6DOF) equations of motion with
open-loop polynomial guidance and closed-loop translational and quaternion Proportional-Integral-Derivative (PID)
controllers. In addition, the SMART guidance also considers the thrust allocator that determines the Main Lander
Engines (MLEs) throttle commands given their location on the vehicle and their thrust pointing directions to track the
PID controller commands. Using these N-simulated trajectories, the SMART guidance eliminates possible trajectories
based on specific metrics, such as passing through known obstacles characterized as no-go zones. The SMART guidance
then evaluates each trajectory still being considered by defined scoring criteria and chooses a user-defined K number
of top candidate trajectories. The metrics used for eliminating and scoring the trajectories are discussed in detail in
Ref [19].

After determining the top K candidates from the original number of N trajectories, SMART guidance runs a Monte
Carlo analysis for each of the K trajectories using parallel computing. The SMART guidance integrates the 6DOF
equations of motion for the Monte Carlo analysis using the identical subsystems discussed earlier. However, for the
Monte Carlo analysis the SMART guidance disperses the initial states and other parameters such as atmospheric
properties, aerodynamic coefficients, and mass properties. The onboard navigation filter that can ingest sensor data
provides various parameters’ mean and standard deviation, such as the vehicle’s current position, atmospheric states, and
aerodynamic coefficients. The SMART guidance uses this onboard navigation filter data to characterize the uncertainties
and use this information to perform onboard Uncertainty Quantification (UQ) analysis.

Fig. 3 High-level SMART Guidance Flow Chart

Performing Monte Carlo analysis for uncertainty quantification onboard the vehicle can be computationally expensive,
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considering the limited onboard resources. Furthermore, this analysis has to be fast to enable the SMART guidance to
compute the reference trajectory. In addition to the traditional Monte Carlo runs, the SMART guidance can run MFMC
analysis. MFMCs leverage lower-fidelity models, specifically trajectory simulations with decreased time resolution
analysis, to reduce the onboard computational effort. MFMC combines a few high-fidelity model simulations with many
low-fidelity simulations. Combined, these provide relatively high statistical accuracy with relatively low computational
effort [20]. However, this work uses traditional Monte Carlos analysis as it focuses mainly on integrating the SMART
guidance with other simulation frameworks. Figure 3 shows the high-level SMART guidance flow chart with N number
of candidate trajectories and K number of top candidates for whom SMART guidance will run Monte Carlo analysis.
Finally, using the UQ analysis, SMART guidance chooses the most robust trajectory among the initially picked top
candidates. During the Monte Carlo analysis, the SMART guidance considers specific elimination and scoring metrics
to select the most robust and feasible trajectory that is similar to the nominal trajectories. It is important to note that
these metrics can be user-defined and tailored to specific mission requirements. After choosing the final reference
trajectory, the SMART guidance provides the commands from the polynomial guidance corresponding to the selected
trajectory. One can call the SMART guidance once and use the guidance commands as an open-loop or call the SMART
guidance at fixed intervals to have a closed-loop guidance system.

The SMART guidance uses two coordinate systems and frames: Flat Planet (FP) coordinate system and frame and
Carried Flat Planet (CFP) coordinate system and frame. The FP frame has its origin at the target location and has
a positive x-direction tangent to the curve joining the vehicle and the target with an azimuth of 𝜓𝑇𝑎𝑟𝑔𝑒𝑡 from north
measured clockwise as shown in Figure 4. The positive z-direction of the FP frame is into the ground toward the planet’s
center. The positive y-direction of the FP frame completes the right-hand rule. The guidance computes all the reference
trajectories in the FP coordinates system and frame. The CFP frame has its origin at the center of gravity of the vehicle.
The positive x-direction of the CFP frame is also tangent to the curve joining the vehicle and the target, but with an
azimuth of 𝜓𝑉𝑒ℎ from north measured clockwise as shown in Figure 4. Similar to the FP, the CFP frame has its positive
z-direction into the ground towards the planet’s center, and the positive y-direction completes the right-hand rule. The
guidance acceleration commands computed in the FP frame are converted into the CFP frame before determining the
vehicle attitude commands, such as desired pitch and yaw angles.

Fig. 4 Flat Planet (FP) and Carried Flat Planet (CFP) coordinate system and frame

B. POST2
Using the SMART guidance, the powered divert at Mars is simulated in POST2 for this study. POST2 is a generalized

point mass, discrete parameter targeting, and optimization program. POST2 was developed leveraging the POST, whose
development began in the 1970s. Over the years, POST2 has gone through significant improvements. POST2 is modular
and allows for models such as atmosphere, gravity, propulsion, aerodynamics, and Guidance, Navigation, and Control
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(GNC) to be integrated into a single simulation framework for various launch, orbital, and EDL missions. POST2
allows for both 3DOF and 6DOF simulations. Several past missions such as Mars Pathfinder [21], Mars Exploration
Rovers [22], Mars Phoenix [23], Mars Science Laboratory [24], Mars InSight [25], and Mars 2020 (M2020) [26] utilized
POST2 as its primary simulation tool, contributing to the flight heritage of POST2.

Figure 5 presents the POST2 simulation setup used in this work to simulate the powered divert at Mars. As mentioned
earlier, the POST2 integrates several models as shown in Figure 5. Given the initial states, POST2 integrates the 6DOF
equations of motions with external forces computed using models such as atmosphere, aerodynamics, and propulsion.
POST2 also includes the vehicle configuration information that provides the mass properties and information such
as engine locations and thrust pointing vectors. The terrain model containing a digital elevation map in POST2 is
used to determine the height above the ground with respect to the planet’s terrain. Using the current states and the
uncertainties from POST2, SMART guidance computes the top candidate trajectory, as discussed earlier. The SMART
guidance provides the required axial thrust, pitch, and yaw commands to the translational and quaternion controller. In
addition to the guidance commands, the controllers will use the current vehicle states to compute the desired angular
and translation accelerations. These desired accelerations are passed on to the thrust allocator model, which also has
the vehicle configuration information. Given the desired accelerations, the thrust allocator determines the required
throttle commands for each engine. The propulsion module in POST2 converts these throttle commands to propulsion
forces and passes them on for the integration of the 6DOF dynamics of the vehicle. As discussed earlier, the POST2
states and uncertainties are passed to SMART guidance during every guidance call, which can be once or at regular
intervals. The interface between POST2 and SMART guidance is a crucial component that ensures the seamless transfer
of information and is discussed in detail in the following section.

Fig. 5 POST2 Simulation Setup

C. POST2 - SMART Guidance Interface
This section will discuss the POST2 interface that passes the required information to the SMART guidance. As

discussed earlier, the SMART guidance will simulate several trajectories and perform the Monte Carlo analysis within the
guidance module. The SMART guidance will require information for different models (e.g., atmosphere, aerodynamics,
and propulsion) within the guidance module to perform these simulations. To this end, the POST2-SMART guidance
interface is called with every guidance call. This interface will pass the vehicle’s current position, velocity, and attitude
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to SMART guidance, which will be used as the initial conditions for the internal simulations. In addition, the vehicle
will pass vehicle configuration information such as the center of mass location, vehicle inertia distribution, engine
location on the vehicle body, and the thrust point vectors. This interface will also pass the target location states and
no-go zone site information. Furthermore, this interface will also provide the SMART guidance with information
regarding the vehicle’s atmosphere and aerodynamics. The initial states, atmospheric, and aerodynamic properties
passed to SMART guidance can be from the onboard filter, which will be better estimated as these are updated using the
onboard sensor data gathered until the powered divert initialization. As the SMART guidance also runs the Monte Carlo
analysis for the top candidate trajectories, the interface must pass the uncertainty in the states and other parameters (e.g.,
atmospheric properties) to the guidance. Typically, this information can also be estimated from the error covariance
from the onboard filter.

Fig. 6 MEDLI2 pressure transducers [27]

In this work, the onboard navigation filter and the other sensors in POST2 are not explicitly modeled. This work
uses the Mars 2020 trajectory reconstruction data to initialize the powered divert simulation. In a recent study [28],
M2020 trajectory and atmospheric reconstruction were done using onboard IMU and navigation sensor data. This
reconstruction also considers data from Mars Entry, Descent, and Landing Instrumentation 2 (MEDLI2). MEDLI2 has
several sensors such as pressure transducers which allow estimates of free stream atmospheric properties (as shown
in Figure 6), thermocouples, heat flux gauges, and radiometers to measure the aerodynamic and aerothermodynamic
performance [28]. Assuming the onboard navigation filter ingests all these sensor data and performs the same analysis
during the reconstruction, the reconstruction data will be synergistic with the onboard navigation data and can be used
to initialize the SMART guidance. To initialize the POST2 and SMART guidance using the trajectory reconstruction
data, the nominal data and the standard deviation representing the uncertainty in the states are needed. These can be
used for the Monte Carlo runs within the SMART guidance. The uncertainty computed using the error covariance from
the reconstruction data is assumed to have a normal distribution.

IV. Numerical Simulations
This section shows the numerical simulation results of the Mars-powered divert in POST2 using SMART guidance.

As discussed earlier, in addition to the outer loop simulation by POST2, SMART guidance also internally runs several
nominal trajectories. This section presents the initial states, their corresponding uncertainties, and the target states from
the M2020 reconstruction completed using the MEDLI2 data. This section briefly discusses the vehicle configuration.
In addition, this section presents some of the nominal trajectories and the top candidates chosen by the SMART guidance
after running the Monte Carlo analysis. Finally, the performance of the Mars-powered divert trajectory from POST2 is
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analyzed.

Table 1 Target landing site from M2020

Parameter Value
Latitude 18.4446 deg
Longitude 77.4508 deg
Elevation -2569.91 m

Table 2 Initial states and corresponding uncertainties from M2020 reconstruction data

Parameter Mean Standard deviation (1 𝜎)
X-J2000 2625260.7681 (m) 1.2677 (m)
Y-J2000 1864901.4022 (m) 1.6451 (m)
Z-J2000 -1072439.2998 (m) 1.9436 (m)
VX-J2000 80.7774 (m/sec) 0.0286 (m/sec)
VY-J2000 236.6885 (m/sec) 0.0268 (m/sec)
VZ-J2000 40.2203 (m/sec) 0.0353 (m/sec)
Q_I2B_0 0.54313 0.00037
Q_I2B_1 -0.22003 0.00050
Q_I2B_2 0.37693 0.00042
Q_I2B_3 -0.71729 0.00031
Roll Rate 1.6748 (deg/sec) 0.0576 (deg/sec)
Pitch Rate 3.4322 (deg/sec) 0.0574 (deg/sec)
Yaw Rate -5.7897 (deg/sec) 0.0575 (deg/sec)
Density 0.01411 (𝑘𝑔/𝑚3) 2.1924e-5 (𝑘𝑔/𝑚3)

Table 2 shows the nominal states and the corresponding uncertainty considered from the M2020 reconstruction data
in this work to initialize the POST2 simulation and the SMART guidance. As this work only simulates the Mars-powered
divert phase, one can use the back shell separation time from the M2020 reconstruction data as the initial epoch for the
simulation. 2021-02-18 20:43:56.8 TDB is considered as the simulation epoch. The POST2 is initialized using the
inertial position and velocity states in J2000 coordinates shown in Table 2. Also, the POST2 is initialized using the
quaternion information in Table 2 that provides the attitude of the body with respect to the inertial frame. The attitude
rates are initialized using the body rates provided in Table 2. All these states are also used to initialize the SMART
guidance. In addition, the density mean and uncertainty are also used to initialize the SMART guidance. This work
considers the aerodynamic forces negligible for the powered divert phase. Table 1 shows the final target landing site,
which is also obtained from the M2020 mission.

The vehicle is modeled similar to the M2020 for the simulation but with different specifications. The vehicle is
considered to have four tanks and twelve main lander engines. The SMART guidance is only called once for these
simulations to generate the reference profile. Once the guidance reference profiles are generated, SMART guidance
issues commands at a frequency of 8 Hz using the reference profiles. The outer loop simulation in POST2 is run at 512
Hz. The translational controller and the quaternion controller run at 8 Hz. The POST2 uses MarsGRAM [29] to model
the atmosphere in the outer loop. The POST2 considers the J2 and J3 geopotential perturbations to model the gravity.
The SMART guidance only computes guidance for powered divert that ends at the beginning of the vertical descent
stage. To this end, the SMART guidance requires the target terminal states for the powered divert and the final target
states on the ground. The desired end state at the end of the powered divert is 250 m above the target landing site with a
vertical velocity of 25 m/sec and zero horizontal velocity. In addition, the SMART guidance also has a no-go zone with
the center on the ground at 18.6535 deg latitude and 77.4478 deg longitude with a radius of 50 m.

Figure 7 and Figure 8 show the positions and velocities of the vehicle along the flown trajectory along with the
reference trajectories in the X-Y plane and X-Z plane within the SMART guidance. All the position and velocity
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(a) Vehicle X-Y position coordinates in flat planet frame (b) Reference X-Y position coordinates in flat planet frame

(c) Vehicle X-Z position coordinates in flat planet frame (d) Reference X-Z position coordinates in flat planet frame

Fig. 7 Position in flat planet frame of trajectories flown by vehicle and reference trajectories within the SMART
guidance

coordinates are in the flat planet coordinate system and frame. The reference trajectories in black are generated
within the SMART guidance using the polynomials. The blue and magenta lines are the trajectories simulated within
SMART guidance using the controllers and thrusters along with other models such as atmosphere and gravity. The
trajectories shown in magenta are eliminated by the SMART guidance as they do not meet one or more of the criteria.
The trajectories that require extreme maneuvers to reach the target lose performance and are therefore pruned from
consideration. Among the feasible trajectories in blue, the SMART guidance chooses three nominal trajectories based
on a scoring function to run the Monte Carlo analysis. The scoring function chooses the trajectories that require minimal
fuel to accurately target the final desired states. The simulated trajectories for Monte Carlo analysis are scored using
similar criteria, and the nominal trajectory corresponding to the best score Monte Carlo run is chosen as the SMART
guidance’s reference trajectory.

Figure 9 shows the position and velocity coordinates in the flat planet coordinates in X, Y, and Z directions from
POST2 simulation. The positions and velocities in different directions as a function of time are compared between the
reference trajectories and the trajectories that were flown by the vehicle using controllers and actuators. The reference
trajectories are commands issued by the SMART guidance. The vehicle tracks the SMART guidance commands
accurately using the translational PID controller. At the time when the guidance is initiated, the vehicle has some
significant errors, most notably when analyzing the velocity components. However, these errors eventually dampen to
zero. Even though the positions and velocities of the reference trajectories coincide with the vehicle’s current position at
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(a) Vehicle X-Y velocity coordinates in flat planet frame (b) Reference X-Y velocity coordinates in flat planet frame

(c) Vehicle X-Z velocity coordinates in flat planet frame (d) Reference X-Z velocity coordinates in flat planet frame

Fig. 8 Velocity in flat planet frame of trajectories flown by vehicle and reference trajectories within the SMART
guidance

the initial time, these errors arise as the vehicle also tries to track the attitude and attitude rates along with the positions
and velocities. The position in the Y-direction has about a 0.5 m error at the end. Further tuning of the PID controllers
can be done to resolve these errors; but, this work assumes the 1 m accuracy to be sufficient.

Figure 10 shows the attitude and attitude rates of the vehicle simulated in the POST2 using the commands from
SMART guidance. The SMART guidance provides the desired pitch and yaw commands. The roll commands are
assumed to be the same as the current roll angle of the vehicle. In addition, it is desirable to have the vehicle’s attitude
rates be zero at the end of the power divert maneuver. The zero attitude rates for all three channels are commanded.
Unlike the position and velocity, the initial attitude of the vehicle is not the same as the initial pitch and yaw commands
from SMART guidance. Also, the vehicle has non-zero body rates at the initialization of the powered divert phase. As
a result, the initial errors in attitude and attitude rates are much larger than in position and velocity. However, these
errors settle down eventually and the vehicle sufficiently tracks the attitude and attitude rates. Tracking attitude errors
is important as the thruster is considered to have a fixed pointing vector. The axial thrust command provided by the
SMART guidance allows the tracking of the position and velocity only if the vehicle tracks the SMART guidance’s pitch
and yaw commands.

Figure 11 shows the total fuel used by the vehicle during the powered divert phase. The vehicle uses less than 350
kg of fuel during the powered divert. The rate of fuel change is not uniform, as the vehicle throttles differently to track
the guidance commands. Each tank modeled in POST2 has at least 40 kg of fuel left at the end of the powered divert
maneuver using the SMART guidance commands. This fuel is needed for the vertical descent of the vehicle as the
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(f) Z velocity coordinates in flat planet frame

Fig. 9 Flat planet frame position and velocity coordinates of the nominal trajectory flown by vehicle and
reference trajectory from SMART guidance in the outer loop simulation of POST2
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Fig. 10 Attitude and attitude rates of the nominal trajectory flown by vehicle and reference trajectory from
SMART guidance in the outer loop simulation of POST2

powered divert phase only brings the vehicle 250 m above the landing target with 25 m/sec vertical velocity and zero
horizontal velocity. Fuel left for vertical descent is one of the metrics that the SMART guidance checks to decide if a
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Fig. 11 Total fuel used at the end of the nominal trajectory flown by a vehicle in the outer loop simulation of
POST2

candidate trajectory must be eliminated. Therefore, all the feasible trajectories within the SMART guidance analysis
will have enough fuel to land the vehicle after the power divert maneuver.

V. Conclusions
This work successfully implements the SMART guidance in POST2 to simulate the powered divert at Mars. The

simulation is initialized using the states and uncertainties at the back shell separation from the M2020 trajectory
reconstruction. Initializing the SMART guidance using the M2020 reconstruction data is synergistic with initializing the
SMART guidance using the onboard navigation filter that ingests data from several sensors such as MEDLI2. To choose
the most robust and efficient guidance profile, SMART guidance simulates several trajectories within the trajectory
design map, and three Monte Carlo analyses are run on the top three candidate trajectories. This work uses traditional
Monte Carlo analysis instead of Multi-Fidelity Monte Carlo (MFMC) analysis, as its primary focus is to integrate
SMART guidance with other simulation frameworks such as POST2. In this work, POST2 simulates the powered divert
using the commands from the SMART guidance that are issued using the reference trajectory obtained from the analysis
conducted within the SMART guidance. The POST2 simulation tracks these guidance commands effectively using
PID controllers and the thrust allocator. This work uses the POST2 simulation to show that SMART guidance can
autonomously plan safe, robust, and precise trajectories.
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