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In NASA’s effort to foster a human spaceflight capability beyond Earth’s orbit, two space
systems are being developed — the Space Launch System (SLS) and the Multi-Purpose Crew
Vehicle (MPCYV). As of this time, the interactions between the two systems during launch are
not fully detailed. To remedy this situation, a Systems Engineering approach utilizing
models was developed to investigate the behavior of the integrated SLS-MPCYV stack during
ascent and abort situations. Specifically, this innovative approach combines aspects of
Model-Based Systems Engineering (MBSE) and state analysis to simultaneously model the
physical, functional, and behavioral aspects of systems. This approach focuses solely on the
interactions between the systems, leaving much of the internal workings of either system at a
logical level (i.e., black box). By utilizing this newly defined approach, a behavior model for
the integrated SLS-MPCYV stack was developed, emphasizing only the subset of interactions
between the systems that impact behavior. Finally, analysis is performed within the model
to investigate requirements gaps and examine the execution times of key behaviors related to
various ascent phases and abort scenarios. The work described in this paper is merely a
portion of the outlined effort being undertaken for this project; only a segment of the SLS-
MPCYV system behavior will be described.

1. Introduction

N the last 40 years, no human has explored farther than low Earth orbit (the farthest being approximately 556

kilometers above sea level)*". To continue the spirit of exploration that NASA has always exhibited, the Multi-
Purpose Crewed Vehicle (MPCV) and Space Launch System (SLS) are being developed as the future deep-space
capsule and heavy-lift rocket, respectively, to take humans out of Earth’s gravity well and on to exciting new places
in our solar system""". These systems are currently in development at NASA centers as well as contracted facilities
around the country.

In order to better understand how these systems will behave when together, JPL has been tasked with leading a
multi-center effort to generate a behavior model for the SLS-MPCYV integrated stack. As described in the charter for
this project, the goal of this task is to create a “model of the behavior of the system at the interfaces [to] provide
critical detail of the system’s behavior in nominal and off-nominal scenarios.”” Further study goals include
establishing an approach for performing cross-system behavior modeling and identifying gaps within the working

! JPL Affiliate, Section 318A, Jet Propulsion Laboratory, funded by Student Internship Program.
* JPL Employee, Section 318A, Jet Propulsion Laboratory.
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Interface Requirement Documents (IRDs), which detail the interactions between SLS and MPCV, but may have
inconsistencies because of the separated nature of the two programs.

The behavior modeling process developed to accomplish this task has five distinct parts. First, information
about the system is gathered in the form of system requirements and capabilities, derived from Concept of
Operations documents. If there is a specific mission or scenario that the system is performing, the phases of that
mission should also be defined. With the details of the system and mission known, the next step is to detail the
physical aspects of the system. The properties of the physical system are established by performing a state analysis
and mapping how these states affect each other. From a state effects diagram, a functional flow is created to show
the transitions between the various states, in effect detailing the behavior of the systems. These functions can also
map to the physical components that perform them. With these three major aspects defined, analysis can be
performed to examine various aspects of the system (including gaps in requirements). All modeling is performed
using the Systems Modeling Language™ notation within the MagicDraw tool™.

The remainder of this paper will provide further detail on the behavior modeling process that was developed.
While discussing the methodology, some basic abstract examples will be provided to briefly explain how the process
works and what many aspects of it will look like in SysML. This can be found in Section II. Section III describes
the application of this process to the SLS-MPCV integrated stack, specifically examining behaviors during launch
and abort scenarios. Lastly, results and future work will be provided to conclude the paper in Section IV.

I1. Behavior Modeling Methodology

The methodology of this process was established by utilizing ideas from Model-Based Systems Engineering™
specifically the Systems Modeling Language (SysML)" notation for system representation — and state analysis™,
which has roots in control theory. MBSE provides much of the framework for defining a system in terms of its
physical and functional components, but lacks formal definition in the area of behavior modeling. On the other
hand, state analysis primarily captures behavior, but lacks a formal modeling process. The unique methodology
selected for this project seeks to bring together elements of both fields to fully capture the behavior of a system in a
model. Using this combined approach, analysis can then be performed on the system. Generalize examples of each
step in this process will be provided in this section; however, an analysis example will only be shown at the end of
Section III, due to the necessity of distinct details for analysis.

viii

A. Requirements, Capabilities, and Mission Phases

To begin, knowledge about the system(s) must be acquired. This approach recognizes two forms of data from
which to generate the model. First, the capabilities outline the intended features and functionality for a system.
Capabilities outline what the system should be able to do and thus are a solid starting point from which to begin
creating the model. A capability may be worded as, “System A will send telemetry to System B”. This capability
provides the facts that there are two systems, A and B, within a domain; both systems can hold the same telemetry;
system A sends telemetry to system B; and system B receives this telemetry. Capabilities may be drawn from
several documents or models detailing how a system operates (the later example draws capabilities from a single
source).

The second primary source of data comes in the form of requirements. Requirements explain what a system
must be able to do and often contain constraint information. A requirement should always have the form, “System
A shall...”. As requirements are often used within systems engineering to ensure a system is designed correctly
(within all constraints), it is the duty of the model to verify that the provided set of requirements is complete. Thus,
requirements are used both as a source of information for the model and are analyzed by the model for
completeness.

At this point, it is also important to outline the phases of the mission that is being modeled; e.g., testing and
integration phases vs. launch phases vs. on-orbit operations and so forth. Mission phases provide a storyboard of
what states the system(s) can transfer between. These changes are defined by a difference in physical or functional
aspects of the systems (i.e., the system looks or acts differently). Because of these changes, certain requirements
and capabilities will only be applicable for certain phases. Mission phase information can be captured in the form of
a state machine diagram (stm) in SysML (see Figure 1). Having gained knowledge on the system and captured
details involving the mission, the bulk of the modeling of the system can be performed.
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B. Physical Description

The first viewpoint of the system to capture is the physical decomposition. This entails identifying the high-
level system(s) and its lower-leveled components. Furthermore, the physical connections between these systems
must be defined (e.g., adapters, communication lines). Often a physical decomposition is created in SysML using a
block definition diagram (bdd) to show the decomposition and an internal block diagram (ibd) to show any
connections. It is most important to only decompose a system to the highest level required to answer the study goals
of the model. This scoping issue will occur for each of the major aspects of this modeling process (functional and

stm [State Machine] Mission Phases [ Mission Phases lJ

Phase 2a |

a
Phase1 |

Phase2b

P

Figure 1: Mission Phases

state definition). An example physical decomposition is shown in Figure 2.

In this example, the two systems shown are entirely independent, but operate under the same domain. By
utilizing this arrangement, an ibd can be created within Domain to show any physical connections between System
A and System B. In Figure 3, there are two modes of communication between Systems A and B, one wired and one
wireless. Note that these connections may not be active over every phase of the mission. However, the physical
decomposition view shows all systems and their possible connections even if they are only available at certain times.

bdd [Moedel] Data[ Physical Decomposition lJ
ablocks
Domain
«blocks wblocks
System B System A
ablocks wblocks
Sub-system B.1 Sub-system A.2

wblocks
Sub-system A1

Figure 2: Physical Decomposition

In this way, it functions as a master view of all physical systems.

C. State Analysis

ibd [Block] Domain [ Domain lJ

: System A

: Wired

1 e L
: Wireless
[ ] [ ]

: System B

Figure 3: Physical Connections
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Following the physical description of the system, the next viewpoint to define is the properties of those systems
via a state analysis. Based on what properties of the system are important to capture, various states are outlined and
related in a state effects diagram (SED). A state effects diagram draws from one state variable and maps all other
state variables, measurements, or commands that affect the original state. An example of a basic state effects
diagram is presented in Figure 4.

bdd [Package] State| State Effects Diagramlj

wblocks
State Variable 2
_'-3'
waffectss . -~
-
eblocks I
State Variable 1
waffectss =~ eblncks

State Variable 3

Figure 4: State Effects Diagram

A state variable is a property of a physical element and may be operated on by a function. A state measurement
is an approximation or estimation of a state variable — estimation being an amalgamation of approximations (e.g.,
position estimate being composed of altitude, accelerometer, and pressure measurements). A state command
designates the intent to change a state variable. For example, a command to “Open Valve A” will change the
“Valve Position” state variable from closed to open. A state measurement would approximate the valve to be open,
closed, or unsure if there is not enough information to determine the valve state.

This process may have to be revisited multiple times in order to ensure that all necessary states are captured.
Furthermore, it can be useful to perform the state analysis and functional decomposition simultaneously,
establishing states while outlining the functions that operate on them to ensure that the scoping on both viewpoints is
consistent.

D. Functional Definition

The functional definition provides the final major viewpoint in describing the system. A functional definition
consists of a functional decomposition and functional execution, which define how the functions are organized and
how they are performed, respectively. A function is defined as an operation to transfer between in inputted set of
state variables, messages, or commands to an outputted set.

To begin a functional decomposition a high level function must be defined. Sometimes such high-level goals are
defined as goals or operations in other contexts™, but for simplicity, they will fall under the mantle of functions in
this paper. This top level goal is fragmented into the sub-functions that may be performed in order to accomplish
their parent function. This process continues until a sufficient level of abstraction is met. In SysML, a functional
decomposition is often portrayed within a bdd.

A functional decomposition follows similar rules as a physical decomposition, aiming to decompose only to the
highest level required to fulfill the study goals of the model. Similarly, each function should be able to map to a
system. An example of a functional decomposition can be seen in Figure 5.
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bdd [Package] Functional [ Functional Decomposition lJ
eactivity=
Objective
eactivity= eactivity=
Function 1 Function 2
sactivitys gactivitys Kﬁdi_\f'ﬁv'»
Function 1a Function 1b Function 2a

Figure S: Functional Decomposition

To completely capture the functional viewpoint of a system, a functional execution must be performed. The
functional execution describes the process that occurs within each function (filling the black box) and is performed
for each function. Parent functions will contain their children and the logic that transitions from one function to
another. This viewpoint is similar to a classic Functional Flow Block Diagram (FFBD) but also contains the object
flow (state variables, measurements, or commands) between each function and can contain constraint information as
well. Functional executions are shown as activity diagrams in SysML, as seen in Figure 6.

ehlocks
(‘act [Activity] Function 1[ Function 1 ] SV3: State Variable 3
zhblocks = zhlochs =

Sub-system A Sub-system A.2

sV3
: i Sw2 | sw2 0 i -
._ B I : Function 1a ] :Functionib | | _:_r‘!/\]

1%\.*1

ablocks
5V1 : State Variable 1

Figure 6: Functional Execution

E. Combined Viewpoints and Verification

Between the major viewpoints that have been described, it is important to connect the various elements when
possible. This creates a cohesive model and allows for analysis to be performed between the viewpoints. Numerous
actions can be performed to create a cohesive model. First, functions and physical elements can be connected by
containing the functions within the physical blocks in the containment tree (see MagicDraw tutorials™ on how to do
this); this will automatically create a relationship between the two elements. On the other hand, allocating functions
to swim lanes owned by their performing element will provide a more graphical relationship.

As state elements are already used in the functional viewpoints, it is important to verify that all interactions that
occur within those functional diagrams are also represented by an “affects” relationship between the states (on the
State Effects Diagram). Likewise, if information is transitioned between two swim lanes in a functional viewpoint,
there must exist a physical connection through which information can flow between those systems.

Finally, a combined viewpoint showing aspects of the physical, functional, and state viewpoints can be created
using an ibd. In order to accomplish this, the ibd should show the systems and their connections. From this
standard starting point, functional execution diagram(s) (containing state information) can be placed upon each
system block showing what function can be performed within each block. This type of diagram makes it easier to
examine a part of the behavior of a system(s) and how it maps to the physical aspect of that system(s), namely the
interactions between/within a system(s). For the application problem presented later, this viewpoint was ideal for
allocating and examining requirements.
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III. SLS-MPCYV Application Problem

As stated in the introduction to this paper, the modeling methodology above was used to capture the behaviors of
an integrated SLS-MPCV system, specifically in launch and abort scenarios. This section will proceed through the
steps taken to model this system and walk through a limited example using the actual system information. As
previously stated, the process will require capturing data on the system and mission, defining the physical
viewpoints, mapping out the state variables that are of importance to the problem, capturing behavior through the
functional viewpoints, and performing analysis on the model.

A. Requirements, Capabilities, and Mission Phases

There are two major sources where the knowledge about the SLS-MPCV integrated stack existed. First, an
Integrated Mission Analysis (IMA) report™ by the Exploration Systems Development division™ defines a number
of capabilities that the SLS-MPCYV integrated stack will have. This report draws from the Concept of Operations for
the SLS, MPCV, and ground systems, each of which details the systems and their required interfaces. The other
source of knowledge about the system comes in the form of the Interface Requirement Documents (IRDs), which
provide more details about each of the expected interfaces. Though part of the purpose of this model is to verify that
the IRDs are complete and accurate, they are still a source of knowledge that should be captured in the model. All
capabilities and requirements are imported into tables in the model and then related to specific model elements to
allow for gap analysis (see Section III-E).

It is also important to outline the phases of the mission that is being modeled. For launch scenarios, booster
separations and spacecraft deployments all indicate changes in phase. Mission phase is also a way to distinguish
between nominal, off-nominal, and abort scenarios — capturing each as a different mission phase or sub-phase. The
mission phases identified for this application are shown in the Figure 7.

First Stage Ascent Core Stage Core Stage Core Stage Coast to Orbit Orbit Insertion
Ascent w/ LAS Ascent wf/o LAS Separation Insertion Burn Burn

— Nominal H— Nominal H—> Nominal Neminal Nominal | — Nominal i

r T l T IT [ 7T l 1

Off-Nominal Off-Nominal Off-Nominal Off-Nominal Off-Nominal Off-Nominal

f f ! f f f

Figure 7: Launch Mission Phases (a portion of a larger diagram)

B. Physical Decomposition

The physical decomposition for this system begins with the SLS-MPCV Integrated Stack as the highest level
component. The scope of this project mostly ignores the ground systems that would normal be involved, yet the
system can still express critical behaviors of sending or receiving information to/from the ground by expressing the
ground as an external entity — i.e., information goes out of the system scope and can be supplied into the integrated
stack but no behaviors of the ground system are modeled. The integrated stack is then decomposed into the MPCV,
the SLS, and an adapter section, which contains the Intermediate Cryogenic Propulsion System (iCPS).

Though many of the capabilities and requirements do not mention any subsystems directly, it can be established
through some documented avionics information what many of these subsystems are. Furthermore, in later sections,
functions can be attributed to these systems through general avionics knowledge. It is important to note that if this
lower level of abstraction could not be expressed in the other viewpoints of the model, it would be useless to show
within the physical decomposition and should not be detailed.

Many of the connections are determined from the IMA capabilities as well as information on the physical
connectors found in the IRDs (e.g., telemetry flowing between SLS and MPCV via two redundant RS-422
interfaces). The physical decomposition is shown in Figure 8.
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Figure 8: SLS-MPCYV Integrated Stack Physical Decomposition

C. State Analysis

To perform the state analysis for the integrated system, the capabilities were examined in depth. Many of these
capabilities outlined the data that will flow between the SLS and MPCV systems, as well as where that data was
generated. From this information, various states could be generated to show the generation, transformation, sending,
receiving, and analysis of that data from end-to-end. However, many specifics of the data (e.g., what comprises
specific data packets), were not mentioned in enough detail to model well.

To provide a brief example that is used within the model, a capability may outline the fact that SLS health and
status data to MPCV. Therefore, it is known that the SLS has a health and status state variable, most likely
composed of measurements from numerous sensors. The SLS compiles this information into a health and status
message, which is transferred to the MPCV and analyzed. Another capability specifies that the MPCV can send an
abort command to the SLS based on the SLS health and status. This capability shows the fact that there is a state
command that is affected by the SLS health and status and can cause the SLS to abort — a path that affects numerous
SLS states. The state effects diagram related to these two capabilities is shown in Figure 9.

bdd [Package] State Variables[ State Variables lJ
«State Variables aState VVariahles «State Variahles
— =|Abort Trajectory éaff_eds_» Abort Type «iffeits»g Abort Sequence
=affectss |
| T T T
| | | |
«State Commandz «State Variables | * «affec{s»J l«affeds»
Abort R ion to MPCV from SLS |“71=%!5* | g] s trajectory == === =

| | | |

7 T | | | | eaffectss |

| zaffectss | L T ] «State Variahle» «State Command:

jeaffectss ~ — T T T T T 7 === T T T T T T ~|Abort Decision «iffeits»g FTS Command

zaffectss | - —|_ - | ~ zaffectss
| | T
| | | |
o |zaffectss
«State Variables et «5State Measurements | |
zaffectss
SLS heatth | _ 7 ° = 5LS Telemetry — 4 Baaeoormands
Abort Command to MPCV from ground

Figure 9: Applied State Effects Diagram

D. Functional Definition

The functional definition can be derived from both the capabilities and the existing state analysis. For every
“affects” relationship on the State Effects Diagram, there should exist a function that acts on those two states.
Following the example from the last section, several functions can be outlined but only a few will be discussed in
detail in order to remain brief. The two overall goals that are discussed in this paper are the SLS’s “Deliver Crew
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and MPCYV to Target Orbit Safely” and the MPCV’s “Perform Abort”. The functional decompositions for these two
examples can be seen in Figure 10 and Figure 11.

bdd [Package] MPC Functions [ MPC' Functional Decomposition lJ
aactivitys
Perform abort
zactivitys zactivity= aactivity= zactivitys zactivitys
Separate from stack Receive S5LS abort recommendation Initiate Abort Receive abort command Evalutate abort status
aactivity= aactivity= aactivity=
Determine abort trajectory Determine abort type Send FTS command

Figure 10: MPCYV "Perform Abort'" Decomposition

bdd [Package] SLS Functions [ SLS Functional Decomposition lJ

eactivitys

Deliver Crew and MPCV to Target Orbit Safely
|

[

aactivitys aactivitys
Maintain flight trajectory Maintain Abort Comms with MPCV
sactivity= zactivity= =activity= zactivity= sactivity=
Monitor trajectory Control trajectory Send abort recommendation Receive FTS command Generate abort recommendation

Figure 11: SLS's "Deliver Crew and MPCYV to Target Orbit Safely" Functional Decomposition

Each of functions follows closely with some of the states that were previously defined. Specifically, the flight
trajectory branch in the SLS tree utilizes the SLS trajectory and SLS telemetry states and could even be decomposed
further by examining what states provide information on the trajectory and what measurements are taken to compose
telemetry. However, for this example, the high-level approach will be shown. Both decompositions have a portion
that discusses abort situations with some reciprocal functions (e.g., send/receive abort recommendation). This
would be a case where an IRD or capability would be required to establish both sides of a communication link and if
this could not be seen, a gap could be identified.

(‘act [Activity] Perform abort[ Perform abort lJ
: Receive
abort hort command
command
" :Evaltate . N
abort status Abort decision " Initiate Abort Abort sequence [ :Separate l» B P
. = | I:‘ Ed from stack - J"@
L A "
L |
e Mo abort
. abort Abort recommendation '
/' recommen
4 dation I@

Figure 12: MPCYV Functional Execution for "Perform Abort" Function
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Figure 12 shows the functional execution for the “Perform Abort” function that waits for either an abort
command from the ground or an abort recommendation from the SLS to be received, evaluates whether to abort,
initiates the abort, and then physically separates from the stack. This functional execution shows a prime example
of where different forms of analysis could be included. If this model were run as an executable (made possible by
the Cameo Simulation Toolkit™), timing information could be included on each of the functions in this flow as well
as their children functions. This timing could then show where certain abort situations may take too long to abort
nominally, possibly causing loss of crew or loss of vehicle needlessly. These types of analysis can get more
complex as the model evolves.

E. Analysis

As previously discussed, a gap analysis can be performed on a completed model to ensure that all requirements
are fulfilled, that each interface requirement has a reciprocal requirement on the opposite system (e.g. all send
functions have a receive function and vice versa), and that anything specified by a capability has a coinciding
requirement. Furthermore, gap analysis can be performed on the connections outlined by requirements or
capabilities to ensure that one end of the connection has the same constraints and properties as the other side (e.g.,
both use the same type of connection). This connectivity analysis is automatically performed in MagicDraw™. An
example of performing a gap analysis on an IRD can be seen using the ibd in Figure 13. Here the two reciprocal
IRDs would be linked to the sending and receiving functions, the ports on the systems, and the physical connector
between them.

ibd [Block] Integrated Stack [ Integrated Stack b J_J

: Multipurpose Crew Vehicle

IRD: SLS shall send telemetry to MPCV

:5LS - Block 1A

act [Activity] MPCY Comms [ @ MPCV Comms U [Activity] SLS Comms | @ SLS Comms lJ
SLSTLM | Receive L SLSHLcuD #5422 | Serd TLM
SLSTLM I to MPCV
\ / TLM
IRD: MPCV shall receive telemetry from SLS
Determine SLS Enact
commands commands
IRD: MPCYV shall send commands to SLS
SLS Commands
Semd SLENDAES : R5-422 Receive commands
commands | &= T commands

IRD: SLS shall receieve commands from MPCV

Figure 13: An ibd Showing the Capability for Requirements Gap Analysis

Though our focus has mostly been on the analysis of gaps within the model, many other forms of analysis are
possible. As mentioned before, the model is built in a fashion that allows it to become an executable program. To
properly do this takes more time than was allotted for this task. With an executable model, any analysis of
properties of the system could be performed as far as the proper level of detail was provided in the model.

IV. Conclusion

By developing a unique methodology described in this paper for behavior modeling, the SLS-MPCV integrated
stack is able to be modeled and analyzed to answer questions (i.e., address concerns) that could not be otherwise
easily addressed. The process has been performed on several facets of the systems, examining flow of telemetry
between subcomponents of the SLS core stage as well as the abort situations between MPCV and SLS that were
used as an example earlier in this paper. Though not every aspect of the model could be discussed in this paper, the
core takeaway from this effort is the selected process. By combining MBSE and state analysis, this process allows
for detailed control theory-based behavior analysis within a cross-system model.

There are many possibilities to continue the work defined in this paper. Despite the author’s departure (at the
end of his internship), the task is being continued by the rest of the modeling team at JPL as well as advisors at other
NASA centers. Primarily, the process will continue to be applied to the SLS-MPCV single engine out scenario to
capture the behavior of the integrated stack during aborts. Similarly, continuing to perform a gap analysis within the
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model until all IRDs are verified is a must. After having the system fully modeled to a desired level of abstraction,
more analysis methods can be used to make full use of the information contained in the model. Furthermore, an
executable model could be created from the model, allowing the time-based analysis of any state variable.
Defining the process to create this model was a large portion of work, but it only opens the door to better capabilities
for analysis.
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