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ABSTRACT

NASA'’s Space Launch System (SLS) vehicle was successfully launched on November 16, 2022,
initiating the Artemis | mission to send the uncrewed Orion spacecraft to the Moon and further into
space than any human-rated spacecraft had previously flown. Flight certification of the launch
vehicle was part of the systems engineering and integration (SE&I) effort conducted by NASA to
successfully certify the mission and begin a new era of human space exploration of the Moon and
eventually Mars. This paper describes the SLS Program flight certification approach including the
organization, processes, and reporting. This approach used traditional NASA SE&I milestone
reviews and lessons learned from the Space Shuttle Program, as well as unique methods to certify the
complex system, procedures, and personnel readiness. The approach utilized by the SLS Program to
conduct flight certification for the Artemis I mission can be extended to address flight certification
for other complex programs.

1.0 Introduction

Missions to explore and colonize the Moon and Mars require international partnerships and multiple
contractors to design, develop, build, and operate the exploration systems. Although the technological
advancements required for these missions is substantial, integration of the complex Moon-to-Mars
organizational construct requires rigorous application of systems engineering principles and completion of
the prerequisite certification processes to implement an effective flight certification process. The flight
certification approach used by the Space Launch System (SLS) Program for the Artemis | mission provides
an approach that can be applied to system-of-systems with similar organizational complexities.

This paper summarizes the flight certification of the SLS for the Artemis | mission with a focus on the
systems engineering and integration (SE&I) flight certification approach. SE&I was distributed among the
three Exploration Systems Development (ESD) programs: Exploration Ground Systems (EGS), SLS, and
the Orion Program. The term for this effort was cross-program SE&I. SLS flight certification relied upon
definition of the roles and responsibility of SLS SE&I in relation to the SE&I responsibilities of the EGS
and Orion programs. This paper builds on an AIAA paper entitled NASA’s Space Launch System: Systems
Engineering Approach for Affordability and Mission Success, which described key aspects of the SLS SE&I
approach at the time of its publication including processes for system trades, system functional
decomposition, managing system interactions, design certification, flight certification, and operations
support. This paper leverages the NASA Procedural Requirement 7123.1D (NPR 7123.1D) NASA Systems
Engineering Processes and Requirements to describe the certification process.

2.0 SLS and SLS Flight Certification Objectives

The SLS launch vehicle is shown with the Orion spacecraft on the left side of Figure 1. When physically
integrated with the Exploration Ground Systems, the SLS becomes part of the Integrated Exploration
Systems that is shown on the right side of Figure 1.
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Figure 1. SLS Launch Vehicle and the Integrated Exploration Systems

The SLS launch vehicle is a two and half stage launch vehicle with solid boosters, liquid
hydrogen/oxygen core stage, cryogenic propulsion upper stage, and flight software suite. The system was
designed (or modified from heritage design) and certified by NASA and the SLS prime contractors for
missions beyond low earth-orbit. Artemis I, an uncrewed mission, was the first mission to lunar orbit and
back using the Orion spacecraft.

The objectives of the SLS flight certification process for the Artemis | mission were to:
- Affirm readiness of the SLS vehicle to execute the mission
- Communicate residual risk to safety and mission success

These objectives were met by completing a set of prerequisite certification processes and associated
reviews culminating in the SLS Program Pre-FRR, wherein the SLS Program Pre-FRR Board chaired by
the Program Manager signed a predefined record of completion.

3.0 Organization

3.1 Exploration Systems Development Organization
The SLS flight certification approach was influenced by the ESD organizational construct and the
distributed SE&I model. The ESD organization, shown in Figure 2, is comprised of three programs: EGS,
SLS, and Orion. The Cross-Program System Integration (CSI) organization focused on technical integration
of the system, and the Programmatic and Strategic Integration (PSI) organization focused on the
programmatic integration.
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The interconnected and interdependent relationship between the three programs and ESD is depicted
in Figure 3. This figure also includes the readiness mantra for the SLS Program, “deliver Orion to an orbital
and attitude state required to continue the mission”. The horizontal arrows represent the cross-program
SE&I functions that enable a fully integrated system. The vertical arrows depict the unique contributions
from each program as part of the integrated system required to accomplish the mission.
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Figure 3. SLS Accountability in the ESD Environment



3.2 SLS Program Organization

The SLS Program Manager was responsible for managing program technical, safety, schedule,
resources, and risks; as well as the design, development, production, and certification of SLS vehicle. The
SLS Program organization is shown in Figure 4. As with other hierarchical organizations, authority and
accountability were delegated to lower levels of the organization. For SLS, the delegation followed the
vehicle system product structure with the product (or Element) managers having safety, technical, schedule,
and cost authority and accountability for their products; and the SLS SE&I Manager and SLS Program
Manager having those same authorities for the integrated SLS vehicle. Element Office products consisted
of subsystem hardware delivered to EGS as shown in Figure 1, as well as documentation required to certify
their element and to support vehicle integration and certification.
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Figure 4. SLS Program Organization

3.3 SLS SE&I Organization

The Systems Engineering and Integration Office (SEIO) manager had technical responsibility for
ensuring that the assembled SLS vehicle, integrated through EGS operations with Orion, was certified and
ready to fly. In this capacity, the SEIO interacted with the SLS element offices, Engineering, Safety and
Mission Assurance, and other ESD programs and mission support organizations. The SEIO was responsible
for vehicle systems engineering and analysis, flight software, system integration lab, SLS operations
support, and cross-program integration activities depicted by the horizontal arrows in Figure 3. For
example, SLS generated the loads and environments for the integrated vehicle. This was accomplished
through leadership of cross-program integration teams (e.g., SLS led the Joint Loads Integration Task
Team) and development of the loads and environments documentation. The lead program owned the
documentation for that discipline/subsystem and was responsible for cross-program integration. Many of
the disciplines/subsystems required for DDT&E of the integrated vehicle were assigned to the SLS
Program, SEIO. The SEIO (Figure 5) was organized to support the cross-program integration with most of



the effort in systems engineering & verification (SE&V), integrated avionics & software (1AS), and systems
analysis & integration (SAI). Additional discussion of the SEIO organization can be found in Hutt, et.al.
The key to successful integration was understanding that leadership was delegated to one program, but
responsibility remained with the cross-program team. This will be discussed in more detail in Section
IV.C.1.
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Figure 5. SLS Systems Engineering and Integration Office (SEIO) Organization
4.0 Flight Certification Process

The SLS Program chartered an Integrated Flight Certification (IFC) team within SLS SEIO to define,
plan, and execute the SLS flight certification process. The SLS IFC Team leveraged and augmented existing
processes within a flight certification framework to achieve a successful and complete flight certification.

4.1 SLS Flight Certification Process Development
The SLS flight certification framework was an aggregate of the applicable NPR 7123.1D life cycle
audits and reviews (design certification, system acceptance, operational readiness, and mission/flight
readiness) and the NASA common system engineering processes. SLS flight certification utilized SLS-
defined applicable technical baselines and objective evidence/compliance packages, and it integrated the
individual prerequisite processes supporting flight certification.

4.2 SLS Flight Certification Framework
The SLS Program used the NPR requirements to develop a comprehensive and logical assessment of
readiness including segregating the mission readiness process from the overarching mission readiness /
flight readiness process into a standalone Mission Certification Process.

A key element of the flight certification framework was defining the “finished” state. Table 1 shows
the relationship of the life cycle phases to the SE processes and describes the activities, baselines, and
objective evidence required for completion of each framework process.
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Table 1. SLS Flight Certification Framework Processes

Design Certification: Certifies that the design meets the design requirements and establishes the system acceptance and mission suitability

criteria.

NASA SE Handbook

Applicable Audit / Applicable SE Technical

SLS Activities SLS Obijective Evidence Review Process Baseline
e Design qualification / verification o Element Certificates of o Systems Requirements 1. Stakeholder o As-required
inspections, tests, analyses, and Qualification (COQs) Review (SRR) expectation o As-designed

demonstrations (ITAD)

e Identification and acceptance of
design requirement deviations and
risks

o Verification Compliance
Report (VCR) and
database

o Certification of
Configuration Compliance
(CoCC) Report

e System Certification
Report (SCR) and
database; DCR
presentation packages

o Baseline system safety
posture, e.g., hazards /
risks

o Preliminary Design
Review (PDR)

o Critical Design Review
(CDR)

o Design Certification
Review (DCR)

o Configuration Compliance
Audit (CCA), Part 1

definition

. Technical
requirements
definition

. Logical
decomposition

4. Design solution

definition

Product verification

N

w

~

System Acceptance: Confirms that the as-built system meets the design, is free from workmanship defects and is assembled correctly,
authorizing its shipment to the designated operation site and/or authorizing its operational use.
NASA SE Handbook
Applicable Audit/ Applicable SE Technical
SLS Activities SLS Objective Evidence Review Process Baseline
e Element acceptance o Acceptance Data Packs e Element Acceptance 5. Product o As-designed
e Disposition of SLS-related (ADPs) Reviews (EAR) implementation o As-built

Assembly, Integration, and Test
(AI&T) and Integrated Test &
Checkout (ITCO) nonconformances
Identification and acceptance of
waivers and risks

e As-Run AI&T procedures

o Dispositioned
nonconformances

o Updated system safety
status posture, e.g.,
hazards / risks

e System Acceptance
Review (SAR)

e |TCO data reviews

e Integrated Physical
Configuration Audit
(PCA) / Configuration
Compliance Audit (CCA),
Part 2

6. Product integration
8. Product validation

Mission Certification: Certifies that the mission requirements are enveloped by the design or provi

conditions outside of the design certification baseline.

de flight rationale or risk acceptance for

NASA SE Handbook

Applicable Audit / Applicable SE Technical
SLS Activities SLS Objective Evidence Review Process Baseline
e Mission Certification Checkpoints e Documented Mission e Mission Concept Review nla o As-designed
e Mission Certification Status Requirements and (MCR) o As-built

Assessments
Identification and acceptance of
waivers and risks

GR&As

e Mission analysis/tests and
mission certification
reports/charts

e Mission Integration
Review (MIR)

e Mission Certification
Review (MCR)

Operational Readiness: Confirms that the flight and ground system work authorization documents/procedures and operational constraints are
baselined, mission operational data items are certified, and that personnel and infrastructure are certified to support the mission.

NASA SE Handbook

Applicable Audit / Applicable SE Technical
SLS Activities SLS Objective Evidence Review Process Baseline
e Concurrence with baselined o Baselined OMRs o Flight Operations Review 9. Product transition o As-designed
Operations and Maintenance o Baselined LCC and Flight (FOR) o As-deployed
Requirements (OMRs) for SLS Rules o Test Readiness Review
Assembly, Integration & Test o Operational procedures (TRR)
(AI&T), including the Integrated o Personnel training and o Operational Readiness
Test & Checkout (ITCO) campaign certification Review (ORR)

and launch

Concurrence with baselined Work
Authorization Documents (WADs),
Launch Commit Criteria (LCC), and
flight rules

e Development and certification of
Day of Launch (DOL) Huntsville
Operations Support Center (HOSC)
Certification of the SLS Engineering
Support Center (SESC) personnel

e Wilco’d Program
Agreement Requests
(PARSs)

o Mission Simulations
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4.2.1 Flight Certification Cross-Cutting Integration Activities
Two critical cross-cutting integration activities to complete the flight certification framework were the
system safety assessment and element integration.

System Safety Assessment

The SLS flight certification process relied heavily on an understanding of the baseline mission risk of
the SLS and integrated system. The baseline mission risk was established through evaluation and analysis
of hazards that may occur and affect the SLS and ESD safety and system performance. Implementation of
hazard controls in the design and operational phases of the life cycle were used to mitigate risk. Baseline
risks that met the escalation criteria were elevated to the appropriate level for risk acceptance.

As the SLS Program progressed through the life cycle phases and Artemis | integration activities,
conditions arose that limited the effectiveness of hazard controls (e.g., design verification deviations,
requirement, or operational non-compliances or waivers) and necessitated re-evaluation of the risk. The
hazard risk was updated when an assessment of these conditions revealed an impact to the baseline risk.
Continuous evaluation of these conditions in relation to the hazard risk provided a basis for communicating
residual flight risk.

Element Integration

Element integration was a system-level process utilized to continually (throughout the system life
cycle) evaluate element changes and/or conditions that have a potential impact or adverse effect on the
integrated system technical baseline and risk posture. The primary implementation approach for element
integration was achieved through hierarchical requirement verification activities and relied on a rigorous
change management system to identify changes or impacts to the technical baseline. Also, Elements were
tasked with elevating changes that affect the system. Requirements were not perfect and identification of
changes or impacts to the technical baseline was not easily identifiable. Therefore, flight certification of
each SE&I functional area relied on the responsible discipline engineers at the element level and cross-
program discipline engineers to maintain insight to changes or conditions that potentially affected the
integrated system baseline and system certification. Changes and conditions that had integrated system
impacts identified through this process were assessed and actions taken to fully address the system impacts.

4.2.2  Flight Certification Logic Flow

The Path to CoFR in Figure 6 shows the logical progression of activities that complete the SLS flight
certification framework processes listed in Table 1, including a defined end activity. In a nominal flow, the
path to CoFR would progress from the lower left with completion of the element level design phase
followed by the completion of the system design phase and then logically progressing through the
completion of the remaining processes. For SLS, as with most development programs, several of the
processes were concurrent requiring assessment and reporting of each process at SLS milestone reviews.
The CoFR framework was an efficient method of organizing the data, reporting the open work, and
characterizing the risk to program managers.

Figure 6 is also annotated to show the applicable baselines for each process and the relationship of one
process to the predecessor process:

o Certification that the design meets the design requirements (Design Certification Process)

o Confirmation that the as-built system meets the design, is free from workmanship defects, and is
assembled correctly (System Acceptance Process)

o Certification that the as-built system can achieve the mission-specific objectives and requirements
(Mission Certification Process), and to identify and characterize mission risks

o Confirmation that the people, processes, paper, and infrastructure are in place to support and
operate the system (Operational Readiness Process)

12



As the program progressed through the certification framework processes, both schedule and safety
risks were identified, characterized, and communicated. The series of flight readiness reviews captured the
remaining open work and communicates the risk to the mission as identified in the hazards and through
elevation of concerns by responsible parties (i.e., “What keeps you up at night?”).

ISMC  ESD Agency
a ; s ESD MIR ESDIR  ESDORR Pre-FRR Pre-FRR FRR Statement of completion &
w | W Design Certification \ 4 \ 4 \ 4 pes assessment of risk for differences
B Acceptance FOSA 1 FCSA 2 FOSA 3 Pl“f_i‘ék i ate between as-required/as-designed to
I CoFR Process V v V Launch the as-built/as-deployed
| WM Integration/Ops M SLS MSFC
; Element Pre-FRRs Pre-FRR Pre-FRR B
SLS Sl SESC ORR SESC AORR
2lg Checkpoint TV y -------- N As-deployed
-0 V SLS Ground Software/Tools & SESC Readiness
s L Startof ITCO
2 E MCR MCSA
clal <7 0 e -
(K] v N As-deployed
£ s Flight Readiness Analysis Cycle >
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E L ISPEHAR(S)/EAR .~ »
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o 00000 - | CoreStagoEAR | ;
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Figure 6. SLS Path to CoFR

4.3 Tools and Methods to Accomplish SLS SE&I Flight Certification
The SLS SE&I effort was driven by the distributed ESD SE&I construct which necessitated a top-down
decomposition of the ESD CoFR success criteria and a bottoms-up accountability of the activities required
for a complete and integrated flight certification of the SLS and ESD-delegated SE&I scope. The IFC Team
leveraged heritage Space Shuttle Program (SSP) processes and relied on the existing NPR and NASA
system engineering processes to define roles and responsibilities and to achieve a successful Artemis |
mission flight certification.

4.3.1 SLS SE&I Flight Certification Methodology
The SLS SE&I flight certification methodology utilized an SE&I roadmap and checklist to plan and
execute flight certification. The roadmap defined the work scope and work assignments, and the checklist
defined the expected flight certification content to be addressed by each work area.

SE&|I Flight Certification Roadmap

The IFC Team developed an SE&I flight certification roadmap to ensure SLS SE&I flight certification
roles and responsibilities were clearly defined, comprehensive, and complete. The SE&I flight certification
roadmap is shown in Figure 7 and represented a flight certification simplified work breakdown structure
(i.e., each topic represents a piece of the overall SE&I flight certification work scope). The SLS SE&I scope
fell into three types: (1) processes or “process topics”, which included the flight certification framework
processes; (2) environment definition; and (3) system functions/disciplines. The Shuttle SE&I CoFR
roadmap, ESD SE&I delegated work scope, and the SLS system functional breakdown structure were used
to develop the roadmap. Each topic was assigned a lead integrator or topic owner tasked to develop a flight
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certification summary statement to ensure completeness of responsibilities and accountability for their
defined scope.

Topic Color Key:
* Process topic (* = Certification Framewark process)
* Environments topic

+ System topic
1.0 Mission and Vehicle
Overview
2.0 Certification and 5.0 Operational 6.0 SE&] Safety & 7.0 Summary

3.0 Environments 4.0 Systems

Enabling Processes (SE&V) Readiness* (LIMO) Mission Assurance and SE&I RoC

2.1 Design Certification (SE&V)* 3.1 Induced Environments (IE) 4.1 Flight Performance (VM) 5.1 Operations Requirements (LIMO) 6.1 Integrated Hazards * Open Work/
2.2 Modeling & Simulations (SE&V) 3.2 Ascent Debris Environment (IE) 4.2 Guidance, Navigation & Control (VM) 5.2 LCC and Flight Rules (LIMO) 6.2 Probabilistic Risk Mission Risk
2.3 Mission Certification (SE&V)* 3.3 EMI/EMC Environment (\AS{ 4.3 Mission and Fault Management (VM) 5.3 Program to Program Req’ts Assessment * Candidate CoFR
2.4 Post-Flight Evaluation (SE&V) 3.4 MMOD Environment (SE&V 4.4 Launch and Flight Separations (VM) 5.4 System Acceptance (LIMO]J* 6.3 SLS Operation Exceptions and
2.5 Element Integration (SE&V) 3.5 Natural Environments (VM) 4.5 Vehicle DOLILU (VM) 5.5 WAD and GFAS Reviews (LIMO) Controls Criteria Flight Constraints
2.6 SE&I Risks (SE&V) 3.6 Mass Properties (VM) 4.6 Vehicle Integration Drawings and 5.6 Launch Site NC and MRB
2.7 Configuration Mgmt / Data oML/ Alignment (LDI) Dispositions (LIMO)
Mgmt (CDM) 4.7 Loads and Dynamics (LDI) 5.7 SLSP Facility and Personnel
4.8 Integrated Propulsion Systems (Prop) Readiness {L\MO]
Induced Environments: 4,9 Hazardous Gas Environment (Prop) 5.8 GSE Integration (LIMO)
+ Acoustic 4.10 Integrated Avionics & Software (IAS)
- . 4.11 Communication and Tracking (IAS)

* Vibroacoustic and Shock 4.12 Power/Energy (IAS)

*  Aerodynamics 4.13 Imagery (IAS)

* AscentVenting and Thermal Purges 414532{”5; ?ﬁggw and Flight Termination

+ Aerothermal and Shared 4.15 Payload Integration (PLI)

Compartment Thermal

Figure 7. SLS SE&I Flight Certification Roadmap

SE&I Flight Certification Checklist

Using the NPR 7123.1 flight readiness review success criteria and the ESD FRR success criteria, a
common list of items was created for all SE&I CoFR content which covered the prerequisite and cross
cutting flight certification processes. Each SE&I Roadmap topic owner addressed their certification in terms
of the checklist as shown in Table 2. Both the roadmap and checklist were used to create the SE&I flight
certification assessment and review agenda content.
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Table 2. SLS SEIO Flight Certification Checklist

Title Description

A | Introduction Background information on topic and organization’s SLS Program and cross-program SE&I
responsibilities in terms of system functionality, configuration items, and mission timeline.

B | Design Design certification certifies that the design meets the design requirements and establishes the
Certification system acceptance and mission suitability criteria.

C | System System acceptance confirms that the as-built system meets the design, is free from
Acceptance workmanship defects and is assembled correctly, authorizing its shipment to the designated

operation site and/or authorizing its operational use.

D | Mission Mission certification certifies that the mission requirements are enveloped by the design or
Certification provide flight rationale or risk acceptance for conditions outside of the design certification
baseline.
E | Operational Operational Readiness confirms that the flight and ground system work authorization
Readiness documents/procedures and operational constraints are baselined, mission operational data

items are certified, and that personnel and infrastructure are certified to support the mission.

F | Integrated Hazards | Integrated hazard reports have been approved, hazard controls are appropriate, and hazard
control verifications have been completed or have planned closures.

G | SE&I ARM Risks | Status of open technical and safety risks and a summary of accepted technical and safety
risks.

H | Mission Risk Unexplained anomalies on flight hardware, 3x5 and up hazard risks and conditions that
increase mission risk from baseline risk ranking will be, at a minimum, listed in table format
with summarized flight rationale.

I Post Flight Plans (e.g., Post Flight Evaluation Plan, Mishap Plan, Contingency Plan, Disposal/
Evaluation Decommissioning Plan, etc.) are baselined for the next milestone activity and potential
mishaps/contingencies, including agreements in place to enable execution of plans.

J | Open Work Open work (e.g. Program Directives, RIDs, RFAs, TBRs, TBXs, and actions) applicable to
flight readiness has been assessed and there are no issues with flight readiness.
K | Constraints to Constraints to flight have been identified, communicated to Program, and there is a plan to
Flight work prior to flight.
L | Summary Organization’s summary statement of readiness, including overall responsibility.
Readiness
Statement

4.3.2 SLS SE&I Flight Certification Events
CoFR Workshop and CoFR Working Group
The IFC Team prepared for the Artemis I SLS Pre-FRR with a CoFR workshop to set reporting
expectations, flight rationale development, and the CoFR series of events. The CoFR workshop engaged
SLS program representatives, Element representatives, and SE&I disciplines and initiated a working
relationship with the CoFR representatives from each organization and the IFC Team. The SLS CoFR
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Working Group was established with representatives for the SLS Program, ESD, and elements. The CoFR
Working Group met bi-weekly, as needed, following the CoFR workshop to ensure regular, consistent
communication relative to the CoFR process and expectations. The CoFR Working Group proved to be a
valuable forum for information sharing and discussion.

Flight Certification Status Assessment (FCSA)

The SLS Program implemented three Flight Certification Status Assessments (FCSAS), utilizing
findings of the Rogers Commission (Space Shuttle Challenger accident) and Columbia Accident
Investigation Board (CAIB) to improve the SLS flight certification approach. FCSA #1 focused on 1)
assuring accountability of responsibilities in the complex organization and 2) culture and communication.
FCSA #2 assessed element and SE&I progress toward flight certification and further developed the
program’s culture with a specific focus on the importance and communication of risk between the different
levels of the organization.

The lessons learned and refinements implemented following FCSA #1 and FCSA #2 were captured in
an updated SLS CoFR Plan. FCSA #3, the third and final Artemis | FCSA, was tailored to assess the
readiness of the SLS elements and system for integration with ESD, including an assessment of the open
design certification activities, incomplete acceptance activities, maturity of the operational requirements,
and readiness to perform mission certification.

4.3.3 Flight Certification Content Development and Reporting

The flight certification content and reporting approach developed for SLS is shown in Figure 8. The
continuous evaluation of processes, identification of open work and issues, and communication of risk was
the focus of the flight certification content and reporting approach. “CoFR Assessment Topics” were
assessed for flight readiness by each reporting organization within SLS. Completed work was summarized
to affirm flight readiness. Open technical issues and completed work with results outside of the baseline
risk required further explanation and characterization of risk to the mission. Additional emphasis was placed
on issues with elevated schedule or safety risk. Open work, both standard and non-standard, was identified
with plans to close. Open technical issues and non-standard open work were considered potential CoFR
exceptions. CoFR Exceptions were documented at the discretion of the SLS Pre-FRR board; approved
closure plans were completed and tracked via the Program Control Board.
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Figure 8. Flight Certification Content and Reporting Approach

5.0 Summary

The approach utilized by the SLS Program to conduct flight certification for the Artemis | mission can
be extended to address flight certification for future Artemis missions and other complex programs. The
SLS Program utilized systems engineering methods to develop a flight certification framework to derive
the content required to meet the stakeholder expectation to “deliver Orion to an altitude and attitude state
required to continue the mission”. This framework, combined with the flight certification reporting
approach, clearly communicated readiness and risk acceptance. Utilization of a flight certification
framework in concert with the systems engineering technical management processes provides an
opportunity to meet the cost, schedule, and technical goals for future missions and programs.
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