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Who Is a Systems Engineer?



What a Systems Engineer Does ABE\/{’

« Systems Engineers architect, design, and manage complex systems
- Looking at the whole system from a top-down, interdisciplinary approach

» Every system, especially complex systems, has a life cycle
- Systems Engineering tasks change throughout that life cycle

- Life cycles are different for many disciplines, and sometimes they must mix
& match within a single program.

» Often, Systems Engineers must define problems before solving them
- What is important about the system?
- What is important about the system right now?
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. _ S
wstems Engineering” ABE\A’

 Formal Definition:

- “The multi-disciplined application of analytical, mathematical, and scientific
principles for formulating, selecting, developing, and maturing an optimal
solution from a set of viable candidates that has acceptable risk, satisfies
User operational need(s), and minimizes development and life cycle costs

while balancing Stakeholder interests [1].” l B \

Defined principles |mp|.cat.ons Problem

Solution-oriented T ‘

Problem and solution space exploration
Risk assessment Conclusions

User operational needs met ‘

Stakeholder interests represented

Assumptlons

‘ Concepts

Dat
[1] INCOSE, 2015 S
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It’s Not a Linear Process, and It’s not Supposed to Be ABE‘/‘
»—_ Aot b Breroetes s

* [teration and recursion possible on all paths

Development

Concept Production Utilization Retirement

[1] INCOSE, 2015

ABEX Management Team Introduction to Systems Engineering 6 /88



What is the utility of Systems Engineering? ABE\"

»———

etics eXpiorer‘

« SE Is not about producing documentation; it’s about decision making

« SE replaces linear processes with interdependent steps

Grade School Undergrad Engineering
1. State a question 1. Define the problem
2. Do background research 2. Do background research
3. Formulate hypothesis 3. Specify requirements
4. Design experiment 4. Create alternative
5. Test hypothesis solutions, select one
6. Analyze results/draw 5. Build a prototype
conclusions 6. Test & redesign as
7. Communicate results necessary

7. Communicate results

T T

Scientific Method, sort of Specify-Design-Build-Test-Fix

B W

~N O

Professional Systems Engineering

Understand Problem/Opportunity Space

- Stakeholder needs, Operational Concept
Develop Domain Solutions

- Requirements, Operations, Behavioral, Physical
Define System Architecture from Solution Space
Define System Design

- Architecture is what and why. Design is how

- Design is Verified & Validated against regs.
Assemble, Integrate, Implement
Operate, Maintain, Support
Retire System
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5
what s a System? ABE‘/‘

* A system Is an integrated set of elements that accomplish a defined
objective

- Elements: No
: : Three
* Products, processes, people, information, > >
techniques, facilities, services, support

- Four Domains in any System:
* Requirements
= QOperations
» Behavioral
* Physical

fo/the idealist

* Any domain can be seen differently from differing perspectives
* |f you want to be a manager or executive, you need Systems Thinking

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 8/88



Elements of Systems Thinking ABFEY
h Sbama S et exiaver

* Focus on the System itself, starting with output:
- What should the system do?
- What is desired by customers and stakeholders?

» ...then work backwards to identify system design
- What actions transform system inputs to desired outputs?
- What system configuration maximizes value?

« Remember, it's not a linear process, and it's not supposed to be

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 9/88



. _ -
-V-V:l_o.l_s_éifystems Engineer” ABE‘/‘

* Every engineer is a Systems Engineer

- There Is rigorous theory behind Systems Engineering, and ignoring it will
cost you time & money

* The optimal amount of budget allocation for SE in a project is 14.4%
- Spending $10,000,000 on a project? Put $1,440,000 towards SE
- Any lower or higher than that regularly results in cost or schedule overruns

[2] Honour, 2013
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Design Life Cycles



Design Life Cycles

* There’s not just one correct life cycle

» Depends on the system under
development

- Usually defined by the Domain )

* Life cycles have a Stage-Gate
organization

- Example shown in two slides

* There might be multiple Life Cycles
within a single project
— Software doesn’t have a production
stage, but many systems have software

[3] Blanchard & Fabrycky, 2011

Aerospace
and Marine
Systems

Electric
Power
Systems

Urban
Infrastructure
System

Communication
Systems

Data and
Information
Systems

Health Care
Systems

Systems
Engineering
Application
Domains

Other
Domains

Copyright © 2011 Pearson Education, Inc. publishing as Prentice Hall

A B E /
Alabama Burst Energefics exmorer‘

Production/
Construction
Systems

Waste Disposal
Systems

Transportation
Systems

Financial
Services Systems

Educational
Systems
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Alabama Burst Energefics EXpiorer‘

Life Cycle Segmentation by Domain ABE\’

. . . System Concept|Development| Production|Utilization |Support|Retirement
* Phases can exist within
th ese Software Concept Development Operation & maintenance | Retirement
Hardware Concept | Design | Fabrication | Operation & maintenance |Retirement
)
» Software doesn’t have a
production segment Services | o | evge | vanation | opermion | mprevemen

Human Sdkl.jlflir:lifi?)?]s’ Acquisition | Training | Skills use & maturation | Retirement
Facility Rendering i:tr:zt:;%ﬁ Permitting |Construction %pemr:itrl::n Retirement
Process Output Flow Write-up Pilot | = Use & Retirement
definition charting use J improvement

[4] ISO/I EC TR 24748_1 2010 Natural entity Acquisition Development Exploitation Retirement
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Common Life Cycles
 ——

- DoD 5000 -
« NASA 7120.5F &

- IEEE 1220

o |ISO/IEC 24748-1 Sigpert]

« Wasson Life Cycle

System Concept|Development] Production|Utilization |Support|Retirement

Software

Concept

Development ‘ Operation & maintenance | Retirement

[5] Wasson, 2015, [6] Thomas, 2021
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NASA Single Project Life Cycle /

/.
h Alabama Burst Energetics eXplorer
- - NASA Life- Approval fi Approval fg,
» Development divided [555% | N oouwme W
. - ) Pre-Phase A: Phase A: Phase B: Phase C: Phase D: Phasg E Phase F.
Life-Cycle Phases Concept | Concept& Technology Preliminary Design & Final Design & System Assembly, Integration & Operations & Closeout
I n O p r‘ ! e e rI I I I n e Studies Development TechnologyCompletion Fabrication Test, Launch & Checkout Sustainment
Life-Cycle KDP A KDP B KDP C\ KDP D\ KDP EV KDP Enf\ KDP F\ Ao l;i_na:
chiva

Gates Preliminary 2
1 of Data
set of stages s e | o A el

A .

Documents Preliminary Program, Program/Project U A
ated PCA

ProjectPlan(s)? Plan(s)t  / & P

Program \
* Entrance to each S

Agency Reviews

. A
stage Is a gate e N AT A Al A Al AAANA A AA

Reviews?5 MCR SRR MDRISIR PDR coRl,, SR ORR  FRR/plAR CERR! PIRS DH DRR
« Gates are guarded by |orre- A Al
- - Supporting A Pegr Reviews, Subsystem|PDRs, Subsystem CDRRs, and System ReviewWs A
senior managers with |~ -
PFAR
A4

authorit i ; t :
y Re-enters life cycle as appropriate based on upgrade heeded after flight
Results: oo
eSUulls. o

ACRONYMS
1. Program Plans and PCAs are baselined atKDP C. These are reviewedand updated, as ASM—Acquisition Strategy Meeting MRR—Mission Readiness Review
required, to ensure program content, cost, and budgetremain consistent. Program and CDR—Critical Design Review ORR—Operational Readiness Review
u G O ProjectPlans maybe combined ifapproved bythe MDAA. CERR—Critical Events Readiness Review PCA—Program Commitment Agreement
2. Flexibilityis allowed to the timing, number, and contentof reviews as long as the equivalent DR—Decommissioning Review PDR—Preliminary Design Review
information is provided ateach KDP and the approach is fullydocumented in the DRR—Disposal Readiness Review PFAR—Post-Flight Assessment Review
| H O I d Program/Project Plan(s). FA—Formulation Agreement PIR—Program Implementation Review
3. PRR needed for multiple system copies. Timing is notional. PRR is notan SRB review. FAD—Formulation Authorization Document PLAR—Post-Launch Assessment Review
4. CERRs are established atthe discretion of Program Offices. E‘;E—Eigng?aqiniSS Review PRR—Production Readiness Review
o ] I - P —KeyDecisionPoint SAR—System Acceptance Review
| R e CyC I e 5. ;g:n(ayglri rKeISAFe’:vaort;JEgﬂ\t/:;gg?ne_?gsgztfsmaturltystates forthese reviews and the LRR—L aunch Readiness Review SDR—Sythem Defin’?tion oty
. 6. Timing ofthe ASM is determined bythe MDAA or AA, as compliantwith NPD 1000.5 and MD:dA_.M'StS'?" Directorate Associate SIR—Systefm |nteg(;jrat_|on_Regew Revi
[} KI I I maytake place atany time during Phase A. T'“"S rator ) EEIR—x gty an M'SS'On uccess Review
7. Placementofarrows is notional. See Section 2.2.4.3 for more guidance on reflights MCR M'|ss'|0n Corqupt Rewgw SRR R0 HaeE
’ . o o A . MDR—Mission Definition Review SRR—System Requirements Review
8. Once the program isin operations, PIRs are conducted as required bythe NASA AA or the
MDAA. KDP En follows the PIRs, i.e., KDP E2 would followthe first PIR, etc. A Red triangles represent life-cycle reviews thatrequire SRBs. The Decision Authority,
[7] NASA N P R 7 123 1 2020 9. SAR generallyapplies to human space flight. Administrator, MDAA, or Center Director mayrequestthe SRB to conductother reviews.
. 1
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Historical Method ABE‘//‘
h Sbama S et exiaver
» Specify-Design-Build-Test-Fix is historical
- “If my university thought this was important, they would have taught me!”

- SDBTF is an endless loop erroneously employed as a problem-solving
and solution development methodology

- No identifiable outcomes other than
= Design components
= Integrate them
= Deliver on time
= Deliver within budget
= No regard for User needs, only basic solutions

[5] Wasson, 2015
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What or Who Is a Stakeholder?
p-——

« Stakeholder: Any entity (individual or organization) with a
legitimate interest in a system.

* They can be internal or external. NASA likes this delineation.
- Internal Stakeholders (NASA calls these “participants”)

= Users
= Operators
» Developers

- External Stakeholders
= Science Mission Directorates
» Regulatory Agencies
= Scientific Communities

[1] INCOSE, 2015
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Understanding Your Stakeholders ABE\/{’

* They're not all the same
- NASA Mission Directorates might require document submissions
- Investors might require quarterly reports
- Participants might require engineering requirements

* Entities your system will interact with are also stakeholders

« ABEX Stakeholders:

- NASA Mission Directorate - Undergrad & Grad Students
- Astrophysics Science Community - Faculty Members

- Alabama Space Grant Consortium — NASA Near Space Network
- Alabama CubeSat Initiative - Component Vendors

— Mission Operators (users)

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 19/88



- etics eXplorer \

* Figure out who they are, figure out what they need in their words
- ldentifying all relevant Stakeholders can be challenging
- Who are your Stakeholders?

Stakeholder Requirements ABE\’

 Turn those needs into formal Requirements, usually at the top level

« Knowing who you're beholden to and what they want allows,
- Life Cycle Definition
- Starting your formal Requirements list
— Concept of Operations Definition (ConOps)
— Operational Concept Definition (OpsCon)

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 20/88



ConOps & OpsCon



Engineers are Bad at Naming Things ABE\/{’

* The Concept of Operations (ConOps) and Operational Concept
(OpsCon) are not the same thing
- ANSI/AIAA G-043A-2012 straight up says people confuse these because of
the name, but they’'re not going to change it

« When thinking about Systems Engineering, draw a line between “what”
and “how”

 Architecture vs. Design
- Architecture = What
- Design = How
* OpsCon vs. ConOps
- OpsCon = What + Why
- ConOps = How + To What End?

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 22 /88



Your Voice Matters ABé’

- etics eXplorer ‘

* There is a difference between a formal engineering voice and the
“Voice of the User” or “Voice of the Customer”
- A Customer might tell you they want to be comfortable in a car

- The formal requirement would say there “shall be seat heaters capable
of providing a maximum of 10 W~

* The OpsCon is written in the Voice of the User
- What are we doing here? What characteristics does the system have?

* The ConOps Is In a formal engineering voice
- What does the future look like when operating the system?

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 23/88



O PS Ccon AB E‘/<’

* The OpsCon describes what the system will do and the rationale
behind what the system will do.

- User-oriented document (Voice of the User)
- Describes system characteristics from the user’s viewpoint
- Communicates the system to acquirer, user, supplier, etc.

* | find It easier to write an OpsCon before a ConOps

- Easier to say what a system will do (OpsCon) before saying how it will do
It (ConOps)
- Writing the “what” can give you ideas for “how”

[1] INCOSE, 2015
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ConOps ABE\/{’

* The ConOps addresses the leadership’s intended way of operating
the organization.

- Requires an understanding of How the system is doing its job, not just
what the system is

- Describes assumptions or intent to the operation or series of operations

- Describes how operations work when using the system or possible future
systems.

- Usually a long-range strategic plan or annual operational plan publication

» Generally a big word document, which sucks

[1] INCOSE, 2015
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ConOps Writing Dangers ABE\/

h Alabama Burst Energetics ex;;iorer‘

* Undergraduate engineering programs have a common problem

1. This is my problem
2. This is my solution
3. This is why my solution is good

* That's a bad way to do engineering because it doesn'’t
characterize the Solution Space

* Problem Space, Opportunity Space, Solution Space. Instead,

1.

2.

Here is our Problem Space and all the aspects of it from different
viewpoints

Here is our Solution Space and all the possible solutions from the
various viewpoints

Here Is our Solution in comparison to others in the Solution space

Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 26 /88
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What ABEX Is Doing
I —

 Asking students to read 5+ long documents doesn’t work
- There’s subsystem-specific documents you do need to read
- You're not going to read 500 pages
- That’s all. This was fun.

 To help you understand the ABEX what, why, and how, you'll
get an onboarding package
- Project Summary. Lots of ConOps/OpsCon material in here.

- Your Subsystem Qualification or Management Plan
* This is a long document and you do have to read this one

- Work Task Templates
- Architecture Descriptions (structural, electrical, technical)
- Requirements

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 27188
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Where do Requirements Come From? AR
h .Y

» Stakeholders
— Captured in the Voice of the Customer
- Provided/Documented in the Concept of Operations

* Use Cases
- How do we Interact with the System? What does it need to do for that?

* Physical Constraints
- ABEX has to fit in a box with an upper limit for mass and volume

* Interfaces to other Systems
- Complicated Systems have lots of inputs/outputs
- Complex systems have lots of interfaces

s

il)

(e

o

2

MI I I
9

3

SN,

2 )
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Generalized Requirements Hierarchy ABE\/

4R - P
| Stakeholder || | |
i ) i‘lllll’i S){Stem
| Requirements | | Requirements ||
i ] | -\ 7
Stakehold | i ) )
akenholder | : i
Requirements | Stakeholder | | Element
i Needs & g | Requirements
.| Capabllities | | |
| ; . ; Derived
. Voice of the i | Component | Requirements
\_i____Customer | | Requirements | |
Note: Contract typically |
(but not always) written at | |
the "systems requirements’” Developer Specifications;
level. R A A - '
Design Independent Design Dependent

[5] Wasson, 2015
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Specifications are Low Level Requirements ABE\/{’
h Sbama S et exiaver

« Specifications are low level requirements, for ABEX that level is L4.
- This will show up on the requirements spreadsheet
- We might say that every interface specification must be verified by test

« Specification Categories:
- Operational Requirements: Achieve objectives or behavioral interactions
- Capability Requirements: Action and associated level or performance
- Non-Functional Requirements: Same as before
- Interface Requirements: Specify connectivity or interaction requirements

- Constraint Requirements: Constraints for design and constructuion. This
could be manufacturing techniques, safety factors, etc.

- Verification Requirements: Dictating a verification method
- Validation Requirements: Dictating a validation method

[5] Wasson, 2015
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ABEX Requirement Hierarchy ABE\/{’

« ABEX has 5 levels. Low levels (L1) decompose to high levels (L5)

- Level 1: Mission Requirements.

» These stem directly from Stakeholders like the Astrophysics Research & Analysis
solicitation and the Alabama CubeSat Initiative

- Level 2: Project Requirements

- Level 3: System Requirements

- Level 4: Subsystem Requirements e

- Level 5: Component Requirements} Specifications

* We might go to L6: Assembly or L7: Subassembly if we need it
- Everything in SE should be tailored to your program
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Types of Requirements ABE\/{’

* Functional Requirements:

- Define what functions need to be performed to accomplished the objectives.
Typically higher level requirements defined early

* Performance Requirements:

- Define how well the system needs to perform the functions. Typically result
from refined functional requirements

- Vector = direction + magnitude. Capabillity = function + level of performance.

* Non-Functional Requirements:

- Safety, system security, human integration, environmental, maintenance,
disposal. These generally com from guidelines or regulations.

[1] INCOSE, 2015
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Requirement Examples ABE\/{’

* Functional Requirement Statement

- A.L2.PRO.2: The ABEX spacecraft shall downlink organized science
data to the Mission Operations Center as a radio frequency signal

» Performance Requirement Statement

- A.L4.GNC.3: The GN&C subsystem shall have attitude sensors
capable of determining the spacecraft’s attitude within <1 degree

* Non-Functional Requirement Statement

- A.L1.PRGM.1: The ABEX project shall submit an End of Mission
Plan to NASA consistent with NPR 8715.6 and NASA-STD-8719.14
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Requirement Structure AB
»— Aabamobn

* There’'s good ways and bad ways to write requirements

« Every specification requirement should consist of,
— Source of the action (actor)
- Verb (“shall”)
— Outcome to be accomplished
- Relational Operator(s)
- Level of performance
- If needed, Condition based action or action recipients

Relational Level of
Req. ID ..

Have attitude sensors capable
A.L4.GNC.3 ULEAS Shall of determining the Within 1 degree [none]
Subsystem ) :
spacecraft’s attitude

8

o

Q

o

9

2

y,I I I
9

Qo
Q\
2 )

[5] Wasson, 2015
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Technology Assessment



Technology Readiness Levels

 NASA and the DoD use Technology
Readiness Levels (TRL) |

=Actual system completed and “flight qualified™ through test and
y demonstration (ground or space)
* They're ranked 1-9 -
TRL7 J
— 1 I S I e aSt re ad y =System prototype demonstration in a space environment
|

— TRL6 J

- 9 I S m OSt re ady : sSystem/subsystem model or prototype demonstration in a re_levant

environment (ground or space)

 This chart is what you’ll encounter s ]
mo St ] I t, SO k a y =Companent and/or breadboard validation in relevant environment

TRL4

[7] NASA NPR 7123.1, 2020

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 37 /88



Where to Find the Best TRL Definitions ABE"
» Y T

* NASA Procedural Requirement (NPR) 7123.1C is the Systems
Engineering Processes and Requirements document

* https://nodis3.gsfc.nasa.gov/displayDir.cim?Internal ID=N_ PR
/123 001C é&page name=AppendixE

* Appendix E has the best description you'll find for TRLs

* TRLs can be defined at varying levels of complexity
- Total Systems (full spacecraft)
- Subsystems (Thermal Control)
- Components (Patch Heater)
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https://nodis3.gsfc.nasa.gov/displayDir.cfm?Internal_ID=N_PR_7123_001C_&page_name=AppendixE

Which TRLs Do We Care About Most? ABFEY

 TRL 6 Is the goal
* Colloquial breakdown:

- Have an idea for a concept? TRL1
- Have you modeled it at all? TRL 2
- Is there a physical Proof-of-Concept? TRL 3
- Have you tested a prototype in a lab? TRL4
- Have you tested a prototype in a “relevant environment”? TRLS5
- Have you tested the flight model in a “relevant environment?” TRL 6

» Everything we’re doing for in-house components is a long march to
TRL 6

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 39 /88



How ABEX Advances TRLS ABE\,{’

* Two Plans, Two Reports, Four Total Documents per Subsystem
— All plans/reports are design-specific

- (1) Subsystem Development & Integration Plan

= Design Overview, Technical Performance Measure (TPM) calculation methodology,
iIntegration chain definitions, development test plans, test entry & success criteria

- (2) Subsystem Development & Integration Report

= TPM calculations for the current design, sections for each functional or integration
test, record of test results as compared to expectations, approval for continuance

- These two get usto TRL 4
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How ABEX Advances TRLs ABE

* Two Plans, Two Reports, Four Total Documents per Subsystem
— All plans/reports are design-specific

- (3) Subsystem Qualification Plan
= Design Overview, environmental test plans, test entry & success criteria

- (4) Subsystem Development & Integration Report

= TPM calculations for the current design at environmental extremes, sections for
each environmental test, record of test results as compared to expectations,
approval for continuance

- These two get us to TRL 6
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Assembly & Integration



- etics eXplorer ‘

« Assembly emphasizes the mechanical mating of components to form
a system

- Usually just physical/electrical. Subsystems can be assembled individually

Assembly vs. Integration ABé’

* Integration encompasses the entire process of combining less
complex function to achieve a system satisfying its requirements

- Problems with requirements/specifications are revealed

— More difficult with more complex systems

- Functional integration of subsystems (electrical, structural, power)
- Hardware/Software integration

- Launch venhicle integration

[6] Thomas, 2021
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Challenges with Assembly
 ——

* Material certifications

« Component lead times from vendors

* Erroneous confirmation of structural drafts
* Clean Rooms

 Electrostatic Discharge
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Challenges with Integration ABE\/{’
h Sbama S et exiaver

* Individual disciplines tend to see the entire spacecraft from a single
point of view

« Software Is generally modular from the bottom-up without
knowledge of what the full spacecraft looks like

- Change in data values (Mars Climate Orbiter)

- One software module can monopolize resources (CPU, memory,
bandwidth, peripherals)

- Software modules can accidentally overwrite memory of other modules

[6] Thomas, 2021
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Hora & Tempus ABES
h Sbama S et exiaver

* High-end watchmakers making watches of 1,000 pieces
* Tempus assembles watches from scratch

 Hora assembles watches from 10 subassemblies of 10
components of 10 pieces

* If there is a 1% chance they're interrupted and forced to start
over, then it will take Tempus on average 4,000 times longer
to assemble a watch.

Lesson: Complex systems will evolve from simple systems
much more rapidly if there are stable, intermediate forms

[8] Simon, 1965
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A Physical View of Integration Configuration ltems

ABEA

Drawings developed from left to right

510000 Base Plate Module

520000 Launch Venhicle Interface Module

Alabama Burst Energetics eXplorer

511000 Base Plate 516100 Power Control Unit
512000 Battery Pack (3x) 516200 EPS Regulators & Converters Unit
513000 Magnetometer 516300Primary Flight Computer Unit

514000 Reaction Wheel (4x)

516400 Transmitter Unit

515000 GPS Antenna i 516500 Receiver Unit
516000 Avionics Stack Section 516600 GPS Receiver Unit
517000 Primary Thruster 516700 Propuision System Control Unit
§18000 ACS Thruster (6x) \ 516800 ADCS Electronics Unit

ropellant Handling Section

516900 Magnetorquer (3x)

521000 La Vehicle Adapter

530000 Propulsion Module

540000 Payload Module

519100 Fill/Drain Vaive Unit

522000 Seoar:mbmgysnem

\ 519200 BP Propeliant Line Unit

31000 Propeliant Tank Moun Panel

Propellant Tank

533000 Propulsion ture Post (4x)

534000 Pressurant Tank Mounti

535000 Pressurant Tank

541000 Sensor

1 Payload Structural Interface

———

551000 Top Pane!

550000 Top Panel Module

S
552000 Structure Post (6x)

500000 FireSAT 560000 Side Panel (6x) 553000 T X WhipAntenmma—
Spacecraft System 5762686 Fhesra-Blentets— 554000-TX-Hi-Galr-Antenna—
Segment
580000 Solar Array with SADA (2x) 555000 RX Whip Antenna
556000 Sun Sensor

557000 Earth Sensor

Integration flows from right to left

[9] Larson et al., 2009/2018

ABEX Management Team
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Integration
configurations — stable
intermediate
configurations

-

(ref. Larson et.al., 2009)
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Integration Chains & Integration Points ABE\/{’

1. Determine a limited set of the most critical system performance
parameters.

- Requirements that are difficult to allocate to a subsystem generally
Indicate system components that will be difficult to integrate

2. ldentify chains that result in critical parameters

- The set of functions and subsystems resulting in the critical parameter
IS called a chain

3. Integrate Configuration Items (Cl) along those chains of
subsystems and functions

- Define the Cls for the chain and you'll find your Integration Points (IP)
[6] Thomas, 2021
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Integration Chains & Integration Points ABE"
» Alabama Burt Excroelics explorer

Sequence of
events on a
single sub-
assembly

Integration
of two sub-
assemblies

 Creating these integration diagrams for your subsystem is the task

* A single Integration Point can be the end result of multiple
Integration Chains

[6] Thomas, 2021
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Integration Chains for Software ABES
h Sbama S et exiaver

* In-The-Loop Nomenclaure (XIL)
- Model-In-The-Loop

= Computer model of both controller and environment

- Software-In-The-Loop

= Computer model of the environment and sensors/actuators running on a
hardware controller

- Processor-In-The-Loop
» Real-time controller running production code connected to a computer model of
the environment and sensors/actuators
- Hardware-In-The-Loop

» Real-time controller running production code connected to actual
sensors/actuators with a computer model of the environment

= Environmental testing would come next with simulated environment instead of a
modeled environment

[10] Thomas & Mesmer, 2016
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Integration Strategy AB

» Should a CI exist for every combination of two parts?
- Cls undergo integration tests, and tests cost time & money
- How much is enough? How much is too much?

 Failure to plan for integration tests has resulted in mission failures
- Ariane 5 (https://www.youtube.com/watch?v=gp D8r-2hwk)

- Mars Climate Orbiter (https://www.youtube.com/watch?v=urcQAKKAAIQ)

» This one is particularly dumb. All Imperial/Freedom units are just metric units x conversion.
= | cannot express enough how worthless Imperial units are.

* Runaway costs lead to project cancellations
- Have to balance between cost & risk when considering integration strategy

[6] Thomas, 2021

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 51/88


https://www.youtube.com/watch?v=gp_D8r-2hwk
https://www.youtube.com/watch?v=urcQAKKAAl0

Verification & Validation



- etics eXplorer \

* Verification & Validation (V&V) are the lifeblood of SE that fuels
the heart of champions

Verification & Validation: The Most Useful SE Tools ABE\’

* Verification: Did we build the thing correctly?
- Provides proof of the compliance of the produce with the requirements
- Must be planned for early in design process
- Required for a system of any complexity
- Dependent on the requirement you're verifying compliance to

[6] Thomas, 2021
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Verification & Validation: The Most Useful SE Tools ABE\’

« Validation: Did we build the correct thing?
- Assessing both activities and work products
- Is this what the user/customer wanted?
- Technical Reviews, Requirements Development, Analysis Outputs

* V&V methods are the same for both; the purpose is different
- Validation usually happens earlier than Verification

[6] Thomas, 2021
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Verification (and Validation) Methods AR
h—_ Aabama b

 Test, Demonstration, Analysis, Inspection
- Verification by Test is a measured compliance
- Verification by Demonstration is an observed compliance
- Verification by Analysis is a predicted compliance
- Verification by Inspection is a documented compliance
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* Verification needs to know,
- Method of the requirement compliance verification
- Level of verification (System, Subsystem, Component, etc.)
- Life cycle phase it is happening in (Development vs. Production)

* Verification activities often lead to requirements changes

- There’s a big V&V description section in the requirements spreadsheet
[6] Thomas, 2021
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Verification Method: Inspection ABE\/‘

Description When to Use

« Conformance to requirements <« Whenever drawings, documents,
by reviewing drawings & data. or data can be visually checked
to verity the item’s physical
characteristics requirements have
been designed into the product.

[9] Larson et al., 2018
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Verification Method: Analysis AR
h Hobomobur

Description When to Use

* Modeling & Simulation, 1. When rigorous and accurate

statistical analysis, and analysis Is possible.
quantitative engineering. 2. Test is not cost effective
3. Verification by inspection is not
adequate

e Advantageous If,
- Expected precision is known

- Conseqguences of undiscovered
problems can be tolerated

[9] Larson et al., 2018 - Test can’t be done credibly
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Analysis Composition ABE\/

1. Problem definition
- Why is this analysis wanted? What are we trying to learn? What is the scope of the analysis?

2. Parameters
- These are the selected inputs that we believe are pertinent or that were given to us

3. Assumptions

- These are the assumptions we made, why we made them, and the basis for those
assumptions. Discussion on the impact of those assumptions

4. Methodology
- This is how our analysis process and logic work. Domain Knowledge Maps live here.

5. Results
- These are the outputs of our analysis.

6. Conclusion
- This is what we learned from the analysis and the answer to our initial question/problem
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Verification Method: Test ABE\/{’

* Three types of tests:

- Type 1: Development tests to validate new design concepts
= Confirms performance margins, manufacturability, failure modes, requirements compliance
» Purpose: Inform the system design

- Type 2: Qualification tests to validate the soundness of the design

= Confirms hardware is built to specification, tooling is correct, personnel competency
* Purpose: Show the system design meets the requirements/specifications

- Type 3: Acceptance tests to assure conformance to specification
requirements
= Workmanship, not design. This happens after a build.
= Derived from but less extreme than qualification tests
» Purpose: Prove a product was manufactured, assembled, and integrated correctly

* Testing Is more complicated and costly than other verification methods

[9] Larson et al., 2018
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Qualification vs. Verification ABE

Verification:

* The formal process (test, analysis, inspection, or demonstration) to
confirm a system and Iits associated hardware and software
components satisfy all specified requirements.

* [t's performed once on the final design.
Qualification:

* Ensures the flight unit design will meet functional and performance
requirements In anticipated environmental conditions. Qualification
tests, a type of verification method, iIs performed at the extremes of
the environmental envelope.

* It's performed once on the final design.
* Verification by analysis doesn’'t mean a system is qualified
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Verification Method: Test
”———

* Three categories of tests:

- Functional tests, “Does it work?”
= Specific to functional requirements. May or may not include a level of performance.
* Function is not the same as capability. Capability = function + level of performance

- Integration tests, “Do the pieces work together as intended”?”
= Mechanical, electrical, software as Configuration Items along Integration Points

- Environmental tests, “Does it work in the operational environment?”
= Thermal Vacuum Chamber
= Vibration Table
» Electromagnetic Compatibility
* Radio Frequency Compatibility

[9] Larson et al., 2018
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Verification Method: Test ABE\/{’

Description When to Use

« Conformance to requirements 1. Analytical techniqgues do not

through technical means such produce adequate results

as  special equipment, > Failure modes exist which

instrumeniation, and could compromise personnel

simulation. safety, flight systems, payload
operation, or mission
objectives

3. Any components  directly
associated with critical system

Interfaces
[9] Larson et al., 2018
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Description When to Use

« Conformance to requirements < Whenever designed functions
through operation, adjustment, under specific scenarios can
or reconfiguration of a test be performed and observed.

article.  Generally not specific to a
* A characteristic observable by level of performance. Just a
humans. function.

« Usually implemented during a
test procedure for a different
requirement

[9] Larson et al., 2018
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How to Select a Verification Method AR

1. What's the requirement? / i /

2. What data Is needed? N

3. Does a vendor give it? ,,
- Vendor certifications common

4. Can we see It?

5. Does using it answer the
guestion?

6. Is testing feasible?

/. Okay we’ll analyze 1It.

- Verification by analysis provided
here for educational purposes T
Success Criteria (ref: Larson, et.al., 2009)

[9] Larson et al., 2009/2018 | il

oes Item Use

Inherently Yield

Adequate Data
?

Define Test Event &

Success Criteria

J-
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Modeling & Simulation V&V ABE

* It's not just products that are verified an validated.
- Models for analysis need V&V
= Are we modeling the right thing and are we analyzing it correctly?

- Simulations for tests need V&V
= Are we simulating the right thing and are we testing it correctly?

o
2
9
2
]
2
Qo
9
2 )

* NASA-STD-7009A: Standard for Models & Simulations

- When to use standards rigorously, M&S Ciriticality Assessment
= Can't test something but it’s critical to the mission? Be sure you're analyzing correctly

- How credible is your model?
» Data pedigree, uncertainty characterization, results robustness

= Graded on a scale from 1-4 for both Verification & Validation
* Your model can be verified but not validated and vice versa
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TPMs Are Tricky
S ——

* Here’s how we’re going to tackle this

- How does NASA look at TPM definitions?
- What are TPMs?
- What does it mean to define a good TPM?

- How are we going to represent TPMs?

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 67 /88



The NASA Systems Engineering Approach ABE\/‘
»——- YT

* Technical performance measurement decomposes from
gualitative Measures of Effectiveness (MOE) to quantitative

Measures of Performance (MOP)
RN /
O
MOP 2

« MOP: A quantitative measure that, when met by the design
solution, helps ensure that a MOE for a product or system will
be satisfied.

Stakeholder

Measures of
Requirements

Effectiveness

[11] NASA-SP-2016-6105, 2016
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What are TPMs to NASA? L,

« A set of performance measures that are monitored by
comparing the current actual achievement of the parameters
with that anticipated at the current time and on future dates

* Typically selected from the defined set of MOPs

« Used to confirm progress and identify deficiencies that might
jeopardize meeting a system requirement

[11] NASA-SP-2016-6105, 2016
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iad?
.I-I-(iv-v.f\_r_elPMs applied ABE‘/‘

* TPMSs exist for components, subsystems, and systems alike.

« System-level TPMs are Key Performance Parameters (KPP).

- KPP: Those capabillities or characteristics (typically engineering-
based or related to health and safety or operational performance)
considered most essential for successful mission accomplishment.
They characterize the major drivers of operational performance,
supportability, and interoperability.

[11] NASA-SP-2016-6105, 2016
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How are TPMs defined? ABEY
h Sbama S et exiaver

« Hallmarks of a well-defined TPM:
- Should be important and relevant
- Should be relatively easy to measure

- Performance or knowledge of performance should be expected to
Improve with time

- Atarget, threshold, or expectation of uncertainty should be known

- |If the measure crosses its threshold, corrective action should be
known

- The measured parameter should be controllable

- Management should be able to tradeoff cost, schedule and
performance

- Should be documented
- Should be tailored for the project

[6] Thomas, 2021
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“Should be tailored for the project” ABE\/{’

« ABEX is not a $100,000,000 mission, but we do have TPMs

« MOPs and MOEs are associated with Value Functions, which
are graduate-level concepts

- MOEs are not the only way to represent stakeholder concerns
- MOPs decomposing to TPMs are not the only way to track metrics

 ABEX wants to represent these concepts in Model-Based
Systems Engineering environments
- SysML Parametric Diagrams for calculations
- SysML Activity Diagrams for methodologies
— Calculations used for verification procedures
- Methodologies used as teaching and simulation tools
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The ABEX TPM Strategy ABE\/{’

 ABEX is not defining MOEs or MOPs, only TPMs

- Stakeholder concern representation is occurring in requirements Verification
& Validation processes

* Three kinds of TPMs:
- Key Performance Parameters (KPP): Same as NASA definition

- Technical Performance Parameters (TPP): Those capabilities or
characteristics (typically engineering-based or related to health and safety
or operational performance) considered relevant to operational
performance, supportability, and interoperability at any level.

- Technical Environmental Parameters (TEP): Those capabilities or
characteristics relevant to the definition of system interactions with the
Operational Environment.
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TPM Strategy Visualization ABE"
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Alabama Burst Energetics eXplorer
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MTPMS Defined” ABEY

 ABEX subsystem teams exist within Domains

- Technical Analysis Domain
= Structures, Thermal, C&DH, GN&C, EPS, TT&C, Orbit, Payload,

- Software Development Domain
= FSW

- Project & Mission Domain
» Project Management, Systems Engineering

» Each subsystem defines subsystem-specific TPMs using their
domain’s relevant concepts
- All TPMs in Technical Analysis Domain or Software Development Domain
- No need to blur the lines between domains
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Diagrams for TPMs ABE\/{’

« Each Domain has an Ontology

- Ontology: a set of concepts and categories in a subject area or domain
that shows their properties and the relations between them.

* The Ontology describes what categories and relationships we can
use to describe TPMs

* Domain Knowledge Maps (DKM) are applications of an ontology’s
categories and relationships to describe a TPM methodology

- Will talk more about this in MBSE Seminar

[12] Merriam Webster, 2022
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Example: Technical Analysis Domain Ontology
S ——

ABI%-’

Alabama Burst Energetics eXplorer

Scalar Parameter

+ is a function of

« is a function of

* is a function of

* is varied by

* is provided by
* is sourced

« is an input to
« is calculated

* is an input to
* is modeled by

* Read

* is compared to > from by
+ is provided by | ¢ is an input to * is an input to Left tO Ig ht
Array Parameter - is a function of | « is a function of | - is a function of | - is varjed by * is sourced * is calculated * is modeled by

from

by

- Go to relationship

+ is an input to
+ is calculated

+ is provided by

+ is sourced is an input to

+ is modeled by - T h e n Down

Matrix Parameter | - is a function of | « is a function of | = is a function of | - is varipd by

» Ontology EX:
- “Scalar Parameter is
Equation ';fosr;’“med Varled by State”

« is an input to

*is vari%d by

DKM EX:

- “Direct Solar Heat Flux
Is varied by Thermal
Environment State”

+ is comprised of

Document Classification: Public, Distribution: Unlimited
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Example: Isothermal Required Radiator Area DKM ABE‘/‘

| Maximum Thermal -
o Condition o
b= Is provided by
=
=
5 Is a function of Is provided by
ﬁ IS a TLIr'IE‘.tiDFI ".}f I—’Tﬂtﬂl SHIEIIII:EMEH, A
- » Effective Area, A=
—l—pSnlar Array Area, Acp
Is a function of Is provided by
Izothermal Required . ; . Satellite Outgoing | . ) ) Surroundings
Radiator Area (IRRA) — I5 a function of — Heat, Q, Is a function of —m Temperature, To,, Is courced from -
.| Stefan-Bolizmann
Iz an input to Is a function of L
v v =
=
o Isothermal Energy =
Balance (Eq. ##) S
=

Y

- Maximum Component]
Operational
Temperature,
Teomp.max Is sourced from

Is an input to

* This DKM isn’t perfect

« We'll be providing ample guidance on the creation of DKMs
» Task: Define TPMs, create DKMs to show your methodology

ABEX Management Team

Document Classification: Public, Distribution: Unlimited

Introduction to Systems Engineering 78 /88



Risk Assessment



Risk Guidance
»———

 Risks are due to design decisions
- What decision in the known design is causing the risk?

 Risks should include design uncertainty, but not general
uncertainty

- What about the design are we unsure of that impacts its
performance and final implementation?

» Consequence Is a property of the risk, not the risk itself
- What is the source that results in the risk’'s consequence?
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Risk Guidance ABE;
h Sbama S et exiaver

* Risks must have known, guantifiable impact and source
- Do we understand what causes the risk’'s consequence?

 Risks exist in both development and management
- What in the development or leadership approach could be a risk?

* Risks do not exist for a design that hasn’t been defined

- What is our current design that we can determine the risk
consequence from?

ABEX Management Team Document Classification: Public, Distribution: Unlimited Introduction to Systems Engineering 81/88



Risk List ABE‘/‘

Pre-handling Handling Method
Severity Severity
3 > © S >
o = [&] o = Ao
Statement = .g Handling Handling Strategy 3 = _S Status AV P Revision Notes
| T = _E T = [mm/dd/yyyy]
@ 3 O o L2 3 O
T T o
%) ) O
Given that [Condition], there is a
1 Risk Name pos_S|b|I|ty_of [Departure]_adversely 1151111 3 15 Research TBD or current description of 1131111 3 9 Open TBD or current description of
impacting [Asset], which can handling strategy. handling strategy.

result in [Consequence].

» Copy the “Risk_Report.xlsx” table form the “Risk List” sheet and remove the condition, departure, asset,
and consequence columns. Make sure to right click and select “Keep Source Formatting (K)” to maintain

the style

» Once pasted here, Increase font size, table size, and row/column size as deemed fit
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Risk Summary and Criticality Matrix ABE‘/{'

Handling Current Handling Strategy

TBD or current description of handling
strategy.

Risk Name Research

SEVERITY

LIKELIHOOD

Show the summary of the ID, risk title, handling

and handling strategy as from the prior slide Show the criticality matrix, copy from the
‘Risk_Report.xIsx” and keep the same

formatting style
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In Summary, Systems Engineering is Hard ABE;

« Every engineering Is a systems engineer

 All systems have a life cycle, and some systems have multiple

* Requirements are derived from stakeholders
- Specifications are low-level requirements

* All ABEX subsystems must be TRL 6 by PDR/CDR

- TRL 1-4 advancement achieved by development tests
- TRL 5-6 advancement achieved by gualification tests
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In Summary, Systems Engineering is Hard ABE‘/

efics EXpiorer‘

* Integration is probably the hardest part of Systems Engineering
1. ldentify subsystem-specific TPMs, even if it is a few
2. ldentify the components that realize those TPMs

3. Work backwards along the integration chain to realize the TPMs
a. Identify Configuration Items
b. Identify Integration Points

4. Develop the Integration Chain schedule

« Verification is did | do the thing right, Validation is did | do the
right thing?
- Analysis, Inspection, Demonstration, Test.
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In Summary, Systems Engineering is Hard ABE‘/

efics EXpiorer‘

* TPMs help us compare current performance with desired or
expected performance

« ABEX defines three kinds of TPMs
- Key Performance Parameter (system-wide, 1 if any per subsystem)
- Technical Performance Parameter (most of them)
- Technical Environmental Parameter

* TPM content & methodology is represented by Domain
Knowledge Maps

- Verification by Analysis for educational purposes
- Covered much more in MBSE Seminar
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