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The Systems Engineering ‘Vee’

Decomgosition — then - Integration

Mission System
Requirements Demonstration
& Priorities & Validation

Develop System
Requirements &
System Architecture

Integrate System &
Verify
Performance Specs

Allocate Performance
Specs & Build
Verification Plan

Component
Integration &
Verification

g Verify
Co[z;sc:rg\;‘nfs Component
Performance

Fabricate, Assemble,
Code &
Procure Parts

Time & Project Maturity
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1. Flexibility & allowed in the timing, number, and content of reviews as long as the AFF—Aequisition Strategy Flanning hizeting

equivalent information is provided at each KOP and the approach is fulby
documented in the Project Plan. These reviews are conducted by the project for

the independent SRB. See Section 2.5 and Table 2-6.
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PRR needed for muftiple (z4) system copies. Timing is notional .
CERR= are established at the discretion of Program Offices.
For robotic missions, the SRR andthe MOR may be combined.
The ASP and ASM are Sgency reviews, not life-cycle reviews.
Inzludes recertificion, as required.
Project Plans are baselined at KOP C and are reviewsd and updated a=
required, to ensure project content, cost, and budget remain consistent.

ASM— Poquisition Strategy hesting
COR—Critical Design Revien
CERR—Crtical Bvents Readiness Revien
OR—Decommissioning Fewiew
FAD—Fomulation Acthorization Document

FRFR—Flight Readines=s R
kOP—Key Decizion Paint
LRR—Launch Feadiness

MWC FE—hiz=zion Concept Review

M0 R—i==ion Definition

MNAR—MNon-Advocate Rewi

ORR—DOperational Feadiness Rewviem
POR—Preliminary Design Rewien

PF AR—Post-Flight As=sessment Review
PLAR—Past-Launch A=sessment Feview
PHNAR—Preliminary Mon-PAdvocate Review
PRE—Production Readiness Fewizw
SAR—System Acceptance Feview
S0R—5ystem Definition Review
SIR—S5ystem Integration Reviem
ShiSR—%5atety and hission Success Review
SRR—5System Requirements Fevisw
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Feawizm

Reviem
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Transiting Exoplanet Survey Satellite
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Formulation Phase Investment
Critical to Managing Cost

Total Program Overrun
32 NASA Programs
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Solar Dynamics Observatory
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NASA Project Development Times Vary Widely

NASA Program Schedule Actuals

MER |

Gesmin - Marned

Skytah Workshop - Marnad
Mars Global Suneyor
Pathfinder
Certtaur-G' - Launch \Vehicke
Voyager - Unmanned |

m::ehn-l;m C atp to PDR
Viking Ortiter - Unmanned B PDR to CDR
Apallo LM - Marned
SVB - Launch Vehicke 0O CDR to Launch

Apcilo CSM - Manned
Mars Obsaner - Urrmannad
Skylab Arlock - Marned

S4 - Launch Vehicle

Extemal Tank
Shuttle Ortater - Marned
Spacelad - Mannad

ATP-PDR = Phase A/B; PDR-CDR = Phase C; CDR-Launch = Phase D
20




NASA Systems Engineering
Processes

Scope
Architecture
Requirements
Functional Decomposition
Part Selection

- Utility Curves

- Robust Design
Trade Study
Contingency & Margin
Cost Estimating
Risk Management
Technology Decisions
Trade Trees



Scope Dimensions

Goals Objectives
Need Broad, fundamental aim you expect to Initiatives that implement the goal.
Explains why the project is accomplish to fulfill need.

What is the minimum that the
stakeholders expect from the
system for it to be successful?

developing this system from
the stakeholders’ point of
view

Assumptions
Examples:

Level of technology
Partnerships
Extensibility to
other missions

Mission

Defining and
restricting the
missions will aid in
identifying
requirements

Scope is a
definition of what
IS germane to
your project.

Budgets .
Constraints
External items that cannot
Schedules be controlled and that must

be met, which are
identified while defining
Authority and Responsibility the scope
Who has authority for aspects of the Operational Concepts
system development? Imagine the operation of the future system

and document the steps of how the end-to-

end system will be used



Scope Example: Kepler

Need: Find terrestrial planets, especially those in the habitable zone of their stars, where
liquid water and possibly life might exist.

Goal: Discover dozens of Earth-size planets in or near the habitable zone and determine
how many of the billions of stars in our galaxy have such planets

Objective: Explore the structure and diversity of planetary systems.

Mission or business case: Survey a large sample of stars from space




Scope Example: Kepler

Operational Concept: Use a Delta
Il launch vehicle to place a 0.95m

telescope (capable of capturing light from

12t magnitude stars) and photometer
having a field-of-view of 105 square
degrees (field should include over
100,000 stars — and a sensitivity that
would detect the Earth transiting the Sun
from a significant distance) in an Earth-
trailing solar orbit for a period of 3.5
years (allowing for measuring planet
transits over multiple “years”). Point the
telescope constantly at the Cygnus-Lyra
region (except when downlinking data).
Downlink data through the DSN sites,
with science data (downlinked monthly)
going to the ARC Pipeline facility for
processing and engineering data
(downlinked twice each week) going to
the Mission Operations Center at the
University of Colorado. After processing,
all data is stored at the Space Telescope
Science Institute in MD.

Projection of

Autumnal Kepler's photometer

orbit axis onto

2LLEE the ecliptic
nler Winter & mimer Summer
stice roll roll Solstice

Sun
I:Ill.'-il-:lll&
direction
Earth on
Hurch Sth
'_-.prm-:;i
|-:|I ‘
Vernal
E':I'-"““ ——Earth's orbit
Kepler Kepler Launch —— Kepler's orbit
4years year Kepler's position
later jopar * on Mar 5in
of each year

COE 1108



Scope Example: Kepler

Assumptions: There are Earth-sized
planets orbiting stars within the chosen
FOV that are orbiting edge-on as seen
from Earth. Also, that variations seen in
the photon count from stars in the FOV
can be correlated to orbiting Earth-like
planets (versus star-spots or other output
variations)

Constraints: Total mass must be Sun
below 1,000 kg (to launch on Delta Il to shade
required orbit%

Authority and Responsibility:
NASA Science Mission Directorate,
Astrophysics Division, Exoplanet Program

Photometer

Solar Array

Office (JPL), Kepler Project Office (ARC), Reaction
Data Processing Pipeline (ARC), Mission  Radiator Wheels (4)
Operations Center (University of y g
Colorado), Data Archive (Space Telescope i “-_High Gain

Institute;, Launch (KSC Launch Services
Program), Observatory Development (Ball
Aerospace)

Budget: S550M total funding available  Splid State &

Schedule: Must launch by 2009 Recorder

Star Trackers (2)

A Antenna

Omni-antenna

Avionics (1 0f2)
(redundant)



Architecture Example: NASA Constellation Program
Lunar Sortie Mission (2006)

S0 7% MOON

- Vehicles are not to scale. ; g
Ascent Stage
100 km LSAM Performs LOI - g} Expended

Low Lunar
Orbit a
_—

Service

Earth Departure
Module

Stage Expended

**i\r v }
Direct Entry or ‘7/ e
Skip Landing &

EDS, LSAM




System Mission

Segment

Element

Subsystem

Component

Part

Requirements
Decomposition

¥
i

i)

Launch Pad Launch Vehicle Assembly Building

Lunar ME)duIe

Example: Apollo

Command Module Ser\‘/"i'cerl\'/,loaule

- — I...__..
Yy, - \.-_i._”_“. i/

g

Drogue

A

/
J

Window Gauge

Docking ‘ Communication Electrical Power Life Support

Extravehicular Thermal Control Propulsion Guidance, Navigation &
Support Control

; ST

Control/Information




Functional Decomposition Example
NASA Space Science Mission
Functional Flow Block Diagram

Mission

Get There

— Escape Earth’s
Gravity Well

— Transfer to
specified
location(s)

— Achieve
specified
proximity,
orientation to
target(s) for
specified time
interval(s)

Applicable to:

Obtain
Data

I~ Collect data in
sequence, with

quantity

— Process data to
specified level

~ Return data to
Earth

Flybys

Communicate
Results

Generate
Results

specified priority,

specified quality,

— Process data to
specified level

To sponsors

[0 science

— Validate data community

- Distribute data To public

to users
(science team)

- Obtain ancillary
or secondary
data from other
sources

—Interpret and
analyze data

Orbiters (Earth and Planetary)

In situ missions
Constellations

Heliocentric observers
Sample return missions
Occultation experiments

Archive
Results

Terminate
Mission

Operate within
Safety Limits




Functional Decomposition Timeline Exam

nle

Function 3.1 Estahblish and maintain vehicle
readingss from 35 hre to 2 hrs prior to launch.
Functlon Hours
Mumnbar Hama 30 2% 20 15 10 % 4 3 2
3.141 Provide ground power m
3.1.2 || Provida vehlela alr conditiening w
313 Instali and connact batteries - 5
3.1.4 (| Install ordnance -
3.1.5 Perform stray voltage checlis and - -
connact crdnance

l_h;a.1.13 Load fual tanks -f.si
3.1.7 Load axidizer tanks ‘ 75
3.1.8 || Activate guidance system Bizs
3.1.2 || Establizsh propulsion flight preasure - 1.0

3.1.10 || Telemetry system “on" _ 2.5

Example shows the time required to perform function 3.1.
Its sub-functions are presented on a bar chart showing how the timelines relate.
Note: function numbers match the FFBD.



Selecting Parts and Components
Utility Curves

e Use performance-resource curves (utility curves) to identify break points.

e “Performance” factors should be defined by requirements and “figures of
merit”

4 A A typical utility curve

Performance

v

‘Cost’



Selecting Parts and Components
Robust Design

* Robustness is a measure of the ability of a system to absorb changes in
requirements, constraints or failures while reducing the impacts on the
performance, functionality, or composition of the mission or system. Two different
design options are shown - one with high performance, one with robust

performance.

Range of possible inputs

—
s “ High Performance Design Option
(— 
>
x —
5 / Robust Design Option
/
|
>

Resource or operational environment factor



P n
g g g
Decision Matrix g g |2
= ]
Example for Battery FNTERSCORES © & |- ¢ T
\ = 2 |CERE| 2E
< Z |acEg| Y&
gel > |52 52
i @ |0Aa<d Wi
CRITERIA Mandatory (Y=1/N=0)? | Weight SCALE
Mission Success (Get 3 = Most Supportive 3 3 3 0
Experiment Data) 1 30 1 = Least Supportive
. 3 = Least Expensive
Cost per Option 0 10 1 = Most Expensive 1 2 3 1
_— . - 3 = Least Risk
Risk (Owverall Option Risk) 0 15 1 = Most Risk 2 1 P 3
3 =Shortest Schedule
Schedule 0 10 1 =Longest Schedule 3 2 1 3
3 = Most Safe
Safety 1 15 1 — Least Safe 2 1 2 3
. . 3 = Most Supportive
Uninterrupted Data Collection 0 20 1 = Least Supportive 3 1 2 1
WEIGHTED TOTALS in % 100% S 73% 60% ??y 0%
N

Preferred Solution
32
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Contingency & Margin

Maximum Possible Value vy

Margin

Maximum Expected Value Y

Contingency

Current Best Estimate

v

Resource




Contingency Adjustment by Technical Maturity
15 . |

i i Y
Apollo CSM

1.1

Gemini

1.0

Status Weight/Original Weight
N

0.9 |

ime, years



Contingency Adjustments by Mission Phase

Project Phase

Pre-Phase A Phase A Phase B Phase C
Parameter
Weight 25-35% 25-35% 20-30% 15-25%
Power EOL 25-35% 25-35% 15-20% 15-20%
Pointing Accuracy X2 X2 X1.5 X1.5
Pointing Knowledge X2 X2 X1.5 X1.5
‘s | _Pointing Jitter X3 X3 X2 X2
S| Propellant 30-35% 30-35% 20-25% 10-15%
E Data Throughput 30-40% 30-40% 20-30% 15-25%
Data Storage 40-50% 40-50% 40-50% 30-40%
RF Link Margin 6 dB 6 dB 6 dB 4 dB
Torque Factor X6 X6 X4 X4
Strength Factor (Ultimate) 2.1 2.1 2.1 1.75
o | O (g‘c'.“d'”g De-Scope 25-35% 25-35% 20-30% 15-20%
3 ptions)
& | Schedule 15% 15% 10% 10%




METHODS

Cost Estimating Techniques

CONCEPTUAL PROJECT
DEVELOPMENT DEFINITION DESIGN DEVELOPMENT OPERATIONS
A B C
PHASE D €
P
A Analogies , Judgments >
R
AAA System Level CERs > As Time Goes B\/:
E * Tendency to become optimistic
E Gen. Subsystem CER> * Tend to get lower level data
g Calibrated Subsystem CEb
D o
E Major dip in cost as .
T Primes propose lower P'""E‘ngﬁzgsa'
A + Tendency for cost
I commitments to fade out ) —
L as implementation starts Estimates via Prime contracts / Program Assessb
E up
D

36
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Risk Management Example
SOFIA Project

SOFIA Risk Matrix

Likelihood

CONSEQUENCES

Criticality L x C Trend Approach

- ﬂ Decreasing (Improving) M - Mitigate
Med ﬁ Increasing (Worsening) W - Watch

£ IZ> Unchanged A - Accept
LOW | [] New Since Last Period R - Research

Rank & Risk Appr
Trend ID oach  Risk Title
E> 1 DFRC-34 R Landing Gear Door System
Failure
:>2 DFRC-12 M Sched Integration problems
structure vs.. avionics
:>3 DERC-07 W Cost growth for engine
components
I:>4 DFRC-24 A Quality Control Resources
insufficient
55 DFRC-01 W Avionics software behind
schedule
ﬂ(j DFRC-11 R Payload Capacity & Volume
Trade-offs design issues
:>7 DFRC-04 R Limited Flight Envelope, due
to technical issues
I:>8 DFRC-02 R More flight testing may be

required for Soft V&V



Technology Decisions
Heritage vs. Advanced Technology




Top-level Trade Tree-Example

Mission
Type

Cargo
Deployment

Human Mars Mission

Human Exploration
Of Mars

I Decision Package 1 I

Method

Mars Capture

Mars Ascent
Propellant

(no hybrids
in Phase 1)

Interplanetary
Propulsion

| Long vs Short |
Conjunction Class Opposition Class I Special Case |
Long Surface Stay Short Surface Stay ik 1-year Round-trip |
________ -
Pre-Deploy All-up Pre-Deploy All-up
Aerocapture Propulsive Aerocapture Propulsive Aerocapture Propulsive Aerocapture Propulsive
I
No No No No No No No No
RU ISRU ISRU ISRU ISRU ISRU ISRU
ISRU ISRU ISRU ISRU oRU ISRU ISRU ISRU ISRU
Ecs ro s EEs s Rw mEn R Ee E s ESn EEw Eos Eos me s Eos Eon s
g E g E S E T E E g E g E B E —BE = uecE 5 % E % E © E © E © E
[ w2 w2 w2 w2 w2 w2 w2 [ w2 w2 w g w g w2 u g w g
O O O O ©) (@) (@) (@] (@] (@) (@] O O O o O
IS SN SN GG 7 8 9 10 1112 131415 16 17 18 192021 222324 252627 282930 313233 343536 373839 404142 43 44 45 46 4748
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