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Outline

* Very brief primer on black holes & VLBI
 What's next for the EHT?
* Unigque systems challenge

« Highlighted SE Process & Tools

— System context diagram

— Design process flow

— Science traceabllity matrix

— Tradespace model

— Parameter space visualizations

— System model, requirements, traceability
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Garret Fitzpatrick
NgEHT Project Engineer
Smithsonian Astrophysical Observatory

l W B \/S. Science Writing, Massachusetts
I I Institute of Technology
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. Engineer,
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International
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University nglneer,h | Products, Shell
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Smithsonian Astrophysical Observatory

 Established in 1890 as a research unit of the
Smithsonian Institution

« Formalized collaboration with Harvard University
In 1973 as the Center for Astrophysics | Harvard &
Smithsonian (CfA)

« Today one of the largest, most diverse
astrophysical institutions in the world with key
research areas in exoplanets, the sun and solar
weather, black holes, pulsars, supernovae, white
dwarfs, neutron stars and magnetars

 Facilities: Fred Lawrence Whipple Observatory
(FLWO); Submillimeter Array Telescope (SMA) on
Mauna Kea, Hawaii; Chandra X-ray Observatory

CENTER FOR

ASTROPHYSICS

HARVARD & SMITHSONIAN
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What's the encore?
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Fakhar Khalid i
@FakharKhalid

| am sure the spatial resolution of the #blackhole
images will get better in future.

9:39 AM - Apr 10, 2019 ©)

QO 249 O 11 & Copy link to Tweet

W TWITTER



Why was It such a breakthrough?

 Light can’t escape a black hole... so how do you see it?
* A whole new laboratory — and a whole new field — for astrophysics

Highest angular resolution of any astronomical facility

It took a telescope the size of the Earth to make it happen!
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How do you see the unseeable?
A quick primer on black holes & Very Long Baseline Interferometry!

)



M87*

ager 1

Pluto's or

Sgr A*

Mercury's orbit

Sun's diameter

Shadow Diameter
SgrA*: 50 pas
M87: 42 pas




Angular - A

Resolution =~ [

« Seeing to the event horizon
requires a wavelength of A ~
Tmm to see through all the
clouds of dust and gas

* Need angular resolution of
~20 pas to resolve the biggest
supermassive black holes,
which means the diameter of

your telescope needs to be ~
10,000km

 Luckily, there's a technique for
this: Very Long Baseline
Interferometry (VLBI)

Black hole

Noise

Radio telescope

% Hydrogen
. maser clock

Radio telescope (4%

Hydrogen
maser clock



Event Horizon Telescope in 2018

D. Marrone/UofA

SMA/JCMT

Q

SMA/JCMT ViF———9
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We use the rotation of the Earth and the combination of pairs of
telescopes to collect data that can be used to piece together an image

UV plane
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What’s the encore?

Goals
* First ever black hole cinemal!
* New science goals beyond the horizon

Current EHT Limitations

» Imaging capabilities (resolution, field of .  COMING SOON
view, dynamic range) * BLACK HOLES? *
« Range of accessible timescales (both long An EHT/ngEHT
and Short) | — Production et

« Sensitivity to persistent structures (e.g.,
gravitational features)

« Number of observable sources
2-6 July 2024 www.incose.org/symp2024 #INCOSEIS 16




Next Generation Array Concept

 New dishes: new antennas to the array at optimized geographic locations

« Multi-frequency: simultaneous multi-frequency observations across the
86/230/345 GHz bands (i.e. new receiver subsystems)

« Wider bandwidth: increasing the recorded data rates across the array to
capture wide bandwidths (16 GHz per polarization) (i.e. new backend
subsystems)

* Multi-epoch: opening a new “monitoring” operating mode and associated
data pipeline that will enable observations to be carried out for multiple months
of the year (i.e. new operating modes and data pipeline)

Collectively, these upgrades will double the instantaneous sensitivity per baseline, triple the frequency
coverage of the array, increase the effective number of baselines by a factor of ~5, and expand the range of
accessible timescales by multiple orders of magnitude compared to optimal EHT capabilities as of 2024

2-6 July 2024 www.incose.org/symp2024 #INCOSEIS 17



Next Generation Telescop
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Challenges

i
Y JV\‘y

Everythmg seems 31mple

| Audrey lefenegger
& quotefancy
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Getling from Here to There
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Getling from Here to There

=== - =
=S Array “"
————— Optimization == i

- 0

| Imaging

—

| Reconstruction
econ I

Algorithm

Target

0.0 days

Science Traceability Matrix ? :
®

Reconstruction

Modeling & *-
Simulations

Instrumentation



Getling from Here to There

— EEmme . — 7,
s - — = A
—— i - ==
= L e =il
Array =" “ac
s = Optimization | =
(T - = .
Measurements

| Imaging

—

| Reconstruction
econ I

Algorithm

Target

0.0 days

Science Traceability Matrix ? :
®

Reconstruction

Modeling & *-
Simulations

Instrumentation



Getling from Here to There
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Geﬂlng from Here fo There

B R Technical
Array =" e e !

—===== Optimization [ | ~= . - Unconstrained system boundaries
U T . . Complex system optimization problem
Imaging : : .
g_‘ Reconstruction « Simultaneous tri-band observing
lgorthn [  4x increase in observing time
« 4x increase in recording bandwidth
« 10x increase in data throughput
« Bottlenecks in existing data pipeline
» Interoperability with legacy systems

« Robustness over longer durations to
the loss of any given station throughout

Science Traceability Matrix 9

+ 0.0 days

Modeling &
Simulations

Tradespace Exploration T o= T an observation
- e Cost Model = T % s « System of systems (system of array as
= i - = g B T a whole + system of each individual
= station)

Instrumentation



Geﬂlng from Here to There

- _ Array -~ f'
=F2== = Optimization |5%" | &

_ s Imaging _
Reconstruction
econ I

Algorithm

Modeling & *-
Simulations

Instrumentation

Non-Technical

Managing an engineering design
and construction project within an
academic environment

Coordinating construction and
logistics in multiple countries
simultaneously

Structure of international
collaboration and operating model

Complex stakeholder landscape

Desire to take advantage of the
“splash” momentum of the first
black hole image

Politics...



It all adds up to...

... an amazingly
Interesting
systems
challenge!
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System Context

2-6 July 2024
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System Context

« US-driven upgrade with multiple
partners for separate design and
Implementation projects
Stakeholders include:

2-6 July 2024

Funding organizations

EHT Collaboration Board,
Management Team, members
Existing observatories and their
funding / operating institutions
New sites and their local and
national construction /
environmental permitting agencies
Correlation centers

UMass -

MIT

UArizona Harvard
Amherst Haystack
L'Wyoming
UTSA
uuc
MSRI-2

Froject Adwvisory

Committee

ngEHT Working

Groups

www.incose.org/symp2024 #INCOSEIS

Implementation
Project Team

I

ngEHT MSRI-1
Design Project Team

//N

UMass -
Amherst

CalTech

MIT
Haystack
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esign Process Flow

Science Working Groups

Organize
community &
science themes

Identify key
science goals

Simulate to refine
science goals &
array concept

Model cost, site
selection, identify
stakeholders

Create reference
array

Key Science
Goals

Finalize science

goals

Systems Engineering

Data Analysis & Simulation

Subsystem Design / Development

2-6 July 2024

Reference
Array Paper

Trade studies,
refine concept

A A

Science L1 System
Requirements Requirements
Review Review
Feb 2022 June 2022

L1 Conceptual
Design Review
Oct 2023

A

L2 System & L3 Subsystem
Interfaces & Interfaces
Design Review Design Review
Sept 2024 March 2025

A A

Science Operations System System
Traceability Concept Requirements Architecture — — ]
Matrix T Desctiption E] E]
Design Interface
Formalize Develop Summary  Control
Science Operations Memos Documents
requirements Concept
\ I I
i L
Reineibs L1 Conceptual L Pre-Award
System design s Interface  —p Design / Prep
requirements design
.................... A J f—J
! ! ol —
. Define L2 f—
De5|gdn : Element L2IL3
recommendations requirements :
Requirements
Technical

Working Groups

\J

Define L3
Subsystem ™
requirements

——

L3 Subsystem
Design Reviews

VAAAAN

—————

L3 Design

L3 Prototyping
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Design
Summary
Memos
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Design Process Flow

8 international science working groups

3 ngEHT collaboration meetings

25 papers in special issue of Galaxies

Iterative and parallel design process with close
collaboration between science and engineering

to assess feasibility and priority Key Science Science
Goals Traceability
Matrix

Science Working Groups

imulate to refin . : Formalize
S _uae Dl Finalize science :
science goals & Science

array concept requirements

Organize

Identify key

community & :
science goals

sclence themes

goals

Model cost, site
Create reference

| cos ! Trade studies
=/ ;
selection, identify — array ™| refine concept

stakeholders ]
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Tradespace Model

Architecture
Decisions @ttributesg

Tradespace
Model

Gonstants (Programg
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Tradespace Model

(+)

e -
. Architecture
Operations . .
Decisions

Sampling
Data Processing
(+)

Anchor
stations

Dish
Procurement

m
Locations
(+)

Key Performance Requirements:
* Bandwidth Expansion: 256 Gb/s (4x)
* Tri-Band Observing: 3.0/1.3/0.87mm
£+ Data Volumes: 10-100 PB
* Data Processing: 16x computational load

Bandwidth

Tradespace
Model Key Cost Drivers:

* Location (environment, access, existing
G infrastructure, logistics)
( ]

Data Transfer
Type
()

Constants

Dish Size
* Operating Mode
e Autonomy of Array Monitoring & Control
e Data Transfer
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Tradespace Model

(230 GHZ) (86 GHz) C—)N p—
345 GHz \ /
1
Refurbished
(o)

Single

Anchor
stations

Single Epoch
Campaign Mode

Long-Term
Monitoring

Coordinated
Multi-Facility (MWL)
Target of
Opportunity
Single Dish

Manual Ops '

Fully
Automated

Real-Time
Fringe

( ) ( i \ Frequencies
86, 230, & 345 GHz Triple f
Dish
Procurement
Ultra High
690 GHz
Linear

Wpolanzatm ns

| Operations

Operating
Modes

Architecture
Decisions

Sampling
Bandwidth

Ship Hard Drives Data Transfer (Rese arch ClusteD
to Correlator Type
On-site
Constants
FSO o
State of Fiber
Health
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Satellite RF (e.g.
Starlink)

Verification

ALMA

Cem)

4am

Locations

6m

N=45
Candidate Sites

Model

Trades pacx

Attributes

Program

)

()
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Tradespace Model

Architecture

Decisions
(+)

Tradespace
Model

LWP (liquid
water path) Individual Site
Enabling Utility
Access
Individual Site

PWYV (precipitable Constants

water vapor) Presence of
Existing Facility
Local vertical properties of ) . _
moisture and temperature Dish Pointing Proximity to Country
Accuracy Local Stability
Institutions
Surface

2-6 July 2024 www.incose.org/symp2024 #INCOSEIS

Attributes
)

Program
®)
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Tradespace Model

Enable “closure” quantities (3
and 4-station products) instead of
visibilities (2-station products)

Signal-to-noise Angulg.r -
ratio resolution rem——
Redundancy

Array
Robustness Calibration
Filling Fraction (%)
Array Duty Cycle
{ Utilization
Overall system Total Fourier ~ Largest
performance coverage Circular Gap (LCG)
Data M87
Lateney Main Science

Architecture

Decisions Attributes

Filling Fraction (%)

Largest
Circular Gap (LCG)

Incremental
Fourier coverage

Tradespace
Model

Normalized RMS Target Visibility
Image Dynamic Error (NRMSE)
Range

m87

Main Science
Target Visibility

Individual site Co-visibility w/ SgrA*
performance Anchor Station

Co-visibility w/
Other Sites
Site Duty Cycle —
/ Utilization Utility Beyond
Main Science

Constants Program

.

Season
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Tradespace Model

Architecture
Decisions Attributes
®

Tradespace
Model

Constants

Complexity Schedule
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Tradespace Model

( 86GHz )
230 GHz

230 & 345 GHz Dual

86, 230, & 345 GHz -~
is —
Target of p—— Ultra High
Opportunity iz

Without ALMA Candidate Sites Normalized RMS
Circular Palarizations Image Dynamic Error (NRMSE)
Modes Locations Range
el Architecture -
onitoring . . .
Decisions Attributes
Sampling Filling Fraction (%)
Autonomy Bandwidth
- (=)
2 6he Incremental Largest
ul
Main Science
Data Transfer
Type Target Visibility

Enable “closure” quantities (3
and 4-station products) instead of
visibilities (2-station products)

Signal-to-noise Angu[ar =
ity resolution Baseline
Redundancy
© s
Robustness Calibration

Filling Fraction (%)
Array Duty Cycle
/ Utilization
Overall system Total Fourier

Largest
performance coverage Circular Gap (LCG)

Main Science
Target Visibility

ALMA

: Refurbished
Single

stations

Data

Operations /

Ship Hard Drives
to Correlator

RearTime Individual site Co-visibility w/
: on-site performance Anchor Station
ve':i;ligg;un Satellite RF (e.g. Constants Program

Starlink) FSO
Ground (Laser)
Fiber

LWP (liquid

State of
Health

Co-visibility w/
Other Sites

Schedule

Complexity

water path, ivi i ite D |
path) IIET;:‘I;II?nL;a:J?iIIit; Infrastructure / ° feuﬂllji;{at%: ¢ Utility Beyond
— e Main Science
ndividual Site
PWV (precipitable Constants e
water vapor) Presence of
Existing Facility

Proximity to
Local
Institutions

Country
Stability

Local vertical properties of
moisture and temperature Dish Pointing
Accuracy
Surface
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Ryan Chaves
Systems Engineer & Software Architect

Education
« B.S. Computer Engineering — Georgia Institute of Technology
 M.S. Electrical Engineering — Northeastern University

Experience
« Joined the CfA and the ngEHT project in 2021

« 22 years of experience developing novel, complex products in the
medical, automotive, and consumer industries

 Onthe ngEHT Project, responsible for the overall requirements and
system architecture as well as leading the Monitoring & Control
subsystem

« Staunch advocate and practitioner of MBSE and modern systems &
software engineering best practices with a proven record of
delivering high-quality, standards-compliant software
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System modeling goals

* Provide Authoritative Source of Truth (ASoT) for
project that objectively demonstrates a science-
based rationale for technical designs and

decisions

» Right-size MBSE approach to
— Ensure value-add and avoid “over-modeling”
— Facilitate document generation

2-6 July 2024 www.incose.org/symp2024 #INCOSEIS
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MBSE toolchain

Requirements

Jama Connect

Management (RM) tool

2-6 July 2024

Sync model elements

Model repository

Cameo Teamwork Cloud

——Model viewingP»

A

Model management

Y

Model viewer

Cameo Collaborator for
Teamwork Cloud

Modeling tool

p Syndeia plug-in

Cameo Systems Modeler

www.incose.org/symp2024 #INCOSEIS
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Domain

Methodology — MagicGrid (Dassault Systemes)

Requirements Yes Discussed next

Structure Yes Discussed next

Behavior Partially Functional analysis currently a mix of
MagicGrid® BOOK OF KNOWLEDGE diagrams (uc & act) and written
iy o el gk scenarios. Desire is to model key

functions such that allocations to
subsystems are traceable

: oot o M c@“?;f;,gw Parameters Minimally Key moes are captured as properties,
e JE RS I D— but very few modeled with parametric
: - diagram. Most parametric analysis is

; A G| G L oo done with custom simulation tools
S esnire gty © e h_ :/[github.com/Smithsonian/ngeht-arr rformance-
N — _
e e ——— . Safety & No Relevant requirements captured but
e Reliability analyses not integrated into model

2-6 July 2024 www.incose.org/symp2024 #INCOSEIS 43


https://github.com/Smithsonian/ngeht-arrayperformance-sims
https://github.com/Smithsonian/ngeht-arrayperformance-sims

From model to documents

Document type Source data | Tool Comments
generated’?

Requirements Jama Basic reports, not Velocity-
specification based

Architecture / Teamwork No Diagrams manually imported as
Design Cloud needed from Cameo Systems
specification Modeler

Interface Control Teamwork Yes Report Wizard and custom
Document (ICD) Cloud Velocity template

Other (risk register, n/a No Not modeled

schedule, etc.)
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|ICD generation overview

pkg [Package] 9 Document artifacts[ ICD generation mode] )

m

ICD template
A AN .
l «use» | «usen
! |
| .
] | |
INGO1I"8 L2 Operations & Engineering ICD | NGO0180 L3 Station ICD
. !
e PR O «ReportData» O

NGO0178 report data
{autolmageSize = Fitimage to paper (large only),
data = NG0178 L2 Operations & Engineering ICD,
emptyText =" TBD",
generateRecursively,
imageFormat = Scalable Vector Graphics (*.svg),
template = "ngEHT ICD"}

attributes
«Variable»+docNumber : String = NG0178
«Variable»+icdName : String = L2 Operations and Engineering
«Variable »+authorName : String = R. Chaves
«Variable »+authorOrg : String = SAO
«Variable»+docStatus : String = DRAFT
«Variable»+docVersion : String = RO
«\ariable »+revisionHistory
«Variable »+generatePromptsForinput : Boolean = true

re]

L2 Operations & Engineering interfaces

NGO0180 report data
{autolmageSize = Fit inage to paper (large only),
data = NG0180 L3 Station ICD,
emptyText = "TBD",
generateRecursively,
imageFormat = Scalable Vector Graphics (*.svg),
template = "ngEHT ICD"}

aftributes
«Variable»+docNumber : String = NG0180
«Variable»+HcdName : String = L3 Station subsystems
«Variable»+authorName : String = R. Chaves
«Variable»+authorOrg : String = SAO
«Variable»+docStatus : String = DRAFT
«Variable»+docVersion : String = RO
«\ariable »+revisionHistory

«Variable»+generatePromptsForlnput : Boolean = frug

b

]

L3 Station astronomical signal path interfaces

vé]

L3 Station operations interfaces

]

L3 Station site infrastructure interfaces
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Top-level system-of-systems model

bdd [Package] 2 System structure [ EHT LOrL1 PBS| ]

«LogicalCompanents
EHT system

LEVELO

gov ops am da
«hlocks «hlocks «hlocks «hlocks
Governance Operations Array Data analysis

LEVEL 1

The Array is one of four L1 systems
within the EHT SoS

Allows scope of Array development
effort to be precisely defined In
large stakeholder landscape

ibd [Logical Component]EHT system[ EHT System]/[

weather model

g weather model

Ll
Weather model data

~ sky o data products

ops : Operations =

!

»-

Astronomical signal

VLBI experiment,
Software update,
Diagnostic/debug control,
Array control
»-

Diagnostic/debug data,
Weather forecast,
Array monitoring data
<&

»-

<
array operations operations

o

<
Observing plan

Funding Info, Legal Info,
Media Info, Funding Info,
Legal Info Media Info relations
i <& »-
relations <4 L : Governance
S external proposals
proposal prop
Observing proposal

L
Correlated data (L1),
Calibrated data (L2)

data products - science
~>| da: Data analysis

>
Fringe-fitted data,
Self-calibration data,
Data quality products

science
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req [Package] 1 Stakeholder requirements| Science requirements moaeling])

Science requirements modeling

«requirement»
«Jama_Requirement>
LO - Science Requirements

«requirement»
«Jama_Requirement»

Observation Frequency

(Fundamental Physics)

«requirement»

«Jama_Requirement»
Brightness Temperature Sensitivity | Inverse shortest projected non-intrasite

(Fundamental Physics) baseline (Fundamental Physics)

«requirement»
«Jama_Requirement>

«requirement»
«Jama_Requirement»
Polarization (Fundamental
Physics)

«requirement»
«Jama_Requirement»

Observation Targets

«requirement»
«Jama_Requirement»

perational Configurat

n (Fundamental

«requirement»
«Jama_Requirement»

Frequency Phase Transfer

«requirement»
«Jama_Requirement>

Inverse longest projected baseline

«requirement»
«Jama_Requirement»
Minimum baseline RMS noise
(Fundamental Physics)

(Fundamental Physics) Physics) (Fundamental Physics) (Fundamental Physics)
Science Objectives Targets Operational EHT Array Require
1 2|: Inverse shortest |  Minimum
HEIN] Obsarvation Inverse longest s Point Source
Version 7 oy o on iy || 15 38| 31 | vt onsonane LT T o casoee ousion | exmatepenen een | oy | St | meoira | il s | PoSese |
HELR hase. | Gonfiguration (GHa) | PhaseTransfor | senivity (<) (as) ™ B (may)
N
DEF
0 Fundamental Physics
0 s 20D
1a.1 Black hole horizons (MS7) Threshoid X 1 few Singo Opservaton[Onco Fulrack Nore 201345 Yo v » caprebonn=0and | NA N Stokes |
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R ack ol norzon o apparent shadow o
g ' 122 Black hole horizons (SgrA”) Throshoid x 2 few Singo Ovsenvaten [Onco Fulrack Noro 201345 Yes 0 3 captreboinn=0and | NA A Stokes |
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Fundamental Physics 10,1 SMEH spin measurement (MET") mesras | x [ [E— [ 200 o A i e s
Y 2phase) over 10 it aast matchos phoon g dtactin goa, bt e oaseines
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1c.1 Photon ring (M87) objecive x foatre e " 1 |Fw month Fullrack Nore 2300345 Yes A NA capursbann=0ang |° " L net A stokes |
=)
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26 MWLM Studies of BH and Jets Connert SHEHs Lo g s obicive X x| x| x p 1 [partal ancri obsanatons o Fulrackis deal | Nore see2300345 Yes 0 E3 1000 10 A Fu Stokes
3.0 Black Holo Accretion
3a.1. Accretion (M87") Threshoid x © 1 [panal Fulrack Nono s6r230+345 Yes 109 = 10 0 N Stokes |
; Roveal how back ol accrote materil a7 near he phaton g
«requirement»
; . scaes
«Jama_Requirement>» 3a.2. Accretion (SgrA") Treshola x oot Surtacebrghiness o 2 [ Fulrack Nore 200345 ves 109 » 10 10 N Stokes |
Black Hole Accretion Timo-deperdont
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o o
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50 Transients
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Mithyear racking of many sources across th sy i
Detoct proper motons nd secuar (CME) ropermotions ps (5 as) dely ety ;
«requirements G2 AGN astromelry prlatos o AGN 180 e obictve x s 2 [patal il observatons o 2 hours pr gt [Nare: 86230 ves N 2 N 100 10 Stokes |
«Jama_Requirement> Solrcesat aferent sy locatons mtipl tmes per year
New Horizons
Wasses: Singecbservaton pr source
itances: For sach source. mustobserve Coveinga
- lack bl masses “rmoriny fo cno yea (xact separaton Soveinga
Loverage AN acrton s - eomer deances sure dependen) Tom 0508 omy fomy
6. Megamasars mogamasers o measur thor AGN fost [ Objctve X |;Hoobleconsont | Spoctaines of megamasors 1 [panal ol Obsorvatons ~[*Hieble Constant T anco unceranies |2 hours pr igh | masernas wil el consirain e | reures o No N NA N per Tht | pert Mz Stokes |
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req [Package] 1 Stakeholder requirements] Science requirements modeling (zoom)])

Science requirements modeling

«requirement»
«Jama_Requirement>
LO - Science Requirements

«requirement»
«Jama_Requirement»

«requirement»

«Jama_Requirement»

Brightness Temperature Sensitivity
(Fundamental Physics)

Observation Frequency
(Fundamental Physics)

«requirement>
«Jama_Requirement»

«requirement»

«Jama_Requirement»

Polarization (Fundamental
Physics)

Inverse shortest projected non-intrasite
baseline (Fundamental Physics)

«requirement»
«Jama_Requirement»

Fundamental Physics

2-6 July 2024

I

«requirement>
«Jama_Requirement»
Observation Targets

(Fundamental Physics)

«requirement»
«Jama_Requirement»

Physics)

perational Configuration (Fundamental

«requirement»
«Jama_Requirement»
Frequency Phase Transfer
(Fundamental Physics)

«requirement»
«Jama_Requirement»
Inverse longest projected baseline
(Fundamental Physics)

«requirement»
«Jama_Requirement»
Minimum baseline RMS noise
(Fundamental Physics)

DEFINITIONS

1.0 Fundamental Physics

la.1 Event horizons (M87%*)

1la.2 Event horizons (SgrA¥)

1b.1 SMBH spin measurement (M87*)

1b.2 SMBH spin measurement (SgrA*)

1c.1 Photon ring (M87)

1c.2 Photon ring (SgrA¥)

1d. Axions

Science Obj

Key Science Goal

Establish the existence and properties of
black hole horizons

Measure the spin of a SMBH

Constrain the properties of a black hole's
photon ring

Constrain ultralight boson fields

es (Kstronomical Targ%

Priority

Threshold

Threshold

Threshold

Threshold

Objective

Objective

Objective

c 0
R ‘3 € o §
= (] 3
. 65 28 @ .
M87 SgrA* = = g ES ® Physical Parameter
£g £8 2
o« o
X
Lensed image of the
horizon
X
X
SMBH spin
X
X
Photon ring
X
Superradiance from
X X clouds of sub-eV
\ j ultralight bosonic

www.incose.org/symp2024 #INCOSEIS

Science Measurement Requirements

Observable

Measure brightness and shape of the dimmest region of
the apparent shadow

Average polarization spiral (beta_2 phase) over 10
epochs at 230 and 345 GHz.

Statistically significant detection of persistent thin ring
feature

Statistically significant = 3 sigma
Persistent = >1000M (~1 year)
Thin = <1M (~4 pas)

Polarization angle oscillation along the photon ring and
spin measurement
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req [Package] 1 Stakeholder requirements] Science requirements modeling (Zoom)])

Science requirements modeling

«requirement»
«Jama_Requirement»

«requirement»
«Jama_Requirement»
Observation Frequency

(Fundamental Physics)

Brightness Temperature Sensitivity
(Fundamental Physics)

«requirement»
«Jama_Requirement»
verse shortest projected non-intrasite
baseline (Fundamental Physics)

«requirement»
«Jama_Requirement»
Polarization (Fundamental
Physics)

«requirement»
«Jama_Requirement»

LO - Science Requirements

[

«requirement»
«Jama_Requirement»
Observation Targets

(Fundamental Physics)

I

.

«requirement»
«Jama_Requirement»
perational Configuration (Fundamental
Physics)

«requirement»
«Jama_Requirement»
Frequency Phase Transfer
(Fundamental Physics)

«requirement»
«Jama_Requirement»
Inverse longest projected baseline
(Fundamental Physics)

«requirement»
«Jama_Requirement»
Minimum baseline RMS noise
(Fundamental Physics)

\

«requirement»

«Jama_Requirement»
Fundamental Physics

2-6 July 2024

Array

Multi-
Facilit
y

No

No

No

No

No

No

No

Mode

Single Observation

Single Observation

Multiple Observations

Multiple Observations

Multiple Observations

Multiple Observations

Multiple Observations

Operational Configuration

Cadence

Once

Once

At least matches photon ring detection goal, but
requires more independent epochs (precise

cadence is insignificant)

Minimum cadence: At least 3 observations

separated by >1 month.

At least 2 epochs of single 2-week campaigns over

2 years

Sequence of 3 observations within 20 days
(expected oscillation period)

Duration External_
Dependencies
Full track None
Full track None
Full track None
Full track None
Full track None
Full track None
Full track None

www.incose.org/symp2024 #INCOSEIS
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req [Package] 1 Stakeholder requirements] Science requirements modeling (zoom)])

Science requirements modeling

Observation Frequency
(Fundamental Physics)

«requirement»
«Jama_Requirement»

«requirement»
«Jama_Requirement»

(Fundamental Physics)

Brightness Temperature Sensitivity | lInverse shortest projected non-intrasite
baseline (Fundamental Physics)

«requirement»
«Jama_Requirement» «Jai

«requirement»
ma_Requirement»

Polarization (Fundamental

Physics)

«requirement»
«Jama_Requirement»

LO - Science Requirements

[

«requirement»

«Jama_Requirement»

Observation Targets
(Fundamental Physics)

I

I

I

T

I

T

«requirement»
«Jama_Requirement»
perational Configuration (Fundamental
Physics)

«requirement»
«Jama_Requirement»
Frequency Phase Transfer
(Fundamental Physics)

«requirement»
«Jama_Requirement>»
Inverse longest projected baseline
(Fundamental Physics)

«requirement»
«Jama_Requirement»
Minimum baseline RMS noise
(Fundamental Physics)

EHT Array Required Specifications

)

2-6 July 2024

www.incose.org/symp2024 #INCOSEIS

i (Observation\ - h Brightness flnverse lon est\ (Inverse shortesh 1 LT N Point Source
waama. Redurements Fre UECTIEE) Temg erature rojected bageline ) (8L e i G Sensitivit Polarization
Fundamental Physics (GHZ) Phase Transfer Sens'i)tivit (K) proj (uas) intrasite baseline noise (mdy) y
J - (mas) (mJy) y
80 pas (20 M/D to
230+345 Yes 5x10"8 20 capture both n =0 and N/A N/A Stokes |
n=1)
100 pas (20 M/D to
230+345 Yes 5x10"8 25 capture both n = 0 and N/A N/A Stokes |
n=1)
80 pas (20 M/D to 5 mJy on longest
230+345 No N/A N/A capture both n = 0 and by i 9 N/A Stokes |
n= 1) aselines
100 pas (20 M/D to
230+345 Yes N/A N/A capture bothn=0and | |, 19 mJyon N/A Stokes |
n=1) longest baselines
80 pas (20 M/D to 5 mJy on longest
230+345 Yes N/A N/A capture both n =0 and by " 9 N/A Stokes |
n=1) aselines
100 pas (20 M/D to 5 mJv on longest
230+345 Yes N/A N/A capture both n = 0 and by I 9 N/A Stokes |, Q, U
n=1) aselines
230+345 No 5x10°8 20 50 10 N/A Stokes . Q. U
Y J Y, \_ J\L J\ J

5

—/
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Overall logical structural model

bdd [Fackage] 2 System structure [ EHT LO-L3 F'Bfﬂ)

Level O The level at which stakeholders have influence on or are affected by

the ngEHT Project
Level 1  The top-most elements of the architecture that can have system | | | | LEVEL O

requirements defined o "

gov ops
.. . . . Al Dat lysi G (o] ti

Level 2  Decomposition of an L1 system via functional analysis where related | e e e

functions are grouped into elements where natural or beneficial LEVEL 1

interfacesexist ~ TTT T TT T TT T TS T T T T T T T T T T T

o ) Array architecture

Level 3 These are a further decomposition of L2 elements which are ‘ :

considered too complex or risky to specify as a single architectural sta 1.* i | o | ame

e|ement ‘ Station Data processing Datatransport‘ Array M&C
____________________________________________________________________________________________ LEVEL 2

‘Station architecture‘
ALRARRK
backenc\ 1.3 agility\ antenneJ t&c \L infra\L receiverl env mé&c
‘Per-frequency VLBI back end ‘ ‘Agility subsystem‘ ‘Antenna subsystem‘ ‘Tlming and coherence subsystem ‘ ‘Site infrastructure subsystem‘ ‘Receiver subsystem‘ ‘Site environment‘ ‘Local M&C subsystem‘
' )
bdc J/ recorder, dbe
Block downconverter subsystem ‘Recorder subsystem‘ Digital backend subsystem
LEVEL 3
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Traceability to requirements

bdd [Fackage] 2 System structure [ EHT LO-L3 F'Bfﬂ)

EHT system

LEVELO
arr da gov ops
‘ Array ‘ ‘Data analysis‘ ‘Governance‘ ‘Operations‘
LEVEL 1
Array architecture
sta |1.* dp \L dt i amc
‘ Station Data processing Data transport‘ Array M&C

LEVEL 2

‘Station architecture‘

e Y Y te

backenc\ 1.3 agility\ antenneJ t&c \L infra\L receiverl env mé&c
‘Per-frequency VLBI back end ‘ ‘Agility subsystem‘ ‘Antenna subsystem‘ ‘Tlming and coherence subsystem ‘ ‘Site infrastructure subsystem‘ ‘Receiver subsystem‘ ‘Site environment‘ ‘Local M&C subsystem
' )
bdc J/ recorder, dbe
Block downconverter subsystem ‘Recorder subsystem‘ Digital backend subsystem

LEVEL 3
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Traceability to requirements

El NgEHT-SET-1 LO - Science Requirements B—<

2-6 July 2024

EI NgEHT-SET-36 L2 - Array M&C requirements =] [Flamc : Array M&C

Q EHT system [l NgEHT-SET-38 L2 - Data Processing requirements = [# dp : Data processing

(Bl ngEHT-SET-35 L1 - Array requirements B [Rl hngEHT-SET-37 L2 - Data Transport requirements & [Pl gt : Data transport

EI NgEHT-SET-39 L2 - Station requirements B [Pl sta : station [1..%]

E' arr : Array

www.incose.org/symp2024 #INCOSEIS

Legend
Derved

— bLatisfied By
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Lower-level traceability & verification planning

Assists in verification planning

Shows direct and implied requirements satisfaction by logical architecture and physical system configuration

B[] 2 Station structure

Legend ; ; E}-[] 4 Station configurations - \
7 satisfy =1 station architectur - B~ 86+230 station — By = N I e S0 O T— Bl-[ ]9 Other stations -
Pl il i El | B : L P w — ; i : . .
. . F R : = i i <z © H L H = =[] 2 Upgraded stations ¢
7 Satisfy (Implied) g = T £ o P2z 2 $ B E e, . " D Paraded station {
2 Foi T L —; 828 2 2% = = : g 2 @mE B @ BEHBEBE® B @
2 2] . ¥ ¥F.E-¥v¥BE.E OSB3
no= n = ~ —_ T S = E > T & o o £ E & = i = i T i i
£ g £ z 3 g = - =23 2% =2o - F 32 R H @ A
ne 58S 2 zegifdizEzgiz sz U %
= T O3 = = . - = = s B F = H i i
s X2t Egzl . STz fgaszzizfE §E§G 2
T Z &£ =2 3F T 2 o - o F 2 > .; - 2 2T 2 e 5w £ —
3 Z S8 2 2B 5 2 g x T 8 2 5 § x5 g o T % H H
k T ® o = = 2 T S T 5 o 3 = T T = © = T H H H
2o 2 238 2 T 22 ¢ 3 T 222 2% g 2 i i
E i3s3 =zTzzxz:tzz35s LEE = o
£Ef2I9r2:T EFsEfy Zs& i : 75 Tz
SfspfEcs: €7§Fr €77 3EC 28z IE = B
g .. g = - 2 2 7 &£ & - 7 & & 2 0 o= 2 T = ¥z 2 2 &
= S E | = = @ L= @ = G =
h T O E = = . T a - Y g 5 a oL " e g o o © = = <
. T 2 2 B B c = e 2 B 2R & = = p
= = = o 8 n £ =2 o 8B 2 a8 ~o = o = L = = o f =
£fyz8is:E §9823 $93EZEz s i3 EE SE0EF LEfgEgssr .g0fE:cs
£ R g g R = 22 % 52 222G % B 8 8 =z el 5 H 2F T2 &30 5GG o ; & z =2 d¢g
(=] IE NYEHT-SET-39 L2 - Station requirements
EI‘ El ngEHT-FLD-126 Functional requirements
- (& ngEHT-L2R-13 Station Health and Status
IE ngEHT-L2R-17 Monitor site weather
- (Rl ngEHT-L2R-305 Perform astronomical observations for simultaneous multi-band VLBI (dual-band station) 10 LA v L e v w1603 1 1011 1124 /1 /1 1 /1 8 1 1 1 1 1 1 11
i 06 Perform astronomical observations for simultaneous multi-band VLBI (tri-band station) 6 v v 11 2 11 9 4 1 1 1 1 5 1 1 1 11
[’ ngEHT-L2R-307 Perform astronomical observations for single-band VLBI (tri-band) 7 e e e v v w1603 1 1 1 1 112 4 1 1 1 1 8 1 1 /1 1 1 1 1 1
[’ ngEHT-L2R-308 Perform astronomical observations for spectral line VLBI (goal) 4 e ' v 11 2 11 9 4 1 111 5 1 1 1 1 1
C 09 Perform astronomical observations for single-band non-VLBI observations (duakband) 6 W ¢ e v v 163 1 11 1 i 12 4 1 1 /1 1 8 1 1 1 1 1 1 1 1
2R-310 Perform astronomical observations for single-band non-VLBI observations (tri-band) 3 e v 112 1 1 9 41 1/1 1 5 1 1 1 1 1
- [R] ngEHT-L2R-311 Test readiness to observe 10 . v L v e 17/3 1 1 /1 21 1124 1 1 1 /1 811 1 1 1 1 11
- [&] ngEHT-L2R-312 Canfigure for VLBI observing 7 v Ve e e 17/3 1 1 /1 21 1124 1 1 1 /1 811 1 1 1 1 11
- [&] ngEHT-L2R-313 Configure for non-VLBI observing 6 . v Ve e e 17/3 1 1 /1 21 1124 1 1 1 /1 811 1 1 1 1 11
- [&] ngEHT-L2R-314 Capture metadata 4 e e e i7 3 1 1 1 2 1 112 4 1 1 1 1 8 1 1 1 1 1 1 1 1
- [&] ngEHT-L2R-31 5 E-transfer LO data 5. v e e’ i7 3 1 1 1 2 1 112 4 1 1 1 1 8 1 1 1 1 1 1 1 1
- [&] ngEHT-L2R-316 Monitor operating status 0. v/ v v e’ 17/3 1 1 /1 21 1124 1 1 1 /1 811 1 1 1 1 11
- [B] ngEHT-L2R-317 Test readiness for software update 4 e v e’ 17/3 1 1 /1 21 1124 1 1 1 /1 811 1 1 1 1 11
- [R] ngEHT-L2R-318 Update station software 4 e v e’ 17/3 1 1 /1 21 1124 1 1 1 /1 811 1 1 1 1 11
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How did we do?

Provide Authoritative Source of Truth
(ASoT) for project that objectively
demonstrates a science-based
rationale for technical designs and
decisions

Right-size MBSE approach to

* Ensure value-add and avoid “over-
modeling”

 Facilitate document generation

2-6 July 2024

Can answer the question “how is
science affected if these aspects of
requirements or design are changed?”
and vice versa

* Limited use of some MagicGrid
pillars & tool capabillities

« Auto-generated requirements and
Interface specifications
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Angular Resolution

The next step for the EHT Is a complex one

Wavelength
i# 10cm lem 1mm 100 pm 10 pm 1 pm
L R Y padatstt U R T T T T ¥ | RS BT R J URLITA I B I &
E I I I I _:10J
8
100 masf] © i
C ﬁ:? ]
4
<
X
=
10 masf ’ ;f
. 510‘ o
8
: COMING SOON
1 masf % ] i
3 : 2 Bl ACK HOLFS!
n
]
EHT| An EHT/ngEHT
l L]
I | t«' Production
100 pasf N ‘:IllIllllllllllllllllll_llolll
: A | ]
[ Black Hole Shadow ___ NN . . .. ... .....eeeeeecrmmcem e :
L N 1 ]
LA ]
@6&*'
oM
10/1&8 21l Pt IR | 1 b0l L roaoa vl L e | L
10 GHz 100 GHz 1THz 10 THz 100 THz

Frequency

2-6 July 2024 www.incose.org/symp2024 #INCOSEIS 57



Systems engineering tools have helped manage

G- ;“ I nents
tom
) T
@ (= 55
) (e E=D A zE
(Ememeny () o e | (= EEEES
(o D) () =
(o ) () == (&) = . - - FE2s 3
=S e = E= e oy = &= = ) ) R s AEEA
= = IEEE
. e YYFYFYY—— 3 2
5
& o) { paaosmnn ) ﬁa::;:rce @ o) ¢ t-[) :Configure staticns for VLBL aoserving e
=3 o] (s I ) )
@ @ i :Canfigure nternal systeme for VLEI abeerving 1 A
(E e L = = == - | O Teststaions %
=3 = = = Test interral systems 1 A
(=) e COICD) ‘Report resuits 1
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Concluding Thoughts

e Scilentists and engineers can often be at odds with different
approaches and objectives

 When done properly, systems engineering can appeal on
common grounds of logic, analysis, and rigor while allowing for
experimentation, rapid iteration, and ambitious goals

« Complex science that pushes the limits of an exciting new field
requires a system and processes to manage that complexity
that Is commensurate with the challenge at hand
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Data Pipeline Concept of Operations e
redit: Lindy Blackburn
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‘ Petabytes of raw data ave shipped to a
)? contral facility to be processed
= Correlation/Aggregation Calibration/Reduction Model reconstruction
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unit
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Imaging techniques Jock onto the sky image
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dynamical model
high fidelity image
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What’s happened since the first image?

* Ring features match
GR predictions

* Observed ordered
magnetic fields seen in
GRMHD jet/accretion
simulations

 TWO sources now
conclusively confirm
that we have access to
the event horizon

SgrA* -- 2022



M87* Sgr A*

About the About the
size of our size of
solar system, Mercury’s
~55 million orbit, 27,000
light years light years
away away

M= 6.5 x 10° Mg M = 4.0 x 10 Mg
D= 17 Mpc D = 8.2 kpc
d = 42 pas d~= 52 pas



Recent Science Results: polarized images




Parameter Space

10% 5

103 .
g
% 200 pas
Té 102 .
=
=
2}

20 pas
10! .
2 hours 1 week
Credit: Dom Pesce
100 1 1 1
100 102 104 100 108

2-6 July 2024

Timescale (seconds)
www.incose.org/symp2024 #INCOSEIS 66



Parameter Space

10% 5

103 .

<
% 200 pas
Té 102 .
=
3
o
©o .
1
10" S Has + 345 GHz
2 hours 1 week
100 1 1 1
100 102 104 100

2-6 July 2024

Timescale (seconds)
www.incose.org/symp2024 #INCOSEIS

108

Credit: Dom Pesce

67



Parameter Space

10% 5
2 mas
+ 86 GHz
103 -
] + new
- stations
]
Py
§ 102 i
=
3
o
©o .
1
10" S Has + 345 GHz
2 hours 1 week
100 1 1 1
100 102 104 100

2-6 July 2024

Timescale (seconds)
www.incose.org/symp2024 #INCOSEIS

108

Credit: Dom Pesce

68



Parameter Space
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Parameter Space
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