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Outline

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

* Highlighted SE Process & Tools

— System context diagram

— Design process flow

— Science traceability matrix

— Tradespace model

— Parameter space visualizations

— System model, requirements, traceability
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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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Fakhar Khalid yy
@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
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Why was it such a breakthrough?

 Light can’t escape a black hole... so how do you see it?
 Awhole 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 ork

Mercury's orbit

Sun's diameter

Shadow Diameter
SgrA*: 50 pas
M87: 42 pas




Angular N 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

Hydrogen
maser clock



Event Horizon Telescope in 2018

D. Marrone/UofA

SMA/JCMT

SMA/JCMT
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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

Orthographic Map Centered on Lon=180, Lat=12.391123 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‘ _

« 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 Telescopes
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Challenges

il
R i
i

 Everything seems simple
~until yo

\
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Gethng from Here to There
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from Here to There
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Getting from Here to There
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Algorit -  4x increase in observing time

Modeling & *-
Simulations
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Getting from Here to There
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It all adds up to...

... an amazingly
Interesting
systems
challenge!
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System Context
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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

UArizona

UMass -
Amherst

Haystack

MIT

Harvard

UWyoming

UTSA

uiuC

Project Advisory

Committee

Ii

ngEHT Working

Groups

//

N

MSRI-2

Implementation
Project Team

f

ngEHT MSRI-1
Design Project Team

/N

SAO

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

>

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 Description E] E]
T A N
Design Interface
Formalize Develop Summary  Control
Science Operations Memos Documents
requirements Concept
Y T T
] L/
_ Dse f':tzrlr‘]l _| L1 Conceptual L2I rigfftae; & Pre-Award
o 4 o design . Design / Prep
requirements design
[ . [—
. : Define L2 o =
: recomDr:::?dnations T Element L2/L3
: H SRR Requirements
Technical L3 Subsystem
Working Groups L W, Design Reviews
Define L3 LAY
N> Subsystem ™
.
requirements L | )
> L3 Design =
] .
Design
\ > X W, Summary
L3 Prototyping Memos

www.incose.org/symp2024 #INCOSEIS

31



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

Organlge Identify key Slrr]ulate to refine T e T Forrnahze
community & , science goals & Science
) science goals goals .
science themes array concept requirements
Mode] cost, site Create reference | ) Trade studies,
selection, identify —»| > :
array refine concept
stakeholders

)
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Tradespace Model

Architecture
Decisions thtributesg

Tradespace
Model

Gonstants <Programg
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Tradespace Model

O,

©
_ Architecture
Operations . .
Decisions

Sampling
Bandwidth o
O,
Type
(+)

Anchor
stations

Dish
Procurement

G
()

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

Tradespace
Model Key Cost Drivers:

* Location (environment, access, existing
Q infrastructure, logistics)
[ ]

Constants

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

345 GHz

(230 GHz) C86 GHz) @
\ / D

86 & 230 GHz
230 & 345 GHz

Anchor
stations

Frequencies

Dish
Procurement

@ulti-FaciIity (MWL)

Coordinated

Architecture
Decisions

(Clrcul ar) ( Polanzaﬂonsl{

Tradespace
Model

Data Transfer
Type

Real-Time
Fringe
Verification

State of
Health
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On-site

ellster Constants

Satellite RF (e.g.
Starlink)

Lmear N=45
Candidate Sites

Attributes

Program

(D)
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Tradespace Model

Architecture

Decisions
®

Tradespace
Model

Constants
LWP (liquid
e Individual Site
Enabling Utility 'nfrisct:;cst:re/
Individual Site

PWV (precipitable\ Constants

water vapor) I Presence of
Existing Facility
Local vertical properties of -
moisture and temperature Dish Pointing Proximity to Country
Accuracy Local Stability
Institutions
Surface
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Tradespace Model

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

Signal-to-noise Angular :
ratio resolution Baseline
Redundancy

Array
Robustness Calibration
Filling Fraction (%)
Array Duty Cycle

/ Utilization
Overall system Total Fourier ~ Largest
performance coverage Circular Gap (LCG)
Latency Main Science
Normalized RMS Target Visibility
Image Dynamic Error (NRMSE) m
Range
Attributes
Filling Fraction (%)
Incremental Largest
Tradespace Circular Gap (LCG)
Main Science
Target Visibility

Architecture

Decisions

Individual site Co-visibility w/
performance Anchor Station
Constants Program
o) (+)
Co-visibility w/
Other Sites

Site Duty Cycle —
/ Utilization Utility Beyond
Main Science

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

Season

37



Tradespace Model

Architecture
Decisions

Attributes
)

Tradespace
Model

Constants

Complexity Schedule
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Tradespace Model

( 86GHz )

345 GHz

230 & 345 GHz

86, 230, & 345 GHz

Dual

Refurbished

Frequencies

Single

stations

Dish
Procurement
Opportuni
Operating Circular Polarizations
Modes )
Long-Term ) Architecture
Monitoring Operations o q
) Decisions

Autonomy

Manual Ops
Fully
Automated

Ship Hard Drives
to Correlator

Sampling
Bandwidth

Data Processing

Data Transfer
Type

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

Signal-to-noise
ratio

Angular

resolution Baseline

)

Array
Robustness
Array Duty Cycle
/ Utilization

Data
Latency

N=45
Candidate Sites

Attributes

Tradespace

Model

Real-Time On-site P
Fringe . ) S
Verification Satellite RF (e.g. Constants
Starlink) FSO
State of Fiber
Health —
LWP (liquid Complexity Schedule
water path) Individual Site Infrastructure /
Enabling Utility EEESS
Individual Site
PWV (precipitable Constants
water vapor) Presence of
Existing Facility

Local vertical properties of
moisture and temperature
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Dish Pointing

Accuracy
RMS Dish
Surface

Proximity to
Local
Institutions

Country
Stability
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Normalized RMS
Image Dynamic Error (NRMSE)
Range

Redundancy

Filling Fraction (%)
Largest
Circular Gap (LCG)

Main Science

Target Visibility

Filling Fraction (%)
Incremental Largest
Fourier coverage Circular Gap (LCG)
Main Science
Target Visibility
Anchor Station m

Co-visibility w/
Other Sites

Utility Beyond
Main Science

Calibration

Total Fourier
coverage

Overall system

performance
m87

Individual site
performance

Co-visibility w/

Site Duty Cycle
/ Utilization

Season




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

« On the 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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Methodology — MagicGrid (Dassault Systemes)

2S5 cAaTiA

Requirements Yes Discussed next
Structure Yes Discussed next
Aisteé Rleksandravifiené
Aurelijus Morkevicius, PH.D . ) ) ) )
Behavior Partially Functional analysis currently a mix of
MagicGrid® BOOK OF KNOWLEDGE diagrams (uc & act) and written
A Practical Guide stems Modeling using . . .
 ncicriid ok Bk ST scenarios. Desire is to model key

functions such that allocations to
subsystems are traceable

I . S

: pancoist et M el Parameters Minimally Key moes are captured as properties,
Stakeholder EMEY 1 H
iy N but very few modeled with parametric
guE | — diagram. Most parametric analysis is
N ... L r o done with custom simulation tools
- SR I— . https://github.com/Smithsonian/ngeht-arrayperformance-
™ Cofenn: : : : sims
[y _
: e ——— Z.  Oalety & No Relevant requirements captured but
T Reliability analyses not integrated into model
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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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|CD generation overview

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

2

ICD template
A A o .
«use» | «use»
| |
|
— ! |
NG0178 L2 Operations & Engineering ICD | NG0180 L3 Station ICD
| |
: 1
«ReportData» @ «ReportData» [j

NGO0178 report data
{autolmageSize = Fit image 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
«Variable»+revisionHistory
«Variable»+generatePromptsForlnput : Boolean = true

vé]

L2 Operations & Engineering interfaces

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

attributes
«Variable»+docNumber : String = NG0180
«Variable»+icdName : String = L3 Station subsystems
«Variable»+authorName : String = R. Chaves
«Variable»+authorQOrg : String = SAO
«Variable»+docStatus : String = DRAFT
«Variable»+docVersion : String = RO
«Variable»+revisionHistory

«Variable»+generatePromptsForlnput : Boolean = trug

vé]

L3 Station astronomical signal path interfaces

ve]

L3 Station operations interfaces

vé]

L3 Station site infrastructure interfaces

2-6 July 2024
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Top-level system-of-systems model

bdd [Package]2 System structure [ EHT LO/L1 PBSJ

«LogicalComponent»
EHT system

LEVEL 0

gov ops am da
«block» «block» «block» «block»
Operati 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

; weather model ,—I; arr : Array

Weather model data

»-

iﬁﬁﬁﬁﬁis
(1]

P
Astronomical signal

VLBI experiment,

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

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

Il
array operations

o

operations

<>

ma data products

=

<
Observing plan

Funding Info, Legal Info,
Media Info, Funding Info,
Legal Info Media Info relations
relations <« »
S external proposals
proposal ; prop:

Observing proposal

L L
Correlated data (L1), Fringe-fitted data,

Calibrated data (L2)

data products r—‘% FH science T
»- P da : Data analysis I science

Self-calibration data,
Data quality products
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req [Package] 1 Stakeholder requirements| Science requirements modelmg])

«requirement»
«Jama_Requirement»

«requirement»
«Jama_Requirement»

«requirement»
«Jama_Requirement».

«requirement»
«Jama_Requirement»

u [ ] [ ]
Observation Fr Br T y | Inverse shortest projected non-intrasite Polarization (Fundamental
C I e n C e I e q I I e m e n S m O e I n g — — - — —
«requirement» «requirement» «requirement» «requirement» «requirement»
«Jama_Requirement» «Jama_Requirement» «Jama_Requirement» «Jama_Requirement» «Jama_Requirement»
Observation Targets i c i Frequency Phase Transfer Inverse longest proj i ini ine RMS noise
(Fundamental Physics) Physics) (Fundamental Physics) (Fundamental Physics) (Fundamental Physics)
«requirement»
«Jama_Requirement»
LO - Science Requirements
Science Objective: Targets EHT Array Required
V i 7 HEN] Observatio Brightness | Inverse longest | "verse shortost | Minimum | point source
3 rvation rightn inverse lon 2 in
ersion [p—— wor sow | 5| TH 2 | oyt aramotr obsenati g | Ay | ovsomaton hods Cadencs ouaton | xamatepandances | “Faa " | ooy | O || OSSN, | proleidnon |sasineRis | PSS | oorion
HHE ase | Configuration Faed) | Phaso Transtor | Jemperature E intrasito baselino | noise =
H (as) (mJy)
[
0 Fundamental Physics
50 s (20D o
1a.1 Black hole horizons (M87")  Threshold X 1 Full Single Observation Once: Full track None 2304345 Yes 5x10%8. 20 ‘capture both and NA NA Stokes |
Lonsed image ofhe
T biack hoe horzons. horzon e apparent snacow 760 yas 20 WD 0
& b 1a.2 Black hole horizons (SgrA”) Threshold x 2 |Fu Single Observation once Full rack None 2304345 Yes. 5x108. 2 capture both n =0 and NA NA Stokes |
«Jama_Requirement» )
ETTIC T Prwe—
Fundamental Physics 1.1 SMBH spin measurement (M87°) Teshaa x 2 |r Mulipe Observations Fulrack Nona 2005 o A A captre b =0 ana |54 0 ongest A Stokes 1
2 praseyovr 10 teast matches photonring dtection gosl, but aseines
s pochs at 200 and 345 Griz. o paaoran 700 yas @ WD | o
1b.2 SMBH spin measurement (SgrA”)  Threshold X 2 Full Multiple Observations Ful track None 2304345 Yes NiA NiA ‘capture both and mly on NiA Stokes |
P o ongesi baseines
=1
Statistically significant detection of persistent thin ring Minimum cadence: Al leas 3 abservations. 80pas(0MD W 5 ‘mJy on longest
1.1 Photon ring (M7) ve x e 1+ | monih Fultrack None 205 Yes A A i bot =0 and | 5 97009 N Stokes
Constrain the properties of a black hole’s )
photon ing Stasicaly signifcant = 3 sigma 700 yas 0 WD 0
. e ot 2 apochs of single Z-usek campaigns over 5y on ongest
1.2 Pholon fing (SgrA) obictve x o= o0 - e 2 | o Obcrvatons {41226 2 pochs of s ampal Fultrack None 20345 Yes A " capr i =0 |37 0 A Stokes1,0,U
Superadiance from
1d. Axions Constan ulralight boson fiecs objctve x| x Polazation angle [N Soqerce o3 huenatins Fultrsck Nore 200345 o s » 50 0 A Stwokes1, Q.U
22, SMBH assemb Roveal Black Hole-Galaxy Fomation, |1 o x| x| x e . tneir | SMBH emission ing and s polarized sructure ina o lew Multile Observations | O 0Senvaton (~one ight) per target, repeated | 20 o A A A y \ kst a,U
«requirement» 2. SMBH assembly owh and Coavoluion ro nire o ltple Observaons | sirvey es .0,
«Jama_Requirement» [ Several measurements taken over at east haf o
termine how SMBHS merge rough o SMBH Binany ot | S spatial separation & evouton of nat spatl y e Montorin, pios. 1 o
Black Holes and their Cosmic 20 SMBH binaries observatons of sub-parsec binares | ODeCt X |messes (ot separaton 1|Fa Perodic Montoring (&1 chun perod = observations monthy. 2) 5 year N 20 N NA A 1000 1 1 Stokes!
period = abservatons very yea
Context
‘Connect SMBH 1 high-energy and Neutinos produced in 2304 o5 10% Ful Stokes
26 MWLM Studies of 8H and Jets neutino events within hei jfs = * K rorons | Mapping of 1 [parial Mutipie Observations | o0 Svsenvatons o None 8612301345 Ye 5410 2 1000 10 NA
3.0 Black Hole Accretion
3a.1. Accretion (M87*) Reveathow lack hotes acrete materl | 7S5 x ocre el dvinrri index ofthe directimage | 4 | paral Fulltrack Nore 86+230+345 Yes 10 0 100 1 NA Stokes |
«requirement»
«Jama_Requirement» 3a.2. Accretion (SgrA) seaes hesnola x g ndexof thodiectimage | 5 gy Fulrack None 230035 Yes 109 2 100 o A Stokes
L o Sor near the pholon ing
Black Hole Accretion Time-dopendent
3b.1. Electron heating (M87*)  Threshold x temperature, magnetic | SPaUally and ime-resalved compact flaring structures in 1 [partal Periotic Monitoring Every 3 days for 3 months (250M) Full rack None 8642304345 Yes. 109 2 200 10 NA Full Stokes
Observe localized heating and e ety | vies polarization
astrophysical scales Time-dependent atially and time-resolved comy laring structures in ull Stokes.
30:2. Eloctron heatng (SarA") vopnyia sl esno x oo, megnet_|SEBlay and ma-ssoed compact facn s 2 | Fava |one 2500315 ves s 0 0 0 A o stoles
Y 3 qensty
Signof accrton fow
36.1. Frame dragaing (M87") Objctive x o o ot o 2 |pana periodic Moniorng | Every 3 cays for 3 months (250M) Fulrack None a612304345 Yes s 2 100 0 A Stokes',0,U
ora fow o 10M
eraospners ot 8 ot back e Signofaccreton fow
302.F ) obictve x o [kl evchuion of eschved oz 2 |r Fulrack None 201345 Yes s 2 100 0 A Stokes,0,U
o7 fow o 10M
40 Jet Launching
Determine whethe relatistc et aro agnetc fuxtreadng | N o
4a. Energy extraction owered by enery osracion rom [ Teeshald x g vl it ey mages onporzon seaosand | fpara Every 3 Fulrack Nona e Yos sxi0 2 500 0 A Full Stokes
«requirement» fotating black holes pover spin estimat
«Jama_Requirement» 4b.1 Jet formation (M87*) et ey contons g | T x rter ot 1 |partal Ful rack None 86+230+345 Yes sx10 2 500 10 NA Stokes1,Q,U
> ine the physica concitons an Composiion 55 .
Jet L { siructure, and velocity__[index and rotation measre
4b.2 Jet formation (SgrA”) veshald x e on scaies of 5.100M o e Mulipe Observatons | Every 3 days for 3 months (250M) Fulrack None 23005 Yes sxion 2 500 o A Stokes,0,U
50 Transionts
25 targetsporyear. Singe long obsenationor [,
o s
. Messure e nner ot srcture and oton, brghin responce wiin
«requirement» 5a. XRB dynamics asuro e e el situclie 200 |orjecive x| x [detcatimaton brgh 1 |paa hou e ) Soors |  esva Yes A 5 1000 o ' ol Stokes
equirems! mamio nblack hole Xy bnar ooky 1010 g iggere observaon wi 12 folow ups on ~days |~ 10,5 ol be bensfical
«Jama_Requirement» imescae tere f contnued actiy
Transients
Ootect h kineic power,phsicl inec power,physical 2.3 targets per year e,
Sb. Extragalaciic ransients siciure, and velooly n exiagaacic Objecve X | X |stucure, and vloctyof |Tomperally and spaaly rosoved morphology efvansint | 4 |y on o 1 Sooenz | ssvas0 Yes A 2 1000 0 1 Stokes
transients transient outows. outiows targe dependent. GRBS = days, TDES = years) [ would be beneficial
6.0 New Horizons
Muli-year tracking of many sources across th sky wih
Detectproper motons and secuiar (CHE) roper motons 108 (25 as) delay ity o
«requirement» 6a. AGN astrometry parallaxes of AGN up o -60 N objectve x| operma 2 |parial Mulipie Observations ~[Muliple cbser o 2 None 864230 Yes A 2 NA 100 10 Stokes |
paralascs s for 10 sources
. (ReR R sources i cfoent sky locatons mulile imes per year
New Horizons
- Masses: Single observaionper surce
- Distances: For each source. mustabserve
- Biack nole masses “moniy for one year (oxac separaon s Coer
recan range
Leverage AGN accreton disk - Goometic dstances pource depancent) 05, 10my 0miy
6b. Megamasers megamasers to measure their AGN host _Objective X | Hubble constant Spectral lines of megamasers 1 |Patal Mipie Obsorvations | i ce uncerteinties &% | 2 hours per night roquires a No N NA NA por 1 MHz par 1 Mz stokes |
properties. - Physical condit 0%, 50,80 accuracy of 3% for HO requires ~10 physical conditions (within ~1 week) frequency channel channel
(tomperaturo,censiv) n Sources observed moniy fregueney
\GN acersion ks Erysical Ganaiions: Single abservaton per source, erage ol 3
bt equires Saneous mull-recuency
coseriatons
i / 2024 #HINNCOSEIS
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req [Package] 1 Stakeholder requirements] Science requirements modeling (zoom)])

Science requirements modeling

«requirement»
«Jama_Requirement»

«requirement»
«Jama_Requirement»

Observation Fr
(Fundamental Physics)

T
(Fundamental Physics)

«requirement»
«Jama_Requirement»

baseline (Fundamental Physics)

Inverse shortest projected non-intrasite

«requirement»
«Jama_Requirement»
Polarization (Fundamental
Physics)

I
T

«requirement»

«Jama_Requirement»
Observation Targets
(Fundamental Physics)

«requirement»
«Jama_Requirement»
c

«requirement»
«Jama_Requirement»

«requirement»
«Jama_Requirement»

«requirement»
«Jama_Requirement»

«requirement»
«Jama_Requirement»

i AL
Physics)

Frequency Phase Transfer
(Fundamental Physics)

Inverse longest proj
(Fundamental Physics)

RMS noise
(Fundamental Physics)

LO - Science Requirements

Science Obje

«requirement»
«Jama_Requirement»

Key Science Goal

Fundamental Physics

DEFINITIONS

1.0 Fundamental Physics

1a.1 Event horizons (M87*)
Establish the existence and properties of
black hole horizons

1a.2 Event horizons (SgrA*)

1b.1 SMBH spin measurement (M87*)
Measure the spin of a SMBH

1b.2 SMBH spin measurement (SgrA*)

1c.1 Photon ring (M87)
Constrain the properties of a black hole's
photon ring

1c¢.2 Photon ring (SgrA*)

1d. Axions Constrain ultralight boson fields

2-6 July 2024

Priority

Threshold

Threshold

Threshold

Threshold

Objective

Objective

Objective

(rstronomical Targé%

www.incose.org/symp2024 #INCOSEIS

Science Measurement Requirements

§o g
Ng T g
52 28 3 :
M87 SgrA* =8 2% g Physical Parameter
g2 g9 [
£3 F° g
o » o
X
Lensed image of the
horizon
X
X
SMBH spin
X
X
Photon ring
X
Superradiance from
X clouds of sub-eV

ultralight bosonic

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 Fr

Bri Te

«requirement»
«Jama_Requirement» «Jal

(Fundamental Physics)

(Fundamental Physics)

ity | Inverse shortest projected non-intrasite

ysics)

«requirement»
ma_Requirement»

Polarization (Fundamental

Physics)

«requirement»
«Jama_Requirement»

L0 - Science Requirements

[

«requirement»
«Jama_Requirement»
Observation Targets

(Fundamental Physics)

I

.

«requirement»
«Jama_Requirement»
c

«
Physics)

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

«requirement»
«Jama_Requirement»

«requirement»
«Jama_Requirement»

Inverse longest proj
(Fundamental Physics)

RMS noise
(Fundamental Physics)

\

«requirement»

«Jama_Requirement»
Fundamental Physics

2-6 July 2024

ngEHT
Phase

Full

Full

Full

Full

Full

Full

Full

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 Externall
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)])

«requirement» «requirement» «requirement» «requirement»
«Jama_Requirement» «Jama_Requirement» «Jama_Requirement» «Jama_Requirement»

Observation Fr Bri T itivity | |Inverse shortest projected non-intrasite Polarization (Fundamental
(Fundamental Physics) (Fundamental Physics) ine ( ysics) Physics)

Science requirements modeling =

[ i i ]

«requirement» «requirement» «requirement» «requirement» «requirement»
«Jama_Requirement» «Jama_Requirement» «Jama_Requirement» «Jama_Requirement» «Jama_Requirement»
Observation Targets c « Frequency Phase Transfer Inverse longest proj RMS noise

(Fundamental Physics) Physics) (Fundamental Physics) (Fundamental Physics) (Fundamental Physics)

«requirement»
«Jama_Requirement»

L0 - Science Requirements

EHT Array Required Specifications

. . 4 \
I (Observatio: it h Brightness Inverse lon est\ (Inverse shortesh [ LT T N Point Source
wsama Reurament Fre TR Temg erature rojected bageline 7] ZE O el ok Sensitivit Polarization
Fundamental Physics (GHZ) Phase Transfer Sensri)tivity (K) proj (1as) intrasite baseline noise (mdy) y
(nas) (mJy)
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 5x1078 25 capture both n = 0 and N/A N/A Stokes |
n=1)
80 pas (20 M/D to
230+345 No N/A N/A capture bothn =0 and | [° mbe °"|.'°"933t N/A Stokes |
n=1) aselines
100 pas (20 M/D to 10 mdy on
230+345 Yes N/A N/A capture bnot=h1r; =0and longest baselines N/A Stokes |
80 pas (20 M/D to
230+345 Yes N/A N/A capture both n =0 and | | mbe °"|.'°"geSt N/A Stokes |
n=1) aselines
100 pas (20 M/D to
230+345 Yes N/A N/A capture both n =0 and | [° mbe °"|.'°"933t N/A Stokes I, Q, U
n=1) aselines
230+345 No 5x10"8 20 50 10 N/A Stokes |, Q, U
_ J\L Y, \_ J\ AN y -
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Overall logical structural model

bdd [Package]2 System structure [ EHT L0-L3 PBS] I

Level 0  The level at which stakeholders have influence on or are affected by SLreE

the ngEHT Project
Level 1 The top-most elements of the architecture that can have system  _ _ ___ _ ________ | _____|_____J_____J_____1 LEVEL 0

requirements defined

arr da gov ops
. . . . A Dat lysi G (o) ti

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

functions are grouped into elements where natural or beneficial LEVEL 1

interfacesexst . TTT T T T T T T T T T T T T T T T T T

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 ota 1.+ o | o | ame

element Station Data processing Data transport‘ Array M&C

~
____________________________________________________________________________________________ LEVEL 2
‘Station architecture‘
‘e Y Y e
backend|1..3 agility, antenn t&c\L infra\‘/ receiver, env mé&c
Per-frequency VLBI back end  Agility subsystem‘ Antenna subsystem Timing and ccherence subsystem Site infrastructure subsystem’ ‘Receiver subsystem  Site environment‘ ‘Local M&C subsystem
[ ]
bch/ ) recorder, dbe
Block downconverter subsystem Recorder subsystem‘ Digital backend subsystem
LEVEL 3
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Traceabillity to requirements

bdd [Package]2 System structure [ EHT L0-L3 PBS] I

EHT system

LEVEL O
arr da gov ops
‘ Array ’ Data analysis ’Governance’ ‘Operations
N
LEVEL 1
Array architecture
sta |1.* dp \L dt J/ amc
Station ‘ Data processing Data transport‘ Array M&C
LEVEL 2
‘Station architecture
KA RRRJL
backend|1..3 agility, antenn. t&c \L infra\‘/ receiver, env mé&c
Per-frequency VLBI back end  Agility subsystem‘ Antenna subsystem Timing and coherence subsystem | Site infrastructure subsystem’ ‘Receiver subsystem| |Site environment‘ ‘Local M&C subsystem
Al
bdc J/ recorder, dbe
Block downconverter subsystem Recorder subsystem‘ Digital backend subsystem
LEVEL 3
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Traceabillity to requirements

Rl NngEHT-SET-1 LO - Science Requirements E|—<:

2-6 July 2024

El NgEHT-SET-36 L2 - Array M&C requirements =]
Q EHT system El NngEHT-SET-38 L2 - Data Processing requirements 8

(=l NgEHT-SET-35 L1 - Array requirements El [rl ngEHT-SET-37 L2 - Data Transport requirements &

[Rl ngEHT-SET-39 L2 - Station requirements B

rray

www.incose.org/symp2024 #INCOSEIS

[l amc : Array M&C
[ dp : Data processing
E dt : Data transport

[Pl sta : station [1..%]

Legend
———— Derived

———— Satisfied 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

Legend
" Satisfy
71 Satisfy (Implied)

E--[7] 2 Station structure

5O

=[] 4 Station configurations

B-E] station architecture - . 86+230 station  El--perorgeog By =!
ER QE, 5 H iP5 — i 5§ 155 ] [N
= H T £ N PS5 © ¢ oc 2 =] =4
£ [ ] c O i g B c 30 H P @
& o ! 0® v = 0§ B Y 2 ox o [ =
0 = A -4 H ~x o 2 : & x O O X = HE=
> H > H [SR] » O U © © T HE ] —
@ £ I ®» E 3 = 8 © E E > ¥ 8 © o E g & =5
S s eEged i F S -3 EPSs 53 2 sl E
245 5 95> 2 -8 £ 2 - 0898 2 8 5 c c B
2 & £ 2 £ i 0 J % 2 g QO I J v %o e o
L 5 22 a7 S =2 > ¢ @ o Jd > > c 5 3 s 5 2
5 o0 g5 2 2 8 L& >S5 T 9 o2 58> 7 090 o2 @ 2R g
E3££ 3582598 28323 z4&202323s 52
2 o ®» 8 =~ 22 E& 5 3 g 8® 25 5 35 g 2 © T 8
2 c o Y 0 5 S T Y S &= c & ¢ S > &= c @ $ @
B g2 2& B S ¢g S T X ¢ g DI] > oo Z ¢ 9 negeo H
£ E 2881 x£% g s g™ geggeszd S < ~
= [~ v o= e [~ Al [~ wn —
Sizpecgsg ELH&r £ 5% £%:c I
s - g - - & o = 5 o & - T 5 & & g -- & c 2 £ 4
= S E X @ = @ + = @
w o I = 5 ‘g - =2 R a .. 7 o 5 a .. .. "7 m g o o g =
S - A > - = £ o o £ c Q0 £
e o v 5 x £ € o m 0O g X o m T 0§ 8 o oo
£E€g98%2z8 TIEES B3TLEEGE $ &8 5
ER EZ® 3R G T 85 n & 3 8 8 8w & B B ® = 3

B [Rl ngEHT-SET-39 L2 - Station requirements
B+ (&l ngEHT-FLD-126 Functional requirements
- [R] ngEHT-L2R-13 Station Health and Status
- [R] ngEHT-L2R-17 Monitor site weather
- [’] ngEHT-L2R-305 Perform astronomical observations for simultaneous multi-band VLBI (dual-band station)
- [R] ngEHT-L2R-306 Perform astronomical observations for simultaneous multi-band VLBI (tri-band station)
- [R] ngEHT-L2R-307 Perform astronomical observations for single-band VLBI (tri-band}
- [Rl ngEHT-L2R-308 Perform astronomical observations for spectral line VLBI (goal)
- [R’] ngEHT-L2R-309 Perform astronomical observations for single-band non-VLBI observations (dual-band)
- [R] ngEHT-L2R-310 Perform astronomical observations for single-band non-VLBI observations (tri-band)
- [’] ngEHT-L2R-311 Test readiness to observe
- [’] ngEHT-L2R-312 Configure for VLBI observing
- [Rl ngEHT-L2R-313 Configure for non-VLBI observing
- [Rl ngEHT-L2R-314 Capture metadata
- [R] ngEHT-L2R-315 E-transfer LO data
- [’] ngEHT-L2R-316 Monitor operating status
- [R] ngEHT-L2R-317 Test readiness for software update
- [Rl ngEHT-L2R-318 Update station software

VY s
PP ArAard v
L e e’ v v
e v e v
v arard v s v’
e v v e e
e’ v s e’
v e s e
VY Y e e
e v e e’
v v s v
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E] OVRO (MSRI-1)

. ED 2 MSRI-2 o, \

= EID 2 Upgraded stations
g B HEH HEEEEE
U H H
0 ol
A~

S

S F = )—>—'_ :9:

8285 $3:8:5=5

(O (0 C0 OO0 C0C;Co e

E--F7 9 Other stations ——-

= pv

Bl amr
B APEX
E] NOEMA
=l ama
O ama
= kvn
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How did we do?

Goal ___________ |Evidence

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 capabilities

» Auto-generated requirements and
interface specifications
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2-6 July 2024

Summary
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Angular Resolution

The next step for the EHT is a complex one

Wavelength

. 10cm lcm 1 mm 100 ym 10 ym 1 um
; T T T T T I _:105
A
100 masf ® 110t
- 6;\? E
< N
ﬂc/lf %
10 masf] 5 J , ;5
[ I é\'@ :10 9:./
| N A ?«’s» ] =i
I N {\ S
I S 3 =
1 N s =
I 1 8
1 1 o
1 masp I | 102 B
E i | E =
o Iz * BLACK HOLES? *
| wn
| \
| EHT An EHT/ngEHT
| 1 o
i ' ' Production
100 pask IlllllllllllllllIllllllllll>
r l\ : 3410 - -
[ Black Hole Shadow _____ SSC Bl e R
N I
A |
@@&\ 1
N
10/1&8 a1l L a1 gl 1 T A | " T E | N o0 g aaaal N L1 1a
10 GHz 100 GHz 1THz 10 THz 100 THz
Frequency
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Systems engineering tools have helped manage
complexity and align the team

Science LiSystem | congeptual L2SYStem & L3 Subsystem
Requirements  Requirements  pogion payiew  INterfaces & Interfaces
i Review et 2023 | Design Review Design Review
Feb 2022 June 2022 Sept2024  March 2025

A A A A A

B

Key Science. Science Operations  System System
Goals

T, Reaiemens st =g
= )

Design  Inerface

Existing
Observatories

‘Science Working Groups

Wemos  Documents

= I T
— [ oot ] [ corcpten | [125eme ] [ o s
reine cares | ctamans desin e [ e

S
Implementation
Project Team
NGEHT MSRI-1
Design Project Team

Create reference

s
Requirements

“Technical
Reference Working Groups

Anay Paper
Systems Engineeiing
Data Analysis & Simulation
‘Subsystem Design / Development

L3 ubsytem
Dasign Ko

Funding
3 3 Organizations

Design Process Flow Traceability Matrix

bdd [Package] 2 System structure | ERT LOL1 PBS | =.
®
= )
Logcaomponents AR
EHT system 20 % 58 2
S 2583
s>% &8¢
LEVEL O gEs=3
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Concluding Thoughts

« Scientists 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 o
Credit: Lindy Blackburn
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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



About the
size of our
solar system,
~55 million
light years
away

M87*

M~=~6.5%10° Mg
D = 17 Mpc
d =42 pas

Sgr A*

M= 4.0 x 106 Mg

D = 8.2 kpc
d~ 52 pas

About the
size of
Mercury’s
orbit, 27,000
light years
away



Recent Science Results: polarized images
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