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Abstract. On April 19, 2019, billions of people around the world caught a glimpse of infinity for the first 
time. The Event Horizon Telescope (EHT) released the first image of a black hole, shining a light on one 
of the darkest, most mysterious objects in the universe. To do so required the linking together of existing 
radio telescopes all over the world to create a “virtual” telescope array with the highest angular resolution 
of any telescope humanity had ever built. The result was an image that appeared on the front page of nearly 
every major newspaper on the planet. This iconic image was truly a breakthrough in astronomy. It is con-
sidered one of the most widely viewed images in science history. But rather than being a culmination of a 
decades-long effort, this image represents the beginning of a whole new era in astrophysics and in human-
ity’s ability to use the extreme environment surrounding a black hole as a laboratory to understand the 
fundamental nature of space-time. To build on the effort and the momentum generated through its public 
impact, a team of EHT scientists and engineers is looking ahead to the next horizon: movies of black holes. 
This requires operating at a larger scale and faster pace than before, and a project team capable of designing 
and implementing a complex construction project in multiple countries simultaneously. It requires an in-
vestment of tens of millions of dollars and rigorous yet flexible project management controls and processes. 
In short, realizing the ambitious science goals of the next-generation EHT (ngEHT) project and managing 
all the complex interactions that come with those goals requires an organized, lean, efficient, and systematic 
approach. 
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Introduction 
On April 19, 2019, billions of people around the world caught a glimpse of infinity for the first time. The 
Event Horizon Telescope (EHT) released the first image of a black hole, shining a light on one of the 
darkest, most mysterious objects in the universe. To do so required the linking together of existing radio 
telescopes all over the world to create a virtual telescope array with the highest angular resolution of any 
telescope humanity had ever built, deploying specialty instrumentation subsystems in remote environments, 
developing imaging algorithms and techniques that had not been invented before, and an international team 
of over 200 people working together from across the globe. The result was an image that appeared on the 
front page of nearly every major newspaper on the planet. 

 
Figure 1. (Left) The first image of the supermassive black hole in the M87 galaxy. Credit: Event 

Horizon Telescope Collaboration. (Right) A collection of newspapers announcing the break-
through M87 image. 

 

This iconic image was truly a breakthrough in astronomy. It is considered one of the most widely viewed 
images in science history. But rather than being a culmination of a decades-long effort, this image represents 
the beginning of a whole new era in astrophysics and in humanity’s ability to use the extreme environment 
surrounding a black hole as a laboratory to understand the fundamental nature of space-time. To build on 
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the effort and the momentum generated through its public impact, a team of EHT scientists and engineers 
is looking ahead to the next horizon: movies of black holes. This is the aim of the Next Generation Event 
Horizon Telescope (ngEHT), a program to explore and define a long-term plan to enhance the EHT to 
realize a new set of transformative science goals (Doeleman, et al., 2023). Funded through the National 
Science Foundation’s Mid-Scale Research Infrastructure (MSRI) program, the ngEHT Program, which has 
completed its initial stages of design, is poised to implement transformative upgrades to the array and help 
evolve the international collaboration for this new era. 

To make scientifically interesting movies and probe the dynamics of matter as it falls into a black hole, an 
entirely new array—and operating model—is needed. Whereas the EHT succeeded in creating an image by 
piecing together a loose collaboration of institutions and pointing their existing telescopes at the same target 
for a few days’ time, a movie requires new sites in new geographic locations to fill in gaps in the uv plane, 
newly designed antennas with high surface accuracy, four times more observing time, and the ability to 
process an order of magnitude more data through high speed instrumentation and data pipeline systems. It 
requires the evolution of an international collaboration to operate at a larger scale and faster pace than it 
has before, and a project team capable of designing and implementing a complex construction project in 
multiple countries simultaneously. It requires an investment of tens of millions of dollars and rigorous yet 
flexible project management controls and processes. In short, realizing the ambitious science goals of the 
ngEHT project (Johnson, et al., 2023) and managing all the complex interactions that come with those goals 
requires an organized, lean, efficient, and systematic approach.  

This paper discusses how the ngEHT team has created and implemented a systems engineering process, 
team, and culture to help deliver the next transformational result in black hole imaging. While the ngEHT 
presents a unique concept, the system-related challenges are common to many projects facing similar stages 
of development and growth, building on past successes and legacy systems, and designing systems and 
products to meet a compelling, ambitious long-range vision. 

Natural Evolution of a Breakthrough Concept 
Decades of technical development and precursor observations preceded the first image of the M87 super-
massive black hole. For much of that time, many people still thought actually imaging a black hole was 
impossible. The astronomical technique employed, called Very Long Baseline Interferometry (VLBI), is 
not new. It has been used by radio astronomers since the 1960s to push the limits of angular resolution by 
linking distinct geographic sites together, effectively creating a “virtual” telescope array that can be much 
larger than any single dish or single geographic location. But no one had attempted VLBI at high enough 
frequencies and at a large enough scale to image and resolve a black hole.  

Pioneering efforts in the 1990s started to show that various technical challenges could be overcome. VLBI 
experiments demonstrated that observations at the required frequency, 230 GHz, were possible (Padin, et 
al., 1990) (Krichbaum, et al., 1998). Purpose-built back end and recording systems deployed to early EHT 
arrays (Doeleman, et al., 2008, 2012) confirmed that imaging the two largest supermassive black hole 
sources on the sky was feasible, leading to grassroots efforts to build a community, and eventually a formal 
collaboration, around black hole imaging. A collaboration initially numbering in the dozens slowly grew to 
over 200 worldwide, laying all the technical, logistical, organizational, and analytical groundwork needed 
along the way.  

The effort proceeded organically, without a single, significant, sustained funding source, from a variety of 
contributions from American, European, Asian, and South American research grants. Further, unlike other 
large science collaborations like the Laser Interferometer Gravitational-Wave Observatory (LIGO), the 
EHT, and the very technique of VLBI, takes advantage of existing infrastructure that has been built for 
other science purposes, only carving out enough observing time as necessary for VLBI-specific observa-
tions (VLBI typically accounts for a small percentage of overall radio astronomy observations). Purpose-
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built VLBI systems are limited to specific instrumentation rather than full astronomical facilities. In other 
words, the EHT probably inevitably started the way many startups do: pieced together with innovative 
efforts of a few visionaries, held together with metaphoric (and actual, in some cases) duct tape, and a 
sparse funding runway only long enough to eke out the next incremental result leading up to the first image.  

Could the M87 image that shocked the world have been created if the team had developed the EHT array 
using systems engineering tools and techniques from the beginning? A centralized, systematically-designed 
array and organization not only would have carried a prohibitively high price tag, but it likely would have 
faced an uphill battle gaining support within academic communities and funding agencies before the mo-
mentum earned by the collaboration through a globally-acclaimed result. In the case of large scientific 
collaborations without established formal engineering processes, a rigorous, systematic process to design 
can also seem overly burdensome, especially to a highly capable team that has already achieved global 
fame. However, as with startups scaling up and maturing into a larger enterprise, what led to the initial 
growth and success is not usually the same recipe for continued evolution. Higher complexity calls for the 
adoption of techniques to manage that complexity to deliver more ambitious goals. In this way, systems 
engineering—when done properly and implemented at the right stage of a project, as in the case of EHT—
can be used to bring about a new phase in a team’s growth. 

System Concept 
The EHT’s success is the result of collaboration between many institutions globally that have deployed the 
needed subsystems for VLBI observations and devoted a modest amount of observing time (~two 
weeks/year). The foundation of the ngEHT concept is to expand the observing window to up to 40 days/year 
and augment the existing EHT array with new, modest-diameter (10-meter class) radio antennas in strategic 
locations around the globe. These new sites fill in critical gaps in the uv plane by providing both long and 
short baselines. The long baselines—stretching across the entire hemisphere of the Earth—support higher 
resolution that enables observation of finer scale structure at the black hole's event horizon, while the short 
baselines support wider field-of-view imaging to connect the dynamics at the event horizon to the larger 
scale relativistic jets emanating from the the poles of spinning black holes. 

Additionally, to date, the EHT has primarily observed at a single frequency, 230 GHz, with some observa-
tions at a subset of sites observing non-simultaneously at 345 GHz (this is on the upper end of the radio 
frequency bands of the electromagnetic spectrum that radio astronomers are mostly interested, which ranges 
from 3 kHz up to about 900 GHz). The ngEHT project focuses on expanding the observing frequency range 
of most of the EHT array to three simultaneous frequency bands: 86, 230, and 345 GHz. Combined with 
larger diameter dishes in the existing array on the other end of new baselines, and the expanded frequency 
range and higher bandwidth added through new receivers and back end subsystems, the ngEHT concept 
will dramatically enhance sensitivity and Fourier spatial frequency coverage of the EHT array. For a de-
tailed discussion on the process to design, architect, and implement the ngEHT concept, see Reference 
Array and Design Consideration for the next-generation Event Horizon Telescope (Doeleman, et al., 2023). 

To summarize, the ngEHT concept brings: 

• Multi-frequency enhancements to existing site instrumentation, enabling simultaneous observation 
at up to three frequency bands and increasing weather availability through a technique called fre-
quency phase transfer 

• New, dedicated sites with new antennas that fill in key gaps in the uv plane and provide redundancy 
for critical baselines, leading to greater and more reliable imaging fidelity 

• A robust, modern data analysis pipeline and correlation capability designed for an order of magni-
tude more data and streamlined operations for the next decade 
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Figure 2. Data pipeline concept of operations for the ngEHT project. Radio frequency signals are 
collected from antennas all over the world, digitized on-site, and stored on hard disk drives. 

Those drives are shipped to a central correlation center where the signals are correlated. Next, a 
calibration step is performed to extract and measure specific parts of the signal, further reducing 

the data to a few hundred MB. Finally, imaging algorithms employing models based on 
underlying physics are used to create a high fidelity image. Credit: Lindy Blackburn, EHT 

Collaboration. 

A System of Systems Challenge 
Designing a next generation global telescope array that spans the globe and literally uses the entire spinning 
Earth to help fill in imaging data, built on a backbone of one of the most successful and iconic science 
results of all time, presents a fascinating systems challenge. The mix of both technical and non-technical 
challenges make for a perfect storm: a multi-variable complex problem that pushes the limits of both tech-
nology and organization.  

On the technical side alone, there are several aspects that make black hole cinema using a VLBI array 
challenging, summarized as follows: 

• Unconstrained system boundaries: The only major constraint to this VLBI concept is the actual 
size of the Earth. As a ground-only array, the largest possible baseline (and therefore the maximum 
achievable angular resolution) is set by the max distance where two points on the globe can both 
see the same source on the sky at the same time; effectively, the hemisphere facing the source at 
any point. [Note: This is not to mention a separate concept to expand the EHT into space through 
an orbital space telescope. This concept, called the Event Horizon Explorer (EHE) is also being 
pursued by members of the EHT and many of the same people involved in the EHT are also part 
of the ngEHT Program]. 

• Complex system optimization problem: There are a myriad of parameters that make up the over-
all “tradespace model,” as shown in Figure 3 below. These parameters include architecture deci-
sions on one side and the performance and programmatic attributes to optimize for on the other 
side. The tradespace seeks to answer questions like: how large do the antennas need to be? How 
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many sites? Where will they be located? Is the weather good enough there during the expected 
observation window to allow co-visibility with enough baselines to pass a critical threshold in data 
collection? This framework is used to define and test system concepts through simulations (Doele-
man, et al., 2023). 

 

Figure 3. Tradespace model of the ngEHT program. Major architecture decisions and relevant 
constants are shown as inputs on the left; attributes on the overall system and individual site 
performance, as well as programmatic attributes, are the outputs on the right. The “model” is 
used as a conceptual framework for analyzing the tradespace, as opposed to being a singular 

parametric model that can be simulated in one software envi-ronment. 

• Simultaneous tri-band observing: Today, the EHT has conducted the majority of its observations 
at a single frequency band, 230 GHz, with some additional non-simultaneous observations at 345 
GHz. The ngEHT system concept relies on simultaneous tri-band observing at 86, 230, and 345 
GHz to achieve science goals. Simultaneous tri-band receivers have been built at lower frequencies, 
but never before at these frequencies. Implementing these tri-band receivers  is one of the most 
significant technical engineering challenges of the program.  

• 4x increase in observation time: The EHT currently observes for about two weeks a year in either 
March or April when the weather across the array is optimal for high frequency observations. For 
movies of M87, which changes on a scale of a few days, an observation window of three months 
is required, with observations taking place on a cadence of once every three days within those three 
months. Not only does this increase in observation time stretch the available time at those observa-
tories for VLBI science, but it is also technically challenging to coordinate the logistics for media 
recording, retrieval, shipping, and processing at a central correlation facility or facilities. 

• 4x increase in recording bandwidth: Science goals require higher sensitivity, which can be 
achieved through increased system equivalent flux density (SEFD) received at antennas (i.e. bigger 
antennas), or through higher recording bandwidth. The ngEHT system concept increases recording 
bandwidth from 32 Gbps per frequency band today to 128 Gbps per frequency band through the 
deployment of higher speed back end subsystems to digitize at this rate, and higher speed recording 
subsystems to record, offload, and ship media at a turnaround rate that keeps up with observing 
cadence. 
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• 10x increase in data throughput: More observing time plus higher bandwidth equals more data. 
The EHT currently processes on the order of 10 PB of data annually. The ngEHT concept increases 
this to about 100 PBs annually. This increased volume of data must be managed efficiently through-
out the data pipeline. 

• Several bottlenecks in existing data pipeline: Aside from an increase in data volume, the current 
data pipeline suffers from several technical bottlenecks resulting in backlogs of data from previous 
campaigns. The time-to-science on average in the current EHT is about two years from data col-
lection to science result. This needs to be reduced to six months to efficiently operate multiple 
observing campaigns annually.  

While the above-listed technical aspects are significant, the non-technical factors of the ngEHT Program 
are perhaps even more challenging. 

• Managing an engineering design and construction project within an academic environment: 
University labs and organizational processes are typically designed for smaller scale instrumenta-
tion projects: bespoke systems deployed to singular field locations. Scientists, engineers, and sup-
port staff are hired for, trained on, and gain experience from these types of projects. Larger engi-
neering and construction efforts are routinely carried out by academic institutions, and the EHT 
benefits from the experience of many members at institutions that have been involved in radio 
telescope projects from scratch. However, the project management controls and processes needed 
for a complex international construction effort will be largely new for the ngEHT project team, and 
will likely stretch the various partner institutions in new ways. 

• Structure of international collaboration and operating model: The EHT is largely a loose con-
federation of international institutions. Observatories provide in-kind contributions of personnel 
time to conduct VLBI observations, and the array is only convened as an array for a distinct two-
week period every year (in addition to a dress rehearsal that typically takes place in January of each 
year). The collaboration handles elements ranging from membership to data rights to publication 
policy to operations planning. The overall structure, organization, governance, and operating model 
will likely evolve over time as the EHT grows from a dedicated experiment into more of a facility-
type model. 

• Complex stakeholder landscape: The EHT could present an interesting case study in stakeholder 
management alone . There are existing sites and partners in the EHT today, some with their own 
joint operating agreements to operate as a single site that need to be considered when operating as 
part of a wider array. There are international funding agencies with competing priorities, timelines, 
and funding opportunities. For new sites, there are regulatory approval agencies with unique re-
quirements in each country where those sites are proposed for development. Additionally, local 
stakeholders in the communities surrounding each site, new and existing, need to be considered as 
the program weighs environmental and cultural impacts throughout the lifecycle of the array. 

• Desire to take advantage of the “splash” momentum of the first black hole image: The first 
image of a black hole produced a big splash. It garnered national attention and personnel who made 
it happen received numerous awards. There is a motivating sentiment within the EHT community 
to take advantage of this momentum and use it to realize a transformational next step for this array. 
This desire and the ambitions associated with it create a unique set of challenges to set the bar high 
enough to be commensurate with another big splash. This also sets high expectations and greater 
pressure on the project team to meet those expectations. 

All of these challenges add up to a truly awesome system of systems opportunity. The ngEHT Program is 
a chance to design a set of stations specifically and primarily for VLBI observation. The sections that follow 
provide a glimpse into how systems engineering tools and techniques have been applied on the ngEHT 
Program, and how the program is positioned to employ systems engineering processes in the next phase of 
implementation. 
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Project Organization 

System Context 
The Array is the heart of the EHT. Its purpose is to perform VLBI observations and supply the resulting 
data for further scientific analysis. Conceptually, it is a collection of radio telescopes distributed around the 
world along with supporting systems to operate it and process the collected data. Yet, this collection is an 
abstract construct: each of the radio telescopes comprising the EHT Array today is itself a separate system, 
designed and built for other millimeter and submillimeter requirements, and operated in a distinct manner 
according to each station’s unique set of stakeholders. To date, the EHT has only assembled for EHT ob-
servations during a two-week window each year, with specific VLBI-hardware and software systems in-
stalled at each telescope to enable these observations. The concept of “the Array” can therefore be confusing 
to draw a boundary around; systems are both a part of the virtual telescope that comes together for a part 
of the year and their own observatory that exists outside the context of the EHT. For the purposes of this 
system design project, both contexts are important views. Figure 4 shows one view of the system context, 
focusing on the most critical relationships and stakeholders influencing the Array as it exists in both EHT 
and non-EHT environments.  

The ambition of this program presents yet another new aspect of complexity: new sites with new partners 
that are purpose-built for the VLBI science identified through stakeholders of the ngEHT Program and the 
EHT Collaboration. Whereas to date, only existing telescopes have joined the EHT, in the near future, new 
sites will be built to meet key science goals of the ngEHT and EHT communities. This added complexity 
means the Array will be further heterogeneous, comprising a mix of not only many different existing tele-
scopes, but also new sites that are fully built through the implementation phase of this program. From a 
systems engineering perspective, this hybrid mix of “existing plus new” places even more importance on 
defining “the system” accurately. The tools and language used to define and manage requirements, archi-
tecture, and behavior need to account for this hybrid mix. 
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Figure 4. System context diagram for the EHT Array, showing major relationships between the 
array and the stakeholders influencing the design, development, and implementation of new 

array capabilities. 

The figure above models the EHT Array at the center as the “system of interest,” with each line representing 
a major relationship between the EHT Array and external elements. Each of these external elements is a 
grouping of stakeholders. The outer ring of this group contains the primary stakeholders that influence the 
design, development, and implementation of the EHT Array. These groupings, and their relationships with 
the EHT Array, are defined in more detail below. 

EHT Collaboration 
The EHT Collaboration is an established international collaboration that sets the governance, policies, and 
processes to use the EHT to produce black hole science. Relevant stakeholders include all EHT members, 
who, by joining the EHT, agree to follow the codes of conduct, data access and publication policies, and 
overall direction of EHT leadership. Many EHT members are a part of EHT working groups, which are 
teams of experts oriented around specific domain expertise, working collaboratively to produce science 
results and methods. The EHT Science Council (SC) is another body of stakeholders composed of EHT 
members. The SC provides scientific guidance to EHT leadership, and occasionally to the publication com-
mittee. This group has also, historically, served as a conduit for concerns about scientific culture and climate 
and ethics within the collaboration. The EHT Management Team manages the execution of activities 
within the EHTC (observations, logistics, near-term instrumentation upgrades, interactions with sites, etc.). 
Finally, the EHT Board is a committee of EHT members appointed by the collaboration to represent the 
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interests of EHT members and each institution of the collaboration, and to oversee the activities within the 
EHTC as a whole. 

Existing Observatories 
The term “Existing Observatories” applies to the telescopes in the EHT Array today that join EHT obser-
vations. Existing observatories may be either single dish telescopes or array telescopes. The primary stake-
holder of these telescopes are typically the institution that operates each telescope (a full context view of 
all stakeholders of each telescope would be too complex to fit in a single diagram; therefore only the oper-
ating institution is shown in Figure 4). These observatories and their abbreviated codes are listed below:  

• Single Dish Telescopes 
o Kitt Peak (KP), Kitt Peak, Arizona 
o Submillimeter Telescope (SMT), Mt. Graham, Arizona 
o South Pole Telescope (SPT), Antarctica 
o IRAM 30m Telescope, Pico Veleta (PV), France 
o James Clerk Maxwell Telescope (JCMT), Mauna Kea, Hawaii 
o Large Millimeter Telescope (LMT), Volcán Sierra Negra, Mexico 
o Greenland Telescope (GLT), Thule Air Force Base, Greenland 
o Atacama Pathfinder EXperiment (APEX), Atacama, Chilé 

• Array Telescopes 
o Atacama Large Millimeter / Submillimeter Array (ALMA), Atacama, Chilé 
o Submillimeter Array (SMA), Mauna Kea, Hawaii 
o Northern Extended Millimeter Array (NOEMA), Plateau de Bure, France 

Correlation Centers 
Crucial to the data processing of the EHT Array are the Correlation Centers, which take in raw data from 
the telescopes, filter out the noise, and find coherence signals between pairs of telescopes, or baselines. 
EHT data today is correlated in two centers: the MIT Haystack VLBI Correlator and the Max Plank 
Institute for Radio Astronomy VLBI Correlator. An additional correlation site at the Massachusetts Green 
High Performance Computing Center (MGHPCC) Cannon Cluster is proposed as a new addition to help 
process an order of magnitude more raw data with the enhanced EHT Array. 

New Sites 
Expanding the capabilities of the current EHT Array to meet the ambitious science goals outlined in the 
Science Traceability Matrix (STM) requires filling in the uv plane with new telescopes in strategic locations 
around the world. These new locations are defined as “New Sites” here. Extensive study has determined 
the best locations of these new sites (Doeleman, et al., 2023), factoring in the existence of an active obser-
vatory for ease of construction and lower cost, and optimal science return. New sites include: 1) sites with 
already-built antennas that will join the EHT Array with new instrumentation, 2) sites with antennas and 
instrumentation which are currently under construction by existing partners of the EHT, and 3) sites with 
newly-built antennas that are new partners to the EHT. These sites and their abbreviated codes are listed 
below: 

• Sites with already built antennas that will join the EHT Array with new instrumentation: 
o Owens Valley Radio Observatory (OVRO), Owens Valley, California 
o Haystack 37m (HAY), MIT Haystack Observatory, Massachusetts 

• Sites with antennas and instrumentation which are currently under construction by existing partners 
of the EHT 
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o African Millimeter Telescope (AMT), Gamsberg, Namibia 
o Large Latin American Millimeter Array (LLAMA), Atacama, Argentina 
o Korean VLBI Network (KVN), comprising three telescopes: KVN Yonsei Radio Obser-

vatory (KY), KVN Ulsan Radio Observatory (KU), and KVN Tamna Radio Observatory 
(KT); Korea 

• Sites with newly-built antennas that are new partners to the EHT 
o Canary Islands (CNI), Teide Observatory, Tenerifé, Spain 
o San Pedro Mártir National Astronomical Observatory (OAN-SPM), Baja California, Mex-

ico 
o Las Campanas Observatory (LCO), Atacama, Chilé 
o Mount Jelm (JELM), Wyoming Infrared Observatory, Wyoming 

Application of Systems Engineering 
The ngEHT Program has been designed following a systems engineering approach that emphasizes rigorous 
analysis of the interactions and interfaces between components and traceability from high-level requirement 
to design detail. A dedicated systems engineering team serves as the “connective tissue” between engineer-
ing disciplines and the science team, ensuring shared understanding of the needs and goals of the system 
and well-documented decision making. Maintaining a singular and consistent “source of truth” for require-
ments, architecture, and V&V will be critical as the program moves into an implementation phase with 
many different subsystems developed by many different partners. 

Systems-Driven Process to Define Key Science Goals 
A primary goal of the systems engineering process employed by the project team is to understand the nature 
of the relationships between top-level science goals, the requirements hierarchy, and elements of the system 
architecture. Armed with this understanding, and with tool-assisted capabilities for analyzing these rela-
tionships, it is possible for the team to: 

• Understand which science goals and associated performance metrics are associated with specific 
requirements and system functions 

• Rapidly identify the downstream impacts of proposed changes in science goals or requirements 
• Develop V&V test suites that can objectively show coverage of specific science goals 

But first, the team needed to define its key science goals that would drive performance targets for the array. 
Though the stated vision (“from still images to movies of black holes”) was a compelling rallying cry and 
a logical next step in the high level output of the array, there was no real consensus at the start of the project 
around the specific measurement and observations required to produce a scientifically compelling movie. 
What defines a worthwhile movie that justifies a potentially one hundred million dollar investment of pur-
pose-built VLBI infrastructure? Three frames of an image? Ten? Thirty? How do the changing astrophysi-
cal parameters surrounding a black hole collide with the very real operational constraints of weather at 
every site of the array, observation cadence and duration, performance, and logistics? Further, the study of 
horizon-scale dynamics only represents a subset of the possible science that can be done with imaging 
analyses. What kind of science was possible from a ground-based imaging array for additional black hole 
sources, beyond M87 and the Sagittarius A* black hole in the center of our Milky Way galaxy? 

To begin, the project team organized the community of interested scientists into eight different working 
groups, and tasked them with coming up with a prioritized list of science goals. Within each working group, 
scientists made a case for particular goals (and associated array requirements needed) through presentations, 
white papers, and used supporting simulations of array performance to understand and convey what was 
possible within a reasonable parameter space. Defining that parameter space was a product of a parallel 
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effort from a small group of scientists and engineers within the project team. This was a critical step to give 
the science working groups constraints—even if they were merely informed guesses at first—to have a 
clear place to start from. 

Guided by the systems engineering process shown in Figure 5 below, the project team facilitated an iterative 
process to refine science goals and gain community consensus on priorities. This involved three interna-
tional science meetings, each of which was open to the full physics and astronomy communities (i.e., no 
prior membership in EHT was required to participate), and many rounds of analysis. 

 

Figure 5. ngEHT systems engineering design process flow, from science goals through final 
design 

This process ultimately resulted in the definition of a series of Key Science Goals, organized by science 
theme: 

Fundamental Physics: 

1. †Establish the existence and properties of black hole horizons 
2. †Measure the spin of a Super Massive Black Hole (SMBH) 
3. Constrain the properties of a black hole's photon ring 
4. Constrain ultralight boson fields 

Black Holes & their Cosmic Context: 

1. †Reveal Black Hole-Galaxy Formation, Growth and Coevolution 
2. Determine how supermassive black holes (SMBHs) merge through observations of sub-parsec bi-

naries 
3. Connect SMBHs to high-energy and neutrino events within their jets 

Black Hole Accretion: 

1. †Reveal how black holes accrete material using resolved movies on event horizon scales 
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2. †Observe localized heating and acceleration of relativistic electrons on astrophysical scales 
3. Detect frame dragging within the ergosphere of a rotating black hole 

Jet Launching: 

1. †Determine whether jets are powered by energy extraction from rotating black holes 
2. †Determine the physical conditions and launching mechanisms for relativistic jets 

Transients: 

1. Measure the inner jet structure and dynamics in black hole X-ray binaries 
2. Detect the kinetic power, physical structure, and velocity in extragalactic transients 

New Horizons: 

1. Detect proper motions and secular (CMB) parallaxes of Active Galactic Nuclei (AGN) up to ∼80 
Mpc distances 

2. Leverage AGN accretion disk megamasers to measure their AGN host properties 

Each of these key science goals is classified as either “Threshold” or “Objective.” Threshold science goals 
define the minimum target. Objective science goals are additional major science opportunities or stretch 
targets. Here, a dagger (†) indicates a “threshold” science goal. 

The Science Traceability Matrix 
For each of the Key Science Goals, the highest level operational and technical performance targets for the 
array are presented in detail in a dedicated special issue of Galaxies with an associated summary publication 
(Johnson et al., 2023). To aid the decomposition into structured requirements, the key science goals and 
their performance targets are formally captured in the ngEHT Science Traceability Matrix (STM). 

This NASA-specified tool was selected for use due to the concise way in which it shows how science goals 
and objectives trace to system requirements. The systems engineering and science teams worked closely 
together to assimilate the community-sourced science objectives into explicit statements that link science 
goals to measurement requirements, operational configuration, and array performance. Figure 6 provides a 
high-level summary of the full STM. 
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Figure 6. Condensed Science Traceability Matrix for the ngEHT Program, highlighting the 
connection between key science goals, operational configuration, and array 

Science Requirements Modeling 
Though the STM is highly organized, providing an efficient and powerful view of the needs of science 
stakeholders, it does not easily integrate into modern requirements management tooling. To achieve this 
integration, and therefore gain traceability from science to system requirements within the program’s re-
quirements management system, the most constraining performance required from the science cases in each 
science theme was identified. Stakeholder requirements were then defined, again for each science theme, 
using appropriate requirements language; what results are the L0 Science Requirements, since L0 is defined 
as the top level of the model hierarchy; see the later section on “The System Model”. 

These requirements have been further refined through evaluation by an external panel of experts during a 
formal Science Requirements Review and a subsequent System Requirements Review. They join other L0 
Program and Operations requirements to form the complete set of L0 Stakeholder requirements for the 
program. 

The System Model 
The system model is the single source of the definitions of many of the elements that need to be managed 
by the systems engineering process. This covers the entire V-model including requirements, architecture 
elements (e.g., systems, interfaces, interactions), and V&V (verification and validation). Other activities 
such as risk management are part of the systems engineering process, but do not have direct reflections in 
the system model. 
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Requirements are maintained using Jama Connect. They have been organized into logical groupings based 
on the type of requirement (functional or non-functional) being specified. These requirements drive the 
architecture of the system and its constituent lower-level systems, subsystems, and components. The rest 
of the system model is maintained using Cameo Systems Modeler and model-based Systems Engineering 
methods. Verification and validation artifacts are created in these tools to maintain linkage with require-
ments at each level. 

The system model is organized into four main levels: 

• Level 0 – System of Systems 
The level at which stakeholders have influence on or are affected by the ngEHT program 

• Level 1 – Systems 
The top-most elements of the architecture that have system requirements defined 

• Level 2 – Elements (components of the Systems) 
These arise from initial functional analysis of the L1 systems where related functions are grouped 
into elements and identifying where natural or beneficial interfaces exist 

• Level 3 – Subsystems (components of Elements) 
These are a further decomposition of L2 elements which are considered too complex or risky to 
specify as a single architectural element 

 

Figure 7. EHT system-of-systems Product Breakdown Structure (PBS) 

While a single black-box system solution could have been considered, the decomposition into separate 
systems is considered to have advantages over that approach. Analysis of the types of things exchanged 
among the external interfaces of the overall system (the frame of Figure 8) shows that there are some distinct 
elements that could be better handled by separate systems. 
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Figure 8. EHT system-of-systems solution architecture 

The Array is captured as a separate system from Operations to separate the concerns (and therefore re-
quirements) of operating the array to perform an observation from the functional, performance, and other 
concerns of performing the observations. 

Likewise, the Governance system is treated separately to avoid specifying requirements on the Array for 
determining which observations should be performed. Additionally, the nature of how the EHT engages 
with the public and other entities is undefined at this stage of development. Separating the specification of 
the Array from these matters is intended to reduce the development risk of the Array. 

The Array and Data Analysis systems are separate due to the expectation that the way data from specific 
observations is analyzed may differ based on the science goal or other factors. It is possible that not-yet-
developed analysis techniques may be used or required to meet science objectives, but that do not require 
the Array to do VLBI observations any differently. As with Governance, this separation allows the Array 
to be specified and designed in isolation from the specific details of post-observation data analysis. 

Figure 9 shows a precise cross-discipline logical architecture of the L1 Array system. This architecture 
captures the logical subsystems of the system of interest and specifies interfaces (not shown in the figure) 
to determine how these subsystems shall inter-operate with one another and integrate into a whole. Defin-
ing the logical subsystems serves the purpose of establishing the work-breakdown structure (WBS) in the 
systems engineering project. 
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Figure 9. Product Breakdown Structure (PBS) showing system decomposition of the L1 Array 
system 

Traceability 
Much of the power of MBSE methods arises from the relationships established between elements 
of the system model. Manual and tool-based analysis of these relationships enables immediate and 
low-effort evaluation of the impact of changes and the requirements coverage of verification suites. 
The model acts as the single source of truth for the definitions of the requirements and the system 
design. To achieve this, a relationship schema needs to be defined for the system model. Figure 
10, taken from the Jama Connect requirements management tool, shows the schema employed for 
the ngEHT Program. 

 

Figure 10. System model element relationships 

Direct access to a system model, while powerful, does not meet the wider needs of the project. Only a small 
fraction of the team are practitioners of MBSE and able to efficiently work directly with the MBSE tools. 
To make the information in the system model accessible to the larger engineering and science teams, doc-
ument artifacts are generated. Figure 11 provides a snapshot of the document hierarchy at the current stage 
of the project, while Figure 12 shows examples of these interconnected relationships within the model. Note 
that the relationships between document types mirrors the relationships between the elements of the system 
model. 
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Figure 11. Document traceability tree with examples of project artifacts at each level of 
abstraction 
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Figure 12. On the left, the allocation of functions to array subsystems is shown as derived from 
functional analysis. On the right, how elements of the array satisfy L1 array system 

requirements. 

Conclusions 
At the time of this paper’s submission, the project has just completed its Conceptual Design Review (CoDR) 
in October 2023 and is now hard at work developing a proposal that will fund the implementation of the 
project vision. The systems engineering approach has been instrumental in providing clarity to stakeholders, 
confidence in the array design, and the appropriate level of process and structure to manage the complexity 
of this very ambitious project.  

The landscape of the ngEHT Program is in some ways unique and poses challenges not seen in systems 
engineering efforts geared towards more traditional projects such as the development of a commercial prod-
uct. However, the tools and methods used to manage complexity in an academic environment are common 
to any project entering into a stage of growth from fast-paced, bootstrapped breakthrough to enterprise-
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level, multi-dimensional implementation scale. The approach to identify stakeholders and harness commu-
nity buy-in through tools that provide a system-level viewpoint (e.g. system context diagram, science trace-
ability matrix, system architecture model) can be applied on just about any project where the connection 
between goals and designs is not immediately apparent, and long-range visions require some translation 
between ambition and actionable plans.  

When done properly, systems engineering can become something that is not only begrudgingly accepted 
but actively championed by scientists and other stakeholders if approached on common grounds. Scientists 
are highly analytical, objective, and logical. The logic and analysis of a systems approach can appeal on 
these common grounds. One approach that has been used effectively on the ngEHT Program is to convey 
the need to apply a corresponding level of rigor and discipline to designing both the project and the system 
itself as is needed to achieve breakthrough scientific results. In other words, complex science that pushes 
the limits of an exciting new field requires a system and processes to manage that complexity that is com-
mensurate with the challenge at hand. 
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