Barriers in the Research Data Lifecycle:
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e Barriers Compound: Gaps at each stage amplify downstream - e.g., poor planning hinders FAIR sharing
e Legacy Systems: Many workflows still rely on disconnected, manual, vendor-specific tools
e At-Risk Data: Without persistent IDs or metadata, up to 80% of scientific datasets become unusable in 5 years
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Fragmentation Across Lifecycle Stages

Manual Disjointed
Handoff Risk Tools
Knowledge loss Separate systems
between increase transition
researchers/labs errors

No Closed

Loop Sequential

Processing

Anﬂl}:jEIErII'!EIghIE Linear data flow
on't inform @ causes delays
planning d

Northwestern

EXPLORING INNER SPACE



Metadata Inconsistency & Provenance Gaps
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Silos and Institutional Inequity

Access Barriers Limit Research Participation
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Manual Curation & FAIR Compliance Burden

Unsustainable Data Stewardship Models
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Reuse & Discoverability Deficiencies

Data Exists - But Can’t Be Found
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Incompatible Instrumentation &
Protocols

e Vendor Lock-In: Every platform (JEOL, Thermo, Hitachi, etc.) uses different control protocols
 Non-Portable Workflows: Protocols and settings are not transferrable
 Fragmented Training: Users must retrain for each platform
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Implications for NUANCE

What's at Stake

e Slowed Discovery: Long time-to-data — long time-to-insight

e Wasted Infrastructure: National investment not fully utilized

e Equity Gaps Widen: Under-resourced institutions fall further behind

e Compliance Risks: Failing to meet FAIR/open mandates can threaten funding

Lost Datasets = Lost Science
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Solutions to Lifecycle Barriers

Systemic Innovation Across the Stack

Al-Guided Design: Reduces trial-and-error and
planning burden

Universal Instrument Control: Vendor-agnostic,
secure, and remote

Federated, Compressed Analysis: Petabyte-scale
computation and similarity search

Automated FAIR Compliance: Real-time metadata,
DOIs, provenance, auditability
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Pathways to a Robust Lifecycle

Framework . .

Adopt APIs & Train Staff & National
Standards Users Onboarding
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NeXxt Steps

Al-Guided Design

Automated protocol optimization,

Universal Control
Different instrument types

multi-modal technique coordination, supported, automated quality

real-time safety validation. assurance, zero equipment damage

(Al safety).

Federated Analysis
100-1000x semantic compression,

Automated FAIR

Standardized vocabularies,
cryptographic provenance, and
cross-institutional discovery.

multi-modal data fusion, and
continuous Al model improvement.
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NeXxt Steps
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ext Steps

An open protocol for connecting Al models to tools, APls, and external context.

p
oooo Al-GENERATED COMMAND
ooon M, “Change to STEM mode utilizing a condenser aperture to have
o, a convergence angle of 30 mrad”
Foa, ‘.l". . I
-
- MULTILAYER SAFETY VALIDATION
. : Confidence: 0.85 Physics: PASS  Risk: HIGH Intervention: YES
ot i....' . L-
.'. #, 1 :
o i,,_. ] ' N
1 SAFETY DECISION LOGIC
/CKT‘D\ F_‘ : Confidence/Treshold (0.85) AND Risk = HIGH
:Q,j ' - : >>> Human confirmation required
\‘t]lb' : Emergency protocols: beam_blank_immediate ) AUTOMATIC INSTRUMENT DISCOVERY
L
I
i I I
5 ¥ ~ N
MCP acts as a bridge between models and the outside world. ' HUMAN INTERFACE SAFE EXECUTION ) 4 : , .
: “Al requested convergence angle of 30 e e Ea el TEM SEM SPM
I . _ mrad” . Instrument Control Model: JEOL ARM300F Model: H8700 Model: Bruker AFM
: “Risk: Potentialelsctron dose increase” Real-Time Monitoring Status: Online Status: Online Status: Online
diss i “Safety confidence:705%" Audit Logging \, J
1 “Approve operation: [¥)/IN] y - -
Response . 1 - H
1 v ..' CAPABILITY ANALYSIS AND SAFETY ASSESSMENT
TEM Capabilities SPM Capabilities
j = Voltage: 40kV-300kV + Scan Rate: 32Hz
= Risk Level: HIGH * Risk Level: Low
i = Safety: Critical » Safety: Basic y
! O E 3 s "
User 1 80 f g DYNAMIC MCP TOOL GENERATION
Prompt ; ; o | APP : : 5 Generated tools with embedded safety validation
E : tem_set_voltage( ) sem_ocquire_image()  spm_acquire_scan( )
; : [safety_validated] [auto_optimized] [damage_prevented]|
e S SR R R R s s - . T T Confidence: 0.95 Confidence: 0.85 Confidence: 0.92
: AR n = . 7
AR =i
p=o MCP TOOL REGISTRATION
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Next Steps

05
Local Acquisition Transfer to Cloud Backup & Provenance Verification
& Watermarking Institutional RDSS Processing Registration Protocol
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NeXxt Steps
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NeXxt Steps

Data and Metadata Storage, Preservation,
Standards and Access

Ensures data consistency Provides secure and
and interoperability accessible data storage
solutions

Acquisition, Federated Analysis,

Processing, and Privacy, and Security
Curation Workflows

Enables collaborative

Streamlines data handling analysis while protecting
from collection to archiving data integrity
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Conclusion & Next Steps

Barriers Are Real - But Solvable:
With the right architecture, culture, and automation

NUANCE at the Vanguard:
Already pioneering solutions, now scaling them

Your Role:
Help shape an equitable, Al-ready, interoperable future of data-intensive science
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