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'// DEFINING THE DATA
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Figure 1: Adapted from Authoritative Source of Truth Figure from
2018 DoD Digital Engineering Strategy.

The Problem 2

« Around 90-95% of data
handling is unknown and
nonstandard (hidden to the
organization).

The Question:

* How can we establish the Digital
Thread (including Model-Based
Definition) if most data is tribal
and undocumented?
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'// DIGITAL THREAD AS AN ENABLER OF VALUE CHAIN [1]

Value Chains

Description

Enterprise Value Chain

The end-to-end organizational
flow of value creation across
suppliers, materials,
manufacturing, logistics, and
operational decision-making,
enabled by the digital thread.

Product Value Chain

A subset of the enterprise value
chain that connects product
design, engineering
development, manufacturing
execution, inspection

Enterprise Value Chain (Digital Thread)

Integrates supplier information, material data,
and manufacturing processes

T
Connects product design, developmen
Processes, and inspection flows
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'// GAPS IN THE DIGITAL THREAD

= Enterprise Value Chain — Many companies have created a value chain for product flow but have not
performed value chaining for data flows. There is a need to improve insights and reduce redundancy and
waste in data collection.

Documented
Knowledge
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// GAPS IN THE DIGITAL THREAD

* Product Value Chain — Much of our product data remains only loosely integrated with the manufacturing
processes used to produce the product.

Gaps in Data Flows [2]

BEFORE: WITHOUT UNIVERSALLY UNIQUE IDs (UUIDs)
(The Problem) o
: Which hole?

Which run? No trace data

You messed up Which 7| No trace linked Data Scientist: Can't
Cone Angle 3 on the |\ feature? /% data link the measurement
L s ) o ] QL] - > e
Specific issue unknown. design.

Data Scientist
Engineer
Operations

Manufacturing PROBLEM

AFTER: WITH UNIVERSALLY PRODUCTION DATA FOUND:
UNIQUE IDs (UUIDs) PLATE::MFG::Hurco04:RUN.01

: x 91a4a85d...
(Th Solution: Full Traceabillity) Alort: T23 foed dev:25.3%

DESIGN DETAILS:

PLATE::GEOM:dia10.000
:1cx85,000::cy46.160

L 59503f8e-0e0b-5da3

p
You messed up

PLATE“NS':’FA'R‘: : II:.’IEISII(SS I see why this happened.
Cone Angle Feed deviation was -25.3¢

abceceft.... R | » on 123 in RUN_01.1'll

5 ° ‘ ) create an alert for future

Value: 88.953° vs tool-change deviations.

90.0° (DEVIATION 02 1 N S

FOUND) ™ Data Scientist alyst: Root Cause Solves

Engineer

Industrial and Systems Engineering 6 B AUBURN UNIVERSITY

Samuel Ginn College of Engineering



'/// IMPLEMENTING THE DIGITAL THREAD

CHALLENGE

1. Capturing tribal knowledge across the
manufacturing enterprise and
transforming it into actionable insights
for continuous improvement

2. Integrating product and
process/operational characteristics into a
unified, interoperable model

CONTRIBUTIONS

DEMA Contribution — Maps enterprise
workflows and data dependencies to
generate operational digital models for
decision support

MBD Contribution — Integrates design,
manufacturing, and inspection data into
a unified lifecycle model

Industrial and Systems Engineering
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'// DEMA OVERVIEW

= Data Element Mapping and Analysis (DEMA) [3]- the first systematic method for the standardized capture,

mapping, and analysis of data threads for digital system understanding and architecture [US Patent
12,131,134]

— Combines traditional functional analysis, systems engineering elicitation, and novel data mapping
techniques to provide a holistic view of a system’s data and information flows down to the data
element level.

— DEMA software was created to facilitate and accelerate the DEMA workflow [funded by the Industrial
Base Analysis and Sustainment (IBAS) office and free for all U.S. federally funded work].

1. FUNCTIONAL LEVEL VIEW 2. DATA VESSEL LEVEL VIEW 3. DATA ELEMENT LEVEL VIEW
Progrem | Progrem
L= {u | E—O0— o
= 1 = Function 2 — (ol Fomens ‘ :

, ) . ) _) u o 12

ool B ) — 2 _'."'"Q "@"

12 I 2 o jre—— O " tngmmerng |
Function § o Functient
a0l

™ rg e [ rgrwer l PR
. Y 0 M 2 1 I 1
Syvtem ' o O
o Verfuatas J “l— O o o |
" A Veldanon
v Fenction } O "

Industrial and Systems Engineering 8 8 AUBURN UNIVERSITY

Samuel Ginn College of Engineering



Vite + React + TS

/ APPLYING DEMA

File Edit View Window Help

1 DEMA Turbine Demo Ram GuttiKonda . B

CIMA4DE Metrics

Showing metrics for the current resolved scope.

Scope

Functional Area A x Activity X x DataElementZ x
Form Waste Level of Automation

76.1% 0%

«
Excess Waste Est. Labor Hrs.

20% 12 hrs.

’
-

Yo
/
I

YT
ANFTA
\ yglz
1\

17 Varlation Media Disruption Index

Fr o
Vs
‘ / 45% 80%

70% 8

N

v;/ va iﬂ"g— - Change Waste Transfer Count
/ ~

\
A

Separation Waste Disparate Location Count

72% 3

Manual Intervention Waste Manual Intervention Count

M” - 100% -
/‘//ﬂll/ﬂlim& e

: PR Tk =

mfﬂ ',7'7— \\ = 1 y 7 : S Starage Waste Form Count

— W/ﬂ ' ,' . 0% (user input = 5) 2

=Y (I <7\

S ir'.‘“\!‘": ( < \\\ :clur Access Needs ;ala Element Instances
/) I’ ~>‘a\ﬂ \ L .

X ' f First Pass Yield Index Unique Data Elements

4 METRIC BREAKDOWN LISTS FOR

SYSTEM KEY DATA THREAD Q&A

Industrial and Systems Engineering 8 AUBURN UNIVERSITY

Samuel Ginn College of Engineering




DEMA DECISION INTELLIGENCE PLATFORM

DEMA maps decision-critical data & dependencies

Transform SME knowledge into Al-ready enterprise models

DEMA — Decision Data Intelligence Platform

Subject Matter Build the Al-Powered
Expert Interviews Organizational Decision Graph Decision Intelligence

v SME Interviews Identify
Bottlenecks

7

v Process & Decision Mapping

+~ Connect Data Vessels & Elements

-~ S

+ Al-assisted reconciliation

v Guided interview workflow

J v Auto-generate the DEMA Decision Graph Identify
. . : ; \’.,-Critical Data
. - l Turn Tribal Knowledge into Gl e e
a Executable Digital Models =

SME Interview Data

DEMA Decision Graph

M . A
Applications Powered by the DEMA Decision Graph
Process Optimization MBSE / Digital Operational Digital Enterprise Process & Al Copilot
with Measured ROI Engineering Models Twins Ontology Models for Organizational Knowledge

& (o) S SR

DEMA enables - Faster process improvement - Al-ready enterprise knowledge -~ Reduced decision latency
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'// DEMA DECISION INTELLIGENCE PLATFORM

Current State Short Term (2027) Ae Vision \

<+ DEMA software % Final DEMA software <» DEMA Decision Intelligence Platform
<+ Walks user through % Walks user through DEMA % Full capability of previous DEMA
DEMA interviews and interviews and automates . . .
A the mappings. software with built in applications
automates the mappings. < Calculates CIMA4DE metrics. to enable Guided DEMA, LORE,
** Calculates CIMADE 2 Multi-user desktop Digital Twin creation, and the
metrics. application. export of executable models.
% Single user deskto * il
: g| i P % DEMA LLM reconciliation % Customized for different industries:
application. tool across interview results. . ]
%+ Cameo Plugin for DEMA SysML * Al generated reports for * Defense and government

.0

Models (MBSE) recommended process ®
improvement plans.

Healthcare

»

>

<+ DEMA results can be exported

+
0.0

Small-and-medium sized

from software and inputted < Users can import data from
into any Gen Al to est‘:sblish Guided DEMA interview session. manufacturers
LORE. s+ Complete Cameo Plugin for DEMA % Sales

SYSML Models (MBSE oo Others

o

» DEMA results can be exported
from software and inputted into
any Gen Al to establish LORE.
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DEMA WITH SYSML-BASED ARTIFACTS
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'// LORE (LEARNED OPERATIONAL REFERENCE ENVIRONMENT)

ChatGPT
%" Highest ROI Opportunity
If I had to give you ONE directive:
Improve how requirements and CAD data are structured and transferred

This will:

* Reduce downstream errors
* Reduce bottlenecks

e Improve overall system flow

If You Want to Go Further

| can now:
e @ Show manual handling specifically on bottleneck nodes
o @ Identify manual + high betweenness (highest ROI fixes)
* @ Highlight these directly on your graph

Just say:

- “tombine manual + bottlenecks”

= "show automation opportunities”

..and I'll take you to the next level ¢

6 PLo

+  Ask anything ¢ o
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DTAF: Digital O

DTC Capability Periodic Table

| |
0. Use Case Suitability 1. Functional Mapping & Analysis
1. DT Business Requirements Generator
2. Data Vessel Mapping & Analysis

2. DT Capability Selector

UNIVERSITY

3. Data Element Listing & Analysis
3. Capability Analysis

Framework

What we build (Art of the Possible + Capabilities)

DTV is performed each step (E,- 4R Frailework If simulation is required
This material is based on research sponsored by the Office of the Under Secretary 1. Representation
of Defense for Research and Engineering Strategic Technology Protection and (e1) 2. Replication (e2)
Exploitation, Defense Manufacturing Science and Technology Program under ~ Digital Twin V 3. Reality 7 4S Framework
agreement number W911NF-24-3-0006. The U.S. Government is authorized to 1. Problem Definition & DT Conceptual 4. Relational 1. Modeling
reproduce and distribute reprints for Governmental purposes notwithstanding any ?;'T‘*";eqmmm 'lv 2. Analyzing
copyright notation thereon. The views and conclusions contained herein are those 3. Analysis of Alternatives 3. Predicting
of the authors and should not be interpreted as necessarily representing the official Jseezlg::m;nent Creation & 4. Prescribing

policies or endorsements, either expressed or implied, of the U.S. Government.
5. DT Development Integration

6. Test & Evaluation

7. Realization & Demonstration of
Integrated DT

DISTRIBUTION A. Approved for Public Release; distribution is unlimited. 14




'// THE PROBLEM: DISCONNECTED MANUFACTURING
DATA SILOS

DESIGN
SILO

STEP / CAD files MTConnect logs
Nominal geometry G-code NC files
Tolerances X Machine telemetry

INSPECTION
SILO

SHOP
FLOOR

CMM measurements
QIF / FAIR reports
X Pass/Fail status

Impact: When a part fails inspection, engineers cannot trace which design feature was affected, which process
operations produced it, or which machine conditions caused the deviation — without manually digging through
three separate data systems.

Goals:
— Integrate and Map MBD Product Characteristics with Operational Characteristics Data Elements

— Perform Root-Cause Analysis of Defects Related to Manufacturing and Inspection Operations

Industrial and Systems Engineering 15 B AUBURN UNIVERSITY
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'/// APPROACH TO ENHANCING THE MODEL-BASED
DEFINITION

Concepts of
Operation

Designed

O Stage

Sub-stage
B Software
Quality
Check Points

Process and Product Development Cycle
Digital Certification

Data Formats

Manufacturing
(digital to physical)

As-
Planned

Manufacturing

Executed

As-
Inspected
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'// UUID V5 — DETERMINISTIC IDENTITY SCHEME

Key property: UUID v5 uses Secure Hashing Algorithm for namespace + seed string. The same namespace—seed
combination always yields the same UUID rather than generating random UUIDs

Any node can be independently reconstructed and verified without querying a central registry. This is essential for a
reproducible, open-source digital thread.

1. Input String:
Seed: PLATE::GEOM::boss contour::dia4.000::cx35.457::¢cz64.160

A variable string that uniquely represents the DESIGN

entity within your application. UUID: 9f5c3d7a-2b8e-5f1a-c8a3-f72b4e9d1c30

Do not use time-based values
Seed: PLATE::OP::OP1::T03

* Use a human-readable pattern
. . . UUID: 27ff14b1-8e3c-5d9a-b4f2-a7c6e5d0f831
* Include location, feature identifiers, and

ration context to impr ifferentiation
ope on context to imp ove differentiatio Seed: PLATE::MFG::Hurco04::RUN 17

2. Namespace:
A fixed UUID is combined with the input string
to ensure uniqueness and distinguish UUIDs

generated across different applications, systems, BRI 20648 (0
or domains.

UUID: c3d7e2f1-5a9b-4c8e-d6f0-b2ad4e7c9d115

Seed: PLATE::INSP::FAIR::Diameter5::SAMPLE 17

UUID: f1a8b3c5-4d7e-5f2a-b9c0-d3e6f7a8b1c4
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'// EXPERIMENTAL SETUP — NIST DATASET [4]

File: *.step File: Part-HurcoO4-NNof20.txt

Format: ISO 10303 geometry Format: Pipe-delimited: timestamp|id|value

Parse: regex on CYLINDRICAL SURFACE + Parse: Filter by Current_Tool, Spindle_Speed, Feed Rate,
Data Elements: XY position, depth, diameter of every Block_Number

cylinder - design node Data Elements: Spindle RPM, feed rate, tool sequence,

runtime per run

G-code / NC QIF / FAIR

File: 827-9999-904, OP*.NC File: *_Results.qif

Format: Hurco CNC dialect, G20 (inches) Format: XML — 1SO 23952 | o

Parse: Tool-change trigger: N### G91 G28 ZO M06 Parse: Charltem - CharNominal - CharDefinition -
. ' actual

Data Elements: Op name, tool number, block range, XY

drill positions Data Elements: Measured value, tolerance, pass/fail per

feature per run

7,522 102

Industrial and Systems Engineering 18 B AUBURN UNIVERSITY
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'// ASSIGNING UUIDS FOR DESIGN, MANUFACTURING,
AND INSPECTION

CAD MES
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/4

DIGITAL ENGINEERING METRICS [3]

Category Metric Evidence / Qutcome
Svstem qualit 3,021 UUID-linked inspection records, enabling full traceability of failures to specific runs
. Y quatity and STEP-defined features
Quality
Defects Cone Angle 3 FAIR FAIL: 88.953° vs nominal 90.0°, traced via UUID to G-code
deviation of —25.3% in Run 01
Time MTConnect runtime captured for each run; avg. 2,380 s/run with 16.4 tool changes
Velocity / N . : . T .
Agility Rework 374 significant deviations identified across 60 runs, indicating elevated rework risk
Ease of making changes [UUID v5 enables automatic relinking of data following design or process changes
User System understanding | Four linked lifecycle views: Design, Process, Manufacturing, and Inspection
Experience Effort 27,894 traceability links generated automatically with no manual curation
Knowledge |Accessibility of All 84 design features accessible across the other three lifecycle domains via UUID-based
Transfer information linkage
Adobtion Project methods / Industry Standard Enabled Digital Thread: STEP — G-code — MTConnect — QIF,
P processes demonstrated across 3 parts x 20 runs = 60 end-to-end threads

Industrial and Systems Engineering
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'// PLATE 4MM BOSS CONTOUR - 3X3 FACTORIAL DESIGN

Mean Diameter Deviation (mm)
from 4.000mm nominal

Short .
- 0.3

% Measurements FAIL
(FAIR inspection, g4mm features)

Short
- 40

5 5
o (=]
= ==
b b
) o
0,
§ F e L% - 30 %
5 S
2 & 67%
Long Long
0.0 Runs 16-18
High Meciium LCIDW High Met:iium Low
Spindle Speed Setting Spindle Speed Setting
0% 67% +0.48mn2i +0.27mm
, Long~+Low mean deviation ..
Short tool fail rate Long+Low speed fail rate frfm 4 000mm nominal Short tool mean deviation
(all 9 speed/feed combos) (Runs 16—18) ' (within tolerance)
tolerance
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// CNC MACHINING ISSUE - TOOL DEFLECTION

Long gauge length + low spindle speed — outward radial deflection during contour pass

Failure Mode 1 — Tool Deflection: Mechanism and Evidence

More overhang — more deflection (b) Max spindle RPM vs. mean diameter deviation
under cutting force at low speed
- - . @ Short tool
D speed = Medium = Low
(a) Deflection mechanism 0.3 ‘.aﬂg% B - b @ Long tool, PASS
@ Long tool, FAIL
SPINDLE SPINDLE Tolerance band
E 0.2
Short £ .‘ﬂ%
gauge £
E
o 15
o 8 (= )
b 3 gauge e 0.1 1 A Rig
) c :
o
= R12
[ —
2
© 4. B20
< 00 T gt Eﬁé— -------------------------------------- @R
@ - o]
o
ES e
+0. 50 z
defle(t'h;n g
o
T —0.11
=
©
@
=
—0.2 4
Shrert-tool
84.000mm PASS
6000 7000 8000 9000 10000 11000 12000

Max spindle RPM (MTConnect)
Root Cause: Long gauge length increases tool overhang, amplifying deflection under radial cutting force.
At low spindle speeds, reduced centrifugal stiffness causes deviation
* The endmill deflects outward during the boss contour finish pass, leaving the bore oversize. Short tool or
high speed — stiffness sufficient — no deflection.

Industrial and Systems Engineering 22 6 AUBURN UNIVERSITY

Samuel Ginn College of Engineering



'// CNC MACHINING ISSUE — TOOL DEGRADATION

Plate o4mm boss_contour — spindle RPM and diameter failure rate

Cone angle systematic failures excluded -

(a) Spindle RPM decline and diameter failures per run

5800 H

Short gauge lLong gauge Op.

5600 —

5400 —

5200 —

5000

4800 -

Avg spindle RPM

4600

4400

—@®— Avg spindle RPM
4200 - [ Diameter failures

- 24

Diameter failure count

T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Run number

30

N
=)

—
Q

Diameter fail rate (%)
@

FAIR inspection
(b) Avg RPM vs. diameter fail rate (r = -0.599)

Short gauge
Long gauge
Operator's choice
High speed

Med speed

Low speed

lom» 111

~18 7 16
®. ©® @
~
~
~

Linear fit (failing runs)

A I 7N

4250 4500 4750 5000 5250 5500 5750
Avg spindle RPM (MTConnect)

RPM explains ~36% of variance: meaningful signal but not the complete story
Critical threshold ~4,577 RPM: failures spike below this level — identified as the danger zone
Implication: programmed speed is an unreliable predictor — actual measured RPM from MTConnect is

required for accurate failure prediction.

Industrial and Systems Engineering
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'// CMM SETUP ISSUES — TOOL DEFLECTION

Distinct from tool deflection: fixture or CMM setup issue, not a cutting parameter effect

63 88.92° —1.08° 0.11°

Cone angle FAIL Mean measured Systematic bias Std deviation
measurements (nominal 90°) (all 20 runs) (very consistent)

CMM Probe —> |

Key Characteristics of Failure Mode:
* Present in ALL 20 runs regardless of tool length, spindle speed, or feed rate

* Consistent —1.08° bias with very low variance (c = 0.11°) — indicates a systematic
offset, not random variation

* All 4 cone angles on the Plate show the same deviation simultaneously

Probing
* Not correlated with any cutting parameter in the experimental design

| » Diagnosis: fixture misalignment or CMM datum setup error — measurement artefact,
Ao NOT a machining defect

vs Failure Mode 1 (Diameter):

* Tool deflection — correlated with Long+Low speed — fixable by changing cutting
parameters or tool holder length.

* Cone angle bias — systematic offset — fixable by CMM/fixture recalibration only.
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'// SUMMARY

DEMA

= DEMA software enables streamlined stakeholder Q& A workflows to support Al-driven decision-making
and estimate ROI using CIM4DE metrics.

= Automates process model generation in SysML to accelerate completion of required models and support
compliance with DoD digital engineering mandates.

MBD

= Provides a methodology for achieving a higher level of integration across design, manufacturing, and
metrology domains.

= The approach is grounded in industry standards, enabling systematic and scalable integration.

= Enable root cause analysis to identify errors originating from both the manufacturing and inspection
processes.

Industrial and Systems Engineering 25 B AUBURN UNIVERSITY
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'// FUTURE WORK: UPSKILLING MANUFACTURING
WORKFORCE IN DIGITAL THREAD

1. Application Scenarios and Data Workflows
Demonstrations

Develop use-cases and demonstrations to showcase
value-added digital thread for timelier and efficient
delivery of new and traditional manufacturing systems

2. Data Element Mapping Integration with Process

Automation Capabilities Interdisciplinary Center for

. o Advanced Manufacturing Systems
Develop tools that automatically support digital thread
implementation and help manufacturers address gaps in

their current data practices. Survey of Top Challenges Facing

Manufacturers (76% SMM) [6]

Access to Capital Competitive i evenue ales. Workforce- || Workforce-

3. Process Intelligence Platform for Role-Specific
Information Delivery m

Capitol  Improvements  Pressure

#1 9% 7% 8% 16% 10% 10% 10% 31%

Provide contextually relevant operational instructions BEE o | o 7 we | 1% 8% =
and visuals to manufacturers stemming from the KM 12% mo | 2w ] we | ww | ww 1%
available data element mapping and analysis
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