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Disclaimer

* |dentification of commercial systems does not imply recommendation
or endorsement by NIST

* |dentified commercial systems are not necessarily the best available
for the purpose
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The Digital Thread Concept

Digital Thread

4

4

Design Fabrication Inspection

Information sharing across the digital thread can improve the overall

performance of the product design and manufacturing process

M. Helu, T. Hedberg (2015) Enabling Smart Manufacturing Research and Development using a Product
Lifecycle Test Bed. Procedia Manufacturing, 1, 86-97. DOI:10.1016/j.promfg.2015.09.066.
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Lifecycle Information Framework

Product Lifecycle Data

Qualit Customer &
y Product
Assurance

Data Certification and Traceability

Root of Trust, Key Distribution, Cryptographic Services, Data Quality Services

Design and implement reference solutions to collect rich data to
support technology development and transfer
Domain-Specific Knowledge Decision Support Requirements Management

Diagnosis, Prognosis, and Control

T. Hedberg, A. Barnard Feeney, M. Helu, J. Camelio (2016) Towards a Lifecycle Information Framework
and Technology in Manufacturing. J. Computing & Info. Sci. in Eng. DOI:10.1115/1.4034132
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* PLM solutions: o
+ CAx: CAD, CAE, CAM, etc. ey I
ngineering focused;

* PDM Relatively expensive
e V&V

e Operations solutions: f
: Mixture of IT and OT;
Devices, SCADA, PLC Lack of integration
* MES, MOM across control levels
* ERP

Integration of heterogeneous solutions across the product lifecycle for SMEs and

larger organizations

M. Helu, T. Hedberg (2015) Enabling Smart Manufacturing Research and Development using a Product
Lifecycle Test Bed. Procedia Manufacturing, 1, 86-97. DOI:10.1016/j.promfg.2015.09.066.
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NIST Smart Mfg. Systems Test Bed
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* Reference architecture and implementation
 Rich source of data for fundamental research
* Physical infrastructure for standards and technology development

e Demonstration test cases for education

-

Test Bed

A 4

A 4

A 4 v \

CAx Lab

(CAD, CAM, CAl, Data
Mgmt, Data V&V)

Manufacturing Lab

(Plan, Fabricate, Public Web Service Private Web Service

Inspect, Monitor)

-

&

y

Pl

y

CAx Systems

CAD Tools Machine Tools
CAM Tools § Inspection

73 Equipment
CAl Tools > Pq P

o roduction
PDM TOO'S HE_ Mgmt System
V&V Tools Data Aggregator

S —— -

M. Helu, T. Hedberg (2015) Enabling Smart Manufacturing Research and Development using a Product

Lifecycle Test Bed. Procedia Manufacturing, 1, 86-97. DOI:10.1016/j.promfg.2015.09.066.
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Data Collection and Aggregation

Fabrication _ Inspection

Dynamic
== J Scheduling &

Process Control

As\Designed 12 AsPlanned €2 As Executed w
L 2 J
~< I Y

’
/

N

Monitoring + Diagnosis + Prognosis

engineering m. M. Helu, T. Hedberg (2015) Enabling Smart Manufacturing Research and Development using a Product
Lifecycle Test Bed. Procedia Manufacturing, 1, 86-97. DOI:10.1016/j.promfg.2015.09.066.
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Manufacturing Data Architecture

I - ;
I ——> Volatile Data Stream 1

Data Collection/ | | i
I Persistence / —I—> Query-able Friemal 4
I . . I Database Repo.  Data i

Contextualization | 1 Access |
| /—I—> Data Packages .

* Designed as a four-tier
architecture l

_________________ 4
- -
(Optional) Time Delay ] Private |
- Intranet |
o ) e N
Implemented across three W
Data Collection/ | |} H
. -abl Internal !
n EtWO r kS Perswten'ce / —i—> gzte;ga:e liepo. Data E I
Contextualization | 1 Access |
_ 2 Databackages 1]
-

I

I

I

I

I

I

I

I

| T
* Provides segregated access to T Optonab Kil swieh | i

I

I

I

I

I

I

I

I

w

internal and external clients [ | Equipment

Data Aggregation / Network
Contextualization

Physical Devices

M. Helu, T. Hedberg, A. Barnard Feeney (2017) Reference Architecture to Integrate Heterogeneous Manufacturing
engineering m Systems for the Digital Thread. J. Mfg. Sci. & Tech., 19, 191-195. DOI:10.1016/j.cirpj.2017.04.002. I - Y _ _
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* Shop-floor IT and OT systems Physical Devices

|
Data Items 1...n

* External sensors and equipment

* Any additional sources of data

Add-on Sensors

' |
' |

I I .

| Powermeter I Production — ‘
' | | Management

! | Systems ‘
| Accelerometers I \

' |

I I |
' |

' |

Thermocouples

____________ C) nMetric’

Smarter scheduling

engineering = M. Helu, T. Hedberg, A. Barnard Feeney (2017) Reference Architecture to Integrate Heterogeneous Manufacturing
Systems for the Digital Thread. J. Mfg. Sci. & Tech., 19, 191-195. DOI:10.1016/j.cirpj.2017.04.002.
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Tier #2: Aggregation

¢ Aggregates and contextualizes Data Aggregation /
service data Contextualization

Physical Device

* Provides data protocol ‘
translation

e Supplies data and information @
structure for underlying services

M. Helu, T. Hedberg, A. Barnard Feeney (2017) Reference Architecture to Integrate Heterogeneous Manufacturing
Systems for the Digital Thread. J. Mfg. Sci. & Tech., 19, 191-195. DOI:10.1016/j.cirpj.2017.04.002.

fiojesoqe| m



NIST

National Institute of

Standards and Technology

Ti e r #3 : Del ive ry U.S. Department of Commerce

4 )
* Processes and contextualizes Data Collection/
data for delivery to client e
. J
| J
* Caches content for efficient Devices 1...m
performance @ @ @
MTConnect Agent
* Enables further development

through data analytics ‘

Parsed XML
Documents

M. Helu, T. Hedberg, A. Barnard Feeney (2017) Reference Architecture to Integrate Heterogeneous Manufacturing
Systems for the Digital Thread. J. Mfg. Sci. & Tech., 19, 191-195. DOI:10.1016/j.cirpj.2017.04.002.
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—:% \olatile Data Stream

1
1 Query-able Data
: Database Repo. Access

* Responsible for data delivery :
—1—> Data Packages

<?xml version="1.0" encoding="UTP-

<MTConnectDevices xmlns

9 1.3" xmlns="

C . t I b I . t . d
(] xmlns:xsi="http://www.w3.org/2001/XMLSchema~i * xsi:schemaLocation="urn
/schemas/MTConnectDevices_1.3.xsd">
s <Header creationTime="2016-09-02718:55:222" sender="mulder" insta: version="1.3.0.16" assetBufferSize="1024"
assetCount="0" bufferSize="131072"/>

< <pevices>
<Device id="Mazak03"

<Description manufac
<DataItems>

1 <Dataltem category "dtop_2" name="avail® type:

) <Dataltem category “Mazak03_asset_chg" typ

! <Dataltem category="EVENT" id="Mazak03_asset_rem" typ
</DataItems>

me="Mazak03" uuid="mtc_adapter004">

NIST Time | NIST Home | About NIST | Contact Us
MNIST urer="Mazak® model="QTN">Mazak Quickturn - Mazak Quick Turn Nexus 300</Description>

Engineering Laboratory :_—,_:_Ii:_ 2

AbOW EL ¥ Publications  Topic/Subject Areas

AVATLABILITY" />
ASSET_CEANGED" />
ASSET_REMOVED" />

s v s

You are viewing the Volatiie Data Stream (VDS) camponent of the NIST Smart Manufacturing Syt
Please visit the SMS Test Bed Information Page for more informatian.

: ! <Components>
Smart Manufacturing Systems Test Bed ; <Axes id=‘base_3" name=‘base">
i <Dataltems>
Volatile Data Stream { <Dataltem category="CONDITION" id="base_4" name="servo_cond" type="ACTUATOR"/>
ll </Dataltems>

" coordinateSystem="MACHINE® id="X_6" name="Xabs” nativeUnits="MILLIMETER" subType="ACTUAL"

+  creationTime: 2016-04-05T14:48:522 POSITION"/>

"PERCENT" type="LOAD" units="PERCENT"/>

sender: mulder

2 MILLIMETER/SECOND" type="AXIS_FEEDRATE"
L] * nglenceld: 1453677175 units="MILLIMETER/SECOND" />
- version: 1.3.0.16 2 S/DRCARCam,
- 2 </Linear>
*  bufferSize: 131072 2 <Linear id="%z_10" name="2">

<Dataltems>
= <DataTtem category="SAMPLE" coordinateSystem="MACHINE® id="Z_11" name="Zabs" nativeUnits="MILLIMETER® subType="ACTUAL"
firstSequence: 83262 type="POSITION" units="MILLIMETER"/>

nextSequence: 214354

- .
[ ] <Dataltem category="CONDITION" id="Z_12" name="Ztravel” type="POSITION"/>
* lastSequence: 214353 % <Dataltem category="SAMPLE" “Zload" nativeUnits="PERCENT® type="LOAD" units="PERCENT"/>
= 0 s <pataltem category="SAMPLE" "2€rt" nativeUnits="MILLIMETER/SECOND" type="AXIS_FEEDRATE"
L] units="MILLIMETER/SECOND" />
X . N x: </Dataltems>
Device: NIST-SMS-TestBed-5Axis; UUID: nist_testbed_GF_Agie_ </Linear>
Rotary : A " <Rotary id="C_15" name="C">
ki <Dataltems>
Samples % <Dataltem category: " id="C_16" name="Cload" nativeUnits="PERCENT" type="LOAD" units="PERCENT"/>
<Dataltem category: " id="C_17" name="Cfrt" nativeUnits="DEGREE/MINUTE" type="ANGULAR_VELOCITY"
t Deriai wu‘suh Trpe| Nama | Id ‘seque“' unl(s:ln!sns/sgfgm}-;z te " id="C_18" "Cdeg" t. Units="DEGREE" bTY] "ACTUAL" t: "ANGLE" ts="DEGREE" />
p—— s ataltem category id= name="Cdeg" nativeunits subType= ype= units=
016-04-05T14:11:29.684741Angle ACTUAL _ ApositionA_92207523 .. atatten catemore C 19" name="Ctravel® type="ANGLE"/>
Rotary : €
Samples
[ i Type Sub Type| Name | Id Value|
[2016-04-05T12:48:28.634451Angle ACTUAL _ [CpositionC_90181108 __ 0.0278|
Davice : NIST-SMS-TestBed-SAxis
Events
- Sub
Timestamp Type Type Name 1d Sequence  Value
[2016-04- . .06_FEM-
b5T14:10:55.190783 AssetChanged GF_Agie_1_78_asset_chg 207479 oo
2016-04-
D5T03:32:55.5760372 :AS&E!RB’“DV&U | | FF_AQIE_]_?E_ESSEt_rEmEQ UNAVAILABLE|
[2016-04- -
D5T11:11:21.617246 Availability | avail dtop_79 .123411 -AVMLABLE
[2016-04-
D5T11:11:21.617353 EmergencyStop| estop dtop_80 123412 ARMED

engineering m. M. Helu, T. Hedberg, A. Barnard Feeney (2017) Reference Architecture to Integrate Heterogeneous Manufacturing
Systems for the Digital Thread. J. Mfg. Sci. & Tech., 19, 191-195. DOI:10.1016/j.cirpj.2017.04.002.
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Data is the Gateway to further Insight...

Many manufacturers — especially SMEs —
believe that they understand their
performance until confronted with real data
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New Insights by Leveraging Manufacturing Data
Refining information Higher-Value Use Cases

e Detailed machine states * Predictive maintenance

* Additional context to support * Prognostics

correlation and diagnosis

* Dynamic scheduling

. Addi’.cional. conte.xt to support - Business support (spare part
multiple viewpoints provisions, RFPs)

* Workforce augmentation

M. Helu, B. Weiss (2016) The Current State of Sensing, Health Management, and Control for Small-to-Medium-
Sized Manufacturers. Proc. ASME MSEC 2016, V002T04A007. DOI:10.1115/MSEC2016-8783.
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Data Contextualization

* Process of combining different types of data to provide a more
complete perspective of some phenomenon

* Quality of information extracted from data depends on
appropriateness of context developed during data curation

e Appropriate context depends on viewpoint

W. Z. Bernstein, T. D. Hedberg, M. Helu, A. Barnard Feeney (2017) Contextualizing Manufacturing Data for
Lifecycle Decision-Making. Intl. J. PLM, 10(4), 326-347. DOI:10.1504/1JPLM.2017.090328.

=
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Viewpoints across the Product Lifecycle

General Role

Lifecycle Stage Broad Focus
Design Features Define features to meet requirements of form, fit, and
function of part
Planning Capabilities Organize a set of capabilities executed through different
processes to create features of part
Manufacturing Processes Implement processes with maximum productivity to
create features of part
Inspection Characteristics Compare characteristics of manufactured feature to its

definition in design

(*) Context needed within each lifecycle stage may not be uniform

(*) Decision making tends to focus on one viewpoint in one lifecycle stage
(*) Decisions can impact larger portion of product lifecycle

engineering m W. Z. Bernstein, T. D. Hedberg, M. Helu, A. Barnard Feeney (2017) Contextualizing Manufacturing Data for
Lifecycle Decision-Making. Intl. J. PLM, 10(4), 326-347. DOI:10.1504/1JPLM.2017.090328.
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Digital Technologies Provide Opportunity!

* Growth and accessibility of IT in manufacturing:
* Smart manufacturing
 Digital manufacturing
* Cloud manufacturing
* Cyber-physical systems

Internet of Things (3) Decision-making support

Industry 4.0

(1) Interoperability across enterprise and life cycle
(2) Generation of actionable intelligence

* New opportunities to advance manufacturing:
* Improved productivity

* Ensured first-pass success (1) Many solutions available
* Augmented workforce development

e Reduced costs

(2) Historically limited market penetration

=> Difficult to navigate breadth of options

M. Helu, B. Weiss (2016) The Current State of Sensing, Health Management, and Control for Small-to-Medium-
Sized Manufacturers. Proc. ASME MSEC 2016, V002T04A007. DOI:10.1115/MSEC2016-8783.
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* Define use case
 What are my requirements?

+ Identify supported devices Connectivity is insufficient

* What data do | have access to?

e Evaluate network infrastructure
 How can | access and manage that data?

Understand what you

hope to accomplish!

* Execute integration activities
* Who will | need to support my goals?

http://www.mtconnect.org/getting-started/
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Long-term success is predicated on
developing an appropriate
that enables the

collected from devices

engineering =
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Example of Data Management Requirements
* General description: * Features:

* Product functions * VDS and QDR

* User characteristics * Data curation

* Operating environments e System administration
* Interfaces: e Others:

* User * Performance

* Hardware * Reliability

e Software * Availability

* Communications Security

Maintainability

M. Helu, T. Hedberg (2015) Enabling Smart Manufacturing Research and Development using a Product
Lifecycle Test Bed. Procedia Manufacturing, 1, 86-97. DOI:10.1016/j.promfg.2015.09.066.
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Further Implementation Challenges

 Different data formats and data and communications protocols
* Need for process-related information to provide full context

e Large variety of equipment age and computational power

* Obsolete operating systems

 Large data volumes over large range of temporal scales

* Demanding limitations of physical environment

* Need for extensive time synchronization

M. Helu, T. Hedberg (2015) Enabling Smart Manufacturing Research and Development using a Product
Lifecycle Test Bed. Procedia Manufacturing, 1, 86-97. DOI:10.1016/j.promfg.2015.09.066.
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Example of Physical Implementation

Machine Tool

CNC Sensors

Machine Tool

CNC Sensors

N
N

m \\/ired

===== \Nireless

Computer

NIST

National Institute of

Standards and Technology
U.S. Department of Commerce

Private
Web
Services

FIREWALL

Public
Web
Services
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Example Bill of Materials

 (1x) Dell Precision T1650

+ Machine Tool Upgrades
 (1x) Cisco IR809 router
 (4x) Cisco Dual Radio 802.11AC AP POE

* (4x) Cisco SG100-24 24 Port Gigabit Switch

 (5x) Cisco SmartNet Service Contract (for router + APs)

 (2x) 1000-ft, 23-AWG CAT6 500 MHz UTP Solid, Riser Rater (CMR), Bulk
Ethernet Bare Copper Cable

* (4x) CAT6 Plug Solid with Insert 50U, 100 pcs/bag
* (4x) RJ-45 Color-Coded Strain Relief Boots (50 pcs)
* (1x) Netgear FA411 16-Bit PCMCIA Network Card (10/100 Mbps)

 Various hardware items (e.g., double-sided tape, strain-relief tabs)
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Additional Resources

* General NIST SMS Test Bed Info: https://smstestbed.nist.gov/

e Documentation:

* Design and configuration of the smart manufacturing systems test bed:
https://dx.doi.org/10.6028/NIST.AMS.200-1

» Reference architecture to integrate heterogeneous manufacturing systems for
the digital thread: https://dx.doi.org/10.1016/j.cirpj.2017.04.002

» Software requirements specification to distribute manufacturing data:
https://dx.doi.org/10.6028/NIST.AMS.300-2

* Email: smstestbed@nist.gov



https://smstestbed.nist.gov/
https://dx.doi.org/10.6028/NIST.AMS.200-1
https://dx.doi.org/10.1016/j.cirpj.2017.04.002
https://dx.doi.org/10.6028/NIST.AMS.300-2
mailto:smstestbed@nist.gov
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Additional Resources

* MTConnect:

General information: http://www.mtconnect.org/

Normative documentation: http://www.mtconnect.org/documents
Informative resources: http://www.mtconnect.org/resources
Open-source tools and demos: @ http://www.github.com/mtconnect
Reference Agent: https://github.com/mtconnect/cppagent

* MTConnectR package for analysis of MTConnect data:
https://cran.r-project.org/web/packages/mtconnectR/index.html

e STEP (ISO 10303-242): https://www.iso.org/standard/57620.html

* QIF: http://qifstandards.org/



http://www.mtconnect.org/
http://www.mtconnect.org/documents
http://www.mtconnect.org/resources
http://www.github.com/mtconnect
https://github.com/mtconnect/cppagent
https://cran.r-project.org/web/packages/mtconnectR/index.html
https://www.iso.org/standard/57620.html
http://qifstandards.org/
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Thank you for your kind attention!

Moneer Helu

Systems Integration Division
Engineering Laboratory
NIST

moneer.helu@nist.gov




