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Background

More than a decade ago, systems experts from industry, academia
and government collaborated to develop the SE Leading Indicators
Guide, aimed at predictive assessment of SE effectiveness during the
program lifecycle.

The guide details eighteen leading indicators using the PSM
measurement specification format, and provides useful
measurement guidance and practitioner insights.

The guide, however, was developed under the assumptions of
traditional systems engineering.

With the transformation to digital engineering, the question
arises as to whether these leading indicators are still useful
and what modification may be required.



SE Leading Indicators

Initial set of thirteen

Requirements Trends

System Definition Change Backlog Trend
Interface Trends

Requirements Validation Trends
Requirements Verification Trends

Work Product Approval Trends Selected to align
Review Action Closure Trends with metrics in use
Risk Exposure Trends by organizations

Risk Handling Trends

Technology Maturity Trends

Technical Measurement Trends

Systems Engineering Staffing & Skills Trends
Process Compliance Trends



SYSTEMS ENGINEERING
LEADING INDICATORS Five additional indicators (18 total)

GUIDE Applied Leading Indicator
Implementation Guidance

Version 2.0

® New Appendix A: NAVAIR’s Systems

J 29, 2010 . .
Supersedes il Rloose, Jiie 2007 Engineering Development &
Implementation Center (SEDIC) use
Gy Roadier s i Rhodes of SE leading indicators to develop
it e advanced analysis techniques and
Howard Schimmoller Cheryl Jones .
Lt Coporon g toolkit for Navy programs
Developed and Published by Members of | New Appendix B: Human Systems
LAIE® SEN'-' Integration Considerations
—~ s ® New Appendix C: Early Identification
INCOSE ' of Program Risks

INCOSE Technical Product Number: INCOSE-TP-2005-001-03

Copyright © 2010 by Massachusetts Institute of Technology, INCOSE, and PSM,
subject to restrictions on page
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Contributing Organizations

SE Leading Indicators Guide Version 2.0

BAE Systems
Boeing

Defense Contract Management Agency

International Council on Systems Engineering

General Dynamics
Lockheed Martin
MIT

MITRE

National Defense Industrial Association (NDIA) Systems Engineering Division (SED)

Naval Air System Command

Northrop Grumman Corporation (NGC)

Practical Software and Systems Measurement

PRICE Systems
Raytheon

Science Applications International Corporation (SAIC)
Systems Engineering Research Center

Third Millennium Systems
University of Southern California

US Air Force Center for Systems Engineering

US Army Research, RDECOM-ARDEC

US Office of Secretary of Defense
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Development of Leading Indicator
Measurement Specifications

3474 Architecture Trend Specification

Architecture

Derived Measure Specification

Architecture
Information Need Description

Infermation Evaluates the maturity of an organization with regands 10 implementation and
Mised depliyment of an architectune process that & hesed on an accepled sat of

industry standands and guidelines

= Product Quality
Information *  Process Performance
Category +  Techrobogy Effectivenss

*  Customer Satidaction

Measurable Concept and Leading Insight

Measura bie =+ T4 the process definition based on ndustry accepied standands?
Concept = 4 5F using a defined architecture proces through the keadership of osrtified

architects?

= Do the architecture work products confiormn o an industry accepled Set off
standands?

1. Humber of base mesdures failing o mprove over tims
Derived Measure | 2. Combined bese messure soores

3. Certified anchitects
Msasurement 1 Hurmiber
Function 2 Wesghted Feeage

3. Nuimiler

Indicator Specification

Indicator Lirse chart depicting base measures &t discrete revies points in time.
Description and
Sample
Thresholds and Organization-gependent experience B neaded 1o identify the threshaids and
Outliers outhiers based on comparison to historc project and Systern perfinmances.

Leading Insight

= Indicates wissther the arganieation has an anchibectural process that will

Decision Criteria

Irvesstigate ard potentially take awrertie sotion when the bate meatres do
not all improve over time. Al measnes ane experter] o antessd level 3 by the
tirree that design bexgins.

E’II_IIEL'I.I\'Q avidance mela-data
Associated attributes (e.g., status, maturity - ientified and defined, interval,
Fiilestnms, bype, chuse, everily, et )

Provided as5it in raturing the system design
= Indicates wihather the anganization has e architectural sidll & in orgder o
axarute an archBectral process
= My indicake Riire nesd o different ey o tpe of resounce | skills
= Indicates whether the sychem definition B maturing
= Indicates soheduls ared oost growth rick
Base Measure Specification
1. Comrenitries
2. Capabdity
3. PMars and Produds
4. Pesformancs Mercs
Base Medsures | ¢ o openic Direction
£ Inberfacss and Inmteroperability
7. Data
B, Seturity
Measurement Sell-assessment or independent aporatal
Methods
Unit of Each Base Meatwea had an soocdsted unithes el
Measurement
Entities and Attributes
Felesant ®  hSsegament By
Entities
= Mdgesnr ooitac nfoernation
= Time Interval (2.g., date, Hime, monthly, quarterly, phase, e
s : Djective evideinge that suppor e assesisit kvel sekctel
.

Indicator Lack of progress in any Dase measures over Several periods ndicates weakmess
Inberpretation in the architerting proceas.
Additional Information
Felated = Technical Risk
Procegses w  Pleuirenments s
= Hodaing
= Design
Sell-assesment is perfonmad by experts with adeguate breath of experience and
AU N prerven judament.
Additional = System architerts must work with leadership, subject matter axperts, and
Analysis stakehokdens to build an integrated view of & systen's structure, Srabegy,
Guidance processes, and infonmation assets to performn the assesement.
»  Aisessment experience will ad in applying the messures in 3 consistent
FRARES.
»  Singulss BGecine are b e svoided whenever peasilile
Implementation | » Feoed the metadats and ecamples of ob jecive evidencs that wupports the
Considerations bate meatre level selacted. [This might ndude anchitecture views, and
produdas, security standands, interface standands, etr.) These data help in
recreating of resvaluating the eassscments during laber project phades.
Wsir af 1 ProgramProfest Mansges
Information 2 Chaef Systerme Engineer
3. OCheef Architect
4. Process Lead
5 Architecture Resiew Bosrd
Dats Collection Sep Appendic F
Procedure
Data Analysis Sea Appendsx F
Procedure

Each of the eighteen leading indicators has a specification, developed through empirical investigation, for the
purpose of providing guidance for implementation and interpretation.
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SE Leading Indicators (2010)

Initial set of thirteen + five

Requirements Trends

System Definition Change Backlog Trend

Interface Trends

Requirements Validation Trends * Facility and Equipment
Requirements Verification Trends Availability Trends

 Defect/Error Trends
Work Product Approval Trends . System Affordability

Review Action Closure Trends Trends
Risk Exposure Trends - Architecture Trends
Risk Handling Trends * Schedule and Cost

Technology Maturity Trends Pressure

Technical Measurement Trends
Systems Engineering Staffing & Skills Trends
Process Compliance Trends



Thinking About How Digital Engineering
Impacts SE Leading Indicators (LI)

Potential approach is to use three categories to analyze how
leading indicators will need to be adapted or newly created

Category 1l Digital engineering has minimal
impact on the leading indicator

Category 2 Digital engineering results in
significant changes and additions
to leading indicators measurement
specification

Category 3 Digital engineering provides
opportunities for novel leading
indicators

Additional Information section
of measurement specification
augmented with descriptive
information

Modify and add information to
all relevant areas of the
measurement specification

Generate new measurement
specification and illustrative
graphics of displayed
information



Category 1 Example

Some leading indicators will have minimal Example of adding descriptive information
impact from digital engineering to existing measurement specification

Requirements Validation
: A ted for HSI Considerati
Staff and Skill Trends il

Requirements Validation Rate Trends
Indicates whether expected level Systems Engineering Staff and Skill Trends Information Need Description
of 5E effort, staffing, and skill [ SE Saoline Trends [Tom 1l Understand whether requi are being validated
o e fele It r 4 T I:I ant " SE Stfing Rl (i = Inef:drrnatlon with the applicable stakeholders at each level of the
mix is beingappli ==l - system development.
e based on | —— 1. Product size and stability - Functier] Requirements Vidation Rate Trends
E.l norms for successful 5 ' B e Anformation]] EJK::I:\I::Y relate to Product Quality Informati D: I.::eed Descri ha 7
jects/plans. = ) Category performance (relative to effectivene] psr with the that, across a,
- I I N | fiiciency of validation) s . system o 185.:"'
+ aporshortfall of o I Measurable Concept and | — Ins - Understand whether requirements are being validated with
f egaporshortrall o = 1 . Measurable | The rate and progress of requirements v Need the applicable stakeholders at each level of the system
effort, = ! perien 4| . Concept development. _ _ _
that may lead to inadequate or Provides early insight into level of unders b e and stabilty — Functional Size and
late SE outcomes customenfsser neads: 2. Also may relate to Product Quality and Process
" T - - - e — Leading sIndicates risk to system definition due td Information g ¥ ; ity .
. . .l . Insight understanding of the customer/user need Category gfﬁ;ﬂ:;‘e}(rem“ to effectiveness and efficiency
- L - 1 Provided Indi risk of schedule/cost overruns y
ffing can be compared changes, or user dissatisfaction 3. Product success relative to applicable HST
ted availability In this graph, effortis shown in regard to Measurable Concept and Leading Insight
h life cycleto provide an categories of activities. We can see that Measurable | The rate and progress of requi ictati
arlierindic O O 0 ia = - . nee|
E_"rll ier indication of potential at SRR the data would have shown actual Provides early ineght ko evel of understanding of
FISKS. e E . T customer/user needs:
effort was well below planned effort, and e ehonten 1 1o oy defiition due o nedequete
that corrective action must have been Provided undder\standinf o; th::gslmlrmer.fuser needs
- - . sIndicates ri fcost overruns, post deliv
taken to align actual with planned in the changes, or user dissatisfaction

next month of the proje
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Category 2 Example

Work Product Approval Trends

arovalf.f r Quarte‘r) in resg
to how many rejections there
were for work products before
approval for both internal work
product approvals and external
approvals.

Actual rejections shown with overlay
of expected internal and external
approvals based on historical data

happening, and Enphrc could
include breakdown of root causes
as stacked bars, rather than just
single bar.

Work Product Approval Trends

Changes would be made to many/all areas
of the measurement specification

Wark Product Approval Trends
LEGEND
-l -

APPROVEL

WORK PRODLICTS

May be helpful to use a quad-chart
or other graphical presentation
techniques to look at performance
on related work products

Architecture
Need "PW" Derived Measure icati
Evabontes T Humber of base messires failg 10 mgrove rer tme
Meed deplopment of SChRACird JOCEES O & DASA O 41 O S Derived Messure [ 2 Comtinmd hiase messu
abustry stanc 3 Cortiiod archtects
+ Produt uum T
Information * Provess Performance Function 2 Weghted average
Category * Technology Effectiveness 3
2 _Qustomer Satisfaction _ _ Indicator Specification
ble Concept and Leading Insight Tndcator Ui Chart depictng base fesres 2 Secrete [ oview pOrEs in e,
Measuratie I the process defintion based on sty SCCEpEd SLandards? Description and
Concept 15 SE using a Gefined arChlecture process Ueough the sadership of Certibed | Somple _
archascts? Threshaids and e Breshaads and
Do the anchitecture work rodcts conform 10 n dustry acceptesd set of Outtiers on 1o hetore. progect and system pertormances
standads? tigate srd potentialy action when e
Leading Tnsight |+ lnicates, whethes the organcation 1 an arcutectural process. that wil Decision Criteria -x‘..uo..um.,.. A e SpAIaT o St e 3 Dy e
Provided ass in maturing the system design that
+ Inckates whetherthe crganizaton hs the schasctural skl st derto Tndicator 0 of e b s B s 5 Sl P PR Wt
exese an archeecteal process
Moy nckcate Auture e or (eent vl cx e Of escRrCES / 5408 Additional
* Inates whethes the system definiton & matur ] PR
. » Requirerents Anayss
Base Measure fi - Modeding
TG Deign
2 Capatay Selt-assessiment b performad by exparts i sdeaste bresth of eipience and
3. Flans and Products Assumptions | proven judgment.
4. Peformance Metrics Additionsl System arcHkects st work whh Iscership, sabject matier expert, 300
BaseMessures | 5 Suategic Dvection Ansiysis. 1o bulkd a0 integrated view of 8 Sysenm's Structure, SateGy,
6 Intexfaces and Intescperatniey Guidance o and nformation assets 10 gesfom the asussment.
7. Dea + Fiteatment experence wl s I KoOMiOg the Mekdures n & corsitert
8 Seow
Moasurement | Sali-ssesument or ndepndent sporanal
Methods
Unitol Tt B Moaire 1S 59 S0t s vl
Entities and Attribut
Redevant Aot eveds
Entities
= Assesson cortadt miformation P
+ Tme el (e, dute, ime, monty, quarterty, hase, lc) Archbeture Ao Boand
-~ . ] s selectesd Data Collection | 5o Appencx
—— * Otfative cvoncs meta-Gaa Procedure
+ Astocted strtutes (.9, stats, ity - ertied nd deied, erel Data Analvsis | S Apoerd T
milestore, type. cause, severty, d Procedure
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Category 3
novel or enhanced indicators

e Collaborators working
on second version of
the guide identified
priorities ... but many
were too difficult to
implement under
traditional engineering

e Digital engineering
opens now possibilities
for leading indicators

Stakeholder Priorities for Version 2.0
Actual Version 2.0 indicators

Mew indicators

1. Test Completenes[14]

2. ResourceVolatilimy [ 13]

3. ComplexityChangeTrends[ 12]

4, Defect and Error Trends [11]

5. Algorithm & ScenarioTrends[ 10]

6. Architecture Trends [ & ]

7. Concept Development [ & ]

g. 0% Capabilty Trends[ & ]

g. Productivity [B6]

10. BaselneMgmt[3]

11. SEindex[1] ] Facilities & Equipment Availability
12. Prn:n:lu:tﬂua_lrtl,'[ 0] system Affordability Trends
13. Team Coheson [0] S5chedule and Cost Pressure
14,  End-to-end Deployment [0]

rhodes@mit.edu
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Current/Planned MIT Research

sponsored by Naval Postgraduate School Acquisition Research Program

ACQUISITION
‘“{QS/—W RESEARCH PROGRAM

NAVAL POSTGRADUATE SCHOOL

Phase 1 (2019)

Research Tasks:

Adapt/extend Lis for Model-Based
Engineering and Digital Artifacts

Expert Assessment on Usefulness
Illustrative Application Case

Select publically available model-
based case studies

Show value of Lls in providing insight
into program decisions

NPS Acquisition Symposium paper (May
2020) and Tech Report (Aug 2020)

Phase 2 (2020)

Research Questions:

e How can digital engineering
measurement data be composed
into leading indicators and displayed
to best enable assessment of
engineering effectiveness?

 How can leading- edge techniques
(automated data collection, visual
analytics, etc.) be used to collect and
synthesize measurement data from
digital artifacts and environments?

NPS Acquisition Symposium paper (May
2021) and Technical Report (Aug 2021)



Emerging ...

e Model-based toolsets...potential to generate new
and more extensive data and analytics

e Digital environments enable real-time access,
data on demand, more context information

e |nteractive dashboards more easily created and
populated in real-time

e QOur societal expectations for delivery of
information have evolved

91% of consumers now prefer interactive and visual content over traditional,
text-based or static media. Forbes Magazine, 2018

rhodes@mit.edu



Composability
Composability concerns the selection of elements that can
logically and reasonably be assembled.

 Requirements Trend indicators, for instance, are used to
evaluate trends in the growth, change, completeness and
correctness of the definition of system requirements

e Traditional engineering: requirements are central objects used
for assessing maturity of system definition

e MBSE - there are requirements diagrams, use case diagrams,
activity diagrams, state machine diagrams, parametric
diagrams, and others.

With model-based measurement data, the question arises as to which
measureable data elements can be composed into leading indicators for
engineering effectiveness in model-based acquisition programs.

rhodes@mit.edu



Traditional engineering: What is an example of how leading indicators
have contributed to effective systems engineering on a program?

By monitoring requirements validation
trend, team was able to more
effectively predict SRR readiness

Initially the program had selected a
calendar date, but in subsequent
planning made the decision to have
SRR be event driven, resulting in a new
date for review

Revised date was set based on an
acceptable level of requirements
validation in accordance with the
leading indicator

Had original date been used, it is likely
SRR would not have been successful

100%

90% A

80% A

Volatility Percentage

20% A

T0% -

60% A

50% A

40%

30% A

—s— hew Reguirements

Requirements Volatility: ABC Program

e Trtal

= Dieleted Requirernents
== Revized Requirernents

—— Regrezsion

Metric
Driven
SRR

Planned
SRR
i
]

)

]

]

]

]

]

]
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How Best to Display Leading Indicators?

What
I information?
Pr:ofile Tolerance
~7 Band
. How much
Achieved information ?
Technical To Date
53;’ameter 10 Wi 8 " Variation
alue = .
. . e e e . il | / Threshold Format Of
.g., Weight e . i
B Coamnad - . information?
oa
Milestones
TIME . .
information?

Given composability of measurement data, decision-makers will face increased
complexity in comprehending the information, as well as need to understand the
underlying assumptions and uncertainties in the constituent data elements

rhodes@mit.edu



Leading Edge Technologies

what are the implications and opportunities for
measurement of engineering performance?

Big Data & Human-Machine Computing Digital
Analytics Interface Technologies Manufacturing

Cognitive Data Physics-Based
A Technologies P e Visualization Models |

Virtual Commercial B e Digital
Reality A Cloud =Y Energing 0 : Twin
. Technologies
Augmented Artificial 3D Printing

Reality Intelligence

Source: DoD, Digital Engineering Strategy, 2018, p12

rhodes@mit.edu
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Big Data in Digital Engineering

Digital engineering programs will be faced with dealing
with these aspects of big data —

volume: the magnitude of digital engineering
information

variety: the existence of digitized assets (e.g., pictures,
drawings, etc.) that are not in themselves models

velocity: rapid information flow (e.g., operational
digital twins sending information back to the digital
system model)

veracity: uncertainty inherent in model data (e.g.,
artificial data from simulations, incomplete data,
subjectivity in models).

rhodes@mit.edu



Finding from Prior Research

Program managers looked at measure from perspective of,
..what decision can | make with this?

Systems Engineering experts evaluated measures from

perspective of
..how useful is this measure in elevating system issues and

how difficult is it to gather the data to track this measure?

Open research question:

How can we personalize the
information displayed?

rhodes@mit.edu 20



Visual Analytics in Digital Engineering

As engineering becomes model-based, the available information to draw on to
generate measures of effectiveness is vast and complex.

 Visual analytics is e ..itis foreseeable that decision-
fundamentally about makers could be presented with
large amounts of data that
would be cognitively challenging
to comprehend and find patterns

collaboration between a
human and a computer using

visualization, data analytics, that could be used to judge
and human-in-the-loop effectiveness of engineering on
interaction an ongoing program

e More than just tools, VA

aims to take advantage ofa  ° knowledge and recent
human’s ability to discover advancements in visual analytics
patterns and drive inquiry to may offer significant support in

) £ d processing and displaying
make sense ot data measurement data

rhodes@mit.edu



Interactive Dashboards

Measurement dashboards used, but largely as static display of information.

e Visual analytics and interactive
technologies provide
opportunity to create dynamic
dashboards that enable a
decision-maker to be able to
interact with the data

* Provides more transparency to
underlying data, enabling
development of understanding
and trust in the information

rhodes@mit.edu

Vitello and Kalawsky (2012)
state the “guiding process in
visual analytics is a synergy
between interactive
visualization and automated
analysis of the data”

Thiruvathukal et al. (2018)
shows potential for using
open source software
repositories in the
development of software
metrics dashboards



Summary

Imperative for engaging systems
community, as for prior effort

Initial step — re-examine and augment
current set of SE leading indicators

Follow-on research to investigate
advanced indicators and applying
new technologies

rhodes@mit.edu
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PRACTICAL SOFTWARE AND SYSTEMS MEASUREMENT

Adapting Systems Engineering Leading Indicators for Digital Engineering

Workshop Objectives

1. Re-initialize a community effort on
leading indicators in context of digital engineering

2. Gather expert insights and perspectives to inform
new research on this topic

Open question: should there be Llis for digital engineering and
LIs for traditional engineering, or common indicators?

PSM September 2019



PRACTICAL SOFTWARE AND SYSTEMS MEASUREMENT

Goals of the Workshop

ldentify existing leading indicators (as-is and/or useful if
adapted) - published in current SE Leading Indicators Guide
-perceived useful in model-centric/digital engineering

1. Share insights/experiences with novel adaptation/new
measures of effectiveness of SE in model-centric (digital
engineering) programs

2. ldentify areas where potential new leading indicators
could be beneficial to program leaders in assessing SE
effectiveness in digital engineering programs

PSM September 2019



PRACTICAL SOFTWARE AND SYSTEMS MEASUREMENT

Workshop Background

« PSM has been a co-leader on developing prior leading
Indicators and publication of the guide

- MIT, INCOSE and PSM share the copyright

e Initial activity targeted at augmenting the existing guide
for digital engineering

 Need to identify longer term effort and roadmap for
generating, publishing and disseminating a new guide

- Includes usability testing of leading indicators

PSM September 2019



PRACTICAL SOFTWARE AND SYSTEMS MEASUREMENT

Intended Output

e Prioritized list of existing leading indicators that are
candidates for being adapted

e Top 5 proposed new leading indicators to
augment/replace existing leading indicators

e Insights on what information program leaders need
to assess engineering effectiveness as unique to
digital engineering/environments

PSM September 2019



	Slide Number 1
	Motivation
	Background
	SE Leading Indicators�Initial set of thirteen  
	Slide Number 5
	Contributing Organizations�SE Leading Indicators Guide Version 2.0
	Development of Leading Indicator �Measurement Specifications
	SE Leading Indicators (2010)�Initial set of thirteen + five 
	Thinking About How Digital Engineering Impacts SE Leading Indicators (LI)
	Category 1 Example
	Category 2 Example
	Category 3�novel or enhanced indicators 
	Current/Planned MIT Research�sponsored by Naval Postgraduate School Acquisition Research Program 
	Emerging …
	Composability �Composability concerns the selection of elements that can logically and reasonably be assembled.
	Traditional engineering: What is an example of how leading indicators have contributed to effective systems engineering on a program?
	How Best to Display Leading Indicators?
	�Leading Edge Technologies�what are the implications and opportunities for measurement of engineering performance? 
	�Big Data in Digital Engineering�
	 Finding from Prior Research
	Visual Analytics in Digital Engineering�As engineering becomes model-based, the available information to draw on to generate measures of effectiveness is vast and complex. 
	Interactive Dashboards�Measurement dashboards used, but largely as static display of information. 
	Summary 
	Slide Number 24
	Adapting Systems Engineering Leading Indicators for Digital Engineering �Workshop Objectives
	Goals of the Workshop
	Workshop Background
	Intended Output

