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Presenter
Presentation Notes
With this briefing,  we want to convey the background and the results of cost research we conducted over the past four years.
As the title states, the briefing will describe the to-date, end product of our analysis which is a simple parametric model that can estimate RDT&E $ for large-scale systems.  But it is much more, too.
We believe this research is important because it demonstrates that 
documents normally produced during the DoD acquisition process, such as Information Support Plans, Capability Development Documents, and Capability Production Documents, provide incredibly useful, system-engineering-based information for cost analysts,
DoD Architecture Framework products can be a data-engine for applied-cost research, and
meaningful cost estimating relationships can be developed with explicit sensitivity to DoD’s ever-expanding interoperability requirements. 
Before we start, we want to acknowledge our appreciation to Mr. Robert Flowe for his continued, enthusiastic support of this research.
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Presenter
Presentation Notes
Our briefing will address the following items:
Notional Problem Statement
Research History
Data
Analytical Hypothesis
Analysis / Results
Conclusions
Backups


I 50ti0na| PrOblem Statement: Introduction to Nodes & Links

To set the stage for our F Sensors | I Image Communlcatlons
cost research, consider a Payload Capture Re|3)’ Payload

This appears to be a

notional cost estimating Payload straight-forward cost
problem that we believe is “E'ntemﬂ toﬁm\/ system |estimating problem, but,

. ith time, the definition of
typical for modern-day Payload! Payload Payload with time t“e © t,? °
systems status & __ Status & S the system “expands.

The number of Nodes and
Links increases because

Video
When first describing a new L

system, it is not unusual to
understate the degree of
interdependence that will be
required. For instance, the

problem might initially look
like this.

Unmanned Air Vehicle with

| .additional sources of data
are needed by the UAY,
and

2. other systems require or
desire the data the UAV
will be able to provide.

As a result, interoperability
requirements increase, the
interdependence picture

|.five new, primary
components, i.e., Nodes

2.four communication m

. . Control becomes more complex,
transfer paths, i.e., Links S ST
m and the cost estimating
problem becomes
significantly more difficult.
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Presentation Notes
To set the stage for our cost research, consider a notional cost estimating problem that we believe is typical for modern-day systems.
When first describing a new system, it is not unusual to understate the degree of interdependence that will be required.  For instance, the problem might initially be assumed to be an Unmanned Air Vehicle (UAV) system that consists with five new, primary components, here called Nodes, and four communication transfer paths, here called Links
This appears to be a straight-forward cost estimating problem, but, with time, the definition of the system “expands.”
The number of Nodes and Links increases due to two primary reasons which are
In order to satisfy its full set of requirements, additional sources of data are needed by the UAV, and
other systems require or desire the data the UAV will be able to provide.
As a result, interoperability requirements are more numerous than originally thought, the interdependence picture is more complex, and the cost estimating problem becomes significantly more difficult.



iiotional Problem Statement: Expansion of Nodes & Links Concept

The current, expanded UAV . 3 :
tem is pl-1S Sensors

7S % Payload Capture | gy Relay Payload

. at least fifteen primary Nodes Payload

(some Nodes such as %Iobal Positioning = ﬁlnmrnalm UAYV system

“Manned Platforms” might Payload [ Payload Pyiend

represent several distinct 3l
Nodes, and we believe more

Image Communications

UAV/payload

Nodes will be identified as the — IFF D Lo status & data
hmm‘ Location
system definition is refined) Platforms o >< >
. . “Shooters” E Payload
2. five new Nodes, six legacy FF
” Interrogation
Nodes, and four “future Flight >€

legacy” Nodes trol C°"t"°' > o
contro Right E
3. at least thirteen Links (see the Clearance
«ctica .

Nodes comment above),

4. five uni-directional Links and
eight bi-directional Links

5. two security levels, four
media types, several
throughput rates, etc., etc.

This is becoming a more and more difficult problem; we are confronted with
increasing scope and uncertainty of the system’s interdependence requirements.
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Presentation Notes
The current, expanded UAV system is very different than the original UAV system:
at least fifteen primary Nodes
	(Some Nodes such as “Manned Platforms” might represent several distinct Nodes, and, based on history, we believe more Nodes will be identified as the system definition is refined.)
of the fifteen Nodes, five are new Nodes, six are legacy Nodes, and four “future legacy” Nodes, meaning that they do not yet exist,
at least thirteen Links,
	(See the Nodes comment above.)
of the thirteen Links, five are uni-directional Links and eight are bi-directional Links
We now also know that we must consider two security levels, four media types, several throughput rates, and many other system constraints.
These changes mean that the UAV system is becoming a more and more difficult problem.
We are confronted with increasing scope and uncertainty of the system’s interdependence requirements.


B O e
Research History

Obijective:

To understand the behavior of Development cost (RDT&E $) as a function
of the complexity of a system and its interdependencies with other systems;
improve our ability to estimate RDT&E $ and avoid cost growth.

Our research was initiated in 2003 and is still ongoing; we have adjusted our
focus and emphasis to address sponsor issues and concerns.

Currently, we are sponsored by Robert Flowe, ODUSD(A&T)/SSA

Other sponsors who have participated in the research are:
Office of the Deputy Assistant Secretary of the Army for Cost and Economics
Air Force Cost Analysis Agency
Office of the Secretary of Defense, Program Analysis and Evaluation

Our principal investigators are
Robert Flowe, ODUSD(A&T)/SSE
Dr. Maureen Brown, University of North Carolina
Dr. David Zubrow and James McCurley, Software Engineering Institute
Robert Jones, Paul Hardin, and Michael Jeffers, Jr., and Anna Irvine, Technomics, Inc.
Gary Eiserman and Ajay Choudhary, Raytheon Virtual Technology Corporation
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Our objective is to understand the behavior of Development cost (RDT&E $) as a function of the complexity of a system and its interdependencies with other systems; improve our ability to estimate RDT&E $ and avoid cost growth.

Our research was initiated in 2003 and is still ongoing;  we have adjusted our focus and emphasis to address sponsor issues and concerns.
Currently, we are sponsored by Robert Flowe, ODUSD(A&T)/SSA
Other sponsors and principal investigators have participated in this research.


HQ—
Data

. Information
Requrements | 7| Engneering || Spport Pln
d gineering (DoDAF Data)
Mandatory and external to our process
" Nodes and
Nodes and Links
—>  Links —> p.o
Taxonomy (DoDAF Ov2 ; . golura-e
. delection
Problem > 3 Extrtion
emen | 4. Organization
RDT&E $ 5. Validation
and
> Schedule
Data

The next several slides explain the data we use, our sources, our specific data
selections, our data extraction processes, how we organize our data, and how we
validate our data.

But, first, we need to explain Nodes and Links.
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Presentation Notes
The next several slides explain the data needed for our research, including Nodes, Links, RDT&E $, and Milestone schedules.
Since your understanding of Nodes and Links is critical, we will spend a bit of time explaining their meaning and the taxonomy we use.



e Nodes and Links Taxonom_y

Systems
Node, NI N2
L L1 T
Ns/re«———>Ns/r
L5
L4 L2
N/ > N
N3 N4
< Link > Potential Lin£

Nodes, N = an element of architecture that produces, consumes, or processes data.

Ttem Vake

Systems Nodes, N

Send/Receive Nis/r 3

Send, Nis 0

Receive, Nirr 1

Total, Nt 4
Links, L

Uni- directional, Lud 2

Bi- directional, Lbd 3

Total, LT D

Metcalfe Number, L tMax 6 |

IntegrationDensity, L1/L1tMax 5/6
Links per Node, L7/Nt 5/4

Send / Receive Nodes, Ns/r = A Node that both sends and receives information.

Send Nodes, Ns = A Node that sends information.

Receive Nodes, Nr = A Node that receives information.

Links, L = A representation of the physical realization of connectivity between Nodes.

Uni-Directional Links, Lud = A Link with a uni-directional information flow.

Bi-Directional Links, Lbd = A Link with a bi-directional information flow.

"Simple Parametric Model for Estimating Development (RDT&E) Cost"
2009 ISPA/SCEA Joint Conference
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The basis for the definitions of Nodes and Links is DoD Architecture Framework Version 1.5 Volume I: Definitions and Guidelines, 23 April 2007.
Nodes, N, are an element of architecture that produces, consumes, or processes data.
We consider Nodes in three categories: 
Send / Receive Nodes, Ns/r = A Node that both sends and receives information.
Send Nodes, Ns = A Node that sends information.
Receive Nodes, Nr = A Node that receives information.
Links, L, are a representation of the physical realization of connectivity between Nodes. 
We consider Links in two categories:
Uni-Directional Links, Lud = A Link with a uni-directional information flow.
Bi-Directional Links, Lbd = A Link with a bi-directional information flow.
In our original research concept, buoyed by the DoDAF documentation, was to consider several Node and Links parameters in addition to the above categories.
We later found that inconsistency across data source for Nodes and Links did not support the original concept.


& Nodes and Links Data

I. Source: Information Support Plans (ISPs), Capability Development
Document (CDD), and the Capability Production Document (CPD),
specifically data provided by Department of Defense Architecture
Framework (DoDAF) products. (See Slides 12 and 13)

2. Selection: DoDAF System View 6 (SV-6) and Operational View 2 (OV-
2), supplemented with other views. (See Slide 14)

3. Extraction: Via a specialized MS Excel worksheet. (See Slides 15 and 16)

4. Organization: Database of thirty-three+ ACAT |, Il, and Ill programs
along with SV-6 extracted and calculated data.

5. Vdlidation: Via consistency checks across the DoDAF views and
“Integration Density” analysis. (See Slide 17)

An SV-6 is a table of data. (See Slide 16.)
An OV-2 is a schematic showing the major system components. (See Slides 3 and 4.)
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Having explained the meaning and taxonomy of Nodes and Links we can now explore our data sources, our specific data selections, our data extraction processes, how we organize our data, and how we validate our data.


= Linkages Among DoDAF Views

All-Views

Describes the Scope and Context (Vocabulary) of the Architecture

Activities/
Tasks .
Operational
= View, |
Identifies What N.ee'ds To
Be Done And Who Does It

Information Flow

Operational
Elements

(9 Views)

< é “ y Standards Rules

(2Views

-

Systems Data Flow
Systems Technical
(16 Views) Relates Systems and S . : (2Views)
s t‘é. e Prescribes Standards
shcrdlal Stsai and Conventions
Operational Needs
Communications Conventions
Based on DoD Architecture Framework Version 1.5 Volume |: Definitions and Guidelines, 23 April 2007.
Technomics "Simple Parametric Model for Estimating Development (RDT&E) Cost"
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This is a macro-level schematic of the three DoDAF view categories and how they are related.


vl.5 Architecture Produc

€S. 1 o2

Scope, purpose, intended users, ervdronment depicted, anal yptical findings
Al Wiew A Orverview and Summary Information Tes
[Architecture data repository with definitions ofall terms used in all
Al e A2 Integrate d Dictionary Yes products
HighHevel graphical textual description of operational concept
. High-Level Operational Concept
Operatioral O- ) Yes
Graphic
o 4 Node © Cperational nodes, connectivity, and infrmation exchange need lines
q erat on; ode Connectivi
Operatioral a2 P E Yes between nodes
Description
Irfarmation exchan ged be tween nodes and the relevant attributes of that
. Operationd Infarmation Exchange b
Operatioral Cv-3 ) Yes e hange
Matriz
Crganizational, role, or other relationships among organizations
Operatioral Chv4 Organizational Relationships Chart Tes
Capahilifies, operational activities, relationships arong ac fivities, inputs,
Operatior‘ral -5 Operationd Activity Mo del Tes and cutputs; overlays can show cost, performing nodes, oF other
pertine nt inormation
Cne of three products used to describe operational activty—identiies
Operatioral OY-6a  |Operationd Rules Madel Yes business rules that constrain operation
Cne of three products used to describe operational activty—identiies
. Cperationd State Trarsition .
Operatioral oV -6h Yes buziness process responses 1o events
Description
e of three products used to describe operational actisty—1traces
Operatioral O -6 Cperationd Event-Trace Description ez actions in a scenario or sequence of events
Docurnentation of the syetern dat requirements and structural business
Operatioral o7 Log cal Data Mo del Yes process rules of the Operational view

oduct Name

neral Descripton

. Lizting of standards that apply to Systemns and Services Mew elements in a
Technical ) )
TY-1 Techrical Sandards Profile ez ziven architecture
Standards
. Description of ererging standards and potential irpact on current
Technical ) - )
TV -2 Techrical Standards Fore cast Systems and Serdces View elements, within a set of time frames
Standards

DoD Architecture Framework Version 1.5 Volume [: Definitions and Guidelines, 23 April 2007.

A Techno

mics

DEcison M
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This is a partial summary of the architecture products described in DoDAF v1.5.


Identification of spsterns nodes, systerns, systern items, services, and

Fystems and ipt ]
75 5Y-| Systems Interface Description Serices “fes service iterns and their interconnections, within and between nodes
Sarvicas Interface Description
Syeterns nodes, syetemns, systerniterns, services, and service iterns and
Systems and Systerns Communicatiors Description ) -
[ ] ) o D Ve th eir related cornrnunications la-downs
Sarvicas Services Commurications Description
Sysrams and Systemns-Systerns Matrix Services- Relationships among systems and services in a given architecture; can be
b ) 53 Systerns Matrix Services-Serd ces ez designed to show relationzhips of interest, &g, system-type interfaces,
Services Mhatriz planned we. existing interfaces, etc.
Func tions performed by systermns and the sy tem data 1ows amaong systern
Systemns and )
Sarvi SY4a Systerns Functiondity Description func tiohs
arvices
Func tions performed by services and the servce data 1ow among serice
Systemns and )
e SY-4b Services Functionality Description Tes func tiohs
arvices
Mapping of system fnctions back to operational activties
Systemns and S5 Operationd Activity to Systems
-Ja
Sarvicas Function Traceability Matris
Mapping of spstems back to capabiliies or operational activties
Systemns and SR Operationd Activity to Systems
Services Traceability Matrix
Mapping of services back to operational activ tes
Systemns and S5 Operationd Activity to Services v
-oc s
Sarvicas Traceability Matrix
Provides detils of syetern or service data elements being exchan ged
Systemns and Systemns Data Exchange Matrix . .
Vg Corvices D Exchanae Matri Ve between systemns or services and the attributes of that exchange
Sarvicas ervices Data Exchange Matrix
S}'Stems o Systerns Performance Parameters Performnance charac teristics of Systems and Sarvces Wiew elemeants for
. V-7 Matrix Serdces Performance Tes the appropriate time frame(s)
Sarvices Farameters Matrisc
Gyet d X . Fanned incremental steps toward migrating a suite of systems or services
P el ] Systems Evalution Des cription Ve to 2 more efficient suite, or toward evolving 2 current system to a future
Sarvicas Services Evolution Description i lementation
Emnerging technologies and softwareshard ware products that are expected
Fystems and ]
75 59 Systems Technology Forecast Serices Ve to be availablein a given set of time fames and that will affect dture
Sarvices Technology Fore cast development of the architec ture
S ] s Aules Model Servi Al Cne of three products used to describe systemn and serdce
b W-l0a ytem s es Plodel servces Bules Ve func ionali tr—identifies cons fraints that are imposed on systemsiservices
Services Mo del func ionali ty due to some aspect of systerns desigh or implermentation
S ] s s T on D . Cne of three products used to describe systemn and serdce
75 - 0b yetem s State Transiion Ues eription Ve func ionali tr—identifies responses of a systernferdce to events
Sarvicas Services State Trarcition Description
S ] . Cne of three products used to descrbe system or serdce
75 ) SY-0c S}vstfms Brert-Trace Descn.pu.on “fes func fionali ty—id entifi ice-specific r nts of critical
Services Services Event-Trace Description sequentes of events described in the O perational Yiew
Phiysical imnplementation of the Logical Data Model entities, &3, message
Systemns and )
. ; -l Physi cal Schema Ve formats, file structures, physical schema
arvices
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This is a partial summary of the architecture products described in DoDAF v1.5.


Sources of Data

CIJCSIA212.01E
15 Diecembker 2008

Our primary sources of DoDAF

. 10C FOC
data, i.e., the ISP, the CDD, and A B C
: Coscert | TecHMoLosy | SvsTew DEVELOSMENT PropucTios & Oreramions &
the CPD’ are requ'red (re.beated) OO0 5000 Rerisewent| DeveLoewent | & DewowsTramon DEFLDTMI:HIF'H: SUPFORT
documents for all programs. = LA =
JCIDS Pre-Systams Acquizlls 5 Sosainmant
Some DoDAF data advantages Procees Il Capaoing
. CJCSI 3170/8212 Document (12 A
are. A VIAgERCY DISA [JITC)
Review PN g Teeing TEEer
|. use of standard, suggested A A A A
Program Milestones = WD E * WD ‘. =
templates, FOR |

2. directly-relatable to = Pmcefff?“%
requirements, leereris 50 et b s el
3. products of systems Reviedise [II| |- csosesm “m:’*“.ﬂ'“ p— ot | ; ot er e
engineering processes, S——— %%’;‘: =
4. provide integrated, multi- Jpasted iSe i osof e crte comm

dimensional views, and Space Program A A A A A men
Milestones KLE A KOE 5 KLE C Final Suid Approva KDP 5 Mext noement
5. enable cross-program ntal e S a
. S
comparisons. ot 155 D
And’ Software PaCkages are Figure B-l.Ezlldnn:hjpé::;:ﬁ]:ﬂ]:r::inisil:inl, JCIDE, and T&S
available to insure consistency of B-5 Enclosurs B
the DoDAF data and products.
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As noted, our primary sources of DoDAF data, i.e., the ISP, the CDD, and the CPD.
First among these sources is the ISP since it is required by all programs, and it is generated at both Milestone B and Milestone C.
This characteristic means that eventually we could have both the initial and final versions of the DoDAF products.
Some important advantages of the DoDAF data products are:
They are collected and embodied in standard, suggested templates.
They are directly-relatable to system requirements.
They are a result of systems engineering processes and practices.
They provide an integrated, multi-dimensional view of the system.
They enable cross-program comparisons.
And, finally, commercial software packages are available to insure consistency of the DoDAF data and products.



= DoDAF Products vs Data Sources

The ISP, the CDD, and the
CPD provide an assortment of
DoDAF products that reflect
an integrated picture of
operational and system
capabilities.

The data we use are provided
by five of the DoDAF products.
(See Slide 14)

DoDAF Products
dMNEMEERENMEMER
Palicy Source Product z z 6 6 6 6 6 é zlzlzlzlz a‘ '2
DODI 4630.8
ISP XXX XXX XXX x
ISP NR-KPP X X XX XXX X
CJCSM 3170.01
ICD x
CcDbD x x XXX XXX 2
CPD x x XXX XXX 3
CRD 4 4 4
CJCS 6212.01
ICD x
CDD-NR x x XXX XXX x
CPD NR-KPP x x XXX XXX x
CRD (I-KPP) 4 4
CRD (NR-KPP) 4 4
DoDAF
Integrated
Architecture x| X X[ X % *

Source: Defense Acquisition Guidebook Table 72.8.1 Policy-Based Architecture Product Requirements

¥ =Required architecture product

| =Acronym list

2 = Drraft Information Technalogy (IT) Smandards Profile generated by DoD IT Smndards Registry (DISR)

3 =Final IT $tandards Profile generated by DoD IT $tandards Registry (OISR

4 =Required for legacy Capstone requirem ents Documents and Capstone Requirements Document updates directed by the
Joint Requirem ents Crwersight Council

ISP - Information Support Plan (Replaces C4l Support Plan - C4I5F)

ICD - Initial Capabilities Document CDD - Capability Development Document
CPD - Capability Production Docum ent CRD - Capstone Requirements Document
MR = Met-Ready KPP = Key Performance Parameter | = Interop erability

Policy References do not show requirements for OY-gb, OV-ga, OV-7, V-3, $V-7, SV-8, 3v-9, Sv-10a, 3v-10b, Sv-11, or TW-2.
DDl 46308, Procedures for Interoperability and Supporability of Infarmation Technology (IT) and Mational Security Systems (M 55)
C|CEM 317001, Joint Capabilities Integration and Development System

C|CE16212.01, Interoperability and Supportability of Infarmation Technology and Mational Security Systems
DoDAF = Department of Defense Architecture Framework

Technomics "Simple Parametric Model for Estimating Development (RDT&E) Cost"
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The ISP, the CDD, and the CPD provide an assortment of DoDAF products that reflect an integrated picture of operational and system capabilities.
This view of the availability of DoDAF products is provided by the latest version of the Defense Acquisition Guidebook.
Five of the DoDAF products are used to provide Nodes and Links data.



= Required [ Desired DoDAF Products

. Technical
Quantity -~
Characteristics
Required
. (R) or | Graphical
DoDAF Product Genera Description ) ] Nodes | Links Nodes Links
Desired | Insight
(D)
OV-1, High-Level Operational High-level graphical/tectual description of
Concept Graphic operational concept D X
OoV-2, C)P‘:-'r'ati‘::'r"aI Node Operatioral nodes, connectivity, and information
Connectivity Description exchange need lines between nodes R X
OV-3, OPer'ational Information Information exchanged between nodes and the
Exchange Matrix relevant attributes of that exchange D X X
SV-1, Systems Interface Identification of system nodes, systems, systems
Description, Services Interface items, services , and services items and their D X
Description interconnections, within and between nodes
SV-6, S)(Stem Data E)(Change Provides details of system or service or service data
Matrix, Service Data Exchange elements being exchanged between systems or R X X X X
Matrix services and the attributes of that exchange

General Description Source: DoD Architecture Framework Version 1.5 Volume |: Definitions and Guidelines, 23 April 2007.

The five DoDAF products we require / desire are listed above.

The most important of these is the SV-6 (See Slides |5 and [6); the SV-6 provides a
tabular set of information that is readily adaptable to our specialized MS Excel
worksheet used to extract the Nodes and Links data we need.

Technomics "Simple Parametric Model for Estimating Development (RDT&E) Cost"
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The five DoDAF products we require and desire are listed above.
The SV-6 is the most important because it provides a tabular set of information that is readily adaptable to our specialized MS Excel worksheet used to extract the Nodes and Links data we need.
The second most important DoDAF product is the OV-2 because
it visually summarizes the system, and thus complements the tabular SV-6  data,
it is generated prior to the SV-6, and therefore, 
it has potential to replace or supplement the Nodes and Links data provided by the SV-6.


a SV-6 Data “Template™

Link
Producer Consumer
‘ — |

(Sender Systems Node) (Receiver Systems Node)
Available for every System Data Exchange Required to Support the Role(s) or Mission(s)

Nature of Transaction ‘ Performance Attributes Security D
! Transaction Type m — Protection
Triggering Event Timeliness e Classification
Interoperability Level | " Throughput - Caveat
Criticality | Size — Releasability
| | = Security Sandard
Data Description Information Assurance
—  Nameand Identifier | —  Access Control
Coreumers (Recomersyor o Ths [ Conemt | —Aalabiy
phenomenon leads to the possibilityof  |— Format Type | — Confidentiality
Links beingeither uni-directional or bi- - - | - —
directional. —( Media Type | —  Dissemination Control
—( Accuracy ‘ — Integrity
—{ Units of Measurement ‘ — Non-Repudiation
— Data Standard |

Here you see the DoDAF-suggested content of an SV-6.

While we monitor and extract as many of these attributes as possible, our current
analysis focuses is on the numbers and types of Nodes and Links.

Technomics "Simple Parametric Model for Estimating Development (RDT&E) Cost"
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As previously noted, our original research concept, buoyed by the DoDAF documentation, targeted a variety of parameters available in the SV-6 in addition to the numbers and types of Node and Links.  Here you see the DoDAF-suggested content of an SV-6 that encouraged that train of thought.
After collecting several SV-6 products, we realized that not all programs completed the DoDAF products as suggested in DoD Architecture Framework Version 1.5 Volume II: Product Descriptions, 23 April 2007.  As a result,  we chose to focus on the data that was most commonly available across all of the SV-6 products, i.e., the numbers and types of Nodes and Links.


SV-6 Data Table

pUEpUELS Andeg

A1gesEs oy
AEsiaun IBRARD) UCIEDISSE| D)
5
b
E Wea] FUBERL ] LOREIIISSE| D)
&
Z
ad{] uonoesuRl] {1 WonEIng 'swep) 2dd] ) uonseiod 4
JBIAUB | PUE BLIEN] UORDUNY Walss Bulaiaasy JeuwnsueTy uonepndsy-uop)
JBIJLSP| PUE BWIEN] Wa1sAg Bulalen ey JEINpodg uonepndey-uop)
JB LS E| PUE BUWER] UG IDUNJWRISAE BUIpURS AdBeau)
JB1JIUB | pUBRLIEN] Welsis Buipuss |eJI4 0T UCIEUILIRSS] ]
pJEpUELS EIBQ] AEnUEpULT)
U LRIN SES |4 JO SULIM A)1qE| Ry
ARy |01 Oy 55800
add) mips|y Crily
ad4] BULIOY andyBnoay |
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g 5 £ 5
Da £ JBOLBP| PUE SWEN|SBUBLDHT BIB] WA Da < 431OLsp| pUE 3 WEeEUBY D] BB/ Walsis
pd po
L L
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8 8
ﬁ JBIJIISP| PUE BLIEN| SDERIBIL| WISISAS ﬁ JBNAUBP| PUE 3 UIEN] 30EMEIL| We1sds
R~ i~
£ 5

In table form, here is the DoDAF-suggested content of an SV-6.

Since the table content is only suggested, not all of these data are always provided.

Slide 16
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Presentation Notes
Whereas DoDAF OV-2 products are provided as a schematic or picture, the DoDAF SV-6 products are provided in tabular form.  Obviously, from an analysis point of view, tabular data more readily lends itself to analysis via our specialized MS Excel worksheet.  Unfortunately, not all SV-6 products provide the data suggested in the SV-6 data table.


=  Nodes and Links Data Validation

We found an important

Integration Density versus the Number of Unique Nodes

. . 0.750
relationship between the total —— Upper95% Predicion Interval
. 0.700 Predi terval
number of Nodes in a system, ® Program Data
. 0.650 —_—
Nt, and the “Integration Esimaie
. . . 0.600 - —Lower 95% Prediciion Interval
Density,” i.e., the ratio of the
. 0.550
actual number of Links to the
. . 0500 -
maximum possible number . LU thax= 1.788*N£0.5500
Links. 0.450 RZ2= 911
. Coefficientof Variation = 32 96%
Th . bl Integration 0.400 - @ Standard Error= 0.0394
€ maxXimum possibie Density,
. .. Lt/LtMax 0.350
number of Links is given by 0300
the Metcalfe number: '
0.250 -
2
We use this relationship to 0.150 |
“validate” extracted SV-6 data. 0.100
0.050
We also can make two Souce: Technomics, e S~
. . 0.000 - . ! ; . . ! - :
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Given Nt, we can estimate Lt, Numberof Unique Nodes, Nt
and (2) As Nt increases, fewer Note: In this figure, the correlation between the number of Nodes and Links is
. . suggestive of a "scale-free network" in that there is a non-random relationship of
and fewer POtentlaI Links are Links to Nodes that is consistent at any scale.
implemented.
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During our research, we found an important relationship between the total number of Nodes in a system, Nt, and the “Integration Density,” i.e., the ratio of the actual number of Links to the maximum possible number Links.
The maximum possible number of Links is given by the Metcalfe number.
We use to “validate” extracted SV-6 data.
We could also use this relationship to estimate the total number of Links, Lt, in a system given the total number of Nodes, Nt, and the calculated Metcalfe value.
Note that the data demonstrates that as Nt increases, fewer and fewer potential Links are implemented, i.e., the “Integration Density” decrease non-linearly.
The correlation between number of Nodes and Links is suggestive of a "scale-free network“  in that there is a non-random relationship of Links to Nodes that is consistent at any scale.  [Reference (1)]  If "scale-free" holds for the range of the data shown in the figure,  characteristics of large scale systems (like System of Systems) may be inferred from these data. 
 
Reference (1): Albert-Laszlo Barabasi, "Linked: The New Science of Networks"
Perseus Publishing, April 2002 pp 86-87.
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One Last Thought on Lt/ Nt

N

N Y
\ / / | y !
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— \/./’ ﬁ'\\/ e e . — .
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\\— '//

—

|Illr i \\\III'
- N4 .
Hub-Centric Not Hub-Centric
Lt/INt=6/6=1.0 LEINt=12/6=20
Lt/ LiMax = 6/15 = 0.40 Lt/ 1t Max= 12115 =080

In our database, the average value of (Lt / Nt) is equal to 1.02; the average system in our
database can be characterized as being “hub-centric.”

Why? Perhaps, (a) on-average it is true, or (b) the DoDAF products encourage systems
to view themselves as “the center of the universe.”

However, we have data for systems which are more complex and interdependent where
Lt / Nt ~ 2; as will be subsequently shown, due to the power-relationships in Equations
(1) and (2), these systems will have significantly higher development costs than hub-centric
systems.

Technomics "Simple Parametric Model for Estimating Development (RDT&E) Cost"
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In our database, the average value of (Lt / Nt) is equal to 1.02; the average system in our database can be characterized as being “hub-centric.” 
Why?  Perhaps, (a) on-average it is true, or (b) the DoDAF products encourage systems to view themselves as “the center of the universe.”
However, we have data for systems which are more complex and interdependent where Lt / Nt ~ 2; as will be subsequently shown, due to the power-relationships in Equations (1) and (2), these systems will have significantly higher development costs than hub-centric systems.
Sometimes simple pictures can help explain a concept.  We believe that it is apparent that the Not Hub-Centric system will likely result in higher RDT&E $ than the Hub-Centric system.


2 RDT&E $ and Schedule Data

|. Source: Selected Acquisition Reports (for
ACAT | programs) and Budget Exhibits (for
ACAT Il and lll programs)

2. Selection (Typical December, 2007, SAR data):

RDT&E $: “Cost and Funding, Cost Summary,
Total Acquisition Cost and Quantity,
Appropriation, RDT&E, SAR Baseline (Dev Est),
BY$M”

Schedule, Milestone Il or B: “Schedule, Milestones,
Milestone B or Il, SAR Baseline (Dev Est)”

Schedule, Milestone C or lll: Similar to Milestone
Borll

3. Extraction: Via Defense Acquisition
Management Information Retrieval (DAMIR)
system or manually via Budget Exhibits

4. Organization: Database of ACAT |, Il, and IlI
programs along with RDT&E $ and schedule
data

5. Vdlidation: We use only “authoritative” $ and
schedule data sources

Technomics

TheSoewee ¢ I

Cost and Funding

Cost Summary

Total Acquisition Cost and Quantity

BY2005 $M TY SM

SAR Baselin Current APB Current | |SAR Baseline |Current APB| Current
(Dev Est) QJObjective/Threshold |Estimate (Dev Est) Objective |Estimate

Appropriation

rocurement
Flyaway -
Recurring
Non Recurring
Support -
Other Support
Initial Spares _
MILCON
O&M
Total

Schedule

Current APB Current
Objective/Threshold Estimate

Milestones

Milestone B

[ W, 5
First Ship Deliveries
OPEVAL
itial Oparational Capability

As much as possible, we want the timing of our
DoDAF data and our independent variable
data, i.e., $ and schedule data, to coincide.
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Having explained the Nodes and Links data, we can now briefly explore our RDT&E $ data and our Milestone B and C data sources, specific data selections, data extraction processes, data organization, and how we validate our data.
It is very importance, but not always possible, to have the date of the DoDAF products and of the RDT&E $ and Milestone schedules coincide.
Since most of the programs included in our database have not reached Milestone C, our current database consists of Milestone B products.
This is an important point for two reasons:
The data available from DoDAF products provide a description of the system at Milestone B, not “as-built” or “at completion.”
The RDT&E $ data are not “at completion” data either; cost growth is possible, and, perhaps, highly likely.
In future versions of our analysis, we hope to directly address both of these issues.


qé—
Anal_ysis

Analvtical Visual CER CER
H o{hesis — Analysis of = Structure —> Analysis/
YP the Data Development Results

The next several slides explain our analysis process, beginning with an
influence diagram and continuing through to the final RDT&E $ Cost
Estimating Relationships (CER).
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The next several slides explain our analysis process.
Addressed are
the analytical hypotheses, as depicted in an influence diagram,
visual presentations of the data,
cost estimating relationship development, using Nodes and Links data in isolation, and
the final RDT&E $ estimating relationships where Nodes and Links are incorporated into two, improved equations.


= Analytical Hypothesis

Node' N"' ....................................................... ) Links, L"'
- Receive Information - Uni-directional flow
- Send Information - Bi-directional flow
- Send and Receive .

Links

per‘
Node
RDT&E $

RDT&E $ are influenced by

|. Number of Nodes and Links
2. Node and Link complexity
3. Interdependency complexity measured in number of Links per Node
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According to our hypothesis, RDT&E $ are influenced by three factors:
Number of Nodes and Links
Node and Link complexity
Interdependency complexity measured in number of Links per Node, Lt / Nt.



== RDT&E $ versus Nodes Analysis

RDT&E $M versus Nodes, Nt

RDT&E $ relates to the total

$25,000 -
number of Nodes,
independent of the type, or oo | RE=0.690 .
complexity. '
Number of Nodes = N, + N, + N,
~ $15.000 |
In this dataset, by not @
. . . O
considering the influence of | ¢
. . . . . Ll $10,000 -
Links in this relationship, one | $10:
of the largest and most T
complex programs would be $5,000 -
underestimated.
$0 - . . . .
0 20 40 60 80 100 120
Numberof Nodes, Nt
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Here, RDT&E in FY08$M is related to the total number of Nodes.  In this case, the Nodes are not weighted by their functions, i.e., send, receive, or send/receive.   All but one of the systems lies close to the non-linear regression line.  Suggesting that we should consider alternative equation forms.
Note:  Technomics uses MS Excel Solver and residual-minimization techniques to converge on the best solution.



==  RDT&E $ versus Links Analysis

RDT&E $M versus Links, Lt

Links represent the
$25,000 -

connectivity of systems; they

are a powerful, often s 0,975

overlooked representation $20,000 1

of the definition of a system. -

Number of Links = L,q + Ly, | & $19000

(1N

Although Nodes have o5

relevance, in isolation, the | © $190001

number of Links appear to

be even more critical than $5.000 -

Nodes in the relationship to

cost. . |

. . . 0 20 40 60 80 100 120 140 160 180 200
Understanding the relationship )

. Numberof Links, Lt
between both Links and

Nodes is critical.
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Here, RDT&E in FY08$M is related to the total number of Links.  In this case, the Links are not weighted by their directionality, i.e., uni-directional or bi-directional.  Now we have a much better relationship among the data and the non-linear regression line.  Still, we considered alternative equation forms.
Note:  Technomics uses MS Excel Solver and residual-minimization techniques to converge on the best solution.




== Equivalent Nodes (N,) Analysis

RDT&E $=aN,’ where

( L/ A
Ne:(st/r+gNs+th) Nt

\avg(%t) )

Capture the connectivity complexity
associated with the system.

Capture complexity associated
with the types of Nodes.

The equation parameters a, b, d, g, h, and c are estimated
using MS Excel Solver and residual-minimization techniques.
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Here, we see two new, improved relationships where we introduce the term Equivalent Nodes, eNodes. 
In the first equation, we state that RDT&E $ is a non-linear function of the number of eNodes.  The second equation define eNodes as being a function of:
the type of Nodes, i.e., sender, receivers, and send/receivers,
	(This captures the differing complexities of Nodes.)
the ratio of the total number of Links, Lt, to the total number of Nodes, Nt, within the system,
	(This ratio captures the connectivity complexity of any particular system.)
the average value, within our database, of the Lt to Nt ratio. 
	(This ratio captures the average connectivity complexity of all systems within our database; the ratio of 2. to 3. adjusts the eNodes estimates relative to the eNodes estimate for the average system.)
Intuitively,  (a) a Node that sends and receives information should be weighted more heavily than one that sends information, and (b) a Node that only receives information should carry the lowest weight;.  These intuitions are borne out in the eNodes equation on the following slide. 
Note:  Technomics uses MS Excel Solver and residual-minimization techniques to converge on the best solution.


= RDT&E $ versus Equivalent Nodes

By accounting for both Nodes RDT&E $M vs. Equivalent Nodes, Ne
. . . $25000 -
and Links in one equation, we
improved our predictive
capability over that obtained o0 R=0996
. . edin cmor=
when considering Nodes and
Links in isolation. = 315000
i

Now, our two equations are 5

Lt 1.22 0 $10,000 -

o
(1) N, =(N,,, +0.50N_ +0.29N )| £—

1.02 000 |
and '
(2) RDT&E FY08$M =20.7N_"” . | -

0 10 20 30 40 30 0 80 90 100 110 120 130 140 150 160
These tWO equations have 65000 RDT&E $M vs. Equivalent Nodes, Ne NumberoquuivaIentNodes, Ne
explicit sensitivity to
connectivity complexity and| ™
to interdependence.
$500 L) . * ."
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By accounting for the number and types of Nodes, the number of Links, and the ratio of Lt to Nt in one equation, we now have an improved our predictive capability.  Our R2 increased from 0.975 (Slide 23) to 0.996.  Considering Nodes and Links together in one equation is better than considering them in isolation.
These two equations have explicit sensitivity to connectivity complexity and to interdependence.


HQ—.
Conclusions

|. Documents normally produced during the DoD acquisition process,
such as ISPs, CDDs, CPDs, provide incredibly useful information.

2. DoDAF products can be a data engine for applied-cost research.

3. Based on our analysis, Equations (1) and (2) can estimate RDT&E $
with explicit sensitivity to interdependence requirements.

4. Equations (1) and (2) can also be used for marginal RDT&E $
estimates:

a) adding new Nodes and Links to an existing system, or

b) combining two or more existing systems.
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Based on our to-date research, we believe the following:
Documents normally produced during the DoD acquisition process, such as ISPs, CDDs, CPDs, provide incredibly useful information.
DoDAF products can be a data engine for applied-cost research.
Based on our analysis, Equations (1) and (2) can estimate RDT&E $ with explicit sensitivity to interdependence requirements.
Equations (1) and (2) can also be used for marginal RDT&E $ estimates: 
adding new Nodes and Links to an existing system, or
combining two or more existing systems.


HQ—
Current and Future Work

|. Expand database

a) Collect additional OV-2 and SV-6 data, especially for Major Automated Information
Systems (MAIS) programs

b) Obtain Milestone C OV-2 and SV-6 data...needed to understand cost growth
c) Extract data and calculate metrics, i.e., N, N, N, L, L4 L4 Lt/LtMax, others
d) Test the data versus the Integration Density relationship

2. Improve and expand analytical underpinning
a) Additional Node and Link (SV-6) technical characteristics
b) Legacy versus New Nodes and Links; Internal versus External Nodes and Links; etc.
c) RDT&E $ growth from Milestone B to Milestone C
d) Hardware-intensive programs
e) Programmatics
f) MAIS programs

3. Implement and apply predictive capability

a) Improve currently-implemented Milestone B to Milestone C cost growth technique

b) Implement risk analysis

Technomics "Simple Parametric Model for Estimating Development (RDT&E) Cost"
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Our current and future plans include three primary focus areas.
We hope to continue expansion of our database.  Expansion includes (a) collecting additional OV-2 and SV-6 data, especially for Major Automated Information Systems (MAIS) programs, (b) obtaining Milestone C data so we can better understand the relationship between SV-6 and OV-2 changes and cost growth, and (c) extracting additional data from DoDAF artifacts we already have.
We know we need to improve and expand our analytical underpinning.  Here, we hope to (a) include additional Node and Link (SV-6) technical characteristics, (b) address Legacy versus New Nodes and Links and Internal versus External Nodes and Links, (c) explore RDT&E $ growth from Milestone B to Milestone C, (d) consider the effects of programs with unusual amounts of hardware-related costs, (e) address the effects of programs with complex programmatic arrangements, and (e) include MAIS programs.
We hope the above two items will lead to improved predictive capability that can help forecast RDT&E $ growth between Milestone B to Milestone C and can reliably quantify the uncertainty associated with RDT&E $ estimates.
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Application: Nodes and Links Modeling Technique, | of 3

Recently we supported the Office of the Assistant Secretary of the Army -
Cost and Economics (ODASA-CE) effort to perform Independent Cost
Analysis (ICA) for three Analysis of Alternative (AoA) concepts.

We worked with ODASA-CE to collect, understand, and normalize SV-6
data needed for our model.

We successfully developed estimates for three new alternative systems.

Our modeling approach proved to be useful, to ODASA-CE because it is
applicable to:

|. very early-stage, pre-Milestone A studies,

2. systems with significant levels of integration, and

3. concepts with minimal technical/physical definition of systems and
software requirements.
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Recently we supported the Office of the Assistant Secretary of the Army - Cost and Economics (ODASA-CE) effort to perform Independent Cost Analysis (ICA) for three Analysis of Alternative (AoA) concepts.
We worked with ODASA-CE to collect, understand, and normalize SV-6 data needed for our model.
For the ICA, we successfully developed estimates for three new alternative systems.
Our modeling approach proved to be useful, to ODASA-CE because it is applicable to:
very early-stage, pre-Milestone A studies,
systems with significant levels of integration, and
concepts with minimal technical/physical definition of systems and software requirements.


Application: Nodes and Links Modeling Technique, 2 of 3

|. Extract and Validate Data: The SV-6 input data were extracted from DoDAF artifacts for two
historical, one near-historical, and three conceptual systems via our specialized MS Excel
worksheet. Two of us analyzed each system to insure data extraction accuracy. Each analysis
was tested using our Integration Density chart. (See the next slide.)

(Note: Unfortunately, historical SV-6 artifacts are not completed as required by DoDAF;
often, they are non-standard, ambiguous, and require interpretation and correction.)

2. Estimate RDT&E $: For each of the systems, Equation (|) was used to calculate the number of
Equivalent Nodes, and Equation (2) was used to estimate the RDT&E $.

3. Calibrate Estimates: The two historical systems (with characteristics similar to the conceptual
systems) were used to calibrate our model, i.e., determine how well our unadjusted estimates
compare with the historical actuals.

4. Adjust Estimates and Prediction Internals: Based on Step 3 results, we adjusted our RDT&E $
estimates. Also, based on the median error from Equations (1) and (2), we defined prediction
intervals for each RDT&$ $ estimate. As a result, we provided Low (-40%), Most Likely, and
High (+40%) estimates for RDT&E $.

5. Include Cost Growth: Currently, our model does not estimate (requirements and) cost growth.
We used a recent study where the mean cost growth for systems similar to the new AoA
systems was 79%.
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Our Nodes and Links modeling technique followed these five steps.
Extract and Validate Data: The SV-6 input data were extracted from DoDAF artifacts for two historical, one near-historical, and three conceptual systems via our specialized MS Excel worksheet.  Two of us analyzed each system.  Data for each system was tested using our Integration Density chart.
(Note: Unfortunately, historical SV-6 artifacts are not completed as required by DoDAF; often, they are non-standard, ambiguous, and require interpretation and correction.)
Estimate RDT&E $: For each of the systems, we used Equation (1) to calculate the number of Equivalent Nodes, and Equation (2) to estimate the RDT&E $.
Calibrate Estimates: The two historical systems (with characteristics similar to the conceptual systems) were used to calibrate our model, i.e., determine how well our unadjusted estimates compare with the historical actuals.
Adjust Estimates and Prediction Internals: Based on Step 3 results, we adjusted our RDT&E $ estimates.  Based on the median error from Equations (1) and (2), we defined prediction intervals for each RDT&$ $ estimate.  As a result, we provided Low (-40%), Most Likely, and High (+40%) estimates for RDT&E $.
Include Cost Growth: Currently, our model does not estimate (requirements and) cost growth.  We used a recent study where the mean cost growth for systems similar to the new AoA systems was 79%.


Application: Nodes and Links Modeling Technique, 3 of 3

This chart compares the historical and conceptual systems for this study to the “Other
Programs” used to generate our Integration Density chart.

Note that all but one of the AoA systems agrees with our database; one of the historical
systems lies outside the 95% Prediction Interval; potentially, the as-built SV-6 for this system
is not entirely correct. (See the note on the previous slide.)

Integration Density versus the Number of Unique Nodes
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This chart compares the historical and conceptual systems for this study to the “Other Programs” used to generate our Integration Density chart.
Note that all but one of the AoA systems agrees with our database; one of the historical systems lies outside the 95% Prediction Interval; potentially, the as-built SV-6 for this system is not entirely correct.  (See the note on the previous slide.)


HQ—
Definitions, | of 2

Node: An element of architecture that produces, consumes, or processes data. We use Systems Nodes, i.e., nodes with
the identification and allocation of resources (e.g., platforms, units, facilities, and locations) required to implement
specific roles and missions. We determine the number unique nodes in a system and group them into three
categories, those that receive information, those that send information, and those that send and receive information.
(DoD Architecture Framework Version 1.5 Volume [: Definitions and Guidelines, 23 April 2007.)

Link: A representation of the physical realization of connectivity between Systems Nodes. We determine the number
unique links in a system and group them into two categories, those that have a uni-directional information flow and
those that have a bi-directional information flow. (DoD Architecture Framework Version 1.5 Volume [: Definitions
and Guidelines, 23 April 2007.)

“Integration Density,” Lt/LtMax = the actual number of unique Links versus the maximum possible number of unique
Links. We use this as a metric for the degree of integration, i.e., sharing of information, within a system relative to the
maximum possible amount.

Integration: |) The act of putting together, as the final End Item, the various Components of a system. 2) The gathering
and joining together of all of the technical and functional activities and Interfaces required to link and operate the
many facets of a complex weapon system. ( )

We think of integration as a set of activities that are performed to achieve interoperability between and among
systems. Estimates can be made of the cost associated with integration activities.

Interdependence: The output of one organization becomes one of the input for others and vice versa; organizational
boundaries become less distinguishable, and the combined performance of the organizations requires complex forms
of coordination. (Credit to Commentary, “Fostering Joint Logistics Interdependence,” by Colonel Christopher R.
Paparone, Army Logistician, Professional Bulletin of United States Army Logistics, PB 700-05-1 Volume 37, January-
February 2005)

We think of interdependence as a condition in which systems are mutually reliant.

Interoperability: The ability of systems, units or forces to provide data, information, materiel and services to and accept
the same from other systems, units or forces and to use the data, information, materiel and services so exchanged to
enable them to operate effectively together. IT and NSS interoperability includes both the technical exchange of
information and the operational effectiveness of that exchanged information as required for mission accomplishment.
Interoperability is more than just information exchange. It includes systems, processes, procedures, organizations, and
missions over the lifecycle and must be balanced with IA. (CJCSI 6212.01E, |15 December 2008)

We think of interoperability as a desired capability for a group of systems achieved via a set of Integration activities.
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To better understand our research, the above definitions are provided.
As appropriate, each definition is accompanied by a reference.
Interestingly,  no concise, referenceable definition could be identified for Interdependence, so we offer the above suggestion.
On the next, we also offer a thought-concept for the three related terms of Integration,  Interdependence, and Interoperability. 

http://www.sceaonline.net/

HQ—

Definitions, 2 of 2

Integration Interoperability
(A set of activities (A desired capability for a
required to achieve > group of systems achieved
Interoperability between via a set of Integration
and among systems.) activities.)
Interdependence

(A condition in which systems are mutually reliant.)

The three terms, Integration, Interoperability, and Interdependence are important to this
research, so we offer the above interpretation.

Interdependence is an end-state or condition of mutually reliant systems.

Achieving Interoperability as a capability achieved via integration activities; SV-6 data
helps to define the participating systems and the nature of their connectivity.

Integration has a cost-flavor in that estimates can be made of the costs associated with
the integration activities required to achieve interoperability.
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In our briefing  you The three terms, Integration, Interoperability, and Interdependence are important to this research, so we offer the above interpretation.
Interdependence is an end-state or condition of mutually reliant systems that is driven by requirements. 
Interoperability is a capability achieved via integration activities; SV-6 data helps to define the participating systems and the nature of the their connections.
Integration has a cost-flavor in that estimates can be made of the costs associated with the integration activities required to achieve interoperability.
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