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Purpose & Motivation
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e Systems Designs, Systems Complexities &
Systems Cost Estimates

e Systems Engineers = Systems Cost Estimators

o Systems Complexities Impact Estimate Ability on...
— Systems Engineering
— Project & Program Management
— Hardware, Software, Integration

* Cost Estimating Community & Literatures

e Lack of procedural guidance of systems complexities
e Void in Literature
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 Mappings and Measuring Systems Complexities with Artifacts

— Requirements, Interfaces, Algorithms and Operation Scenarios
(COSYSMO) as Mapping Categories

 Awareness of Systems Complexities while Creating Systems
Cost Estimates
— Impact on Systems Cost Estimates

— Systems Cost Estimators = Main Audience
e Better Understanding of Systems Complexities
 Enhance Systems Cost Estimating Techniques

e Support Current Research - Project Management Life Cycle
Costing
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“Another group that adopted the word “complexity” is
wine connoisseurs. When they say a wine is
complex, they mean they think it tastes good, and it
strikes a good balance between all the different
ways a wine can be measured. Rich and deep, oaky
with a hint of fresh bougalnvnlea blossoms after a
rainstorm on a Tuesday...

Colwell, B. “Complexity in Design”, IEEE Computer,
Vol. 38, No. 10, pp 10-12, Oct 2005
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Complexity Types

e Literature Reviews

e Chemistry
* Biology

 Systems Biology
* Geography
* Computer Science

e Software Engineering

e Significantly Investigated ™~ ,,
— Many Disciplines/Domains Vm - |

* Biogeography
* Ecology

* Project Management

* Management Information Systems
P27S

* Computer Engineering
. . p53 \\ '
* Systems Engineering w
= 45
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- M a ny D iffe re nt Typo I Ogl es Truhlar, D. G., "M;)Ieculr Modeling of CompI;x Chemical Systems", Journal of the

American Chemical Society (JACS), 130 (50), 16824-16827, December 10, 2008
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Discipline Type of Complexity Description
Project Management Project Complexity Contains two dimensions - organizational and technological. and is
consisted of various interrelated parts and can be operationalized in terms of
differentiation and interdependency or connectivity (Bacearini, 1996)

Defined by project organization, scope and interconnection between project
elements. 3 classification —assembly, system and array (Sauseret al., 2005;
Shenhar & Dwvir, 1996)

Computer Engineering Inter-Component Defined by the interactions of components at the system level where
Complexity complexity can grow exponentially due to aggregation in nature (Rumpler,
2006)
Interface Complexity Considers an interface of a component in isolation, often cannot be
measured in concrete numbers (Rumpler, 2006)
Software Engineering/ Structural Complexity | Defined by the design and structure of software, such as modularity, loose
Computer Science coupling. tightcohesion, control flows (e.g. McCabe — cyclomatic

complexity), interfaces and maintainability (Laird & Brennan, 2006; Tran et
al.. 2002; Fenton, 1994; Lew et al., 1988)

High Energy Accelerator Research Organization, KEK, "First Glimpse of a Protein Molecule
Breathing Caught in Action", Feb 12, 2009, retrieved from http://www.kek.jp/intra-
e/press/2009/ERATO.html
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exity Types (cont’d)

Discipline Type of Complexity Description
Systems Behavioral Complexity | Defined by the difficulty of prediction on system outputs or behavior,
Engineering also known as dynamic complexity (Mostashari & Sussman, 2009)

Social-Political Complexity

Describes systemic complexity factors such as human cognitive
limitations, economics, environmental sustainability, etc (Sheard &
Mostashar, 2009)

Technical Complexity
(Systems Integration based)

The magnitude of technical integration requirements on systems
capabilities and functions, interfaces performance, strategies,
methodologies at system and subsystem levels (Jain et al., 2008)

Era of
Discrete )
Componerits_

Yy
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Integrated Packaging?

/ Leaded SMT
/ Components

//\ \”4‘44, Ml A
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’,/"Era of
/ CSP

.

Era'of

 Paper documented

e 32 Complexity
Types

e 12 Disciplines and

1980 1990 2000 2010

2020
Fjelstad. J., DiStefano, T., and Faraci, A., "Wafer Level Packaging of Compliant, Chip
Size ICs", International Journal of Microelectronics, Vol. 17, No. 2, 23-27, 2000

Domains
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or e with Systems Artifacts

e Management Information Systems & IT

— Bhatacharya et al., 2007
— Artifact-Centered Operational Modeling
— Dori, D., 2002
— Object-Process Methodology
— Nigam and Caswell, 2003
— Business Artifacts \

Honda, ATR and Shimadzu Jointly Develop Brain-Machine
Interface Technology Enabling Control of a Robot by Humar
e« Thought Alone, Honda ASIMO, retrieved from

http://world.honda.com/news/2009/c090331Brain-Machine-
Interface-Technology/

* Robotic Engineering ¢ & = 5
— Takeda et al., 2002 - . -
_ Art|fa ct I nte | | |ge nce Universitat Osnabruck, Robotfcs Research, Walking Test Robot

(WALTER), retrieved from http://www.inf.uos.de/techinf/robotics.html

e Systems Engineering — Cost Estimating?
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e The Constructive Systems
EEE Engineering Cost Model (COSYSMO)

E
14
PMy. =4 Z(“;:ki}a:k WD+ D) Hﬂﬁ*{;
F =
Where:

PM,s = effort in Person Months (Nominal Schedule)

A = calibration constant derived from historical project data
E = represents diseconomies of scale

k ={REQ, IF,ALG, SCN}

w, = weight foN€asy, “nominal”, or “difficult” size driver
@, = quantity of X" '

EM = effort multipNg

Systems Sizing Categories
* # of Systems Requirements
 # of Major Interfaces

* # of Critical Algorithms
 # of Operation Scenarios
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Mapping and Measuring Systems
Complexities with Artifacts

Size Drivers of Types of Complexity Identified Systems Artifacts | Measuring Basis By
COSYSMO (Exemplary) From/Relevant (Exemplary)
Yierinli
Requirements Hierarchical Structural Conmplexity Biological Systems = of requirements
Sclence Eequirement
Documents
Configuration Complexity Sy stams sSE Systems Baselme | =of changes, systems
Integration based) specifications
Techmical Complexity (Systems SE Systems = of systems
Integration baszed) Specification capabilities, funchons,
Documents, Test specifications
Plan and Form
Bystem Interfaces Functional Complexity Biological Functional = of systems functions
Sclence Diagram
Aggregate Complexity Geography E.elationship = of connections,
Diagram relationships
Project Complexity (Shenhar and PM Integration Plan = of mtegrating
Dvir, 1996) activities and tasks
Inter-Component Complexity Computer Design Dhagrams | = of classes, objects,
Sclence activities, sequences
Static/Structural Combmatonal SE Systems = of subsystems,
Complexity Decomposition components
Diagram
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- Mapping and Measuring Systems
SEH

e Complexities with Artifacts (cont’d)

Size Drivers of Types of Complexity Identified Systems Artifacts Measuring Basis By
COSYSMO (Exemplary) From/Relevant (Exemplary) Quantity
(Discipline) (Exemplary)
Algonthmic/Deterministic Geography/ Line of Codes = oflines of codes
Complexity Biogeography (LOC)
Computational Complexity Software Data Flow Chart = =of data volumne and
Engneenng capability
Implementation Complexity Computer Function Pomt = of functions
Science Analysis (FPA)
Conceptual Complexity Software Code Fecursions = ofloops
Engneenng
Operational Cperational Complexity (Systems SE Use Cases = of actors, objects,
Scenarios Integration based) flows/processes,
components
Configuration Corplexity (Systamns SE Concept of = of operational
Integration based) Operations processes, capabilities
Nested Complexity SE Context Diagram = of extemnal
connections, actors,
mteractions
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The Constructive Systems

EEFI Engineering Cost Model (COSYSMO)

E 14
PMy=A-| >, D +w, D, +w, D) | -] [EM,
k =1

Where:

PM,s = effort in Person Months (Nominal Schedule)

A = calibration constant derived from historical project data
E = represents diseconomies of scale

k ={REQ, IF, ALG, SCN}

w, = weight for “easy”, “nominal”, or “difficult” size driver
@, = quantity of “k” size driver

EM =C. aSnettinlier for the jth cost dsiwer

Quantified Systems Complexities
* # of Systems Requirements
 # of Major Interfaces
e # of Critical Algorithms
e # of Operation Scenarios
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The Systems Modeling

Language (SysML) Approach

Diagram

Behavior Requirement Structure
Diagram Diagram Diagram
Activity Sequence Stat_e Use Case Bl_cu_:[i Internal Parametric Package
. : Machine : Definition Block : .
Diagram Diagram Di Diagram . . Diagram Diagram
lagram Diagram Diagram

Friedenthal, S., Moore, A., and Steiner, R., “A Practical Guide to SysML: The Systems Modeling Language,”
Burlington, MA, Morgan Kaufmann/Elsevier, 2008
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EEFI Summary & Conclusion

n systems engineering research

e Systems Complexities = Multidimensional
e Systems Cost Estimators must recognize

— Systems complexities do impact on systems cost
estimates

— Systems complexities can be inherent in nature
and may not be captured all in one particular
aspect of SE

— Unreliable estimates lead to unfavorable project
outcomes
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e Systems Integration Cost Estimating Effort

e Systems Project/Program Management Cost
Estimating Effort
— Complexities
* Types
* Roles

Depths
e Durations

e Magnitude
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- Project Management Life Cycle
EEFI Costing Framework & COSYSMO

Project Management Life Cycle Costing Framework & COSYSMO

Project Management Systems Engineering

(PM) (SE)
Project
Management The Constructive Systems
Cost Model Engineering Cost Model
(COSYSMO)

g NE o
Why Void? PM, =4 WD +w D +w, D, | T EM.
Every Project is Unique? = g'{ i Ve T Wi T M d"}/.l g !

Too Broad? E.g. Civil, IT, Software

Similar Approach as COSYSMO -=> Intend to be a complementary extension

J— E
May Be Based On: PM = A = (Size)” = (EM)

1. Systems Complexities Where:
2. Project Complexities i

3. Project Management Effort Multipliers PM = Person Months

4. Project Durations A = calibration factor

5. Compliance of ANSE/EIA 632 w p g \ . .
6. Capability Maturity Model (CMM) Size = measure(s) of functional size of a system that has an additive effect on project

management effort
E = scale factor(s) having an exponential or nonlinear effect on project management effort

EM = effort multipliers that influence project management effort
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? Questions?

Suggestions?
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Summary of Life Cycle Cost
Estimating Methods

Al=ilhod IMescripiiom Avdvanmtages IMsadwvantazes
Actmal Costsd Tse costs experiencead duaring = Couald provide detailed = Dievelopment dats masy not reflact cost
Extrapolatiom prototypine. hardwans estimata Correctly
Bisthod anminserine developoams e Feliance of acitmzal = Higher uncertaimiy
mo-dels and e=srlhy prodncton development dat=s & OrfSen misrskenly s COoRITact Prices oo
items o projesct fuane costs substitute Sor scbaal cost
for the same systen s Sarious Llevels of defzdil fmwvolvernment
= Feaeguoire exisdng scmal prodoction dams
AmalosyS Coonpare available data fom e Faliance of historical dats e Sobjpecove’'bizs may be o bved
Comparative i similsy complaeted projects e Tessz complex than other « Limdted oo masiare techmoloznes
ase—based and adjust estrmates for the rethods e Feliance of single dat= point
Feasonims proposed project = Save mimae s Hard to identify appropriste analog
Aletho = Sofftware and hardwars ofien do ot scale
limearis
« ot always possiible to Snd prograons of simtilar
sCope and complexisy
CTast Formmlate based oo the e Raliance of detsdlad d=sta e Acconning ethics (e, cook the books])
Acconntinge expandimres of reliakbdlisy, collection = Post-prodocton phase smongly preferred
maims=mdnakdlisy, smod = Foeguires of large anvd complex data collections
decomypeosed Comps-rm eIy E s T abor inreosive
cost characrersnos
Ired e d Estimate dirsectly at the e BIost desmilad at the e« Fecomrce-imtenmsive (e smd lab-orh
Enzineerims dieconaposed compsomeTt compeoment level thromsh e DIiay overlook systeEm intesTation Coshs
B wild s/ B ottom- lewvel leading o a sotal work breskdowm » Fealiance of stable systems architectures amd
LRy =] combined esrimans SIaC e techmical knoradedze
& Systemic orbented = Highly proms to double-coumtime
e Elighly accurzos « T .acks ability to capiore economuies of scale
e Fligh wisibility of cost
drivers
Experit FProdoced by boman exp=srts” e Sorailable when there are » Subjecdve/bi=s
Jondsmemnt’ Enowledze and experience mmcuffAcient data_ = IDetwil cost influencs/driver muay oot b
Trelyshi % &thuod WiiA fteraiive processes s PATATSITIC oSt identifed
feadbacks reladonships, or unsr=ble = Program comprlexities can maks asifmates lecs
system architectures relizshil=
e Fluman exrperencs snd Enowledse regoired
Farametrics TFse mathematical = Statistical prediciors e Heavy reliance of historical dat=
Cost Estimnatimg expressions and histormcal provide informeation on = A rmribotes within dars mesy e oo comples bo
Relatiomns hip dats o create cost expactad walme amnd e ers tEaed
relatiionships models wis confdence of predictiom s Posszibly resonrce intensive {(timee and lsbeor])
regression analysis s Less reliance of systams s IifFiculr vy collect dam and penerate coTract CoSt
arnc hifheciares relarionmships duringe cost meoede]l developmeans
» Less subjectdwve o Lirmited by dass snd independent variables
Top-Trowm Based on the owverall pooject s Fact and easy deplosymment = Iess acoorasbte than others
characteristics and derived » Dlimireal progect detail » Tend o overlook lower level component details
by decomposing inno lowner regmairad OoT mEajor cost drivers
lesrel components and 1iSe e Systemic oriented o Limdited detzil swailable Sor justdficatbom
cyclhe phEses
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SEH Summary of Complexities

Drizciplime Type of Complexity Diescription
Chemistry’ Hierarchical Stmecmaral’ MNumber of leveals of compoments are nested within & boundary or
EBEiolo=y/ Confizuration Complexity enviromment (Fooss & Arkin 20009 Folasa, 20005 ; Kitano, 2002 Edelman 8
Syrtems Gally, 20001
Bislogvy /Ecology
Complicatedness/ Functional MNumber of different elementary components throuwgh specific interacdons
Complexity (PFuess & Arkim 20:00: Folasa 2005; FKitang, 2002 ; Edelman & Gally, 200015
Ceography Subjective Complexity Bazed on honman perception and is a conseguence related to observers” own
‘Biogeographv thinkings (Feitsma 20037
Smatistical Complexin: Smatistical messures of stacturs o pattern, ciromnyventing the problem of
stanstical complaxity whers randommness aguals mawimeal complexsty
(Bleifsma, 20037
Al=aorithrmic Dietermmini stic Bzcsed on information theory, use mathemarical compotation to messare the
Comaplexity alsonthmic content of dats (Fedtsmua, 2003 Mansom, 208017
Aperesate Complexiny Access the holism and synergy resulong from the interactdon of systems of
linked components. Contains inferrelated atimibotes: relatonships, imternal
siTpctore, environment, learmming, emergence and evolotonal MManson, 2000
Frojecit Project Complexity Contains two dimensions - organizstional and technoelogical, and is
AManazement consisted of varons interrelatad parts and can be operationalized in terms of
differentiation and interdependency or connectivity (Baccarimi 199480
= Crefined by project organization, scope sand interconnection between project
elememnts. 3 classificatgon — assermbly, systern and array (Sanser et al | 2005
Shenhar & Dmar, 195067}
Product Complaxity The physical deliverable of the project and is the momber of subsystems of a
prodoct and their interrelationships (Wil liaoes, 199490
Alana=zement Smuactaral Orzsmizatiomal Drefinad by the nanars and stransth of the relateonships amongs project
Imfformatiom Comaplexity elements in the organizationsz] bonndary (lia & Lee, 20048, 2005)
Systems’
Imformatiom
Technology

Sowemaral IT Conmniplextity

Drefinsd by the relationships among the diversity of I'T slements (318 & Leag,
2005, 2008

Drymearmnie Organizstional
Comiplexity

Drefinad by capmring the patterm and rate of changes in organizationsl
enviromment, swch as business processes, organizational strecmres (3ia &
Lee 2005 200043

Dryoamic IT Complexity

Drefined by measuring the pattern and rate of changes in IT enviroorment,
sch as IT infrasttucure, srchiteciure, teols (3lia & Lee, 2004, 2005
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.oER ,
S (cont’d)

Computer Inter-Component Complexity | Defined by the iteractions of components at the system leval whers

Engineering complexity can grow exponendally due fo aggreration in nature (Fumplar,
2006)

Interface Complexity Considers an interface of 2 component i isolation, often cannot be
measured in concrete mumbers (Bumpler, 2006)

Implementation Complexity | Describes the complexity of creating and implementing components beyond
its interfaces complexity, such as prosram code (Fumpler, 2006)

system-level Complextty | Inherent from mier-companent complaxity and 15 based on the mieractions
of the mtegrated system components in which may cause emergent behavior

(Fumpler, 2006)
Software Siruchoral Complexiry Diefined by the desizn and structare of software, such 3 modulanty, loose
Engineering’ coupling, tight cobesion, conirol flows (g McCabe - cyclomatic
Computer Science complexity), interfaces and mamtainability (Laird & Brennan 2006; Tram et

al, 2002: Fenton, 1004: Lew et 2l 1088)

Conceptual Complexity Defined & psychological related measures on comprehension that is dificult
tu-qnannf'_l.r Le. lnglcnnda'mﬂmgnnmdermmn {Laird & Brennan,
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Summary of Complexities

(cont’d)

risciplime Trype of Complexity Drezcripiton
Computafional Coneplesaty Defined by the magnrtude of algentlhrms required wathin processes and
procedures o performm computathon TUsefol to evaluate and compare
mnplemsendiahon and designs for efficiency {(Lard &Brennan, 2006; Tran
et zl 2002 Fenton. 1994 T ew atal | 1985
Sastems Structmr=L'Combinatorial Definaed bv a large mumber of high by mtercompnected parts or subsyshens
Fonmincerims Comnplexaty (Mlostasharn & Swussowan, 20059

Behaioral Complexcaty

Defined bw the difficulty of prediction on system cutputs or behavior,
also knommn as dynemac complesaty (Mostashan & Sussinam 2005

Mested Conyplesaiy

Several complex pl:rl.r':.lcal ‘technical sy=tems= embedded within a higher
complex, governing social’ an:i:nJ:.:.Ertlu-nal syshteny (MMostashanm S
Susziman, 2005970

Exahaative Comyplesxaty

Defined by the magnrinde of mmlaple stakeholder ennvronment whers
different stzkeholders valae different aspects of sy=tem performance m
different way, m which decrsien-mmaking 15 diffecult (Mostashan &
Sussmnan, 2009

Static Comnplesniy

Definad by the size, number of compnechyaty and architecture of the
svstens (Sheard & Mostashar . 20057

Drvmamac Complesxrty

Descnbes nonhnear, dynamec emergence syvshenn behannors (Sheard &
Mostashan_ 2009

Social-Political Complexaty

Descnbes systemac cnm.plemt_',- factors swch as bunean copnafine
hnwiahons, econormecs, encviromamenial sestainabality, ete (Sheard &
Mlostzzhari 2009

Technical Conaplexity
(Sy=tem= Integration basad)

The magnitede of technical iInfeprmaton requiTrensents on syshomnss
capabbies and functons, mterfaces perfornmmance, shategies,
methodolozies at sy= —temm and subsywstem levels (Jaan et al., 2008)

Programmahnc Commplesoaty
(Sy=tem= Integration basad)

The vanznce between the planned and availlable resowrces meeded to
support mitesration processes over system hife cyvele, such as budget,
cost, schedule ete. (Jamm et al | 20808

Comfi puration Conoplasaty
(Sy=tem= Integration basad)

Ths magniteds of mmconsistencies and svstenn developmental comtral
such as chanpes, volathhty, documssentation, specification, Integration
baselmes (Jaan etal._ . Z2O0ED

Orperatonal Complesct
(System= Integration basead)

The mazmatede and level of operational support and system availlabalityr
required for systems mitegration effort (Jain et al. | 2008

Orgamirafionza] Coneplesty
(Sy=tem= Integration basad)

Defined by the nature and existence of mﬁ_ulzauﬂnal shatesy,
compliance, processes and produoct bne_ 1.e servaice level agmemenits,
regulathons and gundelines for sy=terns mbegration process and effort
(Jam et =l.. 2008
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