University of Southern California
Ifl_:l_:l tl Center for Systems and Software Engineering

ICM Introduction Extracted from
“Final Report:
Integrating Systems and Software
Engineering (IS&SE) Study”

Barry Boehm and Jo Ann Lane
University of Southern California
Center for Systems and Software Engineering
Arthur Pyster
Stevens Institute of Technology
December 31, 2007

Many people have provided us with valuable insights on the challenge oatimggr
systems and software engineering, especially at the OSDAd8Ghop in October
2007. We would particularly like to thank Bruce Amato (OSD), Elliot Axetba
(Rand/USC), William Bail (Mitre), Kristen Baldwin (OSD), lsiie Bellman
(Aerospace), Winsor Brown (USC), Jim Cain (BAE Systems), Davidelast
(OSD), George Friedman (USC), Brian Gallagher (CMU-SE)a&tGlickman
(Lockheed Matrtin), Gary Hafen (Lockheed Martin), Dan Ingold (USClyK&m
(Boeing), Sue Koolmanojwong (USC), DeWitt Latimer (USAF/USC), Rodal
Lewis (Aerospace), Azad Madni (ISTI), Mark Maier (Aerospace)r&aMaxwell
(USN), Ali Nikolai (SAIC), Karen Owens (Aerospace), Shawn Rahr{Boeing),
Bob Rassa (Raytheon), Don Reifer (RCI/USC), John Rieff (RaythealspMRosa
(USAF), Walker Royce (IBM), Kelly Schlegel (Boeing), Tom Schiee(BAE
Systems), David Seaver (Price Systems), Rick Selby (Northropr@auin Stan
Settles (USC), Neil Siegel (Northrop Grumman), and Rich Turnexéss) for
their valuable contributions to the study.



A University of Southern California

Iflf Iflle Center for Systems and Software Engineering

Outline

+ DoD systems and software engineering trends and challenges

+ State of systems and software engineering (S&SE) integration
— Sources of gaps and challenges
— Evaluation of current processes and standards

* Incremental Commitment Model (ICM) evaluation
— ICM origin, principles, and organization

— ICM evaluation

+ Conclusions and recommendations

+ References and acronyms

12/31/2007 SUSC-CSSE 2

The next set of charts provide a description of the Incremental Corantitviodel
(ICM) and an evaluation of its effectiveness in integrating systmd software
engineering. To supplement the discussion in the charts, a CSSE Texh Re
“USC-CSSE-2007-715 - Using the Incremental Commitment Model to Ingegra
System Acquisition, Systems Engineering, and Software Engige@arry

Boehm, Jo Ann Lane)” AKA http://sunset.usc.edu/csse/TECHRPTS/200&sis¢-C
2007-715/usc-csse-2007-715.pdf, provides an expanded version of a recent
CrossTalk paper [Boehm and Lane, 2007] describing the model in greaiér det
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ICM Practices and Assessment

* From the spiral model to the ICM
— Principles and example
* Risk-driven incremental definition: ICM Stage |
— Buying information to reduce risk
* Risk-driven incremental development: ICM Stage Il
— Achieving both rapid change and high assurance
* Multiple views of the ICM
— Viewpoints and examples
+ ICM Assessment
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From the Spiral Model to the ICM

+ Need for intermediate milestones
— Anchor Point Milestones {1996)

+ Avoid stakeholder success model clashes
— WinWin Spiral Model (1998)

* Avoid model misinterpretations

+ Clarify usage in DoD Instruction 5000.2
— Initial phased version (2005)

« Explain system of systems spiral usage to GAO
— Underlying spiral principles {(2006)

* Provide framework for human-systems integration
— National Research Council report (2007)
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From the Spiral Model to the ICM

This chart shows the evolution of the spiral model to accommodate tthe ofeibe
software and systems development processes in response to gisatar s
complexities, multiple stakeholders, the ability to rapidly respond togesa and
evolving models and technologies. The latest evolution is the Incremental
Commitment Model (ICM). This version has evolved to better handle the
integration of human factors, system engineering, and software engmeacross
the development lifecycle of software-intensive systems.
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Process Model Principles

1. Commitment and accountability
Success-critical stakeholder satisficing

3. Incremental growth of system definition and
stakeholder commitment

4, 5. Concurrent, iterative system definition and
development cycles
Cycles can be viewed as sequential concurrently-
performed phases or spiral growth of system
definition
6. Risk-based activity levels and anchor point
commitment milestones
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Process Model Principles

The critical success factor principles were derived from studissaaessful and failed projects
and the National Research Council's Human-System Integration stogly discussion of
particularly important human-system design and development principhey. are not specific
to the ICM, but key considerations in any life-cycle process. Theapyimationale for each
principle is provided below.

1. Without stakeholder commitment and accountability for the system unddopent, trust
and commitment of the development organizations are at risk.

2. A system’s success-critical stakeholders include users, asquiexelopers, maintainers,
and potentially others. If stakeholders’ key value propositions are ndiesblig a proposed or
delivered system, they will refuse to use it or find ways to undermine i

3. Single-increment, big-bang system developments take too long to develgenanally
produce obsolete, non-responsive systems. Or, they become swamped byrelffange
trying to fix premature commitments.

4,5. Similarly, sequential, non-iterative processes take too long. Hwegnast make
premature commitments to poorly-understood requirements, leading to expevsdrk or
unusable systems.

6. Risk management provides effective ways to prioritize acsvitinel to determine how much
of an activity is enough. It also avoids risks turning into expensive ausgsroblems. Anchor
point milestones provide effective ways to synchronize and stabilizeicent activities.
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Incremental Commitment in
Gambling

+ Total Commitment: Roulette
— Put your chips on a humber
+ E.g., a value of a key performance parameter
— Wait and see if you win or lose
* Incremental Commitment: Poker, Blackjack
— Put some chips in
— See your cards, some of others’ cards
— Decide whether, how much to commit to proceed
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Incremental Commitment in Gambling

A simple metaphor to help understand the ICM is to compare ICM to gambling
games such as poker and blackjack, to single-commitment gambling gaohess
Roulette. Many system development contracts operate like Routettbjdh a full

set of requirements is specified up front, the full set of resows@simitted to an
essentially fixed-price contract, and one waits to see if the &&tvgood one or

not. With the ICM, one places a smaller bet to see whether the psospacivin

are good or not, and decides to increase the bet based on better information about
the prospects of success.
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Scalable remotely controlled
operations
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Scalable remotely controlled operations — ICM Case Study

An example to illustrate ICM benefits is the Unmanned Aerial aleUAV) (or
Remotely Piloted Vehicles (RPV)) system enhancement discus€dthpter 5 of

the NRC HSI report [Pew and Mavor, 2007]. The RPVs are airplartesdicopters
operated remotely by humans. These systems are designed to keep ¢twinodns
harm’s way. However, the current system is human-intensive, requiringetople

to operate a single vehicle. If there is a strong desire to mibif@:1 (2 people to

one vehicle) ratio to allow for a single operator and 4 aircraft (elg4 &atio),

based on a proof-of principle agent-based prototype demo showing 1:4 performance
of some RPV tasks, how should one proceed?
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Total vs. Incremental Commitment — 4:1 RPV

+  Total Commitment
— Agent technology demo and PR: Can do 4:1 for $1B
Winning bidder: $800M; PDR in 120 days; 4:1 capability in 40 months
PDR: many outstanding risks, undefined interfaces
$800M, 40 months: “halfway” through integration and test
— 1:110C after $2B, 80 months

* Incremental Commitment [number of competing teams]

— $25M, 6 mo. to VCR [4]: may beat 1:2 with agent technology, but not
4:1
$75M, 8 mo. to ACR [3]: agent technology may do 1:1; some risks
$225M, 10 mo. to DCR [2]: validated architecture, high-risk elements
$675M, 18 mo. to 1OC [1]: viable 1:1 capability
1:110C after $1B, 42 months
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Total vs. Incremental Commitment -- 4:1 RPV

This slide outlines two approaches to the RPV question: total commiament
incremental commitment. While this is a hypothetical case for dpivel a

solution to the RPV manning problem, it shows how a premature total ¢oveni
without significant modeling, analysis, and feasibility assessmwidrften lead to
large overruns in costs and schedule, and a manning ratio that is congitessbl
than initially desired. However, by “buying information” early anddediing high-
risk elements, the more technologically viable option is identified readrer and
can be provided for a much lower cost and much closer to the desired date. The
ICM approach leads to the same improved manning ratio as the totaltooemt
approach, but sooner and at a much reduced cost.

The ICM approach also employs a competitive downselect strategy, which bot
reduces risk and enables a buildup of trust among the acquirers, developers, and
users.
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The Cone of Uncertainty: Usual result of total commitment

The Cone of Uncertainty [Boehm, 1981] used empirical data to show the degree
which “if you don’t know exactly what you're building, you won't be able to
exactly predict its cost.” This view of the cone of uncertainty shmwsthe total
commitment process can lead to competitive bidders making optimssticnptions
about cost. Not only does this set them and the program up for overruns, but it
reduces the resources available to perform system architentlreslaresolution by
the program’s Preliminary Design Review (PDR).

By “buying information” early about the technology and architecturs,ritk can
be reduced, thereby significantly reducing the size of the rework amdnieeof
uncertainty much earlier in the development process.
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ICM Principles and Approach

* From the spiral model to the ICM
— Principles and example

— Buying information to reduce risk
+ Risk-driven incremental development: ICM Stage Il
— Achieving both rapid change and high assurance
* Multiple views of the ICM
— Viewpoints and examples
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The ICM is divided into two main stages. Stage | involves incremsysgtm
definition. It is divided into three phases, with increasing resource domemts.
Sometimes but not always, the increase in commitment will be rouglaydmtor

of 3, as in the RPV example on chart 40. It had a $25M commitment for its
Exploration phase (4 competitors at $5M each, plus $5M for customer evaluation);
$75M commitment for its Validation phase (3 competitors at $20M each$phiM

for customer evaluation); and a $225M commitment for its Architectingepl2as
competitors at $100M each, plus $25M for customer evaluation). The next few
charts elaborate on its content and approach.

10
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The Incremental Commitment Life Cycle Process: Overview
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The Incremental Commitment Life Cycle Process: Overview

This slide shows how the ICM spans the full life cycle process fromept
exploration to operations. Each phase culminates with an anchor point milestone

review. At each anchor point, there are 4 options, based on the assessed risk of the

proposed system. Some options involve go-backs. These options result in many
possible process paths.

The total life cycle is divided into two stages: Stage | of thé (Definition) has 3
decision nodes with 4 options/node, culminating with incremental development in
Stage Il (Development and Operations). Stage Il has an additionakibdewdes,
again with 4 options/node.

One can use ICM risk patterns to generate frequently-used procéises w
confidence that they fit the situation. Initial risk patterns canrgépdoe

determined in the Exploration phase. One then proceeds with development as a
proposed plan with risk-based evidence at VCR milestone, adjusting iphatszs

as necessary.

Risks associated with the system drive the life cycle prodegsmation about the
risk(s) (feasibility assessments) supports the decision to proceest, satype or
priorities, or cancel the program.

11
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Anchor Point Feasibility Rationales

+ Evidence provided by developer and validated by
independent experts that:
If the system is built to the specified architecture, it will

— Satisfy the requirements: capability, interfaces, level of service,
and evolution

— Support the operationai concept

— Be buildable within the budgets and schedules in the plan

— Generate a viable return on investment

— Generate satisfactory outcomes for all of the success-critical
stakeholders

+ All major risks resolved or covered by risk management
plans

+ Serves as basis for stakeholders’ commitment to proceed
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Anchor Point Feasibility Rationales

To make ICM concurrency work, the anchor point milestone reviews are the
mechanism by which the many concurrent activities are synchrontaédized,
and risk-assessed at the end of each phase. Each of these anchor Eiotenile
reviews is focused on developer-produesdiencedocumented in a Feasibility
Rationale (FR), to help the key stakeholders determine the nexbfevel
commitment. At each program milestone/anchor point, feasibilitysassnts and
the associated evidence are reviewed and serve as the basis fakehelders’
commitment to proceed.

The FR is not just a document, a set of PowerPoint charts, or Unified Modeling
Language (UML) diagrams. It is based on eviddnom simulations, models, or
experiments with planned technologies and detailed analysis of development
approaches and projected productivity rates. The detailed analgfisndased on
historical data showing reuse realizations, software size egtimaccuracy, and
actual developer productivity rates.

It is often not possible to fully resolve all risks at a given point in tkeldpment
cycle, but known, unresolved risks need to be identified and covered by risk
management plans.

12
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There is Another Cone of Uncertainty:
Shorter increments are better
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There is Another Cone of Uncertainty: Shorter increments ardetter

Uncertainties in competition and technology evolution and changes in orgamszati
and mission priorities, can wreak havoc with the best of system development
programs. In addition, the longer the development cycle, the moreitikélybe

that several of these uncertainties or changes will occur and masgeginally-
defined system obsolete. Therefore, planning to develop a systemhusing s
increments helps to ensure that early, high priority capabilitie®ealeveloped and
fielded and changes can be more easily accommodated in future intseme

13
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The Incremental Commitment Life Cycle Process: Overview
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The Incremental Commitment Life Cycle Process: More on th®©verview

Stage Il of the Incremental Commitment Life Cycle providesmaéwork for
concurrent engineering and development of multiple increments. More on this
concurrency follows on the next slides.

Note: The term “concurrent engineering” fell into disfavor when bebaiekdule
developers applied it to the practice of proceeding into developmenttivhile
designers worked on finishing the design. Not surprisingly, the developers
encountered the rework penalty described on chart 17 for going into development
with weak architecture and risk resolution.

“Concurrent engineering” as applied in the ICM is much different. ftiaased on
doing a cost-effective job of architecture and risk resolution in Stagel on
performing stabilized development, verification, and validation of therurre
system increment while concurrently handling the systems cheaffje and

preparing a feasibility-validated architecture and set of plarthéonext increment
in Stage Il.

14
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ICM Stage IlI: Increment View
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ICM Stage Il: Increment View

The ICM is organized to simultaneously address the conflictingectupdb of rapid
change and high assurance of dependability. It also addresses the mapitifor
fielding of incremental capabilities with a minimum of rework.

For high assurance, the development of each increment should be short, sthble, a
provided with a validated baseline architecture and set of requirenmehts a
development plans. The architecture should accommodate any foreséeaigesc

in the requirements; the next chart shows how the unforeseeable chenges
handled.

15
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ICM Stage Il: Increment View
A radical idea?
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ICM Stage Il: More Detailed Increment View

The need to deliver high-assurance incremental capabilities orfigedrschedules means that each
increment needs to be kept as stable as possible. This is pditithdacase for large, complex systems and
systems of systems, in which a high level of rebaselininficticEin easily lead to chaos. In keeping with the
use of the spiral model as a risk-driven process model generatoskihef destabilizing the development
process make this portion of the project into a waterfall-likedkioispecification subset of the spiral model
activities. The need for high assurance of each increment ak&s maost-effective to invest in a team of
appropriately skilled personnel to continuously verify and validatentiement as it is being developed.

However, “deferring the change traffic” does not imply defegriis change impact analysis, change
negotiation, and rebaselining until the beginning of the next increkiéthta single development team and
rapid rates of change, this would require a team optimized to daweedtgible plans and specifications to
spend much of the next increment’s scarce calendar time perfoaskgrhuch better suited to agile teams.

The appropriate metaphor for addressing rapid chasmget a build-to-specification metaphor or a
purchasing-agent metaphor but an adaptive “command-control-intelligenegiiance-reconnaissance”
(C2ISR) metaphor. It involves an agile team performing thethirse activities of the C2ISR “Observe,
Orient, Decide, Act” (OODA) loop for the next increments, whileglan-driven development team is
performing the “Act” activity for the current increment. “Obgag” involves monitoring changes in relevant
technology and COTS products, in the competitive marketplace, imakiteroperating systems and in the
environment; and monitoring progress on the current increment to iddatifgevns and likely scope
deferrals. “Orienting” involves performing change impact analyssk analyses, and tradeoff analyses to
assess candidate rebaselining options for the upcoming incremergslifiDéinvolves stakeholder
renegotiation of the content of upcoming increments, architecturesteinag, and the degree of COTS
upgrading to be done to prepare for the next increment. It also involveghgptietfuture increments’
Feasibility Rationales to ensure that their renegotiated sempesolutions can be achieved within their
budgets and schedules.

A successful rebaseline means that the plan-driven developmertaadrit the ground running at the
beginning of the “Act” phase of developing the next increment, and tleet@gm can hit the ground running
on rebaselining definitions of the increments beyond.

16
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ICM Principles and Approach

* From the spiral model to the ICM
— Principles and example
* Risk-driven incremental definition: ICM Stage |
— Buying information to reduce risk
+ Risk-driven incremental development: ICM Stage Il
— Achieving both rapid change and high assurance
mEm) - Multiple views of the ICM

— Viewpoints and examples

12/31/2007 BUSC-CSSE 17

As with complex architectures needing multiple views to be understooulilbiple
stakeholders, so with complex processes. The next few charts provice sach
views of the ICM.
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MBASE-RUP/ICM Anchor Points Enable Concurrent Engineering
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MBASE-RUP/ICM Anchor Points Enable Concurrent Engineering

This slide illustrates the Rational Unified Process (RUP) anahithor points. The
RUP activities and anchor points were developed to support concurrent emgjneeri
and are the basis for the ICM anchor points. In comparison to the software-
intensive RUP, the ICM also addresses hardware and human factoratiotedt
extends the RUP phases to cover the full system life cycle: glor&kon phase
precedes the RUP Inception phase, which is refocused on valuation and intestme
analysis. The RUP Elaboration phase is refocused on System Aiiokjite&cterm
based on the [Rechtin, 1991] analogy of system architecting to the ainbiteic
buildings, involving concurrent development of requirements, architecture, and
plans, to which it adds feasibility evidence); the RUP Construction amsifion
phases are combined into Development; and an additional Operations phase
combines operations, production, maintenance, and phase-out.

18
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ICM HSI Levels of Activity for Complex Systems

As mentioned earlier, with the ICM, a number of system aspextseang
concurrently engineered at an increasing level of understanding, defjrtid
development. The most significant of these aspects are shown ildinjss
extension of a similar view of concurrently engineered softwareqisojeeveloped
as part of the RUP (shown on the previous slide).

As with the RUP version, it should be emphasized that the magnitudéarel
the levels of effort will be risk-driven and likely to vary from projexproject. In
particular, they are likely to have mini risk/opportunity-driven peaid valleys,
rather than the smooth curves shown for simplicity in this slide. Theintaimt of
this view is to emphasize the necessary concurrency of the pramergss-critical
activities shown as rows. Thus, in interpreting the Exploration column, althoug
system scoping is the primary objective of the Exploration phase, idovwed
involves a considerable amount of activity in understanding needs, envisioning
opportunities, identifying and reconciling stakeholder goals and objectives,
architecting solutions, life cycle planning, evaluation of alternatiaed
negotiation of stakeholder commitments.

19



Different Risk Patterns Yield Different Processes

As illustrated in the four example paths through the Incremental @omant Model in this slide, the ICM is not
a single monolithic or-size-fits-all process model. As with the spiral model, it is a-driven process mod
generator, but the ICM makes it easier to visualize how diffeisks create different processes.

In Example A, a simple business application based on an appropriatelgd&atérprise Resource Planning
(ERP) package, there is no need for a Valuation or Architectingtactithere is no risk that the ERP package
and its architecture will not cost-effectively support the aptitc. Thus, one could go directly into the
Development phase, using an agile method such as a Scrum/ExtremaarfPnoyy combination would be a
good fit. There is no need for Big Design Up Front (BDUF) actiitieartifacts because an appropriate
architecture is already present in the ERP package. Nor isatineed for heavyweight waterfall or V-model
specifications and document reviews. The fact that the rible &rtd of the Exploration phase is negligible
implies that sufficient risk resolution of the ERP package’'sdnumterface has been done.

Example B involves the upgrade of several incompatible legacycatiphis into a service-oriented web-based
system. Here, one could use a sequential waterfall or V-modtiel ifdgrade requirements were stable, and its
risks were low. However, if for example the legacy applicatiosst interfaces were incompatible with each
other and with web-based operations, a concurrent risk-driven spiratfailabr V-model that develops and
exercise extensive user interface prototypes and generatasihilifig Rationale (described on chart 44) would
be preferable.

In Example C, the stakeholders may have found during the Valuation phietheethariginal assumptions about
the stakeholders having a clear, shared vision and compatible gibatespect the proposed new system’s
concept of operation and its operational roles and responsibilitiesopgmistic. In such a case, it is better to
go back and assure stakeholder value proposition compatibility and ligalsdfore proceeding, as indicated by
the arrow back into the valuation phase.

In Example D, it is discovered before entering the Development phetse superior product has already
entered the marketplace, leaving the current product with aniibifebasiness case. Here, unless a viable
business case can be made by adjusting the project’s scope, itesdissbntinue it. It is worth pointing out
that it is not necessary to proceed to the next major milestooeeliefminating a clearly non-viable project,
although stakeholder concurrence in termination is essential.

20



Common Risk-Driven Special Cases of the ICM

As mentioned before, as the ICM is used, different risk patterns cadeudied,
leading to the development of special cases of the ICM to handle iglepatterns.
This slide highlights some of the more common risk patterns, desdniges t
characteristics, and explains how the ICM can be most effectivetytasdevelop
this type of system.

For each familiar risk pattern, the table identifies the counteigaitiar life cycle
process pattern, along with a representative example projecthgparoject’s key
Stage | and Stage Il activities, and a rough estimate ofnigehlef its internal
builds and deliverable increments. In general, the risk patterns wilklbbenough
established during the ICM Exploration phase to enable the project tmoheteand
switch to the appropriate familiar process without having to go thoroudhlthe
generality of the ICM framework.

For example, Row 1 indicates that if a small accounting applicatiohecan
completely supported by an NDI package, its life cycle process cgjtora and
tailor the NDI package. Row 2 corresponds to the agile project descsibed a
Example A in the previous chart.

The following slides elaborate on two more of these special cases.
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Several further references are TBD.
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Several further acronyms are TBD
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