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E N Today’s Agenda

= . Project Dynamics: Feedback Loops
= Qualitative Lessons
= Quantitative Models

= Validation and Model Extensions (if
time)
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The Problem ...

Project
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Productivity
(Normalised)
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~. Dynamics of Project
E Performance

v' The “rework cycle”
« Fraction correct and complete
= Undiscovered rework

Feedback effects on productivity and
fraction correct
= Negative, controlling
=« Positive, re-enforcing, often “vicious circles”
v'Knock-on effects between work phases
= Availability and quality of work products
= Progress to discover upstream rework
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. Something Goes Wrong

Effort
Applied
Product|V|ty Fraction Correct
and Complete
+
Pro ress Rework
9 Generation
\V4 Original X V4
Q /\ - Work to Do /\ - Work Done
Scope
Growth ]
Infeasible
Plan D q
Changes
Revx[/;)rk 10 | g X Undiscovered| o g
0 Rework Rework
Discovery

Typical changes
add 25% to original
workload

+

Time to Discover Rework
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E : The “Iron Triangle”

Cost Scope

What happens
when something

wrong?
Schedule goes ong
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When your project falls behind schedule,
what can you do to get it back on track?

Add people?
Work longer hours?

Work more “intensely” (including cutting
corners, increasing concurrency, releasing
work earlier than ideal)?

Slip the schedule?
Cut scope?

Other?
Well discuss results in my

lecture in two weeks.
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E What do you do at ~30% complete?

What is your (company’s) response? Put a 1 next to your primary
response, at 2 next to your secondary response, and so on. If you
would not use a response, leave it blank, otherwise try to rank the
options even if you rarely use them in practice.

1. Add people?
2. Work longer hours?

3. Work more “intensely” (including cutting corners, increasing
concurrency, releasing work earlier than ideal)?

4. Slip the schedule?
5. Cut scope?
6.  Other?
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E What do you do at ~65% complete?

What is your (company’s) response? Put a 1 next to your primary
response, at 2 next to your secondary response, and so on. If you
would not use a response, leave it blank, otherwise try to rank the
options even if you rarely use them in practice.

1. Add people?
2. Work longer hours?

3. Work more “intensely” (including cutting corners, increasing
concurrency, releasing work earlier than ideal)?

4. Slip the schedule?
5. Cut scope?
6.  Other?
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Management Reacts

Time to Discover

—+
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Management Reacts ...

Workforce
+
+ /_T ;)vertime
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F

~, On a Typical Project, Productivity
& Fraction Correct Vary Over Time

Time

Why?
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- ?
E Why"

s Side-effect feedbacks (often “vicious
circles”)

s Knock-on or domino effects within or
between work phases

s Knock-on or domino effects between
projects
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Benchmarking Data -- Average 'Quality’

MIN AVG MAX

Commercial

0.68
0.34

Defense

MIN CAVG _ MAX |

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

[From a survey of 21 software development projects (14 commercial, 7
defense, 6 companies); Cooper, K.G. and T. W. Mullen. 1993. Swords and
Plowshares: The Rework Cycles of Defense and Commercial Software
Development Projects American Programmer, May edition.] B

© Cutter Consortium. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/fairuse.
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E Actions and Consequences

Control Action Side Effects
= Hiring o
= Overtime o
= Work more intensely D
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Each Controlling Action Initiates Vicious
Circles...

Experience Make less progress,
and more mistakes,
than we thought

G +
Experience Effort Workforce
+ Dilution .
Applied
Productivity + Fraction Correct
- and Complete \}
\ . f+ — Hiring
Progress  Reoon Add People +
Orlgltr;allj\évOrk Z Z l | Work Done
Rework to Do| <+ Un(lj?iz\(l:v%\:le;red Effort
Rework Discovery Need ed
\ "X
{ Time
+~Known Work Remaining

Remaining “'\
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M
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M
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E N Today’s Agenda

= Project Dynamics: Feedback Loops
mp = Qualitative Lessons
= Quantitative Models

s Validation and Model Extensions
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E . “Qualitative” Model
‘!
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Project Behavior

Productivity &

Project
Staffing

Fraction Correct

Productivity and
Fraction Correcg
Feedbacks

~

Rework
Cycle Effects

Delay and disruption

Cumulative Impact

Time Secondary impact

Ripple effects
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E ‘ Qualitative Insights

Management actions to control a project can initiate
reinforcing feedback loops that cause project
problems to “snowball” and amplify costs far in
excess of the cost of triggering event

“Soft Factors” such as fatigue and morale can be big
drivers of productivity loss and rework

I H .
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E ‘ Survey Question

In your organization, what do you estimate is the
relative contribution of the direct costs of External
Changes and the costs of Management Responses to
project overruns:

1. Costs of External Changes greater than costs of
Management Responses

2. Costs of Management Responses greater than costs
of External Changes

3. Costs of both about same
4. Varies too much by project to say for sure

I H .
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E N Today’s Agenda

= Project Dynamics: Feedback Loops
= Qualitative Lessons
mp = Quantitative Models

s Validation and Model Extensions

H .
Massachusetts Institute of Technology I I I I I

31



__Hard tools force us to be more explicit, and
E accurately simulate the consequences of our

models ...
“Soft” tools -- “Hard” tools --
= behavior-over- = computer models
time graphs = computer
= cause-effect simulation
diagramming = calibration to data
= mental simulation = sensitivity and
what-if analyses
Tools for describing Tools for quantifying

dynamics dynamics

H .
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E Focus — Development of Computer Models

= More detailed stock/flow — causal
diagrams

= Details of policy controls and side
effects

= Some equations
= More detail in textbook chapter SD3

I H .
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E - Purpose

= Understand enough of how model

works to

= Understand simulation results in next

lectures

= Execute policy tests and explain results in

HW#3 and HW#5
= Generate insights into improvec

practice

= Use and extend model on projects or

other applications

H .
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E We will use two models ...

1. Simple rework cycle model with project
control/side-effect feedbacks

« HW#3 — develop simple model without
feedbacks

= Feedbacks added in class, given in HW#5

2. Full rework cycle model with two
phases of work

= No project control feedback
= Model given to you for HW#3 and HW#5

H .
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E Project Model 1: Simple Rework Cycle

mp = Rework cycle model (HW#3)

= | hree stocks
» Variable rework discovery time
= Errors Build Errors” Feedback

Model you develop in Part 1 of HW#3

I H .
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Complete Model

Fraction
Correct &
Complete

Two Views of the Rework Cycle

Simplified Version

NZ

AN
Work Accomplishment

Progress
Original AV
Work to Do A
Undiscovered
Rework
Discovery

Work to Do x

Z - Undiscovered Work Done
Rework

Rework Generation

2
X,
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Fa

Rework Discovery

The simplified version assumes that
rework tasks require the same effort
as original tasks, and that it is not
important to distinguish between
original work and rework.
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\ Simple Rework Cycle Model

Productivity

+
Potential Work Rate
Minimum Time to Based on Staffing =
Levels

Normal Staff

Finish a Task
Maxi Work R *
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Undiscovered

Work Done

Work to Do H—H R K
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Initial Work to
Do
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yANY
Rework Discovery

Time to Discover  <Project Finished>
Rework

Steps 1-4 of
Homework #3

Cumulative

+
Staff
P Effort
Effort Expended Expended

Prolect Finished

Fraction Complete

to Finish
<Rework Generation>

<Initial Work to
Do>

w

Rate of Doing Work
4

<Work Done Correctly>

Massachusetts Institute of Technology II I

Cumulative
Work Done
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B~

. Rework Discovery Depends on Progress

Graph Lookup - Fraction of Rework Discovered
1 _.7

Rewor Dis covery

/ <Praject Finished=
Celayin

Cis covering Rework
This reflacts the swerage ddsin
dispovenng discowershbls rework.
such 35 fom QA sopatiss o
downsiream wosk.
Fraction of Rework Discovered .
Fraction Really d
This efizcts the frection of Complete
undiscoversd rewods et is
discoversble 5 anypoint in He poies
based on the scowniss shing placs

- il el

o I
0 1

Fraction Really Complete
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s Complete Simple Model 1

l No project

“Errors on
Errors”
Feedback \ “i /

y Staff
Maximum Work Rate Work Being

——» Accomplished

adaptation
“control”

Based on Tasks
X Available
Fraction Correct

and Complete

Normal Fraction
Correct and Complete

#
ork Done
Correctly

Cumulative
= g _ Effort
Effort Expended Expended

Sensitivity of Fraction
Correct to Undiscovered
Rework

Project Finished

Undiscovered .

rk on Fraction Work to Do Unc’gscove':(red
Correct L Rework Generation e:vor
[

Work Done

H

Fraction Complete
Maximum Effect of to Finish

Undiscovered Rework on

Initial Work to

Do <Initial Work to

Fraction Correct Do>
>
Rework Discovery
. <Project Finished>
Delayin
Discovering Rework
Fracti®q of Work This reflects the average delay in dto <Rework Generation>
Believed e Correct  discovering discoverable rework,
and CoMplete such as from QA activities or Cumulative
downstream work . . . >
Fraction of Rework Discovered Rate of Doing Work Work Done
Fraction Really
This reflects the fraction of Complete )
<Work Done> undiscovered rework that is Fraction Reported <Work Done Correctly>

discoverable at any point in the project
based on the activities taking place.

Complete

<Initial Work to Do>
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B

Representing Effects on
Productivity and Fraction
Correct
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E ) Productivity --

= PRODUCTIVITY =

= Dimensions:
= Productivity --
=« Normal Productivity --
» Effects --

H .
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E ‘ Fraction Correct --

s Fraction Correct = Normal Fraction Correct *
Effect of Staff Experience * Effect of
Undiscovered Rework* ...

= Dimensions:
= Fraction Correct -- Fraction
= Normal Fraction Correct -- Fraction
= Effects -- "Dimensionless”

H .
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-

Effect of Staff Experience

Effect of Experience = Function (Months on Project)

1.0 4

i i i i |
2 4 6 8 10
Months on Project

I H .
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E How do we determine these effects?

s [ he effects are first estimated based on
“common sense.”

= Specify likely values at extreme points,
and draw a smooth curve in between

= Later, effects verified via model
calibration and/or sensitivity testing.
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E ) Effect of Staff Experience

Effect of Experience = Function (Months on Project)

I X-

0 i i i i |
2 4 6 8 10
Months on Project
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E ™ Effect of Undiscovered Rework on
~ Fraction Correct:

Effect of Undiscovered Rework on
cr: Fraction Correct
1 :

Decrease in
"Sensitivity”
froml1to0

0 | | | 1
Fraction of Work Believed

Done Correct and Complete

Note: The effect of undiscovered rework on fraction correct is assumed to be
proportional -- an error in past work creates an error in current work. Given that in this
simple model fraction correct represents several effects of work errors, this strong

relationship may be reasonable. TH=
Massachusetts Institute of Technology I I l I
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=

HW#3 Part 1 CityCar Simulation

Tasks

Work Done
2,000
= | "No Rework
1,000
500
Rework
0
0 20 40 60 80 100 120 140
Time (Week)

Work Done : HW3 Step6

Work Done : HW3 Step3

Staff
15 N O
“1 Rework

Rework

0 20 40

Staff : HW3 Step6

60 80 100 120
Time (Week)
Staff : HW3 Step3
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~. Project Model 2: Work Flows &

Staffing in "Simple” Two Phase Model

Design_ Build/Test_

Project Staif I
End Design ;\'” on
Rampup evig
Start Design Fraction D
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I okt b Design Work Done Correctly Reported Complete ital Buildg Work Done Correctly ing Accompishmed
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X Fraction Correct and
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Work to Do>
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Discover Build/Test Effect of Design Build/Test Rework
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Discovered By Bid Undiscoyered Rework Undiscovered Rework on ld/Test Effect of Build
Design Fraotion Comoet indiscovered Rework on
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Undiscovered Rework Switch to Include b ””’L' ‘f"«fﬁu d Believed Done Correct and
Rework W overys. Complete
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Model you are given
in Part 2 of HW#3

Four Stock
Rework Cycle
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Design Phase of Work (Build/Test Similar)
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Undisc;)vered Rework

2sign

Rework
Discovery  |ii

*“WMassadchusetts |

/
Maximum Sensitivity of
Design Fraction Correct to
Design Undiscovered Rework
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Design_

End Design RSSYO”
Rampup W
Start Design
Rampup Designs ‘Sla«
T et
<Time>
Design Staff
Design
Planned Staff Design Fraction of

Effort to Rework

Design Staff on

Original Work Do.slqn Relative Effort

Design Maximum Work uired for Rework
Rate Based on Rework
Tasks Available

Design Maximum Work Re\
Rate Based on Original
Work Tasks Available

Design Original Work

Being Accomplishmed Productivity>

Design Minimum
Time to Finish a Task

Design Original

Design hnitial
Work to Do Work Done Correctly

Design

Original
Work to Do

ESIgIPREO!
Generation on Original
Work

/

o Design Rework
Done Correctly

esign
Normal Design Design Fraction Rework to Dol
Fraction Correct Correctand
and Complete > Complete

gn Rework | Desian
Generation on | Undiscovered
Rework

Desngn Rework
Discovery
Esign Delay in
overing Rework>
Design itk
Believed to BfiDone

J’)emqn Rework

Design Effect of COW“ By
<Maximum Effect of Indiscovered Rework on esign> <Design Remaining
Undiscovered Rework on Fraction Correct Rework Discovered by
Fraction Correct> Build>
ign Rework
Disconmred By Build>
Sensitivity of Design

Fraction Correct to Design
Undiscovered Rework Switchto Include
Rework
jaximum Sensitivity of
Design Fraction Correctto
Design Undiscovered Rework

* Build/Test
= = = = Progress On

r—-—-

Project Staff

Design Priority to
Original Work

Design Rework

eing
Accomplishmed

Design Staff on

Design Fraction
Reported Complete

Work to Do>

Design Fraction of Work
Done Correct and
Complete

<Design
Rework to Do>

esign Rework

iscovery
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Build/Test._

Fraction Design

Buldest—— =
_» Starup

<Time>

Build/Test
> idicated siaf
Build/Test Maximum Work
Rate Based on Rework
Tasks Available

Build/Test Maximum Work

Build/Test Minimum
Time to Finisha Task

Rate Based on Original —___
Work Tasks Available SuidTest briginal

Phase Interconnections

esign
ework on

uild/Test
roductivi

Complete to StartBuild 1o oo Build/Test
Rampup Planned Staff
T o Zont Duatonof Buid
Build Ramp Up Pup

Build/Test Staff

Build/Test Fraction
of Effort to Rework

Build/Test Relative
Effort Required for

ework Build/Test Priority
to Original Work

Build/Test Staff on
Original Work

<Build/Test
Productivity>

Work Being
Accomplishmed )

<initial Build/Test

Work to Do> Build/Test

Original
Work to Do

Normal Build/Test

Germanon on Orgeel

Build/Test Original
Waork Done Correctly

Build/Test Rework
L~ Being Accomplishmed

Build/Test Rework

tand Build/Test
BuildTest uild/Test Rework work Done Project Fm’\‘shed
Rework to Do| ‘DOHE Correctly Swicl
Build/Test Fraction
rrect and Complete
itial Build/Test
Work to Do>
I Build/Test Effect of Design Build/Test Work
um-:;og;uck:’:cé;k on Disco Believed fo Be Done
<Initial Build/Test
ork 1o >
Build/Test Delayin i
tion Build/Test Build/Test Fraction
Discovering Reviork vork Discovered> Reporied Complete
Sensitivity of Build/Test
Fraction Correct rector
M: Effect
Y i Undiecovred Rework on Build/Test Effect of Build
Fraotion Comoet Undiscovered Rework on

Fraction Correct

Design “Errors”
(Rework) on
Build/Test Fractio
Correct

Build/Test Fraction of Work
Believed Done Correct and

<Switchto
.

Include R

<Build/Test

f Rework to Do>
2Correctto
2d Rework

I
l
I
— _— — J

n
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. Key Parameters

Normal Productivity (Tasks\WWeek/Person)

Normal Fraction Correct and Com plete (Fraction)

Relative Effort Required for Rework

Pricrity to Original Work

Max Sensitivity of Fraction Correct to In-Phase Undiscovered Rework
Max Sensttivity of Fraction Correct to Inter-Phase Undiscoverd Rework
Max Sensttivity of Productivity to Undisc overed Rework

Max Fraction of Design Rework Disc overable by Design Work
Fraction of Design Rework Disovered Based on Planned lterations and Reviews

Fraction Design Complete to Start Build Ramp-up
Duration of Ramp-Up

| |
Massachusetts Institute of Technology I I I I I

Design Build/Test
1 1
0.6 0.95
0.5 0.5
1 1
0.5 0.75
NA 1
1 1
06 NA
0.3 NA
NA 0.99
1 1
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Rework Discovery

Max Fraction Discoverable in
Design = 0.6

Graph Lookup - Effect of Design Progress on Design Rework Discovery  Graph Lookup - Design Effect of Build Work on Rework Discovery

1 1

0 | | | 0 ; | s
0 1 0 1
Design Fraction Original Build/Test Fraction
Work Complete Original Work Complete

I H .
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=

HW#3 Part 2 CityCar Simulation

Task

Design Work Done

No Rework

1,000

Rework

250

0

0 12 24 36 48 60 72 84 96

Time (Week)
Design Work Done : HW#3 Rework
Design Work Done : HW#3 No Rework

108 120

Task

"Build/Test Work Done" : HW#3 Rework
"Build/Test Work Done" : HW#3 No Rework

Build/Test Work Done

"1 No Rework
~| Rework

0 12 24 36 48 60 72 84 96
Time (Week)

108 120

H .
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E ‘ Project Model 1: Elaboration

= Rework cycle model (HW#3)

= | hree stocks

» Variable rework discovery time
= "Errors Build Errors” Feedback

= = Project control & Side Effec

s (HW#5)

= Work Intensity/Schedule Pressure & “Haste

Makes Waste”

» Staffing & Experience Dilution

= Slip Schedule

H .
Massachusetts Institute of Technology I I I I I
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B~

Where we are headed —
Full One-Phase SD Model

-
—
Initial Inexperienced Initial
Staff Experienced Staff
4 Transfer/Firing
@ ‘ Delay
Hiring Delay flNew Staff
Leaving
Relative Fraction . 7 = - onced
Correct of New Staff New Staff "p‘;’t‘g{"”e < ) wil «
Staff Hired Staff Gammd—‘ Staff Leaving ! ‘Iljgnef?s °
Willingness to xperience
Hire !
Effect of Experience Effect of
on Fraction Correct Experience on )
— __»-EXpenienceon — graction Maximum Work E_me o Gain
xperience
Intensity/Extra Hours
- Phase in of Normal Work intensity Stalf
imum at Project & Extra Hours Ratio T \ess St
!
Willingness to Use <Initial Scheduled
reo Intensity & Extra Hours Completion>
CHSIVIY Ul EnsLL U e e ity Extra Staff Maximum Staff!
’ Intensity/Extra Hours on ok Needed Level
Lagget Productivity  — ork Intensity/Hour Fraction Schedule
Intensity/Extra Hours Lagged Intensity/Extra Worked Elapsed <Time>
for Rework Hours for Productivity Work/Schedule
Sensitivity for Effect of Pressure
Intensity/Extra Hours on Effect of Mimimum Time to
" <Project Finished>
Rework Intensity/Hours on Effective Staff ) Time to Perceive Staff Required t0 Finish Work
Effoctof Productivity Work Pressure Complete on
Schedule
Intensity/Hours on Normal Staff for Output
Fraction Correct Productivity
i <Normal Remaining <Scheduled
Productivity Rt . S PrOdUCIVY> il Effort = Completion
Minimum Time to \» Based on Staffing Estimate (Budget) pate
Finish a Task Levels itial Work to ™" Work
<Wor
Q> <Til <Project Finished>  <Staff> Intensity/Hours
Maximum Work Rate . Wg(imated Budgeted Effort Worked>
Based on Tasks \—‘>A‘nl:vc(:;rl\<13hes|:gd Reégy Remining <Normal Work
. c Available P! Intensity & Extra Hours
raction Correct <FractgSchedule i atio>
and Complete » N> Esg:na;crl‘iﬁﬂon
Work Done 9
Correctly o
Effort Effpended Extra Effort
Normal Fraction Expended
Correctand Complete Project Finished Estimated Effort <oyl Do> Fraction of
Remaining Based on Intensity/Extra Hours
ok T‘ Progress Weight on Counted
) fork to Do Work Done Progress-Based
Effect of Undiscovered Rework Estimates Cumulative Cumulative
Rework on Fraction Effort Extra Effort
Correct Expended Expended
Fraction Compjete
to Finish
Initial Work tc
initial Work to <Initial Work to
> Total Effort
Fraction of Work Rework Discovery . Expended
Believed Done Correct Maximum Time to o
Productivif
and Complete Discover Rework <Project Finished> v

Time to Discover

Minimum Time to
Discover Rework

HW#3
Model

Effect of Work Progress

Rework
Work Believed to
Be Done

Fraction Really
Complete

Fraction Reported
Complete

<hitig Ko

ass;i:husetts Institute of Technology

<Productivity>

o
Rate of Doing Work

<Work Done Correc

<Rework Generation>

Cumulative
Rework
Done

Rate of Doing
Rework
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E ‘ Example Project

= Scope = 1000 Tasks
= Scheduled Completion Date = 30 (Month)

= Staff = 40 (Implied budget of 1200
person- months, including 200 tasks
estimated rework)

Note: Infeasible Plan

H .
Massachusetts Institute of Technology I I I I I
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E : Project Behavior

Cost = 1570
Staff & Progress person-months
2,000 Tasks Sk(
100 People Total Tasks = 1570
Work Done
1,000 Tasks
50 People
How do we
control project
0 Tasks to get it done on
0O People

0 6 12 18 24 30 36 a2 .Llime?
Time (Month)

Work Done : Class3 Base No Project Control Tasks
Cumulative Work Done : Class3 Base No Project Control Tasks
Staff for Output : Class3 Base No Project Control People

H .
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1. Qualitative model representation

N

Effort Resources: Feople
Applied Overtlme_
Productivity Fraction Correct +\ Work Intensisty
\ and Complete
, ¥
+?ro ress Rework
gv Generation
\VA Original AV
o AN ™ Work to Do AN N\ ®> Work Done
Scope
Growth Infeasible
Plan >
Y Chahges C/ A
R i — Effort Needed
ework to ‘+ Undiscovered "
Do Rework +
Rework Add )
Discovery Resources
+
Time to Discover Rework !
Time
Remaining
+

Known Work

Remaining Deadline

I H .
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E : Project Control

1. Project control is

driven by estimates
of how much effort is
Ieft 'y ¥ J
Estimated Effort
Remaining
‘s (Person-Months)
WorktoDo _—
(Tasks)
2. Estimates are
based on work to Average Productivity
do and (Tasks/Month/Person)
productivity
(undiscovered
rework?)

I H .
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E ) Project Control -- Staffing

Staff How many
people do I need
Staff Required to to get thejOb

Complete on

Schedule done on time?

Estimated Effort
Remaining
(Person-Months)

Time Remaining

+

Work to Do
(Tasks)

Staff Required =
Estimated Effort
Remaining |

oioewes  Time Remaining
[People]

Average Productivity
(Tasks/Month/Person)

I H .
Massachusetts Institute of Technology I I l I 61



E ) Project Control — Schedule

How many people do
**~_ [Ineedto get the job

. done on time?
Whe” Caﬂ I Staff R;equired to

- = - - Complete on
Indicated Schedul
finish with the  _ e e
current staff?
Estimated Effort ) .
Remaining Time Remaining
(Person-Months) ¥
Work to Do—
(Tasks)
. - Average Productivity
I n d |Cated CO m p I etl O n (Tasks/Month/Person)

Date = Time +

(Estimated Effort

Remaining/Staff) Completion Date
[Month]

I H .
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E ‘ Project Control

Based on Staff Required and Indicated
Completion Date, three options:

1. Add Staff
2. Explicitly Slip Schedule

3. Exert “Schedule Pressure” (Work
Intensity and Extra Hours)

H .
Massachusetts Institute of Technology I I I I I

63



E ) Actions Determined By ...

"Willingness to

To the extent Hire (0 -1)”

these do not g
sum to 1, o o
work / schedule Completion Date

pressure is
residual.

+

Work/Schedule

Pressure \
Staff

+

Estimated Effort _ o
Remaining Time Remaining
+_ (Person-Months
Work to Do™% ( )
(Tasks)

Average Productivity
(Tasks/Month/Person)

Scheduled
Completion Date
s

(0_1) ”

I H .
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-

Work / Schedule Pressure

H .
Massachusetts Institute of Technology I I I I I
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E ‘ Work/Schedule Pressure

= If a project falls behind schedule and
staff are not added or schedule slipped,
management ...

= Pressures team to work faster
= Team works longer hours/overtime

= Represented as impact on “effective
staff” ( = staff * intensity-overtime
ratio)

H .
Massachusetts Institute of Technology I I I I I
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E ‘ Schedule Pressure

= Downsides (Side Effects) --

= 'Haste makes waste”

» Fatigue adds to mistakes (and may reduce
productivity)

=» Represented as impact on fraction correct
and complete, and on productivity

H .
Massachusetts Institute of Technology I I I I I
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Intensity/Extra Hours Loops

Added to Model

Maximum Work
Intensity/Extra Hours

Normal Work Intensity
& Extra Hours Ratio

Willingness to Use
Intensity & Extra
Hours

Project Control

Lagged Work Intensity/Hours
Intensity/Extra Hours Lagged Intensity/Extra Worked %
for Rework Hours for Productivity
nt Ef[;e/;l of <Project Finished> Mimimum Time to
ensity/Hours on i Time to Perceive Stal ired to Finish Work
i Effective Staff quire
Productivity Work Pressure
Effect of Sche
Intensity/Hours on Normal \ Scheduled Stafffor Output
Fraction Correct A Productivity Completion Date
roductivity Time Remaining ———
A Potential Work Rate
Minimum Time to, Based on Staffing
Finish a Task Levels Aork
<Time> <Project Finished> <Staff> Intensity/Hours
laximum Work Rate Work Being Worked>
Bas:\clla?lgg;gsks ———» Accomplished - 8]
Fraction Correct X Switch to Include
and Complete » ES;Z;‘;%E“‘)” Budget
Work Done 9
Correctly
— Effort Epended Extra Effort
Expended

Normal Fraction
Correctand Complete

<QUork to Do>

Project Finished

Work to Do Undiscovered Work D Estimated Effort
. . Rework lork Done Remaining Based on
Effect of Undisdpvered Rework Generation Progrecs . Cumuatve T T
Rework on Frdction 9 Weight on Effort e
Correct| Progress-Based ended Extra Effort
<Initial Work to Estimates Expended
Do>
Fraction Complete
to Finish
Total Effort
Fraction of Work Rework Dlngvery Expended
Believed Done [Correct Maximum Time to
and Compigte Discover Rework <Project Finished>

Minimum Time to
Discover Rework

<Work Done>

effect on
and FCC

Time to Discover
Rework

Work Believed to
Be Done

<Productivity>

o
Rate of Doing Work

Fraction Really
Complete

Effect of Work Progress

Fraction Reported <Work Done Correctly>

Complete <Rework Generation>

<Initial Work to
Do>

]
Rate of Doing
Rework

Massachusetts Institute of Technology II I

<Normal Work

Intensity & Extra Hours

Ratio>

Fraction of

Intensity/Extra Hours

Counted
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E ~ Work/Schedule Pressure

Subject to

maximum Wilingness to Use Work/Schedule
intensity/hours Ve 0 -1 Pressure = Staff
worked Work Intensity/Hours Required / s ta ff
(currently 2) wered S
. WoFr)k/ScheduIeA.\ Staff‘
Effective Staff NG e

Time to Perceive

Work Pressure Staff Required

+ ‘_\
Time Remaining

Effective Staff =
Staff * Work

+

. Estimated Effort
Intensity/Hours P s

erson-Montns Scheduled
Worked Completion Date

H .
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‘I

Without Secondary Impact ...

Dimensionless

Work Intensity/Hours Worked

Effective Staff

2 80
15 60
<Q
1 g 40
o
05 20
0 0
42 48 54

0 6 12 18 24 30 36
Time (Month)

0 6 12 18 24 30 36

42 48 54 60 Time (Month)

60

Effective Staff : Class3 Base WI-OT No SI

"Work Intensity/Hours Worked" : Class3 Base WI-OT No SI

Effective Staff : Class3 Base No Project Control

"Work Intensity/Hours Worked" : Class3 Base No Project Control

H .
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The project finishes sooner

Person*Month

Total Effort Expended

2,000
Control, No
1,500 Secondary
o0 Impact No
Project
500 Control
0

0 6 12 18 24 30 36 42 48 54 60
Time (Month)

Total Effort Expended : Class3 Base WI-OT No Sl
Total Effort Expended : Class3 Base No Project Control

H .
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‘I

Impact on Productivity & Fraction Correct

Lagged
Intensity/Extra Hours
for Rework

Effect of
Intensity/Hours on
Fraction Correct

Willingness to Use
Intensity & Extra
Hours

Work Intensity/Hours

Lagged Intensity/Extra Worked
Hours for Productivity +

PR
Work/Schedule - Staff

+
Effective Staff

Pressure +

Effect of ) )
Intensity/Hours on Time to Perceive
Productivity Work Pressure

H .
Massachusetts Institute of Technology I I I I I

+4

Staff R'equi red

+ \

Time Remaining

+
Estimated Effort
Remaining
(Person-Months) Scheduled
Completion Date
72



*~ Key Parameters: Impact
—- Sensitivity and Delay

How long does it take before
Intensity/Longer Hours affects
Productivity and Fraction Correct?

Time for Pressure to -
Effect Fraction Willingness to Use
Correct i Intensity & Extra
Time for Pressure to Hours
\ Sensitivity for Effectof ~ Effect Productivity /
4 Intensity/Extra Hours on L

Lagged Productivity ‘/—Work Intensity/Hours
. ~a
Intensity/Extra Hours Lagged Intensity/Extra Worked
for Rework Hours for Productivity +
Sensitivity for Effect of HSt ﬁ
Intensity/Extra Hours + Wo;tgigﬁ?g“|e ) a .
on Rework \ Effective Staff N
1
Effect of Effect of - Percei
Intensity/Hours on Intensity/Hours on W;&opr:;gﬁ:\ée Staff Required
Fraction Correct Productivity

Time Remaining

H aw Str ong is the effeCt? Estimated Effort
(Peﬁggr]fli\/rl]i)nrghs) Scheduled

I H .
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E ; Impact determined by “sensitivity”

= Productivity

= Sensitivity =1 =» productivity falls such that
additional output is zero

= Sensitivity = 0 = no reduction in pdy
= Sensitivity = 0.5 = additional output 50%

s Fraction Correct

= Sensitivity =1 =» all additional output contains
errors

= Sensitivity = 0 =» no reduction in fraction correct
= Sensitivity = 0.5 = additional output 50% errors

See text for implementation details (SD3.4.2, pp. 27-34).

H .
Massachusetts Institute of Technology I I I I I
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Staffing

| |
Massachusetts Institute of Technology I I I I I
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) Staffing Added to Model

-—
nitial
Experienced Staff

nitial Inexperienced
Staff

Transfer/Finng
Delay

Hiring Delay

Willingness to
Layoff

Staff Hired
Experience

Willingness to
Hire -

Relative Productivity X
Time to Gain
of New Staff Experience
<Time>
—Staff
_— —_—
Effect of — Excess Staff
" " Experience on Fraction Schedule
Relative Fraction c
Corect of New Staff Productivity Elapsed
Extra Staff Mimum Staff
Needed gvel
Effect of Experience '
on Fraction Correct Vimirmum Time t
imimum Time to
y Finish Work
Staff Required to
<Normal Complete on
Prod Schedule
Normal roductivi Sctlmduled
Productivity Completion Date
" Staff for Output
Productivity <hnitial Work to Initial Effort Time Remairinga— P
Potential Work Rate - T ™ Estimate (Budget)
Migfmum Time to \' Based on Staffing
fnish a Task Levels
% Estimated ime> <Project Finished>  <Staff> Work Intensity/Hours
ked
Maximum Work Rate Work Being Budgeted Effort
Remining
Estimated Effort 4 Normal Work Intensity
& Extra Hours Ratio
Extra Effort

<Fraction Schedule
Remaining

Based on Tasks ————»Accomplished

Available
Fractigfi Correct

and gomplete /
Work Done lapsed>
Correctly Pl
Normal Fraction  — | <Worgo Do> Efort &
Correctand Complete Estimated Effort
Prc]ecl Finished Remaining Based on
1 Progress Weight on
Work Done Progress-Based
Cumulative
Effort
Expended

Fraction of
Intensity/Extra Hours
Counted

Cumulative
Extra Effort
Expended

Estimates

|
\

Work to Do
e
Fracllon Comple(e

Finish

Total Effort

Effect of Undiscovered
Expended

Rework Bn Fraction,
Crrect
il work to <nial worko
Fractpn of flork Rework Discovery
Believed|Donf Correct Maximum Time to
aFogpee Discover Rework <Project Finished>
Time to Discover
Minimum Time to Rework
Discover Rework Work Believed to o oductivity>
<Work Done> Be Done -
X Rate of Doing Work
~ Effect of Work Progress Fraction Really
~ Complete
Fraction Reported <Work Done Correct
Complete <Rework Generation>
jos; A
Rate of Doing
Rework

Initial Work to

effect on F S
and F C C Massachusetts Institute of Technology II I
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| Effect = (New Staff *
/Expeﬁ%ti‘aé:imew 0.5 Relative Experience
of New Staff +

Effect of Experience on

Producti\éi:tgr?ggtFraction Expe rienced Staff) /
\ Staff Level
3 < - New Staff % - Experienced ~ gy
Staff Hired Staff Gaining Staff Staff Leaving

0 \VExperience 40
6 months

Time to Gain
Experience

Really "Time to
Reach Full
Productivity”

Staff Level Required to
Complete on Schedule

I H .
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Adding 4 New Staff at Time 2

Staff Effect of Experience on Productivity and Quality

New

0.85

Experienced ;

0.55
04
0 5 10 15 20 25 30 3 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time (Month) Time (Month)
NeW Staff . CUrrent People Effect of Experience on Productivity and Quality : Current Dimensionless

Experienced Staff : Current People

H .
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-

= We'll discuss simulations of secondary
impact in two weeks and in HW#5.

H .
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=

Changing Schedule
(see textbook)

H .
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Initial

Initial

2 Y

Ny

Transfer/Firing

Full SD Model (Chapter 3)

Legend
Planning Assumptions

Hiring Delay JNew Staft L]
[ S roject Controls
\
—" -
Staff Hired staff Gainind—2"_ | staff Leavin e
Willingness to_4 E; enence
Hire
Effect of Experience Effect of _
on Fraction Correct Experience on™  _i o Tlme to Gain
Productivity  poporieq mMaxlr;\gxmw W:fk Experience
Relative Complete>~q fensity/Extra Hours Page Down to NextViw
2 r Schedu
Experience of i aseinol Normal Work Intersity sar— e ansss Equatons
inimum at Projec
Time for Pressure to fiwilie &ExaHousRato TT———»Ewcesssuf
Effect Fraction oo <nitial Scheduled
Correct Time for Pressure o ntensity & Extra Completion>
Sensitivity for Effect of ~ Effect Productivity Extra Staff Maxlmum Staff
Intensity/Extra Hours on ) Needed
| Productivity - ‘Work Intensity/Hours Fracnon Schedule
Intensity/Extra Hours Lagged Intensity/Extra <Time>
for Rework Hours for Productvity WurkIScnedule V\_/
Sensitivity for Effect of Pressure
Intensity/Extra Hours Effect of <Project Finished> Mimimum Time to
on Rework Intensity/Hours on Effective Staff " Time to Perceive Staff Required to Finish Work
Effect of Productivity Work Pressure Complete on
Schedule
\r;tens(llylHCours o(n Normal Staff for Output
raction Correct Productivi
Producnc/ v <Mormal Time Remaining 4 <Scheduled
v Potential Work Rate Productivit> ~—m ol Effort Completion
Minimum Time to Based on Staffing Estimate (Budget)
Finish a Task Levels <lnitial Work to <Work
Do> <Times <Project Finished>  <Staff> InensityHours
Maximum Work Rate Workigei Estimated Budgeted Effort <Initial Scheduled Worked>
Based on Tasks Accom hsgd Rework Remining Completion> <Normal Work
P on Conrect Available > pl < Intensity & Extra Hours
<Fraction Schedule Ratio>
and Comp\ele Elapseds Estimated Effort
‘Work Done Remaining
Correctly i Esira Effort
a
Normal Fraction Effort® Expended
Correctand Complete Project Finished Estimated Effort  <Work (0 Do> Fraction of
Remaining Based on Intensity/Extra Hours
—— 1 Progress Weight on Counted
Workto Do 1 Rework Work Done Progress-Based
Efectof Undiscovered Rework Estimates Cumulative Cumlative
Rework on Fraction Effort Extra Effort
Correct Expended Expended
Fraction Complete
to Finish

Initial Work to )
Do <hitial V\{u\klu

Fraction of Work Rework Discovery
Believed Done Correct

and Complete

Maximum Time to

Discover Rework <Project Finished>

Time to Discover

Rework
Work Believed to

Be Done

Minimum Time to
Discover Rework

<Work Done>

Effect of Work Progress Fraction Really
Complete

Fraction Reported
Complete

<lnitial Work to
Do>

Average
Productivity

<Productivity>

Massachusetts Institute of Technology II I

Total Effort
Expended

=%
Rate of Doing Work

<Work Done Correctly>
<Rework Generation>

Cumulative
Rework
Done

Rate of Doing
Rework
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H; Planning Assumptions

s Scope = 1000 tasks
m Estimated Rework = 200 tasks
= Scheduled Completion Date = 30 (Month)

s Staff = 40 (Implied budget of 1200
person- months, including 200 tasks
estimated rework)

s Normal Quality = 0.85
» Productivity = 1 task/month/person

I H .
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E_,\ Project Controls

= Willingness to Hire
= Willingness to Slip

= Willingness to Use Intensity & Extra
Hours

Note: Should add to 1.0?

H .
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E\ Secondary Impacts

= Relative experience of new staff
= [ime to gain experience

m Sensitivity for effect of intensity/extra
hours on productivity

m Sensitivity for effect of intensity/extra
hours on rework

= [ime for pressure to effect productivity
= Time for pressure to effect rework

H .
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E N Today’s Agenda

= Project Dynamics: Feedback Loops
= Qualitative Lessons
= Quantitative Models

mp = Validation and Model Extensions

H .
Massachusetts Institute of Technology I I I I I
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E ) Additional Issues

1. Model validation
2. Model extensions and elaborations

These are discussed in textbook Chapter SD3.

H .
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E ) Model Validation

= Does the structure reflect what happens
on projects?
= Rework Cycle?
= Staffing Dynamics?
= Project Controls?

= Effects on productivity and fraction
correct?

= Are the parameters reasonable?

H .
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~. How do we know the “real”
E effects?

= Relative experience of new staff?

= Sensitivity of productivity and rework to
overtime?

= Time delays for impact?

I H .
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E = You're Uncomfortable With Quantifying All

These Effects. What Are Your Options?

1. Ignore effects and estimate (simulate)

impacts as if they did not exist
B But that's the only value you know is wrong!

2. Use your experience/intuition/ "mental

model” instead (no simulation)

B I.e., try to account for effects simultaneously in your head
that you can’t do individually in a computer model

3. Use computer model with educated

estimates ...

B Test sensitivity of results to exact values
B Gather data and calibrate where warranted

H .
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E ‘ Summary of Computer Model

= Three effects on Productivity & “"FCC":

= Errors on Errors

=« Work/Schedule pressure (represents
overtime, fatigue, out-of-sequence work)

= Experience (represents staff diversion &
training, size of organization)

= Decisions to increase or reduce staffing

= Decisions to change scheduled
completion date
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E ) Are There Alternative Models?

= More Productivity & “"FCC" effects, etc.
= Variations on the basic rework cycle
= Multi-project and organizational models
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E =~ More Productivity and Fraction
- Correct & Complete Effects:

= Model has 3 effectson P & Q :
= Errors on Errors
= Schedule pressure
= EXperience

= What additional affects could be included?

= Morale = Organizational Size
= Overtime/fatigue Changes
= Sequence = Availability of supplier

Information
= and materials
= Skills match to needs

= Other types of experience
= # projects/person
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E Other Types of Experience

A model might separately represent
different drivers of experience, e.g.:

» Effect of Experience on Project = Function
(Time on Project)

» Effect of Experience in Field = Function
(Years Working)

» Effect of Skill = Function ( Inherent Skill)
= Learning (Fraction Complete?)
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E Discussion — Representing Experience

= Experience on Project
= Relative productivity = 07?

= Time to gain experience fraction of project
duration

= EXperience as Engineer
= Relative productivity = ?

= Time to gain experience = duration of
project or longer
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E ; Other Stocks

= Budget

= Knowledge

= Morale

= Technology

= Priority of Project

= Scope/features/customer needs
= Other resources
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E ) Other simplifications?

= Task dependence/sequence is not represented
explicitly -- with enough staff, could finish the
project in a week

= Only one phase of work explicitly represented
= Suppliers are not represented

= Interactions with other projects are not
represented

These are treated endogenously or exogenously
/n more comprehensive models.
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E : The “Iron Triangle”

Cost

Scope

What happens
when something

wrong?
Schedule goes ong
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E ) Other Responses?

= T0 achieve target schedule ...
« Add resources
= Reduce scope
= Ship with “bugs”
= T0 achieve target cost (total vs annual spend)
= Reduce scope
= Ship with “bugs”
= Slip schedule to control annual spend

= T0 achieve target scope ...
« Add resources
= Slip schedule Focus on achieving (1) scope &
.. (2) schedule ...
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E ' When is the project finished?

= In the current model, keep working
until all work is completed correctly. In
other situations, schedule may be more
critical and therefore the project might:
= reduce scope to meet schedule
= Ship with errors (undiscovered rework)

We will discuss other
options later in term ...
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