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ew technologies and -~
management practices
offer a better approach

to understanding and controlling
project risk. Interactive simulation
provides intuitive risk dashboards
that can be used to detect and
manage hidden risks, even for
those with no statistical training.
The distribution string (DIST)
provides the needed standard for

€ € Revolutionary new

technologies and business
practices make working with

distributions easy, intuitive,

and compelling. 99

~N why most projects are behind
schedule, beyond budget, and
below projection.

We will begin with an
actual project that involves
aircraft maintenance and
for which we will substitute
hypothetical data. As airplanes
age, they frequently undergo
a major overhaul. For the

purposes of our high-level
J discussion, we have reduced

communicating project input and -
output uncertainties, so that experts in the organization

can unambiguously share their knowledge of uncertainty in
durations, costs, and other factors with managers at all levels.

The Flaw of Averages
How long will it take and how much will it cost?

There isn’t just one answer to each of these questions.
Each question has several possible answers, each with its own
probability of being correct. The answer is not one number—
it’s a probability distribution. “1 remember studying
probability distributions in my statistics class,” you say, “and,
as I recall, I preferred going to the dentist.” Don’t worry—
revolutionary new technologies and business practices make
working with distributions easy, intuitive, and compelling.

The common practice of reducing an uncertainty to a
single best guess eliminates a lot of information, which leads
to the flaw of averages, a set of systematic errors that occur
when a single number, usually an average (also known as an
expected value) is substituted for a distribution. The resulting
miscalculations have dire consequences in many areas of
commerce and government and are particularly prevalent in
project management. In fact, the flaw of averages explains

the project of refurbishing
one plane to the following steps: (1) Removing the wings;
(2a and b). rebuilding or replacing the left and right wings
as necessary; (3) overhauling the fuselage, checking for
corrosion, and structural, electrical, and hydraulic issues; (4)
reattaching the wings; and (5), final assembly and inspection.
Steps 2a, 2b, and 3 occur in parallel, whereas the others occur
in a series. Because of the precise alignment required, we will
assume that you cannot move on to step 4 until both the
wings and the fuselage have been completed. The dependency
graph is shown in Figure 1.
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Figure |: Dependency graph for refurbishing an aircraft.




Now, imagine you are managing a refurbishing project
for an entire fleet of a particular type of aircraft. You have
many years of experience and have collected plenty of data on
the durations of the tasks involved, and you are preparing a
bid for all 50 planes in the fleet.

The boss enters your office and asks you how long the
project will take.

“I don't know,” you say, “there are so many uncertainties
involving the numbers, types of landings, and the corrosion.” “Give
me a number!” barks the boss, “What are we paying you for?”

“Would you settle for averages?” you ask timidly.

“Yes, if that’s the best you can do,” he responds.

“That’s easy,” you say, proud of the data you have
gathered over the years. “Steps 1, 4, and 5 each consistently
takes about one week to complete. The wings and fuselage
are where the big surprises come up, but, on average, they
each take five weeks. Because we are doing the wings and
fuselage in parallel, we should be able to finish one plane
every 8 weeks, on average.” This time line is often depicted as
a GANTT chart and is shown in Figure 2.
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Figure 2: GANTT chart for refurbishing a plane.

Uh, oh! You have just run afoul of the flaw of averages.
You cannot reattach the wings until both the wings and
fuselage have been completed, so having all three of these
elements come in below their five-week average duration is
like flipping three heads in a row on a coin and only happens,
on the average, once in eight tries! In such a situation,
depending on the uncertainty, the average time to complete
these three tasks may be significantly greater than the average
of any individual task and this just scratches the surface of the
problem. The flaw of averages has many other manifestations
as well, which can only be detected by explicitly modeling the
uncertainty of the tasks, as we will describe later.

In actuality, based on the average duration per process
step, the maintenance firm wrote a firm-fixed price contract
that earned it a pre-specified amount per aircraft. There was
a penalty if the delivery of a plane did not occur within an
agreed-on time frame. On the upside, however, early delivery
would save costs and lead to extra profit. The good news is
that several years into the contract, the average task durations

PMI Virtual Library | www.PMI.org |

were roughly as initially predicted. The bad news was that the
average time to complete each plane was significantly higher
than anticipated—the firm lost millions of dollars, and four
vice presidents lost their jobs.

Next, we turn from the actual example with hypothetical data,
as described above, to a hypothetical example based on actual data.
We will use a residential construction project to show how new
technologies can help you better manage the uncertainty.

A married couple and the husband’s widowed mother,
each has a house on the family’s property. The mother is frail,
and the couple has decided to build a third, larger house on
the same plot of land on which they will all live together.
Once the new house is built they will remodel the two older
houses and rent them out for income. The dependency graph
of the project is shown in Figure 3.
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House 1
_, | Build New ‘
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| Remodel
House 2

Figure 3: Dependency graph.

Once the new house has been completed, the couple and
the husband’s mother will move out of their own houses, and
the remodeling will begin on the existing houses in parallel.

Again, imagine you are bidding for the job. From
historical data, you know that houses of this size take an
average of 12 months to complete, at an average cost of
US$400,000. These sorts of remodels typically take 6 months
and cost US$200,000. Because the remodels were going
to be done in parallel, the job would take 18 months and
cost US$800,000, based on the average. The GANTT chart
illustrating this is shown in Figure 4.
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Figure 4: GANTT chart.
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You feel you can’t win the contract if you take more
than a 10% profit margin; so, if there was no uncertainty,
you would bid US$880,000 for the job and tell the client
you can complete the project in 18 months. However, there
is uncertainty and, to complicate matters, the owner of the
property has expressed concern about the project coming in late
and has requested a liquidated damages penalty of US$1000
per day if the job runs beyond the 18-month projected
completion time. Needless to say, based on the averages, you
don’t expect this to happen, but the penalty clause would make
anyone a little nervous. So, the questions are:
1. How many months should you expect the project to take?
2. What should you bid?
3. What should you expect in profit?
4. What are the financial risks?

Let’s assume you negotiate an additional US$20,000 into
the contract to cover the potential penalty, for a total cost of
US$900,000 and hope for the best. In the following section
we propose a more systematic approach to answering the
above questions.

Probability Management—A Cure for the Flaw of
Averages
Data management is for storing, retrieving, and auditing
numbers, as in “Give me a number so I can perpetuate the flaw
of averages.” Probability management is for storing, retrieving,
and auditing probability distributions, so you can cure the flaw
of averages. But, what do you do with distributions? You feed
them into your plans to simulate the uncertainties you may face.
The methods of probability management had their
origins in a technique called Monte Carlo simulation, which
has been applied to project management in the past, and for
which specialized software has been developed. Probability
management has been enabled by recent advances in three
areas: software technology, information representation, and
managerial protocols (described below): together, we believe
they will make Monte Carlo simulation far more practical in
the context of project management.

Possible Possible

Possible

Costs for

Durations Costs for
for the the

House

the House

1* Remodel

*  Software—Recent advances in software allow for
interactive simulation, in which thousands of scenarios
may be run through a model before the user’s finger has
left the <Enter> key. This provides more insight into
uncertainty and risk than the traditional simulation tools
and makes a connection between the user’s mind (the seat
of their intellect) and their gut (the seat of their pants).

* Information—The DIST standard distribution string
encapsulates thousands of numbers into one data element
to represent an uncertainty, which allows probability
distributions to be shared across information networks.

*  Management—With sharing come responsibility,
accountability, and authority. The ultimate authority in
an organization in the area of probability falls to the chief
probability officer (CPO). Although we do not expect
firms to open up a new C-level position for this function,
someone in the organization must ultimately serve as

the CPO.

Simulation as a Card Game

Imagine a deck of cards containing different possible costs for

building the house, and another deck with different possible

durations for building the house. Now imagine four more
decks, containing the possible costs and durations for each of

the two remodels (Figure 5).

1. One can think of a simulation as a card game, which is
played as follows:

2. Draw one card from each of the six decks.

3. Calculate and record the resulting duration and the total
cost of the entire project (including late penalties) based
on the numbers you've drawn.

4. Return to step one until all cards have been used then
proceed to step 4.

5. Average all the costs and durations you have recorded
to get an estimate of the true average outcomes of the
project. For this project, the flaw of averages ensures that
they will be very different from the outcome associated
with the average assumptions. You may also analyze the
risk of bad outcomes.

Possible Possible Possible
Durations

for the

Durations Costs for

for the the

2™ Remodel

2™ Remodel

1* Remodel

Figure 5: A representation of the uncertainties in the project.
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6. 'The interactive simulation model in Excel that
accompanies this article contains the equivalent of the
six decks, with 1000 cards in each deck. Thanks to recent
technology, each deck fits into one cell on the worksheet!

The Distribution String

'The distribution string, or DIST, is a new data type used
for storing large numbers of scenarios. We began the article
by describing several possible answers, each with its own
probability of being right. A DIST represents this concept.
Instead of a single value, it can store thousands of equally
likely potential values in one data element. DISTs allow
experts in an organization to collect their knowledge for use
by others in such activities as estimating and bidding. This
is a fundamental change from the traditional Monte Carlo
simulation, in which distributions cannot be easily shared
between applications and users.

The Data

The statistical data used in this example came from De Mattei
Construction, a large residential contractor in San Jose,
California, USA, and is based on 10 new home construction
projects and 29 remodels. As we will see, even a small data

set like this can be invaluable in project planning. Most
construction firms keep records of the actual costs and
durations of previous jobs. De Mattei Construction, however,
takes an additional crucial step; they also record what they had

originally predicted for these projects and this enables them
to track and improve the accuracy of their forecasts, which are
critical to cash flow projections and staffing decisions. Storing
both forecasts and actual results is a critical function of a good
CPO, yet many large organizations ignore this step.

We applied De Mattei’s data to create DISTs of both
the cost and duration for our hypothetical structures. One
hand of the card game is known as a trial of the simulation.
The first three and last three trials are shown in Tablel. For
example, in the second trial of the simulation, the house cost
US$449,000, and took 20 months to complete. The actual
DISTs are displayed in Table 2.

The histograms of these values along with the average
values appear in Figure 6. We assume that each of the remodels
is an independent draw from the same cost and duration
distributions so they have the same histogram. Note that the
average is where the histogram would balance if it was made of
a solid material. Although averages are often used as a substitute
for the entire shape, this can be very misleading,.

Also, note that the relative durations of remodels
are much more uncertain than those of new dwellings.

A contractor must make major assumptions about the

general health of the existing building before he or she

starts. After the contractor opens up the walls, dry rot,
termites, construction code violations, mold, or unsupported
foundations may be discovered. Many of these problems
require a redesign, an approved inspection by an engineer, and

Value Cost of House Duration Cost of 1st Duration of Cost of 2nd Duration of
in Thousands of House in Remodel in 1st Remodel Remodel in 2nd Remodel
Months Thousands in Months Thousands in Months
1 Uss243 28 USs104 4 USS126 2
2 Uss$449 20 Uss$157 11 Uss277 4
3 Uss$343 12 US$380 8 USs$118 3
998 Usss01 13 USs$180 12 USs$118
999 Uss$391 Uss284 uss247 4
1000 Uss$391 8 Ussisi1 Uss$145

Table I: Selected values of cost and duration uncertainties.

<dist name="House Cast" avg="4.00000000E+002" min="2.43253009E+002" max="6.66594544E+002" count="1000" type="Double" ver="1.1">AABBIDxITVIcaFII
<dist name="House Duration" avg="1.20000000E+001" min="7.18770000E+000" max="2.83877000E+001" count="1000" type="Dauble" ver="1.1">//+ftDpPDiM

«dist name="Remodel 1 Cost" avg="2.00000000E+002" min="1.03823177E+002" max="4.37161622E+002" count="1000" type="Double" ver="1.1">AAADGNPCFg|
«dist name="Remodel 1 Duration" avg="6.00000000E+000" min="5.46376191E-001" max="1.18797095E+001" count="1000" type="Double" ver="1.1">RTLplgW
<dist name="Remodel 2 Cost" avg="2.00000000E+002" min="1.03823177E+002" max="4.37161622E+002" count="1000" type="Double" ver="1.1">EL6FMgqgabhs|
<dist name="Remodel 2 Duration"6.00000000E+000" min="5.46376197E-001" max="1.18797095E+001" count="1000" type="Double" ver="1.1">K4ZWsTuWTaj/,

Table 2: The six DIST standard distribution strings.
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Figure 6: Distributions of costs and durations.

building code approval, which explains the big spikes at the
right end of the remodel duration histogram.

The Simulation

Construction Project.xlsm contains an interactive simulation
model of the project in which the six uncertain costs and
durations are linked to DISTs. If you want to follow the
discussion below, go to ProbabilityManagement.org and
download the workbook from the models page (note that you
must have macros enabled in Microsoft Excel for Windows).
Figure 7 displays the model with average values of the
uncertain inputs, which resulted in finishing the project in 18

months, with a cost of US$800,000, no penalty, and a profit
of US$100,000.

So far so good, but now let the card games begin! The
input scroll bar lets you work your way through all 1000
trials, one at a time (which we don’t recommend), but it is
helpful to review a few of these trials. Trial 2, for example
(Figure 8), has the project finishing in 31.3 months, with a
cost of US$884,000 and a penalty of US$399,000, leaving
the contractor with a loss of US$383,000. This is a shame!

Trial 7 displays a more positive picture (Figure 9), with
the project coming in on time and below budget, with a profit
of US$202,000.

Build House [ | ‘ ‘ ‘ ‘ ‘

Remodel 1 1 ‘

Remodel 2 | l_'_'_'_'_'_

01234567 8 9101112131415161718192021222324252627282930313233343536373839404142434445464748
Months Input scroll bar
< » Average

Bid  $900
Finish in Months 18.0 Costin $000s $800  Penalty S0 Profit $100

Figure 7: Model with average inputs.
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suldhouse | —— | | | | ][ ][] ]|

Remodel 1 |

Remodel 2 1

012345672879 10111213141516171819202‘12‘22‘32‘42‘52‘62‘72‘82‘93‘03‘13233343‘336373839404142434445464748
Months Input scroll bar
< *| Scenario 2
Bid  $900
Finish in Months31.3 Costin $000s $884  Penalty $399  Profit -$383

Figure 8: Results of trial 2.

Build House ; ; : : ‘|

ernu

Remodel 2 1

01234567829 101‘1 1‘2 1‘3 1‘4 1‘5 1‘61‘7 18192021 222324252627 282930313233343536373839404142424445464748
Months Input scroll bar
< * Scenario 7

Bid  $900
Finish in Months17.3 Costin $000s $698  Penalty $S0 Profit $202

Figure 9: Results of trial 7.

Keeping in mind that each of these results is as likely as
any other, the degree of uncertainty, based on real data, is
sobering; however, the real lesson of simulation comes from
viewing the aggregate results over all 1000 trials. A large
construction firm can survive one or two profit-losing jobs,
as long as it makes enough money in the long term. Table
3 displays the results of the average inputs, along with the
average results, taking into account all 1000 trials.

Note that the average time to complete the project is
almost 20 months, rather than the anticipated 18 months.
The average cost is, indeed, US$800,000, but the average
penalty caused by the delay is US$102,000, which leads to an

average loss of US$2000 instead of the expected US$100,000
profit. There is no way to make up in volume of business, an
average loss of $2000 per job. This is a classic case of the flaw
of averages.

Next, let’s take a look at the full distribution of profit,
which is also based on all 1000 trials (Figure 10). The
histogram displays the relative likelihood of different possible
levels of profit and is quite asymmetric. It is bad enough to
lose an average US$2000, but the fact that the downside
extends to a loss of US$600,000, whereas the upside is only
about US$300,000 should be a warning sign before starting
this job. The cumulative distribution displays the chance that

Finish in Months18.0 Cost in 50005 $800
Average Finish 19.9 Average Cost $800

Penalty S0 Profit 5100
Avg. Penalty 5102  Avg. Profit -52

Table 3: The results of the average inputs versus the average results.

Profit Histogram Profit Cumulative Distribution
25% 100%
20% e B0% /
15% e 60% /
10% = 40% /
5% *‘7 20% /
0% - (&) 0% ——/ ———
-600 -40%D§§50 0 200 600 -400 $6%%2 200

Figure 10: The histogram and cumulative distribution of profit.
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the profit will come in below any particular level. We can
see, for example, that there is roughly a 45% chance of losing
money and a 20% chance of losing US$200,000 or more.
You may use the scroll bar in the model to explore the full
range of profit percentiles.

Interactive Simulation — Changing the Game
We have already highlighted one of the differences between
probability management and the traditional Monte Carlo
simulation, which is, the ability to store and retrieve
probability distributions as data. As mentioned earlier,
another important difference is the emergence of interactive
simulation, which is like being able to adjust the rules of the
card game in real time and then instantly viewing the results
of playing 1000 hands.

In this example, let’s assume you haven't actually
submitted your disastrous bid and the client is still open
to some negotiation. How can you change the game?
Certainly, you could raise your bid but you are afraid that
your competitors will then underbid you. You can also try to
negotiate a less stringent late penalty.

Initially, the Excel model has the parameters as displayed
in Table 4, which is a penalty of US$1000 for every day the
project exceeds 18 months in duration.

Penalty Parameters

Deadline (Months)| 18
Daily Penalty 000s | $1.00

Table 4: The penalty parameters.

Suppose you can get the client to accept either reducing
the daily penalty to U$500 or pushing back the penalty
deadline to 24 months, but not both. What would each of
these alternatives be worth to you on average? One of these
changes will raise your average profit to US$57,000 and
the other to US$49,000; to find out which one is better,
download Construction Project.xlsm (the macros must be
enabled in Microsoft Excel) and try different values of the
penalty parameters. Every time you change a value in cell K15
or K16, all 1000 trials are instantly run through the model.

Probability management provides the tools to not just
estimate the outcome of a project but to manage the risk in
your estimates as well.

The DIST Data Type
The distribution strings stored on their own tab in
Construction Project.xlsm, encapsulate thousands of
numbers into one data element stored in what is known as an
XML format. The basic idea involves translating numbers into
characters through a code table, as shown in Figure 11. !
These characters are then stored with header information
in a long string; an actual DIST from this model is displayed
in Figure 12. The string begins with header information
containing the name of the DIST, its average value, and other
meta-data such as the maximum, minimum, and number
of trials. This is followed by the body of the DIST, which

contains the numerical trials encoded as characters.

Curation of
2nd Remode
n Maonths
1 2 1 =
2 4 2
3 3 3
4 =
5
938 3
999 4
1000 3

[Code Table )

—

A

[ BDC...CDC ]

m g O m

Figure | I: Translating numbers into characters when creating a DIST.

! The actual encoding is more complex. Visit ProbabilityManagement.org for more information.
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The Header
Information

<dist name="House Duration" avg="1.20000000E+001" min="7.18770000E+000" max="2.83877000E+001" count="1000" type="Double" ver="1.1">
tDpPDIMOIw4jDiMdMp+OHTIOI///AAAAAP//Ok8OIXOyAAAAAAAA//// /x0yn7RFWg4jDiP//zpPDiMOIw4jn7QdMv//DiIMAAP////8dMhOyDIMAAP//DIMO
5 Q 'OftBOyOk80lw4J0k+ftDpPHTI6Tw4JD\MAAA4J//8dMJpP//86T0\/an7QO\wdelM0I5+0D\NFWg4JD\MO\W4J//9FWp+0D|MOIw4JOk80\W4J
DIMAAAAAOKSARK 4 OI///DlMAAA4JD\OftA4J DiM6T5+00k86T5+0DiM6T///DiMAAA4]RVpFWg4jAABFWkVaAAAOIw4jDiIM6ETOVaHTIOIzpPRVO
0lw4j//80IzpPDiMOIzpPRVO® 4iQk///wA4j OKSdMp+OD|NFWg4J//8AAE\/aD\MAAA4]D|MOIW4JAACftA4JHT\6TS+ORV00I5+0R\/OOIszD\NFWg4J
HTJFWKVaHTIAADpPHTIOIw4jHTIOIXOyA aPRVqftEVaDIMAAAALS AL\ +0DIMOIOVaAAAdMg4jRVqftA4jRVGtDpPHTL//
WAjHTKftBOyAAAdMg4jDiMOIS5 +0AABFW g4jOkT AAP//AAD//w4jDiMOIw4j//80Iw4jRVo

01///DiMOIW4jHTIAAEVaAAAAAA4|DIMOIzZpPAAAAAAAL] OKBD Th d dd QOIW4jDiMOIx0yDINFWg4jDiMOl///
HTIOIOVaDIOftBOYN7RFWgdj//8AAJ+0//86TWAAAAD/ /wajHT] e encoded data WAAAAD/////OK9FWgdj//80Iwaj
DIMOIWA4JAACTtA4]DIMOIWAA//+{tA4]DIMAMEAADIMAAAAA . MOIw4jDIMOIW4jRVOOIw4jn7RF
WgAADIMOIw4jAAAdMg4j//8010VaAACTEVaDINFW p+OHTL/, begln here 001w4jDiMOI///n7QOIWAAOKSOI

W4jn7T//w4jAAAAADPP//+{tP//DIM6TzpPDIMOI///DiMOIWAADINTD
015+00k80IWAAAABFWKVaRVoOI5+0DiMOI///AAD//zpPDiMdMKVan7QOT0var oTOVaDiMOIw4jDIMAAEVan7QOI5+0DIMAAAAADI
MOIw4jOk8dMg4jDiMOIw4jOk80Iw4jDiMdMg4jDIOftA4jDIOftA4]//IFWedin7 STtA4]//8AAA4IDIMOIwAjn7 QOIWAJAAAOIWAJAAAE Tw4]DIMOI///RVOE TWAA
RV06TOVaDINFWg4jDiMOIx0yn7RFWpPDINFWhOyDIP/////HTIOIw4]DiMAAAAADIMdMjpPOk8OIW4jRV0OIOVan7QOI5+0RVoOIzpP AAAOIWA] DIMdMg4iDi
MOIw4jDIMAAEVaDINFWhOy//9FWkVa//8dMg4jAACTtDpPn7QOIw4jHTIOIw4]AABFW g4jHTIFWjpPDiIMOIOVaAAAOI wajDIMOIw4jHTL//zpPRVpFW p+0DiM
O1///HTIAAEVaAAD//w4jDiP/////DIMOIw4jn7RFWgAARVodMp+OHTIdMp+0//801x0yDiMOIzpPDiMOIzpPDIME TOVaDiMdMhOyDIMAAA4] DIMOIw4] DINFW
gAADINFWhOYAAAOI///RVo6TOVa//8dMjpPDiMETWAAHTIOIOVaDiNFWjpPDIOftEVaOk8dMg4j//8dMKkVan7 QAAEVaHTIOIw4jOk9F Wg4jDiMOIw4jDIMOI5+
ODIMAAEVaDIM6Tw4jAAAOIS+0DIM6ETw4jn7 QAAAAA//IFWgajDIMAAP//HTL/////AAAOIzpP DINFWgAADIOftA4]DIMOIwW4jHTIOIXOyn7QOI0VaOk8ETXOYDi
MOIWAAAAAAADPPDIMdMhOyAAAOIWAARV0OI5+0DiMOIw4jDiMOIWAADIMOIzpPOK86 Tw4j//8AAA4]DIMOIWAAOKSOI///HTIdMg4jDiIMOIw4jDIME TOVa/
/8015+0DIMAABOYOK8ETw4jDiOft)+0n7T//5+00k///0VaOk80Iw4jHTKftA4]HTIOI///DiMAABOYRVOOIX0yOkIFWKVaDiP//wdjHTIOIzpPHTIOIw4jAAAOIWAA
DiMOI5+0DIMOIwAAN7QdMkVaDiNFWjpPn7RFWg4jDiMOI///AACFtDpPOK8OIOVaOk///wajAAAdMg4iDINFWjpPRVoOIw4jAAAIMKVaDIP//wajHTIAAI+0Di

MdMkVaDiMOI///HTIFWg4jRVoOIx0yHTIOIOVaDiMOIOVaHTIE TXOyAAAAAA4|DINF W g4jDIMAAAAA</dist >

J

Figure 12: The DIST representing the duration of the house construction.
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