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TECHNICAL ARTICLE

[ntegration of Schedule
and Cost Risk Models

Robert V. Wendling and Randal B. Lorance, PE

ABSTRACT:

These authors discuss techniques for integrating schedule and cost risk analysis using cur-
rent software. Their recommendation is to prepare cost and schedule risk analyses simul-
taneously with different software, and then combine the results. This article discusses
techniques for integrating the uncertainties associated with time and monetary resources
when using the Monte Carlo simulation tool for risk analysis on capital projects.
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rior to making a strategic capital

investment decision in anticipa-

tion of achieving a potential

business objective and/or return,
three essential questions need to be ad-
dressed.

e What is going to be accomplished
{scopel?

®  How much is it going to cost (cost es-
timate)?

* How long is it going to take (sched-
ulej?

The components of time and cost are
both very important for capital investment
decisions, and are closelv interrelated.
Corporate strategic decisions are usually
centered on new product introductions,
increased capacity for existing products,
vertical business integration, or other deci-
sions that generallv aftect the balance
sheet of a company. These decisions have
high visibility and arc complex; several
factors affect the ultimate decision.

The traditional approach to develop-
ing the cost and schedule components has
been to create single-point estimates and
schedules with single-point completion
dates. These components often are devel-
oped in relative isolation, with little or no
effort given toward ensuring consistency
between the components. The nced to as-
sess capital investment alternatives and
make significant business decisions with a
limited amount of information has caused
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manv companies to address strategic capi-
tal decisions with probabilistic approaches
and processes. Management now seeks
more information than single-point cost
and time estimates can provide. These
processes require inputs to be generated
from several areas within the company
when building mathematical models, and
require the development of probabilitics
for the assumptions in the model that arc
based upon the uncertainty of each input.

‘This article discusses techniques for
integrating the uncertainties associated
with time and monetary resources when
using the Monte Carlo simulation tool for
risk analvsis on capital projects.

INTEGRATED RISK ANALYSIS
SOFTWARE. FEATURES

Commercially-available schedule risk
analvsis packages have the capability to in-
tegrate the cost and schedule, but to do so
requires that the schedule is fully resource
loaded. These features provide meaning-
ful and very useful results when the level
of project definition allows for a class 2 or
class 1 estimate (see figure 1). In fact, esti-
mating software packages that perform de-
tailed activity-based costing estimates have

the capabilit to move the resources over |

to the schedule. With a fully resource-
loaded schedule, the mtegration of cost
and schedule risk analvsis using cxisting
Monte Carlo software is possible. Integrat-
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ing cost and schedule simulations is useful
for tracking the project and monitoring
contingeney,

However, strategic capital investment
decisions are usuallv made much earlier in
the development sequence, with a much
lower level of project definition. There-
fore, for the majority of projects, the
Monte Carlo risk analysis that is used to es-
timate contingency for both cost and
schedule will be based on much less proj-
ect definition than is available to integrate
the cost and schedule into a fully resource-
loaded simulation model. Our experience
has been to run the cost and schedule sim-
ulations separatcly, using different soft-
ware, and then use other techniques to en-
sure consisteney between the separate
analvses.

Softwarce packages that integrate the
cost and schedule contain some very pow-
erful features. The inputs (probability dis-
tributions) can influence the duration of
the activitics, the unit rates used to caleu-
late the costs, the amount of resources re-
quired to perform the activity, and the lags
and logic of the schedule. Software pack-
ages offer correlation features that allow
two or more activities to be tied together to
act congmcntly, or with ncgati\'e congru-
ency.,

Scheduling simulation software pack-
ages do not offer the same flexibility found
in cost simulation software packages that
use spreadsheets. A single variable is not
casilv assigned to multiple terms (in-
puts)—total project labor productivity or
construction scason effects. Schedule sim-
ulation software packages do offer some
short cuts, such as applving the same
probability distribution to all resources or
to all lag factors.

However, identifying specific cost
items requires inputting a distribution for
cach resource that is used for cach activity
involved. This can lead to a very complex
model and may result in few people un-
derstanding the inputs. Because of the
complexity, analvzing the outputs of a
truly integrated cost and schedule simula-
tion becomes a function of the confidence
management has in the estimators and
schedulers.
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ESTMATE|  PROJECT END USAGE | METHODOLOGY| ACCURACY EFFORT
CLASS DEFINITION Typical purpose Typical estimating RANGE Typical degree
Expressed as % of of estimate method Typical varistion in of effont reletive
complete definition 1 94 ok 0 loesr comw
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Capacity Factored,
; Parametric Models L: -20% to - 50%
lass 5 0% to 2% ! 1
- G Ooncopt Someng |~ Nigmat, or H: +30% to +100%
Analogy
Equipment £ =
Class 4 1% to 15% Study or Feasibility Factored or HL ;1230//: Lo 2to4
P . : to +50%
'arametric Models
Budget Semi-Detailed Unit
it Costs with L: -10% to -20%
Class 3 10% to 40% Auth(o;r;ﬁ:;n. or Assembly Level H: +10% to +30% 3to 10
Line Items
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[a] The state of process technology and availability of applicable reference cost data affect the

range markedly.

The +/- value represents typical percentage variation of actual costs from the cost estimate after
application contingency (typically at a 50 percent level of confidence) for given scope.

b] If the range index value of 1 represents 0.(

)05 percent of project costs, then an index value
of 100 represents 0.5 percent. Estimate preparation efforts are highly dependent upon the size of

the project and the quality of estimating data tools.

Figure 1—Cost Estimate Classification for the Process Industries [1]

THE QUALITY OF COST AND
SCHEDULE MODELS

AACE, International has published a
Recommended Practice No. 18R-97, Cost
Estimate Classification System—As Ap-
plied in Engineering, Procurement, and
Construction for the Process Industries [1],
which establishes the expected accuracy
ranges for five estimate classes (see figure
1). The recommended practice does not
mention Monte Carlo simulation, al-
though it is a particularly useful technique
for determining contingency. It also can
be used to validate that an estimate’s qual-
ity, as measured by the accuracy range,
meets expectations that are based upon
the level of project definition. The same
technique should be used for schedules.
For each estimate class, both the estimate
and schedule are, or should be, developed
with the same level of project definition,
purpose, and preparation effort. There-
fore, the expected accuracy range for the
schedule and estimate should at least be
similar, if not identical.

A graphic view of the typical project
sequence of activities required to preparce
estimatesfordifferent.end.usesis.shown.in
figure 2. This sequence demonstrates the

way one oil company makes important
capital investment decisions, and how il
segmented the execution process by spe-
cific activitics into a serics of phases. This
company requires every large capital in-
vestment to go through three phases be-
fore the final investment decision is made
[n order to complete a given phasc, certain
predefined activities must be complete to
achieve a specific quality level (expected
accuracy range). The quality of the csti-
mites produced throughout the project se-
quence is checked for concurrence to the
expected accuracy range using the Monte
Carlo risk analysis technique.

For this particular company, the
screening phase was done in-house, and
all of the work was expensed. Once the
screening phase cstimate and schedulce
products achieve the required accuracy
range, an analysis should be performed to
determine if the investment passed the
corporate investment criteria. If so. the
next phase is funded. An independent en-
gineering company usually is hired to per-
form the activities of the next (conceptual)
phasc. As more activities arc accomplished
during the conceptual phase, the level of
risk is reduced and the quality of the con-

ceptual phase estimate and schedule im-
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| proves (as illustrated in figure 2 by the cur-

rent estimate range below the logic-linked
activities).

The sccond decision point for the
capital investment determination occurs
at the conclusion of the conceptual phase.
Note that at this point the risk has been
significantly reduced (expected accuracy
range) while the company has only invest-
ed between 1 and 5 percent of the total
project cost (if the estimate and schedule
products have achieved the required accu-
racy range). It approved, the next (prelim-
inary) phase is funded and additional ac-
tivities arc accomplished that ultimately
further increase the quality of the estimate
and schedule products produced at the
conclusion of the preliminary phasc.

The third decision point for a capital
investment decision occurs at the conclu-
sion of the preliminary phase. 'This poiut
roughly corresponds with a class 3 level of
project definition that is not sufficient to
provide the required data for an integrated
cost and schedule simulation.

The process continues through subse-
quent phases (design and construction),
with more work (accomplished activitics)
increasing the quality of the cost and
schedule products. At this point, however,
the level of project definition has in-
creased sufficiently to provide the required
data and accuracy necessary to develop
and run an integrated cost and schedule
simulation (class 2 and 1).

THE SEQUENCE OF BUILDING
RISK ANALYSIS MODELS

The development of the cost and
schedule simulation models should begin
very early in cach phase, with inputs from
essential subject matter experts. Each sub-
sequent simulation model should use the
basic elements from the previous phase’s
model to determine and refine the signifi-
cant terms in the new model. During the
development or enhancement of the sim-
ulation models, experts can provide in-
creasingly accurate input. The skeleton for
the models should be developed before
the tcam is asked to work together to de-
velop/enhance the inputs and probability
distributions. Schedulers should seek in-
puts for the models about the sequence of
work and the schedule for completing the
deliverables, while estimators should get
team inputs for the models on ranges,
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TYPICAL PROJECT SEQUENCE OF ACTIVITIES

ANALYSIS OF THE RESULTS

Prior to integrating and present-

ing the results of the cost and
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schedule simulation, the results
must be thoroughly analyzed from
the perspective that the simulations
must be consistent. If the sensitivi-
ties of the cost simulation indicate
that the volume of a specific cate-
gory of work (say piping} is influ-
encing the results significantly, the
schedule results also should indi-
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cate that this is the case. Likewise,
accelerated equipment delivery du-
rations and the acceleration cost as-
sumptions should be consistent be-
tween the two models. For exam-
ple, the cost of rework should be in-
cluded in the cost model if the
schedule logic has acceptance re-
work logic built into the model.
‘I'he most obvious need is to en-
sure that the two simulation mod-

els react in the same manner and to

Figure 2—Typical Project Sequence of Activities

terms, and variables that pertain to the var-
ious required resources.

The development of range estimates
earlv in the process, during each phase.
avoids a common problem of human na-
ture known as anchoring. Anchoring, as
defined here, is the tendency for people to
attribute more confidence in a result, after
they have put effort into developing that
result, than they would have if they had
not participated in its development. For
example, to produce a class 3 estimate it
mav be necessarv for structural drawings to
be 60 percent complete. Using the team
approach, the structural engineers arc
asked to provide an 80 percent confidence
interval range (expressed in percentages)
for the estimated quantities of structural
steel required. Their assessment of the
range of values for structural steel material
take-off {(MTO) volumes made prior to
their actual take-off of the material will be
different {usually wider} than their assess-
ment of the range of values for these same
materials after theyv have completed the
MTO, even though the drawings are still
only 60 percent complete.

Our experience indicates that the
range of values given before the work is
started provides a more accurate subjec-
tive estimate of the expected final quantity
than a range provided after, or in the mid-
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dle of, the work. Variables and logic that
affect both Hme and quantities should be
analvzed for their potential cffects on both
the schedule and cstimate, and input into
the models appropriately.

The deterministic for classes 3, 4,
and >) estimate and schedule products are
prepared and completed near the end of
each phase. As additional work {activities)
is accomplished during each phase, the re-
sulting schedule and estimate product
quality should be higher. The structure of
the models should capture this character-
istic. The analysis of the simulation results
for the estimate and schedule occurs dur-
ng the review meeting(s) near the end of
cach phase. At this time, all of the feam
members who participated in the prepara-
tion of the schedule and estimate products
are asked to assess whether thev achieved
their anticipated level of completion of
their inputs, compared to where thev
planned to be when they attended the first
meeting. Based on the participants’ re-
sponses, the ranges to both the cost and
schedule simulation models are adjusted
accordingly. The simulations are then re-
run and are ready for final analysis.
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the same degree in the area of time-de-
pendent overhead. The two models need
to be re-run a few times to make certain
like items are consistent and react sensibly
to the other. This iterative process is time
consuming and often difficult, especially
when there is an urgency to present the es-
timate and schedule results to justify ap-
proval for the next phase of a project.
Time for a thorough contingency analysis,
which is an important result of the simula-
tion methodology, needs to be planned
into the preparation process. Do not un-
derestimate the time required to develop a
thorough and accurate product. I'ime
should be made available during the esti-
mate and schedule review meeting(s) to
develop the range for the contingency
draw-down schedules {cost and schedule)
for the detail engineering and construc-
tion phases.

A major advantage of integrating the
cost and schedule simulation is the graph-
ic depiction of the interrelationships be-
tween the cost and schedule components
(see figure 3). Separate illustrations of the
cost and schedule simulations do not con-
vey the interrelationships nearly as well,
and this tvpe of graphic presentation is not
available for nonintegrated simulations.

When it is not possible to integrate
the cost and schedule simulations, the sep-
arate cost and schedule simulations should
be presented simultancously. The implica-
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tion is that contingency should be man-

aged in a similar manner for both cost and

schedule. Every company manages cost

contingency  differently, and verv few

apply the same methodology to schedule

contingency. A preferred method is to dis-

tribute the overall cost contingency using

the sensitivity analysis as a guide, and in-

clude contingency as part of the expected

costs for cach component in the work
breakdown structure (WBS).

Another preferred method is to use

Monte Carlo simulation to establish a cost

b contingency draw-down procedure. This

establishes a maximum draw-down sched-

| ule. If a company’s established methodol-

ogy would cause contingency to be drawn

down at a substantially different rate, the

final draw-down plan would have to ree-

| oncile the differences. Shmilarly, the over-

all schedule contingency should be allo-

cated to the deterministic schedule activi-

ties (or group of activities consistent with

the components of the WBS). This can be

accomplished as a buffer period near the

end of each grouping that was defined by

the project WBS. In a manner similar to a

cost_draw-down_schedule, the schedule

Figure 3 —Results of an Integrated Cost and Schedule Risk Analysis Presented Graphically

buffer is reduced by periodically running
the simulation as the project is exccuted.
Another method of allocating overall
schiedule contingeney to the deterministic
schedule, which is more rigorous and pro-
vides a better execution schedule, is to ad-
just the schedule duration of cach princi-
pal activity, on cach major critical path.
based on the sensitivity analvsis and/or
based on an analvsis of cach activi’s du-
ration variance.

CONTINGENCY AND
CONFIDENCE INTERVALS

The results of Monte Carlo simula-
tions can and should be used o caleulate
contingencics (cost and time) for a project.
Many companices have policies for assign-
ing contingeney based upon guidelines

that provide for an equal opportunity of

overrunning or underrunning a project.
This is done by assigning contingeney to
bring the estimate/schedule to the median
(50/50) value. Some companies with
many capital projects may prefer to usc

Cost Engineering  Vol. 42/No. + APRIT 2006

the mean value instead of the median
value of the simulation distribution.

In addition, the 80 percent confi-
dence interval is used by many companics
as the overrun or underrun limit provided
to the project team before additional re-
sources and/or time are requested from the
company’s management. The range be-
tween the 10 percent and 90 percent
points on the cumulative probability distri-
bution (scparately or on an integrated
basis) is presented in funding documents.
For example, on an integrated basis, this
can be ascertained from figure 3. The 80
pereent confidence interval in figure 3 is
the outline of the shape (cost/time, or risk,
envelope), which resembles a football (al-
beit a fat football in this case), around the
majority of plotted cost/time  pair out-
comes (small circles). From the graph, the
expected cost is between $1.95 million
and $2.25 million. The expected comple-
tion date is between late October 1995
and early January 1996. The expected cost
is $2.1 million, and the expected comple-
tion date is December 1, 1995.

The planning or financial depart-
ments that are assigned with evaluating
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the profitabilitv of cach capital investment
should evaluate the project using the high
end of the cost and schedule range. If the
project does not clear the economic hur-
dles at the high end of the cost and sched-
ule range, additional analysis may be re-
quired. Management may need to re-eval-
uate the results and determine what steps
are required. Either the estimate may need
to improve (]m\‘cring the upper limit on
the confidence interval) and/or the sched-
ule mav need to improve (lowering the
upper lnmt on the confidence interval).
An analvsis of the sensitivities of the inputs
will help with this analysis.

SENSITIVITIES OF INPUTS

Cost risk simulation tools provide
good analvsis on the sensitivities of the
variables used in the simulation. Graphic
illustrations that show the variables with
the greatest cffeet on the results are not
available for schedule risk simulations.
Generally, the scheduling software reports
only the number of times a specific activi-
tv is on the critical path (eriticality index).

The schcdule simulation analysis
therefore needs to be run multiple times to
determine what happened to the results as
important activity durations are changed.
‘The input ranges for an activity on the crit-
ical )ath or near the critical path, arc

hangu] for cach iteration. The result\ are
recorded, and the process is repeated for
the next activitv. ‘The results are presented
as a Pareto chart or torpedo chart (like the
cost software presentation of sensitivity), or
by similar methods, to communicate
activities have the most influence
on the schedule completion.

which

hen the level of project de-

finition is sufficient, the in-

tegration of schedule and

cost Monte Carlo simula-
tions is possible and verv desirable. The
software currently available supports this
inclusive approach. However, integration
is best suited for a class 2 or class 1 level of
project definition that allows resources to
be estimated with sufficient detail and ac-
curacy, lo be identified with specific activ-
itics. and to be loaded into the schedule.
For estimate and schedule products pre-
pared in the carly project development
phases, the simulations should be per-
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formed using different software, and the
schedule  simulation results
should be correlated by a scries of nmltiple
simulation iterations. After running multi-
ple iterations of the simulations, the inputs
lo the separate cost and schedule models
should be adjusted accordingly until the
results are consistent. Time-dependent es-
with
the schedule; material volumes and pro-

cost and

timate variables must be consistent

ductivity variables in the estimate must be
reflected accurately in the schedule simu-
lation.

Thus, time and monetary concerns
are always going to contain some clements
of risk—the techniques described in this
article will help vou to make more educat-
ed decisions about these risks.
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