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Abstract

The purpose of this investigation is to illustrate the potential use of integrated scope-
cost-schedule model systems in civil construction. This study is important to help
provide an example of how a civil project completed using common methods could
have been planned and monitored using an integrated scope-cost-schedule system.
Publishing the results of this example will highlight some of the issues with integrated
model systems particular to the civil industry. A recent questionnaire survey completed
at the Center for Integrated Facility Engineering (CIFE) resulted in 175 responses from
all types of construction industry professionals, 50 responses were from the heavy civil
construction subdivision. None of the civil contractors reported using an integrated
model system though some used components.
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1. Introduction

This study used a system of integrated software tools to construct a civil information
model, these are: AutoCAD Civil, Tocoman iLink, Tocoman Express, Tocoman
Quantity Manager, Vico Control 2009, Sage-Timberline Estimating 9.5, Sage-
Timberline Commercial Knowledgebase, NavisWorks Manage 2009 and the RSMeans
production library. As a case example a $200M (US 2002) rail project consisting of
mass excavation, concrete retaining walls and structural backfill was used to provide
the project scope, object geometry and an operation list. In the questionnaire survey of
civil contractors (50), 42% reported using at least one component of an integrated
model system, these are: product model 8%, scope software 6%, cost software 19%,
schedule software 14%, integration software 6%, no software tools 8%. This compares
with the 2008 biannual Construction Financial Management Association (CFMA)
questionnaire survey. They found the following from 114 US heavy and highway
contractor responses: product model 73%, scope software (NA), cost software 94%,
schedule software 75%, integration software 55%, no software tools (NA). These
results reinforces that many civil contractors already posses the components needed



for an integrated system and only need to add a few select tools to configure into a
system.

The following five results are provided. (1) The integrated scope-cost-schedule model
system found an approximate error rate of 85% in the 5-week lookahead project
schedule durations. (2) The manual take-off contained a double count (3% of total
material) and two of the 28 (7%) project locations are missing from the schedule. (3)
The recorded level-of-detail was able to be increased from a single project location to
13 locations and two sub-locations. (4) The Location-based scheduling tool provided a
resource leveled schedule that defined resources similar to that actually utilized on the
project through pull demand. And (5) the importance of a uniform classification method
across the system is reinforced.

These results positively show the integrated model system would have provided a
benefit to this project. The need to define locations and sublocations to breakdown the
quantity takeoff to a level suitable to civil type project controls highlights how these
issues are specific with civil projects. It was not expected that applying an integrated
model to a civil project would fit so well. Two limitations prevented further exploration.
First, compiling the existing 2D paper-based documents into a common format with the
integrated system was time consuming and not exact. Second, the 4D model
utilization of multi parameters is limited, making the location parameter difficult to
exploit.

2. Scope-Cost-Schedule Project Assessment

Construction status assessments are notoriously inaccurate and labor intensive®.
Many researchers have contributed to the realization that project success is
independent of project controls" ™ Vv vV Vi Vil Vil ix x i xi xii - An analogy to current project
control practice would be an early 20" century doctor during the 1918 influenza
pandemic®. The only benefit the doctor could hope to provide was to collect as much
information and samples possible for future researchers. At that time with the
technology available, it was not possible to affect the epidemic or the outcome of an
individual. Much in the same way, field engineers today can realistically only be
expected to collect project information for future use in the estimating department and
not to actively affect project outcome. Additionally what information to collect and in
what level of detail are uncertain since the future use is not always foreseen. These
uncertainties result in some collected information never providing any use, collected at
too low a level of detail to provide a full benefit or only data with no context has been
collected. Integrated system tools advance the possibility that one day engineers will
be capable of affecting the outcome of a project after the planning, design and
fabrication stages.

1 Tocoman PowerPoint presentation
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With an integrated system the changed quantity is passed to the process and the cost
models. Any change in the cost model also results in a revised process model and any
change in the process model results in a revised cost model. In this process rework
and errors are avoided. Optimization algorithms requiring accurate and precise up to
date information, such as that proposed by Marki and described by Leu™ are reliant
on these integrated system tools. Current project planning and monitoring requires
knowledge of the quantities’ sources®™. A common method is Earned Value
Management; reference the Project Management Body of Knowledge™" for a through
review of this method. Note that many of the details in how to implement the method
are left to the reader, indicative of the difficulty in achieving such a method.

3. Technological & Professional Context

Professor John Fondahl helped introduce the Critical Path Method (CPM) to the
construction industry in 1961, Not developed for construction specifically, CPM was
adapted from the 1950’s Program Evaluation Research Task (PERT) analysis used in
the ballistic missile industry and the Project Planning and Scheduling System used by
the US Navy on submarine projects®. Like construction projects, missiles are a large,
complex, [short] production product. As such, the transferability of project management
methods is straightforward due to the shared terminology and concepts as a sub-
domain of the industrial engineering field. Since 1961, through incremental innovation
of analysis methods such as CPM, construction project management is increasingly
integrating  points of the project
management scope-cost-time triangle
into integrated systems. Integration of
the product model and process model
resulted in a new tool called a 4D
model™. The adoption in the building
industry of information models,
specifically termed as Building
Information Model (BIM), provides a new
source of information. Used as a
database, information models facilitate
greater integration of information across
the various efficiency analysis and
graphical information representation
tools.
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Figure 1 Integration of scope-cost-time
Scope-cost, scope-time and cost-time 'esults in an integrated system
are the triad sides of the project composed of the product, process and

ianal | cost models. The process of finding the
management - triangie. Properly  efficient optimum solution is iterative and
determining these sides is often the task  results in a circle integration model as

of separate professions such as: proposed by Fischer and Kunz 1989.
estimators, schedulers, and financiers.



These professions rely on scattered information sources such as: product, cost,
process and quality models, efficiency analysis tools and object, operation, production,
cost and direct and indirect specifications databases. Examples of what these sources
can manifest as: RSMeans, AutoCAD model, Field Engineers Manual, company
knowledge-base, project specifications, CalTrans standard specifications, quarry
material properties, and government dept of labor statistics. Integration through an
information model allows pulling these scattered resources together and provides a
more precise and accurate model of the resources necessary to construct a product.
Integrating scope, cost and time as the takeoff, schedule and estimate, with the
geometric product model as a 4D model, provides a check of plans in a human
digestible format. In higher level of detail parametric estimating production rates drive
the process and the cost models. To obtain a production rate, recognition of
constraints such as: climate, learning curve, conditions and resource leveling™, as well
as object, laydown and work space clashes™ *il XV v acrgss the process model is
necessary. It is well known the importance of leveling resources to reflect the physical
limits of local resources, avoid fluctuations of resource demand and to maintain an
even pace of application of resources®”. Less well known is that once resources have
been leveled the durations of activities change, resulting in adjusted time-dependant
costs, therefore providing a different cost than simply multiplying quantity by unit
cost™ . Even less commonly practiced is adjusting production based on the other
three constraints and the various clash conditions, though they have an effect on cost.
The increased work necessary to account for additional factors such as climate and
work zone congestion is mitigated through the use of integrated model-based systems,
therefore providing a more precise representation of the project management triangle
tradeoffs.

Proficiency in preparing scope-time models® (schedule) and scope-cost models
(estimate) is difficult; many steps are repetitive and time consuming. A careful analysis
of these steps provides a metric to measure performance against and provides a
current performance measurement relatable to information model-based methods, see
table 1. When placed in general categories, these break down into: project planning
and setup, takeoff project scope also termed a quantity survey in the U.K., schedule
process model, create 4Dmodel so to detect time-space and laydown space
conflicts™" ¥ estimate cost model, and optimize for efficiency for the preferred
characteristic, such as: cost, time, material, impact. An analysis and quantification of
the steps shows that of the 32 steps, 13 (41%) have software tools available now, 29
(91%) are repetitive, 16 (50%) are manual and nine (28%) have potential software tools
or are included in some software tools. Assuming increases in software maturity will
address the potential applications in the next few years then the number of tasks with
software tools increases from 13 (41%) to 22 (69%). Four examples of potential
software tools are: Automated adjustment of production rates based on expected
climate conditions as researched by Akinci™. Automated linking of object to activity in

3Two examples are Program Evaluation and Review Technique (PERT) which calculates start and finish dates and Critical Path Method (CPM) which
calculates free float then finds shortest free float path through process model.



4D, Navisworks and CommonPoint Project 4D* both have an auto-link function if the
classification code is the same (1,2,3 != 1.2.3). Automated schedule generation,
Building Explorer® provides automated Primavera Project Manager CPM schedule with
all logic links complete and Sage-Timberline Estimating Extended and HCSS HeavyBid
both produce a Primavera P3 schedule without logic links. Last, assemblies or bundles
of operations likely connected, RSMeans Commercial Knowledgebase (CK) provides
operation assemblies linked by formulas, Sage-Timberline provided the ability to create
custom assemblies and new versions of Tocoman provides an assembly takeoff
function to provide recipe formulas for often implicit objects. None of these automation
functions are universal to project management software, each has limitations and likely
no one software tool contains them all.

Table 1 Tasks necessary to create integrated scope-cost-time model

Integrated Scope-Cost-Timetasks:
project planning and setup
1. Adevelop project strategy
2. A mdefine what object are explicit in the product model [assembly implicit object-component]
3. A mdetermine Work Location Breakdown, project, location, sub-location and work-zone
product model takeoff (scope)
4. wmdefine operations & associated objects [assembly operations]
5. Amdefineimplicit objects from explicit objects [assembly implicit object]
6. A mcreate recipe formulas for implicit objects [assembly object recipe formula, type template & specific]
7. mmap objects to operations [assembly operations]
8. emcalculate quantity takeoff from object dimensions using recipe formula
process model (time)
9. emlookup operation production rates
10. m&/or derive production rate from process analysis
11. mcreate activities from single or multiple operations
12. A mdetermine driving production rate for activity
13. A apply locations from project planning
14. emassign sequence |ogic [assembly operation]
15. emassign resources to activities [assembly operation]
4D model (scope-time)
16. emmap activities to 3D model [code match]
cost model (estimate)
17. emlook up and assign unit cost
18. madjust unit cost for current conditions [contextua library]
19. A m&/or derive unit cost from labor, equipment, material, haul, & subcontractor
optimizefor efficiency (recognizerisk efficiency not met)
20. emcalculate durations
21. Awmadjust locations for production (20)
22. o Amlevel resources & workflow (20)
23. e Amlaydown & workspace detection (20)
24. A wrecheck driving production rate
25. emforward pass (ES, EF)
26. emback pass (LF, LS), freefloat
27. emdetermine critical path & total float
28. A wmadjust production for climate & conditions [auto] (20)
29. emcalculate cost (OT, time variable, marginal cost)
30. A madjust location sequence (20)
31. A moptimize process model logic for efficiency - local optimum (20)
32. Acreate alternative project plan - global optimum, iterate from develop project strategy

e softwaretool A manual conceptual task  m repetitivetask [ ] potential softwar e tool
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Prior to integrated tools, a complete scope-cost-time project plan contained about five
reentries for each of three applications, resulting in manually keying each entry 15
times for every operation or activity. A typical project schedule prior to adding five
week look-ahead activities can have around 1000 activities. If thoroughly completed,
this indicates 15,000 items are keyed during project planning. Each iteration of change
results in further keying, assuming a 50% change in planning material results in over
20,000 items keyed. Humans can have 1:300 to 3:600 error rates. This rate results in
less than 100 errors or ¥2 % error in the above assumed project planning material. |If
the error rate or changes in project material during planning are higher then this is
conservative. This seems a small error, equaling about $3,000 to $5,000 per $1M of
project scope. On a medium size ($250M 2009US) civil project this error could result in
over a million dollars in misplaced resources. This analysis is assuming the use of
electronic CPM process model, cost model and onscreen takeoff software tools. A
paper-based scope-cost-time plan results in more keying or the use of paper
tables/chalk boards for each software tool not used. Where and when in the project
planning material these errors occur is also tasks are classified as one of six categories
generally divided by software tool and project management process and control class.
Human error ranges from 1:300 to 6:100, automation errors range from 1:394,000 to
1:5,400,000™ > Some potential software tools counted for product model takeoff,
process model, 4D model and cost model, either exist in an existing software tool or
have had substantial research completed. These are included since they are not
generally included in similar software tools. Repetitive tasks include all except
developing project strategy, apply location breakdown, and create alternative project
plan. Repetitive tasks are those requiring repeating the same task for each activity or
component-operation. The greatest gains are from common classifications so to allow
assembly use in applications other than estimating.

Table 2 Analysis of tasks to create integrated scope-cost-time model

total tasks  software tools repetitive tasks concept tasks potential tool if tool avail.

tasks 32 100% 13 41% 29 91% 16 50% 9 28% 22 69%
planning and setup 3 9% 0 0% 2 7% 3 19% 1 11% 1 5%
product model takeoff 5 16% 1 8% 5 17% 2 13% 4 44% 5 23%
process model 7 22% 3 23% 6 21% 2 13% 2 22% 5 23%
4D model 1 3% 1 8% 1 3% 0 0% 0 0% 1 5%
cost model 3 9% 1 8% 3 10% 1 6% 1 11% 2 9%
optimize for efficiency 13 41% 7 54% 12 41% 8 50% 1 11% 8 36%

Scope-cost-time planning tasks are tedious and prone to short cuts, the goal of
optimizing project planning becomes lost, and soon the engineer cannot see the forest
for the trees. A survey of Auburn University undergraduate building science students
and industry professionals highlights the poor perception that students have about
estimating tasks™". If this same attitude permeates the estimating departments where
many new engineers start their careers, the results can be poor bid and project
performance due to engineering shortcuts. In the same way, engineers can become
focused on less important but time-consuming tasks®, these then can outweigh core

6 calculating durations, completing the forward pass and back pass, calculating free float and determining the critical path & total float



tasks’ of maximize productivity, minimize risk, and ensure feasibility. The result is like
an error-plagued estimate, poor results.

Schedule

Scope

objects:
architectural,
structural

milestones

time
variable
direct and
indirect

resources:
L/E/M/S

overhead

Cost

Figure 2 Venn diagram of scope-cost-time. The takeoff is central in all three areas and
provides the foundation of all further modeling and analysis.

4. Scope-Cost-Time Defined

Project planning, scheduling and execution depend on valuating and trading of project
control parameters so as to gain the optimum efficiency in resource utilization. As
shown by figure 1, there are three project management process and control
parameters, these are Scope-Cost-Time, a fourth Quality8 is implied to exist within the
other three. A more difficult to conceptualize but still relevant factor is efficiency, which
can never be 100%. Efficiency is the waste that does not result during implementation
of the project plan. The decision to construct a project depends on the balance
between scope and cost. Scope, as given by the plans and specifications, is the work
required, both implicit (i.e., temporary structures) and explicit, to complete a project9.
Scope indicates the project benefit and cost represents resources consumed, therefore

7 such as: adjust production rates for climate & conditions, level resources, optimize process model logic, adjust location sequence, check laydown &
workspace detection, and calculate cost effect from changes

8 Thismaterial is offered to individual readers who may useit freely in connection with their project work. It may not be used by commercial or non-
commercial organizations without permission.

9 "Scope (project management).” Wikipedia, The Free Encyclopedia. 13 May 2008, 14:44 UTC. Wikimedia Foundation, Inc. 6 Jun 2008
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defining project viability. To obtain scope, a takeoff is completed. If completed
manually this is an error prone, time-consuming process™". Cost reflects the scarcity
of resources at any given time and places a value on this scarcity. Cost is more difficult
than scope to capture fully, due to the many affecting variables such as production,
resource demand and time value of money. Cost includes: definition, associated
externalities, design, fabrication, construction, operation and demolition, as shown in
figure 5; this series of costs is known as the life cycle cost. Quality and time are the
last two parameters. Time and quality affects cost in that absent any innovation, a
reduced duration or increase in quality results in increased cost. This holds true as
long as the project is operating at perfect efficiency, which is not possible, so in
practice, duration can be reduced and quality can be increased through an increase in
efficiency with no affect on cost. Time is the duration to move, arrange and assemble
these resources. The quality factor reflects how these resources are used and what
specific grades of resources are needed. The ultimate goal of the project planning and
control process is to know what the resource demands to construct a project are and
how these resource demands change during the construction process in response to
existing conditions.

- SCOPE - TIME ~ COST
l Implicit l
Operations Objects ——— mptc! Construction method
objects
|
I
Product Recipe Process
model formulas model

Project-Specific

s
=3
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legend

. Human-
Planning & computer
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Figure 3 A general outline of interaction between scope-cost-time-quality software
application tools within integrated scope-costing. Note the role of libraries to provide
standardized information to models. Ideally, all models integrate with one another
preventing the need to reenter data redundantly or manually transfer results to other
applications.



5. Integrated Scope-Cost-Time

Before describing the three project management points embodied in software tools
illustrated in figure 2, a short overview of each point and the types of models used is
needed, refer to figure 3. Be aware, these systems are manifesting as two types,
single vendor systems and integrated multi-vendor systems. The multi vendor system
is illustrated in this case study. First, there is scope, represented by a product model;
these can be a paper—based 2D drawing, represented as an electronic 2D or 3D
drawing, as 3D Building Information Model (BIM) or as an animation incorporating time,
i.e., 4D model. Second is cost, represented by a cost model known as a cost estimate.
Cost models have a varying level of detail from typical project to parametric. The most
detailed cost models are categorized into horizontal and vertical formats including™":
overhead, labor, temporary material, permanent material, equipment, subcontractor
and haul'®. The third and last is time, represented by a process model also know as a
schedule. Process models have varying forms from spreadsheet three-week look-
ahead, two month preliminary schedule, six month project planner and project billing
schedule, each with an increasingly lower level of detail. These three models, scope-
cost-time, ideally are integrated with quality models and efficiency analysis software to
create a complete Project Planning and Control (PPC) system.
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Figure 4 Side by side comparison of flowline (left) and Gantt (right) illustrates the affect
of location phasing on production and which operation is the driving production rate.
Four core concepts in Location-based Scheduling (LBS): 1) one task per task type is
occurring in any given location, 2) workflow locations can be completed in any order, 3)
maintain minimum 1-2 days buffer between tasks and 4) use the same location
sequence for all the tasks.

10 Haul, the cost for hauling material, is calculated and entered in its own column in cost models. Haul is also given its own subcode in cost
accounting to better track this cost separate from other activity cost. Distance hauled is an implied component of cost since haul cost is a per hour rate.
The equation for haul cost is (quantity/capacity)(2x haul distance)(rate of transportation)(cost per hour). This equation ignores load/unload time and
assumes zero queue time at |oad/unload, these require additional cal culations dependent on equipment and site layout. Cycle time caculations

incorporate the number of haul trucks and load/unload time.



Within the described scope-cost-time models, there is a distinction between project
specific and project independent data to categorize the source of information, see
figure 3. Project independent data is that universal to any project, an example is
material density. Project specific data is that which is peculiar to a project and may not
be true for any other project. An example is the sequencing of project phasing on a
hospital project which may be determined by the helicopter flight path. Though this
phasing is the most efficient for that project with its constraints, it is not necessarily the
most efficient solution for any other project. With accurate and precise quantities,
forecasting becomes more accurate and precise™".

6. Integrated Software Tools

The process model or schedule can manifest in several forms, the most common are
as a Gantt chart or a line of balance chart, see figure 4. The line of balance chart is
commonly associated with Location-based Scheduling (LBS). A key benefit of LBS is
the need to only link activities for the work sequence once rather than repeatedly link
the same type of activity for each location. This means that a project with ten locations
requires 1/10th the work to: create the baseline process model, update the process
model to design changes, change activity sequence, or make mid-project adjustments
to process model level of detail. The value of this reduction in links is most observable
in updates to the work process sequence to reduce project duration or stay on
schedule, a common change due to changes in conditions and constraints. As a
scheduler the more frustrating tasks is to be told to change the work sequence due to
some change, then be told to change the sequence back the next week when the
expected change did not materialize or the re-sequence fails to bring the expected
benefits. For a single scheduler, on a large civil project, a re-sequencing of only a
small portion of a project phase can take eight hours or more. Removing links and
creating new links can take several hours, often completed at night after the scheduling
meeting so to provide an updated schedule for approval the next morning. At some
point the construction manger became hesitant to re-sequence the schedule since the
labor required and uncertainty of benefits outweighed the labor required to model
different options. The sequence of individual activities is not what is changed but often
it is the location sequence that is changed. Changes in sequencing should not require
relinking of activities but simply rearranging the location sequence, leaving the
underlying work logic the same. Resource leveling is a fundamental component of
duration calculations. Through adjustments to the number of crews productivity is
adjusted to attain the needed durations. In addition factors such as: crew size, labor
resources, production rates and quantities must be defined in location-based
schedules.

The following five software tools are used in this case study: (1) Tocoman Group Ltd.,
a Finnish company, provided a takeoff and quantity calculating middleware software
suite consisting of: iLink, Quantity Manager (QM), Construction Model Server (CMS)
and Express. This software suite enables takeoff of quantities directly from multiple

10



types of product models and integration with many different vendors’ software tools.
This is desirable since the user can select the software applications best suited to the
task, they are most comfortable with or fits best with their legacy system. (2) Another
Finnish company, Vico Software Ltd., provided Control, a Location-based Scheduling
(LBS) software tool containing labor and material resource leveling and risk analysis
features. The Vico company has positioned themselves for construction industry
specific project planning and control applications. (3) Sage-Timberline in addition to
their estimating extended tool provided their estimating Commercial
Knowledgebase®™"" which has operations grouped as assembles with the necessary
recipe formulas predefined. Recipe formulas are equations to convert from measured
units to reported units and to infer quantities based on associated measurements. In
this way, the user only needs to enter a quantity for one item and a group of associated
items, or an assembly, is given an assumed takeoff value. (4) RSMeans production
and cost libraries are used to provide the operation descriptions, classification codes,
work breakdown structure (WBS), production rates, unit costs and the crews’
compositions. (5) As the information model AutoCAD Civil 2007 was used with custom
properties defined for location, sub-location, soil properties and compaction zones.
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Figure 4 Product Model - the information model properties expanded to include: Level
1 — project, Level 2 - location (position) , Level 3 - sub-location (orientation), Level 4 —
discipline, Level 5 — Master schedule activity, Level 6 - resource, soil type and soil
state, i.e., compacted, and Level 7 — object, backfill mass elements and grade slabs.
The object classification codes are Construction Specification Institute (CSI) Work
Breakdown Structure (WBS). Notice the layer naming embodies level 4 through level 7
while custom properties embody level 1 through 3 and expand on the level 6 resource
properties.

Three software tools common to civil work that were not included in this case study with
Tocoman but should be in any future work on civil integrated systems. These are:

- ———
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HCSS, DynaRoad and Trimble Pay dirtl2. Due to the preliminary nature in civil
integrated systems a collection of tools providing existing integration solutions was
selected. The integration of these tools is not currently thought possible but due to
market share should be investigated. In the CIFE survey 6 of 56 (10%) civil contractors
defined HCSS HeavyBid as their cost estimating tool, 2 of 56 (3%) defined Maxwell
American Contractor, the remaining 87% are assumed to use excel or non-electronic
methods, @ 95% CL, confidence interval is 13%. The 2008 biannual Construction
Financial Management Association (CFMA) questionnaire surveyxxxviii found that 36%
of civil contractors use HeavyBid and none used Maxwell. They found 18% use Hard
Dollar, 12% use Excel, 11% use BID2WIN, 5% use Sage-Timberline, 2% use MC2 and
4% use an assortment of other vendor tools. HeavyBid is contains an import function
for takeoff quantities from Trimble Pay dirt. Paydirt is intended to takeoff earthwork
guantities and not mass concrete. Another location-based scheduling software, with
many of the advantages in reduced activity linking, duration calculations, and resource
leveling of Control is available; developed specific for earthwork called Dynaroad13.
DynaRoad is intended for balance cut and fill operations similar to the Trimble pay dirt
tool.

Figure 5 Iteration
of changes in the
. method, scope or
\/ sequence
requires a new
pass, resulting in:
1) a new
optimization of
the schedule for
project
constraints, 2) a
check of the 4D
model for
constructability
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7. Results and Findings of Integrated System

The initial setup required for integrated system tools is less forgiving to skipping setup
than with other software®®, Once the planning and setup, see table 2, are determined,
they are difficult to adjust later in the design process or during the construction phase.
Key to setup is a strategy for construction methods, planning of work locations based
on this strategy, and the definition of a Work Breakdown Structure (WBS). The WBS
provides a common classification across software providing an identification of the
same operation or object across multiple software tools. Due to the correlation of
location and WBS hierarchy, Location-based scheduling requires more attention to the
WBS planning than the Critical Path Method (CPM)*. In Primavera Project Manager
(P6) and Microsoft Project it is possible to start with no defined level of detail or location
hierarchies. If mid project, a WBS becomes necessary or the current version is
inadequate, adding a WBS is not difficult. As a consequence the utilization of the WBS
is traded off and so is also weaker.

The Tocoman, Vico, Sage-Timberline, RSMeans, AutoCAD and Navisworks software
worked without any impossible problems. The operations CSI classification,
description and unit of measure were imported from the Sage-Timberline estimate to
the Construction Model Server through Tocoman Express. Later the quantities were
returned to the estimate through the same method. The Commercial Knoledgebase
assemblies allowed associated operations to be selected as a group, therefore saving
time. The assemblies’ technology could be leveraged more with the associated recipe-
formulas reaining “live” mtherefore eliminating the need to redundantly assign recipe-
frmulas in the CMS. Once the associations between operations and objects were
mapped in Tocoman ilink, any changes to the existing objects resulted in a revised
takeoff as hypothesized in earlier research on integrated” systems. Through a wizard,
Control imported quantities, operation descriptions, unit of measure and locations from
the Construction Model Server (CMS). The jump from Control to Navisworks required
the use of either Primavera or Microsoft Project as these are the only two supported by
the 2009 version. The AutoCAD object geometry is interoperable with Navisworks.
These integrations saved data entry labor and eliminated the risk of keystroke errors
and transpositions. However, the production rates available in the RSMeans operation
library could not be imported to the CMS, and so could not be imported to Control in
one operation. An alternative to manual keying is the Sage-Timberline estimating
software provides a print to comma delineated file. Used as a rudimentary integration
function, once in spreadsheet form the production rates were matched to a Control
spreadsheet export and then reimported. The key property allowing this was the CSI
classification common to both data sets. It was not a smooth process, though if
completed routinely the process may seem less out of place.

Manually generating the estimate’s list of operations from the operation library is

necessary. The sample product model used a text-based description to differentiate
objects. The RSMeans operation library uses a numeric coding system based on the
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2004 50-divisions Construction Specifications Institute (CSI) Master Format work
breakdown structure.  Manually mapping from the text based description to
MasterFormat codes is required to create a list of object to operation maps. This step
is time consuming and non-standardized, what object is associated with what operation
is not clear. If the naming convention used for the object* is equal with the coding
system used for the operation library, then an automated process of both selecting
operations and mapping objects to these operations is possible. Revit architecture
2009 includes a library of object MasterFormat and Uniformat™ codes, though they
have assigned the object classifier using a different numerical sequence than
RSMeans, therefore preventing an exact match.

Integration of software was negated by version changes of the tools during the case
study, requiring a new integration solution. Tocoman has been good at maintaining
version compatibility between Architectural Desktop, Vico Control and the Tocoman
Construction Model Server. An interesting secondary discovery is that software support
located in an opposing time zone results in great turnaround. Tocoman would receive
any support requests from the days work with the integrated system and usually have a
solution the next morning my time.. The Tocoman software as configured for this
application had a steep learning curve. An online server host'® was used to simplify
installation rather than a local install and this at first was a bit confusing. The concept
of middleware seems simple in concept but in practice it takes time to acclimate to
applying a half dozen software tools as one single tool. Once adjusted this is a more
versatile system since any issues with a software is mitigated by swapping a
comparable tool in its place.

The best concept demonstrated by Control is that increasing the production on an
activity may have a negative effect on the overall project duration. In this way,
resource increases applied haphazardly can be detrimental to project success. The
software demonstrates clearly that slowing selected activities and changing work
location sequence has a greater and more reliable affect on project duration. As one
student stated, “I learned which activities were holding up the project and found out that
by simply re-sequencing the location flow, | could drastically reduce the overall
construction duration by releasing more critical areas to succeeding activities”. Insight
of what activity is best to change or re-sequence is difficult to observe in Gantt CPM
process modeling software such as Primavera or Microsoft Project Manager. Refer to
figure 4 and notice the space between several of the activities. This is not a mistake but
represents stockpiling of material. A common activity on the project was large
stockpiles of material around the worksite then load out to smaller haul trucks. With a
more detailed view of production as this chart provides, decisions may have been
made differently.

14 1ayer-style or some other exportable parameter

15 Citrix is a company that provides server space for afee, thereby removing the need to maintain servers.
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Six L essons L earned:
1. Organization
- Contributes to reduced waste through enabling cross-functional communication
- Changes culture, usually modelers work separately from the other key players, this
method brings different working cultures together
- The process modeler and constructor must be engaged in the product model creation
process to identify what must be explicit i.e., included, to provide needed objects
- The goal varies with the professional focus, such as: the takeoff, the cost estimate, the
schedule, the constructability 4D check and the knowledge to efficiently build an object.
2. Scope-cost-schedule
- Reduced rework and errors through automation
- Recipe-formulas provide take-off for objects implied to exist in the product model. It is
necessary to keep track of what objects are implicit, i.e.,, NOT modeled
- Higher levels of detail (LOD), allowing greater accuracy per component line item
3. The “guantity” required for a crane, i.e., time variable cost, is measured in days, not in
physical units
4, Slowing an activity can result in reduced project duration
5. Actua production measurements are collected more accurately, since the quantities are
known more precisaly, leading to a better basis to develop historic unit cost
6. Knowledge reinforcement and transfer
- The post project write-up refines and solidifies concepts discovered through the process
- The planning process replicates tribal knowledge existing in construction field crews

Pros and Cons of linking design infor mation and constr uction infor mation:

The same information basis for project planning, monitoring and control provides three main
benefits. It allows: project team members to visualize the product, improved feedback quality,
and facilitates two-way communication between the field and design office. The method could
provide value by offering better handling of design options.

Three identified issues centered on software unfamiliarity and legacy systems. First, the
softwares’ security systems are cumbersome to navigate, compounded by the use of multiple
vendors. Second, common software functionality like “copy”, “paste”, and “undo” are often
missing. Third, not all softwaretools are integratable. Occasionally odd solutions must be found
to move a specific property from one tool to the next or a secondary choice of software is used
because it integrates with a legacy system component. These issues caused some level of
frustration; the consensus is it would prove beneficial to hire someone who specializes in dealing
with the software system and its peculiarities ahead of the critical path on projects. The vendors
provided comprehensive software support and patches quickly, implying that custom solutions to
specific field issues would be available. The upfront cost of implementing such a system could
be a barrier to adoption, i.e., negative return on investment. Through the use of a combination of
legacy software tools and few selected additions, while possibly not the optimum solution, the
upfront costs of purchase and training are mitigated.

Figure 6 The compiled six lessons learned and pros and cons are provided by students
from the autumn 2007 and autumn 2008 CEE241 courses. The need for greater
interaction between disciplines and identification of what objects are implied in the model
are core concepts highlighted here. Through the use of the software students felt the tools
are effective but the learning curve is enough that a designated specialist for the system is
needed on-site during implementation and an adjustment period.
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a. Classification and Unit of Measure

As the production and cost library in the Sage-Timberline cost model we used the
RSMeans historical library. The RSMeans library uses the Construction Specification
Institute (CSI) 2004 MasterFormat*®’, as a base template to classify operations.
Standardized classifications provide knowledge of the specific activity by viewing the
activity code. Given a product breakdown of “Hauling excavated or borrow material, 20
C.Y. dump trailer, highway” encoded as 30.18.02.01.31.23.23.18.12.55, any reader of
this code, savvy to the classification breakdown, will understand what it is referring to.
Even if it is not know what the prefix 30.18.02.01 is assigned to, it is know from the CSI
MasterFormat that 31.23.23 is Earthmoving backfill, and that 30.18.02.01.likely refers
to the company, project number, location two, north. So while it would be unknown
what the operation method was, i.e., 20 CY highway haulers, we would know it was
some type of backfill haul operation.

The level of detail is also known by the degree of the work breakdown structure. Work
levels one through three serve as the process model location breakdown structure.
Work levels four through seven are intended to serve as the basis of process model
activities descriptions and schedule work breakdown structure. Work levels four
through nine are often used for classifying historical production rates.
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Figure 5 Eleven level Work Breakdown Structure. This WBS uses the CSI
MasterFormat for work levels four through six. The RSMeans WBS is represented by
levels six through nine. The Revit WBS is represented by levels six and seven. Work
level ten conforms to the AROW format to provide a workzone. This classification
format conforms to the AROW standard.

In addition to the importance of standardized classification is unit of measure. Units of
Measurement are typical for various operations, such as concrete curb is measured in
linear feet (LF), earthwork in Embank Cubic Yards (ECY), formwork in Square Yard
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(SY) and asphalt in Tons'®. Estimating and field collection methods may differ in unit of
measure to ease collection. The basic units of measure are count, length, area,
volume, time, magnitude, weight and relative. Of course, area and volume are derived
from length. Determining what unit of measurement will be used for any object-
component in the integrated takeoff has an impact on future use. Recipe formulas
convert between units of measure but some forethought in takeoff unit of measure
reduces the number of formulas needed.

With a universal coding system, for objects in the product model and the operation
library there are many potential applications. One is a list of explicit objects contained
in the product model could be automatically associated through predefined assemblies
with operations in the operation library, eliminating the need to look these up. Another
application is the conversion of the unit of measure to the unit of reported measure
could be associated with predefined recipe formulas in a similar way.

The Rocky Flats decommissioning project, one of the most contaminated sites in the U.
S. Department of Energy’s nuclear weapons complex, reports that they used the same
classification WBS for both the cost model and process model, resulting in “easy
interaction with and understanding by the craft supervisors, and a reduced learning
curve...[and] an improved link with the site’s [process model] software™™. This
provides an example of the industrial impact from standardizing the classification
across project models, resulting in improved integration and a reduced learning curve.

b. Recipe formula and Implicit Objects

Of particular importance due to its relation to object-components represented implicitly
and explicitly in the product model is the concept of a recipe formula. These are
formulas derived to calculate multiple quantities from an explicit product model object
input measurement, such as count, length, area and volume. Maximizing the use of
formulas can reduce the resources required for constructing the model. The number of
person-hours required to create a model is correlated to the scope and quality of
objects represented within the product model™”. Therefore the larger and more
detailed the model is, the more person-hours required. To limit the resources needed,
it should be determined what can be calculated implicitly from the fewest possible
explicit variables. Additionally the most time consuming portion of the takeoff is
mapping the operations to the objects to measure. Recipe formulas are much quicker
to write and can be reused, therefore, minimizing the need to measure objects explicitly
represented in the product model therefore reducing takeoff complexity.

These minimum explicit variables are what must be included in the product model, such
as: mass concrete, structural steel members and MEP systems. For takeoff purposes,

18 volume times density
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no item feasible to deduce from an
object within the product model, need be
included in the product model or if it is
included for other purposes, linked
directly to an operation.

Examples of implicit objects: reinforcing
steel, electrical outlet covers, formwork
and structural connections™.  These
implicit objects do not need to be
symbolically modeled if these items can
be inferred from other objects within the
product model or are in the
specifications. For example, pounds of
reinforcing steel can be implicitly derived
from a concrete object. A recipe formula
converts from the concrete takeoff unit of
measure of cubic feet to the reinforcing
takeoff unit of measure of pounds as
pounds per cubic foot of concrete.
Though a more accurate and precise
guantity takeoff, including splices, and
the correct number of fabricated
reinforcing components, is possible if
sufficient details have been symbolically
included in the product model.

The recipe formulas to calculate takeoff
values from given explicit product model
attributes are often created custom to
project conditions. An analogy is if one
was to derive a new structural
connection formula from scratch each

Often Explicit Object ~ Associated Implicit

Cast-In-Place Concrete  Excavation
Hand-trim
Formwork
Reinforcement

Dry patching
Caulk & Seal
Backfill

Fasteners & Welds
Plates

Painting

Structural Steel

Fire proofing
Demolition (as-built) Stockpile & batching
Mass Excavation Erosion Control
Compaction zone
Mobilizations
Paving Base Course
Saw Cutting
Sub-grade
Trenching
Bedding

Temp fencing

Utilities

Temporary Structure
Climate consideration
False-work

Retaining Structures

Table 3 common implicit / explicit
objects

time a new connection occurred. A list of often-expected explicit variables and often-
implicit variables could help with determining these recipe formulas. A predefined and
customizable list to select from could reduce the risk of error and help with
standardizing. The constructor and product modeler are assumed to successfully be
able to determine the criteria for what to include explicitly in the product model and
what to include implicitly. Once automated takeoff technology becomes more common,
general rules of thumb and experience from past projects, will determine whether an
object-component is implicit or explicit in the product model. Until then a basic set of
guidelines or tagging of specific operations as explicit or implicit could prove to be

valuable.
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Once this is completed, verifying that all the implicit objects in the product model have
been referenced through the assemblies is necessary. These implicit objects could
then be quantified through predefined recipe formulas using the explicit object list as
inputs. Alternatively, if the cost model operations have IFC'® classifiers as parameters
then linking could be automated. IFC interoperability®.

8. Conclusion

In this case study the following five points have been found: First the integrated scope-
cost-schedule model system found that even the project 5-week lookahead schedule,
considered to be the most accurate, contained coarse errors. Second, the manual
take-off contained undiscovered double counts and omissions embedded in the project
documents, these were easily found with an integrated system. Third, the recorded
level-of-detail could be increased to provide production rates specific to project
locations and not general to the project itself. Fourth, facilitated by the integrated
system, the Location-based scheduling tool provided more accurate and precise dates
and resource demand than available to the project team. And last, a uniform
classification method across the system is important for project team members to
correlate an item located in one aspect of the model with it's representation in another.

If the first four results given above are high risk items for your market and the fifth result
does not present an issue to implementation, then civil contractors should consider
making a shift towards integrated model systems. An integrated model system helps
project staff to focus on best practices in scheduling techniques and network analysis
such as: defining where critical activities, activity float and total float reside, sequence
of operations, access conditions, duration impacts, optimal crews, minimizing
mobilizations, buffer, and feasibility. These result in a reduced emphasis on repetitive
tasks such as: scope take-off, data entry and calculations for floats, start-finish dates,
durations, total cost and delay.

Research to define guidelines for those project components usually (explicit) and
usually-not (implicit) modeled is needed. From these guidelines it may be possible to
define a library of recipe formulas to quantify unmodeled components from modeled
components. These two items would reduce much of the redundant and error prone
tasks involved in product model takeoff (17% repetitive tasks) and the project setup
(7% repetitive tasks). If you are interested in a more detailed map of the system used
for this case study, please contact the author and a more detailed documents will be
provided.
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