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PULL-DRIVEN SCHEDULING FOR PIPE-SPOOL INSTALLATION:
SIMULATION OF A LEAN CONSTRUCTION TECHNIQUE

By IrisD. Tommelein', Associate Member

ABSTRACT: Many construction processes include installation of unique materials in specific locations in the
facility being built: materials and locations must match before installation can take place. Mismatches due to
delay and uncertainty in supplying materials or completing prerequisite work at those locatipes fieleh
productivity. This is illustrated here using a model of a materials-management prateasnaitching problem

that typifies fast-track process-plant projects. The uniqueness of materials and locations combined with the
unpredictability in duration and variation in execution quality of various steps in the supply chain allow for
different ways to sequence material delivery and work area completion. Several alternatives are described. Their
impact on process execution is illustrated by means of probabilistic process models. One model reflects total
lack of coordination between delivery and work area completion prior to the start of construction; a second one
describes perfect coordination. The corresponding materials staging buffers and construction progress are
plotted based on output from discrete-event simulation models. A third probabilistic model then illtistrates

use of the lean construction technique called pull-driven scheduling. Real-time feedback regarding the status of
progress on site is provided to the fabricator off site so process steps can be re-sequenced opfigritihistica

yields smaller buffers and earlier project completion and, when properly accounted for, increased productivity.

INTRODUCTION materials on an item-by-item basis means paying attention to

Construction involves installing materials according to projectMinute details. It is a tedious task, largely irrelevant to their
specifications in the facility being built. By tracking the flow of ©Wn. Accordingly, matching-problem details are selectively
materials through their supply chain (i.e., describing when andfbstracted away by each party so that they can focus on
where materials are being engineered, fabricated, transporte@oblems of more direct, contractual concern to them. For
staged, etc.) installation work can be most effectively plannedx@mple, structural designers do not worry about vendors’
and executed. Flow data must be more or less detaile@bility to deliver specialty valves or nuts-and-bolts because it is
depending on whether the material of concern will be availablePutside of their scope of work. Pipe-spool fabricators optimize
in large quantities of identical, interchangeable units (e.g.Production schedules to suit their plants fabrication constraints
concrete blocks, electrical conduit, nuts and bolts); in modes@nd other projects’ needs. Shipping agents optimize travel by
quantities, possibly with some degree of interchangeability (e.g.ch00sing vehicles to meet delivery schedules; they package
windows, structural steel, timber in precut lengths), or in smallmaterials to ensure that loads are stable and meet weight and
guantities of units with unique properties (e.g., engineeredjlmensmnal constraints QUr|ng transportation. Laydown _yard
materials such as pipe spools or a custom-designed maiR€rsonnel group materials by shipment, type, or final-
entrance door). installation destination to ease tracking. Project managers
Field installation crews, responsible for the final step in thecontrol progress based on percentages-of-total of materials
materials flow process, must find resources that match amongngineered, delivered to the site, or installed. The corresponding
those available to them; they must ensure that the right materidlanning systems must therefore allow for abstraction or detail
gets put in the right place. For instance, they must identify théS needed. _ o _
location where installation is to take place (e.g., area AR-123), Because of this abstr'actlon, installation crews rarely have'
then find the matching material (e.g., pipe spool SP-123) andhe data they need to optimally schedule and thus. execute their
retrieve the correct installation accessories (e.g., attachmeni¥ork. They must rely on the numerous assumptions that are
and supports). An integral part of their work, time and again, isembedded in pre-construction schedules. How much of a
to solve the so-called "matching problem.” In facilities that Problem this creates depends on the extent to which
comprise thousands of materials of which many are uniqueUncertainties in their suppl_y manifest themselves during project
tackling the matching problem is an enormous task.execution. If pre-construction schedules were well thought-out

Nevertheless, those performing installation have no way aroun@nd steps preceding installation had no uncertainty in duration
it. or execution quality associated with them, then matching would

fabrication, delivery, and site storage of materials, as well afrojects are executed on a fast track, so construction starts
construction managers overseeing the project often overlook th@efore design has been completed or materials deliveries have

matching problem that installation crews face. Dealing with P€en properly sequenced. Installation crews and equipment are
often kept waiting because delays in materials supply and delays
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in completing prerequisite site work lead to mis-matches that Researchers in construction have begun to realize that
foul up scheduled work sequences. This lowers the installatiorronstruction management must include production control
crew’s productivity and extends the project duration. systems (e.g., Bernold and Salim 1993, Melles and Wamelink
In order to increase understanding of these issues, a mod&bB93) to complement the project management systems currently
was created of a process that is characteristic of the processt use. Control systems must include not only activities being
plant sector of the construction industry. Alternative strategiegerformed at the project site but also those that make up the
for sequencing materials deliveries are presented in this papemtire supply chain (OBrien 1995). The work described here
and their execution was simulated so computer data supports thelongs to this school of thought.
comparison between them. Some lean concepts have already been translated to
construction. Howell et al. (1993) discussed how buffers of
RELATED WORK IN LEAN CONSTRUCTION materials can alleviate the dependencies and worker idle time
Matching problems and process uncertainties pose uniqugtherwise incurred when process sub-cycles interact with one
requirements on construction planning systems. An analogynother. Ballard formalized the Last Planner to shield
with manufacturing production systems is appropriate to explainpstallation crews from uncertainties in work flow and
what these are. Specifically, the lean production philosophy isjemonstrated its successful implementation on actual projects
relevant (Ohno 1988). Lean production focuses on adding valugHowell and Ballard 1996, Ballard and Howell 1997). Phair et
to a raw material as it proceeds through various processing stegs, (1997) reported how equipment manufacturers are reducing
to end up as a finished product. It advocates the aVOidanC%et_up time by Changing product designs (e_g_' buckets and other
elimination, or at least reduction of waste from this so-calledattachments). In the same vein, this paper describes how the pull
value stream. By considering waste not only in or produced byechnique with feedback regarding progress on site to
individual operations but in the value stream at large, learfapricators off site can improve construction process

production adopts a systems view. o performance (Tommelein 1997a, 1997b).
The late Taiichi Ohno first articulated this philosophy and

implemented it in Toyotas production system. He classified PUSH-DRIVEN VS. PULL-DRIVEN PROCESS

sources of waste as follows (8 added by Womack and JonddANAGEMENT

1996): (1) Defects in products; (2) Overproduction of goods notpysh-Driven Process Management

needed; (3) Inventories of goods awaiting further processing or

consumption; (4) Unnecessary processing; (5) Unnecessa@oﬂs_t'mc“on work traditiqnally is planned by articulat.ing'

movement of people; (6) Unnecessary transport of goods; (7§ctivities and dependencies between them, then assigning

Waiting by employees for process equipment to finish its workdurations and resources to each activity. A schedule is

or for an upstream activity to complete; and (8) Design of goodsieveloped by calculating early and late activity starts and

and services that fail to meet users needs. finishes using the Critical Path Method (CPM). Resource
The lean production philosophy, since it emerged in theleveling or allocation algorithms may yield some adjustments to

1950s, has provided major competitive advantage to Japaned@e early-start schedule, but upon project execution, activities

manufacturing companies. Its benefits gradually became know@re expected to start at their earliest possible date in order not to

outside of Japan. In the 1980s, US manufacturing companie§€lay succeeding activities or the project as a whole.

began to convert their operations to implement lean production ~ Project control aims at adhering to the resulting schedule. It

techniques and, consequently, also improved their operation§ assumed that all resources required to perform an activity that

dramatically (Womack and Jones 1996). Some lean productioHS abogt to start will indeed be available. at that activity's early-

techniques are: (1) Stopping the assembly line to immediatelptart time. In this so-called "push-driven” approach, each

repair quality defects; (2) Pulling materials through the activity passively waits for its ingredients (instructions, labor,

production system to meet specific customer demands; (3jnaterials, equipment, and space) to become available, e.g., by

Reducing overall process cycle time by minimizing eachPeing released upon completion of predecessor activities. When
machine’s change-over time; (4) Synchronizing and physicallySome have become available but others needed at the same time

aligning all steps in the production process; (5) Clearlyhave not, those available will wait in a queue or buffer fo_r the
documenting, updating, and constantly reporting the status of afombination of resources—the set of "matching parts"—in its
process flows to all involved. entirety to be ready. While it may be possible to start work with
Though no one will doubt that there is much waste in@n incomplete set of resources, chances are this will negatively
construction, lean production has only recently become a subje@ffect productivity (e.g., Thomas et al. 1989, Howell et al.
of interest in our industry. Since the publication of Koskelas 1993).
(1992) seminal report, researchers around the world have been Because of uncertainty in duration as well as variation in
studying its applicability to construction (e.g., Alarcon 1997). €xecution quality and dependency logic of activities, schedules
Unfortunately, translating lean concepts from manufacturing toar® bound to change as construction progresses. It may be
construction is not automatic because of the uniquepossible to model this uncertainty during the planning stage, as
characteristics of the architecture/engineering/constructiorfs done by using probabilistic distributions to characterize

(AEC) industry in addition to the geographic diversity among activity durations in the Program Evaluation and Review
projects. Technique (PERT). However, the actual manifestation of

uncertainty is known only upon plan execution and must thus be
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dealt with in real time. At that point, rigorously adhering to the unique pipe spools. This process is simplified here as
initial schedule may not be the best approach for successfudomprising two chains of activities. pipe spools are designed
project completion as network characteristics and resourcand fabricated off site while work areas are prepared on site.
availability will deviate from those assumed when that scheduleAfter spools have been shipped to the site, the chains merge
was generated. with the installation of spoolsin their designated areas.
Moreover, traditional CPM schedules do not necessarily  Pipe spools are fabricated off site according to the
show individual resources and their allocation to activities.availability of engineering design information, the fabricator's
Certainly, procurement schedules highlight milestone deliveryplant production capacity, etc. Individual tags denote that each
dates of major items, but most materials will arrive in multi-unit spool has unique properties and each has a designated
shipments. If a schedule reflects only groupings, then it is toalestination in the facility under construction as shown in the
coarse to guide work that involves unique parts. When missingroject specifications. Spools are subject to inspection before
parts are identified during the on-site allocation process, it ideaving the fabricator's plant. The outcome of the inspection
much too late to prevent delays. activity is that a spool will be found fit-for-installation with an
In addition, current expediting practice is to regularly touch x% likelihood, and, thus, that there will be a problem with (100
base, e.g., with the engineering design firm or fabricator of- x)% of them. In the latter case, the fabricator must rework the
whom goods or services are expected. Contact is made prior &pool to rectify the problem, prior to shipping.
the deadline of completion of their work, in order to make sure  Concurrently with this off-site process, construction is
the target delivery date, e.g., of key materials or pieces ofinder way on site. Roads are built, temporary facilities are
equipment, will be met. Yet, most expediters fail to (e.g., are nobrought in, foundation systems are put in place, structural steel
authorized to) reschedule activities when it can be anticipateds being erected, etc. Crews of various trades must complete
that deadlines will not be met. Accordingly, the traditional, their work in each area where spools are to be hung, prior to
push-driven approach to scheduling prior to the start ofspool installation. When a specific set of ready-for-installation
construction with no corrective re-scheduling as work spools is available on site, and all prerequisite work in the
progresses leads to process inefficiencies and less-than-optimalatching area has been completed, spools can be installed.
project performance. Completion of an area's installation work then signals to other
trades that subsequent work can start.
The main objective of a "pull-driven" approach is to produce”\lDUST,RY PRACTICE ) . o
finished products as optimally as possible in terms of quality,Theé Business Roundtable (BRT 1982) identified the piping
time, and cost, so as to satisfy customer demand. Achievin§rocess as being critical to the success of numerous industrial
high process throughput while minimizing operating expensedrojects. However, research into improving practice has been
including in-process inventories is key. Keeping busy by!@ging until only a few years ago Cll conducted a detailed
processing just any one of the resources in the input queue of dRvestigation (CII 1996, Howell and Ballard 1996, O'Connor
activity requiring a combination of resources is insufficient. To @4d Liao 1996, O'Connor and Goucha 1996). Major causes for
pull means that resources must be selectively drawn fronProblems were found in the engineering development process,
queues—so the activity that processes them will be busy just thePecificaly in three areas: (1) piping and instrumentation

Pull-Driven Process Management

same—but chosen so that the actisitgutput is a product
needed further downstream in the process, and needed more so
than its output using other resources in the queue would have
been. Resources' wait time in queues should be minimized.

To implement a pull-driven approach, selective control is
needed over which resources to draw for any given activity.
This selection is driven by information not solely about
resources in the queues immediately preceding the activity
under consideration, but also about work-in-progress and
resources downstream (successor queues and activities) in the
process. Resources will get priority over others in the same
gueue if they are known to match up with resources forecast to
be or aready available in queues further downstream in the
process. This way, those downstream resources will not unduly
await their match and be in process for any time longer than
needed, though their planned processing sequence may be
violated.

EXAMPLE PROCESS SCENARIO: PIPE-SPOOL
INSTALLATION

Constructing an industrial process facility, such as an oil
refinery, involves installing many hundreds or thousands of

diagram (P& 1D) problems are caused by inefficient sequencing
of priotization, inefficient procedures for P&ID development
and review, and inefficient communication of P&ID
uncertainty; (2) problems in the supplier data process pertain to
communication, coordination, and selection duration; and (3)
problems in the packaged units process pertain to supplier
quality and design. Whereas O'Connor et al. developed policies,
procedures, and checklists to enhance the overall efficiency of
these processes, Howell and Ballard studied the impact of
uncertainty on downstream performance.

Industry practitioners know that construction is plagued by
uncertainties. In their most interesting study, Howell and
Ballard (1996, p. 6) describe prevailing methods for managing
them in the piping function: "Piping success requires
minimizing the extent and effects of uncertainty during
fabrication and installation. At present, uncertainty in the timing
of deliveries of intermediate products from one continuing
activity to another defines the production planning and
management problem. Lacking tools to minimize the
uncertainty in these flows, managers strive for flexibility so that
the project can proceed in the face of erratic deliveries and
unexpected problems. On piping extensive projects, they rely on
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buffers to assure progress despite variations in the timingcauses and possible solutions. They point out "Fast track
sequence, and quality of resources from upstream supplier@roject. Schedule main concern. Manpower levels above
Buffers dampen the effects of variations in the flow of resourcegrojected.” (p. 73). One can only speculate that uncertainty
and allow flexibility in the choice of work." contributed to occurrence of matching problems, hampering

Howell and Ballard characterize common practice forinstallation work, but apparently successfully overcome. In
moving pipe spools from engineering through off-site conclusion, Howell and Ballard recommend that piping
fabrication to erection. "When engineering falls behind backlogs be used to buffer on-site from off-site activity
schedule, fabrication will be delayed, thereby also delaying("successful projects have at least 60% of all pipe on hand when
installation work." "The order in which drawings are provided 20% has been installed"), and that the principles of the Last
to the fabricator and the sequencing in which spools are outpU®lanner be applied to shield installation from remaining
by the fabrication process may bear little relationship to siteuncertainties.
needs, therefore requiring re-sequencing for site delivery  The present paper builds on this work by focusing on two
provided that priority information be available." "Time delays uncertainties in the pipe-spool process: (1) uncertainty in
and out-of-sequence work make the supply of materials to theluration of fabrication and transportation and (2) quality failure
job site unpredictable. This leads to inefficiencies because worln fabrication resulting in delay of shipment due to rework. It
cannot be adequately planned and executed, and thus resultsshows how matching affects the productivity of installation
low productivity." crews and the overall project duration.

Figure 1 charts commodity curves from 1 of 24 projects on
which Howell and Ballard collected data. This specific projectPROCESS MODELING
(Project B) required installation of 2,080 pipe spools in a 57-Process-Model Representation

week duration, measured from start of engineering to end o[ der to d ib d th . ¢ with alt i
installation. It was characterized as "Design well established,! Order to describeé an en experiment with alternative

; : i n [ , the pipe-spool installation process has been
Rash of client changes late in project." As can be seen, schedu'?éann'ng sequences
slippages (deviation of actual from planned) occurred inmodeled using the STROBOSCOPE computer system for

s - ; : I discrete-event simulation (Martinez 1996). Table 1 summarizes
completing isometric drawings (ISOs) and in fabricating spools. ) )
Nonetheless, installation work progressed nearly as planned. the functionality of the STROBOSCOPE symbols that are used

here, but note that their simplicity belies the expressiveness of
the associated programming language.

100,

o0/C ngﬁiam One major feature of STROBOSCOPE is that resources can

golm IS0s| d )fufz:ﬁiﬁ?a' i be characterized and individually tracked as they reside in

70 E y “(j p‘(|;f’°°° dgf various networ!< n.od.es o!uring a simulajtion run. When a queqe‘s

ol S rcwed | Jd resources are indistinguishable, there is only one way in which
- jy{‘ Os FF/ j[ to draw them from that queue; or)Iy 1 draw sequence exists.

%0 j*( dif f However, when a queue haslistinguishable resourced, draw

40 s Jf/ f sequences are possible. In genanadll change in the course of

30 % a simulation run as resources join the queue (unless the queue is

20 b af S .- A a source) and leave it (sink). Being able to distinguish resources

10 ,&‘ f‘f s Erec’mfedlon Time and to draw those needed for processing when needed is

£ poolli® 4 [weeks] necessary when one sets out to model matching problems and

0 10 20 30 40 50 s0 pull techniques.

] ] . The sequence in which characterized resources will be
Figure 1. % Planned vs. Actual in Percent of Total of Isometric grawn from a queue during simulation depends on (1) the
Drawings (ISOs), Fabricated Spools Delivered to Site, and  grdering of incoming resources relative to those already in the
Spools in Place. queue, and (2) the criteria applied in selecting resources for
[Data courtesy of Greg Howell and Glenn Ballard] withdrawal from the queue. To achieve the desired system
Commodity curves (which plot time vs. percent complete, alsobehavior, a STROBOSCOPE programmer can define draw
called line-of-balance or velocity charts) do not reveal, howeversequences by specifying respectively [items in CAPS denote
what resources were needed to adhere to the planned installati@TROBOSCOPE programming statements]: (1) a queues so-
schedule. Their usefulness is limited when managing uniquealled DISCIPLINE and (2) conditions on the link emanating
materials because they do not help recognize matchinfrom the queue (e.g., using RELEASEORDER and
problems. This is the case here as pipe spools really are n®IRAWWHERE with FILTER-expressions). Example draw
commodities. "They [spools] differ in specification sequences (implemented by ordering, selection criteria, or a
requirements, physical configuration, and adjacent plantcombination thereof) are:
features. These important differences make both establishing  Firs-1n First-Out or Last-In First-Out:
performance standards and comparing results very difficult"
(Tatum 1985).
Howell and Ballard make no detail available to describe
this projects performance, so one cannot be certain of problem

The ordering criterion is resource time of arrival in the
queue. First-in-first-out (FIFO) places resources
arriving earlier at the front of the queue, so by default
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they will be drawn first (they have been waiting for the
longest time). In contrast, last-in-first-out (LIFO)
places those arriving later at the front.

First-in-Order Based on a Property of Resourcesin
Single Queue:

When resources can be ordered based on a property or
on some externally-defined numbering system, that
order can define draw priority. For example, trucks of
varying size can be sorted by their loading capacity,
where it may have been decided that larger ones will be
loaded first; an engineer may have numbered footings
to specify the order in which concrete is to be placed,
where those with lower numbers will be placed first.
Selection is thus based on comparing an individual
resource’s "capacity" or "placement number" property
with that of others in the same queue. Other examples
are "easiest to install first" and "highest ratio of earned-

ASCE Journal of Construction Engineering and Management, July/August 1998, 124 (4) 279-288

"materials covered by or buried in others first," and
"those that can easily be damaged last."

Best Match Based on Properties of Resources in

M ultiple Queues, all Preceding a Single Activity:
Resources may be drawn from one or several queues so
that the properties of those drawn from one queue
match those drawn from the other queue(s). In the
worst case, matching fails. This situation typifies
matching problems. For example, a water boiler has a
designated location in a house under construction;
when the boiler is ready to be installed, workers must
have access to that designated location to work; no
other location will do. Another example is to install
only complete pipe runs (Howell and Ballard 1996) or
to load various structural steel shapes onto flatbed
trucks not to exceed the trucks dimensions or load
capacity (Martinez 1996).

to-expended effort first" (Howell and Ballard 1996),

Table 1. Selected STROBOSCOPE Symbols

SYMBOL NAME EXPLANATION
Queue Is a holding place (buffer) for 0, 1, or several resources waiting to become involved in the
w succeeding combination activity. Queues may contain generic or characterized regources.
The latter are distinct from one another and they can be traced as individuals §hrough
various network nodes during simulation. The logic describing the ordering of respurces
upon entry into a queue of characterized resources is termed a DISCIPLINE.
Normal Describes a certain type of work to be done, or a delay, of a known (probabilistic) diration
Transport (activity) from start to finish. May require a single resource or no resource at all.
Combi Like a normal, describes a certain type of work to be done, or a delay, of a known
Fabricate (-nation (probabilistic) duration from start to finish. Unlike a normal, requires several resourges in
activity) combination for its performance and draws what is needed from the queue(s) that precede
it.
Consolidator |Acts as a counter up to n (n is an integer value specified with the node): after n repources
AwaitTranspo have been released into the consolidator, the consolidated set will be released from k.
WA1 Link Shows flow logic. Should be labeled to meaningfully describe the resources thgt flow
— through it. If the link emanates from a queue, a DRAWORDER may be specified to
sequence resources being drawn from the queue.
GoodBad Fork Describes a split in aresource’s flow path. Incoming resources are routed along one path or
another in a probabilistic or deterministic fashion, so the node is called a probabilistic fork
or a decision node respectively. Each link emanating from it carries a likelihood or a
statement eval uating to true/false for being followed by any specific resource arriving at the
fork during simulation. The resource’s actual path is determined at run time.
SpoollnArea Assembler Shows that 2 or more resources are being assembled into a single unit resource which is of
the compound (a special kind of characterized) resource type.
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Figure 2: Process Model of Pipe-Spool Installation
4. Random: sequences will be more advantageous than others. This is

. . illustrated next imulating alternatives.
Resources are picked at random from those in the ustrated next by simulating alternatives

queue. This will be appropriate when they are
interchangeable. However, when resources are not
interchangeable, random drawing (e.g., due to mis-

Pipe-Spool Process Model

Figure 2 depicts a model of the example pipe-spool installation
identification of a material) results in erroneous process. The_ rationa_le for selecting mo.deling elements a_nd their
substitution, thus causing problems parameters is detailed by T_ommeleln (1997a). Admltted_ly,

' ' selections were somewhat arbitrary. The writer modeled salient

Project managers and field personnel use such draw sequencgtures yet represented only a few system characteristics so that
when planning and executing work. As is to be expected, some
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the models behavior and output would remain tractable. Pipe-spool Buffer Size

'Simpl'ifications are consistent with t_he gim of thi§ paper, which,:igure 3 (Right, Top) illustrates that pipe spools accumulate on
is to illustrate (1) the |mpact. coordination planning has on _thesite at a steady pace until day 95, when the first area opens up
execution of resource-matching processes and (2) the benefits gf; installation. The StagedSpool buffer peaks at 340. It
pull over push when uncertainty is high. Using the samegraqually gets depleted over time as subsequent areas open up,

methodology and tools, more complete, industrial-strengthyet continues to get replenished until all spools have been
models can easily be developed. delivered to the site.

IMPLEMENTATION AND SIMULATION OF Note that at 20% of work done (AreaDone), more than 70%
ALTERNATIVES of all spools have been delivered to the site. According to

o _ Howell and Ballards rule of thumb, this is a favorable indicator
One deterministic and three probabilistic models were

. . for project . As will hown later, it is n arantee for
implemented. All models describe that 600 spools are to b OF Project success. As be shown late s hogu

. . roject , however, rticularly when out-of-sequence
installed in 15 areas, at 40 spools per area. It has been assunie JECL SUCCESS, NOWEVET, pa y q

. S : .~ Work leads to mismatches.
that spools are delivered to site in loads of 10 and installation in

an area will not start until all 40 matching spools are available. Productivity of Installation Crew

Since all activities in this model are synchronized and there is
no uncertainty, the installation crew’s productivity is optimal.
Model Construction and Parameters Each area gets completed in 10 days and work progresses

The deterministic model is based on the process chart with afninterruptedly.
characteristics shown in Figure 2 except for those listed in Table  prpject Duration

2. All durations take on their most likely value and there are N e project duration is 245 days (95 days until work in the first

qua}hty failures (no rework). Th's. mo_del illustrates hOW thg area can start plus 15 times the installation of 40 spools in each
project progresses when everythln.g in the system is Certalna\rea where work progresses at 10 days/area: 95 + 15*10 = 245).
perfectly coordinated, and synchronized.
Perfect coordination means that cutsheets 1 through 600 arklternative Probabilistic Models
used for fabrication in numerical order, resulting in spools 1 ]
through 600 arriving at the site in numerical order. Similarly, Model Construction
work areas 1 through 15 are prepared in numerical order, so thate three probabilistic models also are based on the process
installation of spools 1 through 40 starts without delay as soorhart as depicted, but they include all its uncertainties in
as area 1 is ready, installation of spools 41 through 80 starts aturations and likelihood of rework. The variability in fabrication
soon as area 2 is ready, and so on. duration was taken from Howell and Ballard (1996). A piping
By construction, all CutSheets are available on day 0, at thindustry rework rate ranging from 1 to 10% was quoted by
start of simulation, and WorkAreas on day 85. The durations oBallard and the worst value is used here. Lacking other data,
activities Design, Fabricate, PrereqWork, and Install, combinedework is assumed to take the same amount of time as
with their production resources DesignTeam, FabCrew,fabrication. The three models differ from one another (1) in the
PrepCrew, and InstallCrew respectively, were chosen so thadraw order of cutsheets for fabrication and (2) only the last
their throughput is equivalent to 4 spools/day. Consequentlymodel includes the Feedback queue, the Update activity, and
synchronization means that all commodity curves for CutSheetlinks FB1, FB2, DW3, and DW4 (shown in dotted lines in
StagedSpool, WorkAreaReady, and AreaDone are paralleFigure 2).
(Figure 3, Left, Top).

Deterministic Model

Table 2: Deterministic vs. Probabilistic Models

MODELING SYMBOL

DETERMINISTIC MODEL

PROBABILISTIC MODEL

(Model D) (Models A, B, and C)
STRENGTH PS2 100% 90%
STRENGTH PS3 0% (no rework) 10%

DURATION Fabricate [days] 5 Pertpg [3, 5, 14]
DURATION Rework [days] N/A Pertpg [3, 5, 14]
DURATION Transport [days] 3 Normal [3, 1]
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Figure 3: Commodity Curves (Left) and Buffer Sizes (Right) for Simulation of Single tterati
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Different draw orders for each model can be discerned in thé€rcent complete of AreaDone & any time are denoted by a
STROBOSCOPE source code (Tommelein 1997a) but not irfolid line for the mean value, and long and short dashes
Figure 2 as the graphical representation reflects only a limitedespectively for the mean plusor-minus 1-or-2 standard
number of model parameters. Draw sequencing does not affegieviations. Figure 4 (Top Right, Bottom Left, and Bottom
throughput of the fabrication process (by construction of theRight) shows the mean plus-or-minus 1-or-2 standard deviations
model, all spools are characterized by the same duratiof®" the number of StagedSpool, and, as labeled, the standard
distribution for fabrication), so in terms of percent of pipe deviation (SD). Values were collected every 25 days.
spools having been fab_ri.ca'ted, transportgd, anq Qelivered to the  Model A - Random Sequencing
site, all three probabilistic models will exhibit the same ,
behavior: their StagedSpool commodity curves look the same. Model A's Parameters

The duration variables were chosen so thatntbgt likely ~ The worst-case pre-construction plan is to have no coordination
or mean value of the off-site sequence is synchronized with the a al. The order in which pipe spools are fabricated bears no
on-site sequence. Thus, the most likely values of Designlelaionship to the order in which areas are being prepared on
Fabricate (ignoring Rework), and Transport add up to have th&ite. With no communication between fabrication and

right number of pipe spools—though not necessarily the right
spools—being staged on site for a desired number of days prior
to the most likely completion of FieldWork and PrereqWork. In
addition, the throughput (average number of resources output
per time unit) off site matches the throughput on site (40 spools
get produced on average in the same amount of time needed to
complete prerequisite work in an area). That way, presumably
(if al instances of each activity had a duration close to the mean
value of that activity and no quality failure such as rework
manifested itself), field production should not be delayed by a
shortage of materials. Nevertheless, it could be delayed due to
mismatches. Table 3 lists the alternative draw sequences used in
each probabilistic model (A, B, and C). For the sake of
completeness, it also includes those of the deterministic model
described previously (model D).

The first two probabilistic models illustrate the traditional,
push-driven process-management approach, but they present
extremes in effort put into pre-construction planning. The third
model exemplifies a pull-driven approach.

Output Representation

Selected simulation outputs were charted for asingle iteration to
show what a specific instance of each model might look like
(Figure 3). Simulation of each probabilistic model was then
repeated for 1,000 iterations to illustrate the extent to which
buffer sizes and progress of activities vary. Figure 4 (Top Left)
shows the superimposed commodity curves. Value ranges on

installation to coordinate their respective work with one another,
each crew will draw resources from the queue available to them
in the order that suits them best. The fabrication crew may select
spools based, perhaps, on the order in which cutsheets are
provided to the fabrication shop. This order may have nothing to
do with installation sequencing. The preparation crew may
select one area after the other based, perhaps, on which one is
nearest to their present location. This situation has been
implemented by defining the DRAWORDER for choosing
resources in the CutSheet queue through link DW2 to be
random, and leaving the discipline in the WorkArea queue as
the default FIFO (anything else would appear equally random
relative to the randomness in drawing cutsheets).

Model A's Pipe-spool Buffer Size

Because of lack of coordination, the likelihood for mismatches
to occur is high. When spools in StagedSpool and work areasin
WorkAreaReady cannot be matched for installation, staging
areas will fill up with spools of no immediate use, and work
areas remain unfinished. The peak at 570 for StagedSpool in
Figure 3 (Right, Upper-middle) confirmsthis to be the case (590
spools on site is the maximum, as there are 600 spools in total,
15 areas requiring 40 spools each, and the next-to-last shipment
of 10 should at the very latest complete five required sets of 40

spools).

Table 3: Alternative Sequencing Strategies

CutSheet DRAW WorkArea DRAW
CASE DESCRIPTION SEQUENCE SEQUENCE
A Probabilistic Model Random FIFO
Random Sequencing

B Probabilistic Model FIFO FIFO
Coordinated Sequencing

C Probabilistic Model Priority to spools that FIFO
Pull-driven Sequencing match area(s) ready

D Deterministic Model FIFO FIFO
Coordinated Sequencing
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In reality (not in the model), spools on site for a long time (at

worst, a spool could be the first one delivered and last one
installed) are more likely to sustain damage. Additional

preparation work (e.g., erecting scaffolds or, at least, checking if
previous preparation work still meets specifications and if there
are no new obstructions) may be required when installation
crews finally move into an area where work is to be completed.
Real project costs are incurred for keeping track of and
rehandling materials on site, for working in obstructed areas,
and for performing out-of-sequence work.

Model A's Productivity of Installation Crew
450 As mentioned previously, it has been assumed that installation

Commodity Curves for Three Probabilistic Models Combined in an area does not start until all 40 spools for that area are
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available. This is not necessarily industry practice (management
pressure to start work and produce "show pipe" even though
work cannot be executed optimally, usually is very high) but the
line of balance labeled AreaDone in Figure 3 (Left, Upper-
middle) confirms that accumulating a huge buffer makes it
possible for the installation crew to achieve its highest possible
production rate (also see Howell et al. 1993). At 20% of spools
installed, nearly all spools have been delivered to site; vice
versa, at 60% of spools delivered, barely any installation work
has started (also see Figure 4 Top Left). For the crew, this will
be an effective way of getting work done, provided that they
need not be idle prior to starting to install.

50 In this single iteration, the crews start time is 247 days.

CING However, during pre-construction planning, one can only

estimate this start date. Given the uncertainty in getting

matching spools to site, it may make sense to build in a time
buffer or lag preceding the Install activity to enable the crew to

be optimally productive once they mobilize (e.g., start Install no

earlier than day 250). Buffering protects the installation crew

from upstream process uncertainties and buys time for them to
plan and get ready, or do other work in the mean time.

Model A's Project Duration

The delay in starting installation, forced here by a shortage of
matching materials, leads to a project duration of 397 days. This
is by far the longest one of all scenarios shown in Figure 3.

StagedSpool Buffer Size vs. Time for Coordinated Sequencing  Model B - Coordinated Sequencing
600,

Model B's Parameters

Model B describes perfect coordination. The fabrication crew
and the installation crew plan before starting their work and
decide on the sequence in which to draw resources. Cutsheets
and areas are assigned sequence numbers so they can be drawr
in FIFO order (STROBOSCOPES default discipline). CutSheets
1 through 40 will go to fabrication before 41 through 80, and so
on. Similarly, Area 1's prerequisite work will be performed prior
to Area 25, and so on.
While perfect coordination reflects an idealized situation,
for many reasons it will never materialize. It seldom is a
450 contractual requirement and it also is too restrictive to the

StagedSpool Buffer Size vs. Time for Pull-Driven Sequencing various parties involved in the process (e.g., fabrication shops

Figure 4: Simulation Output of 1,000 Iterations

are not set up to tolerate one-piece flows, that is, to change
machine setups in order to meet each spool’s unique fabrication
requirements).

10
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Model B's Pipe-spool Buffer Size time 150 or 175, see Figure 4, Top Left), when more spools are

Model B results in minimal space needed to stage spools on sit@" Site so workers will be able to progress at their fastest
StagedSpool peaks at 2@0 Figure 3 (Right, Lower-middle). POssible rate, or it can be scaled down in size.

Nonetheless, some spools will accumulate on site because Model C's Project Duration

deliveries get out of sequence when uncertainty manifests itselfhe project duration remains fairly short, at 304 days (Figure 3,
during fabrication and shipping, and the need for rework arise$ eft, Bottom).

occasionally.

Model B's Productivity of Installation Crew
Despite expedient project completion, the installation crew

(which starts to work as soon as work is available and stays idlﬁeration takes on the order of 1 minute. Source code is available
in-between activities, when materials are in short supply) wa Tommelein 19978) so readers can. reproduce and further
not able to work as productively as before (the AreaDone line Oexperi ment with alternative inputs to this model.

ba_lan_((:je s |n9|-th Strai%]ht bUtﬂ bc;ar:ﬁs to éhfs rg)gh'g). tThisli? r;o Other draw sequences and feedback mechanisms could
coincidence! The writer crafted the models basic template to, .~ oo, implemented and their impact studied on, for

show how materials shortages might arise so that their impa%stance crew productivity and project completion. The

on production could be shown. While the activities DeSign'feedback mechanism as shown does not lead to optimal system
Fabricate, PrereqWork, and Install can process resources at t & formance. Readers may accept this observation as a
same average rate of 1 area/10 days or 4 spools/day, uncertai Allenge '

in the Fabricate, Rework, and Transport activities results in a
StagedSpool slope much smaller than the CutSheet obISCUSSION AND CONCLUSIONS

WorkAreaReady slope. Cpnsequently, the AreaDone slope ishe |ean-production "pull” technique has been shown to
smaller as well (note that in Model A the AreaDone slope wasmprove performance of a construction process. It is particularly
not really affected by the slow delivery rate because of the larg@gl|-suited for fast-track projects that require assembly of
build-up of spools prior to its start). Because FieldWork startsynjque parts and that are plagued by uncertainties. Such projects
85 days after OffSiteWork, the StagedSpool and gre difficult to schedule accurately and in detail in advance. The
WorkAreaReady lines of balance cross. nature of the anticipated matching problems must determine the
Model B's Project Duration complexity and detail required of the planning system. As
Perfect coordination leads to project completion in the shortestncertainties manifest themselves during project execution, the
duration of 275 days (Figure 3, Left, Lower-middle). pre-construction schedule will have to bp adjusted in aerX|pIe
manner for field work to progress efficiently and for work-in-

Model C - Pull-driven Sequencing progress inventories to remain small.
Model C's Parameters The pull technique suggests that real-time feedback from

Model C augments model As random sequencing with a pu”constrgcnon be used to drl_ve the sequencing of off-?te wo_rk,
and vice versa. By choosing upstream to process "matching

mechanism, which includes the Feedback queue, the Update . . .. . .

N - . . : - parts' first, the downstream process will proceed in a more
combination activity, and four links to tie them into the existing . . ; . ;

- . expedient fashion, and completed units will be available sooner

network. CutSheets initially are processed in random order . . N

. : t would be the case otherwise. Wireless communication

relative to work areas, but as soon as an area is ready for spog X . . . .

. . S ' . technologies, appropriate to implement this technique, are

installation, area-availability feedback is transmitted and used to__ . .

. : readily available today.
update their status. Cutsheets that match this feedback are . - :

. : . The pull technique assumes that all participants in the

checked accordingly so that they will get priority over others to roiect supplv chain are willing and able to resoond to each
be fabricated, that is, they are "pulled” to the site. In the smglé) ) PEYY 9 =P

: ) ; . other's needs in order to optimize overall project performance,
iteration that is depicted, a total of 291 updates were performed.not just their own. This requires rethinking of contractual

Model C's Pipe-spool Buffer Size relations and providing appropriate incentives. Processes also
Relatively few spools accumulate on site (250 maximum, Figuremust become more transparent. Participants who can 'see' the
3, Right, Bottom). The buffer is not as small as it was with other's needs, can better plan to accommodate them. A
perfect coordination, but it certainly does not get as much out ofomewhat paradoxical situation exists today, with the
hand as it did with random sequencing either! proliferation of specidist firms believing that they have

| P . optimized their own operations. Local optima may have been
Model C's Productivity of Installation Crew reached, but at best, those are based on numerous assumptions

Starting off with random sequencing and then improving thegyout other project participants performance. Many process
sequencing based on feedback penalizes the crew in terms gfoertainties and resulting waste stems from ignorance.
field productivity relative to the perfect-coordination case. The |ncreased process transparency among participants may aid not
slope of AreaDone has decreased further than it already had ﬁrﬂjst the project's but also the individual firm's performance.

model B. Luckily, this performance can be anticipated and Only one pull link was shown in the mode! discussed here.
improved. The crew can be ordered to start later (e.g., start &pyioudy, choosing where, when, and how to pull is an

IMPLEMENTATION HARDWARE AND SOFTWARE

All models were run in STROBOSCOPE (version 1, 2, 2, 0) on
a Pentium 200-MHz computer running Windows® 95. A single

11
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important issue. Many pull links could be created, but each cost€ll (1996). "Piping: Improving P&IDs, Supplier Data, and
money to implement and the effects of one may offset those of Packaged Units." Research Summary 47-1, Constr. Industry
another. Investigation of this issue must be supported by Institute, Univ. of Texas, Austin, TX, Dec., 28 pp.
collection of process data that describes activities and durationsjowell, G.A. and Ballard, H.G. (1996Managing Uncertainty
resources, and path-flow uncertainties of the system that is to be in the Piping Process. RR 47-13, Constr. Industry Institute,
improved. Discrete-event simulation can help the decision Univ. of Texas, Austin, TX, September, 103 pp.
maker understand the system’s behavior and gauge the impakowell, G., Laufer, A., and Ballard, G. (1993). "Interaction
pull links may have. Using the simulated data, a cost-benefit between sub-cycles: one key to improved methods."
analysis can then be performed prior to physically establishing Constr. Engrg. and Mgmt., ASCE, 119(4) 714-728.
those links. Koskela, L. (1992). Application of the New Production

The collection of process data in and by itself is a Philosophy to Construction. Technical Report 72, CIFE,
worthwhile endeavor. Knowing where uncertainties exist and Stanford Univ., Stanford, CA, September, 75 pp.
how large they are will help focus on reducing those Martinez, J.C. (1996)STROBOSCOPE Sate and Resource
uncertainties. It should be obvious from the limited work that Based Smulation of Construction Processes. Ph.D. Diss.,
has been conducted to date on implementing production control Civil & Envir. Engrg. Dept., Univ. of Michigan, Ann Arbor,
in construction as is advocated by the lean production MI, 518 pp.
philosophy, that process-level analysis of construction isMelles, B. and Wamelink, J.W.F. (1998r.oduction Control in
promising area of research, development, and application. Construction. Delft Univ. Press, Delft, The Netherlands, 320

pp.
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