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Abstract: In current project control practice, deviations from planned performance can only be reported after significant time has
elapsed. Manual monitoring on construction sites is costly and error prone. Consequently, an automated model for monitoring labor inputs
based on automated data collectigkDC), offers a solution to the problem. Integration with a computerized building project model
(BPM), including the physical geometry of the building, the resources active in its execution, and the planned construction activity
schedule, is essential for the operation of such a model. Integration with an existing BPM requires that the BPM be expanded to suppol
interpretation and accumulation of the monitoring results. To this end, appropriate project model classes and relationships have bee
implemented and tested. Experimental data were collected, using an ADC system, from the job site of a reinforced concrete building. Th
data were processed, within the BPM, with the aid of a prototypical location interpretation module.

DOI: 10.1061(ASCE)0887-3801200317:1(19)

CE Database keywords: Buildings; Project management; Productivity; Automation; Global positioning; Labor.

Introduction enable management to take corrective measures in real-time
(Navon and Goldschmidt 2008a&dvanced technologies that can
be used for real-time on-site measurement of performance indica-
tors are rapidly emerging and their costs are declini@igsielski
2000. Consequently, efforts are being made at the Technion-
Israel Institute of Technology to automate the reporting of project
t performance, in the framework of the automated project perfor-
mance control(APPQ initiative. Project performance control
%roadly refers to the activities taken by the projémt company
management in order to ascertain that the performance of the
project is as close as possible to a set of desirable values. Perfor-

Cullouch(1997) reported that, on average, 30—50% of the time of mance is measured in terms of project performance indicators,
y ’ such as cost, schedule, labor productivity, materials consumption

field supervisory personnel is spent recording and analyzing site
data. In practice, however, little has been done to address this®" waste, etc. Much of the research has focused on automated-

problem; most of the research efforts in the field of project control data.-collectlon and mterpretaqon, both |n.buud|ng and in earth-
still focus on the development of cost control modétastak moving (Navqn and Goldschm|dt 2003a,b; Nayon etal. 20(.)3
et al. 1996. Irjterpretatlon of the momtored data to prowde \{aluable infor-
mation is only possible in the context of information about the
physical, spatial, organizational, and scheduling aspects of the
project as a whole. This paper proposes that full integration of
automated data monitoring systems with building project models
tte of Technology, Aflanta, GA  30332-0155.  E-mail (BPM) is an effectivg methqd to enable such intgrpretatiqn, and
rafael.sacks@arch.gatech.edu; formerly, Lecturer, Faculty of Civil Engi- dgm(_)nstrates how  integration can be accomplished. First, the
neering, Technion-Israel Institute of Technology, Israel. principles of APPC and automated data collectisiC) are re-
2pssociate Professor,Head, Construction Engineering & Management, Viewed using the example of automating the measurement of
Head, Construction Automation Laboratory, Faculty of Civil Engineering, Worker locations and interpreting them to determine labor inputs
Technion-Israel Institute of Technology, Haifa 32000, Israel. E-mail: (the term “labor input” is used throughout this paper to denote a
ronie@techunix.technion.ac.il quantity of labor hours consumed in execution of a task by a
*PhD Candidate, Faculty of Civil Engineering, Technion-Israel worker or a team of workeysNext, a brief definition of BPM, in
Institute of Technology, Haifa 32000, Israel. E-mail: eveytan@ the context in which it is used in this research, is provided. The
techunix.technion.ac. . _ _ conceptual interface between monitored data and project informa-
Note. Discussion open until June 1, 2003. Separate discussions MUSion, as stored in a BPM, is developed. New object classes, which
be submitted for individual papers. To extend the closing date by one enable seamless comrr;unication betWeen the labor m0|,1itoring

month, a written request must be filed with the ASCE Managing Editor.
The manuscript for this paper was submitted for review and possible Module and other modules that use the BPM, were developed and

publication on January 11, 2002; approved on September 23, 2002. Thisdré presented. The re;ults of the integratiqn are demonstrated for
paper is part of thdournal of Computing in Civil Engineering \Vol. 17, data collected in an eight-story faculty building currently under
No. 1, January 1, 2003. ©ASCE, ISSN 0887-3801/2003/1-19—27/$18.00. construction(Navon et al. 2008

The need to control construction project performance has been
widely discussedCiesielski 2000; Cheng and Chen 2002; Echev-

erry and Beltran 1997; Gould and Joyce 2000; Kannan and Vor-
ster 2000. A recent survey of a large-scale project management
information and control systenfmonitoring over 1,500 public

works projects showed that the need for data entry at the projec
level was the major obstacle to the success of the system as
whole (Futcher 2001 This was attributed to the lack of benefit

from the system to the site managers in relation to the effort
required of them in reporting project progress data. In fact, Mc-

This state of affairs leads to the conclusion that automating
control of on-site construction performance is essential in order to

IResearch Scientist, College of Architecture, Georgia Insti-
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Fig. 1. Mapping of raw GPS data on construction plan

Automated Measurement of Worker Location Data available as a list of location coordinates in the local 3D system,
together with a time stamgat 2 s intervals for each location

One of the most advanced efforts in this regard is CALIBRE record and the identity of the worker who carried the receiver.

(2000 which is a measurement technique that uses human ob-These were then mapped onto the drawing. In fact, the worker

servers who patrol the site at regular time intervals and record thewas occupied in preparing formwork for Columns 34, 69A, 159,

tasks being undertaken on a hand-held computer. This is com-and 171, and the walls between them; hence the density of loca-

mendable because it enables real-time labor control, but it still tions recorded at arm’s length from the wihe concentrations of

requires full-time observers. A fully automated model was intro- locations away from the wall will be discussed later

duced by Navon and Goldschmi@@003h. The concept behind

this development is that workers’ locations are measured auto-

matically at regular time intervals. From this data, labor input Interpreting Labor Input Data

information can be deduced using computerized algorithms. In

the first stage, the model was implemented in a concept-provingA model for interpreting the worker location data has been devel-

prototype(Navon and Goldschmidt 200RIA full-scale prototype oped(Navon and Goldschmidt 2008bThe model includes a data

is currently being developed.

(Gé‘tsttheecﬁggﬁigssgzgig;rt]hjsr;;f;:gzégLorzavlvg?ksétrls,rllg::%tsigﬁtsegTaple_ 1. Formvx_/orker’s Location Raw Data after Translation to Local

: o - . S Building Coordinate System

site. GPS can be used for civil engineering activities in open

spaces, such as earthworks, building frame construction, bridgeData Time X Y YA
construction, highways, et(Roberts et al. 1999; Ciesielski 2000; humber GPStime (HHMM:SS) (m) (m)  (m)
Kannan and Vorster 2000; Navon et al. 2D0B check the suit- 1 170.3555787 8:32:02 1596 531 25.80
ability of GPS technology for tracking workers, a GPS receiver , 170.3556019 8:32:04 1591 533 26.21
was mounted on a worker’s construction helmet and tested duringg 170.3556250 8:32:06 15.82 527 26.80
construction of an eight-story faculty building. Fig. 1 shows the , 170.3556481 8:32:08 15.89 520 27.15
locations of a formworker_, measured as he Worke_d on the eighthg 170.3556713 8:32:10 16.00 488 26.86
floor, mapped onto a portion of a floor layout drawing. The back- 6 170.3556944 8:32:12 1581 515 2721
grounql drawing was produced automatically using the BPM in- 7 170 3557176 8:32:14 1589 520 27.35
formation, a}nd shows part of the floor, concrete columns, concr_ete8 170.3557407 8:32:16 1593 523 2731
yvalls, openings in the walls, and the edge of the'slab. The build- 9 170.3557639 8:32-18 1596 478  27.25
ing elements shown are those for which building of concrete 10 170.3557870 8:3220 1589 490 2671
formwork could feasibly begin at the time the monitoring was ' o ’ ’ ’
performed. Coordinates measured by the GPS system were trans- . h h
lated from their original global reference system to a local 3D 6,778 170.5124537 12:17:56 24.82 736 26.93
Cartesian system, whose origin was set in relation to the building 6,779 170.5124769 12:17:58 2539 821 26.89
layout grid. The raw datéTable 1 shows a samplingvas made 6,780 170.5125000 12:18:00 2594 923 26.90
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the same granularity at different levels of detait must also be
accessible in a form directly usable by the conversion model, and
the results of its processing must be returned as new project in-
formation. These conditions are fully supported by the BPM para-
digm, as will be shown in the following sections.

Construction
Plan Location
easurmen
Data Extraction Module
Work Planned
Quantities Labor-hours

Location Interpretation Module A BPM are intended to provide comprehensive sharing and integra-

Building Project Models

: Pending
Activities

> Location Activity Assoration T | tion of all the information describing a building construction
»  Completed-Activities Determination - project, including both the building product, as designed and as
> Activity Duraion Calculation . built, and the process activities and resources employed in the

- building’s design and construction. The project model concept
Output Interface . can be traced to theroductmodeling efforts which are embodied
Labor Input Calculations in 1ISO 10303 ‘STEP{STandard for Exchange of Product infor-
Comparison & Deviation Identification ‘ mation (ISO 1994, which defines formats for communication of
FET PR " product data between all of the participants in the design and
delivery process of physical products. Each industry domain has

il Acuuties application protocol§AP) specific to its products. AP 225 pro-
consumption Deviations vides the basis for complete description and transfer of the data

describing the geometry of a building’s physical parts. However,

Fig. 2. Labor control model—transformation of worker location data the information required to describe building projects extends far
into labor input information beyond its geometry alone. Early efforts to define building frame-
work models include the architecture, engineering and construc-
tion (AEC) building systems mode(Turner 1988, the general
gxtraction module, a location interpretation module, and an output AEC reference model—GARMGielingh 1988, and RATAS
interface(Fig. 2). There are two types of data source: (Bjork 1994. The building construction core modédBS0 1996

1. Planned: physical building design ddgeometry and mate-  imed to develop a broad reference model within STEP for the

rials) and construction platschedule, planned labor inputs, domain of building construction. The more recent industry foun-

resource as&gnmeﬂ,‘csa_nt_j dation class modeldAl 2001) incorporate process information
2. Measured: data describing the actual performance, as mea;[o ether with the product description and are sometimes termed
sured by the ADC moduléhe location of each worker in a 9 P P

local building coordinate system, measured at regular time “_prOj_ect model_s.” To date howgvgr, no smgl_e generic construc-
intervalg. The actual performance data are stored in the “lo- tion industry-wide standard bu_lldlng model is avallablg, mainly
cations” file. due to the enormous complexity of such an undertakignor
The data extraction module filters the activities to identify all and Faraj 2001
those that can be performed on a given day. These are termed the The various technical aspects of building product modeling—
“pending activities.” This limits the list of potential activities that ~ such as classification, aggregation, decomposition hierarchies,
the workers could be engaged in, making the interpretation algo- data management, etc.—have also been the subject of many re-
rithms in the location interpretation module more efficient. The search efforts, which are comprehensively presented in a recent
planned labor rates and the work quantities required to completebook by Eastmari1999. Object-oriented design has been shown
each activity are used to calculate tepectedabor inputs as a  to be the most suitable paradigm for project modeling. Object-
basis for further calculations. oriented product modeling language EXPRESS and its graphical

In the next step, the location interpretation module associatesegditor, EXPRESS-G, have been formally adopted by the 1SO
the locations of the workers, and the time spent at each Iocation,(1994).

with pending activities. This is done using algorithms and deci-

sion rules as detailed in Navon and Goldschmi2d03h. The

algorithms also identify activities that have been completed; their

actual durations are calculated on the strength of the amount of Lo . . .

time crews spent performing them. The labor rates are computedbecommg increasingly common with the growing use of the
: CIMSTEEL Integration Standard V2.0CIS/2) product model

based on the calculated actual durations and the work quantities .
determined previously. Actual rates can then be compared toWatson and Crowley 1997 which has been adopted by the

planned rates. American Institute of Steel ConstructiofAISC). The North
The output is of two typestl) a report of actual labor inputs Amer!can. Precagt Concrete Software Consortit#@SQ is de-
and rates; an€) a list of the activities in which labor inputs and ~ Veloping integration tools and a data product model for precast
rates deviated from their planned values. concrete buildinggPCSC 2001 Progress is also being made in
The external information required to perform the interpretation development of the IFC 2.X integration standa(ts 2001) for
described encompasses all aspects of the construction project: thgnore general construction applications. Adoption of these tech-
physical elements and assemblies, the activities, the spaces, andologies in the construction industry makes the assumption of
the resources required. The information must be corre (gbexti- availability of building project models in the near future reason-
uct, activity, and space information must be compatible, i.e., have able.

Project modeling has begun impacting the construction indus-
try with efforts that focus on specific construction methods. Ex-
change of project information in the structural steel industry is

JOURNAL OF COMPUTING IN CIVIL ENGINEERING / JANUARY 2003/ 21



Table 2. Sample Labor Control Rules and Data Requirements

Sample-rule

Input information

Output

(a) Samples for rule Set 1

A 3D work envelope is defined as the confluence
of a basic activity, the geometry, and location of
the element worked on, and the construction
method.

If a basic activity requires equipment or materials
from an on-site material store or preassembly
area, then create a temporary work envelope for
the store or work area.

Basic activity trade and work method,
list of elements built by the basic
activity, typical work envelope types and
offsets for each element—trade pair,
element geometries, and locations
Basic activity trade and work method,
list of materials or equipment required to
perform the basic activity, work-area or
store locations and geometries, typical
store or work-area envelope geometries

Geometry and
location
definitions of each
work envelope

Geometry and
location
definitions of each
work envelope

(b) Samples for rule Set 2

If a worker’s location reading is within the
geometric space of one work envelope, and the
monitored worker was assigned to the execution
of the basic activity associated with the work
envelope, then accumulate the elapsed time with
the work envelope and the resour@eorken.

If a reading was associated with more than one
candidate basic work envelope, or could not be
associated with any such envelope, then assign
the worker’s time for that reading to the basic
activity that was performed by the team to which
he/she belonged.

Geometry and location of work
envelopes, ID and trade of resource,
labor assignments for the resour@msic
activities, coordinates and time frame of
worker location reading

ID and trade of resource, team and labor
assignments for the resour@easic
activities, time frame of worker location
reading

Duration added to
the accumulated
time worked in
the work envelope
by the resource

Duration added
to the time
worked on the
basic activity by
the resource

(c) Samples for rule Set 3

If a basic activity has no preceding basic
activities, or if all of its precedents are confirmed
complete, its status is set to pending.

If a labor reading is found within the basic work
envelope of any pending basic activity, its status
is set to in process.

Basic activities and their predecessor
information, status of each basic activity

Basic work envelope accumulated time
for the current scanning, associated basic
activity

Updated basic
activity status

Updated basic
activity status

Building Project Model Support for Labor
Control Model

¢ Element: a basic building part, such as a wall, beam, column,

flooring section etc.

Data Processing Requirements

The first step in establishing the scope of the information integra-
tion requirements of the labor control model was to systematically
list the rules driving the location interpretation process. The rules
can be classified into three distinct sets:

Set 1: Rules to layout basic work envelopes for each element
to be built in each of the pending basic activiti¢ise “pend-

ing” status is set in Rule Set)3

Set 2: Rules to associate labor location readings with basic
activities.

Set 3: Rules to determine the status of basic activities after *
scanning worker location data for the current reporting period
(the basic activities scanned in a consecutive reporting period
are those whose status are “considered complete,” “in pro-
cess,” “pending,” and those immediately following any
“pending” basic activities.

Table 2 provides two typical rules for each of the three sets, °
together with the information input they require and the output
they generate. The following terms used have specific meaning ine
the context of the BPM:
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Basic activity: The work performed by a particular labor re-
source(as defined beloywto build all of the elements of a
work assembly in a given space: e.g., placement of reinforce-
ment in all concrete columns of a particular structural floor by
a team of reinforcement workers. A basic activity is not usu-
ally scheduled in a construction plan—scheduling is com-
monly done at a lower level of detail, using “tasks” or “ac-
tivities,” which are more general, i.e., contain a number of
basic activities(e.g., build all the columns of a particular
floor—including laying out, formwork, reinforcement, casting,
and stripping.

Work envelope: The 3D space around an element in which the
worker is presumed to be located when working on the ele-
ment. A work envelope is unique for any combination of ele-
ment, basic activity type, and construction method. A similar
concept was used by Akinci et L9998 to analyze the effects

of time space conflicts on construction scheduling.

Resource: In this context, the workers composing the team
assigned to perform a basic activity.

Space: A distinct region with a defined perimeter within a
building or on a building site.



The information required can be grouped into four basic cat-
egories:productinformation (building elements and their compo-
nents, spaceinformation (building areas such as floors, tempo-
rary work areag activity information (construction tasks at
various levels of detai] andresourceinformation (labor, mate-
rial, and equipment resourgesin most construction projects
today, this information is not available in any integrated or coher-
ent computerized format. Product information is available in
computer-aided drawing files as graphic symb(ilses, curves,
text, etc), which are not machine interpretable as building prod-
ucts, or in textual specifications. Similarly, space information is
available only in graphic format on paper. Activities are often
computerized using scheduling software and at a level of detalil

tfcTimeDurationMeasure

fcRelSequence
¢

RelatedProcess

(INV) IsSuccessorfFrom S[0:7)
RelatedProcess

(INV) IsPredecessorTo S[0:7}

Timelag

SequenceType

HasWorkTasks S[0:7)

Elements S[0:7] (INV) WorkPlan S{0:7]

(INV) WorkSchedule

ID
Name:
l Description

STRING ]

HasWorkSchedules S[0:7)
(INV) WorkPlan

that does not descend to the level of specific building elements.
Resource information may reside in a company database system
such as Enterprise Resource Planning, or may be stored directly
in the scheduling packages. This state of affairs makes operation

of the labor control model difficult: data must be imported from a
variety of disparate sources, requiring much dagentry work,

thus diminishing the benefits of automated data collection. A
much better approach would be to integrate the labor control
module with a BPM of the type described. This approach was

adopted in the present research and is described in the next sec-

tion.

Building Product and Project Models

The information analysis revealed the need for a number of

Fig. 3. IFC 2.0 classes for work planning and schedulifgoese and
Yu 1999

Started, NotYetStarted, UserDefined and NotDefined. Addi-
tional status conditions, such as “pending”, would need to be
added.

IfcLaborResourceobjects can be related tdcWorkSched-
uleElementsusing the IfcRelUsesResourceelationship, al-
though the allocation is simply defined using a resource con-
sumption enumeratdioccupied, partially occupied, not occu-
pied), rather than being quantified.

classes and attributes, such as work envelope, temporary workFig. 3 shows the subschema of IFC classes for work planning and
spaces, recordings of accumulated labor inputs invested in basigcheduling. The model can express much of the information re-
activities and status of basic activities, which are not commonly quired as input to the location interpretation module. However, in
found in the models discussed. The models available in the STEPits present form, it falls short in two aspects. A minor drawback is

framework (ISO 1994 do not extend beyond product informa-
tion. The most advanced application protocol in the field of build-
ing construction, AP 225, deals only with building geometry and
topology (Eastman 1999 The building aspect modelsuch as
COMBINE and CIMSTEEL generally do not carry space, activ-
ity, or resource informatiofAugenbroe 1994; Watson and Crow-
ley 1997.

The IFC 2.0 classe@8Al 2001) on the other hand, offer much
of the functionality required for integrating the labor control
model with project information. The product and space domains
are well defined. In the process domain, the following classes
describe activity and resource informatifroese and Yu 1999
IfcWorkTaskdescribes work packages. They can be nested to
provide multiple levels of detail to describe basic activities,
and they include &VorkMethodattribute to describe the con-
struction method. They can also carry attributes for budgeted,
estimated, and in-place quantities of finished work product,
but no information on actual labor inputs. An attribute inher-
ited from the IfcProcessclass, productivity, carries a direct
measure of output/time in terms of product output—however,
this is a measure of production rate, not of labor productivity.
IfcWorkScheduleElemenpsovide the scheduling relationships
for IfcWorkTasks These objects, when stored together with
IfcScheduleTimeContrglsare the IFC equivalent to tasks in
scheduling software packages.
IfcScheduleTimeControlhas an optional attribute called
TaskStatusThe status of work tasks is central to the labor
control analysis processing. However, this is maintained at the
level of scheduled activities, and not that of basic activities, as
is necessary for labor control. Also, only five values are enu-
merated in thelfcWorkTaskStatusEnymmamely Completed,

that no “work envelope” type objects exist in the IFC model;
these could conceivably remain internal within the location inter-
pretation module. More significantly, the model cannot accommo-
date the output results that are used for real-time project control;
thesemustbe integrated with existing and future project control
applications.

The project model selected for this research was the building
project data mode(BPdM), originally developed for the auto-
mated building systenfABS) (Sacks 1998 This model was se-
lected for the following reasons:

The model has three levels of detail of activities, including
basic activities(which can be generated automatically from
the activities and the work assemblies using ABS roujines
These are stored at a level of detail that is most appropriate for
rule processing and reporting as envisaged for automated
project performance contr@Navon and Goldschmidt 2008b
The model integrates space, product, activity, and resource
(i.e., proceskinformation in one model. All of the information
noted can be carried.

Additional classes for work envelopes and accumulating moni-
toring results can be added easily. The model can be readily
adapted due to the availability and accessibility of the
AutoLisp+ + tools (Sacks 1998 with which the base BPdM
was built. These include a graphic schema editor, an instance
browser, an object-oriented Lisp interpreter, and a rule-
processing module.

No project model was available for the building selected for the
initial labor-control monitoring experimentation undertaken in
this research. The physical, geometric, and organizational aspects
of the project were therefore loaded directly into the building
project model using scripts.
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performed. For example, formwork for a slab is performed in an
envelope that extends 1.0 m below and 1.8 m above the soffit of
the slab; concrete pouring is performed between the soffit of the
slab and 2.1 m above its top surface. A database of such param-
eters was prepared for the research work, but clearly much further
research is required to establish reliable libraries of values.

Riley (1994 identified 13 unique types of spaces required by
activities: work elements, layout area, unloading area, material
path, personnel path, storage area, staging area, prefabrication
area, work area, tool and equipment area, debris path, protected
area, and hazard area. These can be classified into those whose
location is directly related to the location of the building element
and those whose location is not related to any building element.
The former are dealt with usirglementwork envelopesa differ-
ent approach is required for the latter. Initial experimental obser-
vations using the GPS data collection system showed that a sig-
nificant portion of a worker’s time is spent in preparation of
materials in locations that cannot be associated directly with any
one particular element. For example, in Fig. 1, two concentrations
of recorded location points are plainly discernible to the left of the
wall on which the formworker was busy. In this case, the worker
had set up a temporary workbench for sawing lengths of wooden
planks for the concrete forms. This is typical of many trades,
particularly in work that requires preassembly of parts, mixing of
materials, or bringing parts from temporary stores.

A special “temporary work spaceobject was defined to en-
able the system to express and use these locations in rule process-
Adaptation of BPM for Automated Labor Control ing. This object has the characteristics obasic work envelope

but must also have distinctly defined boundaries. It is conse-
The labor control model requires entirely new conceptual data quently implemented with inheritance from both thasic work
object types for its operation. Defining a minimum number of envelopeand the basispaceclasses of the BPM. It is not related
these new object classes and linking them directly to the BPM to any specific buildingglementin certain cases its’ location may
core through inheritance and aggregation relationskifiectly be known(such as temporary work stations for cleaning forms,
within the schema of the modek considered the optimum way tying reinforcement cages, eXcwhile in others they may be ad-
to achieve maximum integration of the labor control modules in hoc (such as placing trestles for sawing planks
the construction information process. In the envisaged architecture of the labor control maé.

Fig. 4 shows the section of the schema with the new classes?2), the measurement data are stored in a data recorder through the
(shown with gray backgroundnd their relationships to preexist- working day. Once a day, the data are read from the recorder. The
ing BPM classeqshown with white background—their defini- first step of the location interpretation module is to associate
tions are essentially the same as set out in the previous section worker locations with work envelopes. This is a complex proce-
Further detail can be found in Sacks and WarszaWs897). dure, since it is very common for locations to fall within overlap-

First among the new objects is the “work envelope.” The ping work envelopes, or to fall outside any work envel@idavon
“ basic work envelogés an abstract class that defines the volume and Goldschmidt 2003blin the latter case, a cluster of readings
in space in which a worker is assumed to be present when per-may indicate the presence of an ad-ttemporary work space
forming a specific activity. The shape and dimensions of a genericthat should be instanced. As rule-processing progresses, the loca-
work envelope are dependent on the nature of the work beingtion interpretation module stores the results itinfe labor
performed and the construction method employed, and onrecords” These are instanced for each new association of a work-
whether the work can be directly associated with any one particu- er’s presence with a work envelope: for each subsequent finding,
lar building element. a duration equal to the standard sampling rate between consecu-

In the latter case, the form of thedementalso influences the  tive readings is added to the previously accumulated time in the
shape and dimensions of the work envelope. To date, two kinds ofexistingtime labor record The record is associated with the work
“ elementwork envelopé have been defined to describe the ac- envelope in which it is located, and with the instance describing

concumes N

1
O BPdM Class !

New Class

1 SuUI0LLCD

I Inheritance I

— Aggregation

Fig. 4. Object classes for integrating labor control data in BPM

tivities considered in the experiments: the worker involved* work resourcé ), as can be seen in Fig. 5.

* The “thicknessenvelop¢’ which is used for planar elements, Time labor recordsare useful within the current reporting pe-
such as concrete slabs, and has only two geometry attributes—iod and for a limited number of subsequent days. Continued
the offset of the envelope above and below the slab. accumulation of data at this level of granularigy particular type

* The “offsetenvelopg which is used for all other elements, of work executed on a particular element—e.g., formwork for a
such as columns and walls. These have six attributes, definingspecific columnis both impractical and unnecessary. It is imprac-
offsets from the element’s extreme surfadedove, below, tical due to the enormous amount of data, and unnecessary since
front, back, left, and right no planning takes place at this levglnd so no control can be

Note that the values for the attributes of any particular performed—in fact, construction planning is at the level of the

elementwork envelopeinstance are not only dependent on the activity, which is equivalent to a task in critical-path method

element type, but also on the nature of thesicactivity being scheduling software. At this level, labor resources are allocated,
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Table 3. Accumulated Results for Experimental Data for Column
Formwork #8

AutoLISP++ Instance Browser

Duration in work envelope

- . . Building element (seconds
ACCUMULATED_TIME 004 GPS day .

FINISH_TIME =170 GPS day C-34-8 1,696

' C-41-8 240

C-69A-8 2,452

— - C-155-8 46
... -156-

- 1ASSOCIATED:BASIC_WORK_ENVELOP! OFFSET_ENVELGPE C-156-8 2

RECORDS_WORK_GFWORK_RESOURCE LABOR 8C C-159-8 676

C-160-8 64

C-171-8 838

Other 7,546

Total 13,560

Fig. 5. Sample BPM time labor record instance shown using (e.g., a record associated with Formwork on Column 69%he
AutoLISP++ instance browser details of this association are discussed in Navon and Gold-
schmidt(2003h.

with quantities that are recorded itebor resource useobjects).
Instead, data is accumulated at the level of the basic actiity,
formwork for all the columnsin the “summary time labor
record” If expected labor rates are known, this still allows detec-
tion of exceptions at a level of detail greater than that of the
activity as a wholdi.e., for abasic activity.

Discussion

The level of detail at which worker location data is accumulated
is dependent on the level of detail at which one wishes to draw
conclusions about deviations in the work plan. Three levels of
detail are possible:

1. Labor inputs are accumulated at the level of the basic activ-
ity (e.g., hours spent on formwork for columns on the 3rd
floor);

Accumulation at the level of the work envelope/element
(e.g., hours spent on formwork for Column C-159 on the 8th
floor); and

Storage of all the worker location readings with their asso-
ciated work envelopesge.g., at 8:30 a.m. worker 1D.1234

Example

Processing of the raw data through the first stage of the Iocationz'
interpretation moduléNavon and Goldschmidt 2008kwhich as-
sociates worker locations with basic activities, is illustrated by the
following example. The experimental data used record one form-

worker’s activity fa 3 h and 46 min at 2-s intervalshown in was working on Column C-159 on the 8th flaor
'I;]able . The_ sequlenc_e of p;oI?eSS|.ng the data, in accordance WlthNote that the third level requires storage of records for individual
the processing rules, Is as follows: workers, while in the first and second levels work-hours are ac-

1. The candidate pending basic activities for the worker moni- ., nulated for all the workers of a given trade in a team.

tored in th'S” data“are determined. ,I’n this case, “Column  hg first level is supported byummary time labor records
formwork #8” and “Wall formwork #8" are identified. _One of the key advantages of automated project performance con-
2 Ba§|p work envelopes are generated for each pending basiGyy) js the ability to monitor and control the construction process
activity for all relevant elementée.g., Column formwork i, ea) time (at least once a dayIn general, monitoring and
#B8—Column 34, Column for_mwork #8—_00'“”10 41, etc. ._control with longer response timgs week or morg can be
3. The raw data are geometrically associated with the basic achieved using nonautomated methods. Since basic activities gen-

work envelopes. . - . )
' . . erally continue over a number of working days, this level of detail
The results for the first 240 data poiritsf a total 6,780 avail- is insufficient. The second level is supported tigne labor

?blelgseefTattLI\t,e M, with re{e;gncelto F'gt' L arle plottggAalor:jgtﬁ records and enables monitoring at the level of individual ele-
IMetine for two representative elements—column an € ments. The third level is not directly supported, since there is no

adjacent wall(Wall 3) in Fig. 6 and summarized in Table 3. In- - . o ; }
terpretation is intended to be done daily, after which the durations planning at this level of detail with which results may be com

lated in th te time-lab d inst Spared, and so no meaningful information can be deduced.
are accumulated in the appropriate ime-labor record INStances  p,q 14 the quantity of location readings, their interpretation

requires apparently significant computing power. For just one
worker, measured at 30 s intervals, working&h day on a work

Basic Work Envelopes assembly containing 50 elements, the number of possible basic
Wall Formwork #8-Wall 3 geometric association tests alone is in the order of 48,000. On a
) B typical building site, there will be a large number of workers and
Column Formwork #8 - Column 69A potentially many work assemblies and basic activities being per-
[ formed simultaneously. However, various algorithmic approaches
0 2 4 8 can be adopted to drastically reduce the computation effort re-
Time (minutes) quired. This is beyond the scope of the present paper.

Monitoring can provide a mountain of data. One of the prob-

Fig. 6. Association of worker locations with basic work envelopes lems in project management is maintaining focus. Data per se is
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distracting and can be harmful to the task of managing the projecting information. This alone is insufficient for a production APPC
and managing the company. Even after the data is transformedsystem, but does represent an important advance compared with
into information, the quantity of information is still too large to be currently available technology. Ultimately, a project manager
useful. It becomes useful when it is interpreted—in particular, could be assisted by an expert system, which could provide re-
when exceptions are identified. Reports of minimal or excessive porting of exceptions from planned execution based on informa-
labor inputs in any given task are not sufficiently meaningful in tion generated by a multisource automated monitoring system. A
identifying exceptions, unless they are correlated with other in- sophisticated system might even be programmed to make recom-
formation about the project’s progress, such as when basic activi-mendations as to remedial measures that could be taken to im-
ties are actually completed.e., the required value is actually  prove project performance. Further research is recommended in
added to the building It is only in an environment of compre-  monitoring additional project indicators, integrating multiple

hensive data integration, such as is available in projects using 8monitoring sources using improved project data models, and in
true project model, that valuable information can be isolated and developing expert interpretation systems.

delivered in real time to the project and company management.
Development of an expert system for interpretation, capable of
integrating information from a number of monitoring sources, is

an important future research goal. References
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