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ABSTRACT

This paper describes a conceptua approach to measure and compare productivity of resource
uilization a the firm levd, adgpting a st of techniques known as Daa Envelopment
Andysis (DEA). Within this gpproach, the paper addresses the issues of multiple inputs and
multiple outputs of a condruction firm, level of detall for data collection, and the required
transformations to correct for differences among projects. In paticular, we focus on the
resource  management of subcontractors.  Subcontractors manage multiple,  concurrent
projects and must dlocate limited resources across these projects. Interaction between
projects and resource alocation creates nonHlinear effects, and therefore the productivity of
the firm is not smply the productivity of its projects The proposed measurement
methodology will dlow assessment of the impact of different management policies
(including many of those proposed by lean condruction researchers) on firm performance. It
is hoped that this novel agpproach to productivity measurement will help subcontractors
identify efficient practices and superior management policies, and will promote adoption of
these policies.
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INTRODUCTION

Congruction subcontractors face unique production chalenges. Not only must they face a
changing set of production problems on individud projects, they need to manage their finite
resources Smultaneoudy across many projects Tha esch of these projects has changing
demand for resources in both quantity and time makes the job of managing subcontractor
operdions extremdy difficult. Managers mugt teke a multi-project perspective, seeking to
optimize use of resources a the firm levd. This is not amply a matter of optimizing
activities on individud projects, the discretion of managers to redlocate resources among
projects creates non-linear effects and, hence, production decisons must be consdered at the
firm levd (OBrien 1998, OBrien e d. 1995). Unfortunatdy, congruction research has dl
but ignored the firm or multi-project perspective when developing models to ad decision
makers. Similarly, models used by practitioners (eg., project costing methods) stem from a
gngle-project perspective and do not directly support subcontrector resource alocation
decisons across projects.  Such decisons are made heurigticdly, and we lack forma models
to guide practitioners (O'Brien 2000).

Concurrent with a lack of modes, congruction research lacks a measurement method to
compare the peformance of subcontractors a the firm levd. Researchers have a long
tradition of messuring productivity a the industry or macro-economic levd, typicaly making
a longitudina study of productivity trends (eg., Bon and PFeroforte 1990), but this high
levdl andyss does not provide an indication of firm levd performance. At the micro-levd,
there is a vast literature studying productivity a the levd of individud projects and project
activities (eg., Goodrum et d. 2000; Thomas and Yiakoumis 1987). This literature Studies
vaious influences on productivity both longitudindly and as crosssection studies among
contemporaneous projects and/or activities. Man-hours employed and work produced are
measured and compared to the past or compared with other firms to obtain measurements of
how efficient afirmisin its activities.

These are unsatisfactory measures of firm level peformance as they do not incorporate
dl inputs and dl outputs. There are “total factor” measures of productivity that relate the
perfformance of dl inputs to dl outputs. There ae adso “patid factor” measures of
productivity that typicdly rdlate a sngle input to output (Link 1987). The scope of most
congtruction productivity research has been to focus on partidl measures, principaly labor.
While useful a the activity levd, partid factor metrics are limited. In particular, they do not
address complex interactions between different factors both within and across the projects a
firm is working on. Thomas and Yiakoumis (1987) propose a (totd) Factor Modd to
measurement  of productivity on activities. They suggest that severd influences on
productivity (eg., skill levd, weather, dte conditions, management, etc.) are separable and
additive in nature. Their modd does not address interactions within and across projects and
hence is not gpplicable a the firm levd. However, their work can be viewed as an important
pre-cursor to the proposed methodology in this paper.

This lack of a firm level productivity measurement methodology for subcontractors is a
serious gap in condruction research that likdy retards indudtrid adoption of new methods.
We claim that a measure of productivity & the firm level has ahost of benefits, asit:



Supports subcontractors management decisions about resource utilization across projects
for the most return.

Supports decisions about investment in resources and in mix of projects.

Supports benchmarking, alowing subcontractors to better understand their competitive
position and improve their performance.

Supports comparative research of various management policies.

In paticular, a firm levd productivity messurement methodology dlows empirica
evduation of improved management policies promoted by lean congtruction researchers. For
exanple, Last Planner and production shidding (Bdlard and Howell 1998) are productivity
improvement techniques built on the project and activity levd. While these techniques have
proven usgful, there is no methodology that can rdate the activity and project leve
performance to firm peformance. The methodology envisoned in this paper would dlow
such an evdudion, dlowing comparison of, for example, different variations of Last Planner
implementations in sheet metal subcontractors.

A drong motivation for the need for a reiable firmlevd productivity metric comes from
the International Motor Vehicdle Program (IMVP) sudy tha resulted in the famous book The
Machine That Changed the World (Womack et d. 1990). This book documented the
productivity improvements that came with lean production. These documented improvements
were a mgor catdyst for the widespread adoption of those techniques by the automobile
industry. Krafcik (1988) developed the assembly plant productivity measurement methods
for the study, guided by “the need for the development of methods which would permit
accurae assessments of assembly plant performance and ad the identification of superior
manufacturing practices in the automotive industry.” The sudy collected data from 60
assembly plants in 15 countries, representing dmogt a third of world automotive assembly
cgpacity. The IMVP dudy is useful as a practicd example of the methodologica difficulties
involved in comparing performence a the firm levd, in paticular the need for an “apples-to-
aoples’ comparison of technologies. Krafcik addressed this problem usng a series of
conversion factors, scaling the output of each plant to a standard compact car.

Unfortunatdly, subcontractor production is not so eeslly converted to a single standard
output. Although specidist firms, subcontractors produce a range of outputs on unique
projects, with influencing factors harder to control than a factory environment. Smilarly, the
range of inputs to subcontractor production is on the same order of magnitude as that of an
assembly plant. Thus a productivity measurement methodology to evauae subcontractor
peformance a the firm leve needs to be dggnificantly more robust than the methods
enployed in the IMVP sudy. We propose in this paper that a set of non-parametric, frontier
evaduation methods known as Daa Envdopment Andyds (DEA) is sufficiently powerful to
accommodate the measurement chalenge posed by subcontractor production. In  the
following sectionss we describe DEA, its  gpplicability to measuring  subcontractor
productivity a the firm levd, and severd research issues tha must be addressed to fully
adapt DEA as a condruction messurement tool.



FRONTIER PRODUCTIVITY AND DATA ENVELOPMENT ANALYSS

The IMVP sudy is a benchmarking study and can be consdered a form of frontier andyss
in that it identified best practices (i.e, the frontier) and measured other performance rdative
to best practice Fardl (1957) in his pioneering work on productive efficiency through
frontier analyss, proposed the notion of the gdtructurd efficiency of an industry. Structura
efficiency is essntidly an indication of the disperson of overdl efficiency among the
condituent firms in an industry. It measures the extent to which an industry keeps up with the
performance of its own mog efficent firms. The Fadl gpproach utilizes the classc
econometric production function as its measurement base and estimates the reletive level of a
firm's effidency by where it is postioned within the production “frontier.” This approach
endbles firms to assess ther rdative efficiencies vis-avis other firms in the indudry.
Fardl’'s work and subsequent development provides a rich theoreticd and methodologicd
bass from which to devdop measures of firm level peformance able to address the
difficulties posed by subcontractor production.

In paticular, we beieve a generdization of Fardl’s framework by Charnes, Cooper, and
Rhodes (1978) can be adapted for use in congtruction. The Charnes, Cooper, and Rhodes
(CCR) modd reformulated Farrdl’s modd as a mahematical programming approach that
can accommodate multiple outputs. The CCR approach initiated development of a broader
st of non-paametricc, mathematicdl programming  efficency messurement  methods
collectivdy known as Daa Envdopment Andyss (DEA). DEA is concerned  with
evadudions of peformance and it is egpecidly concerned with evduding the activities of
organizations such as busness firms, hospitas, government agencies, etc. In DEA, the
organizetion under sudy is cdled a DMU (Decison Making Unit). A DMU is regarded as
the entity responsble for converting inputs into outputs and whose performance is to be
evauated. DEA utilizes mathematica linear programming to determine which of the st of
DMUs under study form an envdopment surface. This envelopment surface is referred to as
the empiricd production function or the efficient frontier. DEA provides a comprehensve
andyss of rdative effidency for multiple input-multiple output Stuations by evauding each
DMU and messuring its performance rdative to this envedopment surface. Units that lie on
(determing) the surface are deemed efficient in DEA terminology. Units that do not lie on the
surface are termed inefficient and the andlyss provides a measure of thelr relative efficiency.

For illudration, we provide the following smple example. Table 1 ligs the performance
of 9 gsted subcontractors each with two inputs and one output. Input x1 is the number of labor
hours, Input x2 is the number of welding machine hours. Output y represents tons of open
web joigtsingdled in place.

Table 1. Sted subcontractorsexample 1

Subcontractor A B C D E F G H I
Labor hrs(x1) 4 7 8 4 2 5 6 55 6
Equip. hrs (x2) 3 3 1 2 4 2 4 25 | 25
Open web joigsin tons (y) 1 1 1 1 1 1 1 1 1




Figure 1 plots the subcontractors Input x1/Output y and Input x2/Output y as axes. From
the efficiency point of view, it is naturd to judge subcontractors that use fewer inputs to get
one unit of output as more efficient. We therefore identify the line connecting C, D, and E as
the “efficient frontier.” This frontier should touch a least one point and dl points are
therefore on or above (in this case) this line. Note that we can “envelop” dl the data points
within the region enclosed by the frontier ling, the horizontd line passing through C and the
veticd line through E. The “enveloped’ region is cdled the “Production Possbility Set.”
This means tha the obsarved points are assumed to provide empirical evidence that
production is possible at the rates specified by the coordinates of any point in the region.
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Figure 1. Stedl subcontractors' efficiency (example 1)

The efficiency of subcontractors not on the frontier can be measured by referring to the
frontier point as follows. For example, subcontractor “A” is inefficient. To measure its
inefficiency (see Figure 2), let OA, the line from zero to A, cross the frontier line at P. Then,
the efficiency of A is to be evduated by : OP/OA = 0.8571. This means that the inefficiency
of A is to be evduaed by a combination of D and E because the point P is on the line
connecting these two points. D and E are cdled the “reference st” for A. The reference st



for an inefficient subcontractor may differ from one to another. For example, B has the
reference set composed of C and D in Figure 2.

Now we extend our andyds to identify improvements by referring inefficient behaviors
to the efficient frontier. From Fgure 2, subcontrector A for example, can be effectively
improved by movement to P with Input X1 = 34 and Input X2 = 2.6. More broadly, the firm
can improve its efficiency by adjudting its input mix towards its reference set (D and Ein this
example). In the same sense subcontractor B can be improved by movement to Q with Input
x1=44and Input x2=1.9.
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Figure 2: Efficiency of subcontractors“A” and “B”

DEA INMORE COMPLEX APPLICATIONS

Our example above is smple and does not capture the complexities of the construction
environment. However, DEA cgpabiliies and successful deployment in other indusiries
uggest that it is wel auited to address the complexity of measuring condruction
subcontractor productivity. Cooper et d. (2000) argue that DEA has opened up posshilities




for use in cases which have been resstant to other gpproaches because of the complex nature
of the reations between the multiple inputs and multiple outputs involved in many of these
activities. DEA has dso been used to supply indghts into benchmarking practices. Cooper et
d. provide ingances where DEA has identified numerous sources of inefficiency in some of
the mogt profitable firms — firms that served as benchmarks by reference to ther profitability
criterion. DEA’s empirica, non-parametric gpproach does not require the foreknowledge of
the production function, but rather alows the determination of an upper boundary for tha
function. The absence of a priori assumptions in DEA provides it with the flexibility to be
used in the congruction industry. In sharp contrast to parametric approaches, the weights of
the severd inputs and severd outputs are derived directly from the data, and the user is not
required to assign any weights for those inputs and outputs. More importantly, DEA can
easly incorporate multiple inputs and multiple-outputs. Thus, it dlows the consderation of
al resources and production of a congruction subcontractor. The use of linear programming
provides DEA with the capability to handle large numbers of vaidbles and rdaions
(condraints) and this relaxes the requirements that are often encountered when one is limited
to choosng only a few inputs and outputs because the techniques employed will otherwise
encounter difficulties This DEA multiple input, multiple output capability is depicted in
Figure 3. A topfront view and a bottom-rear view for a threedimensond envelopment
surface are plotted. The envelopment surface conssts of hyperplanes that form particular
facets of a convex hull. As mentioned ealier, the efficient DMUs form the enveopment
aurface and the inefficient DMUs lie below this envelopment surface.
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Figure3: Three-dimensond envelopment surface (Ali and Seiford 1993, p.123),
demondrating DEA capabilities to scae to multi-dimensiond inputs and outputs

DEA modds ae dther inputoriented or output-oriented. For an  input-oriented
projection, one seeks a projection such that the proportiona reduction in inputs is maximized
(i.e, by how much can input quantities be proportionadly reduced without changing output



quantities?). Similarly, for the output-oriented projection, one seeks a projection such that the
proportiond augmentation in outputs is maximized (i.e, by how much can output quantities
be proportiondly expanded without changing input quantities?). Codli e d. (1998) and
Lovel (1993) ague tha linear programming does not suffer from such daidica problems
as dmultaneous equation bias, the choice of an gppropriate orientation is not as crucid as it is
in econometric estimation. Thus, for example, if producers are required to meet market
demands, and if they can fredy adjust input usage, then an input-oriented modd seems
appropriate. Essentialy, one should sdlect the orientation according to which quantities
(inputs or outputs) the managers have mogt control over. Figure 1 shows the input-oriented
mode for the sted subcontractor example 1, while Figure 4 shows the output-oriented model
for the same example. In contragt to the input-oriented mode, the output-oriented mode uses

Output/Inputl and Output/Input2 as axes. As a result, the inefficient subcontractors lie below
the efficient frontier.
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Figure 4: Output-oriented mode for the sted subcontractor example 1




Additiond features of DEA that makes it plaugble for use in the congruction industry lie
in its ability to accommodate both categoricad varidbles and nontdiscretionary  variables.
Frequently, an input or output variable may reflect the presence or the absence of a particular
Stuation (eg., a subcontractor is working in a certain region in the United States or not). In
such dtuations, one may wish to ensure that a subcontractor is compared with subcontractors
that work in the same region under the same westher conditions, and are subjected to the
same gpplicable codes for example. Ali and Seiford (1993) provide another example for the
use of categorica varigbles, where branches of a bank are being compared. Some branches
have a drivein facility, while other branches do not have such a fadility. Clearly, it would be
a cleener comparison if the group of DMUs condsted only of branches with a drive-in
fecility. However, Ali and Saford (1993) argue that the use of categoricd (input or output)
varigbles dlows the incorporation of such binary factors and can improve the construction of
the efficient frontier.

Nondiscretionary varidbles are variables over which a DMU has no control. In some
ingances, a subcontractor may not be able to dter some input quantities. That is, these input
quantities cannot be varied at the discretion of the subcontractor but neverthdess need to be
taken into account in ariving & relative efficiency evaudions. For example, number of non
working days because of weather conditions, etc. Since these variables are not under the
control of the subcontractor, it makes no sense to minimize ther input quantities. Banker and
Morey (1986) utilize the non-discretionary varigbles in analyzing a 60-DMU network of fast
food resaurants. Sx inputs ae conddered: expenditures for supplies and materids,
expenditures related to labor, age of dore, advertisng expenditures dlocated to Store by
headquarters, presencefabsence of drive-in window, and location in urban versus rurad area
Only the firg two inputs are under the control of the individud restaurant manager. Thus,
information concerning efficiency gains sgemming from reduction in these expenditures
would be useful as a management tool. Information about gains from reduction in the non
discretionary inputs is less useful for operations. Fortunately, DEA techniques can address
these differencesin inputs.

METHODOLOGY TO MEASURE AND COMPARE SUBCONTRACTOR
PRODUCTIVITY AT THE FIRM LEVEL

In this section, we present the CCR-modd (Charnes, Cooper, and Rhodes, 1978) of DEA to
demondrate some of the technicd detals involved and to motivate further research. In
particular, we focus on the dud of the CCR-modd to messure and compare subcontractor
productivity a the firm levd. Building from the example in section 2, we modd congtruction
subcontractors as  multiple-input, multiple-output Decison Making Units (DMUs)  that
atempt to minimize their inputs for given outputs. As such, our mode tekes an input-
oriented rather than an output-oriented approach.

Suppose we have n DMUs with m input items and s output items. Let the input and
output data for DMU, be (Xjj, Xgj..eoeveee v Xm) ad (Vi Yojeeeeeenenn . Ysj), respectively.
Therefore, the input data matrix X is an (m n) matrix and the output data marix is an (s' n)



matrix. For eech DMU, we form the virtud input and output by (yet unknown) weights (v)
and (u):

Virtud input = vy X3 + Vo Xo +.oeninn + Vi Xm

Virtud output = y; + b Yot ovnenene + W Ys

Given the data, we measure the efficiency of eech DMU once and hence, we need n

optimizations, one for esch DMU; to be evaduated. Let the DMU; to be evauated on any
trid be desgnaed as DMU- where - ranges over 1, 2, ........... , N. We solve the following
fractiond programming problem to obtain vaues for the input “weghts’ (v) (i = 1,...., m)
and the output “weights’ (u,) (r =1......, S) asvaiables.

(FP)
max g=(U Yo+ bYr+ ..cco...... + W Yoo/ (Vo Xpo + Vo Xoot..oo. + Vin Xorre)
Subject 0 (Uryy+ .ovvvnenennnnnes W Ys) [ (VaXg +ooeennnnnn. +VinXm) £E1(=1,....,n)
Vi Voeeeiinnnnns Vn3 0
U, Uo, v, w30

The FP atempts to maximize the objective function g, which is the raio of “virtua output”
to “virtud input.” This maximization is achieved by holding the outputs congant, while
minimizing the inputs a fact that will become clear when we discuss the dud. The
condraints of the FP mean that this ratio should not exceed 1 for every DMU. The resulted
weights (v;) and (u;) from FP maximize the output to input ratio of DMU-, the DMU being
evauated. By virtue of the constraints, the optima objectivevalue g = g isa most 1.

The above fractiond program (FP) is nonlinear. As such, lineer programming can not
be used to solve it. We therefore replace the (FP:) with the following linear program (LP:),
which is cdled the CCR-modd:

(LP.)

max g=(Ur Yo+ b Yoo + ovinnnn, + U Yse)

subject to (Ve Xpo + Vo Xoot.o, + VX)) =1
Wy +.oonnee. +WYs) £ (VaXg +...... +VinXm) ( =1,...., n)
Vi, Vopeeeinnnns Vi 0
Uy Wy veveeennnns w30

The objective function of the LP is to maximize q, which reflects the output of DMU.. The
input of DMU- was st as a condraint that is equa to 1. The other condraint indicates thet
the outputs of the rest of the DMUs do not exceed ther inputs. Clearly, the optima vaue of
q=q £1

Let us suppose we have an optima solution of (LP:) which we represent by (9 , v , u).
We can then identify whether (DMU-) is CCR-efficient or not as follows:
1. (DMU:) is CCR-fficient if =1 and there exists a least one optimal (v, u’) withv >

0 and u"> 0. This Smply means that DMU- is on the efficient frontier. Compared to the

rest of the DMUs, DMU- effectively convertsits inputs into outputs.
2. Othewise DMU- is CCR-inefficient.
It is important to note here that the measures of efficiency presented above for both the (FP)
and the (LP) are “units invariant” In other words, they are independent of the units of
measurement used. Thus, for the sted subcontractors in example 1, one firm can measure the
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output in tons and the inputs in working hours while another measures these same output and
inputs in linear foot and working days respectively. They will nevethdess obtain the same
efficdency vdue.

In linear programming terminology, every LP has a counterpart that is cdled the dud.
When taking the dud of a given LP, we refer to the given LP as the primd. If the primd is a
maximization problem, the dud will be a minimization problem, and vice versa The
importance of the dud lies in its ability to provide additiond economic ingghts. In our case,
the dud enables us to determine dl input excesses and output shortfalls. Based in the
preceding discusson, the CCR-efficiency modd was formulated as an LP problem with row
vector v for inputs and row vector u for outputs. Both u and v are tregted as variables in the
fallowing prima LP problem, which is presented in vector-matrix notation:

(LP) max uy-

subject to vxe =1
-vX+UuY£0
vi3O0 us0

The dud problem of (LP:) is expressed with a red varigble q and a nonnegative vector | =
1112 ...... .1 n)" of vaiables asfollows:

(DLP:) minq
subject to gx- - X130
YI 3y
| 30

Table 2 shows correspondences between the primd (LP:) and the dud (DLP-).

Table 2: Primal and dual correspondences
Source: Cooper, et d. (2000, p.44)

Congraint Dual variable Congraint Primal variable
(LP-) (DLP-) (DLP-) (LP)
VX =1 q gx. - X130 v30
-vX+uYE£0 | 30 YI 3y uso

(DLP:) has a feasible solution q =1, |- =1, |j =0 (* -). Hence the optima ¢ denoted by ¢,
is not greater than 1. To convert the above inequdities into equdities, we introduce the input
excesses s and the output shortfalls s™ and define them as “dack” vectors.
(DLP:) minq
subject to gx- - Xl -s =0

YI -s" =y

| 30,530, s'30

To discover the possble input excesses and output shortfals, we solve the following two-
phase LP problem:

(DLP-)
Phase 1 min g
Phase 2 mn -s - s’

11



subject to gx - XI - =0
YI + ¢ =y
q30130,s30, s30
The objective of phase 2 is to find a solution that maximizes the sum of input excesses and
output shortfalls while kesping q = q . An optimal solution (q s’, s ) of phase 2 is cdled
the max-dack solution. If the max-sla:k solutlon salsfles s’ = Oand s” =0, thenitiscdled
zao-dack. If an optima solution(q , 1~ ,s7, ™ ) of the two LPs above stisfies g =1, and
is zero-dack (s'= 0, s = 0), then the DMU- is caled CCR-€fficient. Otherwise, the DMU-
is cdled CCR-ineffident. For an inefficent DMU., we can use the following CCR
projection formulas to caculate the |mproved input and |mproved output:
Improved input X = g X- S
Improved output ye= Yo+ s
The @ove two-phase LP problem is our proposed modd to measure and compare
subcontractor  productivity a the firm levd. For illudtration, we utilize the ded
subcontractors example after modifying the inputs of subcontractors F and G and excluding
subcontractors H and | as shown in Table 3. The results of this example are shown in Tabke
4.
Table 3: Sted subcontractors example 2

Subcontractor A B C D E F G
Labor hrs (x1) 4 7 8 4 2 10 3
Equip. hrs (x2) 3 3 1 2 4 1 7
Open web joigsin tons (y) 1 1 1 1 1 1 1
Table4: Sted subcontractors example 2 results*
Subcontractor CCR- Reference Excess Shortfall

Efficiency set S S5 s

A 0.8571 D,E 0 0 0

B 0.6316 CD 0 0 0

C 1.0 C 0 0 0

D 1.0 D 0 0 0

E 1.0 E 0 0 0

F 1.0 C 2 0 0

G 0.6667 E 0 0.6667 0

* Results were obtained using the DEA-Solver software (Cooper et d., 2000)

In the following discussion, we only explain the results of subcontractors A, B, and F.
(DLP) for Ais

Phae 1 min q
Phase 2 min -s;” -s, - S
Subject to

4q'4|A—7| B_8|C_4I D_2| E—lOI |:—3| G-S]__:O
39-3la-3lg—lc—2lp-4lg—l-7lg-5=0
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|A+| Bt |C+ | D+| g+ ||:+| G'S+=1
al variables are nonnegative
The optimd solution for (DLP)4 is:
q =08571
| "5=0.7143, | '£=0.2857, other | ;=0
s, =s, =s"=0
v, =0.1429,v, =0.1429, 4, = 0.8571
q =0.8571< 1, therefore, subcontractor A isinefficient. Since | 'p>0and | "¢ >0, the
reference set for A isEx ={D, E}.
| "5 =0.7143 and | "¢ = 0.2857 show the proportions contributed by D and E to the point used
to evduate A. As we mentioned earlier, subcontractor A can be brought to the efficient
frontier by using the CCR-projection formulas.

Improved input 1 of subcontractor A = ¢ x1 - s, = 0.8571 (4) — 0 = 342 |abor hrs (14.5%
reduction).

Improved input 2 of subcontractor A = ¢ x2 - s, = 08571 (3) — 0 = 257 equip. hrs
(14.5% reduction).

Improved output = y + s =1+ 0= 1 (no change)

The sameresultsare achieved using | " = 0.7143 and | "¢ = 0.2857 asfollows:

Improved input 1 of subcontractor A | p*inputlof D+1 g*input 1of E
0.7143* 4+ 0.2857 * 2 =342 labor hrs
| "o * input 20f D +1 ¢ * input 2 of E
0.7143* 2+ 0.2857 * 4 = 257 equip. hrs

Improved input 2 of subcontractor A

Agan, we can obtan the same results by utilizing the input weights (v, = 0.1429 and v =
0.1429) and the output weight (U” = 0.8571).

v; x1=(0.1429) (4) = 0.58, therefore theimproved input = 4 - 058 = 342,
Vv, X2 =(0.1429) (3) = 0.43. Theimproved input = 3 — 043 = 2.57.

(DLP) for Bis.

Phase 1 min ¢
Phase 2 min -s;” -s, - S
Subject to

7q-4|A—7| B—8lc—41p—-21g—101 -3l ¢-5 =0
3q'3|A—3| B— IC_2| D_4IE_ IF_7|G'SQ_:O
la+lg+ lct lptle+tlg+lg-s'=1

al variables are nonnegative

The optima solution for (DLP)s is:

q =0.6316
| "¢=0.1053, | 5 =0.8947, other | ;=0
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s, =s, =s"=0

q =0.6316< 1, therefore, subcontractor A isinefficient. Since | "¢>0and | " >0, the
reference set for B isEz = {C, D}.
Improved input 1 of subcontractor B
reduction).

Improved input 2 of subcontractor B = ¢ x2-s,” = 06316 (3) — 0 = 1.89 equip. hrs (36.8%
reduction).

Improved output = y + s =1+ 0= 1 (no change).

(DLP) for Fis

q x1-s, =06316(7) —0 =442 labor hrs (36.8%

Phae 1 min q
Phase 2 min -s; -S, -S
Subject to

10q'4| A—?I B_8| C_4| D_2| E—10| |:—3| G-Si'ZO
q-3| A_3I B— | C_2| D_4| E— | |:—7| G'SQ_:O
la+lg+ lct lptle+tlg+lg-s'=1
al variables are nonnegative
The optimd solution for (DLP)g is:
q=1
| "c=1, other | *i*:o
S =2, =5 =0
s, = 2, therefore subcontractor Fisinefficient. Since | ¢ > 0, the reference st for FisEx =
{C}.

Improved input 1 of subcontractor F = g x1 - s, = 1.0 (10) — 2 = 8 labor hrs (20%
reduction).

Improved input 2 of subcontractor B = g x2-s; = 1.0 (L0) — 0 = 1.0 equip. hrs (no
change).

Improved output = y + s =1+ 0= 1 (no change).

From Table 4, subcontractors C, D, add E have = 1, ads;” = s, =s" = 0. These
subcontractors satisfy q =1 and the zerodack (s'= 0, s = 0) criteria, and are therefore
clamed CCR-efficient.

5.0 Research Challenges

In the preceding sections, we presented two trivid examples to introduce the basic idea
behind the DEA terminology and the CCR-modd. However, both examples are far from
depicting the complexity faced when measuring productivity a the firm levd in the
congruction industry. Adopting DEA is not draght forward, but rather complicated. The
following discusson addresses three issues that should be resolved before DEA can be
implemented for firm level subcontractor productivity measurement.

Leve of detail for data collection

Congtruction productivity data can be aggregated at various levels, from sub-activities to
activities, activities to work (bid) packages, and work packages to projects. Two questions
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aise (1) At which levd should data be collected to fadilitate relidble comparison? (2) At
which levd can daa be collected efficiently? This second question is important as it
fecilitates collection of data across (potentidly thousands) of condruction firms thus
informing other aspects of the methodology. Further investigetion is required to answver the
fore mentioned questions before DEA can be successfully applied in congtruction.
Required transfor mations
A basic requirement for productivity comparison across projects is consistency of units.
Collected data may require smple transformations so that the productivity of construction
crews doing a variety of work can be expressed in terms of an equivdent output of a single
dandard item. (While DEA can accommodate multiple outputs, it is unreasonable to expect
that al possble outputs will be incuded in the andyss and there must be some
consolidation of data) Thus, the productivity of al crews can be cdculated for the same
gandard item during each time period regardiess of the work performed. Likewise, crews
from different projects can have ther productivity cdculated for the standard item. This
fecilitates comparing productivity of crews across projects because dl the productivity vaues
represent inddling the standard item of work. Such transformations take the fom of
converson factors described by Thomas (2000). The conversion factor shows how much
more or less difficult an item is to indal compared to the standard item. It remains a research
issue to determine appropriate converson factors that are condgtent with the leve detall of
data collected.
Inputs and outputs
Which inputs and outputs should be accounted for in the CCR-modd? As Stigler (1976,
p. 213-214) has observed, messured inefficiency may be a reflection of a falure to
incorporate the right variables and the right condraints and to specify the right economic
objective, of the production unit. However, we beieve a dating point would be to
breskdown the inputs of a congtruction subcontractor (DMU) into three managerid policies:
Equipment policies. equipment hours, sum of depreciation of capital equipment owned
and expenses on capita equipment leasing, average maintenance expense asa
percentage of equipment book vaue.
Workforce policies: [abor hours.
Technicd gaff policies expenditure on technicd staff (sdlaries, training, etc.)
As for the outputs, we consder each type of work performed by a subcontractor to be an
output of that subcontractor. In other words, we treat the physical quantities indaled in place
as outputs (i.e. SF of concrete masonry units, CF of mortar, etc.). One of the benefits of DEA
is its ability to flexibly incorporate different data inputs and output.  Unfortunately, with
flexibility comes choice, and it remans a research issue to determine which inputs and
outputs will be used.

6.0 CONCLUSIONS

This paper presents a Data Envelopment Andyss methodology as an gpproach to measuring
and comparing subcontractor productivity a the firm leve. DEA is an empiricd, non
parametric approach to productivity measurement that can be extended to multiple inputs
(resources) and multiple outputs (products). It is specificdly designed to compare
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productivity between firms (decison making units or DMUSs), ranking them agangt a frontier
defined by the most productive firm(s). DEA appears wel suited to messuring the
productivity of congtruction subcontractors. The multi-input capabiliies of DEA dlow
comparison of firms efficency employing al ther resources (a short-coming of much
activity level congruction productivity research which focuses only on labor). The multi
output capabilities of DEA dlow incluson of the different types of products (eg., built-up
roofing vs. tiles) performed by the subcontractor; this dlows comparison a the firm leve to
determine not just rdative efficiency but aso policy questions such as ‘what is the best mix
of projects? The determination of a frontier provides not just a relative comparison among
firms but dso an aisolute measure that can be used to measure productivity changes over
time. DEA gopears to have the requiste power and flexibility to be employed in
condruction; however, further research is needed to dlow effective pre-processng of daa
for andyss usng DEA methods.
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