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ABSTRACT

TIIE SOURCES OF EFFICTENCY CHANGE IN THE CANADIÄN URBAN

TRANSIT SYSTEMS: A DÀTA ENVELOPMENT ANALYSIS (DEA)

ÄPPROACH

The canadian urban transit sector has been experiencing declining ridership in the 1990s,

while the supply of transit services has remained relatively stable. With the declining

ridership, transit systems must adjust supply, which they might adjust inefficiently. This

implies the use of excessive resources in the production of transit setvices. Also, the

declining ridership and revenues increase the emphasis on efficiency in order to avoid

increased subsidization of the transit systems. The relevant issue then is "how can the

transit systems reduce the amount of inputs, and at the same time maintain their level of

output?" This thesis focused on addressing the question of technical efficiency in the

Canadian urban transit sector from 1990 to 1998.

This thesis used the data envelopment analysis (DEA) method to estimate technical

efficiency scores in the Canadian urban transit sector. A serious drawback of the DEA

approach is that measurement error and other noise may influence the shape and position

ofthe frontier. Given the non-parametric nature ofthe DEA method, standard hypothesis

tests cannot be conducted for the efficiency estimates' Therefore we must find a way to

assess the precision of the efficiency estimates. This is the motivation for this thesis. This

thesis develops bootstrap methods in order to calculate bias and confidence intervals for

the efficiency scores. The bootstrap methods are applied to the canadian urban transit

data. This thesis, therefole, makes contributions in both methodology and application.

Specifically, this thesis applies bootstrapping methods to calculate DEA scores and

associated standard enors, and tests some hypotheses regarding efficiency. This thesis has

demonstrated that the original bootstrap DEA estimates are consistent with those of the

ordinary DEA estimates using the means test. Also, the ordinary DEA estimates and the



original bootstrap DEA estimates are biased, that is, they deviate from the bias-corrected

bootstrap DEA estimates. The bias-corrected bootstrap DEA estimates may not fepresent

measures from the original efficient frontie¡. No other study in the transportation literature

has applied bootstrap methods to attalyze efficiency. other contributiom are in identifying

the sources of efficiency change and making recommendations regarding them. In

particular, it is found that subsidies, speed, and newer buses improve transit efftciency

whìle peaking reduces efficiency. Finally, there is no technical change, and that scale effect

may be the factor tbat explains efficiency change.

The main results of this study based on the bias-corrected bootstrap DEA estimates are as

follows. The average technical efficiency of the canadian transit systems is about 78%,

implying an inefficiency level of 22Vo. Most transit systems (56%) experience increasing

feturns to scale (IRS), wltle 29% experience decreasing retums to scale @RS). Transit

systems operating less than 100 buses are subject to IRS (77%), and those operating more

than 100 buses experience DRS (61%). Most of the transit systens ('18%) That experience

IRS have service area population between 50,000 and 150,000 persons. On the other

hand, transit systems operating in larger ufban centres with service area population over

400,000 persons are subject to DRS (83%)' The transit systems, on average, could

increase their output, by roughly one percent. Also, the transit systems could reduce the

fleet size, fuel, and labour by roughTy 32Vo, 34%, and 31%, respectively, without

simultaneously reducing the output level.

one recommendation of the study is that improving the speed of trarsit, throrulgh rapid

transit and ttansit pfiority measures, should increase technical efficiency, cetetis paribus'

Also, reducing the costs of peakJoad services, for instance, the use of part-time labour

and a mix of smaller and standard buses should improve tra¡sit efficiency. Finally, the

existence ofscale economies necessitates the provision ofsubsidy to enhance efficiency,
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CHAPTER 1

INTRODUCTION AND OBJECTIVES

1,1 Introduction

This research hopes to improve resource utilization in ttansit systems by identi$ing the sources

of efficiency change in the Canadian urban transit sector. The objective is to measure the

performance of the transit sector over time and acloss systems' By assessing the sources of

efficiency change within the transit sector, this research will inform future policy design in this

sector in both developed and developing countries. Efficiency scores are estimated using non-

parametric frontier techniques, specücally, the data envelopment analysis (DEA) method, for

the period 1990 to 1998. A Tobit regression on the efficiency scores is estimated in order to

identify the envi¡onmental factors accounting for the changes in efficiency over the study period,

In addition, bootstrap confdence intervals and bias are calculated for the efficiency scores in

order to assess their precision.

1.2 Efficiency Studies ofTransit Systems

Viton (1936) estimates a fleúble frontier specification for the production of urban bus transit

services in the United States. The results conñrm previous findings of relatively unimportant

scale economies. The paper found that locally decreasing returns in both short and long run

prevail; more importantly, that substantial technical inefficiency prevails. There is no evidence

that allocative efficiency varied systematicaüy with firm size, nor did it appear that technical

inefficiency varied systematically over firms.



Chv et al (1992) uses data envelopment analysis (DEA) to develop a single measure for the

efficiency and a single measure for the effectiveness of a transit agency relative to other agencies

within the s¿rme peer group. By using a single measure for each of these criteri4 the paper

provides a more robust indicator of transit performance than the widely used multþle ratio

analysis performed in the Irvine Performance Evaluation Method (IPElr,f. Their analysis

reinforced the notion that, for a public agency, measures of efficiency should be kept distinct

from measures of effectiveness.

obeng et al. (1992) analyzed the total factor productivity (TFP) of single-mode bus transit

systems in the united states. The anaþes show that except from 1985 to 1986, TFP increased

every year from 1983 to 1988. The rate of increase in TFP is 1.1%o per year and its sources are

capital, output and the productivity of alt inputs. The contributions of labour and ftel moderated

the rate of growth oftotal factor productivity. Further, the trend in the rate of change of TFP is

similar to the rates of change ofoutput, labour productivity and capital productivity and different

from the trend in fuel productivity. They used the trarslog cost function in the anaþis'

Obeng (1994) studied subsidy-induced tech¡ical inefficiencies in public transit systems using

Data Envelopment Analysis in the United States. He found that subsidies improve technical

efficiency in approximately 75% of the transit systems studied. These efficiency improvement

results in total cost savings of $13.66 million or $0.187 million per transit system' He argues that

the type of subsidy given to the t¡ansit systems may determine its impact on technical efficiency.

He notes that an output-based subsidy and capital subsidy are very imporlant in determining

transit efficiency.



oum and Yu (1994) used the Data Envelopment Analysis approach supplemented by a second

stage regtession to measure the gross efficiency of railways in the Organization for Economic

Co-operation and Development countries. Their empirical results show that: (1) railway systems

with high dependence on public subsidies are significantly less efficient than similar railways

with less dependence on subsidies; and (2) railways with a high degree of managerial autonomy

from regulatory authority tend to achieve higher efficiency because if they fail, shareholders take

a loss.

Viton (1995) used both the radial and non-radial frontier methods to examine the overall

performance of United States transit agencies over time. He found that overall trarìsit efficiency

increased (weakly) over that time interval. He also computed Malrnquist indices (using 1988 and

1992 data) that speci& the natuÍe ofproductivity changes over time.

Nolan (1996) used the Data Envelopment Analysis approach with a second stage regression

analysis to study technical efficiency determinants in the United States transit sector. Among

other things, he concluded that operating subsidies create signifcant and negative impacts on

efficiency. Agencies that receive larger subsidies from state (but not federal) govemment have

less incentive to produce efficient levels ofoutput.

Roy (1996) studied the productivþ of the transport sector in Canada using the total factor

productivity (TFP) index at the aggregate level. He found that total productivþ of canada's

transpoft sector grew by 15 per cent over the i981 to 1993 period (1.1% per annum). He for¡nd

that since the mid-eighties, productivity hæ been trending downwards in passenger carriers,



while the gains of freight caniers has been accelerating since 1986. However, he excluded urban

carriers such as transit systerns, taxicab operations, and special services such as school bus

operators ûom the analysis.

viton (1997) studied the efficiency of u. s. multi-mode bus trarsit systems by asking whether

they could expand their service (outputs) without requiring additional resources (inputs); or

whether they could reduce input utilization without having to reduce service. He used the Data

Envelopment Analysis technique in the study. The findings indicate that the degree of

inefficiency present is small: decision-making units @MUs) could reduce input usage by an

average of only four percent without curtailing services, or could increase service by an average

of only six percent without requiring additional inputs. Just under 80% of the sample is

technically efficient, and about 200/o of the industry is to some degree inefficient. The incidence

of inefficiency is not strongly correlated with system input or output characteristics'

Sakano et al (1997) applied the stochastic frontier method to public transit data and decomposed

allocative inefficiency between internal factors and subsidies. They found that the internal

factors contributed more toward allocative inefficiencies, and subsidies accounted for less than

25yo of lhe technical inefficiencies in transit firms. These authors also found operating subsidies

to be the major sources of the inefficiencies and that capital subsidies mostly acted as a

counterbalancing factor in reducing inefficiencies. These findings suggest the two subsidies play

opposing roles in affecting performance and inefficiency, and that while capital subsidies

increase partial productivity measures, operating subsidies may reduce them. These effects of

subsidies on partial productivity will also affect total factor productivity (TFP)'



It is worth noting that no study ofthe urban transit sector using the Data Envelopment Analysis

has been conducted for Canada. As well, no study has been conducted using the bootstrap

technique in the transit sector for Canada. Besides contributing to the examination of changes in

urban transit efficiency over the period 1990 to 1998 within a frontier framework, this

dissertation also provides a fust Canadian study ofurban transit sector within the non-parametric

frontier framework.

1,3 Motivation for the Study

Transport plays a vital role in the development and functioning ofthe Canadian economy as well

as promoting competitiveness among shippers. Investment in transportation by governments and

businesses averaged $18.8 billiont per year between 1993 and 1996 (Transport Carøda, 1999' p.

i). Public transit plays an important role in urban transportation in Canada. The public passenger

transit systems industries contributed, between 0.4 and 0.5o/, to gross domestic product from

1994 to 1998. Their contribution to transportation and storage industries amounted to roughly

12o/o on average for the same period (CANSIM Maltlx 4677).

Table 1.1 summarizes the comparative contributions (in percentage) of the various modes of

transportation to GDP annually since 1980. The wban transit systems have maintained their

fourth position in their contribution to GDP since i980. It is thus of interest to identiÛ sources of

efficiency change in transit systems so as to irnprove theh contribution to the national output.

t All dollar amounts in the study are real dollars, unless indicated otherwise,



Mode r980' 1982 1984 198ó 1988 1994" t995 t996 t997 1998

Truck I .10 1.10 1.30 t,2u 1.30 1.33 t.41 1.46 t.53

Rall 0.90 0.70 0.90 0.90 0.90 0.66 0.59 0.57 0.59 0.56

Air 0.60 0.60 0.60 0.60 0.70 o.52 o.52 0.55 0_59 0.59

Urban

transit 0.40 0.40 0.40 0.40 0.30 0.50 0.49 0.46 0.46 0.45

Water 0.30 0.30 0.30 U.JU 0.30 0.32 0.29 0.28 0.28 0.28

Table 1.1 GDP at factor cost (7o) for selected transportation industries, 1980-1998

Source:uDatal¡om 1980- 1988 are extract from the Royal Commission on National Passenger Transportation, 1992,

Vol. 2, Table l(2)-3, p. 19. bFigures from 1994-1998 computed by the author from CANSIM Matrix 4677.

The performance as measured by productivitf ofthe Íansport sector is critical for the Canadian

economy. From 1991 to 1997, overall transportation labour productivity increases reached an

annual average of 5.8 per cent and surpassed significantly the productivþ perfolmance in the

goods (1.4 o/o) and services (1.5 %) sectors. Between 1991 and 1997, the transportation sector's

output increased by 44 per cent while employment increased by or:dy 4.7 per cent. Overall, the

transportation sector has achieved significant productivity growth in the 1990s. Productivity

growth in the 1986 to l99l period was in the order of 1.3 per cent per year, compared to the 0.2

pef cent decline in the productivity perfonnance of the economy as a whole over the same

period. After 1991, the ptoductivity ofthe transport sector reached average increases of 3.2 per

cent per year, a performance attributed to deregulation and other transportation initiatives, as

well as the upturn in the economy (see Transport Canada, 1999 for this view).

2 Ptoductivity expresses the efücient use of resources by relating totâl outputs to total inputs. Labour is the most

commonly uied iroductivity indicator, but it is only a partial measurement of productivity since it measures only

one factoi of production. Toþl faúcfl productivity is a more accurate measure since it measures the efficiency of
labour, capital and other inputs combined to produce goods and services



While the overall productivity of the transport sector has increased in recent years, that of the

urban transit sector has declined. Table 1.2 gives a comparative overview of the average annual

productivity for selected transport modes. Overall, the productivity of transit systems is

estimated to have declined by nine per cent since 1986 while the rest ofthe transportation system

gained 28 percent. Unit labour cost has increased by 51 per cent. The trends were reversed in

1997. Both labour and total productivity improved, while unit costs fell 2.9 per cent due to stable

salæies.

Table 1.2 Productivity change (%), s€lected tratrsport moder' 198ó - 1997

r99+1995 t996-1997Mode

Trans¡t systems

Labour

Total

Air transport

Labour

Totâl

Intercity bus

Labour

Total

Trucking Industry

Labour

Total

Rail (CP and Cl9

Labour

Total

(0.s) (3.6) Q.2) 5.6

(0 e) (4.e) (3.4) 4.1

3.0 6.3 10.1 3.9

1.0 2.r 8.7 1.2

1.9 2.1 6.2 7 .4

0.6 6.9 Q.7) 2.4

3.4 6.9 6.3 1.2

1.9 3.5 4.0 1.5

7.3 l.l 10.9 14'6

4.0 1.1 9.1 4.9

Source: Extracf fron Transport Canada, 1998 Annuat Report Figures in pârentheses indicate negative values.



The "cause" ofthe declining productivity within the urban transit sector is falling ridership in the

1990s. Ridership had an upward trend from the late 1970s to 1990. However, ridership declined

between 1990 and 1996, with a reverse upward n 7997 and 1998. The number ofpassengers per

100 vehicle-kilometres measures the load factor, and this has steadily declined from a high of

244 n 1983 to 169 in 1996. At the same time transit service measure d n revenue vehicle

kilometres3 has been virtuaily unchanged as transit systerns compensated by fare increases. It is

worth noting that ridership should expand at least as rapidly as population growth in order for

transit systerns to maintain thei¡ market share.

Table 1.3 reports both the percentage changes in urban transit ridership (revenue passengers) and

total transit services (revenue vehicle kilometers) from 1988 to 1998, as well as the standardized

ridership (that is, urban transit ridership per revenue vehicle kilometres basis). A quick glance at

Table 1.3 indicates that both transit services and ridership have declined over the period from

1988 to 1998. However, the decline in ridership far exceeds that of transit services provided. In

fact, over the ten-year period, ridership on average declined by one percent annually, while

tfânsit services (revenue vehicle kilometers provided by transit systems) merely fell by

approximately 0.4 percent. The standardized ridership figures (in parentheses in Table 1.3)

suggest a rather continuous and stable pattern: urban transit carried an average of two persons

per revenue vehicle kilometre ofservice over the 1988/89 - 1997198 period.

What these data imply is that the bus service was not able to capture riders as the city expanded

its borders. Hence, transit systems provided more kilometers but fewer passengers used these

3 This is the annual kilometres travelled by active revenue vehicles in regular passenger revenue service (that is, the

total kilometres fo¡ total fare passengers carried).



Table 1.3 Transit ridership, transit sewices, and transit ridership per revenue vehicle kilometres, 1988 -1998

,Sorrce: Computed by author based on the Canadian Urban Transit Association's Sumrnary of Canadian Transit

Statistics: 1998 Operaling Dafa. Figures in parentheses are nearest whole person.

services. These numbers point to an implicit problem within the urban transit sector' The

declining ridership requfues either an adjustment of supply or an effort to increase demand.

Assuming ridership and revenues aIe fixed, emphasis must be placed on efficiency so as to avoid

increased subsidies to the transit systems. In other words, there is excessive use of resources

(inputs) relative to output in the production of transit services. The issue that is shown in this

study is that urban transit systems have been moving fewer passengers over longer distances.

This is the core ofthis thesis.

A crucial factor in the decline in transit ridership may be attributed to the issue of urban sprawl.

The rising rates of automobile ownelship and usage, and the growing sub-urbanization in

Yeâr -Kevenue Ëassengers

(% changes)

Revenue Vehicle

Kilometres (o/o changes)

Transrt ridership per

Revenue vehicle kms

l98E - t9ð9 1.2 -3.0 2.t0 (2.0)

t 9E9 - 1990 0.9 4.4 2.10 (2.o')

1990 - 199 -5.4 -0.3 l.e8 (2.0)

t99t - 1992 t.1 l.9r (2.0)

1992 - t993 -2.O -0.5 1.88 (2.0)

1993 - 1994 -1.2 t.u l.8s (2.0)

1994 - 1995 0.1 -4.4 r.89 (2.0)

1995 - 1996 -u.4 0.5 l.93 (2.0)

L9rO - tvv I 2.2 0.5 t.94 (2.0)

1997 - 1998 0.7 t.2 t.97 (2.0)



canadian cities, explain this pattern of urban development. Kenworthy and Laube (1999)

classified Calgary, EdmontorL and Vancouver as high automobile dependence, while Montreal

Ottawa, Toronto, and Winnipeg are found to be moderate automobile dependence. The consumer

preference for a sub-urban lifestyle contributes to increased car use. Mote cars lead to congestion

and a demand for more roadways and low-dersity housing developments far from the city or

town centre. A mutually reinforcing cycle ensues. Low-density housing leads to urban sprawl,

increased use of cars, and longer trips. At the same time, costs for maintaining a transit system

that must serve outlying areas are very high and uneconomical. This problem is exacerbated by

the u¡ban transit mandate that requires urban transit systems to service all areas of the city. As

the scope oftransit systems extends to sub-urban areas, the density ofpopulation diminishes, and

urban transit systems have to serve fewer riders over longer distances. This obviously reduces

traßit efficiency, given available tesources.

Kenworthy and Laube (1999) found public transportation service (public transportation vehicle

kilometres per person and per hectare) and use þublic transportation trips and passenger

kilometres per person and the proportion oftotai passenger travei on transit) show consistent and

strong positive relationships with urban form. That is, as density and centralization increase, so

too do the level of transit service provided and the level of its usage. They also note that

metropolitan densities in Canadian cities have risen only slightly from 28.2 persons/ha in 1981 to

28.5 persons/tra in 1991. They argue that this increase is due to the aggressive and successful

attempts at re-urbanization by Metro Toronto and the Vancouver regiog which have seen ters of

thousands of new multi-family dwellings constructed in inner areas and around transit nodes.

Other Canadian regions all experienced marginal decline in densþ due to less aggressive



redevelopment of existing areas. The outer area population density of the cities saw marginal

increases ftom 25.3 to 25.9 persons/ha between 1980 and 1990.

Other notable factors that tend to increase sub-urbanizatior¡ and hence accentuating the urban

sprawl problem include increased real income and public policy. One important public policy

here is subsidies for homeownership. The federal tax code allows withdrawal of funds from

RRSPs under the Home Buyers' Plan without intefest payments, thus providing an implicit

subsidy for homeownership. These implicit housing subsidies encourage sub-urbanization

because they increase housing consumption and increase the relative attractiveness of the

suburbs, where housing is relatively inexp ensive, ceteris paribus'

It is worth noting that some of the Canadian cities have in place active and successful

programmes to encourage re-urbanization and densification of older areas through i¡urovative

residential and mixed-use developments. For instance, calgary has active policies and

prografilmes to arrest the decline in inner cþ population. One of such policies is the conversion

of 50-foot frontage lots to two 25-foot lots for family houses in inner suburbs, as well as

downtown housing initiatives. Calgary's irurer cþ lost 12,178 people between 1971 and 1981'

but only 4,981 between 1981 and 1991 (Kenworthy and Laube, 1999). Toronto and Vancouver

have also been successful in revitalizing their downtown areas. Also the seve¡e congestion and

the longer time needed to commute could be encouraging families to reconsider downtown

living. Another factor is the empty nest syndrome, where olde¡ adults select to downsize their

housing and may choose downtown living.



It is therefore of interest to investigate the sources of efficiency change in the transit sector. In

particular, how can the transit systems inøease or at least maintain its output without necessarily

increasing its inputs, given the declining ridership. Alternatively, how can urtran transit systems

increase their efficiency in the face of urban forms and consumer choices favouring spatial

extension in all but a few centers? This will inform management on how to allocate scarce

resources in thei¡ effort to improve the efficiency ofthe urban transit sector. Improved efficiency

will, ceteris paribus, rcduce cost, boost traßit ridership, as well as reduce the need to subsidize

the transit systems. This is the focus ofthis dissertation.

1.4 Organization of the Study

The study is organized as follows. Chapter 2 presents an overview ofthe Canadian urban transit

sector. We discuss the characteristics of the transit sector, including the evolution and structural

changes of the sector. A good understanding of the transit sector is useful for policy

recommendations, which is the subject matter ofChapter 6'

chaper 3 discusses the Data Envelopment Analysis (DEA) methodology used in the study. In

particular, we discuss efficiency measurement concepts using the notion of distance functions in

production theory. We also speci$ the econometric model explaining the sources of efficiency

change in the Canadian urban transit systems.

Chapter 4 deals with the issue ofbootstrapping and resampling. One major drawback ofthe Data

Envelopment Analysis approach is that the method is non-parametric and thus hypothesis tests



cannot be conducted for the efficiency scores. A major contribution of this study is to apply

bootstrap methods to redress this deficiency.

Chapter 5 discusses the data used in the study. We present the estimation and analysis of the

study. We hope to identify the sources of efficiency change in the Canadian urban transit

systems. This will help us to identify the relevant issues for policy recommendations.

Chapter 6 presents the summary of the study. We discuss as well the policy implications of the

study. Finally, we identifi areas for further research,



CHAPTER 2

THE CANADIAN URBAN TRANSIT SECTOR

2.1 Introduction

This chapter presents a brief overview of the Canadian urban trarsit sector. The discussion

provides an indication ofthe evolution and structural changes in the transit sector over time. We

discuss the various aspects of the transit systenl including transit history structure, finance, etc.

The information is useful when we discuss the policy recommendations of the study. Effective

policy recommendations must incorporate existing knowledge of the transit sector. We begin

with a brief history of transit in Canada.

2.2 À Brief History of Transit Development

The Canadian urban transit systems have developed through four different eras: the omnibus, the

horse tran¡ the streetcar, and the bus - trolley bus and motor bus (Soberman and Hazard, 1980).

The majority of Canadian transit systems began in the mid-1850s as horse-drawn

systems. H. Williams, a cabinet-maker, started the "Yorkville Buss Line," Canada's first omnibus

service between Yorkville's Red Lion Hotel and St. Lawrence Matket, These horse-drawn buses

travelled at only four to five kilomettes an hour, and had to compete with other traffic and

operating conditions that were unfavourable. These included poor roads, expensive horses, and

high cost. The combination of these problems reduced the chances of the omnibus ever

sueceeding.
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The horse tram, which used tracks, was slightly faster and usually with one ol, at most, two

horses replaced the omnibus. The fust horse trams were operated in Montreal and Toronto. The

trams created linear development that followed the routes in corridors or "main streets." Along

the tram routes, medium-densþ, and mixed-use areas were developed. The horse-powered

systerns, however, did not last long, again because ofhigh cost.

The introduction of the electric streetcar changed developments in the transit industry. Canada's

first electric street railway was installed in 1887 in St. Catherines, Ontario. The streetcar

represented a saving in ttavel costs between 50 and 70 percent. Its superior speed permitted

longer and faster trips, and streetcaf tracks became a fixture in many urban areas. The trai¡s

generally created sub-centres at railway stations. These were small "cities" with walking scale

characteristics. This pattem of high-density development around terminals is a common feature

of transit systems. The development of these suburban areas in response to this new trarsit

service increased ridership. These inventions, combined with the impact of World War I,

generated a renaissance in public transit. As lines were added, existing ones extended, and urban

areas expanded, ridership increased, but the expansion boom was to collapse with the declaration

ofpeace in Europe.

A short-run phenomenon that appeared during this period was the use of private cars as a form of

informal mâss tfansit. These shared taxi service became known as jitneys. The jitney proved to

be the short nm revenue source for a large number of automobile corrunuters faced with the

economic uncertainties ofthe day. The jitney fare was a nickel, as was the trarsit fare, and they

operated only on the most heavily used routes, usuaþ during the rush hour. The transit



companies incuned losses with the introduction of the jitneys. The losses were so high that in

1918 the jitneys were prohibited by regulations from operating transit services. The methods of

elimination ranged from that in Winnipeg where jitneys had to have a minimum 25-cent fare, to

Vancouver that just banished them ûom the city streets.

The motor bus was used experimentally quite early in Canada. For example, Wiruripeg's fust bus

operated in 1918. The motor bus was privately owned. The wholesale introduction of the

motorbus started as the streetcars lost ground some time during the 1920s. The early motor bus

was not much cheaper to purchase tban a streetcar. However, the associated fxed cost

(generatioq overhead wires, transformers, etc.) was roughly half as much as the streetcar. The

expanding Canadian economy following the First World War made the automobile an affordable

and viable altemative for a growing segment of the population. In the early 1920s, downtown

streets in urban areas were congested as cars and trolleys competed for road space. Despite

reliability and speed that the motorized bus offe¡ed, urban transit systems began a long decline as

more residents opted for the greater personal freedom offered by cars.

The Great Depression stalled the expanding Canadian economy ofthe 1920s. The private carrier

industry incurred huge losses, and the deficits led to the public takeover of urban private bus

companies. Due to political pressure, fares went unchanged, and in some cities, fares were even

reduced. Little capital was available to purchase new vehicles and mainte¡ance suffe¡ed.

A general increase in economic activity after 1935 resulted in increased transit ridership. Car

ownership was constrained in the 1935 era, employment grew but many households had sold
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their cars and could not afford to buy new cars. Tra¡sit grew as workers needed to get to their

jobs. With the start of the Second World War, gasoLine and rubber were rationed and there was a

general exparsion of the work force, all of which combined to more than double previous urban

transit ridership. There were problems with equipment and spare part shortages as well as the

move ofkey people to war service. The first women operators appeared in the urban centres as

labour became scarce.

The post-war low-density development boom and the availability of low-cost automobiles

forestalled the breakthrough in the transit industry. Transit services lagged behind the rapid

proliferation of low-density subdivisions that were difficult and expensive to serve except by car.

The Post World War II economic growth produced a sub-urban boom. Faced with the escalating

operating cost, transit operators switched from streetcars to the trolley bus. This switch was

rational despite the higher infrastructure costs. The switch from streetcars to trolley buses may

also have been iniuenced by increasing dem¿nds for more road space for automobiles, the need

for costly improvements to neglected tracks, and the fact that overhead power distribution for

stÍeetcars could be modified for trolley buses. This also permitted the continued operation of

more economical electric power supply. The trolley bus had a short life span in urban transit.

Diesel buses replaced trolley buses for a number of reasons: there were no Canadian suppliers of

new vehicles; overhead wires imposed operating restraints due to their poor condition and were

in need of major overhaul; and capital for transit physical plant improvements was limited. Table

2.1 presents some milestones in Canadian transit history.

It was not until the 1960s that the traßit industry began to expand again. This expansion was
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Table 2.1 Transit Technologies in Canada

CITY OM¡IIBUS HOlts!l

TRÄM

STREET-

CAR

MOTOR

BUS

TROLLEY

BUS

PIJBLIC

OWNERSHIP

Halifax 1860's-? 1863-1E96 189ó-1948 t92E t948-1969 1570

Montreal 1861-? l86l -1894 tE92-t959 t925 1937-1966 l95l

(Jttawa ? 1860-1890 1890-1958 t924 ly) I -ly)y l94E

Toronto 1845-lE6l 86r - 1894 1892 t92l 1922 t92t

Hamilton 874-r894 I E9Z- 1950 t926 1959 1960

Kitchener 2 ? ?-1946 1946-t9't3 1945

l hunday tsay 2 'Ì -194'l ,! 1947 -19'12 1945

Winnipeg tE77-|E 1'1 882-1894 l89l -1955 1918 rs38-1970 t96l

Regina x l9l l-1950 l93 t 1947-t966 l9l I

Saskatoon X X 1913-1950 2 t948-1973 l9t3

Calgary K x 910-1950 1935 1947-1975 1909

Edmonton X x 1908-1950 t959 1908

Vancouver X x I E90-t955 t923 t948 1962

Victoria x x 1890- 1948 1926 X t962

,]oørce: Soberman and Hazard (1980), Table 2.1, p. 25. Notes: Underlined date indicates mode still in operation; X,

mode never operated.

boosted by the growing congestion in u¡ban ateas, the escalating cost of owning and operating a

car, and the Organization of Petroleum Exporting Countries'oil embargo in the 1970s. These

factors combined with other social, economic, and political developments, led to the public

takeover of the few remaining private systems and the introduction of greater capital and

operating subsidies. With public support, transit systems continued to be implemented,

expanded, and improved throughout the country.
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Fig. 2.2 Bus Industry Structure

BUS INDUSTRY STRUCTURE AND REVENUES 1997

,lource: Transport Canada, 1998 Annual Report,Fig 13.4, p. 218.

terms of revenue. Some transit operators also offer school bus and charter services, as well as

service for the elderly and disabled.

The responsibility fo¡ transit service is vested in the provincial govemments. Each province

exercises this mandate in a somewhat different manrier. Typically this responsibility is delegated

by legislation to municipalities. Within the provinces there are six types of arrangements for the

delivery of wban transit service. These are a service contract, a municipal goveÍìment

department, a department of a public utilities commission, a transit commissiorL a municipal

corporation, and services operated directly by a provincial governrrÌent typically done through

Provincial Crown Corporation.

2.4 Transit System Financing

Transit financing comes from fares, advertisements, and subsidies generated from the tax

revenues of the municipal and provincial governments. Three forms of subsidies are received by



transit systems: operating contributions, capital contributions, and debt service contributions. For

public trarsit systems as a whole, the importance of operating subsidies started to decline in 1992

due to govemment cut backs. Capital and operating subsidies from provincial revenue sources

are now a major source of revenue. Federal govemment ñrnding of urban transit has been mainly

in the form of assistance with research and technology development. The provision of

goverffnent subsidies is in accord with our discussion in chapter tfuee. Since marginal cost

pricing of transit services entails losses, and given the existence of non-constant retums to scale,

govemmental subsidy is needed for the trarisit systems to operate efficiently.

There exists some evidence in the literature, however, that subsidies allow transit systems to

operate inefficiently and thus reduce productivity (see Pucher et al, 1983, and Oum and Yu,

1994). This explanation comes ftom distinguishing between implied input prices and actual input

prices. Operating subsidies affect short run costs, and capital subsidies affect capital. Lump-sum

subsidies do not afiect these inputs. The result is that managers misperceive their input prices

when they receive operating and capital subsidies. This misperception makes them buy more

inputs than they would if they had to pay market prices. With higher inputs and declining output,

productivity declines. Note that this argument is a reason private transit systems appear to have

lower cost for the same output than public systems. Obeng and Sakano (2000) found that capital

subsidies increase efficiency and productivity while operating subsidies reduce them.

In 1997/98, provincial and tenitorial gross spending on transportation totalled approximately

$7.6 billion. This represents an increase of 2.5 percent from the previous year, compared with a

decrease of eight percent from 1995/96 to 1996/97. Spending on roads and highways accounts
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for the vast majority of provinciaVterritorial expenditures on transport, amounting to almost $6

billion in 1997/98, up three percent from the previous year. Spending on transit has averaged

about $1.3 billion ftom 1991192 to 1997 /98. This is approximately 16.5 percent of total gross

transportation expenditures. Tab\e 2.2 presents provinciaVtenitorial government expenditures on

transportation by mode.

Table 2.2 Provinciayterritorial government expenditures on trânsportation by mode ($million)

MODE 199Uv2 t992t93 t993t94 1994t95 1995t96 1996t97 1997/98

Air n7 99 9l 89 105 102 78

Water t69 t26 30 gs 87 96

Rail l6 l6 2 l9 27

Roads and Highways 6,t44 5,885 5,906 ó,185 6,376 5,802 5,977

Multi-rnodal 2t0 208 zo8 90 193 lsg l'12

'liansit

Tt-ansit (percent of total)

1,369

17.05

1,213

r6.03

I ?l 5

16.05

I,JUó

16.51

I,Zõ/

r 5.91 17.14

,294

16.98

to¡âl gross [ranspor¡ânon

expend itures 8,025 7,564 7,568 7,921 8,087 7,436 7,619

Source: Transport Canada, 1998 Annual Report, Tablø 3-14, p. Transit percentages calculated by author.

Table 2.3 presents the variations in provinciaVterritorial expenditures on transit. Transit spending

is significant in Quebec, Ontario, and British Columbia than in any other provinciaVteffitorial

transportation budget. Transit spending is important for Quebec, where it accounts for 16 percent

of the transportation budget, and in Ontario and British Columbia, where it accounts for 26

percent in each province in 1997/98.
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Table 2.3 Provinciauterr¡toriål trånsit expenditures byJurisdiction: l99ll92 anù 1997/98 ($million)

N,S. Que. Onf. Man. Sask Altâ. B.C.

199v92

Transit expenditures

Gross transporiation expenditures

Transit (percent of total)

4.9

291.8

1.7

483.2

I,670.6

28.92

609.8

2,732.3

22.32

21.2

254.4

8.33

0.ó

253.t

o.24

20.9

739.7

2,82

227.9

1,354.7

16.82

ry9 9ó

Transit expenditures

Gross transportation expendihues

Transit (percent of total)

0.0

209.4

0.0

248.5

r,547 .6

76.06

736.5

2,782.1

26.47

t7.9

268.4

6.67

'))

240.8

0.91

0.0

644.3

0.0

288.6

I,117.9

25.82

,Soa¡ce: Transport Canada, 1998 Annual Report, Tables 3-15 and 3-16, p. 32. Other provinces/territories had zero

expenditure for transit systems. Transit percentages cålculated by author.

All local governments and municipalities support transit systems financially in one form or

another in Canada. Table 2.4 shows local govemment expenditures on transportation from 1991

to 1997. No breakdown exists at the municipal level.

Table 2.4 Local governm€nt expenditur€s on trânsportation' 1991-1997 ($million)

l99l 1992 1993 t994 t995 t996 t997

Other Transportation

Public Transit

P ub I i c n'an sit (pet'c en t age)

Grßs Expenditures

5,9b'l

l0l

t,297

17.61

7,365

5,950

96

t,5 58

20.49

7,604

6,084

I l0

I,534

19.85

7,728

6,334

102

1,s35

19.26

7,971

6,623

134

1,580

18.95

8,337

6,37s

126

1,613

r9.88

8,114

o,¿)o

109

I,636

20.45

8,001

Source: Transporf Canada, 1998 Annual Report, Table 3-17, p. Transit percentages calculated by author.
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Table 2.5 Urban trâDsit fle€t compositions and lleet per carrier, 1991 - 1998

TYPE OF VEHICLE l99l 1992 1993 1994 1995 t996 t997 t99E

No. of carriers reportrng 65 74 74 84 80 65 65

Standard motor tlus tót t32 138 t20 t23 125 139 132

Low floor bus 4 6 ó 2E

Trolley coach 5 5 4 4 4

Articulated bus 5 5 4 4 4 4 5

Light rail vehicle I 7 ó 7 8 I

Heavy rail vehicte 23 23 l6 t7 IE 2l zt

Commuter rail vehicle 4 4 5 5

Other ó J

Total vehicles 208 t75 lE3 l5E t64 70 zot 205

,Soarce: Transport Canada, 1998 Annual Report,Table f5-3, p.272. Fle¿t per cårrier computed by author.

Figures are rounded to the nearest whole number.

annually. The decline in revenue vehicle kilometres has been moderate (0.4 Vo per annum),

which may suggest a decline in load factors. One possible explanation for the decline in ridership

(besides urban sprawl, as noted in Chapter 1) might be the pace of fare increases, now at 5.5

percent annually. This is 2.8 times the increase in intercity bus prices. Figure 2.5 sho\'r's the trend

in the average adult transit fares from 1988 to 1998. The real price (base year is 1992) of the

montl y pass, the nominal cash, and the nominal ticket fares are shown in Figure 2.5. It is clear

that transit fares have increased by more than in-flation over the period under study.

Compared with the cost of private automobile use, however, the changes are not as signifcant.

Over time, the prices oftransit systems have increased by 26 percent relative to the cost ofusing





Increases in transit system prices between 1986 and 1997 have occurred in spite of subsidies.

Since 1986, govemments' transfer to transit authorities amounts to $23 billion. This amount

equals $1.34 per passenger carried over that period, Table 2-7 shows the regional indicators,

including subsidies, for transit systems in 1997.

Table 2.7 Regional indicâtors oftransit systems, 1997

rassengers rn

perc€nt

Kevenue per

pâssenger in c€nts

I OtAl SUDSTOIeS per

passenger in cent

tsopulauon serveo

in percent 1995

Atlantic t.6 I17.3 27.0

Quebec 3t;l 84.4 116.5 45.2

Ontario 44. t t34.1 o). ì 68.6

West 22.5 108.6 T E2.E 52.4

Total 100,0 114.2 108,2 s4.6

Soarre: Transport Canada, 1998 Annual Report, Table 16-22,p.305.

On regional basis, Ontario appears to be the most served by the urban transit systems.

Approximately 69 percent of Ontario's population has access to public transit systems compared

wlth 46 percent for the rest of Canada. This might be due to the higher population density.

Quebec, on the other hand, has the highest number of annual trips at 58 percent, compared with

4l percent for the rest of Canada. Quebec users pay the lowest fare, at 84 cents per trip,

compared with $1.14 for the country as a whole. On a per trip basis, the highest subsidies are

provided to western Canadiar¡s. The extensive cold winters in the western cities favour the car

over buses. Another contributing factor is that in British Columbia, capital expenditures are not
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maintain and upgrade the systems. The automobile is a formidable competitor, providing a more

convenient form of personal transportation.

The total cost of transit systerns \ryas estinated at $3.7 billion n 1997. Cash operating costs were

$2.8 billion. Users paid 46 percent of the total cost of the systenr, and their contribution to cash

operating costs reached 61 percent. The share contributed by users to total or cash costs was

trending downwards until 1993 after which it started to increase slowly but steadily due to more

rapid increases in fares and slowdown in unit cost increases. Table 2.8 summarizes transit system

financial performance from 1986 to 1997 .

Table 2.8 Financial indicåtors oftransit systems, 1986 - 1997

I9EÓ t995 199ó t997

Operating Revenues ($ million) t,041 1,545 I,62t

Cash Operating Expenses ($ million) I,835 1 1<'' 2,790 2,788

Capital Cost ($ million) ' 598 813 857 912

I OIaI LOSI (ù ml lon, J,JOJ 3,648 3,700

Operating Subsidies ($ million) t.238 1,584 1,561 |,495

Capital Subsidies ($ million) 3'11 414 450 494

Cost Recovery Rat¡o (per cent) ' 42.6 43.3 44.5 46.3

Source: Transport Canada, 1998 Annual Report,Table 16-24,p.306. I Excludes subsidies

2 Estimates ofdepreciation and opportunity cost ofcapital 3 Revenues before subsidies divided by Total cost.

The capital expenditure oftransit authorities averaged $528 million annually from 1986 to L997.

may receive only one (or fwo) $pe{Ð of these subsidies or none at all in a specific year. This study used the
aggregate subsidy that is not appropriate to conduct the Mann-Whitney [/rank sum test.
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Net investment reached $186 million per year, which allowed trarsit authorities to increase the

asset base of transit systems nominally by 77 percent.In constant dollars, the capital stock in the

industry rose by 23 percent over the same period as shown in Table 2.9. The capital expenses of

transit authorities accelerated from 1992 to 1997. Average annual net investment increased 1.7

times over the period 1986-1991. Most ofthe gains in the capitalization of the transit authorities

occurred after 1991.

Table 2.9 Capital exp€ndltures ¡n trânsit systems, 1986 - 1997 (Average in $ nillion)

986- 1991 1992-1997 r9E6-1997

Total Capital Expenditure

Expenditure on Vehicles

Expenditure on Rights of Way

388

168

IJ

666

317

172

527

243

103

Net lnvsstment 110 261 186

,Soarce: Transport Canada, 1998 Annual Report, TabIe 16-25,p.307.

This chapter presented a general overview of the Canadian urban transit systens. The transit

systems have experienced declining ridership in the 1990s. At the same time, transit service

(revenue vehicle kilometers) provided has been relatively stable. As a result, the transit systems

incur losses that are covered by government subsidy. The declining ridership requires either an

adjustment of supply, or an effort to increase demand. Assuming ridership and revenues are

fixed, emphasis must be placed on efficiency so as to avoid increased subsidies to the transit

systems. The next chapter discusses the Data Envelopment Anaþis (DEA) approach to

estimating technical effi ciency.



CHAPTER 3

THE DATA ENVELOPMENT ANALYSN METHOD

3.1 Introduction

Two main approaches are used to measure technical efficiency. These are the parametric

approach and the nonparametric approach. These approaches differ primarily in the assumptions

imposed on the data. These include (i) the functional form of the best practice frontier (a more

restrictive parametric finctional form versus a less restrictive nonparametric form); (ü) whether

or not account is taken ofrandom er¡or that may temporarily give some production units high or

low outputs, inputs, costs, or profits; and (üì) if there is random error, the probability distribution

assumed for the inefficiencies (e.g., half-normal, truncated normal) used to disentangle the

inefficiencies from the random error,

The popular parametric frontier approach (sometimes referred to as the econometric frontier

approach) is the stochastic frontier approach (SFA). The SFA (see Aigner and Chu, 1968,

Aigner, Lovell, and Schmidt, 1977, and Meeusen and van den Broeck, 1977, for details)

specifies a functional form for the cost, profit, or production relationship among inputs, outputs,

and environmental factors, and allows for random eror. Both the inefficiencies and the random

errors are assumed to be orthogonal to the input, output, or environmental variables specified in

the estimating equation. The major drawback of the parametric approaches is the imposition of a

particular functional form (and associated behavioural assumptions) that presupposes the shape

of the ûontier. If the functional form is rnisspecified, measured efficiency may be confounded

with the specification errors.



The popular nonparametric method is the Data Envelopment Analysis (DEA) technique. The

DEA put relatively little structure on the specification of the best practice fronticr. DEA is a

linear programming technique where the set ofbest practice or frontier observations are those for

which no other decision-making u¡dt @MtI) or linear combination of units has as much or more

of every output (given inputs) or as little or less ofevery input (given outputs). The DEA ûontier

is formed as the piecewise linear combinations that connect the set of these best practice

observations, yielding a convex production possibilities set. As such, DEA does not require the

explicit specification of the form of the underlying production relationship. DEA permits

efficiency to vary over time and makes no prior assumption regarding the form of the

distribution of inefficiencies across observations except that observations that are not dominated

arc 100%o efficient.

The nonparametric approaches impose less structure on the frontier. The nonparametric

approaches, however, do not allow for random enor owing to luck, data problems, or other

measurement errors. If random error exists, measured efficiency rnay be confounded with these

random deviations from the true efficiency frontier. As well, statistical inference and hypothesis

tests cannot be conducted for the estimated efficiency scores. This chapter presents the

theoretical framework, the data envelopment analysis (DEA) method, for this study. The DEA

method is based on the concept of a disrance function. We begin by distinguishing between

technical efficiency and productivityr two related concepts that tend to be confused in daily

usage, and which lie at the foundation of efficiency analysis.

I Index numbers are used to measure productivity. One popular method is the Malmquist (1953) Total Factor
Productivity Index. Alsq Stochastic frontier methods can be used to measure productivity.
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3.2 Technical Efficiency and Productivity Defined

Productivity ofa firm is the ratio ofthe output(s) it produces to the input(s) that it uses, that is,

Productìvity : outputs / inputs

Total factor productivity is the productivity measure involving all factors of production. A fum

ß technícally fficient if it produces at a point on the production possibility curve. This

relationship shows how inputs Íìay be technically combined to produce output(s). We show the

differences between technical efficiency and ploductivity using a simple production process in

which a single input, x, is used to produce a single output,lr, in Figure 3.1.

The line OF' represents a production frontier that may be used to define the relationship between

the input and the output. The production frontier represents the maximum output attainable from

each input level. Hence, it reflects the current state of technology in the industry. Fi¡ms in this

industry operate either on that frordiet, if they are technically efiìcient, or below the ûontie¡ if

Figure 3.1 Production Frontier, Product¡vity, and Technical Efficiency
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they are technically infficient. The point I represents an inefficient point while B and C

represent efficient points. A firm operating at point I is inefficient because technicatly it could

inuease output to the level associated with point -B without requiring more input. Alternatively, it

could produce the same level of output using less input, that is, produce at point C on the

ûontier. The curvature represents retums to scale, which at fust increases, and then decreases as

measured by the slope of OF' (the marginal rate of productivþ).

We use a ray tkough the origin to measure productivity at a particular data point. The slope of

ttus ruy is y/x, and hence measures productivþ. If the firm operating at point I were to move to

the technically efficient point B, the slope of the ray would be greater, implying higher

productivity at point B. However, by moving to the point C, the ray from the origin is at a

tangent to the production frontier, and hence defines the point of maximum possible

productivity. The movement from.B to C is an example of exploiting scale economies. Point C is

the point of technically optimal scale. Operation at any other point on the production frontier

results in lower productivity, even though output may be greater. A firm may be technically

efficient (operating on OF) but still be able to improve its productivity by exploiting scale

economies, This may entail an increase or decrease in production. Thus, technical efficiency is

measured with reference to a flrm's location on or off the production possibfity curve, while

productivity uses the slope ofa ray through the origin with reference to the production possibility

cuïve.
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3,3 Distance F unctions

We leap from single-input and single-output to multi-input and multi-output measures of

efficiency. The frontier efficiency measures are based on the concept of distance functions for

multi-input and multi-output technology. One may specifr both input and output distance

fimctions. Distance functions describe multi-input and multioutput production technology

without the need to specify a behavioural objective, such as profit-maximization or cost-

minimization. An input distance function characterizes the production technology by looking at a

minimal proportional contraction of the input vector, given an output vector. An output distance

function considers a maximal proportional expansion ofthe output vector, given an input vector.

We briefly describe input and output distance functions.

Output distance functions: Following Fåire and Primont (1995), we use the notation x and y to

denote a non-negative Kxl input vector and a non-negative Mrl output vector, respectively. The

tecbnology set is then defined as

S=ftr,y):x can produce y|.

That is, the set of all input-output vectors (x, y), such that r can produce y. The production

technology set, S, may be redefined using output seTs, P(x), which represents the set of all output

vectors, )r, which can be produced using the input vector, x. That is,

P@) = þ: x can produce yl.

The properties ofthe output set, P(x), are as follows. For each x, the output set P(x) is assumed to

satisfy:

. 0 e P(¡) : nothing can be produced out of a given set ofinputs (that is, inaction is possible);



. non-zero output levels cannot be produced from zero level ofinputs;

. P(r) satisfies strong disposâbility ofoutputs: if y e P(x) and y' < y then y. e P(x) ;

. P(x) satisfies strong disposability of inputs: ify can be produced fiom x, then y can be produced from

anyx*)x;and

c P(x) is closed, bounded, and convex.

Given these assumptions, the output distance function is defined on the output set, P(x), as:

d.(x,y) = nn{a :g t q e r1x¡\.

Some properties of d,(x,y)that follow directly from the axioms on the technology sets are:

. d"(x,y) is non-decreasing in y and increasing in x;

. d.(x,y) is linearly homogeneous iny;

¡ if/ belongs to the production possibility set ofr (rhat is, y e P(x) ), then d 
"(x,y) 

31; and

. distânce is equal to unity (that is, d,(x,y) = 1) ify belongs to thefrontier of the production possibility

set (the PPC curve ofx).

The output distance fl¡nction may be illustrated using the production possibility curve concept in

a two-dimensional space as in Figure 3.2. We assume two outputs, yt aîd y2, are produced

using the input vector, x. Thus, the production possibility set, P(r), is the area bounded by the

production possibility frontier, PPC-P(x), and y, and y2 axes. The value of the distance

function fo¡ the firm using input level x to produce the outputs defined by the point A is equal to

the ratio 6 =OAlOB. Points B and C are on the production possibility surface and hence would

have distance ñuction values equal to 1.
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Figurc 3.2 Ontptrt trr-sta¡rce Fundion ar¡d Production PæitÍlþ SeÉ

Yz

Input distance functions: The input distance functior! which involves the scaling of the input

vector, is defined in a similar manner. It may be defined on the input set, L(y) , as:

d,(x,y) =¡¡¡svlp:(xl p) e LO)|,

where the input set Z(y) represents the set of all input vectors, x, which can ploduce the output

vector, y. That is,

LQ)={x:xcan produce yl .

The input distance functions have similar assumptions as the output distance functions, except

that of "boundedness." The properties ofthe input distance functions are:

. the input distance function is non-decreasing in x and increasing in y;

o it is linearJy homogeneous in x;

¡ if.r belongs to the input set of/ (that is, r € I(y) ) then d,(x, y) > 7 ; and

. distance is equal to unity (that is, d,(x,y) =1) ifx belongs to the frontier of the output

set (the isoquant ofy).

OÊ/OB<1=4(x,y)
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We use two inputs, x7 and xz, and an output vecfol, y, to illustrate the input distance function in a

two-dimersional diagram as shown in Figure 3.3. Here the input set, L(y), is the area bounded

ûom below by the isoquant, Isoq-Z(y). The value of the distance function for the point, l,

which defines the production point where firm I uses x¡¡ of input 1 and, xz,t of input 2, to

produce the output vector, Jr, is equal to the ratio p = OAl OB . We discuss next the eficiency

measurement concepts using production theory.

Flgure 3.3 lnput Distance Functlon and lnput Requirement Set

X2

O¡v'OB = di(x, y) > 1

d(x, y¡ = '1

3.4 Effi ciency Measurement Concepts

Much ofthe discussion here draws on Farrell's (1957) original ideas, Coelli (1996), and Coelli er

al (1998). Modem efficiency measurement begins with Fanell (i957) who drew upon the work

of Debreu (1951) and Koopmans (1951) to define a simple measure of firm efficiency that could

account for multiple inputs. He identified two components of a firm's efficiency: technical

efJìciency, which reflects the ability of a firm to obtain maximal output from a given set of

L(v)



inputs, and price (allocative) efficiency, which reflects the ability ofa firm to use the inputs in

optimal proportions, given their respective prices. These two measures are then combined to

derive a measure of overall (total) economic efiìciency.

Farrell illustrated his ideas using a simple example involving finns that use two inputs (xt and xz)

to produce a single output (y), assuming constant returns to scale.2 This measure of efficiency is

termed input-oriented meastxe since this has an input-reducing focus. Specifically, it addresses

the question: "By how much can input quantities be proportionally reduced without changing the

output quantities produced?" Knowledge of the unit isoquant of the futty efficient Jìrm,3

represented by SS' in Figure 3.4, permits the measurement oftechnical efficiency.

Fig. 3.4 lnput€riented Technical and Allocative Eff¡c¡encio8

2 The assumption of constant returns to scale allows one to represent the technology using a unit isoquant. Faffell
also discussed the extension of his method so as to accommodate multiple inputs and outputs, and non-constant
feturns to sc¿le.
3 The production function ofthe fully efficient firm is not known in practice, and thus mùst be €stimated ûom
observations on a sample of firms in the industry concemed. We use DEA to estimate this frontier in this study.
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Ifa given firm uses quantities of inputs, defined by the point P, to produce a unit ofoutput, the

technical inefficiency ofthat firm could be represented by the distance 8P. Tktis is the amount by

which all inputs could be proportionally reduced without a reduction in output. This is usually

expressed in percentage terms by the ratio QP/OP, whtch represents the percentage by which all

inputs could be reduced. The technical effìciency (fE) ofa firm is measured by the ratioa

TE, =69¡gP

which is equal to one minus QP/OP.5 It will take a value between zero and one, and hence

ptovides an indicator of the degree of technical inefficiency ofthe firm. A value ofone indicates

the firm is fully technically efficient. For instance, the point p is technically efficient since it lies

on the efficient frontier (isoquant).

If the input price ratio, represented by the line AA' n Figure 3.4 is known, allocative efficiency

may also be calculated. The allocative efJìciency (AE) of the fum operating at point P is defined

as the ratio

AE, = gP¡gg

since the distance Rp represents the reduction in production costs that would occur ifproduction

were to oc.cur at the allocatively (and technically) efficient pont Q', instead of at the technically

effcient, but allocatively inefficient, pont Q. The total economic fficiency (EE) is defined as

the ratio:

EE, =gP¡gP =W

a Note in passing that the technical efüciency is the inverse ofthe input distance function as defined in Figure 3.3,
s The subscript "I" is used on the TE measure to sho\.v that it is an iniut-oriented measure. The output-oriËnted
measure will be subscripted as TEs.



Note that the product of technical and allocative efficiency provides the overall economic

efficiency:

TE, xAE, = (OQ / OP)x(OR / OQ) = QR / oP) = EE I

The above efficiency measures lie between zero and one. These efficiency measures assume the

production function of the fully efficient firm is known. In practice this is not the case, and the

efficiency isoquant must be estimated from the sample data. Fanell suggested the use of a non-

parametric piecewise-linear convex isoquant constructed such that no observed point should lie

to the left or below it (Figure 3.5 below), or a parametric fi_¡nction (e.g., Cobb-Douglas), fitted to

the dat4 such that no observed point should lie to the lefr or below it. Farrell illustrated his

methods using agriculturai data for the 48 continental states ofthe United States.

The output-oriented techrlLcal efficiency measure addresses the question: "By how much can

output quantities be proportionally expanded without altering the input quantities used?,, We



discuss output-oriented measures by considering the case where production involves two outputs

Ot and, y2¡ and a single input (x). If we assume constant retums to scale, we can represent the

technology by a unit production possibility frontier in two dimensions. We show this in Figure

3.6 where the lne ZZ' is the unit production possibility frontier and the point I conesponds to an

inefficient firm. Note that the inefficient point, l, lies below the frontier in this case because ZZ'

represents the upper bound ofproduction possibilities.

Figure 3.6 Output-Oriented Technical and Allocative Efficiencies

The Fanell output-oriented efficiency measures would be defined as follows. In Figure 3.6, the

distance lB represents technical inefficiency. That is, the amount by which outputs could be

increased without requiring extra inputs. Thus a measure of output-oriented technical efficiency

is the ratio:

TEo = gtr¡ gg

If we have price information then we can draw the isorevenue line DD', and define the allocative

efficiency to be:



AEo=69¡6ç

which has a revenue increasing interpretation (similar to the cost reducing interpretation of

allocative inefficiency in the input-oriented case). We can define overall economic efficiency as

the product ofthese two measures:

EEo = (oA/ OC) = (OA/OB)x(OB /OC) =TE,or¿¿o

Again, the above efficiency measures lie between zero and one. It is also worth noting the

following points about all the efficiency measures discussed above. A1l are measu¡ed along a ruy

from the origin to the observed production point. Hence they hold the relative proportions of

inputs (or outputs) constant. One advantage of these radial efficiency measures is that they are

unit invariant. That is, changing the units of measurement (e.g., measuring quantity of labour in

person hours instead ofperson years) will not change the value ofthe efficiency measure. A non-

radial measure, such as the shortest distance from the production point to the production surface,

will not be invariant to the units of measurement chosen. The Farrell input- and output-oriented

technical efficiency measures can be shown to be equal to the input and output distance f,mctions

discussed in Shephard (1970).

3.5 Data Envelopment Analysis (DEA) Method

Data Envelopment Analysis @EA) involves the use of linear programming methods to construct

a non-parametric piecewise surface (or frontier) over all data, so as to be able to calculate

efficiencies relative to this surface. The DEA is based on the piecewise-linear convex hull

approach to ûontier estimation originally proposed by Fanell (1957). Charnes, Cooper and

Rhodes (1978) proposed a model that had an input orientation and assumed constant retums to
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scale. Banker, Chames and Cooper (1984) extended the model by imposing a variable return to

scale assumption. Following is a description of the basic DEA model.

All DEA models begin with the idea of input and output bundles, which are assumed to satisly

the following four assumptions. First, they are non-negative. Second, there is at least one feasible

input-output pair, that is, the production possibility set,S is non-empty. Third, the production

possibility set ,s (and hence the input set, L(y), nd the output set, P(x)) contain their boundaries.

This implies that all three sets contain efficient input-output combinations, or that the production

frontier exists. Finally, in order to produce strictly positive quantities of at least one output,

strictly positive quantities ofat least one input are need, the assumption of"no fiee lunch.',

Under these assumptions, activity analysis constructs the set ,S of all feasible input-output

combinations by focusing on an initially given finite set of -I feasible combinations - the so-

called "basic activities" - and building up additional feasible activities as finear combinations of

these. The basic activities are combined into new feasible activities by means ofa non-negative

"intensity yectot" z : (zt, zz, ..., zr) rcpresenTing the permissible expansions or contractions of

the basic activities. The resuit is a piecewise linear technology. Depending on the intensity

vector, different linear combi¡rations of the basic activities are admitted into (or excluded from)

the production possibility set S.

DEA specialize activity analysis in two respects. First, it focuses on "actual practice" in an

industry by taking the "basic activities" to be a set of obsented inpuloutput combinations.

Second, DEA is concemed with the "best" practice. This is implemented by taking,Sto b€ the set



that "most tightly" envelops the observed data. That is, the smallest set ,S that includes all the

data.

We begín by defining some notafions. Assume there are data on 1( inputs (denoted by the vector

x) and M outputs (denoted by the vector y¡) on each of .¡y' firms or decision-making units @MUs)

as they are called in the DEA literatue. The Kx y'r' input matrx, X, and the M x N output matrix,

)2, represent the data of all ìy' DMU's. The pu{pose of DEA is to construct a non-parametric

envelopment frontier over the data points such that all observed points lie on or below the

production frontier. For the simple example of an industry where one output is produced using

two inputs, it can be visualized as a number of intersecting planes forming a tight cover over a

scatter of points in two-dimensional space. Given the constant returns assumption, this can be

represented by a unit isoquant in input/input space (see Figure 3.5).

The easiest way to introduce DEA is via the ratio form. For each DMU we would like to obtain a

measure of the ratio of all outputs over all inputs, such as u'yy'v,x¡, where z is an M x 1 vector of

output weights and v is a K¡ .1 vector of input weights. To select optimal weights, we specify the

mathematical programming problem:

max,,.,(u'y,/v'x,)

subiect to u'yr/v'x, <1, j = 1,...,¡¿

u,v>0

This involves finding values for u and v such that the efficiency measure of the i-th DMU is

maximized, subject to the constraint that all efficiency measr¡¡es must be less than or equal to

one. One problem with this particular ratio formulation is that it has an infinite number of
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solutions. That is, if (u*, v+) is a solution, then (ou*, crv*) is another solutiorì, etc. To resolve

this problenL we convert it into linear form so that the methods of linear programming can be

applied. For the objective function it is necessary to observe that in maximizing a ûaction or

ratio it is the relative magnitude of the numerator and denominator that are of interest and not

thei¡ individual values. It is thus possible to achieve the same effect by setting the denominator

equal to a constant and maximizing the numerator. Imposing the constraint v'x¡: 1, the linear

program becomes:

max u,,(/.t, !,)
subject to v'x, =l

/t' !i -v'x, <0, i=1,...,N
It'v > 0

where the notation change from u and v to p and v reflects the trarsformation. This form

known as the multiplier form of the ünear programming problern Using duality, one can derive

an equivalent envelopment foftn ofthis problem as:

ffin e, ). 0

subject to - yt +Y),> 0

ext - X2> 0

1>0

whereeisascalarandÀisaNxlvectorofconstants.Thisenvelopmentforminvolvesfewer

constraints than the multþlier form (I(+M < N+1), and hence is generally the preferred form to

solve. The value of 0 obtained will be the efficiency score for the i-th DMU. It wili satisfi 0 I 1,

with a value of I indicating a point on the frontier and hence a technically efficient DMU,
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according to the Farrell (1957) definition. Note that the linear programming problem must be

solved iy' times, once for each DMU in the sample. A value of 0 is then obtained for each DMU.

The constant retums to scale (CRS) assumption is only appropriate when all DMU's are

operating at an optimal scale, that is, one conesponding to the flat portion of the long-run

average cost curve. Imperfect competitior¡ constraints on finance, government regulation,

subsidies, etc., may cause a DMU to be not operating at optimal scale. Banker, Chames and

Cooper (1984) suggested an extension ofthe constant returns to scale DEA model to account for

variable retums to scale ffRS) situations. The use of the constant returns to scale specification

when not all DMU's are operating at the optimal scale will result in measures of technical

efficiency that are confounded by scale efrìciencies (SE). The variable retums to scale

assumption permits the calculation oftechnical efficiency devoid ofscale efficiency effects.

The constant returns to scale linear programming problem can be modified to account for

variable retums to scale by adding the convexity constraint Nr'À = 1 to the envelopment form as:

rrin o,t e

subject to - yi +Y2> 0

Qxt - X),> 0
Nt'), =1

).>_ 0

where Nt is an N x 1 vector of ones. This approach forms a convex hull of intersecting planes

which envelope the data points more tightly than the constant retunrs to scale conical hull and

thus provides technical efficiency scores which are greater than or equal to those obtained using



the constant retums to scale model. The variable returns to scale specification has been the most

commonly used in the 1990s.

The variable retums to scale model allow one to obtain a scale efficiency measure fo¡ each

DMU. We run both CRS and VRS DEA linear programmes. If there is a difference in the CRS

and VRS technical efficiency scores (the point estimates) for a particular DMU, then this

indicates the DMU has scale inefficiency. The scale inefficiency can be calculated from the

difference between the vRS and cRS technical efficiency scores. specifically, the scale

efficiency is the ratio of the CRS technical efficiency scores to the VRS technical efficiency

sco¡es. This measure of scale efficiency, however, does not indicate whether the DMU is

operating in an area of increasing or decreasing retums to scale.

We can identifi increasing and decreasing returns to scale by rururing an additional DEA

problem with non-increasing retums to scale (NIRS) assumption imposed. This is done by

modifying the convexity constraint as Nr'À < 1, to provide:

rrún o, ). e

subject to - y, + Y.tr, > 0

fut-xL>0
Nt, 1<L

1>0

The nature ofthe scale inefficiencies, that is, due to increasing or decreasing returns to scale, for

a particular DMU can be determined by comparing the point estimates of the NIRS technical

efficiency score to the point estimates of the VRS technical efficiency score. If they are equal,

then the DMU experience decreasing returns to scale @RS); and if they are unequal, then the
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DMU experience increasing returns to scale (IRS). Also, if the technical efficiency scores þoint

estimates) under both CRS a¡d VRS assumptions are equal, then the DMU experiences a

constant returns to scale technology.

The piecewise linear form of the non-parametric tontier in DEA may cause some diffculties in

efficiency measurement. The problem relates to the sections of the piecewise linear ûontier

which run parallel to the axes (see Figure 3.5) which do not occur in most parametric functions

(see Figure 3.4). To illustrate the problem, refer to Figure 3.7 where the DMU's using input

combinations C and D are the two efficient DMU's which define the frontie¡, and DMU's I and

B are inefficient DMU's.

Figure 3.7 Efficiency Measurement and lnput Slacks

X"N

The Farrell (1957) measure of technical efficiency gives the emciency of DMU's A and B as

OA'/OA arrLd OB'/OB, respectively. However, one may question whether the point A, is an

efficient point since one could reduce the amount of input 12 used by the amount Cl,and still
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produce the same output. This is known as input slaclf in the literature. Once we consider a case

involving multþle outputs and inputs, the diagrams are no longer simple, and the possibility of

the related concept of output slack also occuts. Thus it could be argued that both the Farrell

measure oftechnical efficiency (0) and any non-zero input or output slacks should be reported to

provide an accutate indication of technical efficiency of a DMU in a DEA analysis.T Note that

for the Ëth DMU the output slacks will be equal to zero only if YÀ - y; = 0, while the input slacks

will be equal to zero orìly if exi - XÀ = 0, for the given optimal values of 0 and À.8

The DEA method has its limitatiors. Some of these problems are: outliers may infuence the

results; the exclusion of an important input or output can result in biased scores; and when one

has few observations and many inputs and,/or outputs, many of the DMUs will appear on the

efficient frontier. As a rough guide, the number of inputs times the number of outputs will be the

number of units identified as efficient. Reducing the number of inputs/óutputs to a level where

the number of units being analyzßd is at least twice as large as the number of inputs and outputs,

will increase the objectivity of DEA, and hence produce more accurate efficiency information.

A more serious drawback, however, is the fact that measurement error and other noise may

influence the shape and position ofthe frontier. Since the DEA technique is non-parametric, it is

difficult to determine the statistical precision of the resulting efficiency scores. In other words,

the sampling distribution of the efficiency scores is neither known nor speciûed. The lack of a

6 Slack is over-utilized input or under-produccd output.
' Koopman's (195 l) definition of technical efficiency rvas stricter than the Farrell ( 1957) definition. The former is
equivalent to stating that a fìrm is only technically efficient if it operates on the frontier and furthermore that all
associated slacks are zero.
8 The problem ofslacks can be resotved by using a multi-stage DEA, where we conduct a se4uence ofradial linear
p¡ograms to identiÛ, the efficient projected point (see Coelli, 1998).
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measure of statistical precision fo¡ the effciency scores limits their usefulness to decision-

makers. A major contribution of this study is an attempt to redress this limitation through the use

of bootstrap methods. In particular, bootstrap techniques are used to construct confidence

intervals for the original efficiency scores. In additiorL the bootstrap is used to calculate the bias

of the original efficiency scores. The bootstrap is used, because tike the DEA method, it is non-

parametric and therefore does not impose potentially unnecessary structure on the shape of the

efficiency distributions. Chapter 4 discusses the bootstrap methodology.

Finall¡ a failure to account for environmental diferences among DMUs may give misleading

indications of relative managerial competence. Environmental factors are variables that could

influence the efficiency of DMUs but are not traditional input or output in the production

plocess. The study makes a modest contribution by identi$ing the various environmental factors

that influence DMUs technical efficiency based on the microeconomic foundations of urban

transit service ptoduction. Specifically, Tobit regression is estimated to identify the sources of

efficiency change in the urban transit sector. However, befo¡e we discuss the environmental

issues, we need to discuss the conventional inputs and outputs to be used in calculating the

technical efficiency scores.

3.6 Inputs and Outputs for the Efîiciency Scores in Transit

Technical efficiency scores ate calculated using conventional inputs and outputs. The outputs of

the transportation industry consist, in general, of two broad revenue categories: freight and

passenger. Fo¡ transit service, it is useful to consider two classes of output. One is a measure of



trips taken. The ultimate purpose of transportation is to provide trips, and it is trips, or some

aggregates of trips that are the output variables in travel-demand analysis. Small (1992) calls

such output measures Jìnal outputs, and Be¡echman and Giuliano (i985) cali them demand-

oriented measures. In practice, final outputs are usuaily aggregated into total passenger trips,

revenue passengers (the number of distinct fares paid), passenger-miles, total revenues (a valid

output measure if the fare structure is held constant in the analysis), or total netwo¡k miles.

We note, however, that for the transit firm final outputs are not under its control. Hence the

transit firm may be more interested in the cost of producing the potential for trips, as measured,

for example, by vehicle-miles, vehicle-hours, network miles, or seat-miles of service. We may

corsider such measures to be intermediate outputs, because they are combined with user time to

produce the final outputs. Berechman and Giuliano (1985) call thèm technical output measures

because they are most dfuectly related to the firm's exploitation oftransportation technology.

The two output measwes could be redefined in terms ofthe amount of sentice provided (vehicle-

miles, vehicle hours, network miles, or seat-miles) or in terms of the amourt of settice used

(passenger-miles, passenger-trips). Miller, Latluop and Stuart (1984) note that introducing

measures of system use diverts the discussion of transit output into the area of system

effectiveness. The concept of effectiveness has evolved to address the questior¡ "How well does

the system serve its intended users?" By contrast, The fficieney question may be phrased, ',How

well does the system combine inputs to produce service?" Pereiman and Thiry ( 1939) argue that

if one is primarily concerned with the productivity and efficiency in production, one should use

measurements ofproduction and supply, not variables infuenced by demand.
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Technical efficiency of a production process is more accurately measured when demand-side

influences on output measures are minimized. Gathon (1989) notes that the number of

passengers carried is greatly influenced by demand and hence not suitable for evaluating the

production and supply of services from public transit fiÍns. There seems to be no consensus on

the appropriate measure of output in studies of transit efficiency and productivity. Several

authors have used either or both measures of output in transit efficiency studies. Table 3.1

summarizes some of the studies.

Table 3.1 Ouþut measures for trâns¡t efficiency sfudies

STUDY OUTPUT MEASURE USED

Viton (19E6) Vehicle miles

Obene et al (1992) Vehicle miles

chru et al (1992) Revenue vehicle hours

Obeng (1994b) Vehicle miles

Oum and Yu ( 1994) Passenger kilometers / freight-tonne kilometers

Passenger-train kilometers / fr eight-train kilometers

Nolan (1996) Vehicle miles

Viton (1997) Vehicle miles and Trips provided

It is preferable to use the revenue output measures when public policy analysis is the main

purpose of the study. For instance, when one wants to study the effect of public subsidy and

government regulation on the efficiency of the transit systems, the available output measuÎes

(e.g., vehicle miles, seat miles) may not be appropriate in some situations. This happens when

the transit systems have low load factors. In such cases, high efficiency scores indicate efficient

operations ofthe transit systems, and may not necessarily reflect efficient usage ofthe buses. A
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relatively low efficient transit system may have high load factors, whìle a high efficient system

may have low load factors. High efficiency measured in available output may imply that the

transit system is efficient even though it produces a lot ofuseless outputs (empty buses).

This problem might be resolved if we use passenger miles.e Ntematively, we could use a

measure of spatial extent like network milest0 or population per network miìe. Unfortunately,

most of our sample transit systems do not have these data, and hence we could not use these

output measures, and we are forced lo use revenue vehicle kilomeffes and, revenue vehicle hours

as the output of the transit systems. Revenue vehicle kilometres are the annual kilometres

travelled by active revenue vehicles in regular passenger revenue service. This is the total

kilometres for total fare passengers carried, or the total service supplied to fare-paying

passengers. Thus, the revenue vehicle kilometres implicitly ameliorate the empty bus problenl

unlike vehicle kilometres that account for all distances travelled by the trarsit systems. The

inputs used in the data envelopment analysis are a set of conventional inputs in physical units:

the fleet sizes (number of buses in the active fleet); litres of fuel/energy used; and labour (the

total number ofpaid employee hours or number ofpersons employed).

3.7 Environmental Factors in DEA Analysis

Besides the conventional inputs and outputs, there are other facto¡s that could impact the

technical efficiency of transit systems. One advantage of the data envelopment analysis

technique is that environmental factors could be included in the study. We use the term

e This is the total number ofpassengers multiplied by the average trip length. Vehicle miles should not be used in
this calculation, The average trip length needs to be determined þ a survey or other means.
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environment to describe factors that could influence the efficiency ofa firnL where such factors

are not traditional inputs (or outputs) and are assumed not under the control of the manager.

Envi¡onmental factors may be measured directly or through the use of surrogate measures.

Environmental variables include (i) ownership differences, such as publicþivate or

corporate/non-corporate; (ü) location characteristics, such as schools influenced by socio-

economic status of children and citylcountry location, or electric power distribution networks

inluenced by population density and average customer size; (üi) labour union power; (iv)

govemment regulations, etc. There are several ways in which environmental variables can be

accommodated in a DEA study (see Coelli er a|,1998, for details).

a) If the values of the environmental variable can be ordered from the least to the most

detrimental effect upon efficiency, then the approach of Banker and Morey (1986a) can be

followed. In this approach, the efficiency of the i-th firm is compared with those firms in the

sample that have a value ofthe environmental variable that is less than or equal to that ofthe

i-thûlm.

b) If there is no natu¡al ordering of the environmental variable, for example, public versus

private ownership, then one can use a method proposed by Chames, Cooper and Rodes

(1981), which involves three stages:

Divide the sample into public/private sub-samples and solve DEA for each sub-

sample;

Project all observed data points onto their respective frontiers; and

r0 This is the total length ofthe routes havelled by the transit systems.



o Solve a single DEA using the projected points and assess any difference in the mean

effciency of the two sub-samples.

The problem with (a) and (b) is that the comparison set can be greatly reduced, resulting in many

firms being found to be efficient and thus reducing the discriminating power of the analysis. It is

also important to note that only one envhonmental variable can be considered by these methods.

Method (b) has the additional problem that it requires that the environmental variable be a

categorical variable, while method (a) suffers from the problem that it requires that the direction

of infuence ofthe envi¡onmental variable upon efficiency be known a priori.

c) A third method is to include the environmental variable(s) directly into the DEA linear

progamming formulation. The environmental variable(s) may be included either as input,

output, or as a neutral variable, and may be assumed to be discretionary (under the control of

the manager) or not. These different possibilities can be classified into th¡ee cases as:

Non-discretionary, neutral variqble. If one is uncertain as to the impact of the

environmental variables, then these variables can be included in the linear

programming problem in an equality form. Note, however, that this restriction can

greatly reduce the reference set and hence inflate the efficiency scores. Also, in some

cases it may be unacceptable to compare the i-th firm with another firm that has a

more favourable environment.

Discretionary input. The envi¡onmental variables can be included as discretionary

inputs. This approach treats the environmental variables as regular inputs. One
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disadvantage is that the method requires that the di¡ection of the influence of the

envi¡onmental va¡iable be known in advance, which is not always the case.

o Non-discretionary input. When the environmental variables are included as non-

discretionary inputs, the t-th firm is compared with a theoretical firm that has an

envi¡onment that is no better than that ofthe i-th firm.

Two drawbacks of method (c) need to be noted. The environmental variables must be

continuous. They cannot be categorical vadables. If there are categorical environmental

variables, then the more complicated mixed integer linear programming models, suggested by

Banker and Morey (1986b), can be used. Another issue is that one must decide a priori whether

the envi¡onmental variable has a positive or negative infuence upon efficiency. In many cases,

we rnay not know what the direction of the influence is likely to be. We may, in fact, wish to

determine the direction ofthis i¡.fluence. In this case, a two-stage procedt¡z could be used.

The two-stage method involves solving a DEA problem in the fust-stage analysis, which

involves only the traditional (or conventional) inputs and outputs. In the second-stage, the

efficiency scores from the first stage are regressed on the environmental variables. The sign of

the coefficients of the environmental variables indicate the direction of the influence, and

standard hypothesis tests can be used to assess the strength ofthe relationship. The advantages of

the two-stage method include the following:

It can accommodate more than one variable;

It can accommodate both categorical and continuous variables;
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It does not make prior assumptions regarding the direction ofthe influence ofthe categorical

variables; and

It is easy to calculate, simple and therefore transparent.

One disadvantage of the two-stage method is that if the variables used in the fir.st-stage are

highly conelated with the second-stage variables, then the results are likely to be biased. Another

issue is that the method only considers radial inefficiencyll and ignores the slacks. Fried,

Schmidt and Yaisawamg (1995) suggest a four-stage approach that includes estimating a

seemingly unrelated regression (SUR) system ofequations for the slacks.

It should be noted, however, that in most cases a significant proportion of the efficiency scores

are equal to one, and that the OLS regression could predict scores greater than one. The Tobít

regression (due to James Tobirl 1958) is used in the second stage of the anaþis. It should be

noted, however, that in most cases a significant proportion of the efficiency scores are equal to

one, and that the OLS tegression could predict scores greater than one. The Tobit regression is

used in this case since it can account for censored data. A simple form ofthe tobit model is

vi =x,(þ)+u,,

v,=v: fvi>0;
v, =o tf y: <0.

u, - NID(0,T2)

where B is a vector of estimated parameters, yt is the limited dependent variable, x' is a vector of

independent variables, and ut is a randorn, normaily and independently distributed error term. y*t

" Radial inefficiency is the inefficiency of a DMU measu¡ed along a "ray" from the origin to the efficient fiontier.
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is a latent variable that is observed only when it is positive. When the latent variable is negative,

zero is observed instead. The tobit formulation is appropriate since the DEA scores fall between

0 and 1, making it a limited dependent variable. The tobit model is usualiy estimated by

maximum likelihood. Given the foregoing discussior¡ this study adopts the two-stage regression

process with tobit to incorporate environmental variables in the analysis.

3.8 Environmental Variables for the Tobit Regression

Table 3.2 presents the environmental variables that are included in the tobit regression analysis

based on the microeconomic foundations of urban transit production. The following sections

explain how the environmental variables might affect transits' technical efficiency.

Table 3.2 Environmental variables for the tobít regression

Time

Peak to base ratio

Average operational speed

Average fleet age

3.8,1 Average operational speed

The average operational speed is used as a proxy for congestion costs. With roads, as long as the

number of vehicles per kilometre is low, each vehicle can travel at the maximum speed permitted

by traffic laws or safety considerations. However, beyond some level, as the number of vehicles

per kilometre increases, speed decreases and travel time per kilometre increases, since it is not

safe or even possible to maintain the same speed as the distance between vehicles is reduced.

Besides, vehicle operating costs and the risk of accidents may increase. As a result, travel cost
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per kilometre, which consists ofthe value oftravel time, the vehicle operating cost, and the value

of the expected losses due to accidents, increases as the density ofvehicles increases. Eventuall¡

as the densþ ofvehicles reaches a high level, this further reduces speed so much that the flow of

vehicles per hour actually decreases.

The congestion costs are explained using the marginal social cost concept. The marginal social

cost of an extra trip consists of the average variable social cost per kïometre bome by the

vehicle taking the extra trip, and the marginal congestion costs bome by all other road users

combined when the number ofvehicle trips increases by one.

If the govemment does not charge for use of transportation facilities when the¡e is congestior¡

then facilities will be used inefficiently. If they do not pay for the marginal congestion costs they

impose on others, users will not bear the full marginal social cost of their trips. Consequently,

some people would take trips that they value at less than marginal social cost. The source ofthe

problem is that in deciding whether to use the road people ignore the marginal congestion costs

imposed on others. They compare the value ofthe trip to the cost that they bear personally rather

than to the marginal social cost. We may thus hypothesize that higher congestion costs reduce

transit speed, increase transit service production costs, and hence increase transit inefficiency.

An urban transit system with higher average speeds is one where buses stop less often, either

tlrough lack of demand or by route design. Less stop and go travel increases output and often

reduces maintenance requirements as well. Gathon (1989) in his study of European urban transit

systems found statistically significant positive correlation bet\ryeen the degree of efficiency and
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average operational speed. Nolan (1996) also found a significant and positive correlation

between average speed and technical efficiency. Thus higher average speeds should correlate

with higher levels oftechnical efficiency, and vice versa.

3.8.2 Subsidy

Another variable to be included in the two-stage regression is the amount of subsidy received by

the transit systems. The Economic rational for urban transit subsidy is economies of scaler2 in

transit service production. The long n¡n average social cost per trip by mass transit declines as

the number oftrips per hour increases. This is explained by tbree reasons,

First, in the case of commuter railways, rail rapid transit, and other systeÍìs that use separate

rights-of-way, an increase in the number of trips per hour often does not require an expansion of

rights-oÊway. Consequently, as the number of trips per hour increases, the cost per trþ of

providing rights-of-way decreases. Second, as the number of vehicle trips per hour increases

there might be an increase in the average size of transit vehicles or the average length of vehicle

trains and hence a reduction in vehicle operating expeniies (particularly, wages of drivers) per

passenger trip. Third, in the case of most mass transit systems, in the long run an increase in

ridership per hour would be accompanied by an increase in number of vehicle hours, and

frequency or density of service and hence a reduction in waiting or walking time per trþ for

users.

l2 Other reasons for providing subsidies to urban hansportation include, among others, income distribution effects,
"one-shot stimulant", greåter transit efficiency can be achieved by granting "countervailing subsidies", subsidies
intended to influence the urban planning process, and subsidies may be required to maìntain the tax revenue base of
cities.



It follows from these economies of scale that the long run average social cost curve for mass

transit trips would be negatively sloped, and the long run marginal social cost curve would lie

below the long run average social cost curve. If there are economies ofscale in mass transit, then

efficient allocation of resources (based on marginal social cost) between mass transit and other

uses can be achieved in the long run only if the transit system is subsidized. Note in passing,

however, that the conditionsr3 for selÊfinancing operation based on marginal social cost, may

not exist in the transit industry.

These conditions must be fulflled for self-financing of transit systems. First, the use of the

facility should not impose any pollution damage or other extemal costs on non-users, Or

altematively, that user charges not reflect this part of marginal social cost. Second, that the

govemment is simultaneously following an efficient policy with regard to investment in the

facility, providing exactly the scale of facility which is justifed by cost-benefit analysis. And

thirdly, the long run average social cost per trip is the same at all volumes of travel per hour. The

relevant long n¡n average social costs include both costs bome by the transportation authority for

such things as rights-oÊway and transit vehicles, and costs borne by users, including the value of

travel and waiting time.

If these conditions hold, the total revenue ûom user charges set on the basis of marginal social

cost would exactly equal the total cost to the transportation authority of providing the facility,

and hence no subsidy would be required, and so pure profit would be made. These conditiors

would rarely hold in practice. Marginal cost pricing would entaü losses for the transit systems,

and hence for efficient transit service production, transit services need to be subsidized.

I3 For detailed discussion ofthe conditions for selÊfi¡ancing operation, see Mohring (1976), Chapters 2 & 3.
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It is worth noting, however, the fact that a case can be made for some form ofsubsidies for urban

transit on efficiency grounds does not imply that existing subsidy programs necessarily

cont¡ibute to efficiency of resource allocation. For exampie, when the goverrnnent subsidizes

capital expenditures by a greater percentage than other costs, it encourages the trânsit system to

adopt an excessively capital-intensive technology. If the subsidy for purchase of new buses is at

a higher rate than the subsidy for maintenance of existing buses, transit systeÍìs \ryill be

encouraged to scrap their old buses too soon in order to avoid maintenance costs. This increases

the average social cost of supplying bus trips.

In additioq the fact that a transit system is receiving a subsidy does not necessarily imply that

the subsidy is being used to reduce the fare to the efficient level. It is possible that the transit

system would choose to use the subsidy to introduce a new route in a low-density suburb where

the demand did not justify the cost of providing service. In this case, the subsidy might bring

about a less efficient allocation of resources. Altematively, the subsidy could go as an economic

rent to the labour union that can extract greater concessions from a regulated public monopoly

with a subsidy, than would be the case in a competitive, private environment.

The argument about economies of scale in transit operations is yet to be settled. Co¡stant retums

to scale on bus systems has been reported by Koshal (1970) and Nelson (1972). Nelson (1972)

argues that the absence of economies of scale in bus operations results fiom the fact that bus

systems have low fixed costs and high variable costs. McDevitt (1976), and Pozdena and

Meriwitz (1978) found economies of scale in their studies. Obeng (1984) found that in the short
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run small bus systems operating less than 50 vehicles have diseconomies of utilization, and those

operating more than 50 vehicles have economies ofutilization.

There is also an argument based on the user economies of scale for transit subsidies. The relevant

user costs are time costs that are ¡elated to the frequency of service. The relevant time costs are

waiting time spent at bus stops, and any other user delays caused by services departing at times

that do not suit users. These costs may increase with slower bus speed as noted eatlier. An

increase in frequency, and thus the scale of operation, will cause these user costs to fall for all

users. The marginal user cost of additional frequency is therefore below average user cost, that

is, there are scale economies in uset costs. As a result, and as in all cases ofeconomies of scale,

efficient pricing at marginal social cost results in a financial deficit and a need for subsidy.

Tisato (1997) in his study of bus subsidy in Adelaide concludes that current subsidies are

signiñcantly higher than can be justified on user economies ofscale grounds.

Studies of subsidy impacts conclude that dfuect benefits to transit ride¡s have been small relative

to the increase in subsidy, and that the alleged environmental and secondary economic benefits

are negligible or non-existent (Altshuler et al., 1981; Hilton, i974; Hamer, 1976; Webber, 1976).

Puche¡ et al (1983) found that transit subsidies have exacerbated increases in costs. They note

that during periods when subsidies have increased most, productivity has declined and costs have

grown most rapidly. Other modal studies in transportation have found negative coffelation

between technical efficiency and percentage ofcosts covered by subsidy (Oum and Yu, 1994).

On the contrary, Sakano et a/ (1997) found capital subsidies increase partial productivity
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me¿uiures while operating subsidies may reduce them. These effects will also affect total factor

productivity (TFP). AJso, Obeng and Sakano (2000) found capital subsidies increase technical

change while operating subsidies have adverse effects on technical change. It may thus be of

interest to investigate the hypothesis that subsidies to public transit systems contribute to lowe¡

levels of technical efficiency.

In recent years, the awareness of environmental degradation from automobiles may be cited as

justification for subsidies to u¡ban transit systems. Even though there is no microeconomic

foundation basis for this argument, it is of relevance to sustainable economic development. The

private car has a dominant role in passenger transportation in Canad4 and also in most advanced

countries. The Royal Commission (1992) projected that "the car will remain the preferred mode

of transportation and will dominate the public modes."

One problem with the dominant use of the car is damage to the environment in the form of

pollution. Transpofiation contributes to about 40 percent of Canada's non-natural emissions of

volatüe organic compounds (VOCs) and 60 percent of its nitrogen oxides (NO*) @oyal

Commission, 1992). Although lowJevel ozone breaks down over a period of hours or days,

concentrations can build up where industrial and transportation emissions of NO* and VOCs are

greatest. Transportation is a major source of greenhouse gases, notabl¡ carbon dioxide (CO)

and chlorofluorocarbons (CFCs). Unlike NO,., VOCs, and carbon monoxide (CO), which can be

controlled by exhaust- treatment techniques, COz varies directly with the amount of fuel use. In

fact, COz can last in the atmosphere for as long as 200 years and it accumulates. Table 3.3 gives

an overview ofthe emissions fiom the various modes of transportation.
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Table 3.3 Estimated emissions per passeng€r-kilometre (g/pass-km)

MODE CQz Nox vocs

BUS 51.7 u.500 - 0.E60 U.U /U - U,IUU

TRAIN l1ó.9 ¿.JOl - ¿.Jót 0.115 - 0.323

CAR t25.5 0.659 - 0.819 0.829 - 1.019

PLANE 274.9 0.17s - 0.676 0.1t6 - |.144

FERRY 603.0 u.o /z - u.ðð u.ub/ - u.uö9

Source: Royal Commission on National Passenger Transportation (1992), p.196.

Table 3.3 shows that buses emit relatively less carbon dioxide compared to the other modes of

transportation, in passenger-kilometre terms.l4 It does seem to offer a social benefit in the form

ofan avoided environmental cost. Thus, subsidies to the urban transit systems, other things being

equal, will reduce their costs, fares, and increase ridership. The increased use of the buses will

generally contribute to pollution reduction from automobile use.

3,8.3 Peak to base ratio

A common feature of urban transportation is the large variation in the level of travel and extent

of congestion between different hours of the day. A typical metropolitan transit system canies

two-thirds of its passengers during the brief, peak periods. This is reflected in the service

schedule of the buses in service between eight and nine in the moming, for a typical systenì, half

are idle at noon. This implies that not all bus drivers can receive unintemrpted eight-hour

assignments (sn'aight runs). To meet peak demand, some drivers are assigned split runs - a

ra These numbers are based on some assumed load factor. It has been observed that a bus with less than 8 passengers
is worse than an automobile on a per passenger basis,
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combined moming and evening rur1 separated by a long midday break. The peaking is a result of

the importance ofwork trips in urban travel and the standard hours ofemployment.

Since split runs may be undesirable, drivers may be awarded premium pay as an incentive to stay

on the job. In additiorL drivers generally are guranteed a minimum eight hours' pay daily. Split

runs usually involve less than eight hours of driving time, and the combination of premium and

guarantee payments can amount to a substantial sum. Thus split runs aie more costly per hour of

service than straight runs.

A solution to the peak-load problem may be the use of part-time drivers. Unions have steadfastly

opposed the use of parttime labour in the United States (Chomitz and Lave (19S). The

introduction of a class of drivers who receive neither a premium for a split n¡n nor a minimum

daily guarantee will be a precedent that will undermine the full+ime drivers' hard-won work

rules. In reactior¡ unions have pressed for mor€ stringent work rules, which would effectively

result in higher premium payments. In fact, we may reach a similar conclusion in Canada.

Between 1990 and 1996, public trarsit employed on average 39,000 persons with about 60%

representing full-time workers (i.e., operators), which is to be expected given that the industry is

heavily unionized.rs Over all classes of wo¡kers and administrative staff, only about four percent

were part-time for the same period (Transporl Carnda, 1999, p.95). An alternative solution will

be the use of extra smaller buses to meet the same level of demand. This reduces bus costs in

terms of fuel and maintenance requirements, though the number ofoperators may increase.

!5 The behaviour ofthe unionized workers here is analogou s to lhe insider-outsider theory that explains downward
wage inflexibility during periods ofrecession in macroeconomic theory.



The number of peak vehicles required gives a dimension of the transit system in terms of the

rolling stock required. The higher the peak to base ratio, the more likely it is that a transit system

has dificulty utilizing its total fleet efficiently. For a given set of spread rules, increased peak to

base ratio (or inter-peak time) increases the proportion of runs subject to spread premiunl and

inøeases the proportion of trippers that cannot be incorporated into regular runs. Chomitz and

Lave (1984) found that peaking is inversely related to efficiency, for all work rule combinations.

Nolan (1996) also found the peak to base ratio signilcant and negatively correlated with

technical efficiency.

On the contrary, high peak-loads may increase technical effciency. This is because output is

higher relative to inputs for peak-load service. Sub-optimal scale may affect both peak-loads and

efficiency. For instance, when ridership declines under increasing returns to scale, transit

systems cut non-peak routes more than peak routes. In fact, the oflpeak services are more costly

relative to the peak services. This is because output is less while inputs may not decrease

substaatially during the off-peak period. Thus, the impact of peaking on transit technical

efficiency is an empirical question. It is therefore of interest to assess the impact of peaking on

transit systerns' technical efficiency.

3.8,4 Average fleet age

Another variable that could impact transit efficiency is the age of the transit fleet. The¡e are

industry standards for replacement age that range from eight to 20 years (Armour, 1980). Rust

(1987) found that on average, bus engines were replaced after five years with over 200,000

elapsed miles. Perhaps this is because the accounting system, maintenance polic¡ labour rates,



peak to off-peak ratio, tramc, road, and climatic conditions ofan area are all unique to the tralìsit

property and each has an effect on the optimum replacement schedule.

Replacement theory deals with the optimal Life of capital equipment. Optimal life could be

defined as the period between the time the equþment enters service and the time when it should

be replaced for economic reasons. Generall¡ the operating cost ofa piece of capital equþment

rises as its condition deteriorates over time. The deterioration of a piece of equipment is the

increase in real resource cost per unit of output as the machine ages, As a machine ages, it may

yield less output, and may absorb more inputs of materials, Iabour, maintenance, etc., while

maintaining or nearly maintaining the original level of output. When the cost reaches a certain

level, the long-run cost associated with investing in a new piece of equipment becomes less than

that of keeping the old equipment. At that point, replacement is necessary.

Jorgenson et al (1970) adopted the simplifying assumption that replacement investment is a

constant proportion of the capital stock. Feldstein and Rothschild (1974), however, have shown

that a constant growth rate of the capital stock is not only contrary to fact, but also makes a

theory of investment unnecessary. They argue that even if output growth were exponential, the

replacement ¡ate would alter because of changes in the tax laws, the interest rate, and the nature

oftechnical progress.

For transit systems, we may argue that a constant replacement rate would be unnecessary. The

economic efficiency of the transit fleet can be improved by adding new buses when the marginal

benefit of adding buses is greater than the marginal cost of these new buses. Optimal
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replacement does not necessarily imply maintaining a constant fleet size in the transit sector. As

noted earlier, an important feature of the urban transit systems is the issue of peaking in transit

demand. The peaking of demand for transit services causes buses to be assigned a range of

output from service all day to service only in the peak period. Hence optimum utilization must

include some operation at lo\¡/er outputs, if only to handle the peak demand. Given the peak-load

probler4 one would expect that buses bought at the same period might not necessadly b€

replaced at the same time. Thus the transit fleet would normally comprise both new and old

buses at each point in time.

Fleet age is assumed to impact technical efficiency. General belief in the industry is that the

older the bus, the more likely it is to be out of service. Technical efficiency measures eliminate

any direct cost bias against agencies with older fleets, but olde¡ fleets tax maintenance capability

more than newer fleets. A bus series may be considered for early replacement if it becomes

unusually costly to repair or when significant components become obsolete. In other words,

older buses are likely to indicate decreased efficiency. Nolan (1996), and Sakano and Obeng

(1995) both found older fleets to be less productive for given levels of fuel, capital, and labour

inputs as expected. Their findings imply that transit systems could improve efficiency by using

newer buses.

3.8,5 Time trend

A time trend term is included in the two-stage regression to account for any growth in efficiency

that is not captured by the other factors. The time trend variable is intended to assess the overall

improvement of the industry in terms of technological progress and managerial effcienc¡ that
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is, the efficiency improvement common ac¡oss all the transit systems in the sample. Oum and Yu

(1994) found the time trend variable to be positive, and statistically significant, indicating that

the railway industry experienced technological progress during the study period. Nolan (1996)

also found the time trend term to be signilcantly and positively conelated with technical

efficiency. Since some transit systems in the sample undergo changes while others may not, it is

the¡efore an empirical question as to whether or not the time trend variable will be significant.

The next chapter discusses the bootstrap and re-sampling techniques.



CHAPTER 4

THE BOOTSTRÄP DEA ESTIMATOR

4.1 Introduction

The discussion of the data envelopment analysis @EA) method in the previous chapter pointed

out the main drawback as the inability to conduct statistical inference tests on the efficiency

estimator. One way to red¡ess this problem is the use of bootstrap and re-sampling techniques to

construct bias estimates and confidence intervals for the efficiency estimator. This makes it

possible to assess the precision of the estimated efficiency scores from the DEA process. This

chapter explairs how the DEA estimates can be improved using the bootstrap method. The

following is a b¡ief overview of the bootstrap and re-sampling techniques in econometric

analysis.

4.2 The Bootstrap and Re-sampling Methods

The bootstrap is a method for estimating the sampling distributionst of statistics (for example, an

analytic estimate of the standard er¡or of an estimator) that are otherwise difrcult or impossible

to determine. The bootstrap may also be used when the analyst has reason to believe that

asymptotic theory provides a poor guide to the precision ofa particular estimator, and desires an

altemative that may provide a better finite sample approximation. The basic idea behind the

bootstrap is to use re-sampling to estimate an empirical distribution function for the target

statistic. Bootstrapping relies on the analogy between the sample and the population from which

I The sampling distribution of á is the distribution ofthe values of d calculated ftom an infinite number ofrandom
samples ofsize r from a given population.
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the sample was drawn. The basic idea is that it may sometimes be better to draw conclusions

about the characteristics of a population strictly from the sample at hand, rather than by making

unrealistic assumptions about the population. Bootstrapping involves re-sampling the da|a with

replacement many times in order to generate an empirical estimate of the entire sampling

distribution of a statistic. Bootstrapping is a computationally intensive method for making

statistical inference. It may be parametric or non-parametric.

The bootstrap employs large numbers of repetitive computations to estimate a statistic's sampling

distribution. It does not use strong distribution assumptions as in the traditional parametric

method. However, the objectives of both bootstrap and traditional inference are the same. They

both use limited informâtion, estimate the sampling distribution of a statistic, ê , to make

inferences about a population parameter, d. The key difference between these inferential

approaches is how they obtain this sampling distribution. While traditional parametric inference

uses a priori assumptions about the shape of á's distribution, bootstrapping estimates the entire

sampling distribution of d by relying on the analogy between the sample and the population.

The bootstrap involves empirically estimating the entire sampling distribution of â ay

examining the variation of the statistic within the sample. Essentially, what is done is that a

model is estimated by using all combinations of sample size ø* where n* < n. lt is worth noting

that the bootstrap retains the same model structure, for irstance, a bootstrapped linear regression

is still a linear regression model. It is only the inferential foundation that changes with

bootstrapping. The basic bootstrap approach is to treat the sample as if it is the populatior¡ and



apply randomization and replication2 to genente an empirical estimate of the statistic's sampling

distribution. This is achieved by drawing a large number of re-samples of sizp n from the

original sample randonrly with replacemenr. Even though each resample has the same number of

elements as the original sample, through replacement re-sample, each re-sample could have some

of the original data points represented in it more than once, and some not represented at all.

There exists a small probability that the original sample will be replicated in one of the re-

samples. Thus, each ofthese re-samples may be slightly and randomly different &om the originai

sample. Since the elements in these re-samples vary slightly, a statistic, á', calculated fiom one

of these re-samples will likely take on a slightly different value from each of the other á' and

from the original á. The basic assumption of bootstrapping is that a relative frequency

distribution of these á-'s calculated from the re-samples is an estimate of the sampling

distribution of á.

The steps of the generic bootstrapping procedure are as follows (see Efion 1979; Mooney and

Duval 1993). Consider the one-sample case, where a simple random sample of size n is drawn

from an unspecified probability distribution, F, so tl.øt X¡ - ¡,,¿F. ln the general case, the X is the

random component of the model being tested (e.g., the variable in the case of a sample mean

model, or the error term in a regression model), and x is the sample realization of X. The basic

steps in the bootstrap procedrire are as follows:

2 These are elements ofthe Mo nte Carlo method. A Monte Carlo study is a simulation exercise designed to shed

light on the small-sample properties of competing estimators. The general idea behind a Monte Carlo study is to (l)
model the data generating process (DGP); (2) generate sets ofartificial data; (3) employ these data and an estimator
to create several estimates; and (4) use these estimates to gauge the sampling distribution properties of that
estimator.



l. Construct an empirical probability distribution, Ê(.r), from the sample by placing a probabili ty of t/nat

each point, x¡, x¡ ..., ¿,. This is the empirical distribution function (EDF) ofx, which is the non-parametric

maximum likelihood estimate (MLE) ofthe population distribution.

a_
From the EDF, F(x), Oraw a simple random sample of size r with replacement. This is â "resample," xj.

Calculate the statistic ofinterest, á, from this resample, y ieÅing êi.

Repeat steps 2 and 3 B times, where -B is a large number. The practical magnitude ofB depends on the

tests to be run on the data. Typically, B should be 50-200 to estimate the standard error of á, and at least

1,000 to estimate confidence intervals around á lEfron und Tibshirani, 1986).

Construct a probability distribution fiom the a áj's by placing a probabilíty o f iln at each point, êi , â1,

...,ái. rfri, dishibution is the bootshapped estimate of the sarnpling distributio" of d, f-1d'¡.fn;.

distribution can be used to make inferences about á.

The justification for the bootstrap procedrüe rests on the analogies of the sample EDF with the

population distribution function that generated the data, and the random re-sampling mechanism

with the random component of that process. The EDF is the non-parametric MLE of the

unknown distribution F(X). ThaT is, given that we have no other information about the

population, the sample is our single best estimate of that population. We thus treat the sample as

the population and use Monte Carlo sampling to generate a series of re-samples from the original

sample. These re-samples are analogous to a series of independent random samples fuom F@.

The sampling distribution ofa statistic, â, can be estimâted by calculating that statistic for each

of these re-samples. This Monte Carlo procedure can be done directly on the population when

the data generation process (DGP) is knowr¡ but when we have only a sample, we rely upon the

fact that this sample is the non-parametric MLE of the population.

2.

3.

4.



The theoretical justification for the bootstrap rests on the assertions that as the original sample

size increases to infinity, the EDF approaches the PDF. Also, if the orþinal sample sup, n, ß

large enougl¡ as the number of re-samples, B, increases to infnit% Ê-(á-) approaches the

sampling distribution of the original estimator. Under simple random sampling with replacement,

the re-samples will vary randomly fiom the original sample, and the á"s calculated from these

re-samples will likewise vary randomly ûom the orþnal à . Put another way, as a random

variable generated as a function of â , ê' is distributed randonrly in the same *uy a. á . Re-

sampling mimics this random process, and as we get more and more re-samples, the process is

more and more closely approximated.

An important issue with bootstrapping is how large should the original sample size, n, and the

bootsÍap replications, B, be in order to provide satisfactory results? This is an empirical question

that depends on the statistics to be estimated and the accuracy desired. The size of.B is merely a

computational concem because, with a looping algorithr& it is strictly a flrnction of program

running time. The improvement of f'çê'¡ as an estimator of F(õ is slight for .B > 1,000, in

most cases (Efion and Tibshirani, 1986). Sample size is more problematic, however, because it is

a fi¡nction of a project's experimental design. There seems to be some consensus on the quality of

the approxination of F(X) with Ê1x; when r¡ reaches the range of 30 - 50, and when the

sampling procedure is truly random.

Bootstrapping has its problems. One of these is that if the EDF is not a good approximation of

the PDF, a bootstrapped estimate of the sampling distribution of d will be inaccuate. This lack



of congruence between the PDF and the EDF could arise because of a small sample, a biased

sample design, or merely random bad luck, but replication should reduce "bad luck" to a

minimum. The second problem that can arise from using EDF as an estimate of the PDF is that

whereas the latter is a continuous function fo¡ a continuous variable, the EDF is always a discrete

function. Thus, whle the PDF is a smooth function, the EDF has a stair-step appearance. As the

sample size increases, the "steps" in the EDF get closer and closer together, and the function gets

smoother and smoother, but it remairs discrete.

The effect of this phenomenon on bootstrapping in practice is that in between the steps of the

EDF are values ofthe PDF that can¡rot be included in the analysis. Ifthose values included in the

PDF and left out of the EDF are evenly and randomly distributed, this should not affect the

accrracy of the results. However, if this is not the case, for instance, with a small or biased

sample, the accuracy of the bootstrap could suffe¡. It is in such cases that havng prior

knowledge (that is, being able to make parametric assumptions) about the variables and

estimators is very helpful. There is some discussion in the bootstrap literature that the application

of smoothing processes to the EDF would help fi[ in the gaps in a useful way (Silverman and

Young, 1987). Another re-sampling technique that closely resembles bootstrapping is the

jack:knife (see Mooney and Duval, 1993, for details).

Bias estimation

We can make inferences about g by estimating the sampling distribution of d . The two common

ways to make inferences are to estimate the bias of á, and to develop conÍdence intervals



around á givel e . The bias ofan estimator of d is the difference between the expected value of

that estlnator and the true value ofthe parameter:

Bias(ô¡= e - EG)'

The bootstrapped sampling distribution f'@'¡, 
"*, 

be used to assess the bias of d. Although

É'tA'l i. itself not a completely unbiased estimate of F(ù, a good approximation of the bias of

á ir th" dife¡ence between the expected value of the bootstrapped sampling distribution and á

(Efron, 1982):

E s t im a te[B i a s (â)j = ê - ê;.r, where ei., =\ê, t n.

That is, a bootstrapped estimate of the bias of d is simply the difference between the anal¡ic

point estimator and bootstrapped point estimate ofthat parameter, which is the average of the B

á' 's from the re-samples.

Bootstrap conlidence intervals

The development of conÍdence intervals around population parameters (and the parallel tests of

hypotheses) is the most conìmon method of using an estimate of a statistic's sampling

distribution to make inferences. A aJevel confidence interval is defined as those values of â an

analyst feels [(1-ø) x 100]% certain will include the true value of d, given the variabiïty in the

sample and the shape of á's sampling distribution. It is the shape of f le¡ that is crucial here.

The traditional parametric confidence intervals begin with an assumption about the shape of

f1ê), for example, that it is normal or Student's r shaped. The parameters of this assumed



distribution are then estimated analytically from the sample, yielding an implicit estimate of

F@) . The a /2 and the | - a /2 percentile points in this distribution are selected as the upper and

lower endpoints of ø -level conÍdence interval around á. The traditional interpretation of this

confidence interval is that it contains most of the values of e thaÍ could have generated the

random sample of size r, given the data at hand.

Consider, as example, a a: 0,05%o level confidence interval around a population mean, 4. The

sample mean, X, is typically assumed to be normally distributed around p for z > 30. The

standard normal (z) or Student's r table can give us the probability of randonrly drawing a sample

yielding an .l, that lies a given number of standard deviations away from the expected value of

X's sampling distribution, which is p because X is an unbiased estimator. We can select the

endpoints of a -level confidence interval around p (the population mean) by converting the z

(the standard normal) score conesponding to our acceptable level of risk of Type I 
"rrof 

by

multiplying it by the standard deviation of that mean in the familiar way:

p(X - z",ror< p < F + zo,,or) =l-a.

The resulting confidence interval can be interpreted as the values we cær tre [(l - a) x 100]%

certain include the true value of 0, given our sample and given that our assumption about the

shape of the sampling distribution of á is cor¡ect. This assumption regarding the shape of the

sampling distribution of ê may not be correct. In such cases, the traditional methods fail, and the

bootstrap become useful.

3 Type I error is the probability ofrejecting the null hypothesis (designated as c, the Ievel ofsignificance) when it is
true, and a T¡pe II error is the probability ofac€€pting tho null hypothesis (designated as p, and l-p is the power of
the test) when it is false.
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There are several techniques for constructing bootstrap confdence intervals. The four most

general and practical for the social scientist are the normal approximation method; the percentile

method; the bias-corrected percentile (BC) method; and the percentile-f method (Mooney and

Duval, 1993).4 These are briefly discussed below.

The normal approximation method is analogous to the parametric approach to constructing

confidence intervals. When it is plausible to assume a statistic is normally distributed, but no

analytic standard error formula eústs for it, the bootstrapped sampling distribution can be used

to estimate that standard error. This estimation is a straightforward application ofthe notion that

the á"s a¡e random variables distributed as á :

aJ =(Zv; -e;,y)4n-r¡l'', where âi, =lêi r n.

Eûon (1981b) shows that as B -> ø, ôu -+ ôu, but little improvement in the approximation

occurs as -B exceeds 50 - 200 (Efron and Tibshirani, 1986). Just as in the traditional parametric

c¿ìse, we identi$ the points on the z or Student's ¡ distribution associated with a/2 and 1 -a12.

We then use the bootstrapped standard enor, ôu, to trarsform these z and f scores into the met¡ic

ofthe sample, by irserting it into the traditional confidence inte¡val formula:

p(0 - z",rô u < 0 < â + 
"",rôu) =l- a.

When the assumption of normality for á is justified, these confidence intervals may in fact be

more accurate than those developed without this parametric restriction.

4 Hatt lte8Sb¡ discusses three other methods: the Acc€lerated BC method; the Hybrid method; and the "shortest"
confidence intewal method,



The percentile method assumes the fact that F'(á-) approximates F(á). The basic approach is

simple: A ø -level confdence interval includes all the values of á- between lhe a/2 utð 1 -a/2

percentiles of the Ê'1á'¡ Oistribution (Efron, 1982). That is, the endpoints of a 0.05 a Jevel

conûdence interval for d would be the values of â' atthe 2.5ú and 97.5ú percentile of Ê'çâ'¡.

A sorted vector of á-'s aliows for the easy development of such a con-fidence interval. Given

that B : 1 ,000, and if we want 95% confidence interval, we simply pick I / 2lâ' QÐ + e' Q6)l as

the lower limit of our confdence interval and 1/4e'e7Ð+e-(976)l as the upper limit. The

percentile method frees the researcher from the parametric assumption ofboth the traditional and

normal approximation techniques.

The Bias-corrected or BC method aims to overcome the restriction of assuming unbiasedness

ør ¡"(A-).Instead ofrequiring that á' -e,and e-e A"centred on zero (that is, that e'and e

are unbiased esthnators of 0 and d, respectively), the BC method assumes that these quantities

are distributed around a constant, zoo, where o is the standard deviation of the respective

distribution. This zo is a biasing constant for which we need to adjust the bootstrapped

distribution of á .

To accomplish this adjustment, we assume that there exists some monotonic transformation of á

and 0 , say þ and ç, respectively, whose differences are normally distributed and centered on

zoo:

ô -p - N(zoo,o2), and þ' -þ - N(zoo,oz).



The quantity Ø - p is therefore a normal pivotal quantity with the same distribution under F'(á)

an¿ Ê. ê'). An important aspect of this device in the BC method is that because the

bootstrapped distribution F'tá'l ir invariant to transformation, we do not need to know the

speciûc transformation functior¡ only that such a function exists. By assuming the possibility of

a normal distribution of this sort, we can calculate the value of zo using the cumulative normal

distribution. Once we have estimated this constant, we merely have to adjust f ' G') ø

compensate for it.

The process of developing a BC confidence interval involves two steps: calculating zo and then

using zo to adjust the bootstrapped sampling distribution. First, zo is the z value that

conesponds to the proportion of á"s that are less than or equal to ê, the original point

estimator:

z, =a'þrçe. <e¡l

where (Þ = the cumulative distribution ñrnction for the standard normal variable. The endpoints

of the BC interval are found by adjusting the percentile values of â' ay ttt" use of zo (Eton,

1982):

Lower BC endpoint = the value of â. at the f{A1Z"o + z",r¡}xl00lpercentile

Upper BC endpoint = the vaiue of d- at the f{A12zo + zr-",r!}xl\Tfpercentile

That is, we add twice the value of zo to the z value associated with the nomnal a/2 level for

each end of the confidence interval. We then find the probability associated with the adjusted z



value from a standard normal table. The value of â' at the percentile value corresponding to this

adjusted e value is the BC confidence interval endpoint.

The BC method thus adjusts the bootstrapped sampling distribution to center on the point

estimator, e . ffthe distribution is already centered on this value, no adjustment is needed and the

BC method endpoints will be the same as the percentile method endpoints. That is, if

prê' <õ= 0.5, then zo = or1g.5¡ = g, so Q(2zo+2.,r)--a/2. If, however,

prþ' < õ + 0.5 , that is, if the bootstrapped sampling distribution is not centered on á, the BC

endpoints will be corrected for this bias.

The percentile-t method is an aftempt to corect for the bias in a statistic that has a skewed

sampling distribution, which the percentile and BC methods do not redress.

The percentile-r method transforms á- into a standardized variable, t.:

ú =@; -Øtôô.

The l-'s are distributed * á, but on a standardized scale. This standardized bootstrap

distribution of the estimator is used to develop the critical points in the sampling distribution of

e ^ u *uy completely analogous to the use of the Student's ¡ distributions in parametric

inference. In the percentile-t method, we determine the a/2 and l-alZ percentile values of /'

and develop a confidence interval around d as foliows:

p(o - ti,rô u < e < e + ti-",rô ) = 1- ø ,



using ôd calculated from the original sample, whether anal¡ically or through bootstrapping.

Table 4.1 summarizes the advantages and the disadvantages of the confidence interval methods

discussed above.

Table 4.1 Comparison ofBootstrsp confidence interryal methods

Method Advantages

Nornal approximation similar to the familiar paÌamefiic fails to use the entir 
"Ê- @\;

approach; useful with a normally requires parametric assumption

distributed á; requires the least about F(á)

crmputation (8 = 50 - 200)

Percentile uses entire É'(d') ; attows F(á) small samples may result in

to be asymmetrical; invariant to low accuracy; assumes

transformation ,Ê'(á- ) to be unbiaseo

BC all ofthos€ ofthe percentile re4uires a limited parâmehic

method; allows for Uias in É- (d- ) ; assumption

Percenlilel

ao can be calculated easily from

Ê'<ê't

highly accurate cnnfidence not invariant to

interval in many cases; transformation;

handles skewed F(á) better computationally expensive

than the percentile method with the double bootshap

Sotrce: Mooney and Duval, 1993, Table2.2, p. 42,
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To recap, the bootstrap is a tool for developing inferential statistics, that is, confidence intervals

and bias estimators. It is useful in situatiors when no parametric approach exists. Finally, tlvo

situations may reduce the validity ofthe bootstrap. First, the smaller the sample, the less likely it

is that all of the relevant characteristics of the population will be represented. This may be

especially problematic for developing bootstrapped confidence intervals, because they rely

heaviþ on the tails of the estimated sampling distributio4 and it is for these extreme values that

any approximation technique is weakest (Nash, 1981). The second instance in which we might

be less than confdent that the EDF accurately reflects the PDF is when the original data are not

collected using simple random sampling. The next section discusses the application of the

bootstrap methods (bias and conñdence interval) using the DEA method.

4.3 Bootstrapping the DEA Estimator

An important issue in DEA applications is whether a given set of finite sample DEA efficiency

estimates indicate significant technical inefficiencies of the evaluated firms or not. This

information is relevant to managers who wish to focus thei¡ efforts to increase efficiency where

improvements a¡e most needed. The real world applications of DEA estimators offer no guidance

to the statistical inference problem since only point estimates of efficiency are obtained from the

estimators. As weil, the DEA method is non-parametric and hence traditional parametric

inference is impossible. An approach to perform the desired inference is to bootstrap the DEA

estimator. The application of the bootstrap to DEA estimators is rather recent and under

extensive development. It is worth noting that as yet there is no consensus on a single bootstrap

methodology for the DEA estimators. Some papers applying væious bootstrap techniques on



DEA estimators include Gstach (1995), Femier and Hirschberg (1997), Löthgren (1998), and

Simar and Wilson (1998).

The DEA bootstrap algorithm in this study (see Simar and rililsor1 1998, and LöthgrerL 1998) is

based on the DGP model whe¡e the inputs are assumed given by random radial deviations offthe

isoquant of the input set. Formall¡ each input in the sample of input-output observations

x, ={(x,, y ¡; i =t,...,n\, are specified as:

(x,,y,)=çx{ /0,,y,)

where x,{ e IsoqL(y,) is the unobservable frontier input for fum i. The true efficiency measures

are drawn from the same distributior¡ that is, ei - F0, í =1,...,n. This DGP model represents

the idea that, conditioned on the output and the input proportions, the stochastic elements in the

production process are completely represented by the random input efficiency measures,

The main idea in the bootstrap simulation is to mimic the DGP. The procedure for the algorithm

in each resample is as follows. Conditioned on observed output and input proportions, the

resample data are constructed in two steps. First, the frontier inputs are estimated and bootstrap

pseudo-inputs are generated by replicating the DGP in using the estimated frontier inputs and

pseudo effciencies drawn from some estimate of the distribution F, . The algorithm makes use

of a smoothed re-sampling procedure, based on consistency argument (Silverman and Young,

1987). Second, the bootstrapped efficiency estimate is obtained by evaluating the distance from

the original input relative to the bootstrap estimate ofthe frontier.

We discuss the bootstrap algorithm for the study in the following steps:



1. Transform the input-output vectors using the original efficiency estiffates p,,,,i =t,...,n¡

(for an input-based efficiency scores under variable retums to scale) as:

(î!, y,)=7x,.â,,,t,)

Generate smoothed re-sampled pseudo-effciencies yi .ln step 2, a smoothing procedure,

based on a kernel smoothing of the empirical distribution of the original efficiency

estimate, is utilized to generate a smoothed resample of pseudo-efficiencies. The

smoothing procedure is based on the reflection method described by Silverman (1986) as

follows.

Let äi represent the non-smoothed re-sample drawn independently, with replacement,

from the empirical distribution of the original estimates of technical efficiency 14",¡. ttre

smoothing procedure consists of two steps: (i) a small perturbation is added to á,' ; and

(ü) a corection ofthe re-sampled sequence is applied.

First, a perturbation åaj is added to á,-, where å denotes the bandwidth parameter and

ej is drawn i.i.d froma standard normal distribution, to generate the smoothed pseudo-

efficiency ã,- . Ou" to the fact that the efficiency measure is bounded on the unit interval,

the following reflection procedure is used to generate ã,.- :

t

,. _[ai +nei if 6i +hei <t
' lZ- 6i + nai¡ otherwise.



If the realization õi + hei t 1, t- i" set to the symmetric image of õi + hti reflected in

the boundary point, that is, l,' = 2 - (õi + he).

An important issue in the application of the smoothing procedure is the choice of the

bandwidth paramete¡ y'¡. Several approaches to select the bandwidth å are discussed in

Silverman (1986). In this study, we use a simple automatic robust bandwidth selection

rule for univariate data proposed by Silverman (1986):

h = 0.90n-tts minlô ê, Rß /1.34\

where ô, denotes the plug-in standard deviation estimate of the efficiency estimates

p,,¡ ana .rR,, denotes the inter-quartile range of the empirical distribution of {ê,,,} ,

respectively.

The final smoothed re-sampled efficiencies, denoted yi , are obtained by correcting ã,- as

yi = ai +<ã,' -5,'¡rf*ffi
where [. =li_,ai t " is the average of the re-sampled original efficiencies. This

correction guarantees that the re-sampled efficiency (asymptotically) has the same fust

two moments as the original efficiency estimates {á, } .

3. Let the bootstrap pseudo-data be given by



4. Estimate the bootstrap efficiencies using the pseudo-data and the linear program:

ei, =ryt^rQ:- y, +Yl>0, tut - X').r-O,f l, =1, )" e R|.
i=1

where Y=(h,!r,...,!") is a(m xn) matrix of outputs, X =(x,xr,...,x") is a(kxn)

matrix of inputs, X'=(xi,xi,...,xj¡ is a(kxn) matrix of pseudo-inputs, and 1" is anz-

vector of non-negative intensity variables.

5. Repeat steps (2) to (4) B times to create a set of -B firm-specific bootstrapped efficiency

estimates êi,i ,¡=t,..., n b=1,..., B.

Statistical inference using the bootstrap

As noted earlier, the bootstrap allows us to estimate bias and to conduct inference on the DEA

efficiency scores. The bootstrap estimate of the DEA estimator åiøs is given by

tt^; = jfa;¡ -ê,,,

where the first term on the right hand side is the mean ofthe bootstrapped efficiency score, and

the second term is the original efficiency scores.

The simplest and most straightforward method to obtain confidence intervals is the percentile

method. The percentile method is based on the empirical distribution function of bootstrapped

efficiencies eij,t=t,...,B, defined as 4(") =|¿tl/:: <s), for any real value s, where

1(.) denotes the standard indicator function (Eûon and Tibshirani, 1993). A (1 - 2ø) (equal-tail)

confidence interval for the true technical efficiency 0 for the i'l' firm is given by



1êløt , þ'o*t¡,

where eijÐ is the ø th quantile of i , that is, ô;;"t = È," 1a¡ . The quantiles of i are given by

the [(-B+l)ø]th and the [(.8+1)(1-a)]th o¡dered values ot âi,i ,U =1,.."8, respectively, where

[r] denotes the integer part of any real value r.

As indicated earlier, the DEA estimators are biased in small samples. Simar and Wilson (1998)

present a simple and direct approach to bias conect the percentile intervals above using a simple

additive bias correction.

The bias-correcfed firm-specific (1-2a) (equal-tail) conÍdence intervals are simply obtained by

shifting the bounds in the intervals above by the factor 2.biasi as

@::Ð - 2.ûias:, o::"Ð - z.niasi ¡.

Simar and Wilson (1998) motivate the correction of 2.ûiasi by the fact that this correction

centers the empirical bootstrap distribution on the bias-corrected estimate ã,,, = ê,, -tøti . W"

use the above bootstrap algorithm to estimate bootstrap DEA efficiency scores for our sample

trânsit systerns. As welt bias in the original efficiency scores and bias-corrected con-fidence

intervals are estimated for the transit systems in the next chapter.



CHAPTER 5

DATA, ESTIMATION, AND ANALYSES

5.1 Introduction

This chapter presents the results of our estimation of the efficiency scores in the Canadian urban

transit systems. Filst, a brief description ofthe data, its sources, and the definition ofthe variables

used in the study are provided. Second, an anaþis of the ordinary DEA efficiency scores is

discussed. The results of the bootstrap estimations are then discussed. Finally, we discuss the

results ofthe tobit regression ofthe sources oftechnical efficiency change in the transit sector.

5.2 Data Used in the Study

This section presents the data used in this study. The main source of data for the study is the

Canadian Urban Transit Association's (CUTA) publication Canadian n.ansit Fact Book:

Operating Data. The study period is from 1990 to 1998. Arurual data are used in the analysis. The

sample consists of 30 transit systems selected from different provinces in Canada. The sample

consist of transit systems operating conventional buses, hence specialized transit systems and rail

transit systerns are excluded. The DEA technique assumes homogeneity of the decision-making

units. The study period and the sample of transit systems included in the study are determined by

the availability of data. Some data points were missing from the publication, and the author

contacted the selected systems directly to fill these gaps. For confidentialit¡ the transit systems

are not revealed in this study. The variable definitions are those used by CUTA.
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5.3 Conventional Inputs and Outputs

From the discussion in chapter three, the following va¡iables are used in this study. Three

conventional inputs (labour, fleet size, and fuel) and two outputs (revenue vehicle kilometres and

revenue vehicle hours) were used in the analysis. These are defined briefly as follows:

Labour: This is the total annual paid hours for all full-time and part-time employees including

hours of overtime, allowances, premiums, vacation and other paid time off we did not use the

number of employees as our measute of labour input. Most of the transit systenìs use part-time

labour (though the percentage is very small) and no information exists to convert the part-time

labour into full-time labour. Using the hours of paid employment resolves this conversion

problem.

Revenue vehicle kilometres: This is the an¡rual kilometres travelled by active revenue vehicles

(buses, railcars, etc) in regular passenger revenue seryice. This includes scheduled and non-

scheduled service, and does not include auxiliary passenger services (e.g., school contracts,

charters, cross-boundary services to adjacent municipalities), deadheading, training, road tests, or

maintenance.

Fuel: This is the number of litres of ñ¡el consumed by vehicles. This includes diesel and gasoline,

though diesel dominates the sample. Five of the transit systems used natural gas (measured in

cubic-metres) between 1996 and 1998, but these were ignored because we could not aggregate



the litres and cubic-metres to arrive at a single measure of fuel consumed,r Some of the transit

systems in the sample had no data on fuel consumed from 1990 to 1995. Fortunately, they had

reported expenditures on fueVenergy consumed by vehicles. We divided the expenses on

fueVenergy by the average annual fi¡el (diesel) prices for the period to obtain an estimate of fuel

consumed. The fuel prices were adjusted for provincial fuel taxes2 because the transit systems do

not pay these taxes.

Revenue vehicle hours: This is the annual vehicle-hours operated by revenue vehicles (buses,

railcars, etc.) in regular passenger revenue service. This includes scheduled and non-scheduled

service, and does not include auxiliary passenger services (e.g., school contracts, charters, cross-

boundary services to adjacent municþalities), deadheading, training, road tests, or maintenance.

Fleet size: This is the number of active vehicles. These are revenue vehicles owned and leased

that were actively used or available for use in revenue service, including spares for non-scheduled

trþs or regular maintenance, and vehicles wrdergoing extended maintenance or rebuilding (not

available for service at the time but available later). The fleet size varies between 10 and 900

buses. Table 5.1 presents the statistical overview ofthe conventional inputs and outputs used in

the analysis.

A brief descrþtion of trends in the data follows. Average labour hours have fluctuated over the

study period, reaching a peak in 1991 (624,193.2 hours), and gradually declining to a low of

I lt is worth noting that the aggregation could be accomplished by using BTU.

'? The fuel (diesel) prices are fiom Statistics Canada CÀnslfra Sèries 1iabelql3225). P¡ovincial fuel (diesel) taxes
are from Statistics Canada CANSIM Series (Label I3325).
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Table 5.1 Descriptive statistics ofthe Input and Output Data (30 Transit systems, 1990-1998)

Year Lab (hours) Fuel (lihes) Fleet size Rev veh kms Rev veh hrs

1990 Mean

Std. Dev.

l99l Mean

Std. Dev.

1992 Mean

Std. Dev.

1993 Mean

Std. Dev.

1994 Mean

Std. Dev.

1995 Mean

Std. Dev.

1996 Mean

Std, Dev.

1997 Mean

Std. Dev.

1998 Mean

Std. Dev.

617,694

949,784

624,193

986,1l9

620,7 n

974,083

595,325

900,440

596,145

901,180

604,5'13

907,557

581,308

854,308

577,858

856,857

573,168

835,638

3,773,987

6,022,73'l

3,741,311

6,009,943

3,886,420

6,207,223

3,877 ,481

6,t34,137

3,8t4,760

6,036,663

3,642,225

6,008,540

3,590,197

5,516,861

3,681,73r

5,790,658

3,554,780

5,676,943

120

170

122

173

121

t75

119

t74

117

171

115

168

115

t67

ll5

169

ll8

t't4

6,056,21r

8,782,586

6,099,905

8,874,544

6,092,891

8,913,458

s,861,577

I,197,693

5,707,576

8,078,585

s,839,286

8,473,478

5,568,855

7,634,329

5,666,226

7,999,933

s,653,178

I,t7l,317

291,082

397,184

292,890

399,016

289,605

393,975

283,387

380,018

275,467

372,000

276,847

372,521

264,513

343,863

265,ttt

3 51,817

265,t56

353,871

Note: Figwes are rounded to the nearest whole number.

573'167.5 hours in 1998. This trend is reflected in the employrnent numbers for the transit

systems as discussed in chapter two. Employment peaked n 1993 at 41,800 workers, and has

been declining over the years.
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The average active fleet size has varied between 121 n 1991, and 114 from 1995 to 1997. The

decline in the average fleet size may be indicative ofthe decline in ridership. Since the mid-1980s,

the patronage of transit systems has declined by 1 1 percent or 1 . 1 percent annualþ. The fall in the

active fleet size also reflects the decline in labour hours because operators form about 60 percent

ofthe labour force ofthe transit systems.

Since 1992, the amount of fuel consumed has a downward trend, reflecting the decline in output

(that is, revenue vehicle kilometres) over the sample period. As indicated in chapter two, the

average yearly distance travelled by all revenue vehicles in urban transit operations declined in the

1990s. The revenue vehicle kilometres have declined over the period after reaching a peak in

1991' The revenue vehicle hours also mimics the pattern of revenue vehicle kilometres. This

reinforces the decline in ridership during the same period, Again, as indicated in chapter two, the

number ofpassengers per 100 vehicle-kilometres has steadily declined fiom a high of2 44 n lg83

to 169 in 1996.

5,4 Environmental Variables

In addition to the conventional inputs and outputs, the following envi¡onmental variables,

discussed in chapter thnee, are used in the analysis. The environmental variables include:

Average speed: This is simply the total revenue vehicle kilometres divided by the total revenue

vehicle hou¡s.
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Average fleet age: This is the averuge age ofthe active vehicles used by the transit systems.

Peak to base ratio: This is the number ofpeak vehicles divided by the number of base vehicles.

Peak vehicle is the maximum number of revenue vehicles required for the weekday moming and

aftemoon peak period, whichever is greater, including scheduled, non-scheduled and auxilary

services. Base vehicle is the minimum number of revenue vehicles required for the weekday mid-

day period, including scheduled, non-scheduled and auxiliary services.

Subsidy: This is the amount of funds received by the transit systems from the

provinciaVmunicipal govemments. All the transit systems in our sample received some form of

subsidy during the study period. The subsidies received were provinciaVmunicipal operating

contributiorL provinciaVmunicipal capital contribution, and provinciaVmunicipal debt service

contribution. We could not disaggregate the subsidy variable into these three components. This is

because not every transit system received all three forms of subsidy for each year hence we used

the total subsidy fiom all these sources in our analysis.

Time trend: A time trend term is included in the second stage regressions to account for any

growth in efficiency that is not captured by the other variables. Table 5.2 presents a summary of

the environmental variables used in our study.

A brief description of the trends in the data follows. Governmental subsidies have been on a

downward trend between i990 and 1996. However, the last two years saw an increase in

subsidies to the transit systems. The average fleet age has been between 11 and 13 years, This
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Table 5.2 Descriptive statistics ofthe Environmental Variables (30 Transit systems, 1990-199S)

Year Subsidy

(dollars)

Ave fleet

age (ys)

Ave speed (rev veh

km/rev veh hr)

Peak/base ratio

1990 Mean

Std. Dev.

l99l Mean

Std. Dev.

1992 Mean

Std. Dev.

1993 Mean

Std. Dev.

1994 Meân

Std. Dev.

1995 Mean

Std. Dev.

1996 Mean

Std. Dev.

1997 Mean

Std. Dev.

1998 Mean

Std. Dev.

11,440,315

15,447,602

I I,426,759

l7 ,045,053

I1,35ó,575

18,627,847

lt,3l7,384

17,957,457

11,360,928

l7,042,266

lt,r03,231

16,593,806

l0,r 51,303

16,515,565

12,754,897

20,687,280

13,439,932

24,027,002

I1.3

J.J

l t.z

3.5

10.9

3

I1.5

2.9

I1.7

2.8

t2.l

3.4

12.8

J.J

!3,2

3.3

13.5

3.6

20.8

2.4

20.5

20.7

z

2t.t

2.3

2l.l

2.3

21.2

2.4

21.3

2.6

21.5

2.3

21.3

2.5

LZ

1.3

1.2

l1

1.9

0.8

1.8

0.7

t.7

0.6

1.8

0.7

1.8

0.6

1.9

0.7

1.9

0.'1

Note: Subsìdies are in real dollars and rounded to the nearest *fiole number..

range falls within the industry standard of eight to 20 years as discussed in chapter three. Since

the average fleet age falls within the lower band of the industry standatd, the buses are not very

old, and might not adversely affect transit efficiency.
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The average speed has been fairly stable between 20 and 21 küometres per hour during the study

period. Finall¡ the peak to base ratio has an upward trend &om 1.2 n 1990 to 1.9 in 1998. Thus,

the transit systems have experienced high peak-loads, which tend to increase the costs of transit

operation (for instance, higher premium payments), and this might have an adverse impact on

transit efficiency. The empirical estimation examines these assertions.

5.5 Estimation of the DEA Model

There are three key analysis options in DEA, namely, the method of optimization, the assumption

about the nature of returns to scale for DMUs, and weight restrictions on variables.

The optimization mode can either be input minimization or output maximization. This option

refers to the choice of objective fi:nction in the linear program behind DEA. Output maximization

is defined as maximizing the level of outputs for given inputs. Output maximization is particularly

appropriate when management is interested in raising efficiency without necessarily reducing

resource usage. For instance, where the strategy has been to expand market share, relative

efficiency of the DMUs is best investigated unde¡ output maximization. Under input minimization,

the anaþt is concemed with maintaining at least the same level of outputs while minimizing

inputs. This option may be particularly attractive to the analyst when cost reduction strategies are

in place or dowrsizing is planned. The trarsit systems have been experiencing declining ridership

over the study period. At the same time, the amount of services provided has remained virtually



unchanged as noted in chapter one. This implies excessive use of scarce resources in transit

services production. The input minimization option is used in the analysis.3

There are two options for the scaling mode, namely, constant returns to scale (cRS, or overall

technical efficiency) and variable retunìs to scale (vRS, or pure technical efficiency). cRS is only

appropriate when the majority of DMUs in the sample are operating at optimal scale, that is, a

DMU's production of outputs is maximized per unit of inputs (i.e., scale elasticity equals one).

Under CRS, we assume that outputs change in direct proportion to the change in inputs

regardless of the size of the DMU. In a homogenous group of DMUs this is likely to be the case.

when we have a group composed of DMUs with large variation in scale of operations, cRS may

be inappropriate, and a vRS assumption is appropriate. vRS assumes that changing inputs do not

result in a proportional change in outputs. That is, as a DMU becomes larger, its efficiency would

either fall or rise. VRS is a better reflection of actual observations found in the real world. The

analysis uses both CRS and VRS assumptiors, so as to compare the two options.

Input and output weights restrictions are not directly introduced in the linear programming

process. The linear program allocates the appropriate weights in the estimation process. In the

"non-weight restricted" forn¡ DEA is "objective. " The optimization performed in DEA is

"unbiased", and the analysis attempts to show each unit in the best possible light, regardless of

whether or not this means that one o¡ more inputs or outputs are effectively ignored (by it being

3 Note in Passing that under c¡nstânt returns to scale (CRS), input minimization and ouÞut maximization produce
the same efüciency scores if all the inputs are controllable, that is, under the control ofmanagement. When a non-
conhollable input is inhoduced, input minimization gains new constraints, thus leading to different scores.
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given a small weight value). Introducing input and output weights by the analyst introduces

elements of subjectivity and bias in the anaþis.

5.6 Analysis of the Ordinary DEA Technical Efliciency Scores{

This section presents the results of the ordinary DEA technical efficiency scores. These are the

DEA scores that one normally gets without the use of bootstrap methods. Our output measure in

the analysis is revenue vehicle kilometres. Revenue vehicle kilomet¡es are highly correlated (0.99)

with revenue vehicle hours, and thus revenue vehicle hours are not used as one of the output

measures. The basic DEA model specification used in the anaþis is as follows:

Objective Function :

Maximìze o = ußVK
vrLH, + vrFLTS, + vrFUEL,

subject to

DMUl

DMU2

u.,RVK.,

vrLH, + vTFLTS | + v3FUELl

U,RVK

<l

<1
vrLH, + v ,FLTS, + vrFUEL,

DMU3 utRVKt 
<1

vrLH, + vrFLTS, + vTFUEL^

DMU3O
urRVKro .

vrLHro + vrFLTS ro +vrFUELro

where ur > 0; v,, .... v: > 0; RVK is revenue vehicle kilometres; LH is labour hours; FLTS is fleet

4 The Frontier Analyst linear programming software was used to calculate the efficiency scores, and the DEAP
software to identi$ the retums to scâle for the hansit systems. I thank Dr. Tim Coelli at the Unive¡sity ofNew
England, Australia, for providing the DEAP softwa¡e.
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size; and FUEL is liters of fuel used. The objective function is to maximize the efficiency rating 0

for decision-making unit (DMÐ 1. This is subject to the constraint that when the same set of a

and v weights (coefficients) is applied to all other DMUs being compared (in this case 30 DMUs),

no DMU will be more than 100% efficient.

The input oriented technical efficiency scores and plots ofthese scores under constant returns to

scale are presented n Appendix A. We see that all the transit systems have experienced variation

in efficiency over the sample period. The efficiency scores have ranged between 0.5276 and

1.0000. The best practice performers are DMUs 2, 9, 15, 23,28 a¡d,30. These are the transit

systerns thât others can emulate.

The input oriented technical efficiency scores and plots of these scores under variable retums to

scale are presented n Appendix B. The efficiency scores range from 0.6011 to 1.0000. The lower

bound is slightly higher than the cRS as expected. Two of the transit sysrems (DMUs 12 and 14)

achieve 100 percent efficiency for the whole study period whjle tkee systems (DMUs 10,23, and

30) achieved 100 percent effciency from 1991 to 1998. The best practice performers a¡e DMUs

2, 4, 5, 9, 10, 12, 14, 15, 23, 24,28, and 30, which far exceeds those under the constant returns

to scale model.

Since the efficiency scores (point estimates) under CRS are different from those under VRSs, it

implies the existence of scale inefficiency in the transit systems. The scale inefficiency can be

5 The bootstrap te€hnique could be used to analyze the statistical significance ofthe difference between the CRS
and VRS efficiency scores. However, this is involving and given our time and/or resou¡ce constraints, such
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calculated from the difference between the VRS and CRS technical efficiency scores. The scale

efficiency (see Appendix Q is equal to the ratio ofthe CRS technical efficiency scores to the \{RS

technical efficiency scores. Table 5.3 presents information on overall technical (cRS), pure

technical (vRS), and scale efficiency scores for the total sample of DMUs under study. Also, the

standard deviations ofthe efficiency scores across the sample are reported.

Table 5.3 Descriptive statistics ofthe aggregate ordinary DEA scores, 1990-1998

MEAN STD DEVIATION MINIMUM MAXIMUM

CRS 0.8448 0.0328 0.7772 0.8914

VRS 0.9030 0.0153 0.8755 0.9262

SCALE 0.9373 0.0208 0.8918 0.9ó31

several observations can be made from the data in Table 5.3. First, scale efficiency measured

about 93 percent. This indicates that scale inefficiency is approximately seven percent among the

sample DMUs. This means the transit industry could have reduced costs by approximately seven

percent had all transit systerns operated at optimal scale. The existence of scale efficiencies

reinforces the micro-foundation for transit subsidies as discussed in chapter three.

Second, pure technical inefficiency is about one and one half the size of scale inefficiency. Pure

technical efficiency is 90 percent. since a value of 100 percent means efficient usage of inputs,

that is, actual inputs are equal to minimal feasible inputs to produce a given level of outputs,

inference analysis will be a subject for fuhrre research. The current study therefore conc€ntrates the analysis on the
point estimates, and do not discuss inferenc€ issues on the statistical significance b€tween the two estimates.
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transit systems, could, on average, have produced the same level of outputs with approximately

ten pgrcent fewer resources than they actually employed.

The overall technical efficiency is approximately 84 percent, which is less than both scale and pure

efficiencies. This implies an overall technical inefficiency of 16 percent for the transit systems as a

whole. The overall technical efficiency is the product ofscale and pure efficiency. The average of

pure efficiency is less than that of scale efficiency, and also the minimum of pure efficiency is less

than that of scale efficiency. It is apparent from Table 5.3, therefore, that the major source of

overall technical inefficiency is pwe technical inefficiency and not scale inefficiency. This finding

of the relative importance of pure technical inefficiency is similar to the conclusion reached by Aly

et al (1990) for US banking, and Fukuyama (1993) for Japanese commercial banks.

This result is also similar to Sakano et al (1991) in their study of United States transit systems.

They found that the average trarsit firm is 16.7 percent technically inefficient; thus, given its input

levels, it can produce 20 percent more output, or it can use 16.7 percent less input to produce the

same output. They argue that the sources of the technical inefficiency are the local monopoly

power of the transit systems, x-infficiency,and regulation. These factors may well be significant

in the Canadian case, but there are no data to investigate these issues.

Third, the variability of efficiencies is highest for the overall technical efficiency score, followed by

the scale efficiency scores, and least for the pure technical efficiency scores. Scale efficiency

ranges from 0.8918 to 0.9631 percent. The average efficiencies for the sample period are also
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small to have an efficient operation. we used a lower bound of 100 buses to divide our sample

into two groups. Table 5.5 presents the evidence on traßit fleet size and scale efficiency.

Table 5.5 Transit fleet síze and scale efficiency, ordinary DEA scores, 1990-1998

FLEET SIZE IRS CRS DRS TOTAT

Less thân 100 buses 93 (s2.0 %\ 29 (16.2 o/o) s7 (3t.8%) t79 (100%)

More thân 100 buses 3 (33vù t2 (13.2%) 76 (83.5o/o) 9t (100%)

TOTAI 96 (35.5 %\ 4t (15.2 o/o) t33 (49.3 %) 270 (t00%)

A striking observation from Table 5.5 is that most transit systems operating under 100 buses are

subject to increasing retums to scale (IRS). These systems form 52 percent (calculated ac¡oss the

rows of the table) of the sample. The implication is that such transit systems could increase

efficiency by increasing their scale of operation. Expanding the size of operations (e,g., network

kilometres, service area populatior¡ etc), ceteris paribus, will boost the transit systems efficiency.

On the other hand, most transit systems operating more than 100 buses experience decreasing

returns to scale (DRS). This observation may be due to the costs of X-inefJìciency as the transit

systems exceed their optimal scale. About 83 percent of our sample falls within this category. The

transit systerns could increase their levels of efficiency, ceteris poribus, by reducing their fleet

sizes. This calls for a policy of decentralizatio¿ and thus re-organizing the systems into smaller

and more efficient units in order to operate at the optimal scale. It is also worth noting that some

of the traßit systems (31%) that operate under 100 buses do experience decreasing returís to

scale. This might be due to factors ofher than X-ineflìciency, for example, exte¡nal factors such as

congestion. The number of transit systems experiencing constant retums to scale (CRS) is about
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15 percent of the sample. Also, 16 percent of these systems operate under 100 buses, while 13

percent operate over 100 buses.

We continue our analysis by looking at the issue of scale efficiency and service æea population.ó

Do transit systenrs that operate in larger cities experience scale inefficiency due to congestion?

Table 5.ó presents information that attempts to address this question. The service area population

of the transit systems has been categorized into four groups. This is the classification used by

CUTA to report data on the operating statistics ofthe transit systems.

Table 5.6 Service area population and scale eflicienc¡ ordinary DEA scores, 1990-1998

POPULATION CROUP IRS CRS DRS TOTAL

Over 400,000 r (2.6 %) 5 (t3.2 %\ 32 (84.2 o/.) 38 (100%)

r50,001 - 400,000 5 (6.9 o/"') 7 (e.7%) 60 (83.4 %) 72 (100o/o)

50,001 - 150,000 50 (48.0 %) 22 (2t.2 o/.) 32 (30.8%) 104 (100%)

Under 50,000 40 (71.4 o/o) 7(12.5 o/o) 9 (t6.1%\ 56 (100%)

TOTAL 96 (35.s %) | (15.2%) r33 ø9.3 %) 270 (r00%)

Two striking trends can be visualized from Table 5.6. First, most of the transit systems (48%) that

experience increasing retums to scale (IRS) have service area populatiors between 50,000 and

150,000 persors. Also, 71 percent have populations of less than 50,000 persons. Secondly, the

transit systems operating in larger urban centers experience decreasing returns to scale (DRS).

About 84 percent of the transit systems with service area populations over 400,000 persons

6 A graph of efficiency scores vs. service area population, and efüciency scoræ vs. fleæt size, sho\ryed no systematic
pattern, and thus are not reported.
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operate under decreasing retums to scale. AJso, 83 percent of the transit systems that serve

populations between 150,000 and 400,000 persons are subject to decreasing retums.

One possible explanation for this trend might be the prevalence of urban sprawl in the large cities.

The spread of urban sprawl and the mandate of transit systems to service outþing suburbs are

seen to b€ contributing factors in the decline in transit ridership, and technical efficiency. The

transit systems experiencing constant retums to scale (cRS) are only about 15 percent of the

sample. About 21 percent have service area population ofbetween 50,000 and 150,000 persons.

5.7 Potential Improvement Summary, Ordinary DEA. Scores

we fi¡rther analyze the effieiency scores by looking at the potential improvement summary. This

provides a quick overview of whe¡e management should be seeking improvement (in both inputs

and outputs), and also where there is little to be gained. The potential improvement is summarized

in Table 5.7.

Table 5.7 Potentíal improvement summaries, ordinary DEA estimates, 1990-1998

Labour Fuel Fleet size Rev veh kms

MEAN -31.5 -34.7 -32.7 l.l

STD DEVIATION J.J 4.6 2.6 I

MINIMUM -38 -42.2 3 t.l 0.0

MAXIMT-IM -26.5 -28.3 -29.3 3.1





5.8 Analysis of the Bootstrap DEA Estimates

This section presents the results of the bootstrap procedures as outlined in chapter four. Appendix

D and Appendix E report the results for the bootstrap exercise for .B = 1,000 replications from

1990 to 1998, for the CRS and VRS models, respectively. The columrs for each year a¡e as

follows. column I is the DMU number, while columns 2-6 give the original DEA efficiency

estimate, the bias-corrected efficiency estimate, the bootstrap bias estimate, the median of the

bootstrapped values, and their standard deviatior¡ respectively. The last two columns provide the

upper and lower endpoints of the 95o/o confidence intervals for the bias-corrected efficiency

estimates.

A quick glance at the results indicates that some DMUs achieve 100 percent efficiency with the

original bootstrap efficiency scores. On the other hand, all the DMUs have efficiency scores less

than 100 percent with the bias-conected bootstrap estimates. Appendices F, G, and H

summarizes the original bootstrap efficiency scores and graphs for the cRS, vRS, and scale

efficiency models, respectively. The cRS technical efficiency scores range between 0.5261 and

1.0000. The best practice performers are DMUs 7 , 12, 18, 19, and, 29. The VRS rechnical

efficiency scores range from 0.5333 to i.0000. The lower bound is slightly higher than the CRS as

expected. Two of the transit systems (DMUs 12 and 19) achieve i00 percent efficiency for the

whole study period. The best practice performers are DMUs 5,7, 12, 14, 18, 19,24,26, and29,

8 Computations were done using a FORTRAN code (with GAMS 20.0 softrvare) adapted from Simar and Wílson
(1995, 1998), and Beltov (1996). Computation times were approximately 13 hours (CRS) and 23 hours (\{RS,
NIRS) for each year on a 233 Mhz Pentium II PC. I thank Dr. Tor Beltov for the useful advice and the c¡de for the
bootstraP estimates, and the GAMS Development Corporation, lvashington, DC, for providing the student version
of GAMS 20.0 software.
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which far exceeds those under the constant returns to scale model. Table 5.8 presents aggregate

data on overall technical efficiency (CRS), pure technical efficiency (VRS), and scale efficiency

scores for the DMUs under study.

Table 5.8 Descriptive statistics of the aggregate original bootstråp efliciency scores, 1990-1998

MEAN STD DEVIATION MINIMUM MAXIMUM

CRS 0.8130 0.0286 0.7845 0.8609

VRS 0.8609 0.0304 0.8261 0.9064

SCALE 0.9457 0.0074 0.9318 0.9581

The results in Table 5.8 indicate that scale efficiency measured about 94 percent. This implies that

scale inefficiency is approximately six percent among the sample DMUs. This means the transit

industry could have reduced costs by approximately six percent had all transit systems operated at

optimal scale. Also, pure technical efficiency is about 86 percent. This indicates that transit

systens, could, on average, have produced the same level of outputs \¡/ith approximately 14

percent fewer resources than they actually employed.

The overall technical efficiency is approximately 81 percent, which is less than both scale and pure

efficiencies. This implies an overall technical inefficiency of 19 percent for the transit systems as a

whole. The variability of efficiencies is highest for the pure technical efficiency scores, followed by

the overall technical efficiency scores, and least for the scale efficiency sco¡es. Scale efficiency

range from 0.9318 to 0.9581 percent. The average efficiencies for the sample period are also

shown in Figure 5.4. The th¡ee efficiency measures mimic each other, and there is very little

variation over the study period between the CRS and the VRS technical efficiency scores.





greater than the bias-corected bootstrap efficiency scores. This finding reinforces the fact that the

original DEA efficiency scores tend to be biased in small samples as noted in chapter three.

Given the bias-corrected bootstrap results, we find that the transit systems'average technical

efficiency is about 78%, tnplyng an average inefficiency score of 22To. This is not surprising

given the level of slack in the production of transit services as indicated by the potential

improvement analysis (see section 5.7). Again, the declining ridership relative to revenue vehicle

kilometres reinforces this lower efficiency rating with the bias-corrected bootstrap estimations.

This result is similar to that of Viton (1997) who found 20% of the tra¡sit systems studied to be

technically inefficient. Figure 5.5 shows the mean levels of the bias-cor¡ected bootstrap efficiency

sco¡es. Like the original bootstrap efficiency scores, the conätant retums to scale (CRS) and the

variable retums to scale (vRS) efficiency scores mimic each other, and tend to deviate from the

scale efficiency sco¡es over time,

Recall that the bootstrap estimate ofthe bias ofa statistic is the difference between the analytic

point estimator and the bootstrapped point estimate of that statistic. We find that all the bias is

positive (see Appendices D and E) that implies the original bootstrap DEA efficiency scores are

biased upwards, An interesting question is whether the bias can be disregarded. we may address

this question by analyzng the ratios of the estimated bias to the standard error of the

bootstrapped estimates. since the ratios far exceed 0.25 (under both CRS and vRS assumptions),

the bias is significant (Efron, 1982). Efron (1982) suggests that when the ratio of the estimated

bias to the standard emor is less than 0.25, the bias ofthe statistic is not usually a serious problem.
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Thus, further analysis will be based on the bias-corrected VRS bootstrap technical efficiency

scores since all the transit systems experience non-constant returns to scale,

Table 5.10 provides information on the number of transit systems experiencing constant returns

(cRS), increasing retums (IRS), and decreasing returns (DRS) to scale over the sample period.

Figures in parentheses are percentages. Table 5.10 shows that about 14 percent of the transit

systems exhibit constant retums to scale, meaning that the remaining 86 percent experience scale

inefficiency or exhibit non-constant retums to scale. Most transit systems (56%) experience

increasing retums to scale, while 29% of the transit systems experience decreasing ¡etums to

scale' This result contrasts with the ordinary DEA estimates that have only 35 and 49 percent of

the transit systems experiencing increasing and decreasing retums, respectively. The fact that

most transit systems experience increasing retums to scale emphasÞes the micro-foundation for

transit subsidy.

Table 5.10 Sources ofscale ineñiciency, bias-corrected bootstrap DEA scores, 1990-1998

SCALE t990 t99l 1992 1993 1994 1995 1996 1997 1998 TOTAI

CRS 4

( l3.3)

5

(16.7)

4

(r 3.3)

4

( 13.3)

6

Q0)

4

( 13.3)

4

( 13.3)

4

(r3.3)

J

(10)

38

(14.1)

IRS 15

(s0)

ló

(53.3)

I

(60)

23

(76.7)

19

(oJ.J )

2t

(70)

l8

(ó0)

7

Q3.3)

l5

(50)

152

(s6.3)

DRS

(36.7)

9

(30)

8

Q6.7)

3

( l0)

5

( r6.7)

5

(r6.7)

8

Q6.7\

t9

(63.4)

t2

(40)

80

Qe.6)
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On the other hand, transit systems operating more than 100 buses experience decreasing returns

to scale (DRS). About 61 percent of the sample falls within this category. This is lower than that

of the ordinary DEA estimates (83%). It is also worth noting that some of the transit systems

(12%) that operate under 100 buses do experience decreasing returns to scale. The number of

systems expetiencing constant returns to scale (CRS) is about 10 percent for transit systeas that

operate under 100 buses, while 21 percent ofthe transit systems operate over 100 buses.

We continue the analysis by looking at the relation between scale efficiency and service area

population as shown in Table 5.12.

Table 5.12 Service area population and scale eflicienc¡ bias-corrected bootstrâp DEA scores, f9m-1998

POPULATION GROUP IRS CRS DRS TOTAL

Over 400,000 3 (8.3 o/,) 3 (8.3 %) 30 (83.3 %) 36 (100o/o)

150,001 - 400,000 22 (30.6 %) 2t (2e.1%) 29 (40.3 %) 72 (100%)

50,001 - I50,000 85 (78.7 o/o) I (7.4%) t5 (13.9o/o) r08 (100%)

Under 50,000 42 (77 .8 %\ 6 (r r t%) 6 (n.t%) s4 (r00%)

TOTAL f52 (56.3 o/o) 38 (t4.t%) 80 Q9.6 o/.) 270 (r00%)

Two key trends can be visualized from Table 5.12. First, most of the transit systems (78%) tl'at

experience increasing returns to scale (IRS) have service area populations between 50,000 and

150,000 persons. Also, 77 percent have populations ofless than 50,000 persons. This is similar to

the ordinary DEA estimates. secondly, the transit systems operating in larger urban centers

experience decreasing returns to scale (DRS). This might be explained by urban sprawl in the

cities. About 40 percent ofthe transit systems with service area populations between 150,000 and
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400,000 persons operate under decreasing returns to scale. AIso, 83 percent ofthe transit systems

serve populations of over 400,000 persons, which is comparable to the results of the ordinary

DEA estimates. The distribution under constant returns to scale (CRS) is not very high, Only 29

percent of the transit systems with service area population between 150,000 and 400,000

experience constant returns to scale. Again, only 18 percent have service area population under

150,000. The next section presents a comparison ofthe diferent DEA estimates using the mears

test,

5.9 The Means Tests

The foregoing analysis has discussed three different DEA scores: the ordinary DEA scores, the

original bootstrap DEA scores, and the bias-conected bootstrap DEA scores. An interesting issue

here is whethe¡ there exists any statistical difference between the ordinary DEA estimates, the

original bootstrap DEA estimates, and the bias-corrected bootstrap DEA estimates. A means test

is used to compare these DEA estimates. This is a test on the difference b€tween two mezurs when

the sample variances are known.e The two-sample z+est for iestßg Fr - þ is specified as:

where .7,, Ì, are the mears of the fust and second samples, respectively; \,nz aÍe the sample

sizes from populations I and 2, respectively; and ol ,ol are known variances of the two

(x,-ir)-(pt-pt)

e A chi-squared 112) test can be used to test whether the two samples are from the same sampling distribution.
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populations, respectively. The null hypothesis to be tested is: FI¡: ¡rr - p, = 0 that is, the two

means are equal, while the altemative hypothesis is: H¡: p.r - lLz + 0 that is, the two means are not

equal. Table 5.13 reports the results ofthe means tests.

Table 5.13 Means tesfs for the ordinary DEA estimat€s, the originâl bootshap DEA estimates,

and the bias-corrected bootstrap DEA estimates, 1990-f998

" Results for the ordina¡y DEA estimates and the original bootshap DEA estimates.

b Results for the o¡dinary DEA estimates and the bias-corrected bootstrap DEA estimates.

The critical values for a lVo and 5o/o significance level for a two-tail test are2.576 and 1.96, respectively.

The means test indicates that the null hypothesis that the ordinary DEA and the original bootstrap

DEA scores are the same cannot be rejected from 1990 to 1995. On the other hand, the results of

1996 and 1998 reject the null hypothesis, that is, the two efficiency scores are different. However,

since most of the tests do not reject the null, it may be concluded that tho two emciency scoles

are generally similar. Also, the mears test for the ordinary DEA sco¡es and the bias-corrected

bootstrap DEA scores rejected the null hypothesis for all the years under consideratiorL except for

1990 and 1991. The means test for the aggregate DEA scores rejected the null hypothesis for

both CRS and VRS models. The z-statistic values ate 4.00 and 6.77 for the CRS and VRS

models, respectively. The next section presents the results ofthe tobit regressions.

YEAR 1990 l99l t992 1993 t994 1995 t996 1997 1998

z-statistic' 0.47 -0.26 0.93 1.53 1.85 l.3l 3.10 2.06 2.65

z-statistic' 1.67 2.1 3.78 4.52 5.54 4.50 7.70 6.1s 6.58
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5.10 The Sources of Technical Efficiency Change, Ordinary DEA Scores

The ordinary DEA efficiency scores are used to perform a second-stage tobit regression of the

sources of efficiency change. The focus is the measure of pure technical efficiency, that is, the

VRS scores, since al¡nost all the transit systems experience non-constant retums to scale. The

dependent variable is the VRS ordinary DEA efficiency scores, which has an upper limit

observation of 1. The independent variables are the average fleet age, average speed, peak to base

ratio, government subsidy, and a time trend as discussed in chapter tkee. Table 5.14 reports the

tobit regression results that may be interpreted as follows.

Table 5.i4 Tobit regression results, ordinary DEA efliciency estimates, 1990-1998

Dependent ltariable: Ordinary DEA Effrciency Eslinates

Independent ltariobles Coefrcient t-statistic P-value

Average speed

Average age

Peak/base ratio

Subsidy

Time hend

Constant

0.018488

0.008782

-0.040824

0.524178-08

0.000104

0.44897

4.5410

3.0076

-3.0022

5.5037

0.8348

4.3607

0.00000

0.00246

0.00246

0.00000

0.40390

0.00000

No. ofobse¡vations 270

Log-LikelihoodFunction 25.29

Std. Error ofthe Estimate 0.1360

Limit observations 100

Adjusted FP¡sro 0.1092

Mean Square Enor 0.0093



Effects of speed

Average speed has a positive and statistically significant effect on fansit efficiency. An agency

with higher average speed might have made fewer stops. Also, less stop and go travel increases

output and often reduces maintenance requirements. A more efficient transit system with respect

to the production of revenue vehicle kilometres will also be a system that travels faste¡ in a given

time interval. This result reinforces the conclusions of Gathon (1989) and Nolan (1996) that

found significant and positive conelation between average speed and technical efficiency. This

finding has implications for transit policy that aims at increasing or improving the speed of transit

systems.

Effects of age

The average fleet age variable is found to be positive, and statistically significant. Thus, the age of

the active fleet have appreciable impact on the efficiency of the transit systems. This might be

explained by the fact that the average age ofthe systems is not very high compared to the industry

standard. The industry standard is between eight and 20 years, while that ofthe sample is between

11 and 13 years. Thus, the buses are relatively new and significantly have a positive effect on

trânsit systems effciency. This finding reinforces that of Pie¡ce and Moser (1995), Sakano and

Obeng (1995), and Nolan (1996) who conclude that older fleets are less productive for given

levels of fuel, capital, and labour inputs, and hence likely to indicate decreased efficiency.

Effects ofpeaking

The peak to base ratio is significant and negatively correlated with transit efficiency. That is, the

I0 RPnr is the McKelvey and Zavoina (1975) pseudo-* for binary dependent variable model.



higher the number of buses used in the peak period compared to the oËpeak period, the lower

the transit efficiency. This may be due to the indirect effect of sub-optimal scale in ternx of

service scheduling or utilization of facilities, effects that are related to both labour and capital.

Agafu¡ the result is in accord with the findings of Chomitz and Lave (1984) and Nolan (1996).

Hensher (1987) also provides statistical evidence of a negative association between total factor

productivity and the peak-base ratio. A policy implication here will be to find strategies that

reduce the costs of peaking in transit services production. The use of a mix of buses (that is,

smaller buses during the ofi-peak period and larger buses dwing the peak period) as well as part-

time labour will go a long way to reduce costs, and hence improve technical efficiency of the

transit systems.

Effects of subsidy

The government subsidy variable has a significant and positive effect on transit efficiency. Given

the existence of non-constant returns to scale in the transit industry, this result supports the

theoretical argument for subsidizing transit systems. AII our transit systems receive one form or

another of government subsidy, and these have been important in the systems performance over

the study period. A possible reason fo¡ the significance ofthe subsidy variable is that the subsidies

are targeted, that is, the transit systems receive operating, capital, and debt service subsidies.

This conclusion supports that of Nolan (1996) who found that United States (US) federal

operating subsidy had a positive and signiÍcant efect on transit efficiency whiles state operating

subsidy had a negative effect on technical efficiency. He cites two reasons for the different results.

First, the recent reductiors in federal subsidies, and secondly, the federal subsidies were tied
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(during the study period, 1983-i993) to output/demand measures. He also notes that state

subsidy programs are not homogenous, and this may give incentives for inefficiency. Nash (1982)

identifies three necessary conditions for subsidy to be given with minimum damage to incentives

for efficiency. These are (Ð that the amount of the subsidy should be stþulated in advance; (ü)

that the objectives with respect to which the subsidy is to be used should be stated in a cleal and

easily monitored form; and (üi) that the budget constraint should be binding.

Obeng (1994) studied subsidy-induced technical inefficiencies in public transit systems using DEA

in the United States. He found that subsidies improve technical efficiency in approxiaately 75%

of the transit systems studied. These efficiency improvement results in total cost savings of $ 13.66

million or $0.187 million per transit systen He argues that the tlpe of subsidy given to the transit

systems may determine its impact on technical efficiency. He notes that an output-based subsidy

and capital subsidy are very important in determining transit efficiency. The operating subsidy of

the federal government is an example of an output-based subsidy. This subsidy is distributed

according to vehicle miles, passenger miles, populatior¡ operating costs, and population density

with the largest percentage, 45.4, allocated based on vehicle miles. Also, capital subsidy that

increases output more proportionally than inputs reduce tecbnical inefficiency. This type of

subsidy in the United States covers 800/o ofthe transit systerns capital cost.

Mohring (1972) found that increasing reh¡rns to scale could justify a subsidy of roughly 50 to 60

percent ofthe costs bome by the transit authority for a system using standard S5-passenger buses

in a large American u¡ban area. This will achieve an efficient allocation of resources between

public træsit and other uses. This finding also supports the theoretical and empirical links among



scale economies, subsidies, and efficiency of the transit systems. Frankena (1982) found that

provincial and municipal lump-sum and cost subsidies for urban transit led to a significant increase

in transit vehicle miles of service, a significant reduction in the real fare, and a significant increase

in traßit ridership during the 1970s in Ontario. Cost subsidies have a larger effect on vehicle miles

and a smaller effect on real fare per subsidy dollar than do lump sum subsidies. Thus, we may

conclude that increased financial support from the government to the transit systems will improve,

ceteris pøribus, transit systems efficiency.

On the other hand, our results run counter to that of Oum and Yu (1994), and Pucher et al

(1983), who found negative correlation between subsidies and technical efficiency. Pucher et al

(1983) argue that subsidies create complacency on the part of management (self-satisftction and

lack of motivation according To the x-fficíency theory) and result in inefficiencies. With respect

to the rent-seeking theory, transit firms spend resowces to obtain subsidies and political favours

and do not employ resources in amounts that lead to technical efficiency.

Effects of time

The time trend variable is positive, though insignificant statistically. Though the transit systems

experienced some growth in technology, this is not substantial. The average efficiency scores have

varied between 0.8634 and 0.9258. This result contrasts with that ofOum and Yu (1994), and

Nolan (1996), who found the time trend to b€ positive and statistically significant. To recap, our

tobit regression indicates that government subsidy, average speed, and average age bave positive

and significant impact on transit systems' technical efficiency. On the other hand, the peak to base

ratio has an adverse effect on technical efficiency over the study period.
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5.11 The Sources of Technical Efficiency Change, Bootstrap Estimates

This section presents the regressions based on the bias-conected bootstrap efficiency scores. The

bias-corrected bootstrap efficiency scores do not have the upper limit value of I hence a tobit

regressiontt could not be estimated. Instead, a pooled time-series cross-section regression is used

in the second stage ofthe analysis. The basic pooled estimator is specified as

y,=X,,p+e,,, and Êit =d¡+ryit

where y,, = the value ofthe dependent variable for cross-section unit I at time t where i = l, ..., n

and ¡ = 1, ..., T; Xtu: the value of the Jth explanatory variable for unit i at time L There are K

explanatory variables indexed by j: 1, ..., K; pis a vector of coefficients to be estimated; e,', is

disturbance term for the I'th unit at time f; a,is called an individual effect. It varies across

individuals or the cross-section but is constant across time, and it may or may not be correlated

with the explanatory variables; and q,, , assumed to be uncorrelated with X,, , but varies

unsystematically (that is, independently) across time and individuals.

Empirical applications of the pooled estimator involve one of the following assumptions about the

individual effect: Random effects model: ø, is uncorrelated with X,, ; and Fixed effects model:

ø, is correlated with X,, . The random effects model is usually estimated by the generalized least

squares (GLS) method. On the other hand, the easiest way to implement fixed effects estimator is

to include a different dummy variable for each individual unit after the data (observations) are

rl When there is no upper limit value, the tobit specification ¡educes to an ordinary least squares specification.
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stacked for each unit in the sample. This method is often called the least squares dummy variable

(LSDV) method.

The dependent variable is the VRS bias-corrected bootstrap DEA efficiency scores. The pooled

time-series cross-section regression is estimated using both the random effects and the fixed

effects models.r2 The fixed effects model has the advantage ofaccounting for city specific "fixed"

effects. The Shazam econometrics package is used to estimate the pooled regression. Since cross-

section data are notoriously affected by heteroscedasticity, we used Shazam's hetcov option to

perform White's Heteroscedastic-Consistent Covariance Matrix Estimator (HCCME). Table 5.i5

reports the regression results (see Appendix M for the full regression output) ofthe fixed effects

model.

The model appears to perform reasonably well. The XÚ is quite high, with the independent

variables explaining aboú 70%o of the variation in the dependent variable. The specifc fixed

effects are statistically significant. The diagnostic tests indicate no mis-specification bias (Ramsey

reset), and the error variance is not affected by autoregressive conditional heteroscedasticity.r3

The Jarque-Bera (JB) test ofnormality indicates non-noûnal enors (not reported). However, the

12 A Hausman (1978) test indicates the assumption that the individual effects are unconelated with the other
regressors in the model cannot be rejected. However, the results of the random effects model are insignificant and
thus not reported. The results of the random effects model reinfo¡c¿s the notion that there is no justification for
heåting the individual eFects as unc.orrelated with the othe¡ regressors. The random effects treåtment, therefore,
may suffer from the inconsistency due to omitted variables (Greene, 2000, p. 57ó). Johnston and DiNardo (1997)
note that when the random effects model is valid, the fixed effe¡ts estimator will still producæ consistent estimates
ofthe identifiable parameters (p. 403). It would appear therefore that, in general, the fixed effects estimator is to be
preferred to the random effects estimator unless we can be certain that we cån measure all of the time-invariant
factors possibly correlated with the other regressors.
t3 fAe ARC46¡ model has the test statistic ,pt - f'o where ¡r = number of observations, R2 = coefficient of

determination from the auxiliary regression ofthe square of the residuals on its different lags, and p (= dJ) is the
number of autoregressive te¡ms in the auxiliary regression (see R. Engle, 1982).
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Table 5.15 Results ofthe I'frxed'r effects model

Dependent Yariable: Boolslrap DEA Eliciency eslímales

Independent Yariables CoeÍicienl l-slatislic P-value

Average speed

Average age

Peak/base ratio

Subsidy

Time hend

-0.008357 -2.74t0 0.0070

0.002706 r.3250 0.1870

0.0025t2 0.4162 0.6780

0.415428-09 0.6027 0.s470

-0.016464 -10.850 0.0000

R-squared 0.7032 Mean ofdependent var 0.7843

Adjusted R2 0.6603 S.D ofdependent var 0.0928

S.E ofregression 0.0541 Sum ofsquared resid 0.6878

Log Likelihood 423.19 F-statistic 1637.31

Durbin-Watson d 1.6243 Prob(F-statistic) 0.0000

ARCH(l) =0.9500 p-value = 0.3297 RESET(2) = 0.6623 p-value= 0.4170

No. ofobservations 270 Degrees offreedom 235

JB test is strictly asymptotic test, and since our sample size is not overly large, the test might not

be very appropriate. We therefore plotted the histogram (centered around the mean with a scale

of 3 standard deviations on either side of the mean) of the residuals (see Appendix i.1), and this

shows the residuals to be approximately normally distributed. The cor¡elation matrix of variables

indicates a low (the largest is -0.2887) level of collinearity among the variables, and we may

conclude that the specification is not seriously affected by multicollinearity. Since even with near

collinearity the OLS estimators are still BLIJE, and the problem of multicollinearity is a question

ofdegree rather than the absence of multicollinearity, we accept the specification for our pqpose.



Average speed has a negative and statistically significant effect on transit efficiency. This might be

explained by congestion in the cities, which reinforces the individual cþ effects. This is not

surprising, for we find that the average speed of the buses has varied between 15 and 29

kilometres per hour during the study period. This result is in contrasts to that ofthe ordinary DEA

estimates.

The average fleet age variable is found to be positive (as that of the ordinary DEA scores) but

statistically insignilcant.ta The peak to base ratio is positively correlated with tra¡sit systems'

technical efficiency, though not significant statistically. Also, the govemment subsidy variable has

a positive and insignificant effect on transit efficiency. The amount of subsidies received by the

transit systerns declined between 1990 and 1996 and this might have reduced their impact on

trarsit systems technical efficiency. Another possible reason might be the decline in ridership

during the study period. Thus, the subsidies do not necessarily improve the transit systems

technical efficiency.

The time trend variable is negative and statistically significant. This implies the transit systems

experienced a decline in technical efficiency during the period under study. The spread of urban

sprawl and the mandate of transit systems to service outlying suburbs are seen to be contributing

factors in the decline in transit ridership, and technical efficiency. This result contrasts with that of

Oum and Yu (1994), and Nolan (1996), who found the time trend to be positive and statistically

significant. This is not surprising, given the decline in ridership, and the stable supply of transit

ra The average fleet age used might not be a good measure hence not much can be drawn ûom the c¡efficient
estimat€. A better measure might be, for instance, the percentage ofold buses (e.g., over a c€rtain number ofyears,
say 8 or l0 years), in the active fleet. However, such data do not exist.
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services in the 1990s. In fact, the average technical efficiency has declined by approximately one

percentage point per annum as shown in Table 5. 1 6.

Table 5.16 Chauges (%o) in mean technical efliciency, 1990 - 1998

Year 1990 -

l99l

l99t

1992

1992 -

1993

1993 -

1994

1994 -

t995

1995 -

1996

t996 -

1997

1997 -

1998

Technic¿l

efficiency 4.5 -4.5 -5.5 2.5 -3.8 -3.8 0.8 1.8

To recap, the regression results indicate that average speed has negative and significant impact on

transit systems technical efficiency. As well, the traruit systems have experienced a decline in

technical emciency. On the other hand peak to base ratio, subsidy, and fleet age have positive,

though statistically insignificant, effect on transit technical efficiency.

The bias-corrected bootstrap regression results run counter to the standard results in the

transportation literature as indicated by the results ofthe ordinary DEA tobit regression. It may be

of interest to compa¡e the bootstrap ¡esults with other studies to establish the valìdity of the

results he¡e. Unfortunatel¡ no such studies exist, and such a comparison must await future

research and development in the urban transit lite¡ature. Table 5.17 reports the regression results

of other specifications for comparison. The bootstrap regressions are generally different from

those based on the ordinary DEA efficiency estimates. The policy implications of these fndings

based on the results of the ordinary DEA scores, which conform to those of the standard

transportation literature, are discussed in the next and concluding chapter.



Table 5.17 TOBIT AND OLS REGRESSION RESULTS

MODEL I TOBTT ON ORDTNARY DEA ESTTMATES (FRONTIER ANALYST, LOc MODEL)
Dependent variable: ordinary DEA Estimates
lndependent variables are in logarithms, except the time trend

VARIABLE COEFFICIENT T-RATIO
AVERAGE SPEED 0.43085 4.9867
AVERAGE AGE 0,10174 2.8/.56
PEAKBASE RATTO -0.05148 -2.147
suBStDY 0.34591 3.8084
T|ME TREND 0.10236 0.78019
ooNSTANï -1.1444 -3.3068

100

10.87
o.14243

P-VALUE
0

o.ou25
0.03088
0.00016
0.43527
0.00103

P-VALUE
0.00312
0.37U7
0.00002
0.97515
0.00007

LIMIT OBSERVATIONS
LOG-LIKELIHOOD
FN

STD. ERROR OF THE ESTIMATE

MODEL 2 BASIC TOBIT ON ORIGINAL BOOTSTRAP DEA ESTIMATES
Dependent variable: Orig¡nal Bootstrap DEA Estimates

VARIABLE COEFFICIENT T-RATIO P.VALUE
AVERAGE SPEED -0.011876 -3.3408 0.00071
AVERAGË AGE 0.002838 1.0871 0.27645
PEAKBASE RATTO 0.05/.226 4.3U7 0.00001
suBstDY 1.928-09 3.619 0.00029
T|ME TREND -0.000495 4.3788 0.00001
CoNSTANT ',1.cÉ.79 10.487 0

LOG.LIKELIHOOD
FN 70.76
LIMIT OBSERVATIONS 65
STD. ERROR OF THE ESTIMATE O.127O5

MODEL 3 TOBIT ON ORIGINAL BOOTSTRAP DEA SCORES (LOG MODEL)
Dependent variable: Original Bootstrap DEA Estimates
lndep€ndent var¡ables are in logarithms, except the time trend

VARIABLE COEFFICIENT T.RATIO
AVERAGE SPEED -0.22605 .2.9268

AVERAGE AGE -0.02904 -0.8867
PEAI(BASE RATTO 0.091826 4.263
suBSlDY 0.000236 0.03115
T|ME TREND -0.000461 -3.911
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CONSTANT

LOG-LIKELIHOOD
FN

1.6555

LIMIT OBSERVATIONS
STD. ERROR OF THE ESTIMATE

5.262

61.73
65

0.131 19

MODEL 4 OLS REGRESSION
Dependent variable: Bias-corrected Bootstrap DEA Estimates

VARIABLE COEFFICIENT T-RATIO
DF =264

AVERAGE SPEED -0.008318 .3.416
AVERAGE AGE O.OOOO88 0.0487
PEAKBASE RATTO 0.035155 4.131
suBslDY 4.238-10 1.29
T|ME TREND -0.000483 6.196
ooNSTANT 0.93635 16.29

P-VALUE

0.001

0.9€1

0
0.198

0
0

ARCH(1)

ARcH(2)

ARCH(3)
RESET(2)
RESET(3)
RESET(4)
JARQUE-BERA

1.787 P-VALUE 01812
1,512 P.VALUE 0.45

1.265 P-VALUE 0.745
2.4317 P-VALUE 0.12
2.668/. P-VALUE 0.071
L8299 P-VALUE 0.142
0.6444 P-VALUE 0.725

R2

ADJUSTED R2

LOG-LIKELIHOOD
FN
DWd
NO. OF OBS
F-STAT
PROB (F-STAT)

0.203

0.1879

2U.37
1.828
270

13.449
0
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CHAPTER 6

SUMMARY AND POLICY IMPLICATIONS

6,I Contributions to the Literature

This thesis used the data envelopment analysis (DEA) method to estimate technical efficiency

scores in the Canadian urban transit sector. A serious drawback of the DEA approach is that

measurement error and other noise may influence the shape and position of the frontier. Given

the non-parametric nature ofthe DEA method, standard hypothesis tests cannot be conducted for

the efficiency estimates. Therefore we must find a way to assess the precision of the efficiency

estimates. This is the motivation for this thesis. This thesis develops bootstrap methods in order

to calculate bias and confdence intervals for the efficiency estimates. As well, these bootstrap

methods are applied to the canadian urban transit data. This thesis, therefore, mâkes

contributions in both methodology and application.

Specifically, this thesis applies bootstrapping methods to calculate DEA scores and associated

standard errors, and tests some hypotheses regarding efficiency. This thesis has demonstrated

that the original bootstrap DEA estimates are consistent with those of the ordinary DEA

est ïates using the means test. Also, these scores are biased. Moreover, the bias-conected

bootstlap DEA estimates may not represent measures from the original efficient fiontier. This is

the major contribution of the thesis. No other study in the transportation literature has applied

bootstrap methods to analyz,e effciency. Moreover, this is the fust Canadian urban transit study

in this area.
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Other contributions are in identifying the sources of efficiency change and making

recommendations regarding thern This will inform trarsit managers on how to allocate scarce

resources to achieve efficiency in transit service provision. In particular, the thesis found that

subsidies do improve transit efficiency. This finding supports that of Obeng ( I 994), Nolan

(1996), Sakano, Obeng and Azam (1997), and Obeng and Sakano (200). However, this result

contrasts that of Putcher et al (1983) and Nolan (1996). AJso, we found that peaking reduces

transit efficiency. This is in accord with those of Nolan (1996), and Chomitz and Lave (1984).

Moreover, this thesis found average speed improves transit efficiency, all other things being the

same. This result reinforces that of Nolan (1996) and Gathon (1989). It is also found that newer

buses improve transit efficiency. Finally, this thesis found the time trend to be statistically

insignificant. This implies that there is no technical change, and that scale effect may be the

factor that explains efficiency change.

6.2 Summary

The Canadian urban trarsit sector has been experiencing declining ridership in the 1990s, whfe

the supply of transit services has remained relatively stable. The declining ridership implies the

use of excessive resources in the production of transit services. Also, the declining ridership and

revenues increase the emphasis on efficiency in order to avoid increased subsidization of the

transit systems. The relevant issue then is "how can the transit systems reduce the amount of

inputs, and at the same time increase or at least maintain thei¡ level of output?" This study

focused on addressing the question oftechnical efficiency in the Canadian urban trarìsit sector.



The sample size is 30 transit systems over the period 1990 to i998. The main source of data is

tom CUTA's Canadian Transit Fact Book: Operating Data. We used the non-parametric

approacll specifically, the data envelopment analysis (DEA) method to estimate technical

efficiency of the trarsit systerns. The DEA involves the use of linear programming methods to

construct a non-parametric piecewise surface (or frontier) over all data, so as to be able to

calculate efficiencies relative to this su¡face. The DEA is based on the piecewise linear convex

hull approach to frontier estimation originally proposed by Fanell (1957).

The main results of this study based on the bias-corrected bootstrap DEA estimates (VRS model)

are as follows. We find that the average technical efficiency of the Canadian transit systems is

78o/o, 'rmplyng an inefficiency level of 22o/o. 1Jso, the transit systems experience non-constant

retunìs to scale in the production of transit services. Most transit systems (56%) experience

increasing retums (IRS), wbtle 29Yo experience decreasing retums to scale @RS). we also find

that transit systems operating under 100 buses are subject to IRs (77%), and those operating

more than 100 buses experience DRs (61%). Most of the transit systems (78%) thaf experience

IRS have sewice area population between 50,000 and 150,000 persons. on the other hand, transit

systems operating in larger u¡ban centers with service area population over 400,000 petsons are

subject to DRS (83%).

The transit systems, on average, could increase their output, revenue vehicle kilometres, by

roughly one percent. on the other hand, the transit systems could reduce the fleet size, fuel, and

labour by 32%, 34%, and 31Vo, respectively, without simultaneously reducing the output level.

The tobit regression analysis indicates that fleet age, average speed, and govemment subsidy



have positive and statistically significant efect on transit systems technical efficiency. On the

other hand, the peak to base ratio has a negative and statistically significant effect on transits'

efficiency, The next section discusses the policy implications ofthese findings.

6.3 Policy Implications of the Study

One objective of this dissertation is to anaþe the sources of efficiency change in the Canadian

u¡ban trarsit systems from 1990 to 1998. This objective is of less value unless it is tied to public

policy in the urban transit sector. In this regard, certain policy recommendations are suggested to

improve the technical efficiency of the Canadian urban transit sector. These policies intend to (i)

reduce the peak costs; (ü) increase the speed of the buses; and (in) provide subsidy to transit

systems. Below are specific policies that would help achieve these recommendations.

Reducing the costs of peaking in transit se¡tice provision

One area of concem is the issue of off-peak costs in the production of traruit services. We noted

earlier that off-peak transit service provision entails more costs to the transit systems. This is

because operators are offered premium pay and other benefits that tend to increase the costs

more than the revenue the off-peak period service generates. It is not only labour costs that rise

with off-peak service. As well, maintenance costs increase for the buses used during the oñpeak

period. The use of a mix of buses (that is, smaller buses during the off-peak period and larger

buses during the peak period) would go a long way to reduce costs, and hence improve technical

effciency of the transit systems.
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The use of part-time labour during the peak period could help ameliorate the costs of transit

service provisior¡ and hence improve transit efficiency. surely, there are some people who,

given their schedule and other commitments, would like to do part-time work. Transit managers

would do well to ¡ecruit such persons into the labour force, and can be assigned peak hour work.

with part-time labour, at least, the premium pay and other benefits would be reduced, if not

completely eliminated, since part-time labour reduces the number of split runs.

It is predictable unions will oppose such policies. Management can determine the percentage of

the workfo¡ce that should be part-time and full+ime in order to achieve this goal. The proportion

of part-time workers in the transit sector is roughly four percent, which is quite low. Some transit

districts (Miami, Baltimore, Twin cities, Porrland, and wMATA) in the united states won the

right to use 10% part-time drivers in 1978. Also, Seattle METRO's contract in 1977 granted them

the right to use up to 100øo part-time drivers, that is, they can have an equal number of part-time

and ñ¡ll+ime drivers. California saw a spate of part-time contract awards in 1979 after the

passage of a state law that mandated reduced transit subsidies for any district without a contract

provision for part-time labour (Chomitz and Lave, 1984). It is also important that the transition

be as frictionless as possible. In other words, part-time positions may be created to fill

retirements as and when they become available. In this way, the p¡esent workers would not be

subjected to unwarranted hardship and unemployment spells.

IncreasÌng the speed of transit buses

One of the conclusions from the econometric analysis is that transit speed has a positive impact

on transit systems technical efficiency. Thus, improving and/or increasing the speed of transit,
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ceteüs paribus, should increase technical efficiency. In this regard, the implementation of high-

speed transit would be important. In particular, the introduction of rapid transit, for instance,

Buswayr (e.g., Ottawa) are useful in improving the speed of transit. Also, the use of On-Street

Rapid Bus (e.g., Quebec city, vancouver), and Express Buses in most canadian cities are geared

towards increasing the speed oftransit buses.

One important area that needs emphasizing is the consolidation of existing (and the introduction)

of various trcnsit-priority meas¿ 'es along a major transit conidor as a means of increasing

transit buses speed. Such transit priority measures include transit only streets, diamond lanes2,

traffic signal priority for buses, exclusive transit terminals, exemption of transit from turning

restrictions, and pulling-away priority for buses. Most Canadian cities have these trarsit priorþ

measures in place, and the enforcement of these measures would be in the right direction. A

newe¡ addition to these measures is that of the Société de Íansport de I'Outaouais (STO).

on May 29,2000, the société de transport de I'outaouais (STo) began introducing a series of

bus priority measures at certain intersections along Greber Boulevard in Gatineau to promote

public transit along this artery. The measures involve modi$ing the layout of certain islands,

including adjustments to lanes to make it easier for buses to have priorþ access at intersections,

rebuilding centre dividers and sidewalks to allow buses to turn easier, marking roads and

providing suitable signage. These improvements also include the installation of electronic bus

detection systems at certain existing traffic lights to give buses priority at these intersections.

Programs that control the traffic lights and their synchronization along the Greber corridor will

I This is a separate roadway for buses.
' This is a single lane on an existing highway for use by high-occupanry vehicles (HOVs).



be adjusted. This is a joint project between the Quebec Department of rransport (MTe) and the

city of Gatineau. The total cost of the project is $530,835.00 wlth js% (or $398,12ó.00) being

funded by the MTQ as part of its public transit assistance program (CUTA, 2000).

O'Sullivan (2000) repofs recent experiences with high-occupancy vehicle facilities that use

exclusive rights-of-way for buses, vanpools, and car pools. He notes that pittsburgh's East

Busway has higher travel speeds than similar light-rail facilities, and it increased bus ridership.

Also, Miami's South Dade Busway increased bus ridership by 50 percent, in large part because it

offered more frequent service and thus economized on riders' collection and distribution costs.

And, ottawa's bus transitway systems aliows fast and frequent express service, which has helped

the transit system achieve the highest market share of North American metropolitan areas of its

size.

Mohring (1979) study reinforces the importance ofthe transit priority measures. He argues that

the increasingly coÍtmon practice of giving mass transit vehicles preferential access to urban

road capacify has much to commend it, at least under the traffic and pricing conditions that

prevail during peak hours in most North American cities. while marginal cost pricing, the

economist's alrnost automatic prescription for any problenl could do even better, reserved bus

lanes appear capable of substantially reducing current peak period travel costs. He noted that

given his results of the reserved lane models, it seems reasonable to expect substantial cost

savings from existing and proposed techniques for giving buses preferential access to

expressway ramps and control over traffic signals. Small (1976) also found that preferential bus
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access provides cost reductions that make them a strong second best to marginal cost pricing in

solving traffic congestion problems.

The importance of increasing the speed of buses in this case need not be under-estimated. The

demand for transit is more resporsive to changes in travel time. For the line-haul portion ofthe

trþ (ime spent irr the vehicle), Domencich et al (1972) estimate an elasticity of -0.39. Thus, a 10

percent increase in line-haul decreases ridership by about 3.9 percent. For access time (time

spent getting to the bus stop or transit station), they estimate an elasticity of -0.71. Small (1992)

also found that the average commuter values the time spent in transit vehicles at about half the

wage. Thus, the typical commuter would be willing to pay half of his hourþ wage to avoid an

hour on the bus or train. Hence, increasing the speed of transit buses should be one of the

important priorities for transit managers in their bid to improve transit systems technical

efficiency.

Subsidy provision

Our empirical analysis indicates that governmental subsidies have a positive and statistically

significant impact on transit systems' technical efficiency. In other words, govemment subsidy

improves transit systems' technical efficiency. we also find that 56% of the transit systems

experience increasing returns to scale. The existence of increasing retums to scale reinforces the

theoretical basis for providing subsidies to transit systems. It is thus suggested the govemment

continue its subsidy prograrns. These subsidy programs include capital, operating, and debt

service subsidies from both provincial and municipal govemments.
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A recent prograûL the Canada In-frastructure Prograr4 which aims at improving inûastructure,

including local transportation, is in the right direction. The federal goverxnent last year

committed $2.65 billion over six years to projects that support clean air and water,

transportatior\ and affordable housing. unde¡ this Prograr¡ Quebec has specified that 40vo of

funds will be devoted to projects involved in local transportation. Local tlansportation

inÊastructure is normally defined as transit, including subway systems, commuter rail, light rail,

and transit buses using altemative fuels, intelligent transportation systems technology, public

wharves, docks, piers, and terminals (curÁ, 2001). such programs should improve trarsit

systems efficiency, ceteris paribus.

6.4 Data Bank

It is said that, 'the results of ¡esearch are only as good as the quality of the data used in the

analysis." The outputs ofthe transit sector include network kilometres and passenger kilometres.

Most ofthe traßit systerns do not have consistent data on these and other variables. The general

impression is that it is costly to compile these data sets. For example, trarsit systems have to

conduct passenger surveys to determine the average trip length, an important variable in

estimating passenger kilometres. Because of the cost and time involved in this survey, most

transit systerns do not collect thjs variable. And once the year has passed, there is no way to get

an estimate for the average trþ length. This variable must be collected in the current year of

operation. An attempt to get these data fiom the transit systems proved futile. The best some of

the systems could do is to use the average trip length for the past eight or ten years in calculating



the passenger kilometres. This obviously introduces bias in the dat4 with a consequent effect on

the quality ofthe analysis.

It is therefore suggested that the transit systems allocate some resources to collect the relevant

data for future analysis. To this end, the creation of a data bank to improve and expand the

cunent curA operatiors data is in the right direction. It is also important for curA to

encourage its membe¡s as well as transit systems that are not members to compile the relevant

data fo¡ future resea¡ch.

6.5 Areas for Further Research

Much as the objectives ofthis study have been achieved, there are some exte¡sions that could be

researched into in the future. This study focused exclusively on measuring technical efficiency of

the transit systerns. As well, allocative efficiency is as important as technical efficiency. It is

therefore necessary to extend the analysis by estimating allocative efficiencies. This will provide

information on how the available resources æe allocated among the væious inputs, that is, transit

fleet, labour, and fuel in the supply of transit services. It may be interesting to compare the

results of this study with that of the allocative efficiency. It is worth noting that to be able to

estimate allocative efrciency, one needs data on input prices.

One other area of concem for future research is the use ofthe parametric methods (for example,

the stochastic frontier production function) to estimate the technical efficiency of the transit

systems. This will provide a basis fo¡ a comparative assessment with the non-parametric DEA
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method used in this study. Also, it may be of interest to research into the sources of productivity

change in the urban transit systems using either the parametric (e.g., stochastic frontiers) or non-

parametric (e.g., the MaLnquist (i953) total factor productivity index). Finall¡ because ûontier

production functions have not been widely estimated for transit systems, future research is

required to complement the results reported in this study. It is recommended that the results of

this study be recalculated in the futu¡e when more extensive data are available.
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Appendix A Ord¡nary DEA Estimates, CRS Model, 199G1998

DMU # 90 CRS 91 CRS 92 CRS 93 CRS 94 CRS 9s CRS 96 CRS 97 CRS 98 CRS
1 0.77æ 0.8058 0.U7 0.7485 0.9047 0.7902 0.9447 1 1

2 1 1 1 1 1 0.8148 0.7946 0.7999 1

3 0.832 0.8898 1 0.8915 0.9792 0.8617 0.9647 0.9075 1

4 0.9506 0.8731 1 0.9968 0.9826 0.9337 0.9248 0.9596 0.9474
5 0.6994 0.8845 0.8781 0"8076 0.894 0-74s 0.7805 0.7832 0.8086
6 0.7579 0.7604 0.9359 0.8371 0.8144 0.8052 0.8587 0.7523 0.8093
7 0.5276 0.6893 0.7247 0.6675 0.7631 0.6712 0.71U 0.6946 0.7457
8 0.6329 0.671 0.7668 0.7555 0.7082 0.6901 0.6872 0.6783 0.6537
9 0.7782 0.8433 0.9153 't 1 1 1 1 1

10 0.7453 0.8405 0.9053 0.9409 0.8979 1 0.9315 0.979 0.9583
11 0.72U 0.8418 0.882't 0.8234 0.8824 0.7508 0.7992 0.&t9 0.5928
12 0.7491 0.7377 0.810s 0.6939 0-7002 0.7879 0.6881 0.7333 0.756
13 0.8252 0.8395 0.9513 0.8623 0.8729 0.8319 0.8506 0.8236 0.888
14 0.6871 1 0.9407 0.8814 0.98 0.7824 0.9669 0.9629 0.9491
15 0.8565 0.8756 0.8753 0.9518 0.9962 1 1 1 1

16 0.7082 0.7757 0.A2il 0.7367 0.8366 0.7043 0.7923 0-7297 0.7835
17 0.8265 0.8045 0.8478 0.8r'.21 0.8335 0.871 0.945 0.8617 0.8216
18 0.6985 0.7678 0.8048 0.6977 0.7635 0.6708 0.735 0.6973 0.7088
19 0.6034 0.6449 0.6613 0.5992 0.6256 0.rc74 0.589 0.602 0.5889
20 0.7218 0.8837 0.9624 0.9068 0.8943 0.9099 0.914 0.918 0.9573
21 0.6759 0.7861 0.873 0.823É 0.8285 0.7968 0.8058 0.8369 0.846
22 0.8498 0.8851 0.9638 1 0.9465 1 0.9234 0.9629 0.9497
23 1 1 1 0.9638 't 0.9653 1 0.9136 0.9753
24 0.7246 0.897 0.8479 0.6931 0.8401 0.7521 0.8584 0.854 0.8605
25 0.81 0.8703 0.9799 0.7808 0.8414 0.8209 0.9416 0.9405 0-9436
26 0.7963 0.428/. 0.8793 0.7829 0.747't 0.6335 0.7434 0.7401 0.7769
27 1 0.8506 0.867 0.7015 0.747 0.6841 0.7331 0.7208 0.7421
28 0.848 0.8684 0.9727 1 1 1 1 0.9679 0.9839
29 0.7086 0.8582 0.8486 0.7731 0.809 0.7771 0.9156 0.9043 0.9318
30 0.8024 0.8959 0.9737 0.9181 0.9259 0.9995 1 1 1

AVERAGE 0.7772 0.8390 0.8914 0.8359 0.8672 0.8206 0.8601 0.8458 0.8660
sTD DEV 0.1129 0.0865 0.0854 0.1158 0.1038 0.1250 0.1148 0j223 0.1271
M|N|MUM 0.5276 0.æ49 0.66'13 0.5992 0.6256 0.5674 0.5890 0.6020 0.5889
MAX|MUMIl't111111
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Appendix B: Ord¡nary DEA Eslimates, VRS Model, 199G1998
DMU# 1990 1991 1992 1993 1994

1 0.7868 0.8078 0.8562 0.8012 0.9091
211111
3 0.8739 0.9291 1 0.928 0.9934
4 10.9009 111
511't11
6 0.7828 0.7623 0.9402 0.838 0.8257
7 0.6/.11 0.7248 0.7U8 0.7231 0.7721
8 0.7't32 0.6876 0.7792 0.8061 0.722
9 0.7977 0.8614 0.9233 1 1

10 0.9991 111,1
11 0.7404 0.U45 0.8877 0.8234 0.8857
12 11111
13 0.8386 0.8342 0.9556 0.8632 0.8767
14 11111
15 0.8609 0.8764 0.8834 0.9558 1

16 0.7129 0.787 0.8289 0.7515 0.8559
'17 0.9375 0.9375 0.8824 0.89 0.8634
18 0.8258 0.8186 0.8095 0.7671 0.7æ2
19 0.6827 0.6964 0.7329 0.6368 0.æ37
20 0.9314 0.9497 0.9678 0.9122 0.9022
21 0.8223 0.8372 0.9072 0.885 0.8339
22 0.8827 0.9061 1 't 0.962
23 11111
24 1 1 0.8986 0.9168 1

25 0.8207 0.875 0.999 0.792 0.8581
26 0.98 1110-9264
27 1 0.9051 0.8684 0.8086 0.7569
28 0.8813 0.9138 1 1 'l
29 0.8811 1 0.9321 0.8035 0.9311
30 0.8722 0.9319 1 1 1

AVERAGE 0.8755 0.8929 0.9262 0.8967 0.9096
sTD DEV 0.1103 0.0970 0.0844 0.1056 0.1015
M|N|MUM 0.&111 0.6876 0.7329 0.6368 0.æ37
MAXIMUM11111

1995 1996 1997 1998
o.u47 0.9æ7 1 1

0.9841 0.8752 0.8657 1

0.8968 0.9703 0.9174 1

0.9976 0.9618 0.9843 1

0.9326 1 't 1

0.8651 0.9248 0.8ü7 0.8681
0.675 0.7269 0.701 0.7553
o.72 0.7't51 0.6947 0.6847
1'1 11
1111

0.862 0.8203 0.739 0.6753
1111

0.8328 0.8656 0.827 0.8981
1111
1111

0.825 0.8943 0.8119 0.896
1 1 0.9675 0.9229

0.6736 0.7455 0.6997 0.7123
0.6011 0.6045 0.6154 0.6111
0.9134 0.9335 0.9278 0.9944
0.8102 0.8093 0.8525 0.8685

1 0.9457 0.9675 0.9703
1 1 0.9458 I
1111

0.8762 0.9726 0.9623 0.9467
0.939 0.9714 0.9726 1

0.7083 0.7U7 0.7325 0.7536
'l 1 1 1

0.8065 0.9569 0.924 0.9958
1111

0.8921 0.9131 0.8971 0.9184
0.1205 0.1105 0.1191 0.1211
0.601't 0.6045 0.61s4 0.6111

1111
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Appendix C: Ordinary DEA Estimates, Scale Eff¡ciency, 1990-1998

DMU# 1990
1 0.9858
21
3 0.9521
4 0.9506
5 0.6994
6 0.9682
7 0.823
I 0.8874
I 0.9756
10 4.746
11 0.977
12 0.7491
13 0.984
14 0.6871
15 0.9949
16 0.9934
17 0.8816
l8 0.8458
'19 0.8838
20 0.775
21 0.822
22 0.9627
23 1

24 0.7246
25 0.987
26 0.8126
27 1

28 0.9622
29 0.8042
30 0.92

AVERAGE 0.8918
STD DEV 0.1031
MINIMUM 0.6871
MAXIMUM 1

1991
0.9975

1

o.9577
0.9691
0.8845
0.9552
o.9471
0.9316
0.979

0.8405
0.9943
0.7377
0.9953

1

0.9991
0.9831
0.8581
0.9357
0.926

0.9305
0.9347
0.9638

1

0.897
0.9795
o.828r'.
o.9324
0.9346
0.8582
0.8959
0.9349
0.0626
o_7377

1

1992
0.9893

1

1

1

0.8781
0.9954
0.9863
0.9841
0-9913
0.9053
0.9937
0.8105
0.9955
0.9407
0.9908
0.æ58
0.9608
o.9942
0.9023
0.9944
0.9623
0.9638

1

0.9436
0.9809
0.8793
0.9984
0.9727
0.91ø
o.9737
0.9631
o.u72
0.8105

1

1993
o.93/.2

'l

0.9607
0.9968
0.8076
0.9989
0.9231
o.9372

1

0.9409
'l

0.6939
0.999

0.8814
0.9958
0.9803
0.9462
0.9095
0.941

0.9941
0.9304

1

0.9638
0.756

0.9859
0.7829
0.8675

1

o.9622
0.9181
0.9336
0.0800
0.6939

1

1994
0.9952

1

0.9857
o.9826
0.894

0.9863
0.9883
0.9809

1

0.8979
0.9963
o.7002
0.9957

0.98
0.9962
o.9775
0.9654
0.9939
0.9719
0.9912
0.9935
0.9839

1

0.8401
0.9805
0.8065
0.9869

1

0.8689
0.9259
0.9555
0.o702
o.7002

1

1995
0.9355
0.828

0.9609
0.9359
0.7993
0.9308
0.9944
0.9585

1

1

0.871
o.7879
0-9989
o.7824

1

0.8537
0.871

0.9958
0.9439
0.9962
0.9835

1

0.9653
o.752'l
0.9369
o.6747
0.96s8

1

0.9635
0.9995
0.9228
0-0897
0.6747

1

1996
0.9793
0.9079
o.9942
0.9615
0.7805
0.9285
0.9814
0.961

1

0.9315
o.9743
0.6881
0.9827
0.9669

'l

0.8859
0.945

0.9859
o.9744
0.9791
0.9957
0.9764

1

0.8584
0.9681
0.7653
0.9978

1

0.9568
1

o.9442
o.0771
0.6881

1

1997 1998
11

0.924 'l

0.9977 'l

0.9749 0.çM:74

0.7832 0.8086
0.9349 0.9323
0.9986 0.9961
0.9764 0.95/.7

11
0.979 0.9583
0.8782 0.8778
0.7333 0.7560
0.9959 0.9888
0.9629 0.9491

11
0.8988 0.8744
0.8906 0.8902

1 0.9951
0.9811 0.9637
0.9894 0.9627
0.9863 0.9742
0.9952 0.9788
0.966 0.9753
0.854 0.8605
0.9773 0.9967
0.761 0.7769
0.984 0.9866
0.9679 0.9839
0.9787 0.9357

11
0.9456 0.9441
0.0748 0.0688
0.7333 0.7560

11
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Appendix D

DMU #
1

2

3
4
5
6
7

I
o

10
11

12
l3
14
15

16

17
18

19
20
21

22
23
24
25
26
27
28
29
30

TH TS
0.7821 0.7596
0.5261 0.4788
0.8473 0.7969
0.6488 0.6273
0.8231 0.8018
0.8646 0.8359
1.0000 0.9223
1.0000 0.9502
0.7972 0.7710
0.8172 0.7797
0.7982 0.7772
0.9552 0.9240
0.7966 0.7778
1.0000 0.9142
0.7505 0.7315
0.8160 0.7926
0.8899 0.8676
0.8091 0.7813
0.9730 0.9465
0.8901 0.7787
0.8497 0.8269
0.7938 0.7687
0.6690 0.6528
0.8112 0.7895
0.8229 0.7972
0.7944 0.7690
1.0000 0.7789
0.8017 0.7840
0.9525 0.9077
0.8685 0.8427

AVERAGE 0.8383 0.7977
sTD DEV 0.1087 0.0972
M|N|MUM 0.5261 0.4788
MAXTMUM 1.0000 0.9502

Bootstrap Estimates, CRS Model, 1990

BIAS MEDIAN STD.DEV 2.50o/o 97.50o/o

0.0225 0.7566 0.0005 0.7404 0.7774
0.0473 0.4628 0.0011 0.4342 0.5211
0.0504 0.7820 0.0012 0.7494 0.8424
0.0215 0.6251 0.0004 0.6090 0.6455
0.0213 0.79s8 0.0006 0.7812 0.8190
0.0288 0.8321 0.0006 0,81 04 0.8595
0.0777 0.9122 0.0014 0.8487 0.9920
0.0498 0.9386 0.0011 0.9061 0.9876
0.0262 0.7685 0.0005 0.7492 0.7920
0.0375 0.7703 0.0008 0.7459 0.81 13

0.0211 0.7719 0.0005 0.7586 0.7944
0.0311 0.9127 0.0009 0.8962 0.9484
0.0188 0.7727 0.0005 0.7621 0.7925
0.0858 0.8768 0.0022 0.8330 0.9914
0.0190 0.7279 0.0004 0.7158 0.7470
0.0234 0.7874 0.0006 0.7727 0.8110
0-0223 0.8608 0.0006 0.8472 0.8870
0.0278 0.7758 0.0006 0.7573 0.8040
0.0265 0.9414 0.0006 0.9236 0.9692
0.1114 0.7790 0.0027 0.6719 0.8765
0.0228 0.8187 0.0007 0.8001 0.8470
0.0251 0.7640 0.0006 0.7455 0.7892
0.0162 0.6478 0.0004 0.6393 0.6662
0.0218 0.7854 0.0005 0.77'11 0.8086
0.0258 0.7931 0.0006 0.7735 0.8187
0.0254 0.7619 0.0009 0.7469 0.7898
0.2211 0.7599 0.0056 0.5621 0.8830
0.0177 0.7787 0.0005 0.7689 0,7985
0.0449 0.8845 0.0017 0.8667 0.9259
0.0258 0.8337 0.0007 0.8197 0.8649

0.0406 0.7893 0.0010 0.7602 0.8287
0.0406 0.0956 0.0010 0. 1019 0.1029
0.0162 0.4628 0.0004 0.4342 0.5211
0.2211 0.9414 0.0056 0.9236 0.9920



Appendix D (Contd.)

DMU # TH
1 0.8071
2 0.6411
3 0.8626
4 0.7659
5 0.7775
6 0.9818
7 1.0000
I 1.0000
I 0.8217
10 0.7709
11 0.8101
12 L0000
13 0.8298
14 1.0000
15 0.7857
16 0.8390
17 0.9606
18 0.8909
19 I .0000
20 0.8574
21 0.8754
22 0.8514
23 0.6811
24 0.7566
25 0.9779
26 0.7951
27 0.8349
28 0.8569
29 0.9584
30 0.8374

AVERAGE 0.8609
STD DEV 0.0984
M|N|MUM 0.6411
MAXIMUM 1.OOOO

Bootstrap Estimates, CRS Model, 1991

TS BIAS MEDIAN STD.DEV 2.50o/o 97.5oo/o

0.7836 0.0235 0.7824 0.0004 0.7635 0.8028
0.6297 0.0114 0.6272 0.0002 0.6204 0.6390
0.8448 0.0178 0.8391 0.0006 0.8296 0.8583
0.7481 0.0178 0.7447 0.0004 0.7332 0.7625
0.7318 0.0457 0.7076 0.0014 0.6860 0.7696
0.9597 0.0221 0.9545 0.0005 0.9416 0.9763
0.8360 0.1640 0.8299 0.0042 0.6751 0.9813
0.9682 0.0318 0.9667 0.0005 0.9411 0.9937
0.8005 0.0213 0.7970 0.0004 0.7826 0.8175
0.7541 0.0168 0.7508 0.0004 0.7405 0.7672
0.7840 0.0261 0.7757 0.0008 0.7605 0.8034
0.9702 0.0298 0.9674 0.0005 0.9446 0.9955
0.8024 0.0274 0.7959 0.0007 0.7779 0.8259
0.9235 0.0765 0.8959 0-0021 0.8504 0.9887
0.7657 0.0200 0.7603 0.0005 0.7484 0.7823
0.8227 0.0163 0.8187 0.0004 0.8092 0.8359
0.9426 0.0181 0.9382 0.0004 0.9277 0.9576
0.8567 0.0342 0.8445 0.0010 0.8256 0.8827
0.9695 0.0305 0.9649 0.0006 0.9425 0.9944
0.7662 0.0911 0.7230 0.0024 0.6779 0.8495
0.8481 0.0274 0.8331 0.0010 0.8182 0.8699
0.8288 0.0225 0.8209 0.0007 0.8089 0.8453
0.6667 0.0144 0.6635 0.0003 0.6543 0.6784
0.7299 0.0267 0.7160 0.0009 0.7028 0.7513
0.9579 0.0200 0.9520 0.0006 0.9403 0.9735
0.7821 0.0131 0.7791 0.0003 0.7714 0.7939
0.7759 0.0590 0.7591 0.0014 0.7206 0.8307
0.8400 0.0169 0.8355 0.0004 0.8259 0.8542
0.8915 0.0669 0.8446 0.0026 0.8279 0.9433
0.8209 0.0165 0.8164 0.0004 0.8068 0.8341

0.8267 0.0342 0.8168 0.0009 0.7952 0.8553
0.0902 0.0312 0.0909 0.0009 0.0929 0.0966
0.6297 0.0114 0.6272 0.0002 0.6204 0.6390
0.9702 0.1640 0.9674 0.0042 0.9446 0.9955



Append¡x D (Contd.) Bootstrap Estimates, CRS Model, 1992

DMU# TH TS BIAS
1 1.0000 0.7973 0.2027
2 0.6653 0.6405 0.0248
3 0.8036 0.7748 0.0288
4 0.7675 0.7424 0.0252
5 0.7840 0.7328 0.0512
6 0.8776 0.8518 0.0258
7 1.0000 0.8118 0.1882
8 0.9628 0.9406 0.0222
I 0.7769 0.7565 0.0205
10 0.8177 0.7844 0.0334
11 0.7570 0.7257 0.0313
12 0.9876 0.9621 0.0255
13 0.8154 0.7978 0.0177
14 0.8518 0.7442 0.1076
15 0.8206 0.7243 0.0963
16 0.8090 0.7754 0.0336
17 0.8714 0.8462 0.0253
18 0.8609 0.8022 0.0587
19 1.0000 0.9548 0.0452
20 0.8460 0.8282 0.0178
21 0.7782 0.7536 0.0246
22 0.7881 0.7617 0.0264
23 0.6812 0.6526 0.0286
24 0.8564 0.8001 0.0563
25 0.8106 0.7858 0.0248
26 0.8067 0.7803 0.0264
27 0.8227 0.7635 0.0592
28 0.8031 0.7844 0.0187
29 1.0000 0.9442 0.0558
30 0.8975 0.8776 0.0200

AVERAGE 0.8440 0.7966 0.0474
sTD DEV 0.0899 0.0790 0.0458
MINIMUM 0.6653 0.6405 0.0177
MAXTMUM 1.0000 0.9621 0.2027

MEDIAN STD.DEV 2.500/o 97.500/o

0.7975 0.0039 0.6013 0.9250
0.6344 0.0006 0.6186 0.6611
0.7668 0.0007 0.7497 0.7985
0.7289 0.0008 0.7198 0.7641
0.7106 0.0013 0.685'1 0.7788
0.8437 0,0007 0.8296 0.A732
0.8104 0.0038 0.6284 0.9411
0.9338 0.0006 0.9223 0.9581
0.7503 0.0005 0.7393 0.7724
0.7691 0.0010 0.7s49 0.8066
0.7186 0.0007 0.6980 0.7522
0.9567 0.0006 0.9408 0.9822
0.7911 0.0005 0.7829 0.8124
0.7525 0.0022 0.6412 0.8381
0.7266 0.0023 0.6310 0.8128
0.7669 0.0008 0.7456 0.8032
0.8389 0.0007 0.8243 0.8669
0.7776 0.0015 0.7473 0.8535
0.9447 0.0010 0.9145 0.9926
0.8228 0.0005 0.8133 0.8416
0.7480 0.0006 0.7338 0.7734
0.7535 0.0008 0.7390 0.7818
0.6365 0.0009 0.6265 0.6780
0.7863 0,0012 0.7481 0.8502
0.7775 0.0007 0.7648 0.8054
0.7735 0.0007 0.7575 0.8013
0.7537 0.0013 0.7088 0.8153
0.7772 0.0005 0.7686 0.8002
0.9187 0.0020 0.8936 0.9667
0.8726 0.0005 0.8613 0.8926

0.7880 0.0011 0.7530 0.8333
0.0786 0.0009 0.0927 0.0816
0.6344 0.0005 0.6013 0.6611
0.9567 0.0039 0.9408 0.9926



Appendix D (Contd.) Bootstrap Estimates, CRS Model, 1993

DMU# TH TS BIAS
1 1.0000 0.7956 0.2044
2 0.5834 0.5603 0.0231
3 0.7628 0.7334 0.0294
4 0.6904 0.6628 0.0276
5 0.7358 0.6993 0.0365
6 0,8169 0.7921 0.0248
7 0.9047 0.8500 0.0547
I 0.8835 0.8399 0.0435
9 0.7783 0.7534 0.0249
10 0.7309 0.6900 0.0409
11 0.7623 0.7561 0.0062
12 '1.0000 0.9486 0.0514
13 0.7608 0.7s43 0.0265
14 0.8253 0.6813 0.1439
15 0.6744 0.6486 0.0258
16 0.8178 0.8051 0.0126
17 0.7999 0.7769 0.0230
18 0.8484 0.8067 0.0417
19 1.0000 0.9551 0.0449
20 0.7627 0.7308 0.0319
21 0.7187 0.6876 0.0312
22 0.6486 0.6372 0.0114
23 0.6249 0.5977 0.0272
24 0.8798 0.8363 0.0435
25 0.8750 0.8305 0.0445
26 0.7701 0.7419 0.0282
27 0.8676 0.8202 0.0474
28 0.7476 0.7157 0.0318
29 1.0000 0.7299 0.2701
30 0.7905 0.7566 0.03s9

AVERAGE 0.8020 0.7525 0.0496
sTD DEV 0.1101 0.0903 0.0568
MTNIMUM 0.5834 0.5603 0.0062
MAXTMUM 1.0000 0.9551 0.2701

MEDIAN STD.DEV 2.50o/o 97.50o/o

0.7826 0.0041 0.5973 0.9621
0.5523 0,0006 0.5401 0.5782
0.7207 0.0009 0.7068 0.7542
0.6532 0.0007 0.6380 0.6836
0.6863 0.0009 0.6670 0.7319
0.7804 0.0008 0.7701 0,8103
0.8351 0.0012 0.7996 0.8978
0.8171 0.0013 0.7999 0.8782
0.7399 0.0011 0.7315 0.7680
0.6695 0.0011 0.6526 0.7242
0.7459 0.0007 0.7299 0.7604
0.9248 0.0014 0.9027 0.993'l
0.7246 0.0007 0.7115 0.7546
0.6710 0.0031 0.5417 0.8086
0.6430 0.0006 0.6265 0.6700
0.7908 0.0009 0.7741 0.8147
0.7667 0.0008 0.7568 0.7934
0.7919 0.0010 0.7688 0.8443
0.9446 0.0010 0.9153 0.9923
0.7185 0.0008 0.7026 0.7568
0.6798 0.0007 0.6607 0.7145
0.6261 0.0007 0.6152 0.6459
0.5914 0.0006 0.5730 0.6205
0.8205 0.001 1 0.7972 0.8744
0.8224 0.0009 0.7900 0.8674
0.7328 0.0007 0.7170 0.7656
0.8061 0.0012 0.7751 0.8631
0.7006 0.0009 0.6870 0.7424
0.7026 0.0055 0.4649 0.9537
0.7415 0.0009 0.7263 0.7858

0.7394 0.0012 0.7046 0.7937
0.0882 0.0011 0.1026 0.1053
0.5523 0.0006 0.4649 0.5782
0.9446 0.0055 0.9153 0.9931



Appendix D (Contd.)

DMU# TH
1 0.7214
2 0.6787
3 0.7311
4 0.6829
5 0.7621
6 0.8357
7 1.0000
I 0.9171
I 0.7607
10 0.7266
11 0.7364
12 1.0000
13 0.7740
14 0.8753
15 0.7403
16 0.7945
17 0.8442
18 1 .0000
19 1 .0000
20 0.7800
21 0.7560
22 0.6897
23 0.6638
24 0.7665
25 0.7621
26 0.9045
27 1.0000
28 0.7672
29 1.0000
30 0.8324

AVERAGE 0,8168
STD DEV 0,1112
MINIMUM 0.6638
MAXIMUM 1.OOOO

Bootstrap Estlmates, CRS Model, 1994

T S BIAS MEDIAN
0.6964 0.0249 0.6830
0.6692 0.0095 0.6657
0.6869 0.0443 0.6645
0.6582 0.0247 0.6459
0.6865 0.0756 0.6599
0.8233 0.0124 0.8183
0.8193 0.1807 0.7427
0.8804 0.0367 0.8647
0.7512 0.0096 0.7475
0.7100 0.0166 0.7030
0.7047 0.0317 0.6925
0.9809 0.0191 0.9733
0.7577 0.0163 0.7507
0.7672 0.1080 0.7341
0.7015 0.0388 0.6757
0.7269 0.0676 0.7't71
0.8328 0-0114 0.8292
0.9290 0.0710 0.8948
0.9204 0.0796 0.9119
0.7531 0.0269 0.7390
0.7092 0.0468 0.7057
0.6738 0.0159 0.6664
0.6289 0.0349 0.6086
0.7369 0.0296 0.7243
0.7408 0.02't3 0.7317
0.8670 0.0374 0.8530
0.8370 0.1631 0.8242
0.7536 0.0136 0.7482
0.9279 0.0721 0.8731
0.8011 0.0313 0.7840

0.7711 0.0457 0.7544
0.0921 0.0423 0.0897
0.6289 0.0095 0.6086
0.9809 0.1807 0.9733

STD.DEV 2.50o/o g7.50o/o

0.0008 0.6735 0.7159
0.0003 0.6614 0.6766
0.0013 0.6452 0.7270
0.0008 0.6354 0.6796
0.0019 0.6136 0.7577
0.0005 0.8129 0.8324
0.0047 0.6422 0.9885
0.0010 0.8464 0.9111
0.0004 0.7436 0.7579
0.0005 0.6958 0.7235
0.0009 0.6754 0.7313
0.0006 0.9656 0.9955
0.0005 0.7439 0.7697
0.0033 0.66r 5 0.8396
0.0013 0.6652 0.7329
0.0015 0.6626 0.7846
0.0004 0.8240 0.8421
0.0026 0.8618 0.9769
0.0016 0.8444 0.9900
0.0009 0.7281 0.7765
0.0011 0.6646 0.7498
0.0005 0.6599 0.6862
0.001 '1 0.5961 0.6sS2
0.0009 0.7097 0.7623
0.0006 0.7220 0.7586
0.0011 0.8327 0.8971
0.0036 0.6782 0.9901
0.0005 0.7425 0.7640
0.0023 0.8590 0.9950
0.0010 0.7725 0.8286

0.0013 0.7280 0.8100
0.0010 0.0906 0.'f085
0.0003 0.5961 0.6592
0.0047 0.9656 0.9955



Appendix D (Contd.)

AVERAGE 0.7993 0.7416 0.0577
sTD DEV 0.1123 0.1035 0.0393
M|N|MUM 0.6246 0.4562 0.0263
MAXTMUM 1.0000 0.9245 0.1790

Bootstrap Estimates, CRS Model, 1995

0.7267 0.0014 0.6868 0.79't7
0j025 0.0007 0.1093 0.1111
0.4510 0.0008 0.2814 0.6194
0.9135 0.0036 0.8838 0.9929

DMU #
1

2

3
4
5
6
7

I
I
10
11

12
13
14
15
16
17
1B

19
20
21
22
23
24
25
¿o
27
28
29
30

T H T S BIAS MEDIAN STD.DEV 2,50O/O 97,5OO/O

0.7418 0.7067 0.0351 0.6833 0.0012 0.6650 0.7384
0.7531 0.7179 0.0352 0.7026 0.0011 0.6855 0.7457
0.7753 0.7222 0.0531 0.7046 0.0014 0.6720 0.7675
0.6478 0.6130 0.0348 0.5993 0.0010 0.5806 0.6423
0.7757 0-7249 0.0508 0.7054 0.0013 0.6768 0.7702
0.7756 0.7400 0.0356 0.7280 0.0010 0.7084 0.7668
0.8639 0.7959 0.0680 0.7781 0.0015 0.7316 0.8583
0.8885 0.8433 0.0453 0.8251 0.0013 0.8009 0.8820
0.65s8 0.6295 0.0263 0.6208 0.0008 0.6059 0.6502
0.6348 0.4562 0.1786 0.4510 0.0034 0.2814 0.6200
0.7885 0.7490 0.0395 0.7333 0.0011 0.7131 0.7801
0.8481 0.8104 0.0377 0.7927 0.00'11 0.7758 0.8430
0-7642 0.7265 0.0378 0.7136 0.0010 0.6924 0.7578
1.0000 0.8630 0.'r370 0.8572 0.0028 0.7308 0.9856
0.8346 0.7562 0.0784 0.7428 0.0018 0.6815 0.8266
0.8302 0.7763 0.0539 0.7607 0.0013 0.7263 0.8222
0.7409 0.7008 0.0401 0.6890 0.0010 0.6640 0.7343
0.9931 0.9199 0.0732 0.9055 0.0017 0.8508 0.9843
1.0000 0.9209 0.0791 0.9013 0.0017 0.8466 0.9929
0.7437 0.7090 0.0347 0.6930 0.0010 0.6765 0.7349
0.7275 0.6802 0.0473 0.6596 0.0012 0.6357 0.7245
0.6246 0.5877 0.0369 0.5732 0.0009 0.5539 0.6194
0.6s49 0.6243 0.0306 0.6109 0.0009 0.5959 0.6495
0.7740 0.7326 0.0414 0.7198 0.0011 0.6949 0.7642
0.8044 0.7529 0.0515 0.7385 0.00't 3 0.7045 0.7941
0.9690 0.9245 0.044s 0.9135 0.001 1 0.8838 0.9605
0.8460 0.7969 0.0491 0.7723 0.00'r 5 0.7436 0.8403
0.6786 0.6469 0.0317 0.6328 0.0009 0.6182 0.6734
1,0000 0.8210 0.1790 0.8115 0.0036 0.6467 0.9838
0.8444 0.8008 0.0436 0.7824 0.0012 0.7605 0.8373



Appendix D (Contd.)

DMU #
1

2
3
4
5
6
7
I
Õ

10
11

12
13
14
't5
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30

TH TS BIAS
0.6859 0.6342 0.0517
0.7822 0.7304 0.0518
0.7217 0.6645 0.0573
0.6725 0.6275 0.0450
0.7718 0.7062 0.0656
0.7545 0.7026 0.0519
0.8799 0.7951 0.0848
0.881 1 0.8136 0.0675
0.7149 0.6821 0.0328
0.6730 0.6286 0.0445
0.8359 0.7468 0.0890
0.9560 0.9423 0.0137
0.7691 0.7227 0.0463
0.8625 0.7246 0.1379
0.7082 0.6565 0.0517
0.7981 0.7295 0.0686
0.7482 0.7165 0.0317
1.0000 0.8827 0.1174
1.0000 0.9038 0.0962
0.7345 0.6834 0.0512
0.7385 0.6759 0.0626
0.7356 0.6963 0.0394
0.6384 0.5651 0.0733
0.7872 0.7237 0.0636
0.6694 0.6254 0.0440
1.0000 0.8106 0.1894
0.8558 0.7806 0.0752
0.6330 0.5899 0.0431
0.6903 0.6442 0.0461
0.8361 0.5960 0.2400

Bootstrap Estimates, CRS Model, 1996

MEDIAN STD.DEV 2.50o/o 97.50o/o

0.6215 0.0012 0.5843 0.6823
0.7180 0.001 I 0.6832 0.7769
0.6511 0.0013 0.6108 0.7164
0.6140 0.0011 0.5861 0.6673
0.6939 0.0013 0.6469 0.7642
0.6795 0.0013 0.6541 0.7506
0.7851 0.0017 0.7156 0.8690
0.8030 0.0015 0.7475 0.8754
0.6656 0.001 I 0.6518 0.7075
0.6163 0.0010 0.5885 0.6688
0.7392 0.0017 0.6627 0.8244
0.9185 0.0013 0.8874 0.9533
0.7033 0.0012 0.6795 0.7635
0.7026 0.0030 0.5915 0.8443
0.6362 0.0013 0.6087 0.7032
0.7062 0.0017 0.6658 0.7922
0.6985 0.0011 0.6872 0.7407
0.7922 0.0045 0.7689 0.9637
0.8965 0.0017 0.8138 0.9882
0.6694 0.0012 0.6337 0.7311
0.6675 0.0012 0.6186 0.7313
0.6743 0.0013 0.6595 0.7280
0.5599 0.0014 0.4957 0.6302
0.7074 0.0015 0.6649 0.7799
0.6146 0.0010 0.5853 0.6642
0.8009 0.0034 0.6289 0.9752
0.7651 0.0017 0.7099 0.8499
0.5765 0.0010 0.5507 0.6277
0.6304 0.0011 0.6017 0.6871
0.6022 0.0042 0.3622 0.8099

AVERAGE 0.7845 0.7134 0.0711 0.6970 0.0016 0.6448 0.7755
sTD DEV 0.1065 0.0917 0.0470 0.0865 0.0009 0.0950 0.1020
MINIMUM 0.6330 0.5651 0.0137 0.5599 0.0010 0.3622 0.6277
MAXIMUM 1.0000 0.9423 0.2400 0.9185 0.0045 0.8874 0.9882



Appendix D (Contd.)

DMU #
1

2
3
4
5
6
7
I
I
10
11

12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30

Bootstrap Estimates, CRS Model, 1997

TH TS BIAS
0.6591 0.6228 0.0363
0.7737 0.7383 0.0354
0.7883 0.7033 0.0851
0.6636 0.6342 0.0294
0.7807 0.7362 0.0445
0.8093 0.7722 0.0371
0.9058 0.8328 0.0730
0.9055 0.8595 0.0461
0.6869 0.6562 0.0307
0.6212 0.5916 0.0296
1.0000 0.8709 0j292
0.8432 0.7795 0.0637
0.7478 0.7022 0.0456
0.8548 0.7157 0.1391
0.6815 0.6405 0.0410
0.8859 0.8366 0.0493
0.7483 0.7084 0.0399
1.0000 0.8429 0.1571
1.0000 0.9405 0.0595
0.7038 0.6686 0.03s2
0.7382 0.6970 0.0412
0.6446 0.61 13 0.0333
0.6945 0.6535 0.0410
0.7436 0.7003 0.0433
0.6547 0.6246 0.0301
1.0000 0.8215 0.1785
0.9016 0.8162 0.0854
0.6349 0.5959 0.0389
0.6783 0.6372 0.0411
0.7896 0.5620 0.2275

MEDIAN STD.DEV 2.50o/o 97.50o/o

0.6090 0.001 1 0.5817 0.6551
0.7273 0.0009 0.7065 0.7684
0.6915 0.0020 0.6215 0.7827
0.6225 0.0008 0.6079 0.8587
0.7207 0.0011 0.6956 0.7762
0.7597 0.0009 0.7394 0.8044
0.8213 0.0016 0.7639 0.8964
0.8486 0.001'r 0.8172 0.8982
0-6423 0.0009 0.6283 0.6816
0.5817 0.0008 0.5655 0.6183
0.8598 0.0022 0.7466 0.9740
0.7685 0.0013 0.7202 0.8374
0.6873 0.0012 0.6596 0.7426
0.6813 0.0035 0.5802 0.8303
0.6255 0.00r0 0.6034 0.6766
0.8110 0.0015 0.7908 0.8782
0.6909 0.0011 0.6717 0.7450
0.8162 0.0034 0.6900 0.9862
0.9254 0.0013 0.8859 0.9926
0.6562 0.0009 0.6361 0.6994
0.6811 0.0011 0.6593 0.7346
0.5995 0.0009 0.5811 0.6407
0.6452 0.0009 0.6161 0.6879
0.6866 0.0011 0.6608 0.7368
0.6149 0.0008 0.5976 0.6513
0.7852 0.0038 0.6481 0.9829
0.8015 0.0019 0.7352 0.8930
0.5828 0.0009 0.5611 0.631 1

0.6235 0.0011 0.5990 0.6733
0.5566 0.0046 0.3388 0.7691

AVERAGE 0.7846 0.7191 0.0656 0.7041 0.0015 0.6570 0.7768
sTD DEV 0.1199 0.0981 0.0502 0.0958 0.0010 0. 1000 0.1161
MINIMUM 0.6212 0.5620 0.0294 0.5566 0.0008 0.3388 0.6183
MAXTMUM 1.0000 0.9405 0.2275 0.9254 0.0046 0.8859 0.9926



Appendix D (Contd.)

DMU #
1

2
3

4
5
6
7
I
I
10
11

12
13
14
15
l6
17
18
19
20
21

22
23
24
25
26
27
28
29
30

Bootstrap Estimates, CRS Model, 1998

TH TS BIAS
0.6553 0.6272 0.0281
0.7055 0.6805 0.0250
0.7498 0.7202 0.0296
0.6432 0.6156 0.0276
0.7413 0.7035 0.0378
0.8634 0.7967 0.0667
0.8250 0.7769 0.0482
0.9147 0.8716 0.0430
0.7192 0.6527 0.0665
0.6521 0.6231 0.0289
1.0000 0.8924 0.1077
0.7822 0.7300 0.0522
0.6740 0.6358 0.0382
1.0000 0.9378 0.0622
0.6609 0.6317 0.0291
0.9608 0.8737 0.0871
0.8168 0.7875 0.0293
0.9771 0.8898 0.0874
1.0000 0.9399 0.0601
0.6600 0.6176 0.0424
0.7041 0.6657 0.0384
0.6479 0.5912 0.0567
0.6477 0.5999 0.0479
0.9320 0.8751 0.0569
0.6733 0.6489 0.0244
0.9515 0.9069 0.0446
0.8802 0.8206 0.0596
0.6371 0.6'1 15 0.0256
0.6573 0.6194 0.0379
0.8544 0.6065 0.2479

MEDIAN STD.DEV 2.50o/o g7.50o/o

0.6'1 90 0.0007 0.6020 0.6s09
0.6713 0.0007 0.6577 0.7021
0.7074 0.0009 0.6931 0.7444
0.6088 0.0007 0.591 I 0.6398
0.6973 0.0008 0.6685 0.7352
0.7752 0.0017 0.7348 0.8531
0.7695 0.0010 0.7321 0.8'140
0.8616 0.0010 0.8321 0.9075
0.6329 0.0019 0.5889 0.7115
0.6'166 0.0007 0.5975 0.6469
0.8840 0.0021 0.7900 0.9835
0.7201 0.001 't 0.6819 0,7737
0.6255 0.0009 0.6003 0.6686
0.9046 0.0029 0.8829 0.9742
0.6199 0.0008 0.6048 0.6573
0.8134 0.0037 0.7908 0.9358
0.7806 0.0007 0.7610 0.8119
0.8603 0.0021 0.8063 0.9685
0.9315 0.001 1 0.88s3 0.9892
0.6049 0.0011 0.5780 0.6514
0.6597 0.0008 0.6310 0.6984
0.5757 0.0014 0.5377 0.6382
0.5916 0.0010 0.55s1 0.6418
0.8445 0.0021 0.8221 0.9202
0.6432 0.0006 0.6273 0.6674
0.8861 0.0014 0.8664 0.9436
0.8022 0.0014 0.7649 0.8738
0.6042 0.0006 0.5880 0.6338
0.6087 0.0009 0.5846 0.6506
0.5998 0.0055 0.3628 0.8391

AVERAGE 0.7862 0.7317 0.0546 0.7173 0.0014 0.6806 0.7775
sTD DEV 0.1315 0.1195 0.0419 0.1139 0.0011 0.1222 0.1278
MINIMUM 0.6371 0.5912 0.0244 0.5757 0.0006 0.3628 0.6338
MAXIMUM 1.0000 0.9399 0.2479 0.9315 0.0055 0.8853 0.9892



Appendix E

DMU #
1

2

3

4
5
Þ

7

I
I
10

11

12

13
14
15
16

17

18
19

20
21

22
23
24
25
26
27
28
29
30

AVERAGE
STD DEV
MINIMUM
MAXIMUM

Bootstrap Estimates, VRS Model, 1990

TH TS BIAS
0.8314 0.8175 0.0139
0.5333 0.4993 0.0341
0.8682 0.8288 0.0395
0.6652 0.6386 0.0267
1.0000 0.8459 0.1541
0.9655 0.9435 0.0220
1.0000 0.9138 0.0862
1.0000 0.9211 0.0790
0.8727 0.8593 0.0133
0.9322 0.8125 0.1198
0.8723 0.8549 0.0174
1.0000 0.8593 0.1408
0.8188 0.8004 0.0184
L0000 0.8411 0.1589
0.7655 0.7454 0.0202
0.8703 0.8514 0.0189
1.0000 0.9392 0.0608
0.8446 0.8137 0.0309
1.0000 0.9530 0.0470
1.0000 0.8512 0.1488
0.8870 0.8446 0.0424
0.8281 0.7999 0.0282
0.6828 0.6548 0.0281
0.9694 0.9290 0.0404
0.8906 0.8672 0.0234
0.8784 0.835't 0.0433
1.0000 0.8446 0.1554
0,8495 0.8363 0.0132
0.9550 0.8882 0.0668
0.8918 0.8412 0.0507

0.8891 0.8310 0.0581
0.1146 0.0948 0.0488
0.5333 0.4993 0.0132
1 .0000 0.9530 0.'t 589

MEDIAN STD.DEV 2.50o/o 97.50o/o SCALE
0.8155 0.0003 0.8061 0.8285 tRS
0.4870 0.0009 0.4661 0.5293 DRS
0.8178 0.001 1 0.7913 0.8605 tRS
0.6305 0.0006 0.6137 0.6620 DRS
0.7810 0.0059 0.6943 0.9540 DRS
0.9365 0,0005 0.9240 0.9627 tRS
0.9018 0.0021 0.8295 0.9921 CRS
0.9146 0.0018 0.8455 0.9916 CRS
0.8567 0.0003 0.8486 0.8707 tRS
0.7790 0.0039 0.6949 0.9007 DRS
0.8504 0.0004 0.8396 0.8701 tRS
0.8037 0.0052 0.7210 0.9552 DRS
0.7966 0.0004 0.7841 0.8170 tRS
0.7754 0.0062 0.6846 0.9365 CRS
0.7418 0.0005 0.7273 0.7630 tRS
0.8483 0.0004 0.8347 0.8675 tRS
0.9336 0.0016 0.8812 0.9900 tRS
0.8042 0.0008 0.7849 0.8389 DRS
0.9470 0.0010 0.9082 0.9926 DRS
0.8055 0.0057 0.7047 0.9373 DRS
0.8320 0.00r'r 0.8046 0.8809 DRS
0.7s62 0.0006 0.7734 0.8234 tRS
0.6416 0.0008 0.6283 0.6771 DRS
0.91 14 0.0013 0.8909 0.9629 tRS
0.86r I 0.0006 0.8456 0.8859 tRS
0.8191 0.0012 0.7938 0.8741 tRS
0.7907 0.0058 0.6916 0.9451 CRS
0.8338 0.0003 0.8252 0.8464 tRS
0.8545 0.0020 0.8239 0.9452 tRS
0.8155 0.0015 0.7924 0.8873 DRS

0.8128 0.0018 0.7751 0.8749
0.0954 0.0019 0.0982 0.1064
0.4870 0.0003 0.4661 0.5293
0.9470 0.0062 0.9240 0.9926



Appendix E (Contd.) Bootstrap Estimates, VRS Model, 1991

DMU # TH TS BIAS
1 0.8332 0.8145 0.0187
2 0.6659 0.6486 0.0173
3 0.8833 0.8610 0.0223
4 0.7743 0.7409 0.0334
5 1.0000 0.8682 0.1318
6 1.0000 0.9594 0.0406
7 1.0000 0.8826 0.1174
8 1.0000 0.9526 0.0474
9 0.8359 0.8134 0.0225
10 0.8877 0.7903 0.0974
11 0.8343 0.7942 0.0401
12 1.0000 0.8783 0.1217
13 0.8338 0.8078 0.0259
14 1.0000 0.8678 0.1322
't5 0.7881 0.7688 0.0193
16 0.8624 0.8441 0.0183
17 1.0000 0.9400 0.0600
18 0.9542 0.9136 0.0406
't 9 1.0000 0.9293 0.0707
20 0.9924 0.8655 0.1269
21 0.9297 0.8904 0.0392
22 0.8592 0.8333 0.0259
23 0.6818 0.6534 0.0284
24 0.8870 0.8279 0.0591
25 0.9933 0.9686 0.0247
26 0.8458 0,8072 0.0386
27 0.9386 0.8661 0.0725
28 0.8845 0.8670 0.0175
29 0.9606 0.8534 0j072
30 0.8576 0.7982 0.0594

AVERAGE 0.8994 0.8435 0.0559
sTD DEV 0.0952 0.0772 0.0391
MINTMUM 0.6659 0.6486 0.0173
MAXTMUM 1.0000 0.9686 0j322

MEDIAN STD DEV 2.50o/o g7.50o/o SCALE
0.8124 0.0004 0.7985 0.8287 tRS
0.6436 0.0004 0.6s27 0.6631 tRS
0.8519 0.0006 0.8410 0.8781 tRS
0.7334 0.0008 0.7099 0.7690 DRS
0.8194 0.0040 0.7391 0.9757 DRS
0.9523 0.0009 0.9217 0.9945 tRS
0.8210 0.0038 0.7674 0.9808 CRS
0.9458 0.0010 0.9085 0.9933 CRS
0.8100 0.0005 0.7935 0.8326 tRS
0.7597 0.0027 0.6952 0.8794 DRS
0.7782 0.0011 0.7564 0.8292 tRS
0.8314 0.0037 0.7591 0.9770 CRS
0.7965 0.0007 0.7841 0.8310 tRS
0.8131 0.0041 0.7384 0.9705 CRS
0.7618 0.0005 0.7518 0.7848 tRS
0.8396 0.0004 0.8278 0.8598 tRS
0.9338 0.0014 0.8829 0.9918 tRS
0.9016 0.0011 0.8753 0.9467 DRS
0.9403 0.0015 0.8610 0.9932 CRS
0.8285 0.0039 0.7412 0.9656 DRS
0.8761 0.0010 0.8532 0.9257 DRS
0.8248 0.0006 0.8095 0.8560 tRS
0.6399 0.0008 0.6269 0.6781 DRS
0.7931 0.0018 0.7714 0.8812 tRS
0.9604 0.0006 0.9461 0.9904 tRS
0.7917 0.0010 0.7709 0.8415 tRS
0.8486 0.0017 0.7963 0.9305 DRS
0.8636 0.0004 0.8522 0.8817 tRS
0.7870 0.0037 0.7489 0.9425 tRS
0.7878 0.0014 0.7410 0.8513 DRS

0.8249 0.0015 0.7901 0.8908
0.0784 0.0013 0.0771 0.0909
0.6399 0.0004 0.6269 0.6631
0.9604 0.0041 0.9461 0.9945



DMU#
1

2
3

Appendix E (Contd.)

4
5
o
7
I
I
10
11

12
13
14
l5
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30

Bootstrap Estimates, VRS Model, 1992

TH TS BIAS MEDIAN STD DEV 2.500/O g7.5OO/O SCALE
1.0000 0.8815 0.1185 0.8489 0.0031 0.7665 0.9821 CRS
0.7710 0.7487 0.0223 0.7443 0.0005 0.7287 0.7672 tRS
0.8713 0.8515 0.0199 0.8481 0.0004 0.8342 0.8673 tRS
0.8193 0.7751 0.0442 0.7568 0.0011 0.7334 0.8141 DRS
1.0000 0.8836 0j164 0.8435 0.0031 0.7700 0.9876 DRS
0.9543 0.9269 0.0274 0.9209 0.0006 0.9023 0.9522 tRS
1.0000 0.8942 0.1058 0.8325 0.0030 0.7910 0.9921 CRS
0.9701 0.9356 0.0346 0.9238 0.0009 0.9044 0.9653 DRS
0.8354 0.8169 0.0185 0.8137 0.0004 0.8014 0.8323 tRS
0.8671 0.7637 0.1033 0.7472 0.0026 0.6630 0.8546 DRS
0.8532 0.8339 0.0193 0.8304 0.0004 0.8171 0.8494 IRS
1.0000 0.8883 0.1117 0.8451 0.0029 0.7797 0.9913 DRS
0.8282 0.8110 0.0172 0.8082 0.0004 0.7963 0.8264 tRS
1.0000 0.8821 0.1179 0.8536 0.0030 0.7674 0.9867 tRS
0.8473 0.7993 0.0480 0.7656 0.0017 0.7524 0.8414 tRS
0.8974 0.8778 0.0196 0.8747 0.0004 0.8609 0.8953 tRS
1.0000 0.9554 0.0446 0.9503 0.0010 0.9143 0.9947 tRS
0.9075 0.8592 0.0483 0.8397 0.00.13 0.8í40 0.9044 DRS
1.0000 0.9090 0.0910 0.8945 0.0022 0.8210 0.9946 CRS
0.8529 0.8361 0.0168 0.8330 0.0004 0.8217 0.8501 tRS
0.7820 0.7532 0.0287 0.7434 0.0007 0.7270 0.7796 tRS
0.8213 0.7962 0,0250 0.7877 0.0007 0.7736 0.8186 tRS
0.7542 0.6994 0.0548 0.6866 0.0013 0.6469 0.7499 DRS
1.0000 0.9466 0.0534 0.9186 0.0015 0.8962 0.9962 tRS
0.8666 0.8439 0.0226 0.8381 0.0005 0.8237 0.8636 tRS
0.9822 0.9442 0.0381 0.9329 0.0010 0.9090 0.9784 tRS
0.9584 0.8958 0.0626 0.8660 O.OO17 0.8364 0.951 1 tRS
0.8469 0.8286 0.0182 0.8244 0.0004 0.8131 0.8445 tRS
1.0000 0.8875 0j125 0.8356 0.00s1 0.7783 0.9896 CRS
0.90s8 0.8630 0.0427 0.8369 0.0013 0.8229 0.9033 DRS

AVERAGE 0.9064 0.8529 0.0535 0.8348 0.0014 0.8022 0.9008
sTD DEV 0.0817 0.0647 0.0369 0.0624 0.0010 0.0665 0.0797
MINIMUM 0.7542 0.6994 0.0168 0.6866 0.0004 0.6469 0.7499
MAXTMUM 1.0000 0.9s54 0.1185 0.9503 0.0031 0.9143 0.9962



Append¡x E (Contd.) Bootstrap estimates, VRS Model, 1993

DMU # TH TS BIAS
1 1.0000 0.8010 0.1990
2 0.6399 0.6093 0.0306
3 0.8036 0.7696 0.0340
4 0.6965 0.6664 0.0301
5 0.9612 0.7702 0.1910
6 0.8975 0.8736 0.0239
7 0.9126 0.8599 0.0528
8 0.8893 0.8412 0.048í
9 0.8456 0.8240 0.0217
10 0.7322 0.6437 0.088s
11 0.8140 0.7911 0.0229
12 1.0000 0.8067 0.1933
13 0.7863 0.7688 0.0175
14 1.0000 0.7979 0.2021
1 5 0.69 1 1 0.6718 0.01 92
16 0.8571 0.8297 0.0275
17 0.9269 0.8952 0.0318
18 0.8581 0.7903 0.0678
19 1.0000 0.9104 0.0896
20 0.7860 0.7672 0.0188
21 0.7208 0.6751 0.0456
22 0.6603 0.6476 0.0127
23 0.6819 0.6242 0.0577
24 1.0000 0.8667 0.1s33
25 0.9707 0.94't 3 0.0294
26 0.9075 0.8396 0.0679
27 0.9554 0.8686 0.0869
28 0.79s8 0.7739 0.0219
29 1.0000 0.8057 0.1943
30 0.7957 0.7505 0.0452

AVERAGE 0.8529 0.7827 0.0702
sTD DEV 0.1167 0.0885 0.0633
MINTMUM 0.6399 0.6093 0.0127
MAXIMUM 1.0000 0.9413 0.2021

MEDIAN STD DEV 2.50o/o

0.7194 0.0053 0.6052
0.6018 0.0007 0.5808
0.7591 0.0009 0.7380
0.6530 0.0009 0.6382
0.6967 0.0051 0.5822
0.8674 0.0006 0.8534
0.8447 0.0013 0.8100
0.8142 0.0017 0.7962
0.8174 0.0008 0.8053
0.6040 0.0027 0.5574
0.7841 0.0006 0.7714
0.7245 0.0052 0.6165
0.7653 0.0004 0.7542
0.7249 0.0053 0.5993
0.6690 0.0004 0.6553
0.8227 0.0007 0.8030
0.8817 0.0009 0.8664
0.7821 0.0014 0.7256
0.9112 0.0018 0.8236
0.7607 0.0005 0.7506
0.6668 0.0010 0.6322
0.6420 0.0004 0.6335
0.6148 0.0013 0.5687
0.8452 0.0031 0.7372
0.9330 0.0007 0.9131
0.7986 0.0021 0.7743
0.8398 0.0023 0.7841
0.7709 0.0004 0.7554
0.7263 0.0053 0.6153
0.7226 0.0015 0.7075

0.7588 0.0018 0.7151
0.0903 0.0017 0.1003
0.6018 0.0004 0.5574
0.9330 0.0053 0.9131

97.50o/o SCALE
0.9739 CRS
0.63s6 rRS
0.7981 tRS
0.6924 rRS
0.9435 DRS
0.8937 tRS
0.9069 tRS
0.8822 tRS
0.8387 tRS
0.7271 tRS
0.8094 tRS
0.9842 CRS
0.7824 tRS
0.9850 tRS
0.6866 tRS
0.8541 tRS
0.9214 tRS
0.8469 DRS
0.9874 CRS
0.7825 tRS
0.7179 tRS
0.6579 tRS
0.6754 DRS
0.9851 tRS
0.9677 tRS
0.9003 IRS
0.9481 tRS
0.7902 tRS
0.9820 CRS
0.7897 tRS

0.8449
0.1129
0.6356
0.9874



Appendix E (Contd.)

AVERAGE 0.8590 0.7827 0.0763
sTD DEV 0.1103 0.0732 0.0617
MINIMUM 0.7007 0.6580 0.0147
MAXIMUM 1 .0000 0.9024 0.191 s

Bootstrap Estimates, VRS Model, 1994

DMU # TH TS BIAS MEDIAN STD DEV 2,50O/O 97,50O/O SCALE
1 0.7470 0.7198 0.0273 0.7119 0.0007 0.6944 0.7441 tRS
2 0.7289 0.6956 0.0334 0.6765 0.0010 0.6641 0.7254 tRS
3 0.7597 0.7160 0.0437 0.7020 0.0011 0.6743 0.7558 tRS
4 0.7202 0.681 1 0.0391 0.6649 0.0011 0.6439 0.7165 tRS
5 0.8645 0.7026 0.1619 0.6648 0.0039 0.5429 0.8529 DRS
6 0.8756 0.8549 0.0207 0.8459 0.0006 0.8368 0.8719 tRS
7 r.0000 0.8486 0.1514 0.7784 0.0042 0.6999 0.9932 CRS
8 0.9393 0.8955 0.0438 0.8742 0.0013 0.8538 0.9332 DRS
9 0.7920 0.7773 0.0147 0.7721 0.000s 0.7649 0.7891 tRS
10 0.7706 0.7017 0.0689 0.6521 0.0023 0.6350 0.7620 DRS
11 0.7800 0.7394 0.0406 0.7255 0.0010 0.7010 0.7762 tRS
12 1.0000 0.8r35 0.1865 0.7723 0.0045 0.6300 0.9868 CRS
13 0.7853 0.7647 0.0206 0.7568 0.0006 0.7462 0.7823 tRS
14 1.0000 0.8085 0.1915 0.7739 0.0044 0.6199 0.9870 tRS
15 0.7455 0.7062 0.0394 0.6844 0.0012 0.6690 0.7401 tRS
16 0.8788 0.8229 0.0559 0.8098 0.0014 0.7698 0.8719 tRS
17 0.9037 0.8688 0.0349 0.8480 0.0011 0.8366 0.8975 tRS
18 1.0000 0.8144 0.1856 0.7727 0.0045 0.6319 0.9877 CRS
19 1.0000 0.9024 0.0976 0.8971 0.0023 0.8073 0.9869 CRS
20 0.7907 0.7632 0.0275 0.7502 0.0008 0.7376 0.7881 tRS
21 0.7634 0.7184 0.0450 0.6896 0.0013 0.6754 0.7590 tRS
22 0.7007 0.6780 0.0228 0.6682 0.0006 0.6573 0.6983 tRS
23 0.7105 0.6580 0.0525 0.6301 0.0015 0.6074 0.7062 DRS
24 1.0000 0.8867 0.1133 0.8s34 0.0030 0.7762 0.9904 tRS
25 0.8207 0.7942 0.0265 0.7851 0.0007 0.7698 0.8175 tRS
26 1.0000 0.8375 0.1625 0.8161 0.0039 0,678.1 0.9917 tRS
27 1.0000 0.8091 0.1909 0.7646 0.0046 0.6210 0.9897 CRS
28 0.7886 0.7727 0.0159 0.7667 0.0005 0.7590 0.7863 tRS
29 1.0000 0.8801 0.1199 0.7857 0.0042 0.7631 0.9872 CRS
30 0.9043 0.8480 0.0563 0.8190 0.0016 0.7941 0.8989 DRS

0.7571 0.0020 0.7087 0.8525
0.0711 0.0015 0.0785 0.1073
0.6301 0.0005 0.5429 0.6983
0.8971 0.0046 0.8538 0.9932



Appendix E (Contd.)

DMU# TH
I 0.8066
2 0.7684
3 0.7982
4 0.7310
5 1.0000
6 0.7865
7 0.9144
8 0.9279
I 0.6632
l0 0.7781
11 0.8036
12 1.0000
13 0.7792
14 1.0000
15 0.8503
16 0.9310
17 0.7950
18 1 .0000
19 1 .0000
20 0.7561
21 0.7376
22 0.6273
23 0.7252
24 1.0000
25 0.8495
26 1.0000
27 0.8400
28 0.7056
29 1.0000
30 0.9812

AVERAGE 0.8519
STD DEV 0.1176
MIN|MUM 0.6273
MAXIMUM 1.OOOO

97.500/o SCALE
0.8036 IRS
0.7627 tRS
0.7949 tRS
0.7270 tRS
0.9800 DRS
0.7815 tRS
0.9094 tRS
0.9200 tRs
0.6601 tRS
0.7587 DRS
0.7986 tRS
0.9813 DRS
0.7752 tRS
0.9740 CRS
0.8424 IRS
0.9259 IRS
0.7904 tRS
0.9919 tRS
0.9885 CRS
0.7514 tRS
0.7242 tRS
0.6215 tRS
0.7185 DRS
0.9900 tRS
0.8445 tRS
0.9865 rRS
0.8274 CRS
0.7005 tRS
0.9828 CRS
0.9714 DRS

0.8428
0.1143
0.6215
0.9919

Bootstrap Estimates, VRS Model, 'l gg5

TS BIAS MEDIAN STD.DEV 2.50O/O

0.7805 0.0262 0.7708 0.0007 0.7562
0.7206 0.0479 0.7055 0.0012 0.6748
0.7520 0.0461 0.7343 0.0013 0.7072
0.6872 0.0439 0.6669 0.0013 0.6450
0.7986 0.2014 0.7634 0.0053 0.5997
0.7476 0.0389 0.7374 0.0010 0.7111
0.8649 0.0495 0.8506 0.0012 0.8180
0.8715 0.0564 0.8428 0.0016 0.8176
0.6380 0.0252 0.6291 0.0007 0.6148
0.6161 0.1620 0.6084 0.0041 0.4564
0.7539 0.0497 0.7473 0.0012 0.7065
0.8008 0.1993 0.7892 0.0051 0.6045
0.7493 0.0299 0.7408 0.0008 0.7218
0.7932 0.2068 0.7853 0.0050 0.5893
0.7457 0.1046 0.7243 0.0025 0.6437
0.8852 0.0459 0.8710 0.0012 0.8419
0.7519 0.0431 0.7281 0.0012 0.7113
0.9098 0.0902 0.8966 0.0021 0.8225
0.8808 0.1192 0.8556 0.0030 0.7641
0.7274 0.0287 0.7136 0.0009 0.7007
0.6948 0.0428 0.6657 0.0015 0.6539
0.5924 0.0349 0.5837 0,0009 0.5595
0.6833 0.0419 0.6711 0.001 I 0.6434
0.8549 0.1451 0.8177 0.0037 0.7126
0.8161 0.0334 0.8052 0.0009 0.7848
0.8161 0.1839 0.8020 0.0048 0.6351
0.7758 0.0642 0.7325 0.0021 0.7140
0.684'f 0.0214 0.6778 0.0006 0.6647
0.8279 0.1721 0.8090 0.0047 0.6588
0.9102 0.071't 0.8952 0.0017 0.8420

0.7710 0.0809 0.7540 0.0021 0.6925
0.0847 0.0614 0.0824 0.0015 0.0898
0.5924 0.0214 0.5837 0.0006 0.4564
0.9102 0.2068 0.8966 0.0053 0.8420



Appendix E (Contd.) Bootstrap Esiimates, VRS Model, 1996

DMU
1

2
3

4
5
6
7

AVERAGE 0.8261
STD DEV 0.1065
MtNtMUM 0.6841
MAXIMUM 1.OOOO

TS BIAS MEDIAN
0.6830 0.0375 0.6754
0.7785 0.0674 0.7722
0.6835 0.0572 0.6808
0.6639 0.0687 0.6575
0.7007 0-2129 0.6726
0.7746 0.0654 0.7669
0.8597 0.0660 0.8526
0.8050 0.0905 0.7969
0.7220 0.0340 0.7117
0.6259 0.0967 0.5992
0.7810 0.0780 0.7776
0.7654 0.2346 0.7430
0.7405 0.0462 0.7322
0.7368 0.1480 0.6862
0.6580 0.0605 0.6531
0.8238 0.0962 0.8094
0.7649 0.0462 0.7578
0.7714 0.2286 0.7406
0.8684 0.1316 0.8662
0.6807 0.0562 0.6686
0.6577 0.0843 0.6542
0.7181 0.0380 0.7037
0.5230 0.1611 0.5039
0.7909 0.1433 0.7408
0.6498 0.0451 0.6481
0.7729 0.2272 0.7313
0.7590 0.0968 0.7497
0.6470 0.0424 0.6451
0.6328 0.0616 0.6253
0.7164 0.2063 0.6788

0.7252 0.1010 0.7100
0.0758 0.0643 0.0760
0.5230 0.0340 0.5039
0.8684 0.2346 0.8662

#TH
0.7206
0.8459
0.7407
0.7326
0.9136
0.8400
0.9257
0,8955
0.7560
0.7226
0.8591
1.0000
0.7867
0.8848
o.7185
0.9200
0.8111
1.0000
1.0000
0.7369
0.7419
0.7560
0.6841
0.9342
0.6949
1.0000
0.8558
0.6893
0.6944
0.9228

STD.DEV 2.50o/o

0.0009 0.6394
0.0013 0.7156
0.0011 0.6295
0.0013 0.6002
0.0044 0.4942
0.0014 0.7142
0.0014 0.7962
0.00't8 0.7183
0.0009 0.6910
0.0024 0.5333
0.0014 0.7076
0.0048 0.5368
0.0010 0.6980
0.0035 0.5937
0.0012 0.6025
0.0020 0.7330
0.0010 0.7219
0.0047 0.5470
0.0023 0.7420
0.0012 0.6279
0.0015 0.5778
0.0010 0.6829
0.0033 0.3659
0.0035 0.6529
0.0008 0.6084
0.0048 0.5510
0.0018 0.6670
0.0007 0.6091
0.0014 0.5737
0.0043 0.5156

0.0021 0.6282
0.0014 0.0915
0.0007 0.3659
0.0048 0.7962

97 .50o/o

0.7149
0.8391
0.7333
0.7237
0.8996
0.8304
0.9168
0.8849
0.7524
0.71 18
0.8496
0,9810
0.78't1
0.8761
0.7118
0.9102
0.8071
0.9805
0.9794
0.7315
0.7283
0.7521
0.6730
0.9136
0.689'1

0.989s
0.8424
0.6825
0.6859
0.9096

0.8160
0.1033
0.6730
0.9895

SCALE
DRS
tRs
IRS
IRS
IRS
IRS
IRS
IRS
tRs
DRS
DRS
DRS
IRS
DRS
rRs
IRS
tRs
CRS
CRS
IRS
DRS
tRs

DRS
IRS
tRs
cRs
CRS
IRS
rRs
DRS

I
I
10
11

12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30



Appendix E (Contd.) Bootstrap Estimates, VRS Model, 1997

DMU # TH TS BIAS MEDIAN STD DEV 2.50O/O 97.50O/O SCALE
1 0.6900 0.6706 0.0195 0.6560 0.0011 0.6240 0.6869 DRS
2 0.7764 0.7208 0.0556 0.7092 0.0013 0.6678 0.7686 DRS
3 0.8373 0.7548 0.0825 0.7264 0.0024 0.6743 0.8253 DRS
4 0.7397 0.6763 0.0634 0.6654 0.0015 0.6156 0.7331 DRS
5 0.9754 0.7463 0.2291 0.6837 0.0056 0,5202 0.9665 DRS
6 0.8314 0.7862 0.0451 0.7779 0.0010 0.7438 0.8250 tRS
7 0.9234 0.8604 0.0631 0.8389 0.0016 0.8003 0.9138 tRS
8 0.9s96 0.8942 0.0653 0.8782 0.0016 0.8315 0.9513 DRS
I 0.6950 0.6643 0.0308 0.65s3 0.0008 0.6357 0.6900 DRS
10 0.7457 0.5664 01792 0.5419 0.0042 0.3902 0]321 DRS
11 1.0000 0.8526 0.1474 0.8680 0.0032 0.7088 0.9835 CRS
12 1.0000 0.7655 0.2346 0.7101 0.0057 0.5345 0.9839 DRS
13 0.7700 0.7248 0.0452 0.7191 0.0010 0.6817 0]628 DRS
14 0.8785 0.7551 0.1234 0.6813 0.0037 0.6340 0.8691 DRS
l5 0.6847 0.6441 0.0406 0.6301 0.0011 0.6059 0.6786 DRS
16 1.0000 0.8994 0.1006 0.8667 0.0030 0.8030 0.9810 tRS
17 0.750í 0.6825 0.0676 0.6580 0.0018 0.6172 0.7424 DRS
18 1.0000 0.8355 0.1645 0.8010 0.0039 0.6741 0.9907 CRS
19 1.0000 0.8579 0.1421 0.8338 0.0033 0.7188 0.9875 CRS
20 0.7255 0.6888 0.0367 0.6794 0.0009 0.6539 0.7223 DRS
21 0.7398 0.6719 0.0680 0.6496 0.00,18 0.6067 0.7318 tRS
22 0.6572 0.6220 0.0352 0.6145 0.0008 0.5887 0.6522 DRS
23 0.7716 0.7129 0.0587 0.6915 0.0016 0.6564 0.7635 DRS
24 0.9411 0.7605 0.1805 0.6736 0.0049 0.5835 0.927,t tRS
25 0.6582 0.6255 0.0327 0.6209 0.0007 0.5950 0.6539 DRS
26 1.0000 0.7749 0.2252 0.6921 0.0056 0.5529 0.9860 CRS
27 0.9026 0.7262 0,1764 0.6857 0.0043 0.5530 0.8864 tRS
28 0.6640 0.6263 0.0377 0.6204 0.0008 0.5916 0.6575 tRS
29 0.7306 0.6895 0.0411 0.6759 0.0011 0.6506 0.7268 DRS
30 0.9094 0.7091 0.2003 0.6255 0.0050 0.5123 0.8941 DRS

AVERAGE 0.8319 0.7322 0.0997 0.7043
sTD DEV 0.1249 0.0855 0.0692 0.0850
MINIMUM 0.6572 0.5664 0.0195 0.5419
MAXTMUM 1.0000 0.8994 0.2346 0.8782

0.0025 0.6342 0.8225
0.0017 0.0925 0.1216
0.0007 0.3902 0.6522
0.0057 0.8315 0.9907



Appendix E (Contd.) Bootstrap Estimates, VRS Model, 1998

TS BIAS MEDIAN STD DEV 2.50o/o 97.50o/o SCALEDMU #

14
15
16
17
18
19
20
21
22
23
24
25
26
27

0.6623 0.6226 0.0398 0.6163 0.0008 0.5850 0.6571
0.6952 0.6398 0.0554 0.6058 0.0020 0.5863 0.6855
0.9569 0.7421 0.2149 0.6701 0.0055 0.5302 0.9453

AVERAGE 0.8318 0.7380 0.0937 0.7057 0.0025 0.6454 0.823,1
sTD DEV 0.1304 0.0883 0.0701 0.0835 0.0018 0.0910 0.1269
MINIMUM 0.6623 0.6226 0.0065 0.5770 0.0006 0.4650 0.6571
MAXTMUM 1.0000 0.8866 0.2355 0.8839 0.0059 0.8050 0.9903

1

2
3

4
5
6
7
I
9
10
11

't2
l3

0.6656 0.6373 0.0283 0.6258 0.0008 0.6082 0.6618 DRS
0.7105 0.6854 0.0251 0,6798 0.0006 0.6623 0.7064 tRS
0.7512 0.6958 0.0554 0.6863 0.0015 0.6423 0.7425 DRS
0.7445 0.6942 0.0504 0.6765 0,0014 0.6462 0.7392 DRS
0.9675 0.7370 0.2306 0.6929 0.0057 0.5091 0.9535 DRS
0.8779 0.8222 0.0557 0.7989 0.0015 0.7694 0.8710 tRS
0.8318 0.7857 0.0461 0.7698 0.001 1 0.7419 0.8278 tRS
0.9408 0.8715 0.0693 0.8300 0.0021 0.8050 0.9347 DRS
0.7505 0.6862 0.0643 0.6420 0.0021 0.6238 0.7447 DRS
0.8080 0.6349 0.1731 0.5770 0.0044 0.4650 0.7988 DRS
1.0000 0.8213 0.1787 0.8261 0.0043 0.6457 0.9882 CRS
1.0000 0.7645 0.2355 0.7024 0.0059 0.5321 0.9861 DRS
0.7328 0.7262 0.0065 0.7150 0.0009 0.6845 0.7313 tRS
1,0000 0.8712 0.1288 0.8043 0.0040 0.74s5 0.9737 CRS
0.6679 0.6378 0.0301 0.6254 0.0009 0.6098 0.6626 tRS
1.0000 0.8115 0.1885 0.6998 0.0054 0.6261 0.9898 tRS
0.8388 0.7762 0.0627 0.7457 0.0019 0.7157 0.8304 tRS
0.9832 0.8866 0.0966 0.8582 0.0025 0.7932 0.9677 tRS
1.0000 0.8862 0.1138 0.8839 0.0026 0.7752 0.9871 CRS
0.7140 0.6750 0.0390 0.6592 0.0012 0.6379 0.7085 tRS
0.7052 0.6489 0.0563 0.6230 0.0015 0.5949 0.7003 tRS
0.6989 0.6605 0.0384 0.6439 0.0012 0.6240 0.6941 DRS
0.7172 0.6235 0.0937 0.6129 0.0022 0.s319 0.7054 DRS
0.9676 0.8607 0.1069 0.7844 0.0036 0.7567 0.9527 tRS
0.6809 0.6543 0.0267 0.6471 0.0006 0.6294 0.6785 tRS
1.0000 0.7726 0.2274 0.6822 0.0059 0.5484 0.9903 tRS
0.8834 0.8087 0.0747 0.7880 0.0018 0.7371 0.8786 tRS

IRS
DRS
DRS

28
29
30



Appendix F

DMU# 1990
1 0.7821
2 0.5261
3 0.8473
4 0.6488
5 0.8231
6 0.8646
7 1.0000
I 1.0000
I 0.7972
10 0.8't72
11 0.7982
12 0.9552
13 0.7966
14 1.0000
15 0.750s
16 0.8160
17 0.8899
18 0.8091
19 0.9730
20 0.8901
21 0.8497
22 0.7938
23 0.6690
24 0.8112
25 0.8229
26 0.7544
27 1.0000
28 0.8017
29 0.9525
30 0.8685

AVERAGE 0.8383
STD DEV 0.1087
MIN|MUM 0.5261
MAXIMUM 1,OOOO

Original Bootslrap DEA Est¡mãtes, CRS Modet, 199G-1998

1991 1992 1993 1994 1995
0.8071 I .0000 1.0000 0.7214 0.7418
0.6411 0.6653 0.5834 0.6787 0.7531
0.8626 0.8036 0.7628 0.7311 0.7753
0.76æ 0.7675 0.6904 0.6829 0.æ78
o.Tn5 0.78/,0 0.7358 0.7621 0.7757
0.9818 0.a776 0.8169 0.8357 0.7756
1.0000 1.0000 0.9047 1.0000 0.8639
r.0000 0.9628 0.8835 0-9171 0.8885
0.8217 0.7769 0.7783 0.7607 0.6558
0.7709 0.8177 0.7309 0.7266 0.6348
0.8101 0.7570 0.7623 0.73æ 0.7885
1.0000 0.9876 1.0000 1.0000 0.8481
0.8298 0.8154 0.7608 0.7740 0.7642
1.0000 0.8518 0.8253 0.8753 1.0000
0.7857 0.8206 0.6744 0.7403 0.8346
0.8390 0.8090 0.8178 0.7945 0.8302
0.9606 0.a7ß 0.7999 0.U42 0.7409
0.8909 0.8609 0.8484 1.0000 0.9931
1.0000 1.0000 1.0000 1.0000 1.0000
0.8574 0.8460 0.7627 0.7800 0.7437
0.87il 0.7782 0.7187 0.7560 0.7275
0.8514 0.7881 0.6486 0.6897 0.6246
0.6811 0.6812 0.6249 0-6638 0.6549
0.7566 0.8564 0.8798 0.7665 0.7740
0.9779 0.8106 0.8750 0.7621 0.8044
0.7951 0.8067 0.7701 0.9045 0.9690
0.8349 0.8227 0.8676 1.0000 0.8460
0.8569 0.8031 0.7476 0.7672 0.6786
0.9584 1.0000 1.0000 1.0000 1.0000
0.8374 0.8975 0.7905 0.8324 0.8444
0.8609 0.8440 0.8020 0.8168 0.7993
0.0984 0.0899 0.1101 0.1112 0.1123
0.6411 0.6653 0.5834 0.6638 0.6248
1.0000 1.0000 1.0000 1.0000 1.0000

1996 1997 1998
0.6859 0.6591 0.6553
0.7822 0.7737 0.7055
0.7217 0.7883 0.7498
0.6725 0.6636 0.6432
o.Tt18 0.7807 0.7413
0.7545 0.8093 0.8634
0.8799 0.9058 0.8250
0.8811 0.9055 0.9147
0.7149 0.6869 0.7192
0.6730 0.6212 0.6521
0.8359 1.0000 1.0000
0.9560 0.8r'.32 0-7822
0.7691 0.7478 0.6740
0.8625 0.8548 1.0000
0.7082 0.6815 0.6609
0.7981 0.8859 0.9608
o.74A2 0.7483 0.8168
1.0000 1.0000 0.9771
1.0000 1.0000 1.0000
0.73/.5 0.7038 0.6600
0.7385 0.7382 0.7041
0.7356 0.6446 0.&179
0.6384 0.6945 0.æ77
0.7872 0.7436 0.9320
0.6694 0.6il7 0.6733
1.0000 1.0000 0.9515
0.8558 0.9016 0.8802
0.6330 0.6349 0.6371
0.6903 0.6783 0.6573
0.8361 0.7896 0.8il4
0.7845 0.78/,6 0.7862
0.1065 0.1199 0-1315
0.6330 0.62't2 0.6371
1.0000 1.0000 1.0000
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Appendix G

DMU# 1990
1 0.8314
2 0.5333
3 0.8682
4 0.6652
5 1.0000
6 0.9655
7 1.0000
8 1.0000
I 0.8727
10 0.9322
'11 0.8723
12 1.0000
13 0.8188
14 1.0000
15 0.7655
'16 0.8703
't7 1.0000
18 0.8446
19 1.0000
20 1.0000
21 0.8870
22 0.8281
23 0.6828
24 0.9694
25 0.8906
26 0.878/.
27 1.0000
28 0.8495
29 0.9550
30 0.8918

AVERAGE 0.889I
STDDEV 0.1146
MINIMUM 0.5333
MAXIMUM 1.OOOO

Or¡ginal Bootstrap DEA Est¡mates, VRS Model, 199G1998

1991 1992 1993 1994 1995
0.8332 1.0000 1.0000 0.7470 0.8066
0.6659 0.7710 0.6399 0.7289 0.7684
0.8833 0.8713 0.8036 0.7597 0.7982
0.7743 0.8193 0.6965 0.7202 0.7310
1.0000 1.0000 0.9612 0.8ef5 1.0000
1.0000 0.9543 0.8975 0.8756 0.7865
r.0000 1.0000 0.9126 1.0000 0.9144
1.0000 0.9701 0.8893 0.9393 0.9279
0.8359 0.8354 0.84s6 0.7920 0.6632
0.8877 0.8671 0.7322 0.7706 0.77A1
0.8343 0.8532 0.8140 0.7800 0.8036
1.0000 'î.0000 1.0000 1.0000 1.0000
0.8338 0.8282 0.7863 0.7853 0.7792
r.0000 1.0000 1.0000 1.0000 1.0000
0.7881 O.8r'.73 0.691 1 0.7455 0.8503
0.8624 0.8974 0.8571 0.8788 0.9310
1.0000 1.0000 0.9269 0.9037 0.7950
0.9542 0.9075 0.8581 1.0000 1.0000
1.0000 1.0000 1.0000 1.0000 1.0000
0.9924 0.8529 0.7860 0.7907 0.7561
0.9297 0.7820 0.7208 0.763É 0.7376
0.8592 0.8213 0.6603 0.7007 0.6273
0.6818 0.7&2 0.6819 0.7105 0.7252
0.8870 1.0000 1.0000 1.0000 1-0000
0.9933 0.8666 0.9707 0.8207 0.8495
0.8458 0.9822 0.9075 1.0000 1.0000
0.9386 0.9584 0.9554 1.0000 0.8400
0.8845 0.8469 0.7958 0.7886 0.7056
0.9606 1.0000 1.0000 1.0000 1.0000
0.8576 0.9058 0.7957 0.9043 0.9812
0.8994 0.90ô4 0.8529 0.8590 0.8519
0.0952 0.0817 0.1167 0.1103 0j176
0.6659 0,7542 0.6399 0.7007 0.6273
1.0000 1.0000 1.0000 1.0000 1.0000

1996 1997 1998
0.7206 0.6900 0.6656
0.8459 0.77æ 0.7105
0.7407 0.8373 0.7512
0.7326 0.7397 0.7445
0.9136 0.975/. 0.9675
0.8400 0.8314 0.8779
0.9257 0.9234 0.8318
0.8955 0.9s96 0.9408
0.7560 0.6950 0.7505
0.7226 0.7457 0.8080
0.8591 1.0000 1.0000
1.0000 1.0000 1.0000
0.7867 0.7700 0.7328
0.8848 0.8785 1.0000
0.7185 0.68r'.7 0.6679
0.9200 1.0000 1.0000
0.8111 0-7501 0.8388
1.0000 1.0000 0.9832
1.0000 1.0000 1.0000
0.7369 0.7255 0.7140
0.7419 0.7398 0.7052
0.7560 0.6572 0.6989
0.6841 0.7716 0.7172
o.su2 0.9411 0.9676
0.6949 0.6582 0.6809
1.0000 1.0000 1.0000
0.8558 0.9026 0.8834
0.689s 0.6640 0.6623
0.6944 0.7306 0.6952
0.9228 0.9094 0.9569
0.8261 0.8319 0.8318
0.1065 01249 0.1304
0.6841 0.6572 0.6623
1.0000 1.0000 1.0000
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Appendix H

DMU #
1

2
o
4
5
6
7
I
9
10
11

12
l3
14
15
16
17
18
19
20
2'l
22
23
24
25
26
27
28
29
30

AVERAGE
STD DEV
MINIMUM
MAXIMUM

Original Bootstrap DEA Estimates, Scate Effìciency, 1990-1998

'1990 1991 1992 1993 1994 1995 1996 1997 1998
0.9407 0.9686 1 1 0.9656 0.9196 0.9519 0.9552 0-9845
0.9865 0.9627 0.8629 0,9117 0.9310 0.9800 0.9247 0.9965 0.9930
0.9759 0.9766 0.9223 0.9492 0.9623 0.9714 0.9744 0.9416 0.9981
0.9753 0.9892 0.9368 0.9912 0.9481 0.8861 0.9179 0.8971 0.8640
0.8231 0.7775 0.7W 0.7655 0.8816 0.7757 0.U47 0.8003 0.7662
0.8956 0.9818 0.9197 0.9102 0.9il4 0.9861 0.8982 0.9734 0.9835
1.0000 1.0000 1.0000 0.9914 1.0000 0.9448 0.9505 0.9809 0.9918
1.0000 1.0000 0.9925 0.9935 0.9763 0.9575 0.9840 0.9437 0.9723
0.9135 0.9831 0.9æ0 0.9203 0.9606 0.9890 0.9456 0.9882 0.9583
0.8766 0.8685 0.9431 0.9983 0.9429 0.8158 0.9314 0.8331 o.8o7o
0.9151 0.9710 0.8872 0"9365 0.9442 0.9812 0.9730 1.OO0o l.O0o0
0.95s2 1.0000 0.9876 1.0000 1.0000 0.8481 0.9560 0.8/;32 0.7822
0.9729 0.9953 0.9845 0.9676 0.9856 0.9808 0.9776 0.9712 0.9198
1.0000 1.0000 0.8518 0.8253 0.8753 1.0000 0.9747 0.9730 1.OOOO
0.9804 0.9970 0.9684 0.9759 0.9930 0.9815 0.98s7 0.9954 0.989s
0.9376 0.9729 0.9015 0.9541 0.9041 0.8917 0.8676 0.8859 0.9608
0.8899 0.9606 0.8714 0.8629 0.93/,2 0.9319 0.9225 0.9977 0.9737
0.9580 0.9336 0.9487 0.9887 t.0000 0.9931 1.0000 1.oo0o 0.9938
0.9730 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
0.8901 0.8639 0.9919 0.9703 0.9865 0.9835 0.9968 0.9700 0.9243
0.9579 0.94't7 0.9952 0.9971 0.9903 0.9863 0.9954 0.9977 0.9985
0.9585 0.9908 0.9596 0.9823 0.98/.2 0.9957 0.9730 0.9808 0.9271
0.9797 0.9990 0.9032 0.9164 0.93/.2 0.9031 0.9331 0.9000 0.9032
0.8368 0.8530 0.85& 0.8798 0.7665 0.7740 0.U27 t.7902 0.9632
0.9240 0.9845 0.9354 0.9014 0.9286 0.9470 0.9632 0.9948 0.9888
0.9043 0.9401 0.8213 0.8485 0.9045 0.9690 1.0000 1.0000 0.9515
1.0000 0.8895 0.8584 0.9081 .1.0000 1.0071 1.0000 0.9989 0.99&1
0.94.38 0.9687 0.9483 0.9393 0.9728 0.9618 0.9183 0.9562 0.9619
0.9974 0.9977 1.0000 1.0000 .1.0000 1.0000 0.9941 0.928! 0.9455
0.9739 0.97æ 0.9909 0.9935 0.9205 0.8606 0.9060 0.8682 0.8928
0.9445 0.9581 0.9318 0.9426 0.9516 0.9407 0.9501 0.9454 0.9464
0.0483 0.0547 0.0605 0.0605 0.0506 0.0672 0.0455 0.0637 0.0653
0.8231 0.777s O.7UO 0.7655 0.7665 0.7740 0.U27 0.7902 0.7662
1.0000 1.0000 1.0000 1.0000 1.0000 1.0071 1.0000 1,0000 1.ooo0
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Appendix I

DMU# 1990
1 0.7596
2 0.4788
3 0.7969
4 0.6273
5 0.8018
6 0.8359
7 0.9223
I 0.9502
9 0.7710
10 0.7797
11 0.7772
12 0-9240
13 0.777A
14 0.9142
15 0.7315
16 0.7926
17 0-8676
18 0.7A13
'r9 0.9465
20 0.Tr87
21 0.8269
22 0.7687
23 0.6528
24 0.7895
25 0.7972
26 0.7690
27 0.7789
28 0-78r'¡O
29 0.9077
30 0.8É.27

AVERAGE 0.7977
STD DEV O.O972
MTNTMUM 0.4788
MAXIMUM 0,9502

Bias-Conected Bootstrap DEA Est¡mates, CRS Model, 1990-1998

1991

0.7836
o.6297
o.u48
0.7481
0.7318
0.9597
0.8360
0.9682
0.8005
o.7il1
0.7840
o.9702
0.8024
0.9235
0.7657
0.8227
o.'!J426
0.8567
0.9695
o.7662
0.8481
0.8288
0.6667
0.7299
0.9579
o.7a21
o.7759
0.8400
0.8915
0.8209
0.8267
0.0902
0.6297
o.9702

1992
o.7973
0.6405
0.77Æ
o.7424
0.7328
0.8518
0.8118
0.9406
0.7565
0.7u4
o.7257
0.9621
o.7978
0.7442
0.7243
0.7754
o.8,'62
0.8022
0.9548
0.8282
0.7536
0.7617
0.6526
0.8001
0.7858
0.7803
0.7635
o.7u4
o.9442
0.8776
0.7966
0.0790
0.6405
0.9621

r993
0.7956
0.5603
o.733r'.
0.6628
0.6993
0.7921
0.8500
0.8399
0.753¡.
0.6900
0.7561
0.9486
0.73l.3
0.6813
0.6486
0.8051
o.7769
0.8067
0.9551
0.7308
0.6876
0.6372
0.5977
0.8363
0.8305
o.7419
o.4202
0.7157
o.7299
0.7566
o.7525
0.0903
0.5603
0.9551

1994
0.69&
0.6692
0.6869
0.6582
0.6865
0.8233
0.8193
0.8804
0.7512
0.7100
o.7047
0.9809
o.7577
o.7672
0.7015
o.7269
0.8328
0.9290
0.92M
0.7531
0.7092
0.6738
0.6289
0.7369
0.7408
0.8670
0.8370
0.7536
0.9279
0.8011
0.7711
0.0921
0.6289
0.9809

1995 1996
0.7067 0.63/.2
0.7179 0.7304
0.7222 0.66215

0.6130 0.6275
0.7249 0.7062
0.7400 0.7026
0.7959 0.7951
0.&433 0.8136
0.6295 0.6821
0.4æ2 0.6286
0.7490 0.7468
0.8104 0.9423
0.7265 0.7227
0.8630 0.7246
0.7562 0.6565
0.7763 0.7295
0.7008 0.7165
0.9199 0.8827
0.9209 0.9038
0.7090 0.6834
0.6802 0.6759
0.5877 0.6963
0.6243 0.5651
0.7326 0.7237
0.7529 0.62il
0.9245 0.8106
0.7969 0.7806
0.4$9 0.5899
0.8210 0.6442
0.8008 0.5960
0.7416 0.713/.
0.1035 0.0917
0.4562 0.5651
0.9245 0.9423

1997
0.6228
0.7383
0.7033
0.6342
0.7362
0.7722
0.8328
0.8595
0.6562
0.5916
0.8709
o.7795
o.7022
0.7157
0.6405
0.8366
0.708r'.
0.8/.29
0.9405
0.6686
0.6970
0.6113
0.6535
0.7003
0.6246
0.8215
0.8162
0.5959
o.6372
0.5620
o.7191
0.0981
0.5620
0.9405
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1998
o.6272
0.6805
o.7202
0.6156
0.7035
o.7957
o.7769
0.8716
0.6527
o.6231
o.8924
0.7300
0.6358
0.9378
0.6317
0.8737
o.7875
0.8898
0.9399
0.6176
0.6657
o.5912
0.5999
0.8751
0.6489
0.9069
0.8206
0.6115
0.6194
0.6065
o.7317
0.1195
o.5912
0.9399





Appendix J

DMU #
1

2
3
4
5
6
7
I
I

10
11

12
13
14
l5
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

AVERAGE
STD DEV
MINIMUM
MAXIMUM

1990
0.8175
0.4993
0.8288
0.6386
0.8459
0.9435
0.9138
0.9211
0.8593
0.8125
0.8549
0.8593
0.8004
0.8411
o.7454
0.8514
0.9392
0.8137
0.9530
o.8512
0.8446
0.7999
0.6548
0.9290
o.8672
0.8351
0.8,146
0.8363
0.8882
o.8r'.12
0.8310
0.0948
0.4993
0.9530

1991 '1992

0.4145 0.8815
0.6486 0.74A7
0.8610 0.8515
0.7409 0.7751
0.8682 0.8836
0.9594 0.9269
0.8826 0.A942
0.9526 0.9356
0.8134 0.8169
0.7903 0.7637
o.7sr2 0.8339
0.8783 0.8883
0.8078 0.8110
0.8678 0.8821
0.7688 0.7993
o.u41 0.8778
0.9400 0.9554
0.9136 0.8592
0.9293 0.9090
0.8655 0.8361
0.8904 0.7532
0.8333 0.7962
0.6534 0.6994
0.8279 0.9466
0.9686 0.84æ
0.8072 0.9442
0.8661 0.8958
0.8670 0.8286
0.8534 0.8875
0.7982 0.8630
0.8435 0.8529
0.0772 0.0æ7
0.6486 0.6994
0.9686 0.9554

loo2
0.8010
0.6093
0.7696
0.6664
o.7702
0.8736
0,8599
0.8r'.12
0.8240
o.æ37
0.7911
0.8067
0.7688
o.7979
0.6718
o.8297
0.8952
0.7903
0.9104
0.7672
0.6751
o.æ76
o.6242
0.8667
0.94.13
0.8396
0.8686
0.7739
0.8057
0.7505
o.7827
0.0885
0.6093
0.9413

1994
0.7198
0.6956
0.7160
0.6811
o.7026
0.8549
0.8486
0.8955
o.7Tt3
0.7017
o.739ø.
0.8135
o.7æ7
0.8085
0.7062
0.8229
0.8688
0.8144
o.9024
0.7632
o.71U
0.6780
0.6580
0.8867
0.7942
0.8375
0.8091
0.7727
0.8801
0.8480
0.7827
0.0732
0.6580
0.9024

1995
0.7805
o.7206
0.7520
o.6872
0.7986
0.7476
0.8&19
0.8715
0.6380
0.6161
0.7539
0.8008
0.7493
o.7932
0.7457
0.8852
0.7519
0.9098
0.8808
0.7274
0.6948
0.5924
0.6833
0.8549
0.8161
0.8161
0.7758
0.6841
o.4279
0.9102
o.7710
o.oæ7
o.5924
0.9102

1996 1997 1998
0.6830 0.6706 0.6373
0.7785 0.7208 0.6854
0.6835 0.7sA 0.6958
0.6639 0.6763 0.6942
0.7007 0.7463 0.7370
0.7746 0.7A62 0.8222
0.8597 0-8604 0.7857
0.8050 0.8942 0.8715
0.7220 0.6643 0.6862
0.6259 0.5664 0.6349
0.7810 0.8526 0.8213
0.76 0.7655 0.7æ5
0.7405 0.7248 0.7262
0.7368 0.7551 0.8712
0.6580 0.æ41 0.6378
0.8238 0.899{ 0-8115
0.74n9 0.6825 0.7762
0.7714 0.8355 0.8866
0.8684 0.8579 0.8862
0.6807 0.6888 0.6750
0.6577 0.6719 0.&t89
0.7181 0.6220 0.6605
0.5230 0.7129 0.6235
0.7909 0.7605 0.8607
0.6498 0.6255 0.6543
0.7729 0.7749 0.7726
0.7590 0.7262 0.8087
0.6470 0.6263 0.6226
0.6328 0.6895 0.6398
0.7164 0.7091 0.7421
0.7252 0.7322 0.7380
0.0758 0.0855 0.0883
0.5230 0.56M 0.6226
0.8684 0.8994 0.8866
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Appendix K B¡as-Conected Bootstrap DEA E$¡mates, Scale Effic¡ency, 1990-1998

DMU# 1990 1991 1992 1993 1994 199s 1996 1997 1998
1 0.9292 0.9620 0.9045 0.9933 0.9676 0.9055 0.9285 0.9288 0.98ø;2
2 0.9590 0.9708 0.8554 0.9197 0.9621 0.9964 0.9382 1.0242 0.9928
3 0.9616 0.9812 0.9100 0.9529 0.9593 0.9603 0.9721 0.9317 1.0352
4 0.9824 1.0097 0.9578 0.9946 0.9664 0.8920 0.9451 0.9377 0.8868
5 0.9478 0.8r'.29 0.8293 0.9079 0.9771 0.9077 1.0078 0.9865 0.9546
6 0.8860 1.0004 0.9190 0.9067 0.9630 0.9899 0.9071 0.9821 0.9690
7 1.0094 0.9472 0.9079 0.9885 0.9655 0.9202 0.9248 0.9680 0.9887
8 1.0317 1.0163 1.009 0.9985 0.9831 0,9676 1.0108 0.9611 l.0oo2
9 0.8972 0.9841 0.9281 0.9144 0.9664 0.9867 0.9447 0.9879 0.9512
10 0.9596 0.9542 1.0270 1.0720 1.0119 0.7404 1.0ø3 1.0445 0.9814
11 0.9091 0.%72 0.8702 0.9558 0.9531 0.9935 0.9562 1.0214 1.0865
12 1.O7# 1.1046 1.0831 1.1759 1.m57 1.0121 1.2311 1.0184 0.9549
13 0.9718 0.9933 0.9837 0.9552 0.9909 0.9695 0.9760 0.9688 0.8754
14 1.0869 1.0642 0.8436 0.8539 0.9490 1.0880 0.9834 0.9477 1.0764
15 0.9814 0.9960 0.9061 0.9654 0.9934 1.0141 0.9977 0.9944 0.9905
16 0.9308 0.9747 0.8833 0.9704 0.8833 0.8770 0.8856 0.9302 1.0767
17 0.9237 1.0027 0.8857 0.8679 0.9586 0.9321 0.9367 1.0379 1.0146
18 0.9602 0.9378 0.9337 1.0208 1.1408 1.O11't 1.1443 1.0088 1.0035
l9 0,9932 1.0433 1.0504 1.0491 1.0200 1.0456 1.cÉ¡07 1.0963 1.0607
20 0.9148 0.8853 0.9906 0.9525 0.9867 0.9747 1.0039 0.9707 0.9149
21 0.9790 0.9524 1.0005 1.018/. 0.9873 0.9791 1.0278 1.0374 1.0259
22 0.9610 0.99¿16 0.9566 0.9839 0.9938 0.9919 0.9696 0.9829 0.9952
23 0.9970 1.0204 0.9331 0.9575 0.9558 0.9136 1.0805 0.9166 0.9621
24 0.8498 0.8816 0.8/i52 0.9&19 0.8311 0.8569 0.9150 0.9209 1.0167
25 0.9192 0.9890 0.9311 0.8823 0.9327 0.9226 0.9625 0.9987 0.9918
26 0.9208 0.9688 0.826r'. 0.8836 1.0353 1.1328 1.0488 1.0602 1.1738
27 0.9222 0.8958 0.8524 0.9444 1.0344 1.0272 1.0285 1.1240 1.0147
28 0.9375 0.9688 0.9466 0.9248 0.9753 0.94.56 0.9117 0.9516 0.9823
29 1.0219 1.0447 1.0639 0.9059 1.0543 0.9917 1.0181 0.9241 0.9682
30 1.0018 1.0283 1.0168 1.0081 0.94/.7 0.8799 0.8319 0.7925 0.8173

AVERAGE 0.9607 0.9801 0.9348 0.9630 0.9849 0.9609 0.9&t5 0.9819 0.9882
sTD DEV 0.0529 0.0551 0.0715 0.0662 0.0670 0.0747 0.0777 0.0631 0.0701
MINIMUM 0.8498 0.8/.29 0.8264 0.8539 0.83fi 0.7404 0.8319 0.7925 0.8173
MAXIMUM 1.0869 1.1046 1.0831 1.1759 1.2057 1.1328 1.2311 .t.1240 1.fi3ï
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(A) DESCRIPTIVE STATISTICS OF THE VARIABLES

Results of the Fixed Effects Model

MEAN STD. DEV MINIMUM MAXIMUM
0.7u4 0.0928 0.4993 0.9686
21.04 2.3277 14.94 29.22
12.03 3.3263 11.07 24
1.71 0.7157 0.71 4.51

11567000 18077000 822550 121800000
135.5 78.086 1 270

Appendix M

NAME
BOOTEFF

AVG SPEED
AVGAGE

PEAK.BASE
SUBSIDY

TIME TREND

BOOTEFF
AVG SPEED

AVG AGE
PEAK.BASE

SUBSIDY
TIME TREND

NUMBER
270
270
270
270
270
270

(B) CORRELATION MATRIX OF VARIABLES

1

4.2436 1

-0.1141 -0.05197 1

0.0692 0.0704 -0.1395 1

-0.0344 0.1287 -0.1888 0.2597 1

0.0484 -0.2887 0.144 0.04 -0.0782 1

BOOTEFF AVGSPEED AVGAGE PEAK-BASE SUBSIDY TIMETREND

(C) POOLED TIME-SERIES CROSS-SECTION REGRESSION - FIXED EFFECTS MODELS

VAR NAME COEFFICIENT STD, ERROR T-RATIO P-VALUE ELASTICIry
DF 235 AT MEANS

AVG SPEED -0.008357 0.003049 -2.741 0.007 -0.2242
AVG AGE 0.002706 0.002043 1.325 0.187 0.0415

PEAK-BASE 0.002513 0.006038 0.4162 0.678 0.0055
suBSlDY 4.15E-10 6.89E-10 0.6027 0.547 0.0061

T|ME TREND -1.65E-02 0.001517 -10.85 0 -2.8ø,41
DMUI 0.982 0.07311 13.43 0 0.0417
DMU2 1.0649 0.0725 14.69 0 0.0453
DMU3 I .331 0.07506 17.73 0 0.0566
DMU4 1.3435 0.067 20.05 0 0.0571
DMUS 1.5692 0.06959 22.55 0 0.0667
DMU6 1.8258 0.0799 22.85 0 0.0776
DMUT 1.9671 0.08555 22.99 0 0.0836
DMUS 2.117 0.09305 22.75 0 0.09
DMUg 2j679 0.1068 20.3 0 0.0921
DMU10 2.2532 0.1231 18.3 0 0.0958
DMU11 2.5214 0.1318 19.13 0 0.1072
DMU12 2.6602 0j502 17.71 0 0.1131
DMU13 2.7699 0.1586 17.47 0 0.1177
DMUI4 2.9539 0.1639 18.02 0 0.1255
DMUIS 2.9834 0.179 16.67 0 0.1268
DMU16 3.2766 0.1517 17.1 0 0.1392
DMU17 3.4445 0.2086 16.51 0 0.1464
DMU18 3.5464 0.2202 16-1 0 0.1507
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Appendix M (Contd.) Results of the Fixed Effects Model

DMU19
DMU2O
DMU2l
DMU22
DMU23
DMU24
DMU25
DMU26
DMU27
DMU28
DMU29
DMU3O

PCT. N
0.359 97
0.344 93
0.330 89
0.315 85
0.300 81
0.285 77
o.270 '73
0.256 69
0.24a 65
o.226 61
o.2LL 57
0.196 53
0.181 49
0.167 4s
0.152 4!
0.137 37
o.L22 33
0.107 29
0.093 25
0.078 2I
0.063 1,7
0.048 13
0.033 9
0.019 5
0.004 1

3.8005
3.813

3.8921
4.0471
4.1177
4.478

4.5486
4.7268
4.8618
4.9645
5.1704
5.2828

0.2324
0.2496
0.2625
0.2715
0.2873
0.3012
0.3128
0.3237
0.3403
0.3536
0.363

0.3806

16.36
15.27
14.83
14.91
14.33
14.87
14.54
14.6

14.29
14.04
14.24
13.88

0 0.1615
o 0j62
0 0.1654
o 0.172
0 0.175
0 0.1903
0 0.1933
0 0.2009
0 0.2066
o 0.211
o 0.2197
0 0.2245

HISTOGRAM OF REGRESSION RESIDUÀIS

XXXXXXXXXXXXXXXXXXXX
xxxxxxxxxxxxxxxxxxxx
XXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXX
xxxxxxxxxxxxxxxxxxxx
XXXXXXXXXXXXXXXXXXXX
xxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxx
XXXXXXXXXXXXXXXXXXXX
xxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxx
XXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

I---------I---------I---------I------___I_________r__-______I
.1-52 -0.101 -0.506E-01_0.72?E_15 0.506E_01 0.101 0.!52-0
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