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7KH )DOO LV-RXHW GRDOVRH WKH 7UDQV SR URMRIWILRL@ \b HAVHIHD UDF
EHORZ
X $VVHVVPHQW RI 6XVWDLQDEOH ,QIUDVWUXFWXUH 7KH &
X $SSO\LQJ WKH +LJKZD\ 6DIHW\ 0DQXDO WR 7ZR /DQH 5RD
X 3UHGLFWLQJ %ORFN 7LPH $Q $SSOLFDWLRQ RI 4XDQWLO
X $ '\QDPLF 3URJUDPPLQJ 2SWLPL]DWLRQ $SSURDFK IRU %
RI :D\ $FTXLVLWLRQV
3DYHPHQW 3UH DQG 3RVW 7UHDWPHQW 3HUIRUPDQFH OF
3URGXFWLYLW\ ,PSURYHPHQWYV LQ WKH 8 6 5DLO )UHLJK
X BWRSSLQJ %HKDYLRU RI '"ULYHUV DW 6WRS &RQWUROOH
WH[WXDO $QDO\VLV
$UYLGVRQ DQG FR DXWKRUV ZULWH DERXW VXVWDLQDEOH
LV D SDUWLFXODU LQIUDVWUXFWXUH SURMHFW VXVWDLQDEQ
WKHVH TXHVWLRQV WKH\ IRFXV RQ WZR H[XUEDQ FRPPXQLWL
DQG XVH D QXPEHU RI LQGLFDWRUV WR DVVHVV WKH LPSDFW\
LQIUDVWUXFWXUH LQFOXGHV VWUHHW LPSURYHPHQWYV VXFK
DXWKRUV GLYLGH WKH LPSDFW DUHD RI HDFK LPSURYHPHQW
DSDUW YDU\ E\ WKH VLWH DQG DUH FKRVHQ WR UHAHFW W\SL
HQYLURQPHQWDO DQG VRFLDO LQGLFDWRUV GUDZQ IURP WKE
LQIUDVWUXFWXUH WKH\ VWXG\ 7KH HFRQRPLF LQGLFDWRUYV
SURSHUW\ YDOXH LQFRPH DQG VDOHV WD[ UHYHQXH DQG YL
DXWKRUV XVHG KRXVLQJ VWRFN ODQG XVH PL[ VLGHZDON G}
DUH DYHUDJH GDLO\ WUDI¢F KRXVHKROG GHQVLW\ SRSXOD\
DQG ELF\FOLQJ WULSV 7KH DXWKRUV IRXQG FRQVLVWHQF\
GHVLUHG RXWFRPHV Rl GHQVH GHYHORSPHQW DV ZHOO DV Gl
,Q WKH VHFRQG SDSHU )LQGOH\ HW DO HYDOXDWH WKH +L.
PRGHO IRU KRUL]JRQWDO FXUYHV ZLWK GDWD RQ WZR ODQH L
WKHVH PRGHOV UHTXLUH PRUH GDWD WKDQ SUHYLRXV PRGH(
VWDWH ZKHUH WKH\ DUH WR EH DSSOLHG )XUWKHU WKH\ QRYV
D FRPPLWWHH RI H[SHUWV DQG LWV GRFXPHQWDWLRQ SURYL
WKH PRGHO WKH DXWKRUV LQWHQG WR LQIRUP GHFLVLRQ P
XVH LW WR DQDO\]H KRUL]JRQWDO FXUYHV WR LPSURYH VDIH
D ¢HOG LQYHVWLIJDWLRQ IRUP ZKLFK ZDV GLVWULEXWHG WR
1&'27 SHUVRQQHO WR FROOHFW GDWD RQ YDULDEOHV IRU
1&'27 7KH +60 PRGHO ZDV WKHQ XVHG WR SUHGLFW FUDVK IU
$PRQJ WKH ¢QGLQJV DUH WKDW WKHUH DUH QRW VWDWLVWI
FROOLVLRQV D ODUJH QXPEHU RI VLWHY DUH QHHGHG IRU W
WKH +60 DQG DQQXDO DYHUDJH GDLO\ WUDI¢F $$'7 FXUYF
LPSRUWDQW SUHGLFWRUV RI FUDVKHV LQ KRUL]JRQWDO FXUY
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7KH WKLUG SDSHU LV E\ 7RQ\ 'LDQD DQG LW SUHVHQWYV D TX
IRUDLUOLQHV XVLQJ GDWD RQ WKH 6HDWWOH 7DFRPD ,QWHU
DSSURSULDWH IRU VNHZHG GDWD WKDW LV LW LV PRUH URE)
PHWKRGV 'LDQD SRLQWV RXW WKDW SUHGLFWDELOLW)\ RI EO
DV ZHDWKHU RU FRQJHVWLRQ GHOD\V SURSDJDWHG E\ D VH
VXFK DV IURP FUHZ DQG HTXLSPHQW SUREOHPV +H DUJXHV
EH VWXGLHG PRUH DFFXUDWHO\ WKDQ SUHYLRXV VWXGLHV K
WR DVVHVV WKH LPSDFWV Rl VHOHFWHG YDULDEOHV RQ EOR
RQ WKHVH YDULDEOHV DQG WHVW KLV PRGHO 'LDQD XVHV \
BHSWHPEHU IRU WKH 6HDWWOH 7DFRPD ,QWHUQDWLRQ
LQ DLU WUDYHO $IWHU HVWLPDWLQJ D QXPEHU RI HTXDWLRQ
DLUOLQHV GHYHORS UREXVW VFKHGXOHV

7KH IRXUWK SDSHU LV E\ $OELWUHV HW DO DQG LWV WLW
$SSURDFK IRU %XGJHW $OORFDWLRQ WR (DUO\ 5LJKW RI :D\ $
WR LGHQWLI\ FDQGLGDWH SURMHFWY WKDW KDYH JRQH WKUF
1(3$ VWDQGDUGYV IRU HDUO\ DFTXLVLWLRQ 7KXV 3HDUO\ DF1
RI SDUFHOV EHIRUH WKH DSSURYDO Rl « HQYLURQPHQWDO VV
SURSHUW\ YDOXHV PD\ LQFUHDVH IURP VXFK IDFWRUV DV FKD
WKXV DYRLG WKH LQFUHDVHV LQ FRVWY WKDW WKHVH FKDQJ}
FRQVWUXFWLRQ IURP SURWUDFWHG QHJRWLDWLRQV 7KH DX
7H[DV DQG HPSOR\LQJ G\QDPLF SURJUDPPLQJ ZKLFK EUHDNYV
DUH WKHQ VROYHG UHFXUVLYHO\ '\QDPLF SURJUDPPLQJ DO\
ULJKW RI ZD\ DFTXLVLWLRQ VFHQDULRV 7KHLU VWXG\ UHVX
FDQGLGDWHYV IRU HDUO\ DFTXLVLWLRQ XQGHU GLIIHUHQW EX

,Q WKH ¢(IWK SDSHU /X DQG 7ROOLYHU ZULWH RQ 33DYHPH
ORGHOV XVLQJ /733" 7KH\ GHWHUPLQH SDYHPHQW URXJKQHV\
.5, DQG DVVRFLDWH LW ZLWK H[RJHQRXV YDULDEOHV LQFO;
OHYHO DQG RWKHU PDLQWHQDQFH VWUDWHJILHVY 7R DYRLG |
PRGHOV IRU SUH DQG SRVW WUHDWPHQW SHUIRUPDQFH ZLW
YDULRXV WUHDWPHQW VWUDWHJILHY DSSOLHG RYHU WLPH $ P
PRGHO XVLQJ SUH WUHDWPHQW SHUIRUPDQFH PRGHOV DQG
SUHVHQWHG )URP WKH SUH WUHDWPHQW PRGHOV WKH DXW
D SDYHPHQWTV ,5, GHWHULRUDWLRQ UDWH GLIIHUHQFHV L
JUHDWHU WKDQ LQ OHVV VHYHUH ZHDWKHU UHJLRQV GHWHI
GHWHULRUDWLRQ LV KLJKHU LQ ZHW UHJLRQV WKDQ LQ GU\ L

,Q 33URGXFWLYLW\ ,PSURYHPHQWY LQ WKH 8 6 5DLO )UHL.
GRFXPHQWVY WKH FDXVHV Rl WKH UDLO SURGXFWLYLW\ JDLQ
VRXUFHV RI SURGXFWLYLW\ LPSURYHPHQW ZKLFK DUH IHZ
UHVRXUFHV SHU VHUYLFH XQLW DQG QHWZRUN UDWLRQD
FKDQJHV LQ WUDI¢(¢F PL[ OHQJWK RI KDXO HTXLSPHQW WRC
SURGXFWLYLW\ JDLQV IURP LPSURYHPHQWY LQ UHVRXUFH X
HI¢FLHQF\ IUHLJKW FDU XWLOL]DWLRQ ODERU SURGXFWLYLW
WHFKQRORJ\ ‘'LWK UHJDUG WR QHWZRUN UDWLRQDOL]DWLR
OLQH DQG UHJLRQDO UDLOURDGVY PHUJHUV DQG WHUPLQD
FRQFOXGHV WKDW SURGXFWLYLW\ LPSURYHPHQWYV ZHUH JU}
FRQWDLQHUV PRYLQJ LQ GRXEOH VWDFN WUDLQV DQG KLJK
VSHFLDOL]HG HTXLSPHQW



7KH ODVW SDSHU E\ :ROGHDPDQXHO LV RQ WKH VWRSSLC
LQWHUVHFWLRQV 7KH DXWKRUfV REMHFWLYH LV WR VWXG\
E\ FRQVLGHULQJ WKHLU VRFLR GHPRJUDSKLF DQG SK\VLFDO
EHKDYLRUV W FROOHFWY GDWD IRU IRXU LQWHUVHFWLRQV
VWRSSLQJ DQG RWKHU EHKDYLRUV LQFOXGLQJ FHOO SKRQH
DQG WKH SUHVHQFH RI D ODZ HQIRUFHPHQW RI¢(¢FHU 7KH REV
HDFK LOWHUVHFWLRQ DQG UHVXOWHG LQ REVHUYDWLRQ
8VLQJ WKHVH GDWD :ROGHDPDQXHO HVWLPDWHYVY D ELQDU\
WKH GULYHU EHKDYLRU RI PDNLQJ D FRPSOHWH VWRS DW D
PRGHO LQGLFDWH WKDW GULYHU VWRSSLQJ EHKDYLRU FDQ E
LQFOXGLQJ YHKLFOH RFFXSDQF\ WKH SUHVHQFH RI ODZ HQII
SKRQH XVH zZDV IRXQG WR KDYH D VWDWLVWLFDOO\ LQVLJQ!
QHIJDWLYH VLJQ VXJIJHVWV WR :ROGHDPDQXHO WKDW LW FRXC
DW LQWHUVHFWLRQV
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Assessment of Sustainable Infrastructure:
The Case of Exurban Dallas

by Enid Arvidson, Stephen P. Mattingly, Asapol Sinprasertkool, and Siamak Ardekani

With increasing emphasis on sustainable infrastructure as a setting for sustainable development,
two broad types of questions arise: when is a particular infrastructure project sustainable and how

is its impact assessed? This paper presents a methodology, tested on two exurban town centers, for
assessing the impact of sustainable infrastructure, using various assessment indicators found in
existing literature and that fall within the triple bottom line approach (economic, environmental,
social). Findings suggest that the method does yield useful information for gauging the impacts of
sustainable infrastructure investment, and that the impacts are mostly consistent with the expected
and desired outcomes of denser exurban development, increasingly diverse land-use mix, and
compact circulation.

INTRODUCTION

An emerging consensus among planners, developers, civil engineers, architects, and other city
builders emphasizes the importance of urban development that is “sustainable.” Guided by the
%UXQGWODQG &RPPLVVLRQTY ZLGHO\ FLWHG GH¢QLWLRQ RI \
meets the needs of the present without compromising the ability of future generations to meet their
own needs,” this consensus seeks to tackle such “wicked problems” (to borrow Rittel and Webber’s

WHUP GHVFULELQJ VRFLDO SUREOHPY WKDW DUH GLI¢F:
political) as low-density sprawl and dependency on private automobiles (United Nations General
Assembly 1987). Policy responses to these problems include reshaping urban form and travel
EHKDYLRU LQYROYLQJ VXFK HIIRUWY DV FRPSDFW PL[HG X\
(Caves 2005, Wheeler 2004). Yet planning, at least in the United States where public ethos tends
to frown upon direct governmental intervention in the market, has little direct control over private
investment and development, and little direct power to enact these schemes. Given this “planning
SDUDGR[ " SODQQHUV WHQG LQVWHDG WR IRFXV RQ SURYLGL
under which private investment and development can occur (Gottdiener and Hutchison 2011, Dear
DQG 6FRWW 7KH SURYLVLRQ RI LQIUDVWUXFWXUH 2 GH¢(
roads, railways, urban transport, water supply, sanitation and sewerage, solid waste collection and
disposal — thus facilitates and provides the contextual environment in which private decisions and
activities of households and businesses take place (The World Bank 1994). The provision of urban
infrastructure is therefore a key component in public-sector efforts to provide the setting for private-
sector development, and sustainable infrastructure is key in sustainable development efforts.

With the increasing emphasis on sustainable urban infrastructure as a setting for sustainable
development, two broad types of questions arise: when is a particular infrastructure project
sustainable and how is its impact assessed (Feiden and Hamin 2011)? These questions have led to a
substantial and growing literature that propose and test a host of indicators and assessment methods.
Yet there is no generally accepted single method or set of indicators, due both to the broadness of the
81 *HQHUDO $VVHPEO\ GH¢{ QLWLRQ DQG WKH ZLGH UDQJLQJ X\
well as to the diversity of infrastructure types. Debates and literature on this topic are still evolving.
This study contributes to these debates and literature by proposing an assessment method that has
been developed and tested in two exurban cities in the Dallas, Texas, metropolitahtasgzaper



Sustainable Infrastructure

¢UVW EULHA\ RXWOLQHV VRPH RI WKH GH¢{QLWLRQV DQG DVV
GHVFULEHV WKH EDFNJURXQG DQG DSSURDFK IRU WKLV VW X(
concluding with a summary and remarks about strengths and weaknesses and directions for further
research.

SELECTED LITERATURE

2QH LQFUHDVLQJO\ FRPPRQ DSSURDFK WR GH¢{QLQJ DQG DVV
is known as the triple bottom line approach. This approach, which started in the private sector
EXW KDV EHHQ TXLFNO\ DGRSWHG LQ WKH SXEOLF VHFWRU
equally on the environmental and social aspects of a project in recognition that development must
FRQVLGHU PRUH WKDQ VLPSO\ ¢QDQFLDO UHWXUQV LI LW LV
Bank 2002, Caldwell 2011, Institute for Sustainable Infrastructure 2011). There have been few
DWWHPSWV WR RSHUDWLRQDOL]H WKH WULSOH ERWWRP OLC
infrastructure. Shen et al. (2011) operationalize the triple bottom line approach in assessing a large-
scale transit infrastructure project by developing what they call Key Assessment Indicators (KAIS)
based on surveys of experts and fuzzy set data analysis. They draw from Zadeh’s (1965) original
work on fuzzy sets as a method for dealing with classes of phenomenon that display no clear set
ERXQGDULHYVY DV RSSRVHG WR DQ RUGLQDU\ VHW ZLWK FOHI
as experts’ opinions of assessment indicators for infrastructure project sustainability. They identify
HLIJKW NH\ HFRQRPLF LQGLFDWRUV ¢YH NH\ VRFLDO LQGLFD!'
and test these on a case study. They conclude that while the case study produces helpful results,
WKH UHOLDQFH RQ H[SHUW RSLQLRQ WR LGHQWLI\ WKH LQG
important indicators.

Koo et al. (2009) operationalize the triple bottom line approach in assessing underground
infrastructure projects by developing what they call the Sustainability Assessment Model (SAM).
+RZHYHU WKH\ ¢QG WKDW PDQ\ LQGLFDWRUV DUH GLI{FXOV
social ones, and those that they do eventually measure present the problem of incommensurability
with other indicators (i.e., the various measures cannot be reduced to a common measure that allows
IRU DVVHVVPHQW VXJIJHVWLQJ WKDW WKH PRGHO FDQQRW
sustainability.

Other scholars have raised similar criticisms of the triple bottom line approach, arguing that its
inherent incommensurability renders the TBL approach mere jargon at best (Robins 2006, Norman
and McDonald 2004). The triple bottom line approach has also been criticized for implicitly
portraying the three bottom lines as necessarily in competition with one another forcing “trade-offs”
in practice, where “weak” sustainability tolerates trade-offs and “strong” sustainability discourages
trade-offs (Coffman and Umemoto 2010, Hecht 2007). At the same time, the TBL approach is
commended for broadening awareness of more than simply the economic bottom line, and some
critics argue that, for “strong” sustainable development, not only must all three bottom lines be at
play but also a “holistic mindset” as well as democratic public participation (to secure buy-in from
community and stakeholders) (Robins 2006, Coffman and Umemoto 2010, Hecht 2007).

Regarding “trade-offs,” skeptics often raise concerns about the potential hegative economic
LPSDFWV RI VXVWDLQDEOH LQIUDVWUXFWXUH HYHQ ZKHQ LW
(Deakin 2011). Thus economic impacts, particularly impacts on property values, are frequently a
key focal point of impact assessment, especially for cash-strapped local governments that need to
consider opportunity costs of expenditures on infrastructure. Rising property values are seen as
desirable not only for the local tax base but also as a catalyst for changing land uses and increased
density (Alperovich 1983, Gatzlaff and Smith 1993). Many studies use hedonic pricing methods for
assessing impacts of infrastructure on property values. For example, Hess and Almeida (2007), who
also provide a useful summary of the extensive literature on this topic, assess the impact of transit

8
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GHYHORSPHQW RQ QHDUE\ SURSHUW\ YDOXHV DQG ¢QG WKI
transit development has weak positive effects on property values, contrary to what studies have
shown for growing cities, such as San Francisco. Nicholls and Crompton (2005) assess the impact
of a different kind of sustainable infrastructure, namely urban greenbelt development, on nearby
SURSHUW\ YDOXHV LQ D JURZLQJ FLW\ $XVWLQ 7; DQG ¢(QG
on property values.

Yet, hedonic pricing methods have been criticized for possible multicollinearity as well as
lack of depth and breadth of data considered (Nicholls and Crompton 2005). Rather than hedonic
pricing methods, Clower et al. (2007) use a mixed measures approach to assess the impact of transit-
oriented developments in central Dallas on nearby property values. They combine quantitative and
qualitative data, including windshield surveys, interview data, and archival research, in an attempt
WR FDSWXUH GDWD WKDW FDQ EH RYHUORRNHG ZKHQ XVLQJ
KDV VLJQL¢{FDQW SRVLWLYH LPSDFW RQ SURSHUW\ YDOXHYV
develop slowly given time lags in market responses to infrastructure development.

Many of these existing studies of sustainable infrastructure assessment focus on urban areas
and central cities, whether declining or growing. This focal point may not be surprising given that
compact development requires the higher densities found in urban areas. Yet, smaller edge cities and
exurban neighborhoods that are not on transit lines, can and do utilize sustainable infrastructure, for
HIDPSOH VWUHHW GHVLJQ PHDVXUHV VXFK DV WUDI¢(F FDOPL
etc., to foster compact development (Deakin 2011). This study describes and presents the results of
a method for assessing the impact of sustainable infrastructure (in this case, street improvements
for compact development) in two exurban town centers nearby each other within the Dallas
metropolitan area, drawing on the triple bottom line approach. The results show strong positive
impact on property values as well as on many of the other, albeit not all, indicators. As with the
transit-oriented developments in central Dallas studied by Clower et al. (2007), impacts measured
by some indicators in this study here may experience time lags due perhaps to the exurban location
or perhaps to other constraints such as the Great Recession.

BACKGROUND AND STUDY APPROACH

With nearly 6.5 million people, the Dallas metropolitan region (also referred to as the Dallas-Fort
Worth, or DFW, Metroplex) became, in the mid-2000s, the fourth largest metro region in the United
States (behind New York, Los Angeles, and Chicago)—and its regional population is greater than
the state-level populations of over 30 states (Mackun and Wilson 2011). Yet, it is far from the
fourth densest region: sprawling over not quite 10,000 square miles, its population density is just
one-quarter that of New York, Los Angeles, or Chicago, and more typical of recently developing,
low-density urban areas in the U.S. sunbelt. Sustainable infrastructure planning takes on particular
challenges in low-density sprawling regions. Thus to counteract low-density sprawl, the sustainable
infrastructure programs of the North Central Texas Council of Governments (NCTCOG), the
regional planning agency for the DFW metropolitan region, do not focus simply on rail and transit
but rather “provide for a diverse range of mobility options, such as rail, automobiles, bicycling,
transit, and walking” (North Central Texas Council of Governments n.d.).

Through its sustainable infrastructure programs, the NCTCOG provides seed and matching
grant monies to cities and towns to foster sustainable development. For exurban tows, centers
the types of sustainable infrastructure that are funded through these grants include, among other
things, investment in street construction and improvements to promote denser development, more
diverse land use mix, and compact circulation within the center (Mandapaka 2010). This study
assesses the impacts, using a number of indicators described below, of sustainable infrastructure
investment in street construction and improvements, in two exurban town centers located toward
the northern edge of the Dallas metro region (Figure 1). The two town centers, referred to in this

9
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study as AR and FS, are both new master-planned, mixed-use communities, including mixes of
UHVLGHQWLDO FRPPHUFLDO RI¢FH DQG UHFUHDWLRQDO XV
community” while FR bills itself as “a multi-generational, master planned development... similar to

a European village,” and both communities describe themselves as, without citing Leinberger’s oft-
alluded-to description of edge cities from the 1980s, providing “the opportunity to live, work, shop,

and play in the same geographic area” (The Colony Convention and Visitors Bureau n.d., Frisco
Square Development n.d., Leinberger and Lockwood 1986). Both the AR and FS infrastructure
projects involve street construction and improvements, including wider than normal sidewalks on

Figure 1: Location of the Study Area Within the Dallas Metropolitan Region

both sides of the street to promote walkability, and wider than normal outside lanes to promote
bicycling. Both projects were initiated in 2003 with the aim of promoting compact development
within their respective town centers.

Both AR and FS are home to predominantly non-Hispanic white families with incomes above
the region’s median. A control site located nearby is also assessed as a reference point to help isolate
the possible causes of observed changes at the study sites. The control site has similar historical,
demographic, and growth characteristics as the study sites but does not have mixed land uses or
publicly funded sustainable infrastructure and instead represents traditional exurban development.

To assess spatial variations in impacts as the distance from the sustainable infrastructure site
changes, each of the three study areas (the two sustainable infrastructure sites and the control site) is
divided into three concentric rings, A, B, and C, emanating from the center of each site (Figure 2).
The cordons are set at one-quarter mile for ring A, one-half mile for ring B, and one mile for ring C,
from the center of each study site. A quarter mile is considered the typical walking distance for bus
transit, and half a mile is considered the typical walking distance for rail transit (Dittmar and Ohland
2003). The third cordon of one mile is placed to determine if the infrastructure’s impact spreads
beyond half a mile. Since data for this study are collected from several different geographic units,

LQFOXGLQJ FHQVXV WUDFWV SDUFHOV DQG WUDI{F DQDO\VI
geographic units may not lie neatly within a concentric ring, data from these units are considered
to belong within a ring if at least half their area falls within that ring (the actual boundary of each

10
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cordon is thus not so neat as portrayed in Figure 2). Depending on availability, data are collected
IURP URXJKO\ RQH \HDU EHIRUH LQLWLDWLRQ RI WKH VXVWDL
after completion of the project.

Figure 2: Quarter Mile (Ring A), Half Mile (Ring B), and One Mile (Ring C)
Cordons from the Center of the Study Site

Drawing on the triple bottom line approach, this study considers economic, environmental
and social indicators in assessing the sustainable infrastructure impact. Jeon and Amekudzi (2005)
review over a dozen studies on sustainable infrastructure assessment, providing a comprehensive
list of measures and indicators used in the studies they review. The indicators selected for use in this
study are typical of those used in other studies, albeit they are a small subset of Jeon and Amekudzi's
FRPSUHKHQVLYH OLVW 7KH VSHFL{F LQGLFDWRUYVY VHOHFWH
along with the research team’s knowledge and experience of their relevance for the DFW region,
and are constrained by data availability at the geographically disaggregated level of the exurban
town center, which is analyzed here. Table 1 lists the indicators used in this study, along with their
measurement units normalized per acre (normalizing the data per acre helps address the critique of
the TBL approach about incommensurability of data). Table 1 also lists the data source(s) for each
indicator, as well as the expected direction of change for each indicator resulting from the impact of
the sustainable infrastructure investment.

11
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Table 1: List of Indicators for Impact Analysis and Expected Direction of Change

Indicator

Units

Data Source(s)

Expected Value/Direction

of Change for Sustainable

Infrastructure Sites Ring A

Compared with all Control
Site Rings

Economic

EXVLQHVV

GHQVLW

VT IW DF & H
VXSSOHPHQWHG H
DQG ZLQGVKLHO

X Q F L ®& LR K HRIY MQ/FIUS
\ JRRJOH PDSV
G VXUYH\V

HDWHH O C

HPSOR\PH
GHQVLW

1TQWIREV
\

DF &RXQFLO RI *R

JRQHV 7%=

YWV KVUBRHUF LI

H\DV/\L Y

LQFRPH

PH
LQFRPH

GLDQ 8 6 FHQVXV G
DF

DWD KLJK

HU LQFU

SURSHUW\

YDOXH

WRWDO YDOXH DF

&RXQFLO RI *RYW

T DSSUL

VDOHV WD

[ UHYHQX

H UHYHQXH DF

$FFRXQWYV

6 W D V\KH. BKRHRS WQIRUWDH

CO-MH RT3

YDFDQF\

UDWH

VT IW DF UHDO

VWXGLHV

HVYWDWRZHRIPSEBQUH

DYBEVR

Environment (Built

And Physical)

KRXVLQJ

WRFN
VLQJOH
KRXVH

QRFPEHAL ®IRI *RYW
IDBHMRWHG DV D E
DFIDPLO\ YV RWKH

V1 S D UWMRAH G IBMEB U H
LQDU\ RI VLQJOH
HU W\SHV

DVH

ODQG XV
GLVVLPL
LQGH]

H PIMT W
O MUHWL G H
DF VT
FRPPHU
DF HW

&RXQFLO RI *RYW
QMWQA® W\PERORJ\ IX
I@D\HU IHDWXUH V
FLDO GHWDLOV
E

VI S D WKRH & HGD MDF U K
PFWLRQ RI *,6
HH GLVFXVVLRQ IR\

iDVH

VLGHZDON

GHQVLW

VT IW DF H
GLVFXVVLRQ IR

WLPDKMH&HURR) F Lb6H
U GHWDLOV

1Py VvV

VWUHHW

SHQVLW\

ODQH PLOH DF
*RYWVY *,6 GDW

U R D GE DJ KGHWLDD FWH
DEDVH

D IR X Q F

Social

DYHUDJH
WUDI¢F

G QIXP\E H |
WULSV

) FFILW\ WUDI¢F VWX
GD\ DF *RYWYV

CLHV GRXKQELGOHRUH

DVH

KRXVHKRO(

5 GHQVLW
KRXVHK

\7$=QXPEBUWRP &R
ROGV DF

QFLO RI *RYWYV

KLJIKF

SRSXODV
GHQVLW

VLRRPEH {
\ SHRSO

) Ri= GDWD IURP &R
H DF

QFLO RI *RYWYV

KLJKF

UHVLGHQ
HWKQLF

W LA WH
|l WAEODFN
HW F «

DF
DF

86 FHQVXV G

DWD VDPH

i QR FKD

ZDONLQJ E
WULSV

L FQX® E®J
WULSV

) RKUYH\V WUDI¢F

WXGLKIM K68 DQ@NUH
FOHWUDFNV

GD\ BB L7XQHVTY &\

iDVH

LQGLFDWRUV IRU ZKLFK GDWD DUH UHDGLO\ DYDLODEOH DQG WKD\

12



JTRF Volume 51 No. 3, Fall 2012

%HIRUH SUHVHQWLQJ WKH UHVXOWY RI WKH DQDO\VLY 7DEO!
Economic Indicators

Business density. % XVLQHVY GHQVLW\ LV WKH WRWDO QXPEHU RI EX
IURP 1&7&2* SDUFHO GDWD IRU HDFK ULQJ VXSSOHPHQWHG I
&RPSDUHG ZLWK DOO ULQJY RI WKH FRQWURO VLWH EXVLQH\
$ RI WKH VXVWDLQDEOH LQIUDVWUXFWXUH VLWHYV

Employment density. (PSOR\PHQW GHQVLW\ LV WKH QXPEHU Rl MREV
GDWD IURP WKH 1&7&2* 7UDI¢F $QDO\VLV =RQHV 7%= &RPSD
HPSOR\PHQW GHQVLW\ LV H[SHFWHG WR LQFUHDVH WKH PRVW

Income. ,QFRPH LV DYHUDJH KRXVHKROG LQFRPH DQG FDQ EH RE
DUH H[SHFWHG LQ ULQJ $ RI WKH VXVWDLQDEOH LQIUDVWUXF
DOO ULQJV RI WKH FRQWURO VLWH EHFDXVH WKH LQIUDVWUX
Rl OLIH DWWUDFWLQJ UHVLGHQWY ZKR FDQ DIIRUG WR OLYH

Property value. 3URSHUW\ YDOXH GDWD DUH REWDLQHG IURP 1&7&2
YDOXH LV H[SHFWHG WR LQFUHDVH WKH PRVW LQ ULQJ $ RI
ZLWK ULQJVY % DQG & DQG DOVR FRPSDUHG ZLWK DOO ULQJV |
VKRZ WKDW SURSHUW\ YDOXHYVY LQFUHDVH DIWHU WKH SURMH
WKLV LV DQ LQGLFDWLRQ WKDW VXVWDLQDEOH LQIUDVWUXF\
D FDWDO\VW IRU FRPSDFW GHYHORSPHQW VHH GLVFXVVLRQ
6PLWK

Sales tax revenue.6 DOHV WD[ UHYHQXH SHU DFUH FDQ EH FDOFXODW
WKH DUHD DQG REWDLQHG IURP 7KH 7H[DV 6WDWH &RPSWUR
H[SHFWHG WR LQFUHDVH WKH PRVW LQ ULQJ $ RI WKH VXVWDI
LQ EXVLQHVY GHQVLW\

Vacancy rate. 9DFDQF\ UDWH LV WKH SHUFHQWDJH RI DOO KRXVLQJ
XQLWV WKDW DUH QRW UHQWHG DQG FDQ EH REWDLQHG IURF
W LV H[SHFWHG WKDW YDFDQF\ UDWHV DUH ORZHU LQ ULQJ §
RI WKH FRQWURO VLWH EHFDXVH VXVWDLQDEOH LQIUDVWUXF
DWWUDFWV SURVSHFWLYH UHVLGHQWYV

Environmental Indicators (Built Environment and Physical Environment)

Housing stock. +RXVLQJ VWRFN IRU HDFK FRUGRQ LV REWDLQHG |
GHQRWHG DV D ELQDU\ YDULDEOH RI VLQJOH IDPLO\ YV RWKF
WRZQKRPHV PXOWL IDPLO\ GXSOH[ IDUP DQG UDQFK W L
ZRXOG LQFOXGH PRUH VLQJOH IDPLO\ KRPHY WKDQ WKH FRUUI
VLWHV DQG WKDW JURZWK LQ VLQJOH IDPLO\ KRPHV ZRXOG E

Land Use Mix (Dissimilarity Index). 7R FRQVWUXFW WKH GLVVLPLODULW\ L¢
DUH XVHG LQ FRQMXQFWLRQ ZLWK WKH VI\PERORJ\ IXQFWLRQ
DUH DVVLJQHG WR UHSUHVHQW HDFK ODQG XVH FDWHJRU\ $
ODQG XVH OD\HU DQG LV SRVLWLRQHG VR WKDW WKH FHQWH
WKH JULG $Q LQGH[ LV FUHDWHG IRU HDFK FHOO E\ FRQVLGH}
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DGMDFHQW FHOO LV DNLQ WR WKH ODQG XVH RI WKH FHOO X
DVVLIJQHG 7KHVH YDOXHV DUH WKHQ VXPPHG DQG GLYLGHG
WKHQ FUHDWHG E\ PXOWLSO\LQJ WKH LQGH[ REWDLQHG LQ W
ZLWKLQ HDFK ULQJ DQG GLYLGHG E\ WKH FHOOYV RYHUDOO T
REWDLQHG E\ VXPPLQJ DOO WKH LQGLFHV IRU WKH FHOOV FR(
LQGH[ LV VLPSO\ D UXOH Rl WKXPE HVWLPDWLRQ LI D FHOO
D PL[HG XVH FHOO &RPSDUHG ZLWK DOO ULQJV Rl WKH FRQV
LQIUDVWUXFWXUH VLWHV LW LV H[SHFWHG WKDW ODQG XVH
LQIUDVWUXFWXUH VLWHYV

Sidewalk density. 6LGHZDON GHQVLW\ LV HVWLPDWHG IURP *,6 PDS)
RI VLGHZDON ZLWKLQ HDFK ULQJ E\ HDFK ULQJYV DFUHDJH
PXOWLSO\LQJ WKH WRWDO OHQJWK RI VLGHZDON E\ WKH ZLG
DUH IRXU IHHW ZLGH DV FDOOHG IRU E\ FLW\ GHVLJQ FRGHV

FRPSXWLQJ VLGHZDON OHQJWK DQG WKHQ PXOWLSO\LQJ E\ V
X 33ULPDU\ +LJKZD\" HDFK GLUHFWLRQ KDV RQH VLGHZDON

S0DMRU $UWHULDO " HDFK GLUHFWLRQ KDV RQH VLGHZDON
S0LQRU $UWHULDO" ERWK GLUHFWLRQV KDV WZR VLGHZDC
*&@RQQHFWLQJ 5RDG” KDV WZR VLGHZDONV DORQJ HDFK VH.
S6HUYLFH 5RDG° KDV RQH VLGHZDON DORQJ HDFK VHJPHQW
*$FFHVV 5DPS° KDV RQH VLGHZDON DORQJ HDFK VHIJPHQW

X 32WKHU URDGV KDYH RQH VLGHZDON DORQJ HDFK VHJPHQ)\
6LGHZDON GHQVLW)\ LV H[SHFWHG WR LQFUHDVH LQ ULQJ $ RI
DQG FRPSDFW GHYHORSPHQW LQFUHDVHV HVSHFLDOO\ FRPE
LQIUDVWUXFWXUH VLWHY DQG DOO ULQJV RI WKH FRQWURO V

X X X X X

Street density. 6WUHHW GHQVLW\ LV PHDVXUHG E\ ODQH PLOHV IRL
PLOH ORQJ KDV WZR ODQH PLOHV /DQH PLOH GDWD DUH REWI
GDWDEDVH 6WUHHW GHQVLW\ LV FDOFXODWHG E\ GLYLGLQJ
W LV H[SHFWHG WKDW VWUHHW GHQVLWLHY ZLOO LQFUHDVH
UHVXOW RI WKH VWUHHW FRQVWUXFWLRQ DQG LPSURYHPHQW
LQIUDVWUXFWXUH VLWHY DQG ZLWK DOO FRQWURO VLWH ULQ

Social Indicators

$YHUDJH GDLOYHWWDDH, EEDLO\ WUDI¢(F $'7 FDQ EH PHDVXUHG
HDFK ULQJ +RZHYHU 1&7&2* GRHV QRW KDYH KLVWRULFDO
ZH ZRXOG H[SHFW D UHGXFWLRQ LQ WKH QXPEHU RI WULSV L
FRPSDUHG ZLWK ULQJV % DQG & DQG DOVR ZLWK DOO FRQWU

Household density. +RXVHKROG GHQVLW\ LV WKH QXPEHU RI KRXVHE
XVLQJ 7$= KRXVHKROG GDWD DYDLODEOH IURP 1&7&2* +RXVF
LQ ULQJ $ RI WKH VXVWDLQDEOH LQIUDVWUXFWXUH VLWHV F|
WKH FRQWURO VLWH

Population density. 3aRSXODWLRQ GHQVLW\ LV FDOFXODWHG XVLQJ 7%

GHQVLW\ LV H[SHFWHG WR LQFUHDVH LQ ULQJ $ RI WKH VXVW
% DQG & DQG ZLWK DOO ULQJV RI WKH FRQWURO VLWH

14
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Residential ethnicity. 5 HVLGHQWLDO HWKQLFLW\ LV WKH SHUFHQWDJH
ZLWKLQ HDFK ULQJ DQG FDQ EH REWDLQHG IURP FHQVXV GDW
WKLV VWXG\ UHVLGHQWLDO HWKQLF GLYHUVLW\ LV H[SHFWH
GHYHORSPHQW VLWHV :KLOH WKH RSSRVLWH WUHQG QDPHO
HWKQLF GLYHUVLW\ ZRXOG EH GHVLUDEOH DQG LQ IDFW Z§
LQIUDVWUXFWXUH SURMHFWY GXH WR JHQWUL,FDWLRQ LW |
DQG +XWFKLVRQ

Walking/bicycling trips. :DONLQJ ELF\FOH WULS GDWD FDQ EH REWDLC
DXWRPDWHG FRXQWV WDNHQ E\ (HOG GDWD FROOHFWRUV RU
DV L7XQHVY &\ FOH7UDFNV ,W LV H[SHFWHG WKDW QRQ PRW
LQ ULQJ $ RI WKH VXVWDLQDEOH LQIUDVWUXFWXUH VLWHV F
LQIUDVWUXFWXUH VLWHY DQG ZLWK DOO ULQJV Rl WKH FRQW

ANALYSIS AND FINDINGS

8VLQJ WKH PHDVXUHY DQG PHWKRGV RXWOLQHG DERYH WKL\
IRU ZKLFK GDWD DUH UHDGLO\ DYDLODEOH *LYHQ WKH VFR
UHDGLO\ DYDLODEOH IRU DOO LQGLFDWRUV WKXV D VXEVHW

Economic Indicators

Employment density. 7/DEOH VXPPDUL]JHV ¢QGLQJV IRU HPSOR\PHQW
FRQWURO VLWH HPSOR\PHQW GHQVLW\ LV H[SHFWHG WR LQF
VLWHV <HW FRQWUDU\ WR H[SHFWDWLRQV WKH UHVXOWV V]
FRQWURO VLWH DV ZHOO DV LQ ULQJ % RI RQH RI WKH VXV
VWURQJ SHUFHQWDJH FKDQJHV UHAHFW YHU\ PLQRU DEVROX\
LQ HPSOR\PHQW GHQVLW\ LQ $571V ULQJ $ DSSHDUV WR LQG|
FRPPHUFLDO FHQWHU KDV EHHQ FUHDWHG VXEVHTXHQW WR V

Table 2: Employment Density (Jobs/Acre)

“HDU $5 5LQJV )6 5LQJV &RQWURO 6
A % &l A % | &l A % | &
1 | 15
1
3.5 1.1
DQQXDO FKDQJH + 5% | 1% | 1% 15%

DQQXDO FKDQJH

Property value. 7/ DEOH VKRZV ¢QGLQJV IRU DYHUDJH SURSHUW\ YD
WKHUH zDV D VWURQJ LQFUHDVH LQ DYHUDJH SURSHUW\ YDO>
$5 DQG )6 SDUWLFXODUO\ FRPSDUHG ZLWK WKH FRQWURO VL)
VXVWDLQDEOH GHYHORSPHQW LQIUDVWUXFWXUH FDQ EH D FLC
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Table 3: Average Property Values (000s Dollars/Acre)

.y $5 5LQJV )6 5LQIV &RQWURO 6LV
<
A % &l A % &l A % &
111.5
DQQXDO FKDQJH 13% 133%

Environmental Indicators

Housing stock. 7DEOH SUHVHQWYVY ¢QGLQJV IRU FKDQJHV LQ VLQJO
WKH VLQJOH IDPLO\ KRXVLQJ VWRFN DW WKH FRQWURO VLWH
VLWHV H[FHSW IRU ZKLFK LV EHIRUH WKH VXVWDLQDEOH

LV FRQVLVWHQW ZLWK H[SHFWDWLRQV
Table 4: Single-Family Housing Stock (Number Of Single-Family Houses/Acre)

HD U $5 5LQJIV )6 5LQUV &RQWURO 6LV
<
A % & A % & A % &

DQQXDO FKDQJH 3%

Land use mix (dissimilarity index). 7DEOH VXPPDUL]JHV WKH ODQG XVH PL]
GHYHORSPHQW VLWHV FRPSDUHG ZLWK WKH FRQWURO VLW
LQIUDVWUXFWXUH LQYHVWPHQW LQ ULQJ $ RI ERWK VXV)
VRPH )6 PL[HG ODQG XVHV \HW DIWHU WKH LQYHVWPHQW E
7KH LQFUHDVLQJ GLYHUVLW\ RI ODQG XVH LQ ULQJ $ RI WKH
SURQRXQFHG FRPSDUHG ZLWK ODFN RI FKDQJHV LQ ODQG XV

FROQWURO VLWH VXJJHVWLQJ WKDW WKH VXVWDLQDEOH LQIL
JRDOV
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A OL[HG 8VH

7TDEOH /IDQG 8VH OL[ 'LVVLPLODULW\ ,QGH[ -
$5 5LQJIV )6 5LQJY
<HDU
A % & A % & A % &

&RQWURO 6LWF

Sidewalk density. 7/ DEOH

SUHVHQWY WKH ¢QGLQJV IRU VLGHZDON G

VLGHZDON GHQVLW\ LQFUHDVHG LQ ULQJ $ FRPSDUHG ZLWK U
VLWHY DQG FRPSDUHG ZLWK DOO ULQJV RI WKH FRQWURO VL)

Table 6: Sidewalk Density (Sqg. Ft./Acre)

LD $5 5LQJV )6 5LQJIV &RQWURO 6L\
<
A % &| A % &| A % &
1,333
1,333
DQQXDO FKDQJH 1% 1%
DQQXDO FKDQJH

Street density. 7/DEOH

%

ZKLFK LV RQH RI WKH NH\ JRDOV RI WKH VXVWDLQDEOH LQIUL
Table 7: Street Density (Lane Miles/Acre)

$5 5LQJV )6 5LQJIV &RQW
<HDU
A % & A % & A % &
DQQXDO FKDQJH 33% 5%
DQQXDO FKDQJH

17
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Social Indicators

Household density. 7DEOH VKRZV ¢(QGLQJV IRU KRXVHKROG GHQ
LQ KRXVHKROG GHQVLW\ DUH LQ ULQJ $ RI DOO VLWHV L H
LQIUDVWUXFWXUH VLWHYVY DV ZHOO DV ULQJ % RI RQH VXVWI
SHUFHQWDJH LQFUHDVHVY UHAHFW UHODWLYHO\ VPDOO FKDQ
RI WKH VXVWDLQDEOH LQIUDVWUXFWXUH VLWHV $5 SDUWL/
WHUPV RI SHUFHQW FKDQJH DSSHDU WR VRPHZKDW VXSSRUW
ZLOO LQFUHDVH LQ ULQJ $ RI WKH VXVWDLQDEOH LQIUDVWU
ZLWK DOO ULQJV RI WKH FRQWURO VLWH <HW ZKHQ FRQVLG
LQFUHDVHYV LQ KRXVHKROG GHQVLW\ RFFXU LQ DOO ULQJV R
FROWURO VLWH VXJIJHVWLQJ WKDW SHUKDSV VRPHWKLQJ HO'
LOQIUDVWUXFWXUH LQYHVWPHQW VXFK DV FRQWLQXHG EXLOC
WKLV LQFUHDVH LQ KRXVHKROG GHQVLW\

Table 8: Household Density (Number of Households/Acre)

$5 5LQJV )6 5LQJV &RQWURO 6LV
<HDU
A % & A % & A % &
5.3 1 1.1 1
5 1 1.3 1.1
DQQXDO FKDQJH 15%
DQQXDO FKDQJH

Population density. 7T DEOH SUHVHQWY ¢(QGLQJV IRU SRSXODWLRQ GF
WKH VXVWDLQDEOH LQIUDVWUXFWXUH VLWHY SDUWLFXODUO!
DQG JUHDWHU SHUFHQW LQFUHDVHV LQ SRSXODWLRQ GHQVL
H[SHFWDWLRQV WKH )6 QXPEHUV DUH XQH[SHFWHG DQG WKH
DUH LQ WKH RXWHU ULQJY UDWKHU WKDQ ULQJ $ Rl )6 ,Q DG
KDG VLJQL;FDQW SHUFHQWDJH LQFUHDVHYV LQ SRSXODWLRQ

Table9: 3SBRSXODWLRQ '"HQVLW\ 1XPEHU RI 3HRSOH $FUH

$5 5LQJV )6 5LQJIV &RQWURO 6LV
<HDU
A % &| A % &l A % &
1 3.1
1
1.1 1
DQQXDO FKDQJH

DQQXDO FKDQJH
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Summary of Findings

7DEOH  VXPPDUL]JHV WKHVH ¢QGLQJV VKRZLQJ ZKHWKHU W
FRPSURPLVH WKH H[SHFWHG YDOXHV DQG GLUHFWLRQ RI FKE
$ FRPSDUHG ZLWK DOO FRQWURO VLWH ULQJV B6HYHUDO ¢QC
PRVW RIFRWGRPRH® YLURQRHIWDWRUY DQDO\]HG LQ WKLV VWXG'
WKH 7%/ DSSURDFK WKH VXVWDLQDEOH LQIUDVWUXFWXUH L
WKH VXVWDLQDEOH LQIUDVWUXFWXUH VLWHV VKRZ FOHDU LQ
DQG VWUHHW GHQVLWLHVY DQG UHODWLYHO\ OHVV JURZWK L
FRQWURO VLWH 7KHVH FKDQJHV DW WKH VXVWDLQDEOH LQI
VXJIJHVW WKDW WKH VXVWDLQED HQLY®INM ¥ MWW FIVDX ¥ B ULGRKHA
LPSURYHPHQWY SURYLGHG WKH KRSHG IRU FDWDO\VW IRU G
XVH PL[ DQG FRPSDFW FLUFXODWLRQ ZLWKLQ WKH WRZQ FHQ
WDUJHWHG DW 6XQEHOW VW\OH H[XUEV QHHG QRW QHFHVVD
WUDQVLW PRUH DSSURSULDWH IRU ROGHU RU FHQWUDO FL\
VXVWDLQDEOH GHYHORSPHQW

Table 10: List of Indicators Comparing Expected With Actual Direction of Change

Expected Value/Direction of Change

for Sustainable Infrastructure Sites Actual Direction of Change for Sustainable

Indicator Ring A Compared With All Control Infrastructure Sites Rlng A C_ompared With
. . All Control Site Rings
Site Rings
Economic
HPSOR\PHQW ELIXRXV KLJKHU IRU $5 EXW QF
GHQVLW\ KLIKHU LQFUHED UHDWHVW DW &RQWURO| 6LWH D!
SURSHUW\ YDOXH KLIKHU LQFUHDVH VWURQ.
Environment (Built And Physical)
KRXVLQJ|VWRFN ORZHU| GHFUHDVH PRVWO\
ODQG XV|H PL[
GLVVLPUODULWXLJKHU LQFUHDVH VWURQJODP\ FRQ¢ U
LQGH][
VLGHZDON GHQVLW\ KLIJKIHU LQFUHDVH FRQ
VWUHHW|[GHQVLW\ KLIJKHU LQFUHDVH VWURC
Social
KRXVHKROG PELIJXRXV KLJKHU IRU $3 EXW QR
GHQVLW\ KLJKHU LQFUHE\PH DW DOO VLWHVY YDULRXV UL

SRSXODWLRQ

PPELIXRXV KLIJKHU IRU $§ EXW QF
GHQVLW\

KLIKHU LQFUHDQVH DW DOO VLWHYV YDULRXV UL

BHFRQG WKH SRVLWLYH HIIHFW RQ SURSHUW\ YDOXHV FRQ¢
WKH QRWLRQ WKDW ORFDO JRYHUQPHQWV QHHG QRW ZRUU!
HFRQRPLF LPSDFWV 5DWKHU DW OHDVW LQ WKLV FDVH SF
SRVLWLYH HQYLURQPHQWDO LPSDFWV OHDGLQJ WR D YLUW
KRSHG IRU LPSDFWV RFFXUUHG LQ ULQJV $ DQG % RI WKH VX
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WKH LQIUDVWUXFWXUHYV LPSDFW GRHV QRW VSUHDG EH\RQG
FRQVLGHUHG D FRPIRUWDEOH ZDONLQJ GLVWDQFH WR D GHYV
WKH VXVWDLQDEOH LQIUDVWUXFWXUH LV SURPRWLQJ ZDONDE
JRXUWK ERWRKLRIOGOWKEWRUYVY DQDO\JHG LQ WKLV VWXG\ WKH W
PLIHG UHVXOWYVY 6SHFL{FDOO\ WKH GDWD IRU KRXVHKROG DC
FOHDU LQFUHDVH LQ GHQVLW\ DW WKH VXVWDLQDEOH LQIUDYV
VLWH 3HUKDSV LI DGGLWLRQDO VRFLDO LQGLFDWRUV ZHUH X
FRXQWY RU ZDONLQJ ELF\FOH WULSVY WKHQ FOHDUHU LPSD
WKH DPELJXRXV VRFLDO LPSDFWV PLJKW DOVR EH UHQGHUH
LQ WKH SODQQLQJ SURFHVYV 7KH 7%/ DSSURDFK KDV EHHQ F
HQYLURQPHQWDO RYHU WKH VRFLDO SDUWLFXODUO\ GHPR
SDUWLFLSDWLRQ WKURXJK IRU H[DPSOH FRPPXQLW\ PHHWI
FRXOG LQFUHDVH SXEOLF LQSXW DQG VXSSRUW IRU VXVWDLQ
WR FKDQJHG VRFLDO FKRLFHY DQG EHKDYLRU WKDW UHLQIRU

CONCLUSION AND RECOMMENDATIONS

7KLY SDSHU SUHVHQWY D PHWKRGRORJ\ WHVWHG RQ WZR H|
RI VXVWDLQDEOH LQIUDVWUXFWXUH XVLQJ YDULRXV DVVHYV
OLWHUDWXUH DQG WKDW IDOO ZLWKLQ WKH WULSOH ERWWR
7R EHWWHU DVVHVYVY VSDWLDO YDULDWLRQ LQ LPSDFWV WKHF
D FRQWURO VLWH LV VHOHFWHG DV SRLQW RI FRPSDULVRQ

WKH SUREOHP UDLVHG LQ SUHYLRXV VWXGLHV DERXW LQFR
DQG VRFLDO GDWD )LQGLQJV VXJIJHVW WKDW WKH PHWKRG >
IRU JDXJLQJ WKH LPSDFWV RI VXVWDLQDEOH LQIUDVWUXFW X
FRQVLVWHQW ZLWK WKH H[SHFWHG DQG GHVLUHG RXWFRPH
ODQG XVH PL[ DQG FRPSDFW FLUFXODWLRQ ZLWKLQ WKH WF
WKH OLPLWHG QXPEHU RI LQGLFDWRUV IRU ZKLFK GDWD DUH
OHYHO DQG WKH OLPLWHG REVHUYDWLRQV \HDUV IRU WKL
SUHVHQWHG KHUH LGHDOO\ ZRXOG XWLOL]H D ZLGHU YDULHW
PRUH \HDUV SDUWLFXODUO\ VRFLDO LQGLFDWRUV VXFK DV
WKH H[LVWLQJ VWXG\ WKH PHWKRGRORJ\ SUHVHQWHG KHUH
VXVWDLQDEOH LQIUDVWUXFWXUH DVVHVVPHQW LQ D (¢HOG Z
RU VHW RI LQGLFDWRUV WR DVVHVV VXVWDLQDEOH LQIUDVWI
WZR H[XUEDQ WRZQ FHQWHUV VXJJHVWYV WKDW VXVWDLQDEO
HYHQ LI QRW IRFXVHG RQ WUDGLWLRQDO VWUDWHJILHV RI UD
ODQG XVH DQG FRPSDFW GHYHORSPHQW
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VHSDUDWHG QRQ GLYHUVH ODQG XVHV SURPRWHG E\ WUD
FHQWXU\ :KHHOHU , Q00 GHYHORSPHQW FDQ EH GHYV
XQGHUXVHG SDUFHOV RU EXLOGLQJV ZLWKLQ WKH FHQWU
GHYHORSPHQW LV GHYHORSPHQW LQ KLJK GHQVLW\ PL[HC
wWubDQVLW VXFK DV EXV RU UDLO VHUYH DV IRFDO SRLQW
DUH VHHQ DV FRPSOHPHQWDU\ ZD\V RI DGGUHVVLQJ XQVXV

([XUELD FDQ EH GH¢{QHG IROORZLQJ &DYHYV DV WKI
PHWURSROLWDQ DUHDITV VXEXUEV EXW ZLWKLQ LWV FRPP’
WKH VKLIW WR D VHUYLFH DQG LQIRUPDWLRQ HFRQRP\ DQ
RI HFRQRPLF DFWLYLW\ 7KLV GHYHORSPHQW LV IXUWKHU |
VIVWHPV RQ WKH XUEDQ IULQJH SXUVXLW RI WKH 3$PHUI
GH¢QHG DV VSDWLDO VHIJUHIJDWLRQ UHVXOWLQJ IURP WK|
H[XUEV DORQJ UDFLDO DQG FODVYV OLQHYV >VHH &DYHYV

$FFRUGLQJ WR &DYHYV H[XUELD LV SUHGRPLQDQWO\ |
FHQWHUV RIWHQ ZLWK ORFDOO\ RZQHG VPDOO EXVLQHVVF
D VPDOO WRZQ IHHO
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Applying the Highway Safety Manual
to Two-Lane Road Curves

by Daniel Findley, Charles Zegeer, Carl Sundstrom, Joseph Hummer, and William Rasdorf

7KLY SDSHU HYDOXDWHY WKH +LJKZD\ 6DIHW\ ODQXDO +60 F
ODQH UXUDO KRULJRQWDO FXUYHV LQ 1RUWK &DUROLQD $Q D
IRU WKH +60 SUHGLFWLYH PRGHO LQ 1RUWK &DUROLQD IRXQC

DUH UHTXLUHG WR PHHW +60 UHFRPPHQGDWLRQV 7KH UF
WUDI¢F FXUYH UDGLXV DQG FXUYH OHQJWK ZHUH WKH PR
SUHGLFWLRQ DFFXUDF\ EXW WKDW DYHUDJH RU GHIDXOW YD
ULVN WR DFFXUDF\

INTRODUCTION

+RUL]RQWDO FXUYHV DUH UHODWLYHO\ ULVN\ SRUWLRQV RI
HOVHZKHUH &ROOLVLRQV RQ WZR ODQH FXUYHV KDYH EHHQ
DIDWDOLW\ DV DOO WZR ODQH URDGZD\ VHIPHQWY +XPPHU F
ZKHUH KLJKZD\ DJHQFLHV KDYH PDQ\ RSWLRQV DQG RSSRUW
$IJHQFLHVY FDQ DGG VLJQV PDUNLQJVY EHDFRQV JXDUGUDLO
URDGZD\ RU FDQ ZLGHQ VWUDLJKWHQ DQG ADWWHQ VLGH\
HIDPSOHV RI SRWHQWLDO LPSURYHPHQWY 7KLV SDSHU IRFX\
FXUYHV

7\SLFDOO\ WKH DQDO\VLV RI D KRUL]JRQWDO FXUYH RU D V|
DIJHQF\ LV EDVHG RQ ¢HOG YLVLWYVY DQG WKH MXGJPHQWYV RI
WR UHO\ RQ D GULYH WKURXJK E\ DQ HQJLQHHU RU D WHFKQ
VHHP WR KDYH SURYHQ WKHPVHOYHV WKURXJK WKH \HDUYV
RI \HDUV VXFK DV WKH )+:$ FXUYH FUDVK SUHGLFWLRQ P
GHYHORSHG D PRGHO WR SUHGLFW WKH QXPEHU RI FXUYH FU]I
RI FXUYH DPRXQW RI FXUYDWXUH RI DQ DUF OHQJWK RI FX
VXSHUHOHYDWLRQ RQ WKH FXUYH DQG SUHVHQFH RU DEVHQF
WUDQVLWLRQ IURP WKH VWUDLJKW WDQJHQW WR WKH FXUYH
SUHGLFWHG FXUYH FUDVKHY ZHOO IRU WKHVH PRVWO\ JHRPH
Rl WUDI¢,{F FRQWURO GHYLFHV VXFK DV VLJQV PDUNLQJV AD
YDULDEOHYV $OVR WKH PRGHO WKDW ZDV GHYHORSHG E\ =l
GDWD IURP D VLQJOH VWDWH :DVKLQJIJWRQ HYHQ WKRXJK |
GLITHUHQFHYVY LQ FUDVK UHSRUWLQJ WKUHVKROGY FOLPDWH
WKDW FDQ DIIHFW FUDVK I[UHTXHQFLHY DQG UDWHYV IRU D JLY

7TKHUHIRUH WKHUH KDV EHHQ D QHHG IRU D PRGHO RU W
SRWHQWLDO RI KRUL]JRQWDO FXUYHV ZLWKLQ D VWDWH RU M
WUDI¢F DQG RWKHU VLWH VSHFL¢F IHDWXUHV DQG IRU WKD
WR EH DSSOLHG 7TKHUH KDYH DOVR EHHQ EDUULHUV WR ZL
PRGHOV DQG WRROV GXH WR WKH ODUJH QXPEHU RI FRPSHWL
GLI¢FXOWLHYVY LQ FROOHFWLQJ WKH QHFHVVDU\ GDWD DQG S
FRQGLWLRQV DPRQJ RWKHU UHDVRQV
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7KH SXEOLFDWLRQ RI WKH +LJKZD\ 6DIHW\ ODQXDO +60 RII
DQG JHW D FUDVK PRGHO LQ XVH LQ WKH ¢HOG $$6+72
PRGHO IRU KRUL]JRQWDO FXUYHV DQG HVWLPDWHV RI FUDVK
FRXQWHUPHDVXUHV $ &0) LV GH¢QHG DV WKH H[SHFWHG FK
VDIHW\ WUHDWPHQW )RU H[DPSOH LI D FRXQWHUPHDVXUH L
LV H[SUHVVHG DV 7KH PRGHO DQG &0)V KDYH
OHDGLQJ VDIHW\ UHVHDUFKHUV DQG SUDFWLWLRQHUV DQG
7KH +60 DOVR FRQWDLQV GHWDLOHG LQVWUXFWLRQV IRU DSS
D VDIHW\ SURJUDP LQFOXGLQJ HYDOXDWLQJ LQVWDOOHG FR
DQG WKH IDFW WKDW GUDIW YHUVLRQV FLUFXODWHG ZLGHO\
ZLGHO\ DSSOLHG LQ FXUYH VDIHW\ VWXGLHV 3HUFHLYHG RU
DQG FROOHFWLQJ QHHGHG GDWD PD\ EH FRQWULEXWLQJ WR "

7KH REMHFWLYHV RI WKLV SDSHU DUH WR SURYLGH KLJKZI
XVH WKH QHZ +60 WR DQDO\]H KRULJRQWDO FXUYHV WR VXSS
ZLWK DEQRUPDOO\ KLJK FUDVK H[SHULHQFH 7KLV SDSHU DQ
XVH WKH QHZ +60 WR LGHQWLI\ DQG DQDO\]H KRUL]JRQWDO FX
KRZ VKRXOG DQ DJHQF\ FDOLEUDWH WKH +60 FXUYH FUDVK St
+60 DQDO\VLV LV SRVVLEOH KRZ PXFK HIIRUW VKRXOG WKH D
SRVVLEOH ZLWKRXW D ¢HOG YLVLW" ,I VR ZKDW DFFXUDF\ F
WDNH WR PDNH WKH +60 DQDO\VLV PRUH HI¢FLHQW VR WKDW
WR LPSURYH FXUYHV LQ D PRUH FRVW HIIHFWLYH PDQQHU" 6]
OHDUQLQJ FXUYH IRU DJHQFLHV LQ XVLQJ WKH +60 FXUYH FU
DJHQFLHV DQG SURIHVVLRQDOV DVVXPH LQ XVLQJ WKLV QHZ

LITERATURE REVIEW

'XH WR WKH UHFHQW UHOHDVH RI WKH +60 RQO\ D IHZ VWXC
FUDVK SUHGLFWLRQ PRGHOV 7KLYV OLWHUDWXUH UHYLHZ FR
+60 DSSOLFDWLRQ IRU WZR ODQH DQG UXUDO URDGV WKH YI
Rl +60 PRGHOV 6XQ HW DO HYDOXDWHG WKH DSSOLFDE
WR VWDWHYV IURP ZKLFK FUDVK GDWD ZHUH QRW XVHG LQ Wk
PRGHO HYDOXDWHG LQ WKLV VWXG\ ZzDV WKDW IRU WZR ODQ|
URXWHV LQ /RXLVLDQD ZHUH XVHG 'XH WR GDWD OLPLWDWLR
+60 SURFHGXUH IRU FDOLEUDWLQJ WKH SUHGLFWLYH PRGHO
D GDWDEDVH ZLWK LPSRUWDQW KLJKZD\ YDULDEOHV LQFOXG
ODQH ZLGWK VKRXOGHU ZLGWK DQG W\SH DQG GULYHZD\ GH
VPDOOHU WKDQ WKH REVHUYHG YDOXHV D FDOLEUDWLRQ S
7KH UHVXOWYVY Rl WKLV DQDO\WVLYV ZHUH SUHVHQWHG IRU WZR
UDQGRPO\ VHOHFWHG VHFWLRQV DQG WKH VHFRQG VHFW
IUHTXHQFLHY RYHU WKUHH \HDUV 7KH DQDO\VLV LQGLFDWH
FUDVK IUHTXHQFLHV EXW WKH OHYHO RI HIITRUW UHTXLUHG W
ZDV D FKDOOHQJH

ODUWLQHOOL HW DO FDOLEUDWHG WKH +60 FUDVK SU
$UH]]IR XVLQJ NLORPHWHUV RI UXUDO WZR ODQH KLJKZD\
UHVXOWY IURP IRXU PRGHOV ZLWK GLIIHUHQW FDOLEUDWLRQ
FUDVKHV $GGLWLRQDOO\ LW ZDV IRXQG WKDW WKH PRGHOV
XQGHUHVWLPDWHG FUDVKHV DW KLJK FUDVK ORFDWLRQV 7Kl
LV DEVROXWHO\ QHFHVVDU\ WR DYRLG RYHU SUHGLFWLRQ LC
LVVXH ZLWK FDOLEUDWLRQ H[LVWV EHFDXVH WKH KLJK VHJPF}
JHUR FUDVK VHIJPHQWY ZKLFK DUH QRW SUHGLFWHG DFFXUD\)
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7KH DFFXUDF\ Rl PRGHOV XVLQJ EDVHOLQH GDWD LV DOVR
JRUG HW DO FRPSDUHG FUDVK SUHGLFWLRQ PRGHOV IRU
PRGHOV ZLWK VHYHUDO FRYDULDWHY DQG WKH SURGXFW RI E
$0)V ZHUH FRPSDUHG XVLQJ SUHGLFWHG PHDQ YDOXHV DQ
VKRZHG WKDW WKH IXO0O PRGHOV KDYH PXFK VPDOOHU YDULI
$0)V 7KLV ¢QGLQJ OHG WKH DXWKRUV WR FRQFOXGH WKDW :
SDUW RI WKH GHFLVLRQ PDNLQJ SURFHVV D IXO0O PRGHO VKR
YXUWKHU GHWDLOV RQ ZKLFK HOHPHQWY DUH FULWLFDO W
DOVR RI LQWHUHVW LQ GHWHUPLQLQJ ZKLFK HOHPHQWYV ZLO
VHWWLQJV $ VWXG\ E\ 1IRZDNRZVND GHYHORSHG ORJLVW
FKDUDFWHULVWLFV RI UXUDO KLJKZD\V LQ 3RODQG 7KLV VW
W\SH VLGHZDON SUHVHQFH DQG LQWHUDFWLRQV KDG D VW
(DVD HW DO HYDOXDWHG FUDVK SUHGLFWLRQ PRGHOV II
ODQH KLJKZD\V LQ :DVKLQJWRQ 6WDWH 7KH\ IRXQG WKDW WK
GHJUHH RI FXUYDWXUH URDGZD\ ZLGWK DFFHVV GHQVLW\ Jl
WUDI¢F $$'7
‘LH HW DO DSSOLHG WKH +60 SURFHGXUHV WR URDGZI
FDOLEUDWLQJ WKH PRGHO IRU ORFDO FRQGLWLRQV 7KH\ LQF
IRXQG D WZR ODQH URDGZD\ FDOLEUDWLRQ IDFWRU RI DFI
+60 SUHGLFWHG FROOLVLRQV 7KH DXWKRUV SUHVHQWHG
UHFRPPHQGHG FROOLVLRQV SHU \HDU DPRQJ WR ORFD!
FROOLVLRQ ORFDWLRQV WKH DXWKRUV DSSOLHG VDPSOH VL
FUDVK KLVWRU\ IRU WKDW W\SH RI VLWH WR PRGLI\ WKH H[SF
HI[DPLQHG WKH FDOLEUDWLRQ RI WKH +60 DV ZHOO DV WKH
DQG IRXQG WKDW D FDOLEUDWHG +60 PRGHO SHUIRUPV D
LW LV WKH SUHIHUUHG VDIHW\ PRGHO %DQLKDVKHPL DC
IRU WKH VLWHV HPSOR\HG LQ WKH FDOLEUDWLRQ SURFHVYV

METHODOLOGY
Data Collection

7KH FROOHFWLRQ RI GLITHUHQW GDWD QHHGHG IRU FDOLEUD'
RI WKH VHOHFWHG FXUYH VDPSOH VLWHV LQ 1RUWK &DUROL(
WZR ODQH UXUDO URDGY 7KH UHVHDUFKHUY DVNHG 1&'27 WF
RI WKH FXUYHV RQ DQ\ JLYHQ URDGzZD\ IRU WKH FDOLEUDWLF
E\ WKH UHVHDUFKHUV ZHUH GLVWULEXWHG WR 1&'27 SHUVRQ
WKH QHFHVVDU\ GDWD RQ YDULDEOHV IRU HDFK FXUYH 7KH
VXSHUHOHYDWLRQ RI WKH FXUYH LV GHVFULEHG LQ )LQGOH\
VHOHFWHG FXUYH PXVW EH LVRODWHG IURP RWKHU FXUYHYV E
YDULDEOHY ZHUH FROOHFWHG IRU HDFK FXUYH DORQJ ZLWK \
ERWK HQGV RI WKH FXUYH 7DEOH OLVWV WKH YDULDEOH)
SURYLGHV D EULHI GHVFULSWLRQ RI WKH GDWD FROOHFWLRQ

HSM Predictive Method Calibration
7KH +60 SUHGLFWLYH PHWKRG LV XVHG WR HVWLPDWH FUDVK

D KLJKZD\ ZLWK NQRZQ FKDUDFWHULVWLFV 7R LPSURYH WKH
PHWKRGYVY ZHUH GHYHORSHG VXFK WKDW WKH\ FDQ EH FDOLE
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Table 1: Field Data Collection Elements

28

Feature Value

1. 3RVWHG 6SHHG /LPLW PSK
/IDQH :LGWK IHHW
OHDVXUH IURP FHQWHU RI WKH ODQH OLQH|RI WKH URDG?:
URXQG WR WKH QHDUHVW IRRW

3 ,OQOVLGH 6KRXOGHU :LGWK IHHW

' OHDVXUH IURP FHQWHU RI HGJHOLQH WR HGJH RI VKRXOC
,QVLGH 6KRXOGHU 7\SH
3DYHG *UDYHO 7XUl RU &RPSRVLWH

5 2XWVLGH 6KRXOGHU :LGWK IHHW

’ OHDVXUH IURP FHQWHU RI HGJHOLQH WR HGJH RI VKRXOC
2XWVLGH 6KRXOGHU 7\SH
3DYHG *UDYHO 7XUl RU &RPSRVLWH
/[HQJWK RI 6HFWLRQ IHHW
OHDVXUH IURP EHJLQQLQJ RI WKH FXUYH WR WKH[HQG RI
HGJHOLQH LQ IHHW PHDVXUH WDQJHQWYVY IURP HQG RI FX
QHDUHVW LQWHUVHFWLRQ RU QH[W FXUYH
5DGLXV Rl +RUL]RQWDO &XUYH IHHW
"HWHUPLQH WKH UDGLXV XVLQJ WKH DWWDFKHG )LHOG ,C
FRPSOHWHG )LHOG ,QYHVWLJDWLRQ )RUP EHORZ
5RDGVLGH +D]DUG 5DWLQJ
6HH WKH DWWDFKHG SKRWRV IRU H[DPSOH
,QVLGH /DQH 6XSHUHOHYDWLRQ
"HWHUPLQH WKH VXSHUHOHYDWLRQ XVLQJ WKH DWWDFKF
BURFHGXUH DQG FRPSOHWHG )LHOG ,QYHVWLJDWLIRQ )RUI
2XWVLGH /DQH 6 XSHUHOHYDWLRQ

112. 'HWHUPLQH VXSHUHOHYDWLRQ XVLQJ WKH DWWDHKHG )L}
DQG FRPSOHWHG )LHOG ,QYHVWLJDWLRQ )RUP EHORZ
*UDGH
'"HWHUPLQH WKH JUDGH XVLQJ WKH GLJLWD|O OHYHO WR ¢
1XPEHU RI '"ULYHZD\V

13. 5HFRUG WKH WRWDO QXPEHU RI GULYHZD\V| DORQU WKH C
EHJLQQOLQJ WR HQG RI VHIPHQW RQ ERWK VLGHV
BUHVHQFH RI 5DLVHG 3DYHPHQW ODUNHUV [<HV 1R

15, 3UHVHQFH RI 3DVVLQJ /IDQHV <HV 1R
BUHVHQFH RI 5RDGZD\ /LIJKWLQJ <HV 1R
BUHVHQFH RI &HQWHUOLQH 5XPEOH 6WULSV <HV |1R
BUHVHQFH RI 7ZR :D\ /HIW 7XUQ /DQHYV <HV| 1R
BUHVHQFH RI 6KRXOGHU 5XPEOH 6WULSYVY <HV 1R
BUHVHQFH RI 6NLG 7TUHDWPHQWY RYHUOD\ <HV 1R
BUHVHQFH RI 6NLG 7TUHDWPHQWY JURRYH SIDYHPHQW <H
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([DPSOHV RI ORFDO FRQGLWLRQV WKDW PD\ GLIIHU ITURP WK
JHRJUDSKLF FRQGLWLRQV GULYHU FKDUDFWHULVWLFV DQG

7KH +60 SUHGLFWLYH PHWKRG IRU UXUDO WZR ODQH W7~
HYDOXDWLRQ WR 1RUWK &DUROLQD KLJKZD\V 2WKHU URDGZ
+60 WKURXJK VLPLODU EXW GLIITHUHQW PHWKRGV ZKLFK DUH
VDIHW\ RQ WKRVH URDGZD\V 7KLV DSSOLFDWLRQ IROORZHG
H[SHFWHG DYHUDJH FUDVK IUHTXHQF\ RI FXUYH VHIPHQWYV 7
VWDUWLQJ ZLWK GH¢{ ;QLQJ WKH VHIPHQW DQG SHULRG RI VW
SDSHU LV RQ 6WHS 1LQH ZKLFK VHOHFWY DQG DSSOLHV VDIH)
DSSOLHV &0)V WR WKH VHIPHQWY DQG 6WHS ZKLFK LQYRO
VWHSY DUH DSSOLHG DIWHU WKH URDGZD\ VHIJPHQWY KDYH E
FUDVK KLVWRU\ bQG JHRPHWULF FRQGLWLRQV LV FRPSOHWH
LGHQWL{HG VHIPHQWY WR GHYHORS D 63) &0) DQG D FDOLE
FUDVKHV IRU HDFK VHIPHQW

Step Nine: Select and Apply SPF

7KLV VWHS GHYHORSV WKH 63) IRU HDFK VHOHFWHG URDGZD
SUHGLFWHG FUDVK IUHTXHQF\ ZLWK +60 EDVH FRQGLWLRQV
WKH FDOLEUDWLRQ IDFWRU LQ 6WHS YRU HDFK VHJPHQW
LQ WKH +60

N, =AADT x L x 365 x 107° x ¢C0312)
'KHUH
Nysyy SUHGLFWHG WRWDO FUDVK IUHTXHQF\ IRU URDGZD\ VHJ
63) IRU WKH URDGZD\ VHIPHQW
$$'7 DYHUDJH DQQXDO GDLO\ WUDI¢F YROXPH YHKLFOHV S|
/ OHQJWK RI URDGZD\ VHIJPHQW PLOHV RU OHQJWK RI F
7KH +&0 DOVR SURYLGHV GHIDXOW GLVWULEXWLRQV IRU F
EDVHG RQ GDWD IRU :DVKLQJWRQ 6WDWH 7KHVH GLVWULEXVW
LPSURYHG DFFXUDF\

Step Ten: Apply the Appropriate CMFs to SPF to Account for the Difference in Base and
6LWH 6SHFL{F &RQGLWLRQV

$IWHU DQ 63) LV IRXQG IRU EDVH FRQGLWLRQV LQ HDFK VHJP
WR DGMXVW WKH HVWLPDWHG FUDVK IUHTXHQF\ WR VLWH VSt
GRHV QRW KDYH D VKRXOGHU WKH 63) HVWLPDWH LV DGMX
LQ SUHGLFWHRKHFY®NW KBWQWL: HYV DSSURSULDWH &0)V IRU |
FRPPRQ &0)V XVHG WR DGMXVW IRU ORFDO FRQGLWLRQV RQ
DQG W\SH OHQJWK UDGLXV DQG SUHVHQFH RU DEVHQFH R
GULYHZD\ GHQVLW\

7KH )HGHUDO +LJKZD\ $GPLQLVWUDWLRQ )+:$ KDV HVWD
&0)V 7KHVH &0)V DUH PXOWLSOLFDWLYH IDFWRUV XVHG WR
FUDVKHYVY DIWHU D JLYHQ FRXQWHUPHDVXUH LV LPSOHPHQW!
&OHDULQJKRXVH DUH WKH KRUL]JRQWDO &0)V WKDW KDYH EH!
VWXGLHVY WKDW DUH LQFOXGHG LQ WKH &OHDULQJKRXVH DV
WR KRUL]J]RQWDO FXUYHV +RZHYHU GXH WR WKH EDVH FRQC
SUHVHQWHG LQ 6HFWLRQ RI WKH +60 FDQ EH XVHG ZLWK W
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GHYHORSPHQW SURFHVV IRU &0)V DUH SUHVHQWHG LQ 3DUW
LV WRZDUG IXWXUH HGLWLRQV RI WKH +60 QRW IRU LQFOXVL

Step Eleven: Apply a Calibration Factor to the Result of Step 10

2QFH WKH HVWLPDWHG FUDVK IUHTXHQF\ IRU HDFK VHJPHQ
FRQGLWLRQV LW LV PXOWLSOLHG E\ DQ DSSURSULDWH FDOL
FDOLEUDWLRQ IDFWRU LV XVHG WR DGMXVW WKH UHVXOWYV R
LV FDOFXODWHG DV WKH UDWLR RI WRWDO REVHUYHG FUDVK
GXULQJ WKH VDPH SHULRG )RU H[DPSOH IRU RQH JURXS RI F
SHU \HDU LV DQG WKH SUHGLFWHG QXPEHU RI FROOLVLRQ
D FDOLEUDWLRQ IDFWRU RI RU ,Q WKLV DQDO\VLYV

LOQFOXGLQJ DQ RYHUDOO IDFWRU IRU DOO VHIPHQWY D QRQ
UDQGRP VHOHFWLRQ FXUYH VHIPHQW IDFWRU 7KH UHVXOWYV

ANALYSIS

Calibration Factor Analysis

7KH FDOLEUDWLRQ IDFWRU LV D FULWLFDO FRPSRQHQW RI \
IDFWRUV SUHVHQWHG LQ WKH PDQXDO WR DFFRXQW IRU ORI
FOLPDWH DQG JHRJUDSKLF IHDWXUHV DQG GULYHU IDFWRU
FDOFXODWLQJ D FDOLEUDWLRQ IDFWRU IRU WZR ODQH UXUDO
VHIPHQWY DQG FRPSRVLWH VHIPHQWYV LQFOXGLQJ DOO FX
WKDW WKH FDOLEUDWLRQ IDFWRUV VKRXOG EH FDOFXODWH(
LPSOHPHQW WKH SURFHGXUHV LQ WKH PDQXDO UHJXODUO\

PLQLPXP VDPSOH VL]H RI WR VLWHV WKDW H[SHULHQFH D
DQDO\WLV LQFOXGHG VLWHV WKDW H[SHULHQFHG FROOLV
7TDEOH +RZHYHU WKHVH VLWHV LQFOXGH FXUYH VHJI
KLVWRULHY RU KDYH SUHYLRXVO\ EHHQ LGHQWL¢{HG DV KD]DL
UDQGRPO\ E\ 1&'27 SHUVRQQHO E\ DUELWUDULO\ FKRRVLQJ D

Table 2: HSM Calibration Factors Calculated

Reported Predicted

Collisions Collisions
Sample Type Calibration (Collisions (Collisions
(Sample Size) Roadway Type Factor per Year) per Year)

&XUYH

$00 6HIJPHQWWVDQJHQW
&RPSRVLWH

&XUYH 1.33
5DQGRP 6HOHEWERR W
&RPSRVLWH
&XUYH

7DQJHQW
&RPSRVLWH
'"HQRWHV D VWDWLVWLFDO GLIITHUHQFH IURP D FDOLEUDWLRQ IDFWHF

1RQ UDQGRH
BHOHFWLRQ
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+60 FDOLEUDWLRQ IDFWRUV ZHUH FDOFXODWHG E\ ¢UVW I
SUHGLFWHG QXPEHU RI FUDVKHV XVLQJ VLWH FKDUDFWHUL\
URDGVLGH GHVLJQ 2QFH WKHVH SUHGLFWHG FUDVKHV ZHUH
WKH UDWLR Rl REVHUYHG WR SUHGLFWHG FUDVKHV )RU H[D
FXUYH FUDVKHV IRU DOO VHJPHQWYV ZDV DQG WKH SUHG
7KH FDOLEUDWLRQ PHWKRGRORJ\ LPSOLHG E\ WKH +60 LC
FRQVLVWLQJ Rl QXPHURXV WDQJHQW DQG FXUYH VLWHV +R
WDQJHQWYV DQG FXUYHV WKLV DQDO\VLYV FRQVLGHUHG FXUYH
DV 3FRPSRVLWH" VHFWLRQV 7KH +60 GRHV QRW VSHFLI\ KRZ
RU LI KLJK FUDVK ORFDWLRQ GDWD VKRXOG EH XVHG IRU WKL
KLJK FUDVK ORFDWLRQV VLJQL:{FDQWO\ LPSDFWV WKH FDOLE
VHIPHQWY WKH FDOLEUDWLRQ IDFWRU YDULHV IURP ZKHC
RQO\ WKRVH VLWHYV WKDW ZHUH UDQGRPO\ VHOHFWHG DQG W
PHHW +60 UHFRPPHQGDWLRQV IRU FROOLVLRQV DGGLWLRQD
JRU LQVWDQFH LI D XVHU GHFLGHG WR GHYHORS D WZR ODC
VHOHFWHG FXUYHV WR PHHW WKH FULWHULRQ RI WRWDO |
DQDO\VLV &ROOHFWLQJ WKH GHWDLOHG GDWD QHHGHG WR F
DQ DSSURSULDWH DPRXQW RI DGGLWLRQDO ODERU
$ SDLUHG W WHVW ZDV FRQGXFWHG WR H[DPLQH WKH LPS
LQ 7DEOH 7KH WHVW FRPSDUHG WKH UHSRUWHG DQG SUH(
7KH FRPSDULVRQ IRXQG D GLIIHUHQFH LQ UHSRUWHG DQG SU
DQG URDGZD\ W\SHV LQGLFDWLQJ WKDW RQO\ IRXU RI WKH
D FDOLEUDWLRQ IDFWRU RI RQH %HVLGHV WKLV ¢QGLQJ D
FDOLEUDWLRQ IDFWRUV 7DEOH VKRZV ¢YH \HDUV RI FDOLE
7KH FDOLEUDWLRQ IDFWRU FKRVHQ LQ 7DEOH IRU HDFK \HD!
FROOLVLRQV ZHUH VPDOO 7KLV WDEOH FDQ SURYLGH XVHUV
H[LVW ZKHQ FDOFXODWLQJ DQQXDO FDOLEUDWLRQ IDFWRUYV

Table 3: Annual Calibration Factors (All Segments, Random Segments, and Non-Random

Segments)
2004 2005 2006 2007 2008
(SS.aa1rrrr]1pllee gyigg) Rc_)radv;/ay Calibration [Calibration |Calibration | Calibration |Calibration St::/ri':ﬁgg
P yp Factor Factor Factor Factor Factor
&XUYH
$00 6HIFHDWIS W 1.11
&RPSRVLWH 1.33
5DQGR3&XUYI- 1.51
6HOHFWIZRQJIHQW 1.13
&RPSRVLWH 1.11 1.11 1.11
1RQ UDQG&RPYH
6HOHFWEZRQJIHQW
&RPSRVLWH

$W HDFK VLWH WKH (¢HOG LQYHVWLIJDWLRQ WR FROOHFW
DSSUR[LPDWHO\ PLQXWHYV WR FRPSOHWH QRW LQFOXGLQ
VLWHVY WR GHYHORS D FDOLEUDWLRQ IDFWRU IRU FXUYH
SHUVRQ PRQWK RI ODERU SOXV GULYH WLPH EHWZHHQ VLW
FKDQJH PXFK RU DW DOO RYHU WLPH 6R WKH GDWD FROOHF
DSSOLFDWLRQ FDQ OLNHO\ EH XVHG IRU PDQ\ \HDUV 7KH HII
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LQ WKH ZD\ WKH GDWD DUH VWRUHG DQG KRZ HI¢FLHQWO\ W
VXEVWDQWLDO LQ VRPH DJHQFLHV )RU H[DPSOH ¢HOG GDWL
DJHQF\ GHSHQGLQJ RQ WKH GHVLUHG SUHFLVLRQ RI FUDVK S
DJHQF\ +RZHYHU ¢HOG GDWD FROOHFWLRQ PLJKW QRW EH
VLPLODU WLPH FRPPLWPHQWY DV QRWHG LQ WKLV VWXG\ $S
QHHGV IRU HDFK HOHPHQW DV UHTXLUHG RU GHVLUDEOH DQ
DYHUDJH YDOXHV DQG DFWXDO GDWD ,PSOHPHQWLQJ WKH
+60 DORQJ ZLWK XWLOL]LQJ DYDLODEOH FRPSXWHU EDVHG W
SODQV FDQ VLIJQL¢(FDQWO\ UHGXFH RU HOLPLQDWH WKH QHFH
UHTXLUHPHQWY VXEVWDQWLDOO\ IRU WKH FDOLEUDWLRQ HIII

Sensitivity Analysis

7KH VHQVLWLYLW\ DQDO\VLV IRFXVHG RQ WKH HIIHFW RI FKEC
SUHGLFWHG FROOLVLRQV 7KH REMHFWLYH RI WKLV DQDO\VL
WKDW PLJKW OHQG WKHPVHOYHV PRUH UHDGLO\ WR GHIDXOW
+60 LQSXWV ZHUH QRW LQFOXGHG LQ WKLV VHQVLWLYLW\ D
DPRQJ WKH FXUYHV LQ RXU VDPSOH 7KHVH LQFOXGHG VSLUL
FHQWHUOLQH UXPEOH VWULSVY WZR ZD\ OHIW WXUQ ODQHV [
GHVFULSWLYH VWDWLVWLFV DERXW WKH GDWD

Table 4: Input Values for HSM (Minimum, Maximum, and Average)

Minimum | Maximum Mean
Value Value Value

HSM Input Factor

$$'7

/IDQH :LGWK IHHW
,QVLGH 6KRXOGHU :LGWK IHBW
2XWVLGH 6KRXOGHU :LIGWK [HHW
/IHQJWK RI +RUL]RQWD®O &XUYH IHHW
5DGLXV RI +RUL]JRQWDD &XUYH IHHW
6XSHU HOHYDWLRQ IHHW IHHW
*UDGH 51 13
‘ULYHZD\ '"HQVLW\ GULUYHZD\V|PLOH
5RDGVLGH +D]DUG 5DWLQJ

8WLOL]LQJ WKH ¢HOG GDWD UHVXOWHG LQ D SUHGLFWHG |
VHW RI FXUYHV 7DEOH VKRZV WKH +60 RXWSXWV IURP WK
WKH LPSRUWDQFH RI FROOHFWLQJ DQG XVLQJ LQGLYLGXDOL]I
RI WKH VHIPHQW 7KH $$'7 KDG D UDQJH RI SUHGLFWHG
PLQLPXP YDOXH DQG XVLQJ WKH PD[LPXP YDOXH 7KHUH ZDV
GLITHUHQFH EHWZHHQ WKH SUHGLFWHG FROOLVLRQV XVLQJ V
5DGLXVY KDG D UDQJH RI SUHGLFWHG FROOLVLRQV SHU \HEL
YDOXHV 7KHUH ZDV DOVR D FROOLVLRQV SHU \HDU RU
XVLQJ WKH DYHUDJH LQSXW DQG DFWXDO ¢HOG YDOXHV [/HQ
\HDU EHWZHHQ XVLQJ WKH PLQLPXP YDOXH DQG PD[LPXP YD
\HDU RU GLITHUHQFH EHWZHHQ SUHGLFWHG FROOLVLRQV
cHOG YDOXHV
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Table 5: Output Values from HSM (Predicted Collisions Per Year)
HSM Predicted Collisions per Year for Set of 51 Curves

Difference

Difference Between
Between Using Using Mean
Using Using Maximum Value and
Minimum Maximum Value and Using Mean| Actual Field
Value from Value from Minimum Value from Measured
HSM Input Table 1 Table 1 Value Table 1 Values
$$'7
/IDQH :LGWK 115
,QVLGH 6KRXQGHU :LGWK 1.1
2XWVLGH 6KRKXKOGHU :LIGWK 1.1

IJHQIJWK RI &XUyYH
5DGLXV RI &XlYH
6XSHUHOHYDWLRQ
*UDGH 135 1.3
'"ULYHZD\ '"HQVLW\115
5RDGVLGH +D]DUG 5DWLQJ

7KH QXPEHU RI SUHGLFWHG FUDVKHYV RQ FXUYHV IRU YDUL
WKH +60 EDVH PRGHO QRW WKH FDOLEUDWHG 1RUWK &DUR!
YDULDEOHYV WKDW KDG WKH PRVW HITHFW RQ WKH QXPEHU RI
EHWZHHQ WKH PLQLPXP DQG PD[LPXP YDOXHVY DUH $$'7 FXUY
WKH SUHGLFWHG FUDVKHV RQ FXUYHV IRU ¢YH \HDU SHULR

$$'771V RI DQG 7KLY WDEOH KDV
IURP IHHW WR IHHW DQG D UDQJH RI FXUYH OHQJWKYV
D FXUYH RQ D URDG ZLWK DQ $%$'7 RI D IRRW UDGLXYV

QXPEHU RI FXUYH FUDVKHV SHU ¢(¢YH \HDUV ZRXOG EH DSSUR]
\HDUV DV VKRZQ LQ 7DEOH 7TKH FDOFXODWLRQV LQ 7DEOH
YDULDEOHYVY LQFOXGHG LQ WKH SUHGLFWLRQ PRGHO IRU FUDV

R IHHW LQVLGH VKRXOGHU ZLGWK RI IHHW RXWVLGH \
JUDGH RI GULYHzZD\V SHU PLOH DYHUDJH URDGV
SRLQW VFDOH VSHHG OLPLW RI PSK QR WUDQVLWLRQ VS

FHQWHUOLQH UXPEOH VWULSVY QR WZR ZD\ OHIW WXUQ ODQH
Calibration Factor Validation

&DOLEUDWLRQ LV D FULWLFDO WDVN WR DGMXVW D EURDG PI
FDOLEUDWLRQ SURYLGHVY D PXOWLSOLFDWLYH IDFWRU WR DG
WKDW DUH QRW GHWHUPLQHG E\ SK\VLFDO URDGZD\ HOHPHQW
DQG RWKHUV +RZHYHU WKH FDOFXODWLRQ RI D FDOLEUDYV
ZLWKRXW YDOLGDWLQJ WKH PRGHO ZLWK WKH SUHGHWHUPLQ
RI FXUYH JHRPHWULF DQG FROOLVLRQ GDWD ZDV DFTXLUHG V
IDFWRU
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Table 6: Predicted Collisions (over 5 years) for Two-Lane Road Horizontal Curves

Predicted Collisions for 500 vehicles/ddy Predicted Collisions for 1,00@e hicles/day

Length (feet) Length (feet)
250] s00] 750] 1,000] 1,250] 1,500] 250] s00] 7s0] 1,000] 1,250] 1,500

250 feet (22.9°) ** | o030 035 ** ok . = | 066l 07d ** . .
500 feet (11.5°) 0.15 0.20] 0.25 ** > ** | 0.33 043 054 ** ** *
1000 feet (5.7°) 0.10] 0.15| 0.20] 0.24] 0.29] 0.34 0.22| 0.32] 0.42] 053 0.63 0.73
2000 feet (2.9°) 0.07] 0.12] 0.17| 0.22] 0.26] 0.31] 0.16] 0.26] 0.37| 0.47] 0.57| 0.68
3000 feet (1.9°) 0.07] 0.11] 0.16| 0.21] 0.26| 0.30 0.14] 0.24] 0.35] 0.45 0.55 0.66
4000 feet (1.4°] 0.06] 0.11] 0.16] 0.20] 0.25] 0.300 0.13 0.23| 0.34 0.44] 0.54] 0.65

5000 feet (1.1°] ** 0.11] 0.15 0.20] 0.25 0.3 ** 0.23] 0.33] 0.44 0.54 0.64
Predicted Collisions for 2,00@ehicles/dayl Predicted Collisions for 5,00@ehicles/day

Length (feet) Length (feet)
250] s00] 750] 1,000] 1,250] 1,500] 250] s00] 750] 1,000] 1,250] 1,500

250 feet (22.9°] ** 152 1.76] ** *k ** ** 380 4.40 * *k *k
500 feet (11.5°) o0.76) 1.00 1.24f ™ | ™ | * | 190 250 310 ™ | ™ | *
1000 feet (5.7°) 0.50] 0.74 0.98] 1.22] 1.46] 1.69 1.25] 1.85] 2.44] 3.04 3.64 4.24
2000 feet (2.9°) 0.37] 0.61] 0.85 1.09 1.32] 156 0.92 1.52] 2.12 2.71] 3.31 3.91
3000 feet (1.9°) 0.33 0.56| 0.80] 1.04] 1.28) 1.52 0.81] 1.41] 2.01] 2.61] 3.20] 3.80
4000 feet (1.4°) 0.30] 0.54] 0.78] 1.02| 1.26] 1.500 0.76] 1.36 1.95 2.55 3.15 3.75

5000 feet (1.1°] ** | 0.53) 0.77] 1.01] 1.25 1.49 * | 1.32] 1.92 252 3.12 3.71
Predicted Collisions for 10,00@&hicles/day Predicted Collisions for 20,00@hicles/day

Length (feet) Length (feet)
250] s00] 750] 1,000] 1,250] 1,500] 250] s00] 750] 1,000] 1,250] 1,500

250 feet (229° *% 7.61 8.80 *k *k *% *% 15.22| 17.61 *% *% *%

500 feet (11.5°) 3.80] 5.00] 6.19 ** > > 7.61/ 10.00[ 12.39 ** * o

1000 feet (5.7°) 2.50| 3.69] 4.89] 6.08] 7.28 8.47 5.00] 7.39] 9.78] 12.16| 14.55 16.94
2000 feet (2.9°) 1.85| 3.04] 4.24] 543 6.62] 7.82 3.69 6.08 8.47| 10.86 13.25 15.64
3000 feet (1.9°] 1.63 2.82] 4.02] 5.21] 6.41 7.60 3.26] 5.65] 8.04] 10.42] 12.81] 15.20
4000 feet (1.4°) 1.52| 2.71] 3.91] 5.10[ 6.30] 7.49 3.04] 5.43 7.82| 10.21 12.59 14.98
5000 feet (1.1°) ** | 265 3.84 5.04 6.23 7.43 ** | 5.30 7.69 10.08 12.46 14.85

Radius
(Degree of Curvature)

Radius
(Degree of Curvature)

Radius
(Degree of Curvature)

Notes: Assumedalues areneanvalues for lane width (10.5 feethside shouldewidth (composite sixfeet),
outsideshoulder width(composite eightfeet),superelevatiof0.056 ft/ft), grade (1.3%yrivewaydensity (9.6
driveways/mile), roadside hazard rating (4),speed limit (55 mph), no spiral transition, no fEEsHnMO
roadway lighting, no centerline rumb le strips, two -wayleft-turnlanes, and no automatspgeed enforcement.

** = Data doesnot support generation of collisions for this combination of radius and length

7KLY YDOLGDWLRQ HIIRUW LQFOXGHG WZR WZR ODQH URDG
UXUDO DQG UXQ WKURXJK FHQWUDO DQG HDVWHUQ 1RUWK &I
HITRUW XVHG *,6 WHFKQLTXHV 5DVGRUI HW DO 7KH DQI
HDFK URXWH H[FHSW ZKHUH D KLJKHU RUGHU URXWH L H D
7TKH HQWLUH URXWH RI 1& LV PLOHVY ORQJ WKH DQDO\VL
DQG FXUYHV 7KH HQWLUH URXWH RI 1& LV PLOHV ORQ
RI'LW DQG FXUYHV 1RQH RI WKH FDOLEUDWLRQ VLWHYV ZD
7TKH +60 DQDO\WVLV RI WKH FXUYHVY SUHGLFWHG FROOLVL
UHSRUWHG FROOLVLRQV SHU \HDU JLYLQJ D FDOLEUDWL
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FDOLEUDWLRQ IDFWRU RI IURP 7DEOH WR WKH +60 SUHC
LV DSSUR[LPDWHO\ OHVV WKDQ WKH UHSRUWHG FROOLVI
LV DSSUR[LPDWHO\ OHVV WKDQ WKH UHSRUWHG FROOLVL

HDFK FXUYH DQG IRU HDFK RI WKH WKUHH GDWD VHWY UHSR
+60 SUHGLFWLRQ VKRZV WKDW SDLULQJ UHSRUWHG FROOLYV
GLG QRW UHVXOW LQ D VWDWLVWLFDOO\ VLIJQL¢{FDQW GLIIHL
&RPSDUDWLYHO\ WKH RWKHU WZR SDLULQJV ZHUH VWDWLVW
PHWKRGY DQG UDQGRPQHVV RI FROOLVLRQV FRXOG FRQWULE
DQG WKH FDOLEUDWHG +60 SUHGLFWLRQ 6LPLODU GLIITHUHQ
KRUL]JRQWDO FXUYHV FRXOG DOVR EH GXH WR UDQGRPQHVYV |
EHWZHHQ WKH DFWXDO DQG +60 SUHGLFWHG FXUYH FUDVKH\
UHDVRQDEOH WR DVVXPH D FDOLEUDWLRQ IDFWRU RI RQH

CONCLUSIONS

7KH SXEOLFDWLRQ RI WKH +LJKZD\ 6DIHW\ 0ODQXDO +60 RIIHL
WKH VDIHW\ RI D KRUL]JRQWDO FXUYH RU VHW RI FXUYHV Hl¢
FUDVK SUHGLFWLRQ PRGHO IRU KRULJRQWDO FXUYHV WKDW
ORFDWLRQV IRU VDIHW\ WUHDWPHQWY DV ZHOO DV FRPPRQ I
RI WKH +60 SUHGLFWLYH PHWKRG ZDV HYDOXDWHG DQG WHVYV
&DUROLQD LQ WKLV SDSHU %DVHG RQ WKH DQDO\VLV LW L
QHHGHG WR PHHW +60 UHFRPPHQGDWLRQV IRU WKH QXPEHU ¥
ODUJH QXPEHU RI VLWHV LV SDUWO\ GXH WR WKH ¢QGLQJ Wk
PRUH DFFXUDWH RXWFRPH LQ WHUPV Rl PDWFKLQJ WKH +60 S
D KLJK FUDVK ORFDWLRQ JURXS DV LGHQWL¢;HG E\ D WUDQVS

2QH FKDOOHQJH ZLWK UHTXLULQJ D ODUJH QXPEHU RI VLWF
FRQGLWLRQV LV WKH PDQSRZHU QHHGHG IRU GDWD FROOHFW
WRRN DSSUR[LPDWHO\ PLQXWHV WR FRPSOHWH QRW LQF
QHFHVVDU\ HOHPHQWYV IRU +60 DQDO\VLV +RZHYHU PRVW RI
GR QRW FKDQJH PXFK RU DW DOO RYHU WLPH 6R VRPH GDW
FDOLEUDWLRQ $OVR FRQVLGHUDEO\ OHVV PDQSRZHU PD\ E
LQYHQWRULHV DQG RU LQ KRXVH GDWD VRXUFHV IRU VRPH R
WKH GDWD FROOHFWLRQ EXUGHQ DQ DQDO\VLV RI GLIIHUHC
FROOHFWLRQ DQG DYHUDJH RU GHIDXOW YDOXHV ZDV SHUIRL
DQG FXUYH OHQJWK Rl WKH VHIJPHQW LQGLYLGXDOL]HG GDW
GDWD LQSXWV PD\ EH DVVXPHG ZLWK OHVWHSHBW 8 & \FILRDV W KH
SRVVLEOH IRU HDFK Rl WKHVH WKUHH HOHPHQWY ZKLFK DUH
FROOHFWHG IURP H[LVWLQJ DJHQF\ *,6 GDWD RU URDGZD\ LQ)
FDQ DOORZ DJHQFLHV WR PRUH HI(FLHQWO\ DSSO\ DQG XWL
LPSURYHPHQW RI FXUYHV LQ VRPH FDVHV ZLWKRXW D ¢(¢HOG °

7R SURSHUO\ FDOLEUDWH WKH SUHGLFWLYH PRGHOV WR +
DW OHDVW IRU 1RUWK &DUROLQD FRQGLWLRQV DSSUR[LPDW
UHFRPPHQGDWLRQV IRU FROOLVLRQV 7KLV QXPEHU RI VLWH)
$GGLWLRQDOO\ ZKLOH LW ZLOO UHTXLUH PDQ\ VLWHV UDQG
IRU WKLV SURFHVV EHFDXVH WKH\ KDYH D ORZ FDOLEUDWLRQ
WKH PRVW LPSRUWDQW GDWD LQ WHUPV Rl WKH SUHGLFWLRQ
DV GHPRQVWUDWHG HOVHZKHUH 5DVGRUI HW DO PDQ\ R
ZLWKRXW D ¢HOG YLVLW WKXV VDYLQJ WLPH DQG UHVRXUF
EH DSSURSULDWH WR DSSO\ WKH +60 SUHGLFWLRQ PHWKRG
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+RZHYHU D FDOLEUDWLRQ IDFWRU RI RQH FRXOG EH MXVWL¢
+60 SUHGLFWHG QXPEHU RI FXUYH FUDVKHYVY DUH QRW VWDWL

$OWKRXJIJK VRPH RI WKH DQDO\WVHY SHUIRUPHG IRU VSHFLF
DSSOLFDEOH WR DOO URDG W\SHV RU MXULVGLFWLRQV VHYH
DQG UHVHDUFKHUV FRQGXFWLQJ VLPLODU DQDO\VHV )LUVW
VSHFL¢{F RUDYHUDJH GDWD RQ WKHLU DQDO\VLV ,I VRPH YDL
LQ YDOXH RU LI WKH YDULDEOH RI LQWHUHVW LV IDLUO\ FRQ\
DQ DYHUDJH YDOXH PLJKW EH VXI¢(FLHQW WR PLQLPL]H GDWD
FRVWYV VKRXOG EH FRQVLGHUHG $OWKRXJK WKH LQLWLDO U
LQ WKLV SDSHU LV FRQVLGHUDEOH WKH FRVWV WR XSGDWH
7KLUGO\ VLWH VHOHFWLRQ LV D FULWLFDO FRPSRQHQW RI V
SUHIHUUHG RYHU KLJK FUDVK ORFDWLRQV )LQDOO\ ZLWK DY
FHQWUDOL]HG GDWDEDVHY DORQJ ZLWK DYHUDJH YDOXHV IR
UHDVRQDEOH HVWLPDWHYV RI FROOLVLRQV RQ D URDGZD\ ZLW
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Predicting Block Time: An Application
of Quantile Regression

by Tony Diana

$LUOLQHV IDFH WKUHH W\SHV RI GHOD\ WKDW PDNH LW GLI¢F.
WLPH SUHGLFWDELOLW\ %ORFN WLPH LV WKH WLPH HODSVHC
WKH WLPH ZKHQ EORFNV DUH RIl WKH ZKHHOV DW WKH GHSD!
GHVWLQDWLRQ DLUSRUW 7KHVH GHOD\V FDQ EH LQGXFHG L
'LWK FDSDFLW\ FRQVWUDLQHG DW PDMRU DLUSRUWYV DQG UHJ
DWH FRQJHVWLRQ DQG WDUPDF GHOD\V DYLDWLRQ SUDFWLW
DELOLW\ Rl EORFN WLPH 7KLV VWXG\ SUHVHQWY D PHWKRGR
FRPD ,QWHUQDWLRQDO 6($ DQG 2DNODQG ,QWHUQDWLRQDO
GLFWDELOLW\ Rl EORFN WLPH 7KH PHWKRGRORJ\ EDVHG RQ
D VNHZHG GLVWULEXWLRQ ZKHUH DQDO\VWVY DUH LQWHUHVW!
RQ WKH FRQGLWLRQDO PHDQ Rl EORFN WLPHV DW JLYHQ SHUF
RI RQ WLPH SHUIRUPDQFH EDVHG RQ WKH SHUFHQWLOH UHVX

INTRODUCTION

%ORFN WLPH UHIHUV WR WKH WLPH WKDW DQ DLUFUDIW VS
DUH XVXDOO\ SDLG RQ WKH EDVLV RI 3ORFN WLPH RU EHWWFE
JDWH WR JDWH WLPH $FWXDO EORFN WLPH GHSHQGV RQ H[W
JURXQG VXUIDFH FRQJHVWLRQ HQ URXWH GHOD\V ZHDWKHL
RSHUDWLRQDO LVVXHVY DPRQJ RWKHUV 7R PLQLPL]H WKH LP*¢
KDYH VRPH LQFHQWLYH WR SDG WKHLU VFKHGXOHV VR DV W
SDGGLQJ LV DOO WKH PRUH LPSRUWDQW DV 8 6 DLUOLQHV
PHWHRURORJLFDO FRQGLWLRQV FRPSDUHG ZLWK (XURSHDQ I
LOQOVWUXPHQW PHWHRURORIJLFDO FRQGLWLRQV DQG ZKRVH V
RIWHQ XVH RQ WLPH SHUIRUPDQFH DV DQ LPSRUWDQW PDUNF
WLPH SHUIRUPDQFH DQG WKH FDXVHV RI GHOD\ DUH SXEOLVI
6WDWL%WW&EFVQ WKH $LUOLQH 6HUYLFH 3HUIRUPDQFH 4XDOLW
EORFN WLPH LV RIWHQ FRQVWUXHG DV D PHDVXUH RI SDVVHCQ
7KLY DUWLFOH SURSRVHV D PHWKRGRORJ\ WR GHWHUPLQ!
WKH FDVH VWXG\ RI WKH 6HDWWOH 2DNODQG FLW\ SDLU 7K
UHJUHVVLRQ WR GHWHUPLQH KRZ VRPH VHOHFWHG RSHUDWL
WLPHVY DW GLIITHUHQW SHUFHQWLOHYV 7KLV LV RI LPSRUWDQF
VFKHGXOHUV ZKR KDYH RIWHQ UHVRUWHG WR VFKHGXOH SDG
SBUHGLFWDELOLW\ LV DOO WKH PRUH GLI¢FXOW WR DFKLH
J)LUVW GHOD\V FDQ EH LQGXFHG 7KH )HGHUDO $YLDWLRQ $
GHOD\ SURJUDP LQ FDVH RI DGYHUVH ZHDWKHU FRQGLWLRQV
URXWH 7KHVH GHOD\V DUH UHSRUWHG E\ DLU FDUULHUV DV
QRQ H{IWUHPH ZHDWKHU FRQGLWLRQV RU DLUVSDFH DLUSRUW
GHOD\V FDQ EH SURSDJDWHG LQ D VHTXHQFH RI OHJV RSHLU
ALJKW PD\ DFFXPXODWH GHOD\V WKDW FDQQRW EH UHFRYHU|
XVXDOO\ UHSRUWHG DV ODWH DUULYLQJ DLUFUDIW GHOD\V
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WKH UHVXOWYV Rl UDQGRP HYHQWYV VXFK DV HTXLSPHQW EUH
GHOD\V VHFXULW\ RU DQ H[WUHPH ZHDWKHU HYHQW
BUHGLFWDELOLW\ UHSUHVHQWY DQ LPSRUWDQW NH\ SHUIF
VHYHUDO UHDVRQV
X JRU WKH ,QWHUQDWLRQDO &LYLO $YLDWLRQ 2UJDQL]DWLRG
WKH DLUVSDFH XVHUV DQG $70 >$LU 7UDI¢F ODQDJHPHQWG@
DQG GHSHQGDEOH OHYHQV7RDSHUOROPIGPHQOW $70 VHUYL
DJHQFLHV VXFK DV WKH )$$ RU D SULYDWH QRQ VKDUH EDS
IXQGDPHQWDO PLVVLRQ RI $70 LV WR HQVXUH ALJKW VDIHW
X 2QH RI WKH JRDOV RI WKH 8 6 1H[W *HQHUDWLRQ RI $LU
IRVWHU WKH WUDQVLWLRQ IURP DQ DLU WUDI,F FRQWURO
SLORWYV KDYH PRUH AH[LELOLW\ WR VHOHFW WKHLU URXWH}
DQG PDNH GHFLVLRQV EDVHG RQ DXWRPDWHG LQIRUPDWL
UHIHUV WR HLWKHU UHTXLUHG QDYLJDWLRQ SHUIRUPDQF
SHUIRUPDQFH PRQLWRULQJ DQG DOHUWLQJ RU DUHD QDYLJ
IRU PRQLWRULQJ DQG DOHUWLQJ 3%1 SURFHGXUHV HQDE:
GHSDUWXUH WUDMHFWRULHY QRW SUHYLRXVO\ DYDLODEOH
DLGV VXFK 9+) RPQLGLUHBWYILRADNH YV DG\ S RADQLEDH IRU DI
DW DLUSRUWYV WKDW DUH GLI¢FXOW WR DFFHVV EHFDXVH
BUHVHQWO\ LW LV YHU\ GLI(FXOW WR DVVHVV WKH LPSDF
SHUIRUPDQFH EHFDXVH VXUYHLOODQFH GDWD GR QRW DF|
UHTXLUHG QDYLJDWLRQDO SHUIRUPDQFH DQG LQVWUXPHQ)
ERWK W\SHV RI SURFHGXUH RYHUOD\ IRU LQVWDQFH 6XUY
WKH 7UDI¢F )ORZ ODQDJHPHQW 6\WWHP GDWD
X $FFRUGLQJ WR 5DSDMLF SEXWWLQJ ¢YH PLOQXWHV RII
KLIJKHU SUHGLFWDELOLW\ ZRXOG EH ZRUWK VRPH % PLC
XVH RI DLUOLQHY DQG DLUSRUW UHVRXUFHV ~ 8QSUHGLFWLE
WKH IRUPV Rl ORVW UHYHQXHV FXVWRPHU GLVVDWLVIDFW
SHFHQWO\ PXFK GLVFXVVLRQ KDV UHYROYHG DURXQG WKI
PHDVXUH RI RQ WLPH SHUIRUPDQFH DQG WKH YDULDQFH RI E
%RWK DLUOLQHVY OLPLWHG FRQWURO RYHU WKH WKUHH W\SH
EXLOG UREXVW VFKHGXOHV ,Q WKLV GLVFXVVLRQ WKH SUHG
WKH VLJQ DQG PDJQLWXGH RI WKH SVHXGR FRHI_(FLHQW RI G
WKH KLJKHVW ZLWK DOO WKH H[SODQDWRU\ YDULDEOHV VLJQ
6TXDUH 2/6 UHJUHVVLRQ PRGHOV HQDEOH DQDO\WWV WR H)
EORFN WLPH H[SODLQHG E\ FKDQJHV LQ VHOHFWHG RSHUDWL
PRUH UREXVW WR RXWOLHUV WKDQ WKH WUDGLWLRQDO 2/6 U
FRQGLWLRQDO PHDQ 7KH DWWULEXWHYV Rl TXDQWLOH UHJUH
7KLV DUWLFOH SUHVHQWY D GLIIHUHQW SHUVSHFWLYH RQ
KHOSLQJ DYLDWLRQ SUDFWLWLRQHUV DFKLHYH WKH IROORZL
X 7R DVVHVV WKH LPSDFW Rl VHOHFWHG LQGHSHQGHQW YDU
RI EORFN GHOD\V LQ RUGHU WR DQWLFLSDWH EORFN WLPH
X 7R GHULYH PRUH SUHGLFWDEOH EORFN WLPHVY EDVHG RQ W|
DW YDULRXV SHUFHQWLOHYV
X 7R WHVW D PRGHO ZLWKRXW DQ\ DVVXPSWLRQ DERXW WKH
$IWHU D EULHI EDFNJURXQG WKH GLVFXVVLRQ ZLOO SURFHH
RXWFRPHY DQG HYHQWXDOO\ VRPH ¢QDO FRPPHQWYV
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BACKGROUND

There has been much discussion recently about the impact of schedule buffers and their reliability
as a tool to measure airline or even the National Airspace System (NAS) performance. Constructing
UREXVW VFKHGXOHV LV LPSRUWDQW IRU DQ DLUOLQH EHFDX
%DUQKDUW IRFXVHG RQ AHHW DVVLJQPHQW WR GHWHUP]I
DQG ZKDW W\SH RI HTXLSPHQW VKRXOG EH XVHG WR PDJ[LPL]F

X KLIKOLJKWHG WKH GLIIHUHQFH EHWZHHQ WKH UHEL
IURP VLPXODWLRQ DQG WKH JHUR GHOD\ VFHQDULR 7KH UH
ZKHQ DQ DLUFUDIW DFFXPXODWHY GHOD\V RYHU D VHULHV R
WKH WRWDO WULS :X UHFRPPHQGHG WKDW DLUOLQHYV |
that strengthens reliability. This article provides a methodology that evaluates the effect of selected
operational variables on block time in order to support more reliable schedules.

/IDQ HW DO SURSRVHG WZR PHWKRGRORJLHVY WR PLQL
UREXVW VFKHGXOLQJ EDVHG RQ DLUFUDIW URXWLQJ DQG UHYV
UHVHDUFK ZDV WR LGHQWLI\ ZD\V WR PLQLPL]H SDVVHQJHU
WKURXJK PL[HG LQWHJHU SURJUDPPLQJ 7KH GLVDGYDQWDJ!I
take into consideration the impact of key operational variables on block time that includes ground
PRYHPHQW RSHUDWLRQV DQG ALJKW WLPH

5REXVW DLUOLQH VFKHGXOLQJ LV WKH RXWFRPH RI IRXU V&I
AHHW DVVLJQPHQW DLUFUDIW URXWLQJ DQG FUHZ SDLULQJ |

JOHHW DVVLIJQPHQW PRGHOV )$0 DUH RIWHQ XVHG WR
PHW E\ DYDLODEOH AHHW VHH $EDUD DQG +DQH HW DO
SUHVHQW WZR FKDOOHQJHYVY FRPSOH[LW\ DQG VL]H RI WKH Sl

5DSDMLF LGHQWL¢{¢HG QHWZRUN VWUXFWXUH DQG A
LUUHJXODULWLHYV :X SURYLGHG DQ H[FHOOHQW H[SRVL!
RSHUDWLQJ SURFHVVY RSWLPL]IDWLRQ DQG VFKHGXOH GLVUX
SDLUOLQH VFKHGXOH SODQQLQJ LV GHHSO\ URRWHG LQ HFRQF
DUH LPSRVHG DQG FRQVWUDLQHG E\ WKH RSHUDWLQJ HQYLU
D VFKHGXOH RSWLPLIDWLRQ PRGHO WR LPSURYH WKH UREX)\
PRGHO GRHV QRW FRQVLGHU KRZ VHOHFWLYH RSHUDWLRQDO

ORUULVVHW DQG 2GRQL FRPSDUHG UXQZD\ VA\VWHP FI
SUDFWLFHV DQG ALJKW VFKHGXOH UHOLDELOLW\ DW PDMR

WR 7KH DXWKRUV H[SODLQHG WKDW (XURSHDQ DLUS
FRQWUROV 7KH RWKHU GLIIHUHQFH LV WKDW GHFODUHG FDS
EDVHG PDLQO\ RQ RSHUDWLRQV XQGHU LQVWUXPHQW PHWHF
D WLPH ZLQGRZ ZKHQ D ALJKW LV VFKHGXOHG WR GHSDUW ¢
RSHUDWLRQV VFKHGXOH UHOLDELOLW\ LQ WKH 8QLWHG 6WD)
DV (XURSHDQ DLUSRUWYV

METHODOLOGY

The Sample and the Assumptions

7KH VDPSOH LQFOXGHY GDLO\ GDWD IRU WKH PRQWKYV RI -XQl
WKH 6HDWWOH 7DFRPD  QWHUQDWLRQDO 6($ 2DNODQG ,QWH
LV XVXDOO\ FKDUDFWHUL]J]HG E\ ORZ FHLOLQJ DQG YLVLELO|

FROQGLWLRQV DQG ZHDWKHU HYHQWY VXFK DV WKXQGHUVWRL
times.
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JLIXUHV WR VKRZ WKH VKDSH RI WKH GLVWULEXWLRQ
VWDWLVWLFV 7KH VNHZQHVV FRHI¢(¢FLHQWY DUH
DQG $ QHIDWLYH VNHZ LQGLFDWHY WKDW WKH

GHYLDWLRQ LV DSSURSULDWH WR PHDVXUH WKH VSUHDG RI
DUH PRUH LQGLFDWLYH RI VSUHDG FKDQJHY LQ VNHZHG GLV'
ZKHWKHU WKH GDWD DUH IURP D QRUPDO GLVWULEXWLRQ $
DQG NXUWRVLYV RI ]JHUR $ VPDOO SUREDELOLW\ YDOXH LPSOL
distribution is normal).

Figure 1: Histograms of Block Time
&RXQWYV RI )OLIJKWYV E\ $YHUDJH OLQXWHV RI %ORFN 7L
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Figure 2: Histograms of Block Time
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Figure 3: Histograms of Block Time
&RXQWYV RI )OLIJKWV E\ $YHUDJH OLQXWHV RI %ORFN 7L
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Figure 4: Histograms of Block Time
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JLIXUH FRPSDUHV WKH ER[SORWY RI DFWXDO EORFN WLP
LQYHVWLIJDWLRQ 7KH ER[SORW VKRZV WKH VSUHDG RI WKH
SRVLWLRQ RI WKH PHDQ DQG PHGLDQ EORFN WLPHV DQG WK
WR FRQVLGHU D UHJUHVVLRQ PRGHO DW GLIITHUHQW TXDQWL
EORFN WLPHVY EHWZHHQ VXPPHU DQG 6XPPHU IHD
WKH ORZHVW EORFN WLPHVY DW WKH WK SHUFHQWLOH DPRQJ
KLIKHVW SURSRUWLRQ RI RSHUDWLRQV LQ LQVWUXPHQW PH\
WKUHH VDPSOHV 7DEOH

6HFRQGO\ VXPPHU LV SDUW RI WKH KLJK WUDYHO VHDVRC
LQ WXUQ LV OLNHO\ WR LQFUHDVH DLUSRUW DQG HQ URXWE
J)LQDOO\ WKH \HDUV ZHUH VHOHFWHG WR DFFRXQW IRU WKH I

WUDI¢F ORZHU WUDI¢(F GHPDQG UHVXOWLQJ IURP '
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Figure 5: Boxplots of Actual Block Time (June - August, in Minutes)
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WKH LOQWURGXFWLRQ RI WKH *UHHQ B6NLHV RYHU 6HDWW
LQLWLDWLYH L H DLUOLQH DLUSRUW DLUFUDIW PDQXIDFW)
EDVHG QDYLJDWLRQ WKURXJK WKH XVH Rl VDWHOOLWH QDYLJ
ODQGLQJ DSSURDFKHYV

,Q 7TDEOH DOWKRXJK WKH QXPEHU RI ALJKWV GHFUHDVH(
PLQXWHV Rl H[SHFWHG GHSDUWXUH FOHDUDQFH WLPHV ('&:
SHUFHQWDJH RI RQ WLPH JDWH GHSDUWXUHV DQG DUULYDOV
GHOD\ D PHDVXUH RI JURXQG FRQJHVWLRQ LPSURYHG LQ
SHUFHQWDJH RI ALJKWV LQ ,0& GLG QRW FKDQJH VLIJQL:,FDQW
,0& RSHUDWLRQV ZHUH KRZHYHU PXFK KLJKHU LQ DQG
H[SODLQ WKH H[LVWHQFH RI DYHUDJH PLQXWHV RI (‘&7 LQ

7KH VDPSOH GRHV QRW LQFOXGH D YDULDEOH WKDW PHD
DYDLODEOH VXUYHLOODQFH GDWD VXFK DV 7UDI¢F )ORZ 0DQD
D SLORW KDG UHTXHVWHG D UHTXLUHG QDYLJDWLRQ SHUIRU
JUDQWHG WKH UHTXHVW DQG ZKHWKHU WKH SURFHGXUH KD
UHIHU WR LQIRUPDWLRQ JHQHUDWHG E\ UDGDUV ORUHRYHU
SHUIRUPDQFH EDVHG QDYLJDWLRQ SURFHGXUHV IURP LQVWU
FDVH RI ALJKW WUDFN RYHUOD\

BHFRQGO\ WKH DYDLODELOLW\ Rl 4 URXWHV PDNHV LW SF
UHGXFH PLOHDJH WR PLQLPL]JH FRQALFWYV EHWZHHQ URXWH)
WKH 6DQ JUDQFLVFR 2DNODQG DUHD DQG WR PD[LPL]JH KLJK
KLJK DOWLWXGH 51$9 DLUZD\V LGHQWL¢,HG E\ D 4 QXPEHU )R
2$. DQG 6($ LV QDXWLFDO PLOHV 7KH 4 EHWZHHQ WKH WZF
DUH GHVLJQHG WR UHGXFH ALJKW GLVWDQFH DQG WUDYHO W
E\ 51$9 513 FDSDEOH DLUFUDIW EHWZHHQ IHHW 06/ PHD
ALJKW OHYHO IHHW 4 URXWHV KHOS PLQLPL]H PLOHDJ}
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Table 1: Performance Metrics for the SEA-OAK City Pair

6($ 2Q 7LHH 2Q 7LHH 2Q 7LRHArrivals
28 Flight Gate Airport Gate With
' Count Departures | Departures Arrivals EDCT*
1
1
Average Gate Taxi Average Airport
EDCT Departure Out Taxi Departure
6($ 2%. Where Delay Delay Out Delay
EDCT>0 (min) (min) Time (min) (min)
Taxi Gate
Airborne In Block Arrival Percent | Percent
6($ 2%.| Delay Delay Delay Delay IMC** IMC**
(min) (min) (min) (min) SEA OAK

,Q WKH HYHQW RI D JURXQG GHOD\ DLUOLQHY DUH LVVXHG DQ HI
JOLIKWY KHOG E\ )$$ DW WKH GHSDUWXUH DLUSRUW GXH WR SURE
('&7 KROG GHOD\ LV FRPSXWHG E\ FRPSDULQJ ('&7 ZKHHOV RIIl WL
, QVWUXPHQW OHWHRURORJLFDO &RQGLWLRQV

SHUIRUPDQFH LV FRPSDUHG ZLWK WKH ODVW ALJKW SODQ ¢(OHG EHI

6RXUFH )$$ $YLDWLRQ 6\VWHP 3HUIRUPDQFH OHWULFYV

7TKLUGO\ EORFN WLPH DV D PHDVXUH RI JDWH WR JDWH SHL
DQG HQ URXWH 7R DFFRXQW IRU WKLY DLUERUQH GHOD\ UHS
LQFUHDVHV LQ WD[L WLPHV LPSO\ VXUIDFH PRYHPHQW FRQJH

BRXUFHV DQG 'HoQLWLRQ RI WKH 9DULDEOHYV

7KH VRXUFHV IRU WKH YDAX\DBROHYQDQHWLR HE&TD QG WKH )$$
ODQDJHPHQW 6\WVWHP 7)06 7KH GLUHFWLRQDO FLW\ SDLU G
3 QGLYLGXDO )OLJKWV" VHFWLRQV RI )$$TV $YLDWLRQ 6\VWHP

7KH FKRLFH RI YDULDEOHV UHAHFWV RSHUDWLRQDO DQG
VRPH PRGHO YDULDEOHV UHSUHVHQW FRUH IDFWRUV LQ DI
SHUIRUPDQFH DLUERUQH GHOD\V 2Q WKH RWKHU KDQG WKI
,QIRUPDWLRQ &UDWEWhRMVEEQ ,QIRUPDWDRQVEOHWWHIGR RQ %
SUHYHQW RYHU¢WWLQJ DQG WR UHGXFH WKH QXPEHU RI H[SC
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7KH GHSHQGHQW UHVSRQVH YDULDEOH DQG LQGHSHQGH
OLWHUDWXUH RQ TXDQWLOH UHJUHVVLRQ DUH GH¢{¢QHG DV IF
x Actual Block Time $&7%/.70 LV WKH GHSHQGHQW YDULDEWKDQOWVN L
JDWH GHSIHRWXDWHWRJULYDO
x Block Buffer %/.%8))(5 UHSUHVHQWV WKH GLIIHUHQFH EHWZH]I
WLPAKH ODWWHU LV WKH VXP RI XQLPSHGHG WD[L RXW W
%ORFN EXIIHU LV WKH DGGLWLRQDO PLQXWHYVY LQFOXGHG
DFFRXQW SRWHQWLDO LQGXFHG SURSDJDWHG DQG VWRF
EORFN EXIIHU LV S WKH DGGLWLRQDO WLPH EXLOW LQWR WK
DLUFUDIW LV RQ WKH JURXQG DQG WR DOORZ UHFRYHU\ EI
DO H[SODLQHG WKDW 3WR REWDLQ WKHLU GHVLUHG R
LQWR D VFKHGXOH WR UHAHFW DQ DPRXQW DERYH DYHUDJ}
H[SHULHQFHG YDULDWLRQV LQ EORFN WLPHYV ~
Departure Delay '(3'(/ FRUUHVSRQGV WR GLIIHUHQFH EHWZHHQ
GHSDUWXUH WLPH DW WKH GHSDUWXUH DLUSRUW LQ D FLW
x Arrival Delay $55'(/ UHIHUV WR WKH GLIIHUHQFH EHWZHHQ WKH
WLPH DW WKH DUULYDO DLUSRUW LQ D FLW\ SDLU
X Airborne Delay $,5%1'(/ DFFRXQWV IRU WKH WRWDO PLQXWHYV
GLITIHUHQFH EHWZHHQ WKH DFWXDO DLUERUQH WLPHV OD
HVWLPDWHG WLPH HQ URXWH
X Taxi-Out Time 7;28770 UHIHUV WR WKH GXUDWLRQ LQ PLQXWHYV
RIl WLPHYV
7KH GHSHQGHQW YDULDEOHYV H[FHSW EORFN EXIIHU UHSU
LPSDFW EORFN WLPH DGYHUVHO\ DV WKH\ LQFUHDVH $V WDJL
PD\ HI{TSHULHQFH FRQJHVWLRQ DQG EORFN WLPHV PD\ LQFUHI

x

Quantile Regression

A4XDQWLOH UHJUHVVLRQ LV D W\SH Rl UHJUHVVLRQ WKDW PDN

LQGHSHQGHQW DQG GHSHQGHQW YDULDEOHYV DW GLIIHUHQW

7KLV LV DOO WKH PRUH LPSRUWDQW DV WKH GLVWULEXWLRC

DGYDQWDJHV FRPSDUHG ZLWK WKH WUDGLWLRQDO RUGLQDU

LQAXHQFH Rl VHOHFWHG RSHUDWLRQDO IDFWRUV RQ WKH YD

GLVWULEXWLRQ

X 4XDQWLOH UHJUHVVLRQ VSHFL¢{¢HV WKH FRQGLWLRQDO TXD
FRQGLWLRQDO GLVWULEXWLRQDO SURSHUWLHV RI EORFN (
IRFXV RQ WKH PHDQ

X ,W GH¢QHV IXQFWLRQDO UHODWLRQV EHWZHHQ YDULDEOH
4XDQWLOH UHJUHVVLRQ FDQ LPSURYH WKH SUHGLFWLYH U
YDULDEOHV E\ IRFXVLQJ RQ TXDQWLOHV LQVWHDG RI WKH
RXW 3:KLOH WKH OLQHDU UHJUHVVLRQ PRGHO VSHFL¢HV
GHSHQGHQW YDULDEOH DVVRFLDWHG ZLWK D FKDQJH LQ V
VSHFL¢HV FKDQJHV LQ WKH FRQGLWLRQDO TXDQWLOH ~

X ,W GHWHUPLQHV WKH HIIHFW Rl H{SODQDWRU\ YDULDEOHYV
DQG VKDSH RI WKH GLVWULEXWLRQ Rl EORFN WLPHYV

X ,W LV GLVWULEXWLRQ IUHH ZKLFK DOORZV WKH VWXG\ RI F
RI WKH ULJKW WDLO DQG PDNH DYHUDJH EORFN WLPH LUU
SRVVLEOH EORFN WLPH $ VLQJOH UDWH RI FKDQJH FKDUD
OLQH FDQQRW EH UHSUHVHQWDWLYH Rl WKH UHODWLRQVK]I
GLVWULEXWLRQ RI EORFN WLPH ,Q WKH TXDQWLOH UHJUH\
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FRQGLWLRQDO RQ DGMXVWLQJ IRU WKH HIITHFWV RI WKH R
7TKHUHIRUH WKH VNHZHG GLVWULEXWLRQ RI EORFN WLPHV
WDNHV LQWR DFFRXQW RXWOLHUV RU WKH ODFN RI VXI¢FL
WKH H{IWUHPHYV RI WKH GLVWULEXWLRQ DQG JHQHUDWHYV C

OUTCOMES AND IMPLICATIONS

7KH HVWLPDWHYV DV ZHOO DV WKH NHP G BENYESQ IREQSKLVO\
DUH VXPPDUL]HG L®7TOPEQWLORKHVWLPDWHY FDQ EH XVHG WR
RI WKH PHGLDQ IURP WKH ORZHVW WR KLJKHVW REVHUYHG )\
1DLPDQ WKPMKBKSHUFHQWLOHYV 3FDQ EH XVHG WR DVVHVV
FRQGLWLRQDO RIl FHQWUDO ORFDWLRQV DV ZHOO DV VKDSH
PRYHPHQW RI WKH PHDQ ORFDWLRQ RQ WKH ; D[LV GXH WR \
LQ $SSHQGL] WKH FRHI¢FLHQW HVWLPDWHVY VKRZ D SRVLW
DQG WKH HVWLPDWHG FRHI¢FLHQWY DW KLJKHU SHUFHQWLO
DLUERUQH GHOD\

1 ZH WDNH WKH HISPYIGHRWMKHLQ VXPPHU WKH TXDQ\
DW 2 WKSHUFHQWLOH LV DV IROORZV

(1) %ORFN, 7LPH

%/.%8))(5 B&+('%/.70 (Br(/

;$55'(/ ;$,5%1'(l ;7;28770 0

,Q HTXDWLRQ UHSUHVHQWY WKH FKDQJH LQ WKH |
2%$. FRUUHVSRQGLQJ WR D RQH PLQXWH FKDQJH LQ WD[L RXW
UHMHFW WKH QXOO K\SRWKHVLVY DW D FRQ¢GHQFH OHYHO

PHGLDQ EORFN WLPH EHWZHHQ 6($ DQG 2%$. LQ VXPPHU 7K
LV DJIJRRGQHVV RI (W PHDVXUH
2YHUDOO VXPPHU LV WKH RQO\ SHULRG ZKHQ DOO WKH

HIITHFW RQ EORFN WLPHV DW DOO WKH FRQVLGHUHG SHUFHQ)
WLPH GHSDUWXUH DUULYDO DQG DLUERUQH GHOD\VX DV Zt
SHUFHQWLOH DW D FRQ¢GHQFH OHYHO LQ VXPPHU
WKH GLIIHUHQFH EHWZHHQ DFWXDO DQG SODQQHG GHSDUW.
DQ LQFLGHQFH RQ WKH FRQGLWLRQDO PHDQ RI EORFN WLPH
RXW GHOD\V DQG VXUIDFH DUHD PRYHPHQW FRQJHVWLRQ OF
GHSDUWXUH GHOD\V KDYH D QHIJDWLYH LPSDFW RQ WKH FRQC
VHOHFWHG SHUFHQWLOHV 7KLV FDOOV IRU DLUOLQH VFKHG X
SODQQHG DQG DFWXDO EORFN WLPH DQG IRU DLUSRUW DQD
GHSDUWXUH RSHUDWLRQV DUH GHOD\HG

7KH UHVXOWV LPSO\ WKDW DUULYDO DQG GHSDUWXUH GHC
WKMXSHUFHQWLOH IRU DOO \HDUV DQG DW DOO WKH SHUFHQW
WKDW DQ DLUFUDIW GHSDUWHG RU DUULYHG ODWHU WKDQ W
WDNH RIlI 7KLV PD\ EH GXH WR JURXQG VWRSV ZKHQ WUDI¢F
GHOD\HG :KLOH WKH DYHUDJH PLQXWHV RI (&7 ZHUH JHUR LQ

W R LQ 7DEOH +RZHYHU WKH PDJQLWXGH RI WKH
WKH UHOHYDQFH Rl WKH LPSDFW RI WKH LQGHSHQGHQW YDUL
Rl GDWD DW D JLYHQ SHUFHQWLOH OHYHO $ ORZ YDOXH LQC
TXDQWLOH )RU LQVWDQFH WKH U HYSHIWH HIQIVREWH U Y D WIR QX
WKDQ DW WKH RWKHU SHUFHQWLOHV 7KH VSDUVLW\ YDOXHYV
WK WK WK DQ®BKSHUFHQWLOHYV

a7



Quantile Regression

7DEOH VKRZV WKDW RI WKH GLVWULEXWLRQ RI EORFN
PLOQXWHV LQ WKH -XQH WR $XJXVW WLPH SHULRG EDVH(
GLVWULEXWLRQ LV DSSURSULDWH WR PHDVXUH WKH VSUHDG
DUH PRUH LQGLFDWLYH RI VSUHDG FKDQJHV LQ VNHZHG GLV
LV WKDW LW IDFLOLWDWHY WKH HYDOXDWLRQ RI VFDOH DQG
,Q D FRPSDULVRQ RI VXPPHU ZLWK VXPPHU WKHUH K
LQ EORFN WI"PSHUBWQMKIKH 7KH 6($ 2$. FLW\ SDLU KDV EHHQ
$LUOLQHV 6:$ DQG $ODVND $LUOLQHV $6$% ZLWK D AHHW F
VHSDUDWH WKH W\SHV RI DLUFUDIW LQ WKH $630 EORFN HQ U
+RZHYHU EDVHG RQ VFKHGXOHG GDWD LQ WKH 2I¢FLDO $LU
QXPEHU RI $6$ RSHUDWLRQV GHFOLQHG WR LQ VXPPHU
ALIKWVY ZHUH RSHUDWHG E\ +RUL]JRQTV %RPEDUGLHU 4 FD!
RI $6% 1HYHUWKHOHVV $6$% RSHUDWHG ODUJHU FDSDFLW\ DI
VHULHV ZKLOH 6:$ XWLOL]JHG D FRPELQDWLRQ RI GDVK
7KH UHDVRQ IRU WKH LQFUHDVH LQ EORFN WLPH PD\ EH I
VORZ GRZQ DLUFUDIW VSHHG LQ RUGHU WR VDYH RQ IXHO F
W\SH WXUERSURS YHUVXV MHW DLUFUDIW %DVHG RQ VFKHC
SURSRUWLRQ Rl WKH RYHUDOO WUDI,F EHWZHHQ 6($ DQG 2%
SHUFHQWDJH RI RSHUDWLRQV LQ LQVWUXPHQW PHWHRURORJ

2%$. ,W ZDV UHVSHFWLYHO\ DQG LQ VXPPF
$W 6($ WKH SHUFHQWDJHV ZHUH UHVSHFWLYHO\
SHULRGV 7DEOH J)LQDOO\ DOWKRXJK WKH XVH RI 51%$9 513

SOD\V DQ LQVWUXPHQWDO UROH LQ GH FRQALFWLQJ DSSURDI
PLQLPL]LQJ WKHLU PXWXDO LPSDFW RQ EORFN WLPHYV

CONCLUSION

BUHGLFWDELOLW\ LV D NH\ SHUIRUPDQFH DUHD LGHQWL¢HG E
ORUHRYHU LW LV D FRUQHUVWRQH RI WKH 1H[W *HQHUDWLRC
LQ WKH 8 6 WR HQVXUH WKH WUDQVLWLRQ IURP DQ DLU WL
HQYLURQPHQW $V DLU WUDQVSRUWDWLRQ UHJXODWRUV DU}
DQG RWKHU W\SHV RI GHOD\V LW KDV EHFRPH LPSHUDWLYH
UHAHFW WKH LQAXHQFH RI NH\ RSHUDWLRQDO YDULDEOHV R
DLU WUDI¢F VIVWHP WKH LQDELOLW\ RI DLUOLQH VFKHGXOF
FRQJHVWLRQ DQG WKH LPEDODQFH EHWZHHQ WUDYHO GHPD
PRUH VLIJQL¢(¢FDQW IRU DYLDWLRQ SUDFWLWLRQHUV WR DVVH
ORFDWLRQV Rl WKH GLVWULEXWLRQ RI EORFN WLPHV
%DVHG RQ WKH DQDO\VLV RI WKH 6($ 2$. FLW\ SDLU FDVH

UHJUHVVLRQ FDQ KHOS DYLDWLRQ SUDFWLWLRQHUV GHYHOR
DQDO\WWVY WR FRQVLGHU WKH LPSDFW RI H[SODQDWRU\ YDUL
EORFN WLPHV 6HFRQGO\ WKH VLIJQL{FDQFH RI WKH VHOHFW
VHOHFWHG LQGHSHQGHQW YDULDEOHV RQ EORFN WLPHV PDN
WR JDWH RSHUDWLRQV DUH OLNHO\ WR UHDFK D VSHFL¢F GX
FRQGLWLRQDO PHDQ LQ WKH FDVH RI TXDQWLOH UHJUHVVLRQ
WLPHV LQ WKH FDVH RI 2/6 PRGHOV 7KLUGO\ TXDQWLOH UHJL
PDJQLWXGH RI FKDQJHV DFURVV VSHFL¢{F SHUFHQWLOHV RYH
KHOS DQDO\WWV VWXG\ WKH LPSDFW RI H[SODQDWRU\ YDULD
FDVH WKH TXDQWLOH UHJUHVVLRQ PRGHOV IRFXVHG RQ FRQ\
DUULYDO GHOD\V RQ WKH FRQGLWLRQDO PHDQV RI EJRFN WL
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Table 2: The Quantile Regression Outputs

Alpha= .95 2011 2010 2004 2000

' Coefficient | Probability [ Coefficient | Probability | Coefficient | Probability | Coefficient | Probability

5th Percentile
BLKBUFFER -0.7594 0.0000 -1.0083| 0.0000 -0.9693 0.0000 -0.9904 0.0000
SCHEDBLKTM 0.9263 0.0000 0.9006 0.0000 0.9316 0.0p00 0.9051 0.0
DEPDEL -0.7318 0.0000 -0.0404 0.3929 -0.0448 0.5115 -0.0616| 0.5885
ARRDEL 0.7623 0.0001 0.078 0.1598| 0.0621 0.4139 -0.0131 0.9229
AIRBNDEL 0.7751 0.0000 1.0951 0.0000 0.8766 0.0poo 1.2568 0.0
TXOUTTM 0.5935 0.0127 1.0129 0.00p0 0.9374 0.0p00 1.0042 0.0
PseuddR-squared 0.7014 0.8893 0.8874 0.8758]
AdjustedR-squared 0.6841 0.8824 0.8813 0.8686
S.E.of regression 2.4713 1.0580 1.0013 1.3161
Quantiledependentar 112.8600 107.560D 113.0000 110.9400
Sparsity 12.6438 3.4399 2.8121 4.0616)

25th Percentile
BLKBUFFER -0.8525 0.0000 -1.0084; 0.0000| -0.9134 0.0000, -0.8522) 0.0000
SCHEDBLKTM 0.8916 0.0000 0.9066 0.00p0 0.9353 0.0p00 0.9230 0.0
DEPDEL -0.4393 0.0000 -0.0439 0.4714 -0.1207 0.1369 -0.1860 0.0400
ARRDEL 0.3976 0.0000 0.041 0.6096 0.1134 0.1995 0.1721 0.0665
AIRBNDEL 1.1222 0.0000 1.0806 0.0000 0.9252 0.0po0 0.9989 0.0
TXOUTTM 1.0369 0.0000 1.0048 0.00p0 0.907 0.0p00 0.8326 0.0
PseuddR-squared 0.7694 0.8952 0.875 0.8843]
AdjustedR-squared 0.7560 0.8891 0.8680 0.8776
S.E.of regression 1.2083 0.7264 0.7354 0.7p77
Quantiledependentar 117.7100 115.000p 116.5300 117.2100
Sparsity 2.4094 1.8315 1.5954 1.8171

50th Percentile
BLKBUFFER -0.9105 0.0000 -0.9907 0.0000 -0.9152 0.0000 -0.7903 0.0000
SCHEDBLKTM 0.8888 0.0000 0.9074 0.0000 0.9383 0.0p00 0.9285 0.0
DEPDEL -0.3090 0.0275 -0.0187 0.8068 -0.1183 0.1299 -0.2783 0.0260
ARRDEL 0.2702 0.0398 -0.0170, 0.8388 0.1209 0.1602 0.2709 0.0433,
AIRBNDEL 1.1015 0.0000 0.9973 0.0000 0.7753 0.0poo 0.9507 0.0
TXOUTTM 1.1372 0.0000 1.0547 0.0000 0.9383 0.0p00 0.7760 0.0
PseuddR-squared 0.7994 0.8922 0.8631 0.8689
AdjustedR-squared 0.7877 0.8854 0.8551 0.8613
S.E.of regression 1.1793 0.6220 0.6d15 0.6R63
Quantiledependentar 120.4300 119.000p 118.9300 119.8600
Sparsity 2.2739 1.4886 1.501 1.7504

75th Percentile
BLKBUFFER -0.8864 0.0000 -0.9900 0.0000 -0.9185 0.0000 -0.7780 0.0000
SCHEDBLKTM 0.9255 0.0000 0.9140 0.0000 0.9344 0.0p00 0.9385 0.0
DEPDEL -0.3590 0.0340 -0.0885| 0.3238 -0.0900 0.2008, -0.2509 0.0089
ARRDEL 0.3720 0.0402 0.056 0.5520 0.1094 0.1546 0.265 0.0144
AIRBNDEL 0.9501 0.0000 0.986/1 0.0000 0.8965 0.0poo 0.8778 0.0
TXOUTTM 0.8492 0.0000 1.0249 0.0000 0.9496 0.0p00 0.7251 0.0
PseuddR-squared 0.8138 0.8954 0.8544 0.8695|
AdjustedR-squared 0.8030 0.8893 0.846¢4 0.8619
S.E.of regression 1.4336| 0.7203 0.6748 0.7868
Quantiledependentar 123.8000 121.920p 121.6000 122.1%00
Sparsity 2.6969 1.6380 1.9721 2.0322

95th Percentile
BLKBUFFER -0.8970 0.0000 -0.9377 0.0000 -0.7299 0.0000 -0.6846 0.0000
SCHEDBLKTM 0.9308 0.0000 0.9097 0.0000 0.97150 0.0p00 0.9456 0.0
DEPDEL -0.3469 0.0108 -0.2347 0.0023] -0.3725 0.0002 -0.3753 0.0000
ARRDEL 0.4219 0.0047 0.2056 0.0127 0.3444 0.0po1 0.4111 0.0
AIRBNDEL 0.6948 0.0000 1.0246 0.0000 0.6703 0.0po0 0.1797 0.0
TXOUTTM 0.9168 0.0000 1.0483 0.00p0 0.5478 0.0p00 0.6431 0.0
PseuddR-squared 0.8430 0.8986 0.8761 0.9103]
AdjustedR-squared 0.8339 0.8921 0.8689 0.9051
S.E.of regression 1.9295 1.0992 1.2589 1.1B71
Quantiledependenvar 129.1400 127.430p 126.0600 126.9300
Sparsity 4.8819 3.2418 3.6042 3.4603]

Not significantat =.95
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SHUFHQWLOH RSWLPDO YDOXHYVY DV WKH H[SHFWHG EORFN WL
DQG WKH VWUHQJWK RI WKH SVHXGR 5 VTXDUH

7KH UHVXOWY VXJJHVW WKDW WKH LPSDFW RI

WKH GHSHQ

FRQVLVWHQWO\ DW WKH KLJKHU SHUFHQWLOH $V D PHDVXUH

RQ WKH YDULDELOLW\ RI WD[L WLPHYV
SURJUDPV PDNH LW PRUH GLI¢FXOW
'"HSDUWXUH &OHDUDQFH 7LPH
PLOQXWHY EHWZHHQ VXPPHU
PHWHRURORJLFDO FRQGLWLRQV GLG QRW YDU\ DW 28.
SUHFLVLRQ DSSURDFK WR 2%$. KDV PDGH LW SRVVLEO

WR

XVH RI

DLUVSDFH FRQJHVWLRQ DURXQG 6DQ JUDQFLVFR

7UDI,F YROXPH DQG z
IRU DLUOLQHV WR SUHG
IRU WKH DUULYDOV KDY

DQG $V WKH SHUF
LW ZI

(‘&7

LW LV OLNH

D VSHFL¢(¢F SDWK LQWR 28$.
$OWKRXJK WKH TXDQWLOH UHJUHVVLRQ PRGHOV FRXOG S

PDIJQLWXGH RI

FKDQJH WKH\ ZRXOG KDYH EHQH¢{WHG E\ PHI

LQWURGXFHG E\ 1H[W*HQ SURJUDPY DQG LQLWLDWLYHYV EHWZ

WKH DVVHVVPHQW RI

VXFK FKDQJHVY UHTXLUHV WKDW DYDLO

SURFHGXUHV VXFK DV 51%$9 513 RSWLPDO SUR¢{OH GHVFHQWYV

Abbreviations

$5,1&
$6%
$,&
$630
$643
$70
%, &
%76
,&$2
,/6
,0&
(&7
)$$
)$0
)/
06/
1%$6
1IH[W*HQ
2%*
2/6
3%1
51%9
513
6:%
7)06
90&
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$HURQDXWLFDO 5DGLR
$ODVND $LUOLQHYV
$NDLNH ,QIRUPDWLRQ &ULWHULRQ

$YLDWLRQ 6\WWHP 3HUIRUPDQFH OHWULFV
$LUOLQH BHUYLFH 4XDOLW\ 3HUIRUPDQFH

$LU 7UDI,F ODQDJHPHQW

%D\HVLDQ ,QIRUPDWLRQ &ULWHULRQ

%XUHDX Rl 7TUDQVSRUWDWLRQ 6WDWLVWLFV
,QWHUQDWLRQDO &LYLO $YLDWLRQ 2UJDQL]DWLRC
,QVWUXPHQW /DQGLQJ 6\VWHP

,QVWUXPHQW OHWHRURORJLFDO &RQGLWLRQV
(ISHFWHG 'HSDUWXUH &OHDUDQFH 7LPH

JHGHUDO $YLDWLRQ $GPLQLVWUDWLRQ

YOHHW $VVLIJQPHQW ORGHOV
)OLJKW /HYHO

OHDQ 6HD /HYHO

1IDWLRQDO $LUVSDFH 6\VWHP

86 *HQHUDWLRQ $LU 7UDQVSRUWDWLRQ 6\VWH

21¢FLDO $LUOLQH *XLGH

2UGLQDU\ /HDVW 6TXDUHV

3HUIRUPDQFH %DVHG 1DYLJDWLRQ

$UHD 1DYLJDWLRQ

SHTXLUHG 1DYLJDWLRQ 3HUIRUPDQFH
BRXWKZHVW $LUOLQHV

7UDI¢(F )J)ORZ ODQDJHPHQW 6\VWHP

9LVXDO OHWHRURORJLFDO &RQGLWLRQV

QF
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Endnotes

1. 2Q WLPH SHUIRUPDQFH DQG WKH FDXVHV RI GHOD\ DUH U
6HUYLFH 4XDOLW\ 3HUIRUPDQFH UHSRUW 7KHUH DUH ¢(YH
ZHDWKHU 1DWLRQDO $LUVSDFH 6\WVWHP ODWH DUULYLQJ
DYDLODEOH DW KWWS ZZZ EWV JRY

+RI - 3HYHORSPHQW RI D 3BHUIRUPDQFH J)UDPHZRUN LQ 6
,&%$2 OLG 5HJLRQ *OREDO $70 2SHUDWLRQD&D BERR) F IBWW7
l1RYHPEHU +'HFHPEHU

3. 9+) 2PQL GLUHFWLRQDO UDGLR UDQJH 925 LV D VKRUW UL
DQ DLUFUDIW WR GHWHUPLQH LWV SRVLWLRQ

$,5,1& VWDQGV IRU $HURQDXWLFDO 5DGLR ,QF KWWS Z

5, 7KH 7)06 IRUPHUO\ (706 DQG $5,1& GDWD DV ZHOO DV WKH
DW KWWS DVSP IDD JRY

7KH $NDLNH ,QIRUPDWLRQ &ULWHULRQ LV GH{(QHG DV N %
DQG / WKH PD[LPL]JHG YDOXH RI WKH OLNHOLKRRG IXQFWLR

7KH %D\HVLDQ ,QIRUPDWLRQ &ULWHULRQ LV oQ / N OQ

%ORFN EXIIHU LQ WKLY SDSHU LV GHWHUPLQHG E\ WKH GL
ALJKW SODQ EHIRUH WDNHRII DQG RSWLPDO EORFN WLPH
EXIIHU DQG DUULYDO GHOD\ LV QRW DV VWURQJ DV LI VFKLI

6HH .RHQNHU DQG ODFKDGR IRU IXUWKHU H[SODQDWL
References
$EDUD - 3%$SSO\LQJ ,QWHJHU /LQHDU 3URJUDPPQWHWRRPMKH

$EGHOJKDQ\ ) DQG ORBHIHQIKBOSOLFDWLRQV LKV KIDW ISL L
3XEOLVKLQJ &RPSDQ\ %XUOLQJWRQ 9HUPRQW

&RRN (XURSHDQ $LU 7UDI¢F ODQDJHPHQW 3ULQFRL\SQIDWH3IU
3XEOLVKLQJ &RPSDQ\ %XUOLQJWRQ 9HUPRQW

'RQRKXH */ $ =HOOZHJHU + $HIHGIZHDQVDBRGWD VBIXREGK6\VW H
3URJUHVV LQ $VWURQDXWPAVLFO® $EVRQXWHFRI $HURQDX'
'DQYHUV ODVVDFKXVHWWYV

JHGHUDO $YLDWLR®Y$EGMLARLQ W\WDIWHIPR ®H U RWPSD Q B M SOFH WIDL B R Y

JHGHUDO $YLDWLRQUEG PE QDRYE UUDWDRKPWWMW BV6\\DWBP IDD JRY
PDLQ DVS

+DQH & $ & %DUQKDUW (/ -RKQVRQ 5 ( ODUVWHQ * /

37KH )OHHW $VVLJQPHQW 3UREOHP 6ROYLQJ ®DYKHMD BAFO!
3URJUDPPLQJ
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+DR / DQG ' 44XDDRMOL@H S5BDUHVIARQLFDWLRQV 7KRXVDQG

.RHQNHU 5 DQG - ODFKDGR °3**RRGQHVV RI )LW DQG 5HOD)
5HIUHVVRRQYPQDO RI WKH $PHULFDQ 6WDWLVWLFDO $VVRFLDWI

/IDQ 6 -3 &ODUNH DQG & %DUQKDUW 330DQQLQJ IRU 5REX
S5RXWLQJ DQG )OLJKW 'HSDUWXUH 7LPHV WRD QL/GIRRLWHD \&D R Q He

/JRKDWHSDQRQW 0 DQG & %DUQKDUW 3$LUOLQH 6FKHGXOH -
IRU 6FKHGXOH 'HVLJQ D QT PMWIS\R WBW B MWILGRRH @ L H Q B H

ORULVVHWW 7 DQG $ 2GRQL 3&DSDFLW\ 'HOD\ DQG 6FKHGX
DQG WKH 8QLTWH® % 3/WWWHD/’WLRQ 5HVHDUFK 5HFRUG -RXUQDO
%RDUG

5DSDM%BHA\RQG $LUOLQKVKVIDMWIWIREOLVKLQJ &RPSDQ\ %XUOL

‘X & BLUOLQH 2SHUDWLRQV DQG 'HOD\ ODQDJHPHQW ,QVLJK
DQG 6WUDWHJILF 6FKWHIGIOWNH 3ZNEDPQRVELQJ &RPSDQ\ % XUOLQJV

X &/ 3, QKHUHQW 'HOD\V DQG 2SHUDWLRQD-MXSH@DLO ER O $W!
7TUDQVSRUW ODQDJHPHQW

Tony Diana LV WKH GLYLVLRQ PDQDJHU 1H[W*HQ 3HUIRUPDQFF
$GPLQLVWUDWLRQ +H LV LQYROYHG LQ WKH PHDVXUHPHQW
LPSOHPHQWDWLRQ RI 1H[W*HQ LQLWLDWLYHV DW 8 6 DLUSR
SRVLWLRQ 'LDQD ZDV GHSXW\ GLYLVLRQ PDQDJHU )RUHFDVV
RI $YLDWLRQ 3ROLF\ DQG 30DQV RI WKH )$$ ZKHUH KH PDQ
OHWULFV GDWD ZDUHKRXVH 'LDQDYV PDLQ LQWHUHVW LV St
EHQFKPDUNLQJ DQG WKH VWXG\ RI GHOD\
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A Dynamic Programming Optimization
Approach for Budget Allocation to Early
Right-of-Way Acquisitions

by Carlos M. Chang Albitres, Paul E. Krugler, Iraki Ibarra, and Edith Montes

OD[LPL]LQJ SRWHQWLDO VDYLQJV ZKHQ SXUFKDVLQJ ULJKW R
FXUUHQWO\ IDFHG E\ VWDWH GHSDUWPHQWYVY RI WUDQVSRUW
ZD\ DFTXLVLWLRQV SURPRWH VPRRWKHU QHJRWLDWLRQV DQ
UHVRXUFHV 7KLV SDSHU GHVFULEHV DQ RSWLPL]DWLRQ D¢
GHYHORSHG IRU WKH 7H[DV '"HSDUWPHQW RI 7UDQVSRUWDWLR
SDUFHOV IRU HDUO\ ULJKW RI ZD\ DFTXLVLWLRQ LQ RUGHU W
FDQGLGDWH SDUFHO PXVW EH VXEMHFWHG WR D SUHOLPLQD
FRPSO\ ZLWK WKH 1DWLRQDO (QYLURQPHQWDO 3ROLF\ $FW 1

INTRODUCTION

(DUO\ ULJKW RI ZD\ DFTXLVLWLRQV SURPRWH VPRRWKHU QH.
WLPH DQG KXPDQ UHVRXUFHV 3URSHUW\ LPSURYHPHQWV V
SURSHUWLHV DUH VRPH RI WKH PDMRU IDFWRUV WKDW LQFU
7H[DV 'HSDUWPHQW RI 7UDQVSRUWDWLRQ 7['27 IRXQG WKD
DIWHU SURSHUW\ LPSURYHPHQWY VSHFXODWLRQ DQG GDPD
RI WKH PHWKRGV XVHG WR LQFUHDVH WKH FRVW RI WKH SUR!
VHOO PRUH XQLWV DW KLJKHU SHU XQLW FRVW DQG WKH GH)
70'27

(DUO\ ULJKW RI ZD\ DFTXLVLWLRQV DUH LQWHQGHG WR LP
QHJRWLDWLRQV DOWKRXJK VRPHWLPHV FRQGHPQDWLRQ FD(
D GHOD\ LQ WKH SURMHFW DQG URXJKHU QHJRWLDWLRQV Z|
FDQ EH GHFUHDVHG E\ LPSURYLQJ WKH YDOXDWLRQ DQG QHJ
ULJKW RI ZD\ LV DQ RSWLRQ WR FRQVLGHU GXH WR DQWLFLS
FRQVWUDLQHG E\ ODZV DQG SROLFLHV 1RW DOO SDUFHOV D
DQG HDFK FDQGLGDWH SDUFHO PXVW EH VXEMHFWHG WR D
FRPSOLDQFH ZLWK WKH 1DWLRQDO (QYLURQPHQWDO 3ROLF\ §

3XUFKDVH RI ULJKW Rl ZD\ WUDQVSRUWDWLRQ SURMHFW\
HFRQRPLF DQG SROLWLFDO DVSHFWV Rl HDFK SURMHFW 7
VHOHFWLRQ SURFHVV WR VWDUW HDUO\ QHJRWLDWLRQV LQ
SURJUDPPLQJ RSWLPL]DWLRQ PHWKRG ZDV DSSOLHG WR RS
SDUFHOV ZLWK WKH KLJKHVW UDWH RI UHWXUQV IURP HDUO\
(52: LV WKH GHFLVLRQ WRRO XVHG WR VXSSRUW WKLV FRQ
QHHGHG WR EH SXUFKDVHG LQ HDUO\ ULJKW RI ZD\ DFTXLVL)
(52: KDV WKH DELOLW\ WR LQSXW WKH SURMHFW{V FRVWV H|
ULJKW RI ZD\ DFTXLVLWLRQV 6DYLQJV DUH GH¢{QHG DV WKH
RI ZD\ VFHQDULR DQG WKH WUDGLWLRQDO ULJKW RI ZD\ DFT
FDQGLGDWH OLVW IRU HDUO\ ULJKW RI ZD\ DFTXLVLWLRQ PX
EH DQDO\]HG E\ SHUIRUPLQJ D SUHOLPLQDU\ HQYLURQPHQWD
SURMHFWVY 7KH PRGHO LGHQWL¢{HV WKH SDUFHOV WKDW PD
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SURMHFWY VKRXOG DOzD\V EH SHUIRUPHG E\ WKH GHFLVLRQ
Rl HDFK SURMHFW

BACKGROUND

7KH SURFHVV RI DFTXLULQJ ULJKW RI ZD\ IRU D FRQVWUXFWLF
FRPSOHWLRQ WLPH DQG RYHUDOO FRVW 7KH GHJUHH RI LPSE
GXH WR WKH QXPEHU Rl YDULDEOHV DVVRFLDWHG ZLWK WKH
RI WKH ZD\V WR UHGXFH SRWHQWLDO QHJDWLYH LPSDFW RQ
SRUWLRQ RI WKH SURMHFW LV WR DFTXLUH SRUWLRQV RI W
DXWKRULW\ WR DFTXLUH ULJKW RI ZD\ SULRU WR FRPSOHWLI
ZKLFK LV WKH FRQYHQWLRQDO WLPH IRU WKH 5LJKW RI :D\ '
RI ZD\ UHOHDVH WR WKH GLVWULFW RI¢(¢FH WR EHJLQ SXUFKEC
WKH FKDOOHQJHV DVVRFLDWHG ZLWK OLPLWHG DELOLW\ WR
SURFHVV QR V\VWHPDWLF DQDO\WLFDO DSSURDFK LV DYDLO
ULJKW RI ZD\ DFTXLVLWLRQ +RZHYHU H[SHULHQFH KDV VKRZ
LQ SURMHFW SODQQLQJ KDYH EHHQ FRPSOHWHG EHIRUH DFT.
VXEVWDQWLDOO\ LQFUHDVHG FRVWV 7['27 UHVHDUFK SURMH
RI LQFUHDVH LQ ODQG FRVWV
x ([DPSOH $ SDUFHO FRVW HVWLPDWH ZDV PLOOLRQ DV
SXUFKDVHG IRU PLOOLRQ LQ DV UHVLGHQWLDO SUR
FRXOG KDYH JRQH XS WR PLOOLRQ LI SXUFKDVLQJ KDG E
x ([DPSOH $ SDUFHO FRVW LQFUHDVHG IURP VT IRRW X
x ([DPSOH $ SDUFHO FRVW IRU SDVWXUH ODQG ZHQW IURF
WKUHH \HDUV
x ([DPSOH 7RWDO SDUFHO FRVWYV IRU D JURXS RI SDUFHOV
PLOOLRQ ZKHQ QRW DFTXLUHG HDUO\
x ([DPSOH 7RWDO SDUFHO FRVWV IRU D JURXS RI SDUFHOV
PLOOLRQ .UXJOHU HW DO
W ZDV FRQFOXGHG WKDW SURSHUW\ LPSURYHPHQWYV VS
SURSHUWLHV DUH VRPH Rl WKH PDMRU IDFWRUV WKDW FRQW
YRU WKLV UHDVRQ WKH YDOXDWLRQV RI SURSHUWLHV DQG
LPSRUWDQW DVSHFWV LQ WKH ULJKW Rl ZD\ DFTXLVLWLRQ SU
DQG QHJRWLDWLRQ SURFHVVHV DUH LPSURYHG WKH RYHUDO
GHFUHDVH LQ FRQGHPQDWLRQ UDWHV &DOGDV HW DO

LITERATURE REVIEW

(I6FLHQW DOORFDWLRQ RI UHVRXUFHV LV D FULWLFDO FRPSRC
SUDFWLFH 6LQFH RSWLPL]DWLRQ LV D PDWKHPDWLFDO DSSLU
ZKLOH VDWLVI\LQJ SUH JLYHQ FRQVWUDLQWY LW LV DGRSW
WKH FDSLWDO EXGJHWLQJ DOORFDWLRQ SUREOHP 7KHUH DL
QRQH UHJDUGLQJ WKH DSSOLFDWLRQ RI G\QDPLF SURJUDPPL
DQG &RRN GHYHORSHG D PRGHO IRU D VLQJOH \HDU SOD
ZDV WR PD[LPL]H WKH WRWDO EHQH¢W IURP WKH KLJKZD\ VX
ZDV H[SDQGHG WR FRQVLGHU PXOWLSOH SODQQLQJ \HDUV E\
SURJUDPPLQJ DSSURDFK &RRN ,Q FRQWUDVW WR PDJLF
VHHN D VROXWLRQ PLQLPL]LQJ WRWDO SURMHFW FRVWV 'DY
PRGHO WR PLQLPL]H XVHU FRVWV VXEMHFW WR EXGJHW DQG
PDLQWHQDQFH DQG UHFRQVWUXFWLRQ DFWLYLWLHV 7KH\
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RSWLPL]DWLRQ WHFKQLTXH ORUH UHFHQWO\ DGYDQFHG FRP
WR VROYH PRUH UHDOLVWLF DQG VRSKLVWLFDWHG SDYHPHC
ODUJHU GHFLVLRQ VXSSRUW V\VWHP )HUUHLUD HW DO |
IRU QHWZRUN OHYHO 3DYHPHQW ODQDJHPHQW 6\WWHPV 306
WR VROYH WKH RSWLPL]DWLRQ SUREOHP PLQLPL]LQJ WKH F
PDLQWHQDQFH DQG UHKDELOLWDWLRQ DFWLRQV RYHU D SO
RSWLPL]DWLRQ SUREOHPV LQ RUGHU WR SURYLGH DQ DSSUR]
VROXWLRQ LV YHU\ GLI¢FXOW WR ¢QG $ *HQHWLF $OJRULWKP
EDVHG RQ WKH HYROXWLRQDU\ LGHDV Rl QDWXUDO VHOHFV
LQIRUPDWLRQ WR GLUHFW WKH VHDUFK LQWR WKH UHJLRQ R
EDVLF WHFKQLTXHV RI WKH *$V DUH GHVLJQHG WR VLPXODW
HYROXWLRQ HVSHFLDOO\ WKRVH WKDW IROORZ WKH SULQFLSE
RI WKH ¢WWHVW ~ L H RSWLPDO DQVZHUV :DQJ HW DO
VROYH WKH JHUR RQH LQWHJHU SURJUDPPLQJ IRUPXODWLRQ
SUREOHPTV VROXWLRQ LV UHTXLUHG WR EH RU

$V GHVFULEHG EHIRUH UHVRXUFH DOORFDWLRQ SUREOHTF
RSWLPL]DWLRQ WHFKQLTXHV +RZHYHU WKH FRPSOH[LW\ RI L
DOORFDWLRQ LQ ULJKW RI ZD\ DFTXLVLWLRQV OLPLWV WKH I
HITRUWV ZHUH IRXQG IRU ULJKW RI ZD\ DFTXLVLWLRQ $ UH\
'HSDUWPHQW RI 7UDQVSRUWDWLRQ DGGUHVVHV WKH TXHVW
DFTXLULQJ WUDQVSRUWDWLRQ ULJKW RI ZD\ IDU LQ DGYDQI
01'27 7KH PDLQ ¢QGLQJV RI WKLV UHSRUW VXJJHVW WK
XQGHU WKH IROORZLQJ FRQGLWLRQV
X 'HYHORSHG ODQG WKDW LV LQ GDQJHU RI EHLQJ UHGHYHOF
X '"HYHORSHG ODQG WKDW LV EHLQJ RIIHUHG IRU VDOH YROX
X 8QGHYHORSHG ODQG WKDW LV QHDU GHYHORSLQJ DUHDYV

DSSUHFLDWH UDSLGO\ HQRXJK WR MXVWLI\ HDUO\ DFTXLVL
X 8QGHYHORSHG ODQG WKDW LV H[SHFWHG WR EH GHYHORSF
x /DQG DORQJ PDMRU WUDQVSRUWDWLRQ FRUULGRUV WKDW |

LQ WKH YLFLQLW\

+HGRQLF SULFH PRGHOV WR HVWLPDWH WKH FRVW RI ULJK
WDNLQJ LQWR FRQVLGHUDWLRQ GDWD IURP VHYHUDO FRUULG
ODUJHVW UHJLRQV 7KH ¢QGLQJV VKRZHG WKDW WKH YDOXH
WKDQ WKH VL]H RI WKH SDUFHOV DQG WKDW XWLOLW\ FRV\

)XUWKHUPRUH DQ HOHFWURQLF DSSUDLVDO PHWKRGRC

SURMHFWYVY KDV EHHQ VXJJHVWHG LQ RUGHU WR LPSURYH Wi
RI LQFRQVLVWHQW DSSUDLVDO YDOXHV &DOGDV HW DO
'27V PXVW VHOHFW WKH SDUFHOV WKDW ZLOO EH FRQVLGHU}
WR OLPLWHG IXQGLQJ IRU 52: DFTXLVLWLRQ RI WUDQVSRUW
WKDW WKH SURMHFWV VHOHFWHG IRU HDUO\ ULJKW RI ZD\ C
UHSUHVHQWHG E\ KLJKHU UDWH Rl UHWXUQ

1R RSWLPL]DWLRQ WHFKQLTXHV IRU HDUO\ ULJKW RI ZD\ D
G\QDPLF SURJUDPPLQJ RSWLPL]DWLRQ DSSURDFK WR RSWLP
VDYLQJV LV SUHVHQWHG LQ WKLV SDSHU '\QDPLF SURJUDPPL
EUHDNLQJ WKHP GRZQ LQWR VLPSOHU LQWHUUHODWHG VXE S
SURFHVV 7KH DSSURDFK LV EDVHG RQ D FRPSDULVRQ RI DQW
RI ZzD\ DW D FHUWDLQ WLPH WR D UDWH Rl UHWXUQ H[SHFW
EXGJHWDU\ DPRXQW

57



Right-of-Way Acquisitions

BUDGET ALLOCATION FOR EARLY RIGHT-OF-WAY ACQUISITION

(DUO\ DFTXLVLWLRQ RI ULJKW RI ZD\ LV GH¢QHG DV WKH SXLU
HQYLURQPHQWDO VWXG\ (DUO\ ULJKW RI ZD\ DFTXLVLWLRQV
WLPH DQG KXPDQ UHVRXUFHV 7['27 3URMHFWYVY FRQVLG
UHSUHVHQW D KDUG FDVH LQ HQYLURQPHQWDO DSSURYDO W
HQYLURQPHQWDO DQDO\VLV Rl WKH FDQGLGDWH SURMHFWYV
1(3$ UHJXODWLRQV ,W HQVXUHV WKDW IHGHUDO DJHQFLH\
TXDOLW\ RI WKH KXPDQ HQYLURQPHQW DQG VHWV VWDQGDUG
UHFHLYH IHGHUDO IXQGLQJ 1(3% ,Q WKH SURFHVV RI HDL
DSSURYDO KDV EHHQ PDGH IHGHUDO IXQGLQJ FDQQRW EH XV
'27 PXVW SURYLGH LWV RZQ PRQH\ WR EX\ WKH SDUFHOV VHO
WKH HQYLURQPHQWDO DSSURYDO LQ RUGHU WR UHFHLYH IHC
WKH HDUO\ RU QRUPDO ULJKW RI ZD\ DFTXLVLWLRQ PXVW FRF
IHGHUDO IXQGLQJ RU UHLPEXUVHPHQW (DUO\ ULJKW RI ZD\
IROORZLQJ FDVHV WR DOOHYLDWH D SDUWLFXODU KDUGVKLS
GHYHORSPHQW DQG DV GRQDWLRQV (DUO\ DFTXLVLWLRQ G
SURMHFW LQAXHQFH D GHFLVLRQ UHJDUGLQJ WKH QHHG WR |
ORFDWLRQ 7['27

$ VLIQL,FDQW DPRXQW RI FRVW VDYLQJV DUH H[SHFWHG Z|
RI ZD\ DFTXLVLWLRQ SURFHVV ,I D JRRG SURSHUW\ YDOXDW|
RZQHU WDNH SODFH GXULQJ WKH HDUO\ ULJKW RI ZD\ DFTXL!
FRQGHPQDWLRQ RU RI GHOD\LQJ WKH SURMHFW ZLOO EH UH:
DQG .RFNHOPDQ (ISHULHQFHV RI 7['27 VKRZ WKDW FRVW
LQYHVWHG LQ SXUFKDVLQJ VHOHFWHG SDUFHOV HDUOLHU ZKi|
.UXJOHU HW DO

([ISHFWHG FRVWV DQG VDYLQJV UHVXOWLQJ IURP HDUO\ DI
LQFOXGHG LQ D JLYHQ ULJKW RI ZD\ SURMHFW LV XVXDOO\
VWDWH '27V  .QRZOHGJH Rl WKH FKDUDFWHULVWLFV DVVRFL
IRU D JRRG HVWLPDWH $PRQJ WKHVH FKDUDFWHULVWLFV D
ZD\ DFTXLVLWLRQ SURFHVV HLWKHU WKURXJK QHJRWLDWLR
LV DFTXLUHG RZQHUVKLS RI WKH SDUFHO DQG OLNHOLKRR!
EHIRUH DFTXLVLWLRQ 7KH FRVW HVWLPDWLRQ SURFHVV LV
DPRQJ WKH IDFWRUV WKDW DIIHFW DFTXLVLWLRQ RI WKH SDU
EH GULYHQ XS E\ ODQG VSHFXODWLRQ D IDLUO\ FRPPRQ VL
DUH SODQQHG 7KHVH IDFWRUV ZHUH FRQVLGHUHG LQ WKH V
SRWHQWLDO VDYLQJV

'KHQ IXQGV DYDLODEOH IRU SURMHFWYV DUH FRQVWUDLQ}
GLI¢FXOW VLWXDWLRQ PDNLQJ KDUG GHFLVLRQV RQ ZKHUH
RI H[SHUWLVH RI PDQDJHUV DV ZHOO DV WRROV DYDLODEOF
VWUHWFK WKH EXGJHW ,Q WKLV VLWXDWLRQ RSWLPL]DWLRC
RI SURMHFWV ZLWK WKH KLJKHVW UDWH RI UHWXUQ 7KH UDW
UDWH DW ZKLFK WKH QHW SUHVHQW YDOXH 139 RI FRVWV L
EHQH,WV L H SRVLWLYH FDVK ARZV LQ WKH LQYHVWPHQW
UDWLR EHWZHHQ WKH H[SHFWHG VDYLQJV WR WKH H[SHFWHG

1XPHURXV SURMHFWY DQG SDUFHO RSWLRQV DUH WDNHQ L
DQG WR REWDLQ D EURDGHU EDVHG RSWLPDO VROXWLRQ DO
OHYHO RSWLPL]DWLRQ PRGHO WR HQVXUH WKDW DW PRVW I
FULWLFDO SURMHFW ZLOO EH VHOHFWHG 7KH SUREOHP EHFR
ODUJH DQG EXGJHW FRQVWUDLQWY DUH WDNHQ LQWR DFFRXC
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SUREOHP LV NQRZQ DV 13 KDUG PHDQLQJ WKDW WKH SUREO
'"HVSLWH WKLV GLVFRXUDJLQJ WKHRUHWLFDO SURSHUW\ WK
SVHXGR SRO\QRPLDO G\QDPLF SURJUDPPLQJ '3 DOJRULWKP
EXGJHW VFHQDULRYV "\QDPLF SURJUDPPLQJ LV D PHWKRG WR
GRZQ LQWR VLPSOHU VXE SUREOHPVY W VROYHV GLIITHUHQW
WKHQ FRPELQHVY WKH VROXWLRQV RI WKH VXE SUREOHPV WR
SVHXGR SRO\QRPLDO DOJRULWKPV VLPSOL¢{¢HV WKH SUREOHP
YDOXHVY WKDW PHHW DOO WKH FULWHULD UHGXFLQJ UXQQLQ

DYNAMIC PROGRAMMING OPTIMIZATION FOR EARLY
RIGHT-OF-WAY ACQUISITION

"\QDPLF SURJUDPPLQJ '3 LV D PHWKRGRORJ\ XVHG WR VRO

LW GRZQ LQWR D QXPEHU Rl VPDOOHU SUREOHPV ZKLFK FDC

QDWXUH RI WKH HDUO\ ULJKW RI ZD\ DFTXLVLWLRQ SURFHVYV

ZKLFK VKDUH WKH IROORZLQJ FRPPRQ FKDUDFWHULVWLFYV

X 7KH HDUO\ ULJKW RI ZD\ DFTXLVLWLRQ SUREOHP FDQ EH V}

Xx 7KHUH DUH D QXPEHU RI VWDWHY DQG SRVVLEOH HDUO\ U
VWDJH 7KH GLYLVLRQ RI VHTXHQFH RI DQ RSWLPL]DWLRC
VWDJHV $ VWDWH LV D PHDVXUDEOH FRQGLWLRQ RI WKH \
EXGJHW DYDLODEOH IRU SURMHFW IXQGLQJ

X $W HDFK VWDJH RI WKH ULJKW RI ZD\ DFTXLVLWLRQ SURFI
FXUUHQW WR WKH IROORZLQJ VWDJH

X $Q RSWLPDO GHFLVLRQ DW HDFK VWDWH GRHV QRW GHSHQ
ULJKW RI ZD\ DFTXLVLWLRQ SURFHVV LV XQLTXH DQG GHSH
DV GLVFXVVHG EHIRUH SULQFLSOH RI RSWLPDOLW\

X 7KHUH LV D UHFXUVLYH UHODWLRQVKLS UHSUHVHQWLQJ Wt
ZD\ DFTXLVLWLRQ SURFHVV DW VWDJH L LQ WHUPV RI SUHY
DW VXEVHTXHQW WWDBHVEDFNZDUG UHFXUVLRQ %DFNZDL
GHWHUPLQH WKH OLVW Rl RSWLPDO DFWLRQV QHHGHG WR \
FRQVLGHUV WKH ODVW WLPH D GHFLVLRQ LV PDGH DQG FRI
WKH VHFRQG WR ODVW GHFLVLRQ LQ WKH VDPH PDQQHU

VFHQDULR LV DQDO\]HG

7KH UHVRXUFH DOORFDWLRQ SUREOHP EHLQJ GHDOW ZLW
YLHZHG DV D PRGL¢{HG YHUVLRQ Rl WKH NQDSVDFN SUREOHP
SURMHFWV FDQ EH SODFHG LQ D NQ¥% $UBEK NS RIRV FFRHNIMD B MWH & |
E\ LWV DPRGWL. W W VEDMIQIIW LV GH¢{QHG DV WKH PRQHWDU\ YDC
LI D JLYHQ SDUFHO LV ERXJKW GXULQJ HDUO\ ULJKW RI ZD\ I
ULJKW RI ZD\ SDUFHOV DUH ERXJKW 6DYLQJV LV DQ LQSXW \
FDQ EH FDOFXODWHG EDVHG RQ H[SHUW MXGJPHQW VLPXOD\

7KH G\QDPLF SURJUDPPLQJ RSWLPL]DWLRQ PRGHO ZDV D
E\ 7['27 DQG YDOLGDWHG WKURXJK D RQH \HDU LPSOHPHQW
GHPRQVWUDWLQJ LWV DSSOLFDELOLW\ IRU HDUO\ ULJKW RI
G\QDPLF SURJUDPPLQJ SUREOHP LV WR ¢QG WKH SDUFHOV IU
VWD\LQJ ZLWKLQ WKH EXGJHW FRQVWUDLQW ZKLOH WRWDO I
EH OHVV WKDQ RU HTXDO WR WKH WRWDO DYDLODEOH EXGJH

N
0D[L PEESinU

i=1 jeS;
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N
VR W El\Ejes,, C;X; <B

x; € 10,1},

ZKHUH

1 WKH WRWDO QXPEHU RI SURMHFWYV FRQVLGHUHG

L LQGH[ UHSUHVHQWLQJ WKH SURMHFW QXPEHU

WKH VHW QXPEHU RI FRQVLGHUHG HRUO\ DFTXLVLWLRQ

M LQGH[ XVHG IRUIM&KH VFHQDULRYV

F, WKH FRVWLRQ G HEMMF®DULR

Y, WKH VDY LQJVXIREGHIURMHFDW L R

E DORZHU ERXQG RQ WKH EXGJHW IRU HDUO\ ULJKW RI ZD

% WKH WRWDO DYDLODEOH EXGJHW

.l WKH ELQDU\ YD U L[RBOH KWV ELD QNRANH GFENQ D U LR VR V IS O R F\M A
DQIG, L! WMWK VFHQDULR\RQBWRWHEMFWHG 7KH '3 VWDJHV FR!
WKH EWBMWBZDOB UHSUHVHQW WKH E X @ JHKW LIIDIRUZBWHE |RIIFS
YRUZDUG UHFXUVLRQ LV WKH PHWKRG WR VROY i DWDURIFOMPG
DQDO\]HV WKH SUREOHP VWDUWLQJ ZLWK WKH ¢UVW VWDJH
VWDJH LV DQDO\]HG 7 KH UBIWXWW[BIH VA/GRWWRE PD[LPXP VDY
IURP DOORFDWLQJ VEKHP RRG IWMMHIRBWQRERQV DYDLODEOH IRU S

,QFUHPHQWDO UDWH RI UHWXUQ ,55 DQDO\VLV LV XVHG
VSHFL;HG PLQLPXP DWWUDFWLYH UDWH RI UHWXUQ 0$55 7}
D SURMHFW D PDQDJHU RU FRPSDQ\ LV ZLOOLQJ WR DFFHSW
WKH ULVN DQG WKH RSSRUWXQLW\ FRVW RI QRW DFFHSWLQ.
GHWHUPLQHG E\ FDOFXODWLQJ WKH DYHUDJH UDWLR RI DQf
SURMHFWY ,Q RUGHU WR LOOXVWUDWH WKLV FRQFHSW FRQ

DQG $OWHUQDWLYH $OWHUQDWLYH KDV D EDVH OLVW R
WKH VDPH OLVW RI SURMHFWY SOXV VRPH H[WUD SURMHFW\
DOORFDWHG ,I WKH UDWH RI UHWXUQ IURP MXVW WKH DGGL
JUHDWHU WKDQ WKH 0$55 WKHQ WKH DGGLWLRQDO LQYHVWI
LQFOXGLQJ WKH DGGLWLRQDO LQYHVWPHQW LV SUHIHUUHG
WKH ¢UVW DOWHUQDWLYH LV PRUH DWWUDFWLYH 7KH LQFU
Rl DOWHUQDWLYH HDUO\ ULJKW RI ZD\ DFTXLVLWLRQ IXQGLQ
2SWLPDO EXGJHW LV JLYHQ E\ WKH WRWDO DPRXQW Rl PRQH
PD[LPL]H WKH LQFUHPHQWDO UDWH RI UHWXUQ

7KH GHFLVLRQWWKYWDFH WiGH RSWQRQMRROG EH FKRVHC
RSWLPDO VPELQUWRKLHYHGLBYWYVWBHHUHFXUVLYH UHODWLRC
WKH YDOXXEV RR VLPSOLI\ WKH IRUPXODWLRQ DQ DUWL¢FLI
FRUUHVSRQGV WR KDYLQJ QR SURMHFWV ,W LV DOVR DVVXP}
§ FRUUHVSRQGV WR QRWHSYFNLRQRSWKRHWHEMSRUWDQW DV VXP
D GLVFUHWH VHW Rl FRMV IFROQM EXBUH® OHYHOMRUH GLVFUH
WKH PRGHO IURP FRQWLQXRXV WR GLVFUHWH HTXDWLRQV W
E E« %ZLOO PHDWDWKNWQ DOO SRVVLEOH IXQGLQJ OHYHOV
GLVFUHWL]DWLRQ EHWZHHQ WE®D ®GQLRMN PP BRPKIFG ARG GLEXE®
7KLV SURYLGHV WKH IROORZL@J UHd®XUVLYH UHODWLRQ IRU F

(0, ifi=0
v(b)= {max{si/' TV (bi_cij)|j €S} if0<izn
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%\ VROYLQJ WKLY UHFXUVLRQ IRUDOO SURMHFWY VWDUWLC
UHVXOWgVEé ER UE « % ZLOO UHSUHVHQW WKH RSWLPDO VROXWLR
LQFUHPHQWY 7KLV G\QDPLF RSWLPL]DWLRQ PRGHO ZDV XVHC
RI :D\ $FTXLVLWLRQ (52: (52: ZDV GHYHORSHG DW 7H[DV $ O
VHOHFWLQJ SURMHFWYV XQGHU GLIIHUHQW ULJKW RI ZD\ DFTX

USING EROW TO IDENTIFY EARLY RIGHT-OF-WAY ACQUISITION PROJECTS

(52: LQSXW SDUDPHWHUV LQFOXGH WKH PD[LPXP DQG PLQLPXI
EXGJHWYV DQG WKH EXGJHW LQFUHPHQW VL]H LQWHUYDO EHYV
FRVWV DQG VDYLQJV IRU HDFK SURMHFW VFHQDULR DUH DOV
UHWXUQ $ SURMHFW VFHQDULR LV GH¢{QHG E\ FHUWDLQ QXPE

$ RQH \HDU LPSOHPHQWDWLRQ SURMHFW ZDV FRQGXFWH (
SHUVRQQHO LQ HDFK RI WKH IRXU 7['27 UHJLRQV 7KH SURMH]
WKUHH FRQVWUXFWLRQ SURMHFWYV ZLWK FDQGLGDWH SDUFH
ORFDWHG LQ D PHWURSROLWDQ FRXQW\ LQ +RXVWRQ DQG F
XUEDQ FRXQW\ LQ $XVWLQ DQG FRQWDLQV SDUFHOV 3URME
FRQWDLQV SDUFHOV

(52: ZDV XVHG WR FRPSDUH WKH WKUHH FRQVWUXFWLRQ SU
VFHQDULRV ,Q WKLV H[DPSOH RQO\ WKH SDUFHOV ZLWK
FRQVLGHUHG 7DEOH VKRZV WKH FRVWV DQG VDYLQJV XQGH

LV ZKHQ RQH SDUFHO ZDV DFTXLUHG HDUO\ 6FHQDULRV V
DFTXLUHG HDUO\2RQH DGGLWLRQDO SDUFHO DFTXLUHG SHU V|
ZKLFK DUH PHUHO\ WKH VXP Rl WKH SDUFHOV WKDW ZHUH FR
LQ WKH EXGJHW SURGXFHG E\ HDUO\ ULJKW RI ZD\ DV FRPSD!I
LV XVHG 6DYLQJV DUH FDOFXODWHG XVLQJ KLVWRULFDO GD
IHHGEDFN 7DEOH VKRZV YHU\ KLJK SRWHQWLDO VDYLQJV L¢
WKHVH SDUFHOV ZHUH PDLQO\ FRPPHUFLDO DQG KDG D KLJK

Table 1: Data Inputs for Project Costs and Savings Under Different Right-of-Way
Acquisition Scenarios

Number Project 1-Houston Project 2-Austin Project 3-Dallas
of Pa_rcels Cost Savings Cost Savings Cost Savings
Acquired ) ©) ©) ) $) $)

6FHQDULRL

6FHQDULR

6FHQDULRS

6FHQDULR

6FHQDULRS

6FHQDULR

6FHQDULR

6FHQDULR

6FHQDULR

6FHQDUWLR
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7TKHUHIRUH
FDVH ZKHUH QR SDUFHOV DUH ERXJKW GXULQJ HDUO\ ULJKW

Optimal Solutions

LI

DFTXLUHG HDUO\

WKHVH SDUFHOV ZRXOG ¢

JXUWKHU DQDO\WVLV ZDV FRQGXFWHG WR ¢QG RSWLPDO VRO;
RlI zD\ DFTXLVLWLRQ EXGJHW DOWHUQDWLYHY 7KH WRWDO E
ERXQG RQ WKH EXGJHW ZDV
IURP D VWXG\ WKDW FRQFOXGHV WKDW WKH UDWH RI
EDVHG RQ WKH QHZ GLUHFW DQG LQGLUHFW MREV FUHDWHG
WKH KLJKZD\ FRQVWUXFWLRQ DQG LQGLUHFW MREV FUHDWH!
SHUIRUPV DQ ,55 DQDO\VLVY WR FRPSDUH HDFK UHVXOWLQJ Y
IRU D FRQVLGHUHG HDUO\ DFTXLVLWLRQ EXGJHW GRHV QRW

UHPRYHG

R

UHWXUQYV
7DEOH
PD[LPL]H WKH ,55 7DEOH

7KH 0$55 ZzDV VHW E\ 7['Z

UHWXU

IURP VROXWLRQ FRQVLGHUDWLRQ ,Q WKLV DQDO\V
IRU HDFK SRVVLEOH EXGJHW VROXWLRQ DUH LG

WKH (52: VRIWZDUH ZDV UXQ XQGHU WKH JLYHQ EX!

VKRZV WKH UDWH RI

UHWXUQ EX(

EXGJHW VROXWLRQV FRUUHVSRQGLQJ WR HDFK RSWLPDO VRC

Table 2: Summary of Optimal Solutions at Different Funding Levels

Total Total
Funding Resulting Resulting
Level Expenditure Savings Rate of Project 1 Project 2 Project 3
(%) %) %) 5HWXUQ Houston Austin Dallas
6FHQDULR 6FHQDUI
6FHQDULR
6FHQDULR
6FHQDULR 6FHQDUL
6FHQDULR
6FHQPULR
6FHQDULR BFHQDUL
6FHQDULR 6FHQDU[LR
6FHQDULR BFHQDUL
6FHQDULR 6FHQDULR 6FH
6FHQDULR 6FHQDUL
6FHQDULR 6FHQDULR 6 FF
6FHQDULR 6FHQDULR
6FHQDULR 6FHQDUYLR
6FHQDULR 6BRAQAQDURR
7TDEOH VKRZVY WKH EXGJHW UHTXLUHG WR EX\ WKH SDUFH

UHTXLUHG LV WKH VXP RI

DOO WKH VFHQDULRY QHHGHG LQ D

XQGHU WKH JLYHQ IXQGLQJ VFHQDULR 7RWDO UHVXOWLQJ VL
WR WKH HDUO\ DFTXLVLWLRQ RI WKH SDUFHOV LQGLFDWHG LQC
RI WKH LQYHVWPHQW ZKLFK LV PHUHO\ WKH UDWLR RI WRWD
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H[DPSOH LI WKH IXQGLQJ OHYHO LV WKHQ WKH WRWDO
UHWXUQ LV DQG WKH UHVXOWLQJ VDYLQJV RI WKLV SX
UHWXUQ RI ,Q RUGHU WR KDYH WKLV UDWH RI UHWXUQ
IURP +RXVWRQ DQG WKH SDUFHOV RQ 6FHQDULR IURP 'DOO

JURP 7DEOH LW LV REVHUYHG WKDW WKH EHVW UDWH RI
7KLV UDWH RI UHWXUQ RFFXUV ZKHQ WKH IXQGLQJ VFH¢
VKRXOG EH DOORFDWHG SULPDULO\ WR VL[ SDUFHOV LQ WKH
KLJK EHFDXVH WKH SDUFHOV FKRVHQ XQGHU HDFK EXGJHW VI
OLNHOLKRRG RI LPSURYHPHQW DQG VSHFXODWLRQ 7KH EXG
EDVHG RQ (52:V ZHUH FRQVLVWHQW ZLWK H[SHUW RSLQLRQV
DSSUDLVHUV DQG SODQQLQJ VWDII
JLIXUH VKRZV VHYHUDO EXGJHW LQWHUYDOV ZLWK SHDN\
GHWDLO E\ GHFUHDVLQJ WKH XQFHUWDLQW\ LQWHUYDO IRU
YDOXH

Figure 1: EROW Output Plot Example

SHDNV LQGLFDWH IDYRUHG EXGJHW VROXWLRQV IURP D UL
RFFXU WKH UHSUHVHQWHG IXQGLQJ VFHQDULR RIIHUV UDWH
E\ YDOOH\V LQ WKH FKDUW W LV REVHUYHG WKDW WKH KLJK
UDWKHU ORZ LQ WKH DOORZDEOH EXGJHW UDQJH IRU WKH D
D ORZHU UDWH RI UHWXUQ DW D FRQVLGHUDEO\ KLJKHU HDU
UDWHV RI UHWXUQ ORZHU WKDQ 0%$55 IRU D SDUFHO VKRXO!
DFTXLVLWLRQ 0$55 LV GHWHUPLQHG E\ WKH DJHQF\ EDVHG R
H[SHFWHG 0$55 LV EHWZHHQ 7KH RXWFRPH RI WKH DQD
WKH ,55 IRU DOO IXQGLQJ OHYHOV LV VHYHUDO PXOWLSOHYV k

CONCLUDING REMARKS

(l¢e FLHQW DOORFDWLRQ RI UHVRXUFHV LV FULWLFDO IRU VWI
H[SHULHQFHG (DUO\ ULJKW RI ZD\ DFTXLVLWLRQ LV FRQVLG!
VDYLQJV ZKHQ EX\LQJ SDUFHOV +RZHYHU WKH FRPSOH[LW\
Rl ULJKW RI ZzD\ SDUFHOV PDGH WKLV W\SH RI DQDO\VLV H[WU
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WR XVH WKH HDUO\ ULJKW RI ZD\ DFTXLVLWLRQ SURFHVV ,Q
HQYLURQPHQWDO DQDO\VLV RI WKH FDQGLGDWH SURMHFWYV
&DQGLGDWH SDUFHOV FRQVLGHUHG IRU HDUO\ ULJKW RI1 ZD\ [
VWDQGDUGV )XUWKHUPRUH HDUO\ ULJKW RI ZD\ SDUFHOV P
KDUGVKLS WR WKH SURSHUW\ RZQHU WR SUHYHQW LPPLQHQ
ULJKW RI ZD\ DFTXLVLWLRQV DUH LQWHQGHG WR LPSURYH SU
FRQGHPQDWLRQ SURFHVV LI SRVVLEOH 7KH XVH RI D G\QDPLF
FRPSDULQJ GLIIHUHQW ULJKW Rl ZD\ DFTXLVLWLRQ VFHQDULR
SURMHFWYVY IRU D JLYHQ IXQGLQJ VFHQDULR 7KH G\QDPLF SU
RI D IRXU \HDU VWXG\ VSRQVRUHG E\ 7['27 DQG YDOLGDWHG V
ZLWK UHDVRQDEOH UHVXOWVY GHPRQVWUDWLQJ LWV DSSOLF]
*LYHQ WKH SODQQLQJ WLPH KRUL]JRQ DQG WKH ULJKW RI ZLC
JHQHUDWHG E\ WKH PRGHO IRU GLIIHUHQW EXGJHW OHYHOV ¥
RI ZD\ DFTXLVLWLRQV GHFLVLRQV WKURXJK
X 'HWHUPLQDWLRQ RI ZKLFK ULJKW Rl ZD\ SURMHFWV ZLWKL
VXEVWDQWLDO VDYLQJV
X 'HWHUPLQDWLRQ RQ D VWDWHZLGH EDVLV Rl FDQGLGDWH
IRU HDUO\ ULJKW RI ZD\ DFTXLVLWLRQ
X $ VHQVLWLYLW\ DQDO\VLYV YDU\LQJ WKH LQSXW SDUDPHWH UL
IXQGLQJ VFHQDULRV IRU GLIIHUHQW VHWV RI SURMHFWYV S|
DQG PDNLQJ H[SOLFLW WKH SUHYLRXVO\ KLGGHQ IDFWRUV
'KHQ VHOHFWLQJ ZKLFK SDUFHOV ZHUH JRLQJ WR EH DFTXL
SULYDWH SXEOLF PLOLWDU\ JRYHUQPHQW SURMHFW OR
OLNHOLKRRG RI LPSURYHPHQWY EHFRPH UHOHYDQW IDFWR
7KH PRGHO LGHQWL¢{HV WKH FDQGLGDWH SDUFHOV WKDW PD\
PHHW WKH FULWHULD Rl HDUO\ ULJKW RI ZD\ DFTXLVLWLRQV
HQYLURQPHQWDO VWXG\ PXVW EH SHUIRUPHG RQ WKH FDQGL
ULJKW RI ZD\ DFTXLVLWLRQ 7KH ¢QDO VHOHFWLRQ Rl SURMH
PDNHU EDVHG RQ WKH LQGLYLGXDO FKDUDFWHULVWLFV RI HC

x
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JHUUHLUD $ $ $QWXQHV DQG / 3LFDGR 6DQWRV 33URE
ODQDJHPHQW 2SWLPLRXWQRQ RRGHOQVSRUWDWLRQ (QJL®HHL

*RYHUQRUTV % X VAKQHIM\Q & RKKQH KR PSHWLWLYH $GYDQWDJH RI
$FFHVVHG RQ -XQH KWWS 7Z7ZZ WH[DVJEF RUJ 7UDQ
WKH &RPSHWLWLYH $GYDQWDJH SGI

+DNLPL 6 DQG . 0 .RFNHOPDQ 35LJKW RI :D\ $FTXLVLWLR(
&RPSDULVRQ RI 8 6-ROVWDQWBE FMIZWKH 7TUDQVSRUWDWLRQ 5HVH

+HLQHU - ' DQG . 0 .RFNHOPDQ 327KH &RVWV RI 5LJKW RI :C
IRU (VWLPRMLEQO Rl 7UDQVSRUWDWLRQ (QJLQHHULQJ

.UXJOHU 3 & &KDQJ $OELWUHV 5 )HOGPDQ 6 %WXWRQWR
'"HYHORSPHQW RI '"HFLVLRQ ODNLQJ 6XSSRUW 7RROV Il
&ROOHJH 6WDWLRQ 7;

01'27 7KH )LQDQFLDO %HQH;WV RI (DUO\ $FTXLVIOWQRO® VRWD
'HSDUWPHQW RI 7TUDQVSRUWDWLRQ

1(3$ 1DWLRQDO (QYLURQPHQWDO 3ROLF\ $FW $FFHVVHG

7['27 BURMHFW 6XPPHUYHW OD@MHIBDRHEWAOBFFHVVHG RQ -XQF
WS IWS GRW VWDWH W[ XV SXE W[GRW LQIR UWL SVU

7['27 5LJKW RI :D\ 0DQXDO 9RO 5LJKW BFEBV$HATGXRQLYWWKIRD
KWWS RQOLQHPDQXDOV W[GRW JRY W[GRWPDQXDOV DFT LQ¢

‘DQJ . &3 & 1XQQ & ODFNH\ : *RQJ ' :LOVRQ 0 (YDQV
/JHYHO &UDFN 6XUYH\ ZLWK WKH $XWRPDWHG 5HDO 7LPH 'LV\
DQQXDO PHHWLQJ IRU WKH 7TUDQVSRUWDWLRQ 5HVHDUFK %REL
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Pavement Pre- and Post-Treatment
Performance Models Using LTPP Data

by Pan Lu and Denver Tolliver

7KLYV SDSHU GHWHUPLQHVY WKDW SDYHPHQW SHUIRUPDQFH

DIlTHFWHG E\ HIRIJHQRXV LQWHUYHQWLRQV VXFK DV SDYHPHQ
DQG ORZHU OHYHO SUHVHUYDWLRQ PDLQWHQDQFH VWUDWHJL
XVHG WR UHSUHVHQW SDYHPHQW ,5, SHUIRUPDQFH FXUYHV |
ZKLFK FDOFXODWHYV VKRUW WHUP SRVW SDYHPHQW SHUIRUP
DQG SUH WUHDWPHQW SHUIRUPDQFH PRGHOV WR DYRLG HQG|
RI PDLQWHQDQFH DFWLYLWLHY RQ SDYHPHQW SHUIRUPDQFH

INTRODUCTION

3UHGLFWLQJ IXWXUH SDYHPHQW SHUIRUPDQFH DQG FRQGLWL
IRU SDYHPHQW PDQDJHPHQW SODQV ,Q PRGHUQ SDYHPHQW
IRUHFDVWLQJ PRGHOV DUH WKH PRVW HVVHQWLDO HOHPHQW
,QGHHG UHOLDEOH SHUIRUPDQFH SUHGLFWLRQ PRGHOV DUH

3DYHPHQW SHUIRUPDQFH IRUHFDVWLQJ PRGHOV DUH JHQH
FRQGLWLRQ RYHU D IXWXUH WLPH SHULRG (PSLULFDO UHJL
IRXQG LQ WKH OLWHUDWXUH DQG KDYH JUHDWHU SUDFWLFD
XQGHUO\LQJ SKHQRPHQD $$6+72 7KH PRGHOV QRW RQO\
IXWXUH FKDQJHV LQ UHVSRQVH WR WKH NQRZQ LQAXHQWLDO
EXW DOVR SURYLGH WKH UHODWLRQVKLS EHWZHHQ WKH SHU
PRGHOYV DELOLW\ WR SURYLGH WKLV UHODWLRQVKLS LV LPS
LQAXHQWLDO IDFWRUV DIIHFW WKH SHUIRUPDQFH LQGLFDWRL

$00 WKH SUHYLRXV UHVHDUFKHUVY VWXGLHV SURYLGH J
LQAXHQWLDO IDFWRUV WKDW ZLOO DIIHFW SDYHPHQW SHUIF
IRUPXODWLRQ 'UDZLQJ IURP WKH SUHYLRXV VWXGLHV WKLV
SUH WUHDWPHQW SHUIRUPDQFH PRGHOV DQG SRVW WUHDWF
HQGRJHQHLW\ ELDV $GGLWLRQDOO\ WKH SRVW WUHDWPHQ
WKH HIITHFWLYHQHVV RI GLIIHUHQW WUHDWPHQWY DSSOLHG |
PRGHOV

/JRQJ 7HUP 3DYHPHQW 3HUIRUPDQFH 3URJUDP /733 LV D F

SURJUDP W PRQLWRUV PRUH WKDQ SDYHPHQW WHVW VF
(ONLQV DQG 6FKPDO]JHU /733 ZzDV SDUW RI WKH 6WUDWH
I[URP WR 1RZ LW LV PDQDJHG E\ WKH )HGHUDO +LJK

IXQFWLRQV DV D SDUWQHUVKLS ZLWK WKH VWDWHY DQG SUR)
DV QWHUQDWLRQDO 5RXJKQHVY ,QGH[ ,5, LQ /733 GDWD 3D
WKH /733 GDWDEDVH DUH XVHG LQ WKLV VWXG\ WR HVWDEOL
/733 WHVW VHFWLRQV ZKLFK LQFOXGH DOO SUHFLSLWDWLR
DUH XVHG LQ WKLV DQDO\WVLVY 6R LW FRYHUV WKH WHVW VH
LQ &DQDGD FRPELQLQJ DOO TXDOL¢{¢HG VSHFL¢{F SDYHPHQW \
*36 VHFWLRQV 2QO\ AH[LEOH SDYHPHQW WHVW VHFWLRQV
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UHOHDVH 6'5 UHOHDVHG LQ REWDLQHG WKURXJK /733 FX
XVHG LQ WKLV UHVHDUFK

LITERATURE REVIEW

+HLQ DQG :DWW GHYHORSHG D SDYHPHQW SHUIRUPDQFH
H[SODQDWRU\ IDFWRUV 2]ED\ DQG /DXE GHYHORSHG D |
,5, YDOXH ,5, YDOXH LPPHGLDWHO\ DIWHU D SDYHPHQW LV
DJH VWUXFWXUDO QXPEHU DQG FXPXODWLYH HTXLYDOHQW
*LEE\ DQG .LWDPXUD IRXQG WKDW WKH PRVW LQAXHQWL
SDYHPHQWY DUH SUHYLRXV SDYHPHQW FRQGLWLRQ WLPH HC
RI URDGZD\ GUDLQDJH VXUIDFH WKLFNQHVV IXQFWLRQDO
3DWHUVRQ DQG $WWRK 2NLQH VXPPDUL]HG WKDW URXJK
GHYHORSHG E\ XVLQJ WUDI,F ORDGLQJ VWUHQJWK DJH DQG
VXPPDUL]HG WKDW HQYLURQPHQWDO IDFWRUV VLIQL:;:FDQWO
7KH DIRUHPHQWLRQHG DXWKRUV FRPPRQO\ DJUHH RQ WKH VL
RQ SDYHPHQW GHWHULRUDWLRQ ODLQWHQDQFH DQG UHKDE
WKDW ZLOO DIIHFW SDYHPHQW SHUIRUPDQFH +RZHYHU VRP
UHKDELOLWDWLRQV VKRXOG DOZD\V EH YLHZHG DV HQGRJH
5DPDVZDP\ DQG %HQ DNLYD .l VXFK YDULDEOHV ZHUH LQ
H[SODQDWRU\ YDULDEOHV WKHQ HQGRJHQHLW\ ELDV ZLOO F
(QGRJHQHLW\ ELDV LV WKH PDLQ UHDVRQ WKDW VRPH UHVF
SDUDPHWHU HVWLPDWHV RI LPSRUWDQW H[SODQDWRU\ YDULI

5HVHDUFKHUV VXFK DV /\WWRQ KDYH ORQJ UHFRJQL]HC
WR H[RJHQRXV LQWHUYHQWLRQV EXW DUH DOVR LQWHJUDWI
UHVHDUFKHUV WULHG WR SHUIRUP VXFK WDVNV E\ DFFRXQWL
DOVR DYRLGLQJ HQGRJHQHLW\ ELDV ODLQWHQDQFH DQG UHK
DQG RIWHQ DUH WULJJHUHG E\ WKH FRQGLWLRQ RI D SDYHPF
LQFOXGH PDLQWHQDQFH DQG UHKDELOLWDWLRQ GLUHFWO\ C
DQG %HQ DNLYD

5DPDVZDP\ DQG %HQ $NLYD GHYHORSHG D PRGHO V
SDYHPHQW GHWHULRUDWLRQ SURFHVVHV FDXVHG E\ H[RJHQR
DV D UHVSRQVH WR GHWHULRUDWLRQ 3DYHPHQW FRQGLWLF
IDFWRUV DV ZHOO DV RQ HDFK RWKHU 7KH UHVXOWV VKRZ L
VLIJQV IRU DOO WKH VLIJQL¢(¢FDQW SDUDPHWHUV 7KHUHIRUH
IRU SUHGLFWLQJ WKH GHWHULRUDWLRQ RI SDYHPHQW ZLWK
WKH ¢UVW WR VKHG OLJKW RQ WKH GLI¢FXOWLHV DVVRFLDW
7KH GUDZEDFNV DUH WKDW WKH PRGH®MNH (W EHFRPINW@ A
WKH VLPXOWDQHRXV HTXDWLRQ HVWLPDWRU JHWV ULG RI W
SDYHPHQW FRQGLWLRQ DQG PDLQWHQDQFH VLPXOWDQHRXVO
WR IRUHFDVW FRQGLWLRQV XQGHU YDULRXV PDLQWHQDQFH L
PRGHOV DUH OHVV XVHIXO WR VXSSRUW 0 5 GHFLVLRQ PDNLQ

3UR]]L DQG ODGDQDW GHYHORSHG D SDYHPHQW Skt
H[SHULPHQWDO DQG ¢HOG GDWD 7KH\ (UVW GHYHORSHG D UL
RI 6WDWH +LJKZD\ DQG 7UDQVSRUWDWLRQ 2I¢,FLDOV $$6+72
HVWLPDWHG WKH SDUDPHWHUV E\ DSSO\LQJ MRLQW HVWLPD\
'LWK ZHOO GHVLJQHG H[SHULPHQWDO GDWD WKH HQGRJHQHL
EHQH,{WV RI XVLQJ MRLQW HVWLPDWLRQ VXFK DV LPSURYLQJ
DQG DYRLGLQJ ELDV LQ WKH SDUDPHWHUV 7KH PDLQ GUDZE]
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GDWD bQG ZHOO GHVLJQHG H[SHULPHQWDO GDWD IRU WKH Ut
OHYHO RI PDLQWHQDQFH DFWLYLWLHYV LI VXFK GDWD DUH QR

+DLGHU DQG '"ZDLNDW LOQWURGXFHG WKH LGHD RI VHSI
FXUYHV WUHDWPHQW SHUIRUPDQFH FKDQJHVY DQG SRVW WUH
WUHDWPHQW SHUIRUPDQFH FXUYHY DUH FRQQHFWHG ZLWK S
SHUIRUPDQFH FKDQJHY +DLGHU DQG 'ZDLNDW DQDO\]HC
HITHFWV DQG FRPSDUHG WKH SDYHPHQW FRQGLWLRQ FKDQJH
GLIIHUHQW WLPLQJ SROLFLHVY 7KLV PHWKRG VHSDUDWHYV SD
HITHFW PRGHOV DQG ¢QGV D zD\ WR FRPELQH WKH HIIHFW ZI
+DLGHU DQG '"ZDLNDW{TV PRGHO LV WKDW LW UHTXLUHV S
WUHDWPHQW SHUIRUPDQFH FXUYHV DQG YDULRXV SRVW WUHI
WLPLQJV WR IRUPXODWH GLIITHUHQW SRVW WUHDWPHQW SHUI
HITHFW IRU HDFK WUHDWPHQW UHTXLUHV WRR PDQ\ SRVW WU
QRW DOzD\V DYDLODEOH DQG PD\ EH WRR H[SHQVLYH WR RE'

PRE-TREATMENT PAVEMENT PERFORMANCE MODELS

,Q WKLV SDSHU WZR W\SHV Rl SUH WUHDWPHQW SHUIRUPDQF
SHUIRUPDQFH PRGHO ZLWK DQ DEVROXWHO\ 3GR QRWKLQJ  V
ZLOO GHYHORS D SUH WUHDWPHQW SHUIRUPDQFH PRGHO ZLW
ZKLFK RQO\ FRQWDLQV URXWLQH PDLQWHQDQFHV VXFK DV |
VKRXOGHU WUHDWPHQW DQG VHDO FRDW 7KH UDWLRQDOH
PRGHOV VWHPV IURP WKH IDFW WKDW PLQRU SUHVHUYDWLRC
DIIHFW SDYHPHQW VXUIDFH FRQGLWLRQ LQGLFDWRUV EXW ZL
DV UHGXFLQJ WKH DPRXQW RI PRLVWXUH LQ,OWUDWLQJ WKH
VIVWHP 7R FDSWXUH WKH HIIHFW RI PLQRU SUHVHUYDWLRQ
SHUIRUPDQFH FXUYHV ZLWK DQG ZLWKRXW WKRVH PLQRU SUHI
SUHVHUYDWLRQ OHYHO WUHDWPHQWY DUH RIWHQ FDWHJRUL
WKH VDPH OHYHO RI PLQRU SUHVHUYDWLRQ PDLQWHQDQFH D

,QVSLUHG E\ SUHYLRXV UHVHDUFKHUVY ¢QGLQJV DQG WR
PRGHOV DUH GHYHORSHG XVLQJ ,5, DV WKH GHSHQGHQW YD
YDULDEOH IRU GLIIHUHQW SUHFLSLWDWLRQ DQG IUHH]H WKD:
WKH UHVHDUFK EHFDXVH Rl OLPLWHG UDQJH RI YDULDWLRQ
VWXG\ KDYH ORZ WUDI¢(¢F YROXPHV %HFDXVH WUDI¢{F IDFWRL
PRUH IRU GHPRQVWUDWLQJ WKH PHWKRGRORJ\

7KUHH OHYHOV Rl IUHH]H WKDZ UHJLRQV DUH GH¢QHG DFF
ZLWKLQ D \HDU 7KH UHJLRQV DUH FDWHJRUL]JHG DV QR IUH
IUHH]H WKDZ $ IUHH]H WKDZ GD\ LV GH,QHG E\ D GD\fV DLU \
IURP OHVV WKDQ GHJUHHV &HOVLXV WR JUHDWHU WKDQ
J)DKUHQKHLW WR JUHDWHU WKDQ GHJUHHV )DKUHQKHLW W
86'27 DQG )+:$' 5HJLRQV DUH DOVR FODVVL¢{¢HG EDVHG RQ (
GH¢QHG DV D GU\ UHJLRQ RU ZHW UHJLRQ EDVHG RQ WKH QXF
E\ D GD\YfV DPRXQW RI SUHFLSLWDWLRQ DQ DPRXQW JUHDWH
GD\ EHLQJ FRXQWHG DV RQH ZHW GOKH&RWDRGH)G :BDWHJRU
LV VKRZQ LQ 7DEOH

,Q 7DEOH WKH YDOXHV LQ 6L]H UHSUHVHQW WKH QXPE
QRWKLQJ VWUDWHJI\ LQ WKH FRUUHVSRQGLQJ UHJLRQ 6L]H
VHIPHQWY ZLWK SHUIRUPLQJ UHJXODU PLQRU SUHVHUYDWLR:
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7TDEOH VXPPDUL]JHV WKH QXPEHU RI REVHUYDWLRQV IRU
GU\ UHJLRQ QR IUHH]H WKDZ ZHW UHJLRQ PHGLXP IUHH]H W
UHJLRQ VHYHUH IUHH]H WKDZ GU\ UHJLRQ DQG VHYHUH IUH

7TDEOH 'H¢ QLWLRQ RI $QDO\VWLY 5HJLRQ IRU 3UH WUHDWPHQ
Freeze-Thaw Region | 'H, QLWLRQ Size 1 Size 2

1R J)UHH]H 7KQZ "IUHH]JH WKDZzZ GDO\V SHUl\HDU

OHGLXP )UHH]H 7KDZ " IlUHH]H WKDZ|GD\V SHU \HD|U
6HYHUH JUHH]H 7KDZ "lTUHH]H WKDZXZ GD\V [SHU \HpDU
Precipitation Region

"U\ " ZHW GD\V SHU \HDU

‘HW " ZHW GD\V SHU \HDU

Table 2: Analysis Data for Pre-treatment Performance Models

Analysis Region Size 1 Size 2
1R J)UHH]H 7KDZ 'U\ 15

OHGLXP UHH]H 7KDZ 'U\ 155
6HYHUH UHH]H 7KDZ 'U\

1R J)UHH]H 7KDZ :HW 33

OHGLXP UHH]H 7KDZ :HW

6HYHUH UHH]H 7KDZ :HW

,5, GDWD LQ /733 KDYH VKRZQ WKDW ,5, RYHU WLPH IROORZ"
+DLGHU DQG %DODGL +DLGHU DQG '"ZDLNDW ,Q WKL
FXUYH UHSUHVHQWHG E\ H[SRQHQWLDO PRGHOV DV VKRZQ
VWDWLVWLFDO UHVXOWY VKRZQ ODWHU LQ WKH SDSHU VXSSR
E\ HISRQHQWLDO PRGHOV

IRI, (t) = @) x ePr*t

"KHUH
PRGHO SDUDPHWHUY UHSUHVHQWLQJ WKH LQLWLDO YDO
, PRGHO SDUDPHWHUV UHSUHVHQWLQJ WKH GHWHULRUDW
FXUYH
W SDYHPHQW DJH LQ PRQWKYV
6HYHUDO IDFWRUV KDYH D UROH LQ SDYHPHQW GHWHULRUL
QXPEHU RI PRQWKV IRU D SDYHPHQW IURP WKH LQLWLDO FRQ
PRQWK 7KLV YDULDEOH LV LPSRUWDQW EHFDXVH WKH UDWH
ZKLOH SDYHPHQW LV DJLQJ %HFDXVH RI WKH SDYHPHQW DJH"
LV H[SHFWHG WR KDYH D SRVLWLYH VLJQ
$GGLWLRQDOO\ PRLVWXUH LV UHFRJQL]JHG DV DQRWKHU I
7KH PRUH PRLVWXUH WKDW SHQHWUDWHY D SDYHPHQW XQGH
GHWHULRUDWH 7KH IUHH]H WKDZ F\FOH LV DQRWKHU LPSRU!'
UDWH ORUH IUHTXHQW IUHH]H WKDZ F\FOHV UHVXOW LQ IDVW
7KH LQLWLDO YDOXH RI ,5, IRU SUH WUHDWPHQW SHUIRUPI
NLORPHWHU ,Q WKLV SDSHU PHWHU SHU NLORPHWHU P
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Baladi (2010). The initial IRI benchmark value of 0.5 m/km was suggested to represent a brand new
road condition (Haider and Baladi 2010; Haider and Dwaikat 2010). A typical initial serviceability
value (which is considered to be the pavement service index value immediately after the pavement
is built and open) of 4.5 pavement service index (PSI) was also suggested by AASHTO (1993). The
PSI value of 4.5 roughly equals an IRI value of 0.5 m/km when correlation reported by Al-Omari
and Darter (1994) was used: PSI=B#%'R, All the above-mentioned literature suggest that when

a pavement is brand new the IRl index value can be 0.5 m/km.

PRE-TREATMENT PAVEMENT PERFORMANCE MODEL RESULTS

The model's key properties and parameter estimates are shown in Table 3. All 12 models have R-
square values higher than 0.69, which suggests that all 12 models explain greater than 69% of the
variation in pavement IRI values. The smallest number of observations for the models with minor
OHYHO PDLQWHQDQFH DFWLYLWLHV LV ZKLFK LV VXI¢FLHQ
truly apply nothing to a pavement, especially to those segments located in a severe weather condi
tion region. So it is not surprising to see that the available data with do-nothing strategy are limited.

,Q WKLY FDVH WKH OHDVW QXPEHU RI REVHUYDWLRQV DUH IR
RQO\ FRQWDLQV QLQH REVHUYDWLRQV DQG WKH QH[W VHYHU
dry region, which only contains 12 observations. The lowest deterioration rate is found in the no
IUHH]H WKDZ GU\ UHJLRQ ZLWK PLQRU SUHVHUYDWLRQ DFWL
LV LQ WKH OHDVW IUHH]H WKDZ DQG WKH OHDVW SUHFLSLWD
VLQJOH LQAXHQWLDO IDFWRU ZLOO EH GLVFXVVHG QH[W

Table 3: Key Model Properties and Parameter Estimates

Analysis Region Estimated | Prob. > |t| Prob. > F r-square Adjusted Observations
. IRY for model r-square

P '\)/"Solj er;e“ﬁgogz 000433 | <o0001 | <0001 08507 08494 181
P %'\LO:"]”E TKDz [000496 | <00001 [ <0000 0779 0763 15
iih T > risjza::‘]’rh o o007 [ <0000 | <oo001f  0777] 0775 155
2o ';ioéhi?% HHIH 7HD%0058% | <0000L | <oo001f 08103 0810 22
vgigmywzrgrissrﬁamn'ﬂ Sh 5000479, | <o00001 | <oo0001f 0889y 0803 37
wne ':ﬂolfih";gu HHIH 7hO%P064p | <00001 | <oo0001f 09143 0906 12
i ")/"SO,: Erﬁer‘;aﬂog , |Roo4s3 | <oooor | <o00001 06913  0.690 516
i %'\L"g‘i}r‘g Tkbz hRoos1e [ <o00001 [ <oo001f 0796  0.731: 33
iih T > risjr;’a::c]’i' - 000487, <00001 | <00001l 0905§ 0895 800
i Do T(O;hi?% HHIH 7HDY00%ERy <0001 | <00001  oBag 0843 30
i panor 2 re)ssrmﬂo]nH ok o053 | <00001 | <ooo01f o0sead  0s62 60
win e '[‘ﬂ:h";gu HHIH 7kD%0083,| <00001 | <0000l o0883§  0.868 9
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7R FRPSDUH PLQRU SUHVHUYDWLRQ DQG GR QRWKLQJ VWU
WKH GHWHULRUDWLRQ UDWH LV KLIJIKHU ZLWK D GR QRWKLQJ
7KH UHVXOW LV H[SHFWHG EHFDXVH LW LV ZLGHO\ DFFHSWH(
DFWLYLWLHY FDQ UHGXFH SDYHPHQW GHWHULRUDWLRQ UDWt

Figure 1: Pre-treatment Performances for Different Minor Preservation Strategies
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7KH GHWHULRUDWLRQ UDWHV IRU WKH GR QRWKLQJ VWUD
VWUDWHJI\ EXW WKH PDJQLWXGHV Rl WKH GLIIHUHQFHV IRU F
VHYHUH ZHDWKHU FRQGLWLRQ UHJLRQV WHQG WR EH JUHDW
FRQGLWLRQV

7R FRPSDUH WKH GLIIHUHQFHV RI WKH IUHH]H WKDZ F\FOH |
GHWHULRUDWLRQ UDWH LQFUHDVHV DV WKH IUHH]H WKDZ F\F
IUHH]H WKDZ DFWLYLW\ LV FRPPRQO\ WKRXJKW WR DFFHOHU
WKDZ F\FOHV ZLWKLQ D \HDU WKH PRUH TXLFNO\ WKH SDYHP
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Figure 2: Pre-treatment Performances for Different Freeze Thaw Regions
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1RWLFH WKDW VHYHUH IUHH]H WKDZ F\FOHV DOZD\V KDYH V
WKDZ F\FOHV DOZD\V KDYH WKH ORZHVW GHWHULRUDWLRQ LU
WKH UDQJH RI GLIIHUHQFHV DPRQJ WKUHH IUHH]H WKDZ UH.
VWUDWHJI\ WKDQ WKH 3GR QRWKLQJ" VWUDWHJI\ 7KLV UHVXOW
PRUH LPSRUWDQW LQ VHYHUH IUHH]H WKDZ UHJLRQV WKDQ L
SUHVHUYDWLRQ DFWLYLWLHV ZLOO GHFUHDVH WKH SDYHPHC
IUHH]H WKDZ UHJLRQV WKDQ LQ QR IUHH]H WKDZ UHJLRQV

7R FRPSDUH WKH GLIIHUHQFHV Rl WKH SUHFLSLWDWLRQ H
LQ JHQHUDO WKH GHWHULRUDWLRQ UDWH LV KLJKHU LQ ZHW
EHFDXVH LW LV ZLGHO\ DFFHSWHG WKDW SUHFLSLWDWLRQ L
GHWHULRUDWLRQ 7KH PRUH SUHFLSLWDWLRQ D UHJLRQ UH
FRQGLWLRQ ZLOO EH RU WKH IDVWHU WKH GHWHULRUDWLRQ

7KH VHYHUH [UHZH MW MIKLRD XFGQJ D GR QRWKLQJ VWUDWH
GHWHULRUDWLRQ UDWH WKD®UWHKHLRE YMILH J UK HE|R Q/R\D K LI
UHVXOW LV FRXQWHULQWXLWLYH VLQFH WKH RSSRVLWH HII
GHWHULRUDWLRQ UDWH WKDQ GU\ UHJLRQ ZLWK WKH VDPH R\
UHVXOW PD\ EH WKH OLPLWHG QXPEHU RI REVHUYDWLRQV QL
LV UDUH WR DSSO\ DEVROXWHO\ QR WUHDWPHQW WR D SDYHI
ZHDWKHU FRQGLWLRQ UHJLRQ 7KH UHVXOW LV PRUH OLNH D
DQ LQVXI¢(FLHQW QXPEHU RI REVHUYDWLRQV
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Figure 3: Pre-treatment Performances for Different Precipitation Levels
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POST- TREATMENT PAVEMENT PERFORMANCE MODEL FORMULATION

$V PHQWLRQHG HDUOLHU
.KXUVKLG
H[SRQHQWLDO

IRIpost(t) = ay * € P2*t

"KHUH

PRGHO SDUDPHWHUYV UHSUHVHQWLQJ WKH LQLWLDO YL

FXUYH

PRGHO SDUDPHWHUYVY UHSUHVHQWLQJ WKH GHWHULRUDMW

FXUYH
W
YLIXUH
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H[SRQHQWLDO IXQFWLRQDO IRUP
/IDEL DQG )ORUD
IXQFWLRQDO
H[SRQHQWLDO PRGHOV DV VKRZQ LQ HTXDWLRQ

IRUP

GDWD LQ /733 KDYH VKRzZQ WK
+DLGHU DQG %DODGL
VXJIHVWHG SRVW WUHDWPH
WKH SRV\
ZDV DVVXF

,Q WKLV VWXG\

SDYHPHQW DJH LQ PRQWKY VLQFH ODVW PHGLXP RU P
VKRZVY WKH UHODWLRQVKLS EHWZHHQ SUH WUHDW
SHUIRUPDQFH MXPS DQG SRVW WUHDWPHQW SHUIRUPDQFH
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IROORZV WKH SUH WUHDWPHQW SHUIRUPDQFH FXUYH $)%& X
WKH ,5, YDOXH RI WKH SDYHPHQW ZLOO PRYH WR SRLQW ' 7I
3- LV GH¢QHG DV WKH GLIITHUHQFH LQ SDYHPHQW FRQGLWLR
WKH DSSOLFDWLRQ RI D WUHDWPHQW 7KHQ WKH SRVW WUH
SHUIRUPDQFH FXUYH '(

2QH FDQ WHOO IURP )LJIXUH WKDW WKH SRVW WUHDWPHDC
FRQQHFWHG E\ WKH WUHDWPHQW SHUIRUPDQFH MXPS 7KHQ
EH UHSUHVHQWHG E\ HTXDWLRQ

T <

SUH—

Figure 4: Relationship of Pavement Performance and Treatment Performance Jump
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'LWK HTXDWLRQ SUH WUHDWPHQW SHUIRUPDQFH FXUY
LW LV QRW GLI¢FXOW WR FDOFXODWH IRU D SDYHPHQW KD
QH[W WDVN LV WR FDOFXODWH SRVW WUHDWPHQW GHWHULRI
WUHDWPHQW GHWHULRUDWLRQ UDWH $ WUHDWPHQW DSSOLL}
VXUIDFH FRQGLWLRQ EDFN WR WKH ,5, YDOXH DVVRFLDWHG
ORZHU WKH GHWHULRUDWLRQ UDWH DW WKH PRPHQW ZKLFK
VXSSRVHG WR EH QR JUHDWHU WKDQ WKH GHWHULRUDWLRQ
WKH WUHDWPHQW 7KH WUHDWPHQW VKRXOG QRW LPSURYH \
WKH GHWHULRUDWLRQ UDWH DW SRLQW ' W LV VXSSRVHG W|
GHSHQGLQJ RQ WKH WUHDWPHQW HIITHFWLYHQHVYVY )RU H[DPS
HITHFWLYHQHVV WUHDWPHQW ,I D UHFRQVWUXFWLRQ LV DSS(
WKH GHWHULRUDWLRQ UDWH EDFN WR WKHLU RULJLQDO YDO:

J)LOQGLQJ WKH ORQJ WHUP SRVW WUHDWPHQW SHUIRUPDQF
H[SHULPHQWDO GDWD DIWHU D WUHDWPHQW DSSOLFDWLRQ D
GLI¢FXOW WR ¢QG WKH SRVW WUHDWPHQW SHUIRUPDQFH GHYV
WLPLQJV 8QIRUWXQDWHO\ VXFK GDWD DUH UDUHO\ DYDLODE
VRPH UHVHDUFKHUVY VWXGLHV VKRZ XQUHDOLVWLF UHVXOW\
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+DLGHU DQG 'ZDLNDW VKRZHG WKDW LI D WUHDWPHQMW
ZLOO UHVXOW D ORZHU WUHDWPHQW SHUIRUPDQFH MXPS DQG
ODWHU LQ WKH SDYHPHQWY{V OLIH UHVXOWV LQ D KLIJKHU WU
UDWH 7KH FRQFOXVLRQ LV QRW DOZD\V DFFXUDWH VLQFH W
VORZHU SRVW WUHDWPHQW GHWHULRUDWLRQ UDWH ORUH VS
MXPS LW LV VXSSRVHG WR ORZHU WKH GHWHULRUDWLRQ UDV
UDWH )URP )LIXUH WKH GHWHULRUDWLRQ UDWH DW SRLQW
DW SRLQW % DQG LI D WUHDWPHQW KDV D ORZHU SHUIRUPDQ
UDWH DW WKDW SRLQW EXW QRW ORZHU WKDQ WKH GHWHUL
WKH SUH WUHDWPHQW FXUYH )URP )LIXUH WKH GHWHULRU
WKH GHWHULRUDWLRQ UDWH DW SRLQW )

7KH PDLQ UHDVRQ IRU +DLGHU DQG 'ZDLNDW WR GUI
WKH GLI(FXOW\ WR REWDLQ YDULRXV SRVW WUHDWPHQW ¢H
RI SDYHPHQW SRVW SHUIRUPDQFH GDWD ZLWK RQH FRQWUR
FDOFXODWH WKH WUHDWPHQW HIIHFW DQG GHWHULRUDWLRQ
WKH UHVXOWYV DUH YHU\ VHQVLWLYH WR WKH DYDLODEOH SD°

%HIRUH WKH SRVW WUHDWPHQW SHUIRUPDQFH GDWD EHFR
WHUP SRVW WUHDWPHQW GHWHULRUDWLRQ UDWHV +RZHYF
WUHDWPHQW HITHFWLYHQHVY WKDW LV UHVHDUFKHUV RQO\ ¢
D WUHDWPHQW LV DSSOLHG WR WKH SDYHPHQW LW LV UHDOL
YDOXH LW FDQ DOVR UHVWRUH WKH GHWHULRUDWLRQ UDWH
WKH GHWHULRUDWLRQ UDWH DW SRLQW ' LV WKH VDPH DV WK
WUHDWPHQW G HW HKRRUDGVE R HTOMWHWR WKH SRV VE MADKDAMP
WKH WUHDWPHQW HIIHFW LV EDVLFDOO\ D UHVWRUDWLRQ HII
LV VKRZQ LQ WKH QH[W SDUDJUDSK

.| D WUHDWPHQW LV DSSOLH@2LR D [5 SHHWR R QD W WHLB/WAS J
WUHDWPHQW FRQGLWLRQ FDQ EH H[SUHVVHG YLD (TXDWLRC
DVVRFLDWHG ZLWK SRVW\W BBQVWEMHM U6 ,VFRGGLML RIRXDW LR C

’5L’SUH 1+H1+W
o,x e’ —PJ
tj:[ln< T >:|/IBI
5HVWRUHG GHWHULRUDWLRQ UDWH EHKDYLRU FDQ EH H[SUH\

dﬁl‘e (t) ‘ = ~f1‘)ost (t)
dt = dt =0
J

"KHUH
L, W Q&G DUH SUH WUHDWPHQW DQG SRVW WUHDWPHQW S
GL W oAV DUH GHULYDWLYHV RI SUH WUHDWPHQW DQG
UHVSHFWLYHO\

%\ FDOFXODWLQJ WKH GHULYDWLYH RI SUH WUHDWPHQW SHL
IXQFWLRQV RQH FDQ JHW (TXDWLRQ

ok By x efrl = o fy

%\ VXEVWLWXWLQJ (TXDWLRQV DQG LOQWRGEODWDWLR
WUHDWPHQW DSSOLFDWLRQ WLPH ZLOO EH REWDLQHG DV VK
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(0 x eP - pyx By = (@ x eP - pyx fy
6LQurHe " pr=q, DQGe WKHUHIRUH WKH SRVW WUHBWRBHQW VGK+

SUH WUHDWPHQW GHWHULRUDWLRQ UDWH
,Q JHQHUDO SRVW WUHDWPHQW SHUIRUPDQFH FXUYH IXQF

— B, x t; . <t
IRL, =0, x eP>h - PJy) x e”

:KHUH
IRL, SRVW WUHDWPHQW ,5, ZKHQ WUHWWPHQW M DSSOLHG
L PRGHO SDUDPHWHU UHSUHVHQWLQJ WKH LQLWLDO YT
FXUYH

PRGHO SDUDPHWHU UHSUHVHQWLQJ WKH GHWHULRUD'
SHUIRUPDQFH FXUYH

W SDYHPHQW DJH ZKHQ D WUHDWPHQW DSSOLHG WR WK
PJjt; SDYHPHQW ,5, SHUIRUPDQFH MXPS ZKHQ WUMDWPHQW
W SRVW WUHDWPHQW SDYHPHQW DJH LQ PRQWKYV

1

PAVEMENT PERFORMANCE MODEL VALIDATION

5HIUHVVLRQ PRGHO IRUHFDVW YHUL¢{FDWLRQ LV VRPHWLPHV
WKLV SURFHVYVY LV WR KHOS DVVHVV WKH VSHFL¢{¢F VWUHQJWK
DUH XVHG WR IRUHFDVW YDOXHV RI WKH GHSHQGHQW YDULDI
ZHUH QRW UHSUHVHQWHG LQ WKH VDPSOH GDWDVHW XVHG W
SURYLGH MXVWL{FDWLRQV IRU XVHV RI WKH PRGHO IRU IRUF
'LONYV
&RRN DQG .DLULXNVWLYV VWDWH WKDW UHGXFWLRQ RI
WKH YHUL{FDWLRQ SURFHGXUH" S 5(LV DQ H[DPSOH RI
GH¢{QHG IRUHFDVW VNLOO DV WKH UHODWLYH DFFXUDF\
RI VWDQGDUG FRQWUROV ZKLFK DUH XVXDOO\ WKH DYHUDJH
FDOFXODWH 5( FDQ EH H[SUHVVHG LQ WKH IROORZLQJ (TXDWI

M#k%%

'KHWH( VXP RI VIXDUHV Rl YDOLGDWLRQ HUURUV EHWZHH:(
WKH YDOLGDWAGRQ $KHPIRRG/DRQBUHY RI YDOLGDWLRQ HUURUV |
YDOXHV RU UHIHUHQFH YDOXHV RYHU WKH YDOLGDWLRQ SHU

-DENNQLIH LV D VWDWLVWLFDO PHWKRG IRU V\VWHPDWLFE
RXW RQH REVHUYDWLRQ DW D WLPH IURP WKH VDPSOH VHW
SURFHGXUH LV WR FRPSDUH WKH GLIIHUHQFH EHWZHHQ WKH
IRU WKH RPLWWHG REVHUYDWLRQ 7KH GLIIHUHQFH LV GH¢Qt
H[SUHVVHG DV (TXDWLRQ

_ P
en=Yi—

KHUHD QG DUH WKH REVHUYHG DQG SUHGLFWHG YDOXHV F
VHW L DQG WKH QRWDWLRQ L LQGLFDWHV WKDW WKH YDOL(
JHQHUDWHG WKH SUHGLFWLRQ

7KH VXP Rl WKH VTXDUHV ®R8(HED® EH IR[S YBOVIBEG WVRQ@ XDW
VXP RI VIXDUHV RI HBBRUNDIR EH HI[ISUHYFHG DV (TXDWLRQ
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n, 2
SSE, =", e

SSE, =3, (3~ 5)’
KHUB LV WKH YDOLGDWLRQ SHULRG RU WKW WWKREFHD QI RML
SUHGLFWDQG ZKLFK XVXDOO\ VHUYHVY DV D UHIHUHQFH RU FI
8VLQJ D OHDYH RQH RXW -DFNNQLIH SURFHGXUH ZLOO VH
IURP WKH RULJLQDO GDWDVHW DW RQH WLPH XQWLO DOO V
FDOFXODWLRQVY DUH UHSHDWHG Q WLPHV ZKLFK VKRXOG EH

VHW 1RWDWLRQ L LQ (TXDWLRQ FDQ WKHQ EH H[SODLQHC
ZKLFK LV VHOHFWHG DV WKH OH@W’QRXWDV\D.@@DW[DWGDWW
EH Q (TXDWLRQ ZLOO WKHQ EH LGHQWLFDO WR 35(66 WK
FDQ EH H[SUHVVHG DV (TXDWLRQ DQG XVHG DV WKH REMH
I (yi—=¥) PRESS
RE=1- S, =55 =17 5

7TKHRUHWLFDOO\ WKH YDOXH RI 5( FDQ UDQJH IURP QHJD)
SHUIHFW SUHGLFWLRQ IRU WKH YDOLGDWLRQ GDWD VHW W
GDWD DUH JHUR L H 35(66 2Q WKH RWKHW(KDQG DIQ BE(6E
QHIJDWLYH DQG ODUJH $V D UXOH RI WKXPE D SRVLWLYH 5(1
KDV VRPH IRUHFDVW FDSDELOLW\ &RQYHUVHO\ LI 5( "~ W K
SUHGLFW &RRN DQG .DLULXNVWLYV 'LONYV 7KH VLPLOI
UHJUHSYWH[BQHVVHG DV (TXDWLRQ VXJIJHVWYVY WKDW 5( FDQ
IR 7KH FORVHU WKH &% DOUXHHWRHDFR RN KHU WKH PRUH WKI
SUHGLFWLYH WRRO 5( VRPHW&RPHV LV UHIHUUHG DV -DFNNQL

Y (V- BY
Z;':I(yl,—jz)z

7ZHOYH SUH WUHDWPHQW SHUIRUPDQFH PRGHOV ZHUH GHY
UHVXOWY DUH VKRZQ LQ 7DEOH "LITHUHQFH LV FDOFXODWHG

R =1- §57 =1

Table 4: Forecast Validation of Regression Models

Jackknife
Models R-Square R-Square Percent Difference

" 1IRWKLQJ
: IRWKLQJ
" 1IRWKLQJ
 IRWKLQJ 1.13%
" 1RWKLQJ
: IRWKLQJ
" OLQRU
: OLQRU
" OLQRU
: OLQRU
" OLQRU
: OLQRU
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7TDEOH SURYLGHYVY VHYHUDO LQGLFDWLRQV DERXW WKH P
FRQVLGHUDWLRQ RI VRPH IRUHFDVW VNLOOV VLQFH DOO \
DOO WKH PRGHOV DUH DFFHSWHG DV YDOLGDWHG PRGHO\
YDOXHV FORVH WR 5 6TXDUH DQG DOO WKH PRGHOV KDYH
7KH -DFNNQLIH 5 6TXDUH YDOXHV VKRZQ LQ 7DEOH LQGLFDYV
DV H[KLELWLQJ KLJKHU IRUHFDVWLQJ DELOLW\ VLQFH PH
:LONV

SUMMARY AND CONCLUSIONS

7KLV SDSHU SUHVHQWV SUH WUHDWPHQW SHUIRUPDQFH PR
SDSHU GHPRQVWUDWHY D PHWKRG IRU GHWHUPLQLQJ WKH SF
WUHDWPHQW SHUIRUPDQFH PRGHOV DQG VKRUW WHUP SHUIR

7KH SUH WUHDWPHQW PRGHOV GHPRQVWUDWH VHYHUDO ¢
GHWHULRUDWLRQ UDWH LV KLJKHU ZLWK D GR QRWKLQJ VWU I
+RZHYHU WKH PDJQLWXGHV RI WKH GLIIHUHQFHV IRU GLIIH
VHYHUH ZHDWKHU FRQGLWLRQ UHJLRQV WHQG WR EH JUHDW
$GGLWLRQDOO\ GHWHULRUDWLRQ UDWHV LQFUHDVH ZLWK D
UDQJH RI WKH GLIITHUHQFHYV DPRQJ WKUHH IUHH]H WKDZ UHJLI
UHJLRQ WKDQ IRU D GR QRWKLQJ VWUDWHJI\ UHJLRQ ,W VKR
PRUH LPSRUWDQW LQ VHYHUH IUHH]H WKDZ UHJLRQV WKDQ L
SUHVHUYDWLRQ DFWLYLWLHV ZLOO ORZHU SDYHPHQW GHWHL
WKDZ UHJLRQV WKDQ LQ QR IUHH]H WKDZ UHJLRQV 7KH PRGH
LV KLJKHU LQ ZHW UHJLRQV WKDQ LQ GU\ UHJLRQV ,Q PRVW F
WKDQ D GU\ UHJLRQ

7KH VWXG\ UHVXOWV FDQ KDYH LPSRUWDQW LPSOLFDWLR
VWUDWHJILHYV GHFLVLRQ PDNLQJ 3DYHPHQW HQJLQHHUV RIV
VFKHGXOHV .QRZOHGJH Rl SUH DQG SRVW WUHDWPHQW SDY
WR GHFLGH ZKHQ DQG ZKDW VXEVHTXHQW SUHVHUYDWLRQ DF

Endnotes

1. 2QH PLJKW DUJXH WKDW IUHH]JH WKDZLQJ FRQGLWLRQV R
+RZHYHU ZKDW ZH GH¢{QHG KHUH LV EDVHG RQ )+:$1V /7!
I[UHH]H WKDZ GD\V 7KHUH LV QR RWKHU ZD\ ZH FDQ REW
WKH DYDLODEOH /733 GDWD

‘H EHOLHYH WKH /733 GH¢{QLWLRQ PDNHV VHQVH <HV W
RYHU ORQJHU SHULRGV WKDQ D VLQJOH GD\ %XW ZKHQ V
OLQNHG WR FKDQJLQJ WHPSHUDWXUH IURP OHVV WKDQ \
XVHG KHUH LV ZKHQ IUHH]H WKDZ GD\V DUH OHVV WKDQ
I[UHH]H WKDZ FDWHJRU\ )URP I[UHH]H WKDZ GD\V WR I
PHGLXP IUHH]JH WKDZ FDWHJRU\ $QG IURP WR GD\V L
FDWHJRU\ 7KH UDWLRQDOH EHKLQG WKLV GH¢{¢QLWLRQ LV
OHVV WKDQ WR PRUH WKDQ LQ D VLQJOH GD\ WKH PRU

JURP WKH VWDWLVWLFDO PRGHOV WKH UHVXOWYV VKRZ
WKDZ OHYHO GH¢{QLWLRQV

7KLV LV WKH /733 GH{¢QLWLRQ EDVHG RQ WKH QXPEHU RI Z
SUHFLSLWDWLRQ ZLWKLQ D \HDU 7KH UDWLRQDOH RI WKH
GD\V ZLWKLQ D \HDU WKH JUHDWHU WKH SUHFLSLWDWLRQ
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86 'HSDUWPHQW RI 7UDQVSRUWDWLRQ 86'27 DQG/RM@HUDO
WHUP 3DYHPHQW 3HUIRUPDQFH ,QIRUPDWLRQ ODQDJHPHQW 6
8VHU 5HIHUH@®¥XEHODADBMLRQ 1R )+:$ 5' ‘DVKLQJWRQ ' &

7UDQVSRUWDWLRQ

'LONV GWDWLVWLFDO OHWKRGV LQ ‘WHGI$SWE RV ER WL GF (B §
IRQGRQ

PanLu KDV EHHQ ZLWK WKH 8SSHU *UHDW 30DLQV 7UDQVSRUWL
DV DVVRFLDWH UHVHDUFK IHOORZ VLQFH +HU UHFHQW Ul
DQDO\WLYVY HFRQRPLF LPSDFWV RI IUHLJKW WUDQVSRUWDWLF
IXHO HI¢FLHQF\ DQDO\WVLV SDYHPHQW SHUIRUPDQFH PRGHOI
GHFLVLRQ PDNLQJ DQG EULGJH SHUIRUPDQFH VWXGLHV 6KH
IURP 1RUWK &KLQD (OHFWULF 3RZHU 8QLYHUVLW\ RI %HLM
WUDQVSRUWDWLRQ DQG ORJLVWLFV IURP 1RUWK 'DNRWD 6WD

Denver Tolliver LV GLUHFWRU Rl WKH 7UDQVSRUWDWLRQ DQG /RJLV
*UHDW 30DLQV 7UDQVSRUWDWLRQ ,QVWLWXWH DW 1RUWK 'DN
HLIJKW XQLYHUVLW\ ORXQWDLQ 30DLQV &RQVRUWLXP ZKLFK
WUDQVSRUWDWLRQ FHQWHUV +H KROGV GRFWRUDO DQG PI
,QVWLWXWH LQ HQYLURQPHQWDO GHVLJQ DQG SODQQLQJ D

6LQFH 7TROOLYHU KDV EHHQ DZDUGHG PLOOLRQ LQ FF
DQG VWDWH DIJHQFLHYVY DQG SULYDWH LQGXVWULHV WR FRQG
DQDO\WVHYV +H UHFHQWO\ UHFHLYHG WKH ,QVWLWXWH RI 7

LQ 7TUDQVSRUWDWLRQ (GXFDWLRQ
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Productivity Improvements in the
U.S. Rail Freight Industry, 1980-2010

by Carl D. Martland

%HWZHHQ DQG HIWHQVLYH SURGXFWLYLW\ LPSURYHP
UDLOURDGY WR EHFRPH PRUH SUR¢(¢WDEOH GHVSLWH GHFOLQ
FDUULHUV 7TKHVH SURGXFWLYLW\ LPSURYHPHQWY HQDEOHG
SHU WRQ PLOH HYHQ WKRXJK FRVWYV IRU IXHO DQG RWKHU U
LPSURYHPHQWY ZHUH JUHDWHVW IRU EXON WUDI¢F PRYLQJ I
VWDFN WUDLQV DQG KLJK YROXPH VKLSPHQWY PRYLQJ ORQ.
WKH UDLO LQGXVWU\ LQGHHG DFKLHYHG WUHPHQGRXV LPSUR
6WDJJHUV $FW LQ LW LV LQFRUUHFW WR SRLQW WR GHUF
2WKHU IDFWRUV WKDW ZHUH HYHQ PRUH FULWLFDO WR SURG.:
QHZ ODERU DJUHHPHQWY LPSURYHG PDQDJHPHQW DQG SXE
&ULVLYV

BACKGROUND AND OVERVIEW

,Q WKH PLG V DOWKRXJK WKH UDLO LQGXVWU\ DSSHDUHG
:bUu ,, WKH .RUHDQ :DU DQG WKH UHFHVVLRQV RI WKH vV L
DV WKH 1RUWKHDVW 5DLO &ULVLY 7KH XQH[SHFWHG EDQNU?
WR D GHFDGH RI UHVWUXFWXULQJ WKH QDWLRQDO UDLO QHW
DQG WKH UHJXODWLRQV WKDW GHWHUPLQHG ZKDW WKRVH UL
WKH 3HQQ &HQWUDO DQG D KDOI GR]JHQ VPDOOHU UDLOURDG
DQG GLVWULEXWLRQ VI\VWHPVY LQ WKH QRUWKHDVW WKH OR\
UDLO VHUYLFH WR KXQGUHGV RI FRPPXQLWLHY DQG VHYHUH
SODQWY FKHPLFDO SODQWYVY VWHHO PLOOV DQG RWKHU UDL
%HFDXVH RI ZLGHVSUHDG FRQFHUQV RYHU WKHVH SRVVLEL
DFWLRQ ,Q &RQJUHVV FUHDWHG $PWUDN ZKLFK DOORZ
FLW\ SDVVHQJHU EXVLQHVYV I1HW &RQJUHVV GHYLVHG D S|
QHZ IHGHUDOO\ FRQWUROOHG UDLOURDG WKDW HPHUJHG 1
$OWKRXIK &RQJIJUHVYV DOVR JDYH UDLOURDGYV JUHDWHU SULF
UDWLRQDWKHDWQRBQFLDO LOOV RI WKH UDLO LQGXVWU\ FRQWL
,VODQG DQG 3DFL¢(F SDLOURDG DQG WKH OLOZDXNHH 5RDG ¢
PDQGDWHG VWXG\ KLIKOLIJKWHG WKH GLUH VLWXDWLRQ IDFL
&ERQWLQXDWLRQ RI WKH WUHQGV RI WKH SRVWZDU SHULR
LQ DQ LQGXVWU\ IDFLQJ HQRUPRXV FDSLWDO VKRUWDJHYV
Rl ORZ YDOXH JRRGV ODFNLQJ WKH UHVRXUFHV QHHGHG
FRQVLGHUDEOH GHJUHH RSHUDWLQJ XQGHU WKH ¢(¢QDQF
DIJHQFEHNFUHWDU\ RI 7TUDQVSRUWDWLRQ S
&RQJIJUHVV FRQVLGHUHG EXW XOWLPDWHO\ FKRVH QRW WR |
, QVWHDG WKH PDMRU OHJLVODWLYH DFWLRQV GXULQJ WKH
WKH 6WDJJHUV $FW LQ
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2YHU WKH QH[W WKUHH GHFDGHV WKH UDLO LQGXVWU\ L
DQG LQFUHDVHG LAWS SWR (RPARDJEH. &/KW\Q GRXEOLQJ WKH UHYHQ
KDQGOHG WKH LQGXVWU\ VKDUSO\ UHGXFHG LWV WUDFN PL
J)LIXUH $ VHULHV RI PHUJHUVY UHGXFHG WKH QXPEHU RI &C
ODUJH VA\VWHPV LQ ERWK WKH HDVWHUQ DQG ZHVWHUQ SRUW
Rl OLJKW GHQVLW\ OLQHV ZHUH DEDQGRQHG D VLPLODU DP|
UDLOURDGV WKDW QRZ SOD\ D PDMRU UROH LQ VHUYLQJ FXV\

Figure 1. Output Doubled, but Resource Requirements Declined Between 1966 and 2008
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'‘DWD 6RXUFDLOYRD G PUARXY HGLWLRQV

7KHVH SURGXFWLYLW\ LPSURYHPHQWY ZHUH LQVWUXPHQ\
SHUIRUPDQFH )LJXUH 1HW UDLOZD\ RSHUDWLQJ LQFRPH
UDLOURDG SUR{WDELOLW\ PRUH WKDQ WULSOHG LQ FRQVWLE
LQYHVWPHQW 52, PRUH WKDQ GRXEOHG 152, HTXDOV RSHU
H[SHQVHV FXUUHQW DQG GHIHUUHG WD[HV DQG UHQWYV IRU |
LQWHUHVW H[SHQVH RU QRQ RSHUDWLQJ UHYHQXHV RU H[SH
WR DYHUDJH QHW LQYHVWPHQW LQ UDLOURDG SURSHUW\ 7
UHWXUQ RQ VKDUHKROGHUV HTXLW\ WKDQ WR 52, LI UHWXU:¢
FDSLWDO WKHQ WKH\ FDQ PRUH UHDGLO\ UDLVH WKH IXQGV
7KH $VVRFLDWLRQ RI $PHULFDQ 5DLOURDGV $$5 KDV DFNQF
LPSURYHPHQWY IRU WKH WXUQDURXQG LQ WKH LQGXVWU\TV
%HWWHU RXWSXW SHU HPSOR\HH PRUH HI¢(FLHQW XWL
ORFRPRWLYH IXHO HI¢(¢FLHQF\ KHOSHG IUHLJKW UDLOURD
VLQFH :RUOG :DU,, 7KH UHVXOWLQJ ¢QDQFLDO SF

RQ HTXLW\ RI DQG D UHWXUQ RQ LQYHVWPHQW RI
LPSURYHPHQW DIWHU D GLVDSSRLQWI$®53 UHFRBUG RYHU \
7KH GHUHJXODWLRQ RI WKH UDLO LQGXVWU\ VSHFL¢FDOO\
FLWHG E\ ERWK HFRQRPLVWY DQG UDLO LQGXVWU\ RI¢(FLDOV
WKH LQGXVWU\ DFKLHYHG HJ ORUULVRQ DQG :LQVWRQ *
'HUHJXODWLRQ FHUWDLQO\ IDFLOLWDWHG UDWLRQDOL]
LQLWLDWLYHV DQG HQDEOHG UDLOURDGYV WR FRQFHQWUDWH
D FORVHU H[DPLQDWLRQ RI WKH VRXUFHV RI SURGXFWLYLW\
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Figure 2: Financial Performance Improved Between 1966 and 2010
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'‘DWD 6RXUFDLOYRD G PUAWRXY HGLWLRQV

WKDW LW ZDV QRW GHUHJXODWLRQ EXW FKDQJHV LQ WUDI¢F
LPSURYHPHQWY LQ FRPPXQLFDWLRQV DQG FRPSXWHUV QHZ
UDLOURDGY WKDW OHG GLUHFWO\ WR PRVW RI WKH LQGXVWI
ZDV WKH GRPLQDQW IDFWRU LQ GHFOLQLQJ UDLO UDWHV Zk
WR WUDQVODWH SURGXFWLYLW\ LPSURYHPHQWY LQWR ¢(QDC
UHJXODWRU\ IUDPHZRUN WKDW KDG ORQJ DOORZHG UDLOURD
BURSRQHQWY RI GHUHJXODWLRQ H[SHFWHG WKH DFW WR DOO
ZHUH HQKDQFHG FRPSHWLWLRQ DQG GHFDGHV RI GHFOLQLQJ

MEASURING PRODUCTIVITY

,Q EDVLF HFRQRPLF WHUPV SURGXFWLYLW\ LV WKH UDWLR R
SURGXFWLYH E\ SURGXFLQJ PRUH RXWSXW IURP WKH VDPH L
ZLWK IHZHU UHVRXUFHV 7KLV VLPSOH FRQFHSW LV FRPSOLF
DQG LQSXWV HVSHFLDOO\ IRU D FRPSOH[ VI\VWHP ZLWK PXO
VXFK DV UHYHQXH WRQ PLOHVY SHU HPSOR\HH PD\ EH HDV\ W
VXEVWLWXWDELOLW\ RI LQSXWV H J FDSLWDO LQYHVWPHQYV
DUH QHHGHG WR FDSWXUH RYHUDOO WUHQGYV LQ SURGXFWLY

7ZR TXLWH GLIIHUHQW DSSURDFKHV KDYH EHHQ XVHG WR
SURGXFWLYLW\ 7UDQVSRUWDWLRQ HFRQRPLVWYV W\ASLFDOO\
IXQFWLRQV DQG WR HVWLPDWH SURGXFWLYLW\ FKDQJH EDVH(
EH XVHG WR LQYHVWLJDWH LPSRUWDQW HFRQRPLF FRQFHSW'
%HUHVNLQ +RZHYHU WKH\ FDQ RQO\ VKRZ KRZ FRVWYV
WR YHU\ DJJUHJDWH PHDVXUHV VXFK DV DYHUDJH OHQJWK R
DYHUDJH URXWH PLOHV SHU UDLOURDG JRU H[DPSOH &KUL
DQ HFRQRPHWULF VWXG\ RI UDLOURDG FRVWY DQG SURGXFWL
7KH\ IRXQG WKDW WKH UDWH RI SURGXFWLYLW\ JURZWK GHF(
WXUQLQJ QHIJDWLYH LQ EXW WKHLU PHWKRGRORJ\ FRXOC
JURZWK RU WKH GHFOLQH
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$FFHVV WR UDLOURDG LQIRUPDWLRQ V\VWHPV HQDEOHV D
VRXUFHV RI SURGXFWLYLW\ LPSURYHPHQW (DUOLHU VWXGLH)
RI FXUUHQW \HDU IUHLJKW UHYHQXH GHADWHG E\ D UDLO SUL
E\ WKH $$59V 5DLOURDG &RVW 5HFRYHU\ ,QGH[ O0ODUWODQG
ODUWODQG ODUWODQG 'LWK WKLY DSSURDFK SURGX
WKH RSHUDWLQJ UDWLR ZKLFK LQ IDFW LV FRPPRQO\ FLWHG
WKH PHDVXUHV RI ERWK RXWSXW DQG LQSXW DUH GLUHFWO\
WKH LQGXVWU\ LW LV SRVVLEOH WR LQYHVWLJDWH WKH FDX
RXWSXW FDQ EH GLUHFWO\ UHODWHG WR FKDQJHV LQ WUDI¢F
RU FDUORDG &KDQJHV LQ LQSXW FDQ EH GLUHFWO\ WLHG W
/! FDSLWDO LQYHVWPHQW RU WKH PDNHXS RI WKH ODERU

Figure 3: Structure for Analyzing Railroad Productivity
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) 4
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Employee Fuel L&D Capital
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Labor Fuel L&D Capital
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ORYLQJ UDLO VKLSPHQW UHTXLUHY YDULRXV DFWLYLWLHV
FDU PLOHVY WRQV DQG FDUORDGV 7KH QXPEHU RI VHUYLF!
XSRQ DFWXDO WUDI¢(¢F FKDUDFWHULVWLFY DQG RSHUDWLQJ |
VWUXFWXUH RSHUDWLQJ SODQV DQG WUDLQ FDSDFLW\ 5HV
XQLWV H J WKH QXPEHU RI WUDFN PDLQWHQDQFH HPSOR\H
\HDU IUHLJKW H[SHQVH LV WKH VXPPDWLRQ RI WKH FRVWYV |
WKH XQLW FRVWYV IRU HDFK LQSXW SURYLGHV D PHDVXUH R
FKDQJHV LQ RYHUDOO SURGXFWLYLW\ FDQ UHAHFW FKDQJHV
LQ WUDI¢(F FKDUDFWHULVWLFVY RSHUDWLQJ FDSDELOLWLHV I
LW SRVVLEOH WR H[DPLQH WKH VRXUFHV RI SURGXFWLYLW\
LVVXHV VXFK DV HFRQRPLHV RI VFDOH VFRSH DQG GHQVLW
HFRQRPLF DSSURDFK

OVERALL PRODUCTIVITY IMPROVEMENT 1966 to 2010

$OWKRXJIJK WKH SULPDU\ IRFXV RI WKLY SDSHU FRQFHUQV WK|
ZHOO EHIRUH LQ RUGHU WR XQGHUVWDQG WUHQGYV LQ S
FRPSDULQJ SHUIRUPDQFH EHIRUH DQG DIWHU GHUHJXODWLR
WKH RYHUDOO UDWH RI SURGXFWLYLW\ JURZWK DQG WUHQG\
LQSXW SURGXFWLYLW\ DQG WKH UDWLR RI SULFHV WR FRVW
Rl UDLO IUHLJKW RXWSXW 5RZ 2 ZDV FDOFXODWHG E\ GLYL
2 E\D UDLO SULFH LQGH[ EDVHG XSRQ GDWD SXEOLVKHG E\"
7KLY RXWSXW PHDVXUH ZDV WKHQ FRQYHUWHG WR DQ LQGH]
IHOO VWHDGLO\ DV D UHVXOW Rl GHUHJXODWLRQ WKLV PHD

$ PHDVXUH RI UDLO IUHLJKW LQSXW 5RZ , ZDV FDOFXODWH
5RZ | E\ WKH UDLOURDG FRVW UHFRYHU\ LQGH[ SXEOLVKHC
5RZ , 7KLV LQSXW PHDVXUH ZDV WKHQ FRQYHUWHG LQWR

, $OWKRXJK I[UHLIJKW RSHUDWLQJ H[SHQVHV ZHUH PXFK KL
ZDV PXFK ORZHU 3URGXFWLYLW\ 5RZ 3 LV WKH UDWLR RI W
LQGLFHV RI SURGXFWLYLW\ DUH VKRZQ RQH ZLWK D EDVH \H
7KH ¢QDO URZ RI WKH WDEOH VKRZV WKH FRPSRXQGHG DQQX

5DWH RI &KDQJH BURGXFWLYLWAHDU 1 3URGXFWLY

)RU H[DPSOH SURGXFWLYLW\ LQFUHDVHG IURP LQ W R
7KH DQQXDO UDWH RI LQFUHDVH ZDV URXQGHG RII LQ
SHULRG WKLV UDWH RI LQFUHDVH FRPSRXQGHG DQQXDOO\
5

'XULQJ WKLV  \HDU SHULRG LQ ZKLFK RXWSXW QHDUO\ T
WKLUGV DQG SURGXFWLYLW\ LQFUHDVHG PRUH WKDQ VHYHQ
ZDV PXFK JUHDWHU DIWHU 7KH DQQXDO UDWH RI FKDQJ!
DFFHOHUDWHG WR LQ WKH ODWH V WKHQ EHJDQ D JUD
RI SHU \HDU EHWZHHQ DQG

7KH UDWLR RI WKH SULFH LQGH[ WR WKH FRVW LQGH[ 5RZ ¢
WKH UDWLR ZDV IDLUO\ VWDEOH IURP W R 3ULRU WR
VORZ LQADWLRQ ZDV D QDWLRQDO SUREOHP 7KH UDLOURD
&RPPHUFH &RPPLVVLRQ ZRXOG QRW OHW WKHP DGRSW JHQHU
WKHLU ULVLQJ FRVWV 6HFUHWDU\ Rl 7JUDQVSRUWDWLRQ
IDFWRU RI WKUHH EHWZHHQ DQG DQG DYHUDJH FRQV
ZDV MXVW  OHVV WKDQ LQ 5RZ 5 7KH SUREOHP IRU U
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EHHQ ULVLQJ HYHQ IDVWHU WKDQ SULFHV DQG WKH UDWLR R
$IWHU WKH SULFH LQGH[ DFWXDOO\ GHFOLQHG ZKL(
WKH UDWLR RI WKH SULFH LQGH[ WR WKH FRVW LQGH[ 5RZ 5
,Q JHQHUDO ZKHQ UDWHV IDLO WR NHHS SDFH ZLWK FRV
LPSURYHPHQWY FDQ RIIVHW ULVLQJ FRVW %HFDXVH WKH UD
JURZWK RYHU D SURORQJHG SHULRG WKH\ ZHUH DEOH WR LQ
IDOOLQJ SULFHV ,I UDLO UHYHQXH SHU WRQ PLOH LQ K
KDYH EHHQ ELOOLRQ UDWKHU WKDQ ELOOLRQ ELO
ELOOLRQ 5DLO UHYHQXH SHU WRQ PLOH IHOO LQ SDUW
EHFDXVH Rl UHGXFWLRQV LQ UDWHYV
8VLQJ D UDLO UDWH LQGH[ HOLPLQDWHYV WKH HIIHFWV Rl W
DW OHYHOV DQG LI WKHUH KDG EHHQ QR FKDQJH LQ WUDI
ZRXOG KDYH EHHQ KLJKHU

S5HYHQXH DW UDWHYV B5HYHQXH <HDU 1 3ULFH ,QGH

YRU H[DPSOH LI UDLO UDWHV KDG VLPSO\ PDQDJHG WR UHPL
WUDI¢(F PRYHG LQ ZRXOG KDYH EHHQ ELOOLRQ E
LQFUHDVH RI ELOOLRQ B5HYHQXH ZRXOG KDYH EHHQ KL.
HITHFWV Rl LQADWLRQ

‘KLOH VKLSSHUV KDYH FHUWDLQO\ EHQH{WHG IURP ORZHL
KDYLQJ KLJKHU 152, ,Q FXUUHQW GROODUV 152, URVH IURP

ELOOLRQ LQ 7DEOH 5RZ $V D SHUFHQWDJH RI IUHLJ}
WR LQ 7DEOH 5RZ 1 152, KDG UHPDLQHG DW |
KDYH EHHQ PXFK ORZHU LQ DQG LQ VXEVHTXHQW \HDUV ¢
EHHQ ELOOLRQ UDWKHU WKDQ ELOOLRQ LQ DQG WK

DV WKH UDLOURDGVY QHW JDLQ IURP SURGXFWLYLW\ LPSURY|
5RZ LQ 7TDEOH VKRZVY WKH FRPELQHG EHQH{;WV WR UDLC
VKRZV WKDW WKH JUHDWHVW VKDUH RI WKH QHW BEHDWKHUYV .
WKDQ WR UDLOURDGYV LQ WHUPV RI KLJKHU 152,
7KLV VHFWLRQ KDV GRFXPHQWHG WKH RYHUDOO FKDQJHV L
SBURGXFWLYLW\ LPSURYHPHQWY KDYH HQDEOHG WKH UDLOURI
WLPH SURYLGLQJ VHUYLFH DW ORZHU UDWHYVY 'HVSLWH LQFU
WR UHGXFH WKH UHVRXUFHY UHTXLUHG WR PRYH WKHLU IUHL
DQG ZKHQ FRPSDUHG ZLWK D EDVH \HDU RI EHQH¢
DYHUDJHG MXVW RYHU PLOOLRQ DQG DSSUR[LPDWHO\ WK
WR UDLO FXVWRPHUVY LQ WKH IRUP RI ORZHU UDWHYV
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7TDEOH 6KDULQJ WKH %YHQH;WV 6LQFH +LJKHU 152, DQC
| 1966 | 1980| 1985 1000| 1998 200p 2005 2008 2010

,PSDFW RQ 5DLOURDG 3UR¢WDELOLW\

1152, ELOOLRQV

152, DV RI
JUHLIJKW 5HIYHQXH

$GGLWLRQDO 2,
EDVH NlA:’

15.3%

3

Savings to Shippers

2SHUDWLQJ
S5HYHQXHV N.A
UDWHV ELQOLRQV

6DYLQJV WR VKL$SHU\
GXH WR Oszy UDWHV
ELOOLRQV RNEXUUHOW
GROODUV

7RWDO %HQH¢WV

TRWDO %HQH¢WV
5HDOL]JHG
$GGLWLRQPM.AS
SOXV 6DYLQJV W
6KLSSHUV ELOOLRQV

$GGLWLRQDO 152,
DV RI 7JRWP®.A | NA | NA. | 11.5%
%BHQH WYV

AN

SOURCES OF PRODUCTIVITY IMPROVEMENT

7KH SUHYLRXV VHFWLRQ XVHG DQ DJJUHJDWH DSSURDFK WR
LPSURYHPHQWY WKDW KDYH EHHQ DFKLHYHG E\ UDLOURDGV
ZKHUH RXWSXW ZDV PHDVXUHG DV IUHLJKW UHYHQXH DGMXV!
I[UHLJKW VHUYLFH H[SHQVH DGMXVWHG E\ D FRVW LQGH[ 7K
WKDW WKH LQGXVWU\ PDGH VXEVWDQWLDO JDLQV EXW GR Q
VHFWLRQ XVHV D PRUH GHWDLOHG PHWKRGRORJ\ WR LGHQWLI
W H[DPLQHVY WKUHH PDMRU VRXUFHV RI LPSURYHPHQW QDP
IHZHU UHVRXUFHYV SHU VHUYLFH XQLW DQG QHWZRUN UDWLF
GHPRQVWUDWH WKDW WKHUH DUH TXDQWL¢{DEOH VRXUFHV R
IRU WKH DJJUHJDWH EHQH¢{¢WV RI PRUH WKDQ PLOOLRQ SH
WKHLU FXVWRPHUV GHVSLWH ULVLQJ XQLW FRVWYV

Fewer Service Units per Unit of Output
, ] WKHUH KDG EHHQ QR FKDQJHV LQ WUDI{(F PL[ OHQJWK RI |
WKHQ RXWSXW PHDVXUHG DV IUHLJKW UHYHQXH DGMXVWHG I

WRQV DQG WRQ PLOHV ,Q IDFW DOO RI WKHVH IDFWRUV FKL
WKDQ DQ\ RI WKH VHUYLFH XQLWYVY 7DEOH
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Table 3: Indices of Various Measures of Railroad Activity (1995 = 100)

1980 | 1984 | 1990| 1995 2000 2005 2008 2010
S5HYHQXH 7RQ OLOHV ELOOLRQ

JUHLJKW 7UDLQ OLOHV| PLOQLRQ 115
YJUHLJKW &DU OLOHV ELOOLRQ

&DUORDGYV PLOOLRQ 131

7RQV PLOOLRQ

2XWSXW

'DWD 6RXUFH VHUYLFH XQLWYV IRU &6DNV® U RWDIE PUARMYMGW HG/LWHEBRVYWHG LQ $4

7KH UDWLRV RI VHUYLFH XQLWV WR RXWSXW GHFOLQHG Gl
JURP WR WKH VWHHSHVW GHFOLQH ZDV LQ WRQV XQL\V
GHFOLQH ZDV LQ IUHLJKW WUDLQ PLOHV SHU XQLW RI RXWSX

Table 4: Ratio of Service Units per Unit of Output (1995=1.00)

1980 1984 1990 1995 200(d 200b 2008 2010
S5HYHQXH 7RQ OLOHV ELOOLRQ
JUHLJKW 7UDLQ QLOHV| PLO|OLRQ
JUHLJKW &DU OLOHYV HLOOLRQ
&DUORDGVY PLOQLRQ
7TRQV PLOOLRQ 1.51

'DWD 6RXUFH VHUYLFH XQLWYV IRU &6DNVQO U RWDIY PUARMYGCW HG/LWHEBRVYWHG LQ $4

7R XQGHUVWDQG ZK\ WKH RXWSXW PHDVXUH JUHZ IDVWHU
GLIIHUHQFHY EHWZHHQ W\SLFDO FRDO DQG LQWHUPRGDO WU

X &RDO WUDLQ FDUV HDFK ZLWK WRQV RI FRDO Ul
WUDLQ
X ,QWHUPRGDO WUDLQ FRQWDLQHUV ZLWK DQ DYHUD.J
FRQWDLQHU RU SHU WUDLQ
7KHVH WZR WUDLQV KDG HVVHQWLDOO\ WKH VDPH UHYHQXH
RXWSXW LI ZHUH WKH EDVH \HDU IRU D SURGXFWLYLW\ V\
WRQV RI FRDO LQ FDUORDGYV ZKHUHDV WKH LQWHUPRGDO

ORDGV :KHQ LQWHUPRGDO JURZV IDVWHU WKDQ FRDO WKHC
ORDGV SHU XQLW RI RXWSXW &KDQJHV LQ WUDI¢F PL[ HTXL
IDFWRUV KDYH DOVR DIIHFWHG WKH VHUYLFH XQLWYV UHTXLUI

7TDEOH VKRZV WKH WRWDO QXPEHU RI VHUYLFH XQLWV W
VHUYLFH XQLWV WR RXWSXW ZHUH WKH VDPH DV LQ %\ F
DFWXDO QXPEHUV RI VHUYLFH XQLWYVY LW LV SRVVLEOH WR H
ZHUH DFWXDOO\ XVHG 7KH DQQXDO VDYLQJV ZHUH HVWLPDW

WRQ PLOHV WUDFN H[SHQVHYV WUDLQ PLOH WUDLQ FUHZ
PDLQWHQDQFH DQG RZQHUVKLS DQG &DUORDG DGPLQL!
FRVWV ZHUH XVHG SUHYLRXVO\ WR UHSUHVHQW W\SEFDO FR
Ne) WKH WRWDO DQQXDO VDYLQJV UHODWLYH WR ZDV
VDYLQJV UHODWLYH WR ZDV ELOOLRQ 7KH VDYLQJV DL

ZDV QHDUO\ ELOOLRQ 7KH ODUJHVW SRUWLRQ RI WKH\

SHU XQLW RI RXWSXW ZKLFK LV FORVHO\ UHODWHG WR WKH
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FDPH IURP WKH UHGXFWLRQ LQ FDUORDGY SHU XQLW RI RXWS?S
6DYLQJV LQ IUHLJKW WUDLQ PLOHV UHAHFW WKH RSHUDWLR
VHFWLRQV SURYLGH PRUH GHWDLO FRQFHUQLQJ WKH FKDQJH

Table 5: Service Units at 1995 Level of Service Units per Unit of Output

1980 1984 1990 1995 200( 2005 2008 2010
S5HYHQXH 7RQ OLOHV ELOOLRQ
JUHLJKW 7UDLQ OLOH\ PLOOBRQ
JUHLJKW &DU OLOHYV ELOOLULRQ
&DUORDGY PLOOLRQ

Table 6: Estimated Savings in Billions of 1995 $ (negative numbers indicate higher costs
relative to 1995)

1980 | 1984 | 1990| 1995  200( 2006 2008 2010
SHYHQXH 7RIQ OLOQHYV
JUHLIJKW 7UDLQ OLOHYV
JUHLJKW &DU OLQHYV
&DUORDGV
7TRWDO 6DYLHQJIV

7TUDI¢F @iJH RI WKH PRVW LPSRUWDQW WUHQGYV DIIHFWLQJ D
WKH JHQHUDO VKLIW LQ WUDI¢F PL[ WRZDUG FRPPRGLWLHYV E
,Q D WKLUG RI UDLO FDUORDGY FRQVLVWHG RI FRDO PHYV
FRXOG PRYH LQ PXOWL FDU VKLSPHQWYVY RU XQLW WUDLQV ,(
VZLWFKLQJ ZHUH OHVV WKDQ Rl FDUORDGYV LQ ORWRL
HITHFWLYHO\ PRYHG LQ KLJKO\ VSHFLDOL]JHG UDLO HTXLSPHQ
LQ 7KH PDMRULW\ Rl UDLO WUDI¢F PRYHG DOPRVW HQWL
FRPSOH[ WHUPLQDO RSHUDWLRQV H[WHQVLYH LQWHUPHGLDV
SObQV 2YHU WLPH EXON FRPPRGLWLHY UHPDLQHG D WKLUG |
DQG FKHPLFDOV WRIJHWKHU DFFRXQWHG IRU DQRWKHU WKLU
IURP PRUH WKDQ KDOI RI WKH WRWDO SULRU WR WR EDUF
ORQJHU GRPLQDWHG E\ WUDGLWLRQDO FDUORDG VHUYLFHYV

7TDEOH TUDI¢F OL[ &DUORDGLQJV E\ ODMRU &RPPRGLW\ *U
Commodities 1969 1980 1995 2003 2008 2010
6XLWDEOH IRU 8QLW 7U|D
&RDO OHWDOOLF 2UH Déa%% DUP 3URGXFWYV 33.1%

,QWHUPRGDO 5.5%

6SHFLDOL]JHG
ORWRU 9HKLFOHV DQG | KHPLFDOV

$00 2WKHU *HQHUDO )UHLJIKW
'DWD 6RXUFH WUDISPICODWRD GUDRDPERSS/ HGLWLRQV

11.5%

Lengthofhaul. 7KHUH ZDV D VWHDG\ LQFUHDVH LQ WKH OHQJWK RI
LQ WR LQ DQG WRDLOW®RD & PRERXYYV HGLWLRQV
WKH DYHUDJH OHQJWK RI KDXO DSSHDUV WR LPSURYH V\VWHP
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¢[HG FRVWY XQUHODWHG WR GLVWDQFH DVVRFLDWHG ZLWK F
DQG REWDLQLQJ SD\PHQW DV ZHOO DV WKH UHODWLYHO\ KL
OHQJWK VLPSO\ DGGVY DGGLWLRQDO FDU PLOHV PRYLQJ LQ OR
QHWZRUN +HQFH UDLO FRVWYV SHU FDU PLOH GHFOLQH ZLWEK
$FFRUGLQJ WR D VWXG\ FRQGXFWHG E\ WKH 6XUIDFH 7UDQVS
DYHUDJH UHYHQXH SHU WRQ PLOH IRU FRDO DQG JUDLQ GHF
IRU HDFK RI WKUHH GLVWDQFH FDWHJRULHVY OHVV WKDQ |
PLOHYV JRU ERWK FRPPRGLWLHV WKH DYHUDJH UHYHQXH St

ORZHU WKDQ WKH DYHUDJH UHYHQXH SHU WRQ PLOH IRU V
DFWXDO FKDQJHV LQ UDWHV RU RSHUDWLRQV DQ LQFUHDVH I
LQ ERWK DYHUDJH FRVW DQG UHYHQXH SHU WRQ PLOH

Train Capacity. 7UDLQ SURGXFWLYLW\ QHW WRQV WUDLQ PLOH LPS

DV D UHVXOW RI LQFUHDVHV LQ WUDLQ OHQJWK DQG LQFU
VLGLQJ OHQJWK PRGL¢(FDWLRQV WR IUHLJKW \DUGV DQG KLJ
EXON WUDLQV HQDEOHG UDLOURDGYV WR LQFUHDVH DYHUDJH
WUDFN FRPSRQHQWY WKDW DOORZHG WKH LQGXVWU\ WR LQF
FOHDUDQFHY DORQJ PDMRU URXWHYV DOORZHG RSHUDWLRQ R
ORQJHU WUDLQV RI KHDYLHU FDUV UHVXOWHG LQ YHU\ VLJQL
RI IUHLJKW KDQGOHG E\ PDLQ OLQH WUDLQV

7DEOH VKRZV WKDW WKH JURVV WRQQDJH RI D W\SLFDO
WKLUGY RYHU*WEHYDSHPHRIGKDQGLVH WUDLQV FDUU\ D PL[W)
WKH WDEOH VKRZV WKH DYHUDJH JURVV WRQV SHU WUDLQ L
FDU UHAHFWHG WKH LQWURGXFWLRQ RI 1 DQG T ER[FDUV
7KH LQFUHDVH LQ WUDLQ OHQJWK UHAHFWV WKH FRPELQHG
OHQJWK LQFUHDVHG DV D UHVXOW RI UDLOURDG LQYHVWPHQ
OD\RXW RI FODVVL¢{FDWLRQ \DUGV WR DOORZ WKHP WR UHFHI
RQJRLQJ HIIRUWV WR UHGXFH FUHZ FRVWY DQG WR PDNH EH\
WKHLU RSHUDWLQJ SODQV VR WKDW WKH DYHUDJH WUDLQ O
JHQHUDO PHUFKDQGLVH WUDLQV

Table 8: Characteristics of Typical General Merchandise Trains, 1980 and 2006

1980 2006 &KDQJH
*URVV WRQV SHU FDU DYHUDJH RI ORDG DQIG HPSW\
7UDLQ OHQJWK IHHW
*URVV WRQV SHU WUDLQ WRQV

'DWD 6RXUFH VHH (QG 1RWH

7TDEOH VKRZV WKDW WKH QHW WRQQDJH FDUULHG E\ D W\S
D TXDUWHU EHWZHHQ DQG 7TKHVH WUDLQV ZHUH DOUI
OHQJWK zZDV JHQHUDOO\ FORVH WR WKH PD[LPXP DOORZDEOH
WKHUHIRUH UHAHFWHG LQFUHDVHV LQ VLGLQJ OHQJWK UDW
LQFUHDVHV LQ WRQV FDU UHAHFWHG WKH VKLIW IURP WKH
OE *9: WKDW ZDV VWDQGDUG'FHWWHKK EHJITZRIQ LQF BHBANKH LQ Wk
DOORZHG DQ H[WUD WRQV SHU FDU WR EH ORDGHG LQ HJ
ERRVW LQ ORDG FDSDFLW\ UHVXOWHG IURP FRQVWUXFWLQJ C
OE FDU ZLWK DQ DOXPLQXP UDWKHU WKDQ D VWHHO ERG\ FD
RYHU ZKDW FRXOG EH FDUULHG LQ WKH VWHHO OE FDU
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Table 9: Characteristics of Typical Loaded Bulk Trains, 1980 and 2006
1980 2006 &KDQJH

Eastern Railroads
1HW WRQV SHU O[RDGHG [FDU
7UDLQ OHQJWK
1HW WRQV SHU ORDGHG WUDLQ
Western Railroads
1HW WRQV SHU ORDGHG [FDU
7UDLQ OHQJWK
1HW WRQV SHU O[RDGHG WUDLQ

'DWD 6RXUFH VHH (QG 1RWH

7KH LPSURYHPHQW LQ OLQH KDXO SURGXFWLYLW\ ZDV JUI
W\SLFDO LQWHUPRGDO WUDLQ XVHG IRRW ADW FDUV IRU W
&2)& VHUYLFH 'RXEOH VWDFN WUDLQV ZKLFK ZHUH ¢UVW L
KDQGOH WZLFH DV PDQ\ FRQWDLQHUV DV D &2)& WUDLQ DUH
LQWHUQDWLRQDO LQWHUPRGDO IUHLJKW

Sources of Productivity Improvement: Fewer Resources per Service Unit

7KH QH[W PDMRU VRXUFH RI SURGXFWLYLW\ LPSURYHPHQW
XWLOL]DWLRQ $QDO\WVHV DUH JLYHQ LQ WKLV VHFWLRQ IRU
DUH DUHDV WKDW PDGH PDMRU FRQWULEXWLRQV WR SURGXF

YXHO (1¢FLHQF\ ZKHQ WKH LQGXVWU\ PRYHG ELOOLRQ UH)
HI¢FLHQF\ PHDVXUHG ZDV 570 JDOORQ %)\ Hi¢ FLHQF)\
DQG E\ ZKHQ WKH LQGXVWU\ PRYHG ELOOLRQ 570 Hl¢
570 JDOOR G DESBURD GY PRAARXY HGLWLRQV  7KHVH EHQH: WV
PDQDJHPHQW RI RSHUDWLRQV DQG EHWWHU ORFRPRWLYH WH
SULFH WUDI{F YROXPH DQG IXHO HI¢FLHQF\

JXHO FRVW B3ULFH SHU JDOORQ [ 570 570 SHU JDOOR

I IXHO HI¢FLHQF\ KDG EHHQ DW OHYHOV WKURXJKRXW WK
IXHO ZRXOG KDYH EHHQ QHHGHG LQ WKH HDUOLHU \HDUV DQ
\HDUV )XHO FRVWV ZRXOG KDYH EHHQ PLOOLRQ KLJKHL
UHPDLQHG DW WKH OHYHO RI JDOORQ ELOOLRQ 5
570 570 SHU JDOORQ ELOOLRQ JDOORQV DW OHYHO\
DW OHYHOV RI HI¢FLHQF\ ELOOLRQ JDOORQV VDYHG Z
EHHQ VDYHG LI WKH DYHUDJH IXHO SULFH KDG VWLOO EHHQ
HI¢FLHQF\ ZHUH DFWXDOO\ ELOOLRQ LQ EHFDXVH RI
JDOORQ ELOOLRQ PLOOLRQ VDYLQJV DW SHL
JDOORQ +RZHYHU WKHVH HI¢FLHQF\ VDYLQJV ZHUH PRUH \
FRVWYV UHODWHG WR WKH LQFUHDVH LQ IXHO SULFHYV ELO
ELOOLRQ
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7KH FRVW RI IXHO KDV D PDUNHG HIITHFW RQ RYHUDOO UDLC(
DW DQ DYHUDJH RI SHU JDOORQ IXHO DFFRXQWHG IRU
IXHO FRVWY ZHUH DOVR KLJK LQ UHDO WHUPV IXHO ZDV
WKH OHYHOV RI WKH HDUO\ V IXHO FRVWY ZHUH RQO\ I

Freight Car Utilizaton. 6HYHUDO WUHQGY VWDQG RXW FRQFHUQLQJ UL
LV PXFK VPDOOHU WKDQ LW ZDV LQ GHVSLWH WKH LQFUL
D SHDN RI PLOOLRQ LQ 6HFRQG RZQHUVKLS VKLIWHC
KDOI RI WKH AHHW WRZDUG FXVWRPHUV DQG FDU VXSSO\ FF
GUDPDWLFDOO\ 7KHUH DUH VHYHUDO PDLQ UHDVRQV IRU W
JURZWK RI LQWHUPRGDO VKLSPHQWY DQG EXON FRPPRGLWLFE
WKHVH UDSLGO\ JURZLQJ PDUNHW VHJIJPHQWYVY LV KLJKO\ XWL
ORDG &\FOH WLPHV IRU JHQHUDO IUHLJKW HTXLSPHQW HI[F
UHTXLUHG IRU ORDGLQJ LQWHUPHGLDWH FODVVL¢{FDWLRQV

Table 10: Characteristics of the Freight Car Fleet, Selected Years 1966-2008

1966 1980 1985 1990 1995 2000 2005 2008

JUHLJKW &DUV |[PLOOILRQV

2ZQHUVKLS
&ODVYV , 5DLOJURD G|V
2WKHU 5DLOURDGYV,
6KLSSHUV 2WKHU

S8WLOL]DWLRQ
$QQXDO &DUORDGV SHU |FDU

$YHUDJH &DU|&\FOH FDJ
GD\V SHU FDUORDG

$YHUDJH &DSPFLWY\ 7RQNVM

6RXUFH RI 'DSMOLOBRD G PNAEWXY HGLWLRQV

7KH PRUH WKDQ WHQ GD\ UHGXFWLRQ LQ WKH DYHUDJH FDU F

WKDQ EHWZHHQ DQG DVVXPLQJ RZQAWOKL SV ERNW )
UHPDLQHG DW OHYHOV DQQXDO HTXLSPHQW FRVWV ZRXC
SHU ORDG | PLOOLRQ ORDGYV ! ELOOLRQ ORVW RI W

UDWKHU WKDQ LPSURYHPHQWY LQ F\FOH WLPHV IRU VSHFL{F
VHUYLFH KDYH QRW GRFXPHQWHG DQ\ ORQJ WHUP WUHQGV W
VLQFH WKH V O0DUWODQG DQG $OSHUW
7KH VKLIW LQ RZQHUVKLS DOVR UHODWHVY WR WUDI¢{F PL]J
XWLOLWLHY FDQ MXVWLI\ RZQLQJ RU OHDVLQJ WKHLU RZQ F
FRPSDQLHV SUHIHU WR RZQ RU OHDVH HTXLSPHQW WR HQV
UDLOURDGVY VKDUH Rl WKH AHHW KDG UHPDLQHG DW OF
FDUV WKDW ZHUH DFWXDOO\ RZQHG E\ FXVWRPHUV DQG
$W FDU GD\ WKH DQQXDO FRVWYV DVVRFLDWHG ZLWK WKH\
WR WKLV DV DQ H[DPSOH RI FRVWV WKDW WKH\ KDYH LQFXUL
KDYH UHFHLYHG VLQFH
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Table 11: Impacts of Improvements in Car Cycle Time and Changes in Freight Car
Ownership

1980 | 1985| 1990| 1995 200 2006 2008

&DU &RVW &DUORDG FDU GD\

$QQXDO VDYLQJV UHODWHG WR UHGXFWLRQ|LQ
DYHUDJH F\FOH WLPH VILQFH %LOOLRQV

$GGLWLRQDO &DUV 2ZQHG E\|&DU
&RPSDQLHV 6KLSSHUV |$SIWHU
PLOOLRQYV

&RVW VKLIWHG WR &XVWRPHUV %LOOLRQV

6RXUFH RI 'DWD DQDO\WLYVY EDVHG XSRQ LQIRUPDWLRQ LQ SULRU WDEOH

7KH SHUFHQWDJH RI VKLSPHQWY WKDW FDQ XVH JHQHUDO ¢
SRUWLRQ RI UDLO WUDI¢(¢F 7KH FKDQJH LQ WUDI¢(F KDV DIIHF
GHFOLQHG IURP D WKLUG RI WKH AHHW LQ WR D TXDUWHU
PXFK RI WKH WUDI¢F EDVH WKDW VXSSRUWHG WKH XVH RI E|
GLVDSSHDUHG J/HZLYV

Labor Productivity. $V GHSLFWHG DERYH LQ )LIJXUH WRWDO &ODV)
IURP QHDUO\ LQ WR LQ D GHFOLQH RI
GURSSHG DQRWKHU WR LQ D GHFOLQH RI SHI
7KH IDFW WKDW UDLOURDGY DUH KLJKO\ XQLRQL]HG GLG QR
ZRUN IRUFH DQG ODERU DJUHHPHQWYV ZKLFK ZHUH UH QHJR\
ZLWK HPSOR\HHV LQ WKH IRUP RI KLJKHU ZDJHV ,Q FRQVWDC
LQ WR LQ ZKLFK LV DQ DYHUDJH UDWH RI SH!

\HDU SHULRG

7KH QXPEHU Rl HPSOR\HHV LQ HDFK PDMRU FDWHJRU\ GU

DFFRUGLQJ WR GDWD SXEOLVK HID DQQRDGEY PRIER WWK H GBS\ L

7KH ODUJHVW GURS2QHDUO\ 2RFFXUUHG IRU SURIHVVLRQDC
Rl WKH WUHPHQGRXV DGYDQFHV LQ FRPPXQLFDWLRQV DQG F
Rl ZD\ HPSOR\HHV UHVXOWHG IURP WKH LQWURGXFWLRQ RI E
HTXLSPHQW 6LPLODU UHGXFWLRQV ZHUH DFKLHYHG IRU PDI
ODUJHU FDUV ZLWK EHWWHU FRPSRQHQWYVY DQG PRUH PRGHU
AHHW RZQHUVKLS DZD\ IURP WKH &0ODVV , UDLOURDGV 7KH Q
¢UHPHQ FRQGXFWRUV DQG EUDNHPHQ GHFOLQHG EHFDX
UHGXFWLRQ LQ \DUG DFWLYLW\ ODERU DJUHHPHQWY WKDW L
RSHUDWLRQ RI ORQJHU DQG KHDYLHU WUDLQV DQG WKH VKLI
WR VKRUW OLQHV DQG UHJLRQDO UDLOURDGYV

$ PHDVXUH Rl ODERU SURGXFWLYLW\ FDQ EH REWDLQHG E\
HDFK FDWHJRU\ WR WKH QXPEHU RI VHUYLFH XQLWV WKDW D

VKRZV LQGLFHV Rl HPSOR\HHV SHU VHUYLFH XQLW ZLWK
SURGXFWLYLW\ ZDV HYHQ JUHDWHU WKDQ WKH VKDUS GHFO
H[HFXWLYHV RI¢FLDOV DQG DVVLVWDQWY SHU FDUORDG IH
3URIHVVLRQDO DQG DGPLQLVWUDWLYH HPSOR\HHV SHU FDUO|
LQ FRPSXWHUV DQG FRPPXQLFDWLRQV ZKLOH PDLQWHQDQF#
DQG IRU HTXLSPHQW GURSSHG WR D TXDUWHU RI WKHLU (
HQJLQHPHQ GHFOLQHG OHVV UDSLGO\ WKDQ WKH RWKHU RSF
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2WKHU WUDQVSRUWDWLRQ ZKLFK LQFOXGHV \DUG HPSOF
WKH HQWLUH \HDU SHULRG

Table 12: Employees Per Service Unit, by Category (1995 =100)

Service Unit 1968 | 1980 1995 2008
([HEFEXWLYHV 2I1,FLDOV DQG $VVLVWDQW)N &DUORDGV |[PLOOLRC
BURIHVVLRQDO $GPUQLVWUDWLYH &DUORDGYV PLOOLRQV
ODLQWHQDQFH RI :D\ | 6WUXFWXUHV 5SHYHQXH|WRQ PLOHV ELOC
ODLQWHQDQFH RI (TXLSPHQW 6WRUHV kDU OLOHY PLOOLRQV
7UDQVSRUWDWLRQ 2WKHU WKDQ 7 ( 7UDLQ OLOHV PLOOLRQ
7UDQVSRUWDWLRQ 7|( 7UDLQ OLOHV| PLO|OLRQV

6RXUFH RI GBWIDOURPSSY PUERXY HGLWLRQV

7TKH FRQWLQXLQJ LPSURYHPHQWY LQ HPSOR\HH SURGXFWLY
DQG WKH SD\UROO RI WKH &0DVYVY , UDLOURDGY 7KH QXPEHU
D IXQFWLRQ RI ZRUNORDG DQG D PHDVXUH RI ODERU SURGXF

(PSOR\HHV 6HUYLFH 8QLWV [ (PSOR\HHV SHU 6HUYLFFE

7KH WRWDO SDV\UROO FDQ EH FDOFXODWHG DV D IXQFWLRQ F
DQG WKH EHQH{; WV SHUFHQWDJH L H DYHUDJH EHQH¢;WV HJ[

3D\UROO SOXV EHQH¢ ¢WV (PSOR\HHV [ $YHUDJH :DJH |

7TKHVH WZR HTXDWLRQV PDNH LW SRVVLEOH WR HVWLPDWH W
SURGXFWLYLW\ XVLQJ ZDJH UDWHYV DQG EHQH{;WV SHUFHQWI
DQ\ GHVLUHG EDVH \HDU 7DEOH VKRZV UDLO HPSOR\PHQW
ZLWK WZR DGGLWLRQDO FROXPQV WKH QXPEHU RI HPSOR!
DVVXPLQJ WKDW ODERU SURGXFWLYLW\ VHUYLFH XQLWV SHL
FDWHJRU\ RI HPSOR\PHQW DQG WKH QXPEHU RI HPSOR\HH)\
DVVXPLQJ WKDW SURGXFWLYLW\ KDG UHPDLQHG DW OHYH
,] ODERU SURGXFWLYLW\ KDG QRW LPSURYHG WKHQ WRWDLC
WR DQG WRWDO ZDJH SD\PHQWY ZRXOG KDYH DGC
FRvwWY 7KHVH HVWLPDWHY DUH EDVHG XSRQ WKH DYHUDJH
HDFK FDWHJRU\ RI HPSOR\HHV 7KH ¢QDO URZ RI 7TDEOH FDC
DV WKH WRWDO VDYLQJV LQ ZDJHV GLYLGHG E\ WKH WRWDO |
$GGLWLRQDO FRVWV ZRXOG DOVR KDYH EHHQ LQFXUUHG
HPSOR\HH EHQH{;WV ZKLFK HTXDOHG Rl ZDJHV LQ
DW WKH OHYHOV XQWLO WKH ZRUNIRUFH LQ ZRXO
ELOOLRQ WR WKH SD\UROO ,Q RWKHU ZRUGV LI ODERU
ZRXOG KDYH H[SDQGHG WR NHHS XS ZLWK WKH LQFUHDVHV L
%\ WKH DGGHG SDV\UROO ZRXOG KDYH EHHQ RYHU ELOC
DGGLWLRQDO FRVW LQFOXGLQJ EHQH{¢WYVY ZRXOG KDYH EHHQ
QXPEHUYV DUH DOO FDOFXODWHG XVLQJ ZDJH OHYHOV ZKl
ZKHQ WKH DYHUDJH ZDJH ZDV KRXU DQQXDO VDYLQJV IUR
FXUUHQW GROODUYV
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Table 13: Savings Resulting from Improvements in Labor Productivity (Constant 1995 $)

1980
Employees

1995
Employees,
1980
Productivity

1995
Employees

2008
Employees,
1995
Productivity

2008
Employees

([HEXWLYHV
DQG $VVLVW

21¢FLDQ
DQW YV

\%

3URIHVVLRQI
$GPLQLVWUD

b O
WLYH

ODLQWHQDQHR
6BWUXFWXUH

H RI
1V

:D\

ODLQWHQDOQHR
(TXLSPHQW

H RI
6 WRUHV

7UDQVSRUWID
WKDQ 7 (

WLRQ 2

WKHU

7UDQVSRUWD
7 (

WLRQ

7TRWDO

5HGXFWLRQ
HPSOR\HHV

L Q

7TRWDO 6DYL(

DIV

ELO

OLRQ

$YHUDJH ZDJ

HV VDYH

SHU SRVLWLE

RQ

G

'DWD 6RXUFRDLOYRD G PUAWRXY HGLWLRQV

ELOOI

Improved Track Materials and Track Maintenance Technology. : KHQ WRQ FDUV ZlI
LOQWURGXFHG LQ WKH V WKH UDLOURDGYV UHGXFHG RSHUD
HDFK FDU DQG KHDYLHU WUDLQV FRXOG EH KDQGOHG ZLWKR:
\DUG OD\RXWV +RZHYHU WKH KHDYLHU FDUV SXW PXFK JUHL
PDQ\ UDLOURDGV ZHUH GHDOLQJ ZLWK (QDQFLDO SUREOHPV
FRVWYV URVH GXULQJ WKH V VSXUULQJ WKH LQGXVWU\ WRZ
VWUXFWXUHY DQG PRUH HIIHFWLYH PDLQWHQDQFH SUDFWLFI
DQG UHGXFHG PDLQWHQDQFH UHTXLUHPHQWYV 7DEOH 'HV
LQ WKH WRQV RI UDLO UHSODFHG DQG WKH QXPEHU RI Qt

FRVWV RI SHU PLOH RIWKDHOOO@QKDO FBFRHAMWWWRLIHWUD
GURSSHG E\ EHWZHHQ DQG 7KH FRVW SHU UHY I
$IWHU LQFUHDVLQJ EHWZHHQ DQG FRVWYV GHFOLQF
WR ,] UDLO DQG WLH UHSODFHPHQW KDG FRQWLQXHG L
ELOOLRQ KLJKHU LQ DQG ELOOLRQ KLJKHU LQ )R L
WUDFN WHFKQRORJ\ WUDFN FRVWY DQG WUDFN SURGXFWLYI
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Table 14: Track Maintenance Costs for Materials and Equipment (estimated 1995 cost of
$300,000 per mile of rail and $40 per tie)

1966 1980 1995 2008
EHYHQXH 7RQ OLOHYV
ELOOLRQ
OD[LPXP *URVV 9HKLFOH :HLJKW
OEV
(VWLPDWHG &RVW IRU 5DLO 7LH
U RIUD By ECoBREQ ELOOLRO EL{OOLRQ
&RV W 570
(IWUD &RVW SHODWILYH WR o1\ ro ELOOLRD {
'DWD 6RXUFHV &' ODUWODQG 3 /HZLV DQG < .ULHP

Sources of Productivity Improvement: Network Rationalization

Line Abandonment. 7KH 8 6 UDLO QHWZRUN KDV EHHQ VKULQNLQJ
EHIDQ WR VKHG XQGHUXWLOL]HG OLQHYVY DQG UHVWUXFWXUH
WUDQVSRUWDWLRQ ,Q WKHUH ZHUH DSSUR[LPDWHO\

QH[W \HDUV URXWH PLOHYVY ZHUH DEDQGRQHG DQG DQTF
OHDYLQJ URXWH PLOHVY LQ RSHUDWLRQ LQ 7TDEOH
Table 15: Changes in the Size of the U.S. Rail System 1950 to 2010
Route-Miles
Miles Route-Miles, Operated, Open Rall
Initial Route Abandoned End of Decade | End of Decade Trails
Decade Miles (1000s) During Decade (1000s) (1000s) (1000s)
N.A. N.A.
N.A. N.A.
N.A. N.A.
N.A.
N.A.
315

6RXUFH RI GDWD

PLOHV DEDQGRQHG IURP ,&& DQG 67% $QQXDO 5HSRUWYV

URXWH PLOHV FDOFXODWHG E\ VXEWUDFWLQJ PLOHYVY DEDQGRQHG IURP LQLW
ubLO WUDLOV IURP ZHEVLWH RI 5DLO

RSHUDWHG D L\OWRWEH )QFWV DQG

DFFHVVHG

- X0\

‘KHQ OLQHV DUH QR ORQJHU RSHUDWHG DEDQGRQHG RU I
PDLQWHQDQFH WR NHHS D OLQH RSHUDWLRQDO LV QR ORQJH

WR WLHVY EHFDXVH WLHV GHWHULRUDWH QR PDWWHU KRZ
WLHV SHU PLOH RQ D OLJKW GHQVLW\ OLQH
DQG PDWHULDOV WKH DQQXDO FRVW ZRXOG EH

LI

DU

I'H
H UHSO

SHU PLO
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DOO RWKHU URXWLQH PDLQWHQDQFH DFWLYLWLHY ZRXOG E}
RSHUDWLRQV ZHUH FHDVHG DQQXDO VDYLQJV FRXOG EH WZLF
DSSOLFDWLRQV EHWZHHQ DQG IRXQG DYHUDJH DQQXD
ZRXOG EH LQ GROODUV 60RVV +XPSKUH\ DQG .UX
vDYLQJY SHU PLOH DEDQGRQHG WKH EHQH/;WV WR WKH UDL
GHQVLW\ OLQHV ZRXOG H[FHHG ELOOLRQ SHU \HDU

Short Line and Regional Railroads. % HWZHHQ DQG WKH &ODVV , U
QHDUO\ URXWH PLOHVY WR VKRUW OLQH DQG UHJLRQDO U
D PHDQV RI PDLOQWDLQLQJ VHUYLFH RQ WKHVH OLQHV %\ WK
UDLOURDGY RSHUDWHG D WKLUG RI WKH LQGXVWU\TV URXWH
WKH UDLO LQGXVWU\YY JHQHUDO PHUFKDQGLVH WUDI¢(F DQG

Table 16: Route-Miles Operated
Category 1967 1980 1987 1995 2008
&0ODVYV ,
5HJLRQDO
/IRFDO
6ZLWFKLQJ 7HUPLQDO
7TRWDO 1RQ &ODVV ,
7TRWDO
1RQ &0ODVV , DV B TRWDO

6RXUFH RRIDEDWRDG )DFWYVY WRWDOV IREDLOWRDE )DRBRWY &ODVYV , PLOHDJH I
DQG 5DLOURDG )DFWV DQG

Mergers. 7KH QXPEHU RI &0DVV , UDLO VI\VWHPYV GHFOLQHG IURI
VHYHQ LQ 7KH UROH RI PHUJHUV LQ LPSURYLQJ SURGXF\
UHFHQW PDMRU PHUJHUV DOO UHVXOWHG LQ OHQJWK\ SHUL
VHUYLFH IHYHUWKHOHVY PHUJHUV FUHDWH ODUJHU UDLOU
FRQVROLGDWLRQ DQG WKH\ IDFLOLWDWH FRPSUHKHQVLYH L
'LWK D EURDGHU SHUVSHFWLYH FRQFHUQLQJ QHWZRUN VWUXI
URXWHYVY D ODUJH UDLOURDG FDQ LPSOHPHQW FRRUGLQDWHC
WDVNV WKDW ZHUH PXFK PRUH GLI¢(FXOW ZKHQ PXOWLSOH UL

Terminal Consolidation and Transformation. 'XULQJ WKH V DQG V PDQ
LQYHVWHG LQ KXPS \DUGV LQ RUGHU WR UHGXFH WHUPLQDO
ORVW ZHUH EXLOW WR KDQGOH WR FDUV SHU GD\ DQ

FORVHG RU GRZQJUDGHG "KHQ JHQHUDO PHUFKDQGLVH WULI
RI \DUG FRQVWUXFWLRQ HQGHG DEUXSWO\ OHUJHUV RI WKH
UHGXQGDQW IDFLOLWLHY ZKLOH FKDQJHV LQ WUDI¢F PL[ DQC
WR UHVWUXFWXUH ROG FODVV \DUGVY DV LQWHUPRGDO WHUPI

SUMMARY OF PRODUCTIVITY IMPROVEMENTS

7KH UDLO LQGXVWU\ LQ UHFHQW \HDUV KDV EHHQ PRUH SUR
WLPH VLQFH :RUOG :DU ,, ORUH WUDI¢{(F PRYHV RYHU WKH V\
WKDQ WKH\ ZHUH LQ DQG UHVRXUFHYV DUH XVHG PRUH H
FRQVROLGDWHG WR WKH HIWHQW WKDW VHYHQ &ODVV , PDMF
WuUDLQV RSHUDWH RYHU WUDFNV WKDW KDQGOH WUDI¢F YRO:
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BURGXFWLYLW\ LPSURYHPHQWY KDYH EHHQ HVVHQWLDO WR
LQ WUDI¢{F PL[ EHWWHU UDLOURDG WHFKQRORJ\ YDVWO\ LP:
UROH RI VKRUW OLQH UDLOURDGY DOORZHG &0ODVV , UDLOUR

WR LQ 7KH LQGXVWU\ ZDV DEOH WR DFKLHYH YH
SURGXFWLYLW\ GHVSLWH WKH IDFW WKDW LW UHPDLQHG KL.
UDWHV UHVXOWHG IURP QHJRWLDWLRQV EHWZHHQ PDQDJHPH
XOWLPDWH H[WHQW RI LPSURYHPHQWY 7KH ZRUNIRUFH VKUL
IDVWHU WKDQ LQADWLRQ

%HWZHHQ DQG SURGXFWLYLW\ LPSURYHPHQWYV XO\
DSSUR[LPDWHO\ ELOOLRQ SHU \HDU 7KH JUHDWHVW VDYL

X S5HGXFWLRQV LQ VHUYLFH XQLWV SHU XQLW RI RXWSXW

KDG EHHQ WKH VDPH DV LQ WKHUH ZRXOG KDYH
FDU PLOHV DQG FDUORDGV DQG DQQXDO RSHUDWLQJ F
X S5HGXFWLRQV LQ UHVRXUFHV SHU VHUYLFH XQLW EL
KDG UHPDLQHG WKH VDPH LQ DV LQ WKH LQGXV
HPSOR\HHV PXFK PRUH GLHVHO IXHO PRUH IUHLJKW FD
RSHUDWLQJ FRVWV ZRXOG KDYH EHHQ ELOOLRQ KLJKI
o /DERU SURGXFWLYLW\ PHDVXUHG DV VHUYLFH XQLW\
UDLO HPSOR\PHQW ELOOLRQ SHU \HDU

0 )XHO HI¢FLHQF\ PHDVXUHG DV 570 SHU JDOORQ E |
o (TXLSPHQW XWLOL]DWLRQ PHDVXUHG DV DYHUDJH F

o 7UDFN FRVWV ELOOLRQ \HDU
$GGLWLRQDO VDYLQJV FDPH IURP QHWZRUN UDWLRQDOL]DWL
UHGXFWLRQ LQ WKH QXPEHU RI WUDFN PLOHV RSHUDWHG 7K
\HDU E\ DUH LQGHHG VXI¢FLHQW WR H[SODLQ KRZ WKH &
SUR¢WDELOLW\ HYHQ WKRXJK WKH\ IDFHG ULVLQJ XQLW FRV
EHFDXVH Rl LQFUHDVHG FRPSHWLWLRQ ZLWKLQ WKH IUHLJKW
7KH JUHDW PDMRULW\ Rl WKH SURGXFWLYLW\ EHQH¢{WV ZH
UHWDLQHG ZHOO XQGHU RI WKH EHQH¢WV LQ WHUPV RI |
&XVWRPHUV EHQH¢{¢WHG EHFDXVH UDWHV QRW RQO\ GLG QRW
,Q FRQVWDQW GROODUV WKHUH ZDV PRUH WKDQ D GHFOL
WR .l DYHUDJH UHYHQXH SHU WRQ PLOH KDG NHSW SDF
KDYH LQFUHDVHG E\ PRUH WKDQ ELOOLRQ LQ UHFHQW \HD
UDLO UDWH LQFUHDVHV UHODWHG WR ULVLQJ IXHO SULFHV L

V. $YHUDJH UHYHQXH SHU WRQ PLOH ZDV FHQWV LQ
$FW EHWZHHQ DQG DYHUDJH UHYHQXH SHU WRQ PLO
6XUIDFH 7UDQVSRUWDWLRQ %RDUGYTV UDLO UDWH LQGH[ UD
UHFHQW \HDUV EHFDXVH UDWHV ZHUH ORZHU WKDQ WKH\ ZHU

BURGXFWLYLW\ LPSURYHPHQWY KDYH KHOSHG WKH UDLOUF
DQG WR UDWLRQDOL]JH WKHLU QHWZRUN ,Q WKH V. WKH
FRQWURYHUV\ DPRQJ UDLOURDGYV WKHLU FXVWRPHUV DQG \
PDGH LW HDVLHU IRU UDLOURDGV WR DEDQGRQ OLQHV EXW
UHPDLQLQJ OLJKW GHQVLW\ OLQHV E\ WUDQVIHUULQJ WKHP W
ZHUH FUHDWHG DIWHU 7RGD\ WKH UHPDLQLQJ OLJKW GF
WKH\ KDYH PDQDJHUV IRFXVHG RQ ORFDO FRQGLWLRQV DQG

7KH WUDI¢F EDVH Rl WKH UDLOURDGYV FKDQJHG GUDPDWLF
IUHLJKW WUDI,F GRPLQDWHG WKH VI\VWHP XQLW WUDLQV RI
VHUYLFH ZDV QHJOLJLEOH 2YHU WLPH LQWHUPRGDO WUDI¢F
VLQJOH FDU VKLSPHQWY GHFOLQHG ERWK WUHQGV UHAHFW V
WUDI¢F FRQVLVWYV RI LQWHUQDWLRQDO FRQWDLQHUV D PDUJ

101



Railroad Productivity

GRPHVWLF IUHLJKW ZKLFK KDV VWHDGLO\ VKLIWHG WR WUXF
DQG VKLSPHQWYV IURP FXVWRPHUV ZLWK VPDOOHU DQQXDO Y
ubDLO

BURGXFWLYLW\ LPSURYHPHQWY LQ WKH UDLO LQGXVWU\
PDQDJHULDO RU LQVWLWXWLRQDO FDXVHV )RU H[DPSOH O
WHFKQRORJLFDO DQG LQVWLWXWLRQDO LQQRYDWLRQV 7KH .
DOORZHG UHGXFWLRQV LQ FOHULFDO DQG SURIHVVLRQDO VYV
FRQVLVW FKDQJHV LQ WKH EDVLV RI SD\ DQG PRUH AH[LEOI
VXSSOLHUVY DQG WKH IHGHUDO JRYHUQPHQW OHG WR EHWYV
UHGXFHG WKH QHHG IRU WUDFN PDLQWHQDQFH QHZ WUDFN |
WR PDLOQWDLQ DQG XSJUDGH WUDFN

5HVRXUFH XWLOL]DWLRQ LPSURYHG ODUJHO\ EHFDXVH RI
FRXSOHG ZLWK LQYHVWPHQW GHFLVLRQV FRQFHUQLQJ UDLOU
PRUH SRZHUIXO UHOLDEOH DQG IXHO HI¢FLHQW ORFRPRWL
WUDFN VWUXFWXUH WR DOORZ KHDYLHU ORDGY DQG LQWUR!
VWDFN FRQWDLQHU WUDLQV UHGXFHG WKH FRVW RI LQWHUPF
LQWHUPRGDO PXFK FKHDSHU WKDQ WUXFNV IRU PRYLQJ FRC(
VXSSRUW IURP SXEOLF DJHQFLHVY OHQJWKHQHG VLGLQJV LQ
RUGHU WR DOORZ ORQJHU WUDLQV DQG ODUJHU IUHLJKW HTX

CONCLUSION

%\ WKH PLG V WKH ORQJ VORZ SURFHVV RI UDWLRQDOL]DW
HOLPLQDWHG KXQGUHGYV RI XQQHFHVVDU\ OLQHWPIQGWXHU P L
ZKHQ UDLOURDGY GRPLQDWHG LOQWHUFLW\ WUDQVSRUWDWL|
EUDQFK OLQHV WKDW SODJXHG WKH UDLOURDGYV GXULQJ WKt
UHYLWDOL]HG 7KH VA\VWHP ZDV VPDOOHU EXW LW KDG PRU}
KDXO KLJK YROXPH WUDI¢{¢F WKDW PRYHV PRVW HI{FLHQWON\
LQGXVWU\ ZzDV VWURQJHU DQG WKH ODUJHVW UDLOURDGYV F
FRXQWU\ 1XPHURXV VPDOO UDLOURDGY FRQWLQXHG WR VHU
DQG RIIHUHG VLWHV IRU LOQOGXVWULDO GHYHORSPHQW WKDW K

$OWKRXIK WKH 6WDJJHUV $FW LV IUHTXHQWO\ FLWHG DV
LPSURYHPHQWY LQ WKH UDLO LQGXVWU\ WKLV DFW ZDV RQO
WKH UDLO LQGXVWU\ GXULQJ WKH V DQG vV /HILVODWL
FUHDWHG $PWUDN DQG &RQUDLO KHOSHG DFFHOHUDWH WKI
AH[LELOLW\ LQ SULFLQJ LQFOXGLQJ FRQWUDFW UDWHV 7KH
WKH 7UDQVSRUWDWLRQ 7HVW &HQWHU LQ 3XHEOR VXSSRUW!
DQG UDLOURDG VDIHW\ DQG ZRUNHG ZLWK WKH UDLOURDGYV |
RI'D QHZ JHQHUDWLRQ RI WUDFN PDWHULDOV DQG PDLQWHQLC
PRUH SULFLQJ IUHHGRP LW OHG WR WZR GHFDGHV RI GHFOI
IRU PRVW UDLO FXVWRPHUV ZKR HQMR\HG ORZHU UDWHV E)>
VXFFHVV LQ LPSURYLQJ SURGXFWLYLW\

ODQ\ RI WKH UDLO LQGXVWU\TV DFWLRQV WKDW OHG WR SUF
WKDW ZHUH EHJXQ ZHOO EHIRUH SDLOURDGY KDYH EHHQ
RWKHU QHWZRUN UDWLRQDOff B QW@ \D FRIENQWQ HV V LQHRH 5WK
HQDEOHG LPSURYHPHQWY LQ WUDFN DQG HTXLSPHRHOWRVR F
7KH ODERU DJUHHPHQWY WKDW DOORZHG FUHZ FRQVLVW UH
E\ WKH HDUO\ V FXOPLQDWHG QHIJRWLDWLRQV WKDW EHJI
VWRSSDJHV LQ WKH V DQG WKDW RQO\ EHIJDQ WR EH UH)
UDLOURDGY DJUHHG WR VKDUH WKH SRWHQWLDO FRVW VDY L(
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,QIRUPDWLRQ WHFKQRORJ\ ZDV DQRWKHU YLWDO IDFWRU V
SRWHQWLDO RI FRPSXWHUV ZDV HYLGHQW LQ WKH V  ZKH
VA\VWHPV WKDW XOWLPDWHO\ HOLPLQDWHG URRPV IX0O0 RI FOI
DQG H[WHQGHG SODQQLQJ DQG FRQWURO FDSDELOLWLHV 5C
WKH SRWHQWLDO RI FRPSXWHUV DQG FRPPXQLFDWLRQV IRU |

,Q WKH IXWXUH FRQWLQXHG HPSKDVLV RQ SURGXFWLYLW\ |

UHODWHG WR FDSDFLW\ DQG SXEOLF SROLF\ ,Q WKH UDL
FDSDFLW\ WKDQ XQGHU FDSDFLW\ DQG UDLOURDGVY FRXOG O
LQYHVW WR LQFUHDVH FDSDFLW\ %HWZHHQ DQG WKH

ELOOLRQ SHU \HDU LQ WUDFN DQG HTXLSPHQW ZKLFK ZDV
QRW WKH LQGXVWU\ ZLOO FRQWLQXH WR EH ZLOOLQJ DQG DE
DV UDLOURDGY PD\ FRQWLQXH WR IRFXV RQ WUDI¢F EHVW VX
KDXO ORZHU YROXPH IUHLJKW VKLSPHQWY RQ WKH KLJKZD\V
$OWKRXJK UDLOYV VKDUH RI WRWDO LQWHUFLW\ WRQ PLO
v LQ YV LQ WUXFNTV VKDUH LQFUHDVHG
WR RYHU WKDW VDPH SHULRG %76 0DQ\ SXEOLF DJH(
E\ PRYLQJ IUHLJKW IURP WUXFN WR UDLO ZKLFK ZLOO UHTX
VXSSOLHUV DQG SXEOLF DJHQFLHV -RKQ +RUVOH\ H[HFXWI
6WDWH +LJKZD\ DQG 7UDQVSRUWDWLRQ 2I¢FLDOV VXPPDUL]
RUJDQL]DWLRQYV DVVHVVPHQW RI LQYHVWPHQW QHHGV IRU V
*LYHQ WKH IRUHFDVWV RI VXEVWDQWLDO LQFUHDVHV LQ |
D FKDOOHQJH IRU WKH IUHLJKW UDLO LQGXVWU\ WR PDLQ
DQ HYHQ JUHDWHU FKDOSSK®IH WR BQEUHDVH LW

Endnotes
1. 7KH 5HJLRQDO 5DLO 5HRUJDQL]DWLRQ $FW RI OHG WR \
S5HYLWDOL]DWLRQ DQG 5HIXODWRU\ 5HIRUP $FW RI HD

UDWH AH[LELOLW\ DXWKRUL]JHG FRQWUDFW UDWHV DQG D
FDXVHV RI DQG SRWHQWLDO VROXWLRQV WR WKH 3UDLOUR

7KLV SDSHU HVWLPDWHV FKDQJHV LQ SURGXFWLYLW\ E\ F
IDFWRUV UHODWHG WR WKH EXVLQHVV F\FOH DV FKDQJHV
LQ SUR¢WDELOLW\ DQG UHWXUQ RQ LQYHVWPHQW ZHUH
LQWHUYHQLQJ \HDUV DUH VRPHWLPHV LQFOXGHG WR JLYH
8QOHVV RWKHUZLVH QRWH G5 DEL.IDW R [XGSXEEFREAWK B IGQ B G Q X RE ¢
$VVRFLDWLRQ RI $PHULFDQ 5DLOURDGYV

3. 7KH 67% UDLO UDWH LQGH[ ZDV XVHG ZKHUH SRVVLEOH 2I¢

$GPLQLVWUDWLRQ )RU HDUOLHU DQG ODWHU \HDU

FKDQJH LQ WKH DYHUDJH FRQVWDQW GROODU BBYBQREGSH
)DFWV

6RPH RI WKHVH VDYLQJV ZHUH RIIVHW E\ WKH IDFW WKDW
WUDQVIHUUHG WR FXVWRPHUV VRPH RI ZKRP KDG WR LQY
WDNH DGYDQWDJH RI XQLW WUDLQ UDWHYV

5. 7KHVH XQLW FRVWYVYV SHU VHUYLFH DUH VLPLODU WR WKH X
0,7 5DLO *URXS LQ FRRSHUDWLRQ ZLWK WKH $$5 DQG LQGL
7KH\ ZHUH LOQWHQGHG WR UHSUHVHQW WKH FRVWYVY DVVRFI
UDLOURDG VA\VWHP LQ WKH 8QLWHG 6WDWHYVY DQG &DQDGD
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VHUYLFH XQLW FRVWLQJ XVHG LQ UHJXODWRU\ SURFHHGL
VSHFL¢F FDWHJRULHV RI H[SHQVHV WR VSHFL¢F VHUYLFH X
XVHG LQ WKLV SDSHU D HTXLSPHQW PDLQWHQDQFH FRVW
RZQHUVKLS FRVWV WR AHHW VL]H E PDLQWHQDQFH RI ZD\
PDWHULDOV DQG HTXLSPHQW FRVW DUH DOORFDWHG WR W
FRVWVY DUH DOORFDWHG WR WUDLQ PLOHV ZKLOH IXHO FR\
RXW Rl WKLV VLPSOL¢{¢HG DSSURDFK EXW QRQH DUH GRXEC
%HFDXVH RI WKH UDLO LQGXVWU\fV SURGXFWLYLW\ JDL
FRQVWDQW GHVSLWH PDUNHG SURGXFWLYLW\ JURZWK 7K|
LQADWLRQ WKH 5DLO &RVW $GMXVWPHQW )DFWRU RU 5&$)
WKDW LV HTXLYDOHQW WR WKH $$5V 5DLOURDG &RVW 5H
DGMXVWHG IRU SURGXFWLYLW\ %RWK WKH 5&$) DQG WKH
5DLOURDG7KHFW@DGMXVWHG 5&$) URVH IURP WR
LQFUHDVH LQ WKH 5&5 RYHU WKDW SHULRG :KHQ DG\
WKH 5&$) AXFWXDWHG EXW WKH WUHQG ZDV VWDEOH DY

LQ 7KXV WKH FRVWY SHU VHUYLFH XQLW LQ
SURGXFWLYLW\ DUH EHOLHYHG WR EH UHSUHVHQWDWLYH |
WR

,QWHUPRGDO FDUORDGY DV UHSRUWHG E\ WKH $$5 IRU
S0OLVFHOODQHRXV OL[HG )UHLJKW  DQG 332WKHU" FDUORDGYV

6RXUFH RI GDWD IRU 7TDEOHV DQG & ' 0ODUWODQG 33UF
/JHQJWK DQG 7RQQDJH ~ XQSXEOLVKHG PHPR GDWHG )HEUX
W\SLFDO WUDLQ FKDUDFWHULVWLFV E\ VIQWKHVL]LQJ GDW!I

)58 $$5 DQG 77&, EHWZHHQ DQG

7KH FRVW RI IUHLJKW FDUV YDULHV ZLWK WKH W\SH RI FDU
VLQFH KDYH FRVW DQ DYHUDJH RI WKH DYHUDJH
5DLOURDG )DFWK/H FDU FRVW VDYLQJV DUH EDVHG XSRQ DY
WKH SXUFKDVH SULFH URXQGHG RII WR SHU \HDU RU

7KHVH DSSUR[LPDWH QXPEHUV DVVXPH UHQHZDO RI EDOO
UHSODFHPHQW RI WKH UDLO 7KH FRVW LQFOXGHV WKH FR
FRVW RI ODERU ZKLFK LV FDSWXUHG HOVHZKHUH LQ WKH I

7KH UHGXFWLRQ LQ VHUYLFH XQLWYV SHU XQLW RI RXWSX
XQLW DUH WZR GLIIHUHQW DVSHFWV RI SURGXFWLYLW\ LI
ZLWK FKDQJHV LQ RXWSXW DQG XQLW FRVWV ZLOO GHWEF
JRU HI[DPSOH LI WUDLQ OHQIJWK LQFUHDVHV WKHQ IHZHU
QHHGHG L H WKHUH ZLOO EH D UHGXFWLRQ LQ VHUYLFH
FUHZ GHFOLQH IURP PRUH WKDQ IRXU WR OHVV WKDQ WK
GLVWULFW LQFUHDVHVY WKHQ WKHUH ZLOO EH IHZHU WUDL
D UHGXFWLRQ LQ HPSOR\HHV SHU VHUYLFH XQLW 7KH ODE
RU DQ\ RWKHU FODVV RI HPSOR\HHV LV FDOFXODWHG DV I

D 3D\UROO W (PSOR\HHV W [ $YHUDJH :DJH W
E (PSOR\HHV G6HUYLFH 8QLWV W [ (PSOR\HHV SHU
F 6HUYLFH 8QLWYV 2XWSXW W [ 6HUYLFH 8QLWV SF

6ROYLQJ WKHVH HTXDWLRQV IRU D EDVH \HDU DQG DQRWKH
DQG LW ZLOO EH SRVVLEOH WR GHWHUPLQH WKH H[WHQW
LQ D FKDQJH LQ WRWDO ODERU FRVW L H LQ WKH SD\URC
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WKH VDYLQJY UHODWHG WR VHUYLFH XQLWYV SHU XQLW RI F
WR 7DEOH DVVXPLQJ ODERU SURGXFWLYLW\ ZDJH UL
GLVFXVVHG LQ (QGQRWH WKH FRVWY SHU VHUYLFH XQLW
7KH vDYLQJY UHODWHG WR HPSOR\HHV SHU XQLW RI RXWS.
WR 7DEOH ZKLFK VKRZV VDYLQJY EDVHG XSRQ DYHUDJH
IRU WKH FKDQJHV LQ ZDJH UDWHYV WR HVWLPDWH FXUUHQW
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Stopping Behavior of Drivers at Stop-Controlled
Intersections: Compositional and Contextual
Analysis

by Mintesnot Woldeamanuel

7KLYV UHVHDUFK H[DPLQHVY KRZ GULYHUV FRQGXFW WKHPVHO
GLITHUHQW FRPSRVLWLRQDO YDULDEOHYVY VRFLR GHPRJUDSKL
DWWULEXWHYV WKDW DIIHFW SHRSOHTV EHKDYLRU RQ GULYHI
E\ ODZz 2EVHUYDWLRQDO VWXG\ ZDV GHVLJQHG WR FROOHFW
WKH ELQDU\ ORJLW PRGHO LV XVHG IRU WKH DQDO\VLV 7KH
RI WKH GULYHU QXPEHU RI SDVVHQJHUV LQ WKH YHKLFOH ¢
EORFN UDGLXV XVLQJ KHDGOLJKWYVY DQG WLPH RI WKH GD\ W
H[SODLQLQJ UHODWLRQVKLSY EHWZHHQ WKRVH YDULDEOHV D

INTRODUCTION

BWRS VLIJQV DW LQWHUVHFWLRQV SUHGRPLQDQWO\ XVHG LQ
LQ UHJXODWLQJ WKH PRYHPHQWY RI WUDI{F DQG SHGHVWUL
)YDWDOLW\ $QDO\VLV DQG 5HSRUWLQJ 6\VWHP RI WKH 8 6 1DW
1+76%$ VKRZV WKDW WKHUH ZHUH IDWDO FUDVKHV UHOD
LQ RXW RI ZKLFK DUH DW VWRS FRQWUROOHG LQWHUVH
1+76% $QQXDO 5HSRUW RQ 7UDI¢F 6DIHW\ )DFWV RI IDWD
VLIQV ZKHUHDYV DUH DW WUDI¢{F VLIQDOV DW QR WUD
WUDI¢(F FRQWURO GHYLFHVY ODEHOHG DV *RWKHU XQNQRZQ ~ °
DW LQWHUVHFWLRQV DUH DOVR KLJKHU DW VWRS VLJQV WKI
VLPLODU UHSRUW UHYHDOHG WKDW WKHUH ZDV DQ LQFUHDV
LQWHUVHFWLRQ FUDVKHV ZHUH REVHUYHG EHWZHHQ DQG
SURMHFWLRQ RI WUDI,F IDWDOLWLHV IRU WKH ¢UVW KDOI RI
LQ PRWRU YHKLFOH WUDI¢{F FUDVKHV QRW ORFDWLRQ VSHFL
FRPSDUHG ZLWK WKH HVWLPDWHG IDWDOLWLHV WKDW RF
BHYHUDO RWKHU VWXGLHV KDYH UHSRUWHG WKH IDFW W
LQWHUVHFWLRQV ZLWK VLJQDOV RU VWRS VLJQV &DPSEHO(C
9DQ +RXWHQ DQG 5HWWLQJ $V RI DOO XUEDQ DFFLG
GULYHUV DQG SHGHVWULDQVY EHKDYLRU LV RI YLWDO LPSR
$W XQVLJQDOL]HG VWRS FRQWUROOHG LQWHUVHFWLRQV GU
ZLWKRXW ORRNLQJ IRU WUDI¢F RQ WKH PDMRU URDG FUHDW!
$FFRUGLQJ WR D VXUYH\ E\ WKH 1DWLRQDO 6DIH .LGV &D
YHKLFOHV VXUYH\HG DW LQWHUVHFWLRQV PDUNHG ZLWK VWF
D FRPSOHWH VWRS DW LQWHUVHFWLRQV 7KH VDPH VWXG\ VI
WKURXJK WKH VWRS VLJQV ZKHUHDV QHDUO\ D WHQWK RI PR\
7KHUH DUH YDULRXV H[SODQDWLRQV WR WKH TXHVWLRQ R
VLIJQV DV UHTXLUHG E\ ODZ $OWKRXJK HFRORJLFDO LVVXH
YLVLELOLW\ DQG URDG GHVLJQ SOD\HG D VLJQL,FDQW URO}
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EHKDYLRU H[SODLQHG LQ WHUPV RI FDUHOHVVQHVV ODFN F
FRQWUROOLQJ WKHLU VXUURXQGLQJV DQG WKH GULYHUTV
WR FRPSO\ WR WKH ODZ RI PDNLQJ D FRPSOHWH VWRS 7KH
DJH JHQGHU DQG KDQG KHOG FHOO SKRQH XVH ZKLOH DSS!
DWWHPSWHG WR FUHDWH UHODWLRQVKLSY EHWZHHQ WKH VR
PDNLQJ FLUFXPVWDQFHV DQG WKHLU VWRSSLQJ EHKDYLRU
DQ REVHUYDWLRQDO VWXG\ WR GHWHUPLQH WKH SHUFHQWD
LQWHUVHFWLRQV $FFRUGLQJ WR WKH UHVXOWV RI WKH VW)
PRVW GULYHUV WR FRPSOHWHO\ VWRS ZHUH WKH SUHVHQFH
PRYHPHQW RI YHKLFOHV YHKLFOH DUULYDO VHTXHQFHV DQ
WKDW GULYHUV GXULQJ RIl SHDN SHULRGV KDYH D KLJKHU
WKRVH GXULQJ SHDN SHULRGV EHFDXVH RI OHVV FRQALFWLQ.
RWKHU GLUHFWLRQV
2WKHU VWXGLHV LGHQWL{HG VSHHGLQJ DV DQ LQAXHQFLC
E\ 1+76% VSHHGLQJ ZDV WKH GRPLQDQW IDFWRU LQ Wi
GULYHU YLRODWHG WKH WUDI¢{F VLIQDO VWRS VLJQ ZKLOH L
DVVHVVHG VHYHUDO VWXGLHV RQ WKH VXEMHFW DQG GF
FKDUDFWHUL]JHG E\ IDLOXUH WR VWRS RU WR ORRN DGHTXC
DQG VWRS VLJQ YLVLELOLW\ WR EH WKH OHDGLQJ FDXVH RI
LQAXHQFLQJ WKH EHKDYLRU RI GULYHUV DW VWRS VLJQV $ V

DJHG DQG DERYH DUH WLPHV PRUH DW ULVN RI EHLQJ L
LOQOWHUVHFWLRQV ZKHQ FRPSDUHG ZLWK EHLQJ WLPHV PRU
\HDUV DQG ROGHU DUH WLPHV PRUH DW ULVN DW VWRS VL

FRPSDUDWLYH DQDO\VLV EHWZHHQ JURXSV RI GULYHUV DJHV
FUDVKHV ZKHUH GULYHUV IDLOHG WR \LHOG WKH ULJKW RI ZD
FRQWUROOHG LQWHUVHFWLRQV 7KH VWRSSLQJ EHKDYLRU RI
PRYHPHQWY DW LQWHUVHFWLRQV $FFRUGLQJ WR WKH 1DWLR
PRUH OLNHO\ WR VWRS ZKHQ SHGHVWULDQV ZHUH SUHVHQW
D WKLUG Rl PRWRULVWV YLRODWHG WKH VWRS VLJQV ZKHQ
PRWRULVWVY YLRODWHG WKH VWRS VLJQV ZKHQ QR SHGHVWUL
IRU SHGHVWULDQV ZKR ZHUH FURVVLQJ WKDQ IRU WKRVH ZDL
RI GULYHUV GLG QRW FRPH WR D FRPSOHWH VWRS DW LQWHU
YROXPHV XUEDQ VHWWLQJV DQG WKH EHKDYLRU RI RWKHU
GULYHUV EHKDYH DW VWRS VLJQV .HD\D HW DO .LVKRUH

7KLV SDSHU UHSRUWV ¢QGLQJV IURP DQ REVHUYDWLRQDC
DGGLWLRQDO QHZ H[SODQDWRU\ YDULDEOHV WKDW KDYH QR\
SKRQH XVH QXPEHU RI SDVVHQJHUV LQ WKH YHKLFOH DQG S
KDYH DQ LQAXHQFH RQ WKH VWRSSLQJ EHKDYLRU DQG GHFLV
LQWHUVHFWLRQV 7KH VWXG\ LV EDVHG RQ D ¢HOG REVHUYD!
SUREDELOLVWLF PRGHOV 8QOLNH SUHYLRXV VWXGLHV WKH I
LQYHVWLIJDWH WKH GLVWUDFWLRQV WKDW PD\ LQKLELW 6W ¢
WR SURYLGH DQ LQVLJKW RQ YDULDEOHV WKDW DUH UHVSRQ)

6W &ORXG LV ORFDWHG DERXW PLOHV QRUWKZHVW RI \
PHWUR DUHD WKH ODUJHVW SRSXODWHG UHJLRQ LQ OLQQH
WKH OLVVLVVLSSL 5LYHU LW LV ORFDWHG LQ WKH KHDUW RI
DQG D PHWUR SRSXODWLRQ RI UHVLGHQWYV 6W &ORXC
OLQQHVRWD 6W &ORXG KDV KLJK PDQXIDFWXULQJ HPSOR\PF
QDWLRQ
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7KLY SDSHU LV RUJDQL]JHG LQWR ¢YH VHFWLRQV )ROORZ
SUHVHQWY WKH GDWD XVHG DQG WKH PHWKRGRORJ\ 7KH WKL
RQ WKH HIIHFW Rl FRPSRVLWLRQDO DQG HFRORJLFDO FRQW
PRWRULVWY 6HFWLRQ IRXU H[SODLQV DQG GLVFXVVHV WKH
UHPDUNYV DQG SROLF\ UHFRPPHQGDWLRQV

MATERIAL AND METHODS

7KH UHVHDUFK DSSURDFK LQYROYHG PRGHOLQJ GULYHUVSY V
DQ REVHUYDWLRQDO VXUYH\ 2EVHUYDWLRQV ZHUH XQGHUW
XQGHUVWDQG GULYHUVYT EHKDYLRU ZKHQ WKH\ DSSURDFK D W
DQG SURGXFH FHUWDLQ VWRSSLQJ WHSHIVQ FRPSRHWHPERBEOL
H[SODLQ WKH UHODWLRQVKLS EHWZHHQ WKH VHOHFWHG H[SC
DQG VWRSSLQJ W\SHV 7KH SUHPLVH RI WKH VHOHFWLRQ RI
LQGLYLGXDOYY FKDUDFWHULVWLFYVY DV ZHOO DV FRQWH[WXDO
YDULDEOHYV ZHUH GLYLGHG LQWR WZR PDMRU FDWHJRULHYV

SDVVHQJHUV LQ WKH FDU FHOO SKRQH XVH ZKLOH GULYLQJ

WKH DUHD >GHQVLW\ DQG ODQG XVH@ GD\ DQG WLPH RI WKH
Rl ODZ HQIRUFHPHQW DQG D PHFKDQLFDO YDULDEOH KHDGO
,QGLFDWRU FRHI{(FLHQWY ZHUH HVWLPDWHG XVLQJ WKH PRG
UHDOO\ DIIHFW WKH GHFLVLRQV RI WKH GULYHU ZKHQ DSSUR

Data Collection
$00 GDWD ZHUH JDWKHUHG DW IRXU GLIIHUHQW LQWHUVHFW

$00 LQWHUVHFWLRQV ZHUH ORFDWHG LQ GLIIHUHQW XUEDQ
KLIJIK GHQVLW\ FRPPHUFLDO PHGLXP GHQVLW\ UHVLGHQWLDO

Figure 1: Observation Locations

6RXUFH RI PDS &LW\ RI 6W &ORXG
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GHQVLW\ UHVLGHQWLDO ,QWHUVHFWLRQV REVHUYHG LQFO X«
GHQVLW\ FRPPHUFLDO D IRXU ZD\ LQWHUVHFWLRQ WK $YHC
8QLYHUVLW\ D IRXU ZD\ LQWHUVHFWLRQ QG $YHQXH UG ¢
LQWHUVHFWLRQ DQG WK $YHQXH WK 6WUHHW ORZ GHQVI
WKH REVHUYHG LQWHUVHFWLRQV DUH ORFDWHG ZLWKLQ WKF
OLQQHVRWD 7R JDWKHU D FRQVLVWHQW VHW RI GDWD DOO L
YHKLFOH REVHUYDWLRQV YHKLFOHV SHU REVHUYDWLR

WR HQVXUH WKH FRQVLVWHQF\ RI REVHUYDWLRQV WKH GDWL
YDULDEOH 2EVHUYDWLRQV ZLWK DQ\ NLQG RI DPELJXLW\ ZHL
7R H[DPLQH ZKHWKHU WKHUHWHRHDGDND RWNRIQWAUESEH @ Z HA
ZHHNGD\ DQG ZHHNHQG REVHUYDWLRQV ZHUH FRQGXFWHG 7

ZHUH $0 30 DQG 30 7KHVH WLPHV ZHUH VHOHF
YDU\LQJ VWRSSLQJ EHKDYLRUV DW GLIITHUHQW WLPHV RI WKH
30 30 DQG $0 DV ZH EHOLHYHG WKDW VXFK WLPHYV

EHFDXVH PRVW PRWRULVWY GR QRW ZRUN RQ WKH ZHHNHQG |
IRU HIWHQGHG KRXUV

Variables

7KH GHSHQGHQW YDULDEOH LV WKH REVHUYHG VWRSSLQJ W
LV FODVVL,{,HG LQWR WKUHH GRIFB OH @/#K MRERHRR XTOKEH P HUD/QV W |
DXWRPRELOH ZRXOG UHDFK D YHORFLW\ RI H[DFWO\ JHUR PSK
DPRQJ PRVW PRWRULVWUE O ZQA/KWWNKDARROG PHDQ WKDW WKH
WUDYBIBEORRBRW DWH RI ¢YH PSK RU OHVV DQG PRYHG IRUZDUG Z|
WKLUG VWRSSLQRQW\\SHRISFRKVKWDR KDSISHQ ZRXOG UHTXLUH Wi
DW DERYH ¢YH PSK SDVW WKH VWRS VLIQ 7KH GHVFULSWLYH
REVHUYDWLRQV RI WKH GULYHUY PDGH D FRPSOHWH VWR:
WKH ODZ RI PDNLQJ D FRPSOHWH VWRS PDGH D UROOLQJ

Table 1: Descriptive Statistics of the Dependent Variable
7KH '"HSHQGHQW 9DULDEOH &DVHYV 3H
6WRSSLQJ W\SHV

1R VWRS UROOLQJ VWRS .
&RPSOHWH VWRS 35%

7TKH LQGHSHQGHQW YDULDEOHY ZHUH FKRVHQ WR LQFOXGH
ZKRVH LQAXHQFH RQ WKH GULYHUVY GHFLVLRQ WR PDNH RU Q
SUHYLRXV UHVHDUFK HQGHDYRUV RQ WKH VXEMHFW
&RPSRVLWLRQDO 9DULDEOHYV
x *HQGHU D ELQDU\ YDULDEOH ZLWK IHPDOH DQG PD
x $IJH WDNLQJ LQWR FRQVLGHUDWLRQ WKH GLI¢FXOW\ RI
WKH YDULDEOH LV FDWHJRUL]HG LQWR WKUHH RUGHUHG
\RXQJ PLGGOH DJH ROG 3<RXQJ" LV FRQVLGHLI
SPLGGOH DJH” LV EHWZHHQ WR \HDUV ROG DQG 2ROG
RI WKH GULYHU FRXOG QRW EH GHWHUPLQHG GXULQJ Ql
WKH VDPSOH +RZHYHU WKLV UDUHO\ RFFXUUHG VLQFH
JRRG VWUHHW OLJKWLQJ
x &HOO SKRQH XVH D ELQDU\ YDULKD®QH RIHOIG B/KKRIQE UAK
DSSURDFKLQJ WKH VWRS VLJQ DQG RWKHUZLVH
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Table 2: Descriptive Statistics of the Independent Variables

Independent Variables (predictors)

No stop

Rolling stop

Complete stop

Total Cases

Mean SD

Mean SD

Mean SD

*HQGHU RI WKH GULY
YHPDOH
ODOH

U

Count

Percentage

53%

53%

$JH RI WKH GULYHU
<RXQJ
OLGGOH DJH
206G

1XPEHU RI SDVVHQJH

UV 1 Q WKH

YHKI LOH

51%

13%

13%

&HOO SKRQH XVH DW

<HV
1R

LOQWH{UVHF

WLRQJ

/IDZ HQIRUFHPHQW ZL

<HV
1R

VKLQ RQH

EORFN

5%

11%

+HDGOLJKW

2Q
211

7LPH RI REVHUYDWLR

'D\ WLPH
1LJKW WLPH

53%

'D\ RI REVHUYDWLRQ

"HHNGD\V
‘"HHNHQGYV

55%

51%

SUEDQ VHWWLQJ

ORZ GHQVLW\ UHVL
ORZ GHQVLW\ FRPP

| 113

-HOWIl DO
LI —an & an . —

HUFLDO

PHGLXP GHQVLW\ UHVLGHQWL

DO XQLY

KLJK GHQVLW\ FRP

HUFLDO

&RQWH[WXDO (FRORJLFDO 9DULDEOHYV

Xx 1XPEHU RI SDVVHQJHUV 7KLV LV D FRQWLQXRXV YDOXH

LV JLYHQ LI LW LV D 3GULYH DORQH™ VLWXDWLRQ

X 7LPH
DIWHUQRRQ

HYHQLQ

DOWKRXJK WKHUH DUH

IRXU GLIITHUHQW WLPHV R

J DQG QLJKW

QLJKW WLPH HYHQLQJ DQG QLJKW

x 'D\
7TKXUVGD\

DOWKRXJK WKHUH DUH
6DWXUGD\

DQG 6XQGD\

ZHHNHQGV 6DWXUGD\ DQG 6XQGD\

IRU DQDO\VWLFDO
YDULDEOH LV FRQYHUWHG LQWR D ELQDU\ YDULDEOH RI

IRXU GLIITHUHQW GD\V RI WKt
IRU DQDO\WLFDO F
YDULDEOH LV FRQYHUWHG LQWR D ELQDU\ YDULDEOH RI
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x S8UEDQ VHWWLQJ WR DFFRXQW IRU WUDI¢F YROXPH RQ
VHWWLQJV EDVHG RQ DFWLYLW\ W\SHV DQG EXLOGLQJ
REVHUYDWLRQ DQG WKH YDULDEOH LV DUUDQJHG LQ DG

KLJK GHQVLW\ FRPPHUFLDO GRZQWRZQ DUHD D
PHGLXP GHQVLW\ UHVLGHQWLDO XQLYHUVLW\ L
FDPSXV D IRXU ZD\ LQWHUVHFWLRQ
ORZ GHQVLW\ FRPPHUFLDO DUHDV LQ VXEXUED
LQWHUVHFWLRQ
ORZ GHQVLW\ UHVLGHQWLDO D WZR ZD\ LQWHUV|
5HJXODWRU\ 9DULDEOH

X /DZ HQIRUFHPHQW LV D ELQDU\ YDULDEOH RI LI WKHUF
EORFN UDGLXV IURP WKH VWRS VLJQ DQG RWKHUZLVH

OHFKDQLFDO 9DULDEOH

X +HDGOLJKWV D ELQDU\ YDULDEOH RI LI WKH GULYHU >
RI KHDGOLJKWV ZDV REVHUYHG GXULQJ GD\WLPH DQG C
GULYHUV ZLWK KHDGOLJKWV RQ DQG RII

Model Structure: Binary Logit Model

7KH PRGHO WR EH HVWLPDWHG LQ WKLV VWXG\ LV WKH HIIHF
PHFKDQLFDO YDULDEOHV RQ VWRSSLQJ EHKDYLRU RI PRWRU
EHKDYLRU LV D ELQDU\ YDULDEOH ZLWK PDNLQJ D FRPSO
VWRS D %LQDU\ /RJLW ORGHO LV FKRVHQ IRU WKH DQDO\VLYV
PDUNHWLQJ WUDQVSRUWDWLRQ DQG RWKHU ¢HOGV WR UHS
H[FOXVLYH DOWHUQDWLYHV :KHQ GULYHUV DUH IDFHG ZLWK
VWRS L RYHU QRW PDNLQJ D VWRS M @ WKH SUREDELOLW\
ELQRPLDO ORJLW PRGHO LV

3URE_>RDNLQJ D FRPSOHWHVWRS@[S ([¥, @

7KH PRGHO DSSOLFDWLRQ LV EDVHG RQ WKH XWLOLW\ WK
FKRLFH WR VWRS RU QRW WR PDNH D FRPSOHWH VWRS LV FD!
PDNHU VHOHFWY WKH DOWHUQDWLYH LQ WKH FKRLFH VHW ZL

8 L[L
‘KHUH.V WKH FRHI¢FLHQW DVVRFLDWHG Y MWKKHW DK X @ GRH S\AHKQHGL
YDULDEOHV . LV WKH FRQVWDQW HVWLPDWHG E\ WKH PRGHO

RESULTS

7DEOH UHSRUWY WKH HVWLPDWHG XWLOLW\ FRHI¢FLHQWYV

DQG S YDOXHV DV D WHVW RI VWDWLVWLFDO VLJQL,FDQFH

PDNLQJ RU QRW PDNLQJ D FRPSOHWH VWRS 7KH PRGHO WV
OLNHOLKRRG UDWLR DUH ZLWKLQ DFFHSWDEOH UDQJH 5HVX
QLQH YDULDEOHV KDYH D OLNHO\ LQAXHQFH RQ VWRSSLQJ El
VLIQV DWWDFKHG WR WKH FRHI¢FLHQWY GHVFULEH WKH IX
YDULDEOH VWRSSLQJ EHKDYLRU DQG WKH LQGHSHQGHQW Y
EHWZHHQ WKH GHSHQGHQW DQG LQGHSHQGHQW YDULDEOHYV
FRQ¢;GHQFH OHYHO 7KH PDUJLQDO HIIHFW 7DEOH LV DOVI
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LQ WKH LQGHSHQGHQW YDULDEOH HLWKHU WR LQFUHDVH RU
E\ RQH SHUFHQWDJH SRLQW $FFRUGLQJ WR WKH PRGHOLQJ
XVH WKH GD\ RI REVHUYDWLRQ DQG XUEDQ VHWWLQJ KDYH
ZKHQ DSSURDFKLQJ WKH VWRS VLJQ 7KH UHPDLQLQJ VWDWL
WKH IROORZLQJ VHFWLRQV

Table 3: Modeling Results

Independent variables ([S St:::g?rd t-value p-value

&RQVWDQW
*HQGHU RI WKH GULYHU
$JH RI WKH GULYHU

1XPEHU RI SDVVHQJHUV LQ WKH YHKLFOH

&HOO SKRQH XVHG ZKLQH DSSURDFHKLQJ
LOWHUVHFWLRQV

/IDZ HQIRUFHPHQW ZLWKLQ RQH EORFN UDGLXV
+HDGOLJKW

7LPH RI REVHUYDWLRQ
'D\ RI REVHUYDWLRQ
SUEDQ VHWWLQJ

OD[LPXP /LNHOLKRRG (VWLPDWHYV
1XPEHU RI REVHUYDWLRQV
/IRJ OLNHOLKRRG IXQFWLRQ
5HVWULFWHG ORJ OLNHOLKRRG
&KL VTXDUHG
'"HJUHHV RI IUHHGRP
VWDWLVWLFDOO\ VLIQL¢(¢FDQW YDULDEOHV IRU FRR¢;¢GHQW

Table 4: Marginal Effects on Probability of Making a Complete Stop

Independent variables St::wrg?rd t-value p-value

&RQVWDQW
*HQGHU Rl WKH GULYHU
$JH RI WKH GULYHU
1XPEHU RI SDVVHQJHUV LQ WKH YHKIFOH
&HOO SKRQH XVHG ZKLOH DS$URDFKLQJ LQWHUVHFWLRQV
/IDZ HQIRUFHPHQW ZLWKLQ RQH EORHN UDGL[XV
+HDGOLJKW

7LPH Rl REVHUYDWLRQ
'D\ RI REVHUYDWLRQ
BUEDQ VHWWLQJ

Age

$V ZHOO GRFXPHQWHG LQ SUHYLRXV UHVHDUFK SDSHUV DJH
KDYH DQ LQAXHQFLQJ HIIHFW RQ WKH VWRSSLQJ EHKDYLRU |
UHAHFWV WKH H[LVWHQFH RI DJHTV LQAXHQFH RQ VWRSSLQJ
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ZLWK D QHIJDWLYH FRHI¢FLHQW PHDQV D OHVV WKDQ H[S

ZLWK WKH XWLOLW\ YDOKNHS @D YQHGDEROHW RMGHU GULYHUV K
PDNLQJ D FRPSOHWH VWRS 2Q WKH RWKHU KDQG \RXQJ GUL"
VWRS )LJIJXUH 7KH PDUJLQDO HIIHFW DOVR VKRZV W
SUREDELOLW\ RI PDNLQJ D FRPSOHWH VWRS E\ RQH SHUFHQW

Number of Passengers in the Vehicle

7KH QXPEHU RI SDVVHQJHUV LQ WKH FDU JUHDWO\ LQAXHQFF
EHKDYH GLIIHUHQWO\ ZKHQ WKH\ DUH DORQH DV RSSRVHG W
DORQH WKHUH LV DQ H[WHQGHG IUHHGRP LQ WKHLU PLQG Wi
WKDW WKH OLNHOLKRRG RI PDNLQJ D FRPSOHWH VWRS LQFUF

3UHVHQFH RI /DZ (QIRUFHPHQW 2I¢FHUV

/IDZ HQIRUFHPHQW SUHVHQFH LV GH¢QHG LQ WKLV VWXG\ DV
ZLWKRQHD EORFRIUBKHXMQWHUVHFWLRQV EHLQJ REVHUYHG Z
REVHUYHU 'ULYHUV KDYH PRUH LQFHQWLYH WR REH\ WUDI¢F
FDU LV DURXQG 7KH PRGHOLQJ UHVXOW LQ WKLV VWXG\ SUF
ODZ HQIRUFHPHQW SUHVHQFH DQG PDNLQJ D FRPSOHWH VWF
SUHVHQW PRWRULVWY DUH IDU PRUH OLNHO\ WR UHIUDLQ IL
HVWLPDWH DV ZHOO DV WKH GHVFULSWLYH VWDWLVWLFV R
HQIRUFHPHQW VKRZ WKDW WKH OLNHOLKRRG RI PDNLQJ FRP
RI¢FHUV UHIHU WR 7DEOH DQG )LJXUH

Headlights

2SHUDWLQJ ZLWKRXW KHDGOLJKWY DW QLJKW DQG GXULQJ €
WUDI¢F FUDVKHV 7KH UHVXOW RI WKLV VWXG\ LQGLFDWHG W|
KHDGOLJKWYV RQ IRU WKH VWRSSLQJ GHFLVLRQV RI GULYHU\
SRVLWLYH UHODWLRQVKLS EHWZHHQ WKH XVH RI KHDGOLJKW
WKH YLVLELOLW\ RI WKH VXUURXQGLQJ DUHD PLJKW KDYH DQC
LQWHUVHFWLRQV 7KH SUREDELOLW\ HVWLPDWH VKRZV WKDW
KDYH D ORZHU OLNHOLKRRG RI PDNLQJ D FRPSOHWH VWRS )
WKH OLNHOLKRRG RI GULYHUV PDNLQJ D FRPSOHWH VWRS Z
WKDW WKH XVH RI KHDGOLJKWYV zZDV REVHUYHG GXULQJ GD\W
GULYHUV ZLWK KHDGOLJKWY RQ DQG RIl 7KH GLVWULEXWLR(

GULYHUV QLJKWWLPH RII GULYHUV GD\WLPH RQ GU

Time of the Day

7KH WLPH RI WKH GD\ ZKHQ WKH WULS LV RFFXUULQJ LV EI
GULYHUV 7KH UHVXOW LQ WKLV VWXG\ VKRZV WKDW WKHUH
HITHFW Rl WKH WLPH RI WKH GD\ RQ WKH VWRSSLQJ EHKDYLR
HIITIHFW +RZHYHU VSDWLDO DFWLYLWLHV DFWLYLWLHY DW C
GLVSRVLWLRQ RU UHDFWLRQ WR DFWLYLWLHY FRXOG YDU\ Zl
XVHG WR REVHUYH GULYHUV DW VWRS FRQWUROOHG LQWHUV|
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DQDO\WLFDO FRQYHQLHQFH WKH QRPLQDO QDWXUH RI WKH
GD\WLPH DQG QLJKWWLPH 7KH QHJDWLYH VLJQ DWWDFKH
VKRZV WKDW WKHUH LV KLJK SUREDELOLW)\ RI PDNLQJ D FRPS

Figure 2: Probability of Stopping vs Age

Probability vsage

m Probability of stop

0.9 1

O Probability of non stop

0.8

0.7

0.6

0.5

Probablity

0.4

0.3 A

0.2 1

0.1

Young Middle age Elderly

Figure 3: Probability of Stopping vs. No. of Passengers

Probability vs number of passengers

m Probability of stop

oProbability of non stop

0.8
0.7

0.4 —

Probablity

0.3 A —
0.2 A —
0.1 + —

0 1 2 3 4 5
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Figure 4: Probability of Stopping vs. Law Enforcement

Probablity

Probability vslaw enforcement
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m Probability of stop
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Figure 5: Probability of Stopping vs. Headlights

Probablity

Probability vs headlight
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0.8
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Figure 6: Probability of Stopping vs. Time of the Day

Probability vstime of the day

09 LI® Probability of stop
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DISCUSSION

7KLV VWXG\ IRFXVHG RQ H[DPLQLQJ FRPSRVLWLRQDO DQG F
YDULDEOHV WLPH DYDLODELOLW\ Rl ODZ HQIRUFHPHQW D¢
WKHLU LQAXHQFH RQ WKH ZD\ GULYHUV PDNH GHFLVLRQV ZK
D FRPSOHWH D UROOLQJ RU QR VWRS 7KH UHVXOW \LHOG
SUHVHQFH RI ODZ HQIRUFHPHQW RI(FHUV WKH XVH RI KHDGO
ZKHQ WKH GULYLQJ WDNHV SODFH DQG QXPEHU RI SDVVHQJH
KDYH D VLIJQL¢{FDQW LQAXHQFH RQ KRZ GULYHUV FRPSO\ ZL
LQWHUVHFWLRQV

$PRQJ WKH FRPSRVLWLRQDO YDULDEOHV FKRVHQ JHQGHU
EHKDYLRU RI GULYHUV 7KH GHVFULSWLYH VWDWLVWLFV VKF
GULYHUV PDNH D UROOLQJ VWRS 2Q WKH RWKHU KDQG DJH
KDYH D VLIQL:¢FDQW LQAXHQFH RQ WKH GHFLVLRQ RI WKH GU
WKH OLNHOLKRRG RI PDNLQJ D FRPSOHWH VWRS E\ D GLIIHUF
JLIXUH 7KH JUDSK VKRZV WKDW WKH SUREDELOLW\ RI PDNL
OLNHOLKRRG HVWLPDWH RQ DJH VKRZV WKDW WKHUH LV D
GULYHU RI DJH FRPSDUHG ZLWK OLNHOLKRRG E\ WKH \R
DJHG GULYHUV 7KH *DJH SDUDPHWHU LV DQ LQWHUHVWLQJ
RI WKH VLJQ FRXOG KDYH DQ HIIHFW RQ ROGHU GULYHUV 2W

H[DPSOH .HD\ HW DO GHVFULEHG WKH ROG GULYHUVT I
FRIQLWLYH IDLOXUH %UDLWPDQ HW DO LQ WKHLU FRF
DIJHG DQG GULYHUV DJHG DQG ROGHU IRXQG WKDW FU

RI ZD\ LQFUHDVHYV ZLWK DJH DQG RFFXUUHG PRVWO\ DW VWR

1XPEHU RI SDVVHQJHUV DOVR VKRZHG DQ HIIHFW RQ WKH
FROQOWUROOHG LOQWHUVHFWLRQV ,QWHUHVWLQJO\ WKH PRGH
DUH DFFRPSDQLHG E\ SDVVHQJHUV +DQG KHOG FHOO SKRQH
YDULDEOH KRSLQJ WR VHH LWV HIIHFW RQ VWRSSLQJ EHKE
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,QWHUHVWLQJO\ WKRXJK RI WKH REVHUYHG GULYHUV ZHL
VWRS FRQWUROOHG LQWHUVHFWLRQV +RZHYHU WKHLU VWR
QRW XVLQJ FHOO SKRQHV ZKLOH DWWHPSWLQJ WR VWRS $ V
VXJJHVWHG WKDW EUDNLQJ UHDFWLRQ WLPH LV VORZHU GXUL
WR D VWDQGVWLOO FORVHU WR WKH YHKLFOH LQ IURQW RI W
DQG 7ZLVN

7XUQLQJ WKH KHDGOLJKWYV RQ DW DSSURSULDWH WLPHV L
D FRPSOHWH VWRS :KLOH PDQ\ FDUV KDYH DXWRPDWLF KHD
D VDIHW\ IHDWXUH WKHUH DUH WKRXVDQGV RI FDUV RQ WK
WLPHV IRUJHW WR WXUQ RQ GXULQJ DSSURSULDWH WLPHV '
XQGHUVWDQG IRU WKH URDG XVHU EHFDXVH KH RU VKH 3NQR?Z
FDQ EH VHHQ LQ GD\OLJKW 1HYHUWKHOHVV VWXGLHV VKRZ
IURP SHUIHFW DQG LW LV ZRUVH LQ FRQGLWLRQV Rl ORZ DPE
WKH VXUURXQGLQJ HQYLURQPHQW LV REVWUXFWHG ,Q D VV
EURDG GD\OLJKW ZHUH QRW YLVLEOH IURP UHOHYDQW GLVWD

$O0OHQ DQG &ODUN .RRUQVWUD HW DO ‘DQJ

EDFNJURXQGV ZKLFK PDVN REMHFWV LQ WKH IRUHJURXQGYV
FRORUV LV JUHDWO\ UHGXFHG ,W LV NQRZQ IURP LQ GHSWK
XVHU LQ WLPH RU DW DOO LV D FRQWULEXWLQJ IDFWRU LG
LQWHUVHFWLRQ DFFLGHQWY WKLV LQFUHDVHV WR DV PXFK L
1+76$% E WKH SDVVHQJHU YHKLFOH RFFXSDQW IDWDOLW\
KLJKHU WKDQ WKH GD\WLPH UDWH 7KLV KDV EHHQ D FRQFHL
DZDUHQHVV SURJUDPV DQG WHFKQRORJLFDO LQWHUYHQWLRG
YLVLELOLW\ DUH HVVHQWLDO

$OWKRXJK SUHYLRXV VWXGLHV VXFK DV .HD\D HW DO
GLIIHUHQFHV EHWZHHQ KLJK DQG ORZ GHQVLW\ DUHDV ZKHQ
LQWHUVHFWLRQV WKH YDULDEOH LV VWDWLVWLFDOO\ LQVL
DWWDFKHG ZLWK WKH FRHI(FLHQW VKRZV WKDW GULYHUV L
DUHDV ZHUH OHVV OLNHO\ WR VWRS WKDQ WKRVH LQ KLJK G
ORZ GHQVLW\ DUHDV LW LV EHOLHYHG WKDW D KLJKHU IDLOX
YLVLELOLW\ DURXQG WKH VWRS VLJQ DUHD DQG D SHUFHSWL
LQWHUVHFWLRQ ZLWKRXW VWRSSLQJ %HVLGHV ORZHU GHQ\
KLJKHU GHQVLW\ DUHDV KDYH D IRXU ZD\ VWRS VLJQ PDNLQ
WZR ZD\ VLJIQV

KLOH WLPH RI WKH GD\ KDV D VLIQL¢(FDQW LQAXHQFH RQ 2
WKH ZHHN ZKHWKHU LW LV ZHHNGD\V RU ZHHNHQGV RQ WK
WKH VWRSSLQJ EHKDYLRU RI WKH GULYHUV

$OWKRXJK PRVW Rl WKH YDULDEOHV PHQWLRQHG DERYH [
YDULDEOHV WKDW DUH DGGHG YDOXH WR WKLV VWXG\ ZKLFI
VWRS FRQWUROOHG LQWHUVHFWLRQ 9DULDEOHV VXFK DV FH
DQG DYDLODELOLW\ RI ODZ HQIRUFHPHQW RI¢FHUV ZKLFK DI
RQ WKH VWRSSLQJ EHKDYLRU DQG GHFLVLRQV RI GULYHUV Zk

CONCLUSION AND RECOMMENDATIONS

7KLV UHVHDUFK SUHVHQWHG WKH HIIHFW RI VRPH FRPSRVLW
EHKDYLRU RI GULYHUV DW VWRS FRQWUROOHG LQWHUVHFWLF
KDYH DQ LQAXHQFH RQ WKH VWRSSLQJ EHKDYLRU RI WKH GUL
RI WKH GULYHUV FRPSRVLWLRQDO DQG WKH EXLOW HQYLUR
'ULYHUVY EHKDYLRU DW VWRS VLJQV ZDV LQYHVWLJDWHG E\
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7KH LQAXHQFH RI GLIIHUHQW YDULDEOHV RQ GULYHUVY GHF
E\ ODZ RU JRLQJ DJDLQVW WKH ODZ E\ PDNLQJ D UROOLQJ |
PRGHO IRXQG WKDW PRUH FRQWH[WXDO HFRORJLFDO YDULD
UHODWLRQVKLSY EHWZHHQ WKRVH YDULDEOHY DQG GULYHUV
WKDQ WKH FRPSRVLWLRQDO YDULDEOHV 9DULDEOHV WKDW
QHZ YDULDEOHV LQWURGXFHG LQ WKLV VWXG\ VXFK DV QXPE
RI ODZ HQIRUFHPHQW RI(FHUV FRXOG EH SUHGLFWRUV IRU S
FRQWUROOHG LQWHUVHFWLRQV DQG LQWURGXFH GULYHUVT
DFFLGHQWY RFFXUULQJ DW LQWHUVHFWLRQV 7KH SUHVHQFH
LQGLFDWH WKDW HQIRUFHPHQW DQG VDIHW\ PHDVXUHV FRXO
DW LQWHUVHFWLRQV 3ROLFH GHSDUWPHQWY FRXOG XVH WK
PRVW DFFLGHQW SURQH LQWHUVHFWLRQV
BXSSRUWLQJ WKH ¢QGLQJ LQ WKLV VWXG\ D 1+76$% UHSRUW
WUXFN YHKLFOHV 'D\WLPH 5XQQLQJ /LJKWV '5/ ZRXOG UHG
D 7KHUHIRUH LQFUHDVLQJ WKH FXUUHQW DXWRPDWLF '/
FRQVLGHUHG DV RQH RI WKH SROLF\ RSWLRQV WR GHFUHDVH
5HJDUGLQJ FHOO SKRQH XVH ZKLOH GULYLQJ DOWKRXJK V
QHJDWLYH VLJQ DWWDFKHG WR LW LQGLFDWHYV WKDW LW LV
7KXV SROLFLHV WKDW UHVWULFW FHOO SKRQHV XQOHVV G
GLVWUDFWHG GULYLQJ LV D IDFWRU LQ RQH RXW RI IRXU YHK
,QWHUQHW XVH LV RXWODZHG IRU DOO GULYHUV LQ WKH VW
SKRQH XVH DV RWKHU VWDWHY GR ZRXOG EH HVVHQWLDO W

Endnotes

1. (DFK REVHUYDWLRQ zDV PDGH DW WKH LQWHUVHFWLRQ 7K
VDPH YLVLELOLW\ GLVWDQFH IURP WKH SRLQW RI REVHUYD

References

$OOHQ O - DQG -5 &ODUN 33$XWRPRELOH 3SREQLRDQL-RWNQ B
2SWRPHWU\

%UDLWPDQ .$ % % .LUOH\ 6 )HUJXVRQ DQG 1 . &KDXGKD!L
,QWHUVHFW LR® I&FDNMHWLHY DQG 3UH¥HQWLRQ

&DPSEHOO % 1 -' 6PLVWRDDQWGLY*RILPMPDO &UDVKHV 'XH WR
9LRODWSLRQWHSDUWPHQW RI 7UDQVSRUWDWLRQ '27 9176& 1+7
‘DVKLQJWRQ ' &

'"UDJXWLQRYLF 1 8®WHs5 R O/RENOIH 3KRQHV :KLOH 'ULYLQJ (IIH
/ILWHUDWXBH 5HYIBHZ9 /HLGVFKHQGDP 7KH 1HWKHUODQGYV

*UHHQH (FRQRPHWULFWR MW VBVHQWLFH +DOO ,QF 1HZ <RUN

+|UEHUJ 8 DQG5XQEXRIU/LIKWV &RQVSIBIHFXLW\ BQGY*CR UGS S\
8SSVOD B6ZHGHQ

+|lUEHUJ 8 DQG . 5XPDU 37KH (IIHFW RI 5XQQLQJ /LIKWV RQ
7ZLOLJUWRQRPLFV
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Stop-Controlled Intersections

.HD\ / - BULFKDQG 0 %HDWUL] $ 7 .DWKOHHQ $ 0 &\QWK
%DQGHHQ 5RFKHH :* (PLO\ DQG .: 6KHLOD 3*8UEDQ DQG 5
)DLOXUH WR 6WR $FFWGHDRS $QDQWLY DQG 3UHXHQWLRQ

.LVKRUH 5 1 .URQSUDVHEVYWUYDXQGLBQRPHGEW XG\ IRU '"HWHUP
Rl 9HKLFOHV &RPSOHWHO\ 6WRSSL/QD QWS R UWWIRA) RQ G B SHERWMHU
*URXS 9LUJLQLD 7HFK 1DWLRQDO &DSLWDO 5HJLRQ

.RRUQVWUD 0 ) %LMOHYHTKG OMIGW\ {DHAWM RNHD\WLPH 5X
3HUVSHFWLYH RQ 'D\WLPH 5XQQLQJ /LJKWV '5/ LQ WKH (8 71
$QDO\VLV RI ,QGHSHQGHQW '5/ (YDOXDWLRQV DV :HOO DV T
'5/ 5GHIXODWLRQ5LQ 7KH2@8 /HLGVFKHQGDP 7KH 1HWKHUODQG

1IDWLRQDO +LJKZD\ 7UDI¢F 6MUB M F $6DA HQW VNRE DMBL R Q
‘DVKLQJWRQ ' &

1IDWLRQDO +LJKZD\ 7UDI¢F GDIOXV § @ FRIQ)IDWWDUID WU RQKHY "X H
6LJQ ILRODWARTHL 1+76$ ‘DVKLQJWRQ ' &

1IDWLRQDO +LJKZD\ 7UDI¢F BODHYA 60 LW\l YDNFWDWR BRIBGHD UF K 1
‘DVKLQJWRQ ' &

IDWLRQDO +LJKZD\ 7UDI¢F &R HH WNHFOAPLLYQH O MAMAD RILRQWLPH 5 X
3DVVHQJHU @¥K+LEOHV :DVKLQJWRQ ' &

1IDWLRQDO +LJKZD\ 7UDI¢F 3DWDO\LG PL@LOWU D WIGRD 5HSRUW
KWWS ZZZ IDUV QKWVD GRW JRY &UDVKHV &UDVKHV/RFDWLR
$FFHVVHG -XO\

1IDWLRQDO +LJKZD\ 7UDI¢F BDDHMNA 60 IRHLVO\L MDAFWWDMW LR Q$ & RP SLC
9HKLFOH &UDVK 'DWD IURP WKH )DWDOLW)\ $QDO\VLV 5HSRUW
‘27 +6 'DVKLQJWRQ ' &

1IDWLRQDO +LJKZD\ 7UDI¢F 6DIHBRW RG PIHKLA® B DEULIRGK H&/ 2 Y H
‘DVKLQJWRQ ' &

IDWLRQDO +LJKZD\ 7UDI¢F 6DUBDW (\$\G PR QR WHWRIDO/RIMRRI 9H KL F C
IRU 7KH )LUVW +DOI -DQXDUA&-XQH RDVKLQJWRQ ' &

IDWLRQDO 6DIH .I6GARSBRSDLIVRODWLRQV 3XW & KDOWG RBMEE®
6 XUYH\ RI ORWRULVW %HKDYLRU DW 6WRS 6LJQV LQ 6FKRRO -

1HXPDQ 75 5 3IHIHU ./ 60ODFN .. +DUG\ ': +DUZRRG
(5. S5DEBDPLGH IRU $GGUHVVLQJ 8QVLIQDO&}HSG 5QFRIUWH FW
7UDQVSRUWDWLRQ 5HVHDUFK %RDUG :DVKLQJWRQ ' &

BUHXVVHU ') $) :LOOLDPV 6 $ )HUJXVRQ 5 * 8OPHU DQG
20GHU 'ULYHUV DWFFQWHQWHFQOLRWYY DQG 3UHYHQWLRQ

SHWWLQJ 5% + % :HLQVWHLQ DQG 0 * 6RORPRQ 3*$QDO\V
6LIJQV LQ )RXU S8R UKIDMLRV 6DIHW\ 5HVHDUFK

9DQ +RXWHQ 5 DQG 5% 5HWWLQJ 3, QFUHDVLQJ ORWRULVW
-RXUQDO RI $SSOLHG %HKDYLRU $QDO\VLV
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'DQJ -78H (IIHFWLYHQHVV RI 'D\WLPH 5XQQLQ}*7B3KMWF KR U FIIX
5HSRUW 86'27 :DVKLQJWRQ ' &

Dr. Mintesnot WoldeamanuelLVY DQ DVVLVWDQW SURIHVVRU DW WKH GH.
30DQQLQJ DW &DOLIRUQLD 6WDWH 8QLYHUVLW\ 1RUWKULGJI
ZRUNHG DV DQ DVVLVWDQW SURIHVVRU DW WKH 30DQQLQJ D
&ORXG 6WDWH 8QLYHUVLW\ DQG DV D UHVHDUFK IHOORZ DW V
$HURVSDFH &HQWHU '/5 +H KDV D 3K' LQ XUEDQ DQG HQY
KDV FRQGXFWHG H[WHQVLYH UHVHDUFK DQG ZULWWHQ RQ V
HQYLURQPHQW DQG XUEDQ IRUP IRFXVLQJ RQ WUDQVSRUWD
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ODUWODQG/RZDWG '0RUH 6XVWDLQDEOH ,QIUDVWUXFWXUH 3U
(QJLQHHRIRNHQ 1- -RKQ :LOH\ 6RQV ,QF 6% 1

Toward More Sustainable Infrastructure
by Michael E. Smith

&DUO 0DUWODQG KDV LQWURGXFHG DQ H[FHOOHQW WH[WERR
FLYLO HQJLQHHULQJ ZLWK D KLJK OHYHO XQGHUVWDQGLQJ R
EH HYDOXDWHG ZKDW ZH VKRXOG H[SHFW WR FRQVLGHU ZKt
SURMHFWYV (W ZLWKLQ DQ RYHUDOO SURJUDP DQG ZKDW WKH
WR EH FKRVHQ DQG DUH PRUH OLNHO\ WR EH VXFFHVVIXO (L
ZLWK D VXSHUE OLVW Rl FRQFHSWV WR EH FRYHUHG IROORZH
H[HPSODU\ LOOXVWUDWLYH SUREOHPV (DFK FKDSWHU LV IRO
GLVFXVVHG LQ WKH FKDSWHU )ROORZLQJ HDFK FKDSWHU VXF
LQFOXGH HVVD\V DQG SUREOHPV B6WXGHQWY ZRUNLQJ WKHL
¢QG WKH VXPPDULHV WRSLFV OLVWV DQG H[DPSOH SUREOHTI
UHTXLUH WR TXLFNO\ ORFDWH WKH VSHFL,F PDWHULDO QHHG
DQVZHUV 7KH VWXGHQW ZLOO ¢QG WKRVH LWHPV YHU\ XVHIX

7KH H[DPSOH SUREOHPV FRQWDLQHG LQ HDFK FKDSWHU D
FRQFHSWV ,Q &KDSWHU ZH VHH D ZHOO FRQVWUXFWHG HI[LC
LQ WKH QLQHWHHQWK FHQWXU\ FRXOG EH MXVWL¢HG EDVHG
EH FRQVLGHUDEO\ OHVV H[SHQVLYH WKDQ PRYLQJ JRRGV XVL
FUHDWLQJ WKH FDQDO LV FRQVLGHUDEOH DQG WKH UHDFK R
WKH UHDFK Rl URDGZD\V DQG SDWKV WKDW FDQ EH WUDYHUYV
EHWZHHQ ODUJH LQYHVWPHQWY ORZHU RSHUDWLQJ FRVWYV
WRGD\ LQ DQ XQWROG QXPEHU RI LQVWDQFHV

,Q D QXPEHU RI FDVHV WKH WH[W FRXOG EH LPSURYHG |
LQIRUPDWLRQ WKDW ZRXOG KHOS WKH QDVFHQW HQJLQHHU I
HQJLQHHUV ZKR YLHZ WKH ZRUOG LQ WHUPV RI OLQHDU FRV\
JRRG RU VHUYLFH WKDW IDFHV WRWDO FRVWV FRQVLVWLQJ R
UHDOLW\ WKRXJK LV WKDW DOO SURYLGHUV RI JRRGV DQG
WKHLU SURGXFW XQWLO WKH PDUJLQDO FRVWV RI WKDW SUF
XQLWV :HUH WKH\ QRW WR GR WKLV WKHQ ZH ZRXOG KDYH K
ZLWK LQ¢QLWH TXDQWLWLHV RI WKLQJV $V ZH DUH QRW VR
KRULJIRQWDO , WKLQN WKDW D XVHIXO DGGLWLRQ ZRXOG EH
DUH QRQ OLQHDU KDYLQJ D ULVLQJ PDUJLQDO FRVW RI SURG

7KH ERRN DOVR FRQWDLQV VRPH UHIHUHQFHV WR HFRQRPL
LQFOXGH WKH PXOWLSOLHU HIIHFW PDQ\ HFRQRPLVWV GLVS)
ZLOO DOZD\V FKDUJH H[FHVVLYH SULFHV WKDW FDQ RQO\ E|
UHJXODWLRQ 6WXGLHV Rl HOHFWULF XWLOLWLHV KDYH IRX
SULFHV LQ WKDW PDQQHU $OVR DOWKRXJK WKH WH[W FRY
EH XVHIXOQHVV LQ LQWURGXFLQJ WKH FRQFHSW RI 3DUHWR |
VHDUFKHG IRU WKDW KHOSV HYHU\ERG\ LQVWHDG RI WKH PD
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VHFWRU VROXWLRQV LV WKDW WKH\ WHQG WR DSSURDFK 3Dl
ZRUN WRZDUG LPSURYHPHQWY IRU WKH PDMRULW\

3UREOHP GLVFXVVHV WKH WUDJHG\ RI WKH FRPPRQV
HQJLQHHUV WR XQGHUVWDQG 2QH RI WKH EHVW H[DPSOHV RI
(I[DPLQLQJ KRZ WR VROYH WKH SUREOHP Rl WKH RYHU FURZG
ZRXOG PDNH IRU DQ H[FHOOHQW DGGLWLRQDO SUREOHP

7KH OHVVRQ RI 6HFWLRQ LV HIFHOOHQWO\ VWDWHG DQG
WKDW DUH XQGHUWDNHQ E\ D JRYHUQPHQW ERG\ LQYROYH D
DGGLWLRQ WR ¢QDQFLDO DQG HFRQRPLF HYDOXDWLRQ GHFL
EHODERUHG :KLOH SULYDWH FRPSDQLHV VWLOO QHHG WR HY
QRW FRQFHUQ WKHPVHOYHV ZLWK VRPH Rl WKH PRUH DUFDQF
E\ ODZ $W WKLV SRLQW LQ WKH WH[W LW FRXOG EH XVHIXC
SRVVLEOH LQWR WKH SULYDWH VHFWRU ZKLOH UHWDLQLQJ I
WR KDYLQJ JRYHUQPHQWY LQYHVW LQ VXFK SURMHFWYV WKHP

&KDSWHU SURYLGHV D PDUYHORXV KLVWRU\ RI FRQVWUX
ZDV ODUJHO\ QRW D FRPPHUFLDO VXFFHVV ,QVWHDG WKH Pl
RSSRUWXQLW\ H[LVWV KHUH WR FRPSDUH DQG FRQWUDVW KF
KRZ D SULYDWH FRPSDQ\ ZRXOG KDQGOH LW

7KH HVVD\V DQG SUREOHPV WKHPVHOYHV FRYHU DOO RI W
ZHOO $QG VRPH Rl WKH FKDUDFWHUV LQ WKH SUREOHPV KD
LOQWURGXFHG WR WKH GHYHORSHU &DQZ\ %LOGHP ZKR VXJJ
VKRXOG SURFHHG LPPHGLDWHO\ 3HUKDSV 0U %LOGHP LV U|
$OVR RQH RI WKH SUREOHPV LQ &KDSWHU LQWURGXFHV X
UREEHU\ DV D SRVVLEOH ZD\ WR ¢QDQFH WKHLU GUHDP RI SXlI
$PHULFD

, ZDV SDUWLFXODUO\ LPSUHVVHG ZLWK WKH H[DPSOH SURE
WKH FRQFHSW RI LQFUHPHQWDO LQYHVWPHQW (QJLQHHUV Z]
DQG DYHUDJHV LJQRULQJ WKH IDFWZW&DW DRYILGHU B PPHDQWIDE
5 7KXV WKH UDWH RI UHWXUIX LR WEHKDRHLR¥BKH MRRWOIRZ HY
UHWXUQ IRU WKH WRWDO LQYHVWPHQW LV TXLWH DFFHSWDE
VWRS ZLWK D VPDOOHU SURMHFW

7KH FKDSWHU RQ 3XEOLF 3ULYDWH 3DUWQHUVKLSV LV YHU
EDVHG RQ ZHOO GH¢QHG FDVK ARZV WKDW UHVXOWHG LQ HDF
WKH JRYHUQPHQW ZHUH VLPSO\ DQRWKHU FRUSRUDWLRQ VH
.DQVDV &LW\ A\RYHU SURMHFW LV DQ H[FHOOHQW H[DPSOH R
RI UHGXFLQJ GHOD\V WR WKH IUHLJKW WUDLQV DQG WKH SXE
SXEOLF URDGZD\V O0DUWODQG GRHV QRW GLVFXVV KRZ WKL\
EH SULYDWHO\ RZQHG %XW LI ZH FRQVLGHU WKDW SRVVLELC
SURMHFW LI LW ZHUH DQDO\]HG LQ WKH VDPH PDQQHU DV SU
IURP D SULYDWH VHFWRU YLHZ

$W WKH HQG RI &KDSWHU WKH VWXGHQW LV SUHVHQWH
37& 7KH UDLOURDGY KDYH FRQVLGHUHG PDQ\ LQFDUQDWLR
WKDW WKH WHFKQRORJ\ LV RQH LQ ZKLFK WKH\ GR QRW ZL\
WKDW WKH VDIHW\ EHQH¢ WV RI 37& DUH VXI¢FLHQW WKDW W
WKDW LQYHVWPHQW 7KH 37& FDVH KHOSV WR LOOXVWUDW
DQG FRQVLGHUDEOH DUUD\ Rl DSSURDFKHV WKDW SURMHFW
SDUWLFXODU LQYHVWPHQW SODQ

7KH FKDSWHU RQ ULVN GRHV D WKRURXJK MRE Rl HQXPHUD
DQ\ SURMHFW , PLJKW DGG WKDW SURMHFW SURPRWHUV ZLO:
WKH FRVWV DQG RYHUHVWLPDWH WKH EHQH¢WV 7KDW LV W
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PLQLPXP DFFHSWDEOH UDWH RI UHWXUQ W LV WKLV ULVN I
ULVNV

2QH zD\ WR DGGUHVV WKH ULVNV RI SRRU HVWLPDWLRQ RI
GLVFXVVLRQ RI XVLQJ VLPXODWLRQ WR HVWLPDWH FDVK ARZ)\
WKH GHWDLOHG GLVFXVVLRQ RI KRZ VSUHDGVKHHWY FDQ EH
ODQJXDJHV VXFK DV )2575%$1 KDYH EHHQ XVHG IRU VXFK SXU
GLI¢FXOW WR XQGHUVWDQG DQG WDNHV D YHU\ ORQJ WLPH W
XQGHUVWDQG PDNLQJ WKHP D JRRG WRRO IRU PDQ\ NLQGV F
DELOLW\ WR JHQHUDWH UDQGRP QXPEHUV LQ D VSUHDGVKHH'

2YHUDOO , ¢QG WKH WH[WERRN WR EH DQ H[FHOOHQW RC
WR NQRZ KRZ SURMHFWY VKRXOG EH FRQFHLYHG DQDO\]JHG
WH[WERRNV ORRN DW RQO\ WKH YHU\ GHWDLOHG FRQFHSWYV
WKRXJK WKHUH LV D UHDO QHHG IRU HQJLQHHUV WR JR EH\
WKDW WKLV WH[WERRN GRHV D JUHDW MRE RI DQVZHULQJ P
HQIJLQHHULQJ HFRQRPLFV WKDW IRUPHG WKH EDVLV RI D FR.
DXWKRUV VXJIJHVWHG WKDW ZKLOH HQJLQHHUV IRFXV RQ SUF
EH DEOH WR DQVZHU VXFK EDVLF TXHVWLRQV DV 23:K\ GR WK
WKLV zZD\"" RU HYHQ 3:K\ GR WKLY SURMHFW DW DOO"" O0XFK F
WKLQJV MXVW EHFDXVH LW LV WHFKQLFDOO\ IHDVLEOH %XW
EH SROLWLFDOO\ DQG HFRQRPLFDOO\ IHDVLEOH DV ZHOO 0L
PDUYHORXV JURXQGLQJ LQ KRZ WR PDNH VXUH WKDW DOO WK

Michael E. Smith LV DQ HFRQRPLVW IRU WKH 8QLWHG 6WDWHYV 6XUI
LOQVLIKWY LQWR UDLOURDG RSHUDWLRQV EDVHG RQ WKH %RELC
WKDW LQYHVWLIJDWH FRPSODLQWY DERXW UDLOURDG UDWH\
06 LQ FLYLO HQIJLQHHULQJ IURP 2KLR 6WDWH 8QLYHUVLYV
Rl1 ODU\ODQG +H EHJDQ ZRUN LQ ZLWK WKH )HGHUDO +LJK
SODQQHU WKHQ VHUYHG DW WKH )HGHUDO 5DLOURDG $GPL
EHQH;WV DQG FRVWYV RI VXEVLGL]LQJ VPDOO UDLO EUDQEFK
SDLOURDGY KH OHG WKH GHYHORSPHQW RI PRGHOV WR XQGH
LPSURYHPHQWY LQ WKH UDLOURDG LQGXVWU\ %XUOLQJWRQ
FDVH DQDO\VLYV IRU WKHLU $GYDQFHG 5DLOURDG (OHFWURQL
UDLOURDG LQGXVWU\ DV 3RVLWLYH 7UDLQ &RQWURO $IWHU \
+H LV DXWKRU RI PRUH WKDQ D GR]JHQ SXEOLVKHG SDSHUV L
D3K'" LQ HFRQRPLFVY DW *HRUJH ODVRQ 8QLYHUVLW\ +H LV |
'LVWULFW RI &ROXPELD
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Statement of Purpose

7KH 7TUDQVSRUWDWLRQ 5HVHDUFK JRUXP LV DQ LQGHSHQGHQ!
, WV SXUSRVH LV WR SURYLGH DQ LPSDUWLDO PHHWLQJ JURX
FRQVXOWDQWYV XQLYHUVLW\ UHVHDUFKHUV VXSSOLHUV DQ
LGHDV UHODWHG WR ERWK SDVVHQJHU DQG IUHLJKW WUDQVS
LQIRUPDWLRQ WR WKRVH ZKR FRQGXFW UHVHDUFK DQG WKRYV

7KH H[FKDQJH Rl LQIRUPDWLRQ DQG LGHDV LV DFFRPSOL)\
ORFDO 75) PHHWLQJV DQG E\ SXEOLFDWLRQ Rl SURIHVVLRQD
WRSLFV

7KH 75) HQFRPSDVVHVY DOO PRGHV Rl WUDQVSRUW DQG W
WUDQVSRUWDWLRQ LQFOXGLQJ

(FRQRPLFV SBUEDQ 7UDQVSRUWDWLR
ODUNHWLQJ DQG 3ULFLQJ *RYHUQPHQW 3RC
J)LODQFLDO &RQWUROV DQG $QDO\VLV (TXLSPHQ
/DERU DQG (PSOR\HH 5HODWLRQV 5HIXODWLRQ
&DUULHU ODQDJHPHQW 6D1HW\

2UJDQL]DWLRQ DQG 30DQQLQJ (QYLURQPHQW
7HFKQRORJ\ DQG (QJLQHHULQJ ,QWHUPRGDO 7

7TUDQVSRUWDWLRQ DQG 6XSSO\ &KDLQ ODQDJHPHQW
History and Organization

$ VPDOO JURXS RI WUDQVSRUWDWLRQ UHVHDUFKHUV LQ 1HZ <
LQ ODUFK ORQWKO\ OXQFKHRQ PHHWLQJV ZHUH HVWDEOL
¢UVW RUJDQLJLQJ PHHWLQJ Rl WKH $PHULFDQ 7UDQVSRUWD\
OLVVRXUL LQ 'HFHPEHU 7KH 1HZ <RUN 7UDQVSRUWDWLRQ
DQG EHFDPH WKH IRXQGLQJ FKDSWHU RI WKH $75) 7KH /DNt
FKDSWHUV ZHUH RUJDQL]HG VRRQ DIWHU DQG ZHUH ODWHU
8QLWHG 6WDWHV 75) FXUUHQWO\ KDV DERXW PHPEHUV
'LWK WKH H[SDQVLRQ Rl WKH RUJDQL]DWLRQ LQ &DQDGD
5HVHDUFK JRUXP 7KH &DQDGLDQ 7UDQVSRUWDWLRQ JRUXP Q
75) RUJDQL]DWLRQV KDYH DOVR EHHQ HVWDEOLVKHG LQ $X
&KDSWHU ZDV RUJDQL]HG IRU 75) PHPEHUV LQWHUHVWHG SD!I
WUDQVSRUWDWLRQ LQ FRXQWULHV RWKHU WKDQ WKH 8QLWH
,QWHUHVW LQ VSHFL¢F WUDQVSRUWDWLRQ UHODWHG DUHI
WR IRUP RWKHU VSHFLDO LQWHUHVW FKDSWHUV ZKLFK GR C
DQG 5XUDO 7UDQVSRUWDWLRQ +LJK 6SHHG *URXQG 7UDQVS]
EHORQJ WR DV PDQ\ JHRJUDSKLFDO DQG VSHFLDO LQWHUHVW
$ VWXGHQW PHPEHUVKLS FDWHJRU\ LV SURYLGHG IRU XQC
LOQOWHUHVWHG LQ WKH ¢HOG Rl WUDQVSRUWDWLRQ 6WXGHQW
DV RWKHU 75) PHPEHUYV
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.Q DGGLWLRQ WR PRQWKO\ PHHWLQJV Rl WKH ORFDO FKDSWH
VLQFH 75)TV ¢UVW PHHWLQJ LQ $QQXDO PHHWLQJV JHQHL
7KH\ DUH KHOG LQ YDULRXV ORFDWLRQV LQ WKH 8QLWHG 6\
&DQDGLDQ 75) DOVR KROGV DQ DQQXDO PHHWLQJ XVXDOO\ L
(DFK \HDU DW LWV DQQXDO PHHWLQJ WKH 75) SUHVHQWYV T
5HFRJQLWLRQ LV DOVR JLYHQ E\ 75) DQQXDOO\ WR DQ LQG
5HVHDUFK DQG WR WKH EHVW SDSHU LQ DJULFXOWXUH DQG U
$QQXDO 75) PHHWLQJV JHQHUDOO\ LQFOXGH WKH IROORZL
+ OHPEHUV DUH DGGUHVVHG E\ SURPLQHQW VSHDNHUV IU
DFDGHPLD
+ B6SHDNHUV W\SLFDOO\ VXPPDUL]H QRW UHDG WKHLU S
SRLQWV ZLWK WKH PHPEHUV
+ OHPEHUV DUH HQFRXUDJHG WR SDUWLFLSDWH DFWLYHC
DOORWWHG IRU GLVFXVVLRQ Rl HDFK SDSHU
+ B6RPH VHVVLRQV DUH RUJDQL]HG DV GHEDWHYV RU SDQH
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