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Abstract

Returns to transportation investments depend crucially on allocation efficiency. We show that endogenous
and heterogeneous traffic congestion is essential for quantifying spatial misallocation. Estimating a
generalized congestion equation with flexible congestion elasticity using GPS data from half a million
trucks in China reveals one-third of links are effectively uncongested. Structurally estimating a general
equilibrium economic geography model with the generalized congestion equation shows that returns to
China’s road expansion are low and highly unequal, with flexible congestion elasticity accounting for
over half of this dispersion. Our findings reveal both aggregate overinvestment and substantial spatial

misallocation of road infrastructure in China.
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1. Introduction

Substantial resources are devoted to transportation infrastructure across the world each year. In
developing countries, annual investment in road infrastructure exceeds 1% of GDP, reaching 2.4% in China
in recent years.! The gains from these investments depend crucially on their allocation. However, ample
anecdotal evidence suggests inefficient investment patterns. In China, while some inter-city roads suffer
from severe congestion, many expressways remain underutilized or entirely uncongested, particularly in
the central and western regions. To assess the potential spatial misallocation and its welfare implications,
systematic quantitative analysis of the benefits and costs of such investments is essential.

Quantifying the benefits is challenging primarily because of spatial spillovers from road investments.
The literature has used quantitative economic geography models that incorporate the general equilibrium
responses of production factors and trade flows (see Redding and Rossi-Hansberg, 2017; Donaldson, 2025,
for surveys). Some recent economic geography frameworks such as Allen and Arkolakis (2022) have
also incorporated endogenous congestion that depends on trade flows and traffic through the Vickrey
congestion equation (Vickrey, 1963, 1967).2 However, this formulation of congestion cannot account for
underutilized roads because it assumes that the congestion elasticity—the elasticity of driving time with
respect to traffic—is homogeneous across all roads. To accommodate the possibility of underutilized or
uncongested roads, we must forgo the assumption of a homogeneous congestion elasticity. Intuitively,
the congestion elasticity becomes zero for an uncongested road because the driving time is independent
of road traffic.

We generalize the Vickrey congestion equation in a bottleneck congestion model in which the
congestion elasticity is endogenously determined by traffic density and thus heterogeneous. This captures
the heterogeneous nature of congestion elasticities across roads that Vickrey pointed out in his seminal
work but is not part of the standard Vickrey congestion equation used in the quantitative economic
geography literature. We show that a bounded approximation of the generalized congestion equation
implies the congestion elasticity is a polynomial function of traffic density with an upper bound. This
specification nests two special cases—zero congestion elasticity for sufficiently low traffic and the standard
Vickrey congestion equation with constant congestion elasticity for high traffic—and can be tractably
integrated into a quantitative economic geography framework.

We estimate the congestion equation using high-frequency GPS data from half a million Chinese trucks,

which simultaneously measure real-time driving speed for each truck and traffic density on each city-

!Total capital allocations for roads are no smaller than 1% of GDP between 2009 and 2016 in 55 developing
countries covered by the BOOST database (Figure 16 in Fay et al. (2019)). The number for China is from the website
of the National Development and Reform Commission.

?Endogenous congestion resulting from rush-hour commuting has played a crucial role in the urban and
transportation literature (see e.g. Redding and Turner, 2015) but has only recently been incorporated into quantitative
economic geography models to analyze inter-city road investments. In addition to Allen and Arkolakis (2022),
Fajgelbaum and Schaal (2020) use a related constant-elasticity congestion technology in which transport costs
increase with trade flows.


https://www.ndrc.gov.cn/fggz/fgzy/shgqhy/202207/t20220715_1330784.html

to-city road link. Unlike widely used navigation apps such as Google Maps, our data capture real-time
traffic. This allows us to explore time-series variations in speed and traffic for each link, providing crucial
identification for endogenous congestion elasticities. Additionally, since our data are at the truck level,
they enable us to control for heterogeneity across trucks and selection, an important factor contributing
to speed variation.

Our estimates reveal substantial variation in the congestion elasticity across links. The mean
congestion elasticity is only 0.06 among links in the bottom tertile of traffic density, increases to 0.15
and 0.30 in the middle and top tertiles, respectively, and reaches a maximum level of 0.35 in the limiting
case with sufficiently high traffic. Even this maximum congestion elasticity remains below the estimate
in Allen and Arkolakis (2022) for the U.S. Crucially, our identification strategy using within-link speed
and traffic variations prevents any mechanical relationship between the estimated congestion elasticities
and average speed across links. As an external validation, we find that congestion elasticity and average
speed, which independently capture the degree of congestion (controlling for geographic conditions), are
negatively correlated across links. This non-mechanical negative correlation provides reassuring evidence
that our estimates capture genuine congestion patterns.

To quantify the aggregate effects of road investments, we use a general equilibrium model because
investing in one road leads to rerouting of traffic through other roads and reallocation of economic activity
across locations. We extend the quantitative economic geography model with optimal route selection by
Allen and Arkolakis (2019) by incorporating our generalization of the Vickrey congestion equation.> The
extended model is structurally estimated to match the driving speed and traffic on each road link, with the
broader framework calibrated to China’s economic geography in 2018.

We then compute the returns to road investment for each link using the benefits implied by
the structurally estimated model and the imputed costs based on the construction, maintenance, and
opportunity cost of land, which we obtain from land transaction and geographic data. The link-specific
returns have a mean value of 16.9% with a large standard deviation of 56.7%. This substantial spatial
dispersion can be interpreted as a reflection of misallocation within transportation infrastructure, and
endogenous congestion elasticities are key to the large dispersion in returns. The mean returns are 21.7%
and 23.7% for links in the middle and top traffic tertiles, respectively but turn much closer to zero for the
bottom tertile. Strikingly, the average returns weighted by investment costs are merely 3.2%, indicating

that investments are disproportionately allocated to low-return links.*

3Allen and Arkolakis (2019) is the working paper version of Allen and Arkolakis (2022). The former incorporates
optimal route choice into an Armington model, while the latter incorporates that into a Ricardian model as in Eaton
and Kortum (2002). We use an Armington model and thus cite the former. When we discuss aspects common to
both papers or new in the latter, we cite Allen and Arkolakis (2022) accordingly.

“The opportunity cost of land obtained from land transaction data, a novel aspect in the calculation of total costs,
is also important for the returns. Ignoring the opportunity cost would inflate the average and weighted average
returns by a factor of about 2 and 4, respectively: they would rise to 37.6% and 12.7% without the opportunity
cost adjustment, highlighting the importance of land opportunity cost in measuring aggregate investment efficiency.
Alternative assumptions about labor mobility, agglomeration effects, and productivity growth have limited effects on



The low returns align with the macro-level estimates from Song and Xiong (2026), who find returns
of 4.3% for infrastructure capital versus 13.0% for non-infrastructure capital between 2013 and 2017.
Because roads account for roughly one-quarter of infrastructure investment, our findings corroborate their
conclusion that China has significantly overinvested in infrastructure.

The stark spatial inequality in returns is also persistent. Returns estimated using a model calibrated to
China’s 2014 economic geography are strongly correlated with our 2018 benchmark estimates. Crucially,
examining actual network expansion between 2014 and 2018 reveals that infrastructure investments
were entirely uncorrelated with the initial 2014 returns. This orthogonal relationship corroborates our
interpretation that the large dispersion in returns to road infrastructure is a direct manifestation of spatial
misallocation.

To isolate the role of heterogeneous congestion, we re-estimate the model using the standard Vickrey
congestion equation, which imposes a constant congestion elasticity. The estimated constant elasticity is
0.19, close to the average implied elasticity from our benchmark model (0.17), and the structurally re-
estimated parameters also remain similar. However, imposing a constant elasticity almost halves the
standard deviation of returns across links—dropping it from 56.7% to 28.3%. This demonstrates that the
flexibility of the congestion elasticity alone accounts for roughly half of the spatial dispersion in returns.
This compression occurs primarily because the standard Vickrey equation underestimates the returns to
expanding congested links, where the imposed constant elasticity is substantially lower than the elasticity
implied by our flexible benchmark approach.

A natural concern is whether the dispersion in returns truly measures misallocation. Unlike capital in
the standard misallocation literature pioneered by Restuccia and Rogerson (2008) and Hsieh and Klenow
(2009), road investment is physically irreversible. Moreover, externalities can violate the convexity
conditions of the optimal investment problem (Fajgelbaum and Schaal, 2020). To address these issues,
we numerically demonstrate that return dispersion maps directly to the severity of misallocation and the
potential for welfare gains in our model. Using random groups of road links, we solve for the optimal fixed-
budget investment per group. We document a strong positive cross-group correlation: a one-percentage-
point increase in the standard deviation of returns predicts an average 0.05-percentage-point increase
in welfare gains under optimal investment. Empirically, we find that actual road investments in many
regions are orthogonal to these fixed-budget, welfare-maximizing allocations. These findings strengthen
our interpretation that the large dispersion in returns reflects a pronounced spatial misallocation of road
investment in China.

This paper contributes to the literature by showing that the endogenous and heterogeneous nature of
traffic congestion is critical for quantifying the spatial misallocation of road investments, particularly in
settings with highly unequal road utilization. Our quantitative analysis is closely related to the growing

literature that quantifies the general equilibrium effects of transportation infrastructure (e.g., Allen and

the mean and standard deviation of these returns, which are, however, sensitive to endogenous congestion elasticity.



Arkolakis, 2014; Donaldson and Hornbeck, 2016; Donaldson, 2018; Fajgelbaum and Schaal, 2020; Donald,
Fukui and Miyauchi, 2026). In particular, our work builds on the framework of Allen and Arkolakis
(2019). However, when incorporating congestion into these quantitative models, the literature has typically
assumed that the congestion elasticity is homogeneous (Fajgelbaum and Schaal, 2020; Allen and Arkolakis,
2022). Although congestion is known to be prevalent in developed countries (see, e.g., Allen and Arkolakis,
2022, for the U.S.), we show that allowing for heterogeneous and endogenous congestion elasticities is
empirically relevant for city-to-city links in China and quantitatively important for evaluating the returns
to road investments. Ignoring this heterogeneity not only biases the average magnitude of returns but also
leads to a substantial underestimation of spatial misallocation.

Our approach also relates to the transportation literature, which has long used flexible congestion
functions that allow travel times to respond nonlinearly to traffic conditions (see, e.g., Branston, 1976;
Small and Verhoef, 2007, for reviews). These specifications are typically designed primarily to describe
traffic flow on roads, whereas we estimate a density-based congestion elasticity that can be tractably
incorporated into a quantitative economic geography model for aggregate welfare evaluation.” We
bridge the transportation literature and the literature on quantitative economic geography by building
on canonical bottleneck congestion models (Vickrey, 1969; Arnott, De Palma and Lindsey, 1990, 1993) to
derive a generalized congestion equation that can be estimated from high-frequency speed-density data
and tractably integrated into a quantitative economic geography framework.® We show that endogenous
congestion elasticity is a natural feature of a standard bottleneck model and can be approximated by a
bounded polynomial function of traffic density. The equation nests the standard constant-elasticity Vickrey
specification used in quantitative economic geography while allowing the congestion elasticity to vary
endogenously with traffic density.

Our paper also contributes to the following three broad areas in the literature. First, we incorporate
large, high-frequency truck GPS data into a quantitative general equilibrium economic geography model.
Such truck-level data are well-suited for studying important questions in trade and transportation and
have recently been used to explore various topics (Hernandez, 2022; Allen et al., 2024; Balboni, Boehm
and Waseem, 2024; Barnwal et al., 2024). Our analysis differs from these studies by using the GPS data
to identify the relationship between traffic density and speed and incorporating this into a quantitative

economic geography framework. This allows us to explore time-series variations in speed and traffic for

SFor example, the frequently used Bureau of Public Roads (BPR) functions are formulated in terms of traffic flow
relative to flow capacity. Our GPS data naturally measure traffic density—sampled trucks per lane-kilometer—rather
than flow-capacity ratios. We therefore focus on the elasticity of travel time with respect to observed traffic density.
Furthermore, some existing speed-density specifications imply congestion elasticities that rise sharply with density
and can be unbounded, which can make them less tractable for counterfactual analysis in a general equilibrium
model.

®Vickrey (1963, 1967) described the dependence of speed on traffic in the form of a congestion equation, and he
also pointed out that the congestion elasticity can be heterogeneous, although this is not reflected in the standard
Vickrey congestion equation adopted in the quantitative literature. Our generalization in the bottleneck congestion
model formalizes this idea.



each link, providing crucial identification for endogenous congestion elasticities.

Second, this paper relates to resource misallocation, which has been studied extensively since Restuccia
and Rogerson (2008) and Hsieh and Klenow (2009) and is reviewed in Jones (2013) and Restuccia
and Rogerson (2017). Instead of focusing on resource allocation at the firm level, we explore the
allocation efficiency of infrastructure investments across road links, which is more complicated due to
the complementarities between investments across links. In the literature using quantitative general
equilibrium trade models, Alder (2025) examines the efficiency of road networks at the extensive margin,
while Fajgelbaum and Schaal (2020) study the intensive margin of road network investments by focusing
on the efficiency of allocating resources to expand a link. We also focus on the intensive margin of road
networks, but we differ from their study by introducing endogenous congestion elasticities and allowing
for externalities in productivities and amenities as in Allen and Arkolakis (2022).

Finally, we directly speak to the literature examining the impact of China’s transportation infrastructure,
including reduced-form studies (see, e.g., Faber, 2014; Baum-Snow et al., 2017, 2020; Banerjee, Duflo and
Qian, 2020; He, Xie and Zhang, 2020), as well as quantitative studies (see, e.g., Roberts et al., 2012; Alder
and Kondo, 2019; Fan, Lu and Luo, 2021; Xu and Yang, 2021; Egger, Loumeau and Loumeau, 2023; Ma and
Tang, 2024). Some scholars have also evaluated investment efficiency at the aggregate level (see, e.g., Bai
and Qian, 2010; Li, Wu and Chen, 2017; Wu, Feng and Wang, 2021). Our primary contribution here is
to quantify spatial misallocation and to introduce heterogeneity in road utilization into this evaluation—
a dimension overlooked in the previous literature. Our analysis reveals that taking this dimension into
account allows for a much more reliable evaluation, especially regarding the potential overestimation of
the returns for uncongested links. This approach allows us to identify the return on investment in each
link while taking into account the differences in congestion elasticities, which is useful for deciding on
the allocation of future investments. Finally, by comparing different investment scenarios (uniform vs.
optimal allocation), we quantify the magnitude of potential welfare gains if investments are efficiently
allocated.

The remainder of the paper is organized as follows. Section 2 describes the data on cities, roads,
and trucks. Section 3 introduces our bottleneck congestion model and the corresponding generalized
congestion equation. We estimate the link-specific congestion elasticity in Section 4. Section 5 introduces
the quantitative general equilibrium economic geography model and the structural estimation. We then
describe the welfare gains from infrastructure investments and the misallocation of such investments
across different links of the network in Section 6. We conduct numerical robustness checks regarding

misallocation in Section 7. Finally, Section 8 concludes the paper.



2. Traffic and Road Network Data

2.1. Truck GPS Data

Trucking is the primary mode of domestic freight transport in China.” We obtain real-time truck GPS
data from one of China’s leading logistics services providers. The data cover a total of 524,898 trucks in
2018, accounting for 7.9% of all trucks in China in that year. The GPS records provide information on the
latitude and longitude (with a precision of about 1 meter) and speed of each truck, as well as the time and
date of the observation. The GPS signals are received about every 10 seconds. Due to the size of the data,
we obtain a subsample of the data for four full hours (8 am. to 9 am., 12 p.m. to 1 p.m., 5 p.m. to 6 p.m.
and 9 p.m. to 10 p.m.) on two days of each month (one weekday and one weekend). Since trucks are
primarily used for the shipment of goods across cities, the truck flows indicated by our GPS data capture
mainly city-to-city goods flows. Further details about the data can be found in the Online Appendix A.1.

The left panel of Figure 1 illustrates the GPS data as a heatmap of the number of truck GPS signals in
10 km by 10 km cells in 2018. The figure shows that based on only GPS signals, one can observe the density
of economic activity across space and the paths that connect different locations. Chen et al. (2020) find
truck flows from the same data source to be strongly correlated with city-level GDP (correlation 0.90). The
right panel of Figure 1 displays the average speed of the corresponding trucks for each link, which will
be formally defined in Section 2.2 and Online Appendix A.3. We also find that our trucks’ driving speed
is highly correlated with cars’ driving speed from DiDi in five cities (see Online Appendix A.1 for a more

detailed comparison).

Figure 1. Heat Map of GPS Records and Average Speed

00000 The heatmap in the left panel is based on the number of truck GPS signals in 2018 in cells with a size of
10 km by 10 km. The right panel displays the average speed of the corresponding trucks in 2018 on each link of the
inter-city road network, where cooler colors indicate higher speeds and warmer colors indicate lower speeds.

"Road freight, for example, accounted for 72.9% of total freight in China in 2019 according to China’s Statistical
Yearbook 2020.



2.2. Inter-City Road Network Data

We treat each prefecture as a “city”, or node, in the network and define its location based on the
geometric center of the prefecture boundaries in China’s official maps. We exclude islands, where roads
are not well connected to Mainland China. We also exclude northwestern areas (Gansu, Inner Mongolia,
Ningxia, Qinghai, Tibet, and Xinjiang), where city size and population density are vastly different from
those in other parts of China. The remaining 272 cities are used as nodes in our network. Online Appendix
A.2 provides further details about the city data.

The roads connecting cities are also obtained from the same map, which contains all county-level-and-
above roads. We study intercity transportation and therefore use national and provincial roads, including
both highways and regular roads, to construct our road network. We calculate the capacity of each road
as the product of the average number of lanes of the road and its length.

We construct a road network connecting neighboring cities through the “least-cost” routes from all
possible routes connecting two neighboring cities. The “least-cost” routes are referred to as “links” in this
paper and they are selected by distance, instead of driving hour, as the latter is endogenous in the general
equilibrium model. We then link the GPS records to road segments of the shortest paths based on latitude
and longitude. This allows us to compute the speed as well as the traffic density of each road segment over

time. Online Appendix A.3 provides further details about the road network data.

2.3. Relationship between Traffic Density and Speed

Figure 2 shows the relationship between average speed and traffic density for two inter-city links by
exploiting variation across minutes. These two examples illustrate that the relationship between density
and speed can vary across roads. Xi’an-Baoji is a link with a relatively low density at all times (minutes),
and the measured speed does not vary systematically with density. This is, therefore, an example of a road
link that does not suffer from congestion. In contrast, Shanghai-Jiaxing is a road link with substantially
higher density overall (note the larger scale of the X-axis in the right panel). Furthermore, there is a
systematic relationship between density and (inverse) speed, i.e., the travel time through this link is
substantially higher at times when the density is also high.

These examples suggest that congestion elasticity is heterogeneous and depends on traffic density
across links. Our empirical analysis in Section 4 will show that this pattern of endogenous and
heterogeneous congestion elasticity emerges throughout the Chinese road network.® These observations
motivate a generalization of the Vickrey congestion equation by incorporating endogenous congestion
elasticity. Despite a large literature on congestion in transportation and urban economics (e.g. Vickrey,

1969; Arnott, De Palma and Lindsey, 1990, 1993; Hall, 2018), such a generalized Vickrey congestion equation

8Differences in congestion across time and locations have also been documented in other contexts (e.g. Akbar
et al., 2023a).



with endogenous congestion elasticity has not, to our knowledge, been derived and incorporated into a
quantitative economic geography model. In the next section, we present a canonical congestion model
and show that the feature of an endogenous congestion elasticity follows naturally from the physics of

traffic in the presence of bottlenecks.

Figure 2. Examples of Links with and without Congestion

00000 The figure shows the relationship between the log values of density and the inverse of speed on two inter-
city links. Each dot represents a link-minute observation from 2018 truck GPS data. The horizontal axis shows the
log value of truck density, which is calculated as the number of trucks per lane-kilometer (multiplied by 100) on the
corresponding link in each minute. The vertical axis is the log value of inverse of speed, where speed (in km/h) is
calculated as the average value among all trucks on the corresponding link within each minute. The average driving
speeds are 61.1 km/h and 44.2 km/h in the left and right panels, respectively.

3. Congestion Model

We build a bottleneck congestion model based on Vickrey (1969) and Arnott, De Palma and Lindsey
(1990, 1993).” Consider a road segment of unit length with a bottleneck located at its entrance, having
capacity V.!° Denote by Q(t) 0 the size of the queue at the bottleneck at time t. For simplicity, we
assume the bottleneck has zero measure horizontally. When vehicles queue to pass through the bottleneck,
they line up “vertically”, occupying no space along the road segment. Accordingly, queued vehicles do not
move horizontally and have zero speed. Elsewhere, vehicles travel at the full speed S. Therefore, the travel

time outside the bottleneckis T  1/s.

Bottlenecks are an important source of congestion and clearly show that travel times (and thus speed) can
depend on traffic density. Yet, bottlenecks are not the only source of congestion, as was also pointed out by Vickrey
(1969). For example, a high density can (even without a bottleneck) force vehicles to reduce speed to avoid collision.
However, bottlenecks provide an important and illustrative mechanism for congestion, making them the primary
focus of our analysis.

OThe following analysis can be readily extended to cases where the bottleneck is positioned elsewhere along the
segment or where multiple bottlenecks with different capacities are present.



Vehicles flow into the segment at the rate of a(t). The queue at the bottleneck follows
Zy
Q) =max 0; (a() v)d 1)
0

Define C(t)= 2t T;t :Q()>0 and Y()= 2t T;t :Q()=0,ie,thetimesin
which the congested (uncongested) bottleneck has (does not have) a queue. Denote by (t) the number
of vehicles outside the bottleneck:
z
= (Mv+ a( )d ; 2)
O]

where (t) denotes the measure of ©(t) - i.e., the portion of the time interval t T;t in which the
bottleneck has a queue,and () =T ifQ( )>08 2 t T;t.

Normalizing the area of the road segment, the traffic density is identical to the total number of vehicles:

DM =QM®M+ (b):
The average speed follows

s(t) = D((g s: (3)

With this simple model, we can already distinguish three types of roads. The first type is uncongested

roads, characterized by C(t) = ; 8t (implying Q(t) = 0 and D(t)  Tv 8t). The second type is roads

with a fully congested bottleneck (referred to as congested roads), characterized by Y (t) = ; 8t (implying

Q(t) > 0 and D(t) > Tv 8t). The third type is semi-congested roads, characterized by € (t) & ; and
MOLE

We can rewrite (3) as the Vickrey (1963, 1967) congestion equation. Define the congestion elasticity as

ddhfnlés. It is straightforward that uncongested roads are associated with = 0 since (t) = D(t). In

contrast, congested roads have (t) = Tv and, hence, = 1. For semi-congested roads, we focus on one
congestion period for simplicity —i.e., Q(t) >0 ¢ 8t t or8t t.!
In Online Appendix B.1, we prove that

1
In—=InF (D®)); 4
n g = InF (O®) @
where F is a weakly increasing function with congestion elasticity bounded above ( = 1 for sufficiently
large D(t)) and below (= 0 for sufficiently small D(t)). The monotonicity of F comes from the zero

correlation between traffic and speed during the uncongested period with Q(t) = 0 and their negative

R
'This requires the following conditions for a(t): Ot a( )d vt = 0 has a unique solution att = t and
sa()d ZvtfortSt ortZt.
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OVS (14 EBUBJODMVEFJOGPSNBUJPO POUIF MPDBUJPO BOE TQFFE F
UIFPWFSBMMEFOTJUZBOETQFFEPGUSVDLTPOBHJIJWFO SPBE TFHNF(

Skt BWFSBHF TQFFEBNPOKBMMIUSWIOVRE MJOL
Fut OVNCFSPGEJVFSFOUUSVDLT JEKHOUWFE EXOWVIBEBS *%T PO MJ

Dyt OVNCFS PG USVDLT QFSVOJU P& BPEBERBRKDBODIZUBIDN JT
DBMDVMBUERBIEFE CZ SPBEDBQBDJUZ

OVS NBJO WOEJOHT BSF SPCVTU UP VTJOH B IJHIFS PSEFS TQFDJWDBUJPC
FMBTUJDJUGETL GBEFEP®F IJHIMZDPSSFMBUFE XJUIBDPSSFMBUJPO PG
8F VTFUIF SFySSHD UM O BOE b;hD UP TVCTURWBVOESERYFDUIWFEMZ



*OBEEJUJPOUPUIFTF MJOL NJOVUF MFWFM WBSJBCMFT XFVTF UIF U
Skit BWFSBHF TQFPEORMIXBYDIO tJOVUF

(JWFOUIFUSVDL MJOL NJOVUFTUSVDUVSF PG UIFEBUB XIJDIDPOL
PG MJOLT XJUIFYUFOTJWF UJNF TFSIFTWBSJBUJPO XFFYUFOE FRVBI
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JFStbi DBO CFJOUFSQSFUFEBTUIFGSFF XPXTQFFEBOEJTQSPYJFECZ
MJOBF JODMWE®G UIFDPOHFTUJPO FRMBIE OPROOEP'E MPMBBBDPVOU GPS U
TQBUJIJBM EJVFSFODF PG GSFF XX BOEFRF-BBFAFOMIOETUSEDL MJOL E
WYFE FVFDUT SFTQFDUJWFMZ

OVS FTUIJNBUJPO FYQMPJUT UJNF WBSJBUJPO XJUIJO"BIMFOLB®EU I F S
"SLPMBLJT _FFTUINBWBROERHEPWFSO UIF FNQJSJDBM SFMBUJPOTIJQ
EFOTJUZ BOECBTFEPOUIFTF R BDWNPSETIGH DBGRBBRWE®G VOMJILF JO
TUBOEBSEDPOHFTUJPO RRNBROP®OHBOFPIN@BOHMEMIOL TQFDIJWD _JTJT
PVS XPSLGSPNUIFT@BEDIWBOBUIPBOOOMMFO BOE "SLPMBLJT

*ODMVEJOH USVDL WYFE FVFDUT JT BOPUIFS JN Q IF3JUBEBMmMU Q P WFBIUG F
MJUFSBUVSFIBT EPDVNFOUFEUIBUTQFFEBOEUSBYDNBZCFQPTJUJW
TFMFDUJPOPUWMRFZ# #PVSOF BOE'PBAUWRBUFMZ PVS (14 SFDPSETBMMPX
EBUBTFUBUUIF MJOL USvDL NJOVUF MFWFM $POUSPMMJOH GPS USVI

bh BOEBSF FTUIJNBUFE JO UXPDO UFRVBURSFEENDWFOQP B TUBOEBSE WYF
SFHSFTTJPO XI&DISFTWFOBIWFAOEVDU B H5UP WFBESEDIPWBBVF UIBU NBYJN
BEKVRUGES UIF QBOFM SFHSFTTJPO

_FUXP LFZ WBHJBOMETBSF DPNQVUFE NJOVUF CZ NJOVUF JO UIF GP
4JODFPVS EBUBDPWFS POF XPSLIJOHEBZBOE POF XFFLFOEEBZ JO FBLEL
UP UIF $IJOFTF/FX :FBS UIFSFBSF & NBFOHYy GPNBEBVUMI®IG /PU BMM

*dJDLSFZ UIFMFO IBOEWBSJBCMF JTkUUIPBUSBIWEAW ER/FSB O ROFCESRINVIJOH EJ
XIIJDIJTFRVBMUPUIFJOWFSTFTQFFE 8FVTFTQFFE BTJUJTEJSFDUMZ PCT!

'"PSUIF MJOLT XJUIUIF NBYIJNVN PCTFSWFE TQFFE Y DERHEFOWH O LF TTQFFBPAM
TQFFEMJINJU XIJDIJTUIFBWFSBHFTQFFEMJINJUXFIJHIUFECZUIFMFOHUIPGHT
UIFTBNF XIFO XFVTF UIF TQ bk B M3 BMMUNPIQIRY Z

"MMUIF SFTVMUT CFMPX SFNBJO SPCVTU XIFOXFJOTUFBEDPOUSPM USVDL

"OBMUFSOBUJWF TQFDJWDBUJB® HRGVDOFBO/HWNFE O B R® IIBIBWILFIE FOFDUT PG USE
XPXBOESPBEDBQBDJUZPOTIJQQJOHDPTUTBSFBMMPXFEUPCFEJVFSFOUG
EFOTJUZPOTQFFECZFYQMPJUJOHUJNFWBSJBUJPO BOEXFBMMPXUIFFVFD
PG SPBEDBQBDJUZDBOOPUCFTFQBSBUFMZJEFOUJWFEJOPVSFTUJNBUJPO |
CZMIOLWYFEFVFDUT BTJIJMMVTUSBUFE JO FRVBUJPO



IBWFUSVDLPCTFSWBUJPOT GPS FWFSZNJOVUF )FODF PVSTBNQMFJ
OVNCFS PG NJOVUF PCTFSWBUJPOT GPS B MJOLJT

Dyt JTCBTFE PO UIF OVNCFS PG B{VRLIIDIGPYSHABMNRQWIFPOMZ B TVCTI
USBYDBOEDPVMECFBTPVSDFPGNFBTVSFNFOUFSSPS 'VSUIFSNPSF
BVFDUCPUIEFOTIJUZBOETQFFEBOEUIVT MFBEUPBO FOEPHFOFJUZ C.
POBMJOLDPVME JODSFBTF UIF OVNCFS PG USVDLT BOE TINVMUBOFP
UIFUSVDLTJG UIFEFNBOEJT UJNF TFOTJUJWF MFBEJOHUP B OFHBUJ
DPSSFDU UIF BRFOVBUJPO CJBT DBVTFE CZ NFBTVSFNFOU FSSPS BOE
FNOQOMPZUIFGPMMPXJOH *7UP FTUIJNBUFUIFDPOHFTUJPO FRVBUJPO
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XIFNFk) JOEJDBUFTK&I6 AU CBSJRHITIWIIFOVNKEFSFRBICPSJOH DJUJFT
lim JTUIF XFJHIU NFBTVSFE BT UIF BWFSEKiMBOSRTFEMEBHSFJLBE O MJIC
DBQUVSFTUIFATVQQMZ TJEF TIPDLT4PSJHJOBUJOH GSPNGIF EFQBSL
POMZ UIRRVHBTFE PO UIJT BSHRN RU®PW OTFUNEHM BB B S P KIMIDR
CFDBVTFJODMVEJOH JUXPVME WIJPMBUF UIF F¥PM&ASMI SET XSHBR U PF
EFQBSUVSF DJUZ IBT POMZ POF OFJHICPS "TB SFTVMU XF IBWF M
TVQQMZ TJEFTIPDLT XFDBOBMTP DP@Q‘FFL%Q/%EM{,%)Q@!W@F TIPDLT
"TTIPXO CFMPX UIFTFUXP *7THIWF WFSZ TINJMBS FTUJNBUJPO SFTV]

OVSIJHI GSFRVFODZEBUBBSFBUPOF NJOVUFJOUFSWBMT )PXFWFS
Fut BUUIF TBNF GSFRVFODZBTUIBUPG TVQQMZ TJEF TIPDLT .PSFPWF
UIFMJOLTPSJHJOBUJOHGSPNUIFTBNFDJUZNBZTUJMMDPOUBJO NFB
BWFSBHFRBMFRBRO®BGUSVNFOU NJBYURFJODRPUBUIBNQMF IBT POF XFFLE|
XFFLFOE EBZ GPS FBDINPOUI DIBOFRFPEQG EBINBBBRMSBISFRPGBU NPOU
DIBOHFTKYDIDIW@QMZ PSEFNBOE TJEF GBDUPST

$POHFTUJPO &TUJNBUJPO 3FTVMUT

8F SFQPSU UIF SFTVMUTUWEOSBREEMEFFSSPST BSFDMVTUFSFE BU UIF M J(
FTUINBUFTREPTIJUIJWF BOE TIHOJWDBOU JO DPMVNO JNQMZJOH UIB
XJUlusBYD EFOTJUZ *U JT XPSUI OPUJOH UIF JNQPSUBODF PG USVDL
UIF TBNF D\ CWRVXJUIPVU USVDL WYFE FVFDUT XPVME 2JFMB B H SHFOJWII
FTUIJNBWIFODBET UP BO FWFO NPSF GFHB OB BT WHFNBIURRBUFT QPJOU U
BCPVUQPUFOUJBMTFMG TFMFDUJPOPGUSVDLTBOEIJHIMIHIUUIF JN(

SFDBMM SARWVJSFT BOF VUJOBIWBFHPSIIE TFBSDI BOE NBR2I N PCH BIHESBEKV T U |
UIF*7 TQFDIJWDBUJPO XFDPOBVVTWOH HFIE-FDPBED TRWHSE TQFDIJWDBUJPO



8IFO XF JOTUSVNFOU EFOTJUZ XJUI UIF TVQQMZ TJEF TIPDLT JO DPM\
TVHHFTUJOHUIBUUIF FOEPHFOFJUZPGEFOTJUZNJHIUCJBTUIFPCTFS
JOUIF 0-4 TQFDJWDBUJPOT SHAMVMNDV T THEQBBOFF UFL/TXQQMZI A JEF *
EFNBOE TRYERMPOEF SETVMUT BSFWFSZDMPTFUP UIPTFJODPMVNO

_FJINQMJFE DPOHFTUJPO FMBTUJDJUZ FYIJCJUT DPOTJEFSBCMF IF
BWFSBHF FMBTUJDJUZ JT BCP VU RMOWFRVEBG E FSLPG3 B SIFIFUBINBOE JC
BQQSPYIJNBUFMZ)FSHBH IBWPEO-POEPO &OHMBOE *NQPSUBOUMZ BCF
BSFBTTPDJBUFE XJUI B OFHMJHJCMF DPOHFTUJPO FMBTUJDJUZ TNBM
PG VODPOHFTUFE SPBET _FNFBO DPOHFTUJPO FMBTUJDJUZ JT NFSFW
USBYDEFOTJUZ JODSFBTFTUP JOUIFNJEEMFUFSUJMF BOE SFBDI
TQBUJBMEJTUSJCVUJPOPGUIFDPOHFTUXPOSFMEBTSLFSIWRMAP ST SPEPSI
DPOHFTUJPO FMBTUJDJUJFT

5SBCMF &TUJIJNBUJPO PG (FOFSBMJ[FE $POHFTUJPO .
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/PUFETF UBCMF TIPXT UIF FTUIJNBUJPO SFTVMUT PG UIFXHF®BSBNMY[SETDPIGHF’
OPOMJOFBS FVFDUPGEFOTJUZPOUSBWFMUJNF 4UBOEBSE FSSPSTBSF SF
BOEEBZMFWFM 4UBSTJOEJDRYBIOURY DDEJPBROTIHOMWNDBOD¥TFT TVQQMZ T
TIPB{ BT*7BOEDPMVNO VTFTUIFRFFRNE®E TWEF TIPDL

$PNQBSJOHUIFBWFSBHF TQFFE SFMBUJWF UP UIFTQFFE MJNJUBDS
PG NFBTVSJOH UIF EFHSFF PG DPOHFTUJPO GPS UIPTF OPU JOUFSFTU
XI1JDIJTDSVDJBM GPS DPVORES GBRWVBM BOBRNFEEISBUIJP JTBCTPSCFE
JO FRVBUBPEG UIFSFGPSF EPFT OPU BVYFDW WHRFOPITWRANBLDNIPDODRPE&GUIF DPO

n (0]

_F W?TU TLgBHF JTTUSPOHIFRBEOEBBOMFQR VMEMY D+ D,/ Dgf D +
D Mm;] D,/ >D UP JOTUSWNF OUD, Dt D + D Ml Dt >D  XIFBJ
JTUIFEFOTJUZ DPE)(:FUSMDBSEBBLS\P\/WFMZ XF DBO BMT[PQX/LBJTMJ]I[H:\IIP'IUJSJ\IN'FBOH:
BOE UIF SFTVMUT BSF SPCVTU UIF SFDPWFSFEDPOHFTUJPO FMBTUJDJUJFT I
XJUIBDPSSFMBUJPOBCPWPHB WBMWFWPEINPEWRSFEFOUJWDBUJPO UFTUJT

"LFZ GFBUyYS® RGF HFOFSBMJ[FE DPOHFTUJPO FRVBUJPO JT UIBU JUJT FOI
UulvT wBsZJODPVOUFSGBDUVBM BOBMZTFT XIFSFUIF SPBEJOGSBTUSVDUVS



FMBTUJDJUZJO USBYDBMODMBMNIFBMBABF PG DPOHFTUJPO _FDSPTT MJC
TQFFE SBY IPBEDOEIFSFGPSF TFSWFBTBO FYUFSOBM WBMJEJUZ DIFDL G

SPINQMFNFOUUIJT XJUI PVS EBUB XFTIJNQMZ DPNQVUF GPS FBDI M
TQFFEMJNJU _JTUuCBSRWRUMBEBBXIP VTFUIF EJVFSFODF CFUXFFO SFBM U
TQFFET BT B NFBTVSF PG DPOHFTUJPO EFMBZT 8F VTF UIF TQFFE MJN
UIFMJUFSBUVSF 8F GPDVT PO XFFLEBZTBOEDPOTUSVDUUIFTQFFE W
GSPNUIFSBXEBUBUPBDDPVOU GPSVOPCTFSWFEUSVDL MFWFM IFUF

$PMVNO P& 9I®COMOAMIOF "®VIPXHJYIBU BDSPTT MJOLT UIF DPOHFT!
OFHBUJWFMZDPSSFMBUFE XJUIUIF SBUJPPG BWFSBHFTQFFEUPUIFT
BSFSPCVTUUPBEEJOHDPOUSPMWBSJBCMFT BOEUIFSFTVMUT TUJM N
EFTUJOBUJPOWYFE FVFDUT JODPMVNO JFODF UIJTDPNQBSJTPO U
DPOHFTUJPO TVQQPSUTUIFDBTFUIBUUIFIFURSPBGO¥IBZ BO UNQPEOQ
BTQFDUPGUSBYD BOEUSBWFM UJNFT

'JHVSF 4QBUJBM %JTUSJCVUJPO PG $POHFTUJPO &

/[PUFETF WHVSFTIPXTUIFDPOHFTUJPO FMBTUJDJUZ PO FBDI MJOL PG UIFJOU
SFQSFTFOUT B MJOL BOEUIFEBSLOFTT PG UIFDPMPS SFQSFTFOUT UIF WBM\
PO FRVBUJPO



&DPOPNJD (FPHSBQIZ .PEFM BOE 4USVD

"BOUJUBUJWF &DPOPNJD (FPHSBQIZ .PEFM

8F OPX JODPSQPSBUF UIF HFOFSBMJ[FE DPOHFTUJPO FRVBUJPO JC(
4QFDIJWDBMMZ XF BEPQU B EJTDSFUF WFSTJPO PG UIF RVBOUJUBUJV
NPEFMMNGFO BOE "SLPMBESF UIF FDPOPNZDPOTJTUT PG BWOJUF OVNC
Cr2fl, ;Ng _FUPUBMOVNCFS PG XPSLFST JTLD P 6 TOUFEX®U NBBEDXI. ENFRCEHFUVF
BTTVNFTQFSGFDUMBCPSNPCIMJUZBDSPTTMPDBUJPOT &BDIXPSLFS
HIWFTWBHFUIF POMZ JODPNF BOE QFSGFDUMZ GSFF MBCPS NPCJMJU.
MPDBUJPOT

_FQSFGFSFODFTPGB SFQSFTF@B$SBUIJWF BHFOU JO MPDBUJPO

XIFSRIT UIF FMBTUJDJU g PEF DPUFJT JWIVWDIP@TVNQUJIPO P@BRAEBPET GSPN
UIFMPDBM BNFOJUZ JO MPDBUJPO

(PPET BSF QSPEVDFE JO BO "SNJOHUPO TFRJOH XIFSF FBDI MPDBUJ
UIF TBNF JOEFY BT UIF QSPEVDJGH/MPRBRIOR QU ZPCOPRIFETZQ SPEVDFE
_FQSPEVDUJPO UFDIOPMPHZ JT MJOFBS § GRAMT,FX MBCPOBEIAF POMZ
QSPEVDUJWJUZ BOF MBRTRSFDQUMWBBEJPTOTVNJOH QFSGFDU DPNQFUJUJ

Wi = PiAj;

XIF$FIT UIF GBDUPSZ HBYRQSUIF P K RMBESS FRAZ

_FJODPNF PG UIF SFQSFTFOUBUJWF BHF© W [;UROEGEFEEM B T BHM XBL
CBMBszFEixi,- XIFSF EFOPUFT UIF WBMWF BG ¢/PDBU GBEO N WIMIBIZI P O
NBYJNJ[BUJPOMFBETUP B TUBOEBSE H S BjWJUNRP\SRITIGHE RIMAMD B V F ¢

1y .
ij j YJ’

XIFSjFp P BOEEFOPUFUIFJDFCFSHUSBEFDPTU UIFGBDUPSZ HBUF QS
BOEUIFUPUBMJODPNFJOUIFMPDBUJPO SFTQFDUIJWFMZ _F %JYJU 4
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XIFPEFJT OPSNBMJ[FEUP POF _FHPPETNBSLFUDMFBSJOHDPOEJUJPO

8F BMMPX GPS MPDBMQ3SPENOBE BMEDI WY, FYUFSOBMINMFD BDEO
"SLPMBLIJTXIFSF 0BOK OHPWFSO UIFJOUFOTJUZ PG QSPEVDUJWJIUZ
SFTQFDA) BOEEMBSF MPDBUJPO TQFDIJWD DPOTUBOU UFSNT

_FSFQSFTFOUBUJWFBHFOWYTIXFMGBSF EFOPUFE CZ

#Z FNCFEEJOH UIF HSBW XYURMFFRBYBFUBRWBMJ[BUJPO BOE FYUFSOBMJUJ

DMFBSJOHDPBEEWIPYAIU 4UJHMIUXR 5 BOMFPIOEEFNO BO FRVBUJPO TZTUF|
UIFFRVIMJCSJVNPGUIF NPEFM
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"MMFO BOE "SLPRBPWF UIBU XJUI GSFFMBCPSINPCIMWILYZ1IABIFO
UIFSFFYJTUT B VOJRVEPRGJIMICSIVN XJUI

OQUIJNBM 1BUI4FMFDUJPO

'PMMPXNO®IFO BOE "SLPMREJTOEPHFOJ[F USBEF DPTUT UISPVHI USB
TEFMFDUNPRPDBUJPOTJO UIF FDPOPNZ BSFDPOOFDUFE CZ B SPBE OFU
BSF EJSFDUMZ DPOOFDUFE XIJMF PUIFST BSF JOEJSFDUMZ DPOOFDUF
UIF SPBE DPOOFDUJPO UISPVHI B6 [1GX¥BETHFSV NEYSHFRBEFSINTU GSPN
MPDB WP PBABBOFDUA Jiy Q MIFTIGIBUF UXP MPDBUJPOT BSF EJSFDUM
MJOLtjBOIE PUIFSXJTFKI8GRVEFOPUF B EJSFDUMZ DPOOFDUFRE®PDBUJIPO
BMPDBUJPO QBJS UIBUDBOCFEJSFDUMZPSJOEJSFDUMZ DPOOFDUFE

$POTJEFS BDPOUJO VNP & IPSBIEBSHP APGSPN USBEFS TEFMFDUT PC
GSPNPP XIJDIDPOTJTUT PG B HSPVQ;PEBIMIBUTP GBEFNMRQPTZICMF QBUIT
i BOE FOEJ OBIOBU<; SFQSFTFOUT POF QPTTJCMF QBUI *O BEEJUJPO Ul
~ (r) FBDIUSBEFS BMTP GBDFT B QBUI TQFDJWDrJEJRMDO DS ESBXOSB

_JTUFSNJTEFWOFEBTUIFNVMUJQMJDBUJPO PG EJSFDUrUSBEFDOPOB BTTI
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16 () "1=1 FYQ"
XIFSDBQUVSFTUIFIFUFSPHFOFJUZ PG USB E MSBINW\VIPINGFMIFHAFSTFIODF

QSFGFSFODFTBOE IFODF NPSFBHSFFNFOUDPODFSOJOHUIFPQUJNB
DPTUGWPBWMPOH QBW)"; (; ) _FPQUJIJNBM QBUMT®RISVFIBEFS

i ()= NJIg )" (r ):

_FPQUINJ(FBET USBEFSPUBM USBEP DRQUMISPN UIF BCPWF FRVBUJPO L
XFPCUBJO UIFBWFSBHEPBRBEF)PPMUMEFIFO UIF HFOFSBM FRVIMJCSJVH
4FDUJPO
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5P JMMVTUSBUF UIFFVFDUPG JOGSBTUSYBUV¥SPRPQURSBEG BPENAUMS
FYBNJOF UIFJS FVFDUT PO USBENM P® BOE "DUPAMVEEIBIIM BPUIDJUZ PG USE

CFUXFFOBOZ MRDEXUUPSFQ®RFIDIU UP
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"MMFO BOE "SLPBBIOPTQSPWF UIBU UIF FMBTUJDJUZ DBO CF JOUFSQSF!I
VTIOKIMIIGED DPOTJEFSJOH NPIWPOHHRAEFAQPRNFOUPLPUBM USBEF XPX UIS

MJODOLXIIJDIJT UIFOHJIJWFO CZ
X X i
Kl = Xij c
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5SBYD 'MPXBOE 3PBE $POHFTUJPO

8F BTTVNF UIBU UIF USBE KIXPPUFISNPMHA MUIFLUSBYD XPX PR WPMVNF
X1IJDIJT EFWOFEBTUIFOVNCFSPG UXVRES BTUIROGIWIISP VHISBPMBIO L

M@q) = + MOu);

"SLPMBLJTTIPX UIBU SFQMBDJOH NVMUJQMJDBUJWF DPTUT CZ BEEJUJWF DPT
SFTVMUT
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XIFSR (0;1] _FUSBYD XPXJTDMPTFMZDPOOFDUFE UP UIFDPNQPOFOU"
FRVBUJPO TQFFESBIFBEBWMDBIWMWMZ USBYD XPXQFSMBOFJTFRVBMUP UIF
ANBMM BOE 7FSIPGBEUIF SFMBUJPOTIJQDBOCFFYQMJIDIJUMZ FYQSFTTH

Vi = su Dy laney;

XIFSEF BOgy EFOPUF UIF BWFSBHF ESIWJOH TQFEKE BOEVBIBPDIEFOTJIU
DPOTJTUFOU XJUI UIF VOJUT/RBWSKBRVBYS {WF | WORNNFODWEJO FMB O F
"TUIFVOJUT PG NFBTVSF TIPX UIFJOWFSTF PG TQFFEHG( BSBWFM EV S
USBWFM EV &BWR XOJGSBPNFRVBM UP UsfF BOEBIMDILMBEOHUI 8F BTTVNF U
ESIWIOHY PEWUIFSNJOF UIF USBEF KIRRgUWIS EVES F D ILF N6 FMM P XINOAHOF RV B L
BOE"SLPMBLBD -VBOE -V BOE 5BOH

tu = FY(Q Hy);

XIFS¥ 0 XIJDI FOtRgYVIFT
*OBEEJUJPO UP TBUJT QA F@BAVARS\BBAWF JEFPIBANOIEO Bl F BAMFEES B BEFOTJU Z
BMTPEJTDIJQMJOFECZ UIFFTUJNBUFE HFOFSBMJ[FEDPOHFTUJPO FRYV

MOS% Olkl =% Dy Dy D +D MIy+1 MD  Dy>D +F&:
X|F®1FJTCBTFEPODPMVN(B(D&PEBFKBRIM:FFUH:MJOL TQFDIJIWD BWFSBHF PC
FVFDUD PUIFS XPSET XFFNCFE PVSDPOHFTUJPO FTUJNBUJPO JOUP U
GSBNFXPSLUISPVHI RRMBWIFOJ UIFGVODUJPOBM GPSNPGPVSHFOFSB

BOEFTUIJNBUPBBWEBMVPFPDTPESBDUFSJ[F IPX UIF BWFSBHRESFWQOaH QP
UIFBWFSBHHEFOWHFOA IF UYBEPXPXNIJOFE CZUIFUSBEF XPX XI1JDIJO
EPXOCZUIFFDPOPNJD HFPHSBQIZ NPEFM BOE PQUJNBMBE®BBEI TFMFDU
BMMPXTVTUPTPMWFGPS UIFFRVIMJCSIJVN BWFSBHF TQFFEBOE EFOT

*OTVN UIFNPEFMFYIJCJU THR WMIFESQR DAHUXB SR B BRANFBE T JFZ&DF M E T

5SBYD XPXBOEEFOTJUZBSFDPODFQUVBMMZ TIJNJMBS CVUEJTUJODU UIF
UISPVHI B MJOL PWFS B TQFDJWD UJNF QFSJPE FH POFIPVS XIFSFBT UIl
PDDVQZJOHBVOJUPGDBQBDJUZBUBTJOHMFTOBQTIPUJO UJNF 8FVUJMIJ[F
CFDBVTFJUDBO CFEJSFDUMZ PCTFSWFE BOE NFBTVSFEJOPVS (14 EBUB 'VS
X1JDI TVVFST GSPN UIF BNCJHVJUZ PG IZQFSDPOHFTUJPO XIFSF TQFFE BOE X
DPOHFTUFE SPBET UIF TQFFE EFOTJUZ SFMBUJPOTIJQ NBJOUBJOT B DPOTJT
DPOHFTUFE UIVT QSPWJEJOH BO VOBN GNBWW B 0B FFBBRPG PG DPOHFTUJPO

_FJSFNQJSJDBMDPVOUFSQBSUTHB®6EWWMOFEIOFOEDYJIP O

_FWYFE FVEBET BGR BSF PCUBJOFE UISPVHI UIF FTUJOBBDRQPAG FRVBU.
FTUJNBUJPO JT CBTFE PO B MJOL USVDL NJOVUF QBOFM ZJFMEJOH FTUJNBL
DBMDVMBUF UIF MJOL TQFDJWD BWFSBHF PGTREBTRE R TN NIBSG B WYTFRUFSFDBW
WBMVFET



ty XIIJDIGVSUIFS EFUFSNJOFT YIFODFEPFQHINSBMER BPTDIRIJDAMNPEFRFM

HFOFSBM FRVIMJCSJVN DPOEJUJPOT TPMWF GPS UIF CIMBUFSBM USB
FRVBUJPQIWFO UIFUSBYD XPXTJNQMJFE CZ UIF USBE REXMDSIOBIDI-OMPE E J
GPSFRVIJMIJCSIJVNTQFFEBOEEFOTJUZUISB®\EH| UAB O XYWIHEAN PG RN B B W
TQFFE HYFMEIDI DPNQMFUFT UIFWYFE QPJOU _FFRVJIJMJCSJVNJITGPS

%FQOJUJIPRVIMICEWY¥® FYPHFOPVT MPDBUJP OQ 0 E U DAY DEBINFIFIOLF T
TQFDJIJWD k& BBABRNVNUMICSIVNITBTFU PG MP,DBR;,PPYgT IPDBWDRAOB S J
QBJS TQFDJWDR;W;BRS BEXEMMFIOL TQFIOBHWIWESIBEHMABU TINVMUBOFPVT
TBUJTGZUIFGPMMPXJOHDPOEJUJPOT

J_FHFOFSBMFRVIJMIJCSJBADRPHEEU XPIDN Qv B BIEXBQEXj P,
BOEBSFEFUFSNJOFECZFRVBBOEOSFTQFDUJWFMZ

JJ FSFMBUJPOTIJQ CFUXFFO Uj BOEBEMBIEAG B UTSBRRJIDT KNSR KFBOP T L
UIFSFMBUJPOTIJQ CFUXFFXY IFCE M BO E SENF D S\ BB PSBREUFHSINI O F E
CZFRVBUXB®E SFTQFDUJWFMZ

JJISBYD XPXAT EFUFSNJIOFE C4 WIBEVIXPPRVBWBCPO ESIWHRQH IPVST
EFUFSNJOF UIFEUBEBEPNVN BPARVBUJPO

JWSBYD WPXYSBYD BEROBOEESIW3$HP HBWQIFIFKEZ FRVBUJPO

W_F SFTQPOTF PG EJWBOAISBEQREBIRF-OTHUANFO CZ UIF FTUJNBUFE HF
DPOHFTUJPO FRB/BE UBBANFM FRVBM UP UIFsQ BROEVRINORLEMFOHU I

4USVDUVSBM &TUJIJNBUJPO

8F OPX TUSVDUVSBMMZ FTUJNBUF UIF HFOFSBM FRVJMJCSJVN NPEF
JOUSPEVDFE JQWFDUSROUVSBM FTUJNBUJPO PG UIF GVMM NPEFM BM
QPQVMBUJPO XIJDI XF PCUBJO GPS FBDI DJUZ GSPN PYDJBM TUBUJT!I
QSPWJEFE JO OOMJOF "QQFOEJY

'PMMPXME@AO BOE "SLPMBLIFU POF QSF EFUFS NJD F EFQIBJSB/NDFUMSS M
FTUIJNBUJPO JT JOBPEFOES QUFPYXGFMGBSF BCBMBTEOEXB:V TET JO
"MMFO BOE "SLPM®1UZ MFWFM (%1 JO UIF TUSVDUVSBM FTUJNBUJPO J
TFF OOMJOF "QGPSHBIEFTDSJQUJPO PG UIF EBUB _FSFGPSF UIF FTU
DJUZ TQFDJWP BNEQSPENDUJIWMBWFT GPVS QBSBNFUFST UP CF TUS
UIF TIBQF QBSBNFUFS GPS USBEFST Y (FSIFISTAS © @ BB NBWFSBEEEQR FU Z
QBSBNFUFSTJOUIFUSBYDK®K FRVBUJPO



-FUVTEFOPUF g (JWFXFTIJNVMBUFUIFBWFSBHFOVNCFSPG USVD
GPS FBDIEJSFDU NFI® B GO PRHFFTEQED UIJWFMZ _F BMVAFP BILEN GPS TPMW
JOOOMJIOF "QQBPEIJF OPOMJOFBS MFBTU TRVBFFTNI-@INP[FOHINB ERT
CFUXFMOHS™ BOE UIFJS PCTFSWFE DPVOUFSQB®BYAY® WBIF FEBUUBN EELFFO P U
VTJOH

= argmin Meg™  MEeg*®  + MEeg"  Mege
kI
BOEBVFDUFRZP BIOHE™ _F JEFOUJW DBUBPRNFG BEZPN O XI1JDIUIFZ IBWF

BWSTU PSEFSFVFDU

&TUIJNBUJPO 3FTVMUT

_FFTUJNBUJPO SFTVMUT B SBFOEFEBRCMAFEIH® XJHWISBAU UIF FTUJNBUFE |
WUT UIF EBUB XFMM _F DPSSFMB (F)}PC) cBRrAj¥f BSF 6 5B XPEO MO IJDI
JT IJHIFS UIBO UIF DPSSAMBRAG BO®EGSLP M@ T)) WUH® BMNPTU
QFSGFDUMZ XJUIDPSSFMBUJPO DPFYDJFOUT PG BSPBSFESF QP SUFEWD
5BCMFF FTUJNBUBEEBSF BOE BOEBSF QSFDJTFMZFTU

'JHVSF .PEFM 'JU

/IPUEFWHVSFTIPXTUIFNPEFMWUCBTFE PO UIF TU S VIBWFNBIM' BTOWEIA @ M PRICU.
OVNCFS PG (FgVBIOE EO®IWJIOH UJNEF)JOOPMETEBWLWB BOE TINVMBUFE GSPN UIF F°
SFTQFDUJWFMZ _FSFEMJOFSFQSFTFOUTUIF EFHSFF MJOF

OVS FTUIJNBUJPO TUSBUFHZ JT BWINVAFIQJUBLO E TEINFMEBLUTBIFIO JT POF JNQPS|
EJVFSFNBPMFOBOE"SLPEBOFUJODMVEFUIFJSEBUBPOIPVSTGSPN (PPHMF .B(
OVSIPVSTBSFGSPNUIFSFBM UJNF (14 EBUBPGBDUVBMUSJQT BOE XFJODM



SBCMF 4USVDUVSBM &TUJIJNBUJPO PG .PEFM 1BSBI

&TUIJNBUFE QBSBNFUFS
4 &

/[PUFETF UBCMF TIPXT UIF SFTVMUT PG UIF TUSVDUVYBBNVFFTIBIN-BQBBBNFUFR
USBEFSTY QSFGFSFODFUFUBPBPUHRBSBNFUFS P@BPEBWRH QB SBWEFUFSAOEIO UIF U
XPXFRVBUJPO 4UBOEBSEFSSPSTSFQPSUFEJO QBSFOUIFTFTBSFDBMDVMB!
DPWBSJBODF NBUSJY PG OPOMJOFBBMFBAQU TRVBSFFTUJNBUJPO GSPN

4QBUIJBM %IJTQFSTJPO PG 3FUVSOT BC

*OUIJT TFDUJPO XFWSTU VTF UIF FTUINBUFE NPEFM UP DPNQVUF |
bBQBDJUZ PG JOEJWJEVBM MJOLT 8JUIUIF JOWFTUNFOU DPTUT DBM
SFUVSOT UP DBQBDJUZ FYQBOTJPO PO FBDI MJOL BOE SFWFBM UIF JOV
EJTQFSTIJPOJO SFUVSOT

8FMGBSF (BJO GSPN*OEJWJEVBM 3PBE *OWFTUNF(
_FXFMGBSFHBJO GSPNFYQBOEJOH UIFDBQBDJUZPG JOEJWJEVBM I

W( W) W

DP;
W G

B( w)=

XIFSF BOE( ) SFQSFTFOU UIF XFMGBSF JO UIF CFODINBSL NPEFM BOE
DBQRBDJUZFYQBKDTYPORGIRE-EDEWHRFMEU FRVBM UPJUT OPNJOBM WBMVF

OODF UIF FYPHFOPVT QSPEVDUJWJUJFT BOE BNFOJUJFT IBWF CFFO
CBTFEPOUIF SPBEDBQBDWUBOE SF UPNPVOWBUP UIF NPEFM VTJOH UIF F
JOUIF DPVOUFSGBDUVBW ki FBOmBB IPQMMBRIBIBYOFRVBUJPOHWKS F
JOOOMJIOF "& WFOEBM IFEPS FYQBOEJOH FBDI MJOLBUBUJNFJOUIFT
NPEFM XIFSFUIF QBSBNFUFS W8 NDFXFBSHFGETIIENS BCWNB MUMODSFBTF PC
SPBEDBQBDJUZ UIBF(DPIHFARBRQBPOKINBUF UIF AaNBSHJOBM HBJO& GS
DIBSBDUFMWYFEOJIOOE "SLPMBLJT

8IFOUIF DPOHFTUJPO FRVBUJPO JT EJVFSFOUJBCMF JO UFSNT PG USBYD
SPBE FYQBOTVMAVOFBBOBG "SLPMBVLDMTBO FMBTUJDJUZ HIWFT VT B TUSBJHIUGPS
UIFANBSHJOBM HBJO4 GSPNB TNBMM SPBEFYQBOTJRO XIJDIJT QSFTFOUFE.



$PTUS$BMDVMBUJIPO 1SPDFEVSF

SFBTTVNFUIFVOJUDPOTUSVDUJPODPTU GPSUE&\/VJD‘PLS@}EBKCF QSPQPS
8F NFBTsWbpdg CZ UIF BWFSBHF TMPQF BDSPTT BMM HSXETTFF OI-M INFC V \
"QQFOEJEPSBEFTDSJQUJPO PG UIF EBUB 8F UIFODBMJCSBUF UIF VO
MJOLTPUIBUUIFBWFSBHFPGVOJUDPOTUSVDUJPODPTUTBDSPTTBMN
OBUJPOBM BWFSBHFDPOTUSVDUJPODPTU PG _WNHNMWBPWFEAQPH MB\C
GPSDBMDVMBUJOHUIFVOJUDPTUB&FQSPWJEFEJOOOMJOF "QQFOEJ

oOvS BQQSPBDI SFHBSEJOH UIFPQQPSUVOJUZDPTU PG MBOE JT CBTF
ZFBS CFUXFFO BOE TFFOCGHMIBFETRIQPPAORWIPO PG UIFEBUB "OFS
MBOE QBSDFMYTBEESFTT BT B QPJOU VTJOH UIF (BP%F .BQ "1* XFBTT
UIFDSJUFSJPO UIBUUIFQPJOUJT XJUIJOB LNCVVFS[POFPGUIFSPB
UIFNFBO WBMVF PG MBOE QSJDFT CZ UBLJOH UIF BWFSBHF BDSPTT BM
UIFBWFSBHFBDSPTTBMMTFHNFOUTPGBMJOL XFPCUBJOUIFBWFSB
UCk

_FVOJUDPTUTGPSJINQSPWJOH FBDI&M BO& BIOFO@I/RITOFRO"@REFICE'IJH V S F
FYQFDUFE UIFDPOTUSVDUJPO DPTUT BSF NVDIIJHIFS JO NPVOUBJOP
BOE UIF MBOE QSJDFT BSF NVDI IJHIFS JO NPSF EFWFMPQFE BSFBT MJ
#FJKJOH 5JBOKJO )FCFJ #Z QVRJOH UIF BCPWF UXP VOJU DPTUT UPH
FYQBOTJPKI PO MJOL

C( w)= UCG+UCy lengthy K

3FUVSOT GSPN *OEJWJEVBM 3PBE *OWFTUNFOUT

_FSFUVSOGSPNFYQBOEJOHPOFMJOLJTHIWFO CZ

B( w)
C( w)

XIFSBH ) BOE( y) GPMMPX FRVBBOPOBSFTQFDUMVEM@QPBGE UIF BOOVB
NBJOUFOBODF DPOYJDFAPNEMARKAWH UF "BEBUWKSO BOE "SLPMBL XIF

_FSFMBUJPOTIJQ CFUXFFO DPOTUSVDUJPO 'BEFST BOF¥ U MIAFRYB UJRDOVEN
JODMVEFT PUIFS EFUFSNJOBOUT TVDIBTVSCBO MBOET XIJDIBSFBMSFBEZB
MBOE QSJDFT

_FEBUB TPVSDF PG UI#UBBMDUYNVBBENBGEQPSU PG UIF % FWFMPBEONEFFOLFP G 5SII
BOOVBM DPOTUSVDUJPO DPTUT BSF BEKVTUFE UP UIF QSJDF MFWFM _JT
DPTUJTWFSZDMPTFUPUIBUPCUBJOFE GSPNUIF3PBET $PTU ,OPXMFEHF 4ZT
5SBOTQPSU 60JUSsPVMD/RIFEIQOISDPCFSHFS BOHUNEFSCPIUT 64 % QFS LN (
MBOFFYQSFTTXBZT NFBTVSFE JO QSIDFMFWFM PSFRVJWBMFOUMZ NJI
MEFWFM

_FBOOVBM MBOE QSJDF GPS FBDI MJOL JT BMTP BEKVTUFE UP UIF QSJ
SFHBSEJOH EJVFSFOU MBOE UWQFTJOOOMJOF "QQFOEJY

R( w)=

M;




BTTWNES5 GPS CPUIUZQFT PG DPTUT VOEFS UIFBTTVNQUJPO PG B z
WSTU SFQPSUUIFTUBUJTUJDT PG UIFaNBSHJOBNMaISHJV SO0 NFPFBIW PTG
SPBEDBQBDJUZ BOEUIFOEJTDVTTUIFEJVFSFODFCFUXFFO WBSJPVT
TFDUJPO
_FTQBUJBM EJTR(SY)CNTUWROWBMJI[FE BOEJHR/NMY¥N O FPROPEBEUM AU | F

DPSSFTQPOEJOH NFBOBOE TUBOEBSE EFWJBUJPO _FSFUVSOTUP JO)
BSF MPX PO BWFSBHF _F NFBO WBMVFJT NFSFMZ XIJDIJT TNBMM
UIF TFHNFOUT JO UIF 64 IJWMXBD BORJFN. PO BRIFWFS PVS SFUVSOT BS
EJSFDUMZ DPNQBSBCMF XJUIUIFJST GPS UISFF SFBTPOT 'JSTU UIF F
UIFSPBETFHNFOUTJOUIFIJSNPEFM XIJMFFWFO UIFNBYJNVNFMBTUJI
UIFMJOLT XJUIDPOHFTUJPO FMBTUJDJUZHSFBUFS UIBO UIFOUIF N
UpP 4AFDPOE UIFPQQPSUVOJUZ DPTUT PG MBOE BDDPVOU GPS NP
SPBEJOWFTUNFOUT JO PVS NPEFM )PXFWFS UIFZ BSF FJUIFS JHOPS|
VSCBOJ[BUBRODZFSF HMMFO BOE "SLPMWBEARS 8F TIPX JOUIF TFDPOE DPWN
PG 5B&L&NBE OOMIOF " QBBBUFYDMVEJOH MBOE DPTUT GVSUIFS JODSFB™

UprP .PSFPWFS EFTQJUF UIF MPX SFUVSOT PO BWFSBHF JOWFTUJC
SFUVSOT 8FMJTUUIFUPQ MJOLT BDICPGENOE RJ'RSIADMSEYET U I0- 51B 6 W IF
SFUVSOT BCPWF 8IFO XF FYDMVEF UIFPQQPSUVOJUZDPTUT PG ME

DPNQBSBCMF UP UIF SFUVSOTNMBQ BOEP'Q LAAVOEBIDWOM Z JWDIF SFUV S
SFOQOPSUFEBCPWFBSFCFGPSF CPSSPXMMHDPOE TS K PEMESWB-EZFIO/ISNDM B
CPSSPXJOHDPTUT *GXFBMTPBTTVNFEBCPSSPXJOHDPTUPG UIFO

8IIMFEJSFDUDPNQBSJTPOTIPVMECFUBLFO XJUIDBVUJPO JUJT DN
DPOHFTUJPO FMBTUJDJUJFTJTUIF NBJO SFBTPO GPS UIFBWFSBHF PG
UIFMJOLT XJUIBMNPTU [FSPFMBTUJDJUZCSJOHTBCPVU[FSPCFOFWU
PG XI1JDIDBQUVSFUIFDPTUT PG EFQSFDJBUJPO BOE NBJOUFOBODF

.PSFPWFS UIF MBSHF WBSJBUJPO JODPOHFTUJPO FMBTUJDJUJFT M
QBSUPG 1BOFMTIPXBBCMEF UIF NFBO SFUVSO JT POMZ BNPOH MJOLT
USBYD EFOTJUZ *UJODSFBTFTUP JOUIFNJEEMFUFSUJMF BOE SFI
EFWJBUJPO PG UIF SFUVSOT BDSPTT BMM MJOLT JT BCPVU UISFF
4FDUJPOIF EJTQFSTIJPOJT BMNPTU IBMWFE JO B NPEFM XJUI DPOTUBO
TUBOEBSE 7JDLSFZDPOHFTUJPO FRVBUJPO

*O BEEJUJPO UP UIF VOXRIHIWRERL BWNIBBGN MGAWP DPOTRSYPU UIF BW
XFJHIUFECPZleBF%%Zé")—;ﬁ R( w) _FSIJHIUQBSUPG 1BDIPMT UOBBOMFXFIHIUF

_SPVHIPVUUR{ QBRFOSPUFTUIF SFUVSO GBRENX FYREBIOEUNDBIQBIMIUZ VOMFTT |
TQFDJIJWFE

_FBWFSBHF SFUVSO JODSFBTFT UP MXIFODBQR MBBE PEOOMEZOLDFFWIFETSWPBE DI
DPTU BOEUIF SFUVSOTBSFBMNPTUQFSGFDUMZDPSSFMBUFE XJUIPVS CBTF



BWFSBRHFkPGT TVCTUBOUJBMMZ MPXFS UIBO UIF VOXFJHIUFE BWFSBHF
XJWPOH BOE 9JPOHNBDSP MFWFM FTUJNBUFT XIJDITIPX UIBU UIF SFU
XBT EVSJOH X DPNQBSFE XJUI GPS OPO JOGSBTUSVDUVZE
CBTFE PO UIFUSBOTQPSUBUJPO OFUXPSL XIJDI DPWFST SPVHIMZ PO|
TQFOEJOH BOE UIFJS BHHSFHBUF FTUJNBUFT DPNQBSJOH JOGSBTUS"
UIFTBNFDPODMVTJPO $1JOBIBTTJHOJWDBOUMZ PWFSJOWFTUFE JO J

SBCMF 3FUVSOT UP 3PBE *OWFTUNFOU

/IPO XFJHIUFE S8FJHIUFE

"MM -PX .PEFSBUF )JHWM M -P X .PEFSBUF )JHI
MJOLT EFOTJUZ EFOTIUMJIOEROTEFDTIUZ EFOTJUZ E

1BOFM" &OEPHFOPVT )FUFSPHFOFPVT $POHFTUJPO &

.FBO
4 %

1BOFM# )PNPHFOFPVT $POHFTUJPO &MBTUJDJUZ
.FBO
4 %

/IPUFETF UBCMF TIPXT UIF SFUVSOT UP SPBE JOWFTUNFOLBIONFIVBTYVISRET QB FF E
SFTVMUT GPS UIF NPEFM XJUI FOEPHFOPVT BOE IFUFSPHFOFPVT DPOHFTUJP
UIFSFTVMUTGPSUIFNPEFM XJUIIPNPHFOFPVTa&8FOHFRIRBE & ONFWBITRIIWDIBUI B ITF !
TUBUJTUJDTBSF EREFIHIUFBRGPRRTANPEFSBUF4 BOE alJHIABSFTBNQMFT PG M.
NJEEMF BOEUPQUFSUIJMFTJOUFSNTPGBWFSBHF MJOLEFOTJUZ

"MUIPVHI MBCPS NPCJMJUZ BOE FYUFSOBMJUJFT EP OPU BVFDU PVS
XFMGBSFINQ®RDBWIPODIF SPCVTUOFTTPGUIFBCPWFSFTVMUTCZDPOE
FYFSDJTFJOUIFNPEFM XJUIPVUMBCPSNPCIMJUZBOEFYUFSOBMJUJF
BOEGPVSUIDPMENOTRPMIBEME Q FOEIJWFSFODFTBSFRVBOUJUBUJWFM
PGJIJNNPCIJMF XPSLFST _F SFUVSOT DIBGOFEERBEH FUHIPIW B B O_UAVXZFX IHFIC
NFBOPGSFUVSOTESPQT GSPN VOEFSPVSCFODINBSL DBFP XFFDP
SFNPWFUIFFYUFSOBMJUJFT&TFF DPMVNO PG 5BCMF

"NPSFQPMIJDZ SFMFWBOU BQQSPBDIJT UP DPNQVUF UIF SFUVSO BT
'PS B UXP MBOF MJOL UIJT NFBOT B DBQBDJUZ FYQBOTJPO PG _F
DPMVNOT RGIEBCOMIOF "QOBPBIVNMVNFUIBWODSFBTFT UIF XJEUI PG Ul
Cz NFUFST _F VOXFJHIUFE NFBO PG UIFTF SFUVSOT JT BCPVU
SFUVSO GSPN B JODSFBTF JO SPBE DBQBDJUZ _F XFJHIUFE NFBO PC
JTBMTP TNBMMFS UIBO UIF XFJHIUFE aNBSHJOBMa SFUVSO PG _JT

4FF GPS FYPO@METPO BOE )PSOEBOOTVNF QFSGFDU NPCJMJUZ JO UIF Ul |
S5PNCFBOE ;IVXIPBTTVNF MINJUFENPCJMJUZJO $1JOB



'JHVSF 4QBUJBM %JTUSJCVUJIJPO PG 3FUVSOT

/IPUETF WHVSFTIPXT UIF SFUVSOT PO FBDI MJOL PG UIFJOUFS DJUZ SPBE OF
MJOL _FEBSLOFTTPGUIFDPMPS SFQSFTROMT BIOE NEBISQ ¥ S \DEPAVAPG U SRR S
SFUVSOT

SFUVSOT BT SPBEFYQBOTJIJPROJODSOSWVMBOFT &FHOCEIFWSFS UIF UXP NFBTYV
BSFIJHIMZ DPSSFMEBUIREODMR QHMBEFFEINFUVSOTXUBISF BMTP IJHIMZ
VOFRVBM JO $1JOBYT SPBE OFUXPSL _F SBOLT PG MJOLT CBTFE PO Ul
4VvDI B TVCTUBOUJBM TQBUJBM EJTQFSTJPO DBO CFJOUFSQSFUFE BT
XJUIJOUSBOTQPSUBUJPO JOGSBTUSVDUVSF BOE XF XJMM DPOEVDU N
JO4FDUJPO

$PNQBSJTPO PG 4QBUJBM JTQFSTJPO PG 3FUVSO

_FTUBSLTQBUJBM JOFRVBMJUZ JO SFUVSOT JT IJHIMZ QFSTJTUFO!
B NPEFM DBMJCSBUFE UP $1JOBYT FDPOPNJD HFPHSBQIZ BOE DPNC(
FTUIJNBUR(T ) BSFIJHIMZ DPSSFMBUFE CFUXFFO UIFN DPSSFMBUJPO F
JO '"JHVIHRF FYQBOTIJPOT PG MJOL DBQBRJIJUZ OOMJIOF "REBAOGHINE KR
DPSSFMBUFE XJUIUIFJOJUJBM SFUVSOTJO DPSSFMBUJPOPG _
UIBUUIF MBSHF EJTQFSTJPO JO SFUVSOTUP SPBEJOGSBTUSVDUVSF J-
CVUBMTP TVHHFTUT UIBU SPBEJOWFTUNFOUT JO IBWF MIRMF FV|



'JHVSF BFUVSOTBOE -JOL $BQBDJUZ &YQBOTJPC

/IPUFTF WHVSF TIPXT UIF SFMBUJPOTIJQ CFUXFFO SFUVSOT PO FBDI MJOL B!
SFQSFTFOUTB MJOL _FCMBDL MJ®K Ef GB8B BBWMIBFVWMBIFEPOAE BMVEWOD UIF JOJUJ
JO

*UJTQPTTIJCMFUIBUUIFSFUVSOTUPJOGSBTUSVDUVSFJIJOWFTUNFO
UP MPOH SVO HSPXUI FH QSPEVDUJWJUB BOEXYBOBIIP OHGBRCSEFE TI
9JPOH "MUIPVHI XF BSF VOBCMF UP GPSFDBTU QSPEVDUJWJUZ HE
XFMGBSF DBMDVMBUJPOT GPS BO FBSMJFS ZFBS VOEFS UIF BTTVNQUJ
GVOEBNFOUBMT 4QFDIJWDBMMZ XFGPDVTPOUIFFDPOPNZDBMJCSBU
CVUIJNQPTFQSPEVDUJWJUJFTGSPN UPBDDPVOUGPSQS&EVDUJIWJ
XIIJIMFBWFSBHF SFUVSOTBSFBVFDUFE CZ QSPEVDUJWJUZ HSPXUI JOI
UIFNPEFMEPFTOPUDIBOHFUIFEJTQFSTIPOPG SFUVSOT CFDBVTFQS
BDSPTT $I1JOFTF DJUJFT

$PNQBSJTPO UP )PNPHFOFPVT $POHFTUJPO &MBT L

5PJTPMBUF UIF SPMF PG IFUFSPHFOFPVT DPOHFTUJPO XF DPOEVDL
XIJDIBTTVNJOHDPOTUBOUBOE IPNPHFOFPVTDPOHFTUJPO FMBTUJDJ

%FOPURICZIPNPHFOFPVT FMBTUJDJUZ PG DPOHFTUOPBGTBE REWBID |
UIF DPOHFTUJPO FRIVBRZIPO BO'BMMFO BOE "SLPMBEIBVHI UIF QBOFM WY
FVFDUT SFHSFTTJPO TRERF GPMIWF TRFEABRIDBUIPO JOEFUBJM 8F PCULE
PG B8F UIFOTUSVDUVSBMMZ SF FTUJBBUWEF_FIFTCRWS QBT BIS FEHIIP
JO5B&NMB OOMJOF "® QFCRIUNSFTUJOHMZ UIF SFTVMUJOH NPEFM QBSBII
UPUIPTFJOUIFCFODINBSLNPEFM IJNQMZJOH UIBU UIF TUSVDUVSBM |



JOUIF FMBTUJDJUZ PG DPOHFTUJPO 8F SFGE3:WPBIIP IFFNPTEFIMN B UEFIE
IPNPHFOFPVT FMBTUJDJUZ PG DPOHFTUJPO

'‘JHVSF $PNQBSJTPO PG 3FUVSO %JTQFSTJPO XJUIBOE XJUIF

/IPUEF WHVSFTIPXTUIFEJTUSJCVUIJPO PG SFUVSOTJIJNQMJIFECZUIFCFODIN
XJUIBIPNPHFOFPVTDPOHFTUJPO FMBTUJDJUZ _FIPNPHFOFPVT FMBTUJDJU
BOEUIFFOEPHFOPVTBOEIFUFSPHFOFPVT FMBTUJDJUJFTBSFCBTFE PO UIFF

WFOPWH G UIF SFUVSO UP FXQBOBI®B NRWEIFOML XJUI B IPNPHFOFPVT F
'JHVSIFPNQBSFT UIF EIRUQNRYWIPIBB®G BOE XF PCTFSWF UIBU UIF NPE
IPNPHFOFPVT FMBTUJDJUJFT VOEFSFTUJNBUFT UIFTHPKQRIBUPAOFOQFI
XFBQQMZUIFIPNPHFOFPVTFMBTUJDJUZ CPUIUIFVOXFIHIUFE BOE XF.
POMZBCPVUIBMGPGUIPTFVOEFSUIFFOEPHFOPVTBOEIFUFSPHFOFPYV
UIFEJTQFSTJPOPG SFUVSOTJTEVFUPUIFTUBOEBSE 7JDLSFZFRVBUJI
DPOHFTUFE MJOLT XIFSFUIFJIJNQPTFEDPOTUBOU FMBTUJDJUZ JT TVC
CZPVS XFYJCMF CFODINBSL BQQSPBDI& _JJO OBMIOF TRREGXBDIHVSF
DPNQBSFTUIFNBHOJUVEF PG SFUVSOTBDSPTT MJOLTUPUIRDBTF XJU
#PUI UIF VOXFJHIUFE BOE XRJH) UTF&E NDAFBMOVINROG BOE PG 1B®FM # JO
DMPTFUPUIPTFVOEFSIFUFSPHFOFPWUO DPOHEFMBBBQ FBABINQB JUOMHTB |
DPOHFTUJPO FMBTUJDJUZ VOEFS FTUJNBUFT UIF SFUVSOT PO IJHI BO

(JWFO UIJTOPUBUJPO JUTIPVME CF QPJOUFE PDW §SFT @PREFRLA/SOT JO 1B
$PNQBSFE XJUI UIF IPNPHFOFPVT FMBXUJDIBWZWIBTBWBSEBIMF SFUVSO JT |
DPOHFTUJPO FMBTUJDJUZ JT FOEPHFOPVT BOE IFUFSPHFOFPVT GPS B MB
FYQBOTJPO JOD %F BDFIO MHWFST JQRPETWIBU UIF BWFSBHF SFUVSOT VOEFS X
CFDPNF MPXFS UIBO UIPTF VOEFS DPOTUBOU FMBTUJDJUZ JNQMZJOH UIBU



BOE PG 5BCSMUIAFSNPSF XFBMTP WOE UIBUUIF TUBOEBSE 7JDLSFZ
XJUIMPX SFUVSOT BT& BPFXODPMYMWWOSF PG 5BCMF

OQUIJNBM "MMPDBUJPO PG 3PBE *OW

8F JOGFS UIF QSFTFODF PG NJTBMMPDBUJPO XJUIJO UIF USBOTQP
TVCTUBOUJBM TQBUJBM EJTQFSTJPO JO SFUVSOT "QPUFOUJBMDPOD
JSSFWFSTJCMF JOWFTUNFOUT SPBE FYQBOTJPO EJVFST GSPN DBQJ
QJPOFFSFETCYDDJB BOE 3PBOEIPF BOE ,MFOPXIFSF UIF WBSJBODF
UIF NBSHJOBM QSPEVDU PG DBQJUBM VOBNCJHVPVTMZ TFSWFT BT B T
'VSUIFSNPSF UIFFOEPHFOFJUZBOEIFUFSPHFOFJUZPGUIFDPOHFTUJ
FYUFSOBMJUJFT NBZWJPMBUFUIFDPOWFYJUZDPOEJUJPOT SFRVJSFI
QSPCMAKMHFMCBVN BOE 4DIBBM

5P QSPWJEFGVSUIFSTVQQPSUGPSPVSJOUFSQSFUBUJPOPGNJTBM
BT SPCVTUOFTTDIFDLT POF UIBUOVNFSJDBMMZ FTUBCMJTIFT B QPTJ
BOEUIF XFMGBSFHBJO UISPVHIUIFPQUJNJ[BUJPOPGOFXJOWFTUNFO
UIBUUIF BDUVBM SPBE FYQBOTJPO JO QSFWJPVT ZFBSTJT PSUIPHPOB
NPEFM

IVNFSIJDBM "OBMZTJT PG OQUJNBM *OWFTUNFOUT |

*O UIJT TVCTFDUJPO XF OVNFSJDBMMZ FYQMPSF UIFRXKMGBSF JNC
4QFDIJWDBMMZ XFWSTUDBMDVMBUF UIF SFUVSOT UP PQUJNJ[FE JOW
UIF SFUVSOTBDSPTT HSPVQT _FJERB 47 DBRWYG BTMNE I BMAVETD B IR0
UPPQUJINJ[FEJOWFTUNFOUTTIPVMECFIJHIFS JO URFE H$ PSPONTBEETFTPDJB
UIFBOBMZTJT NPSFQPMJDZ SFMFWBOU XFBTTVNFUIF OFX JOWFTUNI
BOEUIFFYJTUJOHDBQBDJUZUP CFJSSFWFSTJCMF 4VDIJSSFWFSTJC
DBQBDJUZPGBMJOLCZSFEVDJOHFYJTUJOHDBQBDJUZFMTFEXIFSF

5P FWBMVBUF SFUVSOT UP PQUJNJ[FEJOWFTUNFOUT XF OFFE UP HF

HFOFSBUFT TUSPOHFS EJNJOJTIJOH SFUVSOT GPS MBSHF TDBMF SPBE FYQB
SPBEUFOETUP FWFOUVBMMZ SFEVDFJUTUSBYD EFOTJUZ XIJDIJOUVSO FOE
EPXOXBSEBEKVTUNFOUJO FMBTUJDJUZEBNQFOTUIFHBJOTJO ESIJWJOH TQF
UPUIFFYQBOTJPO

'BKHFMCBVN BOE 4Q8PBW- UIF DPOWFYJUZ PG BO PQUJNBM JOGSBTUSVD
OFPDMBTTJDBM USBEF NPEFM XJUI DPOHFTUJPO JG UIF FMBTUJDJUZ PG USB
UIFFMBTUJDJUZ PG USBEF DPTUT XJUI SFTQFDU UP JOGSBTUSVDUVSF " LFZ
UulBU XFUBLFJOUP BDDPVOU UIFFOEPHFOFJUZ BOE IFUFSPHFOFJUZ PG UIF D
DPOHFTUJPO FRVBUJPO 'VSUIFSNPSF XFBMMPX GPS QB RNMEFODRA B ISIZPBBHE B



MJOLJO FRVBRBRMMPX GPSFYQBOEJOHNVMUJQME(MIBOHIAVA PG WRIOREH
JOEFYBEBXE G4 UIF TFY BkG2G(g) _F SFUVSO PGB KPJOU SPBEFYQBOTJI
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'JHVSF BFUVSO %JTQFSTIJPOBOE 8FMGBSF (BJOT GSPNUC

/IPUEF WHVSF TIPXTUIF SFMBUJPOTIJQ CFUXFFOUIFEJTQFSTJPO PG JOEJW
GSPNPQUJIJNBMJIJOWFTUNFOUT &BDIDJSDMF SFQSFTFOUT B HSPVQ DPOTJTU.
_FIPSJ[POUBMBYJTTIPXTUIFRURBCEBSETHFWNBOIPAPWLIIO FBDIHSPVQ BOE |
TIPXTRIFs;) GSPNPQUJIJNBMJOWFTUNFOUTCBTFEPOFRVBUJPO

8F UIFO PQUJNJ[F SPBE JOW RTWIN HOWIF PAMNI-PUWFA/ZE HHY GPFS UIF MJO

4JODF UIFTF MJOLTDBO CF TVCTUJUVUFT PSDPNQMFNFOUT UP FBDI PUIFS
BHHSFHBUJPO PWFS UIF SFUVSOT UP TJOHMF FYQBOR(URD P &F 8 BE N INBLOU TF JX
MBSHFRB U4gO0



PQUJINJ[BUJPO JPMWES NBVCKFPQ,UULG:3+ UcL lengthy 1 = Iy BOE

W 08kl 2G(g _FSFTUSIDUIP®BQUVSFT UIF JSSFWFSTJCIMJIUZ 8F I
UIBU BNPVOUT UP PG (%1JOPVS NPEFM PS POF UFOUI PG $1JOBYT
JOWFTUNFOUJO

_FPQUJINJ[BUJPO PG JOWFTUNFOU JO $1JOBYT SPBE OFUXPSL XJU|
UIF DPNQVUBUJPOBM DPTU XF OBSSPX UIF QSPCMFN UP UIF PQUJNJJI
4QFDJWDBMMZ XF HFOFSBUF TVCTFUT FBDI XJUI SBOEPNMZ TFM
BT B SBOEPNHSPVQ "TUIF OVNCFS PG SBOEPN HSPVQT BQQSPBDIFT J
XJUIJO HSPVQNFBOBOE TUBOEBSE EFWJBUJPO PG SFUVSOT TIPVME DF
PG SFUVSOT GPS BMI@ BIO®ILD FSRCMR¥EDYIBU UIFTF WBMVFT BSF JOEFFI
PUIFS

8F VTFa.VMUJ4UBSU& XJUIAGNJODPO&JO ."5-"# UP TFBSDIGPS UIF HN\
'JHVS@MPUT UIF SFMBUJPOTIJQ CFUXFRY )FGRISR O § SEF GRS FBWIFP O |
JOWFTUNFOUT BOE UIF SFUVSO UP UIF PQUJNGB(J)M Z BM BISMD 8 B F & LIDNFM
DPSSFMBUFEBDSPTT SBOEPNHSPVQT DPSSFMBUJPO RZPGF TINQMF |

_FTMPQFPGUIFWRFEMJOFJT TUBOEBSEFSSPSPG JNQMZJO
PGUIFSFUVSOUPTJOHMF FYQBOTJPO GSPN UIQFSDFOUJMF UP
UPBOPQUJNIJ[FEKPJOUFYQBOTJPO GSPN UpP

8F OPX BOBMZ[F UIF EJTQFSTJPO JO UIF QPTU JOWFTUNFOU SFUVS
SFBTPOBCMF CVEHFU BMNPTU DPNQMFUFMZ FMJNJOBUFT TVDI EJTQF¢
GSPN up DPMVNO1B OFQISBEOOVEF# 8F BMTP [PPN JOUP B SBOEPN F
TVDIEJTQFSTJPO FMJN JGBILIR OQ"'Q ¥ BERIYUINBM BMMPDBUJPO MFBI
SFUVSOT BDSPTT MJOLT XJUI SFMBUJWFMZ IJHI QSF JOWFTUNFOU SF
MJOLT EP OPU SFDFJWF JOWFTUNFOUT UIF VQXBSE TMPQJOH QBSU P
JOWFTBRNFQU IBWF B NFBO PG BDSPTT SBOEPN HSPVQT 5P HBVH!
JOWFTUNFOU PQUJNJ[BUJPO XF DPOTJEFS B VOJGPSN BMMPDBUJPO
FYQBOTJPO QSPQPSUJR|0£1M|@Hg$(FPE§|BEI(Im@)]_JT UIF TBNK GB$gB MM
R g VOEFSUIFVOJGPSNBMMPDBUJPO NVDI TNBBBWAGHRBGBBICM F
PQUIJNBMJOWFTUNFOWRY (FVEJERFBTINOPEPSNBMMPDBUJPOJTBMTP
VOEFS PQUJNBM JOWFTUNFOU

%JIJVFSFOU GSPN UIF PQUJNJ[BUJPO QSP'GNEFFI$ WOEB URP BOBFEORNIWFEF NBSHJC
DPOTJEFS UIF FYUFOTJWF NBSHJO PG UIF SPBE OFUXPSL J F XIJDIDJUJFT
[IJHIXBZ OFUXPSL

usJBM QPJOUTBSFDBMMFEUPDPOEVDUBHMPCBMTFBSDI *ODSFBTJOH
*O'JHVIPB OOMJIOF "QQFOEEIMFDU POFHSPVQBOE SFQPSUUIFEJTUSJCVUIJPO |
UIF USJBM QPJOUT BOEUIFZBSFTPDMPTFUP FBDIPUIFSUIBUUIFEJVFSFO
JTPOMZBSPVOE TNBMMFS UIBO UIF MBSHFTU XFMGBSF *O PUIFS XPSE
PQUJIJNVNUIBUJT ESBTUJDBMMZ EJVFSFOU GSPNUIFHMPCBM PQUJNVN GPS U
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1BOFM" OCTFSWFE/FUXPSL
4 U ERR Gy) X

1BOFM# $PVOUFSGBDUVBM &YUFOEFE/FUXPSL UISP®

4 U ERR Gy)
R 69
1BOFM$ $PVOUFSGBDUVBM &YUFOEFE /FUXPSL UISP

4 U ERR Gq) X

R o) x

.PEFMVTFE GPS)FUFSPHFOFPVTBRNEHFOFPVT )PNPHFOFPVT
OQUJIJNBM "MMPDBUJPO &QOEPHERBYU RMRTZUJIJHOMBZUJIDJIUZ
.PEFMVTFE GPS)FUFSPHFOFPVTBNEHFOFPVJFUFSPHFOFPVT BOE
S8FMGBSF &WBMVBUJPO & O E P HEEMDBP VI JON BBELEIDHEAPVT & MBTUJID J
JPUFTF UBCMF TIPXT UIF SFUVSOT PO SPBE JOWFTUNFOUT JO UIF PCTFSV
IFUFSPHFOFPVT DPOHFTUJPO FMBTUJDJUJET DPMVNO JO BO FYUFOEFE

BOE UIF XFMGBSF FWBMVBUJPO BSF CBTFE PO IPNPHFOFPVT DPOHFTUJPO FN
FYUFOEFE OFUXPSL XIFSFUIFPQUJIJNBMFYUFOTJPOJTCBTFEPOUIFIPNPHFO
FWBMVBUJPOJT CBTFE PO UIFFOEPHFOPVTBOEIFUFSPHFOFPVT DPOHFTUJP
SPBEJOWFTUNFOUTBNPVOUTUP PG (%1 _FTUBOEBSEEFWJBUJPOTBSFU
TUBOEBSE ERWV4BBDB®PGUIF MJOLT *O 1BOFM" UIF TUBR(ERB)SSERFRESIBUJIPO
UIFJOWFTUNFOU JO1BOFMT#BOE $ UIF RUBOBBRFSEFWIBWIFFQNBSRETBTFEI
GSPN KPJOU FYQBOTJP®T BiF BOFSBPWF 8BMHVF PGISPVQT

(JWFO UIFIJNQPSUBODF PG FOEPHFOPVT BOEIFUFSPHFOFPVT DPOH
XFUIFOBTTFTTIPXNVDIUIFSFUVSOTGSPNPQUJIJNBMFYQBOTJPOTNJH
CZUIFTPDJBM QMBOOFSJT TVCKFDU BP BMBI®PWPHAF O FPXHMOBIRBWBED
DPOEVDUUIF PQUIJNBM JOWFTUNFOU FYFSDJTFTCBTFE PO SBOEPN HS
"' JOOOMIOF "QQU¥FIFENYPTT HSPVQ NFBOT PG UIF XJUIJO HSPVQ NFBOT
R( w) BSFBHBJODMPTFUPUIPTFPGUIFGVMMTBNQMF PG BMM MJOLT &
CVEHFUBDSPTTMJOLTGPSFBDIHSPVQUPNBYJNJ[FXFMGBSFJOUIFNP
FMBTUJDJUJFT TVCKFDUUPUIFTBNFCVEHFUBOEJSSFWFSTIJCIMJUZI
FWBMVBUF UIF XFMGBSF HBJO JO UIF DPSSFTQPOEJOR(NPBFMT "T TIP X

VTIJOH UIF NPEFM XJUI IPNPHFOFP VX DPIOH FBIARVOE MIBFEFEIDINEZT BT
UIF NFBO JO UIF NPEFM XJUI FOEPHFOPVT BOE IFUFSPHFOFBNT DPOHF

_FIPNPHFOFPVT FMBTUJDJUZ JT PCUBJOFE UISPVHIUIF FTUJNBUJPO PG B
JOUSPEVDFE JO BCCETEOMIPOG BQQFOEJY

AINIMBESWBOAVCTFDYMBFEGORYRQCH) UIFSFUVSOUPFYQBOEKOOBBHSPVQPG
JOUIFNPEFM XJUIBIPNPHFOFPVT FMBTUJDJUZ (JWFO UIJTDCBSET QPO BJUP S|
R( «w) BOE c(9)

JT EJVFSFODF JT DPOTJTUFOU X&UD®\WS WIER OQFRBBEHGPS TI[BCMF SP
FYQBOTJPOT BMMPXJOHGPS XFYJCMFDPOHFTUJPOFMBTUJDJUJFTJINQMIFT



DPODMVEFUIBUNPEFMNJTTQFDIJWDBUJPODBOMFBEUPEJVFSFOU XFNM
FYFSDJTFJOXIJDIUIFPQUIJNBMFYQBOTJPOJTTUIJMMEFUFSNJOFEVOE
XJUIBIPNPHFOFPVT DPOHFTUJPO FMBTUJDJUZ 8F UIFOUBLF UIJT FYQ
XFYJCMFDPOHFTUJPO FMBTUJDJUJFT UP FWBMVBUF WWUJF BRARU®SSEAGBUFT
SFUVSO UP UIF FYQBOTJPO EFUFSNJOFE VOEFS DPOTUBOU FMBTUJDJ
EFUFSNJOFE VOEFS XFYJCMF FMBTUJDJUZ _JT TVHHFTUT UIBU BDDPN
DPOHFTUJPO FMBTUJDJUJFTJTJIJNQPSUBOU OPUPOMZGPSFY QPTU FW

IVNFSIJDBM "OBMZTJT PG "DUVBM 3PBE *OWFTUNFC

*O BEEJUJPO UP UIF OVNFSJDBM FYFSDJTFT CBTFE PO IZQPUIFUJDBI
UIFNJTBMMPDBUJPO JOUFSQSFUBUJPOCZFYBNJOJOHBDUMBMSPBE F'
UIBUSPBEJOWFTUNFOUTEVSJOH x XFSFOPUEJSFDUFE UPXBSE S
UIF PCTFSWFE EJTQFSTJPO JO SFUVSOT NBZ OPU CF B USBOTJUPSZ QI
EJEOPUDPSSFDU UIFNJTBMMPDBUJPO CVU JOTUFBE XPSTFOFE JU *O
BDUVBM FYQBOTJPO PG MJOL DBQBDJUZEJVFSTGSPNUIFPQUJNBMFY

'PSFBTFPGDPNQVUBUJPO XFDPOWOFUIFPQUJNJ[BUJPO QSPCMEN
8F WSTU GPDVT PO UIF  MJOLT JO (VBOHEPOH $1JOBYT MBSHFTU QSF
GPS UIF BDUVBM FYQBOTJPO PG MJOLT JO (VBOHEPOH CFUXFFO B (
PG (VBOHEPOHYT BOOVBM (%1 8F OFYU PQUJNJ[F UIF CVEWFU BDSPT"
BOE SF DBMJCSBUFE UP $1JOBYT FDPOFAYJBYHRAPGSBRBDIOJISDMF BOE
JO UIF MFO UPQ QBOS$RMQBG TFIOWSFUIF BDUVBM BOE PQUJNBM FYQBOT.
_Fx BYJR(UT%) _F XFBL DPSSFMBUJPO CFUXFFO UIF BDUVBM FYQBOTJF
JO (VBOHEPOH JT OP EJVFSFOU GSPN UIF QBRFSO GP\0@QE GW.H BUB XOP |
EJSFDUTUIF MINJUFE CVEHFU POMZ UP UIPTFUFO MJOLT XJUIWESZ IJF
IJHIFTU SFUVSO (VBOH[IPV %POHHVBO JTFYQBOEFECZ VOEFS U
BDUVBMBOEPQUJNBMEFYQBOTJPOTBSFPOMZXFBLMZDPSSFEMBUFE DF
SPBEJOGSBTUSVDUVSFJOWFTUNFOUNJTBMMPDBUJPO JO (VBOHEPOH
XFMGBSF HBJOT _FBDUVBM CVEHEgY EP\GMP DB 0 QRIQ N J[FNETUB OT BMMP D
JODSFBTFUIF SFUVSOT UP 4JNJMBS QBRFSOTDBO CF GPVOE XIFO
4IBOEPOH $IPOHRJOH 4JDIVBO BOE 4IBOHIBJ +JBOHTV ;IFKJBOH JO |
8F BHBJO WOE UIBU QPTU RO W)F TBE\FFEOMINSPFTUNVSROMBMJ[FE BNPOH UIFE MJ(

NBZCFMPXFSJOUIF XFYJCMF FMBTUJDJUZDBTF
*OUIJTFYFSDJTF XFUBLF BTUIFTUBSUJOHQPJOU USFBUFYJTUJOH SF
FYBNJOFIPXUPPQUJIJNBMMZ BMMPDBUF JOWFTUNFOUT BDSBTHUW JOO T F BRE BPIC
VTJOHBOBSCJUSBSZCVEHFUMFWFM XFTFUUIFCVEHFUFRVBMUPUIFBDUYV
R g XPVMEJODSFBTF GSPN UpP GPS 4I1BOEPOH GSPN UpP G
GSPN UpP GPS 4IBOHIBJ +JBOHTYV ;IFKJBOH XIFO XFNPWF GSPNBDUVB!



UIFPQUINBMJOWFTUNBOUODMIIFFIRBQEFPOEJY

'JHVSF OQUJIJNBM $BQBDJUZ3FBMMPDBUJPO VOEFS é

/IPUFTF WHVSF TIPXT GPS GPVS SFHJPOT UIF SFMBUJPOTIJQ CFUXFFO UIF S
BDUVBM DJSDMFT BOEPQUJNBM USJBOHMFT JOWFTUNFOUT &BDIDJSDMF I
UIFQFSDFOUBHF JODSFNFOU CBTFE PO UIFDBQBDJUZ PG UIF JOJUJBM SPBE (
R( w)JO

5BLFO UPHFUIFS UIFTF OVNFSJDBM FYFSDJTFT SFJOGPSDF UXP NB.
JO SFUVSOT SFXFDUT JOWFTUNFOU NJTBMMPDBUJPO JO PVS GSBNFX|
FMIJNJOBUFTUIJT EJTQFSTJPO XIIMFEFMIJWFSJOH TVCTUBOUJBM XFM
FYBOUF GPS XFYJCMFDPOHFTUJPO FMBTUJDJUJFT 4FDPOE BDUVBM !
GSPNUIFNPEFM JNQMJFE XFMGBSF NBYJNJ[JOHBMMPDBUJPO TVHHF
EJEOPUDPSSFDUUIFTQBUJBM NJTBMMPDBUJPO PG SPBEDBQBDJUZB

$PODMVTJPO

8F FTUJNBUF B HFOFSBMJ[FE DPOHFTUJPO FRVBUJPO UP DIBSBDUFS
BOE RVBOUJGZ UIF SFUVSOT UP SPBE JOGSBTUSVDUVSF JOWFTUNEFC
FRVIMIJCSJVN FDPOPNJD HFPHSBQIZ NPEFM XJUI PQUJNBM QBUI DIPJI
SFUVSOT BSF MPX PO BWFSBHFBOE IJHIMZ EJTQFSTFEBDSPTT UIF OFL
CFUXFFO UIF USBOTQPSUBUJPO TFDUPS BOE PUIFS TFDUPST BOE XJ!
OVNFSJDBMMZ UIBUPQUJINJ[FEJOWFTUNFOUT XJUIBSFBTPOBCMF CVE
BOE HFOFSBUF TJ[BCMF XFMGBSF HBJOT )PXFWFS XF EP OPU WOE F



FYQBOTJPOTJO $IJOBEVSJOHUIFQFSJPE SFEVDFUIFEJTQFSTJP
PG MJOLDBQBDJUZ

4VDINIJTBMMPDBUJPOJTDMFBSMZ SFWFBMFE UISPVHIUIF DIBSBDUF
FMBTUJDJUJFT PG DPOHFTUJPO FTQFDJBMMZ JO $1JOB XIFSF VODPOI
DPNQBSJTPO FYJTUJOH SFTFBSDI IBT EFWPUFE DPOTJEFSBCMF BRFC
UIFGVOEBNFOUBM MBX PG SPBEDPOHFTUJPO JODSFBTJOH DBQBDJU.
JODSFBTFJO WFIJDMF LIMPNFUFST USBWFMFE BOE UNKNSBERSFOEPEGHE O
5VSOFS )TV BOE ;IBOHSIFO BOE ,MBJOFSPLIJOB WBO ONNFSFO BOE WBC

(BSDJB -*QF[ 1BTJEJT BOE 7JMBEFDIBFGTUIBS FBIQJIJSIDBM SFHVMBS.
VODPOHFTUFEDPOUFYUJT OPUPCWJIJPVT BOEPVS WOEJOH PG UIF TU
FMBTUJDJUJFT TVHHFTUT UIBU DBQBDJUZ FYQBOTJPO DBO JO TPNF T
FYBNJOBUJPO PG UIF GVOEBNFOUBM MBX PG SPBE DPOHFTUJPO JO B C
SFTFBSDI

OvVS BOBMZTJT JT DPOEVDUFE JO B TUBUJD FOWJSPONFOU *U JT QF
JOWFTUNFOUT BSF VOEFSFTUJNBUFE CZ JHOPSJOH UIFJSBBREUSJICVU
5BOH 4POHBOEY9JP@BOEUIFCIBTDPVMECF MBSHFS GPSUIPTF SFUVS
8F TIPXUISPVHI SPCVTUOFTT DIFDLT UIBU UIF BWFSBHF PG UIF SFUVS
JPXFWFS TIJIODFQSPEVDUJWJUZEJVFSFODFTBSFIJHIMZQFSTJTUFOU
BDUVBM QSPEVDUJWJUZ HSPXUI EPFT OPU DIBOHF UIF EJTQFSTJPO JO
UIBUUIF NJTBMMPDBUJPO UIBU XF WOE CBTFE PO UIF TUBUJD NPEFM J
CFJOHTBJE JUXJMMCFJOUFSFTUJOHUPFYQMPSFUIFMPOH UFSNFVF
UIFQFSTJTUFODFPGUIFEJTUSIJCVUIJPOPGFDPOPNJDBDUJWJIUZBSJT
DPTUT BOEEZOBNJDBHHMPNBYBE OE® TR VWN B WIFB U EFDBBSFP% POBMET |

,MFJONBO -JVBOE 3IRBFEMPBWF UIJTUP GVUVSF XPSL

"OPCWJIPVT SFBTPO GPS UIFIJHIMZVOFRVBM SFUVSOTJT UIBUUIFP
UIBOUIBUPGNBYJNJ[JOH XFMGBSF BTEFWOFEJOUIFNPEFM 'PSJOTI
DBOTFSWFBTBQPMJDZJOTUSVNFOU GPS SFEVDJOHJODPNFJOFRVBN
BMTPCFBOJNQPSUBOU GBDUPS _FSFJTBQPTJUJWFDPSSFMBUJPO C
TBMFT UP (%1 BDSPTT DJUJFT TVHHFTUJOH UIBU MPDBM HPWFSONFOU
JOWFTUNMOH .JBP BOE ;IRBHTIJCMF FYQMBOBUJPOTDBOCFFYQMPSF
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official road map to obtain the lane information for each road segment. We then obtain the capacity of

each road, which is the product of the average number of lanes of the road and its length.

A.3. Road Network Construction

We construct a road network connecting neighboring cities through the “least-cost” routes from all
possible routes connecting two neighboring cities. Following the conventional approach, we first construct
the network based on the shortest route connecting the neighboring city-pair. The shortest routes are
selected by distance,® and we obtain 1,464 routes. In some special cases where the shortest route strays
from the neighboring city-pair, we treat the city-pair as not directly connected.” This approach reduces

the number of routes from 1,464 to 1,408.1°
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The z - th Shortest Routes

Figure A.2. Road Coverage of the z-Shortest Routes

Q0000 The figure shows the coverage of the road network that is captured when considering different numbers
of shortest paths. Coverage is computed as the share of the national and provincial road network that is covered
by the shortest paths. The solid brown line, dashed blue line, and dotted black line represent the coverage of road
length, road capacity, and number of trucks, respectively.

Two aspects should be noted. First, the shortest routes are not selected by travel time, which is
endogenously determined in our analysis, but rather by the road length. Second, shipments between the
neighboring city-pair do not necessarily take the shortest routes. Drivers may choose to travel through
another city to reach the destination because of their idiosyncratic preferences (Allen and Arkolakis, 2019,

2022), and our data analysis and modeling allow for this possibility.

8The routes are obtained by “closest facility analysis” in the “Network Analyst” toolbox in ArcGIS.

Fajgelbaum and Schaal (2020) define a route as straying from two neighboring cities if more than half of the
route (by length) is outside the two cities, and we adopt the same criterion.

1A discussed in Section 4.1, the IV construction requires us to drop links where the departure city has only one
neighbor. As a result, we have 1,392 links in the congestion estimation.
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