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Introduction

This monograph contains nine previously unpublished studies in applied
economics. Each chapter is intended to be self-contained and each provides a
separate empirical analysis. The exceptions to this are Chapters 5 and 6 which
provide a theoretical and empirical analysis of synergy in respective parts.

A summary of each chapter follows.

The Revealed Market Power of a Natural Gas Pipeline

In this chapter I discuss the collapse of the basis differential between the east-
ern and western portions of the southern United States and demonstrate how
the basis differential affects a natural gas pipeline’s ability to raise or lower
its prices up to the maximum tariff rate. “Basis” refers to the difference in
gas prices between a cash market at a given location and the future price at
a different location for a particular time period. A basis point establishes a
futures price for delivery of natural gas at a specific geographic location at a
specific time. Arbitrage limits the transportation rate to the differences in basis
differential in a perfect market where all connections are feasible and there are
no limitations on flow direction. | examine the basis differential issue as well
as other market conditions that potentially affect discounting. My empirical
analysis uses transaction data for a specific pipeline and reveals intense com-
petition in the geographic market in which it operates. | find that market forces
such as the prevailing basis differentials, elastic demand, and the number of
connected alternatives all play significant roles in determining a pipeline’s dis-
count behavior.

The Demand for NFL Football

This chapter considers the demand for NFL football. Football demand is un-
usual as compared with many goods and services. Football demand is char-
acterized by excess demand and generally tight market. A theory of Becker
(1991) helps explain the demand for football. Becker’s theory is that demand
in some situations depends on social interaction and the size of the crowd. Us-

XVii



Xviii EMPIRICAL STUDIESIN APPLIED ECONOMICS

ing data from 1995 through 1999 for all NFL teams during their regular season,
I construct an econometric model of the demand for NFL football. | use this
model to test Becker’s theory and conclude that the demand curve slopes up-
ward in the relevant range as anticipated by the theoretical model. In this chap-
ter, | discuss the option values inherent in NFL season tickets, the conditions
under which football ticket sales are likely to be successful, the importance of
initial conditions for establishing successful future ticket sales, and the impor-
tance of advertising and marketing. 1 also find that initial conditions, which
help determine the future attendance in a bandwagon sport such as football,
are very important in determining future outcomes.

Detecting and Measuring Shifts in the Demand for Direct Mail

This chapter evaluates the forecast accuracy of a structural econometric de-
mand model for direct mail in Canada. Direct mail also known as advertised
admail is used to provide advertising to consumers through the mail system.
My original model was developed in March 1986 and was based on the pe-
riod ending January 1996 using twelve years of historical monthly data. In
this chapter, | update the regression results for the April 1989 through January
1996 period and provide new results from twenty additional monthly observa-
tions for the period of February 1996 through September 1997. | conclude that
a shift the demand curve for direct mail occurred during this period. The shift
in demand was due to three factors: retail sales improvements; decline in real
costs of paper and printing; and general trend effects. | also find that the direct
mail demand model does a better job at predicting levels rather than turning
points.

Valuation of a Technology Patent—Scope, Duration, and
Royalty

The purpose of this chapter is to establish the value of a particular patent and
illustrate the role of scope, duration, and royalty rate in determining this value.
The patent | examine was awarded to the computer manufacturer Acer in 1991.
The value of this technology patent is demonstrated to be small due to the
availability of substitutes and the limited applicable scope. | discuss the Bass
product life-cycle model as it applies to this patent and develop a theoretical
model of a consumer’s decision to upgrade a personal computer. Finally, |
calculate the royalties that Acer might have gained if they had attempted to
enforce their patent.
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Statistical Analysis of the Additive and Multiplicative
Hypotheses of Multiple Exposure Synergy
for Cohort and Case-Control Studies

In epidemiological studies, where there are multiple causes of a particular dis-
ease, the issue arises as to whether the multiple causes have a synergistic rela-
tionship so that their combined effect is both greater than that of either activity
alone, and greater than what one would expect by the sum of their individual
risk contributions. Two hypotheses are frequently tested. The first hypothesis
states that when the sources of disease act independently, the relative risk of
disease, given exposure, is an additive relationship. A second hypothesis states
that the relationship between disease and the two causal factors is multiplica-
tive. In this case, the combined risk is the product of the individual risks. This
chapter considers several methods for determining the relative odds ratio, in-
cluding the case-control method and the cohort method. | focus on the theory
of testing the hypotheses of additivity and multiplicativity for the relative risk
measures. | also derive various synergy indices and develop their distributions.

Tests of the Additive and Multiplicative Hypotheses of
Multiple Exposure

In this chapter, | consider the possible synergistic relationship between tobacco
smoking and asbestos exposure. Asbestos refers to a group of naturally occur-
ring flexible fibers that may be separated and woven. There are two major types
of asbestos. The possible link between smoking and asbestos, was observed by
Selikoff, et al. (1968). In this early study, Selikoff and his co-authors noted
that combined exposure to asbestos and smoking produced more lung cancer
deaths than might be expected under the simple addition of the risks taken sep-
arately. Thus, a potentially synergistic relationship was identified between the
two carcinogens while the form of that synergy was left to be determined. In
this chapter, | review 14 studies published between 1979 and 1992, which have
applied either the cohort or case-control method to analyze synergy effects be-
tween smoking and asbestos exposure. | review these studies and summarize
their findings in a standardized fashion to allow the calculation of relative risks
and variances. | then summarize my findings for the additive and multiplica-
tive hypothesis based on the tests developed in Chapter 5. | also perform a
meta-analysis using the data from the 14 studies to see whether the specific
conclusions regarding synergy are characteristic of certain study attributes.

Concentration and Competition in the Chemotherapy Drug
Market

The pharmaceutical industry ranks among the top industries in the United
States in sales and research and development. This chapter considers competi-
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tion in this industry and investigates the relationship between market structure,
patent protection, and concentration. To illustrate several basic propositions
in the pharmaceutical industry | narrow the focus of the analysis to the cancer
drug market. One purpose of this chapter is to define the relevant economic
market for a leading chemotherapy drug used to treat breast, lung, and ovarian
cancer and to consider concentration in that market. 1 discuss the market struc-
ture of the pharmaceutical industry and consider research and development,
brand loyalty, and factors which lead firms to create and maintain monopo-
lies. I also discuss various market power measures including the Herfindahl-
Hirschman statistic and modifications to this statistic used in a multi-market
setting.

The Allocation of Police Services in Rural Alaska

In this chapter | examine whether the State of Alaska allocates scarce police
resources in a race-based manner. My analysis explores this hypothesis by
developing an econometric model to explain the provisions of police services
in rural Alaska. | examine the provisions of police services in rural Alaska
based on the number of hours Alaska State Troopers spend in 344 places in
their territory or general area of responsibility in the State of Alaska. By ex-
amining Trooper activity | focus on decisions made at the State level for the
numerous villages in Alaska and thus exclude from analysis the provision of
police services in the few large municipalities of Alaska. To make a compar-
ison of Alaskan native and non-native villages | examined several factors that
might explain why Troopers expended the hours that they did. To accomplish
this, 1 collected socio-demographic data for each place, geographic data, and
information regarding year-round road accessibility. | also collected informa-
tion on whether the place examined had some form of self-provision of law
enforcement. My analysis reveals that no one factor can completely explain
the variance in Trooper hours spent in any particular place. However, several
factors are statistically significant. Race was not a significant factor in de-
termining the Trooper’s allocation. To the contrary, | find that Troopers are
allocated rationally, in an efficient manner that attempts to balance many fac-
tors, especially scarce resource and wide disparities in access and distance to
outlying places.

Financial Market Reaction to the Fast Food Hamburger
Health Scare of 1993

In 1993 a bacteria epidemic killed several children in the Pacific Northwest.
The bacteria was a virulent strain of E. coli and was traced to undercooked
hamburgers at Jack-in-the-Box restaurants. In this chapter | use historical sales
data to estimate the demand for hamburgers sold in the fast-food market. |
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use this model to compare Jack-in-the-Box actual and forecasted sales for the
two-year period following the E. coli outbreak. My conclusion is that Jack-
in-the-Box sustained much greater losses than those reported in the press. |
also find that the financial markets correctly anticipated that sales losses were
worse than those reported. Additionally, the initial stock price decline reveals
that investors expected that the sales losses would be permanent.






Chapter 1

THE REVEALED MARKET POWER OF A
NATURAL GAS PIPELINE

1.1. Introduction

A natural gas pipeline operates in a regulated market environment in which
transportation rates are set by regulators. Transportation rates are set using a
fixed plus variable changing scheme in order to achieve a revenue path that cov-
ers the cost of providing service. Regulators have allowed pipelines to discount
their rates from the maximum allowed by regulation in order to meet the com-
petition in the market place. While isolated incidents exists, full deregulation
of the natural gas transportation market has not been allowed by regulators.
The discounting behavior of a pipeline in a regulated environment provides
indirect evidence of the competitiveness in the market place.

In this chapter | discuss the collapse of the basis differential between the
eastern and western portions of the southern United States and demonstrate
how the basis differential affects a natural gas pipeline’s ability to raise or
lower its prices up to the maximum tariff rate. A basis point establishes a
futures price for delivery of natural gas at a specific geographic location at a
specific time. Arbitrage limits the transportation rate to the differences in basis
differential in a perfect market where all connections are feasible and there are
no limitations on flow direction. | examine the basis differential issue as well
as other market conditions that potentially affect discounting. My empirical
analysis uses transaction data from a specific pipeline, Koch Gateway (Koch
Gateway Pipeline Company). The transactions reflect all movements of natural
gas on the Koch Gateway system to power plants. The analysis therefore omits
some transaction which are off system (i.e., movements to other pipelines) and
deliveries to natural gas delivery companies. My discount analysis reveals that
Koch Gateway faces intense competition in the geographic market in which it
operates.
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In section 1.2, | discuss the collapse of the basis differential between the
eastern and western portion of the geographic market in which Koch Gateway
operates. | show how this collapse affects Koch Gateway’s ability to charge
its maximum tariff rates. In Section 1.3, | discuss Koch Gateway’s historic
discounting for the pipeline transportation services it provides. In Section 1.4,
| describe and present the results from my econometric analysis of Koch’s
historical discounting of its transportation services. In Section 1.5, | present
my conclusions.

1.2. Basis Differentials

“Basis” traditionally refers to the difference in gas prices between a cash
market at a given location and the future price at a different location for a par-
ticular time period. The future price is often measured at the Henry Hub. The
Henry Hub is a basis point located in southern Louisiana. It is the official
delivery point for natural gas futures trading on the New York Mercantile Ex-
change. “Basis differential” is sometimes used to refer to the difference in cash
prices at two different points. For example, let’s compare the price of South
Texas gas to the price at the Henry Hub. Assume that South Texas gas is traded
(bought and sold) at $1.60 per MMBTU and Henry Hub gas is traded (bought
and sold) at $1.70 per MMBTU. The basis differential in this case would be
negative 10 cents. These differentials are established by the market value of
gas at different points to reflect location differences and market conditions.

The natural gas market is constantly evolving. This is reflected by the col-
lapse of the basis differential between the western portion of Koch Gateway’s
system and the eastern portion of Koch Gateway’s system. For example, for
the period January 1991 through July 1994, on Koch Gateway’s South Texas to
North Louisiana segment, the basis differential averaged about 5 cents. As late
as February 1994, the basis differential approached 15 cents on this portion of
the Koch Gateway system. Similar basis differentials were present on other
segments of the Koch Gateway system such as East Texas to Mississippi and
Alabama. On the South Texas to Mississippi and Alabama portion of the sys-
tem, the basis differential approached 25 cents in February 1994. These basis
differentials no longer exist on Koch Gateway.

Five years ago, the geographic area in which Koch Gateway operated sat
between the western market (characterized by low prices) and the tighter, con-
suming eastern market (where due to supply shortages, prices were higher).
During periods when demand shifted to the east, prices would go up. Koch
Gateway wanted to be able to charge market based prices so that they could
try to capture some of this basis differential between the lower priced places
on the western part of their system and the higher priced places on the eastern
part of their system.
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Today, new pipelines in the east and the new supplies of Gulf Coast gas have
eliminated this price differential. Now, it is truly one big market with nearly
equivalent prices across the entire market. This is largely due to the aforemen-
tioned increase in supply. Koch Gateway’s ability to price its transportation
services to capture the vanishing basis price differentials has essentially been
eliminated in the market.

The basis differential is exogenous to Koch Gateway’s behavior in the mar-
ket place and reflects the broad market competition in the natural gas com-
modity market. When the basis differential is large, a non-negligible arbitrage
opportunity exists where shippers can move gas to capture the basis differen-
tial. If the cost of the transportation move exceeds the differential, no profit
could be earned. Consequently, the basis differential reflects one constraint on
a pipeline’s ability to charge its full transportation rate of the commodity.

Once the basis differential is less than the transportation cost, opportuni-
ties for arbitrage vanish. This is what has happened across the Koch Gateway
system. As the basis differential between western and eastern points on Koch
Gateway’s system has virtually disappeared, so too have arbitrage opportuni-
ties.

The Federal Energy Regulatory Commission (FERC) has recognized this
collapse of the basis differential. In Order 637, the Commission recognized
that it is now the commodity markets that determine the economic value of gas
pipeline transportation services. The Commission stated that “...the implicit
price for transportation represents the most any shipper purchasing delivered
gas in a downstream market would pay to move gas from the lower priced
market to the higher priced market. For instance, the implicit value of trans-
portation between the Henry Hub and the Chicago City gate market was $.07
in September 1999 (the difference between the $2.67 price for gas in Chicago
and the $2.60 price as the Henry Hub).”

For several receipt and delivery locations, | display recent basis differentials
at hub locations in Figure 1.1. | selected these locations because Koch Gate-
way transportation volumes to power plants demonstrate that these receipt and
delivery pairs are relevant. Omitted from the data in Figure 1.1 through are the
32.3 percent of volume that are transported on the Koch Gateway system with
short hauls and for which the basis differential is exactly zero. In selecting
these basis pricing differentials, | used the volumes moved on the Koch Gate-
way system. For instance, as shown in Figure 1.1.1, 19 percent of delivery
volume occurred between receipt and delivery points where the relevant liquid
basis points were the “Henry Hub” point in South Louisiana and the “Venice”
point in South-East Louisiana.

1Regulation of Short-Term Natural Gas Transportation Services, and Regulation of Interstate Natural Gas
Transportation Services 90 FERC 61, 109 (February 9, 2000) Order 637.
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I make two observations from these figures. First, the basis differentials
have been declining over time. At present, the average differential is small
and is often zero or negative. Additionally, the variance in the pricing differ-
ential is also declining to levels reflecting random difference rather than large
systematic swings. Second, relative to the early 1990s, the basis differentials
are much smaller. While differentials on the order of $0.20 to $0.30 were not
uncommon in the early 1990s, the differentials are nearly zero at present.

My analysis, below, demonstrates that to the extent price differentials still
exist on occasion, these price differentials have a statistically significant effect
on Koch Gateway’s discount setting behavior. However, as | will discuss later,
as the basis differentials are nearly always negligible, there is a constraint on
Koch Gateway’s ability to charge maximum tariff rates for its transportation
services. Below, | also discuss how this affects Koch Gateway’s discounting
decisions. Importantly, | conclude that the basis differential collapse is a sig-
nificant factor in Koch Gateway’s discounting behavior.

1.3.  Discounting

Koch Gateway’s decision to charge a rate for its transportation services that
is lower than the full tariff rate is a decision that is governed by Koch Gateway
and the market. | expect that Koch Gateway will discount its transportation
rates because it is a price-taker rather than a price-setter. When Koch Gate-
way'’s shippers can effectively dictate prices, Koch Gateway lacks upstream
market power. Conversely, when Koch Gateway is less likely to offer discounts
or does not discount at all, whatever upstream market power Koch Gateway
possesses is still constrained by its “just and reasonable” regulated tariff rate.
Thus any potential market power is negated. Because discounting behavior
will provide evidence as to whether Koch Gateway possesses upstream market
power, | analyze Koch Gateway’s upstream market power based on its histori-
cal discounting behavior.?

1.3.1. The Data Assembled

To investigate Koch Gateway’s propensity to discount, | collected data on
Koch Gateway’s transactions to its power plant customers during 1998 and
1999. The data was summarized at the monthly level, and represents the si-
multaneous receipt and delivery of gas. The Koch Gateway transportation
transaction data includes information on the delivery and receipt meters (Sta-
tion Location Numbers or SLNs), including the meter’s location, the volume
shipped, the type of service, the shipper, and the actual customer costs. This

2The relationship between pricing (discounting) and the Herfindahl Hirschman Index (HHI) statistic is
explored in Hannan (1997), Rhoades (1995), and in earlier studies such as Connor and Peterson (1992). A
discussion of Koch’s historical discounting behavior was provided in Dubin (1998).
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dataset includes only volumes shipped through Koch Gateway connected to
power plants for 1998 and 1999. The volumes transacted were aggregated at a
monthly level. A total of 3,002 transactions are present in the transaction data.
The dataset | analyzed has 144 separate receipt points, 16 delivery points (the
power plants), and 24 months. Note that every delivery point did not receive
gas from every receipt point.

The principal factors I considered in my analysis were the actual cost of the
delivery represented in the monthly transaction, (the “contract rate”) and the
undiscounted maximum tariff cost of the transaction. | added the transportation
rate and the reservation rate together to determine the contract rate. | also
added together the transportation and reservation rates allowed by the tariff to
determine a tariff maximum rate. | derived the maximum tariff rate from Koch
Gateway’s FERC tariff filings. This data includes the firm and interruptible
service’s maximum allowable rates. | compared the contract rate to the tariff
rate for the same time of the year, type of service and receipt and delivery
zones. | calculated the discount by dividing the contract rate by the tariff rate
and subtracting the result from one. This means that the discount value ranges
from zero to one.

To explain the discount depth rather than the mere presence of a discount,
| considered several factors. The first factor | consider is the basis differential
between gas commodity prices at the index hubs nearest to the receipt point
and delivery point. The basis point data provided a list of “liquid points” (i.e.,
basis locations) and the daily price at which gas traded at that point. The basis
value at each point for the month is the average basis for that point. | chose
the basis value for each receipt and delivery point based on the closest “liquid
point” to the receipt-delivery point.

The next factor that | considered as a possible influence on discounting was
prevailing weather at the time of the transportation pricing decision. Weather
data was taken from the National Oceanic Atmospheric Agency (NOAA). This
data consists of individual weather station daily heating and cooling degree-
days, aggregated to a monthly heating and cooling degree-day value for each
weather station. | selected the weather station for each power plant by locating
the power plant on the Koch Gateway system map. | compared this location to
a list of possible weather stations in the area and selected the station closest to
the nearest large electrical load connected to the power plant. | measured both
heating and cooling degree-days at the power plants as demand factors (i.e.,
larger heating degree-days imply colder season heating, thus increasing the
demand for gas and the derived demand for gas transportation). Heating and
cooling degree-days may be associated with above average demand, making
it less likely that Koch Gateway would discount. | test this hypothesis in my
econometric modeling reported below.
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| also considered whether the transaction was firm or interruptible. Over
85.9 percent of Koch Gateway’s transactions to power plants are on an inter-
ruptible basis (over 80.9 percent on a volume weighted basis). Given the con-
tract provisions in long-term firm contracts, | expect interruptible transactions
to be more heavily discounted than firm transactions; and, therefore, | test this
hypothesis.

| also constructed a time trend variable to help identify any trends for Koch
Gateway’s discounting that are not discernible in the other factors. Next, |
considered several measures of market competitiveness.

Connection and ownership data indicate the ownership of each plant and the
number of competing pipelines that are connected or proximal to the power
plant. The data also indicate the volume of gas shipped by Koch Gateway
and others to the SLN for the period October 1998 to September 1999. | used
this data to establish the number of connected alternatives and the number
of close alternatives. | also used this data to create Koch Gateway’s volume
shares to each SLN. First, | considered whether the delivery point (i.e., a power
plant) had an alternative to Koch Gateway within five miles and whether it was
connected or not. Second, | considered the number of alternatives to Koch
Gateway that were physically connected to a delivery point.

I also relied on Koch Gateway’s 1996 survey of its delivery point SLNs and
alternatives within five miles of each SLN to derive various concentration in-
dices. Each record in the survey dataset corresponds to a single Koch Gateway
SLN and contains information for as many as 15 alternative pipelines passing
within five miles of the SLN. The survey dataset also contains Koch Gateway’s
diameter-squared flow capibality at the SLN. Data for each alternative pipeline
included: its company code; its diameter-squared flow capabilities; and its
distance from the Koch Gateway SLN. There are 15 SLNs in the alternative
pipeline data file. These represent all SLNs present in the transaction data set
described earlier, less one power plant for which information was not avail-
able. The maximum number of alternative pipelines present at a single SLN is
eight, the minimum is zero, and the average was just under four. | performed
calculations to create variables measuring market competitiveness within each
SLN’s five-mile radius circle. These measures are based on market share and
distance to nearby alternatives.

Using the distance data supplied by Koch Gateway in the alternative pipeline
data file, I calculated variables measuring the minimum distance from each
SLN to an alternative pipeline. The distance measurements represent the dis-
tance between the Koch Gateway SLN and each alternative pipeline within five
miles.® As an empirical matter, | test the hypothesis that the minimum distance

3The distance factor is relevant in the regression analysis only in those situations where Koch Gateway
is not the only pipeline within five miles. In a situation where Koch Gateway is the only pipeline within
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to alternative pipelines influences Koch Gateway’s discounting, causing Koch
Gateway to discount more when alternatives are closer.

Generally, | expect that markets where Koch Gateway has a large market
share will be less competitive. In those situations, all other things equal, I ex-
pect that Koch Gateway will be less likely to discount. Hence, | hypothesized
a negative relationship between Koch Gateway’s market share and Koch Gate-
way'’s propensity to discount. In this case, an increase in Koch Gateway’s mar-
ket share at an SLN should decrease the likelihood that it will discount. This is
because such a market type would be less competitive than others where Koch
Gateway has a lower market share.

Other competitiveness measures are plausibly related to the propensity to
discount. As noted above, | expected Koch Gateway’s market share to be neg-
atively related to its discounting probability. Similarly, the presence of more
pipeline alternatives should equate to a higher probability that Koch Gateway
will discount because Koch Gateway faces more competition in this particu-
lar market situation. | test whether connected pipelines or proximal pipelines
which are not connected affect Koch Gateway’s discount decision.

Finally, I constructed an indicator variable for situations where Koch Gate-
way controls 100 percent of an SLN level market. These are situations where
there are no alternative pipelines within a five-mile radius of an operating Koch
Gateway SLN. In these markets, | expect that Koch Gateway is less likely to
discount its transportation services.

1.3.2.  Analysis

There are two striking observations to be made initially about the Koch
Gateway transactions. First, the average discount is 63.0 percent off maximum
tariff rates in Koch Gateway power plant delivery transactions and 72.0 per-
cent on a volume-weighted basis. Second, virtually all transactions receive
some discount. Hence, discounting is a widespread and pervasive force in
Koch Gateway’s transactions with its power plant customers.

There are many reasons for this deep and pervasive discounting at power
plants connected to Koch Gateway. These reasons include the many alterna-
tives that the buyers have, multiple pipeline connections and buying points, the
ability to negotiate deliveries globally for multiple plants, and a highly com-
petitive upstream natural gas market. Below, | examine these and other factors
that explain Koch Gateway’s discounting behavior.

five miles, Koch Gateway has 100 percent of the capacity within a five-mile radius of the SLN. If, by a
diameter-squared capacity market share measure, Koch Gateway’s market share is not 100 percent, then
another pipeline is within five miles and its distance to the SLN may influence Koch Gateway’s discounting
decision.
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I summarize the transaction dataset for power plants in Table 1.1. In this
table, I show the 16 delivery points (one for each power plant served by Koch
Gateway). | also show Koch Gateway’s volume, the total volume, Koch’s mar-
ket share and the number of physical and potential connections within five
miles. As can be seen, during 1998/1999 Entergy was the primary power plant
customer for Koch Gateway transportation services in this region.

Table1.1. Alternative Pipelines by Power Plant

ENTERGY PLANTS

Connected Close Koch Total Koch
Plant Name Alternatives  Alternatives \olume \olume Share
Willow Glen 5 3 20,200,211 50,527,512 40.0%
Nine Mile Point 4 0 21,373,426 77,280,892 27.7%
Rex Brown 1 1 5,354,829 9,045,239 59.2%
Baxter Wilson 1 0 20,193,497 24,211,702 83.4%
Roy Nelson 5 2 31,968 28,896,960 0.1%
Little Gypsy 2 9 5,666,559 33,255,750 17.0%
Waterford 4 2 6,592,399 27,980,136 23.6%
Sterlington 2 7 7,556,036 12,225,171 61.8%
Michoud 4 1 18,809,138 34,016,211 55.3%

SOUTHERN COMPANY PLANTS

Connected Close Koch Total Koch
Plant Name Alternatives  Alternatives \Volume \Volume Share
Crist/Pensacola 0 0 3,795,160 3,795,160 100.0%
Eaton 0 2 2,680,700 2,680,700 100.0%
Jack Watson 0 0 8,349,519 8,384,776 99.6%

SWEPCO PLANTS

Connected Close Koch Total Koch
Plant Name Alternatives  Alternatives \olume \olume Share
Knox Lee 3 3 5,857,381 12,052,333 48.6%
Pirkey 2 2 154,482 154,482  100.0%

SMEPA PLANTS

Connected Close Koch Total Koch
Plant Name Alternatives  Alternatives \Volume \Volume Share
Benndale 0 0 50,013 50,013 100.0%
Moselle 1 0 4,159,428 8,130,180 51.2%

The number of connected alternatives ranges from one to five for Entergy
plants, none for Southern plants, two to three for SWEPCO plants and zero
to one for SMEPA plants. The number of additional close alternatives ranges
from zero to nine for Entergy plants, zero to two for Southern plants, two to
three for SWEPCO plants, and none for SMEPA plants. In total, there are
between one and 11 alternatives to Koch Gateway at Entergy plants, zero to
two alternatives to Koch Gateway at Southern plants, four to six alternatives
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to Koch Gateway at SWEPCO plants and zero to one alternatives to Koch
Gateway at SMEPA plants. Three plants (SMEPA-Benndale, Southern—Crist
Pensacola, and Southern—Jack Watson) have no alternatives to Koch Gateway
within five miles, whether connected or not. | compared these figures to the
Koch Gateway 1996 survey data. This comparison reveals an increase in the
number of alternatives at delivery SLNSs (i.e., the number of alternatives has
been growing.)

As shown in Table 1.1, Entergy owns nine power plants that are connected
to Koch Gateway. All are physically connected to alternative pipelines and
all but two have at least one additional pipeline close by. To the extent that it
supplies gas transportation to these power plants, Koch Gateway discounts its
transactions with Entergy aggressively to remain competitive.

Southern has three plants that are currently connected to Koch Gateway.
None are connected to alternative pipelines and only one has nearby uncon-
nected alternatives. Koch Gateway’s historical discounting behavior was not
as aggressive as it was with Entergy, SWEPCO and SMEPA. Similarly, Koch
Gateway provides transportation to two SWEPCO plants. Both have at least
two other pipeline connections and several nearby unconnected alternatives.
As with the Entergy plants, Koch discounts aggressively to SWEPCO. Finally,
SMEPA has two power plants connected to Koch Gateway. Although one has
no connected alternate pipeline and neither have any nearby alternatives, Koch
Gateway discounts its transportation to both plants.

1.3.3.  Transaction Data Analysis

The transaction data | analyze provides a compelling view how the Koch
Gateway is used. For example, | examined Koch Gateway’s delivered and in-
terruptible transportation volume. | present this graphically in Figure 1.2. As
can be seen, the volumes shipped on Koch Gateway swing markedly. This
demonstrates the seasonal and peaking nature of the demand for Koch Gate-
way'’s services. This characterizes the way Koch Gateway is used as a swing
pipeline by the power plants when demand is seasonally increased.

| also analyzed the weighted average transportation rate charged by Koch
Gateway. These transportation rates are relatively small. Unlike the volumes
transported, the weighted average transportation rates do not vary greatly. |
show the weighted average transportation rates in Figure 1.3. Next, | consid-
ered and analyzed the volume weighted discounts that Koch Gateway gave on
its interruptible transportation transactions over the same two-year period. On
a volume-weighted basis, the average volume weighted discount provided by
Koch Gateway was over 72.0 percent. In fact, as Figure 1.4 demonstrates, this
volume weighted average discount for interruptible transportation never falls
below 55 percent during the two-year period | analyzed. And, as we have seen,
some plants receive considerably larger discounts than this average discount.
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Figure 1.4: VolumeWeighted Average Discount for All Transactions

100

90

80

70

601

50

40

30

20

10
0

Jan-98

Apr-98

Jul-98

Oct-98

Jan-99

Apr-99

Jul-99

Oct-99

aulpdid SeD [enjeN € Jo JoMOd 13 el pofeanay

LT
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Next, because the basis differential will, as I discussed earlier, often con-
strain Koch Gateway’s ability to increase transportation prices, | examined
monthly receipt point and delivery point prices. | did this on a weighted aver-
age monthly basis. As can be seen in Figure 1.5, the lines denoting prices at
delivery points lie extremely close to the lines denoting prices at receipt points.
In some cases, it appears as if there is only one line. This means that the prices
at receipt points and delivery points are almost identical. Because there is vir-
tually no market spread in the commodity price, Koch Gateway’s ability to
exercise market power in delivering natural gas is virtually non-existent. There
are therefore few opportunities for arbitrage.

However, the basis differentials established at liquid points near the actual
receipt and delivery point may not accurately reflect the commaodity’s actual
price differential at receipt and delivery points, especially those that are some-
what distant from the liquid basis points. As an empirical matter, it is plausible
that local basis price differentials will indicate both pricing constraints and the
directions that shippers will generally be moving gas. While | don’t expect a
perfect correlation between basis differentials and Koch Gateway’s discount-
ing, | nevertheless test the hypothesis that these differentials matter empirically
in determining Koch Gateway’s discounting behavior.

In Figure 1.5, the index price at the nearest receipt liquid point receives
the weight due to the volume transported in the transaction, while the near-
est delivery liquid point receives the weight due to the volume in the same
transaction. To take an extreme example, if ninety percent of Koch Gateway’s
transportation volume went from receipt point A to delivery point B then the
graphs in Figure 1.5 would largely reflect the commaodity prices at points A and
B. It is precisely this fact that explains how the weighted average combination
of negative and positive basis differentials shown in Figure 1.1 produce the
negative differentials shown in Figure 1.5. A larger percentage of the volume
flows in situations where the prevailing basis differentials are negative than
in the situations where the basis differentials are positive. While aggregated
data series illustrate average conditions, the regression analysis reported below
utilizes the actual basis differential prevailing in each transaction at each time
period. This procedure avoids any aggregation bias that might otherwise result
by combining large and small transactions.

I also considered basis differentials weighted by volume. | show these re-
sults in Figure 1.6. While there are some variations in the basis differentials
over time, these differentials are extremely small. As can be seen in Figure 1.6,
the differentials are well under two cents in most periods. Examining the basis
differential and index pricing shown in Figures 1.5 and 1.6, demonstrates that
on a volume weighted basis, Koch Gateway transportation often flows against
a negative weighted average basis price differential (i.e., the receipt basis price
is higher than the delivery basis price). A negative spread indicates that ship-
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pers will demand large discounts to move gas in largely uneconomic directions.
Clearly, some of the distinction between negative basis differentials and Koch
Gateway'’s actual behavior is explicable in that the liquid points are not per-
fect depictions of local conditions that prevail at specific receipt and delivery
points.

The primary and most important point revealed here is that the natural gas
market in which Koch Gateway operates is highly competitive. Koch Gateway
does not have an opportunity for arbitrage and consequently cannot exercise
market power. In these situations, Koch Gateway must negotiate discounts and
settle for market-determined rates that are substantively below the “just and
reasonable” regulatory cost of service rates.

1.4. Econometric Results

In this section, I consider econometric models of Koch Gateway’s discount-
ing based on several competitive measures, including the minimum distance
to a competitor. | expect that as the distance to a competitor increases, Koch
Gateway should be less likely to discount. Additionally, I consider models
based solely on the number of alternatives physically or potentially connected
to the power plant Koch Gateway serves. | expect that alternatives constrain
Koch Gateway’s pricing behavior. Below, | test the hypothesis that physical or
close connections affect discounting. Hence, | test whether close connections
(within five miles and unconnected) are sufficient to constrain Koch Gateway’s
discounting behavior.

I estimated regression models of Koch Gateway’s discounting behavior with
two dependent variables. In the first version, | use a regression model with the
discount variable constructed from the transportation transaction without ad-
justment. In the second version, | treat all discounts of less than one percent
as equivalent to zero discounts. This latter approach eliminates very small dis-
counts as accounting irregularities. In the Koch Gateway transaction dataset,
193 transactions, or 6.43 percent of transactions, have discounts less than one
percent. Thus, recoding these observations creates a mass point at the zero
discount value. Even though these small discounts account for only 4.0 per-
cent at the volume, it is appropriate in such a situation to use a Tobit model.
My empirical investigation showed that Tobit models, regression models using
adjusted discounts, and regression models with unadjusted discounts produced
quantitatively identical results. The variables used in the regression analysis
are defined in Table 1.2. The discount regression models are displayed in Ta-
bles 1.3.1-1.3.8.

In Table 1.3.1, | specify the discount to depend on: the basis differential;
heating degree days; a trend term; whether the transaction was interruptible;
the delivered quantity; Koch Gateway’s market share at the delivery point; the
number of close alternatives (other than Koch Gateway); and, an indicator for
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Table1.2. Variable Glossary

bas_diff Basis differential between receipt and delivery

del_qgty Delivered quantity (MMBTU)

disc Discount percentage

entergy Entergy Power Plant

hdegday Heating degree day

interup Interruptible transportation

koch_shr | Koch Gateway’s market share

koch_100 | No alternative pipelines within 5-mile radius at delivery point
ksIn_shr Koch Gateway’s market share at an SLN

min_dis Distance to nearest alternative pipeline at delivery point
mswhhi Market share weighted shipper Herfindahl

num_alt Number of alternatives (connected or unconnected within
5 mile radius of SLN)

num_clos | Alternatives within 5 miles of power plant whether
connected or not

num_cnxn | Number of physically connected alternatives

rkoch_100 | No alternative pipelines within 5-mile radius of receipt SLN
rmin_dis Distance to nearest alternative pipeline at receipt SLN
smepa SMEPA Power Plant

southern | Southern Company Power Plant

supplem Supplemental transactions type

swepco SWEPCO Power Plant

trend Time trend

Entergy plants. In Table 1.3.1 Koch Gateway’s discounting behavior at Entergy
power plants is compared to Southern, SWEPCO, and SMEPA power plants.
The power plant indicators were nearly all statistically significant.

The regression model shows that as the basis differential increases, the mag-
nitude of the discount falls. Hence, the regression model demonstrates that
basis differentials constrain Koch Gateway’s ability to set prices.*

4As competition increases in the upstream natural gas market and new pipelines enter the market, the basis
differentials have been declining in this region over time, with the average at approximately —0.01 cents.
The minimum and maximum basis differentials have reached levels of —14 to 412 cents in this period.
These large differentials occur relatively infrequently and are uncharacteristic of the system on a volume-
weighted basis.
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Table1.3.1. Transportation Rate Model 1

Dependent Variable: disc
Variable Coefficient t-Stat
1) 0.442 17.39
bas_diff —0.154 -1.83
hdegday 0.000 1.93
trend —0.003 -5.59
interup 0.148 14.59
del_qgty 0.000 11.25
koch_shr —0.231 —9.75
num_clos 0.002 1.16
num-cnxn 0.020 5.60
entergy 0.204 17.70
Observations 3002
R-Squared 0.48
Mean Discount 0.63

Koch Gateway’s discounts on its transportation transactions move oppo-
site to the basis differentials. As the basis differential widens, Koch Gate-
way discounted less. At one extreme, where the basis differentials are nearly
+12 cents, the discount will fall by approximately 5.1 percent.

Heating degree-days are positively associated with discounting. This re-
flects a volumetric discount in demand rather than a discount due to increased
market power when demand is more inelastic. Similarly, delivered quantity is
positively related to discounting. This reflects the fact that Koch Gateway is
willing to offer quantity discounts and is willing to encourage larger transac-
tions by lowering prices. This is consistent with a more elastic demand for
larger shippers with more choices.

Interruptible transactions are more heavily discounted than firm transactions
because most shippers taking this service have substitute fuel services. An in-
terruptible transaction has approximately a 15 percent higher discount amount
than does a non-interruptible transaction.

Turning to competition measures, | find that a greater number of connected
alternatives (other than Koch Gateway) increases the discount amount. How-
ever, the number of close (less than five miles and currently unconnected) con-
nections is not a statistically significant factor. Having tested the hypothesis
that either the number of connected alternatives or the number of proximal
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alternatives matters, | find that the number of connected alternatives acts as
a constraint. However, the number of proximal unconnected alternatives does
not affect discounting in a statistical significant manner. Finally, as Koch Gate-
way’s market share increases, its propensity to discount falls. Koch Gateway’s
market power, measured by its actual discounting, is constrained by its com-
petitors. As the market share (and market power) of Koch Gateway’s com-
petitors increases, Koch Gateway must meet the competition by lowering its
price.

In Table 1.3.2, | consider Koch Gateway’s discounting behavior but distin-
guish the discounts among the plants owned by Southern Company, SMEPA
and SWEPCO. In Table 1.3.2, the basis differential effect is even larger than in
Table 1.3.1. Heating degree-days are no longer statistically significant but are
still positively associated with discounting. The estimated coefficients show
that, in comparison to Entergy, Southern plants receive lower discounts (by ap-
proximately 35 percent), SMEPA plants receive higher discounts (by approxi-
mately 5.2 percent), and SWEPCO plants receive 11.8 percent lower discounts.
The regression uses Entergy as the comparison plant.

Table1.3.2. Transportation Rate Model 2

Dependent Variable: disc
Variable Coefficient t-Stat
1) 0.570 23.50
bas_diff —0.430 -5.31
hdegday 0.000 0.40
trend —0.004 —7.65
interup 0.155 16.05
del gty 0.000 11.39
koch_shr —0.078 -3.30
num_clos 0.003 1.80
num-_cnxn 0.023 6.53
southern —0.349 —26.02
sempa 0.052 2.66
swepco —0.119 —5.98
Observations 3002
R-Squared 0.55
Mean Discount 0.63

In contrast to the situation at SMEPA or SWEPCO, Koch Gateway is much
more often the only supplier at Southern’s plants. (The SMEPA Benndale
plant is the only other case where there is not another physical connection).
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Koch Gateway is never the sole supplier to Entergy plants. Regardless of the
apparent lack of competition and even though Koch Gateway is more often
the sole supplier at Southern plants, it was historically only able to reduce its
discount by 35 percent (relative to its discounts at Entergy power plants). His-
torically Southern received an average 23 percent (volume weighted) discount
in its transactions with Koch Gateway. This is considerably lower than the
Koch Gateway system average discount to power plants, but well below the
maximum tariff.

In Table 1.3.3, | again consider Southern, SMEPA and SWEPCO power
plants relative to Entergy plants. In this model, | use the minimum distance
variable in place of the number of connections (connected or unconnected) to
measure competition. | find that as the minimum distance to an alternative
increases, Koch Gateway is less likely to discount. The potential for physical
connection is thus important and measurable. This effect was not discernible
through the number of alternative potential connections but is revealed by the
distance factor. (the distance to connect and the size of the pipe are the two
main components of the connection cost.) A smaller distance to a potential
competitor within five miles has a statistically significant effect on Koch Gate-
way'’s discounting behavior. Here, the mere presence of unconnected pipeline
alternatives affects Koch Gateway’s pricing for transportation service. In other
words, potential competitors are in the same market with Koch Gateway be-
cause the barriers to entry are not high if the competition is physically close.

Table1.3.3. Transportation Rate Model 3

Dependent Variable: disc

Variable Coefficient t-Stat
1) 0.660 52.27
bas_diff —0.541 —7.26
hdegday 0.000 0.11
trend —0.005 —-9.17
interup 0.144 14.01
del gty 0.000 10.10
(min_dis&!'koch_100) —0.000 —9.54
southern —0.495 —53.22
smepa —0.047 —2.54
swepco —0.120 —6.12
Observations 2666

R-Squared 0.56
Mean Discount 0.62
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In Table 1.3.4, | rely on information from Koch Gateway’s survey of alter-
natives and use two specific competition factors available in this dataset. The
first factor measures the number of alternatives at the delivery SLN. The sec-
ond factor represents Koch Gateway’s capacity market share at the delivery
SLN. This model is based on somewhat fewer transactions since one power
plant is not represented in the alternative pipeline dataset. Table 1.3.4 parallels
my analysis in Table 1.3.2, except that it relies on the SLN alternative data.
Here I find that as Koch Gateway’s market share increases, or as the number of
alternatives decreases, Koch Gateway is less likely to discount its transactions.

Table1.3.4. Transportation Rate Model 4

Dependent Variable: disc
Variable Coefficient t-Stat
(D) 0.635 40.61
bas_diff —0.360 —4.34
hdegday —0.000 —0.29
trend —0.006 —10.00
interup 0.139 13.47
del_gty 0.000 10.55
ksIn_shr —0.001 —4.45
num_alt 0.006 3.68
southern —-0.415 —37.06
smepa 0.049 2.41
swepco —0.137 —6.97
Observations 2666
R-Squared 0.55
Mean Discount 0.62

The models considered, thus far, have focused on potential competition at
the delivery point since the power plant is the originator of the transaction. In
providing gas to a power plant, shippers have many alternatives. Presumably,
shippers choose the path for which their profitability is largest. Since the trans-
portation component of the delivered product is only a small part of its cost, a
shipper may select a receipt point where, in theory, Koch Gateway could ex-
ercise some market power. To capture the potential market power in the trans-
action due to differentials in competition at the receipt point, I relied again
on Koch Gateway’s survey information. Specifically, | paralleled my analysis
for the delivery point SLN by calculating the minimum distance to alternative
pipelines within the five mile radius of the receipt point SLN. Specifying a re-
gression model (Table 1.3.5) for Koch Gateway’s discount decision shows that
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increases in the minimum distance to a competitor pipeline within five miles
of the receipt point have a negative partial correlation with discounting.

Table1.3.5. Transportation Rate Model 5

Dependent Variable: disc

Variable Coefficient  ¢-Stat
(1) 0.873 41.99
bas_diff 0.055 0.41
hdegday —0.000 —4.13
trend —0.009 -10.01
interup —-0.009 -0.60
del_qty 0.000 3.08
(min_dis&!koch_100) —0.000 —-3.25
(rmin_dis&!rkoch100) —0.000 —-12.99
southern —0.470 —-30.03
smepa —0.076  —2.54
swepco —0.063 —2.58
Observations 748

R-Squared 0.66
Mean Discount 0.58

Thus as potential competitors to Koch Gateway became more distant at ei-
ther the receipt point or the delivery point, Koch Gateway will be more likely
to discount, all other factors equal. Conversely, as competitors’ distance to
Koch Gateway receipt and delivery SLNs decreased, Koch Gateway was more
likely to discount.®

Shippers on Koch Gateway’s system have their own market power. Poten-
tially, the market power of shippers will affect Koch Gateway’s discounting
decisions. For instance, if Koch Gateway faces the same shipper in multiple
transactions on its system, then the pricing decision it makes at one point in
time with respect to a shipper could influence the shipper’s decisions at other
points on Koch Gateway’s system or at other times. Thus, the profit maximiza-
tion problem faced by Koch Gateway has intertemporal and spatial dimensions.

To examine the hypothesis of shipper market power, | calculated the Her-
findahl Hirschman Index (HHI) for all shippers faced by Koch Gateway on
a monthly basis, based on their transportation volumes. The HHI is a widely

51t should be noted that the survey data could only be matched in approximately 25 percent of Koch Gate-
way’s receipt SLNs. Therefore, while these results are suggestive, they are not definitive. Importantly, none
of my previous conclusions were altered in this alternative regression.
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accepted method to measure market concentration. It involves first determining
the relevant geographic and product markets, market participants, and each
participant’s market share. The HHI is calculated by squaring the market share
possessed by each participant firm selling a particular good in a specific, well-
defined geographic market and then summing the squares across all firms in
the market.

The shipper HHI is 1403 for those shippers using the Koch Gateway system
to provide gas deliveries to power plants. To examine the influence of the
shipper concentration on Koch Gateway’s transaction decision at a single SLN,
I considered a market share weighted HHI statistic for the shipper, defined as
the product of the shippers market share of gas transported at the delivery SLN
times the overall shipper HHI. Including this factor in the regression analysis
(Table 1.3.6) indicated a positive, yet statistically insignificant, influence on
Koch Gateway’s discount.

Table1.3.6. Transportation Rate Model 6

Dependent Variable: disc
Variable Coefficient t-Stat
Q 0.562 22.40
bas_diff —0.419 -5.09
hdegday 0.000 —0.01
trend —0.004 —6.59
interup 0.154 15.76
del gty 0.000 11.23
koch_shr —0.077 —-3.24
num_clos 0.003 1.83
num-cnxn 0.023 6.55
southern —0.354 —26.08
smepa 0.038 1.80
swepco —0.117 —5.89
mswhhi 0.000 0.80
Observations 2952
R-Squared 0.55
Mean Discount 0.63

After eliminating all supplemental firm transactions from the transaction
dataset, | find that the market share weighted shipper HHI is statistically sig-
nificant (Table 1.3.7). More generally, | find that Koch Gateway discounts its

SFor further discussion see Dubin (1998).
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supplemental transactions less aggressively than other firm transactions (Ta-

ble 1.3.8).

Table1.3.7. Transportation Rate Model 7

Dependent Variable: disc

Variable Coefficient t-Stat

Q) 0.712 17.85
bas_diff —0.453 —5.67
hdegday 0.000 1.35
trend —0.006 —11.58
interup 0.049 1.50
del_qgty 0.000 8.70
koch_shr —0.078 -3.35
num_clos 0.002 1.06
num-_cnxn 0.021 6.03
southern -0.399 —-30.77
smepa 0.115 4.80
swepco —0.123 —6.80
mswhhi 0.000 1.92
Observations 3558

R-Squared 0.62

Mean Discount 0.65
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Table1.3.8. Transportation Rate Model 8

Dependent Variable: disc
Variable Coefficient t-Stat
1) 0.650 15.26
bas_diff —0.433 -5.35
hdegday 0.000 0.38
trend —0.004 7.7
interup 0.075 2.08
del_qty 0.000 11.31
koch_shr —0.078 -3.33
num_clos 0.003 1.84
num-_cnxn 0.023 6.60
southern —0.350 —26.10
sempa 0.055 2.79
swepco —0.119 —5.98
supplem —0.085 —2.29
Observations 3002
R-Squared 0.55
Mean Discount 0.63

Hence, shippers exert their market power primarily in interruptible trans-
actions. This alternative regression model reveals that shippers have market
power on the Koch Gateway system at specific points and use that market
power to make Koch Gateway take lower prices for its transportation services.

1.5. Conclusion

My analysis finds that market forces such as the prevailing basis differen-
tials, quantity discounts reflecting elastic demand, and the number of con-
nected alternatives all play significant roles in determining Koch Gateway’s
discount behavior. These factors all indicate competitive or workably compet-
itive market conditions that influence Koch Gateway’s discounting decisions.

The trend in basis differentials in the region in which Koch Gateway oper-
ates and the number of alternatives to Koch Gateway at the SMEPA, Southern
and SWEPCO power plants are the key factors that govern Koch Gateway’s
discounting decision. Additional factors, that cause Koch Gateway to discount
its transportation services, include competition, the collapse of the basis differ-
ential and the concomitant loss of arbitrage opportunities, buyer market power,
and elastic demand.



Chapter 2

THE DEMAND FOR NFL FOOTBALL

2.1. Introduction

This chapter considers the demand for NFL football. Football demand is un-
usual as compared with many goods and services. Rather than market clearing
at competitive price levels or limited demand induced by monopoly pricing, the
equilibrium position for many football teams is one of excess demand. Football
attendance is characterized by excess demand and generally tight market. A
theory of Becker (1991) helps explain the demand for football. Becker’s theory
is that demand in some situations depends on social interaction and the size of
the crowd. DeSerpa (1994) has adapted this theory for NFL football and other
situations where the crowd composition is as important as the crowd size. Us-
ing data from 1995 through 1999 for all NFL teams during their regular season,
I construct an econometric model of the demand for NFL football. | use this
model to test the Becker/DeSerpa theory and conclude that the demand curve
slopes upward in the relevant range as anticipated by the theoretical model.
The next section of this chapter discuss NFL football demand. In Section 2.3,
I discuss bandwagons, social influences, and group demand behavior. In Sec-
tion 2.4, 1 discuss the Becker model and DeSerpa’s extensions. Section 2.5
presents the econometric model while Section 2.6 provides conclusions.

2.2.  The Demand for NFL Football Tickets

For many products, sellouts and excess demand are the prevailing phenom-
ena. Evidence of excess demand includes season ticket programs, personal seat
license contracts (PSL), near capacity crowds, and “sellouts.” In the context of
NFL ticket demand, these factors indicate tight markets and are consistent with

31
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the theoretical notion of excess demand.! For instance, for many NFL teams,
fans cannot obtain a season ticket directly from the team. Similarly, it is often
not possible to directly obtain a playoff ticket to see these teams play in the
post-season. In such situations, aftermarkets develop for providing tickets to
eager fans at prices well in excess of the ticket’s face value.

This pattern of excess demand is not limited to football. It is also seen in
rock concerts, popular restaurants, and Broadway plays. In situations with
excess demand (i.e., where demand exceeds supply) the price of the good in
question should rise until the excess demand is eliminated. However, prices
rarely rise to the point where only those most willing to pay gain admission.
This anomaly can be explained.

First, the outcomes of sporting events are uncertain. Many factors affect a
team’s success. For example, when an NFL team has an unsuccessful season,
it is awarded a higher draft choice, raising its chances to improve its personnel,
and perhaps improve its winning percentage. Conversely, when an NFL team
has a successful season, it is “rewarded” with a more difficult schedule in the
next season. These choices by the league are clear attempts to balance compe-
tition and create parity among the teams. Additionally, injuries or plain luck
can affect a team’s performance in any given year. These qualities contribute to
a situation that is characterized by considerable uncertainty in how consumers
value individual games. Some games will be relatively low-demand games
while others are likely to attract more fans, and thus have high demand. In the
football market, fans are given the opportunity to buy a season worth of tickets
at one time. In principal, a season ticket package sells for the number of games
in a season times the face value of an individual game ticket. Consumers can
then choose which games to attend based on their reservation valuation. In
other words, when fans perceive that their reservation value exceeds the price
already paid for the ticket, they will attend the game. Conversely, when fans
perceive that their reservation value is less than the amount they paid for the
ticket, they may choose to skip a particular game. Given the transaction costs
associated with reselling a ticket; the restrictions on reselling tickets that ex-
ist in some markets; and the possibility that a consumer will not attend every
game in the season, consumers generally place less value on the full set of
tickets than they do for each game purchased at face value (as evaluated on a
game-by-game basis for only those games they attend).

On the other hand, purchasing season tickets provides an individual with
some option value. First, in markets where demand exceeds supply, the only
way to guarantee admission to a game is by owning a season ticket. Second,
the season ticket provides an option to enjoy games that may rise in consumer

1The PSL is an upfront one-time charge placed on top of the season ticket price to guarantee the right to
purchase the same or better season ticket for some period of time.
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value during the season. Third, the season ticket provides an option to purchase
post-season tickets for playoff games. The fee that management charges for
post-season tickets may price a consumer out of the market, but the option
value remains. On average, a season ticket is valued by the consumer and
priced by management to reflect the individual game ticket price, the likelihood
of post-season play, the price differential between the market and face value
of a post-season ticket, and the transaction costs associated with reselling or
purchasing tickets in the market during the regular season. With considerable
uncertainty about any given team’s success, sellers face a complex market in
setting season ticket pricing policies.

Management can adopt an exploitative position and charge what the mar-
ket would bear in any given season. However, if a team performs poorly, the
season ticket price would have to be lowered the following year to ensure de-
mand. The cost to management of exploitation is the loss of stable demand
(i.e., large fluctuation in attendance and fan loyalty). Consumers, on the other
hand, are willing to pay a price to ensure access to seasons when the team plays
well, and suffer through the seasons when the team does not meet performance
expectations.

The value of stable demand to management reduces its incentive to change
season ticket prices often (i.e., season to season). Rather, in order to ensure
stable demand, management might charge a price that reflects the consumers’
option value of guaranteed access to regular and post-season play. Further-
more, management might offer a discount to consumers to ensure stability in
demand. These factors help explain the fact that season ticket prices do not
rise to clear excess demand in the short term. Specifically, excess demand in
the short term may be followed by excess supply in a subsequent period. Con-
sumers will pay a price for season tickets that reflects both the good times and
the bad times.

However, the foregoing explanation of ticket pricing does not demonstrate
why persistent excess demand is often the rule rather than the exception in
professional football. It does explain why management prefers stable pricing
and favors uniform pricing during the season, with only moderately increased
prices for post-season play. Nonetheless, it cannot explain why markets in the
NFL can sustain excess demand year after year. To explain this, | rely on a
theory of group behavior.

2.3. Bandwagons, Social Influences, and Group Demand

Many products that consumers purchase have the property that the enjoy-
ment or utility provided to the consumer depends on the crowd. Audience re-
action and participation are consumed with the commaodity itself. For instance,
witnessing a live performance by a popular music group, eating in a popular
restaurant, attending a Broadway play, and watching a football game all pro-
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vide opportunities for the consumer to interact in a social setting with other
consumers who are similarly enthused by the event and are able to signal this
enjoyment. The audience’s performance can also be an important contributing
factor to the performance of the attraction (the team may react positively to fan
support, or the rock star might provide a better show with a lively audience).

Gary Becker (1991) helped explain why consumers reveal excess demand
for popular restaurants and leave nearby restaurants empty. Becker’s theory
is similar to Leibenstein’s (1950) bandwagon model where an individual’s de-
mand depends on the aggregate consumption. Similar models have been put
forth by Bass (1969) and others who explain that the likelihood of purchase
may increase with the behavior in aggregate. However, such models are differ-
ent from Becker’s model in that they do not require social interaction. DeSerpa
(1994) and DeSerpa and Faith (1996) have adapted Becker’s model to explain
that the composition of those participating in a jointly consumed venue may
sometimes be as important as the number of participants.

I review Becker’s explanations below. Three observations are important.
First, higher demand is rewarded with higher valuations by consumers (i.e.,
the demand curve slopes upward); a crowded restaurant entices more patrons
than an empty one. Second, multiple equilibrium are simultaneously possi-
ble with similar market prices (empty restaurants and full restaurants) with
the equilibrium resulting in excess demand being desirable to owners. Third,
the equilibrium with excess demand is potentially unstable. A corollary to
Becker’s theory is that initial conditions are often important in establishing
the observed equilibrium. Failure to initially achieve an excess demand equi-
librium may lead to stagnant outcomes in which it is impossible to achieve
the more desirable excess demand equilibrium. Analogously, the inability of
a team to sell out its stadium may produce a downward cycle of future poor
attendance. | discuss this in greater detail below.

2.4. Becker’s Model

Becker’s model assumes that an individual’s demand depends on the aggre-
gate demand level where:

D =) d(P,D)=F(P,D)

with d'(P, D) denoting the demand of the ith consumer and D denoting the
aggregate or market demand. The summation is taken over all purchasers i =
1,2,...,N. | expect f, = OF/JP < 0 since all individuals have downward
sloping demands.? Similarly, | expect F; = dF/0D > 0 because individual
demands increase with group demand by assumption. For each value of market

2] use the notation F}, to denote the partial derivative i.e., F, = 8F (P, D)/dP.
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demand, D, the equilibrium price solves D = F(P,D). Let P = G(P, D)
denote the inverse demand function such that D = F(G(D), D). Denote the
function G4 = 0G/dD. The sign of the G is indeterminate. G4 may be either
positive or negative depending on the size of the group effect on individual
demand. Using the implicit function theorem, we have

P 1-Fy
D~ ¢ F

If F; > 1, an increase in aggregate demand increases the demand price
(recall F, < 0). On the other hand, if F; < 1, an increase in aggregate
demand decreases the demand price.

In Figure 2.1, | show the function for the aggregate demand F'(P, D) peak-
ing at some value D*; this function is labeled dy. For purposes of illustration
aggregate demand is shown increasing up to level D* and decreasing after D*.

An alternative function d; denotes aggregate demand without the presence
of group effects, or where group effects are not dominant. The vertical line at
quantity S denotes fixed available capacity. At price P, dg demand equals S
and there is no excess demand. However, for the aggregate demand function,
larger audiences are more desirable to consumers (at least over some range).
At demand level D*, consumers are willing to pay a higher price Ppax. Since
demand exceeds supply at price Pnax, the available seats must be allocated by
lottery or on a first-come first-serve basis. Given the restriction on capacity,
excess demand is necessary to achieve the best price from consumers.

There is a second equilibrium in Figure 2.1 where quantity is D.. At this
equilibrium, consumers will also pay the market clearing price P.. However,
market demand exceeds S. DeSerpa (1994) observes that demand increases up
to a point with increasing prices because of the optimal audience size. How-
ever, if capacity limits the audience size, increases in excess demand cannot
fuel the excitement unless the rationing of excess demand affects audience
composition.

Implicitly, for Becker’s theory to apply to football, we must assume that de-
mand depends on the aggregate quantity desired rather than upon those who
actually succeed in the lottery and are able to partake of the experience. De-
Serpa extends Becker’s theory and argues that as long as the “buzz” or noise
level (audience excitement) is inversely related to reservation prices, then de-
mand will be increasing in price (i.e., the price consumers are willing to pay
will increase with audience size). He argues that those who have the largest
reservation values (the highest demand buyers) generate a relatively low noise
level. By assigning the available seats at random to a larger audience, indi-
viduals with potentially lower reservation values are allowed to participate and
generate a greater buzz for all who attend. One should contrast the football fan
wearing a suit with the fan who paints his face and strips to the waist in subzero
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weather. Andrew Zimbalist, as quoted in Swift (2000), supports the notion that
the buzz contributes to fans” and teams’ overall experience at a sporting event.
“Corporate customers,” he claims, “tend to be more sedate, which lessens the
home field advantage.” DeSerpa’s assumptions seem reasonable for football,
but are not as applicable to the restaurant setting considered by Becker.

To illustrate the concepts of multiple equilibrium and instability of equilib-
rium, consider Figure 2.2. Here | assume that demand is downward sloping
for low levels of demand, and is possibly elastic. For low levels of demand,
declines in price cause increased demand, but the social interaction effects are
not strong enough to overcome the decrease in demand price. Then, as audi-
ence size gets larger, the demand price increases. Eventually, the demand price
turns down when the potential audience gets too large (i.e., in DeSerpa’s case,
when any individual’s chance of getting in gets too low to put a large value on
the outcome).

In one equilibrium, management can charge P. where marginal revenue is
zero. In this equilibrium, demand levels are below available capacity S. Alter-
natively, a price level P* could be charged. At P*, two equilibrium are pos-
sible. The first has low demand, more excess capacity and positive marginal
revenue. This is not a desirable outcome for owners and corresponds to the
“empty” restaurant Becker discussed or an undersold football stadium. Alter-
natively, at the same price, an equilibrium at quantity D7 with excess demand
and large expected noise occurs. When maximizing revenues, owners would
clearly prefer the second equilibrium to the other two. But can it be achieved?

One method to achieve the excess demand equilibrium is to create the im-
pression that the stadium is smaller than it actually is. For example, consider
the Miami Heat, an NBA franchise team in Florida. The Heat understands the
value fans place on participating in a sold-out event. Although the Heat has
one of the league’s best records, won its regional division and advanced to the
league playoffs during 1999-2000, “the team has closed the balconies seven
times this year and obscured. . . the seats up there with black curtains.” Hiding
the empty balcony seats essentially fosters the impression of a sold-out arena;
there are fewer vacant seats between people.

A second method to create the excess demand equilibrium is through ad-
vertising. For instance, Becker discusses how advertising and publicity can
help get consumers to such a point. But failing to advertise or market prop-
erly could be a disaster. Similarly, a false start in ticket sales or a mismanaged
season ticket program could be equally disastrous in seeking to achieve the ex-
cess demand equilibrium. Suppose that management sets too high a price (i.e.,
a price higher than P*) in the first season. In this situation, demand will be
much too low and far short of the desirable state of excess demand. Addition-
ally, the equilibrium at P* can be fickle. Consumers who lose confidence in the
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team’s management will lower their demands. Only the high demand loyalists
will remain to generate revenue. Thus, first impressions may be crucial.

Management does not want to expand capacity in a fragile equilibrium situ-
ation. When consumers are fickle, it may be more sensible to avoid a possible
costly expansion that leaves the stadium undersold and underwhelmed. An
ill-timed expansion can be equally disastrous.

In the next section, | examine empirical evidence on NFL football demand
and use this model in part to confirm the Becker/DeSerpa theory.

2.5.  The Demand for NFL Football

| follow the general approach of Noll (1974) and Welki and Zlatoper (1991,
1999) in specifying an empirical demand model for NFL football. I specify and
estimate equations for both attendance and ticket sales. The data | compiled is
for all teams during their regular seasons for the period 1995-1999. Each game
is separately considered, allowing the specifics of the home team and visiting
team to be included in the demand model. This study generalizes the previ-
ous published studies by using multiple seasons, all regular season games, and
all teams collectively. In total, the regression is based on observations of over
1,200 data points (5 years x 8 home games x 30 teams = 1,200 observa-
tions). Table 2.1 reveals the source of the data and the factors derived from this
data. Table 2.2 provides a glossary of factors assembled for the econometric
analysis.

I consider econometric models that measure demand either as ticket sales
as a proportion of stadium capacity, or attendance as a proportion ticket sales.
These two variables normalize demand by measures of scale (i.e., differences
across teams due to stadium size differentials or tickets sold). Ticket sales as a
percentage of capacity are shown in Figure 2.3. These percentages are based
on regular season contests for the period 1995-1999 and reflect the frequency
of occurrence. For instance, in the period 1995-1999, 40.8 percent of all con-
tests recorded ticket sales that were between 98 and 99 percent of capacity.
Similarly, attendance as a percentage of ticket sales is shown in Figure 2.4.

A related concept is the ratio of attendance to capacity. This factor is shown
in Figure 2.5. Attendance in proportion to capacity is the product of the mea-
sures for ticket sales as a proportion of capacity and attendance as a proportion
of ticket sales. While a separate regression model was not developed for the
ratio of attendance to capacity, this ratio is interesting because it demonstrates
how full the stadiums are and therefore is related to the notions of sellouts and
noise levels.

SWelki and Zlatoper (1991) use attendance relative to capacity measures in their demand analysis.
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Figure 2.3: Ticket Salesasa Percentage of Capacity (1995-1999)
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Figure 2.4: Attendance as a Percentage of Ticket Sales (1995-1999)
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Figure 2.5: Attendance as a Percentage of Capacity (1995-1999)
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Table 2.1. Data Sources and Variables

VI

VI

National Football League Summary of Attendance Statistics (1995-1999):
Average ticket price, including seat premiums, per season (by location)
Capacity per manifest
Date of contest
Home team
Indications of weather
Location of contest
Tickets sold per manifest
Visiting team

Official National Football League Record and Fact Book (1995-1998):
Attendance per manifest
Indications of which team won each contest

National Football league Website http://www.nfl.com (1999):
Attendance per manifest
Indications of which team won each contest

Socio-demographic Data from http://www.oseda.missouri.edu

for the 1990 census data at specific metro locations
Percent of population, Black
Percent of population, Hispanic
Percent of population, White
Percent of population below poverty
1990 per capita income

Street and Smith’s Sports Business Journal:

Average December temperature
Factors derived from source material:
Day of the week the contest was held
Home game winning percentage (per team)
(calculated by considering all regular-season home games)
Overall winning percentage (per team)
(calculated by considering all regular-season games)
1999 population
(calculated using the average of the rates of change in population
for 95-96, 96-97, 97-98, and applying the average to 1998
population figures by city)

Quick Stats Website from http://www.quickstats.com/index.htm:

Start time per manifest (1995-1999)
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In Figures 2.6, 2.7, and 2.8, | display the same three ratios by time period.
The average value calculated in each season is the weighted average across all
teams playing in that season.

Following the standard economic demand theory and the sports demand lit-
erature, demand is specified to depend on ticket price (average ticket prices are
used, including premiums for higher quality seats and season ticket sales) and
the performance of the contestant teams (both the performance of the home
team and that of the visitor). | also considered potential explanatory factors
for the racial composition, income levels, and population of the local metro
area along with variables to measure the weather on game day and whether



Tickets/ Capacity

Figure 2.6: Ticket Salesasa Percentage of Capacity (1995-1999)
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Attendance/ Tickets

Figure2.7. Attendance asa Percentage of Ticket Sales (1995-1999)
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Attendance / Capacity

Figure 2.8: Attendance asa Percentage of Capacity (1995-1999)
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Table2.2. Variable Glossary

attndnce | game attendance

cap stadium capacity by season

Ipricesp log of average ticket price per season, including seat premium
p-black percent of metro area residents, Black

p-hisp percent of metro area residents, Hispanic

p-white percent of metro area residents, White

pwin_h home team’s winning percentage (as of last game played)
pwin_v visiting team’s winning percentage (as of last game played)

rain rainy day

seats stadium seats per 100,000 metro residents
ticket tickets sold per game

trend season + (game-1)/16

monday | game played on a Monday

night game played at night (after 4 p.m. local time)

the game was played on a Monday or at night. | controlled for the size of
the stadium relative to the population using a variable specified as the ratio of
stadium seats to population. All size variables were transformed using loga-
rithms. Table 2.3 provides basic summary statistics for the variables listed in
Table 2.2.

Table2.3. Variable Statistics

Number of Standard
Variable Observations | Minimum | Maximum Mean Deviation
log(attndnce/ticket) 1,208 —1.25 0.23 —0.04 0.10
log(seats) 1,208 6.96 11.03 9.32 0.90
log(ticket/cap) 1,208 —1.38 0.04 —0.10 0.18
Ipricesp 1,208 3.25 4.40 3.68 0.22
p-black 1,208 0.006 0.76 0.32 0.19
p-hisp 1,208 0.006 0.62 0.11 0.13
p-white 1,208 0.22 0.94 0.59 0.17
pwin_h 1,133 0.00 1.00 0.49 0.27
pwin_v 1,132 0.00 1.00 0.51 0.27
rain 1,207 0.00 1.00 0.05 0.23
trend 1,208 1.00 5.94 3.48 1.45
monday 1,208 0.00 1.00 0.07 0.25
night 1,208 0.00 1.00 0.21 0.41

The regression models for ticket sales and attendance are presented in Ta-
ble 2.4. Demand for NFL tickets depends significantly on the percentage of
games won in the season to date for the home team. The winning percentage
of the visiting team also shows a significant positive effect. The magnitude of
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the coefficients shows that the winning percentage of the home team is more
important than the winning percentage of the visiting team as they affect ticket
sales and attendance.

Table2.4. Demand Models

Model 1 Model 2
Log (Tickets Log (Attendance/
Explanatory Variable Sold/Capacity) Tickets Sold)
Constant —0.447 —0.567
(—3.87) (—8.47)
Home Team’s % Wins 0.168 0.077
(9.16) (7.24)
Visiting Team’s % Wins 0.054 0.028
(3.04) (2.76)
Log of Average Ticket Price Per Season, 0.147 0.0475
Including Seat Premium (5.74) (3.20)
Trend 0.002 0.0097
(0.53) (4.38)
% Black 0.223 0.0745
(3.27) (1.89)
% Hispanic —0.037 —0.049
(—0.85) (—1.94)
% White 0.394 0.061
(5.12) (1.36)
Rain 0.0173 —0.0615
(0.83) (—5.12)
Log (Capacity/Population) —0.0670 0.0232
(—10.45) (6.26)
Night 0.0419 —0.0095
(3.03) (—1.18)
Monday 0.0335 0.0337
(1.50) (2.57)
Observations 1131 1131
R-Squared 0.192 0.195

t-statistics in parenthesis

There are no discernible trend effects in the model for ticket demand. Larger
stadiums in relationship to population have lower ticket sales (normalized by
capacity of the stadium). Controlling for race shows some significant race
effects with whites and blacks leading to higher demand relative to Hispanics
and others. The ticket price effect is statistically significant and positive; this
effect confirms the Becker/DeSerpa model and supports a positive association
between price and sales. Finally, night games are positively related to ticket
sales whereas Monday night games apparently do not increase ticket sales. The
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results of the model are very robust. Alternative specification using additional
variables for weather and other factors produced similar results.*

The attendance model is similar to the ticket sales model in most respects.
For instance, the attendance model also shows positive price effects. However,
there are some key differences. In the attendance model, there are positive
trend effects demonstrated. The results further indicate that attendance is pos-
itively affected by Monday night play but is not affected by night games more
generally.

As a matter of economic theory, the more relevant demand model is based
on ticket sales. The attendance model is useful because it demonstrates results
that are both similar to and different from the models estimated in previous
research. For instance, the variable indicating rain on the game day shows
that rainy days are associated with lower attendance - a result found in the
literature. But rainy days have no empirical effect on ticket sales. This might
follow from the fact that very few sales are likely to be made on the day of
game for professional football games. Most tickets are sold well in advance of
game day. Similarly, night games are a bigger draw for sales (i.e. anticipated
attendance) than for actual attendance.

2.6. Conclusions

This chapter has discussed the option values inherent in NFL season tick-
ets, the conditions under which football ticket sales are likely to be successful,
the importance of initial conditions for establishing successful future ticket
sales, and the importance of advertising and marketing in establishing proper
initial conditions. Establishing conditions of sellouts and excess demand are
found to be crucial to the performance of NFL football at the box office. The
Becker/DeSerpa model was tested by empirical analysis. | found support for
the bandwagon theory of football demand. | also found that a team’s perfor-
mance, while helpful in generating ticket sales, is not by any means the only
contributing factor.

The demand for football depends in part on the fans’ experience. Demand
for many teams is characterized by excess demand, and fans may wait several
years before getting a chance to own season tickets. While excess demand is
not uncommon in football, there are, from time to time, unfortunate outliers.
Thus the initial conditions that characterize the future attendance in a band-
wagon sport such as football are important in determining future outcomes.
This is especially true as there is a very high correlation of sellouts over time.

4Using a Tobit analysis to account for the truncation of demand at capacity produced very similar results.
This occurs because few teams sell out all of their capacity even if games are defined as “sell outs” by league
standards.






Chapter 3

DETECTING AND MEASURING SHIFTS IN THE
DEMAND FOR DIRECT MAIL

3.1. Introduction

This chapter evaluates the forecast accuracy of a structural econometric
demand model for direct mail in Canada. Direct mail also known as adver-
tised admail is used to provide advertising to consumers through the mail
system. My original model was developed in March 1986 and was based
on the period ending January 1996 using twelve years of historical monthly
data. A complete discussion of the original regression model “original” is pro-
vided in Dubin (1998). In this chapter, | update the regression results for the
April 1989 through January 1996 period “revised” and provide new results
from twenty additional monthly observations for the period of February 1996
through September 1997 “updated”.

In Section 3.2, | present the original, revised, and updated regression models
for direct mail. In Section 3.3, I discuss the shift in demand for direct mail
in Canada and the accuracy of the structural economic model. Section 3.4
provides my estimates of forecast accuracy and conclusions.

3.2.  Comparison of Original, Revised, and Updated Direct
Mail Models

To review, my econometric model for addressed admail used seasonal dum-
my variables (seasonal indicators), real paper and printing prices, real product
price, real retail sales, and trend to explain historical demand. A variable glos-
sary is presented in Table 3.1.

Table 3.2 presents the results of the direct mail regression models (as orig-
inally estimated) for short-long (standard business), oversized (non-standard
business size), and combined admail demand for the period ending in January

51
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Table3.1. Variable Glossary

(1) constant term

s1-s11 month dummy variables
pi_mnppr/cpi | real paper and printing cost index
all_sl_v short-long advertised admail volume
all_us_v oversized advertised admail volume
all_ad_v combined advertised admail volume
all_sl_p short-long advertised admail price
all_os_p oversized advertised admail price
all_ad_p combined advertised admail price
ret_m_al/cpi | real retail sales index

trend time trend

1996.1 Generally the fit of the model was quite good and the explanatory fac-
tors were significant and in accord with economic theory.

In Table 3.3, I re-estimate the regression models for the time period ending
in January 1996. As there were revisions to the Canadian historical time-series
direct mail data and revisions to the Statistics Canada macroeconomic data,
these models differ from my original reported model. | use the revised data
regressions in the forecasts of admail demand for the 20-month period that oc-
curred between my 1996 study (Dubin 1998)) and this study. Generally, these
models are very similar to the models as originally estimated and, therefore,
I do not discuss them in significant detail. A complete discussion is provided
in Dubin (1998). For instance, the original price elasticity of the demand for
admail was estimated to be —0.42 and was re-estimated using the revised data
to be —0.40. | note that the new estimate using the additional 20 months of
data is —0.43.

3.2.1. Comparison of Revised and Updated Models

| present the updated regression models for Addressed Admail in Table 3.4.
These models for short-long, oversized, and total admail are very similar
to the models as originally estimated. The regression fit is approximately the
same as in the original model, with R? values at roughly 87 percent. The esti-
mates for the elasticity of total admail demand with respect to paper and print-
ing prices fell from —0.32 to —0.28, the retail sales elasticity fell from 0.7 to

1For data sources and variable construction see Dubin (1998).
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0.6, and the estimated trend effect was approximately the same. The price elas-
ticity for total admail rose slightly from my previous estimate of —0.42 to the
current estimate of —0.43. The short-long price elasticity fell from —0.26 to
—0.16 and the oversize price elasticity estimate rose from —0.51 to —0.65. In
sum, the changes in the estimated regression models are small and the general
conclusions | previously reached remain unaltered. Specifically, the demand
for addressed admail is still growing, still responsive to paper and printing
costs, still moves pro-cyclically with the Canadian economy, and still reveals
inelastic price elasticity.

3.2.2.  Addressed Admail—Specific Results

Paper and printing costs remained steady in real terms until the rapid in-
crease and subsequent fall in 1995. The estimated price elasticity of real paper
and printing costs is estimated to be —0.28 (¢-stat = —3.3) indicating that an
increase in the real cost of paper and printing causes the demand for addressed
admail to decline. Moreover, customers are captive to this cost since the elas-
ticity is less than one. Retail sales have a positive and statistically significant
effect on admail demand. A percentage increase in retail sales leads to a 0.61
percentage increase in the demand for addressed admail.

As noted above, the estimated price elasticity of —0.43 (¢-stat = —1.94)
shows that an increase in the real price of admail causes admail volumes to
decline. The inelasticity estimated by the model indicates that an increase in
the price of Canadian addressed admail products will result in lower volume,
but higher overall revenues at a higher price level. Profitability is also predicted
to increase as costs decline with lower total volumes.

In order to examine the separate price elasticities for specific types of ad-
mail, | specified and estimated two additional models. | present these models
using the updated data in Table 3.4. The first model considers short-long ad-
mail. The own-price elasticity is estimated at —0.16 (¢-stat = —0.66). Thus,
it is less elastic than both oversized or combined addressed admail with elas-
ticities of —0.65 and —0.43, respectively. Short-long admail is also revealed
to have grown more rapidly than oversized admail after controlling for other
factors. Paper and printing costs have a negative effect on both short-long and
oversized volumes. Given the estimated elasticities, it is likely that a uniform
increase in the price of all addressed admail types will create a greater vol-
ume decline in oversized pieces than in short-long pieces. These conclusions,
therefore, remain unchanged relative to my 1996 study (Dubin (1998)).

3.3.  The Shift in Demand Between 1995 and 1996

The average price of addressed admail in fiscal year 1995 was $0.261 per
piece. In fiscal year 1996, this rose to $0.289 per piece. Volumes on an annual
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basis rose from 1,458,510 to 1,510.016 pieces. Additionally, between fiscal
year 1995 and fiscal year 1996, several key explanatory factors showed impor-
tant changes. First, the Canadian economy improved. Second, the real cost
of paper and printing fell. Third, other trend effects caused demand to rise.
These shifts would have combined to increase demand even if addressed ad-
mail prices had remained constant. Therefore, the price increase between fiscal
years 1995 and 1996 caused a movement along the demand curve while other
factors caused a shift in the demand curve.

I illustrate this using the estimated demand curve for fiscal years 1995 and
1996 as depicted in Figure 3.1. The figure shows the consequences of the
price increase as a movement along the demand curve from Point A to B. The
movement from Point B to C represents the shift in the demand curve. Hence,
the move between fiscal years 1995 and 1996 (the movement between Points
A and C) has two components—the price component (A to B) and the shift
component (B to C).

Between fiscal years 1995 and 1996, average addressed admail prices rose
from $0.261 to $0.289 per piece. In nominal terms, this was an 10.7 percent
price increase. In real terms, the price increase was lower, at 8.8 percent as
average inflation in Canada between the two fiscal years was approximately
1.8 percent. During this same period, volumes increased about 3.5 percent.
As a consequence of the price increase, volumes fell (the movement along the
demand curve). At the same time, general trend effects increased demand for
addressed admail while improvements in retail sales caused a further increase
in demand. The substantial decline in real paper and printing costs of 14 per-
cent caused demand to increase substantially. Thus, the change in volume due
to increased admail price per piece was almost fully offset by lower paper and
printing costs.

Therefore, the shift in demand from Point B to Point C was due to three
factors: retail sales improvements; decline in real costs of paper and printing;
and general trend effects. Using the estimated regression model, | find that ap-
proximately 7 percent of the shift was due to the improvement in the Canadian
economy, 38 percent of the shift was a result of lower paper and printing costs,
and the remaining 55 percent of the shift was due to general trends causing
admail demand to increase each year.

3.4. Comparing Forecast Accuracy

In Figure 3.2, I display the ex post forecast of total addressed admail for
the period February 1996 through September 1997. This forecast is based
on the revised regression for total addressed admail presented in Table 3.3,
column 3. This is an ex post forecast since it relies on the realized volumes of
the explanatory factors. The plot in Figure 3.2 reveals some variation between
forecasted and actual values.
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3.4.1. Forecasting Addressed Admail Volume
To predict the value of 4° associated with a regressor vector z° under the
model
90 = B'x0 4 £,
recall that §° = &'z0 is the minimum variance linear unbiased estimator of
E[y°]. The forecast error is

The forecast variance is:

Var[e’] = o2+ Var [(B- b)’xo}
= o24+2" [JZ(X'X)A] 0.

| estimate the forecast variance using s2 in place of ¢2. The estimated stan-
dard error of the forecast variance is denoted by se(3°). A confidence interval
for y® is formed using §° £ ¢, j2se(4°). For the log-linear demand models used
in this study, the forecast confidence interval is:

prob [eﬁoe—t,\/23€(ﬁ0) < eyo < eﬁoet,\/ﬁe(ﬁo)] =1—=2\

Salkever (1976) suggested a method for combining the computation of fore-
casts and standard errors using an expanded regression. Suppose that the esti-
mation is based on n observations and that we desire to forecast n° observa-
tions,

° = X8 + 0.

Construct an augmented regression:

Y X ol [8 e

=i + ..

0 XO ST Y 50
or

In the augmented regression, there are n° new observations and a set of n°
new variables. Each column in the second part of X* is a dummy variable that
takes the value minus one for the new observations and zero otherwise. Using
this expanded regression model, Salkever (1976) shows that the least squares
regression of y* on X™ produces the coefficient vector [b, c], where b is the
original OLS coefficient vector and c are the predictions of y°; the residuals
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from this regression are, for the first n. observations, the original least squares
residuals and for the last n, zero; and the estimated covariance matrix for the
expanded vector of coefficient estimates contains, in its upper left block, the
covariance matrix for the least squares estimates of 8 and, in its lower block,
the covariance matrix for the forecasts.

The 4th diagonal element of the covariance matrix in the lower block is:

Est Var [¢;] = Est Var [§0] = s2 [1 + 29 (X’X)—lx;?] .

3.4.2.  Measures of Forecast Accuracy

Various measures have been proposed for assessing the predictive accuracy
of forecasting models. Most of these measures are designed to evaluate ex post
forecasts, that is, forecasts in which the exogenous variables do not themselves
have to be forecasted. A common measure based on the residuals from the
forecasts is the root mean squared error:

1 .
RMSE = \/m Z(yi — 3;)?

where n0 is the number of forecasted periods. This has an obvious scaling
problem as it depends on the magnitude of y;. Several measures without scal-
ing problems are based on the Theil U statistic:?

. \/(1/n°) Sl — 5

(1/n0) 3 v7
Large values of Theil’s U statistic indicate poor forecasting performance.
In order to examine the model’s ability to track turning points it is possible
to replace the levels y;, with either absolute change, y; — y;—1, or percentage
changes (y; — vi—1)/yi—1. The U statistics are calculated below.

3.4.3. Forecast Results—Confidence Intervals

In Table 3.5, I show the estimated 95 percent confidence intervals for the ad-
dressed admail model. The estimation period ends in January 1996, which was
the last available data point in my previous study. The period from February
1996 through September 1997 was forecasted ex post (i.e., using the realized
values of exogenous factors appearing in the model, including paper and print-
ing costs, retail sales, admail prices, and so forth).

In Figure 3.3, I show the 95 percent confidence interval, the forecasted point
estimates, and the realized actual values for this period. | note that only two

2See Theil (1961).
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of twenty values fall outside the estimated intervals. Therefore, the estimated
confidence intervals contained the true values 90 percent of the time.

3.4.4. Forecast Results—Conclusions

The 95 percent confidence intervals range in volume by plus 23 percent
and minus 19 percent of typical monthly volumes. The total addressed ad-
mail volume for the 20-month period was 2,505,951,000 pieces. The model’s
prediction for this period was 2,574,181,000 pieces. The difference is approx-
imately a 2.7 percent error. Hence, the model is quite good at forecasting the
overall volume even if there are some substantial monthly errors. The total
addressed admail volume for fiscal year 1996/1997 was 1,510,016,000 pieces.
The model’s prediction for this period was 1,556,070,000 pieces. Hence, the
model over-predicted the results for fiscal year 1996/1997 by approximately
3.0 percent.®

Finally, I have calculated Theil U statistics for the forecast period based on
levels, differences, and percentage changes. The U statistic for levels is on the
order of 11 percent, while the U statistics for differences or percentage changes
is about 55 percent. These U statistics reveal that the direct mail demand model
does a better job at predicting levels than turning points.

3The point estimates were within as little as 2.3 percent of actual monthly volume and were off by as much
as 28 percent in one month. Apparently, the model is particularly poor in forecasting the extreme swings
that occur in the summer months. The model tends to under-predict the June highs and the July lows.
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Table3.2. Addressed Admail (Original)

Admail S/L Admail O/S Admail All
Dep Variable: (log(all s_v)) (log(all-os.v))  (log(al-ad_v))
(@) —24.006 —15.753 —20.133
(—17.66) (—5.60) (—8.23)
sl 0.141 0.367 0.253
(2.70) (7.04) (5.98)
2 0.007 0.240 0.118
(0.12) (4.18) (2.56)
s3 0.102 0.147 0.122
(2.85) (3.71) (4.09)
A —0.021 —0.086 —0.051
(—0.64) (—2.32) (—1.82)
5 —0.037 —0.214 —0.121
(—1.01) (—5.29) (—3.90)
6 —0.112 —0.316 —0.2045
(—3.12) (—8.04) (—6.75)
s7 —0.325 —0.226 —0.281
(—9.65) (—6.06) (—9.99)
8 —0.207 —0.127 —0.175
(—6.16) (—3.40) (—6.21)
s9 0.097 0.167 0.127
(2.90) (4.48) (4.49)
s10 0.220 0.184 0.201
(6.51) (4.93) (7.13)
s11 0.161 —0.113 0.042
(4.59) (—2.98) (1.41)
(log(pi-mnppr/cpi)) —02.874 —0.317 —0.321
(—2.41) (—2.59) (—3.27)
(log(all-ad-p/cpi)) —0.267 — —
(-1.12) - -
(log(all_os_p/cpi)) — —0.516 —
- (—1.90) -
(log(all_ad_p/cpi)) - - —0.423
— — (—1.87)
(log(ret_m_al/cpi)) —2.709 1.140 0.702
(1.23) (5.45) (4.05)
(log(trend)) 7.065 3.905 5.655
(20.22) (10.47) (20.69)
Observations 142 142 142
Corrected R-squared 0.872 0.751 0.878
Mean of Dep Variable 10.826 10.522 11.385

t-statistics in parenthesis
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Table3.3. Addressed Admail (Revised)

Admail SIL Admail O/S Admail All
Dep Variable: (log(all sl-v)) (log(all_os.v))  (log(all-ad_v))
@ —23.871 —15.872 —20.145
(—7.34) (—5.60) (—8.00)
sl 0.137 0.365 0.250
(2.67) (6.98) (5.94)
2 0.003 0.238 0.114
(0.05) (4.13) (2.49)
s3 0.101 0.146 0.121
(2.83) (3.70) (4.05)
A —0.021 —0.086 —0.051
(—0.63) (—2.32) (—1.80)
s5 —0.036 —0.213 —0.119
(0.98) (—5.27) (—3.85)
6 —0.111 —0.316 —0.203
(—3.10) (—8.03) (—6.71)
s7 —0.324 —0.227 —0.282
(—9.63) (—6.08) (—9.97)
s8 —0.207 —0.127 —0.175
(—6.15) (—3.42) (—6.21)
9 —0.097 —0.166 —0.126
(2.89) (4.46) (4.45)
s10 0.220 0.183 0.201
(6.52) (4.92) (7.12)
s11 0.162 —0.113 0.043
(4.62) (—2.98) (1.44)
(log(pi_-mnppr/cpi)) —0.268 —0.299 —0.298
(—2.37) (—2.46) (—3.15)
(log(all_sl _p/cpi)) —0.244 — —
(—1.03) - -
(log(all_os_p/cpi)) — —0.512 —
- (—1.89) -
(log(all -ad_p/cpi)) — — —0.404
— — (—1.79)
(log(ret-m_al/cpi)) 0.253 1.128 0.684
(1.17) (5.38) (3.99)
(log(trend)) 7.088 3.951 5.703
(19.11) (10.45) 20.11)
Observations 142 142 142
Corrected R-squared 0.872 0.752 0.877
Mean of Dep Variable 10.826 10.522 11.385

t-statistics in parenthesis
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Table3.4. Addressed Admail (Updated)

Admail S/L Admail O/S Admalil All
Dep Variable: (log(all_sl_v)) (log(all -os.v)) (log(all-ad_v))
(@) —22.115 —16.535 —19.662
(—17.01) (—5.90) (—17.48)
sl 0.097 0.347 0.222
(1.98) (6.74) (5.30)
2 —0.035 0.223 0.089
(—0.66) (3.95) (1.95)
s3 —0.095 —0.158 0.123
(2.79) (4.12) (4.14)
A —0.037 —0.080 —0.057
(—1.16) (—2.22) (—2.04)
5 —0.027 0.226 —0.120
(—0.77) (—5.74) (—3.88)
6 —0.063 —0.276 —0.159
(—1.85) (—17.24) (—5.30)
s7 —0.341 —0.237 —0.296
(—10.60) (—6.55) (—10.57)
8 —0.178 —0.090 —0.144
(—5.55) (—2.50) (—5.12)
s9 0.076 0.150 0.106
(2.38) (4.14) (3.78)
s10 0.222 0.169 0.196
(6.67) (4.53) (6.77)
s11 0.183 —0.098 0.061
(5.30) (—2.57) (1.98)
(log(pi-mnppr/cpi)) —0.221 —0.315 —0.280
(—2.20) (—2.98) (—3.31)
(log(all-ad-p/cpi)) —0.157 — —
(—0.66) - -
(log(all_os_p/cpi)) — —0.654 —
- (—2.95) -
(log(all_ad_p/cpi)) - — —0.430
- - (—1.94)
(log(ret_m_al/cpi)) 0.111 1.103 0.611
(0.54) (5.28) (3.54)
(log(trend)) 6.973 3.930 5.638
(20.86) (10.46) (20.39)
Observations 162 162 162
Corrected R-squared 0.877 0.722 0.868
Mean of Dep Variable 10.881 10.546 11.427

t-statistics in parenthesis
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Table3.5. Addressed Admail 95% Confidence Intervals

Confidence Actual  Forecasted  Confidence
Interval Volume Volume Interval

Period (lower bound) (1,000’s)  (1,000’s)  (upper bound)
February 96 95,476 111,230 134,917 147,394
March 96 105,461 137,573 118,628 162,952
April 96 90,222 106,041 131,092 139,583
May 96 91,472 107,056 112,221 140,998
June 96 84,232 144,462 113,567 129,529
July 96 75,987 87,051 104,452 116,809
August 96 86,417 131,374 94,213 132,684
September 96 112,895 120,815 107,080 173,337
October 96 131,211 144,097 139,889 200,115
November 96 115,903 167,412 162,041 176,926
December 96 118,106 120,788 143,200 180,077
January 97 127,136 121,785 145,836 193,705
February 97 107,523 118,632 156,930 164,226
March 97 115,958 140,503 132,884 178,152
April 97 104,991 119,576 143,730 160,861
May 97 107,964 123,892 129,957 164,969
June 97 95,748 143,230 133,457 146,155
July 97 88,024 88,526 118,297 134,661
August 97 95,228 138,103 108,873 145,964
September 97 129,137 133,805 117,897 198,087




Chapter 4

VALUATION OF A TECHNOLOGY
PATENT-SCOPE, DURATION, AND
ROYALTY

4.1. Introduction

The owner of a patent receives value from his patent in several ways. First,
the patent owner can exploit the patent themselves to the legal exclusion of
others. Second, the patent owner may sell all rights to the patented invention.
Third, he may license the patent to others. The value of the patent depends
on several factors including its scope of application (economic, technological,
and legal), its duration of application (legally limited to a fixed period of time
but often constrained by non-infringing superior substitutes, and by its royalty
or profit rate. The value of a patent to its owner is clearly constrained by the
availability of substitutes. Substitutes limit the value of the patent by affecting
the scope, duration, and royalty a patent owner may expect to receive. The
determination of these influences on a particular patent is hardly ever a generic
exercise. More often than not the value of a patent is determined on a case by
case basis.

The purpose of this chapter is to establish the value of a particular patent
and illustrate the role of scope, duration, and royalty rate in determining this
value. The patent | examine was awarded to the computer manufacturer Acer
in 1991.

By 1990, upgrading of personal computers (“PCs") had become common.?
Consumers wanted a method to protect their investment in PCs against tech-
nological obsolescence. In order to meet this need, most major manufacturers
developed their own schemes for providing upgrades. In 1991, Acer applied
for and received two U.S. patents (5,455,927, con’t of Aug. 22, 1991, “dual-

1Upgrading computers from XT/286 to Pentium machines is discussed in “Tips from the NERD," July
7, 1996 at http://www.computernerd.com/tips4old.htm. This author does not recommend upgrading 386
systems because of modest speed improvements and serious residual limitations.
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socket™") and (5,551,012, con’t of Apr. 22, 1991, “single-socket").? Acer has
referred to these patents in its product documentation as the “Chip Up" tech-
nology.®

The Chip-up technology pertains to upgrading a computer by adding a sec-
ond (typically faster) control processing unit (CPU) in a socket reserved for the
upgrade. A user could upgrade his computer by adding the newer CPU in the
reserved socket at any time. As I discuss below, using a primary socket for the
main CPU and a secondary socket reserved for the upgrade implies that Acer’s
system is a dual-socket technique. The sockets that receive the processors in
Acer’s design are contained on the main circuitry board (motherboard) of the
computer.

The Chip-up technology patent specifically was designed to upgrade Intel
80386 (386) computers by a specific method. This patent would not have ap-
plied to computer upgrades using non-infringing designs (e.g. modular, daugh-
terboard, card, cartridge, overclocking, etc.) and would not have applied to
upgrades of Intel 80486 (486) and Intel 80586 (Pentium) computers. | address
these points in turn. First | discuss non-infringing designs which provide 386
computer owners with the ability to upgrade their computers. Second, | discuss
upgrades of 486 and Pentium computers.*

The value of the Chip-up technology is demonstrated to be small due to the
availability of substitutes and the limited applicable scope. The remainder of
this chapter is divided into several sections. In Section 4.2, | discuss the scope
of the Acer patent. In Section 4.3, | discuss duration issues. In Section 4.4, |
discuss the reasonable royalty rate for the Chip-up technology. In Section 4.5,
| present my conclusions.

4.2.  Scope Limitations

Upgrading a computer might involve enlarging disk drive storage, adding
Random Access Memory (RAM) or cache-memory to the motherboard, adding
a math coprocessor to speed up numerical calculations or changing the 386/387
pair to specialized chips for computer aided design. A consumer could also
upgrade a computer by overclocking the existing CPU.>

2The validity of the Acer patents has not been established to the best of my knowledge. Each Acer patent
refers to substantial prior art. Additionally, Intel’s patent (5,410,726, con’t of Apr. 18, 1991, dual-socket
upgrades) and Advanced Logic Research’s patent (5,297,277, August 2, 1989, automatic enablement) and
Advanced Micro Devices’ (4,967,346, March 14, 1988, automatic enablement) might establish prior art
relevant to the Acer patents and were not cited by the patent office in connection with the Acer patent.
3The name “Chip Up" is apparently trademarked (Trademark 1,730,271, 11/3/92, Trademark Register, 39th
Edition, 1997).

41 refer to the Intel 80386 CPU as a 386 and the Intel 80486 CPU as a 486. The math coprocessor versions
of these chips have model numbers ending in 7. Thus, the Intel 80387 coprocessor (387) is the math
coprocessor for the 386.

50verclocking is explained in http://www.sysoopt.com/ocexp.html.
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I mention these non-CPU upgrade paths because different consumers would
find some upgrades more advantageous than others.® For instance, many ap-
plications were slowed by poor hard disk performance or insufficient disk stor-
age space. Other applications operated slowly due to too little RAM in the
computer. Some consumers did require a speed increase in their CPU. How-
ever, independent of processor speed, the preferred upgrade path for many of
these consumers was a non-CPU upgrade. For example, for a great many con-
sumers, a coprocessor to do mathematical calculations would have been the
most logical upgrade. In fact, most 386 motherboards contained one or two
empty sockets for coprocessors. In most cases, these coprocessors were used
for arithmetic processor upgrades (adding a 387 or Weitek chip). However, in
some cases the sockets were used for other CPU upgrades (e.g. the Intel CAD
pair’

4.2.1. The Variety of Computer Upgrade Technologies

Since the first generation of IBM PCs, it was common practice to use empty
sockets for motherboard upgrades (e.g. the 8087 paired with the 8086, the
80287 paired with the 80286 and the 80387 or the Weitek paired with the
80386). Replacing existing chips with higher speed versions or overclock-
ing (running a CPU at a higher speed than it was rated) were other common
upgrade paths for consumers who did not choose a full “generation skip." A
generation skip is defined as a movement between families of CPUs such as
upgrading from a 386 to a 486. It is a generation skip upgrade that Acer’s
design contemplated.

The Acer design was not the only available design to accomplish a genera-
tion skip upgrade. Some manufacturers used a modular upgrade that utilized
a module or separate component on which the CPU and its replacement could
be interchanged in the computer. Some manufacturers relied on cards which
plugged into the computer’s bus, often using proprietary high-speed bus inter-
faces to maximize the computer’s throughput. Other manufacturers relied on
third-party daughterboard upgrades that required removing the existing CPU
and fitting a small upgrade component into the old socket (this is known as
the single-socket upgrade method). Still others adopted a technology such as
Acer’s that left an additional empty socket for the upgrade.

6Upgrading a PC (especially a motherboard upgrade) was never considered an easy process. For instance,
Byte (April 1, 1991, Vol. 16, No. 14, pp. 283-286), noted that replacing a CPU is a “nightmare," rec-
ommending only “the most grizzled hardware veterans" attempt it. Problems with user upgrades include
breaking pins on the old or new CPU, destroying a part with static discharge, BIOS incompatibilities, fail-
ure of the system to function after the upgrade, software incompatibilities, etc. These issues made CPU
upgrades a non user-friendly task. Consequently, the market for upgrades was always a small one.

“See e.g. “Intel Coprocessor to Boost CAD performance on 386 PCs”, (PC Week, Feb 17, 1992, Vol. 9, No.
7, p. 30).
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Single-socket upgrades have been around since the beginning of personal
computers. Daughterboards were designed to replace the existing CPU, in its
socket, with upgraded CPUs.®

Acer’s technique was identical to a coprocessor upgrade in that he left an
empty socket for CPU additions to enhance performance. The 8086 system
generally left one empty socket for the coprocessor. The 80286 system left
one empty socket. The first 386 computers generally left two empty sockets -
one for the existing 287 math coprocessor and another for the yet to be released
387 math coprocessor. Most, 386 systems also left two empty sockets. The first
empty socket was for a 387 math coprocessor while the second was left for the
Weitek coprocessor. Some dual CPU systems provided both 1860 (Intel) and
80X86 (80286 and 80386) CPUs on the same motherboard, although only one
processor had control at a time. In fact, there was nothing new in Acer’s patent
with regard to having empty sockets on the motherboard for the permanent or
transitory use of a second processor.?

Mirecki (1987) discusses a method by which a personal computer’s micro-
processor is replaced by a more capable one. The author notes that if the
original CPU remains, “the accelerator is called a coprocessor. This does not
imply that the two CPUs dynamically share the workload. In most cases only
one CPU is active at any given time, and the switch between them is performed
by the user." This description is precisely the coprocessor solution adopted by
Intel for the original PC and for the IBM XT and for all subsequent Intel based
products.*®

4.2.2.  Coprocessors and Empty Slots

The coprocessor socket, available in nearly all PCs from the 8086 generation
onward,*! had full access to the CPU bus and adequate control lines to disable
the main CPU.12

Intel’s “vacant socket" technique for upgrading 486 systems relied solidly
on prior art to provide an upgrade for 486 systems and Pentium systems.!?

8Acceleration upgrades for the 8088 are discussed, for instance, in Manildi (1988).

9Another example is the Intel hyper-cube. Intel’s hyper-cubes use many (16, 64, 256) CPUs in their own
sockets in a parallel processing system. A user would upgrade this architecture by adding additional CPUs.
10Mirecki (1987) also discusses daughterboards and other plug-in single socket coprocessor upgrade solu-
tions.

11The first 8086 was released in the early to mid 1980s.

125ee Electronic Engineering Times (July 1, 1991).

Bntel (1997) describes its Intel 486 Processor Upgrades by socket type (http://www.intel.com/overdrive/-
unbrand/486.htm), its Intel 386 systems upgrades at http://www.intel.com/overdrive/unbrand/386.htm. Its
upgrade for Pentium systems is described at http://www.intel.com/overdrive/unbrand/pentpso.htm. Intel
notes that “As the market has transitioned to Pentium processor technology and demand for upgrades based
on older technologies has declined, Intel OverDrive processors based on Intel 486 technology have been
phased out." The key point is that the newer technology makes the older technology less attractive even as
an upgrade.
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Intel’s upgrade method reused the existing coprocessor socket for coproces-
sor or CPU upgrades. By contrast, Acer’s technique leaves the original CPU
and coprocessor sockets and adds an additional socket reserved for the up-
grade. Acer’s dual-socket approach is therefore minorly different from Intel’s
approach. Intel’s approach reused an existing empty socket reserved for copro-
cessor upgrades whereas Acer’s approach added an additional empty socket.'4

A review of the technology shows that 486 systems and Pentium systems
were upgraded by using well established prior art and by single-socket upgrade
solutions.*® 1t is for this reason that the Acer patent would not apply to any
system beyond 386 based systems.*®

4.2.3. Proprietary Upgrade Methods

Most brand manufacturers had their own schemes for computer upgrades.
It is true that, in many cases, the consumer was locked into the original man-
ufacturer for the upgrade. However, the consumer nonetheless trusted that the
brand manufacturer would provide a working upgrade solution and would sup-
port the PC under its original warranties and conditions.

In Electronic Engineering Times (1991)!’ the technology known as EISA I
was touted as defining an emerging standard for plug-in CPU boards. Accord-
ing to this article, Compag, AST, ALR, Northgate, NEC, Hyundai, Blackship
Computer Systems, Tandon, Acer, Altos, Copam, Arche Technologies, and
CAF had all announced proprietary modular ISA and/or EISA systems. Addi-
tionally, Alpha Systems, Hauppauge Computer Works, American Megatrends
and Fujikama had announced modular upgradeable motherboards. Further, In-
tel is reported in this article to have introduced a standard modular connector
for CPU cards (the P3 interconnect). The article lists five additional mother-
board manufacturers that were reported to have products or promises to de-
velop motherboards around the emerging Intel standard. The Intel standard
(P3) was not a dual-socket design. The Electronic Engineering Times article

1ntel Senior Vice President David House noted that “starting with the new 486SX CPU board, the copro-
cessor is no longer just a math coprocessor socket—it has become a universal upgrade socket." House also
noted that Intel would introduce several products that fit into this socket to increase not only math perfor-
mance but also overall system performance. House said, “Some systems today have an upgrade path. Today
you can insert a 487 math chip to boost math performance. Next year, you’ll be given a second upgrade
choice: a two-times clock CPU upgrade that will run at 40 MHz internally."

155ee “Has OverDrive Outlived Its Usefulness?" PC Week (October 13, 1997) for a discussion of the Over-
drive technology which Intel offered to fill its empty socket and one author’s view of the motivation to
provide this infrequently used upgrade option.

8Intel’s patent on the vacant socket technique is apparently contained at United States Patent 5,410,726,
Bouquali, et al. “Upgrading the microprocessor of a computer system without removal by placing a second
microprocessor in an upgrade socket.” Intel’s original application date for this patent is April 18, 1991.
17See Electronic Engineering Times (October 28, 1991, Issue 665).
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also states that 65 percent of manufacturers were providing a modular upgrade
system.*®

4.2.4.  Dual-Socket Technology Was Rare

My extensive searches of Byte magazine and my review of articles pub-
lished in other computer magazines from the 1989-1993 period showed few
designs for upgradeable systems using the dual-socket approach. This is a very
significant finding. If PC manufacturers or motherboard manufacturers used
dual-socket upgrade designs and if this were an important selling feature to
consumers then | would have expected to see extensive disclosures in product
advertisements of this upgrade method. On the contrary, very few manufac-
turers based an upgrade on the dual-socket technology and none of the major
manufacturers other than Acer adopted this technique. For new technologies,
such as computer upgrades, the reputation or brand name of the manufacturer
is a very important aspect of the purchase decision for the consumer. Without
the strong reputation or brand name of a major PC manufacturer, the dual-
socket upgrade technique would in and of itself be of limited value as it would
play a limited role in promoting consumer sales.

Atman systems used a dual-socket design in 1992 while Lodestar used a
dual-socket design during the period 1991-1993 (Byte advertisements). De-
ico’s “predator” motherboard used a dual-socket in April 1992, as did the
HIPPO upgradeable server motherboard (JYS Enterprise), Blue Star 386/33
system in May 1992, and Poly 3186/Zen system in Feb 1992. Additionally,
PC Sources, April 1992 discloses that Peach Computer Systems had an up-
gradeable dual-socket motherboard. Acer America’s Acer Power 386SX is
disclosed to use a dual-socket upgrade system in PC World (January 1992).
An earlier product announcement for the Acer 386SX appears in Infoworld.*°.
However, this article states that “the new system features an upgrade socket
that can accept either the 20 MHz 486SX or the 487SX from Intel." To the
extent that Acer’s dual-socket upgrade method uses the coprocessor socket, it
would appear to be closer to the Intel coprocessor upgrade method and would
therefore be covered under Intel’s patent.

In sum, Acer Computer and Lodestar Computer were the only manufactur-
ers with any name recognition that sold dual-socket upgradeable systems. Of
lesser stature were Deico (motherboards after April 1992), Blue Star (systems

18An article in PC Week Buyer’s Guide (July 29, 1991), reports that ALR, AST, Club American, Compag,
Dell, Digital Scientific, Micro Express, Northgate, Reply, Touch Micro Technologies, and Unisys all use a
modular architecture. Everex is disclosed to use a daughterboard upgrade system in “20 Top Upgrades—-Has
Your PC Seen Better Days" and American Megatrends (AMI) is disclosed to use a daughterboard upgrade
system in "AMI Offers Upgradeable 386 Motherboard," Infoworld (July 2, 1990, Vol. 12, No. 27, p. 25).
195ee InfoWorld (October 14, 1991, Vol. 13, No. 41, p. 28)
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after May 1992), Peach Computer Systems (motherboards after April 1992)
and Atman Systems (motherboards after September 1992).

Data from StoreBoard reveal that AST, ALR, Compag, NEC, Hyundai,
IBM, and Everex had the highest sales volume among PC manufacturers in
late 1991 and 1992. None of these manufacturers used a dual-socket system.
Instead, each provided their own modular proprietary upgrades. Other “brand
manufacturers of the day included EPSON, Leading Edge, Hewlett-Packard,
Toshiba, and Zenith. Available evidence suggests that their computers pro-
vided no upgrade path for their systems and instead relied on after-market de-
signs for customer upgrades. Of the top twenty personal computer companies
in unit sales, Acer was the only company to use a dual-socket design for some
of its personal computer systems.

As | discussed above, 65 percent of PCs provided upgrade solutions. Of
those that | have identified as providing some upgrade path, only two of twenty-
three used a dual-socket design.?® Furthermore, the only users of dual-socket
designs appear to have been Taiwanese motherboard manufacturers. Approxi-
mately eleven percent of U.S. imports of all computer products came from Tai-
wan (U.S. Department of Commerce and EIA Market Research Department).
If Acer’s design had been adopted by 50% of Taiwanese manufacturers, then
roughly 5.5 percent of the non-branded PC systems of the day would have used
the dual-socket design.

4.3. Duration Limitations

In this section, | review the rapid advances of CPU technology, and show
how newer technology quickly displaces older technology. Consumers faced
with rapid technological changes come to expect significant price decreases in
older technology as newer technology is introduced. The consequence of the
rapid decline in CPU prices coupled with newer systems with substantial in-
creases in computing power is that the value of the upgrade option embodied
in the dual-socket motherboard is diminished over time. Indeed, the second-
socket option in the dual-socket motherboard will have its highest value as an
upgrade from 386 to 486 technology when the price of 486 CPUs is also at its
highest point and expected to decline the most. As the price of 486 CPUs de-
cline, the value a consumer places on a second socket system in a dual-socket

20 refer to approximately 23 systems (whether motherboards or full computers) in the summaries above.
I have given less weight to Dataexpert, ATMAN, DEICO, Bluestar, and PEACH and combined them into
one manufacturer as their products appear only in mid to late 1992 or 1993. Also, none of the latter were
disclosed in the PC Week Buyers Guide (July 29, 1991) review article. However, | give them collectively
the same weight as Lodestar. Lodestar had systems for sale during the full period 1991-1993. Lodestar also
had advertising in Byte magazine even though they were missed in the PC Week Buyer’s Guide table.
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motherboard also declines.?* This short interval during which consumers place
a significant value for the second socket in the dual-socket system, in conjunc-
tion with the rapid decline in the 486 personal computer systems price, leads
me to conclude that the time interval when dual-socket motherboards would
have been desired by consumers was short. This implies that the appropriate
or reasonable royalty value for the design would have declined rapidly over
time as the option value faded rapidly.

In Table 4.1, | display a selected history of microprocessor introduction and
other significant dates from August 1986 through November 1995. In Fig-
ure 4.1, | show the timeline for Intel’s processors. Figure 4.1 is based on the
information presented in Table 4.1.

Table4.1. Selected Processor History™

August 1986 Intel Ships 80386

February 1987 Intel Introduces 80386 (20 MHz)

April 1987 IBM PS/2 Model 80 20 MHz 80386

April 1988 Intel Introduces 80386 (25 MHz) 8.5 MIPS
June 1988 Intel Introduces 80386X (16 MHz) $219
January 1989 Intel Introduces 20 80386X 2.5 MIPS
April 1989 Intel 25 MHz 486 Announced

April 1989 Intel 33 MHz 386 DX Announced

June 1989 First 486 PC Introduced, 25 MHz, 486, and IBM MCA Bus, $18,000
May 1990 33 MHz 486 Introduced, 27 MIPS

March 1991 AMD Clones 386

April 1991 Intel 20 MHz 486SX, $258, 16.5 MIPS
June 1991 Intel 50 MHz 486, 41 MIPS

September 1991 | Intel 486SX, 16 MHz

March 1992 Intel 486DX2, $550, 41 MIPS

September 1992 | Intel 486SX, 27 MIPS

October 1992 Intel 33 386SX, 2.9 MIPS

March 1993 Intel Pentium, 60 MHz

March 1994 Intel 486 DX4 75, 100 MHz

November 1995 | Intel Pentium Pro, 100 MHz

*Source: “Chronology of Events in the History of Microcomputers 1994-1997,” and
“Processor Timeline," http://zdnet.com/pcmag/features/cpu/cpul2.htm.

Importantly, between April 1991 and June 1991, Intel introduced its 50 MHz
486 processor. This occurred only one year after it introduced the previous
standard, the 33 MHz 486 processor. The 486 CPU had been announced as
early as 1989. But, in 1991, the introduction of the AMD 386 clone and faster

21Moore’s Law states that microprocessor CPU speeds will double every 18 months. Thus far this empirical
regularity has remained fairly accurate. The consequence of Moore’s Law is that the price of a CPU of
constant speed should nearly halve every 18 months as well. Often the price declines occur more rapidly.



Figure4.1: Intel Processor Timeline
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486 CPUs caused the previous technologies’ prices to decline rapidly. In Fig-
ure 4.2, | display the specifications and speeds of successive generations of
Intel processors using the standard iCOMP index.

Each CPU generation brought faster and faster processing power, making
older technologies obsolete. This pattern of newer technologies supplanting
older technologies and causing their prices to fall is discussed in InfoWorld
(April 8, 1991).%2 The effect on the value of a rapidly changing market of
accelerator boards (and, more generally, upgrade options) is discussed in Per-
sonal Computing (August 1, 1989).23

4.3.1. A Product Lifecycle Model for CPU Sales

Frank Bass (Bass (1969)), in a pioneering study, introduced a simple and
now standard model of consumer durable purchases. In the Bass model, there
are innovators (those who buy first and for whom price is not a substantial
barrier) and adopters (those who follow based on the innovator’s experience
with the product). Given a fixed number of potential buyers, Bass shows that
product sales will generally rise at an increasing rate, eventually plateau and
then fall to zero as the stock of potential buyers declines.

The Bass model has been modified by other authors to include advertising
and price. In the case of price, it has been shown that it is optimal for the seller
to “skim-price." In skim pricing, the product price, when first introduced, is set
at a high level (since demand is inelastic for the innovators) and is eventually
lowered to increase the number of potential buyers. Many consumer goods and
computer products exhibit this pattern.

In Norton and Bass (1987) a variant of the product lifecycle model was
introduced to explain the sales path for older technology when newer tech-
nologies are introduced.>* Figure 4.3 is adapted from the Norton and Bass
paper. This figure shows that sales of the first generation product rise and then
fall. A similar pattern is seen for the second-generation product. However, the
decline in the first generation is affected by introducing the second-generation
technology. This is known as the overlapping product lifecycle model. In-
terestingly, when Norton and Bass applied their model to an actual empirical
example they used successive generations of dynamic random access memory

225ee “486SX Will ‘Cannibalize’ 386 Sales, Leaving the 386SX Market Strong,” InfoWorld, April 8, 1991,
Vol. 13, No. 14, pg. 24.

2335ee “What’s New in Accelerator Boards—Challenged by Low-Cost Computers, Accelerator Boards have
Become Less Expensive and Much Easier to Operate," Personal Computing, August 1, 1989, Vol. 13, No.
8, pp. 103-108.

243ee Norton and Bass (1987).



Intel 386DX 33 MHz
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Intel 486DX 50 MHz
Intel DX4 75 MHz
Pentium 60 MHz
Pentium 75 MHz
Pentium 120 MHz
Pentium 150 MHz
Pentium 200 MHz

Processor

Pentium MMX 200 MHz
Pentium Pro 200 MHz

Pentium 1 266 MHz |

Figure4.2: Speed Comparison of Intel Processors
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(DRAM), including the 4K, 16K, 64K, and 256 DRAM. DRAMs are computer
components which provide random access memory.?

In Figure 4.4, | use data from InfoCorp for the 1981 to 1991 period to show
how the rise in 286 CPU sales caused the sales of 8088/8086 CPUs to decline.
I also show how the sales of 386 and 486 CPUs caused the 286 CPU sales
to decline.?® In Figure 4.5, | use data from the Computer Industry Almanac
to show (on a market-share basis) how 486 sales cannibalized the 386 market
and how successive chip sales thus followed closely the Norton and Bass over-
lapping generations model. Inspecting Figure 4.5 reveals that, by 1993, 386
CPU sales and 386-based computer systems had peaked and were declining
significantly. Further, the prices for these systems and CPUs had also declined
significantly. From various issues of Byte magazine, | have seen, for example,
that the 386/33 MHz CPU sold for approximately $345 in 1989. By 1990,
its price had fallen to $225, to $140 by 1992, and to $90 by 1993. Price de-
clines also occurred in 486 CPUs and systems. In May 1991, a 486/33 MHz
CPU sold for $1150. By October 1992, its price had declined by two-thirds, to
approximately $340-$380.

In summary, | find that the market for 386 computers had peaked by 1991.
While sales of SX-based systems (low-end, 16-bit interface processors) con-
tinued somewhat in 1992 and 1993, 386 DX sales were exhausted by 1993.
I also observe that 486-based system sales were on the increase. These ob-
servations follow exactly the classical product lifecycle pattern. 486 system
prices and CPU prices had their biggest price decline during 1990-1991 and
1991-1992.%

4.4.  Limitations in the Royalty’s Value

4.4.1. The Presence of Non-Infringing Substitutes Limits
the Value of a Patent

Several non-infringing third-party upgrade solutions were available for con-
sumers to purchase even if they did not purchase proprietary upgradeable sys-
tems from brand manufacturers. Cyrix provided an upgrade daughterboard,
which utilized a single-socket upgrade design.?® TransComputer offered a sim-

25| note that in terms of technological progress, circa 1987, the high-end DRAM technology contained
256,000 bytes of memory on a chip. The standard today is 128 megabytes per chip at similar lower unit
cost.

26An example of the Pentium |1 processor eroding the markets for the Pentium Pro and Pentium MMX is
given in Intel Microprocessor Forecast,

http://www.shipanalyst.com/techlib/intel/index.html.

27For instance, motherboard prices with 486/33 MHz CPUs were approximately $2,095 in May 1991. These
same motherboards were sold for $849 in May 1992 and for $499 in May 1993.

28pC Magazine, May 31, 1994, Vol. 13, No. 10, p. 52; PC World, May 1, 1992, Vol. 10, No. 5, p. 34.
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Figure4.4: U.S. Microsystems Market, 1981 - 1991
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ilar product.?® Evergreen Rev to 486,20 MicroMaster 386/33,% 486/25 Power
Platform®? all provided aftermarket upgrades for the 386 system.

The presence of third-party products, which were of similar quality, as early
as 1992 significantly crowded the upgrade market. Many competitors would
lead consumers to elastically demand the dual-socket motherboard design. The
presence of competition would have led to lower royalty rates.

4.4.2. The Value of a Consumer Upgrade Option

In this section, | analyze how consumers value an upgrade option.®® This
model shows that consumers will value the upgrade option greatest when the
price of the next-generation processor is also at its peak. This is also the time
when the next generation processor’s price is expected to decline most. As the
next generation processor’s price declines, so does the value of the upgrade
option.

The pricing model is based on a number of assumptions that reasonably de-
scribe how consumers value computer systems according to their performance.
I assume in my model that the 386 processor has a speed of 1 unit (this is a
normalization that is not consequential). Consumers can increase their com-
puter’s speed by switching to a processor in the 486 generation and receive a
speed increase of -y percent. The system costs an amount $C and the additional
cost for the second socket (the upgrade option in the dual-socket design) costs
$S to the consumer. Finally, today’s cost of a 486 chip will be denoted by Py
and the cost in one year (the upgrade period) is P;. (The symbol above the
price P; denotes that P; is unknown at time period 0 and is treated as a ran-
dom variable). I assume that the system cost includes a 386 CPU and that the
386 has little or no residual value in one year’s time. Finally, | assume that a
given consumer values speed in computers at the rate of $ per unit of speed.

Different consumers will have different values, A, leading some to purchase
a 486 today rather than waiting. Other consumers will choose to wait to get a
486 via an upgrade. | now ask the question: “what is the maximum a consumer
would value the second socket in the dual-socket before they would prefer to
buy the 486 today rather than later?"

The value today for a risk-neutral consumer who upgrades in one year is:

29pC Week, June 18, 1990, Vol. 7, No. 24, p. 16.

30PC Week, November 8, 1994, Vol. 13, No. 19, p. 110-151.

31pC World, May 1, 1990, Vol. 8, No. 5, p. 88.

32pC Week, June 19, 1989, Vol. 6, No. 24, p.5.

33Similar models for replacement decisions in economics appear in Eckstein and Wolpin (1989).
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Vo = AAX1+9)-C-85-P
)\+)\(1+’7)—C—S+T~P0—P0

where 7 = (Py — Py)/P, is rate of decline in 486 prices between year 0
and year 1. The value of upgrading is equal to the value of processing in the
first year, A, plus the value of processing in the second year at higher speed,
A(1 4+ ), less the cost of system C, less the cost of the socket S, less the cost
of the buying a new 486 chip at price P; in the second year.

The value of buying a 486 today is V' = 2\ (1+ v) —C —PFy. Itis equal
to two years of value at the higher processor speed less the system cost and
less the cost of buying a 486 today. | note that there is no socket cost if the
consumer buys the 486 personal computer straight away.3*

The maximum a consumer would pay to upgrade would equate these two
values since if the consumer paid more for the socket, it would be better for
that consumer to upgrade immediately. Therefore the price of the upgrade
socket cannot exceed: S < — Ay + 7 Fy. In words, this equation implies that
consumers may pay more for the upgrade socket when the decline in prices 7
is greatest between 486 chips today and next year. Consumers will pay less
for the socket when the speed difference is larger because they will value the
speed in the first year to a higher degree, i.e., there is a greater opportunity cost
of not using the faster processor.

Consumers who are averse to risk will pay less for the option due to the
uncertainty in the rate of decline, 7. This can be proven mathematically using
a utility function U (w), which is concave in the consumers’ wealth level. The
upgrade option has expected utility: EU(Wy + Z) where Wy is initial wealth
and Z =24+ Ay —-C + 7Py — Py —S.

Using a first-order Taylor-series expansion, expected utility is U(Wo+ Z) +
1/2U"(Wy + Z)o2. Hence, the consumer’s expected utility is the utility at the
mean wealth level plus a term that lowers expected utility by the randomness
in Z as measured by its variance o2. Comparative static analysis demonstrates
that the maximum socket value S falls due to the uncertainty term 2. Ad-
ditionally, a positive time of rate preference will make a consumer prefer the
faster speeds today rather than next year and lead to lower socket value. Fi-
nally, the consumer who purchases a computer with an upgrade option may
not exercise the option to upgrade if 486 prices have not declined enough in
the second period. This further reduces the socket’s value.

In sum, consumers value the upgrade option most when the prices of the
next generation processor are highest and expected to fall the fastest. Based on
the evidence of price declines in 486 CPUs reported in the previous section, |

34The salvage value (if any) from not purchasing the 386 CPU would further limit the socket value.
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conclude that the upgrade socket would have some value to consumers in 1990
and 1991, lower value in 1992, and virtually no value by 1993. Since the values
consumers place on the socket determine its usefulness as a product feature and
thereafter determine the reasonable royalty paid by re-sellers, I conclude that
royalties would be positive in 1991 and 1992 and would be zero or negligible
for a dual-socket, upgrade system by 1993.

4.4.3. Trademark and Patent VValuation

There are several methods to value trademarks and patents. One method is
known as the cost approach where the analyst attempts to estimate the cost in-
volved in developing the patented item. In a second approach, termed the com-
parables approach, the analyst attempts to compare the item at issue to other
similar items for which royalties have been established in the marketplace. In
the market approach, the analyst analyzes the price premium or profitability
of the item and then bases the royalty rate on a split of the profits between
the licensor and the licensee to reflect the differential risks experienced by the
manufacturer and the patent owner. Another related technique is known as the
income approach where the analyst values the royalty based on the income
stream produced by ownership of the patented item. Here, I rely on the com-
parables and market approaches to determine a reasonable royalty for the Acer
patent.

First to establish a royalty rate based on comparables, | used the royalty
rates in Smith (1997). Smith considers ranges of royalties by the licensee’s
use of various trademarks (whether pertaining to commercial/industrial prod-
ucts, consumer products and services, food and apparel, or toys/game/enter-
tainment) and by the type of the trademark (whether institutional, corporate,
fashion, celebrity, character, or college/sports). In establishing a reasonable
royalty for the Acer patent, | used the commercial/industrial use for corporate
type trademarks. The royalty values established by Smith (Smith, p. 178) are
in the range of 0.5 to 1 percent (royalty rate relative to sales).®

The second method | discuss to establish a reasonable royalty is based on
market transactions. Using advertisements by Atman, a manufacturer of moth-
erboards that used a dual-socket upgrade, | analyzed the prices for mother-
boards in September 1992, Atman’s motherboard with a 386/40 MHz CPU
then sold for $200. Using Byte magazine, | determined that Intel 386/40 MHz
CPU chips were selling for $80 to $100 at this time. At the same time, Atman
offered the same motherboard with a 486/33 MHz CPU for $480. During this
period, 486/33 MHz CPUs sold in the range of $340 to $380.

35Arguably, the patent at issue would have a higher valuation than its trademark value but not exceedingly
so given the availability of close substitutes.
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Hence, | ascertained that the ATMAN motherboard was worth approxi-
mately $100 to $140 (the total price less the CPU cost).®® This price is little
different from the price that Acer sold its motherboards for in 1992. Further-
more, prices for the motherboard with 386 CPU imply a value of $100 to $120
together for the motherboard and the empty socket. Using M to represent the
value of the motherboard and S to represent the value of the socket, it fol-
lows that $100 < M < $140 and $100 < M+S < $120, so that $0 < S <
$20. Since both products are sold in market equilibrium, the socket has an
implicit value between $0 and $20. | take the average value in this range of
$10. Furthermore, manufacturing is not free and involves an incremental cost
of $1 or more. Thus, incremental profits are no more than $9.00 for the socket
at retail. Assuming a retailer or dealer mark-up of approximately 33 percent
implies that the profit to the manufacturer is about $6.00. Of this amount, the
licensee will typically receive 25 percent while the licensor will receive the
remainder (Goldscheider’s Rule). Hence, a patent owner might expect roughly
$1.50 from the sale of each motherboard. Using the 386 motherboard price
with CPU as the denominator for calculation of the royalty percentage, the
royalty rate would be approximately 0.75 percent. This figure is in the middle
of range given by Smith (1997).

45. Conclusions

In the conclusion, | calculate Acer’s lost royalties from possible patent in-
fringement due to sales made by generic PC manufacturers. Even if generic
manufacturers had licensed the “Chip-up" technology, the royalties would have
been small given the degree of scope, duration, and royalty rates as we have
seen.

Sales data for the top twenty computer manufacturers from 1990 through
1994 is presented in Table 4.2 and was derived from InfoCorp sources. Fig-
ure 4.6 presents the sales by manufacturer in 1991 based on the InfoCorp in-
formation.

From Computer Industry Almanac, | determined that approximately 58% of
computer systems during this period were of 386SX or 386DX type. | apply
this percentage to Acer’s sales, and further assume that all units of 386 type
would use the dual-socket design. Using the InfoCorp data for 1991 and 1992
sales, | determined that the collective non-top twenty, i.e., no-brand PC sales
were 2,437,521 units in 1991 and 2,865,853 units in 1992. | apply a fraction
of fifty percent to sales in 1991 since the Acer patent would not have covered
all of 1991. | do not include any sales for 1993 or beyond in the calculation

361 this comparison, there is a purposeful asymmetry. The 486 motherboard also contains the empty socket.
But the socket is of no value to the consumer. The consumer will only upgrade and will never downgrade
the motherboard.



Table4.2. Top Twenty Computer Manufacturers

1994 Rank Manufacturer 1990 1991 1992 1993 1994 1994 M..S.
1 Compagq 435,596 423,390 673,242 1,475,205 2,388,736 12.54%
2 Apple 945,086 1,299,398 1,433,287 1,946,291 2,226,736 11.69%
3 IBM 1,516,786 1,432,034 1,296,687 1,726,354 1,874,071 9.84%
4 Packard Bell 303,551 450,519 643,470 998,384 1,370,435 7.19%
5 Gateway 2000 102,000 253,103 659,890 749,369 1,118,982 5.87%
6 Dell 126,745 189,583 421,499 737,495 954,308 5.01%
7 Toshiba 185,008 191,671 206,421 309,489 533,016 2.80%
8 NEC 241,038 262,048 241,206 255,020 491,665 2.58%
9 AST Research 162,021 219,364 262,618 423,058 458,556 2.41%
10 Hewlett Packard 89,259 85,781 84,142 198,937 410,616 2.16%
11 DEC 32,872 30,774 50,543 174,150 322,763 1.69%
12 Acer/Altos 169,490 198,708 236,452 241,864 320,246 1.68%
13 AT&T GIS 218,884 266,251 255,816 271,891 315,507 1.66%
14 Epson 342,992 293,947 261,131 242,588 273,185 1.43%
15 Tandy/Radio Shack 487,637 417,302 403,650 309,814 258,418 1.36%
16 Zenith Data Systems 206,858 211,483 186,834 140,957 170,344 0.89%
17 ZEOS International 36,180 59,427 68,557 59,620 120,047 0.63%
18 Ambra/IBM - - - 47,159 106,691 0.56%
19 Leading Edge 47,388 74,374 145,448 117,165 100,223 0.53%
20 Hyundai Electronics 203,735 233,793 221,459 161,387 93,832 0.49%

Total (Top 20) 5,853,126 6,592,950 7,752,352 10,586,197 13,908,377 73.01%
Total (All) 8,016,883 9,030,201 10,618,206 14,499,653 19,049,962
Residual 2,163,757 2,437,251 2,865,854 3,913,456 5,141,585 26.99%

Source: Computer Intelligence and InfoCorp as cited in Brandweek (March 20, 1995).
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Figure4.6: 1991 Unit Salesfor Top Manufacturers
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of lost royalties for the reasons discussed above. Using half of 1991 sales and
applying a percentage for the 386 machines at issue, | find that (1,218,761 +
2,865,852) * .58 = 2,369,076 units were in the 386 class. Based on my review
of existing products in the relevant period, | find that only 5.5 percent of these
386 units would have used a dual-socket design. Therefore, royalties would
be $1.50 * 2,369,076 * .055 = $195,449. | view the possibility of collecting
this figure from third-party manufacturers as remote. Indeed, there is no evi-
dence that Acer attempted to enforce their patent. The limited applicability of
this particular patent and the availability of non-infringing substitutes to others
constrained the value of the Chip-up technology.



Chapter 5

STATISTICAL ANALYSIS OF THE ADDITIVE
AND MULTIPLICATIVE HYPOTHESES OF
MULTIPLE EXPOSURE SYNERGY FOR
COHORT AND CASE-CONTROL STUDIES

5.1. Introduction

In epidemiological studies, where there are multiple causes of a particular
disease, the issue arises as to whether the multiple causes have a synergistic
relationship so that their combined effect is both greater than that of either
activity alone, and greater than what one would expect by the sum of their
individual risk contributions. Two hypotheses are frequently tested. The first
hypothesis states that when the sources of disease act independently, the rela-
tive risk of disease, given exposure, is an additive relationship. Thus, the rel-
ative risk of dying from cause A adds to the relative risk of dying from cause
B to determine the combined relative risk of dying when exposed to both A
and B. A second hypothesis states that the relationship between disease and
the two causal factors is multiplicative. In this case, the combined risk is the
product of the individual risks. Of course synergism is itself a concept that is
model dependent. For instance, a lack of synergism in a logit model of risk,
as demonstrated by the statistical insignificance of an interaction term, leads to
a multiplicative model of relative risk. Consider the following example. Sup-
pose that the probability of dying from a disease depends on two factors, A
and B. Let § 4 denote exposure to A, and §p denote exposure to B. Suppose
further that the probability of dying is logistic and given by:

P[Dl(SA, (SB] = 1/ (1 _|_ 67(X0ﬁ0+6AXAﬁA+6BXBﬁB+6A5BXC))

where X4, X, X¢, and X, are vectors of explanatory factors, and 3; are
true but unknown coefficient vectors. The presence of the term § 46 allows

87
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for synergism in this model, and specifies that the probability of disease may
be different when causal factors A and B are both present. Now, assume that
B¢ is zero so that there is no synergistic relationship in the model. The relative
odds of dying when exposed to both agents are:

ROap = P[D|6a=1,6p =1]/P[D|6s = 1,65 =1]
= exp(XoBo + XaBa + X5PBB)

Similarly, the relative odds of dying when exposed to A alone are:

ROs = P[D|6a=1,68 =0]/P[D|64 =165 = 0]
= exp(Xofo + XaBa)

and

ROp = P[D|os=0,65=1]/P[D|ss = 0,65 = 1]
= exp(XoBo + XBPB)

and the relative odds of dying from background exposure is

ROy — P[D|64=0,65 =0]/P[D|64 = 0,55 = 0]
= exp(Xofo)

The relative risk is defined as the ratio of the relative odds between the exposure
P[D|64=1,6p=1

group and the baseline:
D ]> < [ ])
P[D|64 =1,0p = 1] P| |
_ <P[D|§A=1,6B=1]> < [D]64 =1, 53_1])
~ \P[D|6s=0,6p = 0] P[D|6a = 0,05 = 0]
which says that the relative risk from combined exposure is equal to the ratio

of the relative odds of dying in the exposed population to the relative odds of
dying in the un-exposed population.

D|64=0,0=0
D|5A—0 =0

RRap = <

Then RRsp = (ROap/ROy)
= exp(Xafa+ XpBB) and
RRy = (RO4/ROg) = exp(X4B4),
RRp = (ROp/ROs) = exp(Xpfp)

Thus RRap = RR 4 - RRp (the multiplicative model of risk) even though the
logit model lacks “synergism” when S¢ = 0.
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This chapter considers several methods for determining the relative odds
ratio, including the case-control method and the cohort method. The case-
control method begins with a group of individuals who have an observed at-
tribute (such as a given disease or death). To the cases are matched a set of
control individuals. The matching typically is done at the individual level. For
cases and controls, a retrospective determination is made of exposure to one
or more contaminants. From the retrospective exposure, prospective odds of
becoming a case given exposure are determined.

Cohort studies, by contrast, derive mortality and morbidity rates with refer-
ence to an external reference group. The method is based on the idea of com-
paring the incidence of disease in an exposed cohort to the number expected
in a “normal” reference group. Finally, relative risks may be determined using
the prevalence method. In prevalence studies it is common to analyze popula-
tions that all have some non-zero exposure to a contaminant. For example, in
asbestosis studies all subjects, by definition, have some exposure to asbestos.
In such cases, the issues of additivity and multiplicativity are not germane
because one can consider the separate effect of each causal agent. These situ-
ations are nevertheless illuminating in discerning the relative contribution of a
second contaminant as it affects the probability of contracting or dying from a
disease. Another example is the analysis of the prevalence of a disease attribute
(such as pleural plaques) in an exposed population.*

This chapter focuses on testing the statistical hypotheses of additivity and
multiplicativity for the relative risk measures. While other papers have con-
sidered the confidence intervals for relative risk measures, no systematic study
has been made of the additivity and multiplicativity hypotheses as a matter of
statistics. Therefore, while practice in epidemiology has been to say that one
or more studies appear to support the multiplicative model, these studies have
not, in general, been statistical statements; i.e., statements made with attendant
levels of confidence.

This chapter is divided into six sections. In Section 5.2, | discuss the case-
control method and Wald type tests for the multiplicative and additive hy-
potheses, derive and discuss Woolf’s method for determining the variance of
log-odds ratios (Woolf (1955)), and discuss maximum likelihood methods for
optimization subject to constraints following the methods of Gardner and Mun-
ford (1980). In Section 5.3, | discuss other approaches for determining confi-
dence intervals, including Bonferroni Intervals and Monte Carlo simulation. In
Section 5.4, | describe various synergy indices and how they relate to tests of

1A prevalence model may be fitted with a logistic functional form. The outcome variable is usually the
presence or absence of a disease characteristic where the explanatory factors will include control variables
and an indicator for the level of contaminant. If the cohort provides some level of variance in the level of
exposure of both contaminants, an interactive term can be used to test for synergy, even if this does not
provide a test of additivity or multiplicativity.
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hypotheses for additive and multiplicative statistics. In Section 5.5, | discuss
cohort studies and derive hypothesis tests for the additive and multiplicative
statistics. In Section 5.6, | present our conclusions.

5.2. Case-Control Studies
I begin with a table of case-control outcomes at differing exposure levels:

Exposure
None | A | B | A&B | TOTAL
cases hi | ha | hs| ha h
controls k1 ko | ks ka k

We next express the row counts as fractions:

Exposure
None | A | B | A&B | TOTAL
cases m T9 | T3 Ty 1
controls 04 0y | 63 04 1

where #; = h;/h and 6; = k;/k are consistent estimates of the true cell
probabilities.

First, we demonstrate that the retrospective odds-ratio from a case control
method provides an approximate estimate of the relative risk of being a “case,”
given exposure. To prove this, we examine the odds ratio m4 - 61 /71 - 04, al-
though the result clearly generalizes to other cases. | show that, given exposure
level A& B, the odds-ratio approximates the relative risk of being a case.

| denote cases as D (death from lung cancer for instance) and D a con-
trol (death from other causes for instance). The combined exposure A& B is
referred to as E (exposure). A case with no exposure is denoted £ (no expo-
sure).

The odds-ratio 74 - 61 /71 - 64 is equal to

P[E|D]- P[E|D]
P[E|D]- P[E|D]
since 74 = P[E|D], my = P[E|D), 8, = P[E|D], and §; = P[E|D]

As the notation implies, the probabilities = and 8 are conditional proba-

bilities indicating the respective likelihood of having been exposed, given an

individual’s case-control status. Of interest is the prospective probability of
being a case (i.e., dying) given exposure status.?

(5.1)

2Some research studies have used logit analysis to model the conditional probabilities shown above. This
allows the introduction of covariates to provide additional controls in the analysis. For example a logit
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Under a simplifying assumption, the odds-ratio approximates the prospec-
tive odds:

PIE|D]- P[E|D] _ P|E,D)/P|D] P|E,D)/P|D]
P[E|D] - P[E|D] P[E,D]/P[D] PIE,D]/P[D]

_ P|D|E]- P[E] P[D|E]-P|E]

~ P[D|E]- P[E] P[D|E]- P[E]

_ P[D|E] P[D|E]

~ P[DIE] P[D|E]

. P[D|E]

= P[D|E] (5.2)

where the approximation results from the observation that P[D|E] / P[D|E]
is close to one. Case control studies are useful as they provide estimates of
the odds P[E]/P[E]; i.e., the relative odds of exposure. The relative odds of
being a case P[D]/P[D] are irrelevant as they are set by the researcher in the
design. They do, however, have an influence on the confidence of the results.

5.2.1.  Tests for Case-Control Studies—Multiplicative Case

The relative risk (prospective) of dying given exposure to contaminant A
is w61 /m1602. The relative risk of dying given exposure to contaminant B
is w3601 /m1603. The relative risk of dying if exposed to both contaminants is
4601 /m104. The multiplicative hypothesis states that RR 44,5 = RR4 - RRp
so that:

7401 /7104 = (7201 /m162) - (7361 /7103)
Taking logarithms, this becomes:

log m4+log 61 —log w1 —log 84—log ma—log 61 +log 71 +log 02 —log w3 —log 61

+logm + logfs =0
This may be rewritten as

log (7‘('402037‘('1) — log (047‘(‘27‘(‘301) =0
or

M = (log w1 —log my—log w3 +log 4) — (log 61 —log 6 —log O3 +1log 64) = 0

model may be used to specify the conditional probabilities: P[A|D], P[A|D], P[A|D], and P[A|D]. A
specification of such a model was illustrated in the introduction. The presence of additional covariates com-
plicates the analysis presented below as the variances and covariances become dependent on the assumed
probability model and on the precision of the parameter estimation.
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A consistent estimate of this statistic is obtained by replacing 7; and 6; with
7Al'j and éj.

Deriving the variance of the resulting statistic is complicated by the fact that
h1, ha, hs, and hy form a multinomial probability distribution. Similarly k1,
ko, k3, and k4 form a multinomial probability distribution, but one which is
independent of the joint distribution of the h; by assumption.

To derive the joint distribution of the log 7; and log 8;, | begin with results
for the joint distribution of the A ;. Similar results hold for the outcome of the
k;. For notational simplicity | present the results using a common symbol 7
where nq1 + ng + n3 + ng = n.

Lemmal Letd;; = 1 if outcome j is realized in observation ¢. The probabil-
ity that ;; = 1 is denoted 7;. Let n; denote the total number of outcome j’s
that are observed in the sample of n independent draws, with

m +m+m3+ms =1 ny+ng+ng+ng=mn,

n; =25jt, n=2(51t+52t+53t + d41) =21-
t=1 t=1 t=1
Then E(n;) = nnj,V(n;) = nnj(1 — m;), and cov(nj, ng) = —nmjmy, for

J#F k.

Proof: n; =Y ;" d;; implies E(n;) = Y ;4 E(d¢) = nmj since E(J;) =
Loy 40+ (L= m). Next V(ng) = S V(d0). BUtV(350) = B(éy1) —
E(6j1)? = mj — 7r]2- = m;(1 — m;). Hence V(n;) = n7r](1 — m;). Finally
cov(n;, ng) = E[(nj — nmj)(ng — nmy)] = E(njng) — nmjnmg, — nmgnmj +
n2mjme = B(njng) — n’mjm,. Now

B(njny) [Zéﬁ Zakt]= [Zétamzataks]

t#s

But 6;:6x: = 0 if j # k in observation ¢ (only one unique outcome is realized
in each trial) so that the first sum is exactly zero. The second sum consists of
(n? —n) terms, which are the products of independent random variables (since
d;¢ and d, are independent when ¢ # s). The expectation of each term in the
second sum is E(6;40xs) = ;.

Hence E(n;ng) = (n? — n)mjmg. Combining these results we obtain

cov(nj,ng) = (n® —n)mjmg — n’mmy

= —nmm (5.3)
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Combining these results into the variance covariance matrix for n; we ob-
tain:

ni 1
n
E 2 -n 2
ns T3
2 T4
and
ni 7'('1(1 —7'('1) —7'('17'('2 — 173 — 174
174 N9 -n — T 7'('2(1 —7'('2) — T3 — Ty
ns —T3m1 — 379 7'('3(1 — 7'('3) — T3y
N4 — T4 —T4TQ —TY4T3 7'('4(1 — 7'('4)
=n(I - ¢¢')

where ¢ = ( /1 T2 /T3 /7 )

To derive the variance-covariance matrix for log7; = log(n;/n), we use a
Taylor’s series expansion to first-order for the logarithm. Then

A 1.
log7rj = log7rj + ;(T(j —7'(']')
J

where we have evaluated the Taylor’s series expansion around the true but
unknown ;. Then:

7ty log m1 1/m 0 (1 — m1)

s | | logms 1/mq (fro — m2)

log 73 | | logms + 0 1/7s (fr3 — m3)
)

fr4 log T4 1/71'4 (ﬁ'4 — T4
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Hence
1/m 0
V(logh;) = /7 Var(s; — ;)
J 0 1/75 J J
1/7T4
1/m '
1/m9
1/ms
1/m4
1/m 0
_ 1 1/mo
) 0 1/m3
1/m4
m1(l — 1) —m17T2 —T17 —TM1T4
— 9T ma(1 — ma) — T3 —TMoT4
— T3 — 3Ty m3(1l — 73) — 3Ty
— 4T — 4T — M43 ma(1 — mq)
1/m 0 !
1/mo
1/ (5.4)
1/m4
since Var(7;) = n%Var(nj).
Theorem 2 For the multiplicative hypothesis,
1 1 1 1 1 1 1 1
Var(M — 4+ — 4+ — —+ — 4+ —4+ —
ar(M) = <h1+h2+h3+h4>+<k1+k2+k3+k4)
Proof: The multiplicative hypothesis may be written as
log 71 log 9:1
log 79 log 02
M=(1 -1 -1 1 S )l-(1 -1 -1 1 «
( ) log 73 ( ) log 63
log 74 log 04

Hence Var(M) = (1 —1 —11)-
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(1—m)/m —1 -1 1 1
-1 (1 —m2)/m2 -1 1 —1
-1 -1 (1 —m3)/ms -1 ~1
-1 -1 -1 (1 —mq)/m 1
t1-1-11)
(1—61)/61 -1 -1 -1 1
—1 (1—62)/62 -1 -1 1
-1 -1 (1—63)/0s -1 ~1
-1 -1 —1 (1—64)/64 1
— L= m) 1+ T (DT (= m)/m 1 -1+

(-)[-141-1Q—m3)/m3— 1]+ (1)[-1+ 1+ 14 (1 —mq)/m4]]

+ similar terms in 6

1[(1- 1-— 1-— 1-
_ _[( m) g A=m) o Ammy) o (Aom)
h T 9 3 T4
+ similar termsin 6
11 1 1 1 - .
= - [— +—+—+ —] + similar termsin 6 (5.5)
h|lm m @3 74
Hence
1 1 1 1 1 1 1 1
Var(M) = e e T T
ar(M) [(hm e thms T hms) TGl T T R T s }
1 1 1 1 1 1 1 1
= |—+—4+—+ — —+ — 4+ — 4+ — . 5.6
<h1+h2+h3+h4)+(k1+k2+k3+k4> 6
|
5.2.2.  Woolf’s Method
A similar result for the variance of a log odds-ratio itself is derived as fol-

lows. Consider log (w4601 /m164), the log-odds ratio for the relative risk at the

combined exposure level in a case control study. We have

log RRag B = log (m4601/m164) = log (m4/m1) — log (64/61)

Next, without loss of generality, assume that 7r; and 74 have been normalized
so that 1 + 74 = 1 (This may be accomplished by setting 7] = 71 /(71 + 74)
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and 7y = m4/(m + m4). Now 7} + 73 = 1 and the log odds-ratio remains
unchanged since

log RR ag B = log (7461 /710}4) = log (1461 /m164).
The expression for log (mw4/m1) is in the form log (ﬁ—p) where p = m4 and

(1 — p) = m1. A Taylor’s series expansion of log (Tf—p) demonstrates that:

po 1—p(1—m+ﬂ]
log = log [ (P —po
1—p l—po  p (1-p)? ( )
Po P = Po
= Io . 5.7
5100 " po(1—po) &7
Next

p
Var| log ———
( (1- p))
= — (5.8)
Np(1=p)
where p = + Zfil 4y is the unbiased estimator of p, E(p) = pand Var(p) =

p(1—p)/N and N is the number of independent trials resulting in Zfil Oy €X-
posure cases (as compared to non-exposure cases). Similar expressions follow
for the theta distribution. Now

~ ~ 1 h
Var(log (7t4/71)) = X (hita)(hit)
. h1 + h4
" hihg
1 1
_ 1.1 5.9
h4 + hl ( )

Then ) 1 1 1
Var(log RRagp) = — + — + — + —
ar(log RRAgB) I + T + " + *a

Note that the repeated application of this result (assuming independence)
to the multiplicative hypothesis would not produce the correct result in a case

control setting because RR 4¢,5, RR4 and RRp are mutually correlated.
This result is also known as Woolf’s method, and is sometimes written

AD 11 1 1
Var log% =Z+§+6+5
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where RR = AD/BC and A denotes the number of cases with exposure,
B denotes cases without exposure, C' denotes controls with exposure, and D
denotes controls without exposure.

It is also possible to derive the covariances of the relative risk measures.
Consider RR4 = 7'('201/7‘('102 and RRA&B = 7'('401/7‘('104. Then

log RR4 = (logma — logm1) — (log 62 — log 6;)
and
log RRagp = (logmg —logm1) — (log 64 — log 61).

Clearly, these are correlated because of the common components. Consider
the = components first (analogous results apply to the & components). Recall
that Var(log 7)

(1—m)/m -1 1 1
1 -1 (1 —ma)/m2 -1 -1
T h -1 -1 (1—7‘(‘3)/7‘(‘3 -1
-1 —1 —1 (1 —7'('4)/7'(‘4
log 1
_ log 79
But logms — logm = (—1,1,0,0) log 7 so that
log 74
Var(log o — log 1)
1
(1—m)/m —1 -1 -1 -1
-1 (1—7!'2)/7!'2 -1 -1 1
-1 -1 (1—m3)/ms3 -1 0
-1 -1 -1 (1—7!'4)/7!‘4 0
—(1 — 7!'1)/7!‘1 -1
_ 1 _ 1-|—(1—7T2)/7T2
0
_ 1 <(1 1) Ti4 (1—m2) +1)
h 1 ™2

I
/N
| =

h) <%) * G) (ﬂi) - hi * hi (5.10)

Combining this with the analogous result for log 82 — log 61, we obtain:

1 1 1 1
Var(logRRA) = h_1 + h_2 + k_l + k_z
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This is exactly the Woolf result shown above. Similarly:

1 1 1 1
Var(]OgRRA&B) = h_ + h_4 + k_l + k_4

and )
Var(log RRp) = — + — + — + —
(log RRp) = h+h3+k1+k3
Next consider the covariance between log RR4 and log RR ¢ 5. Again,
we consider the 7 terms first. Using the fact that cov(t'z, s'z) = t'Var(z)s for

conformable column vectors, we have, (for the = terms only)

1
cov[log RR4,log RRp] = <E) (-1 100)-

(1—m)/m 1 1 1 1

-1 (1 —ma)/m2 -1 -1 0

-1 -1 (1—m3)/m3 -1 0

-1 -1 -1 (1 —mq)/ma 1
—(1=-m)/m—1

_ <%) (Wil) _ hil (5.11)

A similar covariance term can be derived for the 6 terms. Thus
cov[log RR4,1log RRagB] = 7 + 7 Combining analogous results for all
log-odds ratios we obtain:

log RR»
Var | log RRp
log RR 4B
E—I_H _+k1 h1+h4+k1+k4

We now apply these results to derive the variance of the multiplicative statistic,
M. We have

M = logRRayp —logRRs —log RRp

log RR4
= (-1 -1 1) | logRRg
log RR A% B
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Hence, Var(M) = (—1,—1,1)
et at i S IOUE
RTE RIRTETE B
A T Rr A T ko hir

1 1 1 1
R tETR)
= CL-LD _£_1+1_3+1H+15) 1,1 1,1
gt tete)—Gre) -Gt
(5.13)
1 1 1 1 1 01 1 1
I I 5.14
<h1+h2+h3+h4)+<k1+k2+k3+k4> (.14)

Hence, this formula for Var(M) agrees with my previous derivation.

To test the multiplicative hypothesis, we note that log M should be zero
if the multiplicative hypothesis is true. Therefore we can perform a Wald test
using the ratio of M to its standard error \/V ar(M). This will have an asymp-
totic normal distribution (Rao (1973)).

5.2.3.  Tests for Case-Control Studies—Additive Case
We next consider the additive hypothesis, which may be stated:

A= RRagB — (RRA-l-RRB — 1) =0

i.e., that the relative risk of dying from contaminants A& B is equal to the sum
of the relative risks from A and B separately less one. To derive a variance for
the statistic A, we note that

Var(A) = Var(RRagp)+ Var(RRa) + Var(RRp)
—2coV(RR Ay B, RR4 + RRB)
= Var(RRagp) +Var(RRa) + Var(RRp)
+2cov(RR4, RRB) — 2cOV(RR og, B, RRA)
—2C0V(RRA&B, RRB) (5.15)

In the derivations presented thus far, we have found expressions for the vari-
ances and covariances of log relative risks. Clearly, the additive hypothesis
requires variances and covariances of the relative risks themselves. One ap-
proach is to develop confidence intervals for the log relative risks, and translate
them into confidence intervals for the relative risks by exponentiating the terms
in the confidence interval inequality. In the presence of correlation, however,
the best one can achieve with this technique are broad intervals based on the
Bonferroni inequalities. A second approach uses the fact that if the log relative
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risks are approximately normal, then the relative risks are approximately log
normally distributed. Again, the joint distribution of log normal random vari-
ables is not straightforward. Consequently, this approach similarly becomes
unworkable.

Instead, we follow Rothman (1976) and rely on a Taylor’s series expansion.
Specifically, we approximate the logarithm using: logy = log yo+ (y—v0)/vo0
so that Var(logy) = Var(y)/y3. Hence: Var(y) = y3 Var(logy). The ac-
curacy of the approximation improves for y close to yg, which we will achieve
by taking y to be a consistent estimate of .

Collecting the terms required for Var(A), we have:

Var(RRagp) = (RRagp)? - [hl_l"‘ﬁ‘l'ﬁ-l-ﬁ]

Var(RR4) = (RRp)? - [hl—l+h%+%+k—l2]

Var(RRp) = (RRp)? - [hl_lJr%Jr%Jré]

For the covariance terms we employ similar expansions. Specifically let:
logy = logyo + ;- (y — yo) and

log z = log zo + %(z — 2p). Then

1
Yozo

cov(logy,logz) = cov(y — yo, 2z — 2p) SO that

cov(y, z) = (Yo2o) - cov(logy,log z). Then:
coV(RR4, RRp) = (RRa- RRB) - (= + &=
COV(RRagB, RRA) = (RRagB - RRA) - (5= + )
CoV(RRagB, RRp) = (RRagn - RRB) - (1 + 1)
Then we have:

. 1
Var(4) = (RRaen) - [+ 3+ -+ 1

11 1 1
2 . — — — —_—
+(RRy) [h1 F kQ]

1 01 1 1
RRp)? | —4+ — +—+ —
+HREp) [h1+h3+k1+k3]
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11
+2(RRa - REy) - (3= + -

1 1
—2(RRagB - RRA) - (h—1 + o

1 + 1
hi ki

A Wald test may be conducted using the ratio of A to its standard error
v/Var(A). Asymptotically, this will be standard normal, given the limiting

distribution of the joint multinomial probabilities for 7 and 6. Since the Wald
tests are valid only asymptotically we also consider a likelihood ratio approach.

—2(RRagB - RRB) - (

5.2.4. Maximum Likelihood
The likelihood function for the case control study is [];_, 76 and is

i=1"7 Y4
maximized subject to the constraint > m; — 1 = >°6; — 1 = 0. The log
likelihood function is

F =Y hilogm+ Y kilog; .

This is maximized subject to the constraints:

o= m-1=0 (5.16)
B = 6;—1=0 (5.17)

w401 mweh1 w36

and Fj3 = +1=0 *“additivity” or

w0y w6y w03

Fy = log (7!'102037!’4) - log (017!'27(‘304) =0 “multiplicativity”
Note that F5 may be rewritten:
F3 = — = = - — 4+ —

- 122 73 +==0 (5.18)

Additive Constraint
For the additive model, we maximize the Lagrangian

Fp=F + p1F1 + poFo + psFs



102 EMPIRICAL STUDIESIN APPLIED ECONOMICS

where p1, pa, and ug are Lagrange multipliers. The first order conditions are:

OF4 h; o;
= — =0 5.19

om; T it 0; ( )
0Fy K Oimip3

%0, 6, + p2 — 52 =0 and (5.20)
F
OFa _ p_0 i=1,23 (5.21)
O

where 51 = —(52 = —53 = 54 =1.
It follows that:

OF 4 OFy
Zﬂza—m—h‘i‘ﬂl—o and Z@Za—ez—k-l-,ua—o
Hence, jiy = —h and fio = —k and the remaining conditions may be written:

(hi — h’fri)éi + 6713 =0

(k; — k6;)0; — 8;7:i3 = 0

and 251% =0

Writing z; = fri/éi and solving the first order conditions implies:

b — k) b — bia)2 — h. pp
oy (Gikih = big) & \/(5;1?hh kfiz)? — 48;hihkfis 522)
i3

Since ), §;x; = 0, it follows that:

0 = Z [(kzh — kfi36;) £ 6;+/ (8:ksh — kji3)? — 46;h;hkfi3

%

= kh+ Y £0iv/(8ikih — kji)2 — 48;hihkfis (5.23)

This equation in g3 may be solved for each of 16 possible sign combinations
(+ or - for each of the four terms in the sum).
Using z; = m;/6;, the first two first order conditions may be written

(ki - kel) = 5,'17,',[1,3 and (hl - hﬂ'i) = —5ixi,u3
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Hence, (k; — k6;) = —(h; — hm;), which implies
k; + h; = kO; + hm; = Oi(k + hx,—) or

ki + hi

;= . 5.24
k+ hx,— ( )
Now substitute into the first order condition:
ki + hi
ki—k = diz;
[k—l—hxi] 0;xipus  Or

ki(k + ha;) — k(ki + hi) = (k+ ha)dzips

kik 4 kixih — k(k; + b)) = k&zius + x2héius
—kh; = x;i(—kih + kd;u3) + x2hd;us
—kh; = xzi(kdius — kih) + z2ho;us

—kh;6; = xi(kéf,ug — kih5i) + x?h&?,ug

Now use 62 =1asd = 1 or —1. Then:

—khidi = aci(k,ui — k,hél) + :C?(h,u,g) so that
0= x%(hﬂg) + xi(ku3 — kih5i) + kh;o;

The last equation establishes a bound on x; since the discriminant of the qua-
dratic equation must be positive. The discriminant is:

(kpz — kihé;)? — 4(hus) (khid;) > 0

k2h? — 26;k;hkug + k*u2 — 2 - 26;h;hkuz > 0
2 h 2 h 2
p3 — 26; <E>M3(kz + 2h;) + k; <E> >0

Next, solving this quadratic at the point of equality to zero for 3, we obtain:
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26 (&) (ki + 2hs) % /4822 (ks + 2ha)? — 4k2 (1)

2

h h2 n\?2
_ N X . . N2 2 =2
= 5 <k) (kz+2hl)i\/k2(kz+2hz) % (k>

h
= <E> |:(kz + 2h;)é; + \/kl2 + 4k;h; + 4h12 - k?:|

* —_—
M3, =

= <%> [5i(k,- + 2h;) & 24/h;(h; + ki)] (5.25)

Since the quadratic has a positive second derivative, the inequalities are
p3 < min p3; and p3z > max p3;. Setting:

h /12
a; = (E) [kz + 2h; — 24/ h; +hiki:|a

Gardner and Munford (1980) show that — min(ag,as) < fi3 < min(a1,a4).
Unfortunately, while these bounds bracket the true value of ji3 they are not
guaranteed to produce sign changes in the equation of interest. Therefore, an
iterative solution is required to bracket each of the solutions for 3.2

Once ji3 is found 7; and 6; are found from the first order conditions.

Multiplicative Constraint
For the multiplicative model, we maximize the Lagrangian:

Fy =F + MFy 4 AaFy 4+ M Fy

with F = > hilogm+ » kilogh; and
F = Z”@"l
F, = Z"i—l
F4 = Zéilogm—z&log@
OFy h; b

=—+ X\ +)\4—i =0
67Ti T Uy

we have:

3| note that fz3 = 0 will always be a trivial solution to the equation above, and should be ignored.



Satistical Analysis of Synergy 105

6FM_ki _(Ji)_ .
OF
OFy
h; A4d;
——h+ 49 =0 = h;j—hm+26;=0
e e

hm; = h; + M\46;
S hi + 0\
e h

7 7

ki —6;

— 4+ A2+ A =0

0. + A2+ Agq < 9 > =

ki —51'

——k+A =

5 + A\ ( ) ) 0 =

k; — kO; + )\4(_61') =0
—k6; = Mab; — k;

_ )\45,‘ — ki _ ki — )\451'

- -k h

Finally, substituting into the constraint implies:

hi461A4]| [ka — 024 | [Ek3 + d3Aa] [ha + da)s
h k k h

0;

] — similar terms =0

which implies:

(hl + >\4)(k2 + )\4)(k3 + >\4)(h4 + >\4) — similar terms = 0. (526)
This equation may be solved for A4 from which follow solutions for 8; and ;.

Unconstrained Maximum Likelihood

The log likelihood under the constraint of additivity or multiplicativity is
> hilog@; + Y kilog6;. For the unconstrained case we maximize the La-
grangian

Lzzhilogm-l-zkilogéi-ﬂbl [Zm—l] + 92 [Zei—l]
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The first order conditions are

6L=@+¢1=0 and OL Zm—1=0

om;, 5—’(/J1=
oL k; OL
a—ei—0—i+¢2—0 and 6—’(/)2—201—1—0

These equations imply that #; = h;/h and 6; = k;/k for the unconstrained
maximum likelihood.

Hypothesis tests may be based on —2(log likelihood unconstrained — log
likelihood constrained), which has a x? distribution with one degree of free-
dom. While the additive and multiplicative models are non-nested, a compar-
ison of the log likelihood values provides a basis for a non-nested hypothesis
test.

5.3. Bonferroni Intervals and Simulations
5.3.1. Bonferroni Interval

The additive statistic A = RRsg — RR4 — RRp — 1 is composed of
three random variables. A confidence interval for each component may be es-
tablished using the variance of the log-odds ratio. Set at appropriate levels,
these confidence intervals may be combined using basic results from probabil-
ity theory. For a 95 percent confidence interval, chose a significance level such
that one third of one half of 5 percent probability is in each tail of a normal
distribution. Then:

.05
prob[~2.30 < N(0,1) < 2.39] = 1 — = = 0.98334
Since (log RR — log RR) /o ~A N(0,1) we have

prob[—2.390 < log RR — log RR < 2.395] = 0.98334

or
prob[—2.390 + log RR < log RR < 2.395 + log RR) = 0.98334
so that A -
prob[RRe~23% < RR < RRe*3%7] = 0.98334
Similarly,

prob[RRagpe 239 RRavs < RR < RRagpe® %7 RRavs] = 0.98334

and so forth for ERA and }/2}\23. Similarly:

Prob[C{s%® < RRagp < Cjyil] = 98334
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Prob[C3, < RR4 < Cjj ;] = .98334
Prob[C3,, < RRp < Cf,,] = .98334

Denoting the intervals within square brackets as A,B, and C, we have by the
Bonferroni inequality:

prob[ANBNC] >1— (P(A“) + P(B°) + P(C’C))

Then
prob[Ciss? < RRugp < Ciigd N

—C;;‘,.gh < —RR4<-C{#, n

~CE, < -RRp<-CE,>1-.05=.95  (527)
so that

prob[CiA%® — 1t ), — CE ) < RRagp — RR4 — RRp
< kB _cp, —CE, > .95

and
prob[Ciw® — Clign — Chign —1 < A< Cp&P -, - CB, —1] > .95

As noted before, given the tendency of the intervals to be broad and impre-
cise, these intervals should be rejected in favor of Wald or Likelihood Ratio
tests.

5.3.2.  Simulation Methods

Consistent estimates of the «; and 6; are formed using h;/h and k; /k re-
spectively. A Monte Carlo technique draws a random multinomial deviate with
marginal probabilities 7; and 8;. Then, the empirical distribution of the statis-
tics M and A are formed using repeated simulations. The empirical distribu-
tions establish confidence intervals centered around the realized value of the
statistic. If these confidence intervals contain zero, then the hypothesis is not
rejected.

5.4. Synergy Indices

This section considers three synergy indices: the Rothman synergy index,
the attributable proportion index, and the gamma statistic which establishes a
spectrum of synergy between the additive and multiplicative models.
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54.1. Rothman’s S Index

Rothman (1976) considers the independently-acting agents A and B and a
background effect C. C is assumed to act independently of A and B.

Let Pr denote the probability that disease develops when both A and B
are present in addition to the background C. Pj4 is the probability that dis-
ease develops if A were to act in isolation (without background). | define Pp
similarly. Pc is the probability of getting disease from background only. Then

Pr = P[AUBUC]
— P[A]+ P[B] + P|C] - PIAN B] - P[ANC] —

P[BNC]+ P[ANnBNC(] (5.28)
Now, under independence we have:

Pr = P[A] + P[B] + P[C] — P[A]P|B] — P[A]P[C] — P[B]P|C]
+ P[A]P[B]P|C]

Let R4 = Pr denote the combined risk.

Let R4 = P[AU C] = P[A] + P[C] — P[A]P[C]

Let R = P[BU C] = P[B] + P[C] — P[B]PI[C]

Let Ry = P[C]

Then, under independence:

PaPs(1— Po)(1— Pc)
(1—Po)

RaB — Ro

(Ra— Ro) + (R — Ro) —

(Ra — Ro)(Rs — Ro)
(1-Ro)

Rothman’s synergy index is defined as the ratio of the left-hand side of this
equation to the right-hand side.

= (Ra—Ro)+ (Rp— Ro) - (5.29)

(Ras — Ro)

" (Ra— Ro) + (R — Ro) + Fa=Te)(fip T

Under independence, the numerator and denominator will be equal and the
synergy index will equal one. Ignoring the product terms in the denominator,
which are likely to be small, Rothman’s index becomes:

(RaB — Ro) __ RRsp-1
(Ra — Ro) + (R — Rp) RR4+ RRp — 2
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where RRap = RRap/Ry etc. When S = 1, we obtain:

RRap—1 = RRps+RRp—-2 or

RRup = RRo+RRp-1 (5.30)

which we recognize as the additive hypothesis.

An alternative expression for Rothman’s S index is

ERRAB

S =
ERR, + ERRp

where ERRyp = RR4p — 1 and FERRy = RRy — 1 etc. Here, ERR
denotes excess relative risk.

5.4.2.  Attributable Proportion Index

The attributable proportion index is defined as the excess relative risk com-
pared to the additive model divided by the combined relative risk. Formally,

ERRap — (ERR4 + ERRp)
(ERRag + 1)

AP =

(Rap/Ro—1) = |(Ra/Ro) + (Rp/Ro— 1)
[Rap/Ro —1+1]
Rap — Ro— (Ra+ R —2Ry)

Rag
_ Rap—(Ra+Rp— Ry)
Rag
_ RRsp — (RRs+ RRp—1) (5.31)
RRapB '

When the additive model is correct, AP = 0.
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Rothman’s index .S and the attributable proportion AP measure departure
from additivity. They do not include the multiplicative hypothesis as a natural
alternative. Therefore we consider an alternative which nests both hypotheses.

5.4.3.  Additive-Multiplicative Measure
Define
_ (RRagp—1)— (RRa—1)—(RRg—1)
T= (RR4 — 1)(RRp — 1)
_ RRagp— RR4— RRp+1
= " (RRi—1)(RRp—1) (5.32)

Note that when v = 0 the additive hypothesis is true. When y = 1 we have:

RRs4 = RRA— RRg+1=RRsRRg— RRp— RRp+1

which implies: RR44,8 = RR4 - RRp, i.e. the multiplicative hypothesis.

While difficult, a confidence interval may be derived by examining the dis-
tribution of log -y. Note that

logy = log A — (1og (RR4 — 1) + log (RRp — 1))
where A is the additive statistic. Then
Var(logy) = Var(logA)— Var(log (RR4 — 1))
+Var(log (RRp — 1))
—|—2COV[log (RR4 — 1),log (RR5 — 1)]
—2COV[log A log (RR4 — 1)]
—2COV[log A,log (RRp — 1)]. (5.33)

For case-control studies, we have previously derived these components. How-
ever, the utility of the expansion is questionable given that when the additive
hypothesis is true, the log transformation is not defined.

5.5. Cohort Studies

Cohort studies derive standardized morbidity or mortality rates with refer-
ence to an external reference group. The standardized mortality rate (SMR)
is also known as an observed to expected ratio because it is constructed by
computing the expected number of outcomes (deaths) based on the external
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reference group’s rates. Given the large samples from which they are typically
based, the latter rates are assumed to be known without error.

The cohort method compares the death rates between groups for those ex-
posed to contaminant A (with or without exposure to B) and for those not
exposed to contaminant A (with or without exposure to B). For present pur-
poses, contaminant A will be smoking, while contaminant B will be asbestos.
Death rates are calculated and given in the following 2 x 2 table:

non-smoking | smoking

asbestos diys d5

non-asbestos a5 d3ia

The cohort method follows a group of individuals with some exposure to
ashestos. Death rates are determined over time for this cohort. A sample of
individuals from a non-asbestos exposed population is matched to the exposed
population at the aggregate level (i.e., there is a similar number of individuals
of each age group).

Before discussing the derivation of the death rates d; we note that cohort
studies make each cell of the 2 x 2 table independent by design. This greatly
simplifies the hypothesis testing and determination of confidence intervals.
Relative risks are determined as follows:

RR 4 = relative risk of ashestos exposure = d¥ /d¥5

RRg = relative risk of smoking exposure = d /dN%
RR 5 = the relative risk of combined exposure = d3 /dN5

The additive hypothesis is stated as:

RRss —RRs— RRs+1=0

! 4 _ A d,
N5~ gt
or
45 = &S + a5 — NS
or

A = 5 4y - -
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Under additivity A* = 0.

The multiplicative hypothesis is stated as:

RRss =RRs-RRs=0

or

@ _d¥S s, .

di  dNi dVA
or

ds - dNS —dlS-d3 4 =0 (5.34)
or
logdi + logd%i — logdeS — logd}gvA =0

or

M* =logdYS +logd$ 4 — logdS — log d¥S = 0

Note that the multiplicative statistic is similar to the additive statistic with the
exception that it is stated as a sum of logarithms. This suggests that the two
hypotheses may be nested using a Box-Cox transformation.

It is worth noting that (32) implies

B

5 T g5

dy  d¥a
which states that the columns in the table are proportional to one another. Sim-
ilarly, the rows are in proportion if the multiplicative hypothesis is correct.
These are common statements of independence and can be tested via Pearson
Chi-squared statistics for such tables. Finally, given the relationship between
contingency tables and the log-linear model, we should expect a direct test of

the multiplicative hypothesis from the log-linear model.
Suppose log (P[Y1, Y2]) = po + pu1Y1 + p2Ya + p12Y1 - Yo Then

log (P(0,0)) = po

log (P(0,1)) = po+ p2

log (P(1,0)) po +

log (P(1,1)) po + p1 + pa + pa2

If P(0,0) is estimated by d¥5, P(1,0) by @Y, P(0,1) by d3; 4, and P(1,1)
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by df, (after suitable normalization), then the multiplicative hypothesis may be
stated as:

M* = (po + u1) + (po + p2) — (po + pa + p2 + p12) — (ko) = —pi12

Then, M* = 0 (the multiplicative hypothesis) if and only if the interaction
parameter ue = 0 in the log-linear model.

5.5.1. Determination of Death Rates

The death rate is defined as the number of deaths per 100,000 person years.
This is typically measured by the number of deaths observed in the cohort
divided by the number of person years multiplied by 100,000.

For example, suppose that a particular cohort has NAVS individuals who
are non-smokers but who are exposed to asbestos. Suppose that these N Q’ S
individuals are followed for Y S person years (on average Y VS /N4 years
per person). Suppose that hﬁs of these individuals die during the period of
observation. Then

vs _ (P40 (NA°

dy =< > < >-100,000.
DAVANG S

The stochastic component in the expression is the binomially distributed

random variable hlYS that denotes the number of observed deaths in N5
trials. Let Py denote the true but unobserved probability of dying. Then

PYS = nlYS /NS is a consistent estimate of PYS.

~ . PNS 1 _PNS
Now E(P,{xvs) = P,{;VS and Var(PIf‘VS) = M

NYS
Then
. NNS 2
Var(dy®) = Var(PY9)- [ﬁ] -100, 0002
A
When logarithmic transformations are employed we have
. NNS
log dY¥ = log PYS + log [ﬁ] + log (100, 000) .
A

Recall that a Taylor’s series expansion shows that log P = log Py+ - (P— Py)

so that L B(1-B) (-
log P) — ol =Fo) (1 =70
Var(log P) P2 N BN

Then

- 2Y)
Var(log (dY5)) = oA’
PN
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Before proceeding with the formula for the variance of the A* and M*
statistics, we note that replacing Pj{’s by PAVS in the variance formula is valid
asymptotically. Some researchers have noted that it may be more accurate in
small samples to use a chi-square approximation.

To do this, we set x? = %. Then we set the x2 value to a critical

level for the appropriate size test. Let x2 be the critical value. Then

,  (P-P)?
Xr = P(1-P)/N
so that
P—-2PP+P? = x!P(1-P)/N
P P2
= N -y (5.35)
Then ) )
X -X 5 52
P22 4 1)+P T _9P ) +P%2=0
(o) er (e -20)+

is a quadratic equation that may be solved for P. A confidence bound is de-
rived using the two solutions of the quadratic equation.

5.5.2. Variance of the Additive and Multiplicative Statistics
Next, we derive the variance of the additive and multiplicative statistics for
cohort studies. Recall that
A* = (dY® — d}) — (A3 — dXa)

For the non-asbestos exposed cohort, the rates d5 and d3; , are determined
from large samples and are considered non-stochastic. Therefore the variance
is determined from the components d%Y*° and d%, which are stochastic but in-
dependent. In this case,

Var(A*) = Var(dY®)+ Var(dy)

NNS 2
(Y?;’S) - (100, 000)2 +
A

PYS(1— P)9)
NYS

Pi( - PY)

NS\ 2
- ( A) - (100, 000)2 (5.36)
NA

Vi
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For the multiplicative statistic,
M* = [(log d}*) — (log d3)] — [(log d3) — (log &5 4)]

so that - o
1-P 1-P

Var(M) = (ANS ANS) ( 55 é)

PyoNy PiNZ

These variances are used to calculate standard errors, confidence intervals,
and Wald tests for the additive and multiplicative hypotheses. For instance,
M*/\/Var(M*) is asymptotically standard normally distributed under the
null hypothesis that M* = 0.

5.5.3.  Variance of the Synergy Index
To derive the variance of S, Var(S) we first find log S.

log S = log (Rup — Ro) — log [(RA — Ro) + (Rp — RO)]
For cohort studies, we have:

logS = log(RRap —1)—log [(RRA — 1)+ (RRp — 1)]

d§ dy® dy 4
NA NA NA

= log(dj — dy3;) — log(d® + df 4 — 2d)V3)

Var(dy) Var(d)?9)
(A3 —dN)? (@) +d}, — 2d75)°

Var(log S) (5.37)

where we have used the fact that Var(d4) = Var(d¥5) = 0 in cohort
studies since these variables are assumed to be non-stochastic.
For case-control studies, we have:

Var(RRaB)

V(M‘(log S) m

+
Var(RRa) + Var(RRg) + 2cov(RRa4, RRp)

5.38
(RR4 + RRp — 2)? (5.38)

where the relevant components were derived above in the case-control section.
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5.6. Conclusion

Case-control, cohort, and prevalence studies provide varying types of infor-
mation to determine relative risks and attendant confidence levels. 1 have con-
sidered several methods for testing additivity and multiplicativity hypotheses
using Wald and likelihood ratio techniques. In these cases, we have relied on
asymptotic expectation for which the small sample populations are unknown.
My empirical results are reported in the next chapter and, generally, 1 find
agreement regarding the additivity or multiplicativity hypothesis whether the
analysis is conducted using Wald or likelihood ratio methods.



Chapter 6

TESTS OF THE ADDITIVE AND
MULTIPLICATIVE HYPOTHESES OF
MULTIPLE EXPOSURE

6.1. Introduction

In this chapter, | consider the possible synergistic relationship between to-
bacco smoking and asbestos exposure. Asbestos refers to a group of naturally
occurring flexible fibers that may be separated and woven. There are two ma-
jor types of asbestos. The first type is amphibole fibers and appears commer-
cially as amosite and crocidolite. The second type is chrysotile. Studies have
demonstrated that amphibole fibers are much more dangerous to humans than
chrysotile fibers. The fibers are resistant to heat and fire and do not conduct
electricity. Asbestos fibers break easily if separated from their bonded finished
products and can turn into dust particles that float in the air or stick to clothing.

Asbestos has been used since the late 1800s, but its use was greatly in-
creased during World War 11. Asbestos was used for strengthening cement and
plastics as well as for fiber insulation, steam pipe insulation and in fireproof-
ing. The automobile industry used asbestos in brake shoes and clutch pads.
As is well known, literally thousands of products were manufactured which
contained some form of asbestos. By the late 1970s, the United States barred
the use of asbestos in wallboard products and in gas fireplaces. The asbestos
industry has withdrawn asbestos from the majority of many products due to
health concerns. Asbestos exposure, through inhalation, may lead to several
diseases. These diseases include asbestosis, lung cancer, mesothelioma, and
other cancers of the larynx and gastrointestinal tract.

Since the early 1970s, millions of workers were exposed to asbestos in ship-
yards, mining trades, manufacturing trades, insulation work, and automotive
trades. Generally, the risk of disease increases with the amount and duration of
exposure. Moreover, while brief periods of exposure are in some cases suffi-
cient to produce disease, few signs of illness may develop for several decades.

117
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The possible link between smoking and asbestos, was observed by Selikoff,
et al. (1968). In this early study, Selikoff and his co-authors noted that com-
bined exposure to asbestos and smoking produced more lung cancer deaths
than might be expected under the simple addition of the risks taken separately.
Thus, a potentially synergistic relationship was identified between the two car-
cinogens while the form of that synergy was left to be determined. Selikoff’s
original interpretation of his data suggested that a multiplicative model of risk
existed or that asbestos would be harmful only in combination with smoking.

Selikoff, et al. (1968) used records from the International Association of
Heat and Frost Insulators and Asbestos Workers to form his population. The
population included 632 insulation workers as of 1942, that had been occu-
pationally exposed to asbestos dust prior to 1922 or that had been exposed
between 1922 and 1942. By 1962, 262 individuals had died and seven had
died prior to their twentieth anniversary of first exposure to asbestos. For the
remainder, Selikoff collected smoking habit history and clinical information.
Selikoff’s cohort followed 370 male insulation workers for a total of 52 months
from 1963 through 1967. Of these, 283 were smokers or ex-smokers while 48
had never smoked regularly. An additional 39 were pipe or cigar smokers and
eliminated from the study. The cohort method was used to compare the rate of
death in the study population to a baseline rate of death taken from the Amer-
ican Cancer Society (ACS) for smokers and non-smokers. All together, 24 as-
bestos exposed smokers died, while no non-exposed smokers died during the
fifty-two month follow-up period. For the comparison groups, ACS statistics
revealed that 0.26 deaths were expected to occur among the 87 non-smokers
and 2.78 deaths were expected to occur among the smokers (absent asbestos
exposure).

Using the person years of follow-up for the exposed population, it is possi-
ble to calculate the death rate per 100,000 non-years as outlined in the previous
chapter. This comparison of death rates is made to the ACS population so that
relative risks can be calculated. While the Selikoff, et al. (1968) study was sug-
gestive of synergism, the small sample size and lack of deaths among exposed
non-smokers in the sample, lead to relative risk of lung cancer death from as-
bestos exposure equal to zero. Variances, as derived in the previous chapter,
are thus, also zero and the tests of synergy become problematic. Selikoff noted
this issue and subsequently studied a much larger population. Though Selikoff,
et al. (1968) was later updated in Hammond, et al. (1979), it remains a classic
article in this field and demonstrates the major elements of a cohort methodol-
ogy.

In this chapter, | review 14 studies published between 1979 and 1992, which
have applied either the cohort or case-control method to analyze synergy ef-
fects between smoking and asbestos exposure. In Section 6.2, | review these
studies and summarize their findings in a standardized fashion to allow the
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calculation of relative risks and variances. The 14 studies had sufficient data
to analyze the synergy issue statistically. It is important to remember that in
almost all cases, the authors of the papers found evidence for either the addi-
tive or multiplicative hypothesis, but did so without basing their conclusions
on formal statistical theory. Therefore, in some cases, it is not be possible to
accept the authors’ conclusions as statistically significant or to reject the pos-
sibility that both the additive and multiplicative hypothesis are simultaneously
true.?

In Section 6.3, | review two papers in more detail and demonstrate the co-
hort and case-control statistical tests in detail. I also implement the statistical
tests derived in Chapter 5. | then summarize my findings for the additive and
multiplicative hypothesis. In Section 6.4, | perform a meta-analysis using the
data from the 14 studies to see whether the specific conclusions regarding syn-
ergy are more typical in some study formats or other characteristics than in
other cases. Finally, | summarize my conclusions in Section 6.5.

6.2. Review of Studies

In this section, | review the 14 studies selected for analysis. My review of
each article is necessarily brief and is intended to identify the population, the
comparison group and the classification of exposure attributes.

6.2.1. Hammond, Selikoff, and Seidman (1979)

The Hammond, et al. (1979) paper considered 17,800 male insulation work-
ers. This was the entire membership of the insulation workers union in the
United States and Canada. These men were followed from the period of 1967
through 1976 in a cohort analysis. There were some 166,853 man-years of
follow-up. A smoking questionnaire was administered in 1966 and 8,220 an-
swered the questionnaire. 871 individuals were classified as non-smoking and
6,871 individuals were classified as smokers. 488 individuals were pipe smok-
ers and excluded from the cohort study. In total, there were 51,397 man-years
in the sample. The comparison study was the ACS survey of 73,761 men with
matched smoking histories. All asbestos workers with at least twenty years
of exposure were included in the study. The smoking attribute was provided
as a “history of smoking” versus no smoking history; levels of smoking were
excluded by the authors in their final tabulations.

In Table 8 of the original study, the lung cancer death rates per 100,000
man-years standardized by age, were computed for the study group and the

11 have reviewed over 45 additional studies pertaining to lung cancer, but conclude that the relevant infor-
mation is not present in these studies to test the synergy hypothesis.

2By far, the bulk of the effort in producing the data for the statistical analysis presented below, was in
reviewing the articles and combining their findings in a systematic fashion.
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ACS matched population. | summarize the results in Table 6.1. This table
was derived from several sources within the Hammond, et al. (1979) paper
including their Table 5 for the sample sizes, Table 7A for the number of deaths,
and Table 8 for the death rates. | derived the number of person years for the
exposed population as well as the matched number of deaths from ACS. For
instance, | found that 0.78 deaths among 6849.0 person years of observation
would imply a death rate of 11.30 as reported in the Hammond, et al. study.

Table6.1. Hammond, et al. (1979)

Non-Smokers Smokers
(N =891) (N = 6841)
Asbestos Exposure No Yes No Yes
Deaths (Lung Cancer) 0.78 4.00 54.60 268.00
Person Years 6849.00 44548.00
Death Rate / 100,000 | 11.30 58.40 122.60 601.60

6.2.2.  Selikoff, Seidman, and Hammond (1980)

This study followed 933 male amosite factory workers between 1961 and
1977. These individuals had at least twenty years of asbestos exposure dur-
ing their employment. Of the 933 men, 351 were excluded from the analysis
because they were dead at the time of study or lost to follow-up. Among the
non-smokers, there were 79 who had never smoked regularly and 59 who were
pipe or cigar smokers. Finally, 15 were removed as their histories could not be
determined. All together, the authors had 430 smokers and 132 non-smokers
in their final cohort analysis. While death certificate deaths and best evidence
deaths were both considered in Selikoff, et al. (1980), I follow their final tab-
ulations and rely only on the “best evidence” information. The summary of
death rates is provided in Table 6.2.

Table6.2. Selikoff, et al. (1980)

Non-Smokers Smokers
(N =137) (VN = 430)
Asbestos Exposure No Yes No Yes
Deaths (Lung Cancer) 0.40 5.00 9.60 55.00
Person Years 1396.00 4811.00
Death Rate / 100,000 28.60 358.17 199.50 1143.21




Tests of Synergy 121

For death rates of smokers who were not exposed to ashestos, Selikoff, et al.
(1980) used the ACS sample. For non-smokers, they relied on a comparison
to the population of New Jersey white males as the asbestos factory, at issue,
was located in New Jersey. The authors concluded that a multiplicative model
for lung cancer best explained the data. However, Steenland, and Thun (1986),
in reviewing their paper, noted that as effect modification was occurring with
non-smokers at higher rates than smokers, an additive model was more likely
than a multiplicative model.

6.2.3.  Berry, Newhouse, and Turok (1972)

This study followed asbestos factory workers between 1960 and 1970. The
study period was 123 months. Stratification by exposure to asbestos (low or
heavy) and by smoking (smoker, non-smoker, ex-smoker) and by gender (men
and women) was conducted within the sample of 1300 men and 480 women.
The comparison group was the London general population and expected deaths
were based on smoking levels. The authors were not able to distinguish the ad-
ditive and multiplicative effects from their data. Baker (1986) observed that
this study proved that smoking was not indispensable in combination with as-
bestos to produce lung cancer. This is based on the sample of women non-
smokers with severe ashestos exposure. Saracci (1977) finds that the relative
risk from asbestos alone does not vary by smoking group and that a multi-
plicative model best explains the severe exposure category. My summary is
based on males for comparison to the other studies. | combine the moderate
and severe exposure groups into a heavy exposure group and combine male
smokers and ex-smokers into a “smoking” category. However, as there were
no deaths for non-smoking men without asbestos exposure | was unable to cal-
culate the relevant risk for asbestos exposure alone. The summary information
is provided in Table 6.3.

Table6.3. Berry, etal. (1972)

Non-Smokers Smokers
(N = 85) (N =1279)
Asbestos Exposure No Yes No Yes
Deaths (Lung Cancer) | 0.00 0.00 18.60 42.00
Person Years 775.00 12083.00
Death Rate / 100,000 | 0.00 0.00 153.90 347.60
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6.2.4.  Berry, Newhouse, and Antonis (1985)

This article was a follow-up to the Berry, et al. (1972) study. The period of
study was from 1971 through 1980. In this case, the authors conclude that their
study favors the multiplicative hypothesis but they cannot reject the additive
model. Steenland and Thun (1986), in their review, found that the differences
in mortality rates for lung cancer among non-smokers, ex-smokers, and smok-
ers were not significant due to the sample sizes. Vainio and Boffetta (1994)
observed that the results apparently varied by type of asbestos, with workers
exposed to amosite or a combination of amosite, chrysotile, and crocidolite
showing varied degrees of interaction. My summary table is based on males
where | combine the moderate and severe exposure groups into “heavy” expo-
sure and combine ex-smokers together with smokers in our smoker category.
Summary information is provided in Table 6.4.

Table6.4. Berry, etal. (1972)

Non-Smokers Smokers
(N =174) (N =1179)
Asbestos Exposure No Yes No Yes
Deaths (Lung Cancer) 0.16 1.00 28.24 63.00
Person Years 669.00 10046.00
Death Rate / 100,000 | 23.90 149.50 | 281.10 627.10

6.2.5. McDonald, Liddell, et al. (1980)

This study followed 10,939 male chrysotile miners. While the authors con-
ducted both case-control and cohort analyses using their data, we concentrate
on their results using the case-control method. In the population of men, 245
lung cancer deaths were observed. Smoking was stratified into groups de-
fined by (non-smokers, moderate smokers, ex-smokers, heavy smokers, and
unknowns). This study was able to stratify asbestos exposure by the amount
of dust and considered four ranges (none, low, moderate and heavy). Smoking
history and available data allowed further study of 145 lung cancer cases. For
the cases, 145 controls were selected from comparable persons with similar age
and smoking histories. The results of this case-control study are summarized
in Table 6.5.

The controls were selected at random among miners known to have survived
to a greater age than that at which the case died and to have been born in
the same year as the case. For ex-post classification of asbestos exposure,
smoking history was matched between cases and controls. Smoking history
was matched by number of cigarettes smoked per day (15-25, 26-35, 36-50).
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Table6.5. McDonald, Liddell, et al. (1980)
Asbestos No Asbestos | Ashestos

No Exposure | No-Smoking Smoking Smoking
Cases 5 15 41 84
(Lung Cancer)
Controls 10 10 49 76
(No Lung Cancer)

The authors conclude that their data supports a synergism close to multi-
plicative but that neither model can be rejected confidently. Vainio and Bof-
fetta (1994) interpreted their results as supporting the additive interaction the-
ory. Baker (1986) found that the data did not discriminate between additive
and multiplicative models.

6.2.6. Liddell, Thomas, et al. (1984)

This article was an extension of the McDonald, Liddell, et al. (1980) study.
Briefly, 11,379 individuals born between 1891 and 1920 who had worked in
asbestos mines and mills in Quebec were followed from 1967 through 1975.
Among the 10,939 men, there were 4463 deaths. Among lung cancer deaths,
referents were selected among men born in the same year and known to have
survived to a greater age. This article used fiber counts rather than dust to
measure accumulated exposure to asbestos. The study also used unmatched
controls without regard to smoking status. | summarize the results in Table 6.6.

Table 6.6. Liddell, Thomas, et al. (1984)

Asbestos No Asbestos | Asbestos
No Exposure | No-Smoking Smoking Smoking
Cases 6 17 69 131
(Lung Cancer)
Controls 103 98 240 274
(No Lung Cancer)

In Table 6.6, | have combined the moderate and heavy smokers and have
combined the moderate and heavy asbestos exposures. The authors conclude
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that the data is closer to multiplicative but that neither the additive or multi-
plicative model can be rejected with confidence. Steenland and Thun (1986)
find that the outcome lies somewhere between additive and multiplicative while
Vainio and Boffetta (1994) find that an additive was observed in this data from
their review of the study.

6.2.7.  Martischnig, Newell, et al. (1977)

This study, published in the British Medical Journal, examined 201 lung
cancer patients admitted to a thoracic surgical center in the United Kingdom.
Occupational exposure was determined and 58 individuals were identified to
have had asbestos exposure in their jobs. The 201 men were matched to an
equal number of controls based on age and residential area. Smoking was clas-
sified by the greatest number of cigarettes smoked in a day. Among controls,
29 men were found to have been exposed to asbestos on the job. The level
of asbestos exposure was not stratified in this study. | summarize the results
in Table 6.7. In the summary table, | have combined the moderate and heavy
smokers into one category.

Table 6.7. Martischnig, Newell, et al. (1977)

Asbestos No Asbestos | Asbestos
No Exposure | No-Smoking Smoking Smoking
Cases 28 7 115 51
(Lung Cancer)
Controls 52 12 120 17
(No Lung Cancer)

The authors interpret their results as showing that neither synergy hypothesis
can be rejected with confidence. Saracci (1977) found that the data conform
to a multiplicative model, as the relative risk was nearly constant across the
different smoking categories.

6.2.8.  Pastorino, Bearino, et al. (1984)

This study examined 204 lung cancers from the Lombardy region of Italy
during the period 1976 through 1979. 70 individuals had some level of asbestos
exposure of which 65 were smokers, and 61 were possibly exposed to asbestos
of which 59 were smokers. A significant number of controls were matched
to the casess. One control was selected per case for the deaths occurring in
the first two years of the study and two controls were selected per case for the
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deaths occurring in the last two years. The comparison group was males from
the same study area. Smoking information was obtained from interviews with
referents or from interviews with close family. As | have noted, exposure to
ashestos was only “probable” in some cases. Cigarette smoking was defined
using three categories (0-9 cigarettes per day, 10-19 cigarettes per day, and
20 or more cigarettes per day). |1 combined the moderate and heavy smoking
groups into one category in Table 6.8.

Table 6.8. Pastorino, Bearino, et al. (1984)

Asbestos No Asbestos | Asbestos
No Exposure | No-Smoking Smoking Smoking
Cases 7 2 66 31
(Lung Cancer)
Controls 69 7 119 31
(No Lung Cancer)

The authors do not provide a test of the additive or multiplicative hypothesis
in this paper and do not reach any conclusions on the likelihood of synergy.

6.2.9. deKlerk, Musk, et al. (1991)

This study examined 2,928 Crocidolite factory workers and obtained de-
tailed questionnaires from over 2,400 men and 149 from women. These indi-
viduals were followed between 1981 and 1986. In total, 40 lung cancer deaths
were observed. Each case of lung cancer was matched to several controls of
the same age. In total, there were 1,799 matched referents. The referents were
taken from among surviving members of the same cohort. Information on oc-
cupational exposure from employment records allowed the authors to classify
asbestos exposure as “high" versus “low." Smokers were compared to non-
smokers with the latter category including individuals for whom cessation was
longer than 10 years. | summarize the results in Table 6.9.

The authors find a multiplicative effect for lung cancer. Vainio and Boffetta
(1994) concur and note a pattern of results consistent with a multiplicative
interaction. deKlerk, et al. (1991) used a logit model to explain the ex-post
relative risks but failed to find a significant interaction term. As | discussed
in Chapter 5, this is perfectly consistent with these findings of a multiplicative
model and demonstrates only that super-multiplicativity is not present in this
data.
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Table 6.9. deKlerk, Musk, et al. (1991)

Asbestos No Asbestos | Ashestos
No Exposure | No-Smoking Smoking Smoking
Cases 2 4 9 25
(Lung Cancer)
Controls 399 357 522 521
(No Lung Cancer)

6.2.10. Bovenzi, Stanta, et al. (1993)

This article considered 756 lung cancer deaths and a control population
matched by age and location. The study area was Northeastern ltaly over a
five-year period. The analysis provided four different levels of smoking (no
smoking, 1-19 cigarettes per day, 20-34 cigarettes per day, and greater than 40
cigarettes per day). Asbestos exposure was not stratified. In this study, cigar
and pipe smoking were converted to cigarette smoking by assuming that one
gram of tobacco was equivalent to one cigarette. The summary information is
provided in Table 6.10.

Table 6.10. Bovenzi, Stanta, et al. (1993)

Asbestos No Asbestos | Asbestos
No Exposure | No-Smoking Smoking Smoking
Cases 10 4 245 143
(Lung Cancer)
Controls 103 19 249 75
(No Lung Cancer)

The authors interpreted their results as a multiplicative model. They em-
ployed a logistic regression for the relative risks with three explanatory vari-
ables for smoking status, occupational exposure, and place of residence.

6.2.11.  Blot, Harrington, et al. (1978)

This study examined 535 lung cancer cases with diagnosis made at hospi-
tals in Georgia from 1970 through 1976. Only 458 individuals were included
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in the final analysis due to interview refusals. The study assumed that all ship-
yard workers were exposed to asbestos but the amount of exposure was not
determined. The smoking categories included non-smokers, light smokers,
quits (greater than 10 years quit), moderate smokers, and heavy smokers (30
or more cigarettes per day). This study used two controls for individuals from
Brunswick, Georgia and one control for cases from Savannah, Georgia. The
controls were matched based on sex, race, age, and county of residence. |
summarize the results in Table 6.11.

Table6.11. Blot, Harrington, et al. (1978)

Asbestos No Asbestos | Asbestos
No Exposure | No-Smoking Smoking Smoking
Cases 50 11 313 84
(Lung Cancer)
Controls 203 35 270 45
(No Lung Cancer)

The authors used a multivariate logit analysis to analyze the data although
only the summary information was provided in the published paper. In prepar-
ing the summary table, | have combined the moderate and heavy smoking cases
into a single category. Light smokers are further combined with non-smokers.
The authors interpret the results as indicating strong synergism. However,
Baker (1986), in his review, observed that the differences in odds ratios be-
tween smoking categories was not statistically significant.

6.2.12.  Blot, Morris, et al. (1980)

This article examined 405 cases of lung cancer among shipbuilders in Vir-
ginia. 336 cases were included in the final analysis. All shipyard workers
were assumed to have been exposed to asbestos if employment in the ship-
yards occurred prior to 1950. The study period was from 1972 through 1976
and deaths were ascertained from mortality listings in 1976. Smoking infor-
mation was stratified identically to that in Blot, et al. (1978). There were 361
controls matched to the cases based on age, sex, race and county of residence.
A summary of the information from this study is provided in Table 6.12.

In preparing the summary table, I combined the moderate and heavy smok-
ing categories into a single group. | also combined light smoking with non-
smoking and with those who had quit, as did the authors in their final results.
The authors conclude that they cannot reject either hypothesis of synergism.



128

EMPIRICAL STUDIESIN APPLIED ECONOMICS

Table6.12. Blot, Morris, et al. (1980)

Asbestos No Asbestos | Ashestos
No Exposure | No-Smoking Smoking Smoking
Cases 38 25 186 70
(Lung Cancer)
Controls 103 36 163 39
(No Lung Cancer)

6.2.13.  Kjuus, Skjaerven, et al. (1986)

This study examined 176 lung cancer cases taken from 1979 hospital data
in Norway. The 176 male cases were matched to 176 controls. The com-
parison group came from the wards at the same two hospitals that provided
the source population. Controls were matched by age and location. Asbestos
history was obtained through personal interviews and questionnaires adminis-
tered to the cases and controls. The asbestos exposure was grouped into four
categories while smoking history was grouped into three categories (less than
10 cigarettes per day, 10-19 cigarettes per day, and 20 or more cigarettes per
day). The summary data is provided in Table 6.13. In this table, | have com-
bined moderate and heavy smokers into one category and non-smokers and
light smokers into another category.

Table 6.13. Kjuus, Skjaerven, et al. (1986)

The authors interpret their results as supporting the multiplicative model.
Their statistical analysis was based on a conditional logit model.

Asbestos No Asbestos | Ashestos
No Exposure | No-Smoking Smoking Smoking
Cases 29 8 103 36
(Lung Cancer)
Controls 96 11 63 6
(No Lung Cancer)
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6.2.14. Vena, Byers, et al. (1985)

The Vena, et al. article considered 1,002 lung cancers and established a set
of 1,119 matched controls. Asbestos levels were stratified by three categories
(none, 1-20 years, and 20 or more years). However, whether or not an indi-
vidual had any asbestos exposure was determined by the individual’s job title.
Smoking was stratified into three categories (no-smoking, 1-39 pack years, and
40 or more pack-years).® Lung cancers were identified by the type of cancer at
the cellular level. A summary of the information from this study is provided in
Table 6.14

Table 6.14. \ena, Byers, et al. (1985)

Asbestos No Asbestos | Asbestos
No Exposure | No-Smoking Smoking Smoking
Cases 97 41 164 86
(Lung Cancer)
Controls 240 72 86 25
(No Lung Cancer)

The authors conducted a logit model to explain the relative risk of lung
cancer. They were not able to reach a conclusion regarding additivity or mul-
tiplicativity in this data and, in fact, did not address this issue. Vainio and
Boffetta (1994), in their review, concluded that multiplicative results held for
squamous-cell carcinoma, and that additive results held for small-cell carci-
noma, and for adenocarcinoma.

6.3.  Tests of Hypothesis

In this section, | examine two of the studies in more detail. The first study
is Hammond, Selikoff and Seidman (1979) and relies on the cohort method.
The second study is deKlerk, Musk, Armstrong and Hobbs (1991) and relies
on case control methods.

6.3.1. Hammond, Selikoff, and Seidman (1979)

From Table 6.1 in Section 6.2, we see that the number of non-smokers who
were exposed to ashestos, N4, is 891. Of these, b = 4 die of lung cancer
during the study period. Further, the number of person-years for this group

3A pack-year is the smoking of one pack of cigarettes per day for one year.
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is Y9 = 6849 implying that the 891 individuals were followed for approxi-
mately 7.7 years per person. Recall that the study period was nine years so that
the lower average reflects deaths in this cohort. The death rate is then:

KNS N&S 4 891
dVS = [ ZA_ ) (=4 ) x100,000 = | — | [ —— ) x100, 000 = 58.4.
A <Nj;’5> <Yj,VS S 891 ) \ 6849 ) < **

The probability of dying is denoted by Pj{’ S in Chapter 5 and is estimated by
PYS = pVS /NS which is 4/891 or 0.00449. The variance of this estimate
is V(PY5) = (0.00449) x (1 — 0.00449)/891 = 5.02¢ — 6. Thus V (d\®) =
[(891/6849) x 100,000]? x (5.02e — 6) = 849.01.

Similar calculations show that d5 = 601.6320 and V(d3) = 1297.54.
From equation (5.36), we see that the variance of the additive statistic is 849.01
+ 1297.54 = 2146.5. The additive statistic is:

A* = (dN5—d5)—(dN5—d3 4) = (58.4—601.6)—(11.3—122.6) = —431.9.

Thus, the ¢-statistic for the additive hypothesis using a Wald test is —431.9 /
4/2146.6 = 9.32. The t-value rejects the additive hypothesis at the 95 percent
confidence level. Similar calculations were carried out for the multiplicative
statistic M* and its variance.

Following the analysis in the previous chapter, the relative risk of ashestos
exposure is RR4 = dY¥/dN5 = 58.4/11.30 = 5.16, the relative risk from
smoking exposure is RRg = dx 4 = 122.6/11.30 = 10.84, and the combined
relative risk is RRs = d5/dN5 = 601.6/11.3 = 53.2. The multiplicative
hypothesis asks whether 5.16 x 10.85 = 55.99 is equal to the combined risk
of 53.2 or whether 5.16 + 10.85 — 1 = 15.01 is equal to the combined risk
of 53.2. The t-statistic for the multiplicative hypothesis is 0.10, which implies
that we cannot reject the multiplicative hypothesis.

The synergy index, in this case, is 3.7 and would be one if the additive hy-
pothesis were true. The variance of the logarithm of the synergy index was
calculated to be 0.0376 using equation (5.38). A 95 percent confidence inter-
val for the synergy index is [2.53 — 5.49] and excludes the value one allowing
us to reject additivity. Similar calculations produce the gamma statistic de-
rived in the previous chapter. The gamma value is 0.93 in this case. Recall
that gamma equals zero in the additive model, while gamma equals one in the
multiplicative model. The attributable proportion statistic is 0.72 and would be
zero if the model were additive. Thus, the additive model is rejected in favor

4Note that we have explicitly treated the death rates from the comparison group as non-stochastic as they
are typically derived from a large population.
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of the multiplicative model based on the statistical tests as well as the synergy
indices.

Apparently, there is little controversy among authors who have reviewed this
study. For example, the authors, themselves, interpret their results as a mul-
tiplicative model. Steenland and Thun (1986) find “no interaction as defined
as a departure from the multiplicative model.” Vainio and Boffetta (1994) find
that this study “showed a more uniformly multiplicative pattern.” However,
Steenland and Thun were concerned that the rate of four deaths among non-
smoking asbestos workers implied a large variance of the rate ratio and that
“no firm conclusions” could be reached. To be precise, Steenland and Thun
were concerned with the estimate of RR4 and its variance. However, as we
have seen, the relevant variance is that for the death rate, ¢, which has an
estimated coefficient of variation of roughly 0.5. Therefore, this estimate is
not as imprecise as Steenland and Thun had suspected. Of course, one remain-
ing defect of this study is that the levels of smoking and asbestos exposure are
not provided in the final analysis so that it is not possible to distinguish heavy
smokers and light smokers or to gauge the importance of ashestos exposure on
these results. This omission in the published article is unfortunately typical.
Our next example is from a case control study.

6.3.2. deKlerk, etal (1991)

From Table 6.9 in Section 6.2, we see that the number of cases with no ex-
posure (in this case “low” exposure) to asbestos and no exposure to smoking
is 2. In Chapter 5.2, this outcome was labeled hy. Similarly, the number of
non-smokers with exposures to asbestos (in this case, “high” exposure), hs, is
4. The number of cases without exposure to asbestos but with smoking expo-
sure, hs, is 9 while the number of cases with smoking exposure and ashestos
exposure, hy, is 25.

Next, from Table 6.9 in Section 6.2, the corresponding numbers of controls
are k1 = 399, ko = 357, k3 = 522, and k4 = 521. The estimated uncondi-
tional probabilities for the cases are 71 = 2/40 = 0.05, m2 = 4/40 = 0.10,
w3 = 9/40 = 0.225, and 74 = 0.625. For the controls, the probabilities are
01 = 0.222, 65 = 0.198, 83 = 0.290, and 64 = 0.290.

As this is a case-control study, we estimate RR4 = w61 /71602 = 2.235,
RRp = 7T301/7T103 = 3.440, and RRAp = 7T401/7T104 = 9.573. Equa-
tion (5.15) provides the formula for the variance of the additive statistic. In this
case, we estimate var (RRap) = 49.89, var (RR4) = 3.77, var (RRp) =
7.28, cov(RR4, RRp) = 3.86, cov(RRap,RR4 + RRp) = 27.30, and
therefore the combined variance is var (I') = 14.08. The value of the additive
statistic is T = 9.573 — (2.235 + 3.440 — 1) = 4.898. Therefore, the addi-
tive ¢-statistic is 4.898/3.75 = 1.305. Similarly, the multiplicative statistic is
M =log RRap—log RRy—log RRp = 2.259—0.804—1.235 = 0.219. Fi-
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nally, equation (5.14) implies that var (M) = 0.910 so that the Wald ¢-statistic
is 0.23. Thus the Wald tests permit one to accept both the additive and multi-
plicative hypothesis in this case.

Regarding the maximum likelihood results under the additive constraint, |
find that i3 = —2.9902 is a solution for equation (5.25) when the sum is
taken over terms with sign pattern (—, +, 4+, —). Other than the trivial solution
of jis = 0 for the same pattern, there are no other solutions found for equa-
tion (5.25). The non-trivial solution for & implies z; = 0.168, x5 = 0.817,
x3 = 1.053, and x4 = 1.702 from equation (5.23) under the same sign
pattern (—,+,+,—). Finally, (5.24) provides solutions for 8; and 6; with
01 = 0.222,05 = 0.197, 05 = —.288, 04 = 0.292, 71 = 0.0374, m2 = 0.1611,
w3 = 0.3037, and w4 = 0.4976. At these values, the additivity constraint is
exactly satisfied. The likelihood ratio test has the value 3.4, which does not
exceed the 95 percent critical value with one degree of freedom (the p-value is
0.065). Hence, additivity may be accepted in this study.

For the multiplicative constraint under maximum likelihood, I find using
equation (5.26) that Ay = —0.235. At this value, | find 8; = 0.222, 6, =
0.198, 63 = 0.290, 6, = 0.289, m; = 0.0044, o = 0.105, 73 = 0.231, and
my = 0.619. At these values the implied relative risks satisfy the multiplica-
tive constraint exactly. The likelihood ratio statistic is 0.05, which is smaller
than the 95 percent critical value of the chi-square with one degree of freedom
(3.84). Hence, the multiplicative hypothesis may also be accepted with this
data.

Finally, the unconstrained estimates of relative risk produce values of the
synergy indices of 1.625 for gamma, 2.330 for Rothman’s synergy index and
0.512 for the attributable proportion statistic. | use equation (5.38) to derive the
variance of the logarithm of Rothman’s synergy index at 2.07. The 95 percent
confidence bound is calculated to be [0.13 — 41.44]. As the interval includes
S = 1, we may again may accept the additive hypothesis.

The results of similar analysis for all 14 studies are displayed in Figures 6.1—
6.5. Figure 6.1 summarizes the relative risks for smoking, ashestos exposure
and the combined relative risks of smoking with asbestos exposure. Table 6.2
provides the ¢-statistics for the additive and multiplicative hypothesis. Five of
the fourteen studies reject the additive hypothesis. None of the studies reject
the multiplicative hypothesis. The Rothman synergy statistics are presented in
Figure 6.3 along with their 95 percent confidence intervals. As the majority of
these intervals include S = 1, we may accept the additive hypothesis in all but
two studies. Figure 6.4 provides the estimate attributable proportion statistics.
Finally, Figure 6.5 provides the gamma statistics. In these figures, the data for
the Berry (1972) study has been omitted where it requires calculation of the
asbestos relative risk for non-smokers as this is not defined when there are no
lung cancer deaths.
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A pooled hypothesis test for additivity may be based on the joint distribution
of the ¢-test values. Each ¢-value is normally distributed and the studies are
independent. Therefore, the sum of their squared values is chi-squared under
the null hypothesis that each statistic has true value of zero under the additive
or multiplicative statistic respectively. The sum of the squared ¢-values are
131.7 and 11.14 for the fourteen studies. The critical level for the chi-squared
at 95 percent confidence and fourteen degrees of freedom is 23.7. Therefore,
the pooled estimates reject additivity and accept multiplicativity. The deletion
of just a few studies alters this result.

Likelihood ratio statistics for the additive hypothesis are calculated for the
case-control studies. The statistics starting with the Liddell (1984) paper and
presented in the order of the articles in Figure 6.1, are 1.247, 0.818, 6.56,
0.481, 3.413, 6.987, 3.62, 0.64, 5.466 and 9.51. For the multiplicative hypoth-
esis, the likelihood ratio statistics are 1.289, 1.30, 3.07, 0.214, 0.0522, 0.028,
0.296, 0.207, 0.376, and 0.504. The likelihood ratio statistics for the additive
hypothesis, reach the same conclusion as the Wald statistics with the exception
of three studies where additivity was accepted under the Wald test but rejected
under the likelihood ratio test. The likelihood ratio tests for the multiplica-
tive hypothesis reach identical conclusions as the Wald tests. Additionally, the
pooled likelihood ratio test for the joint hypothesis of additivity is rejected but
is accepted under the multiplicative hypothesis as was the case using the Wald
tests.

In the next section, | use a meta-analysis approach to further examine the
pattern of results illustrated in these studies.

6.4. Meta-analysis of the Fourteen Synergy Studies

The fourteen studies discussed in the previous sections contain sufficient
information to derive case-control or cohort results for a variety of sub-popula-
tions. For instance, the Selikoff, Seidman and Hammond (1980) study provides
cohort matrices based on the best evidence for cause of death as compared with
information taken from death certificates. Similarly, the Berry, et al. (1972)
study allows asbestos levels to be distinguished by low exposure versus high
exposure and further differentiates between men and women. This provides
six cohort matrices and six possible results regarding synergy.

In another example, Berry, et al. (1985) provides eight separate cohort ma-
trices as it stratifies by two levels of ashestos exposure (low and heavy) and by
gender (male and female) and either compares non-smokers to smokers or to
ex-smokers. In my summaries in Sections 6.2 and 6.3, above, | combined the
results for these separate cohort matrices, in each study, into a single cohort
matrix. In this section, I conduct the synergy analysis for 41 separate cohort
and case-control matrices taken from the 14 studies. | do this to gain degrees
of freedom in the meta-analysis and so that | may contrast several facets of
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the studies. | am able to consider a variety of study attributes including, for
example, whether or not the study stratifies by asbestos exposure and the level
of that exposure (low or none at the lower boundary of no exposure versus
general, low, moderate, high, or combined at the high boundary of exposure).
These categories are necessarily crude given the information provided in the
published studies.

I also consider the number of cases studied for case-control or cohort studies
and the number of controls for case-control studies. | next determined the final
year of the study period, the gender of the individuals in the study matrix, the
type of study (whether case-control or cohort), whether Selikoff is an author of
the study, whether the study is stratified by smoking levels and the boundaries
for the exposed and non-exposed levels of smoking experience (hon-smokers,
light or moderate at the low-end and smokers, ex-smokers, light, moderate,
heavy or combined for the high-end of exposure). | also calculate the relative
risks and gamma synergy indices, as well as the additive and multiplicative
t-values for each cohort or case-control matrix in each study.

Of the 41 cases, 17 come from the cohort studies while 24 come from the
case-control studies. The gamma values calculated range from —6.7 to 60.4
with an average value of 3.86. As the average is greater than one, it is possible
that some subsets of the data indicate a synergistic effect greater than that in
the multiplicative model.

Using an ANOVA analysis, | find that the ¢-values for the additive hypoth-
esis are larger in cohort studies (p = 0.027). The t-values are also higher in
cohort studies for the multiplicative hypothesis (p = 0.0004). The average of
the ¢-values for the additive hypothesis is 1.28 and the average of the ¢-values
for the multiplicative hypothesis is 0.37. But the magnitude of the differences
between cohort and case-control studies does not affect the result of the indi-
vidual ¢-test at the 95 percent confidence level. Thus, changing a study from
case-control to cohort would not be sufficient to change a result from accep-
tance to rejection of a synergy hypothesis.

The results of a multivariate regression analysis for the ¢-values are less
clear. | find that controlling for case-control versus cohort, whether smok-
ing exposure is stratified, whether asbestos exposure is stratified, and gender
does not show that the cohort method results in higher ¢-values. However, the
same regression analysis demonstrates that cohort methods lead to higher mul-
tiplicative ¢-values and that studies in which asbestos is stratified lead to lower
t-values for the multiplicative hypothesis.

With respect to whether the results of a particular study are more likely or
not to imply an additive or multiplicative synergy, | use the gamma statistic.
Recall that gamma values of zero indicate additive models while gamma val-
ues of one indicate multiplicative models. Additionally, the gamma values
may be less than zero or greater than one indicating sub-additivity or super-



140 EMPIRICAL STUDIESIN APPLIED ECONOMICS

multiplicativity. Based on ANOVA results, I find that the gamma values re-
veal statistically different results when the study stratifies by asbestos exposure
level. The gamma values were next examined in a multivariate regression anal-
ysis. Here, | find that over 96 percent of the variation in the gamma values may
be explained by very few factors. First, the cohort method lowers the gamma
value. | also find that larger gamma values occur when men are studied (rel-
ative to women) and that studies that stratify by smoking level produce larger
gamma values, but that studies which stratify by asbestos level produce lower
gamma values. On balance, multiplicative models are more likely with men
and in studies that stratify by smoking level. Further, conclusions regarding
the level of smoking or ashestos exposure would be desirable but it is gener-
ally not possible to interpret the author’s meaning of such terms as low, high,
moderate and so forth.>

6.5. Conclusions

This chapter has reviewed 14 studies of tobacco asbestos synergy. The basic
strategy has been to find a common set of results by calculating the implied rel-
ative risks from each study and calculating the synergy indices implied by the
studies. In each case, | have estimated the precision of the underlying statis-
tics. The average gamma values and the average Rothman synergy levels are
all in the range of multiplicative outcomes while the average ¢-values are large
enough to reject additivity and accept multiplicativity. The results indicate that
the average attributable proportion is 0.35 and therefore implies that among
smokers who are exposed to asbestos, approximately 35 percent of lung can-
cer cases can be attributed to a synergistic effect of the two agents as distinct
from their individual effects. However, these averages are affected signifi-
cantly by the detection of just a few studies. The meta-analysis demonstrates
a lack of uniformity among the studies and shows that cohort studies produce
higher additive and multiplicative ¢-values. Only five in fourteen studies have
t-values large enough to reject additivity while the multiplicative hypothesis is
not rejected by any of the studies using the Wald test. Relying on the author’s
separate stratified analyses, produced 41 synergy cases for study. In only six of
these, was the additive hypothesis rejected while the multiplicative hypothesis
was accepted all but one case. The average attributable proportion statistic for
the 41 cases is 25 percent and leads to a lower estimate of the synergy effect
as compared with the summarized results from the fourteen studies. The avail-
able evidence is supportive of the multiplicative model of synergy but, in the
majority of cases, the additive result is equally tenable.

5To pursue this, | considered cases in which the “low” exposure level was at its lowest value and the “high”
exposure level at its highest categorical value. However, these cases failed to distinguish the level of the
gamma statistic.



Chapter 7

CONCENTRATION AND COMPETITION IN THE
CHEMOTHERAPY DRUG
MARKET

7.1. Introduction

The pharmaceutical industry is comprised of companies that discover and
sell drugs that require a doctor’s prescription. The pharmaceutical industry
ranks among the top industries in the United States in sales and research and
development. This chapter considers competition in this industry and investi-
gates the relationship between market structure, patent protection, and concen-
tration.

To illustrate several basic propositions in the pharmaceutical industry | nar-
row the focus of the analysis to the cancer drug market. According to estimates
published in 1999 (Med Ad News, May, 1999), the cancer drug market is over
$7.82 billion in annual sales. Within the cancer drug market | analyze the
anti-cancer paclitaxel drug Taxol manufactured by the Bristol-Myers Squibb
company.® Taxol sales are over $1.2 billion per annum or over $3 million per
day. Taxol is principally prescribed for breast cancer, lung cancer, and ovar-
ian cancer. My analysis considers the market segment consisting of drugs sold
to treat these three cancers. The breast cancer drug market has annual sales
of $2.66 billion, the lung cancer drug market has annual sales of $125.9 mil-
lion, and the ovarian cancer drug market has annual sales of approximately
$643 million. Therefore the segment of the cancer drug market for these can-
cers alone is over 40 percent of all cancer drug sales. More importantly these
three cancers have very high incidences in the United States. Breast cancer
and lung cancer have the top two incidence rates in the United States among
women (113.2 per 100,000 and 41.3 per 100,000 respectively) and breast, lung,
and ovarian cancer represent over 60 percent of all cancer incidence in women

1Taxol is trademarked by the Bristol-Myers Squibb company.
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according to the National Cancer Institute SEER program. Among men, lung
cancer is second only in incidence to prostate cancer with over 80.7 cases per
100,000 men being diagnosed with lung cancer each year. Thus the breast,
lung, and ovarian cancer drug market is both large in terms of annual sales and
large in terms of incidence in the U.S. population. The common denominator
in the lung, breast, and ovarian cancer drug market is Taxol, which represents
nearly 35 percent of annual sales of drugs supplied in this market segment. One
purpose of this chapter is to define the relevant economic market for Taxol and
to consider concentration in that market.

The remainder of the chapter is organized as follows. In Section 7.2, | dis-
cuss the market structure of the pharmaceutical industry and consider research
and development, brand loyalty, and factors which lead firms to create and
maintain monopolies. In Section 7.3, | consider one important barrier to en-
try in the pharmaceutical industry which is the statutory exclusivity provided
by law in the United States. In Section 7.4, | discuss the history of pacli-
taxel including its discovery and development by the Bristol-Myers Squibb
Company. In Section 7.5, | discuss various market power measures including
the Herfindahl-Hirschman statistic and modifications to this statistic used in a
multi-market setting. In Section 7.6, | discuss the relevant product market for
paclitaxel drugs and issues of demand and supply substitutability. | also cal-
culate the various measures of concentration presented in the previous section.
Finally, in Section 7.7, | present conclusions.

7.2. Market Structure

In the pharmaceutical industry, companies face several difficult barriers to
entering the market. First is the enormous research and development (R&D)
cost in developing a drug and securing FDA approval for a drug. Second is the
monopoly status sometimes conferred on a drug company by statutes. Addi-
tional barriers to entry include brand loyalty, generic introduction by a patent
holder, and an incumbent’s attempts to maintain its monopoly position. | dis-
cuss each in turn below.

7.2.1. R&D Economies of Scale

The economies of scale in R&D combine with the difficult and time con-
suming trials necessary to secure FDA approval for an “indication"—a treat-
ment regimen for a new drug for a particular disease. A firm must maintain
a portfolio of R&D projects because only 25 percent of new drugs that enter
clinical testing are ever marketed. And of these, only 30 percent ever cover
their total costs.? In a 1991 article, the chief executive officer of Glaxo noted

2See Viscusi, et al. (1998, p. 853).
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that “to be a big player, a company must spend somewhere north of $500 mil-
lion per year (on R&D) and grow it by more than 10 percent or 15 percent a
year. Those who can’t spend that will be left behind."?

The R&D process lends itself to traditional economies of scale. As noted
by Viscusi, et al. (1998), “...the discovery process is characterized by sig-
nificant fixed costs. Multidisciplinary teams of biologists, chemists, and other
scientists are engaged in research... . The clinical development process also
recognizes significant regulatory and legal expertise, which is also character-
ized by fixed costs and specialization.* Thus, the enormous R&D costs pose a
significant barrier to entry."

Those R&D costs combine with the cost and time necessary to secure the
FDA approval for an indication. Without such approval, the drug cannot be
brought to market. Without doubt, the R&D costs and the difficulties in secur-
ing FDA approval are significant barriers to entry.

7.2.2.  Monopoly Power from Statutory Exclusivity

As | noted above, drug companies expend a great deal of money, time and
effort in R&D in bringing a new drug to market. In order to protect a com-
pany’s investment and prevent other companies from using its discoveries and
work, certain statutes, including the patent laws and the Hatch-Waxman Act,
give companies varying degrees of exclusivity to market and sell their prod-
ucts. For instance, in the pharmaceutical industry, awarding a patent to a phar-
maceutical company for a drug with an approved indication erects the ultimate
barrier to entry during the patent’s life. During such a period of exclusivity,
a drug company can price like a monopolist in order to recoup its investment
by charging prices above what they would likely have been in a competitive
market.

7.2.3. Brand Loyalty

Intuitively, one would think that once a drug came off-patent and cheaper
generic substitutes were made available, the branded drug would need to re-
duce price to meet the generics or face losing all its market share. However,
research has shown that this has not been the case and that the branded drugs
have proven to be remarkably resilient. For example, among eighteen drugs
studied in 1992, generics were introduced at 61 percent of the branded drug’s
price. Over the course of two years, this price fell to 37 percent of the branded
drug’s price. The price of the branded drug actually rose 11 percent in this

3The Wall Street Journal, June 25, 1991.
4See Viscusi, et al. (1998, pp. 853-54).
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period and retained about 50 percent of the market share.® There are several
explanations for this phenomenon.

First, drug companies have successfully bifurcated the market into price
sensitive and price insensitive segments. With the introduction of much less
expensive generics, the non-branded bio-equivalent product successfully cap-
tures the price sensitive market segment. One would suspect that as managed
health organizations grow and other cost containment measures gain in popu-
larity and importance, the price sensitive segment will grow. However, given
the price insensitivity exhibited by some market segments, drug companies
find it more profitable to raise prices, sell less product and cut production costs
for the branded product than to compete with generics head-to-head on price.

Additionally, doctors bolster the resilience of the price insensitive group.
Often doctors are risk averse, insensitive to cost, creatures of habit and will
prescribe a brand name drug without concern or even knowledge of its cost,
even when lower cost generic substitutes are available.® Doctors become ac-
customed to prescribing the brand name drug during its patent tenure and other
periods of exclusivity. Consequently, doctors typically are slow to switch to
generics. Partly, this is due to the fact that as the prescriber, and not the con-
sumer, there is no price consequence to the doctor. Additionally, pharmaceu-
tical companies spend a great deal of money in promoting their branded drugs
to doctors. This process is known as “detailing.” This promotion during the
period the drug enjoys exclusivity also strengthens the ties the doctor has to a
particular branded drug.”

Consumers also often lack the knowledge to evaluate alternatives. This ren-
ders them unable to weigh the small risk associated with substituting away
from a prescribed brand-name drug to an equivalent generic. Pharmacists ap-
parently do not substitute the generic for the brand drug even when they have
the legal ability to do s0.2 These factors all present a barrier to entry to generic
drug manufacturers once a drug loses its exclusivity.

7.2.4.  Generic Drug Introduction

An additional barrier to entry can occur when the brand drug producer intro-
duces its own generic version of the drug before its exclusivity expires. While
it may at first seem counterintuitive to bifurcate the market before it is neces-
sary to do so, there are good economic reasons to do so. The relation of price
to marginal cost level may be less important than the price required to provide
decreased incentives for rivals to enter the market. Thus, a company fore-

5See Viscusi, et al. (1998, p. 853).
6See Scherer (1993) and Temin (1980).
“See Leffler (1981).

8See Kralewski, Pitt, and Dowd (1983).
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goes some short-term monopoly profits for long-term generic market power
and profits.

This strategy is related to first-mover advantage, which is the competitive
advantage a firm has by being the first to introduce a product into the mar-
ket. By beating competitors to the market, the first-mover enjoys a monopoly
period. A first-mover in the market can make binding commitments that ad-
versely affect its competitors’ ability to profit in the market. This is particularly
true in the pharmaceutical industry, where almost all first-movers are the mar-
ket share leaders.®

When the brand drug producer introduces a generic drug during the period
of exclusivity, it is not only a first-mover, it is an only-mover. Thus, by intro-
ducing a generic drug while the exclusivity is still in effect, the incumbent can
secure a large share of the generic market before others are legally entitled to
enter and compete. This establishes a formidable barrier to entry.

7.2.5. Creating and Maintaining a Monopoly

A firm may become or remain a monopolist by several distinct methods.
First, a firm may have special knowledge or trade secrets that allow it to pro-
duce a new or superior product that others cannot imitate. This differentiated
product results in a differentiated demand for that firm, and allows the firm to
exercise monopoly power with respect to that unique product.

Second, a firm may have specialized knowledge about production that al-
lows it to produce a given product at lower costs, and therefore to be more
efficient. Again, the cost structure may allow the firm to set a superior price
for the product, resulting in an effective barrier to entry.

If, on the other hand, the product’s cost structure or unigueness can be im-
itated, a third method by which a firm can create or maintain its monopoly
is through a patent. As | discussed above, a valid patent will prevent other
firms from copying the product and also protect the firm from competition for
a given period of time.

A fourth mechanism that allows a firm to create and maintain monopoly
power is through government restrictions on entry. These include the part-
nerships created under the CRADA, the additional exclusivity that a firm is
afforded under the Orphan Drug Act, or the protection that a firm receives un-
der the Hatch-Waxman Act for five years of exclusion from ANDAS (generic
applicants).

Fifth, firms may be prevented from entering a market by a firm’s strategic
actions. These might include controlling essential inputs or being sufficiently
large in size to dominate a market where there is room for one large firm and

9See Grabowski and Vernon (1992).
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little room for multiple firms. Typically, this occurs in local geographic mar-
kets, but may also occur in specialized sub-markets for chemotherapy agents.

Strategic actions taken by a firm to keep out other firms may, in fact, be
violations of Section 2 of the Sherman Act.%0

7.3.  Statutory Exclusivity in the United States

The pharmaceutical industry is comprised of the companies that discover,
manufacture and sell drugs that require a doctor’s prescription. Although it is
a relatively young industry, it ranks at the top of American industry in terms
of spending on R&D. In order to encourage pharmaceutical companies to con-
tinue their research, several laws provide exclusive rights to those individuals
or companies that invent a product or process. | discuss these below.

7.3.1.  Pure Food and Drug Act of 1906 and Food, Drug
and Cosmetic Act of 1938

The pharmaceutical industry’s birth and growth was accompanied by the
government’s interest in regulating new drugs. This interest resulted in Con-
gress passing the Pure Food and Drug Act of 1906. This was followed with
the Food, Drug and Cosmetic Act of 1938. This statute required drugs to be
approved by the FDA prior to their introduction into interstate commerce. This
act was amended in 1962 by the Kevfauver-Harris Amendments.

These amendments required the drug company that wished to introduce the
new drug to prove that, in addition to being safe, the drug was effective. This
required extensive controlled scientific experiments before the FDA would
grant approval to any new drug. These amendments proved to be extremely
costly to the drug companies, both in time and money. The FDA eventually
approves only one in four drugs that begin clinical trials. This lengthy process
also ate into the effective patent protection enjoyed by a new drug, decreas-
ing the potential profits for the drug company. This shortened period of profit
made it more difficult for the drug companies to recoup their R&D investment
costs.

7.3.2. 1983 Orphan Drug Act

The Orphan Drug Act provides an exclusive seven-year right to market a
drug that is used to treat a disease that affects less than 200,000 people. The
FDA must decide whether the drug would be brought to market without the
protection offered by this exclusive right (and the tax benefits discussed be-

105ection 2 of the Sherman Antitrust Act, Title 35 of the United States Code, provides that: “Every person
who shall monopolize, or attempt to monopolize, or combine or conspire with any other person or persons
to monopolize, any part of the trade or commerce among the several States, or with foreign nations, shall
be deemed guilty of a felony... ."
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low). The Orphan Drug Act grants the FDA the authority to grant exclusive
approval for treating the specific disease. This exclusivity is virtually indis-
tinguishable from a patent, except that it is shorter in duration. In addition to
the exclusivity granted under this Act, a subsidy to the pharmaceutical compa-
nies was considered necessary to encourage drug companies to develop such
new drug treatments because the small markets would not likely be profitable.
Thus, the Act also provides a 50 percent tax credit for clinical trial expenses.

7.3.3.  Drug Price Competition and Patent Restoration Act
of 1984

In 1984, Congress enacted the Drug Price Competition and Patent Restora-
tion Act (Hatch-Waxman). This statute simultaneously lengthened patent life
and lowered the barriers faced by generic drugs after the patent expires. Patents
are granted to provide temporary exclusivity to the patent holder. Generally,
patents are considered to encourage three things: (1) R&D, and investment;
(2) widespread dissemination of technology; and (3) provide a viable basis for
further technology transfer to third parties.'* However, pre-1984, the clinical
testing and trial stage necessary to secure FDA approval consumed 12 years of
a patent’s life, reducing the average effective patent period, post-FDA approval,
to only seven or eight years. This shortened period of exclusivity negatively af-
fected the three things that patents were intended to accomplish. The 1984 Act
remedied this problem by extending the effective patent life by a time equal
to the sum of the FDA review time plus one-half of the clinical testing period.
These extensions are limited to a maximum of five years, and a maximum 14
years of effective patent life.'?

The act also lowered barriers to entry for the generic drug manufacturers.
Before the Act, generic drug manufacturers were required to duplicate many
of the clinical tests that the patent holder had originally performed in securing
FDA approval for the drug. Under the 1984 Act, the generic drug manufacturer
only must prove that its drug is bio-equivalent to the patented drug. Thus, the
generic drug manufacturer needs only to submit an Abbreviated New Drug
Application (ANDA). However, the Act also provides five years of limited
exclusivity for companies that secure an NDA approval from the FDA.

115ee Yorke (1984).

12For example, prior to the Act, if a company filed for a patent for a new drug in 1980, but took 12 years
to secure FDA approval for the drug’s use, there would be only 8 years of exclusivity left. After the Hatch-
Waxman Act, this same company would enjoy the 8 remaining years of exclusivity under the patent plus an
additional five years, for a total of 13 years.



148 EMPIRICAL STUDIESIN APPLIED ECONOMICS

7.3.4.  Exclusive Government Agency Licenses

The government itself often undertakes research in developing new drugs.
In such instances, government research can be transferred to commercial com-
panies only under certain licensing requirements. Generally, a governmental
agency cannot grant an exclusive license if such a grant would tend to sub-
stantially lessen competition anywhere in the country in any relevant area of
commerce. The Federal Technology Transfer Act creates a limited exception to
these requirements when the license is granted under a CRADA. The CRADA
typically contains the terms and conditions under which a private party can
obtain clinical data and other fruits of government research in exchange for
commercializing the government-developed technology and other considera-
tion.

7.4.  History of Paclitaxel

Paclitaxel is a complex plant alkaloid originally derived from the bark of
the mature Pacific Yew tree, Taxus brevifolia, a slow-growing and long-lived
tree sparsely distributed in the old growth forests of the Pacific Northwest. In
the late 1960s, the National Cancer Institute (NCI)'® commenced a screening
program involving 35,000 natural materials. Paclitaxel was discovered through
this process. There was much controversy in the early years of development,
as environmentalists sought to protect the yew.

Paclitaxel works by disrupting cancer cell growth and shrinking tumors. It
has proven effective in late-stage ovarian and breast and lung cancer. It also is
being used off-label to treat other cancers. Over 200,000 people die each year
from ovarian, breast and lung cancer.* Thus, paclitaxel has potentially great
social and economic significance.

The U.S. government spent $30 million to develop economically feasible
methods to extract paclitaxel from Yew tree bark and create a clinically ef-
fective formulation that could be used to treat humans. In the early 1980s,
NCI began to conduct clinical trials designed to test the efficacy of using pa-
clitaxel for ovarian cancer treatments. Phase | testing, to introduce paclitaxel
to humans, began in 1983. NCI started Phase |1 testing to examine paclitaxel’s
effectiveness in 1985. NCI began Phase 11l testing, the expanded, controlled
clinical tests under expected medical conditions, in 1990. At about this time,
NCI sought a commercial partner to bring paclitaxel through the FDA approval
process, and to manufacture and distribute the drug. NCI sought a commercial
partner, in part, because it did not have the resources to bring a paclitaxel

13NCl is an institute of the National Institutes of Health (NIH), which is in turn, a U.S. Government research
institute that conducts and supports research for determining the cause, diagnosis, prevention and treatment
of cancer.

145ee Day and Frisvold (1993).
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drug to market. To effectively accomplish this would require “forward link-
ages to pharmaceutical production and marketing and backward linkages into
the forest products sector."!> NCI had neither. Thus, to effectuate commercial
paclitaxel production and marketing, NCI published, on August 1, 1989, its no-
tice seeking a partner to enter into a Cooperative Research and Development
Agreement (CRADA). A CRADA is used for joint research projects between
private industry and public research institutions.'® In 1991, BMS and NCI en-
tered into a CRADA to develop a paclitaxel drug to treat refractory ovarian
cancer. Under the terms of the CRADA, BMS received the exclusive rights to
all U.S. NIH funded research done under the CRADA. BMS agreed to provide
NIH with 17 kilos of Taxol and use its best efforts to commercialize Taxol.
Subsequent agreements with the USDA and Department of Interior gave BMS
the exclusive right to harvest Yew trees on Forest Service lands.

In 1992, the FDA approved BMS’ New Drug Application (NDA) 20-262
seeking approval to market Taxol for treating refractory ovarian cancer. All
the data produced by BMS was apparently based on NIH sponsored research
and clinical trials. With the FDA’s approval, BMS also received a five-year
period of non-patent exclusivity to market Taxol.

On December 3, 1996, NCI and BMS entered into an agreement to extend
the CRADA until December 1997 and exclusive license agreements. These
agreements gave BMS the exclusive rights to three NCI inventions involving
Taxol, including a patent for a 96-hour infusion therapy using a paclitaxel drug
to treat breast cancer.

BMS has been extremely successful in marketing Taxol. In 1999, BMS
held nearly 100 percent of the market share drugs used to treat ovarian cancer,
the indication for which Taxol was first approved. BMS has also made sig-
nificant inroads into other cancer treatments, where it holds 48 percent of the
market share for drugs used to treat breast cancer, and 96 percent of the market
share for drugs to treat lung cancer. Thus, by obtaining under the CRADA the
government research data, BMS was able to file an NDA for ovarian cancer.
Subsequent FDA approval provided them with limited exclusivity by statute
(which I discuss in greater detail below). BMS has subsequently secured a
monopoly position with regards to cancer treatments for breast cancer, lung
cancer and Kaposi’s sarcoma through off-label sales of Taxol.1” Undeniably,
BMS did invest substantial time and money in getting FDA approval for the
drug and marketing the drug. However, in exchange for bringing the drug
through the FDA approval process and to market, BMS received limited exclu-

15See Day and Frisvold (1993).

16CRADA:s are authorized by the Federal Technology Transfer Act of 1986.

170ff-label uses of Taxol and other anti-cancer drugs are well documented. Some 70 to 80% of all approved
oncology therapies are used outside an indication.
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sivity for Taxol to treat ovarian cancer, exclusive rights to harvest Yew trees on
federal land, and exclusive rights to a huge array of knowledge generated from
NCI’s investment of public funds. BMS has leveraged these advantages into
significant monopoly power in the paclitaxel market for treating cancers other
than the one for which it first received an FDA indication.

7.5.  Market Power Measures
7.5.1.  Herfindahl-Hirschman Index (HHI)

The HHI is a widely accepted method to measure market concentration. It
involves first determining the relevant geographic and product markets, market
participants, and each participant’s market share. The HHI is calculated by
squaring the market share possessed by each participant firm selling a partic-
ular good in a specific, well-defined geographic market and then summing the
squares across all firms in the market.

At one extreme is an industry with a single firm selling all the output. The
HHI for a pure monopoly is calculated by taking the market share of 100 per-
cent and squaring it. Thus, a pure monopoly yields an HHI of 10,000. At the
other extreme is a pure competitive industry where each participant firm’s mar-
ket share is about zero.!® Accordingly, the possible HHI results range from 0
to 10,000.

A great deal can be learned by calculating a specific firm’s market share.
When the market share is close to zero, the firm would not be able to manip-
ulate price to increase profits because it would be too small. When market
share is close to 100 percent, the firm would generally be able to set or, at
a minimum, greatly influence prices in the market. This is generally accom-
plished by using its market size to control output. A dominant supplier might
be able to reduce output to drive up prices and maximize its profit without fear
of encouraging competitive entry or response.

This interest in overall competitiveness (or lack thereof) is also related to
concern over the prospect for collusion. In general, an industry with many
small suppliers would not likely have the ability to collude by controlling sup-
ply or entry in order to drive up price. However, collusion can be relatively
easy in an industry with a small number of firms, each with a significant mar-
ket share. And, even a small firm might collude with a dominant, quantity-
controlling, price-setting segment of the industry. Accordingly, the market’s
overall concentration is an important factor used to determine the potential for
pricing above marginal cost, or the competitive market standard.

18A market with N participants of equal size has an HHI of " | (1/N)2 = N/N? = 1/N. As N gets
large (pure competition), the HHI approaches zero.
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By itself the HHI does not determine whether or not anti-competitive be-
havior is actually taking place by a particular firm or a group of firms in a
particular market. Instead, the statistic is used to establish ranges, which in
some cases suggest the need for additional analysis. Generally, an HHI of 0
to 1,000 or less is used to conclude that a market is competitive.'® An HHI of
1,000 to 1,800 is usually thought to represent a workably competitive market.
Regulators and anti-trust enforcers often presume that an HHI over 1,800 indi-
cates the potential for a firm to exercise market power.?® The HHI should be
coupled with analyses (such as mitigation or residual regulation) to ensure that
anti-competitive behavior does not take place. Other factors, therefore, may
be considered to establish that a firm lacks market power even if HHIs appear
relatively high.

There are significant practical problems with market share and market con-
centration measures. In practice, defining the relevant geographic and product
markets can be somewhat ambiguous and is nearly always controversial. Ad-
ditionally, not all markets have a homogeneous product. Nevertheless, com-
petition can be fierce. Consider clothing. Defining the product as blouses will
necessarily yield different firm share and market concentration measurements
than when the product is defined alternatively as ladies’ apparel, clothing, de-
partment stores, etc. Some analysts may include mere substitutes such as nat-
ural gas and fuel oil, in the same market. Other analysts may exclude them. A
certain degree of arbitrariness and subjectivity inevitably enters into the firm
share and market concentration calculations.

Another complication arises in those industries in which firms might simul-
taneously compete in multiple markets. The traditional HHI measures market
power for firms selling a product in a single market. This analysis does not help
determine an industry’s competitiveness if the various markets do not function
as a single market. The traditional HHI also does not help determine a single
firm’s market power across the various markets in which it competes.

The Federal Energy Regulatory Commission (FERC) Staff?! has suggested
variations on the traditional HHI analysis for industries where firms compete in

19«The Agency divides the spectrum of market concentration as measured by the HHI into three regions that
can be broadly characterized as unconcentrated (HHI below 1000), moderately concentrated (HHI between
1,000 and 1,800), and highly concentrated (HHI above 1,800)." Horizontal Merger Guidelines. See also,
O’Neill, et al. (1991).

20t is generally acknowledged that the 1,800 threshold recommended in the Merger Guidelines is used as
a level of concentration that triggers intensive scrutiny. The Merger Guidelines explain that, although there
is a presumption of market power, it may be overcome by showing that factors set forth in the Guidelines
make it unlikely that the merger will create or enhance market power or facilitate its exercise, in light of
market concentration and market shares.

210n Developing a Framework for Assessing Competition in Natural Gas Transportation," Appendix C—
A Further Discussion of Market Power and Competition Measures of Firms Within Connected Multi-Market
Industries"; July 1989.
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several markets simultaneously. The pharmaceutical industry fits this scenario.
These analytic extensions are the Weighted HHI, the Weighted Market Share
and the Market Share Weighted HHI. The following describes these three con-
cepts.
g, Sales made by firm ¢ in market &
1=12,....] k=12....K

S, Market share of firm 3 in market £ within the K markets
= qik /(Zzl Qik>

a;,  Market share of firm ¢ across the K markets

= qik /(ZkK Qik)

HHI,, Herfindahl in market k

=X S

WMS; Weighted market share for firm 4
= Zf ik Sik

WHHI;  Weighted HHI for firm ¢
=S K aHHI,

MSWH; Market share weighted HHI
X 1/2

7.5.2.  Weighted HHI

This measure can be used to estimate the overall concentration of a set of
markets. It can be used to analyze the entire industry, or particular parts (e.g.,
the concentration of markets served by any particular firm). For example, when
a pharmaceutical firm (z) competes across K product markets, the weighted
HHI can be used to determine the overall concentration of the combined market
in which the firm competes. The Weighted HHI is measured by summing the
HHIs for each market in which the 4th firm operates, weighting by the percent
of the 4th firm’s sales made in each product market. This statistic describes the
overall competitive conditions faced by the sth firm across the K markets in
which it operates.

7.5.3. Weighted Market Share Statistic

This measure can be used to estimate the overall degree to which any in-
dividual company tends to dominate its markets. The Weighted Market Share
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HHI, which is used in multi-market conditions, determines the weighted mar-
ket share for the sth firm across the K markets in which it operates. This statis-
tic is calculated by summing the ith firm’s market share in market &, weighted
by the ith firm’s share of overall sales in sub-market k across all K markets.
This statistic explains the 4th firm’s overall market power across the K markets.

7.5.4. Market Share Weighted HHI

This measure has been proposed by FERC Staff to estimate the overall de-
gree to which a firm might benefit from its specific market share combined
with the overall market concentration in the specific markets it serves. The
Market Share Weighted HHI measures the potential for anti-competitive be-
havior confronting the sth firm across multiple markets by investigating the
firm’s share of overall market concentration in each of the markets in which
the firm competes. The FERC Staff recommends combining the Weighted HHI
and Weighted Market Share concepts to measure the market power confronting
or exerted by the sth firm operating across the K markets.

The weighted average of market specific HHIs multiplied by the firm’s mar-
ket share in each sub-market is taken across each of the K markets in which
the sth firm competes. The square root of this calculation is taken to return the
estimate to a range similar to the traditional HHI calculation. This approach
produces results similar to market power measures under the polar cases of
pure monopoly and perfect competition. Implicitly, it also establishes a market
power measure for the intermediate stages of competition.

Under some conditions, it can be shown that the FERC staff’s proposed
multimarket measure is related to the weighted average mark-up in the markets
in which a specific firm operates. While the HHI acts as a screen to ascertain
whether further inquiry is necessary, the weighted average mark-up calculation
can be used in a similar fashion to determine whether there is any market power
abuse across markets. Analysis of the multi-market HHIs demonstrates the
central role of the firm’s price elasticity of demand in determining the potential
for supra-competitive price markups above marginal cost.

Demand elasticities, if they can be ascertained, will provide a more exact
measure of any rationale for such mark-ups. Thus, the HHI and the multi-
market HHI, while important as screening tools, and useful as measures of
supply substitutability, can be complemented with a more detailed analysis if
demand elasticities can be determined.

7.6.  The Relevant Product Market for Paclitaxel Drugs

The extent to which a firm has market power for a particular product in a
specified market area is determined by demand substitutability, supply substi-
tutability, and firm entry. Demand substitutability refers to buyers’ ability to
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substitute away from the marketed good in the relevant market and replace it
with another product. Supply substitutability and entry both generally refer
to a firm’s ability to supply a product in a relevant market even if it currently
does not supply that market. Supply substitutability refers to actions taken by
existing firms not currently selling in a relevant market.?> Entry refers to a
form of supply substitutability that requires significant investment and distri-
bution. However, the U.S. Department of Justice and FTC merger guidelines
have indicated that supply substitutability that takes longer than one year to
occur is not actually a form of entry. Therefore, such firms are not considered
as competitors for evaluating market power.

7.6.1. Antitrust Markets

For antitrust purposes, a market is defined as a “product or group of prod-
ucts, and a geographic area in which it is produced or sold such that a hypothet-
ical, profit-maximizing firm, not subject to price regulation, that was the only
present and future producer or seller of those products in that area likely would
impose at least a small, but significant and non-transitory increase in price,
assuming the terms of sale of all other products are held constant."?® This
definition reflects the separation between demand substitutability and supply
substitutability. The relevant market for antitrust purposes may be only one of
several overlapping and intersecting markets. Thus, the relevant market is “the
smallest group of products and geographic area that constitutes a market."?*
The main condition constituting a market is that a hypothetical monopolist
could successfully raise price by a “small but significant and non-transitory"
amount above current and likely future price levels.?

In evaluating the extent to which a price increase would be possible for
a monopolist, it is therefore necessary to consider both demand and supply
substitution possibilities.

7.6.2.  Market Delineation—Demand Substitutability

Several fairly general factors may be relevant in delineating a product mar-
ket:

1. Evidence reflecting buyers’ perceptions that the products are or are not sub-
stitutes. This is particularly relevant if those buyers have shifted purchases

2Firms that can easily enter a relevant market are considered to be competitors in the market and are
assigned market shares in HHI calculations even if they currently have no sales in the relevant market. The
examination of demand substitutability revealed by demand elasticity and cross-elasticity as well as the
examination of supply substitutability allow a careful delineation of a relevant market.

Z3Horizontal Merger Guidelines (1992).

245ee Werden (1981).

2Horizontal Merger Guidelines (1992).
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between the products in response to changes in relative price or other com-
petitive variables;

2. Similarities or differences in the products’ price movement over time;

3. Similarities or differences in the products’ customary usage, design, physi-
cal competition, and other technical characteristics; and,

4. Evidence of sellers’ perceptions that the products are or are not substitutes,
particularly a change in a company’s business plan that has been based on
those perceptions.

7.6.3.  Market Delineation—Supply Substitutability

The degree to which the market constrains a firm’s ability to act monop-
olistically depends in part on short-term entry. To analyze the potential for
competitive supply response, | consider the concentration of the relevant mar-
kets, as measured by the Herfindahl-Hirschman Index (HHI).

The HHI measures the degree of competition and the potential for a com-
petitive response to monopolistic behavior via supply substitution. Also, as
discussed above, the elasticity of demand measures the substitutability of prod-
ucts in consumption as prices are increased. The two concepts are related: as-
suming that the interaction of firms is Cournot competition in market shares,
constant marginal costs, and constant elasticity of demand, the mark-up above
marginal cost in an industry (Lerner’s index) will be equal to the HHI divided
by the market demand elasticity. Concentrated markets or markets with small
elasticity of demand (few substitutes) will have predictably higher mark-ups
above incremental cost. Conversely, unconcentrated markets or markets with
large elasticity of demand (many substitutes) will have low mark-ups and there-
fore approximately competitive outcomes.

7.6.4. The Relevant Product Market for Taxane Drugs

In defining the relevant product market for taxanes and related anti-cancer
drugs, it is helpful to consider the manner in which anti-cancer drugs are allo-
cated.?® One way to divide the anti-cancer drug market is by therapeutic indi-
cation or use. As discussed above, paclitaxel drugs are principally used against
several major cancers, including lung cancer, breast cancer, ovarian cancer,
and Kaposi’s sarcoma. The oncology literature suggests that anti-cancer drug
therapy for a patient with one type of cancer is not necessarily substitutable
for the anti-cancer drug therapy for a patient with a different type of cancer.

2The taxane market consists of antineoplastic drugs in the taxoid family. Currently, this includes only
docetaxel (Taxotere) and paclitaxel (Taxol). See Nicolaou, et al. (1996).
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Therefore, those treatments and drugs that are appropriate for lung cancer may
be inappropriate for treating ovarian cancer.

Chemotherapy regimens broadly include cytotoxic chemotherapies and hor-
monal chemotherapies. Cytotoxic chemotherapies provide a toxic action to
cells. Hormonal chemotherapies target a tumor’s hormonal sensitivity. One
such example is tamoxifen, which is used against estrogen sensitive tumors
in breast cancer. Within the cytotoxics, various chemotherapies include an-
timetabolites, anthracyclines, alkylating agents, mitotic inhibitors, and miscel-
laneous antineoplastics.

The manner in which each drug class acts on cancer differs. For instance,
taxanes are classified by 1999 Drug Facts and Comparisons as miscellaneous
antineoplastics. Taxanes affect cell division by a specific mechanism. Con-
versely, mitotic inhibitors will affect cell division by different actions or mech-
anisms. Thus, although mitotic inhibitors and other antineoplastics affect cell
division, each does so using a different mechanism.2’

Certainly, there can be substitution between chemotherapy drugs in clinical
application. However, the substitution is limited by the type of cancer, the
chemotherapy regimen, and the type of chemotherapy chosen. For instance,
those molecules appropriate to treating a recurrent or refractory form of breast
cancer are likely to be a subset distinct from the molecules that can treat all
cancer forms of any degree of severity. Relevant product markets must reflect
this differentiation. Thus, the relevant product market should reflect only those
molecules appropriate to treat a specified type of cancer and therapy.

Arguably, a relevant product market could reflect only those molecules ap-
propriate for treating breast cancer for third line or salvage therapy. Within
such a market segment, the first and second line drugs have been exhausted,
patients have developed resistance to first and second line therapies, and only
a subset of molecules are available for treating these recurrent or refractory
breast cancers. Similarly, those molecules appropriate for treating breast can-

27 Alkylating agents are compounds with the ability to replace hydrogen atoms of certain organic compounds
with alkyl groups. The alkalation of nucleic acids such as DNA produces breaks in the DNA molecules or
cross-linking of DNA strands which interfere with DNA replication. The classic alkylating agents include
cyclophosamide. Cisplatin and carboplatin are considered alkylating agents although their mechanism of
action is more complex.

Antibiotics (including Doxorubicin (Adriamycin)) produce their tumoricidal effects by binding to DNA usu-
ally by interposition between base pairs. Anthracyclines form a subset of the antibiotics. Plant Alkaloids
include both the antimitotic and miscellaneous antineoplastic class of molecules. These agents bind to the
microtubular proteins found in dividing cells. Since these microtubules are essential for cell division, the
binding leads to mitotic arrest (antimitotic action). The antineoplastic class of agents have different cytoxic
effects on the cells. Paclitaxel is unique among the antineoplastics because it promotes the assembly of
microtubules that inhibit the reorganization required during cell division.

Antimetabolites (including Methotrexate, and 5-fluorouracil) interfere with normal cell functions by inter-
acting with or replacing normal cellular enzymes. Hormonal agents function by interacting and binding to
specific cell receptors. The target of hormonal agents is endocrine manipulation. For further discussion see
Haskell (1995).
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cer are often different from the molecules appropriate for treating lymphoma
or prostate cancer. Here, the distinction lies in the type of chemotherapy or in
the chemotherapy’s action on the cancer.

I would expect the HHI that ignores the chemotherapy regimen to be a con-
servative estimate of the HHIs that do reflect the chemotherapy regimen, (i.e.,
by differentiating between first line and second line treatments). In the analysis
which follows, the HHIs | calculate do not differentiate between chemotherapy
regimen. However, this does not change the fact that these sub-markets are
relevant for antitrust purposes, and do exist within the types of cancer being
treated. Importantly, the HHIs | calculated are lower than those | would expect
for relevant sub-markets.

7.6.5. HHIs—Market Concentration Results

The HHI analysis is based on data taken from the IMS Price/Quantity Re-
port on Oncology Drugs 1999, the 1999 Drug Facts and Comparisons?® and
Cancer Chemotherapy Pocket Guide.?® 1 took the annual sales data for each
drug from the IMS study. As discussed above, | am primarily interested in
breast, lung, and ovarian cancers as they are the major targets of the taxane
family. The IMS sales data do not specify the type of cancer the drug was used
to treat. Thus, in order to separately identify a “Breast Cancer" market from
an “Ovarian Cancer" market | allocated annual sales dollars by cancer types.
The allocation is based on a survey of physicians conducted annually by IMS
known as the U.S. Appearance data. Doctors are asked to record their uses of
all drugs and for what applications the drug was prescribed. Combination ther-
apies (multiple drugs) are also recorded. The survey is a random probability
sample and is used to produce national estimates. Tables 7.1.1 through 7.1.3
show the type of chemotherapy agent, the relevant molecule, the drug names
for that molecule, the sales in 1999 by company and the various percentages of
sales allocated to breast, lung, ovarian, and other cancers. The latter percent-
ages were derived from the IMS U.S. Appearance Data. | recorded all drugs
indicated for treating neoplasms of the lung, breast or ovary. | excluded any
drug whose sales were sufficient to be included in the U.S. Appearance Data
but for which the indicated treatment was other than breast, lung or ovarian.

In some cases, | assumed that the percentage recorded in the U.S. Appear-
ance Data for a specific drug was representative of all drugs for the “family"
molecule. For instance, | assumed that the surveyed sales of VePesid penetra-
tion were characteristic of all etoposides. In cases when a specific drug showed

281999 Drug Facts and Comparisons was used principally for the assignment of chemotherapy types as
well as to determine off-label uses.

2Cancer Chemotherapy Pocket Guide, Ignoffo (1998) was used to determine indicators for anti-cancer
drugs and to identify the relationships between the trade and molecular names of drugs.
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more specific information, | did not apply this assumption. For example, | ex-
tended the relevant penetration percentages for Fluorouracil to the fluorouracil
family of molecules, with the exception of the topical Efudex which separately
revealed zero penetration for the treatment of breast, lung, or ovarian cancer.
The total sales represented in Tables 7.1.1 through 7.1.3 are $2.969 billion. The
sales allocated to the breast, lung, and ovarian cancer market, are $1.4 billion.

The breast cancer, lung cancer, and ovarian cancer drug markets have es-
timated annual sales of $2.65 billion, $125.98 million, and $642.67 million
respectively according to Med Ad News (May, 1991). Their estimate for the
combined segment is therefore $3.42 billion in annual sales. However, | am
aware that some drugs with small sales amounts (too small to appear in the
survey of physicians) are not included in my analysis. Since the HHI analysis
relies on shares, this omission is not significant.

The HHI results are presented in Tables 7.2.1 through 7.2.6. The analy-
sis is presented for the top six firms based on 1999 sales in the sub-markets
for breast, lung, and ovarian cancer drugs. The second column of these tables
demonstrates the pharmaceutical company’s total sales in 1999 within the mar-
ket segments. The third column demonstrates the firm’s market share across
the relevant sub-market. For instance, in this column | observe that BMS’ sales
for treating breast cancer represent 18.9 percent of its total chemotherapy drug
sales used to treat breast, lung, or ovarian cancer. Additionally, 20.4 percent of
BMS’ sales are for treating lung cancer, 38.2 percent are for treating ovarian
cancer, and 22.5 percent are for treating other cancers. These rounded percent-
ages total 100 percent.

Within a category such as the breast cancer market, | first identified all drugs
indicated for treating breast cancer by their appearances in the IMS survey. |
then identified all drug manufacturers that supply either branded or generic
drugs to this sub-market. To calculate a firm’s market share within a market
(the column labeled “Market Share Within Market™), I first totaled all manufac-
turers’ sales in that sub-market and then determined the specific firm’s market
share in the sub-market. The last column identifies the firm’s market share
within a sub-market. For example, in the breast cancer market, | estimated that
BMS provides 47.8 percent of all drugs for treating breast cancer. Recall that
I previously noted that BMS’ drug sales for breast cancer treatment represent
18.9 percent of its supply of drugs. Thus, while BMS supplies roughly half of
all drugs in this sub-market, only 20 percent of its drug sales were used to treat
breast cancer.

I used the sales information for all manufacturers in the various sub-market
segments to calculate market shares within markets. | then estimated the HHI
for each market segment. Within the breast cancer market, for instance, | es-
timate the HHI to be over 3,700. Importantly, BMS’ 48 percent market share
indicates that the breast cancer market is very concentrated, and that BMS is a



Table7.1.1. Alkylating Agents, Anthracyclines, Antibiotics
Alkylating Agents

1999 Dallars
Molecule Drug (000s) Company Breast Lung Ovarian  Other
CARBOPLATIN PARAPLATIN $390,590 BMO 2.0%  39.0% 34.0% 25.0%
CHLORAMBUCIL LEUKERAN $8512 GWC 0.0% 0.0% 0.0%  100.0%
CISPLATIN PLATINOL $14 BMO 1.0% 21.0% 30.0% 48.0%
PLATINOL AQ $107,500 BMO 1.0% 21.0% 30.0% 48.0%
CYCLOPHOSPHAMIDE | CYTOXAN $34,124 BMO 50.0% 3.0% 4.0% 43.0%
NEOSAR $2,330 PHU 50.0% 3.0% 4.0% 43.0%

Anthracyclines

1999 Dollars
Molecule Drug (000s) Company Breast Lung Ovarian  Other
DOXORUBICIN ADRIAMYCIN $4 PHU 45.0% 3.0% 2.0% 50.0%
ADRIAMYCIN PFS $12,876 PHU 45.0% 3.0% 2.0% 50.0%
ADRIAMYCIN RDF $3528 PHU 45.0% 3.0% 2.0% 50.0%
DOXIL $46,776 ALZ 45.0% 3.0% 2.0% 50.0%
DOXORUBICIN $10,620 GNA 45.0% 3.0% 2.0% 50.0%
DOXORUBICIN HCL $16,464 AP+, BDF, FUJ 45.0% 3.0% 2.0% 50.0%
RUBEX $406 BMO 45.0% 3.0% 2.0% 50.0%

Antibiotics

1999 Dallars
Molecule Drug (000s) Company Breast Lung Ovarian  Other
ETOPOSIDE ETOPOPHOS $2,762 BMO 3.0% 52.0% 4.0% 41.0%
ETOPOSIDE $ 14,058 A-P, AP+, BDF, C/T, 3.0% 52.0% 4.0% 41.0%

GNA, MRP, SEI, SUP

TOPOSAR $48 PHU 3.0% 52.0% 4.0% 41.0%
VEPESID $34,252 BMO 3.0% 52.0% 4.0% 41.0%
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Table7.1.2.

Anti-Metabolites, Antineoplastics

Anti-Metabolites

1999 Dollars
Molecule Drug (000s) Company Breast Lung Ovarian  Other
FLUOROURACIL | ADRUCIL $3,448 PHU 22.0% 2.0% 0.0% 76.0%
EFUDEX $33,894 ICN 0.0% 0.0% 0.0%  100.0%
FLUOROPLEX $2642 ALL 22.0% 2.0% 0.0% 76.0%
FLUOROURACIL $878 FUJ, ICN, SOK 22.0% 2.0% 0.0% 76.0%
METHOTREXATE | FOLEX PFS - PHU 0.0% 0.0% 0.0%  100.0%
METHOTREXATE $53,394 AGN, BRR, E/L, G.G, 0.0% 0.0% 0.0%  100.0%
IMX, MHL, MJR, MNS
MYN, PRL, QLT, RKG
ROX, SEI, SUP, INR
WTS, Z/G
METHOTREXATE SOD $9,200 BDF, C/T, IMX, MNS 33.0% 2.0% 0.0% 65.0%
Antineoplastics
1999 Dollars
Molecule Drug (000s) Company Breast Lung Ovarian Other
HYDROXYUREA HYDREA $10,882 BMO 0.0% 0.0% 0.0%  100.0%
HYDROXYUREA $17,364 BRR, DPI, PH, QLT 0.0% 0.0% 0.0%  100.0%
ROX, UNR
LEVAMISOLE ERGAMISOL $3,130 JAN 0.0% 0.0% 0.0%  100.0%
PACLITAXEL TAXOL $208 BMO 29.0% 11.0% 45.0% 15.0%
TAXOL SEMI-SYN $809,436 BMO 29.0% 11.0% 45.0% 15.0%
Mitotic Inhibitors
1999 Dollars
Molecule Drug (000s) Company Breast Lung Ovarian Other
VINBLASTINE VELBAN $208 LLY 12.0% 9.0% 0.0% 79.0%
VINBLASTINE SULF $2,004 AP5,BDF, CIT 12.0% 9.0% 0.0% 79.0%
FDG, SEI, SES
VINCRISTINE ONCOVIN $1,366 LLY 8.0% 5.0% 0.0% 87.0%
VINCASAR PFS $1,404 PHU 8.0% 5.0% 0.0% 87.0%
VINCRISTINE $2 SES 8.0% 5.0% 0.0% 87.0%
VINCRISTINE SULF $1,442 FDG, SEI 8.0% 5.0% 0.0% 87.0%
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Table7.1.3. Hormones
Hor mones
1999 Dollars
Molecule Drug (000s) Company Breast Lung Ovarian  Other
FLUTAMIDE EULEXIN $55,022 SHC 0.0%  1.0% 0.0% 99.0%
GOSERELIN ZOLADEX $188,448 ZNC 1.0% 0.0% 0.0% 99.0%
LEUPROLIDE | LEUPROLIDE ACET $3,214 BDF VIE 0.0%  0.0% 0.0%  100.0%
LUPRON $26,050 TAP 0.0%  0.0% 0.0%  100.0%
LUPRON DEPOT $249,838 TAP 0.0%  0.0% 0.0%  100.0%
LUPRON DEPOT-3 MO. $256,636 TAP 0.0%  0.0% 0.0%  100.0%
LUPRON DEPOT-4 MO. $201,338 TAP 0.0% 0.0% 0.0%  100.0%
MEGESTROL | MEGACE $4,066 BMO 40.0%  5.0% 1.0% 54.0%
MEGESTROL $2 AGN, WCT 40.0%  5.0% 1.0% 54.0%
MEGESTROL ACETATE $13,602 BJJ, BRR, DSE, GNC 40.0%  5.0% 1.0% 54.0%
MHL, MJR, MNS, MTC
P.H, PME, PRL, QLT
RKG, ROX, RSM, SEI
SUP, TEV, UNR, WTS
ZIG
TAMOXIFEN NOLVADEX $66,558 ZNC 76.0%  0.0% 1.0% 23.0%
TAMOXIFEN CITRATE $268,690 BRR, MNS, RKG 740%  0.0% 0.0% 26.0%
TOTAL: $2,969 $568  $297 $536 $ 1,569
$ 1,400
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major source of that concentration. Also, Barr labs supplies over 36.6 percent
of the market share, providing another major source of the market concentra-
tion.

7.6.6.  Market Share Weighted HHI

As | discussed above, | also calculate a market share weighted HHI that re-
flects a sub-market’s concentration, a manufacturer’s share in that market, and
the relative weight to give the sub-market from the manufacturer’s perspec-
tive. This measure is larger whenever (i) the HHI for the market is larger, (ii)
the share of a market is larger in that sub-market relative to other sellers or
(iii) when a firm has a greater proportion of its sales in that sub-market. To
calculate this market share weighted HHI, I multiply a manufacturer’s market
share within the sub-market and the HHI, and then take a fraction representing
the importance of that sub-market to the manufacturer compared to the other
sub-markets in which it supplies product.

Thus, to calculate the market share weighted HHI for the combined breast,
lung, and ovarian cancer market, | first take BMS* 18.9 percent of sales in
the breast cancer market (among breast, lung, ovarian, and other cancers in
this sub-market). | then multiply this percentage by the sub-market’s HHI of
3,744. The product is then multiplied by BMS’ market share within the market
(47.8 percent) to arrive at the first component of the market share weighted
HHI. Similar calculations are then performed for the other market segments
(lung cancer, ovarian cancer, and other cancers). Next, | sum the results and
use the square root of the resulting sum to derive the overall market share
weighted HHI in this sub-market. Using this technique, | calculate the overall
market share weighted HHI to be 7,787.

Tables 7.2.1 through 7.2.6 demonstrate the degree of concentration enjoyed
by BMS in this market segment. Not only do BMS’ market shares within
the sub-markets demonstrate that these markets are concentrated, they also
demonstrate that the concentration primarily arises due to BMS’ dominance
within the market segments. In fact, the markets all uniformly concentrated.
The HHI for the breast cancer market is 3,744; the HHI for the lung cancer
market is 9,279; the HHI for the ovarian cancer market is 9,915; and the HHI
for the other cancer market is 2,899. The weighted market share across markets
is 71.3 percent, the weighted HHI is 7,039, and the market share weighted
HHI is 7,787. These statistics indicate large market power in the relevant sub-
market and even larger market power in the relevant sub-market for each cancer

type.
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Table7.2.1.  Concentration—Bristol-Myers Oncology (1999 Dollars)

Cancer MS Across Mkt  MS wl/in
Type Sales Markets HHI  Market
Breast 263,665 18.91% 3,744  47.86%
Lung 284,455 20.40% 9,279 96.31%
Ovarian 532,289 38.18% 9,915 99.57%
Other 313,831 22.51% 2,899 20.36%
All 1,394,240 100.00% 3,089 47.711%

Summary Statistics:

Wtd Market Share 71.3%
Weighted HHI 7,039
Mkt Share Wtd HHI 7,787

Table7.2.2.  Concentration—TAP Pharmaceuticals (1999 Dollars)

Cancer MS Across Mkt  MS w/in
Type Sales Markets HHI  Market
Breast - 0.00% 3,744 0.00%
Lung - 0.00% 9,279 0.00%
Ovarian - 0.00% 9,915 0.00%
Other 733,862 100.00% 2,899 47.60%
All 733,862 100.00% 3,089 25.11%

Summary Statistics:

Wtd Market Share 47.6%
Weighted HHI 2,899
Mkt Share Wtd HHI 3,715

7.7. Conclusion

163

The pharmaceutical industry is an extremely complex, high stakes industry.
The R&D costs and costs associated with securing FDA approval for a new
drug are enormous. Conversely, the profits that can be made by introducing a
new blockbuster drug can be equally huge. Statutes providing exclusivity to
pharmaceutical companies attempt to create a balance between the companies’
incentives in bringing a new drug to market and the public’s ability to get the
benefit of competitively provided generic substitutes to branded drugs. The re-
sult is a complex system of statutory exclusivity, including patents, CRADAS,
and special protections accorded to orphan drugs.
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Table 7.2.3.  Concentration—Zeneca Pharmaceuticals (1999 Dollars)
Cancer MS Across Mkt  MS w/in
Type Sales Markets HHI  Market
Breast 57,447 22.53% 3,744 10.43%
Lung - 0.00% 9,279 0.00%
Ovarian 666 0.26% 9,915 0.12%
Other 196,893 77.21% 2,899 12.77%
All 255,006 100.00% 3,089 8.73%

Summary Statistics:

Witd Market Share 12.2%
Weighted HHI 3,108
Mkt Share Wtd HHI 1,934

Table7.2.4. Concentration—Barr Labs (1999 Dollars)
Cancer MS Across Mkt  MS wl/in
Type Sales Markets HHI  Market

Breast 201,612 69.69% 3,744 36.60%
Lung 354 0.12% 9,279 0.12%
Ovarian 71 0.02% 9,915 0.01%
Other 87,241 30.16% 2,899 5.66%
All 289,278 100.00% 3,089 9.90%
Summary Statistics:

Wtd Market Share 27.2%

Weighted HHI 3,498

Mkt Share Wtd HHI 3,170

It is within this context that BMS developed a relationship with NCI that re-
sulted ina CRADA between NCI and BMS. Pursuant to that CRADA, BMS re-
ceived exclusive access to NIH data, allowing BMS to obtain FDA approval for
Taxol, initially for refractory ovarian cancer, and five years of Hatch-Waxman
exclusivity using the research and clinical trials that NCI had completed at
public expense.

However, the pharmaceutical industry is unique in that once a drug has been
approved for one indication, it is often prescribed by doctors for other treat-
ments that have not been approved by the FDA. This off-label use allowed
BMS to expand its Taxol sales for indications such as breast cancer, lung can-
cer, and other cancers. While BMS received limited exclusivity in certain sub-
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Table7.2.5. Concentration—Pharmacia & Upjohn (1999 Dollars)

Cancer MS Across Mkt  MS wl/in
Type Sales Markets HHI  Market
Breast 8,563 36.23% 3,744 1.55%
Lung 957 4.05% 9,279 0.32%
Ovarian 375 1.59% 9,915 0.07%
Other 13,742 58.14% 2,899 0.89%
All 23,638 100.00% 3,089 0.81%

Summary Statistics:

Wtd Market Share 1.1%
Weighted HHI 3,575
Mkt Share Wtd HHI 612

Table7.2.6. Concentration—Glaxo Wellcome Oncology (1999 Dollars)

Cancer MS Across Mkt  MS w/in
Type Sales Markets HHI  Market
Breast 134 8.53% 3,744 0.02%
Lung 87 5.53% 9,279 0.03%
Ovarian - 0.00% 9,915 0.00%
Other 1,353 85.94% 2,899 0.09%
All 1,574 100.00% 3,089 0.05%

Summary Statistics:

Wtd Market Share 0.1%
Weighted HHI 3,324
Mkt Share Wtd HHI 155

markets and thus is entitled to market power in those sub-markets, it has man-
aged to acquire market power in other therapeutic instances where it had not
received such exclusivity. This is reflected by BMS’ large market share in
those sub-markets and the high concentrations determined in the HHI analysis.
Indeed, as I showed in the market share and HHI analyses, the breast, ovar-
ian, and lung cancer markets are all uniformly concentrated with few firms
supplying the majority of drugs to this market segment.

The pharmaceutical system was designed to balance specific exclusivity in-
centives with the benefits that competition brings to consumers and society.
However, as a result of the concentration in the paclitaxel market and relevant
sub-markets, competition has suffered. Prices for Taxol are higher than they
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would have been had generic or other branded paclitaxel drugs been allowed
to enter the market. Taxol’s high price for both its indicated and off-label uses
unguestionably denies some consumers access to the drug and its potential
life-saving characteristics.



Chapter 8

THE ALLOCATION OF POLICE SERVICES
IN RURAL ALASKA

8.1. Introduction

In this chapter | examine whether the State of Alaska allocates scarce police
resources in a race-based manner. My analysis explores this hypothesis by
developing an econometric model to explain the provisions of police services
in rural Alaska.

There are two basic rules that govern the way in which public resources are
allocated. These two rules are equality in inputs and equality in outputs. In
other words, resources can be allocated so that each person or place receives
an equal number of inputs. For example, imagine a state highway department
responsible for plowing snow-covered roads throughout the state. Under equal
inputs allocation rules, each road would receive the same number of snow-
plows, whether they were needed or not. This would lead to an inefficient
result, with some roads becoming impassable and others being plowed when
they were already clear of snow. Under equal outputs allocation, the snow-
plows would be allocated based on where the snowfall was heaviest. This is a
more efficient result than could be achieved by allocating the snowplows based
on equal inputs. It is only by coincidence that equality in inputs will equate to
equality in outputs. Generally, it is preferable to use the equal output rule when
allocating scarce public services, such as law enforcement. Allocated in this
manner, all residents or areas would receive an efficient allocation of scarce
resources.

In this chapter, | examine the provisions of police services based on an out-
put measure. The output measure | select is the number of hours Alaska State
Troopers spend in 344 places in their territory or general area of responsibility
in the State of Alaska. By examining Trooper activity | focus on decisions
made at the State level for the numerous villages in Alaska and thus exclude

167



168 EMPIRICAL STUDIESIN APPLIED ECONOMICS

from analysis the provision of police services in the few large municipalities of
Alaska. These places include 216 Alaskan native villages and 128 non-Alaskan
native villages. An Alaskan native village is a Census designation for a place
that is predominately Alaskan native. The heart of my statistical analysis is
comparing these two groups of places.

To make a comparison of Alaskan native and non-native villages | exam-
ined several factors that might explain why Troopers expended the hours that
they did. To accomplish this, I first collected socio-demographic data for each
place, including the percentage of the population that was male, the percentage
of the population below the poverty level, the population’s racial percentages,
per capita income level, the age distribution of the inhabitants, and popula-
tion density. | also collected geographic data including the distance from each
Trooper post to each place and whether the place had year-round or summer
only road access. Lastly, | collected information on whether the place exam-
ined had some form of self-provision of law enforcement.

My analysis and models reveal that no one factor can completely explain the
variance in Trooper hours spent in any particular place. However, several fac-
tors are statistically significant. In particular, income differentials, age differ-
entials, distance from a Trooper post, bans on alcohol, and whether a commu-
nity has its own law enforcement combine to explain a significant percentage
of the variance. For example, a place with a lower per capita income gener-
ally receives more Trooper hours. Similarly, places located nearer to Trooper
posts receive more Trooper hours. Places that have their own law enforcement
receive fewer Trooper hours.

However, my analysis found that race was not a statistically significant fac-
tor in determining the number of hours a Trooper would spend in a particular
place. To the contrary, the factors | examined indicate that Troopers are allo-
cated rationally, in an efficient manner that attempts to balance many factors,
especially scarce resource and wide disparities in access and distance to outly-
ing places. However, race is not one of those factors.

In Section 8.2, | review the history that has led to the current scheme of
law enforcement in Alaska. In Section 8.3, | discuss allocation theory and
how it is applicable to free government services such as police services. | also
discuss the empirical literature and review alternative econometric models of
public service allocations. In Section 8.4, | discuss my econometric analysis
and discuss the factors that | find are statistically significant in explaining the
manner in which police services are allocated in Alaska. In Section 8.5, |
present my conclusions.

8.2.  Historical Background

When Alaska was granted statehood in 1959, the Department of Public
Safety endeavored to set up a state agency to take over functions previously
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performed by the federal government. These functions included state police
protection for the new citizens of Alaska.

The geographic area that must be covered by the Alaska State Troopers
(AST or Troopers) in Alaska is enormous. Many factors are taken into consid-
eration in deploying relatively scarce law enforcement resources throughout
Alaska’s huge rural area. Among these factors are geographic issues, funding
issues, availability of other law enforcement, transportation and communica-
tion availability, and the ability to be flexible and mobile enough to service
other towns and areas as needed. All places® and outlying areas, that are not
served by their own municipal police departments are served by the Troopers.

After Alaska was granted statehood and the State took over policing activity
from the federal government, Troopers traveled to rural villages and cities.
However, the relatively small number of Troopers coupled with the large area
to be patrolled made it difficult to provide a local police presence.

There are currently 237 Troopers assigned to 34 posts across Alaska, each
located within one of five patrol detachments. There are an additional 91
Troopers in the division of Fish and Wildlife Protection, also in 34 posts across
Alaska, some of which are different from the 34 posts to which the 237 regu-
lar Troopers are assigned. All Troopers have the same basic level of training,
although the Troopers assigned to Fish and Wildlife Protection have additional
training in fish and wildlife matters.

As | noted above, the Troopers cover all areas in Alaska that are not covered
by municipal police departments. Troopers travel from their assigned posts
and visit the off-road villages they serve, both Native and Non-Native, that are
located within their post. As the name implies, on-road cities are those cities
that are directly linked and accessible by road. Off-road places are typically
smaller and more rural than their on-road counterparts. As their designation
implies, these off-road places are not directly linked to the Alaskan highway
system and are not directly accessible by road. The lack of roads makes it
impossible for the Troopers to regularly patrol the off-road rural villages and
cities in the same manner that on-road more urban areas can be patrolled. The
great distances and unpredictable and harsh weather conditions present addi-
tional problems with patrolling that no other state in the Union faces. Troopers
travel to meet with the community leaders and assist the Village Public Safety
Officers (VPSOs) and the Village Police Officers (VPOs). They also travel
to these off-road cities and villages to handle emergencies or when they are

11 define a “place” using the basic Census designations. Places include Census Designated Places (CDPs),
Alaska Native Village Statistical Areas (ANVSA), cities and villages. These definitions are not meant to
be mutually exclusive. Hence, a place may be both a city and an ANVSA. Places are generally larger than
the smallest units tracked by the U.S. Census (i.e., blocks or block groups) and correspond roughly to the
notion of towns or cities.
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called. The Troopers’ performance is evaluated, in part, on how often they
make contact with the places in their region.

The VPSO program, where Troopers work closely with and assist VPSOs,
had its genesis in the 1960s. Between the period 1967-1977, over 900 Native
village residents have received police and correctional officer training. Cur-
rently, there is funding for 84 VPSO positions across the state. This funding is
provided by the Alaska Legislature. The VPSO officers are selected and hired
by the regional non-profit Native corporations. The VPSO officers are trained
by the Troopers.?

The Troopers work closely with the VPSOs and VPOs to provide police
protection to these far-flung off-road villages and towns. Because the Troopers
cannot be in more than one place at one time, and because these villages and
towns are difficult to reach, the Troopers must depend upon and work hand-in-
hand with the VPSOs and VVPOs to provide police protection to these off-road
towns and villages, both Native and Non-Native.

8.3.  Theory

Economists and political scientists have investigated how free government
services, such as police and fire protection, are allocated among areas of a city
or a state. In a classic study, Shoup (1989) reviewed the research that had
been conducted in this area and discussed the various rules that pertained to
distributing a “free” government service among city areas. Among the rules
Shoup identified is a rule he called equality in distribution. There are two
versions of this rule. In the first, individuals are allocated equal service inputs.
In the second, individuals are allocated equal service outputs.

Equality in distribution may require equality in either inputs or outputs.
However, equality in inputs is generally not equivalent to equality in outputs.
For example, equality in inputs specifies that each individual receives the same
level of input. However, due to differences in environment from area to area,
the outputs may differ. Alternatively, equality of outputs will generally require
inequality in inputs. It is only through coincidence that equality in inputs will
equate to equality in outputs.

For example, a state highway department will face various snow conditions
across the state. Equality of inputs would require that each highway be plowed
equally. However, because snowfall on various highways is likely to be dif-
ferent, equal inputs (i.e., equal plowing) would leave some roads impassable,
while others would be plowed even after they are clean. Similarly, equal inputs
for garbage collection might specify equal inputs per mile of street, but would

2Small municipalities can also hire and pay for VPOs. The Department of Public Safety supports this
program through training and advice. In 1999, $650,000 went to VPO training. Additionally, tribes can
appoint tribal police officers, but the scope of their authority is uncertain.
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disregard the density of homes on a street. This would leave trash piling up at
some homes while others that produced less trash would see trash picked up
more frequently than needed.

Equality of inputs in terms of police protection would similarly ignore dif-
ferences in crime rates or differences in population density and blindly provide
equal police service inputs.® Whether inputs or outputs of police services are
equalized may depend on many factors. To further complicate matters, the
distinction between inputs and outputs is sometimes blurred. Police service
inputs include such concepts as number of police or budgets. However, for
preventive services such as police and fire protection, the equal input rule is
not particularly appealing. Shoup, using fire protection services as an exam-
ple, reasoned that an input per resident that was just enough to prevent virtually
all fire damage in an expensive neighborhood might be insufficient to prevent
fire damage in a poorer neighborhood characterized by densely packed, more
combustible structures. Generally, preventative services, such as police protec-
tion, are better allocated based on equality of outputs. Police service outputs
include concepts such as hours of public service received per capita or realized
crime levels.

The second rule identified by Shoup distinguishes various cases of inequal-
ity in the distribution of services. Shoup noted that maximizing services for
society as a whole may require allocating differing input levels to different ar-
eas if the incremental value of such effort is different. Here, Shoup noted three
possible reasons that services might be distributed unequally among areas: to
mitigate inequality in income; to meet unequal needs or preferences; or to sat-
isfy complex social welfare functions. Other allocation methodologies include:
maximizing total output, equal work load, racial discrimination, income-class
discrimination, power-elite favoritism, ecological influences, bureaucracy di-
visions, complaints-requests, taxes paid, and, daytime versus nighttime alloca-
tion.

Clearly, there are many possible rules that can be used to allocate services.
Cicchetti (1971) analyzed allocation rules for recreational facilities. Cicchetti
compared allocating facilities based on the rule that maximizes usage versus al-
locating resources to provide equal access. More recently, Behrman and Craig
(1987) considered allocation rules based on a governmental welfare function.
They concluded that the equity versus productivity tradeoff may be consid-
erable. Importantly, Behrman and Craig concluded that examining inputs is
problematic since residents are often concerned with the actual service level
outputs provided by government. Behrman and Craig noted that inputs pro-

3Application of Shoup’s analysis to police protection service is discussed in Shoup (1964).
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vided by government generally do not provide clear insights regarding dis-
tributed outcomes.

In order to characterize how efficiently services are provided, economists
need a normative rule for allocating services. In other words, economics is
silent on the social welfare of the individuals involved. Economics is similarly
silent on the production possibility frontier that determines the level of poten-
tial services provided for a fixed available budget or resource. Economists are
potentially able to identify a Pareto improving situation where a single individ-
ual’s welfare is increased without diminished service or utility to anyone else.
All Pareto improving movements are economically efficient and increase so-
cial welfare. They may, however, be inconsistent with some specific allocation
rules (such as equality of inputs or outputs).

Several empirical studies in the economics literature have examined how
police protection resources are allocated. For example, Beaton (1974) used
New Jersey cities of differing sizes between 1960 and 1970 to analyze police
service expenditures per capita. His explanatory factors included changes in
population, population density, crime rates, industrial composition, age distri-
bution, and tax base measures. In a related study, Weicher (1971) also analyzed
police protection per capita in Chicago (measured by number of policemen).
His explanatory variables included income measures, retail sales per capita,
and the population in Chicago police districts.®

The literature also contains several studies that discuss allocation rules.
Based on the Behrman and Craig critique, | expect the allocation of outputs, or
realized effort, to be more probative of potential race discrimination in the pro-
vision of police services. In part, this is because inputs, measured either as the
number of Troopers or by annual budgets, are allocated at the post level rather
than at the village level. Hence, the input allocations are both physically and
temporally far removed from the villages that comprise larger percentages of
native Alaskans. Further, most theoretical and empirical literature has consis-
tently considered inputs and outputs measured on a per capita basis. Similarly,
this is the approach | adopted.

8.4.  Allocation Analysis

As Shoup (1989) discussed, many allocative rules are possible. There are
two key questions here. First, what rule is operating in the state of Alaska to

4A production possibility frontier is defined as the set of output combinations that can be secured from a
fixed set of inputs. For instance, with fixed annual budgets Troopers may be able to allocate their time across
the places in Alaska in a variety of ways varying from very little in any given place to more nearly equal
outcomes. The set of possible outcomes for Trooper hours is defined by a production possibility frontier.
For further discussion see Shoup (1964).

SEarlier survey and statistical studies on the allocation of police service were summarized in Shoup, et al.
(1989, pp. 114-116).
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govern the Trooper allocation? Second, what factors determine this allocation?
In other words, do matters of equity or efficiency explain the manner in which
police services are allocated or does racial discrimination explain the actual
allocation pattern?

To answer these questions, | constructed a historical dataset that is based
on measuring output. | define output as the number of hours actually spent by
Troopers in each of the 344 places (including CDPs® and ANVSAs’) in the
State of Alaska for which the state troopers have acknowledged responsibility.
| selected these places based on those considered in (Table 4.4—Population
Estimates and Alphabetical Listing of Alaska Communities, 1998-1990) of the
Alaska Department of Labor’s publication “Alaska Population Overview: 1998
Estimates,” and augmented this information with places from the 1990 U.S.
Census. | excluded from my analysis those places that appeared in “Alaska
Population Overview: 1998 Estimates” but did not appear in the 1990 Census
summary tape file. Table 8.1 provides for a complete list of the places in my
analysis.

Table8.1. Places Used in Statistical Analysis

Own Law Road Access
Place ANVSA  Enforcement (Year Round)
Adak Station CDP 0 0 0
Akhiok city 1 0 0
Akiachak city 1 0 0
Akiak city 1 0 0
Akutan city 1 0 0
Alakanuk city 1 0 0
Alatna 1 0 0
Alcan CDP 0 0 1
Aleknagik city 1 0 0
Alexander 1 0 0
Allakaket city 1 0 0

6Census Designated Places (CDPs) are delineated for the decennial census as the statistical counterparts
of incorporated places. CDPs comprise densely settled concentrations of population that are identifiable by
name, but are not legally incorporated places. Their boundaries, which usually coincide with visible features
or the boundary of an adjacent incorporated place, have no legal status, nor do these places have officials
elected to serve traditional municipal functions. CDP boundaries may change with changes in the settlement
patters; a CDP with the same name in previous censuses does not necessarily have the same boundaries.
To qualify as a CDP in the State of Alaska for the 1990 census, an unincorporated community must have
25 or more persons if outside an Urbanized Area, and 2,500 or more persons if inside an Urbanized Area
delineated for the 1980 Census or a subsequent special census. Census of Population and Housing (1990).
7Alaska Native village statistical areas (ANVSASs) constitute tribes, bands, clans, groups, villages, commu-
nities, or associations in Alaska that are recognized pursuant to the Alaska Native Claims Settlement Act of
1972, Public Law 92-203. For the 1990 census, the Census Bureau cooperated with officials of each par-
ticipating Alaska Native Regional Corporation (ANRC) to delineate boundaries that encompass the settled
area associated with each ANVSA.
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Table8.1. Places Used in Statistical Analysis

Own Law Road Access
Place ANVSA  Enforcement (Year Round)
Ambler city 0
Amchitka CDP
Anaktuvuk Pass city
Anchor Point CDP
Anchorage city
Anderson city
Angoon city
Aniak city
Annette CDP
Anvik city
Axrctic Village CDP
Atka city
Atmautluak city
Atgasuk city (Atkasook)
Barrow city
Beaver CDP
Belkofski
Bethel city
Bettles city
Big Delta CDP
Big Lake CDP
Bill Moore’s
Birch Creek CDP
Brevig Mission city
Buckland city
Butte CDP
Cantwell CDP
Canyon Villiage
Central CDP
Chalkyitsik CDP
Chase CDP
Chefornak city
Chenega CDP
Chevak city
Chickaloon CDP
Chignik city
Chignik Lagoon CDP
Chignik Lake CDP
Chilkoot
Chiniak CDP
Chistochina CDP
Chitina CDP
Chuathbaluk city
Chulloonawick
Circle CDP
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Table8.1. Places Used in Statistical Analysis

Clam Gulch CDP
Clarks Point city
Coffman Cove city
Cohoe CDP

Cold Bay city
College CDP
Cooper Landing CDP
Copper Center CDP
Copperville CDP
Cordova city
Council

Covenant Life CDP
Craig city

Crooked Creek CDP
Crown Point CDP
Cube Cove CDP
Deadhorse CDP
Deering city

Delta Junction city
Dillingham city
Diomede city (Inalik)
Dora Bay CDP

Dot Lake

Dot Lake CDP

Dry Creek CDP
Eagle city

Eagle Village CDP
Edna Bay CDP
Eek city

Egegik city

Eielson AFB CDP
Eklutna

Ekuk

Ekwok city

Elfin Cove CDP
Elim city
Emmonak city
English Bay CDP
Ester CDP
Evansville
Evansville CDP
Eyak CDP
Fairbanks city
False Pass city
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Own Law Road Access
Place ANVSA  Enforcement (Year Round)
Circle Hot Springs CDP 0 0 0
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Table8.1. Places Used in Statistical Analysis

Own Law Road Access

Place ANVSA  Enforcement (Year Round)
Ferry CDP 0 0 1
Fort Greely CDP 0 0 1
Fort Yukon city 1 1 0
Fox CDP 0 0 1
Fox River CDP 0 0 1
Freshwater Bay CDP 0 0 0
Fritz Creek CDP 0 0 1
Gakona 1 0 1
Galena city 1 1 0
Gambell city 1 1 0
Game Creek CDP 0 0 0
Georgetown 1 0 0
Glennallen CDP 0 0 1
Golovin city 1 0 0
Goodnews Bay city 1 0 0
Grayling city 1 0 0
Grouse Creek Group 1 0 0
Gulkana CDP 1 0 1
Gustavus CDP 0 0 0
Haines city 1 1 1
Halibut Cove CDP 0 0 0
Hamilton 1 0 0
Happy Valley CDP 0 0 1
Harding Lake CDP 0 0 1
Healy CDP 0 0 1
Healy Lake CDP 1 0 0
Hobart Bay CDP 0 0 0
Hollis CDP 0 0 1
Holy Cross city 1 0 0
Homer city 0 1 1
Hoonah city 1 1 0
Hooper Bay city 1 0 0
Hope CDP 0 0 1
Houston city 0 0 1
Hughes city 1 0 0
Huslia city 1 0 0
Hydaburg city 1 0 1
Hyder CDP 0 0 1
Igiugig CDP 1 0 0
Iliamna CDP 1 0 0
Ivanof Bay CDP 1 0 0
Jakolof Bay CDP 0 0 0
Juneau city 0 1 1
Kachemak city 0 0 1
1 1 0

Kake city
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Table8.1. Places Used in Statistical Analysis

Place

Own Law
ANVSA  Enforcement

Road Access
(YYear Round)

Kaktovik city
Kalifonsky CDP
Kaltag city
Karluk CDP
Kasaan city
Kasigluck city
Kasilof CDP
Kenai city

Ketchikan city
Kiana city
King Cove city

Kipnuk CDP
Kivalina city
Klawock city

Knik CDP
Kobuk city
Kodiak city

Kokahonak CDP
Koliganek CDP

Kotlik city
Kotzebue city
Koyuk city
Koyukuk city
Kupreanof city
Kwethluck city

Larsen Bay city

Levelock CDP
Lignite CDP

Lutak CDP

Manokotak city
Marshall city
Mary’s Igloo

Kenny Lake CDP

King Salmon CDP

Klukwan CDP (Chilkat)

Kodiak Station CDP

Kongiganak CDP

Kwigillingok CDP
Labouchere Bay CDP
Lake Minchumina CDP

Lazy Mountain CDP
Lime Village CDP
Long Island CDP

Lower Kalskag city

Manley Hot Springs CDP
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Table8.1. Places Used in Statistical Analysis

Own Law Road Access
Place ANVSA  Enforcement (Year Round)
McCarthy CDP 0
McGrath city
McKinley Park CDP
Meadow Lakes CDP
Medfra
Mekoryuk city
Mendeltna CDP
Mentasta Lake CDP
Metlakatla CDP
Meyers Chuck CDP
Minto CDP
Moose Creek CDP
Moose Pass CDP
Mosquito Lake CDP
Mountain Villiage city
Naknek CDP
Napaimute
Napakiak city
Napaskiak city
Naukati Bay CDP
Nelson Lagoon CDP
Nenana city
New Stuyahok city
Newhalen city
Newtok city
Nightmute city
Nikiski CDP
Nikolaevsk CDP
Nikolai city
Nikolski CDP
Ninilchik CDP
Noatak CDP
Nome city
Nondalton city
Noorvik city
North Pole city
Northway CDP
Northway Junction CDP
Northway Village CDP
Nuigsut city
Nulato city
Nunapitchuk city
Ohogamiut
Old Harbor city
Oscarville CDP
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Table8.1. Places Used in Statistical Analysis

Own Law Road Access

Place ANVSA  Enforcement (Year Round)
Ouzinkie city 1 0 0
Paimiut 1 0 0
Palmer city 0 1 1
Paxson CDP 0 0 1
Pedro Bay CDP 1 0 0
Pelican city 1 0 0
Perryville CDP 1 0 0
Petersburg city 0 1 0
Pilot Point city 1 0 0
Pilot Station city 1 0 0
Pitkas Point CDP 1 0 0
Platinum city 1 0 0
Pleasant Valley CDP 0 0 1
Point Baker CDP 0 0 0
Point Hope city 1 0 0
Point Lay CDP 1 0 0
Polk Inlet CDP 0 0 0
Port Alexander city 0 0 0
Port Alice CDP 0 0 0
Port Alsworth CDP 0 0 0
Port Clarence CDP 0 0 0
Port Graham CDP 1 0 0
Port Heiden city 1 0 0
Port Lions city 1 0 0
Port Protection CDP 0 0 0
Portage Creek 1 0 0
Primrose CDP 0 0 1
Prudhoe Bay CDP 0 0 1
Quinhagak city 1 1 0
Rampart CDP 1 0 0
Red Devil CDP 1 0 0
Ridgeway CDP 0 0 0
Rowan Bay CDP 0 0 0
Ruby city 1 0 0
Russian Mission city 1 0 0
Salamatof CDP 0 0 0
Salcha CDP 0 0 1
Sand Point city 1 1 0
Savoonga city 1 0 0
Saxman city 1 0 0
Scammon Bay city 1 0 0
Selawik city 1 0 0
Seldovia city 0 1 0
Seward city 0 1 1
1 0 0

Shageluk city
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Table8.1. Places Used in Statistical Analysis

Own Law Road Access
Place ANVSA  Enforcement (Year Round)
Shaktoolik city 0
Sheldon Point city
Shishmaref city
Shungnak city
Sitka city
Skagway city
Skwentna CDP
Slana CDP
Sleetmute CDP
Soldotna city
Solomon
South Naknek CDP
St. George city
St. John Harbor CDP
St. Mary’s city
St. Michael city
St. Paul city
Stebbins city
Sterling CDP
Stevens Village CDP
Stony River CDP
Sutton CDP
Takotna CDP
Talkeetna CDP
Tanacross CDP
Tanana city
Tatitlek CDP
Tazlina
Telida
Teller city
Tenakee Springs city
Tetlin CDP
Thorne Bay city
Togiak city
Tok CDP
Toksook Bay city
Tonsina CDP
Trapper Creek CDP
Tuluksak city
Tuntutuliak CDP
Tununak city
Twin Hills CDP
Two Rivers CDP
Tyonek CDP
Ugashik
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Table8.1. Places Used in Statistical Analysis

Own Law Road Access
Place ANVSA  Enforcement (Year Round)
Ukivok 0
Unalakleet city
Unalaska city
Upper Kalskag city
Valdez city
Venetie CDP
Wainwright city
Wales city
Wasilla city
Whale Pass CDP
White Mountain city
Whitestone Log Camp CDP
Whittier city
Willow CDP
Wiseman
Womens Bay CDP
Wrangell city
Yakutat city/Borough
TOTAL
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Based on the discussion above, | consider the output allocations (i.e., hours
spent by the Troopers in specific places) rather than the input allocations (i.e.,
budgets). The “hours” variable in my analysis is a combination of Alaska State
Trooper and Fish and Wildlife Protection Services time. The State of Alaska
provided an account of time for Troopers and Fish and Wildlife Protection Ser-
vices (FWPS) from 1994-1998 as reported in their Officer Activity Reporting
System (OARS).2 The OARS system collects data on a per case basis. Each
case is attached to a “beat,” OARS’ smallest geographic unit. The State of
Alaska provided Trooper and FWPS hours at the beat level, and matched their
beats to my list of places. There were 17 beats that did not map exactly to one
particular place. In those situations, | allocated Trooper and FWPS time by
comparing the population of the places and weighting them proportionately.

8The measure 1 used in my statistical analysis includes some time provided by the Fish and Wildlife Ser-
vices. The preponderance of the time (99.4 percent) is, however, attributable to the Troopers. Nearly
identical statistical results were obtained using a measure of hours that eliminated Fish and Wildlife activ-
ity.



182 EMPIRICAL STUDIESIN APPLIED ECONOMICS

8.4.1. The Dataset

The dataset | compiled consists of five years of observations for Trooper
hours for 344 places in Alaska. The Census designates 216 of the 344 places
as ANVSAs. The remaining 128 places are non-ANVSAs.®

To help explain the hours in different locations, | collected various socio-
demographic, geographic, and place specific information. From U.S. Census
sources for each place, | collected factors for: the percent of the male popula-
tion at the place; the percent of the population below the poverty level; the age
distribution of inhabitants; the percentage of the population that is American
Indian, Eskimo or Aleut; the percent of the population that is black; the percent
of the population that is white; and the per capita income level.

For the socio-demographic factors, | used the 1990 U.S. Census’ measures
of population by place, age, gender, race, 1989 per capita income, and poverty
status. While the Census updates the population figures for non-decennial
years (decennial years occur each decade—1980, 1990, 2000), | used the pop-
ulation figures from 1990 to have a consistent basis to derive the explanatory
variables.

The population variable in my analysis is equivalent to the 1990 U.S. Census
report of total persons by place. Since the Census reports population numbers
by age in over 30 categories, | combined several categories so the breakdown
of ages matched the 12 age categories in the Census poverty statistics. These
groupings indicate the number of individuals less than five years old, five years
old, six to eleven years old, and so forth. Using the midpoints of the age
distributions, | formed a weighted average for each place. Similarly, the Census
provides the population numbers by males, blacks, Natives (Aleuts, Eskimos,
and Native Americans), Asians (Asians and Pacific Islanders), and “others.”
I used these population figures from the 1990 U.S. Census to calculate the
percentage male, the percentage white, and so forth.

9The multivariate regression analysis reported below relies on observations from 308 of the 344 places
in included in the dataset. In the 36 places that are omitted from the regression analysis, 29 have zero
Trooper hours, 14 have zero population between 1994 and 1998, and 34 have either zero Trooper hours or
zero population. Two additional observations are omitted from my analysis because the population in 1990
was missing and consequently the race percentages could not be calculated. Places with zero per capita
hours or zero population cannot be used in the logarithm transformed dependent variable and are therefore
eliminated in the regression analysis. Observations in which the race percentages could not be calculated
were similarly unusable in the regression analysis. The 36 places not included in the regression analysis
represent less than 0.4 percent of total Trooper hours (1,671/431,195) represented in the full dataset of 344
places. These omitted areas similarly represent less than 1.3 percent of the population (33,932/2,638,260)
between 1994 and 1998 represented in the full dataset.

The analysis of variance results reported below are calculated after eliminating the three largest Alaska
cities; they are not comparable to the other included places without a treatment effect. The appropriate
treatment effect is included in the regression analysis which consequently is based on three additional ob-
servations.
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I also define a percentage of the population as “young” people and a percent-
age of the population as “old” people using 11 and 65 years as the respective
cutoff ages for these two groups.'® The 1990 U.S. Census provided the num-
ber of individuals below the poverty level by age group (the average poverty
threshold for a family of four persons was $12,674 in 1989'!). These were
combined to determine an aggregated measure of percent below the poverty
level at each place. Finally, the per capita income variable in my analysis is the
Census report of 1989 per capita income and is measured in dollars (Census of
Population and Housing, 1990).

I next examined several geographic variables. First, | measured the latitude
and longitude of the place and compared this to the latitude and longitude of
the Trooper post assigned to that location. | then calculated the actual distance
between the post and place based on line of sight distance. To calculate the
distance between a place and Trooper post, | relied on the Troopers’ desig-
nation of the latitude and longitude of their posts, and the 1990 U.S. Census
specification of the latitude and longitude of each places’ “internal point.”%? |
also calculated the line of sight distance to the nearest post (as compared to the
assigned post).13

I also considered factors for the places’ year round road accessibility. The
State of Alaska supplied me with an indication of those places that have road
access. They specified road access as having either year round access, or sum-
mer months access only. About one hundred places had year round road access,
while six were limited to summer time only road access. Table 8.1 identifies
those places with year round road access.

I also collected data on the places over time to ascertain what kind of law
enforcement program, if any, was in effect. | was able to calculate the number
of Full-Time Equivalents (FTE) for local police provision as follows. | received
an indication of placement and dates of service for VPSOs from a University
of Alaska study. Thus, | was able to determine the service level each place
received from VPSOs as a fraction of a year from 1994 through 1998. To

10The categorization of age into “young” and “old” is purely to illustrate the age profile of the places in the
analysis of variance. In the multivariate regression analysis, | use the continuous measure of age described
above. Therefore, the regression analysis does not rely on the determinations of “young” and “old.”
LCensus of Population and Housing, 1990

2As defined by the Census, “an internal point is a set of geographic coordinates (latitude and longitude)
that is located within a specified geographic entity. A single internal point by the Census is identified for
each entity. For many entities, this point represents the approximate geographic center of that entity. If the
shape of the entity causes this point to be located outside the boundaries of the entity, it is relocated so that
it is within the entity. If the internal point for a block falls in a water area, it is relocated to a land area within
the block.” Census of Population and Housing, 1990).

13| have not been able to calculate the actual cost of a trip from a place to an assigned post. To the extent
that ease of access is constant and related to mileage, distance measured in this way serves as a proxy for
the cost of visiting a place. In any case, | expect the two measures to be highly correlated.



184 EMPIRICAL STUDIESIN APPLIED ECONOMICS

calculate this fraction, I considered the start date and end date of employment
at the place and measured the number of full days the VPSO was employed.'4

The State of Alaska provided a list of places considered by the Troopers
to have their own law enforcement (typically a municipal police department).
AST and FWPS provide services to areas just outside the boundary of places
that have their own law enforcement, and report their hours to the nearest beat.
Thus, it is possible for a place to have its own law enforcement and to have
non-zero AST and FWPS hours. Of the 344 places | considered, 41 have their
own law enforcement. Table 8.1 identifies those places the Troopers consider
as having their own law enforcement.

To distinguish the most populated places in Alaska from all others, | de-
fined an indicator variable for Anchorage, Juneau, and Fairbanks. These three
cities account for 60 percent of the population in the 344 places (measured
in 1990). On the other hand, these cities account for roughly 21 percent
of the total Trooper hours spent in Alaska places between 1994 and 1998
(145,791/691,453). | expect that the large cities will receive a disproportion-
ately smaller number of per capita hours compared to other places.

In Alaska, local places can adopt an option to ban the sale, importation, or
possession of alcohol. Many places have exercised this option and have banned
alcohol at least over some spans of time. Crime and social disruption can be
affected dramatically when the possession of alcohol is banned.*® The alcohol
variable in my analysis is derived from the Schedule of Local Option Commu-
nities report produced by the Alaska Alcoholic Beverage Control Board (Grif-
fin, 2000). | define the alcohol variable to reflect whether a place has banned
the sale, importation, or possession of alcohol for any part of each year in my
analysis (1994-1998). If a place elected to ban either alcohol sale, importation,
or possession during a year, that place would have a value of “one” for the
alcohol variable. If a place did not elect to ban either alcohol sale, importa-
tion, possession during a year, that place would have a value of “zero” for the
alcohol variable.

Finally, I constructed a population density measure. The Census computes
population density by dividing the total population of a geographic unit by its
land area, measured in square kilometers (Census of Population and Housing,
1990). Thus, I calculated the population density of each place by dividing
the total population as reported in the 1990 U.S. Census by its area in square
kilometers of land as also reported in the U.S. Census.

14For example, if a VPSO was present at a place from January 1 through December 31 for a given year, the
FTE variable would equal one. Likewise, if two VPSOs were each employed for exactly six months of a
given year, the FTE variable would also equal one.

B5For discussion, see e.g., (Landen, et al., 1997).
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For the preponderance of the information | collected, separate measure-
ments were not available from year to year. For example, “per capita income”
was measured by the U.S. Census in 1989. Also, factors such as the “percent
male” or “percent white” are not known at the place level from year-to-year.
Since the majority of the explanatory factors do not reflect temporal variation,
it is appropriate to time average the data and base the analysis on the average
of the factors measured over time.

8.4.2.  Analysis of Variance

My first investigation is the degree to which the factors | have identified are
different for the places with ANVSA census designation and without ANVSA
designation.

First | find that the Troopers’ hours are statistically significantly lower in
ANVSAs (p = 0). Average annual Trooper hours for five years in ANVSA
places are 185 hours and 682 hours in non-ANVSA places. However, the size
of the various places as measured by population is generally different as well.
The average population in ANVSAs is 345 people. The average population
in non-ANVSAs is 1,104 people, about three times greater. The difference is
statistically significant (p = 0).

As | discussed above, it is appropriate to adjust the hours spent by the Troop-
ers in a place by the place’s population. | created a variable for per capita hours
based on the Trooper hours measured in each of the years between 1994 and
1998 and the annual population measured in the corresponding year. Per capita
hours are therefore defined annually in each Alaska place. To form the time-
average of Trooper hours by place, | weight by the annual population figures
in each place and year. Consequently, the hours per capita variable analyzed
below is equivalent to the total hours spent in a place by Troopers over the full
five years divided by the total population in that place for the same five-year pe-
riod. The weighted average of per capita hours (measured across places using
population weights for each place) indicates that the average number of hours
for ANVSA places is 0.468 hours per capita and is 0.572 hours per capita in the
non-ANVSA specified places. On a weighted average basis, the ANVSA areas
fair only slightly worse than the non-ANVSA areas. The weighted average of
hours per capita is arithmetically equivalent to the total Trooper hours for the
five-year period (across ANVSA and non-ANVSA places separately) divided
by the total population served in these same places during the five-year period.

Using per capita hours, | find that there is no longer a statistical difference
in per capita hours for ANVSA and non-ANVSA places. Per capita hours
are not statistically different between ANVSA and non-ANVSA places (0.88
hours per capita in ANVSA places versus 1.28 hours per capita in non-ANVSA
places; p = 0.11). However, population is not the only factor that potentially
explains the difference in Trooper hours expended.
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The ANVSA places are, on average, equally male as compared with the
non-ANVSA places (54.8 percent versus 55.1 percent, p = 0.79). ANVSA
places are much more likely to be below the poverty line (27.0 percent versus
11.6 percent; p = 0) than non-ANVSA places. The ANVSA places have a sta-
tistically higher percentage of young people (27.1 percent versus 21.4 percent;
p = 0) than do the non-ANVSA places. A similar difference does not exist
for older people, where ANVSA places had a non-statistically lower signifi-
cant percentage of older people (9.7 percent versus 8.4 percent; p = 0.28) than
did non-ANVSA places. As expected, the ANVSA places are more highly
comprised of Native Americans (76.5 percent versus 9.0 percent; p = 0). The
places are somewhat different in black composition (0.20 percent in the AN-
VSA places versus 1.01 percent in non-ANVSA places; p = 0.0). The places
are not statistically different in Asian composition (p = 0.82). The places are
very different in white composition (22.0 percent in the ANVSA places versus
88.2 percent in the non-ANVSA areas; p = 0).

The difference in per capita income is quite striking. ANVSA places have
an average income per capita of $10,015. Conversely, non-ANVSA places
have a per capita income of $16,865 (p = 0).1® In sum, there are significant
socio-demographic differences between the ANVSA and non-ANVSA places.
These factors are further evaluated in my multivariate analysis.

The geographical differences between ANVSA places and non-ANVSA
places are also readily apparent. The average distance between ANVSA places
and their assigned Trooper posts is 118.2 miles. For non-ANVSA places, the
average distance is 69.3 miles (p = 0.01). The distance to the closest post is
62.3 miles for ANVSA places versus 28.5 miles for the non-ANVSA places
(p = 0). The similarity of measured distance does not rule out the empirical
possibility that Trooper hours are a function of distance. I discuss the distance
issue in greater detail below.

The ANVSA places are somewhat less likely to provide their own law en-
forcement (10.0 percent versus 16.0 percent; p = 0.13) than the non-ANVSA
places. Population density is not found to be statistically different between
ANVSA and non-ANVSA areas (p = 0.387). Regarding road access, the AN-
VSA areas are only accessible year round in 11.0 percent of ANVSA but are
accessible year round in 65.1 percent of the non-ANVSA places (p = 0).

The ANVSA areas are much more likely to have a VPSO presence. The
VPSO FTE measure is on average 0.38 in ANVSA areas (less than one half
FTE per annum) versus an average of 0.01 in non-ANVSA areas (p = 0).
Therefore, ANVSA areas are more likely to be covered by VPSO programs

16The per capita income figures for both groups are somewhat low due to the 1989 measurement date.
Additionally, these per capita figures use total population counts, and are likely to be low due to presence
of non-earners.
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and non-ANVSA areas are more likely to be covered by other law enforce-
ment programs. Finally, alcohol prohibitions are much more likely to occur in
ANVSA places than in non-ANVSA places (41.6

In summary, the ANVSA and non-ANVSA places vary in many respects.
While | have found that on average in ANVSA and non-ANVSA places hours
per capita provided by Troopers in these areas were similar, there are several
factors that help explain place to place differentials and permit a test of racial
discrimination as a potential explanatory factor. These issues are addressed in
the next section.

8.4.3. Econometric Model

In Table 8.2, I display the regression model that | developed to explain the
differences in the Troopers’ hours spent in the various places. The regression
analysis simultaneously controls for differences in many factors and general-
izes the analysis of variance results | presented above. | use the regression
model to test the hypothesis that, after controlling for other important factors,
race plays some role in determining Trooper hours spent per capita in places.
The first transformation | make is to take the logarithm of the per capita hours.
This allows me to better control for heteroscedasticity in the regression mod-
eling. However, similar results were obtained without this transformation.

| find that places in which more males are present receive more Trooper
time. This is due to the fact that men are more likely than women to be in-
volved in crimes. The percentage of the population below the poverty also
helps explain the Trooper hours expended in different locations and similarly
reflects a crime effect. 1 also find that the age variable is positively related to
Trooper hours expended. Hence, areas with older populations are more likely
to (and did) receive more attention from the Troopers.’

Race effects are not apparent in the multivariate regression analysis. For
instance, if a Native American race effect were present, one should expect
the coefficient on the variable for the percentage of Native Americans to be
negative and statistically significant in the regression model. In other words,
as the percentage of Native Americans in a place increases, fewer Trooper
hours would be allocated to that place in the presence of a racial bias. This is
not the case.

The other key factor measuring the possible influence of race on Trooper
hour allocation is the ANVSA designation. This indicator does not reveal sta-
tistical significance. If a race effect or discrimination effect were present |

17In other models, 1 found that younger population groups (age 11 and under) received less attention while
older population groups (age 65 and over) received more attention in Trooper time. Therefore, the age effect
reflects the fact that elderly individuals require more Trooper assistance. Whether this extra time is crime
or safety related is not discernible.
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would expect the ANVSA indicator variable to show lower per capita Trooper
hours (all other things equal). This was not the case at the 95 percent level of
statistical confidence.

Similarly, the other race effects are jointly insignificant. As the omitted cat-
egory in the model is “white,” it is correct to say that blacks, Asians, and Native
Americans are treated identically to whites on a statistical basis. Therefore, the
multivariate regression analysis fails to demonstrate any race bias.

Areas with lower per capita income have more Trooper hours. However, this
result was not statistically well determined. As the place’s per capita income
falls, more Trooper time is required (other things equal). This is also likely
to be a crime effect, with more impoverished areas having more crime. It
is worth noting here that crime statistics are not measured at the place level.
In fact, crimes are clearly related to Trooper hours, ignoring the issue that
some crimes go unreported. Thus, it was not possible to include crime related
explanatory variables in the regression model. Further, it would not have been
appropriate to do so given the close connection between the dependent variable
(Trooper hours) and crime.

The distance from a place to its closest Trooper post has a negative and sta-
tistically significant effect on Trooper hours spent in the place.’® Hence, the
further away a place is from any Trooper post, the less likely it will receive
attention, all other things equal.'® | interpret this distance result as indicating
that more distant locations will and do receive less attention. This is not be-
cause they are racially discriminated against. It is simply the reality that with
a fixed budget, Troopers find it more costly in money and time to travel the
greater distance to very remote areas. This allocation reflects economic effi-
ciency. If the marginal value of an additional Trooper trip is to be maximized,
it is necessary to equate the marginal benefit less marginal cost of additional
Trooper trips across all places. Assuming that the marginal benefit of an addi-
tional Trooper trip is constant and equal across all places, economic efficiency
requires that the marginal cost of additional Trooper trips be equalized across
places. Since the marginal cost of a trip to a remote area is greater than the
marginal cost of a trip to a nearby area, efficiency requires fewer trips to out-
lying areas. On the other hand, the marginal benefit of an additional trip will
generally not be equal across places because Troopers respond to calls of vary-
ing degrees of urgency. For instance, the marginal benefit to Alaskans may be
much larger when Troopers respond to homicides as compared to less severe

18The road access variables (year round and summer only) were not significant determinants of per capita
Trooper hours in the multivariate regression analysis and are not displayed in Table 8.2.

19Regression models that relied on the distance to the assigned post rather than to the closest post found no
statistically significant distance effect.
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misdemeanor offenses. In fact, it is likely that Troopers respond to all calls in
which the urgency is immediate irrespective of the distance.?°

Places with their own law enforcement were statistically less likely to re-
ceive Trooper attention. Conversely, those areas without law enforcement were
the most likely to receive Trooper attention measured on an annual hours per
capita basis.

The presence of a VPSO program as indicated by the full-time employment
VPSO variable was not statistically significant in determining the per capita
Trooper hours (all other factors equal). Instead, the VPSO program serves to
augment Trooper efforts. Population density was not found to be related to
Trooper hours spent.

As discussed above, | find that the large cities (Anchorage, Juneau and Fair-
banks) receive a disproportionately lower share of Trooper hours as compared
to other places. This result, however, was not statistically significant.

As discussed above, the alcohol variable represents bans on the sale or im-
portation of alcohol or bans on its possession. Places imposing bans of either
kind on alcohol may discourage alcohol-related crimes or misdemeanors. Con-
sequently, the presence of an alcohol ban is expected to reduce the demand for
Trooper hours. This effect is demonstrated in the multivariate regression anal-
ysis. The alcohol variable is negatively and statistically significantly related
to per capita Trooper hours (all other things equal). Hence, alcohol bans are
a form of own law enforcement and reduce Trooper related calls to Alaskan
rural places. Conversely, places without alcohol bans apparently require and
receive greater Trooper attention (controlling for other factors).

Finally, whether or not a place has the ANVSA designation was not related
to per capita hours received from the Troopers, controlling for other influences.
In sum, neither race nor place designated status influenced the Troopers’ allo-
cation decision.

8.5. Conclusions

There are many factors that influence the number of hours spent by Troopers
in places in Alaska. No one factor completely explains the picture. However,
collectively, income differentials, age differentials, distance, alcohol bans, and
own law enforcement explain a significant percentage of the variance of the
Trooper hours spent in the places. Importantly, | conclude that there is no ev-
idence that race has an effect on the number of Trooper hours spent in areas
designated by the U.S. Census with ANVSA status). Therefore, as there are
no race effects, | conclude that there is no discrimination in allocating scarce

2070 test this hypothesis, | respecified my regression model to explain the number of homicides handled by
Troopers in Alaskan places. In these regressions, | continue to find no evidence of race bias. | also fail to
find an allocation related to distance as might be expected given the severity of the crime.
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police resources. Instead, my analysis reveals a rational response to resource
allocation that balances many factors efficiently. Clearly, a larger budget would
allow the Troopers to spend more time in remote villages. Alternatively, in-
creased VPSO and VPO programs could provide a form of own law enforce-
ment that could reduce the necessity for Trooper visits.
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Table8.2. Alaska Allocation Analysis

Dependent Variable:

Log
Per Capita Hours

Constant —2.44
(—4.04)
Alaska Native Village Statistical Area 0.056
(0.21)
Percent Male 2.43
(2.25)
Percent Below Poverty 0.884
(1.92)
Age 0.023
(1.67)
Percent Native —0.191
(—0.48)
Percent Black -9.15
(—2.14)
Percent Asian —3.98
(—1.68)
Per Capita Income, 1989 —4.92¢e—6
(—0.42)
Minimum Distance from Place to Post —0.00393
(—2.91)
Own Law Enforcement —0.479
(—1.87)
Population Density —0.00024
(—0.30)
Village Public Safety Officer 0.359
(1.44)
Alcohol Ban —0.443
(—2.09)
Anchorage, Fairbanks, or Juneau —0.387
(—0.48)
Observations 308
R-squared 0.16

t-statistics in parenthesis
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Chapter 9

FINANCIAL MARKET REACTION TO
THE FAST FOOD HAMBURGER
HEALTH SCARE OF 1993

9.1. Introduction

In 1993 a bacteria epidemic killed several children in the Pacific Northwest.
The bacteria was a virulent strain of E. coli and was traced to undercooked
hamburgers at Jack-in-the-Box restaurants. The outbreak was the largest and
most serious for E. coli with a total of 400 confirmed or probable instances. Ul-
timately the tainted hamburgers forced 125 people to be admitted to a hospital
and led to kidney failure in 29 people.

Jack-in-the-Box, whose corporate name was Foodmaker, did not handle the
public relations crisis very well in the first few days of the crisis. It took sev-
eral days before the company addressed the public and removed all meat from
its restaurants. However, Jack-in-the-Box did respond with a quality assurance
program to ensure the safety of food at each point in the distribution system
from meat supplies to the cooking process. The process now mandates that if a
supplier’s products test positive for harmful E. coli on more than one occasion
that supplier is dropped. Today, restaurant management tests the cooking sys-
tem and cooks sample products. There are weekly inspections and each beef
patty is checked by a company certified employee before it is removed from
the grill.

Public health officials are worried about virulent strains of E. coli including
E. coli 0157:M7 because they may appear anywhere, from the municipal water
supply to apple cider, and in rare meat. Outbreaks in meat are particularly
difficult to avoid because cattle are a major reservoir of the bacterium. E. coli
0157:M7 is more virulent than other forms of E. coli because it clings to cell
walls in the human bowel and produces a toxin that causes bleeding. Doctors
do not have an effective treatment plan for E. coli 0157:M7 and are baffled by
the spectrum of symptoms. Most commonly a problem is detected in otherwise
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healthy children that present with kidney disease including hemolytic-uremia
syndrome or thrombocytopenic purpura.

Hamburgers pose the greatest risk because the grinding and mixing of the
meat provides a large surface area for the growth of the bacteria. Steaks and
ribs are less susceptible due to the heating of the exterior even in “rare” prepa-
rations.

As a result of the Jack-in-the-Box outbreak and because of increasing aware-
ness of the health hazards of E. coli 0157:M7, the U.S. government adopted
new inspection programs for the monitoring and testing of meat and poultry
from slaughter to consumption. New standards were adopted for salmonella
bacteria; all meat processes were required to test for E. coli 0157:M7; each
plant must now identify the critical points for inspection and these must be ap-
proved by the Department of Agriculture on a can by can basis. Most impor-
tantly the Food and Drug Administration has increased the federal minimum
cooking temperature for ground beef from 140 degrees to 155 degrees.!

While Jack-in-the-Box was able to respond fairly rapidly to the public rela-
tions nightmare it was not quick enough to control the damage to its reputation.
Over the two years following the outbreak, Jack-in-the-Box lost 30 percent
of its stock market value and had its debt reclassified to junk bond status by
Moody’s investor rating services. Foodmaker was reported to have lost at least
$138 million over two years. Fortunately for Foodmaker this financial disaster
was subsequently reversed as Foodmaker stood behind its franchises and used
a public relations campaign to humanize its fast-food chain by resurrecting the
“Jack™ icon including an ad in which Jack dynamited company headquarters.
At this time Foodmaker’s annual sales were approximately $129 billion with
two-thirds of the revenue coming from the Jack-in-the-Box outlets. Reported
sales losses were, in fact, much too low.

In this chapter | use historical sales data to estimate a demand model for
hamburgers sold in the fast-food market. | use this model to compare Jack-in-
the-Box actual and forecasted sales for the two-year period following the E.
coli outbreak. My conclusion is that Jack-in-the-Box sustained much greater
losses and at levels that were consistent with investor expectations that the
losses would be permanent.

In section 9.2, | discuss the data sources used in this analysis. In section 9.3,
| present my econometric model of hamburger demand and contrast it to two
other approaches for forecasting demand, one based on sales revenues of Jack-
in-the-Box directly while the second based on a market share approach. The
final section presents estimates of lost sales and my conclusions.

IMcDonald’s corporation has always cooked its burgers to a temperature of at least 157 degrees while Jack-
in-the-Box was much closer to the then-permissible standard of 140 degrees according to federal reports.
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9.2. Data Sources

The data for this study were derived from four sources: (1) Jack-in-the-Box
sales for several regions from 1987 through 1994 obtained through Restau-
rant Trends, (2) national income product accounts by year and quarter, (3)
consumer price index and unemployment data by region and quarter from the
Bureau of Labor Statistics; and (4) earnings, population, and employment data
by year and region from the Bureau of Economic Analysis.

9.2.1. Restaurant Trends Data

The Restaurant Trends data represent surveys of Quick Service Restaurants
(QSR) in major regions of the United States. Data were obtained for ten cities:
Los Angeles, Sacramento, San Diego, San Francisco, St. Louis, San Antonio,
Phoenix, Dallas, Houston, and Seattle. (The sales for these cities represent
approximately 80 percent of reported domestic and international sales.) The
data provide revenues and number of stores on a quarterly basis for the period
1987 through 1994. The econometric analysis is based on 240 observations
(ten regions, six years, and four quarters). The estimation period is based on
the period from 1987 through 1992 and excludes 1993 and 1994 so that a
lost-sales calculation can be made using predicted and actual sales. The QSR
reports provide information on the major hamburger chains including Burger
King, McDonald’s, Wendy’s, Arby’s, Carl Junior’s, Jack-in-the-Box, Hardy’s,
and Whataburger.

9.2.2.  Bureau of Economic Analysis

Data were obtained on the ten primary cities for the years 1987-1996 from
the Regional Economic Information System of the Bureau of Economic Anal-
ysis (BEA). The BEA data provide measures of population, per-capita income,
earnings at retail establishments, earnings at eating and drinking establish-
ments, total employees, and employment at retail establishments.

9.2.3. National Income and Product Accounts

Data were obtained from the National Income Products Accounts, includ-
ing real gross domestic product, real personal consumption expenditure, real
personal consumption expenditure on food, real personal consumption expen-
diture on services, national population levels, real disposable personal income,
and the price index for personal consumption expenditures on food. Data were
obtained on a quarterly basis from 1987 through 1996.

9.2.4. Bureau of Labor Statistics

From the Bureau of Labor Statistics, | collected CPI data for all urban
consumers and unemployment statistics by region. Data were collected on
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a monthly basis and converted to a quarterly basis for the years 1987 through
1996.2

9.3. Econometric Models

In order to model the historical sales at Jack-in-the-Box, I utilize a time-
series cross-section structure with quarterly observations. The use of the ten
primary regions, six years (1987-1992), and four quarters per year, results in
240 observations. The regression models | specify in this section consider:
(1) revenues, (2) number of stores, and (3) revenues per store (average unit
volumes). A variable glossary is provided in Table 9.1.

Table9.1. Variable Glossary

r2-r10  Region dummy variables

g2-g4  Quarter dummy variables

perfran Percentage of stores that are franchised
trend time trend

Irpci log of real per-capita income

lur log of unemployment rate

Irrev log of real sales revenue per capita
Irauv log of real sales revenue per store
Irsto log of stores per capita

When modeling revenues, | use real sales per capita, i.e., | adjust the quar-
terly sales for changes in the price level and express the result on a per-capita
basis. All adjustments are done using the values of the factors at specific re-
gions and time periods. When modeling average unit volumes, the sales per
store are expressed in real terms. When modeling the number of stores, 1 di-
vide the number of stores by the regional population. The latter variable is the
reciprocal of the number of individuals in the population per store and corrects
for possible heteroscedasticity.®

2Where specific regional information was not available, the values for nearby regions were substituted.
3The time-series cross-section form of the data allowed generalized least squares estimation. The optimal
weighting (estimated ratio of within and between variances) was 0.95 so that a fixed-effects approach was
adopted. The models were estimated in log-linear form. The estimation period is from 1987 through 1992
and represents the pre-outbreak period.
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9.3.1. Revenue per Capita

To explain the real sales per capita of Jack-in-the-Box stores in a quarter,
I use nine region-specific dummy indicator variables (the fixed effects), three
quarterly dummies (to control for seasonality), the percentage of franchised
stores in the region, a trend term, real per-capita income, and the unemploy-
ment rate. Based upon the 240 historical observations, the R-squared is over
97 percent. A significant trend effect was determined implying a 3.5 percent
annual increase in real per-capita sales for the period 1987-1993. Increases
in real per-capita income increase sales, while increases in unemployment de-
crease sales. The percentage of franchised stores apparently does not affect
the real per-capita sales level. Some seasonality is demonstrated with lower
sales in January through March. Finally, the fixed effects were very precisely
determined. The estimated regression model is given in Table 9.2.

9.3.2.  Average Unit Volume

Table 9.3 considers real average unit volume. Average unit volume is de-
fined as revenue divided by the number of stores. The results are similar to
those described in Table 9.2, with approximately 87 percent of the variation
explained.

There are some notable differences. In this model, the trend in average unit
volumes is slightly negative over the period. Additionally, the percentage of
stores that are franchised in an area leads to higher per-store revenue. Regional
sales are otherwise higher in regions with a higher percentage of franchises.

9.3.3.  Stores per Capita

The qualitative results for per-capita stores were not dissimilar to those ob-
tained in the average unit volume regression (Table 9.4). Not surprisingly, there
was no quarterly store effect.

There was a positive trend effect measured at a 4.4 percent per year growth
in store placements per capita. Areas with higher real per-capita income or
lower unemployment rates also revealed a greater penetration in stores. The
R-squared for this model was 96 percent.

9.4. Simulations and Conclusions

The estimated models were used to forecast “but-for" sales in the post-1993
period. The purpose of the “but-for” simulation is to predict sales levels as if
the E. coli outbreak had not occurred. The estimated lost sales for the 1993—
1994 period inclusive is $267 million, or approximately 16.6 percent of histor-
ical actual Jack-in-the-Box sales.

Actual sales for 1993 and 1994 were $1.6099 billion, while predicted sales
were $1.8771 billion. Models based on average unit volume and number of
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Table9.2. Revenue per Capita

Dependent Variable: Irrev

Independent Estimated t-

Variable Coefficient ~ Statistic
@) —18.662 —20.34
r2 0.138 6.91
r3 0.099 5.40
r4 —0.261 —-3.22
r5 —0.728 —-23.51
ré —0.506 —7.99
r7 0.209 7.63
r8 —0.060 —2.01
r9 —0.265 —9.28
rl0 —-0.623 —17.12
q2 0.087 7.74
g3 0.114 9.30
g4 0.149 11.56
perfran 0.007 0.11
trend 0.034 9.48
Irpci 2.073 10.01
lur —0.128 —4.20
Observations 240
Corrected R-squared 0.978
Mean of Dependent Variable — —5.417

stores provided identical results (when combined) given the logarithmic trans-
formation of the dependent variables.

9.4.1. Market Share Logit Model

To corroborate these estimates | estimated a multinomial logit market share
model. The market share model is based on the ratio of the market share of each
chain’s sales to that of a normalizing alternative. | use sales at McDonald’s
stores as the normalizing alternative. While this can be done without loss of
generality (i.e., predicted market shares would be identical using another nor-
malizing alternative), the interpretation of the coefficients for the explanatory
factors is affected by this choice. The dependent variables in these regressions
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Table9.3. Average Unit Volume

Dependent Variable: Irauv

Independent Estimated t-

Variable Coefficient ~ Statistic
@) —4.765 —6.48
r2 0.109 6.76
r3 0.053 3.58
r4 —0.241 -3.70
r5 —0.069 —2.81
ré —-0.148 -2.91
r7 0.045 2.06
r8 —-0.173 —-8.56
r9 —0.110 —4.79
r10 —-0.135 —-4.64
g2 0.090 9.95
g3 0.118 12.01
g4 0.161 15.52
perfran 0.201 3.79
trend —0.009 -3.32
Irpci 1.244 7.50
lur —0.126 —5.15
Observations 240
Corrected R-squared 0.883
Mean of Dependent Variable 0.507

are the difference in the log average unit volume of a particular chain and log
average unit volume at McDonald’s. Explanatory factors include alternative
specific constants, a time trend, real per-capita income, and unemployment.
The market share model is estimated using four regression equations (one less
than the number of alternatives). Here, | assumed that there are five major al-
ternatives in the market share model (Jack-in-the-Box, Burger King, Wendy’s,
Carl Junior’s, and McDonald’s).

In order to simulate the market share model, | constructed a variable to mea-
sure the total revenue for the five hamburger chains used in the market share
equations. To model real per-capita sales at the five hamburger chains, | used
a constant term, time trend, the ratio of employment in the retail sector to total
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Table9.4. Stores per Capita

Dependent Variable: Irsto

Independent Estimated t-

Variable Coefficient ~ Statistic
@) —13.897 —14.69
r2 0.029 1.44
r3 0.046 2.45
r4 —0.020 —-0.25
r5 —0.658 —20.62
ré —0.358 —5.48
r7 0.164 5.80
r8 0.122 4.70
r9 —0.155 —5.28
ri0 —0.488 —13.00
q2 —0.002 —-0.23
g3 —0.004 —0.32
q4 —0.011 —-0.85
perfran —-0.194 -2.85
trend 0.044 11.78
Irpci 0.828 3.88
lur —0.002 —-0.07
Observations 240
Corrected R-squared 0.962
Mean of Dependent Variable  —5.924

population, and the real earnings at retail establishments divided by employ-
ment at retail establishments (a measure of per-capita earnings for workers at
retail establishments). The estimated regression model showed that real sales
per capita for the five hamburger chains increased both as the retail sector grew
in real terms and with increases in the payments to those working in the retail
segment. The R-squared for this regression is approximately 65 percent. Given
the similarity in findings to the revenue per-capita models, the regression re-
sults are omitted.

Using the results of the market share equations and the total revenue per-
capita equation at the five chains, it was possible to forecast the post-1993
sales period. The sales simulation proceeds under two scenarios. In the first
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scenario, | assume that the actual revenues for the five hamburger chains for
1993-1994 were identical to their historical levels. My assumption here is that
any loss in sales at Jack-in-the-Box would simply shift to another competitor
but that total sales would not be affected. This assumption should be correct
provided that the degree of substitution among the major hamburger chains is
closer than that between Jack-in-the-Box and non-hamburger substitutes.

Under this zero-sum scenario, in which Jack-in-the-Box sales will go to
another hamburger competitor, | calculate that the lost sales for 1993 and 1994
would be $282 million for the ten regions. This estimate is similar to the
estimate of lost sales using the revenue per-capita model.

9.4.2. Conclusions

As Foodmaker’s annual sales circa 1993 were $1.29 billion with two-thirds
of the revenue derived from hamburger sales, annual hamburger revenues were
approximately 859 million dollars. If investors concluded that the lost earn-
ings were permanent, the stock price would fall in proportion to the decline in
earnings due to the E. coli scare. As stock prices lost some 30 percent of their
value, an estimate of lost earnings consistent with the stock decline would
be $258 million per annum. The econometric estimates show that lost sales
were closer to $133.5 million per annum ($267m for two years). This figure is
nearly double that reported in the trade news. The decline in stock prices does
not necessarily reflect irrational expectations of investors. Investors correctly
perceived the news to be much worse than that reported in the press. However,
the initial stock price decline appears to have been too large to be explained by
the financial consequences of the E. coli outbreak, even if investors believed
the effects to be permanent. As revenues subsequently stabilized and returned
to normal levels, the financial market revised stock prices accordingly and re-
turned them to levels consistent with long run trends.
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