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Abstract

As applied to the behavior of homeowners with mortgages, option theory predicts that mortgage

prepayment or default will be exercised if the call or put option is “in the money” by some specific

amount. Our analysis: tests the extent to which the option approach can explain default and

prepayment behavior; evaluates the practical importance of modeling both options simultaneously;

and models the unobserved heterogeneity of borrowers in the home mortgage market. The paper

presents a unified model of the competing risks of mortgage termination by prepayment and de-

fault, considering the two hazards as dependent competing risks which are estimated jointly. It also

accounts for the unobserved heterogeneity among borrowers, and estimates the unobserved hetero-

geneity simultaneously with the parameters and baseline hazards associated with prepayment and

default functions.

Our results show that the option model, in its most straightforward version, does a good job

of explaining default and prepayment; but it is not enough by itself. The simultaneity of the

options is very important empirically in explaining behavior. The results also show that there

exists significant heterogeneity among mortgage borrowers. Ignoring this heterogeneity results in

serious errors in estimating the prepayment behavior of homeowners.

Keywords: Mortgage default, prepayment, dependent competing risks, mortgage pricing.



Mortgage Terminations, Heterogeneity and the Exercise of

Mortgage Options

1 Introduction

The mortgage market is quite large and is increasing in importance. The outstanding

volume of residential mortgages is currently over $ 3 trillion, and volume has doubled in the past

decade. In comparison, the stock of outstanding U.S. government debt is currently about $ 5 trillion.

Almost half of the stock of mortgages is held in “mortgage-backed securities,” and about half of

all new mortgages are “securitized.” The rise of securitization, the trading of these securities, and

the growing use of mortgage-backed securities as collateral for “derivatives” (e.g., collateralized

mortgage obligations) has generated a great deal of interest in the economics of mortgage and

mortgage-backed securities.

Pricing mortgage contracts is complicated, primarily by the options available to the borrower to

default or to prepay. These options are distinct, but not independent. Thus, one cannot calculate

accurately the economic value of the default option without considering simultaneously the financial

incentive for prepayment. Furthermore, risk preferences and other idiosyncratic differences across

borrowers may vary widely. Typically, it is very difficult to measure this heterogeneity explicitly.

Appropriately modeling these prepayment and default risks is crucial to the pricing of mortgages

and to understanding the economic behavior of homeowners.

The contingent claims models, developed by Black and Scholes (1973), Merton (1973), Cox,

Ingersoll, and Ross (1985), and others, provide a coherent motivation for borrower behavior, and

a number of studies have applied this model to the mortgage market. Hendershott and Van Order

(1987) and Kau and Keenan (1995) have surveyed much of the literature related to mortgage

pricing.
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Virtually all previous studies using option models, however, focus on applying them to explain

either prepayment or default behavior, but not both. For instance, in the first application of option

models to mortgages, Findley and Capozza (1977) analyzed the prepayment options of holders of

adjustable-rate and fixed-rate mortgages. Dunn and McConnell (1981), Buser and Hendershott

(1984), and Brennan and Schwartz (1985) used option theory to price callable mortgages, relying

on simulation methods. Green and Shoven (1986), Schwartz and Torous (1989) and Quigley and

Van Order (1990) provided empirical estimates of option-based prepayment models.

Cunningham and Hendershott (1984) and Epperson, Kau, Keenan, andMuller III (1985) applied

option models to price default risk, modeling default as a put option, and Foster and Van Order

(1984) and Quigley and Van Order (1995) estimated default models empirically in an option-based

framework. Quercia and Stegman (1992) and Vandell (1993) reviewed many of these default models.

A series of papers by Kau, Keenan, Muller, and Epperson (1992, 1995), Kau and Keenan (1996)

and Titman and Torous (1989) provided theoretical models which emphasized the importance of

the jointness of prepayment and default options. A homeowner who exercises the default option

today gives up the option to default in the future, but she also gives up the option to prepay the

mortgage. Foster and Van Order (1985) estimated simultaneous models of default and prepayment

using data on large pools of FHA loans, and Schwartz and Torous (1993) estimated the joint hazard

using a Poisson regression approach and aggregate data. Deng, Quigley, and Van Order (1996) and

Deng (1997) were the first to analyze residential mortgage prepayment and default behavior using

micro data on the joint choices of individuals. However, the competing risks hazard model common

to all these studies ignores the heterogeneity among borrowers. Presumably a substantial number

of homeowners are less likely to exercise put and call options on mortgages in the fully rational way

predicted by finance theory. Accounting for this group is potentially important in understanding

market behavior and in pricing seasoned mortgages.
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In this paper, we present a unified economic model of the competing risks of mortgage termi-

nation by prepayment and default. We adopt a proportional hazard framework to analyze these

competing risks empirically, using a large sample of individual loans, and we extend the model to

analyze unobserved heterogeneity. We test three aspects of homeowner behavior in the mortgage

market:

1. The extent to which the option approach can explain the default and prepayment behavior

of borrowers with single-family mortgages;

2. The importance of modeling both options simultaneously; and

3. The importance of heterogeneity of borrowers in explaining behavior in the market.

We find that:

1. The option model, in its most straightforward version, does a good job of explaining default

and prepayment; but it is not enough by itself. Either transactions costs vary a great deal

across borrowers, or else some people are simply much worse at exercising options;

2. The simultaneity of the options is very important empirically in explaining behavior. In

particular, factors that trigger one option are also important in triggering or foregoing exercise

of the other; and

3. Unobserved borrower heterogeneity is quite important in accounting for borrower behavior.

We allow for heterogeneity by incorporating into the estimation the possibility that there are

different sorts of borrowers, some very astute, some quite passive, and others somewhere in

between.2 We find that heterogeneity is significant. It has important effects on key elasticities

explaining behavior, particularly with respect to prepayment.

2The unobserved heterogeneity may be attributed to unmeasured house-specific factors (such as unexpected de-
preciation or appreciation of property values) as well as to borrower tastes or abilities.
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The paper is organized as follows: Section 2 reviews the application of option models to mortgage

terminations. Section 3 discusses the proportional hazard model, specified with competing risks,

time-varying covariates and unobserved heterogeneity. Section 4 presents an extensive empirical

analysis. Section 5 is a brief conclusion.

2 Mortgage Terminations and Option Pricing

Well-informed borrowers in a perfectly competitive market will exercise financial options when they

can thereby increase their wealth. In the absence of either transactions costs or reputation costs

which reduce credit ratings, and with assumable mortgages (or no exogenous reasons for residential

mobility), default and prepayment are essentially financial decisions which can be separated from

real (housing) decisions, and the simplest version of the Miller and Modigliani theory of the irrel-

evance of financial structure holds.3 Under these conditions, individuals can increase their wealth

by defaulting on a mortgage when the market value of the mortgage equals or exceeds the value

of the house. Similarly, by prepaying the mortgage when market value equals or exceeds par, they

can increase wealth by refinancing. A necessary condition for exercising an option is that it be “in

the money,” but that is not sufficient. Exercising either option now means giving up the option to

exercise both options later. For instance, a borrower whose house price declines below the mortgage

balance may not default immediately, in part because after the price decline the mortgage has a

below-market rate,4 but also because by defaulting, the borrower would also lose the option to

refinance later on.

While virtually all the recent research on prepayment and default, summarized above, has used

option-based models, the underlying theories behind the models differ importantly in the treatment

3See Kau, Keenan, Muller, and Epperson (1995) for a recent discussion.
4This is because mortgage is now riskier, defaulting and buying back the same house would require paying a higher

interest rate or making a larger downpayment.
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of transactions costs.5 For simplicity, we divide these approaches into polar cases. The first case,

Model I, assumes no transactions costs (see Titman and Torous 1989, Kau, Keenan, Muller, and

Epperson 1992), and “ruthless” exercise of both options. The second case, Model II, emphasizes

transactions costs, particularly in exercise of the default option. It is assumed that transactions

costs are sufficiently high that default requires, not only negative equity, but also a “trigger event”

which forces the borrower to leave the house. Model II also entertains the possibility that there are

significant transactions costs involved in prepaying, or else that some borrowers are more astute

than others at exercising options (see Archer, Ling, and McGill 1996). Finally, Model II also allows

the possibility of significant unobserved heterogeneity. Thus the separation between housing and

finance decisions is incomplete.

According to Model I, understanding when to exercise either option requires specifying the

underlying state variables and the parameters that determine the value of the contract and then

deducing the rule for exercise that maximizes borrower wealth. For residential mortgages, the key

state variables are interest rates and house values. The value of a mortgageM (c, r,H,B, k) depends

upon the coupon rate, c, a vector of relevant interest rates, r, property value, H, the outstanding

balance, B, the age of the loan, k, and some other parameters. With continuous time, a standard

arbitrage argument is sufficient to derive an equilibrium condition for M (a second order partial

differential equation) such that the value of the mortgage equals the risk-adjusted expected present

value of its net cash flows.

Assume that house price changes are continuous with an instantaneous mean µ and a standard

deviation σh. Let d be the imputed rent payout (“dividend”) rate. For simplicity, assume there is

only one interest rate, the instantaneous short rate r, which determines the yield curve. Let θ be

the mean value of the short rate, γ be the rate of convergence for the short rate, σr be the volatility

5See Kau, Keenan, and Kim (1993) for an explicit discussion of transaction costs.
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of the short rate, and ρ be the correlation between interest rate changes and house price changes.

Then it has been shown (Kau, Keenan, Muller, and Epperson 1995) that the value of the mortgage

M satisfies

1
2rσ

2
r

∂2M

∂r2
+ ρ
√
rHσrσh

∂2M

∂r∂H
+ 1

2H
2σ2
h

∂2M

∂H2
+ γ (θ − r) ∂M

∂r

+(r − d)H ∂M
∂H

+
∂M

∂τ
− rM = 0.

(1)

The value ofM (·) and the optimal default and prepayment strategy are determined simultaneously.

Equation (1) is consistent with an infinite number of functions M (·). The appropriate function

is determined by choosing the optimal level of r, r∗, and the optimal level of H, H∗, at which

to terminate the mortgage through default or prepayment. These are the levels of r and H that

minimize M given equation (1) (See Kau, Keenan, Muller, and Epperson 1995); these levels are

functions of c, d,B, k and the parameters governing the stochastic processes for r and H. Due to

the jointness of the options, there are two pairs of r and H that trigger termination. There are

levels of r that trigger default as well as prepayment, and levels of H that trigger prepayment as

well as default. For instance, a borrower may default at a low enough level of r as a means of

prepayment, and a borrower might refinance when equity value has risen because the loan is now

safer and would carry a lower interest rate. The estimated probability of default or prepayment is

the probability of these levels of r and H occurring, conditional on the information set of actors in

the market and the researchers observing them.

Note that the borrower does not have to solve (1) and the boundary conditions in order to know

when to exercise either option. All that is necessary is knowledge of market prices. For instance,

for a fixed-rate mortgage, the prepayment option should be exercised whenever the borrower can

refinance the loan for the same remaining term at par at a mortgage rate less than the coupon

on the current loan or, alternatively when the market value of the mortgage equals (or exceeds)
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the mortgage balance. Default should be exercised when the borrower’s payments would be lower

on a new zero-downpayment loan for the same remaining term, used to purchase the same house.

Of course, we on the outside do not observe these market alternatives (and markets are not that

complete anyway); this greatly complicates testing the model.

Due to “data limitations,” the analyst does not observe the critical levels of house price and

the mortgage rate that trigger exercise from the details of the mortgage contract. All that we

can hope to observe is the extent to which either option is “in the money.” But we cannot even

measure directly the extent to which the default option is in the money without data on the course

of individual house prices. We can however estimate the probability that the option is in the money,

given the initial loan-to-value ratio and the stochastic process for house prices. The analyst can

control for the remaining term of the loan, but not for changes in the parameters of the house

price or interest rate process. This reality suggests that it is more productive to consider optimal

exercise in probabilistic terms and then to test some of the major predictions of Model I: First,

the probability of exercise should increase as the option moves further into the money. Second,

the probability of exercise should accelerate as the option moves further into the money. Third,

because exercising one option means giving up the other option, the extent to which one option

is “in the money” should affect the exercise of the other. Thus, for example, the probability of

prepayment is a function of the extent to which the default option is in the money.

Model I can be extended to address asymmetric information. For instance, we cannot observe

directly the parameters governing house price volatilities. This can be a problem if the volatilities

vary in a systematic way, for instance if borrowers know more about their own house price volatility

than lenders do. Then risky houses might be financed with high loan-to-value (LTV) loans, as

borrowers exploit underpriced options.6 One may control for this by using initial LTV as an

6See Yezer, Phillips, and Trost (1994) for a discussion.
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explanatory variable in predicting defaults. Similarly, borrowers who expect to move sooner than

average will choose to pay fewer “points” up-front; as a result they will have a higher than average

coupons. Also lenders may charge higher rates to borrowers with riskier houses, so that high rates

will be associated with higher defaults.

Model I has the great advantage of simplicity.

Model II incorporates transactions costs in a broad sense. It is not simple because transaction

costs are complicated and are generally not observable. For instance, different transaction costs

across borrowers have been used to explain the observation that the prepayments in mortgage

pools tend to be slower than expected and drawn out over time (e.g., see Archer and Ling 1993,

Stanton 1995, Harding 1997). This raises the general question of unobserved differences among

mortgage borrowers. Whether this empirical finding arises from variations in transaction costs or

differences in the astuteness of homeowners exercising options, unobserved heterogeneity means

that surviving borrowers are systematically different over time. For instance, surviving borrowers

may be increasingly less interest-rate sensitive over time if more astute borrowers refinance first,

something of obvious importance in pricing seasoned mortgages.

Transactions costs are more complicated on the default side, particularly if the mortgage is

not assumable. A borrower forced to move (e.g., due to divorce or job loss) who cannot have the

mortgage assumed has a very short remaining term and may thus default with little negative equity.

On the other hand, if there are costs to defaulting, H∗ may be lower than Model I implies. For these

reasons, many researchers (see Quigley and Van Order 1995, for a discussion) estimate modified

option models, which predict that exercise is a function of both “trigger events” like default or

divorce and also the extent to which the option is in the money.

We follow Kau and Keenan (1996) who introduce random terminations into the model. These
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terminations force either a prepayment or a default. If mortgages are not assumable7 and there

are no (e.g., reputation) costs to default, a random termination will lead to default if the house is

worth less than the mortgage balance, and prepayment otherwise. Note that in Model II, it is the

par value of the mortgage that is relevant for default. In contrast, in Model I a borrower is less

likely to default when interest rates increase due to the value of the low-rate mortgage. According

to Model II, a borrower who is forced to leave the house does not have the option to keep the

mortgage alive. As is the case with prepayments, transactions costs matter, especially if they vary

across borrowers or if there are unobservable differences in astuteness among borrowers.

Estimates of default and prepayment are reported below in three stages. First, we estimate

proportional hazard models which use as explanatory variables only the extent to which the options

are “in the money,” in order to test the predictions of Model I. Second, we add variables that are

proxies for information asymmetry (e.g., the original loan-to-value ratio) and trigger events (e.g.,

unemployment and divorce). Finally, we allow for unobserved heterogeneity and estimate the

nonparametric distribution of the unobserved heterogeneity simultaneously with the competing

risks of prepayment and default functions.

3 A Competing Risks Model of Mortgage Termination with Un-

observed Heterogeneity

The proportional hazard model introduced by Cox (Cox and Oakes 1984), provides a convenient

framework for considering the exercise of options empirically and the importance of other trigger

events in mortgage terminations.

7The empirical analysis below is based on mortgages which were nominally not assumable, but some states forbade
exercise of due-on-sale clauses during the observation period, and in any event due on sales clauses were typically not
enforced.
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Han and Hausman (1990), Sueyoshi (1992) and McCall (1996) (HHSM, for short) suggested a

maximum likelihood estimation approach for the proportional hazard model with grouped duration

data. The HHSM approach estimates the competing risks simultaneously, accounts for the fact that

risks may be correlated, and also that covariates may be time-varying. There is no restriction on

the functional form of the baseline hazard (described below). Following HHSM, the competing

risks model for mortgage prepayment and default can be derived:

Let Tp and Td be the discrete random variables representing the duration of a mortgage until it

is terminated by the mortgage holder in the form of prepayment or default, respectively. The joint

survivor function conditional on ηp, ηd, r, H, Y and X can be expressed in the following form:

S
¡
tp, td | r,H, Y,X, ηp, ηd

¢
= exp

Ã
−ηp

tpX
k=1

exp
¡
γpk + gpk (r,H, Y ) + β

0
pX
¢

(2)

−ηd
tdX
k=1

exp
¡
γdk + gdk (r,H, Y ) + β

0
dX
¢!
,

where gjk (r,H, Y ) are time-varying functions of options-related variables;8 r andH are the relevant

interest rates and property values, respectively, as discussed in the previous section; Y is a vector

of other variables which will be used, together with r and H, to estimate the market values of

the options empirically; X is a vector of other non-option-related variables, which may include

indicators reflecting a borrower’s credit risk or financial strength, as well as other trigger events, such

as unemployment and divorce. To simplify the notation, we suppress the time-varying subscripts

for r, H, Y and X. γjk are parameters of the baseline function which may be estimated non-

8The details of the function gjk (r, H, Y ) are specified in the following section and the appendix.
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parametrically, following Han and Hausman (1990)

γjk = log

 kZ
k−1

h0j (t)dt

 , j = p, d.(3)

ηp and ηd are unobserved heterogeneities associated with the hazard functions for prepayment and

default respectively.

We allow for the possibility that the population of mortgage borrowers consists of M distinct

groups. The joint distribution of the unobservables
¡
ηp, ηd

¢
is modeled by assuming that these

distinct, but unobserved types of individuals, m = 1, 2, ...,M , (an individual in group m is char-

acterized by the doublet of location parameters
¡
ηpm, ηdm

¢
), occur in the population with relative

frequency pm, m = 1, 2, ...,M.

Due to the nature of the competing risks between prepayment and default, only the dura-

tion associated with the type which terminates first is observed, i.e. t = min (tp, td). Define

Fp
¡
k | ηp, ηd

¢
as the probability of mortgage termination by prepayment in period k, Fd (k | ηd, ηd)

as the probability of mortgage termination by default in period k, Fu
¡
k | ηp, ηd

¢
as the probability

of mortgage termination in period k but information on the cause of the termination is missing,

and Fc
¡
k | ηp, ηd

¢
as the probability that mortgage duration data are censored in period k due to

the ending of the data collecting period.

Following McCall (1996), these probabilities can be expressed as:

Fp
¡
k | ηp, ηd

¢
= S

¡
k, k | ηp, ηd

¢− S ¡k + 1, k | ηp, ηd¢− 12 ¡S ¡k, k | ηp, ηd¢(4)

+S
¡
k + 1, k + 1 | ηp, ηd

¢− S ¡k, k + 1 | ηp, ηd¢− S ¡k + 1, k | ηp, ηd¢¢ ,
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Fd
¡
k | ηp, ηd

¢
= S

¡
k, k | ηp, ηd

¢− S ¡k, k + 1 | ηp, ηd¢− 12 ¡S ¡k, k | ηp, ηd¢(5)

+S
¡
k + 1, k + 1 | ηp, ηd

¢− S ¡k, k + 1 | ηp, ηd¢− S ¡k + 1, k | ηp, ηd¢¢ ,

Fu
¡
k | ηp, ηd

¢
= S

¡
k, k | ηp, ηd

¢− S ¡k + 1, k + 1 | ηp, ηd¢ ,(6)

and

Fc
¡
k | ηp, ηd

¢
= S

¡
k, k | ηp, ηd

¢
,(7)

where the dependence of these functions on r, H, Y and X has been omitted for notational

simplicity.

The unconditional probability is given by

Fj (k) =
MX
m=1

pmFj
¡
k | ηpm, ηdm

¢
, j = p, d, u, c.(8)

The log likelihood function of the competing risks model is given by

logL =
NX
i=1

δpi log (Fp (Ki)) + δdi log (Fd (Ki)) + δui log (Fu (Ki)) + δci log (Fc (Ki)) ,(9)

where δji, j = p, d, u, c are indicator variables which take value one if the ith loan is terminated by

prepayment, default, unknown type, or censoring, respectively, and take a value of zero otherwise.
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4 The Empirical Analysis

The empirical analysis is based upon individual mortgage history data maintained by the Federal

Home Loan Mortgage Corporation (Freddie Mac). The data base contains 1,489,372 observations

on single family mortgage loans issued between 1976 to 1983 and purchased by Freddie Mac. All

are fixed-rate, level-payment, fully-amortized loans, most of them with thirty-year terms. The

mortgage history period ends in the first quarter of 1992. For each mortgage loan, the available

information includes the year and month of origination and termination (if it has been closed),

indicators of prepayment or default, the purchase price of the property, the original loan amount,

the initial loan-to-value ratio, the mortgage contract interest rate, the monthly principal and interest

payment, the state, the region and the major metropolitan area in which the property is located.

For the mortgage default and prepayment model, censored observations include all matured loans

as well as the loans active at the end of the period.

The analysis is confined to mortgage loans issued for owner occupancy, and includes only those

loans which were either closed or still active at the first quarter of 1992. The analysis is confined

to loans issued in 30 major metropolitan areas (MSAs) – a total of 447,042 observations. Loans

are observed in each quarter from the quarter of origination through the quarter of termination,

maturation, or through 1992:I for active loans.

The key variables are those measuring the extent to which the put and call options are in the

money. To value the call option, the current mortgage interest rate and the initial contract terms

are sufficient. We compute a variable “Call_Option” measuring the ratio of the present discounted

value of the unpaid mortgage balance at the current quarterly mortgage interest rate9 relative to

the value discounted at the contract interest rate.10

9The rate used is the average interest rate charged by lenders on new first mortgages reported by Freddie Mac’s
market survey. This mortgage interest rate varies by quarter across five major US regions.
10See Appendix A for the specification of the “Call_Option” variable.
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To value the put option analogously, we would measure the market value of each house quarterly

and compute homeowner equity quarterly. Obviously, we do not observe the course of price variation

for individual houses in the sample. We do, however, have access to a large sample of repeat (or

paired) sales of single family houses in these 30 metropolitan areas (MSAs). This information is

sufficient to estimate a weighted repeat sales house price index (WRS) separately for each of the 30

MSAs. The WRS index provides estimates of the course of house prices in each metropolitan area.

It also provides an estimate of the variance in price for each house in the sample, by metropolitan

area and elapsed time since purchase.11

Estimates of the mean and variance of individual house prices, together with the unpaid mort-

gage balance (computed from the contract terms), permit us to estimate the distribution of home-

owner equity quarterly for each observation. In particular, the variable “Put_Option” measures

the probability that homeowner equity is negative, i.e., the probability that the put option is in

the money.12

As proxies for other “trigger events,” we include measures of the quarterly unemployment rate

and the annual divorce rate by state.13

Figure 1 summarizes the raw data used in the empirical analysis described below. Panel A

displays the average (Kaplan-Meier) conditional prepayment rates, separately by the loan-to-value

ratio at origination (LTV), as a function of duration. Conditional prepayment rates are slightly

higher for higher LTV loans. Rates increase substantially after the first fifteen quarters. Panel

C of Figure 1 displays average (Kaplan-Meier) conditional default rates by LTV. Note again that

default rates increase substantially after about fifteen quarters. Note also that the default rates

11See Appendix B for the specification of the house price indices and their volatilities.
12See Appendix A for the specification of the “Put_Option” variable.
13State unemployment data are reported in various issues of: US Department of Labor, “Employment and Unem-

ployment in States and Local Areas (Monthly)” and in the “Monthly Labor Review”. State divorce data are reported
in various issues of U.S. National Center for Health Statistics, “Vital Statistics of the United States, Volume III,
Marriage and Divorce”, and in “Statistical Abstract of the U.S.”.

14



vary substantially by initial LTV. Default rates for 90 percent LTV loans are four or five times

higher than default rates for 80 to 90 percent LTV loans. The default rates for these latter loans

are, in turn, about twice as high as for those with LTV below 80 percent.

[Figure 1 about here.]

Finally, note that conditional default rates are quite low. Even for the riskiest class of loans,

conditional default rates are no higher than two in a thousand in any quarter. Residential mortgages

are relatively safe investments, and the period as a whole was one of generally rising house prices

(keeping the put option out of the money).

Table I presents the means and standard deviations of the explanatory variables measured at

origination and termination of the mortgage loans. The mean value of the prepayment option,

“Call_Option, ” is “out of the money” when mortgages were originated, but is much less so when

the mortgages were terminated (presumably reflecting the fact that most prepayments arise because

homeowners move for other reasons. See Quigley 1987). The mean value of the probability of

negative equity, “Put_Option, ” is quite low in general when mortgages were originated. The initial

probability is about 0.007 for those mortgages that were ultimately terminated by prepayment,

but the initial probability of negative equity is much larger for those loans that were ultimately

terminated by default. In part, this difference reflects the much higher initial loan-to-value ratios of

those mortgages ultimately terminated by default. Finally, at termination the defaulted mortgages

are associated with substantially higher average unemployment rates and divorce rates than those

mortgages terminated by prepayment.

[Table I about here.]

Table II presents the means and standard deviations of the explanatory variables measured

at termination of the mortgage loans, separately by initial LTV categories. The differences in

the values of the call option across LTV groups are insignificant. However, the put option values
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are significantly different among different LTV groups, i.e., higher LTV ratios at origination are

associated with higher probabilities of negative equity at the termination of the mortgage loans.

[Table II about here.]

Table II also presents cumulative prepayment and default rates at different ages of mortgage

life by initial LTV categories. The differences in cumulative prepayment rates among different

LTV categories are relatively small, but a higher initial LTV is strongly associated with a higher

cumulative default rate. This strong association persists during different stages of the mortgage

life.

4.1 Specifications and Results

Table III presents maximum likelihood estimates of the parameters of models of competing risks

of mortgage prepayment and default. Estimates in this table assume prepayment and default risks

are interdependent. However, the models do not address unobserved heterogeneity.

[Table III about here.]

Model 1 in Table II tests the “ruthless” model, i.e., Model I, as described in Section 2. The

model includes only measures of the financial value of the prepayment and default options. The

results provide support for the option theory in that the prepayment hazard increases when the call

option is in the money, and a higher probability of negative equity increases the default hazard and

reduces the prepayment hazard. The results also indicate that the estimated second order effect

of the prepayment option is significant and positive, suggesting that after the interest rate drops

below the critical point r∗ as discussed in Section 2, the prepayment speed increases substantially.14

Model 2 in Table III extends the “ruthless” model by adding asymmetric information and the

14However, that is not the case in the default function for which the second term is essentially zero. It is also the
case that low interest rates (a high value of Call_Option) lead to negative equity. We have estimated all the models
with P ut_Option computed from both market and par value of the mortgages and found no significant changes in
any parameter estimates. See Appendix A.
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trigger event variables, such as original LTV category, unemployment and divorce. The results

show that financial motivation is still of paramount importance governing the prepayment and

default behavior. In addition, the results suggest that borrowers’ willingness to exercise financial

options may be triggered or hindered by other events. For example, it suggests that higher default

risks are associated with higher original LTV’s. This is consistent with the argument in Section 2

(see Yezer, Phillips, and Trost 1994) that information is asymmetric, and riskier borrowers choose

high LTV loans. The prepayment risk increases slightly as original LTV increases, except for the

highest LTV category. For loans with original LTV over 90 percent, the prepayment risk is reduced.

The estimates also show that unemployment and divorce are positive and highly significant in the

default function, reflecting liquidity constraints and the effect of trigger events upon the exercise

of put options.15

Table IV reports the maximum likelihood estimates of the interdependent competing risks of

mortgage prepayment and default with unobserved heterogeneity as specified in Section 3. In

Models 3 and 4, we assume that there are two populations among borrowers. The difference in

riskiness between these two groups may be attributed to unmeasured house-specific factors (such as

unexpected depreciation or appreciation of property values) as well as to borrower tastes or abilities.

Each borrower may either belong to the high risk group or the low risk group. We do not observe

directly the group to which an individual borrower belongs. Since unobserved heterogeneity may

be correlated with the errors in the competing risks of prepayment and default hazard functions,

we estimate the distribution of the unobserved heterogeneity jointly with the competing risks of

prepayment and default hazard functions.

[Table IV about here.]

15We also added the difference between the coupon on the mortgage and the average coupon rate during the quarter
in which the loan was originated to test (following the argument in section 2) whether high coupon loans prepay
faster and/or default more. We found both signs to be positive, but not statistically significant; as a result we do not
include relative coupon rate in any of the results presented in the tables.
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Model 3 reestimates the “ruthless” model reported in Table III. The estimates still provide

support for the predictions of option theory: the prepayment hazard increases when the call option

is in the money; similarly a higher probability of negative equity increases the default hazard

and reduces the prepayment hazard. However, the marginal effect of the prepayment option,

“Call_Option, ” reported in Table IV increases substantially – by about 20 percent compared to

that reported in Table III. This suggests that estimating the prepayment risk without accounting

for heterogeneity leads to a substantial underestimate of option-driven prepayment behavior. The

estimates also show that there is a substantial and statistically significant difference between the two

groups in exercising the prepayment option. The borrowers in the high risk group are about 4.73

times riskier than the borrowers in the low risk group in terms of prepayment risks (1.972/0.417).

However, there is almost no difference between the two groups in terms of default risks (2.577/2.403).

Model 4 reestimates Model 2 reported in Table III. In general, the importance of the option

values reported in Model 3 is confirmed. In addition, the unemployment variable is negative and

highly significant in the prepayment function – indicating that liquidity constraints (which make

refinancing more difficult for unemployed and divorced households) keep them from exercising in-

the-money call options. It seems clear that the original LTV, unemployment and divorce may

trigger or hinder the borrower’s willingness to exercise the options. These findings are analogous to

those noted in Model 2 in Table III. Note that, in Model 4, after including trigger event variables

explicitly in the prepayment and default hazard function, the estimated heterogeneity becomes

less significant relative to its importance in Model 3. Nonetheless, we still find that unobserved

heterogeneity is statistically significant in exercising the prepayment option, and the borrowers in

the high risk group are about 4.58 times riskier than the borrowers in the low risk group in terms

of prepayment risks. The results also show that by adding trigger event variables, Model 4 has a

much better fit than Model 3, the “ruthless” model.
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Table IV also reports estimates of two models which extend the Models 3 and 4 by allowing three

mass points in the distribution of the unobserved heterogeneities. There are no significant effects

on the estimation of the explicitly-specified explanatory variables. However, the three estimated

location variables are significantly different from each other, and all the estimated mass points are

significant in the prepayment function. The log likelihood values also suggest that Model 5 and

Model 6 provide better fit to the data than Models 3 and 4, respectively.

The estimates from both Models 5 and 6 suggest that over forty percent of the borrowers are

in the group most likely to exercise the mortgage prepayment option (e.g., 1/ [1 + 1.252 + 0.119]).

About 5 percent of the borrowers are much slower in exercising the mortgage prepayment option

(e.g., 0.119/ [1 + 1.252 + 0.119]). The behavior of the remaining half of the borrowers is somewhere

in between these two extreme groups. The estimates also suggest that given the same market

and economic environment (i.e., given the market interest rate, pattern of house price apprecia-

tion/depreciation rate, unemployment and divorce rates, etc.), the high risk group is about three

times riskier than the intermediate group, and about twenty times riskier than the low risk group

in terms of prepayment. However, the results also show that heterogeneity is less important among

borrowers in terms of exercising the default option.16

Figure 2 graphs the average conditional prepayment and default rates by mortgage age estimated

by Model 6 for the three groups. Panel A indicates that conditional prepayment rates increase from

about 2 percent, on average, after 5 years, to about 6 percent after 8 years. However, the average

masks quite different behavior among the three groups. For the middle group, the estimated

prepayment rate increases from about 1.5 percent to 4 percent, while for the third (low risk) group

16We have sought to extend the models reported in Table IV to estimate additional mass points in the distribution of
unobserved heterogeneity. When four mass points are estimated, the value of the log likelihood function is unchanged
(to five significant digits), and several of the estimated location and mass points are insignificant. The fraction of
borrowers classified into the high risk extreme (41 percent) is about the same; the fraction classified into the low
risk extreme is about zero (but the coefficient on the mass point is insignificant). When five or six mass points are
estimated, the coefficients are insignificant. In all these estimations, however, the coefficients of the option variables
and the other parameters are virtually unchanged.
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the conditional prepayment rate changes only a little. Among the first (the high risk) group,

however, conditional prepayment rates increase from about 3 percent after 5 years to about 11

percent after 8 years.

[Figure 2 about here.]

Panel B reports the average conditional default rates estimated for the three groups. The panel

confirms that inverted U shaped function implied by theory (e.g., Quigley and Van Order 1995),

but again there are large behavioral differences among groups. At the peak, after about 6 years,

conditional default rates are less than 0.02 percent for those in group 1 and about 5 times as large

for those in groups 3. Unobserved heterogeneity matters a lot in the behavior of mortgage holders.

Table V reports the results of estimating the mortgage prepayment risk and default risk func-

tions independently using three and two mass points respectively (the best fitting models). The

qualitative pattern of the estimated coefficients is similar. However, it is quite clear that, for

this sample at least, ignoring the interdependence between prepayment risk and default risk has a

substantial effect upon the accuracy of the estimation, especially for the default function.17

[Table V about here.]

Figure 3 summarizes the predictions of the various specifications of the competing risks models,

indicating the conditional prepayment and default rates predicted by Model 2 (interdependent

risks, no heterogeneity), Model 5 (frictionless model, interdependent risks, heterogeneity), Model

6 (interdependent risks, heterogeneity), and Model 8 (independent risks, heterogeneity). Again

the mean value of the simulated conditional prepayment and default rates are presented here.

The predictions of the models are similar, but they are certainly not identical. The specification

17Model 7 and Model 8 are estimated based on the same sample of (22,294) loans that are used for estimating Model
5 and Model 6. Table V reports that for Model 8, the log likelihood values are -80,935 and -417,644 for prepayment
and default functions, respectively (compared to -74,530 in Model 6). The large negative value of the log likelihood
function in the estimation of the independent default hazard model arises mainly because on 1.6% of the sample are
defaulted loans.
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preferred on statistical grounds, Model 6, does yield substantially different predictions.

[Figure 3 about here.]

Figure 4 reports the cumulative prepayment and default rates estimated by Model 6 for three

origination year cohorts: 1978:IV, 1980:IV, and 1982:IV. The figure also reports the raw unadjusted

Kaplan-Meier cumulative rates. The economic model tracks the raw data well, on average, but there

is more volatility in the unadjusted data than in the predictions of the model. In particular, the

covariates do not capture the rapid increase in termination by prepayment during 1985-1986.

[Figure 4 about here.]

4.2 Regional Variation

In this section we present additional estimates of the interdependent-competing-risks-model-with-

heterogeneity for two regions, California and Texas. The California economy was strong and growing

throughout most of the sample period, while the Texas economy was a victim of the oil crisis and

a prolonged depression. For California, we draw a simple random sample of ten percent (22,374

loans) out of the population of (222,656) loans. For Texas, we analyze the full sample of (29,310)

loans.

Table VI reports the means and standard deviations of the explanatory variables in these two

states at mortgage origination and at termination. When all loans are compared at origination

with the national sample (Table I), the average value of the call option is very similar, and the

initial LTV’s are not very different. However, at origination the probability of negative equity is

only a third as large for California loans as for the US as a whole, while for Texas the probability

of negative equity is more than twice as large as elsewhere. The qualitative pattern of the averages

for California and Texas, however, are similar to those reported in Table I for the US as a whole.

[Table VI about here.]
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Despite these patterns, there are substantial quantitative differences between the two states.

The average value of the call option is larger (i.e., less negative) in California at origination and

at termination for mortgage of all types. Conversely, the average probability of negative equity is

larger in Texas at origination for mortgages of all types. In part, this reflects the higher average

LTV in Texas.

In both states, the average unemployment rate at termination by default is higher than at

termination by prepayment, but in Texas the average unemployment rate at termination is almost

forty percent higher than at origination. Differences between the two states in the averages of

the variable measuring the value of the put option are particularly striking. In California, for

those mortgages terminating by default, the probability of negative equity at origination is about 2

percent; the probability of negative equity at termination is about 2.5 percent. In Texas, however,

for defaulted mortgages, the probability of negative equity is more than 5 percent at origination

(raising real questions about the oversight provided by lending organizations, mostly savings and

loan institutions, during the period). At termination, the probability of negative equity is almost

27 percent.

Table VII reports the coefficient estimates of the behavioral model for California and Texas. The

model is estimated to include a bivariate distribution of unobserved heterogeneous error terms.18

For convenience the relevant model from Table IV for the US as a whole is reproduced.

[Table VII about here.]

With only three exceptions involving insignificant coefficients, the pattern of the estimated

coefficients is the same for the two states, but the magnitudes of the estimates vary. Each of the

key financial variables exerts a substantial direct effect upon the exercise of both options. For

18Again, attempts to estimate three or more mass points failed. For California, the maximum likelihood estimation
with three mass points yields imprecise estimates, and the log likelihood ratio remains the same as in Table VII. For
Texas, the estimation with 3 mass points does not converge at all.
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Texas loans, in contrast to California loans or US loans in general, there appears to be substantial

heterogeneity in default behavior ( However, the t statistics associated with LOC1 and LOC2 are

barely significant). Individuals in the first group are almost 20 times as likely to default, ceteris

paribus than those classified in the second group. This difference is not precisely estimated, but it

suggests substantially different behavior among Texas borrowers.

Figure 5 presents the prepayment and default rates for California and Texas estimated using

the separate models reported in Table VII. Panel A reports the prepayment rates, illustrating the

higher conditional rates in California after about six years, while Panel B illustrates the much

higher conditional default rates predicted in Texas after about six years. Panels C and D report

the simulated average prepayment and default rates using the coefficients from the national model

(columns 1 and 2 of Table VII) and the realizations in the data for California and Texas. The

projected differences for the two states are qualitatively similar, but the national model understates

the divergence in the behavior of mortgage holders in the two states. Regional differences matter

a lot, even beyond the differences in the course of housing and labor markets.

[Figure 5 about here.]

5 Conclusion

This paper has presented a unified model of the competing risks of mortgage termination by pre-

payment and default. The model considers these two hazards as dependent competing risks and

estimates them jointly. The model also accounts for the unobserved heterogeneity among borrow-

ers, and estimates the unobserved heterogeneity simultaneously with the parameters and baseline

hazards associated with prepayment and default functions.

The substantive results of the analysis provide support for the contingent claims model which

predicts the exercise of financial options. The financial value of the call option is strongly associated
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with exercise of the prepayment option, and the probability that the put option is in the money is

strongly associated with exercise of the default option. The results also provide strong support for

the interdependence of the decisions to prepay and to default on mortgage obligations.

The results also show that there exists significant heterogeneity among mortgage borrowers,

particularly regarding prepayment. The results indicate that ignoring heterogeneity among mort-

gage borrowers leads to serious errors in estimating the prepayment risk. Moreover, forecasts which

ignore the interdependence between default and prepayment risks and which estimate these two

risks separately lead to serious errors in estimating the default risk.

The results also point to differences in prepayment and default behavior across regions, arising

from variations in institutions or behavioral responses as well as variations in market conditions.

Further, the results suggest that, holding other things constant, those who have chosen high

initial LTV loans are more likely to exercise options in the mortgage market – prepayment as well

as default. It appears that the initial LTV ratio, known at the time mortgages are issued, may

well reflect investor preferences for risk in the market for mortgages on owner-occupied housing.

Finally, unemployment and divorce rates have significant effects on default. Taken together, all

these results suggest that the simple option model is not enough.
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Appendix

A Specifications of “Call_Option” and “Put_Option” Variables

The variables measuring the value of the put and call options are defined by the initial terms of the

mortgage and current market conditions. For fixed-rate level-payment mortgage i with an original

loan amount of Oi, a mortgage note rate of ri, and a monthly payment of Pi, in principal and

interest, the mortgage term in quarters, TMi, is:

TMi =

log

µ
Pi −Oi × (ri/1200)

Pi

¶
log

µ
1

1 + ri/1200

¶
× 3

,(10)

At each quarter k after origination at time τ i, the local market interest rate is mj,τ i+k, where

j indexes the local region. The “Call_Option” variable is defined as the difference in the present

values of the payment stream at the mortgage note rate and the current interest rate:

Call_Optioni,ki =

TMi−kiX
t=1

Pi × 3
(1 +mj,τ i+ki/400)

t −
TMi−kiX
t=1

Pi × 3
(1 + ri/400)

t

TMi−kiX
t=1

Pi × 3
(1 +mj,τ i+ki/400)

t

=
Vi,mj,τi+ki

− V ∗i,ri
Vi,mj,τi+ki

.

(11)

As shown in Appendix B, the initial market value Mi of property i, purchased at a cost of Ci

at time τ i and evaluated ki quarters thereafter is:
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Mi,ki = Ci

µ
Ij,τ i+ki
Ij,τ i

¶
(12)

where the term in parentheses follows a log normal distribution.

The ratio of equity to market value, Ei, of the property i is:

Ei,ki =
Mi,ki − Vi,mj,τi+ki

Mi,ki

.(13)

The “Put_Option” variable is defined as the probability that equity is negative.

Put_Optioni,ki = prob (Ei,ki < 0)

= Φ

µ
logVi,mj,τi+ki

− logMi,ki√
ω2

¶
,

(14)

where Φ (·) is cumulative standard normal distribution function, and ω2 is an estimated variance

defined in Appendix B.

As indicated in footnote 14 in the text, we also estimated the model with “Put_Option” using

the par value of each mortgages, V ∗i,ri as defined in (11). When the put option is valued in this way,

Put_Option∗i,ki = Φ

µ
logV ∗i,ri − logMi,ki√

ω2

¶
,(15)

the results reported in the text are unchanged.
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B The Weighted Repeated Sales (WRS) House Price Index

Housing price indices and their volatilities are estimated according to the three stage procedure

suggested by Case and Shiller (1987)and modified by Quigley and Van Order (1995). The model

assumes that log price for ith house at time t is given by

Pit = It +Hit +Nit(16)

where It is the logarithm of the regional housing price level, Hit is a Gaussian random walk, such

that,

E [Hi,t+k −Hit] = 0,

E [Hi,t+k −Hit]2 = kσ2
η1
+ k2σ2

η2
;

and Nit is white noise, such that,

E [Nit] = 0,

E [Nit]
2 = 1

2σ
2
ν .

The model is estimated on paired sales of owner occupied housing. In the first stage, the log

price of the second sale minus the log price of the first sale is regressed on a set of dummy variables,

one for each time period in the sample except the first period. The dummy variables have values

of +1 for the quarter of the second sale, −1 for the quarter of the first sale, and zeros otherwise.

(This follows Bailey, Muth, and Nourse (1963)exactly.)

In the second stage, the squared residuals
¡
ω2
¢
from each observation in the first stage are
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regressed upon k and k2

ω2 = A+Bk +Ck2,(17)

where k is the interval between the first and second sale. The coefficients A, B, and C are estimates

of σ2
ν , σ

2
η1
, and σ2

η2
respectively.

In the third stage, the stage one regression is reestimated by GLS with weights
¡
A+Bk +Ck2

¢1/2.

The estimated log price level difference
³bIt+k − bIt´ is normally distributed with mean (It+k − It),

and variance
³
kσ2

η1
+ k2σ2

η2
+ σ2

ν

´
. Denote msaτ = exp

³bIτ´ as the estimated regional housing
price index; then, in the kth quarter subsequent to purchase, log

µ
msaτ+k

msaτ

¶
is normally distributed

with mean (Iτ+k − Iτ ) and variance
³
kσ2

η1
+ k2σ2

η2
+ σ2

ν

´
.

Means and variances are estimated for each of 30 major MSA regions using samples of paired

sales. There are about four million paired sales in the Freddie Mac data base.
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