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Abstract

This dissertation consists of three self-contained essays on monetary policy making
under uncertainty.

In the first chapter, I propose a new optimal design of Early Warning Systems (EWS)
to detect early warning signals of an impending financial crisis. The problem of EWS
is formulated from a policy maker’s perspective. Hence the probability threshold is
obtained by minimizing the policy maker’s welfare loss. This paper employs the state-
of-the-art Bayesian Quickest Change Detection (BQCD) as the methodology to detect
the early warning signals as soon as possible. We show that the BQCD method outper-
forms the Logit model used in traditional EWS models based on results of simulation
exercise and the out-of-sample prediction of the 1997 Asian financial crises.

In the second chapter, I investigated the timing of U.S. monetary policy response to
the 2007 financial crisis. In the presence of financial turmoil, monetary policy needs
to deviate from standard Taylor rule to credit-spread adjusted Taylor rule. The timing
of the switching is crucial, since switching too early will introduce unnecessary noise
into the system, and switching too late will result in further deterioration of the econ-
omy. The optimal timing will strike a balance between the two types of mistakes. The
LIBOR-OIS spread jumped significantly on Aug 9, 2007, indicating an unusual increase
in distress of the financial sector, but it was not until Aug 17, 2007, that the Federal Re-
serve responded with a 50 basis points of reduction of the primary credit rate after an
unscheduled meeting. Assuming that the policy maker knew the intensity of the com-
ing financial crisis, I found that the optimal timing should be Aug 9, 2007, contradicting
to the observed response time of Aug 17, 2007. I further assumed that the policy maker
was uncertain about the intensity of the financial crisis, and that monetary policy re-
sponded to more severe financial crisis more intensively. Hence, if the policy maker
chose the wrong policy regime, there would be costs. In order to increase the accuracy
of choosing the right policy regime, waiting for more information may be desirable. I
found that for certain specifications of the intensity of the financial crisis, the optimal
timing of the Federal Reserve’s policy response should be Aug 15, 2007. I concluded
that uncertainty about the intensity of the financial crisis played an important role in
the timing decision of the policy maker.

In the third chapter, I investigated the issue of international monetary policy coor-
dination under uncertainty. The consensus is that international monetary policy coor-

dination is welfare improving, but some argue that the improvement is not significant



vi

quantitatively. This paper studied the role of model uncertainty in international mon-
etary policy coordination, and found that considering model uncertainty can enhance
welfare gain of coordination. This was because without coordination, due to information
asymmetry, domestic policy maker would be more concerned about model misspecifica-
tion of the foreign economy. Under coordination, with full information sharing between
domestic policy maker and the foreign policy maker, this concern would vanish. Assum-
ing that the domestic policy maker adopted robust control to deal with model misspeci-

fication, coordination would enhance welfare gains.



Chapter 1

An Optimal Design of Early
Warning Systems for Financial
Disruptions: A Bayesian Quickest
Change Detection Approach

1.1 Introduction

1.1.1 Motivation

In the past few decades, we saw a large number of financial disruptions of different sorts
often with devastating economic and social consequences. As a result, in the 90s, in-
ternational organizations begun to develop Early Warning System (EWS) models with
the aim of anticipating whether and when a country may be affected by a financial cri-
sis. More so, the 2007 financial crisis has renewed the calls for EWS. EWS models can
have substantial value to policy makers by allowing them to detect symptoms of finan-
cial disruptions sufficiently in advance to take preemptive measures to reduce risks of
financial crises. As stated in IMF (2010), the primary purpose of EWS is to identify
vulnerabilities that predisposes an economy to a crisis, so that preemptive policies can
be implemented. Hence such an early warning system constitutes a crucial part of inte-
grated measures taken by authorities to prevent financial crises and facilitate financial
stability.

Two main approaches have developed since the early contributions of EWS models
by Kaminsky et al. (1998) and Berg and Pattillo (1999): the leading indicators approach



and the discrete dependent variable approach.

The leading indicators approach developed by Kaminsky and Reinhart (1999) and
Kaminsky et al. (1998) considers various indicators and transforms them into binary
signals. For example, when an indicator falls above a given threshold, this particular
indicator will flash a red light. The information from different indicators is aggregated
into a composite measure of probabilities of an impending crisis. The level of the thresh-
old which is predetermined is of great importance, since the lower the threshold, the
more signals will this indicator send, and the cost of false alarm will increase.

Berg and Pattillo (1999) first popularized the discrete dependent variable approach.
It assumes the probability of an impending financial crisis depends on a non-linear
function of the indicators, i.e. Pr(Y =1) = F (X/3). Then, one needs to specify a thresh-
old T beyond which the predicted probability can be interpreted as issuing an alarm of
an impending financial crisis. The key issue is how to determine the threshold. The
lower it is, the more alarms will be issued, hence, the cost of false alarm (Type 1 error)
will increase. On the other hand, if it is chosen too high, it will be more likely to miss
crisis signals (Type 2 error). The trade-off problem has been considered in the EWS lit-
erature. Criteria such as the Noise-to-Signal Ratio have been used. But this criterion
is based on statistical measures, which do not represent the costs of false alarm and
delay detection. As Bussiere and Fratzscher (2008) and Candelon et al. (2010b) pointed
out the threshold T is chosen with no explicit reasons in standard EWS models.

In order to model costs of the two types of mistakes, the policy maker’s problem
needs to be considered in the optimal design of EWS. In other words, the problem of
EWS should be framed as the policy maker’s problem. Gramlich et al. (2010) pointed
out that a critical element of the optimal design of the EWS model is the tight corre-
spondence between the outcome of EWS model and the objective of its user. Davis and
Karim (2008) argued that it is important to consider policy maker’s objective in the de-
sign of EWS model and determination of the threshold since there is trade-off between
the two types of mistakes.

Bussiere and Fratzscher (2008) first explored issues of the optimal design of EWS
models from a policy maker’s perspective, since both the outcome of an EWS model and
the policy reaction are discrete events. The authors proposed a simple objective function
of the policy maker to demonstrate the necessity of incorporating policy maker’s pref-
erence in the optimal design of EWS. The objective function took the following form:
L(T)=06p(T)+ (1—0)q(T), where p is the probability of a missed crisis and ¢ is the
probability of issuing an alarm but the crisis did not occur, 6 is the relative cost of miss-
ing a crisis. The authors also listed three critical components of the optimal design of



EWS: the degree of risk aversion 6 of missing a crisis, the forecast horizon of the model,
and the probability threshold T for issuing crisis alarms. Parameter 6 is of fundamen-
tal importance, once it is determined, the threshold 7' is uniquely determined, and it
depends on the relative cost of a crisis and the policy maker’s preference.

In this paper, I will frame the problem of early warning system models as the policy
maker’s problem. The policy maker will extract information from standard Logit-EWS
models about the likelihood of an impending financial crisis, and determine the timing
to take preemptive actions. To determine the optimal timing of preemptive actions, the
policymaker will have to strike a balance between costs of these two types of mistakes:
false alarm and delay detection. As I will argue later, to detect the vulnerability of
the economy and determine the timing of preemptive action to be taken is inherently a
quickest change detection problem which has been studied intensively in engineering
and mathematics. I are going to adopt this method to solve the policy maker’s problem.
I will also show the new design of EWS with BQCD method outperform the Logit-EWS
model.

1.1.2 Quickest Change Detection

Quickest change detection deals with the design and analysis of techniques for quick-
est detection of a change in the state of observed stochastic processes. More thorough
review and list of references can be found in Polunchenko and Tartakovsky (2011) and
Zacks (1991). In many problems, when the state representing the pattern of behavior
of observed stochastic processes undergoes a change, one is interested in detecting the
change as soon as it happens.

In general, observations arrive sequentially, and if it is believed that the observa-
tions are generated from the normal state, it is let to continue. If it is believed that
the state has changed, it is one’s interest to detect the change as soon as possible, so
that an appropriate response can be made in a timely manner. The decision needs to
be made in real time with available data. However, any detection policy will give rise
to two types of mistakes: false alarm and delay detection. The optimal detection policy
will need to strike a balance between the costs of the two types of mistakes.

Quickest change detection has applications in many fields, such as signal process-
ing, automatic control and so on. It started in the 1920-1930’s designed to deal with
quality control issues. One of pioneering work is Shewhart (1931), who popularized the
Shewhart’s charts. More efficient sequential detection procedures were developed later
in the 1950-1960’s after the emergence of Sequential Analysis (Wald, 1947). This led



to a large volume of literature on both theory and practice of sequential change-point
detection.

The Bayesian Quickest Change Detection problem was first proposed and solved by
Shiryaev (1963, 1978). Consider a random sequence {Z;,k =1,2,...} with a random
structural break time 6, conditional on 6, {Z;,k = 1,2, ...} is an independent sequence
with Z;...Zy_1 being i.i.d. with marginal distribution Qy and Zy, Zy. 1, ... being i.i.d with
marginal distribution ();. The objective is to find a stopping time T that solves the
following problem:

%ng{P(T< 0)+cE(T—6)"}. (1.1)

P (T < 0) is the frequency of false alarm and E (T — #)" is the expected length of delay
detection. The optimal stopping time 7* must strike a balance between these two con-
flicting objectives. The constant ¢ > 0 is the relative weight assigned to the expected
length of delay detection.

The monetary policy maker’s problem when facing an impending financial crisis,
is inherently a quickest change detection problem. The behavior of the early warning
signals X changes prior to a crisis, indicating vulnerability of the economy. The policy-
maker needs to detect the change as soon as it happens and take preemptive actions to
attenuate the risk of an impending financial crisis.

1.2 The Model

There are two regimes of the economy: the normal regime and the regime with a fi-
nancial crisis. The economy starts with the normal regime and jumps into a financial
crisis at some random time v. Before v, the pattern of the behavior of a collection of
early warning signals will change. The policy maker’s problem is to monitor the collec-
tion of early warning signals, and detect the change in the pattern of the behavior and

determine the timing to take preemptive actions.

1.2.1 The Stochastic Process

Assume there is a D-dimensional controlled stochastic process & with u; as the control.
The process is given by
dgt = k,y (ft, Ut) dt + O'th



with

1, t>y.

There is a structural break in the controlled stochastic process at time v, v is a random

variable with probability measure ¢ as the prior:

¢ (v
¢ (v

0) =«
s) = (1—me ™ A>0.

A\

As assumed in the EWS literature, there is a collection of early warning signals among
process &;, whose behaviors will change h periods before v, where & is deterministic.
Even though the reasons that caused a financial crisis might be different from case
to case, it might be possible to identify a common pattern of behaviors of the early
warning signals that is detectable prior to a financial crisis. Once the common pattern
of the early warning signals starts to show the vulnerability of the economy, it is in the
policy maker’s interest to detect the change in the pattern as soon as it appears and take
preemptive action. Hence, it is assumed that the joint distribution of the early warning
signals will change at a random and unobservable time § = v — h. More formally, the
policy maker is conducting a hypothesis test sequentially:!

* HO: no financial crisis will happen within the following / periods
e H1: a financial crisis will happen within the following h periods.

It can be interpreted that at random time 6, the behaviors of the early warning signals
will start to support the alternative instead of the null. The policy maker will conduct
the hypothesis test sequentially. Once the alternative is accepted, the policy maker will
take preemptive actions to prevent the crisis. The policy maker will choose a stopping
time T ex-ante to determine the timing to take preemptive actions optimally.

1.2.2 The Sequential Decision Rule

In this subsection, I will specify the policy maker’s response to the evolution of infor-
mation.

It is conventional wisdom that commitment monetary policy making is superior to
discretionary monetary policy making. It has been standard to assume that the central

More detailed discussion can be found in Subsection 1.2.6



bank is committed to a policy rule once for all, assuming that the model of the economy
does not change. How to specify a commitment policy rule when the environment of the
economy changes is an important question.

In this paper, I assume that the policy maker is committed to a sequential decision
rule (T, ur,;), which is specified as follows

ug; before T declares stopping
urt = 7 . ’ (1-2)
u1; after T declares stopping

where
uj after T declares stopping, before T+h

uf, after T+h

where ug; is the policy rule that is appropriate when the economy is in the tranquil pe-
riod, once stopping time 7" declares that there is enough warning of a pending financial
crisis, policy maker will take temporary preemptive policy rule v} ,. After the preemp-
tive action is taken, policy rule u;, will be adopted which is appropriate in the regime
of post crisis.

The central bank is committed to a simple rule v, first, but the life span of this
commitment is a random variable, the timing at which the central bank decides to
switch to a different policy regime is determined by newly arrived information and a
principle that is chosen at the beginning of the commitment optimally, i.e. the stopping
time 7. The principle that the central bank is committed to specifies a rule (7) that
determines that should the central bank continue the current commitment or switch to

a new policy regime, given the information available at the time.

1.2.3 The Probability Measure

Consider the following measurable spaces
L (2,7) = (Cl0,50)P x (R*)*, B (C[0,00)” x (R)*)),
2. (A,G) = (C[0,00)P x RT, B ((C[0,00)P) x RY)),

where C[0, c0) is the space of continuous functions. I consider the following filtration
G =0 {T <s,&,s<t}and J, = o{k,1,&,s <t}. J; is the information sets when the
policy maker has full information: they know the structure break happens at I, and
policy regime switches at k. G; is the information of the policy maker at ¢.



Without loss of generality, assume ¢ = 1. For any given &k € R*tand [ € R*, here k
represents the realization of stopping time T and [ represents the realization of struc-
ture break time 6. When k < [, define function

K5 (s) = ko (£, uor) Lsary + Ko (€, u1e) Lipesirny + 1 (Sostae) Lignes);
when [ + h > k > [, define function
K () = ko (&, uor) Liseny + ko (€ tre) Lipescrony + K1 (€5, u1e) Lignes)-
Given a probability space (€2, F, Py), and a D-dimensional Brownian motion
w={w, = (W, W), Fi o<t <o}

defined on it with Py (Wy = 0) = 1. I can define the following Radon-Nikondym deriva-
tive and define the corresponding probability measure.
When & <[, let

de‘J t D t
dl;o = exp {— ZK&’Z’(d) (s) dW (D) — ;/0 HKﬁl (S)HQdS} ; 1.3)

when [+ h > k > [, define

de’l _ 1 & k,l,(d) @ L[Nkt
g :exp{—/o ;f@ (s) AW —2/0 | ()]s | (1.4)

For any k and [, define

apkl  apM app!
= Lik<iy + P, Lath>k>13-

dPy — dPy

The next thing I need is to average out [ and k, with prior ¢ and probability measure P
to be defined below.
For a given stopping time T, define

T, (@) = TE:)), if T (w) =00

[\~]
3
&
MS
L
IA
N

w) < g



I have that T}, is a stopping time and lim,,_,o 7}, = T2. Define probability measure
Py (T (w) =Ek|l) = PP (we AT, (w) =k),

given a stopping time 7', and correspondingly defined 7},, I, tells us the probability of
T, = k, when structure break happens at [.
For any event A € A,

By (1g4) = lim i {Pg,n <Tn (w) = 2%9) pd (A)}.

n—00
m=0

Pk (A) is the probability of observing event A, given structure break happens at I
and policy switch at k. FEjy (1{ A}) tells us, given stopping time 7', and structure break
happens at I, the probability of observing event A. Compare to P*! (A), I just average
out the randomness in stopping time T'.

Py(A) = Eg {14y} (1.5)

Py (A) is the probability of A conditional on 6.

Now I can use the prior distribution for 6 to average out [, for any event A € A
P (A) = Ex (Eo (1gay)) - (1.6)

E is defined with respect to prior distribution ¢, expectation operator FE is defined with
respect to probability measure P.

The existence of probability measure P under which the process & is Brownian
motion is guaranteed by Novikov condition®

E {exp <; /Ot HKEZ (s)H2 ds)} < 005
L0k 2
E {exp <2/0 HK+ (S)H ds)} < 00.
1.2.4 The Objective Function

In this subsection, I will define the objective function of the policy maker. I will then
convert this objective function into an objective function that is of similar form of Equa-

2For more details, please see Problem 2.24 of Karatzas and Shreve (1991).
$More details about this condition can be found in page 199 of Karatzas and Shreve (1991)



tion 1.1, then I can solve it as an optimal stopping problem.

Now consider k and [ are both deterministic, & is the time that policy maker choose
to preempt, [ is the time that the behavior of the early warning signals start to change.

The pattern of early warning signals will change at [ indicating the vulnerability of
the economy, the policy maker tries to detect the change, and will switch policy regime
once an alarm is triggered. Once an alarm is issued, the policy maker will take tempo-
rary preemptive action, which is a temporary policy rule that will last i periods, then
he will switch to a policy rule that is appropriate in the regime of post crisis. To do so,
the policymaker will make two types of mistakes: false alarm, that the policy maker
respond before [, i.e. k < [; delayed detection, that the policy maker respond after [,
but before I + h, i.e. | < k <1+ h . lis unobservable in case k < [, since in general,
once preemptive action is taken, the transition of the economy from regime 1 to regime
2 might not be observable. If the policymaker fail to take preemptive actions before
I + h, then the financial disruption will manifest itself, and it will be observable when
it happens.

The policy maker’s objective can be defined as

v (k‘, l) =v_ (k), l) 1{k§l} + V4 (k, l) 1{l+h2k>l}'

More precisely, in the domain of false alarm, when k <

k k+h
v_ (k1) = E_ {/O e—PtL(gt,uOt)dH/k €_ptL(€t7u/1t)dt}

I+h 00
+E_ {/ e 'L (&, ufy) dt + / e 'L (&, ufy) dt}
k+h I+h
dft = ko t,uOt) dt—F Jth, t S k
d& = ko §t,u1t)dt+ath, k<t<k+h
d& = ko (& uiy)dt+odWy, k+h<t<Il+h
dft = k‘l (&,u'{t) dt + O'th, I+ h<t.

(
(
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In the domain of delayed detection, when [ + h > k > |

l+h

[e.9]

k
vy (k1) = Ey {/0 e PPL (&, uoe) dt +/k e 'L (&, uf)) dt}

d&; = ko (&, uor) dt + odWy, t < k
dé& = ko (&,u’lt) dt + odWy, k<t <Il+h
dft = k?l (&,u’{t) dt + O'th, I+ h<t.

e P'L (ft, u’lt) dt + /

l+h

The expectation £_ and E. are defined by probability measures defined by Equation
1.3 and 1.4.
The policy maker’s problem can be written as

TllelfTE {v(T,0) —v(0,0)}

The policy maker’s objective function E {v (T,0) — v (0,6)} can be approximated by
E{=v"(0,0) (0 —T)" + v, (¢,6) hlir=gy} -

Please see A.2.
The policy maker’s problem can be approximated as

Jnf B{~0"(0,0) (0 = T)" + 2, (¢,0) hlirso} -

I can further simplify the objective:

E{(} (0%,0) [e(0 = T)" + hlgrsp]) } -
Define probability distribution function

P vii— (0+a 0)

0 = % Py,

where K = v/, (67,0) Py (Q2). Based on Py, 1 can define expectation E, hence the problem
can be converted to

%IelfT{E[c(O—T)+] +}5(T>0)}, (1.7)

where
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c is the relative cost ratio, it is the ratio of the speed of increase in losses associated
with the two types of mistakes. When ¢ > 1, that means the increase in loss of false
alarm is faster than that of delay detection, hence higher weight should be put on the
expected length of false alarm.

At any time ¢, given deterministic k and [, if the expected period loss function can be
written as

E{L;i (k, D)} = L (1gzkys Lisgy)

v (6,0) .
then ¢ = EEAGTIREE constant.

Please see A.4.

1.2.5 Discrete Time Version

In this subsection, I formulate the policy maker’s problem in discrete time analogous
to that of continuous time. The objective in continuous time has the same form as in
discrete time

%ng{E [c(0—T)"] + P(T > 9)},

where 0,6)—v_(0—1,0)
v_ (6,0) —v_ (0 —1,
T T (0+1,0)—v_(6,0) (1.8)

I simply use growth rate to replace time derivative.
Assume geometric prior distribution

T ifk=0
(I—=m)p(l—p)" ifk=12 ..

Define 7, = P (0 < t|F;), which is the posterior probability of structure break happening
before .
Assume E (0) and E (T) are finite, then

T-1
E [C(O—T)+] + P (T > 0) :E{CQ— Zc(l—ﬂm)+7TT_1}.
m=0
Please see A.3.
The next Proposition asserts that the relative cost ratio c is a constant under certain
conditions in discrete time.

At any time ¢, given deterministic k and [, if the expected period loss function can be
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written as
E{L; (k,))} =L (1{t2k}7 1{t2l}) )

then ¢ = — 7EG+)1 91)’ E)Jr_ ; is a constant.

Please see A.5.

1.2.6 The Evolution of Posterior Probability

There are a collection of early warning signals X, the behavior of these early warning
signs are different prior to a financial crisis. This one of fundamental assumption in
EWS literature that the behavior of some particular variables is discernibly different
in some periods before a crisis from that in the tranquil periods. Our job is to detect the
change in this behavior. Consider the following two alternatives

* HO: no financial crisis will happen within the following % periods
e H1: a financial crisis will happen within the following A periods.

Define dependent variable Y = 0 when the null is true, and Y = 1 when the alternative
is true. I will run a Logit model on historical data and obtain conditional probability:

1
1 —exp (—Xif)
Pr(Y;=0|X;) = 1—Pr(Y;=1X;).

Pr(Y; = 1|1X;)

The likelihood ratio is defined as the probability of observing X; given the alternative
is true divided by the probability of observing X; given the null is true. Hence, by this

definition
Pr(X;|Y; = 1)
L(X;) =
(X:) Pr (X;|Y; =0)
_ Pr(Y; =1]X;)Pr(Y; =0)
~ Pr(Y;=0/X;)Pr(V;=1)

The unconditional probability Pr(Y; = 0) will be estimated from the full sample which
is equal to 0.2702.

The posterior probability 7, = P (§ < k|Fy), k = 0,1,.. consists a sequence {r}
evolves according to the recursion

L (Xg) [mp—1+p (1 — m_1)]
L(Xp) 1 +p (1 —mp—1)] + (L= p) (1 = mp1)

T =
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1.2.7 Solution Method

The policy maker’s problem has been converted to

TeT

T—1
inf E{cﬁ— Zc(l—ﬂm)—i—ﬂgp_l}, (1.10)

m=0

the prior is given by Equation 1.9.
The solution of the discrete time version is similar to section 4.3 of Shiryaev (1978).
Let g (r) = m—c (1 — ), and define operator Q similar to equation (4.128) in Shiryaev
(1978)
Qlg(m) =min{g (), 7 —c(l—7) + Exg (7') } ,m € [0,1].

Then the value function given = is

v(m) = lim Q"¢g(m)

v(r) =min{g (), 7 —c(l—m)+ Ev ()},

and the stopping time
T"=inf{n>0:v(m,) =mp —c(l—m,)} (1.11)

is the optimal stopping time.

1.3 Quantitative Study

In this paper, I employ Zampolli (2006)’s model to study currency crises. Zampolli (2006)
models large adjustments in asset prices with a Markov regime-switching model. There
are two regimes of the economy: bubble regime and no-bubble regime. When the econ-
omy is the the bubble regime, exchange rate will experience sustained deviations from
fundamentals. When the economy is in the no-bubble regime, exchange rate fluctuates
around its fundamentals. When the economy switches from bubble regime to no-bubble
regime, the exchange rate collapses and a currency crisis happens. The evolution over
time of the two regimes is described by a Markov chain.

In this paper, I borrow the idea of two regimes of the economy to model currency
crisis, in order to address the timing issue, I follow the construction of Shiryaev (1963)’s
Bayesian Quickest Change Detection problem. I assume the economy starts with the
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bubble regime, and then the jumps into no-bubble regime at some random time v.
Zampolli (2006) modified Ball (1999)’s small open economy model:

Yer1 = ayp— P (i —m) — xar +m (1.12)
Ter1 = Ome+yyr — f (ar — a—1) + &t (1.13)
ay = Prai—1 + K (Zf — ﬂ't) + Vg (114)

where
po>1 ift < v,

p1 =0 ift > v.

Equation 1.12 is the open-economy IS curve, where y; is output gap, i; — m; is real
interest rate. Equation 1.13 is the open-economy Phillips curve, where 7 is inflation,
a; is real exchange rate. Equation 1.14 is the reduced form equation that relate the
real exchange rate with real interest rate and transitive shocks. When ¢ < v, the real
exchange rate exhibits bubble like behavior, this can allow the real exchange rate to
grow away from it fundamental value, when the regime switches, the real exchange
rate collapses towards its fundamental value.
The policy rule can be specified as

it = fyys + fami + faai—1.

The objective of the policy maker is given by

Z B! [var (m;) + Avar (y;)] .

t=0

The economy starts with bubble regime, at time v, the real exchange rate will experi-
ence abrupt reversion to its fundamental value. The policymaker is monitoring a set of
indicators, whose joint distribution will change at § = v—h, and determine the timing to
take preemptive action to reduce to risk of the pending financial disruption. Preemptive
action is necessary in this model since the policy effect is delayed.

Three elementary policy rules in the sequential decision rule are determined by the
following method. wu is the optimal policy rule in regime 1, uf, is the optimal policy
rule in regime 2, u}, is the optimal policy rule given u(; and v/, and the timing of policy
is set at one period before the time of regime switch. ug and u), are solved with the
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Figure 1.1: The Optimal Stopping Rule

method provided by Zampolli (2006) with the transition matrix

1
pP= 01

where initial state set at 1 and 2 respectively.

With this model and the parameter values taken from Zampolli (2006), I can com-
pute ¢ = 1.7857 according to Equation 1.8. The optimal stopping 1.10 can be solved
with the method presented is Subsection 1.2.7. The result can be presented in Figure
1.1. As is shown in Figure 1.1, 7* is determined by the optimality condition 1.11. =*
separates the space of 7 into two regions: continuation region and stopping region. The
optimal stopping time is defined as the first time m; jumps from continuation region
into stopping region.

1.3.1 Data

Most of the data are extracted from IFS database, some are extracted from national
banks of the countries under analysis via Datastream.* It consists of monthly observa-
tions from Jan 1986 through Dec 1998 for 15 emerging countries.?

Following Candelon et al. (2010a), variables of interest include the annual growth
rate of international reserves, annual growth rate of imports, the annual growth rate

“Data is provided by Candelon et al. (2010a).
5Argentina, Brazil, Chile, Indonesia, Israel, Malaysia, Mexico, Morocco, Peru, Philippines, South Ko-
rea, Turkey, Thailand, Uruguay and Venezuela.



16

of exports, the ratio of M2 to foreign reserves, and the annual growth rate of M2 to
foreign reserves, the annual growth rate of M2 multiplier, the annual growth rate
of domestic credit over GDP, real interest rate and real exchange rate overvaluation.
To reduce the impact of extreme values, all variables are dampen using the formula
f (2) = sign () In (1 + [z4]).

1.3.2 Definition of Currency Crises

Following Candelon et al. (2010a), I use the KLR modified pressure index

Nepnt  0cATpt  Oe
KLRmmt = - — ~ 4+ fﬂlnyt,

En,t Or Tnit gj

where ¢, ; denotes the exchange rate, r, ; denotes the foreign reserves of country » in pe-
riod ¢, while i,, ; denotes the interest rate of country n at time ¢. o, denotes the standard
deviation of the growth rate of variable x, where = denotes the corresponding variable.
A currency crisis is defined as the pressure index exceed two standard deviation above

the mean:
o 1, if KLRm,,; > 20 + p
Crisis,, ; =
0, otherwise.
Using such definition is appropriate if one views crises from the standpoint of a policy-

maker, who is interested in both successful and unsuccessful speculative attacks.

1.3.3 Repetition of Similar Early Warning Signals

Given an estimation of the Logit model Pr (Y| X;) = F (6X;) from historical data, sup-
pose I have received similar early warning signals continuously, that means I have
received similar observations X for several consecutive periods. This will give us the
same estimated probabilities for a number of consecutive periods.

Consider the following imaginary scenarios demonstrated in Figure 1.2. In Scenario
1, the estimated probability remains at 20%, except a spike of 40%. In scenario 2, the
estimated probability remains at 40%. In scenario 1, the 40% estimated probability
may be generated by some random events. In scenario 2, the probability remains high
at 40% consecutively. The repetition of similar early warning signals may indicate some
fundamental problems with the economy. The alarming signal should be stronger as the
repetition goes on. With the traditional Logit-EWS models, the repetition is not taken
in consideration so that the two scenarios can not be distinguished. If the threshold
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is set above 40%, the warning signals will be missed in both scenarios, no matter how
many time the early warning signals are repeated. If the threshold is set lower that
40%, then alarm will be issued in both scenarios. Neither way is desirable.

The BQCD method can appropriately account for the repetition of early warning
signals. As can be seen in Figure 1.2, in Scenario 2, the posterior probability labeled
by Bayesian Quickest Change Detection is getting higher as long as I see the same
warning signals repeatedly. An alarm will eventually be issued. If the threshold is
set higher, more repetitions will be needed. Bayesian updating will enhance repetitive
warning signals, which will make detecting the warning signs easier. This is one of the
reason why Bayesian Quickest Change Detection method can perform better that tradi-
tional Logit-EWS models. One might ask why being sensitive to repetition is important.
Notice the aim of both methods is to detect the change of the underlying data generat-
ing process of warning signals. If the data generating process has changed, not only I
will observe data that supports the alternative, but I will observe that more often. The
state-of-the-art BQCD method is keen to manifest the increase in the frequency of data
that supports the alternative. This ability does not render the BQCD method perform
marginally better, but it is of fundamental importance to the task of quickest change
detection.

o
o

Posterior Probability of BQCD

= = = Predicted Probability of Logit Model

o
~
T

o
o
T

Probability
o
[6)]
T

o
i
T

0.3

0.2+ Vo= s
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L L

01 L L L L
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Figure 1.2: A Demonstration
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1.4 Simulation Exercise

I will first resort to simulation exercises to compare the performance between the Logit-
EWS model and BQCD model. In this exercise, I simulate a random independent
sequence {Zy;k =1,2,...,200} with Z;, Zs, ..., Z100 being i.i.d. with marginal distribu-
tion N (0,0.9), and {Zi01, ..., Zooo} being i.i.d. with marginal distribution A (0.12,0.9).
The marginal distribution of Z; change at 101. I create independent variable Y; =
0,...., Y100 = 0,Y101 = 1,...,Yo00 = 1. I estimate the Logit model Pr(Y =1) = F (Zp).
With these simulations, I compare the performance of the traditional EWS model and
the BQCD model to identify the structural break.

To evaluate the performances of the two methods, given a threshold, I record the
length of false alarm or the occurrence of delay detection. Notice, for each simulation,
only one type of mistake can be made. For each threshold given, I repeat the simula-
tions a large number of times and calculate the average length of false alarm and the
proportion of delay detection. The results are recorded in Table 1.1. As can be seen, the
traditional EWS model results in lengthy false alarms, where for BQCD, the average
lengths of false alarms are much smaller for all levels of thresholds.

Table 1.1: Summary of Simulation Results

Logit-EWS BQCD

Average Length Proportion of Average Length Proportion of

of False Alarm Delay Detection Welfare® of False Alarm  Delay Detection Welfare
Threshold=0.5 98 0 175 17.14 0.72 31.36
Threshold=0.7 94.52 0 168.78 2.09 0.96 4.7
Threshold=0.8 82.53 0 147.37 1.26 0.98 3.23
Threshold=0.9 35.33 0.36 63.45 0 1 1
Threshold=0.95 18 0.8 32.94 0 1 1

“Welfare is weighted average of the Average Length of False Alarm and the Proportion of Delay Detection according
to Equation 1.7.

Figure 1.3 shows us why BQCD model performs better. From the top panel of Figure
1.3, I can see the signal is too noisy to make any decision sequentially. For a wide
range of thresholds, lengthy false alarms are inevitable. As can be seen from the lower
panel of Figure 1.3, before 100, BQCD model filters out noisy signals, so the posterior
probability remains low; after 100, the Logit model starts to show higher probability of
the occurrence of the structural break. I can see from the top penal, from 100-110, the

estimated probability remains over 80 percent for about 10 consecutive observations.
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The traditional EWS model would miss that information, the BQCD model will pick
that up quickly. So with a wide range of thresholds, the BQCD model will issue alarms
with delays less than 10 observations. With the welfare measure proposed earlier in
this paper, the BQCD model outperforms the traditional EWS model quite convincingly

in this simulation exercise.
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Figure 1.3: Simulation Result

1.5 Results

This section shows the results of this study. I evaluate the out-of-sample performance
of the Logit model and the BQCD method to predict 1997 Asian financial crises. The
Logit model is estimate with data cover from Jan 1986 through Apr 1995. The out-of-
sample cover from May 1995 through Dec 1998. As can be see in Figure A.1, for an
appropriately chosen threshold, both models can predict the crisis within 24 months
in advance. But for the Logit model, if the threshold is set above a certain level, say
60%, then the warning signals in Malaysia and Philippines will be entirely missed. If
the threshold is set above 70%, then the warning signals will be missed for all five
countries under analysis. The reason for this is the repetition of strong warning signals
is not accounted for. Just as I showed in Figure 1.2, if the threshold is set too high,
the warning signals will be missed, no matter how many time the warning signals are
repeated, they will be missed altogether. On the other hand, this is not the case for
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BQCD model, since the repetition of strong warning signals are accounted by Bayesian
updating, the posterior probability is driven up to almost 100% as it is closer to the
financial crises. In this case, no matter how high the threshold is, it is almost impossible
to miss the warning signal prior to the crises in all five countries under analysis. Given
the uncertainty involved in setting the threshold, this is a desirable feature. In some
cases, alarm can be issued earlier than the Logit model given the same threshold in
certain countries.

I summarize some statistics in Table 1.2. I are particularly interested in the num-
ber of months in advance of the actual crisis that the alarm is issued. As can be seen
from the table, when the thresholds are lower than 50%, both models can predict the
crisis, but BQCD model will trigger the alarm earlier for all five countries. Most im-
portantly, if the threshold is set above 60%, the Logit-EWS model will miss warning
signals in Malaysia. Once the threshold is set above 80%, the Logit-EWS model will
fail to issue alarms in all five countries in the analysis. In this regard, the BQCD model
out-performs the Logit-EWS model. As I argue before, the BQCD method is keen to de-
tect the increase in the data that support the alternative. This is very important to the
design of EWS, since I are trying to detect the vulnerability of the economy that will
lead to speculative attacks. When the economy has indeed became more vulnerable,
the correctly chosen early warning signals will not only become stronger, but stronger
warning signals will also appear more frequently. This is indeed what has happened
before the 1997 Asian financial crises. As can be seen from the five Asian countries in
the analysis, prior to the crises, stronger warning signals do tend to appear more often.
To be able to detect the increase in the frequency is of fundamental importance.

Table 1.2: Comparisons of Out-of-Sample Predictions Between Logit-EWS and BQCD

Threshold 0.5 0.6 0.7 0.8 0.9
LEWS BQCD L-EWS BQCD L-EWS BQCD L-EWS BQCD LEWS BQCD
Indonesia 8¢ 9 2 8 o? 7 0 7 0 6
Korea 5 12 4 5 1 5 0 5 0 4
Malaysia 1 4 0 4 0 3 0 2 0 1
Philippines 5 1 4 0 4 0 4 0 3
Thailand 7 6 7 1 6 0 6 0 5
Average® 5.2 7.4 2.6 5.6 0.4 5 0 48 0 3.8

“This means the alarm is issued 8 months before the crisis.
bZeros indicate failures to issue alarms before the crisis.
‘The average is takes across countries.
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1.6 Conclusion

In this paper, I consider the optimal design of Early Warning Systems from a policy
maker’s perspective. I assume the behavior of a collection of early warning signals
changes prior to a financial crisis. The policy maker’s problem is to detect the change
as soon as possible and take preemptive actions. I employ the state-of-the-art Bayesian
Quickest Change Detection method to solve the policy maker’s problem. Since the prob-
lem of EWS is framed from the policy maker’s perspective, the probability threshold is
determined by minimizing the welfare loss of the policy maker. I also argue that prior
to a financial crisis, not only the warning signals are getting stronger, but also stronger
warning signals will appear more frequently. The increase in frequency of early warn-
ing signals has been ignored in previous EWS models. Increase in the frequency of the
early warning signals contains important information about the well-being of the econ-
omy: if the same warning signals appears more frequently, it is a stronger indication
that there are some fundamental problems with the economy. The BQCD method can
pick this information up appropriately. I compare the performance of the Logit-EWS
model and the BQCD model with simulation exercises and out-of-sample prediction of
the 1997 Asian financial crises, the results show that BQCD method outperform the
traditional EWS model.
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Chapter 2

Did the Federal Reserve Respond
Too Late to the 2007 Financial
Crisis?

2.1 Introduction

2.1.1 Motivation

On Aug 9, 2007, the spread between 3-month LIBOR (London Inter-bank Offered Rate)
and OIS (Overnight Index Swaps) jumped unusually by 21 basis points, indicating an
unusual increase in distress of the interbank lending market. This event took both
market participants and central banks by surprise. Taylor and Williams (2008) refer
to this highly unusual event as a “black swan” in the money market; Cecchetti (2008)
takes this day as the beginning of the financial crisis.

This event can be categorized as a low-probability extreme event. Other examples
include a large and sudden depreciation of a currency, or an oil price hike. How to
deal with such low probability events has been a real challenge to the central banks.
Freedman (2002) comments on Svensson (2002):

There are two points about this paper I'd like to make. The first relates
to the mean versus mode debate, and I'd like to tie that to the asset price
issue. One of the real challenges to central banks is how to deal with small
probability cases. If we have a situation where there is, say, a 10 percent
probability of an asset price collapse and a 90 percent probability that it is
not going to happen, do you then go ahead and focus on what one would call
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the mode, which is the appropriate path for policy in the 90 percent case
and say, “if the 10 percent case happens, we’ll try and deal with it later.”?
Or do we try to deal with the mean? In that case if the small probability
outcome doesn’t happen, you are going to have an interest rate path that is
not appropriate. But even if it does happen, you will not have moved interest
rates enough to deal with the collapse of asset prices in any case. So, it is

very much an open question of how to deal with such a situation.
Nickell (2002) prefers a wait-and-see approach:

The important question here is should we move interest rates up today in
order to forestall the potential inflationary consequences of a significant ex-
change rate fall......? In my view, the answer is simply no. If, and when, such
a fall in the exchange rate comes about, then is the time to make appropri-
ate adjustment, if any, in interest rates. To act pre-emptively on this front is
difficult because of the huge uncertainties involved in forecasting exchange
rate movements and......

Svensson (2004) shares the same point of view under certain conditions and points out
the option value of waiting:

Clearly, if the extreme event in question is such that there is time to react
to it in case it materializes, there is no point in trying to pre-empt the event.
Instead, there is an option value of waiting to see if the event materializes
and only then take the appropriate action.

Poole (2007) also hints the option value of waiting in monetary policy making:

When new information arrives, most of the time the central bank can wait for
the market to respond and the passage of time to clarify what is happening....

...The market understands, I believe, that the Fed will act in due time, if and

when evidence accumulates that action would be appropriate.

Mishkin (2010) envisions a framework of a systematic approach to manage the macroe-
conomic risks posed by financial disruptions. In his opinion, the systematic approach
of policy response needs to be timely and decisive. First, timely action is crucial since
waiting too long will result in further deterioration of the macro economy and increase
the cost of easing that would be needed eventually; second, decisive action needs to be
taken in response to financial disruption, even though it might lead to less inertia and
gradualism than otherwise would be typical.
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How should central banks respond to low-probability extreme events? On the nor-
mative side, this is very much an open question; on the positive side, what happened in
Aug, 2007 provides a natural experiment to study the Federal Reserve’s policy response
to the low-probability extreme event.

Despite the unusual jump in the LIBOR-OIS spread on Aug 9, 2007 and the panicky
demand from the market to lower key interest rates, it was not until Aug 17, 2007 that
the Board voted to reduce the primary credit rate by 50 basis points after an unsched-
uled meeting. John (2007) wrote an article in the Financial Times commenting on the
Federal Reserve’s decision with the title: “Bernanke acts too late to help Nikkei”. On
the other hand, Mishkin (2010) argues that the Federal Reserve’s response is timely
and decisively. Mizen (2008) also states that “On August 17, 2007, the Fed extended
its normal lending period to 30 days and cut the interest rate offered to banks at the
discount window by 50 basis points, acting swiftly and decisively.”

Did the Federal Reserve respond too late? How do we evaluate the merits of such
criticism?

The seemingly delayed response on Aug 17, 2007, reveals that there is some in-
teresting dynamics in the timing decision of the Federal Reserve. The option value of
waiting might help to explain the discrepancy between Aug 9, and Aug 17, 2007.

From the above discussions, one can derive two main ingredients needed for a sys-
tematic approach of policy responses to financial disruptions. First, the timing is a
major component of policy response that needs to be chosen optimally according to cer-
tain criteria; second, switching from one policy regime that is appropriate in normal
time to another that is appropriate in the times of financial distress, needs to be deci-
sive. In order to address the issues above, this paper studies the wait-and-see policy
approach proposed above with mathematical tools developed in quickest change detec-
tion literature (Poor and Hadjiliadis, 2009; Shiryaev, 1978; Dayanik et al., 2008). With
this framework, we model the option value of waiting and its effect on the timing deci-
sion of the Federal Reserve. To the best of our knowledge, the timing issue of a policy
regime switch and the corresponding option value of waiting have not been rigorously
studied.

It is assumed that there is an abrupt change in the model of the economy at some
random time in the future which is not observable to the policy maker. There are two
regimes of the economy: the normal regime, and the regime with a financial crisis.
The economy jumps from the normal regime into regime with financial crisis at some
random time 6. There are two sets of parameter values for each regime of the economy;
when the regime switch happens, the parameter values of the model change, including
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the mean of the credit spread. Corresponding to the two regimes of the economy, there
are two monetary policy regimes: the standard Taylor rule for the normal regime, and
the credit-spread adjusted Taylor rule for the regime with a financial crisis. In the
spirit of the wait-and-see approach, given that there is a change in the structure of the
economy, the policy regime will switch to adapt to that change at a time that is optimally
chosen. We assume that the central bank is committed to a sequential decision rule
(T, ury), similar to that in Poor and Hadjiliadis (2009, Chapter 4), where T is a stopping
time that determines when the policy regime switches and u7; specifies the policy rules
in two regimes!.

The main results of this paper can be summarized as follows. In the case of a known
alternative, that is the policy maker is certain about the intensity of the coming finan-
cial crisis, to determine the time of the policy regime switch when the structure of the
economy changes at some random, unobservable time in the future, the policy maker
will make two types of mistakes: false alarm, when the policy regime switches before
the structure of the economy changes, and delayed detection, when the policy regime
switches after that. The optimal timing will need to strike a balance between these two
mistakes. This paper finds that the optimal timing should be Aug 9, 2007, contradicting
to the observed response time of Aug 17, 2007.

We further assume that the policy maker is uncertain about the intensity of the
financial crisis, and monetary policy responds to more severe financial crises more in-
tensively. Hence, if the policy maker chooses the wrong policy regime, there will be
costs. In order to reduce the costs, and increase the accuracy of choosing the right pol-
icy regime, waiting for more information about the financial crisis may be desirable.
We employ the mathematical tool of Bayesian sequential change diagnosis to study
this problem. We find that the optimal timing of the Federal Reserve’s policy response
should be Aug 15, 2007 for certain specifications of the intensity of the financial cri-
sis. We conclude that uncertainty about the intensity of the financial crisis plays an
important role in the timing decision of the policy maker.

2.1.2 LIBOR-OIS Spread

Commercial banks need funds to carry out business or satisfy regulations of the central
bank. They can finance themselves from the interbank market, where they can borrow
through unsecured short-term loans from other banks. The interest rates on these

1By policy rule, we mean a simple rule, such as a Taylor rule, where the coefficients of the rule are
constants in each policy regime.
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unsecured short-term loans are negotiated individually between banks, LIBOR is the
average of such interest rates. In times of high uncertainty, banks will charge high
interest rates on unsecured loans, hence LIBOR, as an average, will increase.

The OIS rate is closely related to the average overnight interest rate expected to
prevail until maturity, and it involves minimal counterparty risk since no money ex-
changes hands until maturity. The LIBOR-OIS spread is a commonly used indicator of
the credit spread, that in turn serves as an indicator of distress in the financial sector.
In the context of what happened in the summer of 2007, market participants were un-
certain about the extent and distribution of subprime mortgage related losses, which
makes it difficult to evaluate credit worthiness of each other. Counterparty risk was
higher, hence the LIBOR-OIS spread jumped.

Figure 2.1 shows the 3-Month LIBOR-OIS spread from Jan 2007 to Jun 2008.

Figure 2.1: The 3-Month LIBOR-OIS Spread
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The next figure shows the 3-Month LIBOR-OIS spread in August, 2007. Notice the
sudden jump on Aug 9, 2007.
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Figure 2.2: The 3-Month LIBOR-OIS Spread in August, 2007
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2.1.3 A Narrative Account of the Federal Reserve’s Response

The following is a brief narrative account of the Federal Reserve’s response in August
2007.

® On August 7, 2007, after a scheduled meeting, the FOMC voted to maintain its
target for the federal funds rate at 5.25%, which is the same level as June 28,
2007.

* On August 10, 2007, the Federal Reserve Board stated that it “will provide re-
serves as necessary...to promote trading in the federal funds markets at rates
close to the FOMC’s target rate of 5.25%.

¢ On August 17, 2007, after an unscheduled meeting, the Federal Board voted to
reduce the primary credit rate by 50 basis points to 5.75 percent?.

The policy response on August 17, 2007 has been described as “acting swiftly and de-
cisively”(Mizen, 2008; Mishkin, 2010). In this paper, it is assumed that the Federal
Reserve changed its policy rule in response to the financial crisis on Aug 17, 2007.

2.1.4 Shiryaev’s Problem and On-line Quality Control

Quickest change detection has applications in many fields, such as signal processing,
automatic control and so on. The objective is to detect the change in the process in

2The complete press release can be found in Appendix B.11.
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real time as quickly as possible once it occurs. One of early applications is on-line
quality control. On-line quality control procedures are used when decisions are to be
made sequentially as new data arrives. Consider a production process can jump from
a state of in control to a state of out of control at some random, unobservable time. It
is necessary to detect the disorder as soon as it happens with as few false alarms as
possible, and then take the appropriate action. The optimal rule to detect the disorder
will need to strike a balance between false alarm and delay detection.

Shiryaev (1963, 1978) proposed and solved the following problem. Consider a ran-
dom sequence {Z;,k = 1,2,...} with a random structural break time 6, conditional on
0,{Zk,k =1,2,...} is an independent sequence with Z;...Zy_; being i.i.d. with marginal
distribution @y and Zy, Zy, 1, ... being i.i.d with marginal distribution @Q);. The objective
is to find a stopping time T that solves the following problem:

- +
:}Ielg-{P(T<9)+CE(T_9) . (2.1

P (T < 6) is the frequency of false alarm and E (T — #)" is the expected length of delay
detection. The optimal stopping time 7* must strike a balance between these two con-
flicting objectives. The constant ¢ > 0 is the relative weight assigned to the expected
length of delay detection.

It is not clear how to determine the value of ¢ given a particular problem. In order
to solve the optimal timing in our problem, the functional form of objective (2.1) and
the value of ¢ needs to be determined in our context.

2.2 A Known Alternative

In order to solve this problem, we need to study the objective of the quickest detection
problem. Especially, the interpretation and the determination of the value of ¢ in Equa-
tion (2.1), the weight assigned to the expected length of delay detection. We are going
to address these issues in continuous time. Time needs to be continuous, since time
derivative needs to be taken at some point in the derivation.

2.2.1 The Sequential Decision Rule

It is conventional wisdom that commitment monetary policy making is superior to dis-
cretionary monetary policy making. It has been standard to assume the central bank
is committed to a policy rule once for all, assuming the model of the economy never
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change. How to specify a commitment policy rule when the environment of the econ-
omy changes is an important question.
In this paper, we propose a sequential decision rule (7', ur:), where T is a stopping

time and u7; is the terminal decision rule

Ut beforeT declares stopping
ury = . (2.1)
Ut after T declares stopping

In our problem, wug; is the Taylor rule (2.18), and u1; is the credit-spread adjusted Taylor
rule (2.19).

The central bank is committed to a simple rule ug; first, but the life span of this
commitment is a random variable, the timing at which the central bank decides to
switch to a different policy regime is determined by newly arrived information and a
principle that is chosen at the beginning of the commitment optimally, i.e. the stopping
time 7. The principle that the central bank is committed specifies a rule (7') that
determines that should the central bank continue the current commitment or switch to
a new policy regime, given the information available at the time.

2.2.2 The Process and the Probability Measure

The period loss function is given as L (&, u;), the D-dimensional controlled stochastic

process & with u; as the control is given by

dft = k,y (gt, Ut) dt + Qth, (22)
alternatively
¢ t
ft = 50 +/ kV (587us)ds+4/ dWs
0 0
with
0, t<¥6
Y= .
1, t>6

There is a structure break in the controlled stochastic process at time 0, 6 is a random
variable with probability measure ¢ as the prior,

p0=0) = 7 (2.3)
p(B>5) = (1—me ™ A>0.



30

The exponential distribution is a common choice of prior in quickest detection litera-
ture, since it is commonly used as distribution for life spans or arrival times. Among
the D-dimensional process &;, there is one signal process, and it is assumed that this
signal process contains all the information available about . The decision maker will
monitor this signal process and determine whether the structure break has happened
or not. In this study, this signal process is the credit spread, an indicator of distress in
the financial sector. The Federal Reserve will monitor this process to infer whether a
financial crisis has happened, and determine when to switch policy rule.
Consider the following measurable spaces

1. (®,7) = <C’[O,oo)D % (R1)?, B (C[O,OO)D x (R+)2>>,
2. (A,G) = (C[0,00)P x R*, B ((C[0,00)P) x R*)),

where C|0, 00) is the space of continuous functions. We consider the following filtration
G = o{T <s,&,s <t} and J, = o{k,i,&,s <t}. J; is the information sets when the
policy maker has full information: they know the structure break happens at i, and
policy regime switches at k. G; is the information of the policy maker at ¢.

Without loss of generality, assume ¢ = 1. For any given kK € RTand i € R™, here k
represents the realization of stopping time 7" and i represents the realization of struc-
ture break time 6. When k < i, define function

K™ () = ko (€5, u0t) Lisery + ko (€, ute) Lipesesy + k1 (& ure) Licsys
when k > ¢, define function
K" () = ko (€6, u0t) Ly + k1 (€6 u0r) Lizacry + k1 (€6, ue) Lp<ay-
Given a probability space (2, F, P;), and a D-dimensional Brownian motion
W= {Wt - (Wt(l), Wt(D)> JFL0<t< oo}

defined on it with Py (W, = 0) = 1. We can define the following Radon-Nikondym deriva-
tive and define the corresponding probability measure.
When k < i, let

ki
de — eXp Kk7747 d) W(d) / HKk l H (2‘4)
dFPy Z

0 4—1
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when k > i, define

e[S ome L[ o a) es

For any k and i, define

dpki  dphi dpPF
dPy — dPy Ligeiv + —5— P, Lig>ay-

The next thing we need is to average out 7 and k, with prior ¢ and probability measure
Py to be defined below.
For a given stopping time 7', define

T (w), if T (w) =00

m ifmel < T(w) <

We have that 7, is a stopping time and lim,,_,o, 7}, = 7. Define probability measure
Py (T (w) = kli) = PP (weA: T, (w) = k),

given a stopping time 7, and correspondingly defined 7},, I, tells us the probability of
T, = k, when structure break happens at i.
For any event A € A,

B (1) = i Y {Pun (T (@) = 216) P ().
m=0

P*7(A) is the probability of observing event A, given structure break happens at i
and policy switch at k. FEjy (1{ A}) tells us, given stopping time 7', and structure break
happens at i, the probability of observing event A. Compare to P*? (A), we just average

out the randomness in stopping time T'.
Py(A) = Ey {l{A}} (2.6)

Py (A) is the probability of A conditional on 6.

3For more details, please see Problem 2.24 of Karatzas and Shreve (1991).
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Now we can use the prior distribution for 6 to average out 6, for any event A € A
P (A) = E; (Ey (I{A})) . (2.7

E, is defined with respect to prior distribution ¢, expectation operator E is defined with
respect to probability measure P.

The existence of probability measure P under which the process & is Brownian
motion is guaranteed by Novikov condition*

plow (5 [ |50 ¢)} <
plow (5 [ x5 o o)} <

2.2.3 Derivation of the Objective

Given the period loss function L (§;, u.¢) and the stochastic process

dft = ]67 (§t, uTt) dt + O'th

0, t<80

v = :
1, t>0

The objective can be further defined as the following.
For T' < 0, the value of a given sequential decision rule (7', uz;) is given by

V_(T,0) = Ep {/T e 'L (&, uor) dt + /9 e 'L (&, une) dt + /°° e 'L (ft;uu)dt}
& = ko (ft,(;()t)dt+ od Wi, t < T ! ’
de, = ko (Eun)dt +odW,, T <t <0
A& = ki (&, u)dt + odWy, 6 <t,

“More details about this condition can be found in page 199 of Karatzas and Shreve (1991)
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for T' > 6, the value if given as

Vi(T,0) = Ep {/0 e "L (&, uoy) dt + /T e 'L (&, uor) dt + /0 e 'L (Et,ult)dt}
& = ko (ft,im)dt—f—ath, t<6 ' '
A& = ky (€ up)dt +odWy, 0 <t <T
A& = Ky (€,un)dt + odW,, T < t.

The expectation is a conditional expectation given 6, then given ur;, the value of the
given stopping time 7' is

V(T) = Ex {V_(T,0) Lygr<gy + Vi (T,0) Lir501 } - (2.8)

The opportunity cost of any stopping time 7" can be derived from the original objective
(2.8) as

R(T) = B, {V(T,0)—V, (6,0)}, 2.9)
= E{[V_(T,0) =V, (0,0)] 1y7<oy + [V (T,0) = Vi (6,0)] 1750} } , (2.10)

Vi (0,0) is the expected welfare loss of stopping perfectly in the event of delay detection.
Following Curdia and Woodford (2009b), the terminal decision rule ur; represents
two policy regimes, which can be defined as

Ugr = OyYt + 02Xt beforeT declares stopping
Uy =  GyYt + P2 Xi — duwi, afterT declares stoppint.

The period loss function has the following properties by assumption

Eo (L (&,uor)) > Ep (L (&,u1t)), whent < 0,
Eo (L (&,uor)) < Ep(L(&,u1t)), whent > 0.

This is true since as argued by Taylor (2008) and Curdia and Woodford (2009a,b) that
the credit-spread adjusted Taylor rule is more appropriate in the era of financial crisis.
The objective function in (2.8) can be approximated by

E{=v"(67,0) (0 —T)" +/ (6,0) (T —6)" —v_(67,0) 61i7<py } ,
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given an arbitrarily small number é > 0 and 6~ =6 — 6.
please see Appendix B.1.
Then the problem

inf R(T)
TeT

can be approximated by

TigfrE {0 (67,0) (0 —T)" + 0/ (0,0) (T —0)" —v_(07,0) 6110y } -

We need the following lemma to further simplify the objective.
At any time ¢, given k and i, if the expected period loss function can be written as

E{L; (k,))} = L (Lgskys Lpsay) »

then
c= ——11—1—— (2.11)

is a constant.

Please see Appendix A.4.

The condition in Proposition 2.2.3 says that the expected period loss function de-
pends on k£ and i, and the way it depends on k and i is only through two indicator
functions 1y, and 1y>;. Given the condition in Proposition 2.2.3 is satisfied, we
have

inf B (=" (6,0)) [(0—T)" +c(T—0)" +6lir<py] (2.12)

further, we can define a new conditional probability distribution function
- v (607,0)

Py=———P,

where K = —uv (,0) Py (). Based on P, we can define expectation E, hence the
problem can be converted to

inf E[(0—T)" T—60)" + 61 2.13
inf [( )"+l )"+ 61ir<oy] (2.13)

Compare (2.13) with (2.1), where ¢ = —;,sz((:je;).

The solution to this problem is provided in Appendix B.8

c is the relative weight assigned to the expected length of delay detection, it is the

ratio of the speeds of increase in losses associated with the two types of mistakes. When
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¢ > 1, that means the increase in loss of delay detection is faster than that of false
alarm, hence higher weight should be put on the expected length of delay detection.
Now, there is a clear interpretation for ¢, and a method to compute given a particular

problem.

2.2.4 Discrete Version

Assuming geometric prior distribution

p(0=k) = T ifk=0
1-mpl—p* ' ifk=12 .

Define 7; = P (# < t|F;), which is the posterior probability of structure break hap-
pening before ¢.
Assume E (A) and E (T) are finite, then

T-1
E{O0-1-T)"+c(T-0)"+1rep} =F {9 + ) femm — (1 - nm)}} . (2.14)
m=0

Please see Appendix B.4
Similar to Proposition 2.2.3, we have the following proposition for discrete time.
At any time ¢, given k and ¢, if the expected period loss function can be written as

E{L; (k, i)} =L (1gzry, Lpsiy) »

then (O+1,0)— v, (6,0)
U4 + 1 A
__ 2.1
T T (0-2,0)—v_(0—1,0) (2.15)

is a constant.
Please see Appendix B.7.

2.2.5 Solution Method

The solution of the discrete time version is similar to section 4.3 of Shiryaev (1978).
Let g () = er—(1 — ), and define operator Q similar to equation (4.128) in Shiryaev
(1978)
Q'g(m) =min{g(n),er — (1 —7) + Erg (7')} , 7 € 0,1].
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Then the value function given = is
i 3 n
v(m) = lim Q% (m)

v(m) =min{g (), cr — (1 —7m) + Exv (7) },

and the stopping time
T*=inf{n>0:v(m,) =cmp— (1 —mp)}

is the optimal stopping time.

2.3 Quantitative Study

The model of the economy is based on Curdia and Woodford (2009a,b). The authors ex-
tend the basic New Keynesian model to incorporate financial frictions, and evaluate the
performance of the credit-spread adjusted Taylor rule which incorporates a response
to some indicator of the distress in the financial sector as proposed by Taylor (2008).
Curdia and Woodford (2009b) find that the credit-spread adjusted Taylor rule by intro-
ducing a contemporaneous response to the size of the credit spread can improve policy
performance upon that of the standard Taylor rule.

2.3.1 The Model
2.3.1.1 The Credit Spread

In Curdia and Woodford (2009a,b)’s model, there are two interest rates: the borrowing
rate i and the lending rate i¢. The difference between two interest rates is driven by
the credit spread w;. The relation between two interest rates and the credit spread is
determined by the following rule

140 = (1+z’f) (1+w),
where the credit spread w; follows the following process

W = Xyt 0yE (2.16)

0 t<6

1 t>0
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X~ is the loss rate which means in order to originate a quantity of loans b; that will be
repaid in the following period, it is necessary to make additional x-b; amount of loans
that will not be repaid(Curdia and Woodford, 2009b). In this paper, x, is indexed by
v € {0,1}, and 7 changes from 0 to 1 after random time 6. w; is equal to x, plus a
random noise, so that the time of the structure break is not observable. In this paper,
the LIBOR-OIS spread is used as the indicator for credit spread.

In this study, it is assumed that the Federal Reserve is aware of the null. Assuming
normal distribution, the specifications of the null (mean and standard deviation) are
estimated form data ranging from Jan 1, 2007 through Aug 6, 2007. The specification
of the alternative is rather a complicated issue. Intuitively, the alternative is the Fed’s
perspective about what is going to happen. One approach is to specify it with data from
Aug 7, 2007 through Aug 1, 2008. This is to assume the policy makers know exactly
what is going to happen, they just do not know when. This is a strong assumption and
it will be relaxed in the following section with unknown alternatives.

2.3.1.2 Monetary Policy

The monetary policy rule in regime 1 is the standard Taylor rule
Z? = ¢acXt + ¢yyt7 (2.18)

and the policy rule in regime 2 will be the credit-spread adjusted Taylor rule proposed
by Curdia and Woodford (2009a)

i = ¢ Xy + dyyr — Putr. (2.19)

Taylor (2008) also suggested a similar rule in the era of financial crisis.

2.3.1.3 The Economy

Consider the following welfare loss function
Z Bt [var (X;) + avar (Y;)]
t=0

where X; is inflation and Y; is welfare-relevant output gap.
The simplified log-linear system of equilibrium conditions given by Curdia and
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Woodford (2009b) and Curdia and Woodford (2009a, page 46) are given by

.avg

iy = z'f + TpLli>iwy, (2.20)
Q = wr+ B4,
Y, = EYi1—0 (" — EXy1) — 6soQ + 0 (sq + ¥a) EQu1,
Xy = BEXiw1+ kY +E (s +m — ) Qu + ut,
i = $uXi+ dyYi — Gulisaer,
we = xo+ (x1—x0) Lizi + (00 + (01 — 01) Lgsiy) &

In this paper, we abstract away from government spending, and the real cost of origi-
nating loans, and the credit spread is an exogenous shock, so that we can abstract away
from private indebtedness. We assume that before the financial crisis, the average in-
terest rate does not respond to interest rate spread; this is similar to the standard New
Keynesian model in the sense that only one interest rate affects the economy. After the
financial crisis, both the lending rate and the borrowing rate will affect the economy
through the average interest rate. The interpretation of ¢ should be the time when fi-
nancial sector is in so much trouble, that it’s variation will have significant impact on
the aggregate economy which is symbolized by a jump in the mean of credit spread.
Through equations of (2.20), one can see that the additive noise of the credit spread is
introduced into the system through average interest rate "¢ after the beginning of the
financial crisis, i.e. ¢ > 6. The monetary policy rule with ¢, > 0 can dampen the impact
of this noise on the system. But if the policy rule changes before financial crisis starts
(k < 0), then the policy rule introduces the additive noise of the credit spread into the
system when the credit spread does not have any impact on the system through other
channels, and this causes higher welfare loss compared to the case when k£ = 6. On
the other hand, if £ > 0, the financial crisis has already happened, if the policy regime
switches later than 6, there will be higher welfare loss compare to the case when k = 6.

The model expressed by equation (2.20) is solved with Blanchard and Kahn (1980)’s
method. The detailed solution can be found in Appendix B.5. Let x; = [, Y, m)’, we
have

var (zy) = (AﬁlAlg) var (ug) (AilAlg)/ + (AfllJlel) var (ft) (AfllJlel)/.
The period loss function can be written as

L = H'var (z4) H, (2.21)
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where H = [0,1,a'/?].

The entries of the coefficient matrix are functions of time t. We will compute the
period loss function for 500 periods and compute the loss function for different value of
k and 0. We can approximate ¢ = —Uqf:*(gi?;) by ¢ = —J{ﬁ;?@;ﬁﬁ’f’%) , where 6 = 2,3....
The result of this section is to compute c in (2.13).

Given Curdia and Woodford (2009)’s model, the condition in Proposition 2.2.4 is

satisfied, so

vy (0+1,0) — vy (0,0)
v_ (0 —2,0) —v_(0—1,0)

C = —

1s a constant.

The proof of this proposition is straightforward, hence is omitted.

2.3.2 Optimal Stopping Problem

Once cis computed, we can start solving the optimal stopping problem from Proposition
2.2.4
) T-1
inf £/<6 —(1-
71“1617’ { + mZ:o [emm — ( Wm)]} )

with the process of credit spread

Wy = X’Y + U’Y&ta
where
0 t<0
’y =
1 t>0

We assume a geometric prior distribution

m, ifk=0
(1_7T)p(1_p)k_17 ka:1727

Define 7, = P (t < k|F), k = 0,1, .... Then the sequence {r;} evolves according to

the recursion®

L (wg) [mp—1 + p (1 — 1))
L(wg) [me—1+p (1 —mp1)] + (1 —p) (1 = mp_1)

5Please see equation (5.26) of Poor and Hadjiliadis (2009).

T —
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7, is the posterior probability that the structure break happens before k.

2.3.3 The Alternatives

Intuitively, the alternative is what the policy maker expects after the structure break.
How to specify the alternative is an open question. In this section, we will try different
specifications of the alternative.

The specification of the first alternative is estimated from data ranging from August
8, 2007 to July 31, 2008. To do so, it is assumed that the policy maker knows the
specification of the economy after the structural break.

Table 2.1: Specifications of Different Alternatives
First Alternative Second Alternative Third Alternative
X1 0.7558 X1 0.4 X1 1.2
o1 0.1547 o1 0.1547 o1 0.1547

To use the result stated in Section 2.2.4 to compute the value function and the opti-
mality condition. Figure 2.3 shows the optimality condition with the first specification
of the alternative.

Figure 2.3: Optimal Stopping Time with the First Specification of the Alternative

25
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i
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L
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Figure 2.4 shows the evolution of 7; and the optimal stopping time with the first
specification of the alternative.
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Figure 2.4: Optimal Stopping Rule with the First Specification of the Alternative
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Figure 2.5: Optimal Stopping Rule with the Second Specification of the Alternative
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The next figure shows the evolution of 7; and the optimal stopping time with the
third specification of the alternative.
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Table 2.3: Optimal Stopping Time with Different Priors
p=0.05 7=094 T*= Aug9
p=01 7*=087 T"=Aug9
p=03 7w*=051 T*= Aug9

Figure 2.6: Optimal Stopping Rule with the Third Specification of the Alternative
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The optimal stopping times are presented in the following table.

Table 2.2: Optimal Stopping Rules with Different Specifications of Alternatives
First Alternative Second Alternative Third Alternative

75 Aug9,2007 Aug 9, 2007 Aug 9,2007
™ 0.51 0.46 0.51
c 1.1392 1.1392 1.1392

Based on the calculations shown above, it is optimal to switch policy rule on Aug 9,
2007, the Fed reduced the primary rate on Aug 17, 2007; it seems hard to justify the
Federal Reserve’s response time even with different specifications of the alternative.
We have considered the trade-off between false alarm and delay detection, this model
still can not justify the timing decision of the Federal Reserve in the recent financial
crisis. What happens on Aug 9, 2007 in the money market is sure something hard to
miss.

This result is derived under the assumption that the Federal Reserve knows the
alternative, detecting the change is the only task, which might be too strong an as-
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sumption. In the next section, this assumption will be relaxed by assuming unknown
alternatives.

2.4 Unknown Alternatives

2.4.1 Introduction

The previous section shows the case when the alternative is known, in this section this
assumption will be relaxed. Assuming that there are a set of potential alternatives
indexed by p € M, M = {1,2,...,M}. We define an sequential decision rule {7, d},
where T is the stopping time and d determines the alternative to accept.

The mathematical tool adopted is developed by Dayanik et al. (2008) known as the
Bayesian sequential change diagnosis. Bayesian sequential change diagnosis solves
a combined problem of detection and identification of an abrupt change in the distri-
bution of a random sequence. In this problem, there is a sequence of i.i.d random
variables X, Xo, ..., with values in a measurable space (E,£). Initially, there is some
known probability measure Py on (£, £), then at some unknown and unobservable time
6, the common probability measure changes to another probability measure P,, where
p e M, M={1,2,.... M} is unknown and unobservable. The objective is to detect the
change in probability measure as soon as possible, at the mean time, identify the prob-
ability distribution after the change as accurately as possible. In order to reduce the
risk of identifying the wrong alternative probability distribution, it might be optimal
for the decision maker to delay in order to collect more information about the proba-
bility distribution after the change. This introduces another trade-off into the decision
making process that is not taken into account in the case of a known alternative. In
the case with a known alternative, to sound the alarm as soon as the change occurs
is the only concern of the decision maker. Raising alarm as soon as the change occurs
may be advantageous for the task of change detection, but it is not desirable to identify
the right alternative, because the longer one waits, the more accurately one can iden-
tify the right alternative, hence the risk of accepting the wrong alternative is reduced
by waiting longer. The welfare gain of increased accuracy of adopting the right policy
response by waiting longer, is defined as the option value of waiting.

On Aug 9, 2007, it might be clear that the structural break has happened, but it is
not clear that the policy maker is certain how serious the credit crunch might be. In
particular, the mean of the credit spread after the structure break is unknown to the

policy maker. The policy maker may be contemplating several levels of the mean of the
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credit spread, indicating different intensity of the credit crunch.

Assume that the Federal Reserve is contemplating two alternative specifications of
the economy after the structural break; each alternative is a version of Curdia and
Woodford (2009a)’s model with different sets of parameter values (See Table B.3). The
alternatives can be specified by the following

H1!X1 = 07558,
HQZXQ = 045,

against the null
H() X0 = 0.0914.

H; represents a milder version of the financial crisis. Besides x,, m, will also take on
different values in different regimes of the economy, 7, is the probability of a household
to be a borrower. With different m, corresponding to different alternatives, it is nec-
essary for monetary policy to have different response in ¢Z. Hence, corresponding to
each versions of the financial crisis that is contemplated by the policy maker, there is
a monetary policy rule with different intensity to respond to the evolution of the credit
spread.
i = ¢y + Prm — 1{t2k}¢§ﬂwt, whered € {1,2}.

We assume ¢, > ¢2, this suggests the Federal Reserve will respond to the milder ver-
sion of financial crisis with less intensive policy rule. With multiple alternatives, the
cost of a sequential decision rule {7, d} comes form different sources, first, stopping at

the wrong time; second, accepting the wrong alternative.

2.4.2 The Process and Probability Measure

The period loss function is given as L (&, ur;), the D-dimensional controlled stochastic

process with wu; as the control is given by
dgt == k‘»y (ft, ’LLTt) dt + O'th, (222)

alternatively

t t
5t=§o+/ kw(f&uTs)dS-i-U/ dW,
0 0
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with
Uuot, t<T
Uty = ’
Udt, tZ T
0, t<§6
’y =
p, t>0
p o€ {1,...M}
d € {1,.,.M}.

¢ and p are random variables with probability measure ¢y and ¢,,:

P9 (0 =0) = m, (2.23)
g9 (0>s) = (L—me ™ A>0,
bu(p=1) = v,

ZZ/Z' = 1.

ieEM

The prior for # and p is given by

pO@=0,p=1) = mu,s
pO>s,u=1) = (1—7)ye ™.

The process &, is D-dimensional, and there is one signal process among &;. This signal
process is assumed to contain all the information available about 6 and p. The decision
maker will monitor this signal process and determine whether the structural break has
happened yet, and upon stopping, determine the alternative to accept. In this paper,
this signal process is the credit spread, an indicator of distress in the financial sector,
the credit spread differs in mean and standard deviation indicating a different version
of the financial crisis. The Federal Reserve will monitor this process to infer whether
a financial crisis has happened and which version of the financial crisis has happened,
and determine when to switch and which policy rule to adopt correspondingly. In this
paper, there are two potential states of the economy: mild financial crisis and severe
financial crisis.

We propose a sequential decision rule (7', d), where 7' is a stopping time and d : G —

M is the terminal decision rule, the control rule determined by this sequential decision
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rule is given by

UQt, whent <T
ury = , (2.24)

Ut s d e M, whent >T
ugr will be the Taylor rule 2.18, and uy4 will be the credit spread adjusted Taylor rule
2.19 for each alternative d € M. The sequential decision rule consist of announcing
when to switch policy rule and which policy rule will be adopted upon switching.
We consider the following measurable spaces

1. (,7) = (C[o, 50)D x (R*)? x M2, B (C[0,00)P) x B2 (R*+) x B2 (M)),

2. (A, Q) = (o[o, 50)P x (RT)?, B (C[O,OO)D X (R+)2)),

where C10, 00) is the space of continuous functions. We consider the following filtration
G =0o{T <t,d,&,s <t}and J; = o{k,i,j,l,&,s <t}. J; represents full information,
we know the structural break time, the stopping time, we also know which alternative
is true, and which alternative we will accept. G; is the information set of the policy
maker at ¢.

For any given k € R*tand i € R", here k represents the realization of stopping time
and i represents the realization of structure break time 6, j is the true alternative, [ is
the alternative accepted.

Given a probability space (2, F, Py), and a D-dimensional Brownian motion
W= {Wt - (Wt(l), ...,WfD)) FL0<t < oo}

defined on it with Py (W, =0) = 1.
When k < i, define function

KR (8) = ko (§s,u0t) Lsary + Ko (&s, wie) Ln<s<iy + K5 (§s5ue) Liics)s
when k > ¢, define function

K (5) = ko (€6,10,4) Ly + ki (S u00) Lsry + i (6o ure) Lip<sy-

S [ S L [ u) s
0 0
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when k > ¢

kil
dP+ ! = exp / 2 :Kk’wl (d) dW(d / HKIM,J, H (2.26)
dP,

Define

d Pkl dPIjvivjvl dP_]f_’i’j’l
ab = ap, < T gp T e

The next thing we need to do is to average out k, ! and 7, j, with probability measure Fp,
and ¢.
For a given stopping time 7', define

T (w), if T (w) =00

T (w) = ] 1
if S <T(w) < g%

Define probability measure
Py (Tn (W) =k,d(w) =110 =i,p=j) =P (weA: T, (w) =kdw)=1),

given a stopping time 7, and correspondingly defined 7},, P, tells us the probability of
T, = k and d = [ , when structural break happens at # and the true alternative is pu.
For any event A € A, stopping time 7" and terminal decision rule d,

B (1) = Jim 3~ {Pon (Tu (@) = 55 d (w) = 110) PE9 (4) ]
m=0

Pki3L (A) is the probability of observing event A, given that the structural break hap-
pens at ¢ and policy switches at k and alternative [ is accepted and the true alternative
is j. Fy, (1{ A}) tells us, given stopping time 7 and terminal decision rule d, and the
structural break happens at i and the true alternative is u, the probability of observing
event A.

Py (A) = Egp {114y} (2.27)

Py,, (A) is the probability of A conditional on § and .
Now we can use the prior distribution for # and u to average out 6 and p, for any
event A € A
P (A) = Ex (Eg, (114y)) (2.28)

E, is defined with respect to prior distribution ¢, expectation operator E is defined with



48

respect to probability measure P.
The existence of probability measure P under which the process & is Brownian
motion is guaranteed by the Novikov condition

E{exp @/gtHK’“’i’i’(s)Hst)} < x
E{exp (;/gtHKﬁW(s)H2ds>} < oo

The expectation is defined under probability measure P.

2.4.3 The Objective of Unknown Alternatives

Similar to the case of unknown alternatives,
For T < 0,

V_(T,d) = Ey, {/T e PUL (&, uor) dt + /9 e 'L (&, uqy) dt + /oo e UL (&, uqr) dt}
A& = ko (&, u(:)t) dt + odWy, t <T ' ’
d¢&; = ko (&,ug)dt +odWy, T <t <0
A&, = k(& uq)dt +odWy, 0 < t.

For T >0,

Vi (T,d) = Ey, { / L (€ o) i+ / L (6 ) di 4 / ooe_ptL(gt,udt)dt}
G = ko) dt+odWi t <8 '
de, = oy (Eouon) dt+odWh, 0 <t < T
dg = k(€ ua) dt+ od Wi, T < t.

V(T,d) = Ex {V_(T,d) 1yr<gy + V4 (T, d) 750y }

Ey,, is the conditional expectation given 6 and p, while E is expectation with prob-
ability distribution ¢ over 6 and p.

Normalizing V (T, d) by subtracting V (0, 1), V4 (0, ) is the value of stopping per-
fectly and accepting the right alternative upon stopping
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R(T,d) =V (T,d)— Vi (0,n)
= Er {[V, (Ta d) -Vi (03 /‘)} 1{T<6} + [V+ (T> d) - Vi (9> :u)] 1{T20}} :

Our problem is to find a sequential decision strategy (7),d) € A with minimum risk

R*= inf R(T,d). (2.29)
(T,d)yeA

GivenT =k, 0=1i,u=jandd =1, and k < 7, define

v (hidt) = £ { [ L (o) dt + [errmans [~ e g al
&, = ko (§t,20t)dt+ath,t§k ' Z
A&, = ko (Eyup)dt + odWi, k <t <
des = kj (&, uy)dt +odWe, i < t.

When k > i, define

oo

vy (ki j, 1) = Ey {/ e 'L (€t,u0t)dt+/k e 'L (§t,u0t)dt+/
de, = ko(gt,z(;Ot)dt+ath,t<z‘ l '
A&y = kj (&, uo)dt +odWy, i <t <k
A&, = ki (&, up) dt + odWy, k < t.

€7ptL (ft, U,lt) dt}

Given p = j and d = [, the value function for any given T' = k,0 = i, when k < i, let

i =i—9,forany d >0

V- (k,?:,j,l)_'l)_i,-(i,i,j,j) = U (k,i,j,l)—’l}_ (i_,i,j,l)—i-?)_ (i_7i7j7l)_v+(i717j7l)+
1 2
V4 (Z,Z,],l) — U4 (Z’Zvjvj)

~~

3

In the above equation, part 1 represents the loss of stopping at the wrong time, 3 repre-
sents the cost of stopping at the right time but accepting the wrong alternative. Similar
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to the case of known alternative, we will have the following approximations
v (kyiy g, 1) —ve (i7,0,5,0) ~ —v (i7,i,45,0) (i" — k)"
v (i7,4,5,0) —vg (4,4,5,0) =~ = (i7,4,4,1) 6,
since by construction lims_,ov_ (7,4, 7,1) = v4 (4,4, 7,1).
v_ (k,i,j,0)—vg (4,4, 4,7) = —v" (i7,i,5,1) (i7 — k)+—vL (i7,4,5,0) 64vy (4,4, 4, 0)—vy (4,4, 4,7) -

When k > 1,

V4 (k7Z7]7l) — U4 (Z,Z,j,j) Ut (k,l,j,l) — U+ (Z7Za]al) +v4 <Z7Z7]7l) — U+ (Z,Z,],])

Uﬁi— (jvl) (k _i)+ +U+ (szvjvl) — U4 (7’7717.77.7)

%

Forany T =k,0 =i, u = j and d = [, we have

v (kaivjv l)—U+ (Z,Z,],]) = 1{k<z} [U* (k,Z,],l) — U4 (szvjvj)]+1{k22} [U+ (kviaja l) — U4 (7“727]7])}

We have

R(T,d) ~ E{v(T,0,pu,d)}.

The objective R (T, d) in 2.29 can be approximated by

E { (6~ — T)+ + cud (T = 0)" + ¢ gl iregy + CZdl{TZG}} :

wherel
- % 00nd
CMd - UL (9,7 9’ L, d)7
po_ =070 pd) — vy (6,0,1.d)
C/Ld - 'UL (9_’ 0’ I, d) + 0
! = _ (‘9,0,#’(1) — U4 (9,0,#,,&)
" SO Ond)

It is easy to verify the condition in Proposition 2.2.3 is satisfied, c,q , cZ . and CL g are
constants with respect to 6.

cji is the weight assigned to delay detection given alternative ;. = [ is true and policy
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maker accept alternative d = j; c;.l is the loss associated with accepting alternative
d = j when alternative p = [ is true in the event of false alarm; the interpretation
of ¢ is similar to that of ¢;, but in the event of delay detection. In general, waiting
for longer time will increase the probability of event {0 < T < co,d = pu}, hence reduce
expected loss of identifying the wrong alternative E {cﬁdl{ng} }, this will give rise to
the definition of option value of waiting.

For any two stopping times T and S, satisfying T > S > 6, given a decision rule d,
the option value of waiting between sequential decision rule (7', d) and (5, d) is defined
as

OV (S,T,d) = E {cua (T — 0)" + ylirsoy } — E{cua (S — )" + clylissoy } -

2.4.4 Discrete Time

In discrete time, the problem became

inf R (T,d) = inf E {(9 —1- T)+ + Cud (T — 9)+ + C:,I,d]‘{T<0} + CZdl{TZQ}} .

(T,d)eA (T,d)eA
(2.30)
Suppose E (f) < oo, E (T) < co and define sequence {7, = (79, 71, ..., 1) } by
W;in = P(e Sna/‘L:”gm)a
then the objective of
i i T M T-1 M M M .
R(T,d) = E{0— Z w0 + Z Lia—j Z Z Cij (1 — 71'2) + cgjm?p + Z c;’jﬂ'lT
n=0 j=1 n=0 i=1 i=1 i=1

Please see Appendix B.9.
The evolution of 7, is defined by Dayanik et al. (2008), equation (3.1)-(3.3).
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Define
h = hj (1 —n°
() jrgl;; (1—-)
hj(m) = ZCU 1—7
_ 0
W(r) = ;gﬁhj( m) —m
h(m) = Z C//7TZ+C 70
=1
The problem
inf R(T,d)
(T,d)yeA

can be solved with the solution provided by Dayanik et al. (2008).
Define operator

(Mf) (7) = min {h' (m),h(m) — 0+ (M) (Tr')} ,

then
V(r)= lim (Mh) (m).

N—oo

The optimality condition is defined as
Vi(m) = (MV) (7),

which is the Proposition 4.1 of Dayanik et al. (2008).
Given the value function V (7), we can present an optimal sequential decision strat-
egy for this problem. First define

T
14

{reSMV () =1 ()}, (2.31)
r'n{mre MK (r)=h,(n)}.

Based on Theorem 4.1 of Dayanik et al. (2008), the optimal sequential decision strategy
(T™*,d*) is defined as

T* = inf{n>0|r, €T},
d* = jsuchthatT* =nandm, € I7.
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The next figure shows the stopping region determined by Equation 2.31.

Figure 2.7: Stopping Regions for the Second Set of Specification of the Alternatives

topping Region 2

Stopping Region 1

(1,0,0)' (0,1,0)

The following tables shows the specifications of two sets of alternatives and their
corresponding stopping times.

Table 2.4: Specifications of First Set of Null and Alternatives
Specification of Null Specification of Alternative 1 Specification of Alternative 2
Yo = 0.0914 Y1 = 0.7558 Y2 =1
o9 = 0.047 o1 = 0.1547 x2 = 0.1547
Stopping time: Aug 10, 2007, Alternative 1 is accepted.

Table 2.5: Specifications of Second Set of Null and Alternatives
Specification of Null Specification of Alternative 1 Specification of Alternative 2
Yo = 0.0914 X1 =2 Y2 = 2.2
oo = 0.047 o1 = 0.1547 x2 = 0.1547
Stopping time: Aug 15, 2007, Alternative 1 is accepted.

2.5 Conclusion and Discussion

Did the Federal Reserve respond too late to the recent financial crisis? How to eval-
uate the merits of such criticism? The appropriate way to evaluate this claim is to
compute the optimal timing conditional on the information available when the decision
was made. We adopt the mathematical tools developed in quickest detection literature
to develop a framework to compute the optimal timing of the policy response to the
2007 financial crisis. The optimal timing is studied in two cases: a known alternative
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and unknown alternatives. In the case of a known alternative, we find that the optimal
timing is Aug 9, 2007. In the case of unknown alternatives, we find that the optimal
timing of the policy response is Aug 15, 2007 with certain specifications of the alter-
natives, it is optimal for the Fed to delay a while to accumulate more information in
order to reduce the risk of identifying the wrong alternative. The contrast between the
two cases highlights the importance of uncertainty for the timing decision of the policy
maker. In other words, without knowing the uncertainty faced by the policy maker at
the time, there is barely any merits to criticize the delay of Federal Reserve’s policy

response.
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Chapter 3

Monetary Policy Coordination
Revisited With Robust Control

3.1 Introduction

Booming international trade and financial market integration have caused members of
participating countries to be unprecedentedly interdependent; and as prosperity and
economic growth rate of participating countries reaching a new high level, this interde-
pendency also brings new challenges and constrains on national policy making.

Governments often have a variety of macroeconomic targets, such as low unemploy-
ment rate, low inflation, high economic growth and current account balance surplus;
equipped with fewer macroeconomic policy instruments, governments often find it im-
possible to achieve all targets simultaneously; policy makers will have to strike a bal-
ance among all targets. More so, the objectives of governments may be inconsistent
with each other at the mean time due to heterogeneous economic structure and short
run macroeconomic shocks and even the belief about the underlying macroeconomic
models they employ. As has been argued by Ghosh and Masson (1994), parallel to the
argument of comparative advantage in international trade literature, gain of efficiency
from policy coordination arises from comparative advantage of national policy: national
policy may be more efficient in achieving one or more macroeconomic targets of domes-
tic or abroad. This comparative advantage of national policy can lead governments to
exploit trade-offs among macroeconomic targets more efficiently through policy coordi-
nation.

Linked with exchange rate and interest rate, one country’s macroeconomic policy
may have different impact abroad, beneficial or detrimental. Due to the inward looking
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nature of governments, these spill-over effects are often ignored by their initiators. As
a result, naturally, this leads to inefficiency of national policies. These are the two
rationales often being quoted by proponents of policy coordination.

In practice, since World War II, from Bretton Woods to the European Monetary
System, international monetary policy cooperation has taken place in different forms,
the G8 summit, for instance, driven by the belief that independent policy making will
lead to unfavorable outcomes, but its justification and magnitude of gain is till being
debated among scholars.

Early contributions to international policy coordination literatures are credited to
Meade (1951), ? and Mundell (1963), they model the transmission effects of monetary
and fiscal policies between two countries. Hamada (1976) studies the strategic interplay
of monetary authorities in a multicounty setup with fixed exchange rate. He shows that
monetary cooperation if possible can improve welfare.

Oudiz and Sachs (1984) are pioneers in exploring macroeconomic economic policy
coordination; within Mundell-Fleming framework, they identify the externality of mon-
etary policy and this leads to inefficiency of Nash Equilibrium of macroeconomic policy
competition, hence policy coordination can lead to Pareto welfare improvement. In
their analysis, Oudiz and Sachs (1984) assume that all participating countries know
the "true model" and also agree on what the "true model" should be. They also show
that since Nash Equilibrium and coordinated equilibrium don’t coincide, the participat-
ing countries have incentive to deviate, hence it is necessary to design some mechanism
to insure coordinated outcome. Oudiz and Sachs (1984) also provide the first estimate
of welfare gain from coordination, their finding is, given a set of plausible assumptions,
the welfare gain from policy coordination is no more than one percent of GDP.

It should be noted that not all scholars agree that coordination is always welfare
improving, Rogoff (1985) shows that due to the time inconsistency of optimal policies,
policy coordination could lead to welfare deteriorating. Other scholars disagree with
this conclusion and point out that in Rogoff’s paper, he assumes the structure model
faced by policy makers are invariant with monetary policy regimes, i.e. coordination
vs independent policy making; others challenge that assuming monetary authority has
different objective to agent’s might be inappropriate. Kehoe (1989) presents an alter-
native analysis on monetary policy cooperation, he argues that cooperation may not be
desirable due to that tax policy competition may benefit residents of both countries. In
his model, a benevolent government chooses tax rate on saving and labor supply, under
non-cooperation, governments compete for foreign investment by lowering saving tax
rate, at equilibrium, both country will not tax saving; when under cooperation, in order
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to reduce the distortion on labor supply caused by labor tax, both governments have the
incentive to reduce labor tax, hence increase tax on saving, since saving decision has
already been made before government choose saving tax rate. In equilibrium, this will
result zero saving, which has lower welfare rank than non-cooperation outcome.

Obstfeld and Rogoff (2002) design a two country model featured with preset wage
and monopolistic competition, they show that under either conditions, non-coordinated
Nash Equilibrium coincide with coordinated equilibrium, the conditions are unitary in-
tertemporal elasticity of consumption and shocks are global. They also calibrate the
model and conclude that even gain from policy coordination exist, quantitatively it is
not significant; in order to generate significant gain, unreasonably high value of in-
tertemporal elasticity of consumption has to be assumed. Obstfeld and Rogoff (2002)
and ? and others introduce a new generation of models studying policy coordination.
These new generation of models featured with monopolistic competition, sticky nomi-
nal wage and price setting. Recent contribution including Pappa (2004), Pappa and Liu
(2005), and ?. In their studies, equipped with a metric measuring social welfare with a
quadratic approximation of agent’s utility function, they conclude that even coordina-
tion gain exists in general, it is quantitatively small.

Another strand of literature concerns about the roll of model uncertainty in the
application of international monetary coordination, Ghosh and Masson (1994) make a
comprehensive survey on this topic. They conclude, in general, model uncertainty will
enhance the welfare gain from policy coordination. But they assume that even though
agents can not forecast the outcome, they have perfect knowledge about the distribution
of the model. The question about the legitimacy of the above assumption, gives rise to
another school of thoughts.

This approach presumes that policy makers are aware that their models are only ap-
proximations to the real data generating process and the distribution of potentially cor-
rect models are unknown to policy makers, then policy maker takes this possible model
misspecification into account. It assumes that the true model lies in a neighborhood of
the approximation model, and there is a fictitious malevolent agent who will choose the
worst model in the possible model space, then decision maker choose a policy to max-
imize his objective, hence, his policy setting will be robust to the worst case scenario,
i.e. the misspecified model that leads to the worst outcome. This school of thoughts is
referred as robust control approach, which is originated from physics and engineering,
introduction of robust control into economics is credited to Hansen and Sargent (2007).
Robust control approach makes particular sense when applied to model policy maker’s
behavior, since in an world infested with stochastic shocks, the macroeconomic perfor-
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mance of a policy is often judged by its ex post result, even though ex ante, the policy
may be justified by maximizing expected social welfare.

Few researchers have devoted to robust control approach of monetary policy design
in open economies, efforts have been made by Dennis et al. (2006), Dennis et al. (2007),
and Leitemo and Soderstrom (2005c).

In this paper I will study international monetary policy coordination with robust
control approach. In a two country setup, both central banks minimize a social wel-
fare loss function subject to domestic and foreign IS and Phillips curve, this is because
whenever the central bank implements a policy, they know changes of foreign variables
will be induced by changes of domestic variables, changes of foreign variables are gov-
erned by a set of foreign models, and this will in turn feedback to its own system; but
central banks are more concerned about model misspecification coming from foreign
models; when under coordination, with information swapped and action coordinated,
this concern about foreign model misspecification will be gone, that is to say home cen-
tral bank will be as conficent about domestic models as foreign models. I propose this
can give rise to another source of gain in monetary policy coordination.

Then why would home central bank be less conficent about foreign models? As
Ghosh and Masson (1994) assert that basically there two types of uncertainty com-
ing from foreign sources, first is technological, i.e. real shocks, foreign authorities are
more readily to observe and forecast these real shocks happened in their own country
than home country authorities; second is strategical, it could be that foreign authorities
strategically send noisy signals to mislead other parts of the world to exploit benefit.
This will cause home monetary authority particularly concern about foreign model mis-
specification.

As has been mentioned above, current literature have concluded that the source of
gain from policy coordination is mainly through endogenizing spill-over effect of inde-
pendent policy making, and this gain is quantitatively small, attempts have been made
to explore other sources of gain in order to enhance the gain quantitatively, for example
Pappa and Liu (2005). The contribution of this paper can be summarized as twofold:
first, another source of gain is identified; second, I calibrate the model and find that
quantitatively, the gain from this source is significant.

This paper is organized into the following parts: the first part is introduction; in
second part, I lay out the underlying model; I solved the uncoordinated problem in
third part and investigate the implication of robust preference on monetary policy; in
the forth part, I solve the coordinated problem; Calibration of the models can be found
in fifth part; a concluding remark will be made in sixth part.
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3.2 Model

Following Pappa (2004) in a two country model, economies are characterized by home

and foreign countri’s IS and Phillips curves!:

ok kso N
T = BE{m}+ <k’c + 1—a> Ct — (1 — 2a> Cy (3.1)

1 -2« Q

¢t = Ei{cii}— ((l—a)a> lit — By {m1}] — (1 — a) E ¢ —¢} (82

W: BE; {W;rl} + <kc + W*) ¢t — (Wb‘) ¢t (3.3)

a(l—2a) a(2a—1)
q = Bilda) - (

20— 1 1-—
D) -l - () Blan—ad, @9

[oxe?

where k = 1_77 (1—=78),k. = kﬁg:j), ke = kal(}je‘fs),@z)s =2n(1—a)-— @ Lower case

letters represent log deviation from deterministic steady state level.

Let e; be the nominal exchange rate, from Uncovered Interest Parity condition
er = Erepr1 — (ip — 17) (3.5)
With complete pass-through, law of one price holds
Pry = et Pry (3.6)
The term of trade can be represented \notagin log form as
St = e+ p*Et — DPHt-
From UIP, we'll have
it — Eymeq — (z;{ — EtﬂfH) = FEySty1 — St, (3.7)

we also have
g

1 -2«
then equations (3.1), (3.2), (3.3), (3.4), (3.7) and (3.8) consist a set of constrains that
monetary policy authority has to face when solving its problem.

(Ct - C;) ) (38)

St =

Details of derivation can be found in Pappa (2004).
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3.3 Non-Coordination

I borrowed the objective function form Pappa (2004), Under non-coordination, the home

country monetary authority’s problem is

min max Ey Y | BUL (12 4 6o + u5? + duosicr) (3.1)
tie} {vje} 15 2
ks k:S E3
stm = PE{m)+ <kc * 10— a) “" (1 —;oz> “
1-2a . « * *
a = Efan}- [(1_04)0} [ie — Ee{ms1}] — [1 — a] E; {Ct+1 — G } ) (3.2)

T = ﬁEt{wf+1}+<kc+hM> *_[(1—04)0’1%

- by
a(l —2a) “t a2a—1) } O B (Vg +Emi)

q = Bfcta} - (220) [ - Br{mta}] - (F52) B e — o) + e (ver + 40B)

i = Eymg+ (Zf — Etﬂzlrl) + Eispp1 — St + 2e (Ve +€et) (3.4)

st = g _02(1 (¢t —¢c), (3.5)

n > E iﬁt [(vﬂ,lt)2 + (ver)? + (ve,t)ﬂ , (3.6)
=0

Where ¢, ¢,¢.: and e.; are white noises, and X,,%. and X. are the standard devi-
ations of respective shocks. In order to simplify computation, only shocks to foreign
IS and Phillips curve and UIP are introduced. In this problem, home authority takes
foreign policy as given, and ignores the spill-over effect of domestic policy on foreign
welfare. Following Hansen and Sargent (2007), v;;, where j € {m,c,e} are processes
that can feedback to the histories of 7/, ¢; and i;, which are controlled by a malevolent
agent. In order to simplify computation, I assume monetary authority doesn’t concern
about model misspecification stemming from domestic models, they only concern about
model misspecification coming from foreign models. v;;, where j € {7, c, e} are designed
to capture this extra concern about model misspecification coming from foreign models.
Equation (3.6) is the constrain for malevolent agent, the size of 1 indicates how confi-
dent is the monetary authority about their models; when n = 0, then there is no model
misspecification.

I only consider the case where monetary authority has no commitment technology to
implement their policy, so monetary authority will take all the expectations as given. I
will solve this problem as a multiplier problem described in Hansen and Sargent (2007),
the malevolent agent and monetary authority move simultaneously. The Lagrangian of
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this problem is given by

3 {77152 + ¢eCi + G557 + Psesicr — O <(U7r,t)2 + (Uct)2 (Ue,t)Q) +
prt |BE AT} — me + (k + 7 ) Ct — (1k 2a) Cﬂ
et | B {1} — [m} it — By {m1}] — [pa} E; {C;ik—‘,—l - Cf}} +

L= EOZBt ,u;kr,t BE; {77:4_1} - 7Tt + (k? + (1(1(1)205) ) C;gk - [(Olt(gz)_gf)s} ct+2n (Urr,t + 57r,t)] +

_|_
_|_

fre [Evmerr —ie + (if — Eemjyq) + Erserr — ¢+ Be (Ve + et)] +
Mt |:

Ct_ct — St .

3.7
From first order conditions, we can find that
—1
m o= - [k + <51+2O‘> k:} <¢cct T %st> 3.8)
1 -2« 2
1
Upt = %Wtz (3.9
i 1 (6702 (bsc

Vet = *%m (kjsﬂ't + ¢55t + 2Ct> ZC (3.10)
= L (ham 4 st + 226, ) 5, (3.11)

Vet = 29 5Tt 55t 5 Ct .

Given the parameter values in Section 3.6, we have A = k. + (‘Siiﬁa) ks >0, ¢, >0
and ¢, > 0.

Unt = 2;E7Tt2 (312)
B 1 ao PscA 2
'th = —%m |:(k8 — 2¢c ) (@3 — 4¢C> :| Ec (3.13)
2
B I

Some results established in Leitemo and Soderstrom (2005a) in a small open econ-
omy still hold:

(Optimal output-inflation trade-off) The optimal trade-off between inflation and out-
put gap is not affected by central bank’s preference for robustness.

The optimal trade-off relationship between output and inflation does not depend on
central bank’s preference for robustness, which is obvious from equation (3.8) Walsh
(2004) derives similar result, he compare robustly optimal instrument rules Giannoni

He [Be{eiin} —ef = (3550) it = Be{mia}] = (55%) Brdcrn — ok + Xe (vep +2ep)] +
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and Woodford (2003a) and Giannoni and Woodford (2003b) with robust control approach
of optimal instrument rule Hansen and Sargent (2001), and conclude that the two ap-
proaches yield the same result which doesn’t depend on the central bank’s robustness
preference. The intuition is robustness preference doesn’t change the channel through
which central bank counter fight inflation pressure caused by cost push shocks Leitemo
and Soderstrom (2005b), i.e. changing output gap in the opposite direction.

(Misspecification and shocks) Given the preference for robustness, the absolute level
of misspecification increases with variance the corresponding model.

This is evident from equation (3.9) to (3.11) this is because as the information re-
garding a specific model getting noisy, it is more difficult for the central bank to approx-
imate the true model; hence they will be less confident about their model.

(Misspecification and inflation) The absolute level of misspecification increase with
deviation of inflation from steady state level.

This is also evident from equation (3.12) to (3.14) the reason, as has been stated
by Leitemo and Soderstrom (2005a), is that central bank fears all inflationary shocks,
which will cause central bank to further contract output to counter fight inflation; hence
central bank wants to design a policy that is robust to potential model misspecification
concerning inflation.

There are there shocks in the system ¢, ;,e., e, each has mean zero and unitary
standard deviation. I will solve for endogenous variables 7, ¢, 7/, ¢; and control i; and

if. I guess that the solution should be of form

Tt Ar Q¢ Qe
Ut b7r bc be
’ Cr C. C emt
s
t T c e
| = Eet | - (3.15)
yt d7r dc de
Ee,t
(27 €xr €c €e
*
L Zt ] _fﬂ' fc fe

[r  Gc ac]
Ur,t b7r bc be Emt
Vet | = Cr Cc Ce Ecit (3.16)
Ue,t d7r c de Ee,t

[éx €c éc
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Given the first order condition (3.8)—(3.11) and the budget constrains, I can solve coef-
ficients of (3.15) and (3.16) With proper parameter values, I can calibrate the objective
function; by setting 0 = oo, I can also study the case when monetary authority does
not concern about model misspecification with other features of the model unchanged.
This exercise is necessary because there are two sources of gain for monetary policy
coordination in this model, one is the concern about foreign model misspecification, the
other is the externality of monetary policy ?. I need to identify welfare gain from each
source. By comparing welfare loss when g = oo and g = 0.0875, I can find the welfare
improvement arising from the second source of gain.

I solved the non-coordination problem is two ways: the worst case model and the
approximating model Giordani and Soderlind (2004). In this paper, I only study the
case when it is difficult to distinguish between the approximating model and the alter-
native models, that is when the distortion of alternative model is not too big relative
to approximating model. I choose 6y = —0.085, which corresponds to 10% of detection
error probability Hansen and Sargent (2007).

3.4 Coordination

Under coordination, I assume there is a supranational monetary authority whose ob-
jective is a weighted sum of both countries’ objective function. The objective function
is borrowed from Pappa (2004), which the supranational monetary authority assigns

equal weight to home and foreign country. The monetary authority’s problem is

min Ey Zﬁt% [qﬁc (c? + (c;‘)Q) - <2¢5 + bse <1 ;20‘)) s+ m+ (w;‘)z}a.l)

e} 3
ks ks %
stm = PE{maly <kc * 10— a) “r (1 —;o) o 8.2
1 -2« . o * *
o = Bfeu) - | g |li- Bofmeall - |25 | B{cta-a}. 63)

T = BE AT+ (kc+ MM) . _ [WM

by
a(l—2a) )" a(2a—1) ] Gt St

N N 20 —-1Y ., N l1-a
Ct = Et {CtJrl} — < P ) [Zt — Et {7Tt+1}] — < o > Et {Ct+1 — Ct} + 268071(3.4)
it = Et7Tt+1 + (’LI — Etﬂzk_f_l) + Et5t+1 — St + 26667{/, (35)
st = —— (e —c)), (3.6)

1 -2«



64

Solving the first order conditions, we can get

ot = —% (cr + ) 3.7

We can solve the system similar to the method used in solving the non-coordination

problem in section 3.3.

Tt ar Q¢ Qe

Yt b7r bc be
% ~ ~ ~ Emt

U Cr Ce Ce
=5 05 5| | eet

yt ™ C e
. ~ ~ ~ 5e,t

¢ E€r €. €E¢

3 rs re rs

L Zt | _f7r fc fe_

Results of calibration can be found in Table C.2 at the end of paper.

3.5 Incentive for Deviation

In this section, I will exam whether partners of a monetary policy coordination have

incentive to deviation. I will solve home country monetary authority’s problem given

foreign authority is following the agreed upon path of consumption, inflation and inter-

est rate under coordination. The only shock in this system is Uncovered Interest Parity

shock.
S.t.ﬂ't
Ct
it
oo
L=E) f
t=0

SN |

min Eo DB (7 + B} + bsi + Buesica) (3.1)

" =0

ok kso

E > — > ; .

g t{ﬂt+1}+<kc+1_a)ct (1_2a>ct7 (3.2)
1 -2« ) « N N

Ei{ct1} — [(1—06)0] [it — By {me1}] — [1 — a] E{cjy —¢}, (8.3)
Eiymir + (Z: — Etﬂfﬂ) + Etsiy1 — St + Deert, (3.4)

% [77'152 + QSCC% + Qbss% + ¢sc5tct] +
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fet | Bt {cep1} — et — [ﬁ} it — Bt {me1}] — [ﬁ} Ei{cty — C?}} +
fet [Ermipr — i+ (if — Eemiq) + Ersep1 — st + Secey] -

(3.5)
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I calibrate this model and find that by deviation, welfare loss can be minimized to

almost zero. Readers can find the results in Table C.3 at the end of paper.

3.6 Calibration

I calibrated the results of the two problems with a set of parameter value from Pappa
(2004), parameter values can be found in Table C.1 at the end of paper. As has been
argued, there are two sources of welfare gain from monetary coordination: 1. monetary
policy externality, 2. concern about foreign model misspecification. The proportion
of welfare improvement from monetary coordination arise from concern about foreign
model misspecification consists of 10% total welfare improvement from monetary policy
coordination.

3.7 Concluding Remarks

In a world with insurmountable complexity, no models can capture all aspects of the
economy; together with stochastic shocks, decision makers often do not trust the under-
lying models they employ, but only consider them as approximations to the true data
generating process. Given this concern about model misspecification, decision makers
want their policy to be robust to the worst case scenario. In the context of international
monetary policy design, policy makers are more concern about model misspecification
coming from foreign sources due to technical and strategical reasons. When central
banks coordinate with each other, with information swapped and a common objective,
there is no need to worry about foreign model misspecification, and this in turn, can
result in welfare gain. As the result of calibration reveals, welfare gain from concern
about foreign model misspecification consists of 10% of total welfare improvement from
policy coordination; hence, concern about foreign model misspecification is a significant
source of gain. It is evident from Table C.3, once coordination is established, both partic-
ipating members have incentive to deviate; hence in order to guarantee the coordinated
outcome, some punishment mechanism must be implemented.
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Appendix for Chapter 1
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A.2 Proof of Proposition 1.2.4

Given deterministic k¥ and [, let

v (ka l) = U- (kv l) 1{k‘§l} + Uy (ka l) 1{k>l}

More precisely, in the domain of false alarm, when k£ <

k k+h
v (kD) = B { / UL (&4, uoy) di + / UL (€4 uny) dt}
0 k
l+h 00
+E_ {/k CiptL (ft, Ugt) dt + / €7ptL (ft, UQt) dt}

+h I+h
A&, = ko (&, uoy) dt +odWy, t < k
A&, = ko (& ur)dt+odWy, k<t<k+h
A&, = ko (& uz)dt+odW, k+h<t<Il+h
A&, = Ky (€, uz)dt +odWy, I+ h <t

o

In the domain of delayed detection, when [ + h > k > [

k l+h oo
vy (k1) = E {/0 e P'L (ft,u()t)dt—i—/k e "L (§t,u1t)dt+/l ePtL(gt,ult)dt}

+h
d&s = ko (&, uoe) dt +odWy, t < k
dft = ko (ft?ult) dt +odWi, k<t <Il+h
dﬁt = kl (ft,UQt) dt + O'th, l+h<t

Where E_ and F, are defined with respect to probability measure constructed through
Radon-Nikodym derivative (1.3) and (1.4) respectively. Next I need to linearized v (k,1)
around k = [+, since vy (k, 1) is defined on k& > [, v_ (I,) is not defined. I need to choose
an approximation, let 6 > 0 be an arbitrarily small positive number, then v, (k,[) can
be linearized on [T =1+ 6, for k <i—.

Givenf =landé >0for!+h >k >1T,and let [T =1+ 5, I havel

vy (k1) — v (1) = vy (k, 1) — vy (I7,0) +vg (I7,1) —v_ (1,1)

lg™ = —inf {z,0} and zt = sup {z,0}.
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vy (k1) —vp (I0,0) =~ o (14,0) (k—1%)7
vp (N 0) —v- (1,1) =~ o (I7,0)6

9

hence I will have
vp (k1) — oo (1,1 = (17,0) (k= 17) T =/ (17,1) 6,

for k <1, I have
v (k1) —v_ (L) ~o_ (1,1 (k=1)T.

Hence,
vk, D) —v_(L,1) = [o= (k1) —vo- (LD 1<y + [v4 (R, 1) — o= (1, D] 1pesiy (A1)

~ =L (D)= k)T (0) (k= 1F) T L (17,0) 01 pen (A2)
= L L)1A—k)T 4+ (170) (k-D7T (A.3)

When h = 1, then the above equation is equal to
v (k) — v (L) ~ =0 (LD (= k)T 4+, (17,1) 1gsy-

where v”_ (I,1) denote the left derivative of v_ (k, ) with respect to k& evaluated at [.
Given 0, and a stopping time 7" € 7, where 7 is the class of all stopping times, define

a sequence of random times by

T (w) _ T(w); on {w; T(w) — +OO}
s on {w; B < T(w)<m)

T,, is a stopping time and lim,,_,o, T,, = T2.
Without loss of generality, assume 7 = 1. Conditional on § = [ and given § > 0, I
have the following:

2Please see Problem 2.24 in Karatzas and Shreve (1991)
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Ey{v(T,))—v(L,D)} = lim i Py (Tn - %u) [v (%z) - v(u)}
m=0

~ lim f: Py (To = 5211 [—v’_ w0 (1- 2%)+ L () T
m=0

n—o0

= B[ LU)A-T)" +v, (I7,0) Lpspy]

where Fy is expectation conditional on 8, and Py is the probability distribution given 6,
defined by (1.5).

E{Eglv(T,)) —v(,D]} ~ E-{Es[—v_ 1,1)(1—=T)" +, (I",1) 1r=p]}
E{v(T,0) —v(6,0)} E{=v"(0,0) (0 —T)" + v, (67,0) 1p=0y} (A.4)

Q

here E is the expectation under probability measure P, defined by (1.6). The left side of
the approximation is the policymaker’s objective as a function of stopping time, which
can be approximated by the left hand side of the approximation.

A.3 Proof of Proposition 1.2.5

inf E{c(0—-T)" +1
Jnf {e( )T+ Lrsay )



Let E{(0 —T)"} = E{Cr}
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3
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00 k—1
= Y DN-P@O<mF)] - [L-P(0<m|F)
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00 k—1
= > PO>mFp)— > [1—P(0<m|F)
m=0 m=0
k—1 k—1
+ ) [D=PO<m[Fn)] - > [1-P(O<m|Fn)
m=0 m=0
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= Zmp (6 =m|F) = > [1— PO <mFn)+ N
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I can show that

T-1

E{C(H—T)+}—E{00— Zc(l—ﬂm)}

m=0

Since I have
E{l{rs0y

Let

Cr = E{lgsmy)
k—1

m=0

= PO<k—1|F)+PO<k—1|Fp1)

— PO <k-—1|Fk_1)

= Tp-1+ PO <k—1F) - PO <k—1Fx1)

The rest is easy to show that

E{lrsoy} = E{mr1}
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T-1
E{cﬁ— Z c(l—mp) +7rT_1}

m=0

A.4 Proof of Proposition 1.2.4

Given the condition in Lemma 1.2.4 is satisfied, the period loss function can then be
expressed as

L (Lgesky Lpsiy) = Eo (Le (k1))

For k > I, where [T =1+ 6,

op (k1) —vs (I7,0) = E{/ ew%gmmﬁ—/ﬁewmmanﬁ}
0 0

N / e_ptL(l{tZk}?l{tZZ})dt_/ e "L (Liziys Lizny) dt
0 0

l+h
_ / e P L (0,1) — L (1,1)] dt
k

o p(I-+h—F)
= —— [L(0,1) - L(1,1)]
—p
AGN i~ 01— L1
U+( 7) - kinll""—p(l—f—h—k‘)[(’)_ (’)]
O 01 —L (1,1
= m( (0,1) -L(1,1)),
hence v/, (I7,1) is a constant. Similar result can be shown for v/_ (I, 1), hence ¢ = —Ul,)l’(égf))
+ )

1s a constant.

A.5 Proof of Proposition 1.2.5

Period loss function L (1>, 1;>13), then

vo (L) —o- (1=1,0) = > B{L (L Lisy) — L (Lsi-1y Lpsn)
t=0

= B~ L(0,0) — L(1,0)
N—_—— N —



v (I+1,0) —vy (L) = Zﬁt {Li (Lpimi1y Lsny) — Le (L Lpsay)
=0
= Bl {L (07 1) —L (17 1)}
Finally, I have

vo (I,1) —v_ (I —1,1)
ve (L+1,1) — oy (1,1)
1 L(0,0) = L(1,0)
= L(0,1)—L(1,1)

c = —

Clearly, c is not a function of /.

A.6 Logit Regression

Table A.1: Logit Maximum Likelihood Estimates

Variables Coefficient  t-statistics  t-probability
Constant -1.218744  -6.424941 0.000000
Growth of International Reserves -1.059737 -4.916337 0.000001
Growth of Imports 0.005356 0.016094 0.987162
Growth of Exports -0.529670 -1.348524 0.177673
Growth of Domestic Credit Over GDP  1.862253 6.982468 0.000000
Real Interest Rate 0.078776 1.894862 0.058283
M2 to Reserve 0.211484 12.094560 0.000000
Growth of M2 to Reserve -0.000751 -0.020199 0.983887
Real Exchange Rate -3.677564 -5.164558 0.000000
Real Exchange Rate Over-evaluation 3.655495 5.252078 0.000000
Exchange Market Pressure Index 1.667829 4.906118 0.000001
McFadden R-squared 0.2171

Estrella R-squared 0.2463

Log-Likelihood -759.5282

Nobs, Nvars 1680, 11
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Appendix for Chapter 2

B.1 Appendix
Given the risk function (2.9)
R(T) = E- {[V_(T,0) = Vi (0,0)] Lyzcoy + V4 (T,0) = Vi (6,0)] Lir>0y }
Given T = k and 6 = i, define
v (k,i) = v (k,9) Lipasy + vt (k1) sy
where, when k < ¢
k i 00
v_ (k, 7,) = F_ {/ eiptL (ft, u07t) dt + / €7ptL (ft, U17t) dt + / eiptL (gt, ’U,Lt) dt}
0 k i
d§y = ko (&, uo)dt +odWi, t <k

dft = ko (§t7u1,t) dt +odWy, k<t <1
dft = kl (§t7u1,t) dt + O'th, 7 <t< 05

and when k£ > ¢

vy (ki) = Eq {/Oz e 'L (&, uo,.) dt + /Zk e 'L (&, uoy) dt + /:o e 'L (ft,ul,t)dt}
dé, = ko (&, uoy)dt +odWy, t <
dé, = ky (€ uop)dt+odW,, i <t <k
A& = ki (&, uie)dt +odWy, k<t < oc.

79
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Where E_ and E., are defined with respect to probability measure constructed through
Radon-Nikodym derivative (2.4) and (2.5) respectively. Next we need to linearize
v_ (k,i) around k = i, since v_ (k,i) is defined on k& < 4, v_ (i,4) is not defined. We
need to choose an approximation, let § > 0 be an arbitrarily small positive number,
then v_ (k,7) can be linearized on i~ =i — ¢, for k <i~.

Given§ =iand 6 > 0 for k <i~,and let i~ =i — ¢, we have!

v_ (k,i) — g (i,1) = v (ki) — v (i7,0) + oo (i7,1) — vy (4,1)

v_ (ki) —v_ (i7,4) ~ —v (i7,4) (i— k)"

oo (i7,4) — vy (4,49)

Q
[

d\
—~
.

I

~
~
&

hence we will have
v (k,i) — vy (3,4) &~ =l (i7,4) (i — k)T = (i7,4) 0,

for k£ > i, we have
vy (kyi) — vy (i,4) = 0 (0,0) (k—4)".

Hence,

v(k,i) —vy (4,1) = [v- (k1) — vy (4,0)] Lipesy + [ (K1) — vy (4,0)] Lsay (B.1)
—o' (i7,4) (T — k)T vl (4,9) (k= i) T = (i7,4) 01 peiy(B.2)

Q

where v’ (i7,4) denote the left derivative of v_ (k,) with respect to k evaluated at
(R
Given 0, and a stopping time 7' € 7, where 7 is the class of all stopping times, define
a sequence of random times by
T, (w) = Tfnw.), on {w; T (w) = +oo}
ons

on {w;mz—;lST(w)<2mn} 7

T,, is a stopping time and lim,,_,~, T,, = T2.

Conditional on # = i and given ¢ > 0, we have the following:

1z~ = —inf {z,0} and z* = sup {z, 0}.
2Please see Problem 2.24 in Karatzas and Shreve (1991)
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Eo{v(T,i)—v(i,i)} = lim 3 P (Tn = Qﬁn\z) [v (ﬂz) —v(i,i)]

277.
m=0
~ lim iP T, :ﬁ\z —vl (i ,1) (z m)+—|—v (3, z)( - )+—v (i",i) 61
n—voo £ fom " n - ’ 2n + 2n - ’ {2m<1}

where Fy is expectation conditional on 8, and Py is the probability distribution given 6,
defined by (2.27).

R(T) = Ex[Ep(—v_ (i7,i) (i —T)" 4+ (4,9) (T —i)" =o' (i7,i) 0lgreiy)]
= B[ (67,0)(0—T)" +v, (0,0) (T —0)" = (07,0) 01i7-y] (B.3)

here F is the expectation under probability measure P, defined by (2.28).

B.2 Appendix

Given the objective of Equation (2.12)

E{(G’ —T) (T -0 + 51{T<9}}

Define 7j, = P (0 < k|Fy). Let’s first consider E [c (T'— 6)"], let

Dy = cE{(k-0)"|F}

= c/k(k—s)dp(9§s|fk)
0
= (h-s)PO<sIF) /Pe<s|fk>< 5)

k
= / P (0 < s|Fp)ds
0

k ko -
0 < s|F.) ds+/ [P0 < s17) ~ P(0 < 5|7 ds
0

k
71' dS—i-Mk,

/7
_ /Okw ds+/[ (6 < s|Fy) — 7 (s)] ds
/
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where i
M, = / [15 (0 < s|F) — 7 (s)] ds.
0

Next, we need to show E (Mr) = 0, we do so by employing Optional Sampling the-
orem(Poor and Hadjiliadis, 2009, page 24). To employ Optional sampling theorem, we

need to show
1. {My, Fi} is a martingale.
2. There is an integrable M such that M, = E {M|F}}, so Mj, is regular®.

then by Optional Sampling Theorem E (M) = E (M) for any stopping time 7.

B.2.0.1 M, is a Martingale
k ~
M, = / [P (0 < s|Fy) = (s)] ds
0

for m < k,

E (M| F) = E{ ' [15 (0 < s|Fx) —W(s)} ds}'m}
k

B.2.0.2 M is Integrable

let ~
M:/ [1_7Tm_1{9>m}] dm
0

3Definition of regular Martingale can be found in Poor and Hadjiliadis (2009), page 23.



First, consider

E{/Ok(l—wm)dm} = /Oklf’(9>m)dm

Similarly

Then we have

E{|M]}

IN

ok k
E{/ |1—7rm|dm+/ ‘1{9>m}‘dm}
0 0

< 2E{f} < x

B.2.0.3 M is regular

E(M|F,) = P (0> m|Fn) 1F] = P (0 > m|Fe) } dm
' ]5 (0 > m|Fn) — (9>m[.7—"k)}dm

PO <mF)—P0< m|fm)} dm

I
NO\J%

So Mj, is regular.
By Optimal Sampling Theorem, we have showed

E{Mr} = E(Mo) =0,

83
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hence, we have

E{(T—G)Jr}—E{/OTﬂ(s)ds}.

B.2.04 E {(9* - T)+}
Now, let’s see second part of the proof. We have
E{0-0-T)"}=E{(0—-(T+4)"}
let T/ =T+ 6,
E{(o-T)"} = E{Dr}

Dy = E{(m-k7"|F}

= /:O(m—k)dﬁ(agmm)

- —/k (m—k)d(1—15(9gm|fk))
- —(m—k)(l—ﬁ(@ﬁm\]-"k))|zo+/k (1= PO <mF))dm— k)

= /koo<1—]5(0§m]-"k))dm
_ /OOO(1—]5(0§m]-'k))dm—/0k(1—15(9§m|}'k)>dm

[

0

_ E{erfk}—/ok <1—15(0§m\]-"m))dm+/ok (1—15(9§m\]-'m)>dm—/0k (1- 20 <miF))dm
(

1-P< m\}'m)) dm + N

k

N, = /Ok<1—]3(9§m]fm)>—/o (1—]5(9§m|.7-"k)>dm

_ /Ok (15 0 <m|F) —P(0< m\]—"m)> dm

we already have E {Ny} = E {Ny} = 0 from previous result.
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Hence we have prove the following theorem

E{(G’—T)++C(T—9)++1{T<9}} - E{9+(1—WT)+/OT[CM—(1—7rm)}dm}

B.3 Appendix

In the context of Liptser and Shiryaev (2001, chapter 9.4), F = {0,1}, the prior
P(§>160>0)=e* P(0=0)=np.

Aoo = —A, A1 = A, A0 = 0, A1 =0,

x(t)=P (et - 11;5) or,= P (9 < t\ff)

here 75 (t) = 7 (t), where 3 = 1. we solve the following elements in theorem 9.1

Or(u) = Y Ay (u)
v€{0,1}
= o170 (u) + A1m (u)

= A1 -7 (u)

A, (&) = Z Ay (7,8) my (1)
v€{0,1}
= ko (&, uo,¢) mo (u) + k1 (§, uo,e) ™ (u)

= ko (&, uor) (1 —m(u)) + k1 (&, wor) ™ ()

then the third part of theorem 9.1 can be presented as

g

—k B
(ftyuo,t) 0 (EtyUO,t)qu
o

/t ) k1 (&, uot) — [ko (&, u0e) (1 — 7 (w)) + Ky (&, wo) m ()] aiv,
0

— [ r@-r )™
0

where .
AWy = p {d& — [ko (&tsuoe) (1 —m (8)) + k1 (&, uoy) (1)) dt}
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B.4 Appendix

inf E[(0—1—=T)"+17p<9_ T—-6)"
sot [( )"+ Lyr<g—1y +c( )]

For the part E [c¢ (T — 6)*], the proof is similar to Poor and Hadjiliadis (2009), hence
we have

T-1

Ele(T-0)%] = E{cZwm}
m=0
E[l{T<9}] == 1—7TT.

For E [( — 1 —T)"], we need to show, again let E [(¢ — 1 — T)"] = E [C7], where

[e.9]

Cr = Y. (m—1-k)P(6=m|F)
m=k+1

= ) P(>mF)
m=k+1

= Y [-PO<mF)
m=k-+1

00 k

= Y L-PO<mF)] - [1-P(0<m|F)

m=0 m=1

o) k
= > PO>m|F) - Z PO<m|F)+> [1-PO<mFn)]- > [1
m=0

m=0

00 k
= > mP(0=m|F) - Z P (6 < m|Fp)] + Ny

m=0 =0
then following the similar proof before, and we can show

E[0-1-T)"]=E

m=0

T
9—2(1—7%)]

hence we have

T-1
E{@-1-T)"+c(T—0)"+ Lir<p } :E{9+ > lemm — (1 —nm)]}

m=0



B.5 Appendix

Rewrite the model as

Eiy 1
E:Y;
90 i = ct+q
Eymiia
Ut4-1
where
1)
7 (sq +vq)
go =
0
0

O

Tt

Ut

Q
_ o o o

+ g2

—Xo — (X1 — Xo0) Lt>i
7 (xo+ (x1 — x0) Lg=iy) (M6 — duwlisg) Lizi

CcC =

0

0
1 0 0 0
_ 05Q (1+5’(Z>y) o O
"= £ (sa +m — ) K -1 1
0 0 0 p

— (00 + (01 — 00) 114}

7 (mplizi — dwlizk) (00 + (01 — 00) L>iy)

92 =

0
0
The model can further rewritten as
EQy
E.Y, E
t Y11 _ 1 A
Eymiia Es

Ut

Y,

€t

Et+1

|

— o O O

87
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Now proceed with Blanchard and Kahn (1980)’s method, decompose A = A~'JA. At
any t, C1, D; will only depend on the deep parameters including %, i. Let z; = [y, Y, 7]/,
then we can write the system as

Et.ft+1 _ 01 J1 0 i‘t n D1 €t
"L’Lt CQ 0 JQ Tlt_l DQ Et ’
where
-Tt_:_All A12__-7Jt
Uy | | Ao1 Aop | | u ’
Dl_:_All Ao | [ B '
Dy | | Aot Aoy | | B 7
Cq _ A A | [ B
Cs | | Ao1 Ao | | Ep

Now we have the explosive component

Eti’t+1 — Cl + Jll/'t + let,
4y = J; ' Byt — J7NCL— I Dy f

where f; = [&, <], solve this forward
iy = J; *Eyitypo — J7°Cy — J{ CL+ J7 P Dy Ey fn — J7 D f,
since & are i.i.d. shocks

ty = J 2 Eutye — J 2C — J7ICy — I Dy fy

= J®Ede— Y Jy VO I Dy
=0
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we have
Ty = Anxe+ Aguyg
Ty = A;lll,'t — AfllAlgut
o
_ —(i+1 _
= Ay (Alzut + Z I+ g 1D1ft>
i=0

= A <A12Ut + J7'Dify + Z Jl_(iH)Cl) :
i=0

The last equation is true, because J; only contains explosive eigenvalues. Then the
variance of x; at ¢ can be expressed as

var (x¢) = (Al_llAlg) var (ug) (Al_llAlg)/ + (Al_llJl_lDl) var (ft) (A1_11J1_1D1)/,

B.6 Appendix

Given the condition in Lemma 2.2.3 is satisfied, the period loss function can then be

expressed as
L (Lgsky Lisiy) = Eo (Le (K, 1)),

For k > 1

vy (k,4) — vy (4,9) = E{/O e‘ptLt(k:,i)dt—/O e_ptLt(i,i)dt}

N / eptL(l{tzk}J{tzi})dt_/ e L (Lziys ey dt
0 0

_ /k e PLL(0,1) — L (1,1)] dt

efp(kfi)
= [L (07 1) _L(lal)]
—p
, L. . e_p(k_i)
vy (i,0) = }gﬁm [L(0,1) =L (1,1)]

= L(0,1)-L(1,1),

/

hence v/, (i,7) is a constant. Similar result can be shown for v

v’ (0,0) .
_ v+
0 0) 1s a constant.

(1 —0,1), hence ¢ =




B.7 Appendix

Period loss function L (1>}, 111>}, then

vo (i —2,4) —v_ (1 —1,4) = Z BH{L (1{1522‘—2}, 1{t2i}) - L (1{1521’—1}7 Lgsiy) }
=0

= 5 {L<1,0> - L<0,0>}
S—— =
t=i—2 t=1—2

vy (14 1,4) — vy (4,4) = Zﬁt {Li (Lgsizry Lgsiy) — Le (Lpesaps Lpsay)
=0

Finally, we have

vy (1 —1,4) — vy (4,1)
vo (1 —2,1) —v_ (i — 1,19)
,L(1,0)— L(0,0)
- L(0,1)— L(1,1)

c = —

Clearly, c is not a function of i.

B.8 Appendix

90

Given the objective, we will solve this problem as an optimal stopping problem. First

define
mo=P (0 <KIF).

We can derive dr;, with Theorem 9.1 of Liptser and Shiryaev (2001)%.
1 _
dry = A(1 — ) dt + py (1 —me) (KT (&8, up ) — kg (&5, up,)) AW,

Superscript s denotes 7; is derived based on the signal process.

4Please see Appendix B.3 for detailed derivation

(B.4)

(B.5)
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Assume E (0) and E (T) are finite, then

T
E{(G’ —T) (T -0 + 1{T<9}} - E{0+ (1 — 77) +/ lemm — (1 —Trm)]dm}
0
Please see Appendix B.2.

B.8.1 Solving the Optimal Stopping Problem

Given the objective, we are finally ready to solve this problem subject to (B.5)

TeT

infE{(1—7TT)+/OT[mm—(1—7rm)]dm}:TirelfTE{u—wT)+/0Tc’7rmdm—T},

where ¢/ = c — 1.
Let h(z) = f (z) + g (z),

fl@) =- / ~AH(y) / AH(z)[Z(ll_z)]gdzdy
il

—AH(y)/ ML
z(1—2)?

where A = 2)\/u? and H (y) = log (%) — %, u= M, then

dh (x) = (=1 + z) dt + TdL,

where I; is some standard Brownian motion, hence we have

E{/OTc/ﬂ'mdm —T} =E{h(np)}.

Following this proposition, the objective can be written in the above way where [ (z) =
1—z+ f(z)+ g(x), I (x) is convex since f(x) and g (x) are convex, and have global
minimum at

! (z) = 0. (B.6)

Notice x( satisfies the above equation is indexed £ the realization of &;.
We have the following theorem:
The problem (2.13) with prior (2.3) and (2.23) is solved by the stopping time

T* =inf {t > 0|m > o},
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Known Alternative
c=1.1392
Unknown Alternatives
c11 =828 ¢12=543 ;=0 dy,=2477 =0 ,=2514
co1 =4.28 99 =213 ¢y =2750 chHy =0  j =2858 4y =0

Table B.1: Value of ¢

where z is given by (B.6).

B.9 Appendix

Thepart E{(¢ —1-T)"} =E {0 -7, (772)} is similar to previous proof.
For any u =i e M,

E{Cud T 9 {Z 1{6<n<T}1{d ]}CZ]}
{Z 1{n<Tcl =4}Cij P69 < n’]:n)}

T-1 M
E 1{d ]}Cij (1 - ﬂ'g) .
n=0 j=1
M
E{cualir<oy} = E {Z 1{dj}02j7f%} :
j=1
J=1

M
E{ciqlir=0)} = E{ 1{dj}°’§/j77§r} -

Plug these expression back into (2.30), we get

n=0 i=1

T M T-1 M
E{GZW2+Zl{dj} [ZZCW 1—7‘(’ —&—ch]ﬂT—l-Zc”ﬂf]}
n=0 j=1

B.10 Appendix

Values of parameters are taken from Curdia and Woodford (2009a)
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Alternative 1 7 = 0.58 Stopping Time: Aug 9 2007

Unknown Alternative Stopping Time: August 16 2007, Alternative 1 accepted.

Table B.2: Optimal Stopping Time

Name® Value Name Value

S0 -0.0526 g 0
i 6.25 ¢,  0.125°
Vb 0.5 O 1.1

K 0.0725 Do 0.8
13 0.0388 s 0.5
B 0.9560°¢ w2 0.6

™ 05 I 045
& 6.25 2055
5 0.9696

Table B.3: Parameter Values

%Superscript or subspript with 0,1 or 2
indicate the value with corresponding al-
ternatives.

®This is quarterly value, needs to be
converted into daily value.

°This is quarterly value, the corre-
sponding daily value is 0.9995

B.11 Appendix: The Federal Reserve’s Aug 17, 2007 Press

Release

Release Date: August 17, 2007

For immediate release

To promote the restoration of orderly conditions in financial markets, the Federal
Reserve Board approved temporary changes to its primary credit discount window fa-
cility. The Board approved a 50 basis point reduction in the primary credit rate to 5-3/4
percent, to narrow the spread between the primary credit rate and the Federal Open
Market Committee’s target federal funds rate to 50 basis points. The Board is also an-
nouncing a change to the Reserve Banks’ usual practices to allow the provision of term
financing for as long as 30 days, renewable by the borrower. These changes will re-
main in place until the Federal Reserve determines that market liquidity has improved
materially. These changes are designed to provide depositories with greater assurance
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about the cost and availability of funding. The Federal Reserve will continue to accept
a broad range of collateral for discount window loans, including home mortgages and
related assets. Existing collateral margins will be maintained. In taking this action,
the Board approved the requests submitted by the Boards of Directors of the Federal
Reserve Banks of New York and San Francisco.



Appendix C

Appendix for Chapter 3

Table C.1: Benchmark Parameter Values

Modle Description Value
B8 Discount factor 0.99
o Relative risk: aversion coefficient 2

n Elasticity of substitution between home and foreign goods 1.5

0 Elasticity of substitution between domestic goods 8.14
11—« Home bias in consumption 0.8
1/w Elasticity of labor supply 0.3
1—7 probability of a firm is choosen to change price 0.25

Table C.2: Welfare Loss

Parameter Welfare Loss
Approximation(Non-Coordination) 10.72
Distorted(Non-Coordination) 11.90
Coordination 0.33
Deviation 0

Table C.3: Payoff Matrix

Coordinate Deviate

Coordinate 0.33¢ 0
Deviate 0 11.90

“Payoff is in terms of welfare
loss.
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