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1 Introduction

Recent macroeconomic and policy developments have led to an increased study of occasionally binding
constraints. Following the global financial crisis of 2007-2008, monetary policymakers in many economies
cut their short-term policy rates to their effective lower bounds. The development of macro-prudential
frameworks has introduced policy instruments, such as capital requirements, that may bind occasionally.

These events have prompted the development of methods to incorporate occasionally binding con-
straints in policy-relevant macroeconomic models. The typical size of these models prohibits the use of
global solution methods, which properly account for how the risk that constraints bind in the future will
affect the actions of forward-looking decision makers today. As a result, many techniques focus on the
inclusion of occasionally binding constraints in an otherwise linear-quadratic framework.

This paper contributes to that research effort by consolidating, combining and extending existing
approaches into a toolkit that is capable of analyzing a wide range of policy-relevant scenarios.

The tools developed in this paper apply to linear rational expectations models, of the type routinely
used in policy institutions. The tools focus on cases in which policy is conducted optimally, to minimize
a quadratic loss function, under either commitment or discretion (optimal time-consistent policy). The
paper presents methods for cases in which both policy instruments and non-policy variables may be
subject to occasionally binding constraints.

The methods build on the ‘Model Analysis & Projection System’ (MAPS) toolkit (Burgess et al.,
2013). That toolkit incorporates the Anderson and Moore (1985) solution algorithm for linear rational
expectations models, which allows the solution to be expressed in terms of the expected future paths of
exogenous variables. In this paper, the future paths of exogenous variables are treated as ‘anticipated
disturbances’ to the model equations. Following Svensson and Tetlow (2005), these anticipated dis-
turbances can be interpreted as capturing judgment and other ‘off-model’” information that informs the
scenarios and forecasts produced by many policy institutions. Incorporating these disturbances therefore
makes it possible to conduct optimal policy analysis with occasionally binding constraints for projections
and scenarios produced using judgment.

The toolkit developed in this paper has several advantages over existing methods (discussed below).
By providing an integrated framework, the toolkit facilitates the comparison of optimal policy under
alternative assumptions about the policymaker’s ability to commit to future actions. The toolkit easily
supports multiple policy instruments and multiple constraints, which is likely to be particularly useful in
light of the increasing use of additional unconventional monetary policy tools. Moreover, where possible,
the toolkit is designed to ensure that incorporating additional constraints does not materially affect
the ‘scale’ of the solution problem. This makes it particularly relevant for applications with large-scale
models typically used by policy institutions.!

The methods in this paper contribute to a strand of research focused on the incorporation of oc-
casionally binding constraints in an otherwise linear-quadratic framework. Indeed, the toolkit builds
heavily on some key contributions to the literature.

The tools for analyzing optimal commitment problems combine the optimal policy solution set out
in Dennis (2007) with the method for imposing occasionally binding constraints developed by Holden
and Paetz (2012) and Holden (2019). While the Holden and Paetz (2012) method provides a powerful
method for incorporating the effects of instrument bounds under commitment, it cannot in general be
directly applied to optimal discretionary policy. The algorithms for optimal discretion therefore combine
the approaches of Dennis (2007) and Brendon et al. (2010), extended to incorporate the presence of
‘anticipated disturbances’. Indeed, a common thread connecting all of the methods presented in this

paper is the importance of these disturbances in permitting optimal policy analysis of non-model-based

'The toolkit, together with replication code for the examples in the paper, is available from the authors on
request.



forecasts and scenarios, building on the insights of Svensson and Tetlow (2005).

A popular and powerful approach for incorporating occasionally binding constraints is the ‘OccBin’
toolkit developed by Guerrieri and Tacoviello (2015). In principle, this approach can be applied to
optimal commitment problems with constraints on the policy instruments, since the solution concept is
identical to that studied by Holden and Paetz (2012). However, such an implementation would have
several practical disadvantages. In particular, it would require derivation and specification of the first
order conditions for optimal policy within the model. It would also be less easily scalable to the case of
multiple constraints and would not permit the application of anticipated disturbances, thus limiting the
range of feasible applications.

Other methods that can be used to analyze occasionally binding constraints are similarly specialized
and therefore not directly applicable to the range of applications that can be studied with the toolkit
developed in this paper. For example, approaches that embed anticipated structural change have been
used to incorporate the lower bound on the policy instrument (see, for example, Cagliarini and Kulish,
2013; Kulish and Pagan, 2017; Kulish et al., 2017). However, these methods do not do not allow for
policy to be set optimally. Similar issues apply to methods that incorporate Markov switching methods
to impose occasionally binding constraints (Bianchi and Melosi, 2017; Chen, 2017; Benigno et al., 2020).

This paper is also part of an enormous literature on optimal monetary policy in linear quadratic
rational expectations models. While many contributions consider more sophisticated and challenging
policy environments, such as stochastic structural change (Blake and Zampolli, 2011; Svensson and
Williams, 2008) and leader /follower relationships between different policymakers (Chen et al., 2020), they
do not incorporate occasionally binding constraints on the policy instruments. Implementing occasionally
binding constraints within those frameworks would be a worthwhile avenue for future research.

This paper is most closely related to de Groot, Mazelis, Motto, and Ristiniemi (2021), who have,
in independent work, developed a toolkit (called ‘COPP’) for optimal policy analysis. Similarly to the
methods presented below, COPP can analyze optimal time-consistent and commitment policies using
multiple policy instruments that are subject to occasionally binding constraints. It is also designed
for optimal policy analysis around a scenario or projection that is not generated by the model itself.
An important difference is that the COPP toolkit does not require a fully specified structural model,
merely a baseline path for the variables in the policymaker’s loss function and impulse responses of those
variables to changes in the paths of the policy instruments. While similar in several respects, the methods
described below employ a different definition of time-consistent optimal policy and are also designed to
handle cases with occasionally binding constraints on non-instrument variables.

Piecewise linear solution methods (such as those presented in this paper and discussed above) rep-
resent an approximation to the true effects of occasionally binding constraints in rational expectations
models. These methods do not account for the fact that agents’ expectations account for the risks of
encountering the occasionally binding constraints in future periods. These effects on expectations can
have substantial effects on current decisions and hence the true model solution. Incorporating these
effects requires sophisticated solution methods, typically employing global solution techniques. The pace
of progress in this area is impressive.2 However, at present, the methods are typically applicable only to
relatively small models. Moreover, piecewise linear approximations may be sufficiently accurate in some
important cases, as demonstrated by Guerrieri and Iacoviello (2015).

After setting out key assumptions and notation in Section 2, the rest of the paper paper proceeds
incrementally, using simple examples to demonstrate the new functionality introduced in each section.

Section 3 presents the method for optimal commitment policy, subject to occasionally binding con-
straints on the policy instruments. Section 4 describes the method for optimal discretionary policy, when

there are anticipated disturbances to the model equations. This serves as a stepping stone to Section

“Important recent contributions to this field include Brumm and Scheidegger (2017), Druedahl and Jgrgensen
(2017) and Maliar et al. (2019).



5, which considers optimal discretionary policy subject to occasionally binding constraints on the policy
instruments. Section 6 presents methods for handling cases in which both policy instruments and other
variables are subject to occasionally binding constraints.

Section 7 complements the examples from previous sections by utilizing FRB/US, a large-scale model
used by the Federal Reserve Board of Governors, to demonstrate the applicability of the toolkit to policy-

relevant questions. Section 8 concludes.

2 Preliminaries

The methods in this paper build on the ‘Model Analysis & Projection System’ (MAPS) toolkit developed
at the Bank of England (Burgess et al., 2013). That toolkit is designed to operate with discrete time,
infinite horizon linear(ized) rational expectations models. The discrete ‘period’ or ‘date’ is indexed by

t=1,...,00 and the model is written in the following form:
HF]Et{L't+1 + HCCEt + HB.’Etfl = \Ith (].)

where z; is a n, x 1 vector of endogenous variables, z; is a n, x 1 vector of exogenous disturbances,
E; represents the mathematical expectation conditional on period-¢ information. The n, X n, matrices
HFY H¢ HP and the n, x n, matrix ¥ are coefficient matrices.

A wide range of models can be cast in this form. A prominent example is the class of so-called
Dynamic Stochastic General Equilibrium (DSGE) models, typically consisting of a set of first order
conditions to optimization problems and the constraints on those problems. Taking a log-linear approx-
imation to these equations around a suitable approximation point generates a set of linear equations of
the form (1). In these cases, the entries in the coefficient matrices (H¥, H¢, H® W) will be functions of
so-called ‘deep’ parameters describing preferences and technology.

The form in (1) omits constants explicitly, which is typically appropriate for log-linearized DSGE
models. However, constants can be incorporated into a model as an element of x, with appropriate
adjustments to the conditions governing existence and uniqueness of a rational expectations equilib-
rium.? Similarly, higher order lags and leads of endogenous variables can be incorporated by introducing
appropriate identities to define auxiliary variables.

The rational expectations solution to the model (1) is given by:
Ty = B.’Et,1 + ]Et Z Fiq)Zt+i (2)
i=0

where the solution matrix B can be computed using the ‘AIM’ algorithm Anderson and Moore (1985)

and:

F= —(H°+H"B) ' HF (3)
o= (H°+H'B) v (4)

The rational expectations solution (2) (and variants of it) form the basis of much of the analysis in

this paper. The solution includes the expected values of future disturbances, E;z;;.%

3As in Hansen and Sargent (2013), an element in z that captures the constants (say, ¢) can be defined using
the equation ¢; = t4—1. Ensuring that this variable has the initial condition ¢t—; = 1 allows constants to be
included by loading on ¢ with the appropriate coefficient. This approach implies that there will be an exact unit
root in the model which should be accounted for in the standard ‘root counting’ tests (eg Blanchard and Kahn
(1980)) for existence and uniqueness of a rational expectations equilibrium.

4Under the common assumption that shocks are serially uncorrelated, mean zero random variables, then
Eizi+: = 0,Vi and the rational expectations solution can be written as x; = Bxi—1 + Pz;.



The representation of the solution (2) has three important strengths. First, it provides a route
through which expectations of future constraints may be incorporated — as explained in detail below.
Second, it permits the analysis of ‘news shocks’ without the need to expand the state vector of the

the model to incorporate them.®

Finally, Svensson and Tetlow (2005) demonstrate how anticipated
disturbances can be used to ensure that a structural model (such as that in equation (1)) reproduces a
forecast generated from other sources. In particular, the disturbances z can be interpreted as judgmental
information that lies beyond the scope of the model.

Indeed, this final point represents a key contribution of the methods in this paper. Specifically, the
methods support the interpretation in Svensson and Tetlow (2005) that: “the central bank’s judgment
will be represented as the central bank’s projections of the future deviations [that is, {z¢4i};o]. This
allows us to incorporate the fact that a considerable amount of judgment is always applied to assumptions
and projections.”

So, as in Svensson and Tetlow (2005), the methods presented in this paper, allow a structural model
to be used to conduct optimal policy analysis around a non-model-based forecast. Many central banks
and policy institutions use a broad range of information to produce their primary forecasts and large-scale
structural models of the form (1) for policy analysis. The ability to combine model-based optimal policy
analysis with judgment-based forecasts therefore represents a key strength of the methods presented
below. Section 7 discusses this point in more detail and provides an example.

The terms E;z:4; in (2) can also be used to encode information about future constraints on variables
in the model, including policy instruments. For example, Laséen and Svensson (2011) use E;z;y; to
impose expected future paths for the monetary policy instrument in DSGE models in which monetary
policy follows a simple rule. That is achieved by using (2) to compute the sequence of future shocks to
the monetary policy rule that deliver a desired path for the short-term interest rate. This approach
has been applied to study the responses of DSGE models to ‘forward guidance’ about the path of the
monetary policy instrument.”

The methods in this paper focus on cases in which policy is conducted optimally. The starting point
is a version of the model in which the policy rules describing the behavior of the policy instruments are

removed from the model (1). Doing so gives the following representation:
H ]EtIBtJ,_l + H SCt + H II?t 1+ H Etrt—‘rl + H ry = \I/ Zt (5)

where  denotes the nz x 1 vector of non-policy endogenous variables, r is the n, x 1 vector of policy
instruments and z denotes the nz x 1 vector of non-policy shocks.

To move from (1) to (5), the n, (= nz + n,) variables, x, are partitioned into policy instruments, r
and non-policy variables . The n, equations that describe the behavior of the policy instruments are
removed, leaving a system of nz equations. The matrices ﬁ r I;T ¢ f[ B are n; x n; coefficient matrices
formed by extracting the relevant rows and columns from H¥, H¢, HB. The nz x n, coefficient matrices
HT and H ¢ are constructed analogously. The nz x n; matrix \I/Z is found by removing the rows of ¥
corresponding to the policy equations and the columns corresponding to any policy shocks (that appear
solely in the policy equations).

Without loss of generality, lags of the policy instruments, r, are excluded from (5).® This ensures

5There is a rich literature examining news shocks in models of the type studied in this paper. Beaudry and
Portier (2014) provide a broad overview and Gambetti et al. (2019) contribute to (and review) the more recent
literature with a focus on monetary policy.

5Burgess et al. (2013, Appendix C) presents a general purpose ‘inversion algorithm’ to compute the required
sequences of anticipated disturbances E;z:4; required to generate a desired forecast for the endogenous variables,
]EtftJri.

"See, for example: Hirose and Kurozumi (2011); Milani and Treadwell (2012); Harrison (2015); Haberis et al.
(2019).

8This is not a restrictive assumption since any model that does contain lags of the instrument(s) can be



that the instruments are not state variables in the system, thereby simplifying the form that the solution
takes.

The policymaker chooses the instruments r to minimize a quadratic loss function given by:
oo
Lo=F Y B{@) W @) + (revs) Q (riyi) } (6)
i=0

where 0 < 8 < 1 is the policymaker’s discount factor and W and @ are nz X nz and n, X n, positive
semi-definite weighting matrices.

As in Dennis (2007), cases in which loss function minimization is implemented under commitment
and discretion are considered.

Under commitment, the policymaker formulates a time-invariant policy plan that accounts for the
entire sequence of constraints on the minimization problem. The Lagrange multipliers on these con-
straints appear in the first order conditions of the optimal policy problem and provide a link through
which future policy is influenced by current multipliers. A corollary is that promises of future policy
actions can affect outcomes today.

Under discretion, the precise concept of equilibrium is ‘Markov-perfect Stackelberg-Nash’. Such
equilibria arise from the following assumptions. At the start of each period, the policymaker observes
the state of the economy and then sets the instruments optimally. Having observed the policymaker’s
optimal instrument setting, the private sector makes their decision, given rational expectations about
the future state of the economy. Both the policymaker and the private sector take the future optimal

behavior of the policymaker as given when making their decisions.’

3 Optimal commitment with instrument bounds

The method to implement an optimal commitment solution with bounds on the policy instrument com-
bines the analysis of Dennis (2007) and Holden and Paetz (2012).

3.1 Method

The policymaker minimizes the discounted sum of current and future losses subject to the structural
equations of the economy and bound constraints on the policy instruments. The optimal commitment
solution can be written as a Lagrangean, in the same way as Dennis (2007) for the unconstrained problem

and Harrison (2012) for the case in which the instruments are constrained:

~ Ferd) W (Frp) + (regs) Q (rega)
Li=F Y8 | =2\ (HEBGs + HET + HEG, o + HEByro + HOr - :%,)
= =214 (STesi = b)
where A\;y; and pyy; are the Lagrange multipliers on the structural equations and the instrument bound(s)

respectively. The instrument bounds are encoded by S, a coefficient matrix, and b, an n, x 1 vector of

constants.

rewritten (by introducing appropriate identities if necessary) so that no instrument lags appear.

9The equilibria are Markovian because they are characterized by feedback rules from the state of the economy
inherited from the previous period (and not the entire history). They are sub-game perfect, Stackelberg-Nash
because they can be derived as Nash equilibria in a game between current and future policymakers in which the
current policymaker acts as Stackelberg leader and in which the strategy pursued by the policymaker is optimal
regardless of time and regardless of the state of the economy.



The first order conditions of the problem can be written as:

r7C ! 1(r7F ! /
O:Qrtf(HT,) M- B (H) Aot — S (7)
—~ ! —~ ! —~ !
0= Wz — (Hg) A — B! (Hg) Ae_1— B (Hf) E)ir 8)
0= IA‘ngt%t+1 + ﬁg%f + ﬁjBit_l + ﬁfEtTt_;,_l + ET.CT’t - E’ggt (9)
0= 4} (Sry — b) (10)

for t > 1 (the first order conditions for ¢ = 0 are considered below).

Equation (10) is the Kuhn-Tucker condition on the instrument inequality constraint. It pins down
the value of the multiplier ;1 depending on whether the optimality condition (7) can be achieved without
the instrument(s) violating the bound(s).

The first order conditions that apply in period ¢ = 1 depend on the assumptions about the interpre-
tation of the policy problem solved in that period. Taking a ‘timeless perspective’ to the optimal policy
problem implies that the policymaker behaves as if the first period of optimization was in the distant
past (Woodford, 1999). From a practical perspective, this implies that the first order conditions (7)—(10)
apply in period ¢, for some exogenously specified values of the multipliers, A\g. An alternative approach
is to interpret the optimization at t = 1 as entirely independent of any previous commitments (so that
Ao =0).

There has been much debate about the appropriateness of the timeless perspective approach to

10

optimal policy analysis. It is beyond the scope of this paper to contribute to that debate. For

completeness, solutions are presented for both timeless perspective and fully optimal cases.

3.1.1 Timeless perspective

To proceed, p is treated as if it is exogenous. As will be demonstrated below, this allows p to be used
as a ‘shadow shock’ to impose the instrument bounds on the model solution in a way that is entirely
consistent with the endogeneity of p.

This assumption allows the system (7)—(9) to be stacked together as:

—~ !
0 0 0 o1 0 Q —(HF) o
0= 0 0 —B (NEB) Et T4l + W 0 B (ﬁg)/ vy
ar ar 0 At AS HS 0 At
—~ I
0 0 - (&F) oy 0 -7
z
1 0 0o -t (flf)/ reen |00 [ t} (11)
- * T Hi
AZ o 0 At -¥: 0

This system can be written as a structural model in the augmented vector of endogenous variables:

Ty
Y= | 1 (12)
At
giving:
HY Beyrr + Hy g+ HYye 1 = % + W (13)

10Gee, for example: Blake and Kirsanova (2004); Dennis (2010); Jensen and McCallum (2010).



where:

[0 o 0
H = | 0 o0 —ﬁ(ﬁg)/
| HE HF 0
[0 @ —(me)
Hi=|w o -(#)
| oS HE 0
[0 0 g (ﬁf)/
Hl=1 ¢ o —5*(1?5)/
2 0
[0
T, = | 0
_@5
S
T,= | 0
0

Since the structural form in (13) is isomorphic to (1), the rational expectations solution to the
augmented model is:
o0 )
ye=Byyi1+ Y FOEZ i+ Y Fid By, (14)
i=0 i=0
where Fy, can be computed using a version of (3) and ®, and ®, are computed using (4).

To compute the results of a simulation or projection of the model that incorporates the effects of the
instrument constraints, the multipliers u; (¢t = 1,...) are used to impose the constraints, if necessary.
When the instrument constraints do not bind in period ¢, the relevant elements of y; are zero. When the
instrument constraints do bind, u; is chosen so that the instruments satisfy the constraints. The method
solves for the values of ¢, (t = 1,...) that impose the occasionally binding constraints.

The starting point for simulating the model with occasionally binding constraints is a ‘baseline
simulation’ in which the constraints are ignored. A simulation over H periods is produced by setting
{me = ()}f:l. From a given initial condition zy and a realization of the shocks (E1z;,t =1,..., H) the
baseline simulation for {yt}il is computed using (14) (with {u; = O}il).

The baseline simulation can be checked to determine whether it violates the assumption that the
constraints never bind. This amounts to checking whether Sr; > b, Vt. If any of these assumptions
is violated in the baseline simulation, a quadratic programming procedure based on Holden and Paetz
(2012) is used to enforce the occasionally binding constraints.

It is convenient to represent the occasionally binding constraints as inequality constraints on a set
of ‘target variables’, 7:

Tt = Sryr = STy (15)

The method to impose occasionally binding constraints is based on the insight that the effect of the
1 shocks can be simply added to the baseline simulation, given the linearity of the solution. Inspection
of (14) reveals that the effect of the fundamental (Z) and p shocks enter linearly. To find the p shocks
that ensure that the target variables satisfy the OBC, requires finding a sequence of shocks that, when
added to the baseline simulation, will achieve this. This requires knowledge of the impact of y shocks in

all periods t = 1,..., H on the target variables in all periods ¢t =1,..., H.



Consider, then, the effects of the p shocks {,ut}f[: , on the endogenous variables in period 1 of the

simulation. From (14), this is given by:

H-1
= Z Fi®p 4, (16)
i=0
which captures the fact that in period 1 all of the shocks occur in (present and) future periods. The
effects on the target variables are given by 71 = S, 7.
For period 2, the rational expectations solution can be used to show that the effects on endogenous

variables are:

H-2
@\2 = Byil\l + Z Fi¢'u,u2+i, (17)
i=0
and from the expression for 7y, this implies:
H-1 H-2
Do=By > F'Ouui+ Y F®uun. (18)

=0 =0

This step provides a recursive scheme for building a matrix that maps the effects p; in periods
t=1,...,H to the target variables in each period. The first (block) row of this matrix can be found by
expanding (16):

1231

?1=[ST<I>M SR, L ST, || (19)

L HH

The second row is built by using equation (18) to multiply the coefficients in the first row by B, and

then adding the coefficients on shocks that arrive from period 2 onwards:

T
Fo=| 8.By®, ... S;B,FF1®,+ S, F20, ... S,B,FI1®,+S FI20, || u |,
L pm |

This can be applied for each row in turn and provides a method to write the mapping from the p

shocks to the target variables as:

T =MD (20)
where ) _ ) )
Gl M1
T= The , D= M
L T | L 4H ]

where the rows of M are built using the recursive scheme described above.'! The mapping (20) records

the effects of all i shocks on all target variables. This reflects the fact that there may be interactions

"1f the number of OBCs is n,, then 7 and p are n,, x 1 vectors so that 7" and D are (n,H) x 1.



between the different constraints on individual policy instruments.

To incorporate the bounds on the OBCs, it is convenient to compute the vector T as the deviation
of the target variables from their constraint values. This is done by recording the relevant rows of the
baseline simulation {yt}tH:1 and subtracting the value of the constraints. This normalization implies that
if the baseline simulation was such that 7 > 0, then that solution (which assumes that the constraints
never bind) would be valid.

The optimal policy problem studied here is isomorphic to the one studied by Holden and Paetz
(2012). So their insight that a quadratic programming problem can be use to solve for D applies. The
quadratic programming problem is:

min %D’ M+ M)D+T'D (21)
subject to: T +MD >0 (22)
D>0 (23)

The problem in equations (21)—(23) can be understood as follows. The constraint (22) ensures that
the OBCs are respected. 7T is the baseline simulation for the target variables, measured relative to the
constraint values. MD = T is the marginal effect of the y shocks D on the target variables. So T +MD
is the path of the target variables measured relative to their constraints after the p shocks have been
applied: requiring this to be non-negative implies that the constraints are respected.

The constraint (23) requires that the p shock values used to impose the constraints are positive.
This requirement ensures that the OBCs are truly binding.

Finally, note that the minimand (21) can be expanded as follows:
1 / T 1 Ly 1~ [P

- %D’ (MD+T) + % (MD+’?)'D,
where the first line exploits the fact that 77D is a scalar and the second line collects terms. The minimand
is therefore analogous to a contemporary slackness condition: it achieves a minimum of zero when D = 0
or T+ MD =0.

The solution to the quadratic programming problem is a vector, D*. This vector represents the
values of the anticipated p values required for the OBCs on the policy instruments to be respected.
The vectors of shocks p can be extracted from D* and the effects of these anticipated p values can be

incorporated into the simulation using (14).'2

3.1.2 Fully optimal commitment

Under a fully optimal period-1 plan, the policymaker is unhindered by any past commitments. This

means that A\g = 0 so that the first order conditions in period t = 1 satisfy:

~ /
0= QTl — (HTC) )\1 — S',u1 (24)
0=Wi; — (Hg) AL - B (H;?) Ei\s (25)
0= ﬁ§E152+ﬁgf1-‘rﬁffo-l-ﬁfEt’rz-i-ﬁng—\iggl (26)
0= 1} (Sry — b) (27)
12The first H elements of D* correspond to the values of the first element of j for periods ¢t = 1,..., H and so

on.



which can be written as:
H;Elyg —|— nyl + Hzflyo = \I/y%

where

0
Hl) =1 0
HE

o O O

0
0
0
The solution for ys satisfies the rational expectations solution, (14), since A; does constrain period

2 policy. This means that:

yi= — (HS +HFB,) " HPyyo+ (HS + HFB,) ' 0,2 — (HS + HFB,) " HE Y Fie,Ei%,
=0

1 =N > i R
=0

Employing the same partitioning of the Z vector used above gives:

y1=Byayo+ Y Fi®:EiZipi+ Y Fi®, By (28)
=0 i=0
where

By =-(HS + HEB,) " HE,

Equation (28) shows that the solution in period ¢ = 1 has the same generic form as (14) with B 1
in place of By. This demonstrates that the effects of anticipated disturbances on period 1 outcomes
are identical to those used to compute the M matrix described in Section 3.1.1. Since the solution for
outcomes in periods ¢t > 2 is identical to the timeless perspective case, the only difference in constructing
a simulation for an optimal period-1 plan is to use (28) in place of (14) to compute the outcomes in the

first period of the simulation.'3

3.2 Discussion

The building blocks of the method presented above are the optimal commitment approach presented by
Dennis (2007), the application of the Anderson and Moore (1985) algorithm to derive a representation
including anticipated disturbances and the quadratic programming method developed by Holden and
Paetz (2012) to use anticipated disturbances to impose inequality constraints.

As argued by Holden and Paetz (2012), an advantage of the quadratic programming approach is
that it easily handles multiple constraints. In the context of the present paper, the method is therefore
readily applicable to cases in which there are multiple policy instruments. Such cases are of substantial
interest given the increased use of unconventional monetary policy tools (in part prompted by prolonged
periods in which the short-term policy rate has been constrained by a lower bound) and a growing body
of research exploring coordination of macroeconomic policies (including monetary, macro-prudential and
fiscal).

Holden and Paetz (2012) also provide a general discussion of uniqueness and existence of an equi-
librium that satisfies the occasionally binding constraints.!* Holden (2019) provides a more extensive

analysis, with a particular focus on New Keynesian models with a lower bound constraint on the mon-

13Indeed, if yo = 0, the timeless perspective solution coincides with the optimal period-1 plan.
YFor example, a sufficient condition for the quadratic programming problem to have a unique solution is if
the matrix (M + M) is positive semi-definite.
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etary policy rate. Since the method presented in this section is designed for optimal policy analysis
using general (potentially large-scale) models, few of the specific results considered in previous papers
will apply.'®

The method presented in this section has many similarities with the ‘OccBin’ approach developed
by Guerrieri and Iacoviello (2015). The equilibrium concept studied by Guerrieri and Iacoviello (2015)
is identical and so the results from applying that approach will coincide with those presented here.

In practice, the approach presented here has three potential advantages over the OccBin toolkit.
First, OccBin is not designed to incorporate optimal policy behavior, which means that the model must
be rendered in an appropriate form before using the OccBin toolkit. While this is clearly feasible (see, for
example, Canzoneri et al., 2020), doing so for a large-scale model represents a substantial undertaking.

Second, as noted above, the method presented here scales readily to the imposition of bounds on
multiple policy instruments. Incorporating N occasionally binding constraints using OccBin requires
specifying 2™ alternative sets of model equations, whereas the Holden and Paetz (2012) approach requires
n,, additional ‘shocks’ (i.e., the multipliers, ;). This consideration is particularly important given the
reliance of the OccBin approach on a ‘guess and verify” method for finding the equilibrium. If the model
may be in any of 2™+ possible ‘states’ in each period t, the set of possible equilibria to be checked becomes
very large.16

Finally, the algorithm is designed to incorporate non-zero ‘anticipated disturbances’ ({Zt+i}¢H=1) and

can therefore be used for optimal policy analysis around a non-model-based forecast or scenario.

3.3 Example

The example is adapted from Harrison (2012) and considers optimal commitment policy in a model with
quantitative easing (QE). The model incorporates simple portfolio frictions such that the relative yields
on short-term and long-term government debt depend on the relative quantities of these assets held
by households. Asset purchases by the central bank (i.e., QE) can affect the relative bond holdings of
household and hence long-term bond rates. As well as incorporating the zero lower bound on the nominal
interest rate, a non-negativity constraint and an upper bound on the quantitative easing instrument are
also imposed.

The model equations are:

1 0

Ty —nZ—1 = By (Tpy1 —07y)) — 0 mﬁt + mﬁit — B — 7 (29)
Eii = ﬁt — VQt (30)
Ri =XBER 41 + (1 — xB) AeL,t (31)
~ ~ ~ R ~
T = BEt'ﬂ'tJrl + KTy — 1 +7,7¢0_5Et71 (32)
Ty = pri_g te (33)

‘> notation denotes log-deviations from steady state, scaled by 100.7 The output gap is

where the
expressed as a percentage deviation of output (y) from potential output (y*), ¥z = 1001n (y¢/y;). The
quantitative easing variable, g, represents the fraction of long-term government debt held by the central

bank and is unscaled.

15Extensive experiments have revealed few indications of equilibrium non-existence or multiplicity. An intrigu-
ing possibility is that monetary policy under commitment in New Keynesian models tends to generate policy
behavior with a strong ‘price level targeting’ element. Holden (2019) argues that price level targeting rules are
less likely to exhibit multiple equilibria in New Keynesian models with a lower bound on the policy rate.

160f course, the speed and efficiency of the quadratic programming approach will also depend on the precise
algorithm used to compute the solution.

"For a variable z;, 2, = 1001n (2t/2ss) where zss is the steady state value of the variable.
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Equation (29) is an aggregate demand relationship derived from the Euler equation of optimizing
households. The output gap T evolves according to a standard Euler equation, with inertial terms
appearing due to external habit formation (when 7 > 0). The portfolio frictions imply that the interest
rate that drives spending decisions is a weighted average of the short-term policy rate R and the one-
period return on the long-term bond, R ,.

Equation (30) is a no-arbitrage relationship between the one-period return on the long-term bond
and the short-term interest rate. Returns are equalized up to an expression in q. QE affects relative bond
yields because deviations from households’ preferred portfolio mix generate utility losses (Harrison, 2012)
or portfolio adjustment costs (Harrison, 2017). Given the stylized treatment of fiscal policy introduced by
Harrison (2017), the central bank can control households’ portfolio mix directly through its QE actions.

Equation (31) is a pricing equation for the yield to maturity on the long-term bond, which is an
infinitely-lived consol with a geometrically declining coupon.

Equation (32) is a Phillips curve relating the output gap to inflation and can be derived from the
assumption of Calvo (1983) price stickiness. Finally, equation (33) describes the evolution of the natural
real interest rate, r*, as a simple AR(1) process.

The loss function is given by:
Ly = Z B |:%t2+i + AaTi i + Aar (Rt+i - Rt+i—1) + Ag@iri + Aag (@e+i — Grvio1) (34)
i=0

which says that the policymaker attempts to stabilize inflation, the output gap and movements in its
policy instruments. The loss function penalizes changes in the short-term nominal interest rate and the
QE instrument to capture a preference for gradualism in policymaking.'® The loss function also includes
a penalty for the use of the quantitative easing instrument (with weight );) since models with explicit
portfolio frictions (for example Harrison, 2012, 2017) predict that these frictions generate welfare costs.*’

Minimization of the loss function is subject to bounds on the policy instruments:

R, >1001n 3 (35)
g =0 (36)
@ <q<1 (37)

Constraint (35) is the familiar zero lower bound constraint on the policy rate, expressed in terms of
the log deviation of the policy rate from steady-state, R. Constraint (36) states that the central bank
holds non-negative quantities of long-term government debt (or equivalently that the central bank may
not issue long-term debt that is perfectly substitutable for long-term government bonds). Constraint
(37) says that the central bank is limited in the fraction of long-term government debt that it may hold.
There is a maximal upper bound of 1, since the central bank may not purchase more than the entire
stock of outstanding long-term bonds. However, the upper bound ¢ may be less than 1, reflecting, for
example, concerns about interest rate risk exposure associated with a large central bank balance sheet
(Harrison, 2017).

The parameter values are shown in Table 1. These values are taken from Harrison (2012) and
Harrison (2017) where possible. The weights on the output gap, inflation and the policy rate capture

a ‘balanced’ loss function sometimes considered by monetary policymakers (for example, Yellen, 2012;

18Tncluding terms that penalize the variability of policy instruments is widely adopted in the literature studying
optimal policy and comparing alternative policy rules in estimated models. See, for example: Rudebusch and
Svensson (1999); Levin and Williams (2003); Givens (2012). One rationale for including a term penalizing changes
in the policy rate is to avoid destabilizing effects in financial markets (Lowe et al., 1997).

9The weights in the loss function are set with reference to applications by policymakers (for example, Yellen,
2012; Carney, 2017), rather than microfoundations.
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Carney, 2017). The weights on QE and the change in QE are set so that the initial response of QE to the
shock considered below mimics the scale of asset purchases undertaken in the United Kingdom in 2009.
Similarly, the parameter governing the strength of QE, v, is set such that the response of the long-term
bond rate in the simulation below is similar to that estimated effect of QE in the United Kingdom. These

results are discussed further below.

Parameter Description Value
15} Household discount factor 0.9925
K Slope of Phillips curve 0.024
Y Inverse Frisch elasticity 0.11
o Elasticity of intertemporal substitution 1
) Share of long-term to short-term debt 0.3
X Long bond coupon decay rate 0.98
0 Autocorrelation of natural real interest rate 0.85
v Elasticity of long-term bond rate to QE 1.25
n Habit formation parameter 0.8
q Upper bound on QE 0.5
Az Loss function weight on output gap 0.25

AAR Loss function weight on policy rate smoothing 1
A Loss function weight on QE 0.05
AAg Loss function weight on change in QE 5

Table 1: Parameter values for QE model

The experiment considers a large reduction in r* that causes the short-term policy rate to be con-
strained by the zero bound. The shock is calibrated so that the natural rate falls from its steady state

level of 2% per year to -8%. Policy is set under commitment with a ‘timeless perspective’ solution.

Natural real rate (annualized) Policy rate (annualized) Output gap
2 R\
\
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\
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— Without QE = = =With QE

Figure 1: Recessionary shock under optimal commitment with instrument bounds

Figure 1 shows the results of this simulation. Each panel shows the results from two versions of the

simulation. The solid lines show the case in which the QE instrument is unavailable.?° The dashed lines

20This case can be interpreted as the case in which QE is infinitely costly A¢ — oco. In practice, it is implemented
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show the case in which QE is used, with the loss function specification described above.

Focusing first on the case in which QE is unavailable (solid lines), the fall in the natural rate of
interest, r* is sufficient to push the policy rate to the zero bound immediately — a cut of three percentage
points from its steady-state level of 3%. The policy rate stays at the zero bound for 10 quarters, slightly
longer than the spell for which the natural real interest rate is negative. While this ‘lower for longer’
behavior is insufficient to prevent a near term recession, it creates the conditions for a prolonged future
boom.

The persistent boom generated by the optimal policy response is sufficient to generate an immediate
rise in inflation that persists for many years. The long-lived increase in inflation reduces expected real
interest rates, cushioning the effects of the shock on output. The stimulus of the promise requires the
policy rate to rise rapidly after liftoff from the ZLB and quickly rise above the steady-state level of 3%.
This behavior implies that the long-term bond rate declines only marginally below the steady-state level
of 3% before rising persistently above.

When QE is used (dashed lines), the policymaker immediately purchases around 30% of the long-
term government debt stock, with QE rising to its upper bound of 50% within a few quarters. QE
remains at its upper bound for several quarters, before gradually unwinding. The QE response lowers
the long-term bond rate by around 100 basis points on impact. The scale of the initial QE response is
broadly in line with QE1 in the United Kingdom (Daines et al., 2012) and the decline in the long-term
bond rate is similar to the estimated effect of QE1 in Joyce et al. (2011).

The reduction in long-term bond rates induced by QE stimulates spending, thus reducing the scale
of the initial recession relative to the case in which QE is unavailable (solid lines). Since QE has an
immediate effect on spending, there is less need to reduce real interest rates via an increase in inflation
expectations. The subsequent boom in output and inflation overshoot are both smaller than the case in

which QE is unavailable. The stimulus from QE permits a slightly earlier liftoff from the ZLB.

4 Optimal discretion with ‘anticipated disturbances’

The contribution of this section is to characterize the solution of the model under optimal time-consistent
policy when agents in period ¢ may anticipate non-zero future disturbances: z;ys # 0 ,s > 0. These
shocks are labeled as ‘anticipated disturbances’, though as discussed in Section 2 they are sometimes
called ‘news shocks’ in the literature. As noted in the introduction, including anticipated disturbances
is a key requirement for methods that can be applied to forecasts or scenarios that are not constructed
using the model alone.

The analysis in this section assumes that the policy instruments are not subject to bounds and
therefore represents a stepping stone to the cases in which policy instruments are constrained, analyzed

in Sections 5 and 6.2.

4.1 Method

The policymaker minimizes the loss function (6), repeated here for convenience:

miny, = By Y B {(@er) W (@) + (r40) Q (rea) §
=0

Tt,Tt

= (@)W @)+ (r0) Q(re) + BLisa (38)

where the recursive representation of the loss function (38) is convenient for the subsequent analysis.

by including a ‘rule’ for QE given by ¢; = 0 and assuming that the only instrument available to the policymaker
is the short-term interest rate.

14



Minimization is subject to the constraint imposed by the partitioned model equations (5):
fI‘g‘EtEEt+l + f[g@ + ﬁiBitfl + ErfEtT‘t+1 + EITC’I} = {Ivlgzt

The solution to be found will be of the following form:

H
2Ty = BzzTi—1 + Z (Fs,25%3: + Fs 5r®rz) Zits (39)
s=0
H
Ty = Brift—l + Z (Fs,riq)ié + Fs,rrq)ré) Zt—&-s (40)
s=0

where: Bjzz; is a matrix of loadings on lagged endogenous variables in the law of motion for the endogenous
variables; B,; the loadings on lagged endogenous variables in the law of motion for the instruments;
Fs 73 Pzz the loadings on s-period ahead shocks in the law of motion for the endogenous variables arising
via their effect on the endogenous variables; F z,®,; the loadings on s-period ahead shocks in the law of
motion for the endogenous variables arising via their effect on the instruments; Fj ;3 ®z; the loadings on
s-period ahead shocks in the law of motion for the instruments arising via their effect on the endogenous
variables; F . ®,; the loadings on s-period ahead shocks in the law of motion for the instruments arising
via their effect on the instruments; and where F 3z =1, Fy zr =0, Fy,z = 0 and Fy,, =1L

The derivation of the solution will characterize the forward loading coefficients { Fs zz } 12|, { Fs 7.},
{Fs 2}, and {Fs . }2L,. In doing so, it is demonstrated that Bzz, Bz, ®z; and ®,; are unaffected by
the presence of anticipated disturbances. Recursive formula that allow the forward loading coefficients
to be computed up to an arbitrary H are also derived.?!

The algorithm works by backward induction, leveraging the fact that the solution in period t + H
is identical to that derived in the absence of anticipated disturbances. For completeness, a notationally-
consistent version of the Dennis (2007) algorithm (without anticipated disturbances) is presented in
Appendix A. The environment is perfect foresight, so the expectations operator is omitted throughout.

Appendix B presents the backward induction steps that derive the solutions for periods H, H — 1,
H —2 and H — 3. As noted above, that derivation demonstrates that the loadings on z;_; (that is Bzz
and B,z) are unaffected by the presence of anticipated disturbances.

The backward induction process shows that the law of motion for the equilibrium under optimal

discretion with anticipated disturbances up to a horizon of H is:

H
¢y = DBxy_1+ ZFSCI)E:Z’V:&Jrs (41)
s=0
i Bsz 0|z L[ Foz F )
t i t—1 5,88 s @ iz |~
T , , A
Tt ] Bra': 0 ] Tt—1 ; Fs,ri Fs,rr q)ré ] "
The B and ® matrices are given by:
Bii = —@_1 (ﬁiB +I?[SBMZ’>
$;: = O (\If - f{rfcprg)
Bz = A'A;
d,: = AT'A:

2L A convenient implication of these two results is that the forward loadings required for a particular projection
can be ‘post-computed’ without other parts of the optimal discretion solution needing to be recomputed.
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where:

© = HY+HIB;;+HFB,;

A, = Q+¢HE

A; = —CHP

A; = (U
and:

- /

¢= (07 HE) (W +BViz) 07!

with:

Viz = (Bzz) WBiz + (Brz) QBrz + 8 (Biz) VazBiz

which captures the marginal effect of the endogenous variables (Z) on future losses.
Fs,ii Fs,ir

Appendix B shows that the forward loadings in (41), Fs =
Fs,ME Fs,rr

, can be constructed

recursively as follows:
F, = FP* 4 Fro! (42)

where FP* and FP°! measure the impact of s-period ahead anticipated disturbances via their effect on

private sector behaviour and policy optimisation, defined as:
P = FPF, 4
Fpol _ FPOZES
H
where Fy = L.

The matrix FP° measures the impact of anticipated disturbances via one-period ahead expectations

on private sector behavior (taking into account the action of policy) and can be decomposed as follows:

FPs FPs
S __ TT xr
o [ F ffﬁ]

where:
P o= —o7! (ﬁ£+ﬁ§A;lAFf;>
Fio= o7 (A AN Ay )
Fii o= A Ap
Freo= A7 Apg
and:
Apre = —CHf
Aprs = —CHF

The matrix FP' measures the impact of anticipated disturbances via one-period ahead losses on

policy optimization (taking into account private sector behavior) and has the following structure:

pol pol
F ‘Frr

pol pol
]_-pol — fii fir
rZ
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where:

Fr = O THIAA
F = O HEAA
FPE = ATYA e
Frb = ATA g

and:

The matrix 3¢ describes the cumulated impact of anticipated disturbances s periods ahead on one-

period ahead losses and can be computed recursively as:
Y= 63/25—1 +QF,_,

where ¥y = 0 and:

0=
0 Q

W+ p8Vzz 0 ]

4.2 Discussion

As noted above, the matrices describing the autoregressive behavior of the endogenous variables and the
contemporaneous effects of shocks (that is, Bzz, Brz, ®zz and ®,;) are identical to those derived by
Dennis (2007) for the case where there are no anticipated disturbances. The key innovation therefore
relates to the incorporation of the effects of anticipated disturbances on the decisions of the policymaker
and private agents.

Equation (42) shows that the loading coefficients on anticipated disturbances arising via both private
sector expectations and policy optimization depend on the coefficients on future disturbances arising
from both sources. That is, the private sector correctly takes into account that (e.g.) two-period-ahead
anticipated disturbances affect one-period-ahead policy optimization and the policymaker correctly takes
into account that (e.g.) two-period-ahead anticipated disturbances affect one-period-ahead private sector
behavior via both their own expectations and their rational understanding of how policy will respond.

These observations indicate that the Dennis (2007) solution derived under the assumption of no
anticipated disturbances will remain valid in the presence of such disturbances if it gives rise to a static
targeting criterion, whereby the first order condition to the optimal policy problem does not depend on

endogenous state variables.

4.3 Example

The example uses the model developed by Ferrero et al. (2018) to analyze monetary and macro-prudential
policies. The model features a household sector with distinct borrowers and savers and a standard New

Keynesian sticky price specification.
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Ferrero et al. (2018) derive a log-linear approximation around an efficient steady-state. The log-

linearized model equations are:??

Ty = YTy + /BEtWt+1 (43)
Tt — gét = — O'il(it — ]Et7Tt+1) —+ Et(xt+l — £6t+1) (44)
dh = a (di_y —m) + (=) (@ + (1= ) ) (45)
1 . 1-¢ - ~ 1-¢.
d? = E(Ztil —+ dijfl . ’/Tt) + Tg(ht — htfl) + " é-Ct (46)
1470 — A ~ - s -
@="77 Thﬂ <0h€ht + “?) toz =0ttt 7 f’rhEt (08C+1 = 0Te1 + 1) (47)
(1 —q) 1O 1—(1—q)1© — By = A
_ _ 1—-&8h —
T8 T I--gge Ok ]
_ B .
+o(l1—&) ¢ +oxy+—F—FK —o(l—-¢)e¢ — oz 48
(1-=8a R e (qt41 — 0 (1 = &) Cea t+1) (48)
_ _ _ _ B )
i+ (1 =8¢ =E; (x +(1=¢&)c + o "By —
¢+ ( &) ¢ ¢ (e + ( €) Cry1) tTt+1 3. (1= f) t
p Boyait
— E 4
0(1—ﬁ)m+a(1—ﬂ) tht+1 (49)
u,’f = phu?_l + 5? (50)

Equation (43) is a standard New Keynesian Phillips curve, relating inflation, 7 to the output gap x.
Equation (44) is derived from the Euler equation of savers and represents the ‘IS’ curve of the model.
As in a standard representative household model, the output gap depends on the expected output gap
and the ex-ante real interest rate (i; — E;my41, where 7 is the short-term nominal interest rate). However,
in this model, the IS curve also depends on the difference between the consumption level of borrowers
and savers: the ‘consumption gap’ & = c? — ¢ where ¢ and ¢ denote the log-deviations of borrower
consumption and saver consumption from steady state.

Equation (45) is the borrowing constraint in the economy, which states that the debt of borrowers
depends on debt in the previous period and a loan-to-value constraint that depends on the real house
price, ¢; and the housing stock, which can be represented as a function of the ‘housing gap’ hy = hf —hi.
Equation (46) is the borrower’s budget constraint (evaluated in equilibrium) which provides a law of
motion for debt.

Equations (47) and (48) are derived from the housing demand equations for savers and borrowers
respectively. In each case, the equation has a familiar Euler equation form, depending on the housing
gap, expected demand (output and consumption gaps) and expected house prices. The demand for
housing for borrowers also depends on u;, the Lagrange multiplier on the borrowing constraint. The
multiplier on the borrowing constraint also appears in the Euler equation for borrower’s consumption,
(49).

Finally equation (50) describes the evolution of the exogenous housing demand disturbance used in
the example. The process has a familiar autoregressive structure. It is usually assumed that the shock
component " is an identically and independently distributed mean zero random variable, so that that
Eieern = 0, Vh > 0. However, the example will consider a fully anticipated movement in g, for h > 0:
a ‘news shock’.

Each time period in the model is interpreted as a quarter (of a year). The deep parameter values,

22The model is simplified slightly by ignoring preference and cost-push shocks and ignoring transitory variations
in the loan to value ratio and capital requirements (which are considered as macro-prudential policy instruments
by Ferrero et al. (2018)).
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following Ferrero et al. (2018), are shown in Table

2'23

Description Value
Bs Saver discount factor 0.9925
o Inverse elasticity of substitution (consumption) 1
@ Inverse Frisch elasticity 1
vq¢ Debt limit inertia 0.7
©  Debt limit (fraction of house value) 0.9
~  Slope of Phillips curve 0.024
By, Borrower discount factor 0.99
¢ Fraction of borrowers in economy 0.57
n  Debt to (quarterly) GDP ratio 1.8
1 Elasticity of funding cost to capital ratio 0.05
op,  Inverse elasticity of substitution (housing) 25

¢  Elasticity of substitution between final output varieties 6
prn Housing demand shock persistence 0.9

Table 2: Parameter Values

To illustrate the method, the simulation is repeated for two specifications of the loss function:

oo
LT =R, Zﬁz (27 + Armry)
t=0

(51)

L5 = Bo Y 8L (4 Aer? + AT+ MuhE)
t=0

(52)

Following Ferrero et al. (2018), (51) is interpreted as a ‘flexible inflation targeting’ (‘FIT’) loss
function, corresponding to the generic mandate that applies to many central banks. This requires the
central bank to stabilize variations in inflation and economic activity (the output gap).

Again following Ferrero et al. (2018), equation (52) is interpreted as a case in which the monetary
policy maker is ‘leaning against the wind’ (LAW). In this case the monetary policy instrument (the
nominal interest rate) is used to stabilize fluctuations in the consumption and housing gaps, alongside
inflation and the output gap. Since consumption and housing gaps arise from the financial frictions in
the model, this specification is one in which the monetary policy mandate includes financial stability
considerations.?*

The results are compared to a ‘naive’ application of the Dennis (2007) algorithm that does not
incorporate the effects of anticipated disturbances. Specifically, that approach consists of the following

steps:

1. Solve the model using the Dennis (2007) algorithm (as in Appendix A). This gives a solution of
the form x; = Bpxi—1 + ®Ppz;.

2. Use the first order condition of the Dennis (2007) algorithm to substitute for the policy rules in

23The additional composite parameters in the log-linearized model satisfy ji = (1 - ﬁbﬁgl) (1- de)ﬂ’ Th =
(Bs — i1 (1 —v4)© — Bp) and B = By + (1 — €) Bs. The parameter 73, is a housing tax applied to ensure that the
steady state is efficient.

24The loss function in equation (52) corresponds to the social welfare function derived as a second order
approximation to household welfare. Ferrero et al. (2018) show that the weights on policy objectives in the loss
functions are related to the deep parameters of the model as follows: A, = %; Ae = %; Ap = %I;O.

Ferrero et al. (2018) also consider cases in which macroprudential policy instruments are used alongside monetary
policy to maximize social welfare.
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the model, (1), to give a model incorporating the optimal policy response of the form:

HgEt$t+1 + Hga:t + Hgmt71 =VUpz

3. Form the forward shock loading matrix, Fp, using equation (3): Fp = — (Hg + HIEBD)f1 HE.

4. Use the AIM solution representation, (2), to compute the effects of the news shock, namely:

1= Bpti1 + B ) Fp®pziy

=0
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Figure 2: Housing demand news shock: “flexible inflation targeting” loss function

Figure 2 shows a housing preference news shock. In quarter 0, the model is at steady state. In
quarter 1, it is revealed that a positive housing preference disturbance will arrive in quarter 6 (that is,
el > 0). The solid black lines depict the results from the solution algorithm described in Section 4.1 and
the dashed gray lines show the results from applying the ‘naive’ approach described above.

In this case, the naive approach delivers the same outcome as the correct solution. The reason is that
the first order condition for optimal policy delivers a targeting rule for monetary policy that is entirely
static. In particular, as shown by Ferrero et al. (2018), the targeting rule under this policy configuration
is given by: )

M= T (53)
which is the familiar targeting rule from the textbook New Keynesian model under optimal discretion
(for example, Woodford, 2003). Intuitively, this criterion emerges because, in the absence of a lower
bound constraint on the policy rate, the monetary policymaker’s current decisions have no effect on the
ability of future policymakers to set optimal policy.

More formally, given the aggregate demand structure of the model, the output gap can be treated
as the policy instrument. As a result, the Phillips curve is the only binding constraint on the policy
problem so that the values of endogenous state variables (for example, debt) do not restrict the set of
allocations that can be achieved by the current policymaker.

The results in Figure 2 demonstrate that a housing demand news shock leads to an immediate rise in

the real house price, which continues to increase until the shock is realized. Thereafter, real house prices
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decline back towards steady state. The targeting criterion (53) is delivered by complete stabilization
of the output gap and inflation. The path for the policy instrument therefore follows the path of the
natural real interest rate, which itself is determined by the path of the consumption gap.2®

The prospect of higher future house prices relaxes the loan-to-value constraint on borrowers, leading
them to increase consumption and their holdings of housing in the near term, financed by higher real
debt levels. These patterns move into reverse once the shock has been realized and real house prices

subsequently decline, following the autoregressive process (50).
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Figure 3: Housing demand news shock: “leaning against the wind” loss function

Figure 3 shows the effects of the same shock when the policymaker minimizes the LAW loss function,
(52). In this case, the constraints imposed by the full dynamic structure of the model (rather than just
the Phillips curve) are relevant. As a result, the true solution is very different to one constructed using
the ‘naive’ approach.

The optimal policy in this case does not stabilize the output gap and inflation. Rather, the optimal
policy generates a large negative output gap and (hence) a sizable undershoot of inflation below target.
This is achieved by a persistent increase in the real interest rate. So, relative to the flexible inflation
targeting case (Figure 2), leaning against the wind generates a tighter policy stance and smaller fluctua-
tions in the consumption and (to a lesser degree) housing gaps. Tighter policy also moderates the initial
increase in the real house price.

The dynamics for the ‘naive’ solution approach are markedly different for many variables. Even
when the broad contours of the responses are similar, the magnitudes are often substantially different
(for example, the response of inflation). More generally, the naive solution tends to generate solutions
that are more similar to the flexible inflation targeting case, shown in Figure 2. In part this reflects
the fact that, unlike the true solution, the naive solution does not properly account for the dynamic
responses of the private sector and monetary policymaker.

Note that the naive solution approach could be used to generate the correct solution when the
policymaker minimizes (52), as long as the news shocks are directly encoded into the structural form of
the model, (1). Such an approach would involve adding a set of equations that measure the effect of a
shock in the past (see, for example, Harrison, 2015). Doing so ensures that the policymaker and private

sector internalize the effects of news shocks on decisions at all horizons.

25See Ferrero et al. (2018) for further discussion.
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While such an approach can be easily used for a small number of news shocks, it does not generalize
to the case when many of these shocks are used as ‘anticipated disturbances’ in a broader sense. One
example of this is when anticipated disturbances are used to construct a baseline forecast containing

judgment, demonstrated in the example presented in Section 7.

5 Optimal discretion with instrument bounds

The method to impose instrument bounds on the optimal commitment solution described in Section 3
leveraged the fact that the decision rules for optimal policy (the first order conditions) have a time-
invariant form.?6 That permitted the model augmented with the first order conditions for optimal policy
to be solved as a rational expectations model. The Holden and Paetz (2012) method can then be used
to impose instrument bounds by finding the anticipated sequence of values for the Lagrange multipliers
on the instrument constraints that implement the constraints.

In the presence of instrument bounds, the first order conditions for optimal discretionary policy do
not, in general, have a time-invariant form. This implies that, in general, the Holden and Paetz (2012)
approach cannot be used to apply instrument bounds when policy is set under optimal discretion. This
is discussed further in Section 5.2 and demonstrated using a simple example in Appendix F.

Incorporating instrument bounds under optimal discretionary policy therefore requires the use of a
method that is able to correctly internalize the time-varying nature of optimal policy behavior. One such
approach is to cast the policy problem in terms of a finite horizon dynamic programming problem, under
the (verifiable) assumption that no instrument constraints bind beyond the horizon under consideration.

This section details an implementation of the method developed in Brendon, Paustian, and Yates
(2010, henceforth ‘BPY’), extended to include the effects of anticipated disturbances. This approach
delivers optimal outcomes in a time-consistent Markov-perfect Stackelberg-Nash equilibrium under the
assumption of perfect foresight.

The algorithm works by iterating over indicators of binding constraints. It first solves for a terminal
steady state in which the constraints on policy instruments are slack. It then starts from a guess of the
path of constraints indicators, which take the value of 1 if a particular constraint is binding in a particular
period and 0 if it is slack, in a transition from the current state to the terminal state. It then solves
the model backwards using value function iterations from the terminal state, assuming that constraints
are binding as suggested by the guess of the indicators. This procedure results in a set of time-varying
policy rules for the instruments. The algorithm then checks the constraints and the non-negativity of
Lagrange multipliers on the inequality constraints for the guess of binding constraints. If the optimality
conditions are satisfied, the time-varying policy rules represent the solution. If they are not, the guess

for the constraint indicators is updated.?”

5.1 Method

Let H denote the horizon over which future disturbances may be anticipated and the horizon over which

constraints may be binding. That is, no constraints bind beyond horizon H.?®

26 As discussed in Section 3, while a ‘timeless perspective’ solution gives rise to truly time invariant solution,
the first period solution must be adjusted when computing a fully optimal solution.

2TFor example, a candidate solution will be inadmissible if either of the following are true: (a) the candidate
solution for one or more of the instruments violates the bounds placed on it; (b) the candidate solution for one
or more of the Lagrange multipliers on the instrument constraints violate the non-negativity constraint.

28This assumption is unlikely to be restrictive because it is unlikely that there would be many (if any) relevant
applications. In any case, it would be reasonably straightforward to extend the derivation to allow for return to
a steady state in which one or more instrument bound constraints is binding.
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As in previous sections, the model is (5), repeated here for convenience:
fI‘g‘EtEEt+l + f[g@ + ﬁiBitfl + ErfEtT‘t+1 + EITC’I} = {Ivlgzt

The policymaker minimizes the same discounted sum of current and future losses, (6), but also

subject to bound constraints on the instruments (54):

min £y =B > B {(@ed) W (Tags) + (ress) Q (regi) }

Tt,Tt i—0
1=

s.t.Sry >b (54)

where S is an n, x n, coefficient matrix, and b is an n, x 1 vector of constants that characterize the
instrument bounds.

The solution to be found will be of the following form:

H—t
Ty = DBzgsZe—1+ B35t %045 + Vit (55)
s=0
H—t
re = BrgiTi1+ Esrzttes + Vet (56)
s=0
H—t
e = Buzitiq + B uz,tft4s + Yt (57)

V)
(=)

where p denotes the vector of Lagrange multipliers attached to the bound constraints, the vectors 7; ¢,
vr+ and 7, measure the impact of the constraints (should they be binding contemporaneously or in the
future) on the endogenous variables, instruments and Lagrange multipliers in period ¢ and where = 35,
Esrz,t and =, iz ¢ are loadings measuring the impact of anticipated disturbances s periods ahead on the
endogenous variables, instruments and Lagrange multipliers in period t.

Appendix D solves the optimal policy problem by backward induction starting from period H. That
process demonstrates the following results.

The constraint internalized by the policymaker in a generic period ¢ is given by:

.5 gF \~H—-t—1 = ~ S E—~H—t—1— ~
~ o-1 ( Uez —Hi 3oy Esaztt1ztrirs — Hy Do " Esrztt1Zt414s ) (58)
h 5= =

Ty = ~ ~
B C F F
—Hj Tt—1 — Hr ry — Hj ’7i,t+1 — Hr ’7r7t+1

where:
O = HY + HE Biz a1 + HF Bra i (59)

Appendix D demonstrates that the first order condition for the instrument can be expressed as:

T Sp~H—t—1— ~ Np—~H—t—1— ~
Qr Sl‘u = ¢ U:zp — Hi Zszo s, B2, t+1%t+ 145 — HT 25:0 Ss,rz,t+12t+1+s
t— t = G = g iS =
B c F F
—HZZy 1 — Hyre — Hy Vi1 — HY g
H—t
71 ~c / ~
+ (@t H, ) B ( E Vs 32,t41%45 + Viy,t—i—l)
s=1
where:

G = (@;1&?)/ (W + BVzzi41) O; (60)
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The first order condition can be written more compactly as:

H—t
Apyry — Sy = DNz Te1 + Z Az 1Zeys + Dcy (61)
s=0
where:

Ay = Q+¢HE (62)

Nzy = —GHP

Ago,t = <t€[;z

~ / ~ ~
Azp = (elef) BVs zz,041 — G (HfEsq,;cg,tH + HfEstrz,tH)
177C ! TF
Ac,t = (@t_ H; ) Bvi'y,t+1 Gt ( 7 Vat+1l T+ H, ’Yr,t+1) (63)

Appendix E demonstrates that the derivatives of future losses satisfy:

Vizir1 = (Bazir1) W+ BViziv2) Bizorr + (Bratr1) QBrssi1 (64)
Viszir1 = (Bizir1) W+ BViziia) Zs155001 + (Bracr1) Qs 1.r5.041

+ (Bszi41) BVeo15z.442 (65)

Viyir: = (Bizis1) W+ BVaziro) Varr1 + (Brasr1) QYrtr1 + (Biziv1) BViayisa  (66)

The equilibrium conditions for the period ¢ instruments and Lagrange multipliers can therefore be

written as:

3.5 I-J

Ay =8
Jib

r Dze | ~ Zt |~
utl B [ t]xt1+2l 7]Zt+s+
t

where J; is an n, x n, diagonal matrix indicating which of the constraints is binding in period ¢. This

Ao 1 (67)

system jointly determines the solution for the instruments and the Lagrange multipliers:

H—t
Ty = Brz1Zs—1 + Z Esrz,tlt4s T Yrit (68)
pe = Bug i1 + Z B u3, t2t+s + YVt (69)
5=0
where:
Bzt = Trpilzy (70)
Bsrzp = DItz 4
Vet = LDprgley +Trpidid
Buz: = Turilse
Bzt = Dpurels 4
Yut = LUuriDer +Tppedid (71)

where L'y ¢, Irpey pre and 'y are the upper-left, upper-right, lower-left and lower-right blocks of
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-1
i’; H_—S.J/It ] respectively, defined as:
Loy = Arf —ALS T diSAL (72)
e = A0S Tuu
Purg = _F#mtJtSA;,tl
Dppe = (H_Jt "’JtSAT_',tlS/)il (73)

Substituting the law of motion for the instruments into the constraint in equation (58) gives:

H—t
Ty = Bz 1Ze—1 + Z Ee 55t 545 T Vit (74)
s=0
where:
Bizy = —O;! (fij +fIrCBr:f,t) (75)
Sos:0 = O;" (‘ng - ﬁTCEo,rg,t)
szt = —O;° (ﬁgas—l,ii,t-&-l + ﬁfEs—l,ri,H—l + EgEs,ré,t)
Ve = —6;" (ffgWi,tJrl + H ypg1 + ﬁf%,t) (76)

5.1.1 The algorithm

The following algorithm can be used to compute a perfect-foresight transition given a set of anticipated
disturbances, {Z;}{L,, from an arbitrary initial condition, Zo, to a steady state regime (pre-computed

using the method in Appendix A) in which none of the instrument constraints is binding.

0. Form a guess for the indicators, {J;}/L,, that describe which of the constraints is binding in each

period of the transition.

1. For each period, ¢, starting in period H (using the period H + 1 terminal conditions outlined at
the end of Appendix D.1) and working backwards to period 1, compute the following:

(
(

a) Compute ©; and (; using equations (59) and (60).
b) Compute A, Az, Acy, Az and, if ¢t < H, {Ags7t}i_1t using equations (62)-(63).

(c
d) C te and store B = -t B = At and i ti
( ompute and store Brz ¢, {Zsrzt),_gs Yrts Buzis 1Zsust}so and vy, using equations

(70)-(71) and Bgzz , Esyrgyt}f;ot and 7, using equations (75)-(76).

Compute Iy y, I'ypyt, Ty and Ty, ¢ using the formulae in equations (72)-(73).

)
)
)
)

(e) Compute Vzz ¢, Viy,: and {V;,igyt}f:’lt using equations (64)-(66).

2. Compute {7}, {r:}L, and {u; }IL, starting in period ¢ = 1 and working forwards to period H.
IfSry—b>0and puy >0 forallt=1...H, then an equilibrium has been found. If not, then the
guess {J;}1, does not constitute an equilibrium, either because one or more of the constraints is
violated in one or more periods, or because one or more of the Lagrange multipliers is negative
(indicating that a constraint is assumed to be binding when it should not be). In that case, update

the guess {J;}1, and go back to step 1.
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5.2 Discussion

As in the method presented in Section 4, a key innovation is the inclusion of anticipated disturbances
in the solution. Importantly, the impact of anticipated disturbances is summarized with single horizon
and time-varying impact matrices (denoted Z). It would be possible to factor out the forward loading
and shock impact matrices in the same way as for the unconstrained problem considered in Section 4,
but there is little value in the additional algebra necessary to do that. The time variation in the solution
matrices that is due to variation in whether and the extent to which the instrument bound constraints
are binding (either in period ¢ or in expectation in the future) also implies that both the forward and
impact loadings will vary over time. So, unlike the method in Section 4, there is no generic expression
for the forward loading matrices as a function of the expectation horizon only.

These observations also imply that the case of optimal discretionary policy with instrument bounds
cannot, in general, be solved using a straightforward application of the Holden and Paetz (2012) method.
It should be emphasized that this result does not represent a criticism of Holden and Paetz (2012): their
method is designed for particular cases and they do not claim that optimal discretionary policy is among
them.

Appendix F considers this issue in detail and uses a simple two-period example to demonstrate several
key results. First, it is possible to replicate the solution presented in this section using the Holden and
Paetz (2012) method under some special conditions. These include cases in which (a) there is a single
constraint on a single instrument that binds only in the first period of a simulation/projection or (b)
the first order condition for optimal discretionary policy is entirely static. Case (a) is clearly a very
restrictive one. The ‘static’ first order conditions in case (b) tend to occur in models in which there are
no (payoff relevant) endogenous state variables, which rules out most realistic applications.

Taken together, these results are used to demonstrate that a straightforward application of the Holden
and Paetz (2012) will not in general deliver the correct solution because the effects of future constraints
on policy are not properly accounted for. While Appendix F considers this analytically for a simple
example, some intuition for this result can be found by considering the solutions under commitment
and discretion from previous sections. For the case of commitment, the time-invariant nature of the first
order conditions for optimal policy gives a representation of equilibrium as a function of future multipliers
on the instrument constraints, equation (14). A similar representation could be derived in the case of
optimal discretion. However, the solution under optimal discretion reveals that the multipliers on the
instrument constraints are endogenous to the solution, as shown by equation (69).

Intuitively, a policymaker can seek to moderate the impact of future instrument constraints on the
discounted sum of future losses via the optimal decisions they make. A standard application of the
Holden and Paetz (2012), which treats the future path of multipliers as exogenous (and isomorphic to
anticipated shocks), would not take that dependency into account.

Appendix F provides some further evidence that it may be possible to extend the Holden and Paetz
(2012) method to incorporate the endogeneity of the multipliers on the instrument constraints. However,
a solution computed using such a method would be conditional on a particular conjecture for the periods
in which the instrument constraints were binding. Such an extension would therefore require the same
type of ‘guess and verify’ procedure as the method presented in Section 5.1 in order to find the equilibrium.
As such, the strong computational advantages of the Holden and Paetz (2012) method in the case of
commitment solutions do not carry over to the case of optimal discretion.

Indeed, all steps of the algorithm in Section 5.1.1 are straightforward and cheap to compute. They are
simply applications of the recursive formulas in the definition of equilibrium (in a finite-horizon dynamic

program with known terminal and initial conditions).?? However, the algorithm has the potential to be

29The implementation also allows for unanticipated disturbances to be realized in any period along the transi-
tion, facilitating stochastic simulation around a baseline scenario or forecast. This requires repeated (recursive)
application of the algorithm above, beginning in period ¢ = 1 and ending in period H. In each period t, the
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very inefficient, depending on how many iterations are required to find the equilibrium binding constraint
indicator {J;}Z;. As noted by Brendon et al. (2010), “The precise sequencing of regimes unfortunately
requires some guesswork” .30

The baseline implementation of the algorithm is based on a heuristic that sequentially adds and then
removes guesses that constraints are binding (i.e. unit entries in {J,}Z ) until an equilibrium has been
found. The choice of which guesses to add/remove is based on the largest violations of the constraints on
the policy instruments and non-negativity constraints on the associated multipliers. At each iteration,
a binding indicator guess is added for the largest violation of the instrument constraint. In the event
that there are no such violations, a binding indicator guess is removed for the largest p non-negativity
violation.3!

There is relatively little research on the questions of existence and uniqueness of equilibrium in the
environment studied here. Armenter (2018) has noted that multiplicity of Markov-perfect equilibria may
be widespread in even very simple New Keynesian models in which monetary policy is constrained by a
lower bound. From a practical perspective, such a result would imply that the method used to update
the sequence of constraint indicators {J;}/£, could influence the (non-unique) equilibrium on which the
algorithm settles. Alternatively, there is a possibility that equilibria in which policy instruments are
subject to occasionally binding constraints may not exist in discrete time models (see Appendix B in

Boneva et al., 2018, for a discussion).

5.3 Example

The example revisits the QE experiment of Section 3.3, utilizing the same model, parameterization and

shock scenario. However, in this case optimal policy is time consistent (rather than optimal commitment).

Natural real rate (annualized) 3 Policy rate (annualized) Output gap
, /" 2
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-10 0
4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24
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Figure 4: Recessionary shock under optimal discretion with instrument bounds

outcomes in periods t + 1... H, {Feys }75°, {rees 5" and {peys )72, constitute a forecast conditional on the
information known (i.e. the set of anticipated disturbances and the unanticipated shocks realized to date) up to
that point.

30The ‘regimes’ in Brendon et al. (2010) correspond to the sequence of indicators {J;}iL;.

31This approach to incrementally adjusting the guesses for {Jt}flzl has the potential to generate ‘cycles’ in the
guesses: the same sequences of guesses for {.,]]t},fil are repeated as the iterations proceed. Such cycles could be
indicative of equilibrium non-existence. It would of course be possible to implement a more sophisticated search,
drawing on the literature on discrete optimization.
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Figure 4 shows the results of the same recessionary scenario considered in Section 3.3, in which the
natural real interest rate falls to -8% under optimal discretion. As before, the solid black lines show the
case in which the policymaker has access only to the short-term policy rate and the dashed gray lines
show the case in which QE is also used.

Relative to the results under optimal commitment (Figure 1), the shock leads to a much larger and
more persistent recession, regardless of whether or not the policymaker has access to QE. The prolonged
recession is sufficient to pull inflation below the target (of 0%). These results reflect the well-known result
that time-consistent policy is unable to influence current conditions by credible promises to behave in a
particular manner in the future. In the context of the recessionary scenario considered here, policymakers
are unable to promise to accommodate a future boom in order to increase inflation expectations and
hence reduce real interest rates. As a result, time consistent policy leads to a larger and more prolonged
recession and the short-term policy rate is constrained by the zero bound for longer than when policy is
set under optimal commitment.

QE is a relatively powerful additional instrument under discretion. Compared to the case of optimal
commitment considered in Section 3.3, the policymaker is unable to rely on costless promises about
future interest-rate policy, which motivates a greater reliance on QE. The optimal QE policy (dashed
lines) is to enact very large scale asset purchases, so that the upper bound on QE is reached within 2
quarters. A prolonged period of maximal QE is sufficient to lower long-term interest rates persistently.
The macroeconomic effect of QE amounts to several percentage points for the output gap and almost

0.5pp for annual inflation.3?

6 Optimal policy with instrument and non-instrument bounds

Many applications of piecewise linear methods to handle occasionally binding constraints (Guerrieri and
Tacoviello, 2015; Holden and Paetz, 2012) examine cases in which these constraints may apply to variables
other than the policy instruments. For example, Guerrieri and Iacoviello (2017) estimate a model in which
the borrowing constraint of impatient households may become slack, in addition to a lower bound on the
short-term nominal interest rate (which is assumed to be set according to a simple rule). In contrast,
algorithms designed to consider optimal policy in which instruments may be constrained (for example
Brendon et al., 2010) do not allow for constraints on variables other than the policy instruments.

This section considers the case in which non-instrument variables may be subject to occasionally
binding constraints in addition to the occasionally binding constraints on policy instruments considered
in previous sections. A challenge for creating a general purpose algorithm to handle this case is that
constraints on non-instrument variables can take a wide variety of forms. The method presented here
is designed to encompass a wide variety of plausible cases. In particular, multiple constraints on non-
instrument variables are considered, given the potential importance of such cases in future research.??

It is assumed that the non-instrument variables are subject to N > 1 contemporary slackness condi-

tions of the form:
Cizy > dy, Givy > ki, (Ci7y — d;) (Gixy — ki) =0, i=1,...,N (77)

The ‘baseline’ state of the model (described in equation (5)) is assumed to be the case in which all

32Note that the overshoot of inflation in Figure 4 reflects the role of the model dynamics (in particular the lag
of the output gap in the Phillips curve) rather than the result of a credible promise to engineer a period of above
target inflation.

33The inclusion of multiple constraints can lead to rich and state-dependent dynamic as demonstrated by
Bluwstein et al. (2020) in the case of occasionally binding constraints on leverage and new lending.
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constraints are ‘inactive’. By convention, the term ‘inactive’ is used to refer to cases in which
Cizy = d;,
and, without loss of generality, it is assumed that:
d;=0, i=1,...,N

which means that this case satisfies:
Ch
Co|ze=0 (78)
Cn
The motivation for labeling these cases as ‘inactive’ states is that there are many relevant cases
in which constraints on non-instrument variables are generally binding, but may occasionally become
slack. A common example is the case of a collateral constraint. Many models assume that the collateral
constraint binds in the deterministic steady state and for small shocks around that steady state. However,
the constraint may become temporarily slack in response to a large enough shock (see Guerrieri and
Tacoviello, 2017; Ferrero et al., 2018, for example). As such, it may be unhelpful to label alternative
states of the model as those in which non-instrument constraints are ‘binding’ or ‘slack’. Indeed, the
very nature of the contemporary slackness conditions implies that one constraint will bind when another
is slack. So, for the example of a collateral constraint that binds near to the steady state, the binding
collateral constraint is labeled as the ‘inactive’ state and the case in which the constraint is slack is the
‘active’ state.
Since there are N non-instrument OBCs that may each be in either of two states (i.e., ‘inactive’,
CiTy = 0; or ‘active’, G;T; = k;) there are a total of 2V distinct states. These distinct states are indexed
j=1,...,2Y with the ‘baseline’ state identified as state 1.

The framework outlined above implies that the structural form of the model (5) can be written as

follows:
2N 2N
HEE T + Y TiaHE o @+ HE By + HE By + HOry = Va2 + U5 > T0005
j=1 j=1

where Z; ; is a scalar indicator variable taking the value of 1 if the model is in state j in period ¢ and 0
otherwise and the additional disturbances § are introduced to enforce the equality constraints G;x; = k;
as described below. Note that the notation ‘< j >’ is used to index the ‘state’ of the model. The matrix
Us is an nz X N matrix that loads on the N x 1 vector §. So the i-th row of ¢ records a scalar value (1 or

0) corresponding to whether or not the i-th constraint is active in period ¢.34

Similarly the i-th column
of Wy is zero, except for the row corresponding to the equation of the structural form that implements
the constraint G;x; = k;: that element of ¥y is equal to k;.

The validity of the representation above relies on several assumptions about the implementation
of the non-instrument constraints. The main assumption is that the equations corresponding to the
constraints (78) are a subset of the HS matrix in the baseline state (ie H, < <15). Those constraints also
imply that d.1~ = 0. Importantly, it is assumed that these equations only feature entries in the ﬁg
matrix (and not in H r H B or CI}g) This is not a restrictive assumption because it is possible to include
additional equations within the model structure as identities that define the variables to be constrained.

Given this observation, a second assumption is that each contemporary slackness condition is written

34 As noted previously, there are 2V possible values of § corresponding to whether or not each of the N
constraints are active or inactive.
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as a constraint on a single element of Z (so it is identified with a particular variable). In practice, this
means that the G; matrices are 1 xn; vectors of zeros with a single unit entry in the column corresponding
to the variable that must satisfy the constraint. While not strictly necessary for the implementation of
the method (and it is not imposed in the derivation below), this assumption simplifies the algorithmic
implementation of the method.

Given these assumptions, the structural form of the model can be written more compactly as:
ﬁiF:’E,H,] + ﬁgtfﬁt + ﬁiBEtfl + ﬁf’f’t+1 + ﬁTCT't = Ejgzt + \115(515 (79)

where the time-varying coefficient matrices, H gt and J; depend on the set of OBCs that are active in
period ¢. Given the focus on a perfect foresight solution the expectation operator is omitted (as in
previous sections).

The next subsections consider the cases of optimal commitment and discretion when the structural
model equations are given by (79). Similar to the approach described in Section 5, the solution assumes
that anticipated disturbances (2) are zero beyond some horizon, H. Moreover, it is assumed that the

model is permanently in the baseline state from period H + 1 onwards.??

6.1 Optimal commitment

The time-varying nature of the structural model equations implies that the solution does not take a time-
invariant form as considered in Section 3. Instead, it is necessary to solve backwards from period H + 1,
in a similar manner to the methods used for optimal discretion in Sections 4 and 5. In common with
those methods, the solution approach involves making a guess for the instrument and non-instrument
OBCs that bind in each period and then verifying whether that guess is valid. Since the solution is
computed by backward induction, only the timeless perspective case is considered here.3¢

Given the structural form (79), the first order conditions of the optimal policy problem can be written

as:
~ / —~ !/
0= Qry— (HC) A — B! (HF> A1 — S s (80)
~ / —~ I ~ !
0= Wz, — (Hft) A — B (Hf) A1 —f (Hf) Ehis (81)
0= ﬁ;Et§t+1 + _ﬁic:tgt + EI;CB@,1 + ﬁf]EtTt+1 + jﬁv[,’,?’l"t — Elgzt — \1155t (82)

Following the logic of Section 3, it is helpful to rewrite the model in terms of an expanded vector of

variables and shocks:
T -
~ 2t
Yt = e | thl@]
At

With these expanded vectors, the structural form of the model is given by:

H;yt+1 + H@ftyt + nytfl =% + U, (83)

35Provided a solution exists, this is not a restrictive assumption. H can be increased to be sufficiently large
for the model to revert to the baseline state and a projection from period H 4+ 1 onwards can be used to verify
that none of the occasionally binding constraints are subsequently violated.

36 As in Section 3, consideration of the fully optimal solution requires a straightforward adjustment to the first
order conditions in the first period.
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where the matrices HyF and Hf are reported in Section 3 and where:

—~ !
0@ ()
~ i
Hye=| w o -(uS,)
HS, HE 0
[0 o0
U, = 0 0
RZRZ
F o
U,= |0
| 0

Appendix G shows that the solution is given by:

H—t H—t
Y¢ = Byyi—1 + Z Fin® i nZipn + Z Fy n @t entitvn (84)
h=0 h=0
where
1
Byi= — (HyByer1+ Hy,)  HY
. 15

y,t
O = (HI'By 1+ HE,)™
¢/"')t = (H By t+1 + H )

and the By ; matrix recursions start from
By i1 = By

where By, is the rational expectations solution from equation (14).

For h > 1, the F' matrices are given by:
Fin=TFp1,n—1
with:

Fio=1

Y= (HE By + HG)

Hy
which implies F;; = 4.

As in the method in Section 3, computing the results of a simulation or projection of the model that
incorporates the effects of the instrument constraints uses p; (t =1,..., H) to impose the constraints, if
necessary. The difference is that the simulation or projection now also uses d; (¢t = 1,..., H) to ensure
that non-instrument constraints are also and simultaneously satisfied.

Again following the method of Section 3, the first step is to construct a ‘baseline simulation’ in which
the instrument constraints are assumed not to bind: assuming p; = 0, t = 1,..., H. From a given
initial condition {Zg, Ag}, a realization of the anticipated disturbances {Et}f: , and an assumption about
the non-instrument constraints that are active in each period (and hence {Hyct,ét}H ), the baseline
simulation for {%t}fil is computed using (84) (with us =0, ¢t =1,..., H).

The baseline simulation can be checked to determine whether it violates the assumption that the
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instrument constraints never bind. This amounts to checking whether Sr; > b, t = 1,..., H. If any of
these assumptions is violated in the baseline simulation, the instrument constraints are enforced using a
variant of the method in Section 3.

As in Section 3, the occasionally binding constraints are implemented by computing the effects of on
the ‘target’ variables, 7 defined in equation (15). From (84) the effects of the p shocks {,ut}tH:1 on the

endogenous variables in period 1 of the simulation is given by:

H-1

U = Z Fin®ui+npii+n (85)
h=0

and the effects on the policy instruments are given by 71 = S, 9.
As in Section 3, a recursive scheme for building a matrix that maps the effects u;, t =1,..., H to
the instruments in each period can be developed. The first (block) row of the matrix can be found by

expanding (85):

H1
T :ST|:(I);1,,1 oo P a®uy o0 Fiua®um ot
=w1 :
L MH
——
=D

so that w;D denotes the effects of current and future multipliers on (all) variables (y) in period ¢.

The weights on current and future policy shocks at horizon h, wy, are given by:

Wy = [0 ©#72 FQ,t—l(I),u,t F2,H—2q),u,H:|
W = [ 0 0 ... ‘I)lht Ft,H—tq)u,H :|
wi =100 .. 0 .. @]

This implies that the effects of past and future shadow shocks at horizon h is given by:
Rt :By,tRyfl +wt, t= 17...,H (86)

As in Section 3, these coefficients can be used to build a matrix mapping the p shocks to the target

variables as:

T =MD (87)
where
[ 7] [ S Ry ]
T=1| 7 |, M= | SR (88)
L ?H J L S‘I‘RH J

Equation (87) is isomorphic to equation (20) in Section 3 and so the same quadratic programming
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approach can be used to find the sequence of {ut}il required to implement the occasionally binding
constraints on the policy instruments.
Collecting together the steps described above gives the following algorithm:

0. Form an initial guess for the equilibrium set of non-policy constraints that are active in each period
(encoded in, {Ij7t}i1, j=1,...,2N). Set {(575}1{11 consistent with this guess.

1. For each period, t, starting in period H (using the period H + 1 terminal conditions outlined in
Appendix G) and working backwards to period 1, compute B, ;, </Ist, o, and {Ft,t+h}hH:_0t using

the formula above.

2. Compute {y;}L, using (84) starting in period ¢ = 1 and working forwards to period H and
assuming pu; =0,t =1,..., H.

3. Check the constraints:

(a) If Sry — b > 0 is violated in any period ¢, form the matrices 7 and M in equation (88) and
solve the quadratic programming problem in (21)—(23) for the multiplier sequence {Mt}f: .-

Recompute the projection using (84) and {,ut}tH: 1- Otherwise go directly to step 3b.

(b) If the contemporary slackness conditions (77) are satisfied for all i = 1,..., N and for all t =
1,..., H, the solution has been found. Otherwise, update the guess {Ij,t}fil, j=1,...,2N

and go back to step 1.

6.2 Optimal discretion

The algorithm for optimal discretion subject to instrument constraints presented in Section 5 is easily
adapted to handle the type of non-instrument constraints considered in this section. That is because
the algorithm embeds the time-varying nature of the policy problem (in particular, the effects of the
occasionally binding instrument constraints on the derivatives of future losses with respect to current
allocations).

As described earlier, the method for incorporating non-instrument constraints encapsulates those
constraints in the form of a time-varying matrix E[gt Inspection of the derivation described in Section
5 reveals that the time-variation in the structural equations can be captured by updating equation (59)

to
0, = ﬁgt + flfBﬁ,tH + ﬁf‘Bri,t—b—l (89)

where H g’:t depends on the constraints that are active in period ¢, as in the derivation in Section 6.1.
The structure of the model must also be extended to include anticipated disturbances, ¢ used to
impose the effects of the occasionally binding constraints on the constrained variables. To preserve the

notation in Section 5 this can be done by defining the vector of non-policy shocks to be:
St
- z
%= [ ! ] (90)

where ZT are the ‘fundamental’ non-policy shocks in the structural model, (5). Similarly,

U= B | (91)

where @2 represents the loadings on the ‘fundamental’ non-policy shocks in the original model.

The solution algorithm is therefore given by:

0. Extend the model (5) to include the additional disturbances, ¢ using equations (90) and (91).
Form an initial guess for the equilibrium set of non-policy constraints that are active in each
period (encoded in, {Ij7t}tH:1, j=1,...,2M). Set {5t}f]=1 consistent with this guess.
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1. Solve the optimal discretion problem, subject to instrument bounds, using the algorithm presented

in Section 5.1.1, but using equation (89) in place of (59) to compute O;.

2. Check the constraints. If the contemporary slackness conditions (77) are satisfied for all i =
1,...,N and for all ¢t = 1,..., H, the solution has been found. Otherwise, update the guess
{Z; 3, j=1,...,2" and go back to step 1.

6.3 Discussion

The methods described in the previous sub-section are straightforward extensions of those presented in
earlier sections. As such, the same general issues apply. In particular, the previously discussed issues
associated with finding a solution using a ‘guess and verify’ approach will be particularly relevant for the
discretionary equilibrium described in Section 6.2. One benefit of the commitment solution described in
Section 6.1 is that the quadratic programming approach to finding the sequence of multipliers {Nt}il is
likely to be faster than a simple iterative scheme for updating guesses about the instrument constraints
that bind each period.

Importantly, a variant of the Holden and Paetz (2012) method can be used for commitment policies,
even though the structural equations of the model vary over time on account of the occasionally binding
non-policy constraints. This is possible because the changes in the structural equations are perfectly
foreseen (conditional on the conjectured sequence of non-policy constraints that bind in each period) and
because the Holden and Paetz (2012) is adapted to account for the implications of this time variation for
the effects of future instrument constraints on endogenous variables (that is, the Fy; and ®,; matrices

in equation (84)).

6.4 Examples

6.4.1 Commitment

This example uses the model of Smets and Wouters (2007, henceforth ‘SW’), viewed by many as an
exemplar of medium-scale DSGE models estimated using Bayesian methods. It has been the blueprint
for models developed for forecasting and policy analysis in many policy institutions. Since the model is
well known, the description below is confined to the small modifications required for the experiment.

The starting point is the SW model with parameter values equal to the posterior means reported in
Smets and Wouters (2007). Two modifications are made to the model for the purposes of this example.

The first modification raises the persistence of the “risk premium shock” (pp) to 0.85 (the posterior
mean is 0.22). This creates more protracted responses to the shock, which is necessary to produce
meaningful episodes in which occasionally binding constraints are relevant.

The second modification is to replace the baseline specification of investment adjustment costs with an
assumption that investment is subject to ‘speed limit’ constraints, specified below. Removing investment
adjustment costs implies that the parameter ¢ is set to zero.

The constraints on investment can be written as:

Aiy < @Y (92)
Aiy > @t (93)
where A, =i, — i, is the change in investment and w? > 0 > w! are the upper and lower limits on

the rate of change of investment.

Given the absence of investment adjustment costs, these constraints imply that the investment Euler
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equation (equation (3) in Smets and Wouters (2007)) is replaced by:

G =&+ By T G- BY TG =0

where ¢ and ( are the Lagrange multipliers on constraints (92) and (93) respectively.?”

The contemporary slackness conditions for this particular case are therefore given by:

¢G>0,  Ai >, (¢ —0) (Aiy —wh) =0 (94)
S— ——
C17: 20 G1Ty >k (C17,—0)(G17y—k1)=0
&>0,  —Aip>-w’,  (&-0)(-Ai— (-=Y)) =0 (95)
N—— ~—_————
C2@: >0 Gay >k (C2%—0)(GaFy—ko)=0

The ‘speed limits’, w" and w’, are set to limit changes in investment to roughly 4 percentage points
above and below steady-state investment growth. While this limit is set arbitrarily (for the purposes of
the simulation), it nevertheless allows for relatively large swings in investment, given that the model is
calibrated on a quarterly basis.?®

The policymaker uses the nominal interest rate, r, to minimize the loss function

oo
Le= ZﬂZ (Ti4s + Aoiys)
i=0
where x is the flexible price measure of the output gap. Following the example in Section 6.4.2, the
weight on the output gap in the loss function is set to A, = 0.25.

Loss minimization is subject to a lower bound on the policy rate:
Tt Z b

where the bound b is set equal to minus 1 times the steady-state nominal interest rate, computed from
the posterior mean parameter values reported by Smets and Wouters (2007).

The scenario considered is similar to the one in Section 6.4.2. A large negative shock to the risk
premium process (£°) is anticipated to arrive in quarter ¢+ = 4. The scale of the shock is chosen to require
a material response of the monetary policy rate such that the lower bound becomes a relevant constraint
on the policy response.

Figure 5 plots the results.

In the absence of any occasionally binding constraints (dashed gray lines) the optimal policy path
necessitates a reduction in the policy rate below zero when the risk premium shock arrives in quarter
4. As in the example in Section 6.4.2, a path for the policy rate that tracks the evolution of the risk
premium process delivers full stabilization of the output gap and inflation.

In the presence of the zero bound on the policy rate (solid gray lines), the policy rate is constrained
by the zero bound when the shock arrives in quarter 4. In contrast with the example in Section 6.4.2,
a policymaker that is able to commit to future policy actions avoids a deep recession in the short term.
Conditional on the lower bound on the policy rate, the optimal policy is to promise a prolonged period
of relative loose monetary policy (a low path for the real interest rate). This sustains a long-lived output

boom and a persistent rise in inflation. The rise in inflation is sufficiently large that the nominal interest

3"Note that the constraints on investment are specified in the underlying decision problem, so that (92) and
(93) represent log-linearized versions of the constraints and £ and ¢ are transformed versions of the underlying
multipliers on those constraints (that is, scaled by the marginal utility of consumption). It is assumed that the
flexible price equilibrium is not subject to investment speed limits.

38In the updated version of the SW data set used by Harrison (2015), these upper and lower bounds were each
violated just twice between 1980 and 2008.
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Figure 5: Negative risk premium shock scenario under optimal commitment with zero bound and ‘speed limit’
constraints on investment growth

rate is generally above its steady-state level. Since investment is fully flexible, investment and investment
growth follow particularly volatile profiles.

The solid black lines show the case in which the investment ‘speed limits’, (94) and (95), are imposed
alongside the lower bound on the policy rate. The limits on investment growth reduce the amplitude
of the investment responses in the quarters around the arrival of the €” shock. The extent to which
investment can rise when the risk premium shock arrives is particularly constrained. This limits the
degree to which the path of monetary policy can stimulate spending and inflation and the optimal policy
path is constrained at the zero bound for several quarters after the shock arrives. Nonetheless, the
resulting deviations of output from potential and inflation from target are smaller in the presence of
additional constraints on the feasible paths for investment. This result echoes that of Section 6.4.2 and
highlights the potential for a subtle interplay between constraints on policy instruments and non-policy
variables.

The final panel plots the multipliers £ and ( for the simulation in which both the zero bound and
investment speed limits are imposed. In equilibrium, the period for which the investment speed limits
are binding overlaps with the period during which the monetary policymaker is constrained by the zero

lower bound.

6.4.2 Discretion

A simple inertial New Keynesian model is used to explore the implications of downward nominal wage
rigidity. Most of the model is standard and resembles the model used in Sections 3.3 and 5.3 (though
without a role for QE).

xp — Nxp—1 = By (0r41 — ne) — 0 (1p — Bympyr — 17) (96)
T —1mi_1 = BE; (i1 — ) +a~ (1 — Ba) (1 — a) w; (97)
ri = pri_q + et (98)

The IS curve (96) includes habit formation, with habit parameter 7 € [0,1). The Phillips curve (97)

includes price indexation, with indexation parameter ¢ € [0,1). The Phillips curve is written in terms
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of the real wage w because the focus will be on the case in which nominal wages are sticky downwards.
The weight on the real wage (real marginal cost) is a function of the Calvo adjustment parameter a.
With fully flexible nominal wages, the real wage will equal the marginal rate of substitution, which

is given by:3?

1
my = (¢ + ) Ty — ﬁ95‘1571
o o

However, suppose that workers will not accept a fall in the absolute level of nominal wages. Under
the assumption that the model is log-linearized around a positive (quarterly) inflation target, 7*, the

following constraint is applied:
> —n" (99)

where

w —

Ty = Wp — W1 + ¢

is the quarterly rate of wage inflation.
To implement the non-negativity constraint on wage inflation, the gap between the real wage and

the marginal rate of substitution is defined by:
Wy = wy — My

The ‘baseline state’ of the model corresponds to the case in which w; = 0 and the occasionally
binding constraint (the lower bound on nominal wage inflation) is ‘inactive’. The contemporary slackness

condition for this particular case is therefore given by:

wy > 0, m > -7, wy —0) (7’ — (—7%)) =0 100
;> ¢ > (w — 0) (m" — (—=77)) (100)
C12:>0 G117 >k, (Clitfo)(Glitfkl):O

The policymaker uses the nominal interest rate, 7, to minimize the loss function
o0
Ly= ZBZ (781 + Aoriys)
i=0

subject to a lower bound on the policy rate:

iy > In ﬁ*
7r

The parameter values used in the experiment are shown in Table 3. For the most part, these values are
taken from the model in used in Sections 3.3 and 5.3. The value of 3 is higher, to ensure that the steady
state real rate is lower (at around 2% annualized). This implies that the steady-state nominal interest
rate is around 4% (annualized), given the assumption of a 2% annual inflation target. The persistence of
the shock to the natural real interest rate is higher, to increase the scale of the stabilization problem (and
hence ensure that the lower bound on the policy instrument and nominal wage inflation are encountered
in a meaningful manner).

The simulation is an anticipated (or ‘news’) shock to the natural rate of interest. Given the calibration

of the model, each period of time is interpreted as a quarter (of a year). The value of &, in quarter ¢t = 4

39This can be derived for a period utility function defined over consumption, C, and hours worked N of the form

1
U(C,N) = (c’_”clf:—li)_l

C. The result imposes market clearing, y; = c;; the production function y; = n; (both expressed in first order
approximations using log-deviations) and the fact that the preference shock does not affect potential output. So
the output gap satisfies z; = y;.

+ ﬁNtHw, where habit formation is defined in terms of aggregate consumption
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Parameter Description Value
I5; Household discount factor 0.995
Q Probability of not adjusting price 0.8725
P Inverse Frisch elasticity 0.11
o Elasticity of intertemporal substitution 1
L Degree of inflation indexation 0.7
0 Autocorrelation of natural real interest rate 0.9
n Habit formation parameter 0.8
Az Loss function weight on output gap 0.25
1007* Inflation target (quarterly, per cent) 0.5

Table 3: Parameter values for inertial New Keynesian model

is chosen so that the (annualized) natural rate of interest falls from its steady-state value of 4% to -4%

in quarter 4 of the simulation. Thereafter, it recovers according to the autoregressive process (98).
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Figure 6: Recessionary scenario under optimal discretion with zero bound and downward nominal wage rigidity

Figure 6 shows the results of the simulation.

In the absence of any occasionally binding constraints (dashed gray lines) the optimal policy path
necessitates a reduction in the policy rate below zero in quarter 4, before tracking the recovery of the
natural real interest rate back to steady state. This ensures full stabilization of output, price and wage
inflation and the real wage.

In the presence of the zero bound on the policy rate (solid gray lines), the policy rate cannot track
the evolution of r* when it falls in quarter 4. Agents recognize that the policy rate will be too high in
the future: monetary policy will be too tight. This expectation reduces aggregate demand and inflation
immediately, even though the natural real interest rate does not fall until quarter 4. Indeed, the fall in
demand and inflation is enough to push the policy rate to the zero bound immediately. This implies
that monetary policy is too tight for a prolonged period, generating a substantial recession and negative
quarterly inflation rates. The large fall in output generates substantial movements in the marginal rate
of substitution. Since this simulation assumes fully flexible wages, the real wage falls markedly and

wage inflation is substantially negative for several quarters. The policy rate stays at the lower bound for
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several quarters after the natural real interest rate has risen above zero, reflecting the continued weakness
of the output gap and inflation due to the inertial dynamics in the model.

The solid black lines show the case in which downward nominal wage rigidity, equation (99), is
imposed alongside the lower bound on the policy rate. In this case, the initial dramatic fall in nominal
wage inflation is mitigated, which dampens the fall in the real wage, marginal cost and inflation. The fact
that monetary policy is initially constrained by the zero bound implies that the tightening in monetary
policy is also moderated, resulting in a smaller fall in the output gap. In equilibrium, the gap between
the real wage and the marginal rate of substitution (w, plotted in the bottom right panel) is somewhat
smaller than would be implied from a comparison of the solid black and solid gray lines.*® Overall the
presence of downward nominal wage rigidity generates a smaller recession and a slightly faster recovery
(the policy rate lifts off from the lower bound earlier than in the flexible wage).

These results demonstrate that the interplay between occasionally binding constraints may be sub-
tle. At first glance, the assumption that nominal wages could not adjust downwards in response to a
recessionary shock could be thought to exacerbate the scale of a recession generated by the zero lower
bound constraint on monetary policy. However, in equilibrium, the additional nominal friction prevented
a large scale decline in costs, prices and inflation, thus mitigating the rise in real interest rates associated
with the zero bound recession. This experiment therefore displays the so-called ‘paradox of flexibility’

associated with New Keynesian models.*!

7 Large-scale model application

The examples in earlier sections have used relatively small-scale models, for ease of exposition. For some
of those examples, it would in principle be possible to solve the models using projection methods. This
section demonstrates the applicability of the toolkit to large-scale macroeconomic models of the type
used in policy institutions. For models of this size, projection methods are not (yet) a feasible alternative
to approximate solutions such as the piecewise linear methods presented in this paper.

The example uses a version of the FRB/US model routinely used for forecast and policy analysis by
staff at the Federal Reserve Board. The model and baseline forecast are taken from Haberis, Harrison,
and Waldron (2019, henceforth ‘HHW?’), which contains a more detailed description of both components.

The FRB/US model is a large-scale model, developed by economists at the Federal Reserve Board.*?
A linearized version of the model contained in the Macroeconomic Model Data Base (MMB) developed
by Wieland et al. (2012) is used.*® Similar versions of this model have been used for optimal policy
simulations supporting the FOMC’s communications. In particular, the experiments are similar to those
reported by Yellen (2012). Even by the standards of workhorse models in use at policy institutions,
FRB/US is large: the version used here has over 350 endogenous variables and more than 60 shocks.**

The first step in the exercise is to build a baseline projection. This is done following HHW, who
construct a forecast based on the FOMC’s December 2012 ‘Survey of Economic Projections’ (SEP). The
baseline forecast is constructed by selecting a sequence of anticipated disturbances {3T+h}hH:1 for forecast
periods h =1, ..., H to deliver projections for a subset of endogenous variables, {5T+h}hH:0 that match

the median SEP forecasts.*® This highlights the importance of the anticipated disturbances in analysis

40T his reflects the endogenous response of the output gap, which determines the response of the marginal rate
of substitution, my.

“For further analysis and discussion of the paradox of flexibility see, for example: Eggertsson and Krugman
(2012); Kiley (2016); Bhattarai et al. (2018); Billi and Gali (2020).

“2Brayton and Tinsley (1996) provide a description of the first version of the model.

43 Two versions are provided in the MMB. The rational expectations variant is used to allow for the expectational
effects of optimal policies.

484 nz ~ 350 and nz = 60.

4>The ‘inversion algorithm’ in the MAPS toolkit, described in Burgess et al. (2013, Appendix C) is used for
this step.
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of this type. As Svensson and Tetlow (2005) argue:

Projections and monetary policy decisions cannot rely on models and simple observable
data alone. All models are drastic simplifications of the economy, and data give a very
imperfect view of the state of the economy. Therefore, judgmental adjustments in both
the use of models and the interpretation of their results — adjustments due to information,
knowledge, and views outside the scope of any particular model — are a necessary and

essential component in modern monetary policy.

Following Svensson and Tetlow (2005), the anticipated disturbances {ETJrh}hH:l, which they call

‘deviations’, encapsulate non-model information:

...the deviation represents the difference between the model outcomes and the actual
realizations of data and includes all extra-model explanations of the actual data. Below, the
central bank’s judgment will be represented as the central bank’s projections of the future
deviations. This allows us to incorporate the fact that a considerable amount of judgment

is always applied to assumptions and projections.

The exercise constructs optimal policy projections, under both commitment and discretion. The loss
function follows Yellen (2012):

o0
Lrpr = 3B [(ranss =7 + (ursnsn =) + (rinss = r74)” (101)
h=0

which applies equal weights to squared deviations of annual inflation (7) from target (7*), unemployment
(u) from the natural rate (u*) and changes in the federal funds rate (r). The inflation target is set to
2% and the natural rate of unemployment in the version of FRB/US used here is 5.5%. The discount
factor is set to 5 = 0.9925.

The federal funds rate is assumed to be subject to a lower bound of 12.5 basis points. This is encoded
as a bound on r of the form:

rr4n > elb

where elb is computed relative to the implied steady-state federal funds rate (assumed to be 4%, based
on the long-run SEP projections).

Figure 7 shows the baseline projection (solid black line) and the projections under optimal commit-
ment (solid gray line) and optimal discretion (dashed gray line). The dashed vertical line denotes the
end of the historical data (i.e., period T').

10 Unemployment rate, % 3 Annual PCE inflation, % 5 Effective federal funds rate, %
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Figure 7: Optimal policy projections using FRB/US

The baseline forecast is one in which the unemployment rate gradually falls to around 6% and annual
PCE inflation rises gradually to the target of 2%. This is supported by a path for the federal funds rate
that stays at the lower bound until 2015, before gradually rising back towards its steady state level.
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The projection under optimal commitment (solid gray line) embodies the familiar ‘lower for longer’
policy prescription. The federal funds rate is held at the lower bound for slightly longer than the baseline
forecast and rises more gradually thereafter. This generates sufficient stimulus to reduce unemployment
more rapidly. As a result, inflation temporarily overshoots the 2% target.

The projection under optimal discretion (dashed gray line) looks somewhat different. The path for
unemployment slightly below the baseline projection, but inflation overshoots the target more persis-
tently. The federal funds rate lifts off somewhat earlier than in the baseline projection, rising more
slowly. These properties suggest that the policymaker faces a trade-off between high unemployment and
high inflation, that is more difficult to manage when it does not have access to a commitment technol-
ogy. Under optimal discretion, the policymaker is unable to commit to lifting off later and subsequently
raising rates more quickly.

An implication of this result is that the baseline projection may implicitly embody a commitment
mechanism that allows for a credible promise to liftoff later than a time-consistent policy would allow.*6
Indeed, these projections were accompanied by an FOMC statement embodying ‘threshold-based forward
guidance’ over the likely path of the federal funds rate (see Haberis et al., 2019). Nonetheless, economic
performance is better under optimal discretion than the baseline projection. To examine this, the root

mean loss, defined as:

H 2
1
Mrp = (H Z B {(FT+}L+1 — )+ (ursner — )+ (rrpngs — 7‘T+h)2}>

h=0

is computed for each projection. The baseline root mean loss is 0.62. Under optimal discretion the mean-

square loss falls to 0.52, which is itself higher than the loss of 0.46 achieved under optimal commitment.

8 Conclusion

This paper presents a set of piecewise-linear solution algorithms to solve linear rational expectations
models in the presence of occasionally binding constraints on policy instruments and non-policy variables.
Optimal policy may be computed under the assumption of commitment or discretion.

Importantly, the methods allow for the presence of ‘anticipated disturbances’ to the model equations.
Following Svensson and Tetlow (2005), these anticipated disturbances can be interpreted as capturing
judgment and other ‘off-model” information that informs the forecasts produced by many policy insti-
tutions. Incorporating these disturbances therefore makes it possible to conduct optimal policy analysis
with occasionally binding constraints for projections and scenarios produced using judgment. As such,
the methods presented here are likely to be of particular use in policy institutions that apply large-scale
macroeconomic models to scenarios and forecasts that incorporate judgment and other non-model-based

information.

46Recall that the baseline projection does not come from the model itself — it is based on the median projections
of FOMC members.
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A The Dennis (2007) algorithm

This appendix, presents a variant of the Dennis (2007) algorithm cast in the same notation used through-
out the paper.

For completeness, the statement of the policymaker’s problem is restated here. The policymaker
minimizes the following quadratic loss function, subject to the constraint imposed by the structure of

the economy and taking optimal future policy as given:

min Ly = B Y BH{(@) W (@egi) + (regs) Q (ress) }
1=0

Tt,Tt

(@) W (Z0) + (1) Q (r1) + BELy41 (A1)

Given the linearity of the problem (and the assumption that no lags of the instruments appear in

the structural equations), the solution that shall be sought and verified below is as follows:

Ty = BaTi-1+ Pazz (A.2)
e = BT+ Przzy (A.3)

which has the same Markovian form as standard RE solutions in linear (or linearized) models.

A.1 Characterizing the solution

The policymaker’s problem is to minimize the loss in equation (38) subject to the constraint imposed
by the structure of the economy in equation (5) and taking optimal behavior on the part of future
policymakers as given. The optimal behavior of future policymakers can be embedded directly in the
constraint imposed by the model by substituting out expectations in the partitioned structural equations

(5) using the proposed solution in equations (A.2)-(A.3) and then re-arranging the result to get:
7 =0 (@z — HBF, ., — fffrt) (A.4)

where:

© = HY + Hf Bsz + H B, (A.5)

The policymaker’s problem can then be represented as a Lagrangean:

min {(@)’ W () + (1) Q (1) + BELosr — 2N, (@ —o! (\igzt ~HPF_, ﬁfn))} (A.6)

Zy,7t
The first-order conditions are:

OELy11

e 2(r) Q44 o N0 THS =0 (A7)
t
E
Tooo 2(T) W4 ,Batiftﬂ —2\, =0 (A.8)
ﬁxt
i T -0 (\Ifgzt ~HBF,_, - ﬁrcrt) =0 (A.9)

Appendix A.2 shows that the expectation for next period’s loss can be written as:

Bl = (%) Vi + Ve (A.10)
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where:

Viz = (Bzz) WBaz + (Brz) QBrz + B3 (Biz) VazBas (A.11)
Vee = 1 i Btr [(((bri)/ Q(I)TE + ((I)fc.%)/ Pq)fci)] (A12)

and:
P =W+ 8(B,z) QBrz + 8(Bsz) PBss (A.13)

Fixed points for Vzz and P can be found numerically using a doubling algorithm or by solving the implied
Lyapunov equation.

It is straightforward to see from equation (A.10) that % = 0. This arises as a consequence
of the assumption that no lags of the policy instruments appear in the model equations. It is also

straightforward to see that:
OE(L41

0T+

This can be substituted into first-order condition for the endogenous variables (A.8) and rearrange the

=2 (7)) Vaz (A.14)

result to form an expression for the Lagrange multiplier, A}:
X = (Zo) (W + BViz) (A.15)
This in turn can be substituted into the first-order condition for the instruments (A.7) to get:*”

() Q — (@) (W + BVzz) 0T HE = 0
Ory — (@*Erf)' (W + BViz) T

|
o

(A.16)

Equation (A.16) is the targeting rule that characterises the optimal discretionary policy, relating the
optimal choice for the instruments to the optimal choice for the endogenous variables.*?
Using the first-order condition for the Lagrange multiplier (i.e. the constraint) in equation (A.9) to
substitute out T; gives:
Qre — ¢ (@gzt — HBF,_, — ﬁfrt) =0 (A.17)

where:

¢ = (@*11??)' (W + BViz) O~ (A.18)

Equation (A.17) can be rearranged to get the following:

Apry = AzTp 1 + AzZ (A.19)
where:
A, = Q+cCHE (A.20)
A; = —CHP (A.21)
A: = (U (A.22)

4"The second line follows from noting that W, Q and Viz are symmetric.

“8The policymaker’s optimal choice for the instrument depends on three effects: (i) a direct effect of the
instrument on the contemporaneous period loss, which depends on @Q; (ii) an indirect effect of the instrument on
the contemporaneous period loss via its effect on the endogenous variables, which depends on W; (iii) an indirect
effect of the instrument on the discounted sum of expected future losses, which depends on $Vzz.
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It immediately follows that:

Bz = ATA;
Dz = ATA;

which requires that A, be invertible. Substituting the law of motion for the instruments back into the

constraint (A.4) gives:
T =0"" (‘I’zzt — HB%,_, — HS (BysF 1 + (I)rizt))
From which it is clear that:
Biz = —07'(Hf+HCB,s)
op: = O (U:— HI®,:)

which demonstrates that the solution is as proposed in equations (A.2)-(A.3).

A.2 Period ahead loss function expansion

The expected value of the period ahead loss function is defined as:
Eiliyn = B Z BTH @) W (Zerd) + (rerd) Q (resi) }

E; Z B l‘t+z W (Teqi) + Ey Z Bt (Tt+i)/ Q (T¢44)

i=1

The first term on the right-hand-side of equation (A.28) can be written as:

fes) . _ , _ e . za:) .Z't + Z 1 ( ) N ‘I)J;Zzt+3)/ W
E /B’L 1 i %% ) = E 62 1 ( Jj=
¢ ; (Tegi) W (Tr44) t ; ( ) F Zj (Bzz)' ™ (I)i;zzt-i-j)

t@)’iﬁi (B ) W (Bas) 7
+ E, (@)'iﬁi 1( ) (Bia?)i_j D214

+Et252 IZ Zt+] ;) ((ijc)i_j)/W(Bicfc)iit

+ E, Z gt Z (o) (Paz)’ ((Biaz)iij)/ W (Biz)' ™" ®azZi
i=1 =1 k

o0

= @)Y ((Bae)') W (Bea)' B

i=1

+ i g1 itr (((Bﬁ)i)' W (Bsz)'™ ®3:EZ14, (ft)’)
i=1 =1

+ iﬁi_litr (((I)J?Z)/ ((Bii)i_j)/W(Bazi)iE@t (5t+j)/)
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(A.25)

(A.26)

(A.27)

(A.28)



k=1

+ i Bt Zi: tr <(<I):i2)l ((Bii)i_j)/ w i: (Biz)' ™ * ®z:E 2144 (gﬁ—j)/)
= (@)/iﬁi_l ((Bii)Z)/W (Bsz)' &
+ i gt zi:tr ((‘I’iz)/ ((Bii)i_j)/ W (Bzz)' ™’ (I)ii)

= (@) (Bzz) i B ((Bii)z>l W (Bzz)' Bszy
=0

+ iﬁ" iﬂjtr ((q)ig)/ ((Bﬁ)”)'W(Bﬁ)i @i,g)
i=0  j=0

= (1) (Bazz) i B ((Bi&i)i), W (Bzz)' Bsa
i=0

1 &, , N Z_
= (%1)' (Bz)' SBiaTs + ﬁtr ((®z2) 9%;2) (A.29)

where:
S =W + B3 (Bsz) SBzs (A.30)

for which a fixed point can be found numerically using a doubling algorithm.

The steps in the derivation are as follows: the first equality uses the law of motion for the endogenous
variables in equation (A.2) to express the loss in terms of time ¢ endogenous variables; the second equality
follows by expanding the first; the third equality uses the fact that each term is a scalar, that the trace
of a scalar is that scalar and that terms within a trace operator are commutable; the fourth equality
follows from noting that the shocks are 4id (implying zero covariance between shocks in different time
periods) and independent of the endogenous variables, and that the covariance matrix of the shocks
EiZitj (Zirj) = L* the fifth equality follows from rewriting the sums as infinite sums starting from
zero; the sixth equality follows from noting that Z?io B = ﬁ; and the seventh (assuming that the
spectral radius of Bjzz is less than one) from:

§ = iﬁi ((B:ii)i)/W(Bii)i
=0
_ W+§:ﬁi ((Bﬁ)i)/W(Bﬁ)i
=1

= W+ B(Bsz;:) {i g ((chi)i)l w (Ba?fc)z} Bsz
i=0

= W +B(Bsz) SBas

49This assumption reflects the normalization convention in the MAPS toolkit on which the algorithms
are built. In the Dennis (2007) derivation the result is E¢Zi4; (Ze4;) = Q. A full set of steps for

. AN/ . .
the covariance matrix of the shocks is as follows: E;(Zi1;) (®zz) ((B;m—c)“7> W (Bzz)" 7 ®zzz14; =
Etr ((gt+j)/ (®zz) ((Ba?fc)i*j) W (Bsz)' ™’ @izgtﬂ') =
N/ i _ - , , i—i\’ i—i ~ ~
Egtr ((%s)' ((BH)W) W (Bzz)'™ 322145 (Ze+) ) =tr (]Et ((%2) ((Ba'm”:) ]) W (Bzz)'™’ ®zzZ145 (Zt+j)')) =

tr (@22 ((Bﬁ)i*j)' W (Bsz)' ™ ®asEifir; (vs)' ) ) = tr ((@22) ((Bﬁ)"*j)' W (Bsz)' ™ ®2:0)
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The steps above can be repeated for the second term on the right-hand-side of equation (A.28) and
use the law of motion for the instruments characterized in equation (A.3) to write:

E; Z Bt V"t+z Q (re4:) = E¢(BraZ + ¢r§5t+1)/ Q (BrsZTt + Prz2i41)
. !
Bz (Bsz)' ' T+ @53
00 Brs S (Bas) Y i3y Q
+ EtZBifl +Drz ]:1( z:cl) TERt+j
i—2 Bz (Biz)"™ Tt + PrzZiqi
i—1 1—1—7 ~
+Bri Y- (Biz) T Dz:24
i . . A i1~
= @)y g ((B;fw”c)z 1) (Brz) QBrz (Bzz)' ™' T
i=1
+ K Z B Gers) (Prz) QPrzZi
=1

CES S <zt+j>’gbﬁ>’ (B ) (Bra)' @

vi (Baz)' ' Ds:Z14 5

i=2 j=1
= @)’iﬂi ((Bs2)) (Bua) QBrs (Bia)' &1 + —5tr ((®12) Q)
S i () ((B2)) () Qs (B) 02
=0

B

= . V. 1

B Y0 () Q) = () BE o+ 5t (0,2 Q) + 72t (@) ROs)(A31)
i=1

which follows identical (or near identical) steps to those described in the derivation of equation (A.29)

and where:
R = (B,z) QB + 3 (Biz) RBas (A.32)

which can also be found using a doubling algorithm.
Finally, the results can bed substituted in equations (A.29) and (A.31) into equation (A.28) to get:

Eilipn = E Z B @) W (@) + B Y 87 (rewd) Q (o)

i=1

= (:’ft) ( 55) SBzzx: + 1i5 r (((I)iz)l S‘I)jg) + (Et)’R%t + ﬁtr (((brz)l Q@Tg)
B /
=+ 1= ﬁtr (((I):;;g) R(I)jg)
= (@) ((Bss) SBss + R) 1 + liﬂtr [(®,2) Qb= + (B5:) Pds:)]
= (Et)/ Va?i:ft + Vcc (A33)
where:
Viz = (Baz) SBsz + R
= (Bzz) WBsz + (Byz) QBrs + B(Bsz) VizBia (A.34)
Ve = 1iﬁtr[(( 2) Qs + (Pzz) PP;:)] (A.35)
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with:

P = S+8R
W + B(B:z) QB,z + 3 (Bzz) PBssz (A.36)

Note that the definitions for P, S and R are identical to those in Dennis (2007). The coefficient (Vzz)
in the quadratic for T is different (Dennis (2007) has P) because this derivation is for the loss function
in period t + 1, rather than for the loss function in period t.

Note also that the MAPS normalization that the covariance matrix of the shocks is an identity
implies one further difference relative to Dennis (2007). Denoting the covariance matrix of the shocks as

) as in Dennis (2007), the definition for the constant term would become (with all else identical):

Vee = tr [((®r2) Qs + (Pzz) PPsz)

1
1-p
B Derivation of optimal discretion solution with anticipated

disturbances

This appendix presents the derivation of the algorithm used to solve a model under optimal discretion
with anticipated disturbances. As noted in Section 4, the derivation proceeds by backward induction.
The policy problem is solved in period H before moving back to period H — 1 and so on. The solution
leverages the fact that from period H onwards there are no anticipated disturbances, so the equilibrium
is described by the solution derived by Dennis (2007) and presented (in notation consistent with this
paper) in Appendix A.

B.1 Period H

In period H the anticipated disturbances are equivalent to unanticipated shocks.?® This means that the

following laws of motion, analogous to those derived in Dennis (2007) are applicable (see Appendix A):

Ty = DBzzTu_1+ Pzzzm (B.1)
rgy = Bri‘::fH—l =+ q)rng (BQ)
where:
Biz = —©°! (ﬁf +HE BT;C) (B.3)
D, = O°! (\112 _ ﬁ?@,.g) (B.4)
Bz = A7'A; (B.5)
D,: = AT'A; (B.6)
where:
© = HS + HY Bzz + HF B,; (B.7)
A, =Q+CHE (B.8)
Az = —CHP (B.9)

590f course, the fact that they were anticipated in previous periods means that the projection in period H
would in general be different from the case in which these shocks are entirely unanticipated: the initial conditions
Tg—1 will be influenced by the anticipation of Zy in preceding periods.
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A; = (T (B.10)

where: /
(= (@*11?{5‘) (W + BVaz) O (B.11)
with:
Viz = (Biz) WBsz + (Brz) QBri + B(Bsz) Vis Bis (B.12)

B.2 Period H -1

In period H — 1, we must take account of the fact that the period H shocks, zy, are anticipated by both

the private sector and the policymaker. The (partitioned) set of equations that describe the model are:
Hg%H + ﬁg%H—l + H}?f]{_g + f‘jfT’H + HTCTH_l = \iggH_l (B.13)

We can use the period H laws of motion in equations (B.1)-(B.2) to substitute out Zx and r in equation

(B.13) and rearrange to get:
TH_1= ! (@ggH_l — ﬁf@ig%[ — ﬁf(brggH — HiB%H_Q — ETCTH_1> (B14)

where © is defined in equation (B.7). Note that the private sector’s expectations take into account the
optimal behavior of the policymaker in the future and the shocks anticipated to arrive in period H.
The policymaker’s problem is to minimize the loss function subject to the constraint in equation

(B.14). This problem can be represented as a Lagrangean:

_min  (Zp_1) W @g-1) + (re—1) Q (ru—1) + BLE

TH—-1,"H—-1

—2>\}{_1 (5]{,1 —o! (\TJEEH,1 — ﬁg@igz]{ — ﬁf‘q)rggH — ﬁf%H,Q - ﬁ'rc’)"Hfl))

The first-order conditions are:

8£H

~ ~ E
Tg_1: 2(Fy_1) W —|—,BaxH —2\Ny_1 =0 (B.16)

ra_1: 2(rg-1) Q+ B — 2Ny 07 THS =0 (B.15)
Ag_1: Fgg— O (\Izng,l 0P @2y — HFP .5y — PGy g — ﬁfrH,l) =0 (B.17)
Appendix C.1 shows that:
Ly=@g-1) VasZu-1+ @u-1) Vigzzw + Cun) Vi) Ta-1+ Gu) Virz:2m
where Vzz is defined in equation (B.12) and:
Vizz = (Bzz) (W + BViz) Pz + (Brz) Qs (B.18)

where V11 z; is undefined because, as a constant, it will not appear in the first order conditions.
It is straightforward to see that 8(255 - =0, which arises as a consequence of the assumption that

there are no lags of the policy instruments in the model equations. It is also straightforward to see that:

oLy

Fr =2@g_1) Viaz +2Gr) Vizs)
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We can substitute this expression into equation (B.16) and rearrange the result for \p;_;:
N1 = @r—1) (W + BVaz) + (i)' B (Via2)'
This in turn can be substituted into equation (B.15) to get:

(ri-1) Q = (Fr—1) (W + BVzz) + () B(Vigz) ) 0 HY = 0
Q?”Hfl — (@71]2:’740)/ (W +ﬂV555;) TH_1— (@71HTC ﬁVngEH = 0 (B].g)

If the shocks anticipated for period H are zero (or in the absence of anticipated disturbances), then the
targeting rule in equation (B.19) is identical to the targeting rule from the Dennis (2007) solution in
Appendix A. Otherwise, the targeting rule is modified to include a term in the anticipated disturbances.
These disturbances affect outcomes in period H and, therefore, affect losses in period H and onwards.
The policymaker is aware of the shocks (they are anticipated) and so optimally takes them into account
when setting policy. This demonstrates that the Dennis (2007) targeting rule derived in Appendix A is
not valid in projections with anticipated disturbances.

We can then use the constraint as represented by the FOC for the Lagrange multiplier in equation

(B.17) to substitute out Tm_1 and the expression in equation (B.18) to substitute out Vi z5 to get:
Qri—1—¢ (‘T/EQHA - (I:’;;;F(I)ié + ﬁf‘hz) Zw— HPTp o — ﬁFTHq)
7 ! / /
(@71HTC) B ((Bzz) (W + BVzz) Paz + (Brz) QPrz) 2y = 0

where ( is defined in equation (B.11). This equation can be rearranged to get the following (the logic of
which will become clear when it is generalized below):

iy = Asna+ AsZoy + ((Bpsg + A ppar (W + BVaz) ) @az + (A + Ao Q) @12)

where A,., Az and A; are defined in equations (B.8)-(B.10), and ?* and P°' denote terms in the antici-
pated disturbances arising from via private sector agents’ expectations and via policymaker optimization

respectively with the associated terms defined as:

Aprs = —CHf (B.20)
~ /

AFE)Z = (@71HTC> ﬂ (Bjj)/

Appe = —CHF
~ /

AFffl = (6_1H7?> B (Bm“c)/ (B-Ql)

It immediately follows that:
ra-1 = BrTgo+®Zmo1+ ((Ffij + Ffilj) Dzz (Fﬁsw + Ff(;lr) ‘1%2) Zn
= Brtp_o+ rzZp1 + (F1,r:P: + F1 00 ®z) 2y (B.22)

where B,z and ®,; are defined in equations (B.5)-(B.6) and:

Flhs = A7Ape (B.23)
Flp(;l% = AT'Ape (W + BVzz)

PP = AT Ay

FY = ATMALaQ (B.24)
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Note that the law of motion incorporates the effect of the shocks anticipated for period H, but is otherwise
unaffected: the formulae for B,z and ®,; are identical to the case studied in Appendix A.

It is then straightforward to define the law of motion for Zgy_; by substituting the law of motion for
rg—1 into the the constraint (B.14):

Ta-1 = DBzsTy—o+ Pazzm_1 + ((Flpzi Ff%li) Dz (Flp“;r Finilr) ‘I)rz) ZH
= BisTp_o+ Pazzy_1+ (F1,:P3: + F1,5,Pr2) Zo (B.25)

where Bz; and ®;; are defined in equations (B.3)-(B.4) and:

Fhy = -0\ (HF+ HCFD,) (B.26)
! !

F5, = -0 'HIF;

Fpy, =~ (HP + HOFD,)

P9 = -0 'HEFY, (B.27)

Again, note that the definitions for Bzz and ®z; are identical to the case studied in Appendix A.

B.3 Period H -2

As with period H — 1, we can derive the effective constraint that the policymaker must take into account
when optimising in period H — 2 by substituting the period H — 1 laws of motion in equations (B.22)
and (B.25) in place of expectations for the period H — 1 outcomes for the instruments and endogenous

variables in the (partitioned) model equations and rearrange the result to get:

B . U:Zy_o — HE (D521 + (F135%z + Fiz0®,z) Znr)
Tg_o = © ~ - N ~ = (B.28)
—H. (®r:2g-1+ (F1,3%3: + F1,00®r2) Zy) — Hy T3 — Hrg—2

The policymaker minimises the following:

~min (@Fg_2) W (@g—2) + (ri—2) Q (rg—2) + BLH-1
TH—-2,TH-2
UsZp o — ﬁ£ (Pz:2p—1 + (F1,3:P3z + F1,3:Prz) Zh)
—2Xy o [Ty —O7" —HE (®,:2n-1 + (F1,:%P2: + F1 0 ®rz) ZH)
7HQ—CB§H_3 — HTCTH_Q

The first-order conditions are:

oL ~
TH—2: 2(rg— 2) Q‘i'ﬁa g 21 - 2)\}1—29_1HTC =0 (B.29)
~ - oL
Troo: Q(xH_Q)’W+5%§ ; 2Ny 5 =0 (B.30)

U-Zy o — HE (75201 + (F1 72935 + F1.2-®2) Zh)
Ag_o:  Tg_g—0O71 —HI (®,5Z5 1 + (F1,5Pz5 + F1 v ®,5) Zx) =0 (B.31)
—H Tr_3—HCry o

Appendix C.2 shows that:

/

L1 = @u—2)Vazdg—o+ @r—2)VizzZu-1+ Eu-1) Vizs) Ta—o+ (Tr—2) Vosszn

2 2
+ (ZH) (‘/21z -TH 2+ZZ ZH 2+z /B‘/;],ZZZH 245

=1 j=1
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where Vzz is defined in equation (B.12), V} ;5 in equation (B.18) and:

Voszz = (B:ifc) (W + /BVm) (F1,:Pz: + I ir‘Prz) + (Brz) Q (F1r5®z: + Fi v ®p5) + (
+ (B;'E'i) 6( ra":) Q(I)TZ + (Bri) Q (Fl,ri¢i2 + Fl,rT(I)TZ)

and again the constant terms in the anticipated disturbances, V;; sz, are undefined.

It is straightforward to see that BEH L =0 and that:

OLp_1
0Tr—2

=2@g_2) Vaz +2Gr_1) Vi:) +2CGn) Vazs)

We can substitute this expression into equation (B.30) and rearrange the result for A _,:
o2 = @mr—2) (W + BVaz) + Fr—1)' B(Vigz) + (Zm) B (Va,a2)'
This in turn can be substituted into equation (B.29) to get:

(ra—2) Q@ — ((5H—2)/ (W + BViz) + Gu—1) B(Vizz) + Eu) B (‘/27575)/) @*lﬁf
Qra—2 — (9711?]?)/ (W + Vzz) Tr—2 — (971&9)/5 Vi z22H-1 + Vaz:2m)

B:iz) BViaz

(B.32)

0
0 (B.33)

which extends the period H — 1 result to show that both one- and two-period ahead anticipated distur-

bances appear in the targeting rule.

We can then use the constraint as represented by the FOC for the Lagrange multiplier in equation
(B.31) to substitute out Zy_2 and the expressions in equation (B.18) and (B.32) to substitute out V; ;2

and V5 ;5 to get:

U:Zy o
—HE (®z:Zp—1 + (F1 7Pz + F1,50P02) Z1)
0 = Qra—2—¢ S -
—H (Pr:2p-1 + (F1r3Pzz + F1 00 ®rz) Z1)

—HP%y 53— HSrp o
((Bzz) (W + BViz) sz + (Brz) QPrz) Zu 1
(B:z)' B(Bzz) (W + BVzz) ®
+(Bzz) (W + BViz) (Fi35Pzz + Fi 5 ®rz)
( 5:5:) ( rT ) Q(I)ré + (Bra”c) Q (Fl,riq)ié + Fl,rr(bré)

—(eflﬁf) Bl

This equation can be rearranged to get the following:

Arrgo = DzTp 3+ A:2ZH 2
+ ((Apf; + A oot (W + BV&&:)) Ops + (AF,?; + AFf:lQ) <I>T5) Fr_1

AprFy gz + Apg Firs + Apoor (W + BVaz) Fi za o
+ TAppa QF1,r5 + A prot 3 (Bzz)' (W + BViz) !

z

ZH

A F A F A 1574 V- a ZH
< lf; 1,37 —+ FR:L1 rr F’Pf’L ( 5 ii) 1,zr )
+ rE q) 3

+ A ppot QF1 e + Ayt B (Bra)' Q

where A,., Az and A; are defined in equations (B.8)-(B.10), and Apf; s Appor, Apps and AFE;” are

defined in equations (B.20)-(B.21). It follows that:
rH-2 = BriTp_3+ rzzm_o+ ((Ffiw Fforlm) iz + (Flpf,r Ffilr) ‘I)rg) ZH-1
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+ ((ngi + F;:li) Pz + (ngr + F;er) (I)Tg) ZH

= BriZr_3+Przzg_o+ (F1,:Ps5 + F1 v ®rz) Zr_1 + (For3Pas + Forr @rz) 21

2
= B Tg_3+ Z (F3r3®Paz + Fipr ®rz) ZH—244 (B.34)
i=0
where B,; and ®,: are the same as above, Fy,, = I and Fy,z = 0, F};, Fﬁig, FY, and Ff‘;lr are

defined in equations (B.23)-(B.24), and where:

Fyhs = A (AFf;Fl,;EgE + Apf:Fer) (B.35)
nglx = A (AFf;l (B(Bzz) (W + BVzz) + (W + BVaz) Fiaz) + AFgngFLri)

Fy, = A (AFf;Fl,:Er + Apps Fl,rr)

Foo= Az (AFf;’ (8(Bra)' Q+ (W + BVaz) Fiar) + AFE:ZQFLT‘T‘) (B.36)

Notice that the loading coefficients for two-period-ahead shocks arising via both private sector expec-
tations and policy optimization depend on the one-period-ahead coefficients arising from both sources.
The private sector correctly takes into account that two-period-ahead anticipated disturbances affect one-
period-ahead policy optimization and the policymaker correctly takes into account that two-period-ahead
anticipated disturbances affect one-period-ahead private sector behavior via both their own expectations
and their rational understanding of how policy will respond.

It is then straightforward to define the period H — 2 law of motion for ¥ using the constraint (B.28):

T2 = BizTp-3+PszZm—o+ ((Ff;i + Fﬂ?f@) sz (Fﬂ‘;r + Fﬂ%lr> ‘1’7-2) ZH-1
+((Fgne + FI% ) @as + (B35 + F52,) @, ) 2
= BziTho—3s+ PszZu_o+ (F1,2:%5: + F1,5:Prz) Za—1 + (F2,3: P35 + Fo 5r®rz) Zn
2
= BiiTy_3+ Z (Fi25%3: + Fi 30 Prz) ZH_o4i (B.37)
i=0

where Bz; and ®;; are the same as above, Fyz; = I and Fy z,. = 0, F!", FPoL FPS and FP are

L Yias ar 1ér
defined in equations (B.26)-(B.27), and where:
L o= e (EIFF1 FHF P G+ ﬁSngi) (B.38)
ol —177 ol
F;ii = -0 1H¢?F£ri
By, = —07' (HE R+ HE Py + HEFES,)
P2 = -0 'HEF (B.39)

B.4 Period H -3

We can substitute the period H —2 laws of motion in equations (B.34) and (B.37) in place of expectations

for period H — 2 outcomes in the (partitioned) model equations and rearrange the result to get:

UsZy g — fIiF (E?:o (Fi 3Pz + Fi 50 Dyz2) 5H72+i)

Ta-s = ©7 7F (2 5 7B 7C
—H, (Eizo (Firz®zz + Fipr ®rz) ZH—2+i) —HZvg_4—Hrg_3

(B.40)

where FO,ir = 0, F()",»j = O, Fo’jj =T and FO,'M‘ =1
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The policymaker solves:

_min  (Zg_s) W (Zr_3) + (ru—3)' Q (ru—3) + BLu 2

TH-3,TH-3
UsZpy_ g — ﬁf (Z?:o (Fi3:%Pzz + Fi 50 Dp2) 2H72+i)
~ 1 ~ ~
—2\y_3 | Tu-3—© —HF (Z?:o (Firz®zz + Fipr ®p2) ZH—2+i>

7B~ c
_H:i TH—4 — Hr TH—-3
The first-order conditions are:

OLH_2
Orp_s
0Lp—2

TH_3: 2(T_3) W —
TH-3 (Tr-3) +68xH_3

ra_s:  2(rg_3) Q+p8 — 2Ny 4O 'HS =0 (B.41)

— 2Ny 5 =0 (B.42)

UsZy g — ﬁF (Zf o (Fiz3Psz + Fi 3r®rz) Za - 2+i)
Ag_s:  Ty_g— O _HF (Zl o (Fips®zz + Fypy®,2) Ty QH) =0 (B.43)
*H Tr_a—HCrg 3
Appendix C.3 shows that:

3 3
Lo = (Fu-3) VizTm_s+ Z Gr—2+i) (Vizz) Tz + Z GZr—s+i) (Vizz) T3

i=1 i=1

3 3
+ZZ ZH 3+l ﬁ‘/zj,zzZH 3+7
1=15=1

where V;z; is defined in equation (B.12), V} 75 in equation (B.18), V5 3z in equation (B.32) and:

Vsz: = (Bzz) W+ BViz) (Faz3®sz 4+ Fozr®rz) + (Brz) Q (Fors®is + Fopr®,3) + (Bizz) Va.iz
2
= Y BBy () W BVis) (Fraaiz & Frarra) (B.44)
i= + (Bri) Q (Fj,riq)fcé + Fj,rrq)ré)
where note again that Fy z =0, Fo 3 =0, Fozz =L and Fp,pr =1
It is straightforward to see that @ = 0 and that:
oL &
H—2 ~ l ~ / /
=2(rg-3) Vzz +2 —3vi) (Vizz

a,li'/[—]_g (xH 3) + 7;21 (ZH 3+ ) ( , )

We can substitute this expression into equation (B.42) and rearrange the result for A _,:
3
Ny_s = (@u—3) (W + BVzz) + Z (Zr—s+i) BV
i=1
This in turn can be substituted into equation (B.41) to get:
3 ~
(ru—s) Q- ((EH—?,)/ (W + BVzz) + Z (Zr-3+:1) BV, m) HY = 0
i=1
~ N/ N O
Qra—3 — (@_1HTC> (W + BVzz) T3 — (@_1HTC) BZVi,iEzH—B—H =0 (B.45)
i=1
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We can then use the constraint as represented by the FOC for the Lagrange multiplier in equation
(B.43) to substitute out Ty _3 and the expressions in equation (B.18), (B.32) and (B.44) to substitute
out V1 zz, Vo,3z and V3 3z to get:

UsZy_ g — ﬁff (Z?:o (Fi25Pz: + Fi 57 Prz) FZVH72+1'>
—_ !
0 = Qra3—-¢ —HF (Z?:o (Firz3®zz + Fipr ®yz) ZH72+i) - (@_1HTC) B
—HP%g 4 — H s

2 7 ~ N/

i [ (BE&) (W + BVas) (Fjas®as + Fyand,s) ) -

(S5 msary (B3O8 4 o s s )
i=0 j=0 +(Brz) Q (Fjrz®zz + Fjrr®rz)

This equation can be rearranged to get the following:

Aprg_z = DNgZg_s4+ AsZp_s
2
+ Y ((AFf;Fz',fc:z + AFz’:Fi,mz) iz + (AF:Z;Fz‘,azr + AFf:Fi,rr) <I>r2) ZH-2+i
=0
+ (AF?E” (W + BVzz) @iz + AFgng‘brz) ZH-2

A ( Yo (8(BE))" (W + Vi) Fias )
BE\ T (8(BER)) T B (BrE) QFjes ) | Pa
Z ' +AFfleFi,ji
i=1 A ( =0 (8(B#2)')" " (W + BViz) Fjar )
+| T it (8BER)) T B(BrE) QFj ) | @0
+A ppot QF;

ZH—241i

z

where A,, Az and A; are defined in equations (B.8)-(B.10), and AFf; s Appor, Apps and AF,’.’;”' are
defined in equations (B.20)-(B.21). It follows that:

3
rag—3 = DBraTp_4+ Z ((szﬁf + szffz) Pzz + (Fffir + Ff’ﬁi) ‘I’rz) ZH-3+i
i—0

3
= BrTp_a+ Z (Firz3®szz + Fipr ®rz) ZH-344 (B.46)
i=0

where B,z and @, are as above, and FY’,;, Flpfli, FY3, and Flp‘;lr are defined in equations (B.23)-(B.24),
FPs_ FPOL O FPS and FP°L in equations (B.35)-(B.36) and where:

2,7z T 2,rT T 2,rr 2,rr
FP o = ATV (ApesFozz+ ApreFoz
3,rz r FPol2,32% FEIL2rz

2 ~ N\ 2—]
Frob — ATV A Ej:o (6 (BzZ) ) (W + 8Vaz) Pz A pat QF rz
3,r% T ( FP: < + Z;:() (,6 (Bjj:fj)l) 1—j 6 (B?“.’Ij‘)l QFj,rj + FES Q 2,

FPs = A;l (AFP_SFQ@T + AF#’TS FQJ,T)

3,rr
2 ~ =N\ 2]
ngi _ A;l (AFW ( Ej:? (ﬁ (B.T.’L‘)/) I lij + ﬁVj/j) Fj,:fr ) + AppolQFQ_rr>
’ i + Zj:o (6 (B‘%i.) ) 6 (BT'%> QFj,rr o '

It is then straightforward to define the law of motion for Zy_3 using the constraint (B.40):

3
s = Bratn-a+ Y ((Flas + FI%L) @az + (FU3, + FU9) @02) 2
1=0
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3
= BisTh_a+ Z (Fi3:%Ps: + Fi 5 ®rz) ZH_344 (B.47)
i=0

where Bz; and @5 are as above, and FFS_ FPoL FPS and Fﬁ%lr are defined in equations (B.26)-(B.27),

Laa Pze £1ar
Fyoss Fg;li, EY%, and Fg‘;lr in equations (B.38)-(B.39) and where:
F5: = -7 (ﬁfFQ,M + H Fy i + ﬁ’ng’ii)
F?ﬁgzl:f; = *@71[?EF§‘;2
Y, = —07 (HE Bogr + Hf Py + HOFY, )
FY%. = —©'HUFY,

C Future loss function expressions with anticipated disturbances

This appendix derives expressions for the one-period-ahead loss functions allowing for anticipated dis-

turbances.

C.1 One period ahead loss function in period H — 1

We know that from period H + 1 onwards the environment is identical to a perfect-foresight solution

considered in Appendix A. This means that it is helpful to write the period H loss as:
Ly = (Ty) Wiy + (ra) Qry + BLE 1 (C.1)

We can write the loss in period H + 1 as a function of zy using the derivation from Appendix A, but

ignoring the constant term which drops out in a perfect-foresight environment:
Lo = (Tn) VisTh (C.2)

where:
Viz = (Biz) WBiz + (Brz) QBrz + 8 (Biz) Viz Bis (C.3)

which means we can substitute out Ly in the above expression for L to get:
Ly = @) W+ BVaz)Tu + (ru) Qra (C.4)
We can substitute out Ty and ry using the period H laws of motion from equations (B.1)-(B.2) to get:

Lr = (BszZa—1+Pi:zn) (W + BViz) (BizTa—1 + PizZn)
+ (BriTa—1+ ®,:2n) Q (BraTr—1 + ®:2m)

= @g_1) VaTg1+ @) Vigzza + Gu) Vizz) Tu1 + Cr) Virz:2n (C.5)
where Vz; is defined in equation (C.3) and:
Vigz = (Bzz) (W + BViz) @z + (Brz) Q¥ (C.6)

It is also straightforward to form an expression for Vi :z, but this constant term drops out of the

policymaker’s first order conditions and so is not needed to characterize the equilibrium laws of motion.
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C.2 One period ahead loss function in period H — 2

We can write the period H — 1 loss function as expected in period H — 2 as:
Lu—1=@u-1) WEg_1+ (rg—1) Qra—1+ BLu (C.7)
We can use the expression derived in Appendix C.1 to substitute out Ly to get:

Lo = @g_1) W+ BViz)Tu_1+ (re—1) Qra_
+ (@p-1) BVizzzn + (Zn) B (Vi) Tu—1 + (Zu) BVirz:2m (C.8)

We can substitute out 7y —1 and Zgy_1 using the period H — 1 laws of motion from equations (B.22) and
(B.25) to get:

['H—l xH 2+‘I) ZH—l"’

(Fiz:%sz + FLar®rz) Zn) (W + BVaz)
(F1,z:%zz + F1 2-®r2) Z1)
F1 %5z + Fi @) Z0) Q
riTH—2 + PrzZr—1 + (F1,,2P55 + F1oePrz) Z1)
w282+ Pz:Zg 1+ (Frz:Pe: + F12®05) Zm) BV 2220
1) B(Vizs) (BszTr—o+ ®s:2m 1 + (F13:P55 + F1 30 92) Z5) + Zr) BVi1.2:20
H2) VazTg o+ @n_2) Vigszm1+ Gr1) Vizz) Tuo+ (Tn_2) Vas:Zn
H) (Va, zz) TH_o+ (5H—1)/ﬂV11,225H—1 + (zH—l)/ﬁ‘/IQ,ZZEH + (5H)I5 (V12,22)/ ZH-1

Zr) BVas z:7m

s3TH—2 + PzzZm_1 +

T‘I‘TH 2+ (PTZZH 1+

(
(

I+ + x4+
l\l

8N

+ +
IS

(B
(B
(B
(B
(B
(=
(z
(
(
(z

Tr—2) VieT—o+ @r—2) Vigzza—1 + Gu-1) Vizz) Tu-2+ @n-2) Voz:Zn
2 2
+ (EH)/( 75/‘2 xH 2+ZZ ZH— 2+z ﬁ‘/z],zzZH 243 (Cg)

15=1

where V;; is defined in equation (C.3), Vi 57 in equation (C.6) and:

Vaiz = (Biz) (W + BViz) (F1z:%s5 + Fi 30 ®rz) + (Brz) Q (F1r:®z: + Fion®p5) + (Biz) BViaz
(C.10)
It is also straightforward to form expressions for Vi; zz, Vi2 2z and Vag 2z, but these constant terms drop
out of the policymaker’s first order conditions and so are not needed to characterize the equilibrium laws

of motion.

C.3 One period ahead loss function in period H — 3

We can write the period H — 2 loss function as expected in period H — 3 as:
L= @u—2)Wig_s+ (ru—2) Qru—2+ BLu (C.11)
We can use the expression derived in Section C.2 to substitute out Ly _1 to get:

Li—o= (Tr_2) W+ BViz)Tr—o+ (ra—2) Qra—2

+ @Fp—2) VizsZa+ CGu-1) Viz:) Tao+ @u_2) Vozzzu + (Zr) (Vizs) Tu_o

2 2
+ E E ZH 2+z ﬁ‘/u zzZH 2+j
i=1 j=1
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2
= Tg_2) W+ BVaz)Ty_2+ (ru_2) Qra_o+ Z (Tr_2) VizzZa_ovi

=1
2

2 2
+ Z(ZH 2+z)/ (‘/zacz Z’H 2 ZZ ZH 2+’L B‘/z],zzzH 245 (C12)

i=1

We can substitute out 7y _o and Zgy_o using the period H — 2 laws of motion from equations (B.34) and
(B.37) to get:

Lo

xmmH 3+Z Fzzzq)zz+Fzrr(I)rz ZH 2+z> W+ﬂvz:c
=0

=0

rzmH 3+Z Fz rzq)zz+FzrrcI)rz ZH 241 Q
=0

X

X ( iixH 3+Z FlLL(bLZ+FlL7(bTZ ZH 2+z>

B2p— 3"’2 Fzrxq)xz+Fzrr(I)rz)ZH 2+z>
1=0

2 2 '
+ ) (B;f;ﬂHg + Y (Fiza®az + Far®ps) zH2+i> VigzZH-2+i
i=1 i=0
2 2
+ Z (Zr—2+1) Vizs (BﬁfH—:s + Z (Fi3:%z: + F; 50 0rz) gH—2+¢>
=1 i=0
2 2
+ ZZ ZH 2+Z 5%] zzZH 243
=1 j=1
3 3
= (Tr-3) VasTr-s+ > (Fr-sri) Vizz) Tu-s+ Y Fr-ssi) Vizz) Tr_s
i=1 i=1
3 3
+ Z Z (Zr—s+:) BVijzzZH—31; (C.13)
=1 j=1

where Vzz is defined in equation (C.3), V4 zz in equation (C.6), V2 zz in equation (C.10) and:

Vazz = (Biz) (W + BViz) (Foz:®sz + Fozr®rz) + (Brz) Q (Forz®isz + Fo o ®,5) + (Biz) BVa,zz
(C.14)
It is also straightforward to form expressions for {{Vi; z:}7_,}7_;, but these constant terms drop out of

the policymaker’s FOC and so are not needed to characterise the equilibrium laws of motion.

D Derivation of optimal discretion with instrument bounds

D.1 Period H

In period H, there are no further shocks anticipated to arrive in future, so the laws of motion for the
endogenous variables and instruments are the same as that derived in Appendix A for the case with no

anticipated disturbances and, consistent with equations (55)-(57):

Tag = DBz uTo—1+Z0szzHZH +Va.H (D.1)
rg = BrzuTo-1+Z0r:020 +VrH (D.2)
e = BuzaTo—1+ZousHZH + Y H (D.3)
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where:

Bizn = —O4 (fff + I}TCBT@H)
Sossm = OF (\T’g - ﬁrC‘I)rg,H)
Yam = —O4 <ﬁ£7£,H+1 + ﬁf%,HH + ﬁTC%«,H)
Briﬁ,H = Frr,HAir,H
Eorz,g = LU woDsw
Yr,H = FTT’,HAC,H + Fr,u,HJHb
Buig = Ui walin
Bouz,H = L waD:sH
Y = LTurwBen + T nlub

where Jy is an n,, X n, indicator matrix describing which of the constraints in binding in period H, b is

an n,, x 1 vector of constants in the instrument bound inequality constraints (54):

Oy = HS+ fIgBaEiH-‘rl + ErrFBri:,H—H
Trrn = ALy — A ySTuuluSA g
Fon = AT
Turr = —LuundaSA g
Tuwrr = (1= Ju +IuSATLS) -

Apy = —(gH?
Az g = CaVs

AC,H

~ !/ ~ ~
(@BlHTC) BViy 1 — CH (H};%,HH + Hf%,Hﬂ)

where I is an n, X n, identity matrix and S is an n, X n, matrix of coeflicients on the instruments in

the inequality constraints (54) and:

~ /
= (05 HS) W+ BViz ) OF

The assumption that the steady state is characterized by a regime in which none of the constraints
is binding and that period H is the maximal horizon up to which constraints can bind in a transition

back to the steady state regime implies that the following is true:

Bzz,nt1 = Baz
Byzuy1 = Bz
Yz, H+1 = 0
Y41 = 0
Vizor1 = Vs
Vevgr1 = 0

where Bz, B,z and Vz; are the expressions from the unconstrained solution defined in Section B.1.
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D.2 Period H -1

The model of the economy is represented by the same set of equations as in the variant of the problem
without bound constraints in equation (B.13). Consistent with the definition of optimal discretion and
the presence of anticipated disturbances, we can derive the effective constraint on the policymaker using

equations (D.1)-(D.2) to substitute out expectations and then rearranging to get:

- _ \Ilz —H~H$z Z —HHTZ z
=07 H-1 7 Z032,H7H 0,73, HZH (D.4)
H Tgo— HSrg_ 1—H~ Vi, H — HF Vr, H

where:
On_1 = HS + ﬁgBi;aH + ﬁTFBr@H (D.5)

Given this constraint imposed by the model (with optimal behavior on the part of the policymaker in
the future embedded via agents’ expectations), the instrument bound constraints in equation (54) and
a recursive representation of the loss function (38), the policymaker’s loss-minimization problem can be

represented as a Lagrangian in the following way:

@Ta )W @g_1)+ (ru1) Qru_1) + BLy
—2u 1 (STH-1 = D)
min Ay hax U:Zy_1 — HYZo 52070 — HE So0z.0n%0
TH—-1,TH—-1 —1 -1

/ ~ —1 C
2Ny | ZH-1— Oy, _Hi T2 — HCrm
—HIvsmw — H vm

This problem has the following first-order conditions:

P 20mn) Qe — 2y S — 2Ny Ot I = 0 (D-6)
~ _ £
TH_1: 2(1‘H71) W-‘rﬁ 7 _2>‘H 1=0 (D?)
MH—-1 ' STH_l —-b=0 (D8)
U3y — H 022020 — H Eo,2,17%
AH—1: Tg_1— 045, ~BZ,{I ! ECO’ ’HZH~F r =0, LIIJ,ZH =0 (D.9)
—HZxg o—Hrg1— Hyvzu — H vrm

Appendix E.1 shows that:

Lo = @g—1)Vieuiog+ @u-1) Vizzunin + Vizzuzy) Tu—1+ @u-1) Varm

+ (Vayw) Ta—1+ Veeu (D.10)
where:

Vii,H = (B H)/ <W+6Vwa:> wwH+( rT H) QB’I‘ZEH
Vigzn = (Bzzm) W+ Viz)®ezm+ (Brag) QP
Vit = (Bazn) (W BVaz)van + (Bran) Qi
and where V. g is a composite term comprised of terms in the one-period ahead shocks, Zy and the

constants, vz g and 7, g.
From equation (D.10), it is clear that a?i“_fl =0 and:

oLy
0Tr_1

=2@g—1) Vaz.u +2Vizzuzn) +2Viyn)
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Ly
0T p—1

We can substitute the expression for into the first order condition for the endogenous variables

(D.7) and rearrange to derive the following expression for the Lagrange multiplier, N _;:
Ny1=@u-1) W+ BViz )+ BVizzuzg + Varm)
This in turn can be substituted into the first-order condition for the policy rate (D.6) to give:
(rer—1)' Q@ — ply_1S — ((5H71)/ (W + B8Vazm) + B (Vigzuzm + me,H)/) @;Il,lflf = 0
Qra—1— S pp—1 — (@I_{l_lffrc), (W +BVzzu)Ta—1+BVigznzu + Vayu)) = 0(D.11)

Equation (D.11) takes the same form as the targeting rule in the unconstrained case in equation (B.19),
but includes additional terms in the event that any of the constraints are binding in period H — 1 or H.

We can use the constraint (D.9) to substitute out Zy_; in the targeting rule (D.11) and rearrange

to get:
\Tj%zH*1 - (ﬁgEO,Ei,H + ﬁfEO,ri,H) ZH
Qra—1—S'up-1 = (o - . B H
fo.Z‘H_Q — Hr TH_1— H{'Yf?,H _ HTF’YT,H
~ li
+ (@El—lHTC) BVizzm28 + Vayn)
where:

RN
CH-1= (@;11,1Hrc) (W + BVaz, i) Oy

We can write this as:

Appoarg—1— S -1 = Ds g 1TH—2+ Dzy w121+ Dz, H-120 + Do H—1 (D.12)
where:
Argr = Q+ Cy_1HE
Nzg1 = —CuyHE
Aspro1 = CuVs
~ / ~ ~
Az m1 = (@ﬁl_lHrc) BVizzsa — CH-1 <H550,£27H + HTFEO,T,%H)

SO ~ ~
AcH-1 (917{1,1H,«C) BVay, i — (-1 (H;f;F%,H + Hf%,H)

We define an indicator, Jg_1, as an n, X n, square matrix with unit entries on the diagonal elements
indexing a binding constraint in period H — 1 and zeros elsewhere. Using this indicator we can define

the following system from equation (D.12):

Ay -1 -5’ TH-1 B Az -1 Fer ot Az H-1 Tyt Az Ho1 S
= —2 1
Jg—1S I1—-Jg HEH-1 0 0 0
Ac -1
+ ’ D.13
Jr—1b ] ( )

This system jointly determines the solution for the instruments and the Lagrange multipliers (as long as

A, 1 is invertible):

TH-1 = DBraH1ZH—2+E0rsH-12H-1+ 21,05, H-12H + Vr,H-1 (D.14)

HH-1 = Buza-1TH-2+Z0,u5,H-120-1 + Bt us,H-12H + Yy, H-1 (D.15)
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where:

Brzg-1 = Dpr—18z 51
Eorz,H—1 = LDprm—18sz,0-1
Eipza—1 = Uprm-18z 01
Yr,H-1 = Frr,H—lAc,H—l +Fru,H—1n]]H—lb
Busr-1 = TUurbo—18z0-1
Eopuz,a-1 = Uura—108z 11
Eipz,H—1 = LUpra—10s3 11
VuH-1 = Lpra-1Dcr—1+Tum1du—1b

where L'y g1, Urp =1, Tpr,g—1 and I'y, g—1 are the upper-left, upper-right, lower-left and lower-right

A7",H—1 -9’

blocks of respectively, defined as:*!
Jg18 T—Ju
Urnmo1 = Apyy = Ary ST Jm-1SA
FTIMH—l = Ar_,}{—lslruuﬂ—l
FMT’,H—I = _FMM,H—lu}]H—l‘SA;}-I—l
-1
w1 = (T=Ju-1+ T 1587} ')

where I is n n, x n, identity matrix.
It is then straightforward to characterise the law of motion for the endogenous variables by substi-

tuting the law of motion for the instruments into the constraint in equation (D.4):

Ta-1 = Bsz g-1TH—2 + 20,55, H—1ZH-1 + 21,33, H—12H + V&, H-1 (D.16)
where:
Biz-1 = —-O4, (ﬁjB + fffBri,HA)
SossH-1 = O, (‘T’z - ﬁ,-CEo,rz,H—1>
Evana-1 = —O45 (ffggng,f] + ﬁTFEO,rs,H + ﬁTCEl,r,&Hfl)
Yz, H-1 = —@1}1,1 (ﬁg%ﬁ,H + ﬁf%,ﬂ + ﬁf,,C%,Hq)

D.3 Period H -2

In period H — 2, the policymaker and private sector take the policymaker’s optimal decision rule in
period H — 1 as given and can observe the disturbances that will be realized in period H —1 and H. We
can embed that in the period H — 2 problem by substituting out expectations in the model equations

using the laws of motion in equations (D.14) and (D.16) and then rearranging to get:

U:Zyo— HE (S0zz.m-120-1+Z155,0-12H)
Tg_a = O, —HF (Z0,2,0-12H-1+E1,05,H-1%2H) (D.17)

B~ C ITF F
—HZxg 3 —H rg_o— Hy vz -1 — H; v p—1

51These are the formulae for the block inverse of a 2 X 2 matrix. Ty, -1 is the Schur complement of the
Ay -1 (upper-left) block of the coefficient matrix.
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where:
Ono=HS +H Baz w1 + H Bz gy (D.18)

Given this constraint and the bound constraints, the policymaker’s loss-minimisation problem can be

represented as a Lagrangian in the same way as for period H — 1:

Trr—2) W (Tg—2) + (rar—2)' Q (rar—2) + BLu -1
=245 (Srr—2 = b)

Vzzg 2
. ~F : ~ : ~
min max —H; (Z035,H-12H-1 + 21,32, H-12H)
TH—2,ZH—2 AH—2,4H-22>0 , ~ 1 ~F = ~ = ~
2Ny o | TH2—-Ox_o | —H; Eorz,H-12H-1+E1,r2,H-12H)

—H .’L‘H 3—H TH—2
*H" Yi,H— 1*Hr Vr,H—-1

This problem has the following first-order conditions:

oL , =
rH_s: 2(rm_2) Q+ B> Bl oply 58 — 2Ny 203, W HE =0 (D.19)
_ _ 8£ _
Too:  2@g_o) W+ 585 21 — 2\ 5, =0 (D.20)
MH—2 S’I“H,Q —-b=0 (D21)

U3 or (= 3 = 3
V:Zg—o— H; (Bosz,H-120H-1+ 2135, H-1%H)

AH—2: Tr—2— 05", —HF (Bows.i1Zm-1 + E1rzm 1ZH) 0 (D.22)

—H T3 — H r_ 2—H~ Yz, H— , — HF Vr, H—1

Appendix E.2 shows that:

Lo = @Fg—o2) View1Zgo+ @u_ro)Vissm1Zo1+ Vizzu12a-1) To_2
+ @g—2) Vaszm1Zm + Vezzm—172n) Ta—o+ @u—2) Vay g1+ Viym-1) Ta—2
+ Vcc,Hfl (D23)
where:
Vizm-1 = (Bzzm—1) (W +BVazn)Bzzmg1+ (Bran-1) QBrz 1
Vigsn = (Bizzm—1) W+ Vazn)Zo0zsm-1+ (Brzg—1) Q0,51
Vogsm-1 = (Bzz—1) W+ BViz ) Z12z,0-1+ (Bran) QE1r20-1 + (Biz,a—1) BVizzn
Vivi—1 = (Bzzu—1) W+ BVaz,n) Vi + (Bra,ir—1) Qv -1 + (Bzz,—1) BV, i

and where V. r_1 is a composite comprised of terms in the one-period and two-period ahead anticipated
disturbances, Zy_1 and Zg, and constants, vz m—1, Vr.H—1, Vz,u and vy, g (and, therefore, independent
of Ty_s).

From equation (D.23), it is clear that % =0 and:

0Ly
0T p_2

!/

=2(Ty o) Viz,m—1+2 (V1,552,H—15H—1)/ +2 (‘/2,552,H—12H)/ +2(Vay,m-1)

We can substitute the expression for aﬁH ; into the first order condition for the endogenous variables

(D.20) and rearrange to derive the following expression for the Lagrange multiplier, N _o:

o= @a_2) W+ BVazm-1)+BVissm1Zm—1+ Voszzm12m + Vaym-1)
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This in turn can be substituted into the first-order condition for the policy rate (D.19) to give:

Tr_o) W+ Vaz 1 =
(rr—2)'Q — w58 — (@rr—a) (W 4 BVaz 1) ;| ORLHE = 0
+8 Vigz,a—120-1+ Vozz,m-120 + Viy,H-1)
1 =c\ (W + BVzz.m-1) TH-2
Qryg_o —S/MH,Q — (O 1_ HTC _ ’ _ = QD24)
( =2 ) +8 (Vigz,qa—120-1+ Vozz H—120 + Viy,H-1)

which is the targeting rule that now includes terms in period H—1 and period H anticipated disturbances,
as well terms in the event that any of the constraints are binding in period H —2, H — 1 or H.

We can use the constraint (D.22) to substitute out Zx_» in the targeting rule (D.24) and rearrange

to get:
~ ~ E0,43,H-12H—-1 ~ 0,75, H—12H-1
¢ U:Zy o — HY i - -Hf o -
Qra_2—Spg—2 = (o2 +E1 35, H-12H +E1,r2,H-12H
B~ ~C e R
—HZrpg 3—H rg_o— Hiyvaag—1— H V-1
—~ /
+ <®H72Hr ) B M sz, 51201+ Vo35, 5120 + Vi, H-1)
where:

~ /
Gz = (OFLAC) (W + BVasn1) Oty
We can write this more compactly as:

2

Arg_org—o— S uH_o =0 m_oTy_3+ Z Az H2ZH-24s + Ac H-2 (D.25)
s=0
where:
Ao = Q+ CH_oHE

Nsgo = —CuoH?

Az m—2 = Crr—2Vs
~ / ~ ~

Az g2 = (G);[]-_QH',?) BV1,35,H-1 — CH-2 (H§EO7:i2,H—1 + Hr,}‘:,EOJ‘E,Hfl)
~ / ~ ~

Az, o2 = (91}1,2175) BVa sz H—1 — CH-2 <H§51,§:5,H71 + Hf51,r2,H71)
~ !/ ~ ~

Acp—o = (91}1,211}0) BViy, -1 — CH—2 (wa,ml + Hf’)/r,H71>

We can define the following system for the period H — 2 instruments and Lagrange multipliers from
equation (D.25):

A2 -9’ TH_2 Az 2 |~ 2 Asms |
: _ : Fr oo
[JHQS JI—JHQHMHJ [ 0 ] " ;) 0 e
AcH—2
N : D.26
[ Jr—20 ] ( )

This system jointly determines the solution for the instruments and the Lagrange multipliers:

2

TH—2 = Brz g—oTh_3 + Z Esrs, H-2ZH—2+4s + Vr H—2 (D.27)
s=0
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2

tH—2 = Buz H_2TH 3+ Z B3, H—22H—2+4s + Yy, H—2 (D.28)
s=0

where:

Brzp—2 = D20z 2
Eorza-2 = Urrn—28z 12
Eirza—2 = DUrpa—20z H o
EQ,TZ,H—Q = FT'7',H—2A227H_2
VYrH-2 — FT‘T,H—2AC,H—2 + F?"/L,H—QJH—2b
Buzr—2 = Turgolzu_—2
Eopuzn—2 = Uprm—28z 12
Eipza—2 = LUura—208: g o
EouzH—2 = Lprba—20s 02
Yu,H-2 = Fur,H72Ac,H72 + ]-—‘,u,u,,H72JH72b

where 'y g—2, I'rpm—2, Upr g—2 and I', g—o are the upper-left, upper-right, lower-left and lower-right

AT,H—Q -9’

blocks of respectively, defined as:
Jag—28 T—Ju o
Drnti—z = Apy_y—Ary S Tuun—2lm-2SA
Doz = Ary oS8Ty m—2
FMT,H—Q = _FMM,H—QJH—QSA;}{—Q
w2 = (T= T2+ Ju 2587} ,8)

where I is an n, x n, identity matrix.
It is then straightforward to characterize the law of motion for the endogenous variables by substi-

tuting the law of motion for the instruments into the constraint in equation (D.17):

2
TH—2 = Biz n—2Tr—3 + E

B35, H—2ZH—24s + V&, H—2 (D.29)
s=0
where:
Biz—o = —O4, (ﬁf + ﬁTCBmZ,H—Q)
SoszH-2 = Ox, <‘T’2 - ﬁTCEo,rz,H—z)
Eizzm-2 = —O4, (ﬁgao,ig,Hq + ﬁTFEO,rz,Hﬂ + fISELTz',Hfz)
Sezzm_a = —O4, (ﬁFEl,:EE,H—l + ﬁfEl,rz,H—l + ﬁSEQ,ri,H—2>
Y&, H-2 = — 1_11_2 (ﬁF%z,H—1 + ﬁf'Y?-,H—l + fff%-,H-g)

D.4 A generic period, t

The preceding steps reveal the laws of motion for a generic period ¢, valid fort =1... H — 1.
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The constraint internalized by the policymaker is:

T~ TR —H-t—1 = PN H-t=1 =
5 o 9_1 \Ilézt_Hj ZS 0 Hs Tz t+lzt+1+s Hr ZS 0 Hs rZ t+lzt+1+s
t = t 7B~ c ITF

*Hi X1 — Hr ry — Hi 757t+1 — Hr P)/T,t—i-l

) (D.30)

where:
O, = HS + ﬁgBii,tJrl + fffBri,tH (D.31)

Given this constraint and the bound constraints, the policymaker’s loss-minimisation problem can be

represented as a Lagrangian:

(5t)l W (7) + (Tt)/ Q (r¢) + L1
o4 (Sr— b)
min max @g?t —HF Zf Ot 1= S 55,4412 4+145

T, Tt At >0 r

I/ —1 ITF H—t—1—
=2\ | 2. — ©; —-HY usrzt+1zt+1+s

_ﬁfft—l — HCry — H~ Va4l — HF Vr 41
This problem has the following first-order conditions:

8£t+1

re: 20r) Q4+ —2uLS — 2X0; T HS =0 (D.32)
~ 8£
T 2@ W4 5= 9N =0 (D.33)
t
J2o S’f’t —b=0 (D34)
\Tlg'z} - ?If ZSH Ot ! :s ZZ, t+1zt+1+s
At it - @;1 _HrF Zf Ot ‘= S,z t+lzt+1+s =0 (D35)

*HjB'ft—l - HTCTt H~ Vi, t+1 — HT Vrt+1

Appendix E.3 shows that:

H—t H—t
Livi = @) Vg + (7)) Z Vs.zz.t41%t+s + Z (Vazzi12t4s) Tt

s=1 s=1

+ (@) Vayasr + Vayarr) Fe+ Veern (D.36)
where:
Vizir1 = (Bzzar1) W+ BVizai2) Bizit1 + (Bragi1) QBra st (D.37)
Vezzirr = (Bzzar1) W+ BViziro) Bso155.001 + (Bratr1) QSs—1r5.641

+ (Biz,t41) BVac1,32,142 (D.38)
Viyit1 = (Bzag )/ (W + BVzzir2) Va1 + (Brais1) Qures1 + (Bizir1) BVayii2 (D.39)

with Vj zz42 = 0 (relevant in equation (D.38)), and where V.41 is a composite comprised of terms
in anticipated disturbances, {EHS}E:T, and constants, {% t+s}§ 71’5 and {’y,«,HS}f;lt. (and, therefore,
independent of #,). From equation (D.36), it is clear that 2 ‘“ =0 and:

H—t
0Li11 ., o /
0%+ =2 (%) Viz g1 +2 ; (Ve zzt412t4s) +2 (Viyit1)

We can substitute the expression for 35%:—1 into the first order condition for the endogenous variables
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(D.33) and rearrange to derive the following expression for the Lagrange multiplier, A}:

/

H—t
A= (@) (W + Vi 1) + 5 (Z Vs az,t412t+s + V;mt+1>

s=1

This in turn can be substituted into the first-order condition for the policy rate (D.32) to give:
(@) (W + BVazi41)

+4 (Z?:? Vi,z2,641%t4s + Viy,t+1

SN’ W + BVziz T
Qrt . S,Mt . (@;1H§) H(it 6 ,i+1) t
+5 (25:1 Vs.32,t+1%64s + Vi'y,t+1)

(re) Q — S — )/ o, HY = 0

= 0 (D.40)

which is the generic period h targeting rule.
We can use the first-order condition for the Lagrange multiplier (D.35) to substitute out Z; in the

targeting rule (D.40) and rearrange to get:

= S ~H—t—1 — ~ rF N H-t—1 o 7
’ Wsz — Hfg ZS=0 s, 82, t+1%t+14s — HT ZS=0 S5, rz,t+1%t+14+s
Qri— S = G ~ B~ ~c ~ ~
—HZwy 1 — Hory — H vz o1 — H Y41
H—t
—117C ! ~
+ (@t H; ) 8 < E Vis.g2,t41%t4+s + Vi'y,t+1)
s=1
where:

G = (67 HE) (W + Vi i1) O7 (D.41)

Again, this can be written more compactly as:

H—t
Apyry — Sy = Dz 1 Te1 + Z Az 1Zeys + Dcy (D.42)
s=0
where:
Ay = Q+¢HE (D.43)
Azy = —GHP
Azg,t = Ct‘ié
N _ _
Az s = (@t_lﬂf) BVssz.t41 — Gt (HgEs—Lacz,tH + HfEs—l,rz,tH)
N _ _
Aoy = (@t_lHrc) BViry,t+1 — Gt <H£7£,t+1 + Hf%,tﬂ) (D.44)

We can define the following system for the period ¢ instruments and Lagrange multipliers from

equation (D.42), where J; is an n, x n, diagonal matrix indicating which of the constraints is binding

in period t:
Ay =S Tt Azt |~ = Azv |~ Acy
: - S - S A ’ D.45
o Hth Sl EEED of il ENH B BRCYD
This system jointly determines the solution for the instruments and the Lagrange multipliers:
H—t
Ty = Bz L1 + Z sz t2t4s + Yot (D.46)
s=0
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H—t

pe = BuzsTi1 + Z B uz tZt4s T Yt (D.47)
5=0
where:

Brzir = Trpilzy (D.48)

Ssrzp = Dtz s

Vet = LDpriley +Trpidid

Buzi: = Turilay

Eouzt = Durilz 4
Ypt = Turelos+ T idib (D.49)

where 'y, Trpns Iprn and 'y, are the upper-left, upper-right, lower-left and lower-right blocks of
1
Ay =S8

] respectively, defined as:

q]IhS I[ — a]]h
Frr,t = A;tl — A;,}S/F#MtJtSAT_’tl (D50)
Fr/,L,t = A;}S/P#N’t
Ppr,t - _F#H’tJhSA;tl
Tyt = (I=J+1:SAL9) ™ (D.51)

It is then straightforward to characterise the law of motion for the endogenous variables by substi-

tuting the law of motion for the instruments into the constraint in equation (D.30):

H—t
Ty = B3z 4241 + Es,85,t2t4s T Vit (D.52)

s=0

where:

Bzz: = —0;° (ﬁf + ﬁSBra":,t) (D.53)

ozt = O;! (‘T’z - EnCEO,rz*,t)

Seszt = —O;1 (Erggsfl,ii,wrl + fIfEstratH + FITCEs,rs,t)

Ya: = —O;1 (I?}f%,m + ﬁrF’Yr,tH + ﬁfrC%,t) (D.54)

E Future loss function expressions with instrument bounds

This appendix derives expressions for the one-period-ahead loss functions allowing for anticipated dis-

turbances and instrument bound constraints.

E.1 One period ahead loss function in period H — 1
We can write the period H loss as:

Ly = (Tu) Win + (ru) Qra + L (E.1)

Given the assumption that there are no constraints binding in any period beyond H (which means that

the loss in period H + 1 is the same as the case without instrument bound constraints), we can write the
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loss in period H + 1 as a function of g using the derivation from Appendix A:
Ly = (Tn) Viz (Tn) (E.2)

where Vzz is defined in equation (C.3). We can substitute out Lz in the above expression for Ly to
get:
Ly = (Tu) (W + BVaz) Tu + (ru) Qra (E.3)

And then we can substitute out g and ry using the period H laws of motion from equations (D.1)-(D.2)

to get:
Ly = (BizaTu—1+Zozzm20 +v5.1) (W + BViz) (Bzz,uTr—1 + Zo0s5,02H + Ya,1)
+ (BrzgTa-1+Z0rzmzm + Y1) Q(BrauTa—1+ Zo0rz.520 + VrH)
= @g-1) VazuTa—1+ @a-1) Vigzuzeg + Vigzgin) Ta-1+ @g—1) Vayug + Vaym) Ta-1
+ Vinsmim + Viqsmze) + Gu) Vivzsuze + Vi m
= @g-1) VazuTa1+ @a-1) Vissuze + Vizzuzng) -1+ @r-1) Vayg + Viyn) Ta-1
+ chc,H (E4)
where:
Vizm = (Bzzm) (W+ BVaz)Bizu + (Brznr) QBrzn (E.5)
Vigzn = (Bzzm) W+ 8Viz)Z0zz.0 + (Brzg) Q05,0 (E.6)
Vinmw = (Bzzm) W+ BViz)vem + (Bram) Qvrn (E.7)

and where V.. g is a composite comprised of terms in the one-period ahead anticipated disturbances,

Zm, and constants, vz g and v, g (and, therefore, independent of Tg_1).

E.2 One period ahead loss function in period H — 2
The period H — 1 loss can be written as:

Lo =@ 1) Wig_1+ru_1) Qru_1+ Ly (E.8)

We can substitute out Ly using equation (E.4) to get:

Lo = @Fg—1) W+ BVisn)Tu_1+ (ra—1) Qra—1
+ @u-1) BVigzuze + (BVizsuzn) Ta—1+ @u-1) BVayu + (BVeym) Tra—1

We can substitute out 7y _1 and Ty _1 using the period H — 1 laws of motion from equations (D.14) and
(D.16) to get:

L= Bizg-1Tm—2+Z0z:0-120-1+Z155.0-120 + Ve i—1) W + BViz mr)
& H-1ZH-2 + 20,85, H—12H—1 + 51,35, H—12H + Va,H—1)

i H—1LH—2 + Z0,r2, H—12H-1 + 21,72, H—12H + Yr,H— 1) Q

is HATH-2 + 20550 120H-1 +Z1520 120 + Van—1) BViszmZn

+ + x + X

(B
(Bz
(B
(Braz,g—1TH—2 +Z0r2H-120-1 + ZE102,H- 120 + Vr.H-1)
(B
(BV;

xZ,HZH) (Bza, H-1TH—2 + 20,32, H—12H-1 + Z1,35, H—120 + V3,H-1)
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+ (Bzz.g-1TH-2 +Z055.0-120-1 + Z125.0-120 + Va.0-1) BV 1

+ (BViy.n) (Bzzm—1Tm -2+ Z025, H-12H-1 + Z1.55. H-120 + Ve, H-1)

+ BVee,H

= (Tg—2) Vie,g-1Zm-2+ @r—2) Vigsm—12a-1+ Vizzsm—12a-1) Tr—2

+ @g-2) Vozza—12Zm + Vagzm-12u) Tr-2 + (@r—2) Viy -1+ Viy,m-1) T2

+ Vet 1 (E.10)
where:

Va":a":,Hfl = (Bi:a?,H )/ (W + Bij H) i@, H—1 + (BTi’Hfl)l QBME’Hfl (E.ll)
Vizzm—1 = (Biza—1) W+ BViz i) Zo0zzm0-1 + (Bra,ir—1) Q02,01 (E.12)
Voszn = (Bazg—1) W+ Vazn)Zrss.01+ (Bran) QZ1 501

+ (Biz,-1) BV1,ez.1 (E.13)

Viy—1 = (Bzzu—1) W+ BViz ) Va,u—1 + (Bra,—1) QYrir—1 + (Bzz,r—1) BVay, u(E.14)

and where V.. g—1 is a composite comprised of terms in the one-period and two-period ahead anticipated
disturbances, Zy—1 and Zg, and constants, vz m—1, Vr,i—1, Vz,a and v, g (and, therefore, independent

of fH,Q).

E.3 One period ahead loss function in period h

The generic period h expressions for the one-period ahead loss function, valid for period h =1... H — 2

is as follows. The period h + 1 loss can be written as:

Lhi1 = @n1) Waner + (rhe1) Qrigr + BLavo (E.15)

We substitute out L4 using a generic variant of equation (E.10) to get:

~ / ~ !
Lht1 = @hs1) W+ BVasht2) Thet + (Thg1) Qs
H—h—1 H—h—1 !
+ @) B Z Vs.23,ht22h+1+s + (5 Z Vs,fcz,h+25h+1+s> Thy1
s=1 s=1

+  (@ny1) BVaynra + (BVaynia) Thia
BVee,h+2 (E.16)

+

We can substitute out r1,41 and Zj1 using the period h + 1 laws of motion to get:

rz h+1xh + Es,ri,h—}-lgh—o—l—o—s + ’Yr,h—&-l
s=0

b )
)

rw h+1xh + E —‘s rZ h+lzh+1+s + Yr,h+1

H—h—1 !
Lny1 = | Bsz h+1%n + Z Es,52h+12h+14+s + V41 | W+ BViz ht2)

s=0

H—h—1

Biz ht1Th + Z Es.52,h+12h+14s + Va,ht1

s=0

Heh—1

+ Q
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H—h—1

/
+ < 33 h+1Th + Z Es,gzz*,h+15h+1+s+%,h+1> B Z Vs.22.h+22h+1+s

s=0 s=1
1

H—h—1 H—h—1
+ |8 E Vs ,#2,h+22h+14s Biz h41Zh + E Es,52,h+12h+14s + Vi htl
s=1

s=0

H—h—1 !
+ | Bz, n+1%h + E Es#5,ht12ht1+s T Vi ht1 | BVay ht2
s=0

—h—
! ~
+ (BViy,ht2) ( w5 h+1Th + Z Es.52,h+12h+14s + %,h+1>

5=0
+ ﬁvcc,h+2
H—h H—h
- (gh)/ an: h+1xh + .’Eh ! Z s,ZZ2, h+1zh+s + Z s,TZ h+1zh+s) Eh
s= s=1
+ (@) Vayht1 + (Viyne1) Tn + Vee g (E.17)
where:
Viznt1 = (Bzzpt1) (W + BViz ni2) Biznt1 + (Brani1) QBra hit (E.18)
Vszzher = (Bazh 1)/ (W 4 BViz ht2) Es—1,32,h+1 + (Brant1) QZs—1,rz.h+1
+ (Biznt1) BVei1zzn1e (E.19)
Vi’y,h+1 - (B:i )I (W + BVza: h+2) Yz, h+1 + (Br:v h+1)/ Q% h+1 + (Bma: h+1) ﬂvzr'y h+2(E 20)

with Vj zz p+2 = 0, and where Vi 41 is a composite comprised of terms in anticipated disturbances,
{Zhs}E5", and constants, {7y nis}75" and {744 }25" (and, therefore, independent of ).

F Applicability of the Holden and Paetz (2012) approach for

optimal discretion

This appendix explores the relationship between the Brendon, Paustian, and Yates (2010) (‘BPY’) and
the Holden and Paetz (2012) (‘HP’) approach to implementing occasionally binding constraints when
policy is set optimally under discretion. It should be re-emphasized that this analysis does not represent
a criticism of Holden and Paetz (2012): their methods are designed to handle particular cases and they
do not claim that optimal discretionary policy is among those cases.

A simple two-period example is used to make the algebra tractable, together with the following

simplifying assumptions:
1. There is a single instrument and a single bound constraint.
2. The steady state is characterized by a regime in which the constraint is not binding.

3. There is a unit coefficient on the instrument in the constraint — i.e. that S = 1 in the inequality

constraint in equation (54).
4. There are no shocks — i.e. the constraints bind because of the value of the initial condition, Zg.

The rest of this appendix proceeds as follows. Section F.1 demonstrates that application of the HP
routine produces identical results to the BPY routine if the constraint binds in period 1 only. Section
F.2 demonstrates that the HP routine fails to replicate BPY in the case where the constraint is expected
to bind in period 2 (but not in period 1), except in the case of purely forward-looking models. It then

discusses the source of the failure and, on that basis, shows that the HP routine can be ‘corrected’ to
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replicate BPY. Unfortunately, the correction requires knowledge of when the constraint is and is not
binding and is, therefore, not useful in practice because it would require iterating over guesses for that
in exactly the same way as BPY.

F.1 Constraint binds in period 1 only

Consider first the case in which the constraint binds in period 1 only. In periods 2 and onwards, it is
assumed that the constraint does not bind and so the solution in those periods is time invariant and

identical to the unconstrained problem (i.e. Dennis (2007)).

F.1.1 BPY solution

Given an assumption that the constraint binds in period 1 (J; = 1), but not in any future period (and

given the particular assumptions described above), the BPY solution for the instrument is:

r = Brz1Zo+ v
= b (F.1)
which follows from:
Br:ﬁ,l = Frr,lAi,l (F2)
Yr1 = Frr,lAc,l + Frp,,la]]lb (F?))
and:
1 _
Ty = A7 (I= -5+ 5an) " 1art)
= 0 (F.4)
1
Lrpr = AL % (]I*Jh + rl)
= 1 (F.5)
Ao = ( ) BVzqy2 — Gt ( i Vi2 T ﬁf%z)
= 0 (F.6)
From this, it follows that:
21 = BzziTo+ Va1
- —o;! (ﬁf%o + ﬁffb)
- —o! (ﬁffo + ﬁfb) (F.7)

which follows from application of the formulae for Bz ; and vz, with B,3; = 0 and 7, = b, and from
the observation that the constraint does not bind from period 2 onwards, meaning that the solution is
identical to the time-invariant unconstrained Dennis (2007) solution so that ©; = ©.

It is also possible to derive an expression for the Lagrange multiplier using the same logic:

i = BuziZo+ Y1
= —A{i)’l?ﬁo + A,b
= —A;To+ A (F.8)
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which follows from:

Bﬂ:i,t = Fur,lAi,l <F9)
’yp,,l = Fpr,lAcJ + FNN/;lJlb (FIO)
and:
Tun = —(I-Ti+LA DT AL

= -1 (F.11)

1\ —1

Pppa = (H_J1+J1Ar,%)
= A (F.12)

and that A;; = 0 as demonstrated above and that Az ; = Az and A.; = A..

F.1.2 HP-implied solution

As a starting point for application of the HP routine in this example, consider equation (70) which
defines a law of motion for the instruments as part of the BPY solution. Given the assumptions (in
particular, that S = 1 and that there are no constraints binding in any future period), the definitions of

the coefficients in that equation allow it to be written as:
r = A:lAJj%O + A;llul (F13)

Note that time subscripts have been dropped, consistent with the objective for exploring whether use
of the HP algorithm would obviate the requirement to use BPY (and the time variation in the laws of

motion that comes with it). Indeed, note that the equation can be rewritten as:

r1 = BrzTo + (I)T;LMI (F14)
where:

B.: = A'A; (F.15)

®,, = A (F.16)

Since r; = b by assumption, the equation can be rearranged to define the Lagrange multiplier, u; as:
nr = —AzTo + Ab (Fl?)

which is identical to the expression from application of the BPY solution above. We also know that:

fl = B;cgcfo + ‘I’;cu,ul (F18)

where:
Biz = —©°! (ﬁf + fISBTQE) (F.19)
®;, = -O©7'H®,, (F.20)
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which means that:
Z1 = DBzzZo+ Paum

= —@_1 (ﬁf + ﬁrCBri) 50 - 6_1ﬁrc(bru,ull

- —o! (fff + fITCA,TlAi) Fo— O THC AT

- —o! (Hf + ﬁEA;lAj) Fo— O LHEAT (A b — Aso)

= ot (ﬁfzo + fffb) (F.21)
which is identical to the expression from the BPY solution.

This demonstrates that the HP routine can be used to replicate BPY for a single instrument with a

single constraint binding for one period.

F.2 Constraint binds in period 2 only

This section uses the same example, but assumes that the constraint binds in period 2 (and not in period
1). Once period 2 arrives, the solution is the same as that detailed in Section F.1. This is useful since it
means that it will be straightforward to substitute out period 1 expectations for period 2 outcomes. It
also means that the source of any difference between the BPY solution and application of the HP routine

can be attributed to expectations being incorrectly imputed in the HP routine.

F.2.1 BPY solution

Given an assumption that the constraint binds in period 2, but not period 1 (J; = 0 and Jo = 1), the

BPY solution for the instrument is:

r = Brz1%o+ Ve (F.22)
where:
Brzi = Tralzn (F.23)
Yrl = Frr,lAc,l + Fry,lvﬂlb
= I'alen (F.24)
and:
_ _y—1 _
Ty = ALL(I- (I-T+5hAm) " hant)
- A;%
N1
= (Q+aH?) (F.25)
Az = *Clﬁf (F.26)
- N\ ~ ~
Ac,l = (@1—1[{5) /vif'y,Z_Cl (Hg’}/j72+Hf’yr72) (F27)
and:
—~ /
G = (@lerC) (W + BVzaz2) O7 (F.28)
0, = ﬁg"‘ﬁiFBjj’Q"‘ﬁfBrj’Q (F.29)
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and, given that the constraint is binding in period 2, we can use the results from Section F.1.1 to define

Brz2, Bsz 2, Vr2 and vz 2 as:

Byzo = 0 (F.30)
Bizp, = —-©7'HF (F.31)
Yr2 = b (F.32)
Vio = —OTHCD (F.33)

and, finally, applying the recursive formulae for the loss function coefficients, along with the fact that

the constraint is known to not be binding from period 3 and onwards:

Vizoe = (Bszz2) (W +BVizsz)Bizo+ (Braa) QBrso

_ @*ﬁff)/ (W + BViz) 01 HE (F.34)
Vive = (Biz2) W+ BVizs)ve2 + (Briz2) Qvrz + (Biz2) Vi

- (e—lﬁf)'(wwvﬁ)@—lﬁf‘b (F.35)

Putting this together (i.e. substituting the relevant expressions through) gives:

Bri,l = Frr,lAi,l

- <Q+C1ﬁf)_1§1ﬁ£ (F.36)

and:

Y1 = Dp1len
= (Q + lefrc)_l ((Gllﬁrc)/ﬁvi’yﬂ -G (ﬁf%c,z + ﬁf%,z))

= (Q + leic)_l ((@Ilﬁf)/ BViya + (1 (1?156*1?[? - ﬁf) b) (F.37)

The solution for the non-instrument endogenous variables follows (relatively straightforwardly) from
this. It is assumed that if the HP algorithm produces an identical solution for the instrument, then it will
also produce an identical solution for the other endogenous variables. Conversely, if application of the

HP algorithm does not reproduce the solution for the instrument, then the solution must be incorrect.

F.2.2 HP-implied solution

To isolate the steps that gives rise to the source of the failure of the HP routine to replicate BPY, the
HP-implied solution is derived from first principles.

The policymaker’s problem is to minimize the loss function subject to the constraint imposed by the
model and subject to the ‘shadow shocks’, which are known to exist in period 2, given the assumption

that the instrument is constrained in period 2. The model equations can be written as:
ﬁ§§2+ﬁ551+ﬁffo+flf7’g—&—ﬁfﬁ=0 (F.38)

Given the assumption that the constraint is binding in period 2 only, the law of motion for Zy and rs is

the same as in the one-period only binding constraint case from Section F.1.2. These observations can
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be used to substitute out 5 and ro and rearrange to get:
LAL"1 :—@_1 ((flgq)im'i_ﬁfq)ru) u2+ﬁ£50+fng1) (F39)

where:

© =HS + H B3z + HE B,z (F.40)

This can be embedded in the policymaker’s loss minimization problem:

min (1)’ W (Z1) + (r1)' Q (r1) + BLs

21,71

Y (%1 +o! ((ﬁg% + f[f@m) po + HBFo + ﬁl,.crl)) (F.41)

The first-order conditions are:

r: 20m) Q+ Baa—ff — 2N 0 'HS =0 (F.42)
T 2(%1)’W+ﬂg—§12 —2\, =0 (F.43)
)\1 : %14’@71 ((Hg(pi#+ﬁfq)m¢> ,LL2+]?‘},;.BE()+FI§T1) =0 (F44)

The results in Appendix E imply that:

Lo = (31) Vaz®r + (1) Vaupiz + (p2)’ (Vap) 71+ C (F.45)
where:
Viz = (Bzz) WBsz + (Brz) QBri + B (Bzz) Viz Bz (F.46)

and C is a constant that is a function of s only. It is straightforward to see that %ﬁf = 0. It is also
straightforward to see that:

% =2 (%1), Vig +2 (,I.Lg)/ (Vj} )l (F48)
This expression can be substituted into the FOC for the endogenous variables and the result rearranged

to give an expression for \}:
M= (@) (W + BVzz) + (12)' B (Vay) (F.49)
This in turn can be substituted into the FOC for the instrument to get:

(r) Q= (@) (W + BVaz) + (n2) B(Vz,)) O HE = 0
Or — (@—1f1§)'(w+5vﬁ)fl— (@*ﬁff)'ﬁvmz — 0 (F.50)

Substituting for Z; using the FOC for the Lagrange multiplier (i.e. the constraint implied by the model

combined with the period 2 solution) gives:
—~ —~ ~ —~ —~ I
Qri+ ¢ (AL @z + HE®, ) o+ HE o + HEr1) = (07HE ) #Vaupa = 0 (F.51)
where:

¢= (07" HS) (W + Va0 (F.52)
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which can be written as:

r1 = BriZo + Epppto (F.53)

where:
B, = —(Qcaf)  ca? (F.54)
. (Q . Cﬁfj)il ((@_1@0)’ BV — ¢ (ﬁf%u n ﬁffbm>) (F.55)

It is clear that B,z is not the same as B,z 1 from the BPY solution above. Does this mean that
the HP approach cannot replicate the (correct) BPY solution and is, therefore, not a valid method
for imposing instrument bound constraint when policy is set optimally under discretion? That is not

immediately obvious. In particular, the algebra in Section F.1.2 demonstrated that:

Since 7 is a function of g, it is no longer obvious that the coefficient on zg in a law of motion for
r1 with the period 2 shadow shocks substituted out (as is implicitly the form of the BPY solution) is
necessarily different to the BPY solution. To proceed, the simultaneity between the shadow shocks in
period 2 (u2) and outcomes in period 1 (rq and Z;) must be eliminated.

Start by writing x; as:

Ty = BzzTo + Sz (F.57)

where:
Bsz = -O71 (fff n EITCBTi) (F.58)
S5y = —O7! (Hf Bz, + HID,, + HSEW) (F.59)

This can be substituted into the expression for ps. Doing so and rearranging gives:
pa = — (14 8zZ5,) " (A Brafo — Arb) (F.60)

which exploits the assumption that there is only one instrument constraint (i.e. that n, = 1). This in

turn can be substituted into the law of motion for the instrument to get:

ri =Bl 170+, (F.61)

where:
B:[i,l = Bz —Z (1+A:E5,)" " Az Bz (F.62)
W= S (4 AsEs) T A (F.63)

)

Thus, the question of whether or not application of HP can replicate BPY boils down to the question
of whether or not Bii’l = B,z and fyi,l = vp,1. First consider fy:[’l and suppose (temporarily) that
(1+ AzE3,) = 1. In that case:

7:,1 = En b
= (@+ea?)” ((@—1&?)'5%“ - ¢ (HE @, +f1f<1>w)> Ab

- (Q + gﬁf)_l ((@ﬁf)'mf@ +¢ (I?g@*lfIfA;l + I?fArl)) Ab  (F.64)
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This is similar to the expression for v, ; (reproduced below), but not identical. In particular, it would
be identical if: © = O, ¢ = (3 and V3, Azb = V4 2. It is straightforward to verify that that is not the

case.
i = (@) ((eAS) svaa o (AT AS - AF)o)

Of course, there is no reason why (14 AzZ;,) =1 and, in general, it will not. A general expression for
7171 can be derived by substituting in the expression for Zz,. That expression is clearly different to the
correct BPY solution. A similar conclusion can be drawn from comparison of Bii’l with B,z 1. This
demonstrates for this example that application of the HP routine to the problem of optimal discretionary

policy with instrument bound constraints will not yield the correct solution.

F.2.3 A special case

The analysis above suggests that there is a special case in which application of the HP algorithm correctly
replicates the BPY solution. That is the case of a purely forward-looking model or, more precisely, a
model in which the optimal discretionary targeting rule is static (i.e. one in which there is no effect of
choices today on losses in the future). In this special case, Byz1 = Bim = 0. The constant in the BPY
solution for the instrument in the two-period example (with the constraint binding in period 2) becomes

the following:

= (Q+aAS) ((@llﬁf)' BVayo+ G (HEOHC — HY) b)

- (m ((ﬁgﬁg@lﬁf)”ﬁf)’w(ﬁgﬁgelﬁf)”ﬁf)_l

X

((ﬁg‘ —fre iy ﬁ,c)'w (S - iro1ii2) " (HEeHE — AF)b (F.65

which follows from:

—~ /
G = (@lerc) (W + BVzz2) O
~ /
- (@;11{?) wer! (F.66)
0, = HS +I§£B5ci,2 +fffBr5c,2
— HY - HIo'HP (F.67)
and:
Bri,2 = 0 (F68)
Bizo = —-O©7'HP (F.69)

Application of the HP routine yields the following equivalent:

%]i,l = En (1+ AiEiu)_l Ab
’Y:,l = EmArb

-1

- (Q + ((ffc ~mre~ip) ﬁf)lw (¢ - Are-'i?) f[f)

X

((ﬁg - Arear) ﬁg) W (S - are—aP)  (AfeHS — AF)b (£.10)
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where the second line follows from Az = 0 (which is by virtue of the assumption that the model is either

purely forward looking or that any lags in the system are not relevant for optimal policy) and:

= = (@+ca?)” ((@‘1ﬁ5)'ﬂm ~ ¢ (E @z, + HE <I>m)>

<Q + (e - fire P ) w (RS - ife P ﬁg) -
« ((HS —BFoBZ)BC) W (HS — AFe'HB) (AFeHC — BF) A7 (F.71)
(( )as) w( ) ( )

which in turn follows from:

—~ /
¢ = (eilHrC) (W + BVzz) O~ !
~ /
- (@‘1HTC) Wwe-! (F.72)
© = HS+HIBz + HIB,;
= Hf -Hf® 'H} (F.73)
and:
Bz = 0 (F.74)
Biz = —-©'HP (F.75)
&z, = —O'HC®,, (F.76)
®,, = A (F.77)

which is identical to the (correct) BPY solution.

This demonstrates that in the two-period example at least, application of the HP routine is valid
for imposing instrument bound constraints under optimal discretionary policy when the model yields
a static targeting condition. While the proof given here was not general, tests using forward-looking
models for problems in which instrument constraints bind for multiple periods suggests that the proof
could be generalized to multi-period settings. It is also worth noting that this special case in which the
HP routine is valid is the same special case as that in which the standard rational expectations solution

for the forward loadings on anticipated shocks is also valid — see Section 4.2 for a discussion.

F.2.4 Why is application of the HP routine invalid away from this special case?

The reason why the HP routine is valid in the special case of models that yield a static targeting rule
is that optimal decisions today are irrelevant for future losses. For the same reason, the value of the
shadow shock necessary to impose the instrument bound constraint in period 2 is independent of period
1 optimal decisions. This suggests that the source of the failure of application of the HP routine in the
general case is that it does not take account of the endogeneity of the future shadow shocks with respect
to today’s choices — the logic of the HP routine is based on the idea that shadow shocks are isomorphic
to anticipated shocks and those are, by definition, assumed to be exogenous.

This reasoning can be formalized and tested. This section repeats the derivation in F.2.2, but
proceeds on the basis that the policymaker accounts for the endogeneity of the period 2 shadow shocks
with respect to period 1 decisions. In particular, application of the one-period only binding constraint
case from Section F.1.2 implies that:

o = —Azx1 + Ayb (F.78)

The endogeneity of ps can be embedded into the policymaker’s optimal decisions by substituting out the
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shadow shocks in the rearranged model equations (F.39) from Section F.2.2 and then rearranging the

result to get:52

1 = —k]! ((ﬁg@m + ﬁffbm) Acb+ HB o + ﬁfrl) (F.79)

where:

R1 = ﬁg + ﬁg (Bjj - @j#Aj) + ﬁf (Bmz - (I)”LAj) (F80)

This can be embedded in the policymaker’s loss minimisation problem as before:

Inin (@) W (Z1) + (r1) Q (r1) + BLs

N, (il +r7t ((ﬁg% + ﬁfém) Ab+ HB%o + ﬁfrl)) (F.81)

The first-order conditions are:

oL -
e 2(m) Q+ 5% — 2N k7 THE =0 (F.82)
e 2(@) W 52—% —2)\, =0 (F.83)
)\1 : 51+I€1_1 ((ﬁ£¢j#+ﬁf@7~#) Arb+ﬁa—tB’£L'vo+ﬁgT’1) =0 (F84)

The recognition that the shadow shocks are endogenous also has implications for the marginal effect

of current decisions on future losses. Losses in period 2 can be written as:
Lo = (T2) W (T2) + (12) Q (12) + BL3 (F.85)
Given that the instrument is unconstrained from period 3, it is the case that:
L3 = (T2) Viz (¥2) (F.86)
Substituting this into the expression for Lo gives:
Lo = (T2) (W + BVzz) (T2) + (r2) Q (r2) (F.87)

and using the period 2 laws of motion for Zp and 73, having substituted out y and rearranging gives:*?

EQ = (51)/ Vj}*jg%l + (.%1)/ Vi*y,,Q + (Vi’*ﬂ,z)/‘%l + C (F88)

where:
Visa = (Baz— ®z,8:) (W + BVaz) (Bsz — Pauls) + (Bra — ©1uAz) Q (Brz — ®ruAz)(F.89)
sz = (Baz — ®auls) (W4 BViz) aurb+ (Brz — DuAz) Q@ AD (F.90)

and C is a constant that is a function of b and parameters only. It is straightforward to see that %ﬁf =0.

It is also straightforward to see that:

0Ly

~ « N
P 2 (1) Viz o +2 (Vi2) (F.91)

52Note that x has a time subscript reflecting that it would, in general, depend on the number (and precise
sequence) of future periods in which the instrument bound constraint is expected to bind.

%3 Again, V33, and V3, ; have time subscripts in recognition of the fact that these coefficients depend on the
number (and sequence) of future periods in which the instrument bound constraints are expected to bind.
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This expression can be substituted into the FOC for the endogenous variables and the result rear-

ranged to give an expression for \|:
N o= (7)) (W +BVio) + (n2)' B (V»f*ug)l (F.92)
This in turn can be substituted into the FOC for the instrument to get:
() Q= (@) (W + BVisa) + B (Vo) ) i M HE = 0
Qry — (ﬁflﬁf)' (W + BV ) T — (ﬁflﬁf‘)' BVi, = 0 (F.93)
Similarly, Z; can be eliminated using the FOC for the Lagrange multiplier to get:
Qr1 + 1 ((ﬁIF Oz, + HE @Tﬂ) Acb+ HB o + ﬁffrl) - (n;lﬁf,?)' BV, =0 (F.94)

where: /
X1 = (ﬂflﬁf) (W + BVi5) Kyt (F.95)

which can be rearranged and written as:

R (F.96)
where:
re1 = — (Q + xlﬁf) B (F.97)
o= (Q + xlﬁf)_l ((nllflf)/ BVZ .0 —1 (ﬁgcbju + ﬁf@ru) Arb)
= (@) (s ) Vi (HEOTHE - HE)D) (F.95)

where the third line follows from substituting in the known expressions for ®z, and ®,,, from Section
F.1.2.

The equivalent BPY expressions copied from Section F.2.1 are:

Sy

3

&

o
I

- (Q+glf1§)7l G HB (F.99)

B
3
I

(@+arc)” ((@Ilﬁf ) 8Vara+ G (BLO A — ) b) (F.100)

It is clear that these expressions are identical if: VZ*

a2 = Vav2, xa = ¢1 and k1 = ©;. The (correct)

BPY expressions from Section F.2.1 are:

SN’ ~
Viye = (O7UHE) (W +pVaz) 0 HCY (F.101)
~ /
G = (@Ilﬂf) (W + BVzz2) O7 (F.102)
@1 = ﬁg + ﬁiF.‘Bij + ngT‘i,Q
= HY —HIo'HE (F.103)
where the final line substitutes in B,z 2 =0 and Bzz 2 = —9_1fI5CB and where:
SN’ ~
Visz = (O7UHE) (W +pViz) 0 HE (F.104)
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Starting with V7, 5, application of a variant of the HP method extended to recognize the endogeneity of

L gives:
a2 = (Biz — Oz, 0z) (W + BViz) ®zArb + (Brz — ®,,A0z) QP ALb
~ ~ ~ / ~
= (07 (HE + HEA'Az) — 0 HEA AG) (W + BVaz) @ HEA A
+(ATA: — ACTA;) QATTALD

~ / ~
(elef) (W + BVaz) © ' HED (F.105)

where the second and third lines substitute in the expressions for ®3,,, ®,.,, Bzz and B,z. This expression
is identical to the BPY equivalent. A necessary condition for x; = ¢y is that V7 o = V5.
First, VZ;

. 5 can be written as:

Vize = (Bzz— ®;,A0z) (W + BVaz) (Biz — ®2,0:) + (Brz — ©,,A8:) Q (Brz — ®,.,Az)
~ / ~ /
= (e7'HE) (W + 8Vis) (07 HE) (F.106)

which follows from the same substitutions as into Vi,.,2 and is also identical to the BPY expression.

Turning to x; and k1, the ‘endogenous HP’ expression for y; is:
—1r7C ! * -1
i = (KTHS) (W + BV o) 1 (F.107)

Since it has already been established that V2. , = VX

772 = Viz, X1 is identical to (7 if k1 = ©1. The expression

for k1 can be written as:

k1 = HS + HE (Biz — 93,0:) + HY (Brz — ®,uAz)
= HY - HFo'HP (F.108)

which is identical to the BPY expression for ©1, thereby proving, in this two-period example at least,
that the source of the failure of application of the HP algorithm for imposing bound constraints in the
case of optimal discretionary policy is a failure to take into account the endogeneity of future shadow
shocks with respect to current decisions. Intuitively, a policymaker can seek to mitigate the impact of a
bound constraint on the discounted sum of future losses in the optimal decisions they make. In treating
the shadow shocks as exogenous (and isomorphic to anticipated shocks), an unadjusted application of

the HP routine fails to take that into account.

F.3 Summary

Do the preceding investigations imply that an ‘endogenous HP’ routine (that corrects for the dependence
of future p on current and future states) could be used in place of BPY to more efficiently compute
solutions in which instrument bound constraints may occasionally bind? Unfortunately, the answer is
‘no’. In making the endogenous correction to the HP algorithm, in line with the particular example
studied above, it was assumed that it was known that the constraint was binding in period 2, but not
in any other periods. Thus, to apply a correction to the HP algorithm in a case in which the periods in
which any constraints are binding are unknown would require a conjecture for the periods in which the
constraints bind. As a result, such an approach would require the same ‘guess and verify’ inefficiency

inherent in the BPY approach.
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G Optimal commitment solution with non-policy OBCs

The solution is analogous to those for optimal discretion with anticipated disturbances and follows a
backward induction approach. The starting point is the structural form of the model given in equation

(83), and repeated here for convenience:
HyFyt—&-l + Hgftyt + nyt—l =% + W, e (G.1)
G.1 Period H

The assumption that the model is in the ‘baseline’ state from period H + 1 onwards implies that:

yu+1 = Byyn

where B, is the rational expectations solution matrix derived in Section 3.

Using this result in the structural form of the model for date H implies that:
yu = By pyg—1+ ®PuZy + @y gpn

where

_

Byu= — (H'Byuw +HS ) HP
1 ~

oy = (H By +HS y) Vs

U

—1
O, q= (H;B;%H-‘rl + HyCH) "

G.2 Period H -1

In period H — 1, the structural form of the model is:
Hlyg +H gy yyu—1 + HYyg—o = U2t + Vg
Using the solution from period H gives:
H) (By,Hnyl + P2y + q)u,HMH) +HS y yg—1 + HY G2 = U:2go1 + Uypar
which implies that the solution for yy_; satisfies:
YH—1 = By r—1yg—2 + Py 1% 1+ FH—1,1&)H3H + @, H-1pH-1+Fu_11®u mpH
where

Byg 1= — (HiBy,H + HyC,Hfl)i H?f
By 1= (H By y+HSy ) s

Om-1= (HyByw+Hyy ) ¥

Fg_11= — (HjBy,H +H£H—1)_1 Hy
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G.3 Period H —2

The structural form is:
ijH—l + Hggfngfz + HyBnyii =V:Zg o+ Vyupug o
and plugging in the solution for yg_1 gives:

Hj (By,H—ﬂJH—z + @y 1Zgo + FH—l,l(/I;HEH +@, 5 1pug1+ FH—l,l‘I)M,H,UH)

+ HyC:H—QyH—2 + nyH—:s = U:Zy o+ Uil —2

so that:
YH—2 = By m_oym—3 + Dy 9% o+ FH72,1$H712H71 + FH72,2(T)H2H
+ @, gopg—r2+Fr_o21Pum_1pg-1+ Fa—22®, mpm
where
—1
Bypg_o= — (H By - 1+HyH 2) H
o~ 1 o~
Oy o= (H,, By g1+ Hy,H_g) W
—1
Oumo= (HyBym1+Hyy o) ¥,
-1
Frg_o1= — (H;By,Hq + Hy(’jH,g) Hf
-1
FH—2,2 = - (HyFBy,H—l + HyC;H_Q) HjFH—l,l

G.4 Period H — 3

Using the H — 2 solution in the H — 3 structural form implies that:

IF By r—oyr—3+Pu_oZy_o+ Fu_01Pug_1Zp—1 + Fa_22PuZn
Y +@, gopg—2+ Fao1®ym_1pg—1+Fa—22®, mpm

+ HgH—ByH73 + Hfl/H—z; =V:Zg 3+ Vg3
so that:

YH—3 = By m_3yg—a +Pr_3Zg_3+ Fr_31Py_2Zn—o+ Fr_32Pg_1Z25-1 + Fu_33®uzn

+ P33+ Fg_31Pumopg_o+Fyg_32P, g 1pg—1+Fu_33P, mpun

where

By_3= — (H ByH 2+HyH 3)

by_g= (H By o+ HSy 5) \Tf

B, s = (HFBy H2+ HCH_3) v,
1

z

Fr_31 = ( g, H—2 +H H— 3) Hj
1

Fr_30 = (H By g2+ Hu H_3) HjFHle
1

Fy_ss= — (HYByg—o+HSy 3) HYFg_o»
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G.5 Period t

The preceding recursions reveal that the the general solution in period t is given by:

H—t H—t
Ye = By ye—1 + Z Fn®@inZeqn + Z Eyn @y vnlbe+n
h=0 h=0
where
—1
Byi= — (Hf Bys1 + H,)  HY
~ 1 ~
O, = (Hf Byus1+ HS,) U
—1
(I)/L,t = (HJBMH + Hyct) \IIH
and

By nt1 = By

where B, is the rational expectations solution from equation (14).

For h > 1, the F' matrices are given by:
Fen=TiFep1n-1
with
Fio=1I
which implies that F;; = T, where

-1
Yy =— (H Byss1+ HS,)  HY
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