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ancies and identifies the key bottlenecks. The implicit finite difference method - a com-
monly used tool in continuous time - accounts for a large share of the difference. This
method is shown to be a special case of Howard’s improvement algorithm, efficiently im-
plemented by relying on sparse matrix operations. By representing the policy function
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Computation © 2022 The Author(s). Published by Elsevier B.V.

This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Continuous time has resurfaced as a popular environment for economic models. A prominent reason is that those en-
vironments are particularly suited for an efficient numerical analysis. In the context of a workhorse heterogenous agents
model, for instance, Achdou et al. (2022) show that a framework in continuous time strictly dominates that in discrete time,
and can be many times faster to compute.? This paper identifies key components of these speed-gains, and shows how
they can be efficiently implemented also in a discrete-time setting. By doing so, the discrepancy in computational time is
eliminated.

The departure point of the paper is a standard heterogeneous agent model in discrete time. Continuous time is then
defined as the limit when time intervals between periods approach zero. For the main analysis I confine attention to
three canonical solution methods: value function iteration for discrete time, and two implementations of a finite differ-
ence method for continuous time; the explicit method and the implicit method see, for instance, (Candler, 2001).> While the
implicit method has robust convergence properties, the explicit method can be less reliable in numerical implementations.
This latter feature often necessitates very small updating steps - known as “time steps” - leading to slow convergence.*

In discrete time, value function iteration provides a natural benchmark as it has well-documented convergence properties.
These properties carry over to any length of model’s time intervals, which can be arbitrarily small as long as they remain

E-mail address: pontus.rendahl@gmail.com

1 The author would like to thank Wouter den Haan, Jeppe Druedahl, Benjamin Moll and Karl Harmenberg for providing helpful comments and sugges-
tions.

2 The continuous-time framework in Achdou et al. (2022) generally ranges from being two to 30 times faster than the discrete time equivalent, but can
be as much as 500 times faster depending on the metric.

3 Value function iteration is sometimes also referred to as the method of successive approximations.

4 These features are discussed in both Barles and Souganidis (1991) and Candler (2001). The explicit method does indeed converge in theory, but for
numerical implementations the required time step may easily become prohibitively small.
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strictly positive. However, at shorter time intervals the discount factor is close to one, and convergence is slow. When the
interval length approaches zero, value function iteration converges to the explicit method. Thus, by heuristically linking the
explicit method in continuous time to value function iteration in discrete time, this paper provides an insight as to why the
explicit method generally has slow convergence.

However, while value function iteration is susceptible to a discount factor close to one - and, by extension, also the
explicit method in continuous time - the same is not true for Howard's improvement algorithm (see e.g. Rust, 1996).° Thus,
this improvement algorithm also appears promising for a continuous-time setting. Indeed, as the length of time intervals
approach zero, the limit of Howards improvement algorithm coincides with the implicit method. Thus, the implicit method is
the continuous time equivalent to Howards improvement algorithm in discrete time.6 The “time step” in the implicit method
corresponds to a smoothing, or dampening, parameter for the update in the improvement algorithm; setting this time step
to infinity is then isomorphic to setting the dampening parameter in discrete time to zero.” This strong connection between
the improvement algorithm in discrete time and the implicit method in continuous time, provides a heuristic argument as
to why the implicit method requires few iterations for convergence.

Yet, while Howard’s improvement algorithm in discrete time is often considered prohibitively slow, the implicit method
is fast.® The reason is relatively straightforward: the continuous-time formulation of the Bellman equation - the Hamilton-
Jacobi-Bellman (HJB) equation - does not contain future values of the value function, but only (the derivative of) current
values. As a consequence, the update of the value function can be formulated as the solution to a system of linear equations.
And as this system is sparse it can be solved efficiently. The same is not true in discrete time.

To obtain a similar result in discrete time, I use an idea from Young (2010) and represent the policy function with a
transition matrix. Each row of this transition matrix corresponds to a grid point of the current state. And the only nonzero
elements of each row are the two adjacent grid points surrounding the optimal choice at the indicated state. These ele-
ments contain weights such that multiplied by their associated grid points, and added together, recovers the optimal choice.
This representation of the policy function permits an approximate formulation of the improvement algorithm written as a
(sparse) system of linear equations. By exploiting this formulation, there is no remaining difference in run-time between
the discrete and continuous time, and the model can be solved 30-40 times faster compared to value function iteration.
Furthermore, I extend this idea to be applicable directly on the Euler equation, and similar speed gains obtains.’

Some of these results are, of course, partly driven by the specific model studied, and continuous-time frameworks may
have other advantages that are not fully exploited in the current setting (e.g. Ahn et al., 2017 and Fernandez-Villaverde et al.,
2019). For instance, and as mentioned above, the HJB equation does not contain future values of the value function. Thus, in
the presence of continuous stochastic processes — such as an Ornstein-Uhlenbeck process and its discrete time autoregressive
representation - continuous time yields additional benefits, as it does not require the explicit computation of expected
values.'? This paper instead considers a stochastic process that follows a two-state Markov chain, which is straightforward
to implement both in discrete and continuous time. Furthermore, continuous time may be advantageous in the presence of
occasionally binding constraints, as these are dealt with using boundary conditions rather than inequalities of the optimality
conditions. Yet, despite these features, the sparse structure of the implicit method is by many considered the most important
practical implication of continuous time, and this paper shows how to implement a similar procedure in discrete time.'!

2. Model

The model is populated by a unit measure of ex-ante identical households, a price-taking (representative) firm, and a
government. Households can either be employed, e, or unemployed, u. The employment status of the households is govern
by an exogenous Markov process, specified below. The capital market is incomplete, and households may only save in a
one-period safe asset that pays a constant, given, return, r. That is, attention is confined to the steady state in which all
aggregate variables - and thereby prices - are constant.'? Aggregate (net) savings is made available as capital to rent for
firms, which operate in a competitive rental market. Thus, the equilibrium rental rate/interest rate and wage rate is such that
the labor- and capital markets clear. Time is denoted t =0, A,2A,3A...., with A € (0, 1]. Following the usual convention,

5 Howard'’s improvement algorithm is sometimes also referred to as policy function iteration or the policy improvement algorithm.

6 While not focussing on discrete time, Phelan and Eslami (2022a) also note that there is a close relationship between Howard’s improvement algorithm
- in the context of the Markov Chain Approximation Method by Kushner and Dupuis (2014) - and the implicit method.

7 Indeed, a salient feature of the implicit method is that the time step can often be set to infinity, which stands in marked contrast with the explicit
method for which the time step must be (often prohibitively) small.

8 For instance, Rust, 1996 suggests in a discretized setting to use the improvement algorithm only if the number of gridpoints falls short of 500 and the
discount factor is close to one. Santos and Rust (2004) show that when using linear interpolation the improvement algorithm is significantly slower than
value function iteration when the number of gridpoints reaches 1000. Achdou et al. (2022) reveal the speed of the implicit method.

9 It is commonly perceived as advantageous in discrete time to operate directly on the Euler equation (see, for instance, section 1.3 in Rendahl, 2015).

10 Continuous stochastic processes are commonly used to model aggregate shocks to the economy, which is beyond the scope of this paper. Nevertheless,
Nufio and Moll (2018), Section 3, considers a framework similar to that of this paper, in which idiosyncratic risk follows an Ornstein-Uhlenbeck process.
Their approach may yield some computational advantages that are not investigated here.

11 1t should also be noted that the model considered in this paper indeed includes a non-trivial first-order condition in the presence of an occasionally
binding liquidity constraint. However, neither of these features are sufficiently complex to add substantial computational time.

12 Section 2.3 provides a precise definition
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the limit A — O is referred to as continuous time, while any A > 0 is referred to as discrete time, with A =1 being the
default. Finally, the government administrates unemployment insurance scheme, and runs a balanced budget.

For notational convenience, any variable in period t, such as x;, will be simply denoted x. Similarly, any variable in period
t+ A, such as x;, o, will be referred to as x,.

2.1. Households

An employed household’s optimization problem is given by the Bellman equation
v(a,e) = mcax{Au(c) + (1= Ap)[(1—Ad)v(aa,e) + Adv(aa, )]},

s.t. aa

a+A@a+w(1—1)=c), a=>0, (M

where a denotes (current) assets; ¢ consumption; p the rate of time preference; § the separation rate, r the interest rate;
w the wage rate; and T are taxes.> As previously mentioned, the employment status of the household is indicated by the
letters e and u, representing employment and unemployment, respectively. The letter s will henceforth denote either e or
u when the precise status of employment is unimportant; thus, s € {e, u}. The flow utility of consumption is given by the
function u(c), and a, denotes assets in the subsequent period. The support of the endogenous state-space is given by the
interval [0, a), and it is assumed that a, < a for all a € [0, a].

Correspondingly, an unemployed household’s optimization problem is given by the Bellman equation

v(a,u) = max{Au(c) + (1 - Ap)[Agu(as, e) + (1 - Ad)v(aa, w)]},
st.ay =a+A@a+uw(dl—-1)—c), a >0, (2)

where the notation follows the taxonomy above, but with ¢ denoting the job-finding rate, and u the replacement rate.
Rearranging Eqs. (1) and (2) gives

v(aa,e) —v(a,e)

0 = max{u(c) + x - pv(aa,e) +8(1 - Ap)(v(aa, u) —v(aa, e))}, (3)
and
0= maxfu(c) + "M VO pya, w4 g1 - Ap)ian €) - v(as u) @

subject to the associated constraints from before.
Evaluating the limit A — 0 and rearranging yields the Bellman equations in continuous time; the Hamilton-Jacobi-
Bellman (HJB) equations,

pv(a,e) = mcax{u(c) +vq(a,e)(ra+w(l-1)—c)+8(a,u) —v(ae))} (5)

pv(a,u) = mcax{u(c) +va(a,u)(ra+ puw(l —1) —c) +p(v(a,e) —v(a,u))}, (6)

where v4(a, s) denotes the derivative of v(a, s) with respect to a.'*

It ought to be noted that the above derivation is valid for a € (0, @), such that a, > 0.> The borrowing constraint, a, > 0,
is then incorporated through the boundary condition v4(0,u) = u/(uw(1 — 7)).'6 A similar approach may be applied for
a = a if needed. Achdou et al. (2022) provides an excellent exposition of the underlying mathematics as well as the intuition.

Lastly, as an unemployed households in any given period finds a job for the subsequent period with probability ¢, and
any employed household keeps their job with probability (1 — §), the aggregate supply of labor, n®, follows the law of motion

my =1 -8€n"+¢(1 —n’),

13 It should be noted that it is common to use the discount factor e~2#, instead of (1 — Ap). However, as the limiting behaviour of these formulations
coincide as A approaches zero, and as the corresponding values for A =1 is a matter of calibration, the simpler notation will be used. Moreover, any
probability of an event denoted (1 — Ax) is commonly written instead as e=2*, in which x is the Poisson arrival rate of the event. Again, as the limiting
behavior coincides in continuous time, and the discrete time counterpart is a matter of calibration, the simpler formulation is preferred.

4 While these emerge as a direct consequence of analyzing the limit A — 0, they may also be derived by acknowledging that a first order Taylor
expansion of the value function is given by

v(aa,e) ~v(a,e) +vq(a, e)(an —a),
=v(a,e) +vq(a,e)(ra+w(l—-1)—c)

where v,(a, e) denotes the derivative of the value function with respect to a. A similar expression of course obtains for the unemployed.

15 Provided that the optimal choice, a,, is monotonically increasing in a and continuous in A, then for each a > 0 there exist a value for A > 0 such that
ap > 0.

16 Here it is assumed that the borrowing constraint is binding at state (a,s) = (0, u), and not otherwise - a condition that will be met in the numerical
exercise.
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Thus, the steady state level of labor is given by

__®
T p+6

nS

2.1.1. Distribution
The cumulative distribution function (cdf) of the economy, G(a, s), evolves according to

Ga(a,e) = (1 - A8)G(a— Az(a_pe, e),e) + ApG(a— Az(a_py, u), u), (7)

Ga(@,u) = (1 - AG)G(a— AZ(a_p . 1), 1) + ASG(a — AZ(A_pe.e). ). (8)
with a_a . and z(a_p .. e) defined as

=0 pe+ A(rafA,e +w(l-1)- C(a-Ae.©)),
=0-pe+Az(A pe 0), (9)

and where c(a_a,,s) and z(a_x ,,s) denote the optimal consumption and saving choices associated with the problem in
Egs. (1) and (2)." An analogous expression obtains for the unemployed. A stationary distribution is such that G, (a,s) =
G(a,s), Va and s.

Subtracting G(a, s) from Eqs. (7) and (8), using the approximation a_x ; ~ a — Az(a, s) for a sufficiently small value of A,
and taking the limit A — 0 gives the Kolmogorov Forward (KF) equations

G(a.e) = —g(a. e)z(a.e) — 8G(a. e) + ¢G(a,u). (10)

G(a,u) = —g(a, u)z(a, u) — ¢pG(a, u) + 8G(a, e), (11)
where G(a, e) denotes the time-derivative of the cdf, and g(a, s) is the probability density function (pdf). That is,

. _ 3G(a,s) _ 9G(a,s)

G(a, S) = T, and g(a,s) = T

A stationary distribution in continuous time is such that G(a,s) = 0. From hereon, I will let G(a,s) denote the stationary
distribution (whether in discrete or continuous time).

2.2. Firms

Firms hire workers, n, and rent capital, k, in a competitive spot-market, taking prices as given. As the analysis is con-
fined to the steady state - and firms are not exposed to any exogenous disturbances - these variables are constant. The
optimization problem is given by

m%x{F(k, n) — k(r+8) — nw},

where § denotes the depreciation rate of capital.
The production function is of a Cobb-Douglas type - i.e. F(k,n) = k®n!~%, for o € (0, 1) - such that the first order con-
ditions are given by

VAN (12)
o X ,
w:(]—a)(ﬁ) R

~a w)(?)tﬂ. (13)

7 In words, a_, . can be interpreted as “the level of assets possessed by an employed household that renders a an optimal savings choice”. Moreover, it
should be mentioned that this definition of the law of motion hinges on the assumption that ax (-) is (weakly) increasing in a; a condition that, as we will
see, is satisfied in the quantitative exercise.
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2.3. Equilibrium

An stationary equilibrium is a constant interest rate, r, and a wage rate, w, such that

. The stationary distribution, G(a, s), satisfies the requirements in the preceding section.
. The labor market clears; n =n’ = ¢/(¢ + §).

. The asset market clears; k = [, ;a dG(a,s).

. The equilibrium prices, {r, w}, satisfy the first order conditions in Eqs. (12) and (13).

. Taxes, 7, balances the government’s budget. That is

AN WN -

wnt +wu(l-n)t =w(l —n)u,
or simply

. pu(d-n)
T n4+upu(l-n)

Notice that it is superfluous to make any (direct) reference to the households’ optimization problem, as the associated
requirements are implicit within the definition of the stationary distribution.

3. Computational algorithms

To outline the computational algorithms it is instructive to use some cross-over notation which bridges the gap between
mathematics and implementable code. To this end, I will let a lowercase bold letter, Xs, denote an N x 1 (column) vector,
where the subscript s refers to, as previously, the labor market state; s e {e, u}. The associated stacked 2N x 1 vector, X is
then given by x = (X}, x],)’. Any function f(xs) refers to an N x 1 vector such that f; = f(x;), i=1,...,N; and f(x) follows
a similar taxonomy. There is one exception to this notational convention; the vector a will refer to the N x 1 vector of
gridpoints for assets. That is, a will not carry a subscript as the grid of assets is invariant across employment states. Instead,
a will denote the stacked 2N x 1 vector & = (a’,a’)’, which is used sparingly.

Finally, an uppercase bold letter, X5, denotes an N x N matrix, with the associated “stacked” 2N x 2N matrix analogue, X,
defined as

(X, 0
(5 %)

where 0 is an N x N matrix of zeros. Lastly, the derivative of a function, f(-), is denoted df(-). Such that, for instance,
va(a,s), is denoted dv(a, s). In similarity, dv(a, s) refers to the N x 1 vector (dv(ay,s), ov(ay,s),...) .

I will proceed in this section by first describing the benchmark procedure for discrete time; value function iteration. Next,
I will consider two iterative procedures in continuous time - the explicit and the implicit method - and describe (and briefly
document) the superiority of the latter. Lastly, I will show how to translate the implicit method used in continuous time
into a discrete-time setting. Section 5 will then present the results.

3.1. Discrete time

Using the above notation, the problem outlined in Eqs. (1) and (2) is given by
v(@,s) = max{u(cs) + (1 - p)[(1 - po)v(a’.s) + psv(2, 4)]}.
st.  a=a+(ys—¢). a=0, (14)

with p. =46 and py = (1 — ¢). Similarly, ye =ra+w(1 —7) and y, = ra+ uw(1 — 7). Following convention, the variable a’
corresponds to a,, evaluated at A = 1. The crossed-over letter, #, is interpreted as “not-s”, such that if s=e, then g=u,
and vice versa.

Value function iteration follows the procedure

Uni1(a,s) = mc?x{u(cs) + (1= p)[(1 = ps)va(@.s) + psva(@’. £)]}.
st.  a=a+(ys—¢), a'=0, (15)

until ||v,41 — vn|| < &, for some suitably chosen ¢ and vg, and where || - || refers to the chosen norm.'® The associated policy
functions that solve the optimization problem in Eq. (15) are denoted aj(a, s) and cn(a, s).

18 In theoretical expositions the most frequently used norm is given by sup|v,,; — vz|. However, in any numerical implementation the corresponding
norm is max|v,,1 — |, which will be used from hereon.
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An important aspect of value function iteration is the contraction property.'” That is, for a given value of w and r, the
procedure outlined in Eq. (15) is such that ||v,.1 —v| < ||vn — V||, and vy — v (Stokey et al., 1989). Morover, it follows that,
theoretically, a, — @’ and ¢, — c. That is, each additional iteration is an improvement over the previous, and each iteration
brings the outcome, v,,1, closer to the fixed point, v. For this reason, this method is also sometimes referred to as the
method of successive approximations, as each vy, is an, ever improving, approximation of v.

As a preview of the results presented in Section 5, this procedure converges after 840 iteration and takes 1.6 seconds.?’
This may be considered a useful benchmark.

3.2. Continuous time

In continuous time, the HJB equations outlined in Eqs. (5) and (6) are given by
pv(a,s) = max{u(cs) + Iv(@, s)(ys — &) + ps(v(@, 5) —v(a,s))}. (16)

To solve this problem I will follow some of the recent literature and confine attention to the explicit and the implicit method
(see, for instance, Candler, 2001, for an early treatment).
The explicit method is given by the iterative scheme

Vn1(@,5) —vn(a, s)
r

In order to obtain convergence, I' must be set to a small value, often close to zero. Indeed, when setting I" as high as
it is permissible for convergence, which for the problem at hand necessitates I' < 0.0003, the above procedure reaches
convergence after 10,423 iterations and takes about 2.4 s. Thus, while each iteration is fast, many are needed as convergence
requires a very small value of I', which leads to small improvement steps.

The implicit method is instead given by the iterative scheme

+pn(@,s) = max{u(cs) + 0vn (@, 5) (s — €) + ps(Vn (@, 5) — (@, 5))}. (17)

U1 @3) @) 1 (@,5) = 1(Con) + Dnir @) (%5 — €5) + Py(Unin @, ) U @.5)) (18)

with

Cs.n = arg maxc, {u(cs) + vy (a, s)(¥s — €) + ps(vn(@, 5) — vn(a,s))}, (19)
satisfying the first order condition

u'(csn) = vp(a,s). (20)

The implicit method is significantly less sensitive to the choice of I'. Indeed, setting I' to infinity, convergence is ob-
tained after 0.07 s using 5 iterations. That is, the implicit method is, for this example, about 30 times faster than the
explicit method, and about 20 times faster than value function iteration in discrete time.2! The remaining parts of this sec-
tion relates both the explicit and implicit method to procedures in discrete time in order to clarify some of these numerical
discrepancies.

3.2.1. The explicit method and value function iteration
Value function iteration in A-units of time is given by (cf. Eq. (15))

Vpi1(@,s) = mc?x{Au(cs) + (1= Ap)[(1 = Aps)vn(@n, S) + Apsvn(an, £},
st ap =a+ A(ys —C), (21)

where, for simplicity, the borrowing constraint is (temporarily) ignored. It should be emphasized that this is a contraction
mapping for any value of A > 0. That is, ||v,,1 — V|| < ||[vn — V||, and v, — v. However, the speed at which convergence
occurs depends on the value of A according to ||v,,1 — V|| < (1 — Ap) x |[vn — v||. Thus, a smaller value of A leads to slower
convergence.

Using the same algebraic manipulations as in Eqs. (1)-(4) gives

vp(aa,s) — Vny1(@,s)

x + (1= Ap)ps(Vn(an, g) —vn(aa,s)}. (22)

PUn (a, 5) = rncax{u(cs) +

19 That is, the procedure in (15) is a contraction mapping.

20 Computational time is not particularly interesting per se. After all, computers improve year after year, and what is considered “fast” in one decade, is
often considered “slow” the next. Yet, the computational time of one algorithm relative to another, may be more interesting as this relative speed measure
is less likely to change with improving technology. Moreover, the actual number of iterations is unlikely to change as well. Hence, a strong focus of this
paper is on the relative speed, and the number of iterations.

21 While these numbers refers to the modal run-time of several repetitions, any number below 0.1 s should not be treated as entirely precise. However,
it is safe to conclude that the implicit method is vastly superior to both the explicit method and to value function iteration.
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or
pUn (@, s) + LA ESED — max{u (¢) + HEEITED 4 (1 Ap)ps (Un(@a. £) — Vn(aa.5)} - (23)

By taking the limit A — 0 of the right-hand side and renaming the A on the left-hand side as I", we recover the formulation
for the explicit method in Eq. (17).

This clarifies why I" must take on a small value for convergence; for any A > 0 the value I cannot deviate too much
from A in order for the contraction mapping theorem to hold.?? Thus, it appears reasonable that as A — 0, I' must also
be very close to zero.?> However, a small value of I" also leads to very slow convergence as the discount factor approaches
unity.

Another way of seeing how convergence is affected by I' is, with a slight abuse of notation, to define the term

avn(a,s) _ Vny1(@,S) —vn(a,s)

at A ’
which can be solved for using Eq. (23). The value function, v, is then obtained according to

Uni1(a,s) = Un(a,s) + rw

or simply
r r
Uni1(@,8) = Zvnﬂ @s)+@1- K)Un(as s),

which only holds with mathematical precision if I' = A.2* That is, if I' < A this algorithm leads to dampening, and conver-
gence follows from the contraction mapping theorem (Stokey et al., 1989). However, I' > A instead leads to extrapolation
and convergence is no longer guaranteed. Moreover, the smaller I" is the slower is convergence. In continuous time we have
A — 0, which implies that for any (small) I" > 0 convergence will be both slow and problematic.

3.2.2. The implicit method and Howard’s improvement algorithm

An alternative approach to standard value function iteration is known as Howard’s improvement algorithm (e.g.
Puterman and Brumelle, 1979).26 This algorithm is particularly useful when the discount factor, (1 — Ap), is close to one.
The main idea is to solve the optimization problem in Eq. (21) once, and use the associated policy function, ¢, repeatedly
to “improve” on the value function many times. And then repeat this process. More specifically, find cs, as

arg maxe {Au(cs) + (1 = Ap)[(1 = Aps)Va(@a.s) + Apstn(an, A},
a+ A(ys —Cs),

Cs.n

s.t. = UN

and then apply this repeatedly as
Ui @.5) = Au(Csn) + (1= Ap)[(1 = Ap)Vh,;@an. S) + Apsvl,; @an. 5)].

Arn = a+ A(Ys — Csp), h=0,1,... (24)
with ng = vn. In some applications this iteration continues until h reaches some finite number, H, such that v, = Uﬂﬂ.
In others the procedure repeats until convergence, such that v, = limy_, o vﬁ 1+ For reasons that will become apparent,
focus will be on this latter approach.

Thus, under the assumption that the procedure has been repeated until convergence, Eq. (24) can be written as
Uny1(a,8) = Au(Csn) + (1 = Ap)[(1 = Aps)Vni1(@an: S) + APsUni1(@ans £

AdAn a+ A(YS - cs<n)~

Rearranging this expression yields the analogue to Eq. (22) but under the improvement algorithm

Uny1 (aA‘ns S) — Unq1 (a’ S)
A

PUni1(a,5) =u(Csn) + + (1= Ap)ps(Wnr1(Aan, B) — Uny1(aan, S)). (25)

with the limit

PVni1(@,s) = u(Csn) + 0Vny1(a, 8)(¥s — Csn) + Ps(Wns1 (@, 8) — Vny1 (@, s)). (26)

As in the previous section, the value function may be updated as a linear combination of the solution to Eq. (26) and the
previous value, v,. Specifically, if - again with a slight abuse of notation - #,,,1 represent the value of the left-hand side of
Eq. (26), then the updated value function, v,,,1, is given by

Vni1(@,8) = N @, 8) + (1 —mwrp(@,s), ne(0,1]. (27)

22 For any I > A it is no longer possible to show that the mapping in (22) satisfies discounting (Blackwell, 1965).

23 See Barles and Souganidis (1991) for precise conditions.

24 From a programming perspective, I' can differ from A, as the v,,; on the left-hand side is then seen as an “update” of the v,,; on the right-hand side.
25 1t is slow as a small value of T is akin to a discount factor close to unity, and it’s problematic as I > A implies extrapolation.

26 Sometimes also referred to as policy function iteration.
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Inserting Eq. (26) into Eq. (27) gives

Vns1(a,5) — Vn(a, s)
r
with T = pn/(1 — n), which is identical to the implicit method in Eq. (18).
While Howard’s improvement algorithm is not a contraction mapping, it does have excellent convergence properties
under some mild regulatory conditions.?’

+ PV (@, 5) = U(Csn) + OVn11(@, 8) (¥s — €5) + Ps(Vnr1 (@, £) — Vi1 (@, 5)), (28)

3.3. Numerical implementation

While the methods outlined above can be implemented numerically in several ways, this section describes a coherent
procedure that makes the most out of the above insights. To this end, I will describe a finite difference method for contin-
uous time (see, for instance, Achdou et al., 2022), and subsequently suggest a discrete time analogue.

3.3.1. Continuous time
Let D denote a 2N x 2N finite differencing matrix D such that D x f(X) ~ f’(x). There are a few ways to accomplish this,
but to fix ideas it is instructive to consider the matrix

1 1
% T 0 e o 0
1 1
b 0 Tda 0
1 1
1 1
0 0 ~5@ 0 5da 0
. . . . 'i i
0 o ... .. o -1 1

where da is referring to the (constant) step-size between grid points. Thus, multiplying D with a vector of function val-
ues f(x) gives a vector of approximated derivatives, f’(x). The first element of this vector of derivatives is approximated
using forward differencing, and the last using backward differencing. All other derivatives are approximated using central
differencing.?8

Moreover, define P as the 2N x 2N matrix

(P P

where Ps is an N x N matrix with ps on the diagonals and zero elsewhere. Moreover, let S, denote a 2N x 2N matrix con-
taining the 2N x 1 vector (y — ¢;) on the diagonals (and zeros elsewhere). That is,

s, — (diag(ye —cne) 0
" 0 diag(yy — €nu) )°

Lastly, let v, = (vn(a, e)’, (vp(a,u)’)’. Then Eq. (18) can be compactly written as

1 1
Fvn+1 + PVpy1 — F"n = u(Cp) + SpDVpiq + Py,

or29
Voo = (I(1/T + p) —SyD — P)"'[u(cn) + va/T]. (29)

Eq. (29), alongside with the reasoning in Section 3.2.2, provides some insights to why the implicit method is both fast
and robust. First, as discussed in Section 3.2.2, the implicit method closely follows the logic of Howard’s improvement al-
gorithm, cast in continuous time. Thus there are reasons to believe that it may inherit some of the associated numerical
properties. Second, Eq. (29) reveals that the associated computational burden is no higher than solving a (potentially large)
linear system of equations at each iteration. While solving such a system could be costly, this is not necessarily the case. In
particular, due to its proximity to Howard’s improvement algorithm - which generally requires fewer iterations to conver-
gence than value function iteration - the system only needs to be solved a small number of times. Moreover, the 2N x 2N

27 In particular, Howard’s improvement algorithm converges quadratically or superlinearly, which is a significant improvement on value function iteration
which converges linearly (see e.g. Puterman and Brumelle, 1979 and Santos and Rust, 2004).

28 Appendix 1.1.1 provides more information regarding the differencing matrix for the continuous-time case. See also Achdou et al. (2022), pp. 71-72 and
their associated Supplementary Appendix.

29 Notice that the original formulation of the term S,Dv,,; is actually D[v,,; o (y —¢,)], where o denotes that element-by-element multiplication - or
Hadamard multiplication - of the vectors v,,; and (y — ¢;). However, by exploiting the diagonal nature of S, this rearrangement is possible, and it allows
us to reach Eq. (29).
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matrix (I(1/T" + p) —S;D — P) is very sparse, as it primarily contains non-zero elements on its diagonal axis. Exploiting this
sparse structure is known to lead to substantial computational advantages (see Achdou et al., 2022), and is further discussed
in Section 5.2.

3.3.2. Discrete time |
The discrete-time counterpart to the implicit method is given by Howard’s Improvement Algorithm with a dampening
parameter

Une1 (@ S)F_ Un(@.5) +Vpr1(a,8) =u(Csn) + (1 - :0)[(1 — Ps)Vny1 (a;, 5) + PsVUn+1 (a;v ,3)}

a; =a+ (s — Csn). (30)

In the continuous-time case, the use of a finite differencing matrix, D, allows us to rewrite the problem as the solution
to a linear system of equations. To obtain a similar result in discrete time consider a transition matrix, T¢, such that if
an(a;,s) € [aj,aj,q) then  Tg;;=1-y" and Tg;,, =y" with

n_ G(@i.s) —a;
g
That is, Ts expresses the vector aj, as, a/, = T¢a, where each d},(a;, s) is described as a linear combination of its two adjacent
points on the grid a; and a; 4. It should be notice that for any piecewise linear function, f(a), we have f(a;) = Ts f(a).

Thus, using the approximation v, (aj,,s) ~ Tsv,,1(a, s), together with the matrix

(1—pe)Te peTe
™ = s 31
( P (=T Gl

the problem in Eq. (30) can be rewritten as

1 1
=Vng1 4+ Vg1 — = Vo = U(Cn) + (1 — p)T"v 4,

r r
or simply
Vo = (I(1/T +1) = (1= p)T") " '[u(en) + Va/T']. (32)

Eq. (32) carries similar properties as those of Eq. (29). In particular, conditional on ¢, and v,, the solution amounts to
solving a large, sparse, linear system of equations. Thus, apart from finding the values c;, there are reasons to believe that
these two problems share similar computational properties.3?

3.3.3. Discrete time II
The first-order condition to Eq. (30) is given by

u/(cs,n) + (1= p)[(1 = ps) V41 (3;1, S) + PsOVniq (a;p £)1=0,

where the derivatives dv,,1(a},s) are taken with respect to aj,. This equation pins down the optimal choice of consump-
tion/savings as a function of the derivative of the value function. Thus, for the purpose of finding the optimal choice, the
level of the value function is superfluous. As a consequence, a popular alternative approach is to operate directly on the
first-order condition in order to obtain the derivative of the value function.?! This section provides a simple extension to
the idea in the previous section in order to obtain a method that focuses only on the first-order condition, and repeatedly
updates derivative of the value function.

30 Although the key matrix in Eq. (32) is sparse, it is still not immune to complications arising due to size; inverting a large sparse matrix can become
burdensome. However, it should be noted that - assuming I' — oo - Eq. (32) can be rewritten as

H
Vi1 = L}eroloz{(l - p)T'lli:| xu(eq) + lim [(1 - oI vy,
i=0

which can be approximated as

i=0

H
Vni1 & {Z[(l - p)T"]’i| x u(en) +[(1 = p)T" vy,

for some finite H. Proceeding with this approximation is commonly known as modified policy iteration, and can help to alleviating the burden of solving a
large linear system of equations. Phelan and Eslami (2022a) show that this may be an advantageous procedure for large scale problems in the context of
the Markov Chain Approximation method (Kushner and Dupuis, 2014). Moreover, Phelan and Eslami (2022b) extend this idea further to incorporate discrete
time problems. Thus, there are reasons to believe that this idea may further improve on the algorithm proposed in this paper when the dimensionality is
large.

31 A common approach is to simply iterate on the Euler equation, as the Euler equation both determines optimality, and provides the derivative of the
value function via the envelope theorem.
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Differentiating Eq. (30) with respect to a gives
Ver@9IN@) 4 Gy, (@, 5) = Ou(Csn) + (1= p)[ (1= Ps)OVni1 (). 5) + PsOVnia (). 5)]. (33)

where each derivative - du(cs ;) and dv,,1(a),s), and so on - are with respect to a.
Using the chain rule

dVn1(@),, s 0Vp1(@),,s) 02’ dvyq(al,s
Wni1 (@), 5) = ”+5(a” ) _ "%;” )ﬁ = "%;/n ) (1+1— 8,
together with the approximation
n11(ay, 5)
aa’

allows Eq. (33) to be rewritten as

~Ts0vns1(a,s),

1 1
Fd"nﬂ +dvy g — den =Du(cy) + (1 - p)(1+1—-dC)T"dvy,q, (34)

where dC, is a 2N x 2N matrix containing the 2N x 1 vector D x ¢, on the diagonals (and zeros elsewhere). Solving this
expression yields

dv,,; = [1(1/T +1) = (1 - p)(1 + 7 —dC,)T"] "' [Du(cy) + dv,/T]. (35)

Thus, Eq. (35) provides an alternative approach to solving the problem without ever updating the value function itself.

It should, however, be noted that Eq. (35) involves the vectors dC, and Du(c) which contain the derivative of the pol-
icy function. As the policy function is unlikely to be differentiable - in particular in the presence of occasionally binding
constraints - this may impede convergence. However, if one obtains a fixed point to Eq. (35), the resulting solution will nev-
ertheless be accurate. To see this, notice that a fixed point implies that dv,,; = dv, = dv, and the optimal policy function
satisfies the first-order condition u’(c) = (1 — p)Tdv. Using these relations, Eq. (34) can be rewritten as

dv = dCu/(c) + (1 — p)(1 +r—dC)Tdv
= dC[u/(c) — (1 - p)Tdv] + (1 — p)(1 +1)Tdv
= (1-p)1+nTdv
= (1+r)u'(c).

Thus, a fixed point, dv, of Eq. (35) satisfies the envelope theorem for the value function, and any inaccuracies resulting from
the presence of the derivatives of the policy function disappears once convergence is reached.>?

4. Calibration

The calibration of the model is standard, and conducted to be relevant for a large share of incomplete markets models
observed in the literature. One period in the model is one quarter. The discount factor, p, is therefore set to 0.0074, which
roughly corresponds to an annual real interest rate of 3%. The parameter « in the production function is set to 1/3, giving
rise to a capital share of income of the same magnitude. Following Shimer (2005) the separation rate, 8, is equal to 0.1,
which, together with a job finding rate, ¢, renders a steady-state unemployment rate of 5 percent. Unemployment benefits
are set equal 40 percent of labor income, implying a value for © of 0.4 (e.g. Kaplan et al.,, 2020). And taxes are set to balance
the government’s budget. That is

__mna-mn
n+wu(l-n)’
where n is the steady state employment rate.
Lastly, the utility function is of the CRRA type

1-y ~
with y equal to 3. A coefficient of risk aversion of 3 is in the upper range of most estimates (Chetty, 2006), but intro-
duces quite strong nonlinearities in the model which increases the computational challenge. The calibrated parameters are
summarized in Table 1.

The results are present using three different sizes of the grid for assets: N = 500; N = 1,000; and N = 1, 500. The first,
N =500, is generally considered a quite fine grid and is commonly considered a natural benchmark for incomplete market
models (see, for instance, Achdou et al., 2022 or Auclert et al., 2021). The remaining two grids are chosen to illustrate how
the algorithms perform at larger computational scales.

32 1t should be kept in mind, however, that the above reasoning hinges on the idea that the fixed point is unique. For a given interest rate and wage
this is - theoretically - indeed the case, and follows from the fixed point theorem. Computationally, however, this is not necessarily true. Nevertheless, the
theoretical result may provide good guidance to what is reasonable to expect from a computational perspective.

10
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Table 1
Calibrated parameters.
Parameter  Interpretation Value Source/steady state target
1% Coefficient of risk aversion 3 Upper range of convention
1-p Discount factor 1.03-% Annual real interest rate of 3%
§ Separation rate 0.1 Shimer (2005)
) Job finding rate 0.9 Unemployment rate of 5%
o Capital share of output 0.33 NIPA
nw Replacement rate 0.4 Kaplan et al. (2020)

Notes. One period in the model corresponds to one quarter.

Table 2
Numerical efficacy.
Benchmark. Discrete Time
(a) (b) (©)
N =500
Timegor. 0.54 325 0.51 0.45
Timey, 0.02 1.35 0.02 0.02
Iterations;, 6 797 7 6
Iterationsyy; 22 24 25 24
N = 1000
Timego. 1.64 41.7 0.93 0.94
Timeyy, 0.07 1.60 0.04 0.04
Iterations;, 5 840 6 6
Iterationsgy: 24 26 26 26
N = 1500
Timegor. 3.07 43.8 1.25 1.05
Timey, 0.13 1.99 0.05 0.04
Iterations;, 6 868 7 6
Iterationsyy; 24 22 27 25
Implicit method Yes No Yes Yes

Notes: Column (a) refers value function iteration in accordance with Eq. (15); (b) the discrete time
counterpart to the implicit method using Eq. (32); and, (c), the related procedure that only updates
the derivative of the value function in accordance with Eq. (35). Timey. refers to the total run-time;
Time), to the average run-time of the households’ problem; Iterations;, to the average number of itera-
tions required so solve the households’ problem given prices; and Iterations,, refers to the number of
iterations required to find the equilibrium prices. Time is measured in seconds. The computations are
described in the main text.

5. Numerical results
5.1. Main results

The first column of Table 2 reports the results for the continuous-time framework using the implicit method; that is,
using Eq. (29). This is considered the benchmark solution to which the other procedures are compared. The computational
costs of solving the model are depicted using four different metrics: the total computational time, which includes finding
the equilibrium interest rate; the time (on average) devoted to solving the household’s problem for a given interest rate;
the number of iterations required to obtain convergence of the household’s problem; and, lastly, the number of iterations
required to find the equilibrium prices.>> Moreover, these four metrics are reported for each of the three different grid sizes.

The remaining three columns report the analogous results, but solving the model using: (a) value function iteration in
accordance with Eq. (15); (b) the discrete time counterpart to the implicit method using Eq. (32); and, (c), the related
procedure that only updates the derivative of the value function in accordance with Eq. (35). All computational times are
reported in seconds.

Three results of this exercise stand out. First, value function iteration - column (a) - is by far the slowest procedure.
The reason is that the household’s problem requires 10-15 times as many iterations as any other method. It should be
noticed, however, that each iteration is relatively fast; for instance, for N = 1, 000, value function iteration takes on average
0.05 seconds per iteration, while the benchmark solution takes about 0.3 seconds per iteration.>* Thus, a key bottleneck is
the number of iterations, and not the time per iteration. Second, while value function iteration is relatively slow, it does not
suffer as much when the problem is scaled up. The computational time increases by about 35 percent moving from 500 grid

33 To find the equilibrium, the household’s problem is solved multiple times; once for each candidate interest rate. Hence, the reported time for the
household’s problem is the average across all these candidates.
34 This occurs as the benchmark necessitates solving a large system of linear equations for each iteration.

1
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Table 3
Numerical efficacy: the role of sparsity.
Benchmark. Discrete Time
(a) (b) (©
N =500
Timexor. 2.82 325 266 244
Timeyy, 0.13 135 0.1 0.10
N = 1000
Timeo, 17.6 417 134 139
Timey, 0.73 1.60 052 0.53
N = 1500
Timeyor. 46.0 43.8 327 288
Timey, 1.92 1.99 1.21 1.15
Implicit method  Yes No Yes Yes

Notes: All details follow those of Table 2.

point to 1500 grid points. For the baseline the equivalent number is 470%.3° The reason is that all methods except for value
function iteration requires a solution to a 2N x 2N linear system of equations for each iteration. That is, the dimensionality
of value function iteration grows linearly in N, while the dimensionality of the other procedures grows quadratically. Lastly,
it should be noted that the discrete-time procedures in columns (b) and (c) are faster than the benchmark.

Thus, applying the implicit method in either discrete or continuous time gives rise to substantial computational gains.
These gains can be attributed to the low number of iterations required to obtain a fixed point. Moreover, the discrete-time
implementation of the explicit method is more efficient in terms of computational time compared to its continuous time
counterpart. The subsequent section explores why these results emerge.

5.2. Sparsity

Table 3 shows the same outcomes as in Table 2, but without exploiting sparsity. As the number of iterations are unaf-
fected by this alteration they are not reported.

For the case of N = 500 the computational times increase by roughly a factor of five. This applies both to the benchmark
implicit method as well as the discrete time counterparts in columns (b) and (c). In contrast, regular value function iteration,
presented in column (a), is unaffected.

A similar pattern unfolds as N increases. The computational burden rises dramatically for the benchmark as well as the
discrete time counterparts, but the results for value function iteration is not affected. With N = 1, 000, the computational
cost for the benchmark and the methods in columns (b) and (c) rise to about ten times those that emerged when sparsity
was exploited. And with N = 1,500, the cost is increased by a factor of around 15. At the same time, the computational
burden for value function iteration does not change at all; indeed, as N = 1, 500, value function iteration even outperforms
the benchmark, which is not the case when using sparse computations.>6

The reason behind these results can be found in Eq. (29) for the benchmark, and in Egs. (32), and (35) for columns (b)
and (c), respectively. Inspecting Eq. (29), for instance, reveals that the first part of the equation, i.e.

I1/T'+p) —SD—P),

is an 2N x 2N sparse matrix. That is, it contains mainly zeros. Thus, when the computational procedure takes advantage of
this property, Eq. (29) can be computed extremely efficiently, and the computational speed is not particularly vulnerable
to an increase in the scale. In contrast, when the problem is dense, and not sparse, the linear systems in Eqs. (29), (32),
and (35), grow quadratically in N, and quickly become prohibitively large. Value function iteration, on the other hand, relies
exclusively on 2N x 1 vectors, which instead grow linearly in N. As a consequence, value function iteration is less affected
by the scale of the problem at hand, but also less amendable to sparse computations.

5.2.1. A brief digression

Santos and Rust (2004) investigate the convergence properties of policy function iteration — which is another name for
Howard’s improvement algorithm - when the value function is piecewise linear. They prove under which conditions conver-
gence obtains, as well as the associated convergence rates. As a byproduct of their study, they propose a procedure that is
virtually identical to that of Eq. (32). To some extent, this is not very surprising, as Section 3.3.2 makes it clear that piece-
wise linearity is sufficient to guarantee that the approximation proposed in this paper is exact. But from another perspective
this is indeed surprising; the departure point of this paper is the computational advantages of continuous-time methods,
and how these may be exported to a discrete-time setting. Yet the resulting algorithm is almost identical.

35 The two other discrete-time procedures, reported in columns (b) and (c), are less susceptible to this adverse effect, with an increase by 145 and 133
percent, respectively.
36 It should be noted that the discrete-time versions in columns (b) and (c) remain faster still.

12



P. Rendahl Journal of Economic Dynamics & Control 144 (2022) 104522

Nevertheless, the procedure studied by Santos and Rust (2004) has not gained much traction in the literature. While
it is difficult to exactly determine why, a reasonable answer appears to relate to the fact that their numerical results are
very disappointing; already when using a grid with 1000 nodes their algorithm is twice as time-consuming as regular value
function iteration. With 3000 grid points this number increases quickly to forty, leading Santos and Rust (2004, p. 2114) to
conclude that “our results provide a rather pessimistic perspective on the usefulness of policy iteration for solving large-
scale problems”. A key reason for this conclusion is that Santos and Rust (2004) did not make use of sparse computations.

Lastly, the idea of letting a transition matrix represent the policy function in a discrete-time setting dates back to
Young (2010). However, in Young’s (2010) framework, the purpose is not to obtain the value- or policy functions, but to
propose an efficient method to compute the evolution of the cross-sectional distributions in Eqgs. (7) and (8). This paper
shows that the same transition matrix that can be used to solve the household’s optimization problem, may also be used
to compute the cross-sectional distributions (see Appendix 1). This dual use of the transition matrix echos yet again some
insights in continuous times; by solving the HJB equation, one obtains the matrix used for solving the KF equation “for free”
(see Achdou et al., 2022 p. 4, and p. 29.).

6. Concluding remarks

The ideas developed in this paper departs from the observation that continuous-time models are often more efficient to
solve compared to their discrete time counterparts. In an attempt to understand this discrepancy, it is shown that the im-
plicit finite difference method in continuous time is a natural extension of Howard’s improvement algorithm in discrete time,
but efficiently implemented using sparse matrix operations. Using this insight, it is possible to obtain a similar problem-
formulation in discrete time - i.e. one that relies heavily on sparse linear algebra - by making use of a transition matrix
representation of the policy function. As a result, the difference in computational run-times between the continuous- and
discrete-time problem is eliminated entirely, and the solution may be found up to 30 times faster compared to value func-
tion iteration.

Nevertheless, the results in this paper do not imply that continuous time is no more efficient than discrete time. On the
contrary, continuous time may be advantageous for several other reasons. For instance, the first order conditions associated
with continuous-time problems are static rather than dynamic, which often avoids the need for numerical root-finding
algorithms to obtain the optimum. Moreover, occasionally binding constraints - such as collateral constraints - may be easier
to implement, as they amount to boundary conditions in the Hamilton-Jacobi-Bellman equation, instead of inequalities in the
first order conditions. And more general processes for income shocks - such as an Ornstein-Uhlenbeck process or its discrete
time autoregressive representation - can be significantly easier to compute in continuous time (e.g. Nufio and Moll (2018)).
Nevertheless, this paper has shown that the advantages brought forth by the implicit finite difference method and its sparse
implementation - arguably one of the continuous-time features with most practical relevance - can be well translated, and
exploited, also in discrete time.

Finally, there ought to be ways of improving on the proposed method. In particular, a key step is to reformulate Howard’s
improvement algorithm as a sparse system of linear equations. But in large-scale problems this may generate a bottleneck on
its own. Hence, a formulation making use of modified policy iteration may prove beneficial (cf. Phelan and Eslami, 2022a and
footnote 29). In addition, the proposed method necessitates a maximization step that entails solving several nonlinear equa-
tions each iteration. And even though the method explored in this paper requires few iterations, procedure that improves
on this aspect will still be useful. This applies in particular when using modified policy iteration, which tends to require
more iterations than Howard’s improvement algorithm. This issue is left to future research.

Numerical details

This section outlines the numerical details. I will first discuss the aspects that are common to both continuous- and
discrete time, and then discuss the remaining issues separately.

The grid for asset holdings, a, is equidistant between 0 and 400. The lower bound of 0 is naturally given by the bor-
rowing constraint. The upper limit is set sufficiently high that it does not influence the equilibrium prices. To solve for the
equilibrium interest rate, r, I set r, = p and r;, = 0 and set

h+1
r=———,
2
and r, and r; will subsequently be updated using the bisection method (see below). The equilibrium wage rate is then set

to
r+ 8\

The initial policy functions, ¢g = [c?, c0], are given by

d=ra+w(l-1), d=ra+puw(l-1).
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This implies that a;,; = a; in discrete time, and d; = 0 in continuous time, for all a € a. As a consequence, the associated
transition matrices in discrete time are simply identity matrices, and the savings matrix in continuous time is zero. Thus,
the (associated) initial guesses for the value functions are

Vo = (Ip —P) 'u(co)
Vo= (I-(1-p)P) u(co).
for continuous and discrete time, respectively. These expressions satisfy Eqs. (29) and (32) using the implications from the

initial guesses of the policy functions above, and with I' = co. For time iteration the initial value for the derivative of the
value function is analogously set to

dvo=(I-(1-p)P) 't/ (co)r.

This gives all algorithms equal starting points.

Al. Continuous time

Al.1. Upwind scheme

The derivative matrix, D, in Eq. (29) is constructed such that all approximated derivatives satisfy an upwind finite differ-
ence scheme (e.g. Candler, 2001). More precisely, for any grid point, g;, such that the corresponding entry of Sy is positive |
use forward differencing. That is, if d; denotes the ith row of D then

Xip1 — Xj
dx ="
! da

with da = a;;; — a;, and where X is an arbitrary 2N x 1 vector. Similarly, for any grid point, a;, such that the corresponding
entry of S, is negative I use backward differencing. That is,

Xj—Xj1
da

Thus, to the same extent as savings may flip sign at a given grid point and across iterations, the derivative matrix will
change too. While this procedure is a little bit tedious, it is also indispensable in order to have a robust solution method
(see Appendix 0.2).

de:

A1.2. Equilibrium distribution
Differentiating the Kolmogorov Forward equations in (10) and (11) gives

g(a,e) = %[g(a, e)z(a, e)] — dg(a, e) + ¢g(a, u),

. ad
gla.u) = 7-[g(a, u)z(a. )] - pgla, u) + 8g(a. ),

where g(-) is the pdf associated with the cdf G(-). This can be approximated as
g=Bg

with B =SD + P from Eq. (29), and where the prime indicates the transpose. A key insight to obtain this approximation is
that the transpose of D is - abstracting from some nuances - akin to replacing forward differencing with the negative of
backward differencing, and vice verse. The stationary distribution is then found through the eigenvector problem

0=PB'g.
An efficient approach to solving this problem is to consider the alternative
b = Bv,

where b is has a value of 1 on its first element and zero elsewhere, and B is equal to B’ everywhere except for the first row
which is replaced by a 1 x 2N vector with a value of 1 on its first element and zero elsewhere. Then the vector v is indeed
an eigenvector g, but normalized such that the first element is equal to one. The vector g is subsequently (re-) normalized
to sum to one. The supply of capital is then given by k® = g’a, where @ = (a’,a’)’.

Lastly, I calculate the interest rate, r® required for firms’ to demand all of k5. That is,

r=ak)* ! -3

If r¥>r Isetr,=r, and r, = r otherwise.
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A2. Discrete time

In discrete time, the derivative matrix D in Eq. (35) is such that central differences are used. That is, for each ie
{2,3,...,N -1}, if d; denotes the ith row of D then
Xit1 — Xi—1
dx = ~Sda
At the endpoints, i=1 and i = N, I use forward and backward differencing, respectively.

The first order conditions are solved using a standard Newton’s method, which works well for this problem. The initial
guess is always a’ =a for all a € a.

The transition matrix, T, in Eq. (31) can be interpreted in two ways: as a piecewise linear approximation of evaluating the
value function in the optimization problem; or as if individuals indeed stochastically transition between grid points. Using
this latter interpretation - i.e. assuming that agents only exist on the grid points, and never in-between - the evolution of
the probability distribution function of the economy is given by

g1 =Tg.
and the stationary distribution is given by the eigenvector problem

0=(T -Dg.
From here I proceed exactly as in the continuous time case to obtain the supply of capital and update the interest rate
bracket for the bisection method.

Equilibrium distributions and policy functions

Fig. B.1 depicts the equilibrium distribution for discrete (top left), and continuous time (top right), alongside the associ-
ated policy functions (bottom left and right, respectively) for N = 1500. The black line shows the property for the employed,
while the grey for the unemployed. There are some visible differences between discrete and continuous time, although these
are not very pronounced; indeed the equilibrium level of capital differs by about 0.05%.

Discrete time Continuous time

Employed

0.06F Unemployed | 1, =32.20

22 : : : : 22 : : : :
=
2
g1
g
Z
= 1.
=]
@)
1.2H 1 1.2F 1
1 1 1 1
0.8! . . . . 0.8 . . . .
0 5 10 15 20 25 0 5 10 15 20 25
Assets Assets

Fig. B.1. Equilibrium distributions (top) and policy functions (bottom) for discrete (left) and continous (right) time. N = 1500.
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Fig. B.2. Equilibrium distributions with and without the upwind scheme for continous time. N = 500 to the left and N = 1500 to the right.

The black solid line in Fig. B.2 shows the equilibrium distribution in continuous time for N = 500 and N = 1500. The grey
solid line shows the same outcomes, but when the upwind scheme is replaced by central differencing. As can be seen, this
leads to quite pronounced “wiggles” in the distributions for N = 500, which get smaller as N increases, although they are
still present. Thus, using the upwind scheme is always preferred to central differences.
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