Recursive, Projection, and Perturbation Methods for
Solving DSGE Models*

David Murakami'

10th May 2021

Contents
1 Recursive Deterministic Models 3
1.1 States and controls . . . . . . . . . L 3
1.2 A simple example: Robinson Crusoe model . . . . . ... .. ... ... . ........ 3
1.3 The value function . . . . . . . . .. 4
1.4 A general version . . . . . . .. ..o e e 6
1.5 Returning to the Robinson Crusoe model . . . . . . ... . ... ... .. ........ 9
1.5.1 Robinson Crusoe model with a twist . . . . .. .. ... ... ... ... .... 10
1.6  An approximation of the value function . . . . . .. .. ... ... ... ... ... 11
1.7 An example with variable labour . . . . . . . . ... .o o Lo 14
2 Recursive Stochastic Models 19
2.1 Probability . . . . . .. 19
2.2 A simple stochastic growth model . . . . . . . .. .. .. o oL oL 20
2.3 Ageneral version . . . . ... 22
2.3.1 The problem of dimensionality . . . . . .. ... ... ... .. ... 23
2.4 The value function for the simple economy . . . . . . .. ... ... ... ... ... 23
2.4.1 Calculating the value functions . . . . . .. ... ... L. 24
2.5 Markov chains . . . . . . . L e 28

*These are some brief revision notes on solving DSGE models, and reference texts include but are not limited to:
Adda and Cooper (2003), Judd (1998), McCandless (2008), and — of course — Ljungqvist and Sargent (2018). I've also
relied on notes from Petr Sedlacek and Wouter den Haan.

TSt Cross College, University of Oxford. Email: david.murakami@economics.ox.ac.uk


mailto:david.murakami@economics.ox.ac.uk

Advanced Macroeconomics I (MPhil Economics, MT2020) David Murakami

3 Projection Methods 30
3.1 Function approximation . . . . . . .. .. .. L L 31
3.1.1 Polynomial approximations . . . . . . . .. ... ..o 32
3.1.2  Orthogonal polynomials . . . . . .. ... ... ... 34
3.1.3 Chebyshevnodes . . . . . . . . . . . . . 35
3.1.4 Uniform convergence . . . . . . . . . . . .. .o 35
3.1.5  Other types of basis functions . . . . . .. ... ... 0L 36

3.2 Splines . . .. e 36
3.3 Shape-preserving approximations . . . . . . .. . ... 38
3.4 Multivariate polynomials . . . . . . . . ... Lo 38
3.4.1 Polynomial approximations . . . . . . . .. ... 38
3.4.2 Splines. . . . .. e e 39
3.4.3 What type of approximation touse . . . . . . . ... .. Lo 39

3.5 Numerical integration . . . . . . . .. .. L L 40
3.6 Quadrature techniques . . . . . . . . . ... 40
3.6.1 Newton-Cotes formulas . . . . . . . . . .. .. ... ... 41
3.6.2 Gaussian formulas . . . . ... 43

3.7 Monte Carlo Integration . . . . . . . . .. L L 49
3.8 Projection: a worked example . . . . . . ... 49
4 Perturbation 52
4.1 Case without uncertainty . . . . . . . . .. L 53
4.1.1 Finding the coefficient for the linear term, hy . . . . . . . . . . . ... ... ... 54
4.1.2 Finding the coefficient for the second-order term, hy . . . . . . . . . . ... ... 55

4.2 Ts perturbation just a local procedure? . . . . . . . . .. ... oL 56
4.3 The case with uncertainty . . . . . . . . . ... L Lo 60
4.3.1 Step one: Solution as a functionof o . . . . . . ... oL 61
4.3.2 Step two: Perturb about yand zando =0 . . . . . .. ... L. 62

4.4 How does uncertainty matter? . . . . . . . ... oL L 64
4.4.1 Uncertainty and the first-order perturbation . . . . . . . .. ... ... ... ... 65
4.4.2 Uncertainty and second-order perturbation . . . . .. ... .. ... .. ..... 65

4.5 Why not all ways to LQ approximations are correct . . . . .. . ... ... ... .... 67
4.6 Correct LQ procedure of Benigno and Woodford (2012) . . ... ... ... ... ... .. 68
4.6.1 Modification of the objective function and change in Lagrangian multiplier . . . 70



Advanced Macroeconomics I (MPhil Economics, MT2020) David Murakami

1 Recursive Deterministic Models

Here we will look at recursive methods, starting with a deterministic setting. With recursive methods,
one looks for a policy function, a mapping from the initial conditions, given by the past or the present,
to a set of decisions about what to do with the variables we can choose during this periods. Because
these are normally infinite horizon problems, how we will want to behave in the future matters in
determining what we want to do today. Since what one will want to do in the future matters and
the whole future time path can be determined, the recursive methods we describe are also known as

dynamic programming.

1.1 States and controls

It is helpful to separate the set of variables that we are using into state variables and control variables.
In some period t, the state variables are those whose values are already determined, either by our
actions in the past or by some other process (such as nature).! Normally, for a growth model of the
type we have been working with, the capital stock that we inherit from the past must be considered a
state variable. One might also think that the technology level in each period is determined by nature
and therefore, in any period, the agents living in that economy must take it as a given.

The control variables in period ¢ are those variables whose values individuals explicitly choose in
that period with the goal of maximising some objective function. Frequently, a modeller has a choice

about which variables will be states and which will be control variables.

1.2 A simple example: Robinson Crusoe model

Consider the simple version of the Robinson Crusoe (RC) model. In that model, Robinson Crusoe

wants to maximise:

max Zﬁiu(ctﬂ»),

i=0
subject to the constraints:
kt+1 = (]. — 5)kt + it,

and
yr = f(ki) = ¢t + iy

1We often refer to an equation which describes the transition of a state variable as a “law of motion”.
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We do some familiar rearranging:

i = ki1 + (1= 0)ky,
= ¢ = f(ke) =it
= f(ke) + (1 — )k — kegn,

which allows us to write Robinson Crusoe’s problem as:
max Z Biu(f (ki) + (1 — 0)keqi — kegiv)
i=0

In this case, k¢41 is the control variable in period t.

Whatever our choice of a control variable, there must be enough budget constraints or market
conditions so that the values of the rest of the relevant variables in period ¢ are determined. What
may be surprising is that the choice of control variables can matter in how easily we can solve our

models. Some choices will simply be more convenient than others.

1.3 The value function

Assume that it is possible to calculate the value of the discounted value of utility that an agent receives
when that agent is maximising the infinite horizon objective function subject to the budget constraints.
For Robinson Crusoe, this value is clearly a function of the initial per worker capital stock, k;. As
shown above, we can write out a version of this problem where the RC economy us using the capital
stock to be carried over to the next period, k:y1, as the control variable. For that example, the value

utility is equal to:

Vi(kt) = e ax Zﬂiu(f(k'tﬂ) + (1= 8)keri — key144), (1)

sfs=t+1 ,_

where we denote the value of the discounted utility by V'(k;), to stress that it is a function of the value
of the initial capital stock, k;. For any value of k;, limited to the appropriate domain, the value of
the value function, V' (k;), is the discounted value of utility when the maximisation problem has been
solved and when k; was the initial capital stock.

Since V' (k;) is a function, its value can be found for any permitted value of k;. In particular, the
value of the function can be found for the value of k;;1 that was chosen in period ¢. This is possible
because the economy is recursive as mentioned above. In period ¢ + 1, the value of ki1 is given (it’s a

state variable) and the problem to be solved is simply the maximisation of utility beginning in period
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t+1:

V(ki1) = Ry Z Bu(f(kerivr) + (1= 0)kepivr — kiviva), (2)
sfs=t+2 ,_(

and its value, V(k¢11), is a function of the stock of capital per worker at ¢ + 1.
By separating the period ¢ problem from that of future periods, we can rewrite the value function
of (1) as:

V (k) = max [U (f(ke) + (L= 6)ke — kepa) + e D Bl f(keys) + (1= 8)kiss — kt+i+11 :

ki1 sfs=t42 ;,_q

Adjusting the timing of the second discounted term gives:

V (ki) = max [U (f (ke) + (1= 0)kt — kea) + 8 y D Bulf (kerivr) + (1= 6)kerirs — k‘t+i+2] :

k41 sFs=t+2 ;g

The second discounted term is nothing but the value function V' (k; 1) that we wrote in (2). Making

the substitution, the value function in (1) can be written recursively as:

Vi(k:) = tnax [u (f(ke) + (1= 0)ky — key1) + BV (kit1)] (3)
Equations in this form are known as Bellman equations (Bellman 1957). It presents exactly the
same problem as in (1), but written in recursive form. Writing out the problem recursively makes it
conceptually simpler. The value of the choice variable, ki1, is being chosen to maximise an objective
function of only a single period. The period is reduced from one of infinite dimensions (picking many
future k’s) to one of only one dimension.

But there is a problem: both the time ¢ one-period problem, u(-), and the discounted value function
evaluated at k¢11, BV (kis1), are included. The value of V (k1) is not yet known. If it were known,
then the value of the function V(k;) would also be known — it is the same function — and solving the
maximisation problem at time ¢ would be trivial.

To proceed, we assume that the value function V(-) exists and has a first derivative. We can then
proceed with the one-period maximisation problem (3) by taking the derivative with respect to ki1
to yield the FOC:

OV (ky)
Okii1

= —u' (f(ke) + (1 = 0)kt — key1) + BV (Keq1) = 0. (4)

Unfortunately, this isn’t very helpful. We do not know how or what V’(-) looks like.
Under certain conditions, and this model has been written so that the conditions hold, one can

find the derivative of V(-) simply by taking the partial derivative of the value function as written in
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equation (3) with respect to k;. Theorems that provide the sufficient conditions for getting a derivative

and that tell us how to find it are called envelope theorems. This partial derivative is:

OV (k)
Ok

= (f(ke) + (1= 0)ky — kyyr) (f (ki) + (1 = 9)).

Now we can substitute this result into (4) for V' (k41):

OV (kt)

O —u' (f(ke) 4+ (1= 8kt — keya) + Bu'(f(ke) + (1 = 0)ke — k1) (f (k) + (1 = 0)) = 0,

which gives us the familiar consumption Euler equation:

u'(cr)
u'(c41)

= B(f'(kt11) + (1 =9)).

In the steady state, where ¢; = ¢;41 = ¢, this Euler equation yields:

G- =8 =r.

Using recursive methods, we find that for a stationary state, the rental rate on capital is equal to the

net interest rate implicit in the discount factor plus the depreciation rate.

1.4 A general version

Let X; be a vector of the period t state variables and let Y; be a vector of the control variables. In the
example above, X; = [k;] and Y; = [k¢+1].2 Let F(X,Y;) be the time ¢ value of the objective function
that is to be maximised. In the example economy, the objective function is the utility function. Given

initial values of the state variables, X;, the problem to be solved at time ¢ is the value function:

V(Xy) = {Yir}}?‘iiﬂ ;ﬁiF(Xt+i7Yt+i)7

subject to the set of budget constraints given by:

Xs+1 = G(Xsa Ys)7

2Notice that in this particular case, it turns out that Y; = X;t1, that the control at time tbecomes the state variable
at time ¢4 1. This is one of the aspects of the specific example that makes it simple to solve and should not be considered
the normal relationship between control and state variables.
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for s > t. Using the same recursive argument that we used above, we can write the value function as
a Bellman equation:
V(Xy) = nmax [F(Xs,Ys) + 8V(Xes1)],
t

subject to the budget constraints:
Xsr1 = G(Xs,Ys).

Or, we can combine the equations to write the problem with a single equation:
V(X4) = max [F(Xy, Y¢) + BV(G(Xe, Yo))] - (5)

The solution to this problem gives the values of the control variables as a function of the time ¢ state
variables:
Y: = H(X,),

which we call a policy function, since it describes how the control variables behave as a function of the
current state variables. Equation (5) is really a functional equation, since it must hold for every value
of X; within the permitted domain. Since the policy function optimises the choice of the controls for

every permitted value of X, it must fulfil the condition:
V(X)) = F(Xt, HXy)) + BV(G(Xe, Ye)), (6)

where maximisation is no longer required because it is implicit in the policy function, H(X;).
To find the policy function, H(X;), we find the FOCs for the problem in equation (5) with respect
to the control variables. The FOCs are:

0= Fy (X, Y1) + BV (G(Xt, Y4))Gy (Xy, Yy, (7)

where Fy(X;,Y:) is the vector of derivatives of the objective function with respect to the control
variables, V'(G(X¢,Y:)) is the vector of derivatives of the value function with respect to the time ¢ +1
state variables, and Gy (X¢,Y:) is the vector of derivatives of the budget constraints with respect to
the control variables. We have the same problem as before: we need to know the derivatives of the
value function to be able to solve for the policy function, and the value function is unknown.

But, we can use envelope theorems from Benveniste and Scheinkman (1979) to find an expression

for the derivative of the value function. Take the derivative of the value function (5) with respect to
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taking time t state variables, X, one gets the Benveniste-Scheinkman envelope theorem:?

VI(Xy) = Fx (X4, Yy) + BV (G(Xy, Y1) Gx (X, Yy).

If, as can frequently be done, the controls have been chosen so that G x(X;,Y;) = 0, then it is possible
to simplify this expression to:
V(X)) = Fx (X, Yy).

The FOCs of (7) can be written as:

0= Fy (X, Ys) + BFx (Xit1, Yir1)Gy (Xe, Y)
= Fy (X4, Y¢) + BEx (G(X, Y1), Yir1)Gy (X, Yy).

If the function Fx (G(X, YY), Yir1) is independent of Y11, then this equation can be solved for the
implicit function, Y; = H(X;), which is the required policy function. One can substitute this policy
function into equation (6) and solve for the implicit value function V'(-). If Fix(G(X¢, Y¢), Yiq1) is not
independent of Y1, then one can solve for the stationary state as we did before, using the condition
that Y, =Y,y =Y.

If it is not the case that Gx (X, Y:) = 0, then an alternative solution method is to find an
approximation to the value function numerically. Consider some initial guess for the value function,
Vo(Xy). it doesn’t matter very much what this initial guess is, and a convenient one is to assume that
it has a constant value of zero. One can then calculate an updated value function, V;(X;), using the
formula:

Vi(Xy) = max [F(X:,Ye) + Vo(G(Xs,Ye))],

and doing the maximisation numerically over a sufficiently dense set of values from the domain of

X¢. This maximisation defines, approximately, the function V;(X;). Using this new function, one can

3Suppose we have the following problem:
V(xt) = max [F(zt,yt) + BV (ze41)],
subject to:
Ti41 = G(t,Yt).
Then the Benveniste-Scheinkman derivative is:
V'(wt) = Fe(we,ye) + BV (G(xt, yt) G (24, Y1)

The following four assumptions are sufficient so that the requirements of Benveniste-Scheinkman are met:

1. ¢ € X, where X is a convex set with a nonempty interior.

2. F(-) is concave and differentiable.

3. G(-) is concave and differentiable and invertible in y;.

4

.yt €Y, where Y is a convex set with a nonempty interior.
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update again and get a new approximate value function V5(X;) using:
VQ(Xt) = HlYaX [F(Xt,Yt) + 5‘/1 (G(Xt, Yt))] .

Repeated application of this process results in a sequence of approximate value functions {V;(X;)}52,.
Bellman showed that, under a set of conditions that are often met in economic problems, this sequence

converges to the value function, V(X;).

1.5 Returning to the Robinson Crusoe model

It is useful to write out the example economy showing how each component matches with the general
version. For the Robinson Crusoe example we had k; as the state variable so X; = k;, and the capital
stock at time ¢ + 1 was the control variable so Y; = k1.

The objective function is:
F(Xe, Yy) = u(f(ke) + (1= )k — keqn),
and the budget constraint is written so that the time ¢ 4 1 state variable is:
kepr =Xep1 =G(X, Yy) =Y =Ky
The FOC for Robinson Crusoe is:

0 = Fy(Xs, o) + AV (F(Xy, Y1) Gy (Xe, Ye)
=/ (F(ke) + (1= 8)ky — kepr) + BV (G(Xe, X)) x 1. (8)

Recall that the Benveniste-Scheinkman envelope theorem gives:
V/(Xt) == FX (Xt7 Yt) + BV/(G(Xt, Yt))GX (Xt7 Yt)

For our example, the derivative of the budget constraint with respect to the time ¢ state variable is

simply:
0Xit1
00X,

so that the envelope theorem condition can be simplified to:

Gx(X¢,Yy) = =0,

VI(Xy) = Fx (X, Yq) = /' (f(ke) + (1= 0)ke — ke1)(f' (ke) + (1 = 9)),

and the derivative of the value function is defined in terms of functions that we known. We substitute
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this into (8) and get:

0=~/ (f(ke) + (1= 0) = k1) + B[ (f (kegr) + (1 = 8)kegr — Keg2) (f (K1) + (1 = 0))].

This second-order difference equation can be solved for the steady state, where k; = ki1 = kg0 = k,

to give: .
f'(k) = 5 (1-9) (9)

1.5.1 Robinson Crusoe model with a twist

The RC model can be written with different choices for the control variables. The state variable in
this version is still time ¢ capital, so X; = k;, but one can choose time t consumption to be the time ¢

control variable, Y; = ¢;. So, our objective function is now:
F(X:,Ye) = uley),
and the budget constraint is:
kiv1 = Xpp1 = G(Xy, Yy) = fke) + (1 = )k — 4.
Writing out the model, we have the Bellman equation:
V(ke) = max [u(ce) + BV (f(ke) + (1= 0)ke — ct)],

where we have replaced the time ¢+ 1 state variable, X;;1 = k¢y1, by the budget constrain the Bellman
equation. It should be clear that the problem given above is the exact same economic problem that
we solved previously.

This version is somewhat less convenient than the earlier RC model when we try to write out the
condition from the envelope theorem. When we take the derivative of the budget constraint with

respect to the time ¢ state variable, we get:

0G(X4,Yy)

e = I k) + (1= ),

and this is generally not equal to zero. If we then write out the envelope theorem condition, we get:

VI(Xy) = Fx (X4, Ye) + BV (G(Xy, Y4))Gx (X, Yy)
=BV (f(ke) + (1 = 0)ke — c) (f (ke) + (1 = 9)),

and we have the derivative of the value function in terms of the derivative of the value function and

10
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some other terms, which is no improvement.

One of the important tricks of working with the Bellman equation is to write out the objective
function and the budget constraints so that one gets a convenient expression of the envelope theorem,
that is, so that G x(X¢, Y:) = 0. Doing this usually means putting as much of the model as possible

into the objective function and requires keeping the time ¢ state variable out of the budget constraint.

1.6 An approximation of the value function

As mentioned before, we can use numerical methods to find an approximation of the value function (and

the policy function) for specific economies. Suppose that we have the following production function:
f(k) = kf )

for 0 < € < 1, and the utility function is:
u(er) = Iney.

We can write the Bellman equation as:

V (k) = max (k! + (1 — 8)k — key1) + BV (ki) -
t4+1
To use the recursive method of calculating the approximate V(-), we need to choose values for ¢, 6,
B, and a functional form for Vy(-). Let 6 = 0.1, 8 = 0.36, and S = 0.98. The simplest form to choose
for the initial guess of the value function is the constant function, Vy(k41) = 0, for all values of k.
Using the equation for the steady state that we found previously, (9), we find that the steady state

values? for this model are at k£ = 0 and:

_ 1

) E00 = —_ _(1-01

0.36 x 593 (1-0.1)
— k =5.53T7.

Attached below is some MATLAB code to carry out the iteration procedure:

% Value function iteration

global vlast beta delta theta kO kt
hold off

hold all

%set intial conditions
vlast=zeros (1,100);

4Notice the plural.

11
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k0=0.06:0.06:6
beta=0.98;
delta=0.1;
theta=0.36;

numits=240;

%begin the recursive calculations
for k=1:numits
for j=1:100
kt=j*0.06;

%find the maximum of the value function

ktpl=fminbnd (@valfun,0.01,6.2)
v(j)=-valfun(ktpl);
kt1(j)=ktpl;

end

if k/48==round (k/48)

%plot the steps in finding the value function

plot (k0O,v)
xlabel ('k(t) ')
ylabel ('V(k(t))"')
drawnow
end
vliast=v;
end
hold off
%plot the final policy function
figure
hold on
plot (kO,kt1)
hline = refline ([1 0]);
hline.Color = 'k';
hline.LineStyle = ':';
hline.HandleVisibility = 'off';
xlabel ('k(t) ')
ylabel ('k(t+1) ")

% Subroutine to calculate value function
function val=valfun (k)
global vlast beta delta theta kO kt
%smooth out the previous value function
g=interpl (kO,vlast ,k, 'linear');
%calculate consumption with given parameters
kk=kt " theta-k+(1l-delta)xkt;
if kk <= 0

%trick to keep values from going negative

val=-888-800*abs (kk) ;

12
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else
%calculate the value of the value function at k

val=log (kk)+betax*g;

end

%change value to negative since fminbnd" finds minimum

val=-val;

Figure 1: Approximating the value function

14

V(k(1)

| | | |
0 1 2 3
k(®)

Source: McCandless (2008)

13
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Figure 2: The policy function after 240 iterations

ol - I I I I I |
0 1 2 3 4 5 6
k(t)

Source: McCandless (2008)

So what is happening here? The black line in Figure 1 is our initial guess, Vo(k;) = 0, the blue
line is the value function after 48 iterations, the orange is the 96th, the yellow is the 144th, the purple
is the 192nd, and the green is the 240th. Notice that the steps are gradually getting smaller as the
number of iterations increases and the line moves upward.

The policy function for this economy, which finds the optimising value of k.11 for each value of
k;, is generated at the same time as the value functions. The one for our example economy, after 240
iterations, is shown in Figure 2 as the function k11 = H(k:). Notice that this function crosses the 45
degree line at the steady state value of 5.537.

We will return to this iterative procedure when we look at stochastic recursive methods.

1.7 An example with variable labour

It might be useful to show that recursive methods can be applied to the RC economy where labour is

a variable input. So the utility function is:

Y Blulerri hivi),

=0

14
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which is maximised subject to the constraints:

kt+1 = (]. — 5)kt + it,
yr = f(ke, he) > ¢+,
he < 1.

This problem can be written naturally as the Bellman equation:

Vi(k:) = A [u(f (ke he) + (1 — 0kt — k1) + BV (key1)] -

Here the budget constraint is:
k‘t+1 = G(kt+1) = Ift-i—lv

which implies that the condition Gx (X¢, Y¢) = 0 is met, so Benveniste-Scheinkman’s envelope theorem
condition has a simple representation.

There are now two FOCs since there are two controls, hy and k¢41. These conditions are:

8‘({;2’?) = uc(f(ke, he) + (1 = 0)ke — keyr, he) fr(ke, he) + un(f (ke he) + (1= 6)ke — kega, he) =0
and
OV (k) = —uc(f(ke, he) + (1 — 8k — kygr, hy) + BV (kigr).
ki1

The envelope condition is:
V' (ki) = uc(f (ks he) + (1= 8)ke — kygr, he) (fi(ke, he) 4+ (1 = 0)).

These conditions result in the equations:

up (f (ke he) + (1= 8)ky — kg1, he)
Ue(f (ke, he) + (1 — 0) ke — kygr, hy)

= _fh(k'taht)

and
ue(f(ke, he) + (1= 0)ky — k1, hy)

Ue(f(Ke1, hig1) + (1 = 0)ke1 — kigo, hegr)

which are the same conditions we would find if we used variational methods.

Blfr(kes1, herr) + (1 =9)],

This model can also be calculated numerically to find approximations for the value function and
for the two policy functions, ki1 = H*(k;) and hy = H"(k;). One chooses an initial guess for the

value function (Vj(-) = 0 os frequently convenient) and repeatedly calculates:

Viti(ke) = max [u(f(ke, he) + (1= 6)ke — kiyr, he) + BV (ki)

hi ki1

15
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for j =0,..., 7™ over a sufficiently dense set of k;. The sequence of functions, Vj1(k;), converge to
the value function, V' (k;), as j — co. As in the case above where labour was fixed, each iteration of
this procedure will find the optimising values for k.1 and h; for each member of the k; set that was
used. This sequence of functions gives approximations for the policy functions that converge to the
policy functions H*(-) and H"(-) as j — jma*.

Suppose we have: § = 0.1, § = 0.36, 8 = 0.98, and A = 0.5, and that we assume the following
utility function:

u(er, hy) =Ine + Aln(1 — hy),

and the production function used is:
fke hy) = KRy ™.

% Value function iteration

global vlast beta delta theta kO kt A
hold off

hold all

vliast=ones (1,50);

k0=0.2:0.2:10;

kt1=k0;

h=.5*xones (1,50) ;

xmin=[.21 .01];

xmax=[9.99 .99];

beta=.98;
delta=.1;
theta=.36;
A=.5;

options = optimset('Display','off','LargeScale','off')
numits=240;
for k=1:numits
for j=1:50

kt=k0(j);

z0=[kt,h(j)]1;

z=fmincon (@valfun2,z0,[],[],[],[],xmin,xmax,[],options);

v(j)=-valfun2(z);

kt1(j)=z(1);

h(j)=z(2);

end

if k/30==round (k/30)
plot (kO,v)
xlabel ('k(t) ")
ylabel ('V(t) ')
drawnow

end

vlast=v;
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end

hold off

figure

hold on

ploti=plot (kO,kt1);

plot2=plot (kO,h);

hline = refline([1 0]);
hline.Color = 'k';
hline.LineStyle = ':';
hline.HandleVisibility = 'off';
xlabel ('k(t) ') ;

ylabel ('k(t+1) and h(t)');

legl = "k(t+1)";

leg2 = "h(t)";

legend ([plotl,plot2],[legl,leg2], 'Location’', 'northwest');

% Subroutine to calculate value function
function val=valfun2(x)
global vlast beta delta theta kO kt A
X3
k=x(1);
h=x(2);
g=interpl (kO,vlast ,k, 'linear');
kk=1.75*xkt~"theta*h~(1-theta)-k+(1-delta)*xkt;
if kk<=.001
val=1log(.001)+A*log(1-h)+beta*g+(kk-.001) ;
else
val=log(kk)+A*xlog(1l-h)+beta*g;
end

val=-val;
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V(D)

k(t+1) and h(t)

10

10 -

Figure 3: Approximating the pair of value functions

0
Source: McCandless (2008)

Figure 4: The two policy functions after 240 iterations

K(t+1)
h(t)

k(o)
Source: McCandless (2008)

Figure 3 shows the approximate value functions converging upward. The lines shown are V,,, (k;)

for iterations number m = 30,60,...,240. Figure 4 shows the final policy functions for time ¢ + 1
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capital, ks 11 = H¥(k:), and for time ¢ labour input, hy = H"(k;), along with the 45 degree line so
that the value of k; in the stationary state can be seen. As one might suspect, the amount of labour

supplied along an equilibrium path declines as the capital stock increases.

2 Recursive Stochastic Models

We've stuck pretty closely to the material in McCandless (2008)’s introductory material for determin-
istic dynamic programming. We’re going to be moving a bit quicker as we move onto the stochastic
case, mostly because this will be the standard across most of the material we will encounter. As such,

there are different approaches and notation to cover.

2.1 Probability

A probability space (2, F, P) is comprised of three elements: 1) €2, a set that contains all the states of
nature that might occur, 2) F, a collection of subsets of £, where each subset is called an event, and
3) P, a probability measure over F.

First, consider what this means when € is a finite set of possible states of nature. For example, it
might contain just two possible values for technology, A; and A;. Then a natural way to define F is
with four elements: the empty set, ), A1, Aa, and the set {41, A2}. A probability measure for these
four sets is 0 for @), some value 0 < p; <1 for Ay, 1 —p; for Ay, and 1 for the set {A;, A2}. This says
that either A; or As will occur and, for a large enough sample, A; will occur with frequency p;.

For larger finite sets of possible states of nature, the structure is the same, but there are simply
more elements to F. If ) were comprised of three elements, A; = 0.9, A> = 1.05, A3 = 1.1, then
in addition to the sets given above, F would include A3z, {A1, A3}, {42, A3}, and {A;, Ao, A3}. The
event {As, A3} contains all possible technology levels greater than 1 and occurs with probability ps +ps
(when the underlying events are independent and A; occurs with probability p;, As with ps, and As
with ps, and p; + p2 +p3 = 1.

This may seem obvious and unnecessary vin defining F, the set of subsets of {2, and then probab-
ilities over this subset. But when the set of possible states of nature is continuous, then the definition
is more useful. Consider a growth model where technology, A;, can take on any value in the set
[0.9,1.2]. Suppose that the probability distribution is uniform, so that, in some sense, any value is
equally as likely as any other inside the set. In this case, the probability that in some given period t,
Ay = 1.15565, for example, is zero due to the properties of the uniform distribution. It is in this case
that defining subsets of [0.9, 1.2] becomes useful. Imagine that we want to know the probability that
technology will have a value in period t between 0.97 and 1.03. Since this is a uniform distribution,
this probability can be calculated as 0.06/0.3 = 0.2.

Although the probability of any one value occurring for A; is always zero in this example, for any

19



Advanced Macroeconomics I (MPhil Economics, MT2020) David Murakami

positive range of values, one can usually find a positive probability. Therefore, by defining probabilities
over subsets of the state of nature, the definition encompasses situations with a continuous range of

possible states of nature.

2.2 A simple stochastic growth model

Let’s return to the case of Robinson Crusoe, but now the production function is:

ye = A'f (k)

where we apply the usual assumptions to f(k;) and A? can take on two values:

A .p- P1,
At — 1 W.p. P1 (10)

Ay w.p. po,

and where A; > As.

Capital grows with the following law of motion:
ki1 = A f(k) + (1 — 0k — 4.

At time 0, Robinson Crusoe wants to maximise an expected discounted utility function of the form:

Eo Y B'u(cy).
t=0

Future consumption paths are represented by a kind of tree. Given some initial capital kg, in period
0 there are two possible technology levels that could occur and two different amounts of production,
represented by the ordered pair {A; f(ko), Aaf(ko)}, with probabilities {p1,p2}. Depending on which
state occurs in period 0, RC will choose some time 1 capital stocks of {k},k?}. In period 1, produc-
tion will be one of these four possibilities: {A1f(k}), Aaf(k}), A1f(k}), Aaf(k})}, with probabilities
{p1p1, p1P2, P2p1, P2p2}-

Suppose that one can write the value of the maximum expected discounted utility given an initial
capital stock of kg, when the time 0 realisation of technology is A;, as:

oo
Ctrt=o

V(ko, A1) = max EZﬂtu(ct),
t=0
subject to the budget constraint for ¢ = 0O:

ki = A1 f(ko) + (1 — 8)ko — co,
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and those for ¢ > 1:
kt+1 = Atf(kt) + (1 — 5)kt — C¢,

and the independent realisations of A given by (10). One could write a similar setup by replacing A4;
Expected utility is a function of two state variables: capital inherited and the realised technology

level. As shown previously, this expression can be written recursively as:
V(kOa AO) = max [U(Co) + /BEOV(kla Al)} )
co

subject to:
ky = A%f(ko) + (1 — 8)ko — co.

There is a subtle change in how the value function is written. It is now written as a function of the
time 0 realisation of the technology shock. As this function is written, kg and A are the state variables
and ¢g is the control variable. The second part of the value function is written with the expectations
term because given a choice for ¢y (and through the budget constraint of k1), it will have a value of
V(k1, A1) with probability p;, and a value of V(k1, A2) with probably ps. For any particular choice of

k1 of the time 1 capital stock, the expectations expression is equal to:
EoV (k1, A') = p1V (k1, Ay) + paV/ (k1, Ag).
For any initial time period ¢, the problem can be written as:
V (ke AY) = max [u(er) + BEV (kysr, AT,

subject to:
ki1 = A f(k) + (1 — 0kt — 4.

Or, by making k;;1 as the control/choice variable, we can write the problem as:

V(ke, A) = max [u(A" f (ki) + (1 = )k — kegr) + BBV (kegr, A7) (11)

kti1

and the budget constraint (using the definition in the previous section) is:
kt-‘,—l = G(Xt7Yt) = kt+1.

The solution to a stochastic recursive problem finds a function that gives the values of the control
variables that maximises the value function over the domain of the state variables. Since the state

variables include both the results of previous choices of control variables and the results of nature’s
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choices of the value for the stochastic state variables, we call the solution function a plan and write it
as:
kt+1 - H(k‘t, At)

The plan gives the optimising choice of the control variables in every period as a function of the regular

state variables and of the states of nature. A plan fulfils the condition that:

Vike, A) = w(A f(ke) + (1 — 8)ke — H ke, AY)) + BEV (H (ky, AY), AT,

2.3 A general version

Using the notation in the previous section, we can write the value function as:

V(Xy,Zy) = E STUR(X,, Y, Zy),
(X¢, Z¢) (hax £y BT )

sle=t s=t

subject to the budget constraints given by:
XS+1 = G(XS7Y87 ZS))

for s > t, where X; is the set of regular state variables, Z; is the set of state variables determined by
nature (stochastic state variables), and Y, are the control variables. As before, F(-) is the objective
function and G(-) are the budget constraints. This problem can be written recursively as a Bellman

equation of the form:
V(X Zy) = max [F(Xs, Y5, Zs) + BEV (Xit1, Ziy1)] s (12)

subject to:
Xt-‘rl = G(Xt7Yt7 Zt)

The solution is a plan of the form:
Y. = H(Xy,Zy),

where
V(Xtu Zt) = F(Xtu H(Xt7 Zt)7 Zt) + BEtV(G(Xh H(Xt7 Zt)7 Zt)7 Zt+1)7

holds for all values of the state variables (including the stochastic state variables).

The FOCs for the problem in equation (12), and its budget constraints are:

0 = FY(XhYta Zt) + BEt [VXG(XhYta Zt)) Zt+l)GX(Xt7Yta Zt)] -
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When one is able to choose the controls so that Gx (X, Y, Z;) = 0, the above equation is:
Vx(Xy,Zy) = Fx (X4, Y4, Zy),
and the FOCs give the consumption Euler equation (in stochastic form):
0=Fy (X, Y, Z) + OE; [Fx(G(Xt, Y, Zy), Yer1, Zi11)Gy (X, Y, Zy)]

2.3.1 The problem of dimensionality

Up to this point, the discussion of the general version has said nothing about the dimension of the
stochastic variable, Z;. In the example economy previously, the stochastic variable had only two
possible realisations in any period. That the stochastic shock could take on so few values makes
the exposition simple. In theory, there is no necessity that the dimension be small, and it is quite
possible to describe a model in which the realisation of the stochastic variable comes from a continuous
distribution. In practice, the dimension of the state space and the variables in it do matter.
Logically, it should be possible to follow the same steps as the deterministic case and begin with

an initial guess for the value function, V5(X¢, Z;), and iterate on the equation:
‘/jJrl(Xh Zt) = H?X [F(Xt; Yt7 Zt) + /BEtV](G<Xt7 Yta Zt)) ZtJrl)] )
t

to find approximations of the value function and the policy functions that converge on the actual value
function and plans. Indeed it is possible if the dimensions of X; and Z; are not too large. The reason
for this is that the dimensions of the calculations for the stochastic case are the dimensions of X;
multiplied by the dimensions of Z;. If one is using numerical techniques to calculate iterations of the

value function, the number of points to be found in each iteration can be come quite burdensome.

2.4 The value function for the simple economy

Let’s write equation (11) as a pair of Bellman equations, one for each of the two possible time ¢

realisations of A?, as:

V(ke, Ar) = max {u(Arf(ke) + (1= 6)ke — kg1) + B [p1V (kir1, A1) + p2V(key1, A2)]},

t+1

and

V(ki, A2) = max {u(Az f(ke) + (1 = 0)ke — ker1) + B[p1V (kes1, A1) + p2V (kerr, A2)]}

t+1

where we’ve written out the expected values in terms of their respective probabilistic outcomes.
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The iteration process requires choosing starting functions for both Vy(k, A1) and Vy(ks, Az). Given
these initial functions, the functions from the first iteration, Vi (k¢, A1) and Vi (kq, A2), are found by

simultaneously calculating:

Vi(ke, Ar) = max {u(Aif(ke) + (1 = 0)ky — keyr) + Bp1Vo(kig1, Ar) + p2Vo(kig, A2)]},

t4+1

and

Vi(ke, Az) = max {u(Ay f(kyy + (1= )kt — keyr) + B [p1Vo(ker1, A1) + paVo(keqr, A2)]

ki1

over the discrete subset of values of k;. To find the results of the next iterations, Va(k:, A1) and
Va(ke, Ag), we calculate:

Va(ke, Ar) = max {u(Arf(ke) + (1= 0)ks — key1) + B paVi(keg1, A1) +p2Vi(keyr, A2)]},

t+1

and

Va(ke, Ag) = max {u(Aaf(ke) + (1= 6)ks — k1) + B [p1Vi(kerr, A1) + p2Vi(kegr, A2)]}

t+1

Repeated iterations result in a sequence of pairs of functions {V;(k, A1), V;(ki, A2)}52, that converge
to the desired pair of value functions, {V (k¢, A1),V (kt, A3)}.

2.4.1 Calculating the value functions

Use our parameters from before: § = 0.1, 8 = 0.98, # = 0.36, the production function is f(k;) = kY,
and the utility function is u(¢;) = ln¢,. Let Ay = 1.75 with p; = 0.8 and Ay = 0.75 with ps = 0.2.
We choose initial guesses as Vy(ky, A1) = 20 and Vp(ky, A2) = 20. The first iteration round results in
calculations for V; (k;, A?) of:

Vi(ke, Ay = 1.75) = max In(1.75k3¢ 4+ 0.9k, — kyy1) + 0.98 x 20,

ki1

and
Vi(ks, Ao = 0.75) = max In(0.7552-3% + 0.9k, — k1 1) + 0.98 x 20.

kt+1

The second round Va(k;, A?) functions are found maximising:

Vo(ke, 1.75) = max {In(1.75k{ % 4+ 0.9k, — kyy1) + 0.98 [0.8V4 (kps1, 1.75) + 0.2V; (g1, 0.75)] }

kty1
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and

Va(ky, 0.75) = max {In(0.75k{3% + 0.9k; — ky1) + 0.98 [0.8V3 (K1, 1.75) + 0.2Va(kep1,0.75)] } .
t+1

Continued iterations result in the value functions shown in Figure 5. In this figure, the two curves are

shown every 50 iterations (the last is at iteration 250). The pair of policy functions that we have after

250 iterations is shown in Figure 6, where the lower one is for A* = 0.75.

% Value function iteration
global vlastl vlast2 beta delta theta kO kt At pl p2
hold off
hold all
vlast1=20%ones (1,40);
vlast2=vlastl;
k0=0.4:0.4:16;
kt11=kO0;
kt12=k0;
beta=.98;
delta=.1;
theta=.36;
A1=1.75;
pl=.8;
p2=1-pi;
A2=.75;
numits=250;
for k=1:numits
for j=1:40
kt=k0(j);
At=A1;
z=fminbnd (@valfunsto,.41,15.99);
vi(j)=-valfunsto(z);
kt11(j)=z;
At=A2;
z=fminbnd (@valfunsto,.41,15.99);
v2(j)=-valfunsto(z);
kt12(j)=z;
end
if k/50==round (k/50)
plot (k0,v1,k0,v2)
xlabel ('k(t) ")
ylabel ('V(k(t) ,ACt))")
drawnow
end
vlastli=vli;
vliast2=v2;

end
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hold off

figure;

hold on

ploti=plot (kO,kt11l);
plot2=plot (kO,kt12);

hline = refline([1 0]);
hline.Color = 'k';
hline.LineStyle = ':';
hline.HandleVisibility = 'off'
xlabel ('k(t)');

ylabel ('k(t+1)');

legl = "H(k(t),1.75)";

leg2 = "H(k(t),0.75)";

legend ([plotl,plot2],[legl,leg2], 'Location', 'northwest');

% Subroutine to calculate value function
function val=valfunsto (x)
global vlastl vlast2 beta delta theta kO kt At pl p2
k=x;
gl=interpl (kO,vlastl ,k,'linear');
g2=interpl (k0,vlast2,k, 'linear');
kk=At*kt theta-k+(1-delta)*kt;
if kk<=.001
val=1log(.001)+beta*x(pl*xgl+p2*g2) +200* (kk-.001) ;
else
val=log(kk)+beta*x(pl*xgl+p2*g2);
end

val=-val;
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Figure 5: Approximating the pair of value functions
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Figure 6: The two policy functions after 240 iterations
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2.5 Markov chains

We can use Markov chains for a richer random process. In a Markov chain, the probabilities for the
realisations of the states of nature in period ¢ are a function of the realisation that occurred in period
t—1 and only in period ¢t —1. To use recursive methods, we want a Markov chain that is time invariant
— the probabilities depend on the previous period realisation and not the actual period that we’re
currently in.

There are three elements to a Markov chain. The first is the set of realisations for the state of
nature; in the example we have been using, it is the set of values that our A? variable can take on. This
set has a fixed, finite dimension, n, and {A'} = {A; As,..., A, }. The dimension n and the values 4;
are the same in every period. In the example above, n = 2 and {A;} = {A; = 1.75, A3 = 0.75}.

The second element of a Markov chain is a matrix of transition probabilities, P, where element p; ;
is the probability that state j will occur when the state of nature in the previous period was state i.

For example, we could have the following transition matrix:

pun piz| |09 0.1
D21 D22 04 06|’

for A'. These values are chosen so that the shock exhibits some kind of persistence.

P =

The third element of a Markov chain is the initial state of nature, from period ¢ —1, that determines
the row of the P matrix where we begin (or the probability distribution of the initial period’s stochastic
variable if this is different from a row of P). With the initial distribution given, the probability of any
future outcome can be calculated.

The probabilities given by the matrix P are condition probabilities in the sense that once the
economy is in the state of nature Ay, the top row of the P matrix describes the probabilities for the
state of nature in the next period. Once the economy is in the state of nature As, the second of
the P matrix describes the probabilities of ending up in the state of nature A; or Ay in the next
period. These are conditional probabilities since they tell how the economy will proceed once it is in
a particular state. We may also be interested in the unconditional probabilities of the occurrence of
the states of nature in this economy. These are the probabilities that the economy will be in state of
nature A; or As when we know nothing about the previous period. If we observe the economy long
enough, the unconditional probabilities will tell us how often we observe state of nature A; and As.

Unique invariant unconditional probability distributions exist if every element of the P matrix is
positive (p;; > 0). Suppose that pg is the initial probability distribution (the one for period 1). The
unconditional probability distribution for period 2 is pg P, given the initial distribution. Multiplying
po by the transition matrix gives the probability distribution for period 2. In period 3, the distribution
is poP? = poPP. In any period n + 1, the probability distribution for the states of nature is poP".
The claim is that as n — oo, poP* — P independently of py.
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Using the 2 x 2 matrix P from above, the first elements of this sequence are:

p— |09 01
04 0.6

po_ [085 015
0.60 040"

po_ |0-825 0175
1070 030 |

and in the limit:
. 2
poo _ 0.8 0 .
0.8 0.2
Notice a special characteristic of the P°° matrix: all the rows of the matrix are the same. This is

because each row gives the unique invariant unconditional probability distribution. Now, let’s suppose

we have the following initial probability distribution:
po =036 0.64].

If we multiply this vector by the matrix P> we get:

. 08 0.2
poP =[0.36 0.64}
08 0.2

= [0.36 x 0.840.64 x 0.8 0.36 x 0.2+ 0.64+ 0.2

~los 02].

No matter your initial probability distribution, with a Markov chain you can find the unique invariant
unconditional probability distribution for a long enough time path.

We can write the value function for an economy with a Markov chain as:
Vip1 (X, Zy) = max [F(Xe, Y, Zy) + BEV; (G( Xy, Y, Zy), 2y 1) | Zy]
For the growth economy, modified by using the Markov chain, the value functions are:

V(ki, A1) = max {u(Arf(ke) + (1 = 0)ky — k) + B [p11 V (keg1, Ar) + p12V (kpyr, A2)]}

t+1
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and

V(kt,Ag) = I]glaX {U(Agf(kt) + (1 — (;)kt — ktJrl)ﬁ [p21V(k}t+1, Al) +p22V(kt+1, AQ)]} .

t+1

As before, for specific economies, the value function is found by iterating, given some initial choice
of the function, Vg (k;, A?). For the example economy we have been using, but with the matrix P used

in place of the constant probabilities, the j + 1-th iteration of the value function is:

Vjg1(ke, 1.75) = max {In(1.75k3%6 + 0.9k, — kyy1) + B[0.9V}(kss1, 1.75) + 0.1V (kys1,0.75)]

ki1

and

Vji1(ke, 0.75) = max {In(0.75k{® + 0.9k, — k1) + B[0.4V; (ks1, 1.75) + 0.6V (kyt1,0.75)] } .

t+1

As before, these value functions converge to a V (k;, A') and contingent plans. The main catch with
Markov chains is that while they help with improving shock persistence in a simulated time path for a
state variable, they do not explain why the persistence exists. The time series that result from these
kinds of models can be made to display persistence, but this persistence is not explained in economic

terms (see Ljungqvist and Sargent (2018) for further discussion on Markov chains).

3 Projection Methods

We now switch away from value function iteration to projection methods, introducing a slight change in
notation. These methods compute directly the policy function without calculating the value functions.
They use the first-order conditions (Euler equation) to back out the policy rules. Let’s consider
a simple example and suppose that z is some exogenous variable and that the following equation
implicitly defines y:

g(z,y) =0, Vo € X.

Let the solution be defined by the policy rule:
y = h(z),
which satisfies the following error function condition:
R(z,h) = g(z,h(z)) =0, Vz € X.

As we know, finding the policy rule, h, is a big problem outside of special cases — there are an
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infinite number of unknowns (i.e., one value of h for each possible x) in an infinite number of equations
(i.e., one equation for each possible x). There are broadly two approaches to this problem: projection
and perturbation, each with their own different sub-versions and variations.

The main idea of projection is to find a parametric function, ﬁ(m;i/)), where 1 is a vector of
parameters chosen so that it imitates the property of the exact solution, i.e., R(z;h) =0, Yz € X, as

well as possible. So we choose values for 1 so that

R(z;9) = g(x, h(z; ) = 0, Yz € X.

The method is defined by the meaning of ‘close to zero’, by the parametric function, ﬁ(x, ¥), that is
used, and spectral functions. Spectral functions are functions, such as iL(SC, 1), in which each parameter

in 9 influences fAL(x, 1Y), Vo € X. For example:

(G

Un

where G;(x) = T;(p(x)), and T;(z) : [-1,1] — [-1,1] is an i-th order Chebyshev polynomial, and
v : X — [—1,1]. What does this all mean? Before proceeding, it’s worth talking about approximating

functions and numerical integration.

3.1 Function approximation

If you have a finite set of data points and wish to determine the underlying functional form, you will
need to resort of function approximation. For example, suppose one knows the next period’s value of
the interest rate, R;.1, is some function of the current interest rate, but one doesn’t know what the

functional form is. That is, one has the empirical relationship:

Rip1 = f(Re) + €141,

and the question is then whether with enough data one can discover the functional form of f.

The need for approximating functional forms also arises if one could in principle calculate the func-
tion value for any given set of arguments but that it is very expensive to do so. For example, the
function value may be the outcome of many complex calculations and it may take a lot of computing
time to calculate one function value. With an approximating functional form, one could obtain (ap-
proximate) function values much quicker. Again, the goal would be to come up with an approximating
functional form using a finite set of data points. There is a big difference with the problem that the

econometrician faces, however, because the econometrician cannot choose their data points. We will
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see that the freedom to choose the location of the arguments makes it much easier to come up with
accurate approximations. Finally, the theory of function approximation is very useful if one is trying

to solve for a function that is implicitly defined by a system of functional equations.

3.1.1 Polynomial approximations

We will mostly look at polynomial approximations, i.e.:
Y = ao + a1z + agx” + -+ + apa”,

where x is a scalar. Later, we will discuss functions with multiple arguments. We will see that there
are actually many different types of polynomials by choosing different basis functions, T;(x). That is,

a more general way to write polynomials is:
ye = ap + a1 T (z) + a2 To(x) + - - + an T ().

For example, T;(x) could be (Inz))®. Moreover, one can take transformations. For example, if one

knows that the function is always positive, one could use this information by letting
ye = exp{ag + a1T1(x) + axTo(x) + - - + an T ()} .

How good are polynomial approximations? Weierstrass’ theorem® tells us that a continuous real-
valued function defined on a bounded interval on the real line can be approximated arbitrarily well using
the sup norm if the order of the polynomial goes to infinite. Even functions that have a discontinuity
can be approximated arbitrarily well if one uses another norm then the sup norm.

So how to find these approximations? We will discuss four different ways to come up with a
polynomial approximation. the procedures differ in whether they use only local information (Taylor
expansion) or whether they use information about derivatives or not:

Taylor expansion: If one has the function value and n derivatives at one point, x(, then one can

calculate a polynomial approximation using the Taylor expansion:

of@| ., @-w)" ')

ox n! ox™

T=Tq T=x0

f(z) = f(z0) + (z — 20)

Note that the RHS is indeed a polynomial.
Projection: More common though is that one has n + 1 function values, fo, f1,..., fn, at n 4+ 1

arguments, xg,T1,...,T,. Lhere are two procedures to find the coefficients of the polynomial. The

5Let f be a continuous real-valued function defined on the real interval [a,b]. For every ¢ > 0, 3 a polynomial p
such that for all € [a,b] we have |f(z) — p(z)| < e. In other words: there exists a polynomial that approximates any
continuous function arbitrarily well.
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first is to run a regression. If you do it right you get an R? equal to 1.

Lagrange interpolation: The approximating polynomial is also given by:

f(@) ~ foLo(x) + - + fuln(2), (13)

where:
(—20) - (z—xi1)(@ — xiy1) - (z — @)

(zi — o)+ (v — ic1) (T — Tig) -+ (25 — 2p)

L;(x) is a polynomial so that the RHS of (13) is a polynomial too. So we only have to show that this

polynomial gives an exact fit at the n + 1 points. This is easy if one realises that:

1 ifx=uzy,
0 ifze{xo,...,zn}\{z;:}

Consequently, one gets:

f(xi) = fi.

It is unlikely that you will actually find it useful to write the polynomial like this, but we will see that
this way of writing a polynomial is useful for numerical integration.

Hermite interpolation: The last two procedures only used function values at a set of grid points.

Now suppose that in addition to n+ 1 function values one also has numerical values for the derivatives
at the nodes, i.e., f('), fi, ceey f;. With these 2(n + 1) pieces of information one calculate a (2n + 1)-th

order polynomial.
fla) =Y fiHix) + Y fiHi(@),
i=0 i=0
where:

H; = (1 - 2L;(;)(x — ;) Li(2)?,
H; = (x — ;) Li(x)2.

Note that:
, 1 if z=ux,

0 ifze{xg,. ..,zn\{z:i}

The approximation gets the function values right at all nodes because the H; (x;) terms are all zero and
the H;(z;) terms are 1 at z; = x; and zero otherwise. The approximation gets the derivatives right
because the H;(x;) are all zero and the ﬁz(xj) select with all its zero/one structure the appropriate

derivative.
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3.1.2 Orthogonal polynomials

From the discussion above, it became clear that finding the coefficients of the polynomial is like a
projection on the space spanned by the basis function ,i.e., like a regression. In any introductory
econometrics course, one learns about the problem of multicollinearity and the advantage of having
uncorrelated explanatory variables. The same is true in function approximation. Moreover, in numer-
ical problems it is important to have good initial conditions. The problem with the basis functions of
regular polynomials (i.e., 1, 2,22, and etc.) is that these terms are often highly correlated unless one
has a lot of variation in the argument. Adding additional polynomial terms could thus very well mean
that the coefficients of all polynomial terms change substantially even if the extra terms have little
additional explanatory power.

Orthogonal polynomials are such that the basis functions are by construction orthogonal with

respect to a certain measure. That is, the basis functions of all orthogonal polynomials satisfy:%

/b Ti(z)T;(z)w(z)de =0, Vi,j 21 # j,

for some weighting function w(x). Popular orthogonal polynomials are Chebyshev polynomials and the
reason they are popular will become clear below. Chebyshev polynomials are defined on the interval

[a,b] = [-1,1] and the weighting function is given by:

1

Ja-a2)

The basis functions of the Chebyshev polynomials are given by:

w(z) =

Note that if one builds a polynomial with Chebyshev basis functions, i.e.:

f(x) = aTf(x),
§=0

6 A note on terminology: > means “contains as an element”.
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then one also has a standard polynomial of the form:
bo + biz + box® + - - - + byz”,

where the b;’s are functions of the a;’s. The same is true for other orthogonal polynomials. So the
reason why we use orthogonal polynomials is that it is easier to find the coefficients, for example,
because if one adds higher order terms, good initial conditions are the coefficients one found with the
lower-order approximation. Chebyshev polynomials are defined on a particular interval but note that a

continuous functions on a compact interval can always be transformed so that is defined in this range.

3.1.3 Chebyshev nodes

We now defined a concept of which the importance will become clear in the remainder of this section.

Chebyshev nodes are the z-values at which a basis function is equal to zero. For example:
TS(z) = 222 — 1,
: 1 L Qs .
and the corresponding roots are equal to f\/; and \/; . Similarly:
TS (z) = 42° — 3z,

and the roots are equal to — %, 0, and \/g . If one wants to construct n Chebyshev nodes, one thus

takes the n-th Chebyshev basis function and finds the roots that set it equal to zero.

3.1.4 Uniform convergence

Weierstrass’ theorem implies that there are polynomial approximations that converge uniformly to-
wards the true function, because convergence in the sup norm implies uniform convergence. To find
this sequence, however, one must be smart in choosing the points that one uses in the approximation.
If one uses observed data points one doesn’t have this degree of freedom, but in many numerical prob-
lems one does. The flexibility to choose the approximation points will turn out to be a great benefit
in many numerical problems.

It turns out that by fitting the polynomial at the Chebyshev nodes guarantees uniform convergence.

A famous function to document how terrible not having uniform convergence can be is:

1

o) = T3a5,2

defined on [—1,1]. As an exercise you should compare the following two strategies to find the coeffi-

cients of the approximating polynomial. The first strategy finds the coefficients of the approximating
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polynomial using n+ 1 equidistant points and its function values. The second strategy uses Chebyshev
nodes. The polynomials that one obtains with equidistant points only converge point wise and as n
increases one sees bigger and bigger oscillations.

For a formal discussion one should read Judd (1998). But some intuition of why Chebyshev nodes
are so powerful can be obtained by thinking of the formula for standard errors in a standard regression
problem. If X is the matrix with all the observations of the explanatory variables and o? is the
error variance, then the standard error is given by o?(XTX)~!. That is, the further apart the X
values the smaller the standard error. Chebyshev nodes are more spread towards the boundaries than
equidistant points and, thus, we obtain a more accurate approximation using polynomials fitted at

Chebyshev nodes.

3.1.5 Other types of basis functions

Orthogonal polynomials can be written as ordinary polynomials. They differ from ordinary polyno-
mials by having different basis functions, but an n-th order Chebyshev polynomial can be written as
n-th order regular polynomial. Nevertheless one has quite a bit of flexibility with polynomial approx-
imations. For example, instead of approximating f(z) one can approximate f(expZ) = f(exp(lnz)).
Or if one knows that the function value is always positive, one can approximate In f(x).

Of course, one could consider alternatives using polynomial basis functions. An alternative is to
use neural nets. The idea behind neural nets is very similar to using polynomial approximations but
they use different basis functions to build up the approximating function. In particular let X be a

vector with function arguments and let f : R — R. Then the leural net approximations is given by:

J
f(X) ~ Z vig(w X +b;),

j=1

where w; € R", ;, b; € R, and g : R — R is a scalar squashing function — a function with function
values in the unit interval. Neural net approximations are not very popular in macroeconomics. The
reason is that neural net approximations need quite a few parameters (layers) to approximate low-order
polynomials and many series in economics are well approximated with polynomials. Neural nets have

been more successful in explain time series with more chaotic behaviour.

3.2 Splines

The approximation procedures discussed above all had in common that for each possible argument
at which one would like to evaluate the function, there is one identical polynomial. The idea about
splines is to split up the domain into different regions and to use a different polynomial for each region.
This would be a good strategy if, the function can only be approximated well with a polynomial of a

very high order over the entire domain, but can be approximated well with a sequence of low-order
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polynomials for different parts of the domain. The inputs to construct a spline are again n+ 1 function
values at n 4+ 1 nodes.

Splines can still be expressed as a linear combination of basis functions which is the same for each
possible argument, but this is not a polynomial. The basis functions are zero over most of the domain.
Thus splines take a much more local approach and a change in a function value far away from z; is
much less likely to affect the approximation for f(z;) when using splines than when using polynomial
approximations.

Piecewise linear: The easiest spline to consider a piecewise linear interpolation. That is for

xr —Z; xr — Z;
flz) =~ <1 - ) fi+ () fit1-
Ti41 — T4 Ti41 — X4

n-th order spline: Piecewise linear splines are in general not differentiable at the nodes and this

T € [(Ei, (Eprl]:

could be a disadvantage. But it is easy to deal with this by fitting a low-order polynomial on each
segment and choose the coefficients such that it fits the function values at the nodes and the function
is smooth at the nodes. Consider what needs to be done to implement a cubic spline. A cubic spline

uses:

f(x) ~ a; +bix + c;x* + dix®, x € [xi_1, 7).

Since we have n segments, we have n separate cubic approximations and thus 4n coefficients. What
are the conditions that we have to pin down these coeflicients?

We have 2 + 2(n — 1) conditions to ensure that the function values correspond to given function
values at the nodes. For the two endpoints, z¢ and x,41, we only have one cubic that has to fit it
correctly. But for the intermediate nodes we need that the cubic approximations of both adjacent

segments give the correct answer. For example, we need that:

fi = a1 + b1z + c12i + dixd, and

fl = a + leL’l + l’zx% + dgxi)
To ensure differentiability at the intermediate nodes we need:
b; + 2cix; + Sdef = bz’+1 + 2¢i417 + 3d1‘+117?, x; € {Il, ce 79377,—1}7

which gives us n — 1 conditions.

With a cubic spline one can also ensure that second derivatives are equal:
2¢; +6d;x; = 2¢ciy1 + 6d7;+1{L‘i, x; € {:Cl, S ,xn,l}.

We now have 2 4+ 4(n — 1) = 4n — 2 conditions to find 4n unknowns. So we need two additional
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conditions. For example, one can set the derivatives at the end points equal to zero. There are several
algorithms to find the coefficients of spline approximations.

Coefficients of the spline: What are the coefficients of the spline? There are two answers. The

first answer is to say that the coefficients that determine the functional form are the n 4+ 1 coefficients
combinations for x;, f;. The other answer is to say that they are all the coefficients of the separate
polynomials. Both answers are, of course, correct. But for latter applications it is more convenient
to think of the coefficients of the splines as the (x;, f;) pairs and when the nodes don’t change, then
the coefficients are just the n 4+ 1 function values, i.e., the f;’s. Now note that these values may not
directly reveal the function value at an arbitrary x, but given that we do use a particular spline, these
function values pin down the spline and thus the approximating function value at . More importantly,
if finding the approximating function is part of a bigger numerical project, then the goal is to find the

n + 1 function values at the nodes. These completely pin down the solution.

3.3 Shape-preserving approximations

Polynomial approximations oscillate around the true function value. Moreover, these oscillations could
be such that the approximating function does not inherit important properties of the approximating
function, such as monotonicity or concavity. Can you approximate a function and preserve such
properties? That is, suppose that the n + 1 function values satisfy properties such as being positive,
monotonic, and concave. Can you come up with an approximation that also has these properties?

If one uses one polynomial for the complete domain then this is more likely to happen if one uses a
low-order polynomial. But since the fit in terms of distance may be worse for the low-order polynomial
one could face a trade-off between accuracy and desired shape.

Actually, there is one approximation we discussed that automatically preserves monotonicity and
concavity and that is the piece-wise linear approximation. That is, if the function f(z) is monotonic and
concave, then the n+1 function values will of course inherit these properties and so will the interpolated
values. Schumacher’s algorithm finds second order splines that preserve (if present) monotonicity and

concavity /convexity.

3.4 Multivariate polynomials
3.4.1 Polynomial approximations

Extending polynomial approximations to multivariate problems is very easy. Just like one easily for-
mulates multivariate polynomials using standard basis functions, one can also formulate multivariate

polynomials using other basis functions. For example, consider a function that has x and y as argu-
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ments. Then the n-th order complete polynomial is given buy:

> Ti)T().

i+j<n

The n-th order tensor product polynomial is given by:

3.4.2 Splines

Linear interpolation is easy for multivariate problems. Here we give the formulas for the interpolation of
a function that depends on « and y and one has the four function values, fy,, for the (z,y) combinations

equal to (a,c), (b,¢), (b,d), and (a,d). In this rectangle the interpolated value is given by:

1 (228 (220 e
' 2

Since the RHS has the cross product of = and y, this is a first order tensor but not a first order complete
polynomial. At the boundaries, i.e., the walls of the box, the function is linear, which means that the
function automatically coincides with the interpolated values of the box right next to it.

Extending splines to multivariate problems is tricky. To see why think about what one has to
ensure to construct a two-dimensional spline. The equivalent of the segment for the univariate case is
now a box with the floor representing the space of the two arguments. Now focus on the fitted values
on one of the walls. These function values and the corresponding derivatives have to be equal to those
on the wall of the box next to it. So instead of ensuring equality at a finite set of nodes one now has

to ensure equality at many points even in the two dimensional case.

3.4.3 What type of approximation to use

Before one uses any approximation method one should ask oneself what one knows about the function.
For example, it is possible that there are special cases for which one knows the functional form. Also,
sometimes one knows that the functional form is more likely to be simple in the logs than in the
original arguments. This would be the case if one expects the elasticity of f with respect to x to be
fairly constant (as opposed to %).

The big question one faces is whether one should use one (possibly high-order) polynomial for the

entire domain or several (possibly lower-order) polynomials for separate segments. The latter doesn’t
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mean one has to use splines with many segments. Using prior knowledge one can also split the domain
in a small number of separate regions, for example, a region where a borrowing constraint is present
and one where it is not binding. For each of the regions one then fits a separate approximating function.
Note that for the case of borrowing constraints one typically wouldn’t want the function at the node
that connects the two regions to be differentiable. So one really could simply fit two polynomials on

the two regions.

3.5 Numerical integration

Numerical evaluation of a definite integral is a frequent problem encountered in economic modelling.
If a firm pays a continuous stream of dividends, d(t), and the interest rate is r, then the present value

of the dividends equals:

/OOO exp(—rt)d(t)dt.

If the random variable X is distributed N(0,1), then the expectation of f(X) is:

(27m)" 2 /_Z f(z)exp (-”022) da.

In Bayesian statistics, if one’s prior belief over the parameter space, ©, has density f(8), if the data

are X, and if g(X|0) is the density of X conditional on 6, then the posterior mean belief is:

[ 09(X10)f(6)db
[ 9(X10)£(6)do -

Not only do integrals arise naturally in formulations of economic and econometric problems, but we
will often introduce them as part of our numerical procedures. For example, computing the coefficients

of orthogonal polynomial approximations.

3.6 Quadrature techniques
Suppose we want to calculate:

1= / ' fayde,

where f(z) is a scalar function. This could be a difficult problem, e.g., because the functional form is
nasty or because we do not even have a functional form, but only a set of function values.
Quadrature techniques are numerical integration techniques for which the formula of the numerical

integral can be written as:

b n
I :/ f(@)dx ~ Zwifi,
@ i=1
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where f; is the function value of f at node x, and w; is a weight. We will discuss two types of
quadrature techniques. The first is Newton-Cotes. Newton-Cotes is not very careful about choosing
the location of the nodes, but is clever about choosing the weights. The second is Gaussian Quadrature.
This procedure is clever about choosing the weights as well as the nodes. To implement quadrature
methods you can forget the details of the derivation. All you have to remember is how to construct

what kind of weights and this is relatively easy.

3.6.1 Newton-Cotes formulas

The Newton-Cotes quadrature formulas use ideas from piecewise-polynomial approximation theory.
They evaluate f at a finite number of points, use this information to construct a piecewise-polynomial
approximation of f, and then integrate this approximation of f to approximate |’ p f(x)dz. This section

will present various Newton-Cotes formulas and their error properties.

Figure 7: Newton-Cotes rules

 /

Source: Judd (1998)

Consider the graph in Figure 7. Suppose that f is the solid curve through the points P, ), and
R. The integral ff f(z)dz is the area under the function f and above the horizontal axis. Three
approximations are immediately apparent. The box aUQVb approximates f with a constant function
equaling f at @, which is the midpoint of [a, b]. The trapezoid a P Rb approximates f with a straight line
through points P and R. The area under the broken curve PQSR approximates f with a parabola
through P, @, and R. These approximations are based on one, two, and three evaluations of f,
respectively, which are used to compute interpolating polynomials of degree one, two, and three. This
approach yields Newton-Cotes quadrature formulas.

Midpoint rule: The simplest quadrature formula is the midpoint rule:

/ ' fla)dr = (- a)f (““’) L 0= g, (14)

2 24
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for some £ € [a,b]. We will express many integration formulas in the fashion of (14), where the first
terms comprise the integration rule and the last term is the error of the integration rule. Hence the
midpoint rule is the first term on the RHS of (14), and the second term is its error term. Equation
(14) is provided by applying Taylor’s theorem and the intermediate value theorem. The midpoint rule
is the simplest example of an open rule, which is a rule that does not use the end points.

This approximation is too coarse to be of value generally. Instead, we break the interval [a,d]
into smaller intervals, approximate the integral over each of the smaller intervals, and add those
approximations. The result is a composite rule. Let n > 1 be the number of intervals, h = (b — a)/n,

and z; =a+ (j — %)h, 7 =1,2,...,n. Then the composite midpoint rule derives the equation:

b n 200 _a
[ r@yn =1y )+ G e, (15)
a j=1

for some ¢ = [a,b]. Notice that the error is proportional to h?; doubling the number of quadrature
nodes will have the step size h and reduce the error by about 75 percent. Therefore the composite
midpoint rule converges quadratically for f € C2.7

Trapezoid rule: The trapezoid rule is based on the linear approximation of f using only the value

of f at the endpoints of [a,b], The trapezoid rule is:

(b—a)’
12

b
b—a
[ e =252 @) 1) - ) (16)
for some £ € [a,b]. The trapezoid rule is the simplest example of a closed rule, which is a rule that uses
the end points. Let h = (b—a)/n, and x; = a + ih, and let f; denote f(x;); the composite trapezoid

rule is:
h2(b — a)

b
[ e =3 o+ 2+ 4 2hs £l - 76, (1)

for some ¢ € [a, b].

Simpson’s rule: Piecewise linear approximation of f in the composite trapezoid rule is unneces-

sarily coarse if f is smooth. An alternative is to use a piecewise quadratic approximation of f which

uses the value of f at a, b, and the midpoint, %(a + b). The result is Simpson’s rule over the interval

[a,b]. Simpson’s rule is:

[ s = (757 [reareas (57) = 0] - O 1000 "

7CO; Curves are continuous

C1: First derivatives are continuous

C?: First and second derivatives are continuous
C™: First through n-th derivatives are continuous
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for some ¢ € [a, b].

We next construct the corresponding (n + 1)-point composite rule over [a,b]. Let n > 2 be an even
number of intervals; then h = (b —a)/n, x; = a+ jh, j =0,...,n, and the composite Simpson’s rule
is:

40p _
Sulf) = 5 o+ 4fa +2f2 +4fs + -+ Afua + ful - %Oa)f(“) (), (19)

for some ¢ € [a,b]. The composite Simpson’s rule essentially takes three consecutive x; nodes, uses
the interpolating quadratic function to approximate f, and integrates the interpolating quadratic to
approximate the integral over that interval.

Notice that by using a locally quadratic approximation to f we have an error order h*, whereas the
locally linear approximation yields the trapezoidal rule which has error of order h2. As with any local

approximation of smooth functions, higher order approximations yield asymptotically smaller errors.

3.6.2 (Gaussian formulas

Newton-Cotes formulas use a collection of low-order polynomial approximations on small intervals to
derive piecewise polynomial approximations to f. Gaussian quadrature instead builds on the ortho-

gonal polynomial approach to functional approximation. All Newton-Cotes rules are of the form:
b n
[ @ Y wife, (20)
a i=1

for some quadrature nodes z; € [a,b] and quadrature weights w;. The key feature of Newton-Cotes
formulas is that the x; points are chosen arbitrarily, usually being the uniformly spaced nodes on [a, b],
and the w; wights are chosen so that if f is locally a low degree polynomial then the approximation
(20) will be correct.

In contrast, Gaussian formulas are constructed by efficient choices of both the nodes and weights.
In general, the Gaussian approach is to find points {z; : i = 1,...,n} and weights {w; : i =1,...,n}
so as to make the approximation (20) of ff a “good” one.

In order to accomplish this, we must define what we mean by a “good” quadrature formula. The
criterion we use is exact integration for a finite-dimensional collection of functions. More specifically,
we choose the weights and nodes so that the approximation is exactly correct when f is a low-order
polynomial. The remarkable feature of Gaussian quadrature is that it accomplishes this for spaces of
degree 2n — 1 polynomials using only n nodes and n weights.

Furthermore, Gaussian quadrature is more general than (20). For any fixed nonnegative weighting

function w(z), Gaussian quadrature creates approximations of the form:

b n
[ t@pus =3 wif @), (21)
a =1
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for some nodes z; € [a,b] and positive weights w;, and the approximation (21) is exact whenever f is
a degree 2n — 1 polynomial. Specifically, given a nonnegative function w(x) and the 2n-dimensional
family .%o,_1 of degree 2n — 1 polynomials, we can find n points {z;}?_; C [a,b], and n nonnegative
weights {w;}™ ; such that:

b n
[ f@ywe)ds =Y wif (@), ¥f € Fanea,
a i=1
based on the following theorem.
Theorem (Judd (1998), p.258): Suppose that {v;(x)}72, is an orthogonal family of polynomials
with respect to w(z) on [a,b]. Furthermore define g;. so that ¢y (z) = gra* . Let @i =1,.
be the n zeros of ¢, (). Then, a < z; <z < -+ < x, <b,and if f € C’(Q”) [a, b], then

b N e 4 £
[ s =St +

for some ¢ € [a,b] and where:
Qn-l-l/Qn
O (i) Pry1 (i)

Furthermore, the formula Y | w; f(2;) is the unique Gaussian integration formula on n nodes that

Wi = — > 0.

exactly integrates f: f(@)w(x)dx for all polynomials in Fa,_1.

We develop a Gaussian quadrature scheme over any interval [a, b] using any weighting function. A
key substantive result of the above theorem is that Gaussian quadrature uses the zeros of the orthogonal
polynomials and that they lie in the interval [a,b]. Furthermore, the w; weights are always positive,
avoiding the precision problems of high-order Newton-Cotes formulas. The formulas in theorem tell
us how to compute the necessary nodes and weights.

Gauss-Chebyshev quadrature: Integrals of the form:

/1 (@)1 — )~ *ds,

1

have the weighting function (1 — 22)~2, which is the weighting function defining Chebyshev polyno-

mials. To evaluate such integrals, we use the Gauss-Chebyshev quadrature formula:

! . T o fen)
[1 flz)(1 —2?)"2dx = EZf(xZ) + 22n1f(2n)(!£), e l-1,1], (22)
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where the quadrature nodes are:

<2i—1> .
T; = COS Tm),i=1,...,n.
2n

The Gauss-Chebyshev rule is particularly easy because of the constant weight, w/n, for each node and
the easy formula for the quadrature nodes. We will see below that integrals of this form arise naturally
when solving various functional equations.

Generally, most researchers do not compute integrals of the form in (22); instead, they compute
integrals of the form fab f(z)dx where the range of integration is [a, b] rather than [—1,1], and where
the weight function, (1 — x2)’%, is missing in the integrand. To apply Gauss-Chebyshev quadrature,
we use the linear change of variables,

2(y —a)

=Y
. b—a ’

to convert the range of integration to [—1,1], and multiply the integrand by (1 — x2)_%/(1 — x2)_%.
This identity implies that:

/abf(y)dy: bga/_11f<(x+1)2(b—a) +a) 8:;2; dz.

N

N

We then use the Gauss-Chebyshev quadrature to evaluate the RHS, producing the approximation:

Lbf(y)dy%Wif(($i+1;<b_a) +a> (1—x3)2,

i=1

Nl

where the x; are the Gauss-Chebyshev quadrature nodes over [—1, 1].

Gauss-Legendre quadrature: Integrals over [—1,1] could use the trivial weighting function,

w(x) = 1, resulting in the Gauss-Legendre quadrature formula:

1 n 2n4+1 (14 (2n)
[ 1@ = st + i Ty €€ L (23)

A linear change of variables is necessary to apply Gauss-Legendre quadrature to general integrals.

/abf(x)da:%bzazn:wif<(xi+1;(ba)+a), (24)

i=1

In general:

where the w; and z; are the Gauss-Legendre quadrature weights and nodes over [—1,1].
The Gauss-Legendre formula is typical of the rapid convergence of Gaussian quadrature schemes.
Applying Stirling’s formula, n! ~ exp(—n — 1)n"+(/2)/2wn, to the error term in (23), we find that
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the error is bounded above by 74" M, where

M:sup{ max f(m)(gc)]

m |-1<z<1 ml

For many functions, such as analytic functions, M is finite. This bound shows that if M is finite, the
convergence of Gauss-Legendre quadrature is of exponential order as the number of quadrature nodes
goes to infinity. Since Newton-Cotes formulas are only polynomial in convergence, Gauss-Legendre
quadrature is much better when f is C°° and its derivatives are tame. The same considerations show
that the Gauss-Chebyshev error is also proportional to 47 M.

Gauss-Legendre integration can be used to compute discounted sums over finite horizons. For
example, suppose that consumption at time ¢ equals ¢(t) = 1 +t/5 — 7(t/50)%,where 0 < t < 50. The
discounted utility is f050 exp(—pt)u(c(t))dt, where u(c) is the utility function and p is the pure rate of
time preference. Let p = 0.05 and u(c) = ¢!™7/(1 + ). We can approximate the discounted utility
with (24).

Gauss-Hermite quadrature:

Gauss-Hermite quadrature arises naturally because normal random variables are used often in
economic problems. To evaluate ffooo f(x) exp(—2?)dx using n points, the Gauss-Hermite quadrature

rule uses the weights, w;, and nodes, x;, ¢ = 1,...,n, and is defined by:

/ f(z)exp(— d;U—Zwl (z;) nff( )(),fe( 00).

Gauss-Hermite quadrature will be used in connection with normal random variables. In particular,
if Y is distributed N(u,0?), then:

o0

BIf(V)] = (2r0”) [

oo

f(y) exp {_(y%—gu)?} dy.

However, one must remember that to use Gauss-Hermite quadrature to compute such expectations, it

is necessary to use the linear change of variables, z = (y — u)/ V20, and use the identity:

/ f(y) exp { (y2 } dy = / f(V20z + p) exp(—z?)V20dz.

Hence, the general Gauss-Hermite quadrature rule for expectations of functions of a normal random
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variable is:

(y—p)>*
202

E[f(Y)] =

(27m0?) ~2 / f(y)exp {

szf (V20x; + 1),

}a

where the w; and z; are the Gauss-Hermite quadrature weights and nodes over [—oo, co].
Examples of Gauss-Hermite quadrature to compute expectations arise naturally in portfolio theory.
For example, suppose that an investor holds one bond which will be worth 1 in the future and equity

whose value is Z, where Z ~ N(u,0?). If he consumes his portfolio at a future date and his future
utility is u(c), then his expected utility is:

U= (2m2)*%/°o

— 00

u(1 + exp(z)) exp {—(2_“)2} dz,

202

and the certainty equivalent is u=1(U).

Gauss-Laguerre quadrature: Exponential discounted sums are often used in economic problems.
To approximate integrals of the form I = fooo f(z) exp(—z)dz, we use Gauss-Laguerre quadrature. In
this case w(z) = exp(—=x), and the appropriate weights, w;, and nodes, z;, i = 1,

.,n, to use in (21)
are listed in Table 1 for various choices of n.

Table 1: Gauss-Laguerre quadrature

N Xi ; N Xi o;
2 0.5857864376 0.8535533905 7 0.1930436765 0.4093189517
0.3414213562(1) 0.1464466094 0.1026664895(1) 0.4218312778
3 0.4157745567 0.7110930099 0.2567876744(1) . . 0.1411263436
0.2294280360(1) 0.2785177335 0.4900353084(1) 0.2063351446(—1)
0.6289945082(1) 0.1038925650(—1) 0.8182153444(1) 0.1074010143(-2)
4 0.3225476896 S sehna 0.1273418029(2) 0.1586546434(—4)
0.1745761101(1) e ) 0.1939572786(2) 0.3170315478(—7)
0.4536620296(1) 0.3888790851(—1) 10 0.1377934705 0.3084411157
0.9395070912(1) 0.5392947055(—3) 0.7294545495 0.4011199291
5 0.2635603197 0.5217556105 0.1808342901(T) 9:2180682876
0.1413403059(1) 2986568110 0.3401433697(1) 0.6208745609(~1)
0.3596425771(1) 0.7504244968( 1) 0.5552496140(1) 0.9501516975(~2)
0.7085810005(1) 0.3611758679(_2) 0.8330152746(1) 0.7530083885(—3)
0.1264080084(2) 0.2336997238(_4) 0.1184378583(2) 0.2825923349(—4)
0.1627925783(2) 0.4249313984(—6)
0.2199658581(2) 0.1839564823(-8)
0.2992069701(2) 0.9911827219(~12)

Note: a(k) means a x 10*. An (z;,w) entry for N means that z is a quadrature node in the N-point

Source: Judd (1998)

formula, weight w.
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The Gauss-Laguerre formulas are defined by:

o n (2n)
/0 f(z) exp(—z)dz = Zwlf(xz) + (n!)Qf(Qn)(!é), ¢ €0, 00].

To compute the more general integral, faoo f(y) exp(—ry)dy, we must use the linear change of
variables = r(y — a), implying that:

/:O exp(—ry)f(y)dy ~ M zn:wif (x? + a) ;

i=1

where w; and z; are the Gauss-Laguerre quadrature weights and nodes over [0, 00), respectively.

Gauss-Laguerre quadrature can be used to compute the present value of infinitely long streams of
utility or profits. For example, suppose that a monopolist faces a demand curve D(p) = p~", n > 1,
and has unit cost of m(t) at time ¢. If unit costs change over time, say m(t) = a + bexp(—At), and the
interest rate is r, then discounted profits equal:

n—1\""" [
7 () / exp(—rt)m(t)!~"dt. (25)
n 0
Table 2 displays the errors of several rules in computing (25) with a =2, b= —1, and n = 0.8.
The errors in Table 2 follow an expected pattern. Since we are using the Laguerre formula, the
critical piece of the integrand is m(t)!~". Gauss-Laguerre integration implicitly assumes that m(t)*="
is a polynomial. When \ = 0.05, m(t) is nearly constant, but when A\ = 0.2, m(¢)!~" is not constant

and becomes less polynomial-like. Therefore it is not surprising that the errors are much larger when
A=0.2.

Table 2: Errors in computing (25) with Gauss-Laguerre rule

r=0.05 r=0.10 r=0.05
A=0.05 A=0.05 A=0.20
Truth: 49.7472 20.3923 74.4005
Nodes: 4 3(-1) 4(-2) 6(0)
5 7(-3) 7(—4) 3(0)
10 3(-3) 6(-5) 2
15 6(-5) 3(-7) 6(—2)
20 3(—6) 8(-9) 1(-2)

Source: Judd (1998)
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3.7 Monte Carlo Integration

One more technique to look at: The idea behind Monte Carlo integration is simple. Consider a random

variable  with CDF F'(z). Then one can approximate the integral of the function h(x) with:

b T o
/ h(x)dF(x)zizt:ITh( )7

where {z;}1_, is a series drawn from a random number generator corresponding to the distribution of
x. Although very simple there is one important disadvantage: it is not very accurate. Above we saw
that we can get an accurate answer with just a few quadrature nodes for a large class of functions.
Monte Carlo is subject to sampling variation and this only disappears at root n. Suppose we calculate
the mean of random variable with a uniform distribution on the unit interval. With T" = 100 the
standard error is 0.029 which is 5.8% of the true mean. Even with T'= 1000 we have a standard error
that is 1.8% of the true mean.

If one doesn’t have a CDF then one can use a uniform distribution. That is,

/ab h(z)dz = (b—a) /ab h(z) fo(x)dz,

where f9 is the density of a random variable with a uniform distribution over [a,b], that is, fo* =

(b —a)~t. Thus , one could approximate the integral with:

b T T
/ h(z)dz =~ (b — a)izt:}h( ),

where z; is generate using a random number generator for a variable that is uniform on [a, b].
Typically one doesn’t have access to true random numbers and one only has access to a computer
program that generates them. Therefore, these procedures are referred to as pseudo random numbers.
The computer program generates data that are (if it is a good program) indistinguishable from a true
series of random numbers. But the function that generates the series is deterministic (and chaotic) so
that one should be careful in using theorems for true random numbers to think about things like rates

of convergence.

3.8 Projection: a worked example

With all that out of the way, let’s work through an actual example. Suppose we have the following

model which is characterised by the consumption Euler equation, resource constraint, and law of
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motion for productivity:

C;’y = ]Et [5C;ﬁl(lzt+1ktaﬁl} y
ct + ki1 = Ziky,
In Zt+1 = phl Zt + €t41,

where €1 ~ N(0,0%) and ko and Z, are given. We do not know the policy rules for this economy so
we will use function approximation and numerical integration to find them. Let us use the following

notation to define the true rational expectations solution:

Ct = C(kt,Zt),
ktJrl = k(kt;Zt)v

where we will approximate c(k¢, Z;) with the polynomial P, (k¢, Zi;1y,).

What about k(k¢, Z;)? Well, once we have ¢;, we can use the budget constraint to back out for
kiy1. Bare in mind, we could approximate c;and k; and then use their approximations to find k1.
But this is cumbersome. It’s far easier to just find ¢, first and then find k;;1. So we are solving for the

policy rule using function approximations, and let us first define the Euler equation error terms as:
e(kt, Zt) = —Ct_'y + Et [5Ct+1OéZt+1kf+_11] s

where we will substitute out ¢; with P, (k¢, Z¢; ).

But we run into our first issue: we only have one optimality condition (from the Euler equation)
and we have more than one coefficient for our polynomial approximation (N, elements of v,,). For
example, we this is a second-order polynomial then we have six coefficients to pin down with just the
one Euler equation. What should we do? Define M grid points for {k:, Z;} (it could be something like
M =100), so let’s rewrite things using grids for k and Z:

e(ky, Zy) = —¢; " + By [50t+1042t+1kto:11]
ek, Zi) = —¢; 7 + E [ﬁcLaZQ(kQ)“’l} :
Then, replace ¢; with P, (k;, Zi;¢n):

e(his Zi) = Pa(kiy Zis i) ™" = Baly [Pu(kl, 255 0a) 2, (k)]

and then make the appropriate substitutions for k; and Z,, using the AR(1) process (and remember
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it’s written in logs):

Po (Zikg = Palls, Zis ). exp{pIn Zi+}i0,)

= Pp(ki, Zi; i) 7" — Baky L
xexp{plnZ; + €} [Ziki — Py (ki, Zi; )"

Lastly, account for the expectations for ¢ and do the numerical integration (and, do not forget the

Jacobian term, # N:

! Py (Zik§ = Pa(ki, Zistn),exp {pIn Z; +V20¢S% ) 10,) 7| 1
\/E?

— b)Y — GH
= Palhe, Zi ) Ba;wﬂ' x exp {pIn Z; + V20 (S} [Ziks — Py (kiy Za )]
where w&H and (M are the Gauss-Hermite weights and nodes. This expression can be taken to the
computer, which will then solve for the coefficients of P, so that e(k;, Z;;1,) = 0 is approximately
satisfied. Adda and Cooper (2003) has a simple and concise explanation for ways to go about this, but
broadly there are two solvers and minimisation routines we can use: collocation and Galerkin.
Collocation: Used when M = N,, and to obtain 1, at which e(k;, Z;; 1, ) = 0 for each grid point.
But the choice of the grid points is important, as you may run into the problem of interpolation.
Consider the following example. You get to evaluate a function a set of grid points that you select,
and you must guess the shape of the function between the grid points. Consider the ‘Runge’ function:

F(k) k€ [-5,5].

TR
Look what happens when you select 11 equidistant grid points and interpolate by fitting a 10th order
polynomial (Figure 8a). As you increase the number of grid points on a fixed interval grid, oscillations
in tails grow more and more volatile. One can use the Chebyshev approximation theorem to distribute
more points in the tails (by selecting zeros of the Chebyshev polynomial) and get convergence in sup
norm (Figure 8b).
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Figure 8

(a) Function approximations with fixed interval grid
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Source: Christiano and Fisher (2000)

Galerkin: Used when M > N,, where a minimisation routine is used to obtain ,:

4 Perturbation

min e(ki, Z; Yn).

Here we show how perturbation techniques can be used to obtain first and higher-order Taylor expan-

sions of the true rational expectations policy function about the steady state. If this sounds familiar,

then it should — perturbation is what Dynare uses. We will also discuss the paper of Schmitt-Grohé

and Uribe (2004) that makes clear in which way uncertainty affects the policy rules obtained with
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perturbation solutions.

We also make clear what the difference is between the first-order approximation obtained with the
perturbation procedure and the first-order approximation obtained with what Benigno and Woodford
(2012) refer to as the naive LQ procedure. This is the linear solution one obtains using a quadratic
approximation of the objective function and a linear approximation of the constraints. T his LQ pro-
cedure does not generate, in general, the first-order Taylor expansion of the true rational expectations
solution. The reason is that the constraints are only approximated with first-order approximations.
The rational expectations solution is itself based on first-order conditions and so the correct first-order
Taylor expansion of the true policy rule includes second-order aspects of the objective function as well
as the constraints. Moreover, one cannot use a second-order approximation of the constraints because
the solution would no longer be linear and the whole convenience of the LQ framework disappears.

This result implies that it is better to get rid of the constraints by substituting out variables. This
is not always possible. Benigno and Woodford (2012) show that one can incorporate second-order
properties of the constraints into the Lagrangian and still have a standard LQ problem. Using a
simple example, we show why this procedure also results in a first-order Taylor expansion of the true

solution.

4.1 Case without uncertainty

Consider the standard growth model, where labour is exogenously set to unity and initial capital, kq,

is given:
o0 1—
i1 — 1
max g
feekera}2s (= 1—v

subject to:
ct + kt+1 = k? + (1 — 5)kt

The Euler equation is given by:
¢, = BE e, (aky it +1-6)].
When we substitute out consumption using the budget constraint we get:
(k4 (1= )k — keya) " = B (k) 4 (1= 0)ker — key2) ' (okfs" +1-196),
which is a second-order difference equation in k;. We are looking for a recursive solution of the form:

kiv1 = h(ke).
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More generally, we are looking for a solution to equations like:
f(‘r”vx/a (E) =0,

of the form:

Since h(x) is a solution to equation (26), we know that:
F(z) =0.

Let Z be a fixed point of h(x). Thus,
z = h(Z).

The Taylor expansion of the solution, h(x), about Z is given by:

h(z) =~ h(z) + (x — z)h'(Z) + @h”(i) + -

=Z+hi(z—2)+hs—+---

So the goal is to find Z, hy, hy, and so on.
Clearly, = has to satisfy:
f(z, &) =0.

Finding & can be a non-trivial problem is f is a nasty non-linear function, but a good equation solver

combined with some decent initial conditions should do the trick. The key insight of the perturbation

procedure is to solve for the coefficients h; not simultaneously, but sequentially. So let’s start.

4.1.1 Finding the coefficient for the linear term, h;

For what follows below, it is important to understand that the functional form of f and numerical

values of parameter values that appear in f are known. Since:
F(z) =0, Vu,

we know that:
F'(z) =0, Va.
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The derivative of F' is given by:

f oh(x') dh(x) _ Of Oh(z) Of

F’ = . 2
(z) ox!" 0x' Oz + ox! Oz ox (27)
Let:
8f($//,$/,$) r
ox" [T — =/
af(l'//,(lﬁ/,l’) r
a‘rl /' =x'=x==I - f27
of (2", 2', x) .
Ox "=x'=x=ZT o
Also, note that:
Oh(x - . -
3(1’) =<h1—|—h2(m—j)+--~)‘m:i:h1

Using this in equation (27) we get:
F'(z) = fihi + fahi + f3 = 0.

Note that there are no approximations in obtaining this equation. That is, the first-order term of
the Taylor expansion of the true policy function is exactly pinned down by this equation. Solving
this quadratic equation for h; corresponds to the standard problem of obtaining a solution from the
linearised first-order conditions. See, for example, the notes of Uhlig (1998). The concavity of the
utility function and the production function implies that the one solution corresponds to an explosive

time path and that the other root corresponds to the unique non-explosive solution of the system.

4.1.2 Finding the coefficient for the second-order term, h,

Given the solution for hq, it is actually relative simple to get the second-order term. Let’s calculate

F'(z) by differentiating the expression for F'(z) in equation (27):

( 22f Oh(x )8h(w) I aazf 8h(a:) +ag/2/f )(8h(a:’) ah(m))

(@2 ox’ 270z’ oz d9r’ Oz
5 (B2, s ol
I o P SL S
+af¥<m
NER R
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This looks absolutely horrendous, but we can make it look less intimidating using subscripts to indicate

second-order derivatives evaluated about the steady state. For example:

af(x//’ x’? x)

0x" 0x = iz,

r! =z’ =x==T

and also:
0?h(z)

0x?

I
>
N

:(ilg-i-hg(l'—f)—f')‘ _

r=x

So, we get:

(fufl% + fi2h1 + le) h?

+f1 (hihg + hoh?)
F'(x) = $ 4 (fa1hd + fazhi + faz) ha p = 0.
+f2ha

+ (fs2h? + fs2h1 + f33)
We already solved for h;, and this equation is linear in the only unknown, hs. so this is an easy
equation to solve. Obtaining higher-order terms can be done by repeating this procedure — and all

higher-order terms can be solved from a linear system.

4.2 Is perturbation just a local procedure?

To better understand the formal ideas behind perturbation techniques you should check Judd (1998).
But the basic idea is the Implicit Function Theorem:

Theorem: Let H(x,y) : R"™™ — R™ be a continuously differentiable function and let R"*™ have
coordinates (z,y). Fix a point (z,y) with H(z,y) = 0. If the Jacobian matrix Ju ,(Z,y) is invertible,
then there exists an open U of R™ containing Z such that there exists a unique and continuously
differentiable function h : U — R™ such that:

hz) =9,
and
H(z,g9(x)) =0, Vz € U.

Moreover, the partial derivatives of i in U are given by the matrix product:

Oh(x)
8x]—

= — [Tay(z, h(z))] [M(mvh(ﬂf))} .

&rj

You may think that perturbation procedures can only provide local approximations and that these

techniques are not very good in evaluating the policy functions at values of the state variables that
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are not close to the steady state. It is important to realise though that for a smooth and sufficiently
differentiable function d(z), one can approximate d(z*) well using a Taylor expansion about Z even
though one only uses information about d at a point that is far away from z* (namely Zz). The reason
is that for a regular function, the functional form of d at z* is also present in the derivatives of d at
z. For example, suppose that d(z) is a 10th-order polynomial. The value of d at z together with the
10 derivatives at Zcompletely pin down the function. The 10th-order Taylor expansion, thus, would
give a perfect approximation for any value z no matter how far away from z. The story, of course,
breaks down if there are non-differentiable components — See Figure 9 for how Taylor approximations

struggle to deal with the Runge function.

Figure 9: Taylor series expansions about 0 of the Runge function

T T = - T = T | [
Vol -
Increasing order of approximation leads to improved
accuracy in a neighborhood of zero and reduced accuracy

further away.

5th order Taylor series expansion /

osl- 25" order
expansion \
10th order expansion 1 -

Another example of Taylor expansions struggling: the log function, which is common throughout
economics. Surprisingly, Taylor series expansion does not provide a great global approximation. We

approximate log x by its k-th order Taylor series approximation about the point x = a:

k 7
I R
logz =loga + » (1)Z+1¢(Iaa) '

i=1

This expression diverges as N — oo for 2 such that [£=%| > 1.
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Figure 10: Taylor series expansion of the log function about x =1
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Also, in practice the question is whether low-order perturbation methods are accurate and how
they compare with low-order approximations obtained from global numerical solution procedures. For
example, suppose that the true policy rule is given by d(z) = z!° and z = 0, then anything below a
10th order perturbation would result in a flat policy function, whereas the truth is not flat.

The following numerical example documents this. It also points out, however, that convergence
towards the truth as the order of the polynomial increases can display very strange patterns. The

function considered is a fifth-order polynomial equal to:
f(z) = —690.59 + 3202.4x — 5739.45x2 + 4954.20% — 2053.621 + 327.102°,

defined on the interval [0.7,2]. The five panels of Figure 11 plot the true function and the Taylor ap-
proximations about z = 1 from the first-order to the fifth-order. This function shows wild oscillations,
but the fifth-order Taylor expansion is identical to the truth. Interestingly, of the other approxima-
tions, the first-order is the best and the fourth-order is the worst. Note that the scale of the vertical

axis is very different in each of the five panels.
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Figure 11: Level approximations for the polynomial
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This raises the question, what would convergence look like if one would use a different type of

polynomial. For example, suppose we think of f(x) as a function of z = logx. Thus:
f(z) = —690.59 + 3202.4 exp(z) — 5739.45 exp(2z) + 4954.2 exp(3z) — 2053.6 exp(4z) + 327.10 exp(5z).

The six panels of Figure 12 plot the Taylor expansions about z = 0 of order 1, 3, 5, 7, 9, and 12.
Again, convergence displays an odd pattern with the approximation actually first getting worse if one
goes beyond first-order and only around the 9th-order approximation does the approximation start
to resemble the truth and converges monotonically towards it. But note that even for the 7th-order

approximation the deviation from the truth is huge.
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Figure 12: Log level approximations for the polynomial
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4.3 The case with uncertainty
Consider the standard growth model with uncertainty:
s 1—~
c -1
max [, Z ptt—
{evkeri}izo 5 I—vy
subject to:
ct + ki1 = exp(Zo)kit + (1 — 6)ky, (29)
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where Z; is a stochastic productivity shock and the initial capital stock kg is given. A typical law of
motion for Z; is given by:
Zy = pZi1+ o€, (30)

where ¢ controls the amount of uncertainty.

The consumption Euler equation is given by:
e "= BE; [e, ] ( exp(Zt)ktoﬂr_l1 +1-9)]. (31)

The budget constraint, law of motion for productivity, and consumption Euler equation give a system

of three equations in three unknowns. Such a system can be written as:

Ef(z,z',y,y") =0,

where z is an n, x 1 vector endogenous and exogenous state variables and y is an n, x 1 vector of
endogenous choice/control variables. When applied to the stochastic growth model, we would have
that y = c and = = [k, Z].

When solving the model with perturbation techniques, we write the problem such that the amount
of uncertainty is controlled by one scalar parameter such as in o. Even if there are multiple stochastic
driving processes one can still use one parameter to scale the amount of uncertainty. If ¢ = 0 then
there is no uncertainty. Again, the goal is to find the policy functions. To apply the perturbation

technique under uncertainty, we follow the following two steps.

4.3.1 Step one: Solution as a function of o

The first step is to make explicit that o enters the system of equations and that the policy functions

depend on the amount of uncertainty. For the standard growth model we have:
Ef([k, Z],[K', pZ + o], y,y') = 0.
We are trying to solve for functions of the form:
y=g(z,0),

and

' =h(x,0)+ one,

where €’ is an ne x 1 vector and 7 is an n, X 1. matrix. The policy functions depend on all the
structural parameter values, not just . But we will see below why we make explicit that it depends

on the amount of uncertainty. For example, for the standard growth model presented, these equations
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would be:
c=clk,Z, o),
and
k' K (k,Z,0) 0| ,
= + o €.
A pZ 1

4.3.2 Step two: Perturb about y and z and ¢ =0

The second key step of the perturbation procedure is to take a Taylor expansion of the true solution
to the system about the steady state values of the variables and around o = 0. That is, one starts at
the steady state but then allows uncertainty to increase.

A disadvantage of perturbation techniques is that the notation is a bit tedious. Below we will see
the notation that the literature has used and see how to do perturbation under uncertainty. Do not
be concerned about the difficult notation. Below, we will go back to the case of the standard model
and redo the analysis.

Let £ = h(Z,0) and § = g(&, 0), giving:
f(j7i"g7 g) = O'
Define the following:

F(I‘,O') = ]Etf[x7xl7y7y/] = O
=K, flz,h(zo) + one, g(x,0),g(a', 0)]
=E,f[z,h(z,0) + one, g(x,0), g(h(z,0) + one’, o)].

This is a system of n = ng, + n, equations in n unknowns. Since we are also perturbing o(about 0),

the Taylor expansions of the true policy functions are given by:
g(xvo') = g(j, 0) + gL(jf,O)(x - 'f) + gU('f’ 0)0 +

and

Let:

The goal is to find the n, x n, matrix g,, the n, x 1 vector g,, the n; x n; matrix ha, and the ng x 1
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vector h,. The total number of unknowns is thus:
(ng +ny)(ng + 1) = n(ng + 1).

We solve for these unknowns by imposing:

which gives us n x n, equations and:

which gives us n equations.
To help with the exposition, we introduce some notation. In particular, we denote the derivative
of the i-th element of f with respect to the k-th element of z, for z € {x,y}, with:

ofi
0zk

=[£Ik

To understand the notation consider the functions v = v(z) and w = w(z), which map R™ into R™
and a function D(v,w) which maps R?™ into R"2. Now consider the function D(v(x),w(x)). The

derivative of the i-th element of D with respect to the j-th element of z is equal to:

D' (v(x),w(x)) _ ~ Off Ot x OfF dwh

oxI 7k ] Ovkve OzI Owkw Oxi -

=

We will denote this by:

0D (v(x), w(x))

&) = [folk, )5 + [fuulk, Twa] .

That is, the index k& showing up as a subscript and superscript in adjacent terms indicates the sum-
mation. Moreover, the subscript of k indicates over how many elements the summation is. That is, k,
implies summing from k, = 1 up to the number of elements of v.

We can use the same convenient notation if there are no derivatives involved. If 7 is an n, X n.

matrix and € is an n. X 1 vector then:

Z miker = . [€]",

ke=1

where 7; 1, is the (7, k) element of n and ¢, is the k-th element of ¢.
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Using this notation to calculate the n x n, derivatives of F' with respect to =, we get:
= ()] F i F o0 TN P L e A PR LA
[Fe(@,0)]5 = (£l + [forli, (el + [k, (0207 + [F Tk, [92)4 [ = 0.

An upper bar over the function f indicates that the function is evaluated at the steady state values
of x and y and at ¢ = 0. Note that the h, and g, terms are multiplied. This is, thus, a second-order
system of equations in the n, x n, values of h, and the ny X ng values of g,. Although the notation
is new, this part of the perturbation routine is identical to what has been done for many years by
linearising the first-order conditions. But the perturbation procedure adds the h, and g, coefficients.

Those are solved from:

By [[forlh, ol + [l [0 €1
+E: [1fli, [5oyes |
B¢ |[Fyli, (a1 ol + U1, (92l Il (€]
XEy | [yl [90]*]

[Fy(2,0)]} = =0.

This gives us n equations to solve for g, and h,. Below we will show that these coefficients are zero
so that first-order perturbation will imply the same answer as “old fashioned” linearisation of the first

order conditions.

4.4 How does uncertainty matter?

The two important contributions of the perturbation procedure are that it allows for higher-order
approximation and that it is explicit about the role of uncertainty. The question arises how important
uncertainty is and whether it matters in lower-order approximations. Below we will discuss the very
important results from Schmitt-Grohé and Uribe (2004). These results are actually quite straightfor-
ward to derive using the notation developed above, but the notation also hides a bit of what is actually
going on. So let’s go back to the standard growth model and work out the equations in this simpler
setup.

In the standard growth model we would have:
F(I, 0) = Etf(k7 Za klv Z/a ¢, C,)

:Etf ]{)7Z,h(l€,Z,U>,pZ+O'€/,g(k/’,Z70'),g(h(k?,Z,O’),pZ—f—0'6/,0') ’
—— —— ——

K/ z c o

where f represents the budget constraint, Euler equation, and the law of motion for Z. It thus maps

RS into a 3 x 1 vector.
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4.4.1 Uncertainty and the first-order perturbation

To obtain the coefficients g, and h, (which are scalars in this case), we use:

so:
fw($)ho(k, Z,0) + fz:(s)€' + fe(s)90 (K, Z, 0)

F‘T(x’o) =E 1o 1o / 1ol
+fe () {gk(k'. 2" 0)ho(k, Z,0) + gz (K', 2 0)e' + g5 (K, Z', o) }

where s denotes the arguments of f, that is, s = [k, Z,k’, Z’, ¢, ¢']. Evaluating this expression at Z =0

and calculating the expectation gives:
Fg(if,O) = (fk’ + fc’gk) BO’ + (fc + fc’) Jo = 0.

Note that this system gives us three equations, since f consists of three elements, in the two unknowns
Go and h,. But note that the equation corresponding to the law of motion of productivity gives 0 = 0,
so we are left with two equations in two unknowns.® In particular, if we let f°¢ denote the element of f

corresponding to the budget constraint and f¢* the element of f corresponding to the Euler equation

v

g ga:Ba:Q

we get:

foe + foean flo+ fb

T e e T 0
o fhge e fe

and if there is no singularity in the system then this would be unique solution. this, of course,
corresponds to the certainty equivalence that one also obtains if linear policy rules are obtained using
the LQ procedure. Although we only show this result in a simple model, Schmitt-Grohé and Uribe

(2004) prove that this result holds in more general frameworks.

4.4.2 Uncertainty and second-order perturbation

The second-order Taylor expansions of the policy functions are:

h(k,Z,0) =k+hi(k—k)+hz(Z —Z)+ hyo

N 1 hip(k — k)2 4 2hpz(k — k) (Z — Z) + 2hpo (k — k)o
2 —|—Bzz(Z — Z)Q + ZBZU(Z - Z)O' + BUUOQ ’

83y is known. It is solved from F,(Z,0) = 0.
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and

g(k7Z,O') = 5+§k(/€—7_€)+§z(2— Z) +_§_]g0'

1 {gkk(k — k)2 +20kz(k — k)(Z = Z) + 2G1o (k — k)U} .

+ , _
2 gZZ(Zfz)2+2gZ0'(Z*Z)U+gGa'02

From the discussion above we know that g, and h, are equal to zero. We will now show that g,
370+ Pio, and hz, are equal to zero too. That is, the value of o only shows up in the constant of the

policy rules. Consider for example, g, and hi,. These are solved from:
Flo ((f, 0) =0.
We get the derivative by differentiating the expression in (32). This gives:

(fok + fowhe + feegs + fre guhi)ho + fihok
+(fzk + fzruhi + fziege + [z grhe )€
Fop(z,0) =K, +(fer + ferrhi + feegr + fee 9phn) 9o + fegok
+(ferk + ferhe + feregr + feregrhe)(grhe + 9z€ + g5)
+fer(Grrheho + grhok) for gzehie + fo gorhu

Note that the arguments of the functions are suppressed. Here we stop at the second-order. That is,
we are not going to differentiate further and suppressing arguments doesn’t matter. But if you do want
to go on and obtain higher-order terms, it is better not to do so. That is, the above notation doesn’t
make clear whether gy stands for gp(k, Z,0) or gx(k',Z’,0) = gr(h(k,Z,0),Z’,0) and of course this
difference is important if you differentiate.

Evaluating the last expression about the steady state we get:

de(i'v O) = fk’ﬁdk + ]Ec?]crk + .fc/ (gkﬁak) + Jf_c’gakﬁk
& 0= (fir + fogp)hor + (fo + fo)Gorhn.

Again, we have two independent equations (together with 0 = 0) in two unknowns g,% and hyj. The
solution is G, = hor = 0 and unless there is a singularity, this is the unique solution.

So only the constants g, and Ay, are affected by the amount of uncertainty. Do not underestimate
the importance of this. A difference value for the constant term in a policy rule implies that the system
will operate in a different part of the state space. For example, the higher coefficients can capture a
precautionary savings motive that induces agents to have on average higher capital stocks. Now if the
second-order terms of capital are not equal to zero then being in a different part of the state space also

implies that the response of the system depends on where you are. Consequently, different values for
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Joo and hyo can indirectly also affect how sensitive the economy is to shocks.

4.5 Why not all ways to LQ approximations are correct

A linear quadratic dynamic programming problem has a quadratic objective and linear constraints.
This problem the optimal linear regulator problem, is studied extensively and can be solved without
numerical error. Suppose that one has a problem which the problem is not quadratic and the constraints
not linear. One might be tempted to take quadratic approximation of the objective function and a
linear approximation to the constraints and then solve the optimal linear regulator problem. This turns
out not to be the right way to implement the LQ procedure in the sense that the linear solution does
not in general correspond to the first-order Taylor expansion of the true solution. We will document
this using a simple example. In particular, we will first give the set of equations that determine the
first-order solution of the perturbation procedure, which by construction gives the first-order Taylor
expansion of the true policy function. This makes clear that the correct first-order Taylor expansion
also depends on second-order terms of the constraint. Benigno and Woodford (2012) refer to this way
to take LQ approximations as the “naive LQ approximation”. Next we use the example to discuss a
modified LQ procedure that is correct.
WE focus on the following model:

max mAin flzyy,a) + A0 —g(z,y,0a)),
z—y
subject to:

A>0.

Here f and g are scalar functions and z, y, and a are scalars as well. The simple structure will
be helpful in clarifying the points made but the arguments are much more general. The first-order

conditions can be written as:

fz(xvyva) - )\gm(x,y,a) =0,
fy(xvyva) - /\gy<x7y7a) = 07

g(x,y,a) =b.
The solution to this system of equations is:
x = h"(a),
y = h'(a),
— 1(a)
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Using this, we can write the first-order conditions as:

The Taylor expansions of the policy functions are given by:

h®(a) = B* 4+ h%(a — @) + h%,(a — @) + - -
h(a) = K" + hY(a — a) + hYy(a — @)* + - -
hMa) = R + h)(a —a) 4+ h)(a —a)? + -

The first-order derivatives evaluated about a = a@ are hZ, hY, and h). Differentiating the first-order

a’?

conditions and evaluating them about a = a gives:

fa::rhx + fw'qh + fwa - (gza:h + gwyh + gza) gzh - 0
fyw ot fyyh + fya - (gyzh =+ gyyh + gya) gyh =0,
gxha + gyha + g, = 0.

This can be written as:

fxm - S\gzz fxy - ngy _gm hi _fxa + j\gma
fy-”f - )‘gym fy?/ - Agyy 7!?3/ hg = 7fy(l + )‘gya : (33)
_gy _gy 0 hé —Ja

With this system we can solve for the first-order perturbation terms. Note that they depend on the
second-order properties of the constraints (gzz, Jay, and etc.). These would not show up when one

linearises the constraints.

4.6 Correct LQ procedure of Benigno and Woodford (2012)

There are different ways in which one can deal with the problem encountered above. One could try to
get rid of the constraints (or make them linear) by substituting out or redefining variables. This is not
always possible. Here we discuss a general LQQ procedure for which the linear solution does correspond
to the first-order Taylor expansion. That is, it corresponds with the solution procedure implied by

equation (33). The standard formulation of the LQ approximation can be written as:

. ~ _ ~
A ®A - )‘(gwx + Gyy — gaa)a (34)

N | =

maxmin f,@ + f, 4+ faa +
x,y A



Advanced Macroeconomics I (MPhil Economics, MT2020) David Murakami

where Z = z — z and:

z f_a:r f_zy ]Eaca
A=179], ®=|fye Jyy [ya
a faa: fay faa
Now consider the second-order approximation of the constraint:
o laTas
0~ 90T + gy + Jal + 5A TA,
where:
gm’z g:r:y g:ra
I'= gyr gyy gya
ga;ﬂ gay gaa

Next we multiply both sides of this expression by A and use the first-order conditions at the steady

state values, i.e., about a = a. This gives:

Mo + Ay + Mad + 2 A TA, (35)

| >l

and subtracting this expression from the Lagrangian (34) (and ignoring constant terms) gives:

max min %AT (é - xf) A+ A=~ G — Gyl — Gad) - (36)
By entering second-order properties of the constraint we have at least some chance of getting the
correct first-order Taylor expansion. Also note that the first-order terms have disappeared from the
objective function. This is already a convenient property. The linear solution that comes out of this is
going to be at best the correct first-order Taylor expansion. Consequently, it is in general wrong in the
second-order terms. But if you substitute such a policy function into the linear terms of the objective
function then the objective function also has second-order mistakes. But the objective function is
supposed to be the correct second-order approximation.

Anyway, we are really interested in knowing whether this leads to the correct first-order Taylor

expansion. To see this, calculate the first-order conditions of this problem. They are given by:

fww - j‘gaiiv fzy - ngy _gw z _fwa + S\Qwa
fyw - )‘gym fyy - )‘gyy —0y y| = _fya + )\gya a. (37)
_gfc _gy 0 A _ga

But this system corresponds exactly to (33).
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4.6.1 Modification of the objective function and change in Lagrangian multiplier

The procedure outlined above boils down to subtracting the second-order formulation of the constraint
given in (35) from the original objective function given in (34). Thus, whenever the constraints hold,
this does not entail any change in the objective function since one would simply be adding zero to the
objective function, This is not true when the constraints are not satisfied, so we are indeed changing
the objective function. Note that the modification of the objective function results in a zero value
of the Lagrange multiplier when @ = 0 even though in the original problem A > 0. Note that by
construction, the constraint does still hold with equality when a = 0. If one is interested in getting
the right value of A that is close to that of the original problem, one can replace A by (A — A) in (36).
This shift in the objective function does have an effect on the Lagrange multiplier. In fact, (37)
makes clear that when @ = 0, that the value of the Lagrange multiplier is equal to zero. In fact, (37)
makes clear that when @ = 0, that the value of the Lagrange multiplier is equal to zero.® But we have
also seen that this shift does not have an effect on the first-order term that relates changes in a to
changes in A\. An easy way to “undo” the effect of the shift of the objective function on the Lagrange
multiplier is to use the following modified LQ specification:
o lTs <N o~ L
max min iA (‘I’—)\I‘)A—l—)\(b—g—gxx—gyy—gaa). (38)
That is, we replace A by A = A — . Note that this is not a replacement of the Lagrange multiplier
term by its first-order approximation. This would give A = A+ A Obviously, replacing A by A is just
a change in notation and the value for X obtained with (38) we will now get that A = 0 when & = 0.

But this means that if we use (38) we get A = A when @ = 0, which is the desired outcome.

9Note that although the Lagrange multiplier is zero, the constraint is still satisfied at & = 0, it is just not binding.
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