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Third-order approximation of dynamic models
without the use of tensors

Andrew Binning!?

17 May 2013

Policy and Analysis Department, Norges Bank, Oslo, Norway

Abstract

I outline a new method for finding third-order accurate solutions to dynamic general equilib-
rium models. T extend the Gomme & Klein (2011) solution for second-order approximations
without using tensors, to a third-order. In particular I derive a third-order matrix chain
rule and use this to solve the third-order approximation. My solution method is easier to
understand and code-up, and faster to implement in Matlab. I provide Matlab code and
demonstrate my solution method with a simple RBC model. The resulting code is up to 80
times faster than Matlab code using tensor notation.

Keywords: Solving dynamic models, third-order approximation, third-order matrix chain
rule

1. Introduction

Non-linear methods for solving DSGE models have become increasingly popular in recent
years. Perturbation methods have become particularly popular due to their relative ease
of implementation and their ability to be used with medium and even large scale models.
Perturbation methods are now widely available in many software packages and as standalone
routines.®> Attention has shifted from second-order to third-order approximations with Van
Binsbergen et al. (2010) showing that third-order approximations are necessary to capture
time varying shifts in risk premia. Most of the software and routines currently available that
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solve for third-order approximations use tensor notation.* Tensor notation can be difficult to
read, difficult to code and in some cases maybe slow to implement. Gomme & Klein (2011)
show, using the Magnus & Neudecker (1999) definition of a Hessian matrix, how to solve a
second-order approximation without tensors. In this paper I extend their method to a third-
order approximation by deriving a third-order matrix chain rule that gives a more efficient
representation of the problem. Because the third-order matrix chain rule is linear in the
unknown coefficients it is straight forward to solve for the unknown third-order coefficients.
I also provide Matlab code for my solution method. The paper is set out as follows; I begin
by covering some preliminaries in section 2, in section 3 I present a third-order matrix chain
rule, and in section 4 I outline the matrix algebra required to find the solution. In section 5 I
demonstrate my method by applying it to a simple RBC model, before I conclude in section
6.

2. Preliminaries

Following Schmitt-Grohe & Uribe (2004) a generic DSGE model can be written in the
form

Ey (f (Teg1, Yer1, T, ye)) = 0, (1)

where x; is an nx X 1 vector of predetermined variables, ¥y, is an ny X 1 vector of non-
predetermined variables, f is a function that maps R?*@*+2% into R™*™ and E, is the
expectations operator conditional on date ¢ information. The total number of variables (and
equations) in the model is n = nx + ny.

As shown in Schmitt-Grohe & Uribe (2004) the solution of the model will take the form:

Yt = g(xh 0)7 (2)
Tiy1 = h(l‘t, U) + OE€t41, (3)

where g maps R™ into R™ and h maps R™ into R". The scalar ¢ > 0 is known as the
perturbation parameter and ;.1 is an nx x 1 vector of shocks. Typically the functions
g and h are unknown, do not have exact analytic forms and are highly non-linear. One
common strategy to find an approximate solution to the model is to take a Taylor series
approximation around the non-stochastic steady state. As mentioned in the introduction, it
has become increasingly popular to take a third-order approximation of the policy functions
thus allowing for the effects of time varying risk and also the incorporation of skewed shocks.
Following such a strategy and deriving a third-order Taylor series approximation of the policy
functions, g and h, would result in the system of equations

Yt = G2y + %0-2900 + % ( I ® l’;) Gzz Tt

nyxXny

+ %0'39000 + %0'2 ( I ® l’;) Yooz + % ( I ® "L{t ® ZL’;) GrzxTt, (4)

nyxXny nyXxXny

4See Lan & Meyer-Gohde (2011) and Chen & Zadrozny (2003) for other examples of matrix based solutions
for solving non-linear DSGE models.



and
Tiy1 = hxxt + %0'2]100 + % < I ® x;) h:mvxt

+ 20°hooo + 307 ( I ® x;) - ( I @7, xQ) hayza®e + 011, (D)
where g, and h, are the partial derivatives of g and h with respect to x; evaluated at the
non-stochastic steady state, such that

91,2, e 91,20 hl,wl T hl,xnz

nanfL‘ nrxXnr
gny,xl e gny,mnﬂc hnz,wl e hnx,xnm

with g; representing the policy function for the ith non-predetermined variable, and h;
representing the policy function for the ith predetermined variable. It then follows that
Gia; = %ﬁ’”) |lei=2ss,0—=0 a0d Dy, = %ﬁtt’g) |z1=2..,0=0- These are the coefficient matrices
for the first-order approximate solution. Schmitt-Grohe & Uribe (2004) show that g, h, are
equal to zero when evaluated at the non-stochastic steady state.

The terms: ¢.., h.e, and g,, and h,,, are the second derivatives of g and h with respect

to x and o evaluated at the non-stochastic steady state,

N,z e (AR hl,rlxl T hl,ﬂcnle
glymlmnx U glaznxxn:c hlyxlmnx T hlymnxmna&
Yoz = a1z 7 92zpgan ’ hae hogyzy,  +- o )
ny.nrXnx anan
L gnyyflxnz e gny’xnzxnz . L hnx»zlﬁnz T hnxyxnzxnz .
gl,ocr hl,ao’
Joo = ’ hcra = )
nyx1 nrx1l
gny,cro h’?’L:E,O’G’
with
] . 82gi($t,0') | b o (‘)th(m‘t,O’) ’
gz,zjxk - 3Ij,t896k,t Tt=Tss,0=0) 1L,T; T 3dfj,t8wk,t Tt=Tss,0=0)
_ 0%gi(x,0) h _ 0%hi(x4,0)
gi,ao - 920 |$t=xss,U:07 1,00 2q |xt=xss,a:O .

These are the coefficient matrices in the second-order approximation. Schmitt-Grohe &
Uribe (2004) show that g,, and h,, are equal to zero when evaluated at the non-stochastic
steady state.



The terms ¢u1e, Pezes Yooz, Noozr Gooo aNd hyqe are the third derivatives of g and h with
respect to x; and o evaluated at the non-stochastic steady state,

gl,arlxlxl T gl,mnzx1x1 hl,azlxlccl Tt hl,znmxlxl
glvxlxnzwl U glyxnzxnle hl,lenle T hlyxnzxnmxl
91212122 T 91, znem1m2 P11z, T P iz
ez — ' ’ ) h:mmc -
n nzZan cc ”IanI h/ A h
y- glvxlxnx$nm glvxna:l’nxl'na: 1,21 ZnaTna 1L, ZnaTneTna
gQ,zlzlxl T g2,mnzx1x1 h2,x11121 te h2,:pnzzlx1
| gnyyxlznzxnz e gnyyxnzmnzxnz i L h’nxyxlxnzxnz e hnx,xnzxnzmnz i
J,00,21 hl,acr,ml
gl,ao,xnx hlpa,xmc
Jooxr = 92,0021 > haax = h270'0'7x1 )
ny.nrx1 . n:c2><1
| Iny,00,znz ] L hnx,aa,xnz ]
1,000 hl,ao‘a
Gooo = 5 hao‘(r - 5
nyx1 nxx1
Iny,co0 hnm,aaa
with
) o a3gi(mt7a') | h _ a3hi($t,g) |
Jixjape = Bz ;,10xy 10T 1 Tt=Tss,0=0> 4T Tk T T Daj Oz, 10T Tt=Tss,0=0>
) _ 33gi(x4,0) | . _ 03hi(x4,0) |
gz,aax]- — 9200z 4 Tt==xss, =0 1,00T; — 8203$jt Tt==xss,0=0>
, )
] _ 83gi(x4,0) | . _ 03hi(xt,0) |
gz,oaa - 93 Tt==xss, =0, 1,000 ~— 93 Tt==xss, 0 =0.

These are the coefficient matrices in the third-order approximation. Andreasen (2011) shows
that ¢,., and h,,, are zero when evaluated at the non-stochastic steady state. The coeffi-
cients ¢,oo and hyy, will be non-zero if the third moment of the shocks is non-zero.
Because the policy functions (equations 2 and 3) are unknown, I have to use the implicit
function theorem to find the unknown coefficients in the Taylor series expansion around the
non-stochastic steady state. To do this I substitute equations (2) and (3) into equation (1)
to get
E. (f (Mxe,0) + oepy1, g(h(xy) + €141, 0), 24, g(24,0))) = 0. (6)

I then proceed to find the third-order approximation as follows:
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i) I begin by finding the first-order approximation of the policy functions g and h. This
can be done using Klein’s algorithm (see Klein, 2000) for example.®

ii) The first-order approximation can then be used to find the second-order approxima-
tion of the model. Taking the second derivative of f with respect to x;; and xz;;
i,7 = 1,--+ ,nx, and then substituting in g, and h, (the solution to the first-order
approximation) results in a system that is linear in g,, and h,,. This is done more
efficiently using the second-order matrix chain rule of Magnus & Neudecker (1999) as is
done in Gomme & Klein (2011). The unknown coefficient matrices can then be found
as the solution to a system of linear equations.

iii) The first-order approximation and the second-order approximation can then be used
to find the third-order approximation. Taking derivatives of f with respect to z;,
xj and xy, for 4,75,k = 1,--- ,nz, and then substituting in the first and second-order
solutions results in a system that is linear in ¢,,, and h,.,. In this paper, I develop a
third-order matrix chain rule that gives a more efficient representation of this problem.
As before, the unknown coefficient matrices can be found as the solution to a system
of linear equations.

Similar steps can be followed to find the unknown coefficients g,04, hooz, Jooo aNd hype-

3. A third-order matrix chain rule

In this section I present a third-order matrix chain rule that is a natural extension of
Magnus and Neudecker’s second-order matrix chain rule (see Magnus & Neudecker, 1999).
This will prove a useful and efficient alternative to the tensor notation that is commonly
used. I begin by defining some function g that is an n-ary function of f, where f is an m-ary
function of x so that

y=g(f(x), -, (x) (7)

where the superscripts denote each f function and x is a vector of the variables x;, such that

X:[Xh”' JXm]-

5Because the first derivative of f with respect to x; results in a quadratic function, a solution method like
Klein’s algorithm can be used to keep the solution with stable eigenvalues.



By Faa di Bruno’s formula, the third derivative of y with respect to the ith, jth and kth
elements in x is
93

- 2y e () (5e) (5o) + ®)
Gxﬂxjaxk ofeofbofe \ Ox; Ox, 0x;

=1 b=1 c=1
zi (e
ofeofb axiaxj
=1 b=1
zi (555 )( )
— = ofeofb \ Ox,;0x;
zi (3) (o) +
— = 0f*0f" \ Ox;0xy,
", g ( 3 fe >
— ofe \ Ox;0x;0x; )’
forany 7,7,k =1,...,m and a,b,c = 1,...,n. This can be written more compactly as
D 9D 3 SENRCLLTD 9) SPATILED 3) SENTINIED 3) SENT: kf”+Z 9ol
a=1 b=1 c=1 a=1 b=1 a=1 b=1 a=1 b=1

(9)
I let S be the m? x m matrix of all possible combinations of the third-derivatives of y with
respect to each element x; in x. This has the form

S1
N' ) Y116 Ym1k
m2SXm = | Sx |, where mSka = : . (10)
: Yimk " Ymmk
L gm .

The element in the rth row and cth column of S is denoted by s, .. Alternatively I can use
Sjt+m(k—1),; to refer to the element in the j + m(k — 1)th row and the ith column of S where
as before 7,7,k = 1,...,m. This alternative indexation allows the coordinates of an element
in S to be matched to the derivative in that position. For example; Y; jx = Sj4mk—1),i- Lhe
new indexation will be useful for constructing a proof of the chain rule.

Given the definition of S, I can now describe the third-order matrix chain rule consistent
with the derivatives in each element in S. Before I do this, I need to define some additional
matrices that will be used in the chain rule.

I begin with the gradient matrix for the function f, which I use D to denote, so that

f} f71n
D =] : I (11)
T - o,



It follows from this definition that f§ = d,; for ¢« = 1,...,m and @ = 1,...,n, where d,;
is the element in the ath row and the 7th column of D. As part of the chain rule I need
to perform some transformations on some of the gradient matrices for the f function. This
ensures that the gradient with respect to the appropriate x;, x; and x;, is used to reconstruct
each element of S.5 I let Q represent one such transformation

flf, -~ f 0 0 -~ 0 -~ 0 0 -~ 0]
O 0 -~ 0 ff f} -~ fL . 0 0 0
0 0 s fE A fl
2 f ... f 0 0 -~ 0 -~ 0 0 0
m{m®D1 0 0 - 0 f f2 ... 2 ... 0 0 0
Q = : = | : : )
n.mxm I ® Dn 0 0 Y f% f% . fgn
nfr ... f2 0 0 -~ 0 -~ 0 0 -~ 0
0 0 - 0 f* f .. fo ... .0 0 --- 0
| 0 0 SR I TR
12)
where D; is the 7th row of the matrix D. It then follows from this definition that
— fb
ktm(b—1),j+m(k—1) = T}
for j,k=1,...,mand b=1,...,n, where qiim@-1),j4+mk-1) is the element in the
k + m(b — 1)th row and the j + m(k — 1)th column of Q.
The Hessian of f is represented by
v,
; [
V =V, |, whee V, = : : (13)
‘ : mxm flll,m e f(rln,m
with i = Vitm(a—1)4 fora=1,...,nand ¢, =1,...,m, and vjn_1), is the element in

the j + m(a — 1)th row and the ith column of the matrix V.
The chain rule requires the appropriate second derivatives of f to be used at each step
when constructing the elements in S. As a consequence some rearrangements need to be

6This will be demonstrated in the proof of Theorem for this chain rule.



performed on the Hessian of f. I let P denote one such rearrangement

1 1
~ ~ ) ) i, fh
nxl?nQ:[Pl -+ P; -+ P, ], where P; =] : : (14)
£l fr
so that {'; = Paitm-1 fora=1,...,nand 4,7 =1,...,m, where p, i ;1) is the element
in the ath row and the i + m(j — 1)th column of P.
The matrix T contains the third derivatives of f
T _ Tf ;
~ i : A flir 0 Tk
[ = | T, |, where o = | T¢ |, and T = : : . (15)
n.m= xm m2><m . mxXm a a
: 1mk 7 fm,m,k
[ T | T |
It follows from the definition that f,, = tjim@E—1)1m2@-1) for a = 1,...,n and 4,5,k =
1,...,m, where tjmk—1)+m2(a1); is the element in j +m(k — 1) +m?(a — 1)th row and the
1th column of T.
I define the gradient vector for the g function
R =[gi. .9, (16)
so that g, = 11, for @ = 1,...,n, where 1;, is the ath entry in the row vector R. The
Hessian of the function g has the form
911 - Ona
W=| : Co (17)
gl,n e gn,n
where g, = Wy for a,b = 1,...,n, and w,; is the element in the ath row and the bth

column of W. The matrix Z contains the third derivatives of the g function

Z,
: e " Ynlec
nQan =1 Z. |, where ZXC = : : , (18)
: Jinme " Ynnc
L Zn J
which implies ggp.c = Zy4n(c—1),a for a,b,c =1,...,n, where zy;,(c—1),, is the element in the

b+ n(c — 1)th row and the ath column of Z.
Given the definitions of S, D, Z, P, W, V, Q, R and T, I present a Theorem for the
third-order matrix chain rule:



Theorem 1. The third-order matriz chain rule for y = g (f (x)), consistent with S, takes
the form

S:(D’®D’)ZD+P’WD+(D’® I ) (W® I >v+

mxXm mxXm

mXxXm m2xm

Q’ (W® I )V—i— <R® I >T. (19)
Proof See Appendix A. m

4. Third-order approximation

In this section I apply the third-order matrix chain rule (from Theorem 1) to find: g,uz,
hezes 9oozs Noows Jooo and hgse, the matrices required in a third-order approximation of the
policy functions. I begin with the solution of ¢,,, and h,., because g,,, is required for the
solutions of gyou, Noozs Jooo ANd hyye.

4.1. Solving for gere and hyq,

Before outlining how the third-order matrix chain rule can be applied to find the third-
order approximation, I define some additional matrices used in the chain rule.

4.1.1. Matriz Definitions

As was mentioned in section 3, some transformations of the gradient functions (in this
case for the policy function) are required to ensure that the correct derivative is used when
constructing each element of the matrix chain rule. One such transformation is given by

] ® hl,a:

n = z ,
2><TL$2
" I & hnz,x
where h; , is the ith row of the h, matrix so that A} is a matrix that consists of the Kro-
necker product of the nx x nx identity matrix and each row of h,. This is the same as the
transformation used to construct Q in equation (12).
As is required for the matrix chain rule, some of the Hessian matrices need to be rearranged.

Applying these rearrangements to g,, and h,, gives

9173711'1 o glvaTnxxnac h11$1$1 e hlamnxivnx

* _ . . * _
Gpa = . . ) hmm -
2 2
nyXxnx nTXn
gny,$1$1 o gnyaxnzxn:c hnx7x1$1 e hnajvxnzxnz



These follow from the definition of P in equation (14). I let M, and M,, represent the
gradient and Hessian matrices for the policy functions

h h’I"E
M{E — g ]_ , wa — (nyxny :E) g (g nzxnz)
2nXnx nexXnz 2n.nxXnx O
g na? xna
i Gaa ]

I apply the required transformations to M, to get

I ® Ml,;r

nrXne
* o .
M, = : ,
2
I ® My, ,

nrXne

2n.nrXnx

where M, ., is the ¢th row of the M, matrix so that M} is made up of the Kronecker product
of the nx x nx identity matrix and the rows of M,. This is the same as the transformation
used to construct Q in equation (12). I also need to rearrange the Hessian of the policy
functions (M,,), which gives

Woa
= ( " )
2n><n.r2 nzxnzz

9z

This follows from the definition of P in equation (14). Finally, I define the gradient matrix,
Hessian matrix and the matrix of third derivatives for the f function. I let D denote the
gradient function

oh . _9h Oh . _Oh 9K . Of
3I1,t+1 5Inm,t+1 8y1,t+1 3yny,t+1 3I1,t ayny,t
D = : :
ofs ofn  0f o Of 9,
T S Drmeirs Dpin .. Tpoins Ba Dy

The Hessian takes the form

H, 9 fa 9 fa
: 3$1,t+135€1,t+1 3yny,taxl,t+1
H =|H, |, where H, = : :
2n2 x2n . 2nx2n
. 82fa a2fa
Hn 8:El,tJrlayny,t ayny,tayny,t

10



The matrix of third derivatives is given by

& fa

" fa

5$1,t+15$1,t+13$1,t+1

ayny,taxl,t+13$1,t+1

B & f, s
~ ~ 8961,t+1 ayny,taxl,t—kl 8yny,tayny,t8$1,t+1

g = Ta 5 where Ta o3 fa o3 fa

4n® X2n A 2n2><2n
: 0x1 141021 141022 141 OUYny 1071 44102 141
Tn . .
P fa P fa
a1‘1,t+1ayny,t(()yny,r‘, 8yny,tayny,tayny,t

4.1.2. Solution

After solving the first and second-order approximations of the model, I find the third
derivatives of equation (6) with respect to all possible combinations of the elements in z;.
I can then substitute the first and second-order derivatives of the policy functions, the
gradient matrix, the Hessian matrix and the matrix of third derivatives for the function f
(all evaluated at the non-stochastic steady state) into the resulting equations. The unknown
third derivatives of the policy function will be the solution to this system of equations. A
more efficient approach is to apply Theorem 1 (the third-order matrix chain rule) to equation
(6) to get

nxn nxn

(1 ®(M;)') <H® I )Mer

(1 ®M;®M;>TMQC+(I ®(M;m)’>HM$+(I QM ® I )(H@ I )Mer

[ hx:px T
nadxna
!/ !/
nr- Xne 0
nr3><na:
- gxxx i

where

nany nrxXnx nrXxXnr

+ ( I ®(hj;)’> (g$z® 1 >hm+ ( I ® (h;x)’) Goalg.

11



Applying the partition, D = [ dy , dy, dsg, dy }, allows me to rearrange equation (20) to
nXnr nXny nXnr nXny

get

/21 +(d1® Iz)hm+(d2® I )( I ®h;®h;>gmhx

n.nr<Xnx nrexXnx nreXnx nyxny

+ (dQ ® 21 2) (gaz ® 21 2) hwx;v + (d4 ® 2] 2) Jraax = Oa (21)

where

A= ( I @M;@;M;) TM, + ( I ®(M;x)’) HM,+

nxn nxn

(I QM. @ I )(H® I )Mm+

nxn nrxXne nrXxXne

(1ow) (wo_t Yo+ (we it )i

Applying the vec operator to both sides of (21) allows the equation to be factorised as follows

vec(A)+( I ® B )vec(hm)+

nTXne n.nrXnc (22)
( 30 5 + 1 ® d4 ® 2[ ) Vec(g:r:m:) = O?
where
and
C—W & ((dg@ 1 ) < i @h;®h;)) 7
Equation (22) can then be written as the linear system
Vec(gxzx) _

This is easily solved using standard matrix algebra. Alternatively equation (21) could have
been written in the form of a generalised Sylvester equation and solved using the LAPACK
routines of Kagstrom & Poromaa (1996) as explained in Gomme & Klein (2011). This second
approach is computationally more efficient and uses less memory.

"Using vec(XY Z) = (Z' @ X)vec(Y).

12



4.2. Solving for gsor and hygy

Having found g,,, and h,,, I can now use them along with ¢., hs, 92z, P2z, oo and hyy,
to find g0, and hee.. However, before I begin I need to define some additional matrices to
be used in the solution.

4.2.1. Matriz definitions
I let N, be the gradient matrix for the policy functions with respect to o, and N7, be
the Hessian matrix for the policy functions with respect to o and all the elements in x;

0
[ naxna?
nrXnx
— * — *
N, = G , and N, =| g, (ha® [ ,
2nXnx O onxnz nEXne
nXxXnx O

nxne

where N}, follows from the definition of P in equation (14). The prediction error variance-
covariance matrix for the predetermined variables takes the form

2
0—1 e O-].,TLI

2

Unx,l e O

2

where o7 is the variance of the prediction error for the ith predetermined variable. Like-

wise, o, ; is the covariance between the prediction errors for the ¢th and jth predetermined
variables. I also introduce the the matrix trace (trm). This is defined in Gomme & Klein
(2011)) so that for an n.m X n matrix

RIS
the matrix trace gives an m x 1 vector
[ tr(Y1) tr(Ya) -+ tx(Y;a) ]
The matrix trace is useful for taking the expectations of a random matrix.

4.2.2. Solution

I differentiate equation (6) with respect to o twice and with respect to all elements in
x; once. I then substitute the first and second-order approximate solutions, along with the
gradient, Hessian and third derivatives of f, and the matrix g,,, into the resulting equations.
The unknown coefficients ¢, and h,,, will be the solutions to this system of equations.

13



This is done more efficiently by applying Theorem 1 to equation (6) to get

trm (( I ® M, ®Nc’,) TN(,E) + 2 X trm (( I ® (N:$)/> HNJE)

+<I®MQH

where

h’O’O’

trm (( I ® Z) gxm) + gmhaa + gO'O'

0

nrx1l

Yoo

+(po 1

P = < I ® h;) gIEIh’UU + (gm ® ] > haax _'_ < I ® h;) gaox+
nyxXny nrXxXnr nyxny

o

ny.nrXny.nxe

I ® X

nT an) (ny Xny

Substituting D = [dy, da, d3, d4] into equation (24) and rearranging gives

G +

nx1

(6 1 Yoo+ (201

+(d2® I

nrXne

where

)(
)(

nyxXny

9. @ I

) h‘0’0'$
nrXne

I ® hlx) Jooz + (d4 ® I

nrXxXne

nrXnx

)

I Qh® I

nrXne

hO'O'w
na?x1
P

ny.nrx1l

0

nz2><1

gacrx
ny.nrx1l

Gztrm(( I ®M;®N;) TNUE) +2><trm(< I ®N(i,x> HNUZ)

+(I®MOH

+<d2® 1

nzxnz) o + trm (

o

(ny.nzxny.nz

hO’O’
I & 2) gm) + gxhacr + Goo
nyxXny
nrxl
gO'O'

< ] ®h/z) gmmhaa+"'

nax nz) (ny Xny

1 ® X

Equation (25) can be written as the linear system

Q

n.nrXxXn.

A

gO’O’Z‘

h’O’O’I

|--c

14

I @he I

nrXne

Jo)

(24)

o).

> Joox =0, (25)



where

o=[(o.r ) (o) (not)

which is easily solved using standard matrix algebra.

4.83. Solving for gsee and hyoo

If the shocks in the model are assumed to be skewed, or even co-skewed, this will have
further implications for agents behaviour. As a consequence an additional intercept correc-
tion needs to be made to the solution in the form of the vectors g,,, and hyqo. In this section
I solve for g,ss and hys. But before I do this, I define some additional matrices used in the
solution.

4.8.1. Matriz definitions
[ let N, be a rearrangement of the Hessian of the policy functions with respect to o so

that
0

TLZL‘X”L"Z)Z
* *
NO‘O' - Gx
0

anIQ

This follows from the definition of P in equation (14). T also define the skewness (co-skewness)
matrix
S1 S112 *° Slnzns

Snx,l,l . o Snx

The skewness matrix contains the third moments of the prediction errors, where s; = E; {U?J ,
Sijk = Ei[uigujugy], and u;, is the prediction error for the ith predetermined variable.
This follows from the definition of the variance-covariance matrix: ¥ = E; [u; ® uj], so
that S = E; [uy ® u; ® u;], where w,; is a vector of prediction errors. If all the shocks are
symmetrically distributed, this matrix will have zeros for all of its entries.

4.8.2. Solution

I differentiate equation (6) with respect to o three times. Then, as was done in previous
sections, I substitute in the first and second derivatives of the policy functions, and the
first, second and third derivatives of the function f. The unknown coefficient matrices gyo0
and h,,, can then be found as the solution to this system of equations. As was suggested
earlier, using the third-order matrix chain rule from Theorem 1 greatly improves efficiency,
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and applied to this problem results in the following system of equations

trm (< I ®N(;®NC',) TNUS) + 3 X trm (< I ®(N:U)’> HNUS)

nxn nxn

hO’O‘O’

nxx1

trm I &® S) ggzz) + zhacro + ooo
D (( o ) Teer T g (a1
0

nxx1

gO’UU
nyx1

Substituting D = [dy, ds, d3, d4] into equation (27) and rearranging gives the linear system

[do + dy, dy + dag.] { Joao } =—J, (28)

h’O’O’O’ nx1

where

J = trm (( I ®NQ®NQ) TNGS) + 3 X trm (( I ®(N;O,)’) HNS)

+ dy xtrm(( 1 ®S) gmx).
nyxny

Equation (28) can then be solved using standard matrix algebra.

5. A simple example

In this section I demonstrate my solution procedure using a simple 3 equation RBC
model. The model can be written in the following form:

0=c," = BEA{(1+aaqk}™ —6)c i},
O = kt + Ct — atk?_l — (1 — 5) kt—la

0=a; —al_jexp(oey),

where ¢; is consumption, k; is the capital stock, a; is technology and ¢, is a technology shock.
Dropping the time subscripts from the model allows the non-stochastic steady states to be
1

calculated, a =1, k = [#ﬂf_é)} 170‘, c = ak® — 0k, e = 0. I calibrate the model such that:
a=0.3,6=0.99, 6§ =0.025,y=1.1, p= 0.8, 0 = 0.01.

I find the solution of the model in terms of log deviations from the non-stochastic steady
state, which requires making the following substitutions: a; = log(a;), k, = log(ky), ¢ =

log(c), & = 0, aj = log(a;).® In addition, I include an auxiliary variable for technology

8Finding the solution in terms of level deviations from the non-stochastic steady state is also acceptable, but
I stick with convention and find the solution in log terms.
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because it appears in the model in periods ¢t — 1, t and ¢t + 1. I also include an additional
equation for the ¢ + 1 technology shock (under this representation the shock is treated as a
state variable). The model is now a 5 equation system:

0 = exp(ér) ™ — 8 (1+ @ exp(ar,,) exp(k) "™ = 8) exp(érn) 7,
0 = exp(ky) 4 exp(&) — exp(ay) exp(ke_1)* — (1 — &) exp (ki1 ),
0=a; — pay1 — 0y,

0=a’ — a,

0= ét-ﬁ-l?

~

with the non-stochastic steady states: a = log(a), k = log(k), ¢ = log(c), € =0, a* = log(a).
I then define the vector of predetermined variables

~

N N /
Tty = [ ki1 a1 & } )
and the vector of non-predetermined variables
A oax !
Y = [ Ct Gy } .

The variance-covariance matrix for the prediction errors for the predetermined variables only
has a single non-zero element for the technology shock

Y

o O O
o O O

0
0
o2

Likewise the skewness matrix only has a single non-zero element for the technology shock

000O0O0O0OO0OO0OO0
S=10000000O0 O
0000O0OO0O0O0 o

I set the skewness of the technology shock to be the cube of the standard deviation of the
technology shock, so that it has a standardised skewness statistic equal to one.
The derivatives are solved in Matlab using automatic derivatives (see for example Bischof
et al. 2008). Automatic derivatives are relatively quick to calculate and extremely accurate.”
I solve for the first-order terms using the method from Klein (2000), the second-order
terms using the method from Gomme & Klein (2011), and the third-order terms using the

9Using a desktop pc with a 2993 Mhz Intel processor and 4GB RAM it takes 0.2431 seconds to read-in

the model (equations, parameters etc), solve the non-stochastic steady state, and calculate first, second
and third derivatives of the RBC model described in this section. Using the same computer it takes
0.3157 seconds to read-in the model, solve the non-stochastic steady state, and find first, second and third
derivatives of an 8 equation (10 in total) NK DSGE model.
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method outlined in this paper. The results are presented in Appendix B to allow readers to
verify their accuracy.

The same model was coded in Dynare and using Matlab code from Andreasen (2011). The
third-order approximations using the method outlined in this paper were checked against the
third-order approximations from Dynare and Andreasen’s code and found to be the same.!”
I tested my code for speed against Andreasen’s code. The code from Andreasen (2011)
uses tensor notation which allows me to compare the speed difference between the different
solution methods. The tests were performed using a desktop pc with a 2993 Mhz Intel
processor and 4GB RAM. I repeated the exercise with an 8 equation (10 equations when
counting auxiliary variables) New Keynesian DSGE model. The times (in seconds) from
both experiments are recorded in the table below:

Table 1: Computation Times

Without Without
Model Tensors Tensors Tensors (Op t)
RBC 0.1211 0.0040 0.0037
NK DSGE 1.1288 0.0447 0.0137

My solution method took 0.0040 seconds to find the third-order terms: ¢..z, Poze, Yoors Rooss
Jooo and h,eq, for the simple RBC model. Andreasen’s code took 0.1211 seconds to find the
same terms. For the New Keynesian DSGE model my solution method took 0.0447 seconds
to solve, while Andreasens’s code took 1.1288 seconds to solve. The procedure outlined in
this paper appears to be orders of magnitude faster when using Matlab. The third column
provides speeds for solving both the models using an optimised version of my code. More
specifically I vectorise the Kronecker products as explained in Acklam (2003) and I remove
the auxiliary equations (which are linear) from the system to solve for the second and third
order solutions.!! This results in further performance improvements, especially for the New
Keynesian DSGE model which solves more than 80 times faster than when tensor notation
is used. Andreasen’s code has been optimised to exploit the symmetry of the derivatives.
This decreases the number of derivatives that need to be calculated and shrinks the size
of the matrices, which results in some speed gains. The procedure I outline in this paper
does not exploit the symmetry of the derivatives, as I find the extra time required to shrink
the matrices is more than the time saved in the matrix division.'? The speed gains from
my approach come from having a vectorised solution. Andreasen’s code has 142 For loops
and uses 621 lines of code. Because my solution uses matrix algebra, my Matlab code is
vectorised with just 4 For loops and 67 lines of code. Vectorising the Kronecker products
further improves the codes performance.

10T have also checked my solution method against Dynare and Andreasen’s code using other small DSGE
models.

1 This requires making the distinction between predetermined variables, non-predetermined variables and
variables that are both (e.g. the variable appears in the model equations in periods ¢t — 1, ¢ and ¢ + 1).
12Exploiting the symmetry in the derivatives would improve memory usage allowing for larger models, but

this would come at the expense of speed as For loops are slow to implement in Matlab.
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6. Conclusion

In this paper I have demonstrated a new method for solving third-order approximations
for DSGE models. The method does not involve tensor notation making it easier to under-
stand and code, and faster to implement using Matlab. While much code exists in Matlab
for solving third-order approximations, my procedure and code, due to it’s simplicity, can
form a blueprint for those wanting to write code in other programming languages, or it can
be used by those wanting more flexibility and speed over existing Matlab routines. The
Matlab code I provide results in speed gains of up to 80 times over existing Matlab codes
using tensor notation.

Appendix A. Third order matrix chain rule
This appendix outlines the proof for the third-order matrix chain rule in Theorem 1.
Proof The proof proceeds as follows; from Theorem 1, the third-order matrix chain rule

S:(D’®D’)ZD+P’WD+(D’® 1 ) (W@ I )V—l—

mxXm mXxXm

Q’(W@ [>V+(R® I )T. (A.1)

mxXm m=Xm

This can be written as the sum of 5 matrices

S' = (D'®D’)ZD, (A.2)
S? = P'WD, (A.3
S = (D’@ I ) (W@ I )v, (A.4)
= <W® I )v, (A.5)

m2><m

S° = (R ® I 2) : (A.6)
so that equation (A.1) can be rewritten as
S=S8"+8*+5*+5"+5"
To prove the Theorem I need to show that for each element in S, the following holds

2 3 4 5
Yijk = Sjtm(k—1),i 33+m(k 1 T Sitmk—1)i T Sjtmk—1) T Sjtmk—1) T Sjtm(k—1),i-
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That is the corresponding entries in S*, S2, $?, S* and S® must add to the entry in the same
position in the matrix S. This is equivalent to showing that

Sj1'+m(l<:—1),z’ = Z Z Z Jab cfafb

a=1 b=1 c=1

332‘+m(k;—1),i = Z Z Japfi f] k>

a=1 b=1

n n
3 o a £b
Sjtm(k—1)i E § 9a b i ;Ths

a=1 b=1

n n
4 _ a b
Sjitmk—1),i — E E 9abTi kT,

a=1 b=1

5 _ a
Some-ri = Y 9afi i
a=1

so that Faa di Bruno’s formula holds for each element in S. I proceed to do this in five steps,
showing that for each of the five matrices making up the chain rule, the indexation matches
up with the appropriate derivatives.

Step 1

n n n

From equation (A.3), S! = (D’ ® D’) ZD. Ineed to show that s! Japcffh f5

a=1 b=1 c=1

j+m(k—1),

I define Q! so that

[ A A e
fify fify - R
f%f}n f%f}n e R i
Q! =D'eD = f%f% f%f% oo c R ’
) fS

where
1 __ ¢bec
Witm(k—1),b+n(c—1) — it

is the element in the j+m(k—1)th row and the b+n(c—1)th column of Q' for j, bk =1,...,m
and b,c=1,...,n. I can then define Q? to be
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meXn

where

n n

b
DD 9ueeifi
b=1 c=1
n on

Z Z 91.0.cF0 5

b=1 c=1

n n

Z Z gl,b,cfl{ffn
b=1 c=1
n o n

Z Z 91,5,

b=1 c=1

n n

Zzglbcfb i

b=1 c=1

n n
Z Z 92,6,c 115

b=1 c=1

Z Z 92,5,cT115

b=1 c=1

ZZQchfl m

b=1 c=1

Z Z 92,5, F5FS

b=1 c=1

Zzgmcfb i

=1 c=1

j+mk 1),

n

DD Gabefifs
b=1 c=1

n n

n

Zzgabcfb

b=1 c=1

n n

b
DD gnnefifi
b=1 c=1
n o n

Z Z 9n7b,cfli fg

b=1 c=1

n n

Z Z gn,b,cfl{ffn
b=1 c=1
n o n

Z Z gn,b,cfg ff

b=1 c=1

n n

Zzgnbcfb fc

b=1 c=1

is the element in the j + m(k — 1)th row and the ath column of Q2 for j k=1,...,

a=1,...,

-
D =| f
L T

n. The matrix D as defined in (11)

!

7
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Multiplying Q2 by D gives S?

St=
DD Guncfifify ZZZgabcfbf”f“ D2 D uncfifify,
a=1b=1 c=1 a=1 b=1 c=1 a=1b=1 c=1

D> Gan 5 ZZZ ap . FUESFS S  ganefifsey,
a=1b=1c=1 a=1b=1 c=1 a=1b=1 c=1

3
3
3

Gab, TR 5T

a=1b=1c=1
Z Z Z ga,b,cflr)nffnf? Z Z Z ga,b,cffnf;fg T Z Z Ja,b, cf?nffnf?n
L a=10b=1c=1 a=1b=1 c=1 a=1b=1 c=1
(A.7)
From the indexation in equation (A.7) it can be verified that'?
b
ot = 230D gl
a=1 b=1 c=1

as required.
Step 2
From equation (A.4), S*> = P"WD. I need to show that SJ+m K1) Z Z Ja, bf“fb & Ldefine

a=1 b=1

13The ordering of the derivatives of the f functions does not matter because these are scalars.
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Q3 = P'W, so that

r n n n
b b b
E 916171 E gopfi, - E Inbf11
b=1 b=1 b=1

n n n
2 : b 2 : b } : b
gll’fm,l gQ,bfm,l o gn,bfm,l
b=1 b=1 b=1
n n n
b b b
§ g1,T1 § gopfio - E Inbf10

3 _ / _
Q - P W — b=1 b=1 b=1 )

n

Z ga,bf?',k:

b=1

n n n

Z gl,bfqbn,m Z g2,bfl;n,m T Z gTL,bflr)n,m

L b=1 b=1 b=1

where
]—l—m(k 1), Z Ya bf] ks

is the element in the j + m(k — 1)th row and the ath column of Q3, for j,k=1,...,m and
a=1,...,n.

$?=0°D
B n n n n n n N
fb fa fb fa . fb f(z
9apT11T1 9abT1172 Gapliilm
a=1 b=1 a=1 b=1 a=1 b=1
n n n n n n
_[:b fa fb fa . fb fa
YabT21T1 YabT21T2 abTo1Tm
a=1 b=1 a=1 b=1 a=1 b=1
n n n n n n
fb fa fb fa fb fa
S2 Yablm1T1 ablm,1T2 Jabplm1Tm
a=1 b=1 a=1 b=1 a=1 b=1 ’
n n
£l fo
9abT; 1 T;
a=1 b=1
n n n n n n
a b a fa
ga bf fl ga,bfm,me ga bfmm m
a=1 b=1 a=1 b=1 a=1 b=1
so that
a.b
j+m (k—1), § E Ya, bfz f] k>
a=1 b=1
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as required.

Step 3

mXm

From equation (A.5), S* = (D’® I ) (

Z Z 9asfi;Tp. I define Q* so that

a=1 b=1

Q =(D’® I)(W@ 1):

> gifh 0 0 - 0
b=1 n
0 Seut 0 0
b=1
0 0 Zgl,bflf

b=1

W I

mXm

Z gn,bfl{ 0
b=1 n
0 Z 9n.,bfli
b=1

) V. I need to show that

o

o

3 _
Sitmk—1)4 —

> g1t 0 0o .- 0 > gnafh, 0
b=1 n b=1 "
0 > gisfh, 0 - 0 0 > gnafh,
b=1 b=1
0 0 > g1t 0 0
L b=1
where
n
4 b
Witm(k—1),j+m(a—1) = Z 9abTk:
b=1
is the element in the j+m(k—1)th row and the j+m(a—1)th column of Q% for j, bk =1,...,m
and @ = 1,...,n. Using the definition of S® I can write
S3=Q'v,
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DD 9afifin DD gasfifiy > ittt

azl bil azl bil a 1 b 1

DD 9wfifly DD gufifs, > gt

a=1 b=1 a=1 b=1 a=1 b=1

S3 = .
ga bfbfa
a=1 b=1
ga,bf?nf(ll,m ga,bf?nfg,m o ga bf?anl ,m
L a=1 b=1 a=1 b=1 a=1 b=1 |
where
]er(k 1), Z Z 9a, bfc'ijfz7
a=1 b=1
as required.
Step 4
From equation (A.6), S* = Q’ (W® mgm) V. I need to show s]+m(k i = Z ga,bfzkf?.
a=1 b=1

From the definition of Q

CfL 0 e 0 f200 - f20 0
0 o 0 £ 0 - f 0 0
: : : : 0
£l 0 2, 0 0 0
, 0 f! 0 0 f 0 fr 0
Q=10 1 0 0 f 0 fo E
: : 0
0 fL 0 0 f 0o f 0
0 0 floo o0 20 fr |

where
Qjtm(k—1) k+m(b—1) = f;?,

is the element in the j+m(k—1)th row and the k+m(b—1)th column of Q’, for j,k =1,...,m
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and b =1,...,n. The Kronecker product of W and the m x m identity matrix is given by

i J1.1 0
0 g1.1
0 0
W® = : :
gl,n O
O gl,n
0 0

where

is the element in the k + m(b — 1)th row and the k + m(a — 1)th column of W& I | for

mxXm

0 . gn,l
0o .- 0
g1.1 0
0 Inn
0 0
gl,n . 0

Witm(b—1),k+m(a—1) = Ya,bs

k=1,...,mand a,b=1,...,n. I define Q° so that

m2><n.m

Q0° :Q’(W@ I):

0o ... 0
gn71 e O
0 gn,l
0 0
9nn 0
0 9nn

> g1} 0 > gnafh 0 0
bil bil
> g1fh 0 > gnafh 0 0
b=1 b=1
z”: g1, 0 z”: Inbfo, 0 0
b=1 " b=1 "
0 > gt 0 > gnsfl 0
bﬁl bil
0 > g1fh 0 > gnafh 0
b=1 b=1
0 zn: 91670, 0 En: b, 0
b=1 b=1
0 0 Z 91,bfl{ 0 0 - Z Qn,bfl{
bil bzl
0 0 Z g1 0 0 Z Inpfh
b=1 b=1
0 0 z”: g1, 0 0 z”: Info,
L b=1 b=1 .
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where
n

5 _ b
Witm(k—1),k+m(a—1) — E aT;;
b=1

is the element in the j+m(k—1)th row and the k+m(a—1)th column of Q°, for j,k =1,...,m

and @ = 1,...,n. Using the definition of S*, I can write
$t=0%,
SN ettt D ki, - 22 9usfifiy
azl bil anl bnl ail bil
22 9usfifin DD gusfifs, - 22 9usfsfin
a=1 b=1 a=1 b=1 a=1 b=1
St =
Ga s foF
a=1 b=1
| 22 gasfui Z A
a=1 b=1 a=1 b=1 a=1 b=
where

J—l—m(k 1), Z Z 9o Ti il

a=1 b=1
as required.

Step 5

j+m(k—1),i

me

From equation (A.6), S° = (R ® I ) T. I need to show that s°
begin by defining QF such that

0 .0 0 o 0 g,
Qs =R® [ =] . N 92 J
0 0 - g¢t 0 0 - 0 0

where

6
Witm(k—1),j+m(k—1)+m2(a—1) — Ya

g

a, bfb fa

m-om,m

22:1 9afi k- I

In

is the element in the j +m(k — 1)th row and the j +m(k — 1) +m?(a — 1)th column in QF,

for j,k=1,...,mand a = 1,...,n. Using the definition of S®, I can write

$* = Q°T,
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B n
a
E 9af1,1,1
a=1
n
a
E gaf1,2,1
a=1

n

a
E :gafl,m,l
a=1
n

a
§ 9af1,1,2
a=1

Sh =

n
a
E 9af2,1,1
a=1
n
a
E 9af2,2,1
a=1

n
a
§ gan,m,l
a=1
n
a
E 9af3 12
a=1

n
a
> 9afi i
a=1

n n
E : a § a
gafl,m,m g(lf2,m,m
L a=1 a=1
where

n
5 _ a
Sitm(k—1)i — § gafi,j,kv
a=1

as required. This completes the proof. B

Appendix B. Model solution

The solved matrices from section 5 are presented below.

n
a
E gafm,l,l
a=1
n
a
E gafm,Z,l
a=1

n
E a
gafm7m71
a=1
n
a )
§ gafm,l,z
a=1

Z gafgm,m,m

a=1

0.800000000000000 1.000000000000000 |’

0.081805764224287 0.102257205280358

0.800000000000000 1.000000000000000 | ,

0

—0.070474975323637 |
0.060693666709352
0.075867083386690

0
0

4, — | 0-538516074338190 0.128222800563108 0.160278500703385
T 0
[ 0.960555718076461
hy = 0
I 0 0
[ 0.050410880298460  —0.056379980258910
—0.056379980258910  0.048554933367432
| —0.070474975323637  0.060693666709352
Gow = 0 0
0 0
I 0 0
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Grza =

[ 0.031544108616856  —0.051663874599147

—0.051663874599147  0.062210119144458
—0.064579843248933  0.077762648930573
0 0

o O O oo
O O O OO

—0.064579843248933
0.077762648930573
0.097203311163216

0

O O O OO

[ 0.526512345088850 x 1074

gO’O‘ O

Y

—0.484409085170130 x 10~

hoo = 0
0

0.000886224176982  0.018042424368051

0.018042424368051  —0.016047638262395

0.022553030460064  —0.020059547827994

0.018042424368051  —0.016047638262395
—0.016047638262396  0.019412734848266
—0.020059547827995  0.024265918560332

0.022553030460064  —0.020059547827995
—0.020059547827995  0.024265918560332
—0.025074434784993  0.030332398200415
0

D OO OO oo oo
S OO OO o oo

29

0.022553030460064
—0.020059547827995
—0.025074434784993
—0.020059547827995

0.024265918560332

0.030332398200415
—0.025074434784993

0.030332398200415

0.037915497750519

0

S OO OO o oo




hxxz =

[ —0.020956383687171
0.029527273689885
0.036909092112356
0.029527273689885

—0.035680637163452
—0.044600796454315
0.036909092112356
—0.044600796454315
—0.055750995567894
0

SO DD DO DD ODIDOD DD o000 oo oo

Yoor =

haaw -

0.029527273689885  0.036909092112356
—0.035680637163452 —0.044600796454315
—0.044600796454315 —0.055750995567894
—0.035680637163452 —0.044600796454315

0.040392437073006  0.050490546341257

0.050490546341257  0.063113182926571
—0.044600796454315 —0.055750995567894

0.050490546341257  0.063113182926571

0.063113182926571  0.078891478658214

0

O OO DD DD DD DD OO OO oo oo

0
0
0

[ 0.208394896512764 x 10~°
—0.775000263651503 x 1076
—0.968750329564378 x 1076

0

S OO OO
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[ 0.199558292329446 x 10~* ]
0.059796933577375 x 10~*
0.074746166971719 x 10~*

0

O OO DD DD DD DD OO OO oo oo




—0.138593020922434 x 107°

Yooo = 0 ’
0.127510245680320 x 1077
hO’O’O’ - 0
0
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