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ABSTRACT

The major objective of the paper is to provide a theoretical description of convergence in neoclassical
models with various initial ratios of human to physical capital. To avoid immediate convergence,
adjustment costs (higher for human capital than for physical capital investment) are introduced. The
model is calibrated consistently with empirically-observed slow long-run convergence. Economies with
high initial ratios of human to physical capital are, however, predicted to grow quickly in the short
run. Moreover, substantial current-account deficits may occur due to high marginal products of
physical capital and resulting high levels of domestic physical capital investment. This analysis
seems relevant to Malaysian economies, which exhibit high ratios of human to physical capital,
current-account deficits, and relatively high average growth rates.

Keywords: Capital mobility, neoclassical models, Cobb-Douglass production function, social
optimum.

1. Introduction

The issue of convergence has received a great deal attention in recent economic research.
There are two major concepts of convergence ;

i. Convergence is absolute if poor economies tend to grow faster than rich economies.

ii. Convergence is conditional if economies grow faster the further they are below their
steady states.

Economies may converge conditionally and still not absolutely if poor economies have
relatively low steady states (Barro and Sala-i-Martin, 1995).

Several empirical studies have shown that economies converge conditionally at a
relatively low rate of about 2 % per year. It is remarkable that slow convergence has been
observed both for open and closed economies; in particular, more open economies such as
regions within countries have not been found to converge much faster than less open individual
countries.

For closed economies, the basic neoclassical model (Solow, 1956) predicts slow
convergence if the capital share is sufficiently high. This may be realistic if, for example, human
capital is included in the model. However, for open economies with perfect capital mobility, the
basic neoclassical model fails since it predicts infinite convergence speed-capital flows
immediately equalize the rates of return around the world. Therefore, several modifications of
the neoclassical model have been developed to avoid such an unrealistic implication. Such
modifications include, for example, borrowing restrictions (Barro et al, 1995) or adjustment
costs for investment. Adjustment costs alone cannot explain slow convergence unless they are
substantially large. Barro et al. (1995) introduce borrowing restrictions instead; in their model,
physical capital can be financed by borrowing on the world credit market, whereas human
capital cannot. The slow convergence of open credit-constrained economies is accounted for
quite well in this model; the model is, nevertheless, somewhat restrictive regarding initial
conditions.

In this paper, an open-economy model with two kinds of capital (physical and human
capital) is developed. The model resembles that of Barro et al. (1995), although it differs from it
in two respects : First, for simplicity, both kinds of capital are allowed to be financed by
foreigners. Second, adjustment costs for investment in both kinds of capital are introduced,
with the assumption that the adjustment costs for human capital investment are higher than
those for physical capital investment. A log-linearized approximation of this model is solved
analytically. It is shown that the model can be calibrated for slow asymptotic convergence,
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although it may result in fast initial growth in economies with high ratios of human to physical
capital.

2. The Model

The model extends the analysis of Barro and Sala-i-Martin (1995). The Cobb-Douglas
production function of the augmented neoclassical model is considered:

Y =F(K,H,Le¥)= AK*H" (Le*")1-%77 (1)

where oo > 0,1 >0, a + n < 1, Yis GDP, A is a fixed technological parameter, K is physical
capital, H is human capital, and L is raw labor, which grows at a constant, exogenous rate, n.
Technological progress is labor-augmenting at a constant, exogenous rate, x. The equations of
motion for physical and human capital are ;

K=1Ig -5K, 2)
H=1Iy-¢H, )

where Ik and Iz stand for gross investment in physical and human capital, respectively,
and ¢ is the depreciation rate, which is, for simplicity, assumed to be the same for K and H .
The economy can borrow capital on the world credit market at a constant real interest rate, r.

We assume that there are costs (adjustment costs) associated with the installation of
capital and that these costs depend positively on the level of investment relative to the level of
existing capital. The cost of the installation of a capital unit is assumed in the form

¢K (IK /K) with ¢K (0) =0, ¢5}< () >0, and ¢I”< >0 for physical capital; and ¢H (0) =0,

! n
¢H () >0, ¢H > (0 for human capital. Let D denote the net foreign debt of the economy. The

time evolution of D is,

D=1Ig[1+¢g(Ix /K)+Iy[1+¢y(Iyg /H)]+C-Y+rD, (4)

where D is the current-account deficit (time derivative of D), and C is domestic
consumption.
L (1+¢, ./ K)+1,[1+¢,(I,,/H)]|+C—Y is the trade-balance deficit, and rD

are net factor payments to foreigners. Note that we abstract from labor mobility so that factor
payments do not include wage components.

It turns out to be convenient to work with variables per unit of effective labor:

. I . I
Y= Yt,k= Kt,h: Ht,d= Dt g = Kt,zh= Ht,and
(Le™") (Le™") (Le™) (Le™) (Le™") (Le™")
= . Consequently, let us change the notation for adjustment costs, i.e., let us write
(Le™)
¢k and ¢h instead of ¢K and ¢H . The production function takes the intensive form,
y = f(k,h) = Ak“h" (5)
The equations of motion are,
k=i, —(5+n+x)k. (6)
h=i, —(5+1+x)h )
d=ip[1+ (i /0N +in[1+ iy /M) +c—y+(r—x —n)d. @)
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The social optimum is given by maximizing the discounted utility of a typical household
subject to the constraints of the economy. Since ce is per capita consumption, this term

enters the instantaneous utility function, #(.). The problem is,

o0
max [ e y(ce™ )dt.
C,ik,ih 0
If the elasticity of inter temporal substitution of consumption is constant, the problem

takes the form,

e xt\1-6
max [e("P) (ce”) L
C,ik,ih 0

dt,
1-6

subject to (6), (7), and (8), where p > 0 is the rate of time preference, and @ > 0 is the
inverse elasticity of inter temporal consumption substitution; k, h, and d are state variables,
whereas C,1 r» and i , are control variables. The natural extension-logarithmic limit-is assumed

if @ =1. The current-value Hamiltonian for this problem is
xt )1—9 _

((:eT+/1d[ik(1+¢k(ik /) +i,(1+ ¢y, (i, / h)) where

31 =
+c— f(k,h)+(r —x —n)d]+ A iy — (8 +n+x)k]+ Ay [i, — (8 +n+x)h],
ﬂd s ﬂk, and /1h are co state variables (analogs of Lagrange multipliers), indicating the

marginal shadow values of the corresponding state variables. The first-order condition for this
problem are,

031 :C—Hext(l—e) +4,=0 9)
oc

03 ) ) v
6Tkl=/1d[1+¢k(lk/k)+(lk/k)¢k(lk/k)]+/1k=0, (10)
03 ) ) .

aTklzﬂd[lJr@z(lh /) + (@i /W'y (i / )]+ 2, =0, (11)
. 031

ﬂ'd :(p—n)ﬂd—ﬁ:(p+x—r)/ld, (12)
. 03 0 ) oo

A =(p—n)Ay _a_klz (p+0+x)A 7{6_];{+(1k /K24 i /k)}id, (13)

~

== == (o3 )i | B /P60 /) 09

Sufficiency of the first-order conditions is ensured by the concavity of u(.) and the
convexity of ¢() The system (6) — (14) can be transformed into a set of 6 first-order ordinary

differential equations for 6 independent variables. The initials conditions for this boundary
problem are,

k(t=0)=k,, (15)
h(t =0) =hyg, (16)
d(t=0)=dy, (17)
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The transversality conditions are (in dynamic programming problems with infinite
horizons, present discounted values of state variables must converge to zero as f —> ),

lim /lke(”_p)tk =0, (18)
t—o0
lim A, e"P)p =0, (19)
t—>o0
lim A,e" =0, (20)
t—0

Equation (9) represents the equality between the marginal utility of an additional amount
of consumption and the marginal disutility arising from a corresponding increment in the debt.
In equations (10) and (11), the shadow values of installed and uninstalled capital are compared.
The marginal shadow values of installed capital are higher than those of uninstalled capital by

factors of ¢, and ¢, for physical capital and human capital, respectively, where,

gr =1+ @iy / k) + (i / K)P'k (i / k), (21)
qn =1+, (i, /h)+ (i /1) (i /1), (22)
From (10) - (14), (21), and (22) it follows that,

of . 2 .
: T +(ix / k)" P'x (ix / k)
q_k:ﬂ_k_’l_d:wrg_ak , (23)
e M Ad Tk

o . 2 .
: T +(i, /h)* 'y, (i, / 1)
q—h:/i—h—ﬂ—d:r+5—ah (24)
an A A qn

From (21) and (22), it is possible to express ik /k and ih /h in terms of (} and gy,
respectively:

i
7"=!//k(qk), (25)
1
%‘= vi(qn) (26)

l//'k () >0 and y/'h () >0.
Substituting (25) and (26) into (6), (7), (23), and (24) leads to,

k

EZWk(‘lk)_w"‘”"‘x)r (27)

h

E:V/h(qh)_w"‘”"‘x)r (28)
o 2

- v (@)? 'k i (qr)]

q—k:r+5— ok , (29)

qk dk
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o | 2
: — v, @r)?'n vn(an)]
In _ r+06— ch
qh qh

The behavior of k and h is described by (27) — (30): therefore, it can be studied separately
from the behavior of consumption, ¢, and debt, d. Equations (10), (11), (12), (18), (19), (21), and
(22) imply,

) (30)

}1_r>1;10 e_(r_x_")tqkk =0, (31)
lim e_(r_x_”)tqhh =0, (32)
t—o0

* *
From (27) and (28), it follows that (} =} and g} = (}, are constant in the steady state

(all variables are, in this convention, required to grow at a constant and not necessarily zero)
rate. Then, from (29) and (30), k = k* and h = h* must also be constant in the steady state. Both
(31) and (32) then imply r — x — n > 0, which constitutes a restriction on exogenous parameters 7,
x, and n. From (12) and (20), it follows that,

lim e " *Mtg -0 (33)

t—>00

From (9) and (12) it follows that consumption per effective worker, c, grows at the rate of
(r-p)/0—x:

c= Coe[(r_p)/e_x]t . (34)

Consumption must satisfy the intertemporal budget constraint which is given by
discounting and integrating equation (8):

[ coetrnmtr=p)/ Ot gy _

0

T{f(k,h) — i1+ i (i /)] = [+ 4/ )] = (r —x = m)d + dje™ (a5
I(r)ltegration by parts and equation (33) yield:

r_n_fr—o_pw = I{f(k,h) =ik [L+ g/ 0= in[Lagy (/e Ot~y (30)

This equation basically indicates that the present discounted value of consumption
equals the present discounted value of income.

It is difficult to solve the system (27) — (32) exactly for a general form of functions ¢k ()

and ¢h () . Therefore, the following specifications are considered:

| by iy

k) =Lk 37

P (ix / k) o (37)
. by iy

hy=-21" 38

¢ (in /1) > (38)

where bz > bl >0, i.e., adjustment costs are higher for human capital accumulation
than for physical capital accumulation. The problem then simplifies into the following:
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gp =1+b; % (39)
k
qh:1+b21i, (40)
h

vi(qr)=(ax =1) /b1, (1)
vi(an)=@n -1 /b2, (42)
k
E:(qk—l)/bl—(x+n+5), (43)
h
E:(qh—l)/bz—(x+n+5), (44)

9 2

N @17 /o)
—=r+0-— , (45)
qk Tk

9 2
N Tt =12 /(2b2)
=r+06- (46)

qh qh
Steady-state values of qZ and q; satisfy,
G =1+by(x+n+5), 47)
q;=1+b2(x+n+5), (48)
Steady-state values of k* and h* can be determined from steady-state marginal products:

a : * * * *
(a_@ = Adk™ 1™ = (r+ S)qx ~ (qx ~ 1) / (2by), (49)
ﬁ _ *a *’7_1 _ * _ * _ 2

ol Adk “h =(r+0)qn —(qn —1)° /(2by). (50)

Using identity z = elnz and Taylor’s expansion around the steady state, we can log-
linearize the system of four differential equations (43) — (46) around the steady state. This log
linearization describes the behavior of the economy locally around the steady state. The
advantage of this approach is the possibility of an analytical solution; the disadvantage is,
however, the inability to precisely describe the behavior of economies which are far from steady

states. Future research should thus focus on the numerical solutions to the exact equations
(43) —(46).

k _ din(k/k*)

= = A /qp), (51
QZWﬁln(k/kmCIn(qk /qx)+DIn(h/ h¥), (52)
Tk
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ho din(h/h¥) \
—=——1_7-F] , 53
P i n(qy /qn) (53)
q—h=W=Fln(k/k*)+Gln(h/h*)+Hln(qh /an), (54
dh
or, in a matrix notation,
din(k / k¥)
at. -, 0 A 0 0Y In(k/k*
dIn(qy /q1) nk/ k)
dt _|B € D 0|In(qx/qk)
din(h/ h*) 0 0 0 E| In(h/h*
dt | (F 0 G H)\In(@gy/qn
dIn(qy, /qn)
dt
where
A=Tk (55)
by
B:l_*“(gj >0, (56)
g\
oY . .
() sa-abaa/en)
C= - =r—-x-n>0, (57)
Ik
Dz_l*(@j <0, (58)
ar \ ok
Ezq—h>0, (59)
by
F:—Oi(gj <0, (60)
gn NN
Gzl_ﬂﬁij >0, (61)
g \on
H=C=r—-x—-n>0. (62)

The key problem now is to find the eigen values of the matrix,
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0
B
0

c 0O >

0
D
0

m o O

F 0 G H

These eigen values, &, are the solutions to the characteristic equation, which is a fourth-
order algebraic equation:

e* —(H +C)&> + (HC —EG - AB)&? + (ABH + ECG)¢ + AE(BG — DF) = 0. (63)

Solutions to fourth-order algebraic equations can be generally expressed in an analytical
form; nevertheless, this procedure is relatively cumbersome. Surprisingly, (63) takes a special
form which can be decomposed into a product of two quadratic equations. This can be done due
to the proportionality between B and D, and between F and G. These quadratic equations are:

£2+z16+25 =0, (64)
82+Z38+Z4 =0, (65)
where
z1 =23 =-C=x+n-r<0, (66)
~EG-ABr \/(ABJFEQZ ~4ABEGTATN
e (1-ad-n) _, (67)
2= > <
ABEG(1-a—-n)

z4 =—AB-EG-2zy = <0. (68)

z(1-a)(1-7n)
Two eigen values are positive, and two eigen values are negative. The positive eigen values

correspond to explosive paths and must consequently be excluded for the transversality
conditions to be satisfied. The two negative eigen values are:

- 21 —1/Z% —4z5

&1 = 5 ) (69)
-3 —11232) —4zy

&y = 5 . (70)
The time evolution of k, gk, h, and gn is,

In(k / k*) = upe1 + upe®2t, (71)
In(qy /qx) =v1 101" +vp 1 ppe®?, (72)
In(h / h*) = vy p 1€ + 05 pppe®, (73)
In(qy, / qp,) = v1 31161 + 05 32", (74)

where (1, vi,lfvi,Z'vi,3) is the eigenvector corresponding to the eigen value ¢&;.
Coefficients f/1 and [ could then be determined from the initial conditions for k and h:

i
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B+gi(C—gi)/A

vi,Z = — D , (76)
&
Vi3 = Vi (77)
In(hg / h*) = v3 o In(kq / k*)
H1 = ) (78)
01,2 — V22
In(hg / h*) =012 In(kg / k*)
Uy = ’ . (79)
V22— V12

3. Growth, Convergence, and Current Account

The time evolution of output per effective worker, y, is
In(y / y*) = aIn(k / k*) +nln(h / h*) = ©1e5 + ©e%2, (80)
where @1 = (a + 7701/2) and @2 = Uy (a + 7702’2) . The growth rate of y is,

y  dl *
ped L) g ppe0t 4 0p050% ®1)
Yy

Note that ) is related to the output per effective worker. The growth rate of output per

capita is therefore ¥ + X. The convergence coefficient, ﬂ , is,

_ V4 . ®1€1€glt + ®2€2€gzt 62)
In(y / y*) @17 +@ye%
Note that [/ is a “weighted average” of |81| and |82|; if t—>o0, f— min{|51 /€2 |}

If the values of &, and &, differ, convergence speed may change over time.

Having found solutions for k and h, we can determine the initial consumption level, C),

from equation (36). This procedure requires numerical integration on the right-hand side of (36).
When c is determined as a function of time, d can be found by solving (8) numerically. The
current-account ratio is given by,

D d d
—=—+(n+x)—. (83)
Y oy Y
In order to provide an illustrate example, the model is calibrated in the following way:
a =03,7 =0.65, n=0.01/year, x= 0.02/year, 0 = 0.05/year, and r = 0.006/year (These

values correspond to those used by Barro, Robert. J., N. Gregory Mankiw, and Xavier Sala-i-
Martin, 1995). Except for 77, we choose a higher value (0.65 instead of 0.5) is not empirically

counterfactual; it pushes the model closer to its endogenous limit and can account for slower

convergence. Adjustment cost parameters are chosen consistently with two empirical

requirements: First, asymptotic convergence is sufficiently slow (e.g., at the rate of about 2%).
*

Second, the steady-sate value of Tobin’s q for physical capital, {} , is only slightly higher than

* *
1. These conditions are met if for example, (} =1.2, and (},=2.0. In this calibration, &1=-1.9%

and &9 =-18%. Convergence coefficients and growth rates depend on the initial ratio of human

to physical capital. Let,
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m= M , (84)
ko /k*
Yo =y(t=0)=Akghg (85)
Initial levels ko and ho then satisfy,
| N —nl
1n(k0/k*)= n(]/o/]/) 7]1‘11”}1’ (36)
a+n
1 N—al
In(hg /%)= 0o /¥) Zalnm 87)
a+n

If this is substituted into (78) and (79), ¥ and ,3 can be expressed in terms of 1 /y *
and m.

We need further to specify preference parameters and express the predicted current-
account balance. The economy is as “patient” as the rest of the world if 7 = p + Ox (Note that
consumption per effective worker is constant in this case), which is achieved if, for instance,
0 =2 and P = 0.02/year. The predicted current-account ratios are, however, unrealistically

high in this case: the initial current-account deficit amounts to 15.4% of GDP if m = 1, and it
reaches even higher values for a higher m. We can reconcile this finding with the economic
reality in two ways. First, the model analyzed here abstracts from any borrowing restrictions. If
we introduced some restrictions, the current-account deficit could be much smaller. Second,
the sensitivity of the current-account to preference parameters turns out to be extremely high: if

we considered, for example, € = 5and P = 0.015/year, the initial current-account deficit would

be 2.6% of GDP if dO =0 and m = 1. However, if the economy is as patient as that, it

asymptotically accumulates all the world’s assets, which is clearly inconsistent with the
assumption of a small economy. Future extensions of the model considering finite horizons or
precautionary savings could lead to effective preference parameter variations which should
make the asymptotic consumption behavior more realistic. In this case, the initial deficit grows
very rapidly with m, reaching, for example, 13.3% of GDP if m = 2.

The economic interpretation of the positive relationship between the current-account
deficit and m is straightforward: If the ratio of human to physical capital is\large, the marginal
product of physical capital is large. High returns to physical capital induce substantial physical
capital investment. Domestic savings are, however, too limited to finance all of this investment;
in other words, the economy runs a current-account deficit. Even large current-account deficits,
which are rarely observed elsewhere in the world, may be optimal in relatively human-capital
abundant economies.

4. Concluding Remarks

This paper investigates the behavior of convergence in open economies under the
assumption of large adjustment costs for human capital accumulation, moderate adjustment
costs for physical capital accumulation, and no borrowing restrictions. The analysis of the log-
linearized model shows that the model can be calibrated for slow asymptotic convergence.
Economies with high initial ratios of human to physical capital are, however, predicted to
converge quickly initially. The model also indicates a stronger tendency towards current-
account deficits in human-capital abundant economies.

The fact that convergence may be fast initially is not inconsistent with the slow
convergence typically observed in cross-sectional studies as long as developing economies
included in these studies do not exhibit high ratios of human to physical capital. Former
centrally planned economies could, however, be exceptional in being endowed with a relatively
well-educated labor force. Future long-run performance of these economies could tell us more
about the role of human capital in the process of convergence.
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