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ABSTRACT

The theory of Gorman Engel curves is reviewed and synthesized. A small gap is filled in
the set of solutions for this class of indirect preferences. This theory is extended compre-
hensively to incomplete systems. This extension allows the separate roles of symmetry
and adding up to be identified in the rank and functional form restrictions. Symmetry
alone determines the rank condition and the maximum rank is three both for incomplete
and complete systems. Adding up determines the functional form restrictions in a com-
plete system and there is no restriction on functional form for an incomplete system. We
prove that every full rank and minimal deficit reduced rank Gorman system can be writ-
ten as a polynomial in a single function of income. We use this characterization to obtain
a complete taxonomy of closed form solutions for indirect preferences of all of these
Gorman systems. We then develop a method to nest the rank and functional form in
Gorman systems and present two large classes of demand systems that illustrate the
method.
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1. Introduction

One of the late Terence Gorman’s great legacies is his set of seminal contributions to the
theory of aggregation in consumption and demand (Gorman 1953, 1961, 1981). Gorman
(1953) first derived the necessary and sufficient conditions for the existence of a repre-
sentative consumer. He then obtained the indirect preference functions for this class of
demand models (Gorman 1961), since known as the Gorman polar form. Muellbauer
(1975, 1976) extended this to include a nonlinear function of income, obtaining the price
independent generalized linear (PIGL) and price independent generalized logarithmic
(PIGLOG) systems. Gorman (1981) soon extended these results greatly by deriving the
class of all complete demand systems that can be written as a finite sum of additive func-
tions of nominal income, with each function multiplied by a vector of price functions.

The rank of a system of Gorman Engel curves is the number of linearly independ-
ent columns in the matrix of price functions that premultiply the income functions. Every
complete system of Gorman Engel curves satisfies two conditions. First, the rank of the
system is at most three. Second, if the rank of the system is at least three, then the income
functions that are not constant — one of them must be the constant function due to adding
up when budget shares are the left-hand-side variables — are all either real powers of in-
come, integer powers of log—income, or pairs of sine and cosine functions of log—income.
Gorman’s work in this area forms the foundation of a large and important literature on
the theory of exact aggregation in demand (Deaton and Muellbauer 1980; Jerison 1993;
Lewbell 1987, 1988, 1989, 1990; Muellbauer 1975, 1976; Russell 1983, 1996; Russell
and Farris 1993, 1998; and van Daal and Merkies 1989).

This paper extends the theory of Gorman Engel curves to incomplete systems.
The incomplete systems approach has enormous potential to expand the way that we
think about and successfully model consumption. We show that this approach dramati-
cally increases the set of economically rational Gorman Engel curves and that this exten-
sion does not impose additional structure on the goods that are not formally modeled.

The rest of the paper is organized as follows. We first review, synthesize, and ex-
tend the existing results for complete Gorman systems. This material is presented in the
next section. Then, because the theory of incomplete demand systems appears to be less
well known and understood, the third section briefly reviews this topic and provides a
carefully constructed example to motivate an interest in incomplete systems and to illus-

trate some important differences between incomplete and complete systems.
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Section four contains a definition of a class of incomplete Gorman systems that
has the greatest possible flexibility both with respect to the subset of goods that is being
modeled and the subset that is not, while retaining the fundamental structure introduced
by Gorman. We completely characterize the indirect preferences for this class of demand
models. In doing so, we are able to isolate the role of symmetry from that of adding up in
determining the rank and functional form of the demand equations. We find that symme-
try alone determines the rank restriction and consequently the maximum rank is three
both for incomplete and complete systems. On the other hand, adding up (or homogene-
ity) determines the functional form restrictions and there is no restriction on the func-
tional form of an incomplete system. We show that all full rank Gorman systems and a
generic class of reduced rank systems can be written as a simple polynomial in just one
function of income. Remarkably, this characterization result allows us to construct a
complete taxonomy of closed form solutions for the indirect preferences of every possible
member of this class of demand models.

In section five we apply our taxonomy of indirect preferences to develop a simple
empirical method to nest both the rank and the functional form of almost all Gorman sys-
tems. We then derive two large classes of incomplete demand models that illustrate the
application of this method. The last section summarizes our results, points out some of
the natural implications of these results, and briefly discusses some of our recent empiri-
cal experience in applying the nesting procedure. Proofs of the main results and most

derivations are contained in the Appendix.
2. Complete Gorman Systems

This section reviews and extends slightly the literature on Gorman Engel curves. The re-
sults presented here are the combination and synthesis of several at times quite different
approaches. We apply some arguments from differential geometry originally developed
by Lie (1880; translated with commentary in Hermann 1975), and make extensive use of
Muellbauer (1975, 1976), Gorman (1981), van Daal and Merkies (1989), Lewbel (1987,
1989, 1990), and Russell and Farris (1993, 1998). We present this material in a straight-
forward and direct manner, using the notation of classical calculus, in an attempt to make
the material we have used from differential topology a little more accessible.

We begin with a few definitions and some notation. Let P € # — R’} be the vec-
tor of market prices for the consumption goods g € c R’, let M e M R, be total

expenditure on consumption goods, and let the consumer’s utility function be u(q), where
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u:@—>UcR is smooth, increasing, and strictly quasiconcave on €. We abuse language
somewhat and use the sobriquet income to denote M throughout. Define the nominal ex-

penditure function by

E(P,u)smin{PTq: u(q)Zu}. (1)

We assume that E£:PxU — M is smooth (E € C*), increasing, 1° homogeneous, and
concave in P, and increasing in u. We also assume an interior solution for ¢. Thus, sym-
metry is the essential mathematical property of interest." A complete system of Gorman
Engel curves can be defined as the partial differential equations,
K

1= = LB P (E(P), @
where B,:®? >R" and H, : M >R, k=1,---,K are smooth functions of prices and
income, respectively. There are several reasons to consider demand systems in this class.
But the most common relates to exact aggregation across incomes of individual consum-
ers to market-level demands. Let the density function for the income distribution be
¢: M — R, . Then (2) clearly implies that we only need to calculate a total of K cross-
sectional moments of the form [ w Hi (x)o(x)dx to obtain the aggregate demands with
average consumption on the left-hand-side. In effect, the question raised by Gorman is,
“What restriction does economic theory — homogeneity, adding up, and Slutsky symme-
try — place on the functional form and number of the income terms that appear on the
right-hand-side of (2)?”

However, demand models often are expressed somewhat differently than (2) in
the sense that quantities, prices and income are not necessarily the variables of primary
interest. For example, Gorman (1981) takes the natural logarithms of prices and income
with budget shares on the left-hand-side. Lewbel (1987, 1989, 1990) and van Daal and
Merkies (1989) work directly with (2). In contrast, the methods of Russell (1996) and
Russell and Farris (1993, 1998) do not depend explicitly on the coordinate system that is
chosen to represent the influences of prices and income on the quantities demanded. It
also is common for empirical demand models to be estimated with expenditures as the
left-hand-side variables. We therefore need what would appear to be a more general

statement of Gorman’s question.

1 . . . .
However, we also consider curvature in Lemma 1 below, section five, and the Appendix.
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Let x=g(P), g:9 > X cR", transform P to x, with g, €eC”, i=1,---,n, and
‘Gg(P)T /ap‘ 20V Pe®cR™. Also let y= f(M), f:M— R, transform M to y, with
feC” and f'(M)>0VY M e McR,. To simplify notation, we write the inverse of g
as P(x) and the inverse of f as M(y). Then rather than (2), we might write a system of
Gorman Engel curves in terms of the variables x and y as

DI o oy () 3)
ox k=1

But the two definitions are equivalent; by construction, y(x,u)= f (E (P(x),u)) , so that

oy(x,u) :f’(E(P(x),u)) OP(x)" OE(P(x),u)

ox ox oP
K oP(x) Hy (M(y(xau)))
=y —> B, (P
kZ:; ox Bk( (x)) M’(M(y(x,u)))
K
= a () (v(x,u)). 4)

Each of these steps is completely reversible. In other words, the functional sepa-
rability of £ from P in the demand system (2) is completely equivalent to functional sepa-
rability of y from x in the transformed demand system (3). As a consequence, the mathe-
matical structure of a system of Gorman Engel curves is independent of the coordinate
space that we might choose to reflect how prices and income influence consumption
choices. The following simple and intuitively appealing lemma proves to be very useful
in the arguments presented below. This result lets us freely move from one representation
of (y, x) to another whenever this is convenient without any need to reconsider the impli-
cation for integrability. Specifically, the lemma shows that symmetry is (trivially) inde-
pendent of coordinates. In contrast, additional structure is required to maintain the appro-
priate curvature of the expenditure function.

Lemma 1. If the expenditure function is twice differentiable on $ xU c R} xR,
y=f(E), feC* f'>0VMeM, x=g(P), gcC’> VY pe?, and the ex-
penditure function satisfies E(P,u)=M (y(g(P),u)), then 82E(P,u)/8P8PT is
symmetric at (P,u) if and only if azy(g(P),u)/axé’xT is symmetric at (g(P),u). If
x,=g,(P),g €C,g >0,g'<0V pecRcR Vi, M'<OV yeY and y is
concave in x, then E is concave in P.

We need two conditions on the number of goods relative to the number of income
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functions and the relationship between and among the price and income functions to en-
sure that the demand system has a unique representation. Let the nxK matrix of price
functions be denoted by A(x)=[a,(x)---ax(x)] and let the Kx1 vector of income func-
tions be denoted by h(y). The first condition we need is that the {&,( y)}f=1 are linearly
independent with respect to the constants in K—dimensional space. That is, there can exist
no ¢ eR¥ satisfying ¢#0 and ¢"h(y')=0 V y' e N(y) =R, where N(y) is an open
neighborhood of an arbitrary point in the interior of Y — R, the domain of definition for
v. The reason we need this condition is that if it is not satisfied, then V d € RX , adding

the n—vector A(x)dc"h(y)=0 to the system of demands does not change it,

dy & X K
e = 2O )+ D0 ()| D ey ()
X kel k=1 =1
K
= zak(x)[hk M +d X, Cghf(y)J (5)
k=1

= A(x)(I +dc" ) h(y).

We could therefore choose different d vectors to make the matrix 4(x) become anything
at all, and the demand model would be meaningless.

Similarly, we require that the columns of A(x) are linearly independent with re-
spect to the K—dimensional constants. For this to hold, there can be no ¢ € R¥ that satis-
fies ¢#0 and A(x')c=0 V x' e N(x), where here N(x) is an open neighborhood of
any point in the interior of L < R", the domain of definition for x. As before, if this did
not hold, then V d € RX | adding A(x)cd"h(y) =0 to the system does not change it,

6 K
é = é[ak (x)+ (Zf—] a,(x)c, )dk }hk )
= A(x)(I+cd" ) h(y). (6)

We could again choose different vectors d to make the matrix A4(x) become anything,
and the demand model makes no sense. We assume throughout that the dimensions of 4
and & have been reduced as necessary to guarantee a unique representation (see Gorman
1981: 358-59; or Russell and Farris 1998: 201-202).*

* It is important to emphasize that linear independence across the K—dimensional constants is not equivalent
to A(x) having full column rank. In particular, if we let the vector of coefficients in a linear combination of
the columns of 4(x) be functions of x and/or y, a vector ¢(x,y) may exist that satisfies A(x)c(x,y) = 0 even if
both of the required properties discussed immediately above are satisfied.
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We are now ready to proceed with the analysis. Gorman (1981) proved that all
complete demand systems with the structure of (3) must have a rank of A(x) that is at
most equal to three. If the rank of A(x) is at least three, then the system must take one of

the following three functional forms:

K
q=0y(x)M + Y a, (x)M(InM)* ; (7)
k=1
g=0a,(X)M+ > B ()M ™+ y ()M, (8)
KeS KeS

for S a set of nonzero constants; or

q=0ay(x)M + Z B.(x)M sin(tlnM)+ Z Y. (x)M cos(rlnM) , 9)
el teT

for T a set of positive constants. This includes PIGLOG models and extensions of it that
are polynomials in In(M), simple polynomials in income, and PIGL models and exten-
sions of it with power functions of the form M ™, in addition to the trigonometric form
(9). Gorman’s theorem completely identifies the set of all possible functional forms for
rank three Gorman systems, although the total number of possible different income terms
is not addressed by this result.

A Gorman system has full rank (Lewbel 1990) if the rank of A(x) is equal to the
number of columns and therefore to the number of income functions, /4, (y). We know a
great deal about the class of all full rank Gorman systems. All full rank one complete sys-
tems are homothetic,

q=0y(x)M (10)
due to adding up. In budget share form, therefore, any full rank one complete system
must be a zero—order polynomial in income. Muellbauer (1975, 1976) proved that all full
rank two complete systems are either PIGL or PIGLOG:; either

q =0y (x)M + o, (x)M'*. (11)
for some « # 0, or
q=0y(x)M+o,(x)MInM . (12)

Here is one simple way to see the reason for this result. This approach also is use-
ful for understanding higher rank cases. A first-order ordinary differential equation is said

to be a Bernoulli equation if it can be written in the form,
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d X N K— ! K
A 00" () = Bo () + By (0" (13)
The solution to this linear, first-order, ordinary differential equation is found by applying
the integrating factor efj Prés)ds , since
d ~["B,(s)ds a1, ~["B,(s)ds
e PO [0y -pioneot e TP

We can extend this argument to systems of integrable partial differential equations. We
say that a system of first-order partial differential equations is a linear Bernoulli system if

it can be written in the form (note that the utility index plays no role in the definition),

OLE(P,u)"]

- KE(p’u)K—l OE(P,u)
oP 0

=Bo(P)+B(P)E(P,u)". (15)
If we multiply this expression by k' E(P,u)*", then we obtain the PIGL form,
%wo(mm,uml (P)E(Pu)"™, (16)

with an obvious redefinition of the price functions.
A similar analysis applies to the logarithmic functional form. A first-order ordi-

nary differential equation is said to be a logarithmic transformation if it has the form

dliny] 30 _g 048 (o) in (). a7
dx y(x)

This also is a linear, first-order, ordinary differential equation in In y and the same inte-

grating factor can be used to obtain its solution. Again, we can extend this to systems of
partial differential equations. We say that a system of first-order partial differential equa-
tions is a linear logarithmic system if it has the form
OIn[E(P,u)] OE(P,u)/oP _
oP E(P,u)

oy (P)+a,(P)In[E(P,u)]. (18)

In this case, multiplying this expression by E(P,u) gives the PIGLOG form
% =0y (P)E(P,u)+0o,(P)E(P,u)In[ E(P,u)]. (19)

Hence, all full rank two complete systems are first-order polynomials in a single function

of income.
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These two functional forms combined with the adding up conditions o, (P)" P =1
and o,(P)" P =0 are the only possible ways that full rank two systems can satisfy zero
degree homogeneity in prices and income and the budget identity. One straightforward
way to see how the restriction on functional form follows from the adding up condition is
the following.’ Let the transformed expenditure function be y(P,u)= f (E (P,u)) , so that
in the rank two case with x = P, the system (4) has the form,

S (Mg =ay(P)H, (f(M))+ay(P)H, (f(M)). (20)
Now if we apply the budget identity, we have
J'(MYM = P, (P)Hy(f(M))+ P oy (PYH (f(M)). 21)

Since the left-hand-side only depends on M, so must the right-hand-side. On the other
hand, since the right-hand-side can only be a function of y = f (M), so must the left-
hand-side. Consistent aggregation for complete systems, therefore, is defined by the class
of functional forms for f that satisty f'(M)M =a+bf (M) for some constants a and b.
The reason for this condition is that it is necessary and sufficient for both the left-hand-
side and the right-hand-side of (21) to always aggregate across individuals to the same
average value.” Integrating this simple linear first-order ordinary differential equation im-
plies the following simple result for the class of possible functional forms.
Lemma 2. {:R—>R, feC”, f'>0, satisfies the linear first-order ordinary
differential equation Mf'(M)=a+bf(M) ¥ M € M if and only if
alnM +c, if b=0,
f(M)=
cM® —(a/b), if b>0.

For demand models, without loss in generality we can seta =1, c=01if » =0, and
c =1 1if b > 0, because the functions o and o, can absorb other values for a and/or c. If

we rename b by A, then the set of Box-Cox transformations of income,
fM)=M" =1/, 10, (22)

completely characterizes this class of demand systems. Note that f'(M)=M M o that

? Also, see Muellbauer (1975, 1976) for a detailed discussion and in depth analysis.
* Indeed, this is a precise interpretation of the term generalized linearity in Muellbauer’s definition of the
PIGL and PIGLOG functional forms.
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Mf'(M)=M" =1+A1f(M) . This implies that one income function, say Ho, must be the
constant function, while the other, say H;, must be f (M), and hence the demand system

can be written as
Mg =a,(P)+0,(P) (M ~1)/1. (23)
Applying adding up to the right-hand-side then implies that
PTOLO(P)+PToc1(P)(M7” —1)/% =1+Af (M), (24)

if and only if PTay(P)=1 and PTa,(P)=A. Clearly, (23) is equivalent to a nested set
of all PIGL and PIGLOG demand systems, including the Gorman polar form (Gorman
1953, 1961) and the Almost Ideal Demand System (Deaton and Muellbauer 1980) as two
special cases. Note, in particular, that we identified this solution for the full rank two case
without appealing to symmetry, only to adding up. The Appendix gives a different deri-
vation of the functional form restriction in the full rank two case that is based solely on
homogeneity and therefore also does not appeal to symmetry.

Turning now to the full rank three case, one important implication of Gorman’s
(1981) method of proof is that if 4(x) has full rank three, then K =2 in (7), S has one
element, k, which appears once with a negative sign and once with a positive sign in the
exponents in (8), and 7 has one element, t, appearing once in a sine function and once in
a cosine function in (9), forming a complex conjugate pair. Lewbel (1990) used these
properties to obtain the full rank three PIGL, PIGLOG, and trigonometric solutions, by
applying the symmetry analysis of van Daal and Merkies (1989) to these functional
forms. Lewbel (1990) shows that every full rank three complete Gorman system must be
one of the following:

(a) a generalized PIGL (including the QES with k = 1),

g =0y (P)M +oy (P)M ™ +oi, (P)M ™ (25)
(b) a generalized PIGLOG,
q=0,(P)M +o,(P)MInM +o,(PYM(In M)*; (26)
or (c)a trigonometric demand system,
q=0y(P)M +o,;(P)M sin(tIn M)+ o, (P)M cos(tInM). (27)

All of the full rank cases can be combined within a single unifying framework.

Recall that the full rank one and full rank two cases are zero and first-order polynomials,
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respectively, in a single function of income. We now show how to represent each full
rank three case as a quadratic polynomial in a single associated function of income. First,
we extend linear Bernoulli systems by saying that a system of first-order partial differen-

tial equations is a quadratic Bernoulli system if it can be written in the form,

AP ] _ i p.yyet FEP)

oP 5 = Bo(P)+By(PYE(P.w)" + By (P)E(P,u)™ (28)

Multiplying this system by K E (P,u)l_K generates the full rank three generalized PIGL
model, with an obvious rescaling of the vectors of price functions. Similarly, we extend
linear logarithmic systems by saying that a system of first—order partial differential equa-

tions is a quadratic logarithmic system if it can be written in the form,

J[ln E(P, OE(P,u)/OP
[na; - fg(:,)u) = ay(P)+a,(P)In E(P,u)+a,(P)[In E(P,u)] . (29)

Multiplying this expression by E(P,u) gives the full rank three generalized PIGLOG.
Finally, we define a quadratic complex exponential system of first—order partial differen-

tial equations as follows:

AW EPw ] _ g p et OEP)
ox ’ oP

=%[0 (P) + 10, (P)]+ 0o (P)E(P,u)"™ + %[0, (P)— 101, (P)) E(P,u)™", (30)

with 1=~/~1. Multiplying this system by E(P,u)""" and invoking de Moivre’s theorem,

e = cos(ty) £ 1sin(ty), (31)

with y =1InM , produces the trigonometric demand system in case (c¢) above.’ The main
trick in this case is to carefully select the correct pair of complex conjugate combinations
of the price functions oy, a;, and a; in the original (complex-valued) quadratic form to
obtain real-valued demands. In all other respects, the steps are the same as for the gener-
alized PIGL and PIGLOG cases.

*Including (1t)" on the left of (30) is innocuous, since 1/t = —1. The right-hand-side can be multiplied by 1t
and this complex constant can then be absorbed into the complex conjugate price vectors without changing
the structure of the final result. We chose this form for (30) because it makes clear the fact that the price
functions for M° = 1 and M*" must be complex conjugates, while the price function for '™ must be real in
order that both £ and q are real-valued functions.
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All full rank complete Gorman Engel curve systems can be represented as a
zero-, first-, or second-order polynomial of only one function of income.
This conclusion was recognized in a series of deep and, unfortunately, what ap-
pear to be considerably less well known and understood papers by Russell (1983, 1996)
and Russell and Farris (1993, 1998).° These articles establish the connection between
Gorman systems and the theory of Lie transformation groups (Hermann 1975). Russell
(1983) initially argued that Gorman’s theorem follows from Lie’s result on the maximal
rank of local transformation groups on the real line. But Jerison (1993) presented a coun-
terexample to this claim based on a polynomial demand system with more than three in-
come functions (and therefore reduced rank) that is not a local Lie transformation group.
However, Russell and Farris (1993) apply Lie’s theory to show that every full rank Gor-

man system can be written as a special case of the quadratic system
['(M)g = 0(P)+a;(P)f(M)+0a,(P) f(M)?, (32)

for some smooth, strictly increasing function y = f(M). The essence of why this must
be true is captured in the derivations leading to (28)—(30) above.

Russell and Farris (1993) also show that adding up restricts the functional form to
the cases identified by Gorman (1981). Using the same device as for the rank two case,

we can apply the adding up condition to (32) to obtain,
Mf'(M) = ao(P)' P+a,(P)" Pf(M)+0,(P) Pf(M)
=a+bf(M)+cf(M)*, (33)

for some absolute constants, a, b, ¢. Since {1 /(M) f(M)*}are linearly independent, we
must have (a) Mf'(m)=a; (b) Mf'(M)=bf (M), or (¢) Mf'(M)=cf(M)*. The first
two cases are the same as for the rank two case, with an added possibility that » can be
either purely real or purely complex. Case (c) implies f(M)=—1/In M . But this dupli-
cates case (a) if we introduce the monotone transformation —1/ /(M) =1In M , without any
loss in generality. We also can combine cases (a) and (b) when b > 0 is real using a Box-
Cox transformation on income to nest this subset of full rank three systems.

Russell and Farris (1998) extend these results to show that Jerison’s counterex-

% We are indebted to Thomas Russell for pointing us in the direction of differential geometry as a strategy
for addressing the structure of incomplete Gorman systems.
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ample is the only one possible in an important and generic sense (also see Russell 1996).7
That is, if there are K >3 linearly independent income functions and a maximal number
of terms of the form, &, (y)h,(y)—h, (¥)h, (), k <{, can be written as exact linear com-

binations of the functions {/ ( y)}szl,
he () = (D) (1) = cp oy (9) + iyl (1) + -+ ey (), (34)

with the leza j=L---,K, k<, aset of absolute constants (that is, they do not depend on
P or y), then a representation (definition for y = f(M)) exists such that the demand sys-

tem can be written in the polynomial form*
J'(M)gq =0, (P)+0,(P) f(M)+03(P) f(M)* +---+ag (P) f(M) . (35)

Of course, the functional form restrictions found by Gorman (1981) continue to apply in
all cases with rank(A(x)) =3 < K . Russell and Farris (1998) also show that the theory of
Lie algebras on the real line implies that the rank of Gorman systems is at most three, but
remark in a footnote that Gorman’s (1981) theorem was a nontrivial extension of this area
of differential geometry.

We conclude this section by filling a gap in the literature on full rank three cases.
Applying minor modifications to their arguments, it is possible to show that van Daal and
Merkies (1989) and Lewbel (1990) proved that every full rank three QES, PIGL, and
PIGLOG system will be integrable if and only if four functions, B,,8,,8;:# > R, and
v:R — R, exist such that

oy(P,u) _ opy(P)
oP oP

L OB(P) [y(P) =By (P)] | 2By (P) [y(Pw)~By(P)]
oP B;(P) oP B,(P)

B, (P)
oP

+7(B2(P))B;(P)

; (36)

7 Our use of the word generic here is intended to convey our belief that Theorem 4 in Russell and Farris
(1998) gives a precise meaning to the intriguing last paragraph and footnote in Gorman (1981).

¥ In differential geometry, the &, (y)h(y)—h,(»)h,(y) are Jacoby brackets and the absolute constants
{c],} are the structure constants of the system of partial differential equations defining the demand model.
If we append the differential operator, /9y to the right-hand-side of the Jacoby brackets, we obtain the Lie
brackets, [h,(»)h)(y)—h,(»)h,(»)]0/0y . The differential operators, 4, (1) 9/0y are vector fields on the real
line and the system of equations (34) is a Lie algebra on the finite dimensional vector space spanned by
these operators. Russell and Farris (1993) contains a helpful introduction to these concepts and their role in
Gorman systems. Hydon (2000), Guillemin and Pollack (1974), and Spivak (1999) also are useful sources.
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where y(P,u)=f (E (P,u)) for an appropriately chosen f'in each case. This expression

can be rewritten in the form,

0 (yPaw)-B(P))_ 1 [ayu’,u)_6B1<P)j_[y(P,u>—Bl<P>] 0B;(P)
oP B;(P) oP oP B,(P)* oP

By (P)

2
. )’(P,”)—Bl(P) aBz(P)
—[v(B2<P>)+( 5.(P) J ] . (37)

This second expression can in turn be simplified further with two successive changes of
variables. First, let w(P,u) = [y(P,u) —[31(P)]/[33 (P), so that

ow(P,u) B, (P)

=L 1(B(P) (P [T (38)

Second, let z(P,u)=—1/w(P,u), so that

oz(P,u) _
oP

B, (P)
oP

[1+7(B,(P)) 2(P.w)” | (39)

Now, if y(B2 (P)) =) is a constant, then we can separate the variables in (39),
0z(P,u)/OP. OB, (P)
1+Xz(P,u)*  OP

Vi=l,n. (40)

This is an exact system and its solution can be found by direct integration,

( —B5(P) j: J_ﬁs(P)/[y(P,u)—ﬁl(p)]L
=R 1+1.2)

=By (P)+u, (41)

where we normalize by setting the utility index equal to the constant of integration. This
is the solution reported in van Daal and Merkies (1989) and Lewbel (1987, 1990).
However, we can go somewhat further. First, suppose that A >0 and make a third

change of variables to s = kz , where A = k* >0, so that

1 By (P) ) s (P PP ) o
o (ymu)—mm}{ wirsh) T

Solving for u, the indirect utility function in this case is

—kB;(P)

WP, M) = Ltan | ——BsP)
K (f(M)_Bl(P)

]—Bz(P) (43)
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Conversely, if A <0, define —A = «? and write 142z = (1+kz)(1—kz). The method of
partial fractions then implies
| N Ve
1+2z> (I-xz) (+xz)’

(44)

and direct integration gives

Yaln y(P,u) =B (P)—kB;(P) ZJ%(P)/U(P’")BI(P)]L:B Pyt )
@B (P By (P) T PP A

In this case, it is most convenient to normalize the constant of integration by "2lnu. If we
exponentiate both sides, construct a new [,(P) from the old one as ¢*»®) “and solve for

u, we obtain the indirect utility function for this case in the form,

Py =T OD=BP)—xBs(P)
Bo(P)[f (M) =By (P)+B3(P)]

(46)

Thus, we have found the closed form expressions for this group of full rank three cases.
Neither Lewbel (1987, 1989, 1990) nor van Daal and Merkies (1989) found a closed
form solution for the indirect utility function if y(B;(P)) is not constant. We now show
that only the constant A case generalizes the original solution for the QES obtained by
Howe, Pollak, and Wales (1979), and so their quest was already over at this point.
Lemma 3. If z: P xU — R, zeC” satisfies the partial differential equations,

0z(P,u) _ P, (P)

ap [1+7(Bo(P))2(P.u)’ | 2

b

then either Y(Bz (P)) =\ is constant or

oz(P,u)
oP

0B, (P) _ v (Bo(P))
o oP

Y'(Bz(P))

Remark: The original solution obtained by Howe, Pollak and Wales (1979) for the QES
has the general form (using the notation in van Daal and Merkies),

[ Bp) )
v(P,M)—(Bl(P)_ M] B.(P). (47)

Recall that the variable z is obtained through a change of variables from w to z=—-w"",

where w is the Gorman polar form, w(P,u)=[y(P,u)—B,(P)]/B;(P). As a result, the

variables can again be separated if the second case of Lemma 3 holds. Direct integration



Building Gorman’s Nest 16

then gives

Y(Pu)=B(P)
Therefore, if y'(B,(P))#0, redefine y(B,(P)) as B,(P) and recall that f(M)=M in
the QES. This reproduces the original QES solution in Howe, Pollak, and Wales (1979).
Thus, the only relevant case that they missed is y(BZ (P)) =A>0 — ie., complex roots

—B5(P) J'*Bg(P)/[y(P,M)*Bl(P)] de = Y(Bz (P)) U (48)

for the Ricatti system of partial differential equations in (39) and the inverse tangent indi-
rect utility function in (43) above. The basis for this assertion is that we can easily renor-
malize the indirect utility function (46) to be written in the form given by (47). |

We have limited our discussion in this section to complete nominal Gorman sys-
tems. However, Lewbel (1989) showed that Gorman systems with deflated income can
achieve rank four. This result, and the detailed analysis of the structure of deflated in-
come systems in Russell and Farris (1998), plays an important role in section four, where
we turn to incomplete Gorman systems. Indeed, it is precisely Lewbel’s (1989) rank four
result that permits us to guarantee that we retain the maximum flexibility for both rank
and functional form of the subset of goods that are not being modeled when we specify
an incomplete Gorman system in the way that we do in that section. We will defer a fur-

ther discussion of this issue until we get to that point in the paper.
3. Incomplete Demand Systems

In everything reviewed in the previous section, only Russell and Farris (1993) even men-
tion an incomplete system. They argue that (32) above completely characterizes all full
rank incomplete Gorman systems for any smooth, strictly increasing function of income
(page 319). Yet even this statement about the structure of incomplete Gorman systems
turns out to be not entirely correct.* The reason is that homogeneity is as important as
adding up in the functional form of Gorman Engel curves. Any group of demand equa-
tions, whether or not they form a complete system, must be 0° homogeneous in all prices
and income. Many — in fact, almost all — smooth and strictly monotone functions cannot
be made to be 0° homogeneous in prices and income simply by multiplying by some

function of prices. For example, no function o(P) exists that can make the product

? Nevertheless, if we ignore both homogeneity and adding up altogether, perhaps because we consider them
to be spurious or otherwise irrelevant additional side constraints on a system of demands, then the state-
ment by Russell and Farris (1993) is clearly correct.
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OL(P)e}‘M become 0° homogeneous in (P, M). Consequently, the structure of incomplete
systems of Gorman Engel curves is unknown territory. It also seems clear that the proper-
ties of incomplete demand systems implied by the theory of consumer choice and re-
vealed by market behavior is not well understood.

This section presents a brief overview the properties of incomplete demand sys-
tems. The last part of the section then presents a carefully constructed example to moti-
vate an interest in incomplete systems and to demonstrate some of the important differ-
ences between complete and incomplete systems. Primary references for this section are
Epstein (1982), LaFrance (1985, 2004), and LaFrance and Hanemann (1989).

3.1 The Structure of Incomplete Demand Systems

Incomplete information is the rule not the exception. Most of the time, we are interested
in only a subset of all of the items purchased and used by consumers. We may not be in-
terested in the consumer demands for other commodities, we may not have access to all
of the required data, or the complexity and computational time needed to analyze a com-
plete system of demand equations for all goods may be prohibitive. Whatever the reason,
it is far more common for economists to model a subset of goods than the entire mix of
goods that make up the consumer’s expenditure decisions.

Three approaches are commonly used to address the complexity of large demand
systems. One is to aggregate across commodities and estimate a complete system of de-
mand equations using the commodity aggregates (e.g., food, clothing, housing, fuel, drink
and tobacco, transportation and communication, other goods, and other services, as in
Deaton and Muellbauer 1980). The second approach appeals to separability of consumer
preferences and estimates a complete system of conditional demands for the goods of in-
terest as functions of the prices for those goods and the total expenditure on that group of
goods (e.g., beef, mutton, and other meat, as in Wales and Woodland 1983). The third
approach specifies an incomplete system of demand equations as functions of the prices
of the goods of interest, the prices of related goods, and total expenditure on all goods, or
income (e.g., Burt and Brewer 1971, or Chiccetti, Fisher, and Smith 1976). This approach
is commonly referred to as an incomplete demand system.

Each approach has its own set of advantages and disadvantages. However, the
greatest flexibility by far in modeling a subset of goods can be achieved by pursuing the
third approach. Taking this route has three impacts on demand models. First, the budget

constraint becomes a strict inequality. Second, the demands are not 0° homogeneous in
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the prices of the goods being modeled and income. Third, there is no way to know if the
demand functions for the goods that are not being modeled have the same structure as
those that are. It turns out, however, that each of these increases, rather than decreases,
the flexibility we have in conducting rational, coherent economic analyses.

To better understand the structure of incomplete demand systems, we first need to
redefine some of our previous terms and add a couple of new definitions. We now con-
sider g € @ c R to be the market goods of primary interest, with nominal market prices
Pc®cRY.Let §e@cR" be the vector of all other goods that enter the consumer’s
utility function, with associated nominal market prices P € Pc R . We continue to let
M R, be total expenditure on all goods (income), and define the nominal expenditure
on all other goods by M =P'G=M —P"q>0. For the remainder of the paper, we as-
sume that n =n, +n; 2 n, +1, and that expenditure on other goods is strictly positive.

We extend the definition of the nominal expenditure function to

E(P,P,u)= min{PTq+PTq: u(q,§)> u} . (49)

We assume that E£:PxPxU—> McR . 1s analytic and has neoclassical properties in
all prices and the utility index. In particular, it is increasing, 1° homogeneous, and con-
cave in all prices (P, P), and increasing in u. Denote the Hicksian compensated demands

for the goods ¢ by
g(P,P,u)=0E(P,P,u)/oP. (50)
We also extend our definition of the indirect utility function to

WP, P,M)= max{u(q,q) P+ PG< M}, (51)

and denote the Marshallian ordinary demands for the goods ¢ by

ov(P,P,M)/oP
WP, P, M)oM

h(P,P,M)=— (52)

The same relationships between the Hicksian and Marshallian demands apply for an in-

complete system as for a complete system,

g(P.P.u)=h(P.P.E(P.P.u)), (53)

and PTh(P, P, E(P,i’,u)) +M(P, P,E(P,ﬁ,u)) = E(P,P,u). (54)
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LaFrance and Hanemann (1989) demonstrate that an exhaustive list of the proper-
ties implied by utility maximization for the subset of Marshallian demands for ¢ are:

(a) they are 0° homogeneous in all prices and income;

(b) they are positive valued,

(c) income strictly exceeds expenditure on ¢; and

(d) the n xn, matrix of Slutsky substitution terms, oh/oP" +(oh/oM )R, is

symmetric and negative semidefinite.

They also show that (a)—(d) are equivalent to:

(1) the existence of a quasi-expenditure function,

E(P.P, e(ﬁ,u)) =E(P,P,u),

which is increasing in (P,0), concave in P, and satisfies Hotelling’s lemma;
(i1) the existence of a quasi-indirect utility function,

G(i’,u) = U(P,P,M) ,

where v is the inverse of £ with respect to 0, which is decreasing and quasi-
convex in P, increasing in M, satisfies Roy’s identity, and is related to the

indirect utility function by

v(P,P.M)=y(u(P,P.M),P)

where v is the inverse of 6 with respect to v; and

(i11) the existence of a quasi-utility function,

(g, M, P) =min{U(P,I3,M):PTq+M :M},
P.M

which is increasing and quasiconcave in (g, M), conveys the conditional preference map
for ¢ given ¢, is related to the variable indirect utility function (Diewert 1976, Epstein
1975) by

\p(m(q,M,f’),f’) = m;lX{u(q,ﬁ) PT§= ]\}[} ,
and to the direct utility function by

u(g,@) = min{v (o(g, M, P), P): PTg=M|.
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LaFrance and Hanemann call (a)—(d) weak integrability and show that this con-
cept of integrability for incomplete demand systems completely exhausts the implications
of utility maximization. In particular, Epstein’s (1982) conditions for the global inte-
grability of an incomplete demand system are neither implied by utility maximization nor
based on a theoretical construct that is part of the theory of consumer choice. Finally,
both the quasi-expenditure and quasi-indirect utility functions convey sufficient informa-
tion about consumer preferences to admit exact welfare measurement of a change in the
prices of the goods of primary interest and income. Consequently, a coherently specified
incomplete demand model contains all of the necessary information required to complete
any of the usual tasks of applied economic analysis.

Moreover, this theory is completely general; nothing additional has to be assumed
about the functional structure of the underlying utility function, u(q,q), or the indirect
preference functions E(P, f’,u) ,or v(P, I3,M ) beyond the standard conditions for utility
maximization subject to a linear budget constraint. In effect, the incomplete demand sys-
tem is augmented by a numeraire composite commodity, A , to obtain the budget condi-
tion, and we act as if this constitutes a complete system without any loss in generality.
The demand for the “good” M may or may not have the same functional form as the
demands for the goods of interest, g. This provides an additional degree of flexibility that
significantly expands the class of theoretically consistent functional forms for the de-
mands of the goods ¢ (LaFrance 1985, 2004; von Haefen 2003).

However, we cannot recover the structure of the demands for ¢, or the structure
of that part of consumer’s preferences with respect to those goods or their prices, except
for any information relating to how those prices influence the demands for g. As we will
see from the example below, however, this often will not be much cause for concern for
the following reason. In many — perhaps most — cases, a careful choice of functional form
for the demands of the goods being modeled permits the maximum flexibility with re-

spect to the structure of the demands for the goods that are not modeled.

3.2 The Role of Homogeneity

As generally is the case in a consumer choice problem, the budget set,
BP,P,M)= {(q,q) eR" xR : P'g+ PTG < M}

is 0° homogeneous in all prices and income. This implies that we can divide all prices
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and income by any scalar and the optimal demands for ¢ and ¢ will be left unchanged.
Most empirical applications employ some type of general price deflator to reflect the cost
of other goods. It is convenient to use normalized prices and income in demand models to
impose homogeneity. However, it is important to correctly model the way the prices P
affect the demands for the goods ¢ and not to confuse or ignore any influences, no matter
how small we might assume they are, that can be masked by a general price deflator. This
is particularly important when we are considering the role of symmetry, as in the present
case.

As a result of these considerations, it turns out to be very flexible and extremely
convenient to normalize by a 1° homogeneous function of the other goods’ prices. There-
fore, let 1: 9 > R . be a known, non-decreasing (strictly increasing in at least one ele-
ment of P), 1° homogeneous, and concave function P . Define normalized prices and
income by p= P/ w(P), p= P/ o(P), and m=M / n(P) . Without any loss in generality,

then, we can define the normalized expenditure function by
e(p. p.u) = E(P/n(P), P/n(P),u)[n(P). (55)

It follows that e(p, p,u) is increasing in (p,u), concave in p, is not 1° homogeneous in p,
the demands for the goods ¢ satisfy Hotelling’s lemma,

oe(p, p,u)/op = h(p, p.e(p, p,u)), (56)
and the total normalized expenditure on ¢ satisfies the inequality
P'h(p,p.e(p, p,u))<e(p, p,u). (57)

This is the form that we choose to model incomplete demand systems for the pur-
pose of extending Gorman systems. The advantage is that homogeneity is automatically
accommodated. Since adding up also does not apply, these two forces no longer restrict
the functional forms of coherent demand models. We show in the next section that this
greatly increases the space of incomplete Gorman systems relative to complete systems.
However, as we also will see in that section, the rank of an incomplete Gorman system
with prices and income normalized by a function other goods’ prices can have a rank that

is no greater than three. This might appear to contradict Lewbel’s (1987, 1990) result that

1% Since de(p, i),u)/ap = 8E(P,13,u)/6P, normalizing by n(P) does not change the functional relationships
between £ and P.
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Gorman systems that use deflated income can have rank up to four. However, there is no
contradiction and Lewbel’s rank result is a primary motivation for our choice of deflator.
The reason for this difference is explained clearly in Russell and Farris (1998). The loga-
rithmic derivative of the price index deflating income must be the negative of one of the
o price vectors. Since m(P) does not involve any of the prices P, this property cannot be
satisfied for an incomplete system using income normalized by .

There are two significant advantages to this approach. First, restating this once
again, this implies that homogeneity and adding up do not restrict the functional form of
the demands for ¢. As we have seen in the previous section, these two properties are re-
sponsible for limiting complete Gorman systems to only three possibilities. In contrast, in
the next section we show that there is no restriction on the functional form of an incom-
plete Gorman system. Second, it turns out that using 7(P) as our normalizing factor re-
serves the maximum flexibility for both the rank and the functional form of the demands
for ¢ . Since we have no information on the structure of the demands for ¢ when we only
include the demand equations for ¢ in an incomplete system, a minimal set of restrictive
prior assumptions on the former is highly desirable. Thus, for the goods g we trade off at
most one degree of rank (from a maximum of four to a maximum of three) in exchange
for complete flexibility in the functional form, while for the goods ¢ we reserve the po-
tential to achieve the maximum possible rank as well as the greatest flexibility for the

functional form. These both are illustrated clearly by the following example.
3.3 A Motivating Example

The example we choose to clarify the issues at hand and motivate an interest in incom-
plete Gorman systems is a special case of the generalized AIDS model recently devel-
oped in LaFrance (2004). Define a smooth and increasing function of normalized income
by y = f(m)=m+Y%xm?, x>0 with a smooth inverse m(y)= (w/1+21<y —1)/K v m>0.

Assume that the normalized expenditure function satisfies
e(p, o) =m( o (P)+ap) p+Vp Bp— (& p+0(pae™ ") ). (59)

Then Shephard’s/Hotelling’s Lemma implies that the demands for ¢ are

j+y[m+1/zlcm2 ~(ag(p)+a(p) p+p"Bp) |

N 1
q_(a(p)+Bp)(l+Km (1+ 1cm)
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[+ acn® ~(cg(5)+ a(p) p+Vip"Bp) |

+ I +yp )d R

(59)
This is a full rank three subsystem of demands that can be written in Gorman’s

functionally separable structure with the income functions
{1/(1 +xm)  (m+Yaem®)[(+xm)  (m+Yaem®)? [(1+ Km)} .

1+x 1+1

None have the form m, m =", m(In m)k ,or m " required in a complete Gorman system,
nor can they be reduced to this for any « > 0, clearly illustrating the functional form ar-
gument. Indeed, we could choose any sufficiently smooth and strictly increasing function
y= f(m) and apply it to (58) to obtain a comparable expression for (59) with exactly
three income terms of the form {1/ fim)y  f(m))f'(m) f(m)*/ f’(m)} . All of these
will be legitimate, full rank three, Gorman subsystems.

In addition, the normalized expenditure on the other goods is

= m—[a(i’)TPWLpTBp}(ﬁj

[+ va5m® —(aio(B)+ () p+ap"Bp) |

—re (1+om) (60)

[m+vs5m” ~ () + () p+Vp"Bp) |
(1+0m) '

—(1+y'p)8'p

This also does not have the same form as the demands for ¢. In fact, it is a full rank four
Engel curve and only m belongs to Gorman’s class of functional forms. It is a simple ex-
ercise to show that conditions for (59) that make the n,xn, Slutsky matrix for ¢ negative
semidefinite are sufficient for the demand system for (q,m) to be globally regular. If
n; =1, so that adding up defines the last demand function, then omitting that good from
an incomplete system of demand equations (i.e., not forcing this good to necessarily have
the same functional form as the goods that are being modeled) relaxes the functional form
restrictions on all demand equations and reserves full rank four for the demand equation
that is not formally modeled, yet can be rationalized quite easily as a globally integrable
system as defined by Epstein (1982).

Finally, if n; >1, although the individual demands for the goods ¢ cannot be

identified from the expenditure equation for these goods, it is nevertheless a simple exer-
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cise to identify a set of sufficient conditions that globally rationalize the demands in (59).
To see this, suppose that ¢ is separable from ¢ with a conditional indirect utility function
that is a member of the class of rank four normalized systems derived by Lewbel (1990).

In particular, let
5B =By(P) - By (P [ (11/B4(B) ~By(P) |
—B.(5) — Bo (9 [(7/B4(5))~Bs(B) | = (o). (61)

where the second line follows by the 0° homogeneity of (B1, B2, B3) and the 1° homogene-
ity of B4. Roy’s identity then implies that the conditional demands for ¢ are

4 =08, (P)+ 8y (P + 6, (P)i” + Gy (p)i’ (62)

with appropriate definitions of the price vectors, o, (p), k£ =0,1,2,3. Note, in particular,
that our choice of the deflator ® may or may not be the same as the price index B4, with
no effect on the functional form in (62). Substituting the solution for m from (60) into the
conditional demands for ¢, produces the unconditional demands (e.g., Gorman 1970; or
Blackorby, Primont, and Russell 1978). This subsystem of demands will be rank four and
have Gorman’s functionally separable structure between income and all prices. Every

own- and cross-product term of the third order polynomial defined over the functions,

{m 1/(1+xm)  (m+VYaxcm®)/(1+xm) (m+‘/zl<m2)2/(1+1£m)},

plus the constant function — for a total of nineteen different income functions — appears in
the demands for ¢ . This is clearly very flexible with respect to this group of demands.
But we do not know if the goods ¢ are separable from the goods ¢, much less
whether their conditional demands arise from (61). In other words, even this very flexible
set of sufficient conditions for the global regularity of a complete system of demands to
rationalize (59) could be too restrictive. We simply have no way to know. So we choose
not to impose these conditions or any other set of ad hoc assumptions on the demands
that are not part of the formal model. However, the point is that by normalizing on 7(P)
we reserve the maximum possible flexibility for that part of the consumer choice problem
that we do not observe, model, or measure. The next section formalizes these arguments

in the most general context possible for incomplete Gorman systems.
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4. Incomplete Gorman Systems

Throughout the rest of this paper, we define x to be a vector-valued function of the nor-
8g(p)T/8p‘ 0V peP R, whose in-
verse is p(x). We also redefine y to be a function of normalized income, y = f(m),

malized prices, p, x=g(p), g, €C” Vi,

feC”, f'>0, and denote the inverse of /' by m(y). We define an incomplete Gorman

system by the following natural extension of the complete system case:

DD S (i (v, o). (©)
ox k=1

4.1 The Main Result

We are now in a position to state our main result for this class of incomplete demand sys-
tems. We focus on two important cases. The first part characterizes every full rank case.
The second part extends this to reduced rank cases that have the minimal level of degen-
eracy defined in Russell and Farris (1998)."

Proposition 1. Every full rank weakly integrable incomplete Gorman system has

K <3 and a definition for y(x, p,u) = f(e(p(x),f),u)) exists such that

al(x,ﬁ) Kzl,

DL _ a0 x, ) s . D). ) K=2,
X

al(x’ﬁ)+a2(x:ﬁ)y(x:ﬁ:u)+a‘3(x:ﬁ)y(x:ﬁ:u)2 K =3.

Conversely, if K >3 and a maximum number of the Jacoby brackets,
he DA (V) =l D (), k< 2,
can be written as linear combinations of the {h/(y)---hg (¥)},
e (9 () = B () () = i Iy (9) +-+ dih (), e < £

where the d ,{Z are constant, then rank[A(x, f))] =3, and a definition for y exists

"It also can be shown, using the methods in the Appendix, that the rank of (63) in general can be no
greater than three and that this property follows purely from symmetry.
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such that

Y(x, p,u)

= 0% B+ oy (X, )y(x Bou) 4+ o (X, )y(, pou)* .

We offer a detailed proof of this result in the Appendix, and only briefly outline
the main steps here. The proof hinges on the invariance property of Lemma 1 and a small
number of results taken from the differential geometry of this class of partial differential
equations. First, we exploit the monotonicity of the expenditure function to conclude that
at least one of the income functions must satisfy /; (v)# 0. Without loss in generality, let
this be /(). We then define the variable y(y)=["ds/h(s), so that y'(y) =1/ (y) by

the fundamental theorem of calculus. > We can now rewrite (63) as

O pot) _ o OV o)

ox ox

hk (y(x’ ﬁau))
hl (y(xa ﬁ’u))

- hl'(y(x,f;,u)) _al(x,p)-’_;;ak(x’p)

K ~
Eal(x:ﬁ)—’_zak(x:ﬁ)hk (y(xaﬁau)) (64)
k=2

Therefore, redefining y by the composite function y( f(m)) does not affect integrability

or the multiplicative separability of p and y. This lets us focus on the integrability of

- K
—ﬁy();, p.v) =a,(x,p)+ Z o (x, )iy (y(x, 13’”)) : (65)
X k=2

Invoking symmetry and some simple algebra lets us write a system of }2n,(n,~1)
equations in the 2K(K—1) Jacoby brackets, /, (y)h,(v)—h. (¥)h(¥),

12 One difference between the approach followed here, using the methods of Lie (Hermann 1975), and the
one followed by Gorman (1981) is the following. Gorman chose the coordinate system to be the natural
logarithms of prices and income, with budget shares on the left-hand-side. In many ways, this is natural for
a complete system because adding up then implies that one of the income functions must be constant. In the
present case, we can not use adding up to obtain this property. Instead, we undertake a change of variables
to redefine y in such a way that, without loss in generality, one of the income functions is constant.

" To minimize the notation carried along in this discussion, we often omit tildes and redefine y and other
functions without relabeling when it does not cause confusion.
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b

K k-1 K (0
2 ( 0L 0L g Jkaif)(hl’chf hyhp) =Z£ i aalthk’VKJ“—z 1y (66)

k=2 (=1 gl oy Ox;

~
Il

The nature of the symmetry conditions is easier to see in matrix form, Bh = Ch, where B
is Yan, (n, ~)x VK (K =1), Cis Yon,(n,~1)xK , his Kx1, and h is 2K (K —=1)x1. For
this to be a well-posed system, therefore, we must have at least as many equations as un-
knowns, i.e., n, 2 K, and we assume this is so throughout. Premultiplying both sides by
B" then generates an equivalent square system, B'Bh = B"Ch . This reveals the crux of
the rank condition. B'B inherits its rank from A, which is K in the full rank case, and has
dimension 2K (K —1)x 2K (K —1). The existence of a unique solution for h in terms of h
therefore requires K <3.

When BB has full rank, the well-known least squares formula gives A uniquely
in terms of h as h=(B"B)"' B"Ch= Dh. We note that & and h depend only on y, but not
on (x, p), while D depends only on (x, p), but not on y. This implies that the elements
of D are constant — they do not depend on x, p, or y in any way. Linear independence of
the income functions and existence of a unique solution also imply that not all of the ele-
ments in any row of D can vanish.

Also note that D has dimension 2K (K —1)x K . When K = 1, D has zero rows and
there are no Jacoby brackets. When K = 2, D has one row and two columns. When K = 3,
D has three rows and three columns. If K > 3, D has more rows than columns, so that
there are more Jacoby brackets than income functions. The simple least squares formula
cannot be applied to find A in terms of & since B'B must then be singular. The main
question in this case is whether there are any redundant equations in the under—identified
system B'Bh = B'Ch , and if so how many. We will return to this momentarily.

The next step is to identify the representation for each full rank case. This is ac-
complished by combining (65) with the solutions for the Jacoby brackets & to obtain a
complete system of linear, first-order, ordinary differential equations with constant coef-
ficients subject to a set of linear side conditions. Rank one follows immediately from (65)

with K = 1. Rank two is only a little more involved. Starting with the equation,

M)~ B (D) (v) = dish (v) +d i (1),

" In contrast, Gorman (1981) constructed a basis for the vector space spanned by the elements of /& and as
many product terms %, (v)%,(y) as necessary to be able to express each product term A4, ()4, () as a lin-
ear combination of that basis. This is a second difference between the approaches of Lie and Gorman.
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note that without loss in generality, we can let dj, # 0. We make a change of variables to

h(y) =dbLh (V) +dih (v) = B(y)=diLH () +dhh (),

and () =h(/dl, = ky(y)=hy(»)/dl, .

This merely redefines the price vectors with a pair of offsetting linear transformations,
a, = ocl/a?]l2 ,and &, = —(d} /a’ll2 ), +dj,0, . From linear algebra we know this does not
affect the rank of 4. We also know from Lemma 1 that this does not affect integrability.

Some straightforward algebra then implies
() = (D (7) = Iy (),
and direct integration gives
R (0 =) ds/Iy(s).

Dropping the tildes and applying the above definition of y(y) produces the representa-
tion in the proposition for K =2.

Rank 3 is again more complicated than rank 2, and we leave many details to the
Appendix. However, the main ideas are the same. We make a of change variables with
the composite function y(f(m)) to imply that a representation for y exists that includes
the constant function as one of the income terms. We then obtain a system of three equa-

tions in three unknowns for the three unique and nontrivial Jacoby brackets in the form

h(y) = d112 + d122h2 )+ d132h3 ),
B(y) = dis +dish, (v) +dish (p), (67)

hy (V)5 (») = By (W (¥) = dis +d3shy (1) + d3shs (1)

The first pair of equations constitutes a complete system of linear, ordinary, first-order
differential equations with constant coefficients. These are straightforward to solve for
any D. The third equation is a constraint on the set of matrices D that are compatible with
integrability. Solving the first two equations and checking the third for consistency, the

only possible case is repeated vanishing roots. The complete solution then takes the form
I () =a, +by+cy*, k=23, (68)

for constants {a,,b,,c;}i_,. Redefining the price functions by &, = o, +a,0, + a30t5,
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a, =ba, +bya4, and A, =c,a, +c;0; then gives the representation for K =3. This
completes the proof of the full rank case.
This part of the proposition states that a definition for y = f(m) can always be
found such that every full rank weakly integrable Gorman system is at most a

quadratic form. This property holds whether or not the system is complete.
The proof for the reduced rank case when K >3 has two parts. The first part is to
show that we can find a polynomial representation for the demand equations under the
stated conditions. This part closely follows Russell and Farris (1998: 193-94). Beginning

with a full rank three system, we add a fourth income function. At most two of the three
new Jacoby brackets can be in the vector space spanned by {1 y »* hy(y)} . Two of them

are in this space if and only if 4,(y) = y*. Otherwise symmetry is contradicted. The ar-

guments are much the same as for the full rank case, although fewer steps are needed and
they are simpler. In particular, we add a linear, first-order, ordinary differential equation

with constant coefficients of the form
H(y) =dly+diy+diyy® +dishy(y) (69)

and with no loss in generality, one side condition due to symmetry of the form

VHL(0) —hy(¥) = diy +dyyy + dasy” +dashy (). (70)

Both of these are compatible if and only if dj, =0. This then implies, again with no loss
in generality (by constructing linear combinations of the ay’s similar to those constructed
above), that 2,(y) = y*. A simple induction then completes this part of the proof.

This part of the proposition states that polynomials produce a maximal number

of redundancies and a minimal number of defects for any Gorman system. This

property also holds whether or not the system is complete.

Note that this result is based on a very weak condition. As we increase the number
of elements in & from K to K+1, it only requires that two of the new Jacoby brackets out
of K candidates are contained in the vector space spanned by the K+1 income functions.
This is a weak condition because it completely ignores whether any previous Jacoby
brackets that are outside of previously defined vector spaces with lower dimensions also
are contained in the new K+1 dimensional vector space.

This part of the proof elucidates the issue of the number of redundancies and de-

fects in the system of equations B"Bh = Ch when the left-hand-side matrix is singular. A
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redundancy is a Jacoby bracket that is a linear combination of the elements of 4 and also
can be written as a linear combination of the remaining Jacoby brackets. For example, in

the four term case,

() (»)— I (W (») =13y*)-00) =3y* = By (»),

while hy (DB (»)—hy (W (¥) = y(2p) - 1(*) = %,

and these two equations form one redundancy. In essence, a redundancy repeats another
implication of symmetry. A defect is a Jacoby bracket that cannot be written as a linear
combination of the elements of 4. Defects do not lie in the linear vector space spanned by

the elements of 4. Again, in the four income term case, note that
(DR () =B (9) = ¥ By*) = (2y)y* = »*

is not contained in the linear vector space spanned by the basis {l y y* »*}. Thus, in the
case of four income terms, one symmetry condition is redundant and one implies a re-
striction across the price functions oy.

In general, the system of equations we have constructed to reflect the symmetry
conditions is linear in & and A. If symmetry is not contradicted, ony two possibilities ex-
ist. If the square, symmetric, positive semidefinite matrix B' B is nonsingular, then each
Jacoby bracket can be written as a linear combination of the income functions. This is the
full rank case already analyzed. If B'B is singular, then some brackets may be redundant
and some may be defects. Redundant brackets add no information. Defects are associated
with rows of zeroes in B and C, leading to restrictions between the price functions. "

We can identify the relationships among the number of Jacoby brackets, spanned
brackets, redundancies, and defects in the case of a polynomial representation. A poly-
nomial Jacoby bracket of the form /) —hih, = (0 —k)y**'= k< ¢, will be contained in
the vector space spanned by {1y y*---y* ™} if and only if k+¢ < K +2. The difference
between the number of spanned and redundant brackets is always equal to the number of

income terms. The number of income terms, Jacoby brackets, Jacoby brackets spanned

'* This follows from the representation being unique (i.e., the linear independence of A and & over the set of
K—dimensional constants). Obtaining this form for B and C generally will require a series of linear trans-
formations of k. These in turn translate into bilinear changes in h, offsetting linear changes in 4, and a
series of bilinear changes in B and linear changes in C. The full rank two and three cases discussed above
illustrate the precise nature of changes in the basis of this type. Any such transformation has no effect on
the rank of 4 or the integrability of the system.
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by {1yy*---y*}, the number of defects (Jacoby brackets not in this space), and the
number of redundancies (Jacoby brackets in the space that repeat powers of y) is pre-

sented in table 1 for all values of K < o0.

Table 1. Number of Income Functions, Jacoby brackets, Defects, and Redundancies.

K Jacoby brackets | Spanned Brackets Defects Redundancies

1 0 0 0 0

2 1 1 0 0

3 3 3 0 0

4 6 5 1 1

5 10 8 2 3

6 15 11 4 5

7 21 15 6 8
K even K(K-1) VaK(K+2)—1 VaK(K—4)+1 VaK(K-2)—1
K odd K(K-1) Vi(K+1)-1 Vi(K+1)(K=5)+2 Vi(K-1)*~1

The last part of the proof is to show that any polynomial system with K >3 has
rank[ A(x, p)] < 3. This part of the argument is constructive and only relies on the conti-
nuity of the symmetry conditions for powers of y from K+1 to 2K—1. This in turn implies
that if the system has a polynomial representation of the form dy/ox = Zle o y*1 | then
the matrix of price vectors must satisfy the conditions o, =@,0x, V £ >3, for some
functions @, :PxP >R, Vk>3. B

4.2 Indirect Preferences

Given Proposition 1 characterizing all full rank Gorman systems, we can identify closed
form solutions for all of the indirect preferences in the full rank cases. For this purpose, it
is sufficient to recover the transformed, normalized expenditure function as (again, a

complete set of detailed derivations are contained in the Appendix),
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Pi(x, p)+6(p,u) K=1,
Bl(xai’)+32(xal~’)e(i”u) K=2,
y(x,f),u)z Bl(x i’)_ B2(xai’) K=31<0 > (71)

[6(p,u)— B3 (x, P)]

=\ BZ(xai’) K=32>0
Bl(x’p) tan(e(ﬁ’u)_ﬁ3(xai’)) T

where B,,B,.B;:PxP >R, 0:PxU—>R, and A is the constant term in the integral
o(2) :Izds/(1+ksz) in Lewbel (1987, 1990) and van Daal and Merkies (1989). The
cases A <0 and A >0 represent the real and complex roots cases, respectively, for the

Ricatti system of partial differential equations,

dz/dx = (1+1z%) y, Jox. (72)

Here z=-v,/(y—v,) and v,,7,,73 :Px9P —> R are price functions that extend the cor-
responding price functions in van Daal and Merkies (1989) to the incomplete systems
case. When the roots are real, we have B, =y, +ky;, B, =2xy;, B3 = e?  with A =1?2.
In the complex roots case, we have B, =y, B, =«y,, and B; =«xy;, with A = —(1k)* and
1=+/-1 as before.

The above results do not preclude higher order polynomials, only more than three
income terms with a matrix of linearly independent price functions. We demonstrate this
with an example extending the one presented by Jerison (1993). In fact, this turns out to
be the case that nests the set of all non-trigonometric full rank cases and all reduced rank
cases that are polynomials in y within a class of demand models that are analytic in y. Let
the indirect utility function be

~ n
v(x, B y) = U [Mj S, PP s (73)
v(x,p)—y

where we assume y(x, p) > y for monotonicity and let  be any real number in [1,0). By

Roy’s identity, the incomplete demand system for the goods ¢ is

-1 +1
e[ PO | oy _oB(y=y), (B3 (r=r)
"‘"“”[ ox ] [ax ax( B Hnjfax( p J } )
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For certain values of m, this takes the form of proposition 1 and illustrates the full
nature of its implications. First note that there are precisely three linearly independent
functions of y on the right-hand-side of (74). When n =1, we have a quadratic in y. If 1 is
an integer greater than one, expanding the last term in square brackets with the binomial
formula implies that all powers of y from 0 to n+1 appear on the right. The demand
model cannot be reduced to a quadratic for any m > 1. The first two terms in square
brackets involve the powers 0 and 1 in y and the sub-matrix of price vectors on the pow-
ers of y from 2 through n+1 has rank equal to one.

However, n also can be any real value in [1,00) and preferences will remain well—
behaved with appropriate choices of the functions {B,y,0}. In such a case, the last term in
square brackets on the right-hand-side of (74) is analytic that has a convergent Taylor se-
ries expansion over the set of positive values for y—y. Moreover, the vectors of price
functions for all of the powers of y greater than one are proportional and the matrix of
price functions, even when there is an infinite number of columns, has rank no greater
than three.

Thus, if there is a finite number of income terms, we must have a polynomial in y.
If the model has full rank, then this polynomial is at most a quadratic. The duality be-
tween indirect preferences and the demand equations implies that this is the only func-
tional form for indirect preferences that nests all non-trigonometric full rank cases, re-
duced rank polynomial cases, and analytic rank three incomplete demand systems. It is
clear that a very large set of well-defined demand models exists beyond quadratics, but
that each element can be represented as an irreducible polynomial and might even have
an infinite number of income terms, and that each of them has a matrix of prices coeffi-

cients that has rank no greater than three."
4.3 The Relationship to Local Transformation Groups

In differential geometry, the space of all real projective transformation groups is com-
monly associated with the special linear group two, sl(2). This is generally defined by

the set of all 2x2 real matrices,

'® This argument continues to hold for complete systems simply by returning to the definitions of x and y in
section two and applying the functional form restrictions on y.
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H
Yy O

that have a unit determinant, ad —Py =1. The inverse matices,

At P
_’Y o i

also are members of 8[(2), as well as the identiy map I>. Any real projective transforma-
tion group can be written in the form
=B ol B s gyt (75)
10+ 0 —-yw+a
The set of all 2x2 matrix inverses in 8l(2) are one-to-one and onto the inverse functions
for this group, and I, defines the identity map in both spaces.

If we specify that o,B,7: xP —> R and 0:P xU — R, then some simple alge-

bra gives
oy op oo oy GB) ( 006 6ocj ( 06 8yj )
—=la—-B— |+||B—-y— |-|a—=-0—||y+|y—-6—1|y". (76
ox (aax B@xj K ox y&x aax ox 4 YOx ox 4 (76)

This representation defines a class of indirect utility functions in the form

8(g(p). p).f (m)~B(g(p). ) } 7
~1(g(p). P)S (m)+a(g(p).P) " )’

v(p, p,m) = U{

that generate incomplete Gorman systems, or equivalently, normalized and transformed

expenditure functions in the form

") = a(x, {3)9(1:1#) +B(x, {3) . (78)
y(x, p)O(p,u)+3(x, p)

y(x,p,

From this we can see immediately the connection between the class of all non-
trigonometric full rank three Gorman systems and the projective transformation group
with real parameters. Note that y # 0 is required for a full rank three system, so that we

can rescale the price functions to obtain

= 3% P)O(,) + B(x. ) (79)
0(p.u)+5(x. p)

with & =a/y, B=Pp/y, and 5=35/y. It is straightforward to convert (79) to the form
given in the third line of (71) by adding and subtracting &8 in the numerator and rear-

y(x, p,
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ranging terms. Also note that a=06=1 and y=0 gives the rank one case, while d =1
and y=0 gives the full rank two case. In the Appendix, we also show that the case of
complex roots for the full rank three case generates a member of the complex projective
transformation group with complex-valued price functions. Thus, the class of all full rank
Gorman systems can be derived from a projective transformation group. The converse is
also true — the (transformed and normalized) expenditure function and quasi-indirect util-
ity function of every full rank Gorman system is a member of this group. The group
property also applies to complete Gorman systems if we define 0 =u, impose the neces-
sary functional form restrictions on y, and define a, B, y, and & to be functions of the
nominal prices P rather than of the normalized prices (p, p). This follows from the solu-
tions for all full rank three indirect preferences derived at the end of section two above.
Thus, the essential difference between complete and incomplete Gorman systems,
given how we define the latter in this paper, is that (79) is valid for any O(p,u) that is
smooth in (p,u) and monotone in u and for any smooth and monotone y = f(m). The
function 0 is an arbitrary constant of integration obtained by integrating an incomplete
demand system to recover the part of the expenditure function that is associated with the
prices p. In general, without knowledge of 0’s structure — which can only be obtained
from the demands for ¢ — it can take any form. Moreover, it is known that (79) holds for
any y = f(m), so that there also is no functional form restriction on y for an incomplete

Gorman system.

5. Nesting Rank and Functional Form

In this section, we present a simple method to nest the rank and the functional form of
incomplete Gorman systems. From our characterization of preferences obtained in the
previous sections, we found that any non-trigonometric full rank Gorman system can be
written as a special case of the following generalization of the QES obtained by Howe,

Pollak, and Wales (1979),

BZ(x’i’) (80)
e(ﬁau) _BS(xaﬁ)] ’

with B,B,.B; : IxP >R, 0:PxU—>R,00/0u>0, and x = g(p), 8gT/8p‘¢0. Taking

partial derivatives of (80) with respect to the normalized prices p gives

y(x’ﬁau) = Bl(xaﬁ)_[
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oy(g(p).p:w) _0g(p)'
op op

Pi(&(P).P) _ Pr(g(p)-P)/x  Pr(g(p)-P)B(8(P).P)/Ox | o
ox [0 -B(g(Ph D] [0(p.u)—Ps(g(p). P)]

This can be written in the equivalent, but more transparent form,

2
' _ 8g(P)T By B,y [ f(m)-B, _ oB; [ f(m)—B,
Sf'(m)q = v {ax s [ B, j B> ax[ B, ] ] (82)

where all terms in the square brackets on the right are evaluated at x = g(p).

In section two, we found that the set of Box-Cox transformations on income could
be used to nest the (non-trigonometric) full rank two and three complete systems. A natu-
ral extension to the class of incomplete Gorman systems defined in section four is a Box-

Cox transformation of normalized income, say,
yz(mK—l)/K, Kk>0. (83)

An interesting candidate for the definition of x also is an n,—~vector of Box-Cox transfor-

mations of the normalized prices,

x, =(pF -/, i=1-,n, L>0. (84)

These definitions of x and y are attractive because they permit us to consider a full range
of dependent variables from quantities when k =A =1 to budget shares when Kk =A =0,
since f'(m)=m"", while 6g(p)" / op = diag[ p,?‘*l]. If we write the incomplete demand
system with budget shares as left-hand-side variables,

w= m_“diag[l’ﬂx Py, By L(mK “D/x-p, J —B, Ps [(mK ~D/x=P, Jz . (89)
ox Ox Bs ox Bs

where w, = p,q;/m is the budget share of the i™ good, and the price functions, B, P2, and

B3 and their derivatives are defined over the above Box-Cox functions of normalized

prices. Thus we have a natural procedure to nest the class of Gorman functional forms for

all non-trigonometric systems. We also obtain a way to simultaneously nest the func-

tional form of the price variables. Moreover, the rank of the demand model is reflected by
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the three vectors {0B,/dx 0p,/0x 0B;/dx}. Hence, the price functions can be tested
for dependence on x to determine the rank of the system. We illustrate this method for

two classes of models.
5.1 A Nested Quadratic PIGL/PIGLOG Extension of AIDS

LaFrance (2004) solves the integrablity problem for the linear approximate AIDS model
and uses the solution to obtain a nested set of full rank generalized AIDS models. The

transformed normalized expenditure function he obtains is
V(x, pon) = g () + a(p) x +Vox Bx—(87x +0(pu)e ™ ), (86)

with the above Box-Cox definitions for x and y. Applying Hotelling’s lemma gives the

demands in budget share form for the goods ¢ as

w=mdiag| p" |{a(p)+ Bx+y[y -0 (p) - a(p)" x ~Vox Bx]

+(I+7" )8y —ag(p)—au p) x —Vox" Bx ]| (87)

As long as o and B do not vanish simultaneously, which is necessary for the
model to be able to attain rank three, it follows that: (a) y # 0 and 8 # 0 is necessary and
sufficient for a full rank three quadratic PIGL/PIGLOG model; (b) y # 0 and 6 = 0 is nec-
essary and sufficient for a full rank two model; (¢) y = 0 and & # 0 is necessary and suffi-
cient for a rank two system that excludes the linear term in the deflated and transformed
superlative income variable; and (d) y = & = 0 is necessary and sufficient for a rank one
homothetic PIGL/PIGLOG system. Thus, we obtain a rich class of models that permits
nesting, testing and estimating the rank and functional form of the income terms in in-

complete demand systems with a generalized AIDS structure.
5.3 A Nested Quadratic PIGL/PIGLOG Extension of Quadratic Utility

We now apply the same method to produce a PIGL/PIGLOG generalization of quadratic
utility. The rank two version of this model in log-log form produces generalized translog

indirect preferences (Christensen, Jorgenson, and Lau, 1975). First define the functions

o(x)=x"Bx+2y x+1, (88)

n(x, p)=a,(p)-a(p) x, (89)
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where a(p) is a vector—valued function of other prices, o, (p) is a real-valued function
of other prices, B is a symmetric n,xn, matrix of parameters, and vy is a vector of parame-
ters. The starting point for this application of the nesting procedure is the class of indirect

utility functions defined by

v, B,y) = b —{ Velx. P) H Sx_ }ir , (90)
y-n(x,p) ) | Jo(x, p)

which is equivalent to the transformed normalized expenditure function,

o(x, p) J
8" x +[o(x, p)O(x, )

y(x, p,u) =n(x, p) —[ 1)
Applying the above Box-Cox transformations and Roy’s identity gives the in-

complete demand equations for the goods ¢ in budget share form as

2
w=m “diag [p,}‘ } {a + {1 — STx(mﬂ [y_—nj (Bx+7v)+ MS} .92
¢ ¢ ¢

In this case, k =A =0 gives a rank three extension of a generalized translog type
of indirect preferences, k =A =1 gives a generalized quadratic utility type of indirect
preferences, and all values of k and A produce a PIGL/PIGLOG model that can have rank
up to three. Rank two is obtained with §=0. If n(x, p)=0 and 8 =0, we have a rank
one homothetic model. We again are able to nest both the rank and the functional form of
the incomplete system of demand equations within a single unifying framework.

It is useful to view this incomplete demand system in terms of

a—y:a+[1—5Tx(ﬂﬂ(y—_“J(3x+y)+Ms. (93)
ox (0 0 0

The reason is that Lemma 1 above, and Lemmas 4 and 5 in the Appendix, imply that this
model lets us determine sufficient parametric restrictions for the global concavity of y in
x, and hence of e in p. Calculating the second-order partial derivatives and careful (and

quite tedious) grouping, canceling, and algebraic manipulations give

Oy _ {1 —aTx(MH(HJ{B—(lj (Bx+y)(Bx+y)T}
oxox" ) () ¢
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12V _2”)3 [1—(1J(Bx+Y)xT}88T {1 —(lj x(Bx+v)T} : (94)
¢ ¢ ?

Symmetry of B is necessary and sufficient for symmetry of 67 y/ oxox" , and
therefore for symmetry of 826/ dpdp" . Recall the transformation 7 =—u~" (from Howe,
Pollak, and Wales 1979) of the Gorman polar form of the quasi-indirect utility function
when 6 =0. That is, we take the negative reciprocal of (y—n)/ \/6 , which is the gener-
alized quadratic quasi-indirect utility function.'” In this case y =7 is the bliss point and
monotonicity requires y—m <0, while ¢ >0 is required in Gorman’s normalization of
preferences. If ||8|| <g for sufficiently small ¢ > 0, we also will have
1-8"x(y—m)/¢ > 0. Moreover, this latter inequality must be satisfied in a neighborhood
of every point in the interior of the domain of the demand system if preferences are well-
behaved. This is equivalent to the condition that if we add —8"x/ \/6 to ii=—u"', then
we do not change the sign of the utility index. This condition is required for the Howe,
Pollak and Wales (1979) transformation from u to —u~" to be well-defined and it is easy
to show that preferences will become irregular if it is violated. In any case, we would ex-
pect the second-order income effects to be small relative to the first-order income effects.
In other words, 8'x should be small relative to ¢. The upshot is that, if
1-8"x(y—m)/¢>0, y—n<0 and ¢ >0, then the second line of (94) is a symmetric,
negative semidefinite, rank one matrix. Lemmas 4 and 5 in the Appendix show that
B=LL is necessary and B=LL +yy" is sufficient, for &* y/ oxox" to be negative
semidefinite. Under the conditions of the second half of Lemma 1, this in turn is neces-
sary and sufficient for the weak integrability of this incomplete demand system through-

out the open set

SE{(p,ﬁ,m)ef?xff'xM:(p> 0,y-n< 0,1—8Tx(y—n)/(p>0}. (95)
These restrictions apply only to the model parameters and are not difficult to implement.
6. Conclusions

In this paper, we extend Gorman’s theory of aggregation to incomplete demand systems.

In contrast to complete demand systems, there is no restriction on the class of functional

7 We use the name generalized quadratic to refer to the fact that indirect preferences are defined in terms
of deflated and transformed prices and income, x and y, rather than directly in terms of p and m.
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forms for the income variables. On the other hand, the maximal rank of an incomplete
Gorman system is three. This follows purely from Slutsky symmetry. We closed a small
gap in the literature on complete Gorman systems and in doing so obtained a complete set
of closed form solutions for indirect preferences for all full rank and minimally degener-
ate reduced rank Gorman systems. We also have shown the relationship between Gorman
systems of Engel curves and projective transformation groups. Finally, we developed a
simple procedure to nest the rank and functional form in any Gorman system. We then
used Box-Cox transformations of normalized prices and a Box-Cox transformation of
normalized income to generate two large classes of nested functional forms. One nests
the rank and functional form of generalized AIDS models. The other applies the same
procedure to nest generalized translog and generalized quadratic utility types of indirect
preferences.

We have found both frameworks for nesting incomplete demand systems to be
empirically tractable as well as substantial improvements over the traditional rank two
alternatives (Beatty and LaFrance, 2000; LaFrance, Beatty, Pope and Agnew, 2000,
2002; and LaFrance and Beatty, 2003). In both cases, rank three appears to be essential
for many data sets. The point estimates for the Box-Cox parameters on prices and income
tend to be closer to unity than zero. Lemma 1 suggests that this may be generic because
the logarithmic transformation to define y makes curvature more difficult to implement.
However, both restrictions (kK = A = 1 or 0, respectively) are rejected at the usual levels of
significance in the data sets we have used to investigate this question.

Incomplete demand systems have many applications. Permanent income con-
sumption models are easily extended to labor/leisure tradeoffs and nonlinear budget con-
straints. The demand for consumption goods won’t be 0° homogeneous in goods prices
and expenditure and won’t satisfy adding up. But they will satisfy the properties of an
incomplete demand system. This is a natural and flexible way to incorporate labor supply
decisions into demand analysis. A second application is the dynamic theory of consump-
tion when individuals face an uncertain life span and have a bequest motive. In this case,
the budget constraint is unobservable. But one can use an incomplete demand system to
draw inferences on the impact of this on consumption choices. A third application is to
production. There is no difference in theory or principle between expenditure and cost

functions and everything developed here applies with equal weight to production theory.
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Mathematical Appendix

A.1 Symmetry and Curvature

Lemma 1. If the expenditure function is twice differentiable on $ xU c R, xR,
y=f(E), feC’ f'>S0VMeM, x=g(P), gcC> Y pe?, and the ex-
penditure function satisfies E(P,u)= M(y(g(P),u)) , then 62E(P,u)/8P8PT is
symmetric at (P,u) if and only if c?zy(g(P),u)/c?xc?xT is symmetric at (g(P),u). If
x,=g.(P),g €€, g >0,g'<0V pecRcR, Vi, M"'SOV yeY and y is
concave in x, then E is concave in P.

.
Proof: We have e = d)'ai@ , (A.1)
op ap Ox

2 T n 2 T 2
<o that Oe _ 4108 Oy Oy Og ,zé_y 08 .08 0y %8 (A2)
opop' op Ox ox' dp" i Oxigpop’ op oxox' op'

The first two terms on the right are automatically symmetric, so that symmetry of the left-
hand-side is equivalent to symmetry of the Hessian matrix on the far right-hand-side. The
first two matrices on the right are negative semidefinite when ¢" <0 and g/<0 Vi, so

that if 6 y/ OxOx' is negative semidefinite, then 62e/ opop" is as well. [ |
Lemma 2. {:R—>R, feC”, f'>0, satisfies the linear first-order ordinary
differential equation Mf'(M)=a+bf(M) ¥ M € M if and only if
alnM +c, if b=0,
f(M)=
ecM® —(a/b), if b>0.

Proof: Simply integrate the o.d.e. in the two cases. |
Lemma 3.If z: P xU — R, zeC” satisfies the partial differential equations,

oz(P, (P
LD [y 5, s(a? | T8

then either 3(([32 (P)) =\ is constant or

oz(P,u)
oP

o (P) _ v (Bo(P)

Y'(Bz(P)) oP oP

Proof: Divide both sides of the system of partial differential equations by the term in
square brackets on the right. This implies
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0z/ox _ 0B,
1+y(By(x))z*  ox

The matrix of second-order partial derivatives on both sides must therefore be symmetric.
This in turn implies that

Pzloxex’ 2z az oz (2 V., azop, 9%,
[1+y22] [1+y2? ] ox ox™ \1+y2? ox ax”  oxox’

The first two matrices on the left and the matrix on the right are automatically symmetric.
It follows that y'(6z/0x)x (0B/0x)" must be symmetric. There are only two ways this can
be true: either (1) y'=0; or (2) dz/dx = 0y/ox . In the second case we are free to redefine

7: X >R by y(x)=y(B,(x)). u

A2 Differential Equations for PIGL and PIGLOG Functional Forms
Consider the quasi-linear ordinary differential equation
y'(x) _din(y(x))
y(x) dx

This differential equation lies at the heart of the functional form question originally posed
by Muellbauer (1975, 1976). In particular, the simplest form of this question is, “What is

the class of functions f ( y) that can satisfy (A.3) and the 0° homogeneity condition,

o' (x)x +B'(x)xf (1) +B(x) f'(y)y =077 (A.4)

It turns out that there are only two possibilities: a special case of Bernoulli’s equation,

= () +B(x) f (¥(x)). (A.3)

!

K
L=0c0+[30(1j ,k#0; (A.5)
y X

or a special case of the logarithmic transformation,

!

Y g+, In [Zj | (A.6)
y X

The reason for this can be obtained by analyzing the implications of (A.4) directly. First,
consider the case where o'(x)x =0, so that a(x) =0, a constant. Then (A.4) reduces to

B'(x)xf (»)+B(x) f'(»)y=0, (A7)
or equivalently,

din(/)_S'0),_ PG _din()_
din(y) () B din(x)

K, (A.8)
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where K is a constant because the left-hand-side is independent of x, while the right-hand-
side is independent of y. Without any loss in generality, the solutions are f(y)=y" and

B(x) =PBox".

Now suppose that a'(x)x = 0, so that
B'(0)xf (») +B(x) f'(y)y =—a'(x)x. (A.9)

Since the right-hand-side is again independent of y, at least one of the terms on the left
also must be independent of y. If f'(y)=0, so that f(y) = f, is constant, we obtain the

degenerate case where the functions of y on the right-hand-side of (A.3) are not linearly
independent. Hence, it must be that B'(x)x =0, i.e., B(x) =P, a constant, and

, df () o'(x)x
= =— =\, A.10
Sy 1n(y) 5 (A.10)

where A is a constant again because the left-hand-side is independent of x and the right-
hand-side is independent of y. Solving the left side gives

S =rIn(y)+v, (A.11)
while the right-hand-side can be rewritten as
:z’i?T((xx)) — 2B, (A.12)
which has solution
a(x)=a—-ABIn(x). (A.13)

Combining (A.11) and (A.13), we obtain (A.6), with o, = a+By and B, =BA.

The implication is that, for ranks one and two demand models in this class, the admissible
forms of f(y) are completely determined by homogeneity.

When we consider incomplete demand systems, we do not have homogeneity in the
prices of interest or adding up to restrict the functional form. For Bernoulli’s differential
equation,

Y =)y +B)y' ™, k=0, (A.14)
if we note that d ( A / K) / dx ="'y’ we can rewrite this as the linear ordinary differen-

tial equation in f(y) =y~ / K,
%(yK/ )=y = (ka(x) (v /) + B(), (A.15)

with complete solution
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. N . 1/x
P(x) = [Kef Ka(s)ds ( [Tetre0tp(s)ds + cﬂ . (A.16)
Similarly, the logarithmic first-order linear differential equation is
dIn '
) =2 —a(x)+B)In(y), (A.17)
dx y
with complete solution
P(x) = exp {ejxﬁ(S)ds ( Ixe_r O (5 +C)} . (A18)

The generic nature of both of these differential equations is that they can be written as
simple linear first-order ordinary differential equations,

LU _ o3+ (). (A19)
X

When y is normalized income and the demands do not absorb all of the budget, homoge-
neity and adding up do not impose any restriction on the class of functions f(y) that can

solve this differential equation, and the complete class of solutions is
y@)=s" [J () ( [Fe e pis)ds+ cﬂ . (A.20)

A.3 Proof of Proposition 1.

Proposition 1. Every full rank weakly integrable incomplete Gorman system has
K <3 and a definition for y(x, p,u) = f(e(p(x),f),u)) exists such that

al(x, ﬁ) K = 1,
ov(x, p, . N .
y();—pu) =< oy (x, p)+a,(x, p)y(x, p,u) K=2,
X
oy (X, P) + 0y (X, P)y(x, p,u) +0i3(x, P)y(x, p,u)’ K =3.

Conversely, if K >3 and a maximum number of the Jacoby brackets,
he D () =B (V)R (3), k<L,

can be written as linear combinations of the {h(y)---hg (¥)},

he Wy (0) = by (Dhy(¥) = dg Iy (0) +---d e (0), k< 1,

where the d ,{[ are constant, then mnk[A(x, i))] =3, and a definition for y exists

such that
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oy(x, p,u)
ox

Proof: By Young’s theorem, the second-order cross partial derivatives of y with respect
to x must be symmetric for integrability,

*y & ooy s

k=1\_ OX; /=1

= o, (X, P) + 0y (X, P)y(x, pou)++-+ 0y (x, p)y(x, pu)*

y ..
YV i#7]. A21
Ox .0x 7 ( )

X JN

K
Z[ “hy +a kth(xzhgj
k=1
These can be re-expressed in terms of ’2ny(ne—1) vanishing differences,

a K K
0= Z[ althk"_Zzaikajé(h;ché_hkhé')v1£j<i:2’“"nq' (A.22)
x; k=1 =1

In the double sum on the right-hand-side if (A.22), when & =/, the term o0 ;. is multi-
plied by the Jacoby bracket, A h, —h h =0. On the other hand, when & # 7, the Jacoby
bracket hih, —h.h; appears twice, once multiplied by a0 ;, and once multiplied by

—a;,0 . Therefore, rewrite (A.22) as

k-1

o e

K
Z (oo sy — ooy )(hphy = hyhi)), 1< j<i=2--n,, (A.23)
a linear system of "2ny(n,~1) equations in the 2K(K-1) Jacoby brackets i h, —h.h,.

The first step in the proof of the proposition is to restate (A.23) in matrix form.

Define

QppQlyp =Gy 0yy 0LZkO‘M Qg Oy Qg Qg1 ~ QgCaog
B = QjpQ iy = A0 QO jp — Oy @ sy Qg Gk~ Qg %ok ,
o 50 o o <o 0 - o, O O —a o
L nq2 -1,1 nq—l 2 nql nqk nq—l,/, nq—l,k nql an nq—l,K—l nq—l,K an—l |
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| oy Oay o Ooyg dogg |
ox,  0x 0ox, ox;
doy O0p o Qo 0%
C=-1 & ;o ox;  ox ’
aoanl aoan—l,l Gaan 80an—lK
ox, _; - ox,, ox, _; - ox,,
L q q q ¢
h=[h - Iy ]T :
and h=[Wh=hh - Bphy=hhy e B —hehi ]

Bis Yan, (n, —1)x2K(K-1), Cis Yan, (n, -1)xK , his Kx1,and h is K (K —-1)x1.
This gives the symmetry conditions in matrix form as
Bh=Ch. (A.24)

For this to be a well-posed system of equations we must have at least as many equations
as unknowns, which is equivalent to n, 2 K . Assume this is so. Premultiply both sides of

(A.24) by B" to get the square system, B"Bh=B"Ch. The rank result of Lie (1880)

when B has full column rank is that 2K (K —1)< K, equivalently, K <3 (Hermann

1975: 143-146). The reason is a direct result of linear algebra. The rank of B is inherited
from the rank of a (Hermann 1975: 141). Since B'B is of order 2K (K —1)x%K(K —1)

and has rank no greater than K (the rank of A), it follows that K <3, completing the
proof of the first part of the proposition for the full rank case.

The next step is to obtain the representation result for the full rank case. Assume that B
has full column rank. The least squares formula for 4 as a function of A is

h=(B"B)"'B"Ch=Dh. (A.25)

The vectors & and h depend only on y and not on (x, p), while the matrix D depends
only on (x, p) and not on y. It follows that the elements of D are absolute constants; a
fundamental property that we require below. Since B is of order “zn, (n, —1)x /2K (K —1)

and C is of order an,(n, —1)xK , it follows that D is of order 2K (K —1)xK . That is,

when K = 1, D has zero rows (there are no Jacoby brackets), when K = 2, D has one row
and two columns), and when K = 3, D has three rows and three columns. If K > 3, then D
would have more rows than columns (i.e., more Jacoby brackets than income functions),
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and the full rank condition cannot be satisfied. We address each full rank case in turn.

Rank 1: ¥ =a; (). (A.26)
ox
Integrability implies that
o* oo ,
Y= () + K ()oyay (A.27)

oxox'  ox'
is symmetric. Hence, da; / Ox" must be symmetric, which is necessary and sufficient for
the existence of a function, B:Px % — R, such that 6p/dx = ;. Rewrite the demands as

o B,

o a1 (A.28)

and separate the variables (recall that % () # 0 is required for dy/dx > 0) to obtain

v() = [ () ds = Blx. p) +0(p.u). (A29)
From this we have
Ty s ma (A30)
1

Therefore, a representation for y exists (by composing y and /), such that dy/dx = o, and
y(x, p,u)=B(x, p)+0(p,u), with &, = B(x, p)/ox .

Rank 2: g—y:alhl(y)+a2h2(y). (A.31)
x

Integrability implies that

o’y da, oo T
=—Lh +—=2h +(o,l +o, k) (o h + o,k A32
oxox’  axT | axT (ki +ouhi ) (el +ooh,) (32

is symmetric. Expanding gives

y__da, 2% ol + a0y + ool + ooy, (A33)
oxox'  ox' ox’

and the terms a,,a.{ 4k and o,05/4%h, are automatically symmetric. Since o, and o, are

linearly independent, o, #ca, for any c € R. Otherwise, the rank of A(x, p)=[a, a,]

is only 1, not 2. Hence, a,a; is not symmetric. Since 4 and A, are functionally inde-

pendent (equivalently, are locally linearly independent), Ak, # hh, . Otherwise, h, = ch,

for some constant ¢ € R ; a contradiction. Hence, we can premultiply the reduced symme-
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try conditions by a; and postmultiply by o, to obtain

0 0
o (iTl}ﬁ +i$h2 + oy ey +a2a1héhlja2 )
ox ox

o T 0a, T T ' T N2

60(,1T aa; T 271 T T '
oo o Eazhl +o, Eazhz + (0 0,) Ay + o, 0400,0, M0 = (A.34)

ooy oo} ,
of | =Ly +—2hy + 0,0 hihy +aas iyl |, .
ox ox
Group common terms in the A, 4, and the %, and rearrange to write

T T
[afaodr, —(oat,)” s k) = [8“1 8“1Jazhl+a1(%—a“2Jazhz.<A.ss>

ox' Ox ox

Solving for the Jacoby bracket, 44, —hih, , we have

e o (aal/axT —aaf/éx)az , o (aaz/axT —8a£/8x)a2 )
1y — iy = E—— — )+ — —
0y 0,00 — (01 OLy) o 00,0, — (0 0,)

=ch +ch,, (A.36)

with ¢; and ¢, constants, both of which cannot vanish. Without any loss in generality, let
hy #0 (both A, cannot vanish simultaneously and neither can vanish over an open set).

Dividing both sides of (A.36) by A, and solving for &, gives

1()’)

mW=amg 57 hl(y>

hy(y). (A.37)

Let ¢; #0 (reverse the roles of A, and 4,, if necessary) and make a change of variables

to /= ¢,hy +c,hy , with i = ¢, + ¢y, and to h, = h, /¢, , with ) =y /¢, . Then

i — hihy = (e, + eyl (Hy [e)) = (e + e, i) (hy [e,) = by —hhy . (A.38)

We now have
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iy —hihy = Wby —hhy = cihy +c,hy = hy . (A.39)

In other words (abusing notation by dropping the ~’s), we form particular linear combina-
tions of the 4, such that

Wiy, —hihy =h #0, (A.40)
equivalently,
h, —ﬁh2 =1. (A41)
hy
Since
Al B M, 1 (A42)
dy h bk hy
direct integration gives
dy\ h(y) b (y)
equivalently,
7 ds
h =h . A.44
> () 1(y)J ) (A.44)
Define y(y) = J.y hy (s)'ds and rewrite (A.31) as
0
= =[oy +ay(M]h (). (A45)
ox
: ' _ i y -1 _ -1 .. .
Since y'(y) = 7 j h(s) ds=h(y) , this is equivalent to
y
O _ ey _ 1 oy
o TOo, A 27 () (A.40)

We thus can change the definition of y = f(m) to incorporate y(y) through composition,
and any full rank 2 system has a representation for y such that dy/dx = o, +a,y.

o
Rank 3: a_:yc = o,y (1) + aylty () + 0y (1) (A.47)

The derivations in this case are considerably more involved. We make use of several pre-
vious results and techniques from the theory of differential equations to simplify and re-
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duce the calculations. Let /() # 0, define y(y) = [ h, (s)"'ds, and rewrite (A.47) as

O _ N _ 1 () hy(y)
ax TV oo a1+a2(h1(y)J+a3[hl(y)j

=q +a2i;2(y)+a3ﬁ3(y) (A.43)

By Lemma 1 symmetry is coordinate free. Therefore, consider the representation (again
dropping the ~’s and redefining y if necessary)

0
é =a; oy (y)+ossi(y). (A.49)

The least squares conversion of the symmetry conditions gives

By ()= ciy +ehin (1) +cahy (1)
W(y)=ci3 + sy (0) + sy (1), (A.50)

Iy (V) (0) = By (D) () = s + Ea3hn () + c33hs (1)

where the cl.’; are constants and cannot all be zero in any given equation. The first two

equations form a complete system of linear, ordinary differential equations with constant
coefficients. These would be straightforward to solve if the system were not constrained
by the third equation (the Jacoby bracket for 4,(y) and h;(y)).

Our plan of attack is to calculate the complete solution to the two-equation system of dif-

ferential equations and then check for consistency with the third equation. This second

step restricts the set of values that the cl-lj‘. can assume in an integrable system. Differenti-

ate the first equation with respect to y and substitute out /;(y) and /;(y),

By (v) = cihy (v) + i3 ()
= Clzzhé )+ 0132 [0113 + 0123h2 "+ 0133/73 (y)]
= 0132‘3113 + Clzzhé )+ 01320123h2 )+ 0132‘3133}% ») (A.51)
= ety + M (1) + ety (1) + iy [hé (¥)—ciz +cihy (y)]

2, 3 32 2.3 13 1.3
= (012 + Cls)hé (»)+ (012013 _012013)]’12 O+ (013012 _012013)-
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The homogeneous part of this second-order differential equation is
hy(y)— (0122 + 0133)}15 () - (‘71320123 - 01220133)h2 (»)=0. (A.52)
Trying h,(y) = e produces the characteristic equation

(012+cl3)7\’ (012013 01220133):07 (A.53)

with characteristic roots

A= /2|:6'12 +c13 J_r\/(cl2 +c13)2 +4(clzc13 c12c133)} ) (A.54)

If ¢y, = ¢, =cj; =0, then A =0 is the only root, and the complete solution has the form

h(y)=a, +b2y+czy2 ,

h(¥)=as +byy+cy)°, (A.55)

Whel‘e the {ak,bk,ck}?{=2 are constants. Deﬁne &,1 = (1.1 + azaz +a3(1.3 . &.2 = bzaz +b3(13 N

and Q5 = c,0, +c;0;. Then we have
o _ - -
—15 &, + 0,y +0,y° . (A.56)

The last step in this part of the proof is to show that this is the only possibility in the full
rank 3 case. If any of ¢}, #0, ¢, #0, or ¢j3 #0, then we need to consider distinct and

repeated roots separately. With distinct roots, the complete solution to the two ordinary
differential equations takes the general form

h(y)=a, +b2e>”‘y + cze}”y ,

hy(y) = ag +bye? + 3™ (A.57)
where the {a,,b,,c,};_, again are constants. As before, define &, = o, +a,0, +a305,
a, =b,a, +byo; and a5 =c,a, +c305, and rewrite (A.49) as

¥ =8, + G + &3e>‘2y : (A.58)

ox

The equation for the Jacoby bracket h,h; —hyh, now takes the form

(hy = h)eM™2Y = el e 4 c35e (A.59)

where A, -1, = \/(012 +c3 )2 +4(chel —chely) and A, +A, = ¢y + ¢y 5 a contradiction
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for all (A;,A,)#(0,0), for either real or complex roots. Therefore, the roots must be real
and equal, A ="%(cf, +¢i; ). Once again form the above linear combinations of the oy’s,
let /1, ()= €™ and hy(y) = ye™, and rewrite (A.49) as

@ A, +a,e" +a,ye’ . (A.60)

ox
In this case, the equation for the Jacoby bracket, h,h; —h)hy, takes the form

e =l + ke +cayye” (A.61)

a contradiction for all A # 0. Hence, only a repeated vanishing root is possible and a rep-

resentation for y exists in any full rank 3 system such that

Y o+ 0,y + 0 (A.62)
ox

This completes the proof of the full rank representation part of the proposition.

The next step in the proof of the proposition is to show that polynomials constitute the
class of minimal deficit demand systems when K > 3. This is accomplished by an induc-
tive argument, and we proceed with the induction beginning with K =4. When K =4
there are a total of six Jacoby brackets, but the dimension of the vector space spanned by
the basis { h,---h,} is only four. We know from the theory of Lie algebras on the real

line that at least one of the Jacoby brackets must lie outside of this space. We have shown
that by redefining y and modifying the o ’s to accommodate the change in 'y, {1y y?} is
the largest Lie algebra on the real line. The structure of this vector space is

h, 1 1 0 O~

hy =2y|=|0 2 0]/ h|. (A.63)
If we add a fourth income function to this system, the above derivations apply with minor
modifications. Therefore, add 4,(y) to {ly yz}. At most two of the new equations for

the Jacoby bracket can be consistent. Without loss in generality, consider the fourth and

fifth symmetry conditions to be
Hy(y) = cly +ciay+cigy® +ciyhy (),

YR (P) =y (p) = Chy + Cauy +0340° +Cayhy (). (A.64)

The Jacoby bracket conditions then are
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o] | 100 o]
" 2y 0 2 0 0
’ ’ y
, , 1 2 2 3
hy hy Cla Cig Ciy Cig f
[y =Ihy ] [ yhy=h | |y 34 &4 5 )

(A.64) is two linear, first-order ordinary differential equations in /,(y). The most direct

route is to solve the first and check the second for consistency. If 0144 =0, then integrating
the first equation gives

hy(y)=c+ 0114)’ + 1/2‘3124)’2 + %6134)/3 ) (A.66)

where c is a constant of integration. Applying similar modifications to the ay’s as before,
we have 7, (y) = ¥, k=1,2,3,4. The second equation becomes

Yy (»)=hy () =3y =1’ =23° =0-14+0-y+0-y° +2)°, (A.67)

which is contained in the vector space spanned by {1y y?)°}. Of course, the Jacoby
bracket, hyhy —hihy =3y* —2y* = y* falls outside of this vector space, as it must.

If 0144 # 0, integrating by parts twice gives the complete solution as

1 2 3 2 3 3

_ | Ga Cla 2cyy | G4 Clq G4 2 chy

]’l4(y) = |:—4+ ( 2 )2 +( 2 )3} I:—4+ ( 2 )2:| —4y +ce . (A68)
Cl4 \Ci4 Cl4 Cla \Ci4 Cl4

where c is again a constant of integration. Once more using the above device to adjust the

-4 .
ai’s, we have A, (y) =€, and the second equation becomes

yhy(y)—hy(y) = (Cl44y - l)ecﬁ‘y = 654 + c§4y + c§4y2 + C§4ecl44y > (A.69)

a contradiction. Hence, the structure with four income functions and a maximum number
of Jacoby brackets spanned by the income functions {1 y y* y°} is

IS N R A SR ORI R

i, 2y 1o 20 0

K, =(3»*|=]0 0 3 0 i. (A.70)
Wiy ~Rhs | |y | 0 0 1 0|
i =Tahy | |23 | [0 0 0 2LV

Only one (the minimal possible number) Jacoby bracket, Ak, —hih, , out of the total of
six, falls outside of this vector space.
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The induction is completed by identical steps to show that if a basis with K functions is
{1y y2 yK v and we add a K+1* function, hg.;(»), then the maximal increase in the

number of spanned Jacoby brackets occurs when /(1) = k.

The final step in the proof of this proposition is to show that for the polynomial class of
Gorman Engel curve systems, rank[ A(x, p)]<3. We proceed constructively by showing

that if the system of demands has the polynomial representation,'®

ay K i
_— = o , A.71
ox kE—O’ kY ( )

and is weakly integrable, then there exist ¢, : & x P — R, k=2,...,K such that

o, =@ 0 Vk=2. (A.72)
Integrability is equivalent to symmetry of the matrix
< aa’l k S& k T, k+0-1 A 3
D=L D> koo y (A.73)
k=0 OX k=1/=0

By continuity, symmetry requires that each like power of y has a symmetric coefficient

matrix, and all of the matrices for powers K+1 through 2K-2 involve nontrivial symmetry

K—-1

conditions without involving any of the Ja., / ox' terms. The matrix on y**' only in-

volves a o) and is symmetric. Combine terms in like powers of y and apply a back-

ward recursion beginning with the matrix on y**%, so that

(K-Dog_ox +Kagog (A.74)
is symmetric if and only if o, =@y 0; for some @4, : P xP — R . Similarly,

is symmetric if and only if ax_, =@g_,0x for some @y _,: PxP>R. Applying the

. . . 2K-4
recursive argument, consider the matrix on y™"

: : T _ T _ T
The middle two terms are symmetric, because ox_,0x | = Qg Qg O gOxy =0 g_Og 5.

The matrix (a K30 T Ka}_3) is automatically symmetric. Therefore, the matrix on

y*** is symmetric if and only if o O3 is symmetric, if and only if Oy 3 =@ ;0 ,

'8 Switching indexes from {1,....K} to {0,... K} greatly simplifies the algebra and notation in this part of the
proof without affecting the structure of the underlying problem in any way.
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for some @g_5: &P x % — R . This completes the argument when 3 < K < 5.

If K> 5, for each j satisfying 4 < j < K—1, group like terms, substitute oty_, = @x_,0, for
each i <j, and appeal to symmetry of the matrix oz, joc}< + OO g, ;- Then symmetry
sequentially requires that each matrix of the following form is symmetric:

j—2

(=Dogo;+ D (K=D0x @y j0x O - (A.TT)
)

This holds if and only if og,_; =@g,_0x for Qg ;: PxP —>R. When j=4 we
have the result for ay_;; whenj=K -1 we have it for a,; and V K >2, we have
o, =@, 0x Vk=2,..,K sothat rank[A(x, p)]<3. |

A .4 Characterizing Indirect Preferences

In this section, we characterize the class of indirect preferences for each of the full rank
cases and present and discuss an example of indirect preferences that gives rise to a rank
three demand model with more than three income terms.

Rank 1: ¥ = B . (A.78)
ox ox
Simply integrating gives
y(x, p,u) =P(x, p)+6(p,u). (A.79)

This is the translation group representation of indirect preferences for the rank one case.
Solving for the normalized expenditure function gives

e(p, p,u)=m(B(g(p). p)+6(p.u)). (A.80)
Equivalently, the indirect utility function has the form
v(p, p.m) =y (f(m)-B(g(p). P). ). (A.81)

where y is the inverse of 0 with respect to u. Since ¢ = diag{ glf]x(OB/ 6x)/ f', the de-
mands for q in the rank 1 case are homothetic with income elasticity —mf"(m)/ f'(m) . If

f(m)=m", the common income elasticity 1-« is constant, but only equals one in the
limiting case f(m)=In(m). More general transformations do not result in a constant in-
come elasticity, although it must be independent of prices in this class of demands.

Rank 2: L =0, +a,). (A.82)
ox
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Symmetry in this case implies

T T
o o
LI 2

ox

&y _ oy N oo,

oxox”  ox' ox"

Y+, + 0,00y = y+oo+aory.  (A83)
Eliminating the symmetric matrix o,a5y from both sides and equating the matrices that
multiply like powers of y implies

T

oo, a = a(;i +ao,0, (A.84)
x

8T+oc2
x

and that da., / ox" is symmetric. The latter property implies the existence of a function

B:PxP —R such that 9B/dx =a, . It follows that o, /ox" +(0B/dx)a] is symmetric.

Equivalently, we can rewrite (A.82) in the form

dy oB
— =0, +—V, A.85
ox a ox Y ( )

oa, g 0B _ ooy —@oﬁ
oxT oaxT ox ox

with

9

symmetric. We can apply the integrating factor eP by noting that

8 -B a)/ 6[3 -B
9 (@ B b A.86
ox (ye ) (8x ox yje ( )
0 _ oa. op ) -
and aeP)= L _o —)e B A.87
ox’ ( : ) (GxT DoxT ( )

is symmetric. This is equivalent to the existence of a function y:fl’xf’ — R such that

oy/ox = ocle_B , and integrating gives the transformed deflated expenditure function as

Y6, pou) =Py (x, p)+ePP0(pou) (A-88)
Let e?*?) =3§(x, p), abuse notation and relabel "*-?)

(A.88) in the form

v(x, p) as y(x,p), and rewrite

y(x, p,u) = y(x, p) +8(x, p)O(p,u). (A.89)

This quasi-linear form is the translation and scaling group representation of indirect pref-

erences in the full rank two case. We can write the normalized expenditure function as

e(x, p,u) = m(y(x, p)+8(x, p)O(p,u)), (A.90)
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and the indirect utility function as

v(p. p.m) = w(f(””‘—yfx”’),pj . (A91)
d(x, p)
Rank 3: ¥ = +oc2y+oc3y2. (A.92)
ox

We present two equivalent closed form expressions for the solution to this case. One es-
tablishes the connection to the projective transformation group. The other applies when
(A.92) has a pair of purely complex roots and provides a direct solution for the trigono-
metric form of indirect preferences.

First, we note that the methods of van Daal and Merkies (1989) for solving integrability
of the complete quadratic expenditure system apply without change to our problem. The
only difference is that the homogeneity properties they identified do not apply here. Thus,
there is no need to reproduce their steps. They show that (A.92) is integrable if and only

if there exist functions, B;,B,,B;: ¥ x 9 >R, and y:R — R such that

8_y= Py P, +6[33 (y_Bl)+aB2 (y—B1)2 .

R N

(A.93)

This can be rewritten in the form

Ofy=B|_1(oy 0B W=B)Bs _ M 8,
6x{ B, j_[}3(6x 6xj B ox _|:Y2(B2)+ 2 }8x' (A.94)

3
We can simplify this even further by making two simple changes of variables. First, let
w=(y=Py)/Bs . so that

ow 270,

=) |22 (A.95)
Second, let z=—1/w, so that

0z 2708,

- =[1+7:8,)z }_Gx . (A.96)

Now, if y(B,) =X is constant, then we can separate the variables so that

“ By in
1+Az?  Ox 1

(A.97)

This is an exact system of partial differential equations and the solution is found by direct
integration,
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~ By /(r-P1)
¢(_y —B1331 j _ J e +diz2) B, +90, (A.98)

where O(p,u) is the “constant of integration.” This is readily recognized as the solution
obtained by van Daal and Merkies (1989) and applied by Lewbel (1990) to full rank three
QPIGL and QPIGLOG complete systems.

But we can go considerably further. One reason for doing this is to obtain closed form
expressions for the indirect preferences. a second reason is to show the connection be-
tween this representation and the projective transformation group representation of indi-
rect preferences that is standard in the theory of Lie groups. a third reason is that in one
case we obtain the trigonometric form of indirect preferences that is implied by Gorman
(1981) and is presented without derivation in Lewbel (1990), but heretofore has not been
obtained explicitly from the structure of a set of demand equations with complex roots.

Suppose that A >0, define A =—(1k)? =%, with 1= J-1 , let T=1uk be a purely complex
constant, write 1+Az* = (1+1z)(1—71z) and apply the method of partial fractions to obtain
1 V2 vz
5= + :
I-(tz)” (d-1z) (I+12)

(A.99)

This implies that

-B; /(y_Bl) dz *[33/()’*[31) dz *B}/(y*ﬁl) dz
[ e e
(A+Arz7) (1-12) (1+12)

m[ B J

A LBBI —B,+6. (A.100)
l—1| —F3
T(J"B]j

Exponentiating and abusing notation by relabeling e as B> and e* as 0 gives,

2Bt g (A.101)

y=PB + B3

Solving for the normalized and transformed expenditure function then gives

Y, o) = By (x, B) + Ty p)(tgzgﬁ;ggzn (A.102)
2\ )

This is an element of the complex projective transformation group in 6. Alternatively,
solving for the quasi-indirect utility function,
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Y- Bi(x, p)— fBa(x, p) . (A.103)
B, (x, p)[y—Bi(x, p)+1B5(x, p)]

In this case, (A.103) is an element of the complex projective transformation group in y.

O=v(x,p,y)=

In the case where A >0, we also can derive an alternative, but equivalent, expression for
the indirect preferences by using a third change of variables to s = kz, where A=K> >0,

so that

—B3/(y—B1) ~kB3/(y-By) _

J dz . =J Lzzltam*1 Ps =B, +0. (A.104)
1+ (k2) k(1+s°) « y=B

The indirect utility function therefore can be written as

N Lo i _—xBs(g(p). p) o~
LY <) = —t ~ - 5 . A105
v(p, p,m) \II{K an (f(m)—Bl(g(p),p)J B.(g(p). p) p} (A.105)

Alternatively, the normalized and transformed expenditure function can be written as

Kl33(x’ﬁ) . A106
tan {k[B, (x, p)+0(p,u)]} (A.106)

y(xai’au):Bl(x’ﬁ)_

Clearly, (42)—(A.106) have the associated trigonometric form for indirect preferences.

Now assume A <0, define —A =«?, and write 1+Az> = (1+xz)(1—-xz), so that partial
fractions imply

1 1
SRS S S— -~ (A.107)
14222 1-(k2)®> (-xz2) (1+x2)
Integrating as before now gives
B3/ (=B —Bs/(r—B1) —B3/(»-B1)
J dz - v, J dz Ly J dz
(1+Az%) (1-xz) (1+xz2)
1+|{ B j
AN b, —B,+0. (A.108)

I—K(_B3 }
y=B

Notice, in particular, that the only difference between (A.100) and (45) is the purely com-
plex root T and the purely real root k, respectively. Therefore, proceeding precisely as
before, we obtain (A.102) and (A.103) with « simply replacing t everywhere. Hence, the
class of indirect utility functions in both cases is



Building Gorman’s Nest 63

S (m)— B, (g(p), P) —xPB3(8(p), P)
B.(g(p), P)[ f (m) =B, (g(p). P)+xBs(g(p). P)
where v is once again the inverse of 6 with respect to y, and where « is either purely real

or purely complex. The part of v that is associated with (p, m) is an element of the (either
real or complex) projective transformation group over y = f(m).

V(p,il,m)=w{ ],13}, (A.109)

To finalize our characterization and exposition, without loss in generality, we can abuse
notation further by relabeling 3, + k5 as 3, and (-, +«fB;)B, as B;, for k either real or

complex. Then we have the three—parameter relationship

_ =B _BitBO (A.110)
By +B; 1-f3,6

Thus, the closed form solutions that can be found in all full rank three cases are members
of the projective transformation group. The quasi-indirect utility function, 0, is the in-
verse group transformation of the (normalized and transformed) expenditure function, y.
No additional flexibility in income or prices is obtained with a complex x even though
the trigonometric form in (A.106) is an interesting case. Therefore, for the rest of this sec-
tion, we assume that «k is real.

When « is real, the space of all projective transformation groups is referred to in differen-
tial topology as special linear group two and is denoted by 8[(2). It is standard practice

in Lie group theory to identify the space 8[(2) with the set of 2x2 real matrices

38

with unit determinant, od —By =1. Indeed, we have

at=| 0P
v a

as a member of this group, and if we write

:oc6+B o 0 dy—PB ’
Y0+ 0 —-yw+a

(A.111)

we can see immediately that 2x2 matrix inverses in this set are one-to-one and onto with
the inverse functions of the projective transformation group, while I, defines the identity
map in both spaces. Simple algebra then shows that

D _[yB_goa o _ B (08 g0 B _sor] 2
a_x_(aax B@x}{(BGx yaxj (aﬁx 68xﬂy+(yéx SGx]y (A112)
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The usefulness of this representation is that integrablity is represented clearly, concisely,
and simply in the form of four Jacoby brackets between the {a,p,y,0} functions with re-
spect to x. A (very large) set of full rank three indirect utility functions generating mem-
bers of Gorman’s class of functionally separable demand systems is therefore given by

3(g(p), p)f(m)—PB(g(p), p)
—v(g(p), p)f(m)+o(g(p), p)

V(p,i),m)=U{ ,i’}, ad—Py=1. (A.113)

Equivalently, we can represent this class of preference systems in terms of the normalized
and transformed expenditure function,

(e OB ) .
Yoo e O+, Y A.114)

Finally, it is worth noting that y # 0 is required for a full rank three system, and we can

define this class of preferences in terms of Lie’s (1880) rank three transformation group,

) = S0 PP 1) +Blx, p) (A.115)
0(p,u)+3(x, p)

where & =o/y, B=P/y, and 5=35/y. We therefore have established the equivalence of

all full rank three incomplete Gorman systems, the rank three transformation group of Lie
(1880), and the projective transformation group 8[(2) using elementary methods. |

y(x,p,

A.6 Semidefinite Matrices

Lemma 4. Let the nxn real-valued matrix A be symmetric and positive semidefi-
nite. Then ¥ x e R" : x"Ax >0, the matrix A—(x"Ax)"'Axx"A is symmetric
and positive semidefinite, with x contained in its null space.

Proof: Since x' Ax >0 by hypothesis, V zeR", 7' [A - (xTAx)*lexTA] z>0 if and

only if z'Az(x"Ax) > (x"Az)*. Let the matrix Q satisfy 4=QQ" and define v=0"z
and w=0"x . Then z" Az(x" Ax) > (x" Az)* if and only if v"v(w"w)> (v'w)?. The latter
is an n—dimensional statement of the Cauchy-Schwarz inequality, and this inequality con-

tinues to apply when some of the elements of v and or w vanish, which can occur if A has
less than full rank. Finally, inspection verifies that

[A —(x" Ax)™! AxxTA] x=Ax—Ax=0,
so that x is contained in the null space of the matrix
[A —(x"Ax)! AxxTA} . m

Lemma 5. A necessary condition for the symmetric matrix
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2

to be positive semidefinite is B = LL', where L is (upper) triangular, while a
sufficient condition is B = LL" +vyy".

Proof: For necessity, note that if the complete matrix is positive semidefinite, then the
upper left n,xn, submatix B must be as well. This implies the existence of a (possibly re-

duced rank) Choleski factorization B in the form LL'. For sufficiency, note that

B y| |LL+y" y| |L v||L 0 =
yo yooof o7y )



