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result of competitive market forces or labor market segmentation. More recently it has been argued that none
of the two theories sufficiently explains informal employment, but that the informal sector shows a
heterogenous structure. For some workers the informal sector is an attractive employment opportunity,
whereas for others – rationed out of the formal sector – the informal sector is a strategy of last resort. To test
the empirical relevance of this hypothesis we formulate an econometric model which allows for several
unobserved segments within the informal sector and apply it to the urban labor market in Côte d'Ivoire.
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1. Introduction

In the 1970s, when it became a stylized fact that the informal
sector is often the most important employment opportunity in
developing countries, the evolution of the informal sector in the
course of economic development became an extensively researched
topic (Livingstone, 1971; Hart, 1973; Fields, 1975). The topic was
somewhat neglected in the 1980s. But at the end of the 1990s, with
international development policy focusing on poverty reduction, the
informal sector – often considered as the economy of the poor – has
reemerged and become omnipresent on the policy and research
agenda. 1
One often observed feature of urban labor markets in developing
countries is the coexistence of a small, well-organized formal sector
characterized by relatively high earnings and attractive employment
conditions with a large informal sector characterized by low and
volatile earnings. An important question for both the understanding
of the labor market as well as for policy recommendations, is whether
the observed differences in earnings in the formal and informal
sectors are the result of market segmentation or whether competitive
labor market theories hold despite the observed wage differences. In
other words, the question is whether the informal sector is voluntarily
chosen by individuals as an employment opportunity or if individuals
are pushed into informal employment because of entry barriers into
the formal sector. Another related question is whether individuals are
poor because they are employed in the informal sector (an implication
of a segmented labor market); or alternatively, whether they are
employed in the informal sector because they are poor(ly endowed)
with characteristics that generate high returns in the formal sector
(an implication of a competitive labor market).

Traditional dual labor market theories, starting with Lewis (1954),
assert that the informal sector is the disadvantaged sector into which
workers enter to escape unemployment once they are rationed out of
the formal sector where wages are set above market-clearing prices
(Harris and Todaro, 1970; Fields, 1990; Stiglitz, 1976). It is argued that
workers in the informal sector earn less than identical workers in the
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2 For instance, panel data on work flows across sectors, available for some Latin
American countries, would not help to identify involuntary and voluntary informal
employment: If noworkflowexisted between the informal and formal sector this could be
the result of entrybarriers into the formal sector orbecause employeeswouldnot bebetter
off in the formal sector and hence choose to stay within the informal sector.

3 The model can easily be extended to a model where also the formal sector consists
of several segments with unobservable segment affiliation. For example one could
distinguish between private and public formal employment and earnings potentials.
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formal sector. If no entry barriers existed, workers from the informal
sector would enter the formal sector.

While the sizable differences in earnings between the formal and
informal sectors are not a matter of debate, the mere existence of lower
wages in combination with lower returns to education and experience
does not necessarily imply market segmentation (see e.g. Dickens and
Lang, 1985;Heckman andHotz, 1986;Rosenzweig, 1988;Magnac, 1991;
Pratap and Quintin, 2006). A labor market with two distinct sectors and
wage equations does not constitute a segmented labormarket as long as
individuals are free tomove between these two sectors (see e.g. Dickens
and Lang, 1985; Basu, 1997). This suggests a voluntary employment of
individuals in the informal sector (Rosenzweig, 1988; Maloney, 2004).
Voluntary employment in the informal sector can, for example, be due to
desirable non-wage features of the informal sector where individuals
maximize their utility rather than their earnings (Maloney, 2004).
Moreover, workers may have an individual comparative advantage in
the informal sector and would not do any better in the formal sector
(Gindling, 1991; Maloney, 1999, 2004).

Hence, two opposing theories exist: The segmentation hypothesis
sees informal employment as a strategy of last resort to escape
involuntary unemployment, whereas the comparative advantage
hypothesis sees informal employment as a voluntary choice of workers
based on income or utilitymaximization. Several empirical studies have
addressed the question of competitive versus segmented labor markets
in developed and developing economies (see e.g. Dickens and Lang,
1985; Heckman and Hotz, 1986; Rosenzweig, 1988; Magnac, 1991;
Gindling, 1991; Pratap and Quintin, 2006). For the case of developing
countries, Magnac (1991) tests for competitiveness in the framework of
an extendedRoymodel, Gindling (1991) considers the samequestion in
a generalized regression with sample selection, and Pratap and Quintin
(2006) address labor market segmentation taking a semi-parametric
approach. All three papers find evidence of a competitive labor market,
with informal sector employment being a choice of comparative
advantage considerations, rather than a strategy of last resort.

This empirical literature is, however, dominated by the a priori
assumption that the informal sector is homogenous. This assumption
has recently been challenged by several authors (for example Fields,
2005; Paulson and Townsend, 2005; Guha-Khasnobis et al., 2006). The
alternative hypothesis on urban labor markets in developing
countries is a combination of the polar views of segmented and
competitive labor markets and emphasizes a more complex structure
of the informal sector. Fields (2005) argues that the informal sector
consists of two distinct parts: the ‘upper’ tier and the ‘lower’ tier. The
upper tier represents a competitive part into which individuals enter
voluntarily because, given their specific characteristics, they expect to
earn more in the informal than in the formal sector. The lower tier
consists of individuals rationed out of the formal labor market.
Similarly, but from a dynamic perspective, Paulson and Townsend
(2005) show that individuals who start informal entrepreneurial
activities during economic crises (to escape unemployment) are not
only very distinct in characteristics, but also earn a much lower profit
than informal entrepreneurs who started their business during
normal times (often with much higher start-up investments).

However, few studies exist that have analyzed this theory of a
heterogenous informal labormarket from an empirical perspective. The
main problem is that it is not easy to detect a dual structure within the
informal sector as we usually only have data on informal affiliation.
Informationon themotivationof individuals to enter the informal sector
is not available. As a consequence, we cannot directly observe, whether
all or only a part of informal employees see the informal sector as an
opportunity or as a strategy of last resort. To the best of our knowledge,
Cunningham and Maloney (2001), who represent informal enterprises
as a mixture of upper-tier and lower-tier enterprises, have written the
only paper that allows for unobserved heterogeneity in informal
activity. The limitation of this study is that it only looks at informal
entrepreneurs, which is a quite narrow selection of employment
opportunities. The options of formal as well as informal, salaried
employment or staying out of the labor market are not considered in
their analysis.

The objective of our paper is to help close this gap in the empirical
literature. We develop an econometric model which is both able to
detect unobserved heterogeneity in the composition of the informal
sector (as Cunningham and Maloney, 2001), and to take into account
all employment options in the labor market (as Magnac, 1991). The
proposed framework can be classified as a finite mixture regression
with sample selection. Several aspects of our framework are new to
the empirical literature on informality: first, it provides us with
consistent estimates of returns to individual characteristics within
any of the segments of the informal sector, accounting for selection
bias into the labor market (Heckman, 1979; Dickens and Lang, 1985;
Magnac, 1991). Second, it provides us with an intuitive approach to
identify the size of voluntary and/or involuntary employment in the
informal sector (Maloney, 2004; Fields, 2005).

We apply ourmodel to household survey data from Côte d'Ivoire at
the end of the 1990s. We deliberately chose a general household (and
not a labor market) survey from a Sub-Saharan African country for the
following reasons: first, our proposed method is applicable to any
cross-sectional household survey that collects data on general
individual characteristics (including employment and wages), so it
can be used for a wide range of countries and time periods. Second,
focusing on employment data availability and quality has, at least in
the past, largely led to a neglect of Sub-Saharan African labor markets.
Most studies on the informal sector, as well as most work cited in this
paper, have analyzed Latin American countries, where labor market
dynamics might be quite different from Sub-Saharan African
countries. Third, even panel data on labor markets does usually not
provide enough information to test the hypothesis of involuntary and/
or voluntary informal employment.2

Wefind that thehypothesis of a dual structure of the informal sector,
with both voluntary and involuntary employment, best describes the
empirical data on the Ivorianurban labormarket. Policies therefore have
to take into account the fact that the informal sector consists of both
individuals who would like to switch to a formal job and individuals
whocurrentlyhaveno incentiveof doing so. Fromapovertyperspective,
this means that informality is both a cause and a result of poverty.

The paper is structured as follows: In Section 2 we develop the
econometric model. Section 3 presents the data and discusses the
estimation results. Section 4 concludes.

2. Econometric model

Individuals can be employed in the formal or informal sector of the
labor market or they can stay out of the labor market. Given the
objective of the paper, we assume that the formal sector is homoge-
neous, whereas the informal sector can be heterogenous.3 This means
that the informal sector can – if supported by the data – consist of a
numberof (latent) segments,withnoad-hoc assumptionwhether these
segments comprise a voluntary or involuntary employees. Each
segment of the labor market is distinguished by its own unique wage
function.

Household surveys usually only provide information on whether an
individual belongs to the formal or informal sector, but it is impossible to
observe affiliation to a specific segment of the informal sector. Once we
assume that the informal sector has aheterogenous structurewe could–



5 The advantage of choosing log-normal segment-specific earning distributions is that
we obtain an analytical identification result for the fully-parametric estimation.While the
assumption of log-normality is criticized at the aggregate labor market, there is no
argument about the distribution of segment-specific earnings, leaving some freedom to
choose a convenient parametric form. The results that stretch beyond log-normality at the
segment level are desirable for future research.

6 For example, bimodality, too heavy tail(s), unusual skewness with multiple points of
inflection that couldnot be smoothed outbykernel density estimates, too steep increaseof
the probability mass close to the mean relative to too flat tops etc. in the aggregate
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at least hypothetically – also try to identify segments within the
informal sector using observable variables (such as industries, wages,
etc.). The problem is that we would have to make various ad-hoc
assumptions without any evidence about whether these assumptions
are close to the true structure of the labormarket.Wewouldfirst have to
decide which variable(s) (e.g. industries or wages) actually identify
whether a worker belongs to a specific informal segment. Second, we
would have to know the exact number of segments within the informal
sector. Last, we would have to have information on the fraction of
informal workers that are paid according each wage equation. This
information is unavailable, and trying tomake a sophisticated guess can
lead to substantial biases (see Dickens and Lang, 1985).

In the next section,we therefore develop an econometricmodel that
allows us to analyze a heterogenous informal labor market with
unobservable sector affiliation of individuals, using minimal a-priori
assumptions:we let the data determine thenumber and size of informal
segments that best describe the data.

2.1. Latent segments and earnings distribution

The entire labor market Y consists of J segments Yj, such that
Y=∪ j=1

J Yj. We assume that within any given segment Yj log-earnings
are described by a wage equation

lnyij = x′iβj + uij; i∈ Yj; ð1Þ

where yij are the earnings of an individual i in segment j. The error
term follows a normal distribution with zero mean and variance σj

2,
uij∼N(0,σj), and errors are uncorrelated across segments. Thus, our
assumption is that earning distributions within all segments are
distinct and independent of each other. Furthermore, the wage
function, i.e. the returns (βj) to individual characteristics (xi) varies
from segment to segment.

It is well-known (Heckman, 1979) that the distribution of observed
earnings is influenced by the decision of individuals to enter (or not
enter) the labormarket. In otherwords, the observed sample ofworkers
is a non-random sample of all individuals because of self-selection into
the labormarket.We assume that individuals' employment decision is a
function of a set of personal characteristics zi:

yis = z′iγ + uis; uis ∼ N 0;1ð Þ; ð2Þ

such that the earning yij is observed only if the outcome of the
selection Eq. (2) is positive. Assume that the errors of the segment-
specific wage Eq. (1) and the selection Eq. (2) follow a bivariate
normal distribution with correlation coefficient ρj. It is easy to show
that the distribution of observed wages in the j-th segment of the
labor market is given by

f yij jyis N 0
� �

=
φ lnyij−x′iβj

� �
= σj

� �
σjΦ z′iγ

� � Φ
z′iγ + ρj =σj

� �
lnyij−x′iβj

h i
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ρ2j

q
0
B@

1
CA; ð3Þ

where φ and Φ denote the density and the cumulative density
functions of the standard normal distribution, respectively (see
Appendix, Lemma 1).4

Last, whereas a typical household survey frequently provides
information on whether an individual works in the formal or the
informal sector, few provide information on either the existence or
number of segments within the informal sector let alone the
assignment of individuals within the informal sector to each segment.
4 Apart from being demonstrated in the Appendix, Eq. (3)is known as a backbone
for the maximum likelihood estimation of the original Heckman (1979) regression
with sample selection.
Treating segment affiliation as unobserved, we estimate the proba-
bility P(i∈Yj)=πj of any individual i belonging to any segment Yj, and
the distribution of observed wages in the entire labor market is:

f yið Þ = ∑
J

j=1
πjf yi jyis N 0; θj
� �

: ð4Þ

f(y|ysN0,θj) is given in Eq. (3), and θj≡{βj,σj,ρj}.
The model developed above can be described as a finite mixture

with sample selection. It is easy to see that this model has two
commonly known special cases. Assuming that J=1 (i.e. there is no
unobserved sector heterogeneity) it reduces to the original Heckman
(1979) selection model. Assuming that ρj=0 (i.e. there is no self-
selection into the labor market) it reduces to a finite mixture. The
model's advantage over the original Heckman model is that (log-)
normality is assumed only at the segment-specific level, whereas on
the aggregate level the distribution f(yi) has a flexible form.5 Its
advantage over a simple finite mixture model is that sample selection
is taken explicitly into account, which allows a consistent estimation
of segment-specific returns to individual characteristics.

Any data set will only support the mixture model described in
Eq. (4) if there is sufficient heterogeneity in the dependent variable yi.
Otherwise the mixture cannot be estimated successfully and would
collapse into a single component density. Thus, a successful
estimation of a mixture indicates the presence of latent subgroups
that come from different earning distributions.6

Moreover, even if the observed earning outcomes are indeed
generated by numerous underlying distributions, we still need to
make sure that the mixture model developed in Eq. (4) is identifiable.
The identification approach taken in this paper is fully parametric. To
understand parametric identification, consider the definition of a non-
identifiable mixture: for a given family of distributions, the mixture
model is not identified if another mixture model exists that implies
the same probability of observing an outcome yi for any i. Hence, we
have to find a parametric form for the component density to ensure
that two distinct mixture models can never provide the same
probability of observing yi. All possible densities that allow for
identification of a finite mixture are distinguished by some particular
property of their shape, one of which is described by Teicher (1963). 7

The density of our model is given in Eq. (3). We therefore only need to
analyze whether this density belongs to the admissible set of
distributions that lead to an identifiable mixture. The following
proposition establishes the necessary result.

Proposition 1. For any given selection rule {z,γ}, the model (Eq. (4))
is identifiable if ρj=ρ, ∀ j=1,..., J.

Proof. The proof verifies the sufficient condition for identifiability of
finite mixtures given in Teicher (1963). See Appendix. □

Proposition 1 means that, as a consequence of self-selection into
the labor market we have to focus on a sub-class of mixtures, where
the correlation between the errors of the wage and the selection
equations is set to be the same for every segment. We argue that, from
distribution of yi speak for outcomes that come from two or more underlying latent
distributions.

7 Teicher (1963) formulates the sufficient condition for identification in termsof Laplace
transforms of themixture distribution. By uniqueness of a Laplace transform for any given
probability distribution, identifiability of the transformed model immediately implies
identifiability of the original model.
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an economic point of view, this necessary condition is not too
restrictive. The economic meaning of a positive (negative) correlation
of error terms in a regression with sample selection is that a worker
with a higher (lower) valuation of employment has a higher
probability to be found at the upper (lower) end of the earnings
distribution, if the selection mechanism reflects such a valuation of
employment. The identification restriction ρj=ρ implied by Propo-
sition 1 therefore means that a person with a higher valuation of
employment is more likely to be found at the higher end of the
earning distribution, irrespective of the segment. These probabilities
need, however, not be equal across segments even if ρj=ρ, because
the probability of occupying a higher position within the segment-
specific earning distributions also depends on the variance para-
meters of log-earnings σj, which are segment-specific.

2.2. Employment opportunity or last resort?

The finite mixture setting also allows us to analyze whether the
distribution of individuals across the sectors of the labor market is a
result of market segmentation or a result of comparative advantage
considerations. We assume that workers are earning maximizers who
know the wage function, and hence also their expected earnings given
their own characteristics, for each segment of the labor market. In this
case competitive theorywould imply that any individualwill be found in
the sector where his expected earnings, given his personal character-
istics, are the highest. The hypothetical distribution of individuals across
sectors in a competitive market will therefore be given by

P i ∈ Yj
� �

= P E lnyij jyis N 0; xi

h i
= max

l;l∈ 1; J½ � E lnyil jyis N 0; xi½ �f g
� �

; ð5Þ

j=1,..., J.8 This distribution is conditional on both individuals'
characteristics and the returns to these characteristics in each
segment of the labor market, and assumes that there are no entry
barriers to any sector. Individuals are always found in the segment
that pays the highest expected wage for them.

On the other hand, the actual distribution of individuals across
sectors is given by the distribution P(i∈Yj)=πj, j=1,..., J, in Eq. (4). If we
cannot reject that the actual distribution (Eq. (4)) and the hypothetical
distribution of workers across sectors (Eq. (5)) are equal, there is an
indicationof perfect sectoralmobility. In otherwords, individualswould
be found in the sector where, given their specific characteristics, they
have the highest earning opportunity. Such a market can be considered
competitive. Rejection of equality of these two distributions of workers
across sectors would indicate the existence of some sort of entry barrier
that prevents certain individuals from being in the sector that pays the
highest expected wage to them.9 To avoid unemployment, individuals
choose a strategy of last resort, entering a sector with lower earning
opportunities, i.e. the market is segmented.10

2.3. Implementation

For the estimation of our model we suggest the following two-step
procedure:

Step 1 Estimate γ from the selection Eq. (2) by running a Probit on the
data for employed and non-employed individuals.
8 Details on the computation of this distribution are presented in the Appendix.
9 Note again that with a mixture model we cannot directly observe which

individuals are found in which sector. We can only estimate the share of individuals
that are found in each sector and compare this estimation with the shares we would
obtain if every individual were found in the sector where he would earn – given his
characteristics – the highest expected wage.
10 It is important to note that the assumption that sector choice is only based on
expected earnings might be too simple to reflect the actual complexity of individuals'
entry decisions into various segments of the labor market. Modeling more complex
sector choice mechanisms is an avenue for future research.
Step 2 Use z′i γ̂ as consistent estimates of zi′γ to estimate the model in
Eq. (4) on the data for all employed individuals.

Asmentioned before,we knowwhether an individual belongs to the
formal sector or the (heterogenous) informal sector. We do not know,
however, whether an individual works in one or the other segment
within the heterogenous informal sector. We denote the set of earning
outcomes in the formal sector by YF, and the number of observations in
the formal sector by NF. The total log-likelihood can then be written as

lnL = ∑
i∈YF

lnf θF ;ρ jyiF ;yis N 0;xi;z′i γ̂
� �

−NF lnπF

+ ∑
i∉YF

ln ∑
J−1

j=1
f θIj ;ρ jyiI;yis N 0;xi;z′i γ̂
� �

πIj

 !" #
;

ð6Þ

where πF is the probability of belonging to the formal sector, πIj is the
probability of belonging to the j-th segment of the informal sector and
f(⋅) is the component density function given in Eq. (3) with the
relevant j-specific parameter vector θIj. The asymptotic covariance
matrix of the parameter estimates on the second step is given by

V ξð Þ = D−1 ξð Þ + D−1 ξð ÞM ξ;γð ÞD−1 ξð Þ; ð7Þ

where ξ={{θj}j=1
J ,ρ,{πIj} j=1

J−1} is the parameter vector, D(ξ) is the
expected negative Hessian from the second step and M(ξ,γ) is the
matrix constructed using scores from the first and second steps (for
the exact form of M(ξ,γ), see Murphy and Topel, 1985). Finally, it is
straightforward to show that the maximum likelihood estimate of πF

is equal to the observed share of formal workers in the sample.11

3. Empirical application

3.1. Data description

Themodel developed in the previous sections is applied to the case
of Côte d'Ivoire at the end of the 1990s. After independence, Côte
d'Ivoire retained – like most other West-African countries – the
stringent labor market policies and institutions from the French
colonial administration. Formal labor market restrictions were mainly
characterized by a reliance onminimumwages, labor unions linked to
the government, centralized hiring mechanisms and considerable
constraints on firing employees (Rama, 1998).12 With the large
devaluation of the CFA Franc in 1994, labor market policies in Côte
d'Ivoire have started to experience significant changes, especially with
regard to the government monopoly over hiring decisions.

According to a World Bank survey in the 1990s, governmental
labormarket regulations were not seen as amajor problem for growth
and/or employment by most private firms. Unfortunately, no such
survey on labor market regulations and their impact on employment
is available for employees, in particular with regard to entering the
public sector, which still constituted about 40% of the formal sector in
the 1990s. From an institutional analysis, the magnitude of the impact
of labor market restrictions, i.e. entry barriers into the formal sector,
on informal sector employment is hence unclear.

The data we use is the 1998 Ivorian household survey, the Enquê te
de Niveau de Vie, undertaken by the Institut National de la Statistique de
la Côte d'Ivoire and the World Bank.13 We focus our analysis on the
urban population (to exclude agricultural employment) and limit our
sample to individuals between the age of 15 and 65 years. This leaves
11 The outlined two step procedure is a limited information maximum likelihood
approach. Full information maximum likelihood estimation is equally possible, although
computationally more demanding.
12 Payroll taxes and social benefits were up to 2000 and in comparison to other
developing countries rather low in Côte d'Ivoire.
13 We used a rather dated survey of Côte d'Ivoire to exclude the specific effects of the
Ivorian crisis since 2001.
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us with a sample of 5592 observations. Among these, we consider
individuals who voluntarily stay out of the labor market, as well as
those who are involuntarily unemployed, as inactive. Only 11.3% of
the inactive population are actively looking for employment and we
therefore decided that we can include them into the group of the
voluntary inactive without loss of information.

The active population is classified into the informal and formal sector
according to reported primary employment. Information on secondary
employment is also available in the data and dual employment in the
informal and formal sector is indeed a phenomenon often observed in
developing countries. One could integrate this additional data in our
model without a large change in the structure of the model and
analyzing dual job holdings would be most interesting for future
research.

All individuals who work in the public sector or who have a written
contract with a company that pursues formal bookkeeping are
considered as formal employees. We are aware of the fact that the
public formal sector and the private formal sector might also be quite
distinct with regard to earning opportunities and/or earning equations.
The focus of this paper is, however, informal sector heterogeneity and
for simplicity we combined the two sectors. We also decided to not
exclude the public sector from our analysis. We think that the public
sector is important when analyzing whether the informal sector is an
opportunity (with regard to any formal employment) or a strategy of
last resort; especially in Sub-Saharan African countries, where a large
part of the formal sector is public sector employment. Moreover, in
many Sub-Saharan African countries, including Côte d'Ivoire (Rama,
1998), governments still have a large influence on formal private
employment and, hence, the distinction between formal private and
formal public is not always clear-cut.

We define the active population which is either self-employed or
which is employed without a written contract or with a company
without formal bookkeeping as the informal sector. Hence, we follow a
legal definition of informal employment as proposed by the Interna-
tional Labor Organization (ILO) in 1993 (see e.g. Hussmanns, 2004).We
are aware that various other definitions of informal employment have
emergedwithin the last years (Guha-Khasnobis et al., 2006), but for our
analysis a legal definition seems to be most appropriate.

Fig. 1 illustrates kernel density estimates of monthly formal and
informal earnings. Table 1 reports the corresponding samplemeans.We
usemonthlywages insteadof hourlywages.Given theoften constrained
working hours in the informal sector we think that monthly wages
reflect earning opportunities in the informal sector better than hourly
wages.14 Fig. 1 also demonstrates that despite the considerable
difference in mean earnings, the densities of informal and formal log-
earnings overlap to a large extent. This already shows that not all
informal employment is inferior to formal employment with regard to
wages.

Table 1 displays summary statistics of further variables used in the
earning and selection equations. The information is provided for the
population as a whole as well as separately for inactive workers and
workers in the informal and formal sectors. Educational levels are the
highest in the formal sector (8.1 years), with somewhat lower and
much lower levels among inactive (5.8 years) and informal
(2.9 years) workers, respectively.15 With regard to age, we find that
the inactive population is the youngest (mean age of 25.2 years)
14 If individuals in the informal sector only worked few hours (or days) per months
we calculated monthly income based on the actual hours worked and did not scale up
income by “theoretical” working hours per months. Many activities in the informal
sector are part-time jobs by nature and employees in the informal sector could not
easily increase their income by simply providing more labor hours per month.
15 To reflect potential sector-specific non-linearities in returns to education, we
specify education by education levels in our estimations. We define 1 to 6 years of
education as low, 7–10 years of education as medium, and more than 10 years of
education as high (see Table 1). The residual group none has zero years of education
(and is almost identical to one minus the literacy rate in the population).
followed by informal (34.7 years) and formal (36.6 years) employees.
In addition, membership in the formal sector is dominated by males,
who constitute 80.6% of all formal employees. In contrast, only 49.0%
of informal workers and 40.6% of inactive individuals are males.

Finally, an interesting observation can be made about the
distribution of religious groups. The formal sector is dominated by
Christians whereas the informal sector is dominated by Muslims. This
may be the result of the specific composition of the government (the
public sector) which is dominated by Christians andwhich constitutes
a large part of the formal sector. An alternative ‘geographic’
explanation is that formal employment is predominantly concentrat-
ed in the southern cities (especially in Abidjan) wheremost Christians
live, whereas Muslims are predominantly living in the north.

To specify the selection equation of entering the labor market, we
use additional variables: The number of infants in the household, the
number of children under the age of 14 in the household, the number
of old household members (members in their sixties), household size
and the number of active members in the household. The reason for
choosing this set of variables is twofold. First, we argue that selection
variables should collect household-specific reasons which influence
the decision to participate in the labor market, by determining the
opportunity cost of staying out of the labor market, but at the same
time have no direct impact on the earning potentials of individuals.
Second, the chosen variables for a selection equation should provide
sufficient exclusion restrictions (Olsen, 1980; Little, 1985).

From the descriptive statistics in Table 1 it is obvious that
considerable differences in characteristics between both the inactive
and the active population as well as betweenworkers employed in the
informal and formal sectors exist. Systematic differences between
active and inactive individuals highlight the possibility of self-
selection into the labor market. Systematic differences between
individuals employed in the formal and informal sectormight indicate
comparative advantages in either sector.16

3.2. Segmented informal labor market

We start with an analysis of the number of segments within the
informal labor market. The econometric model described in Section 2
allows for any number of unobserved labor market segments. A test for
existence of an additional segment is an extremely complex statistical
problem because the null hypothesisH0:πj+1=0 is on the boundary of
the parameter space for πj+1, and because the parameter vector θj+1 is
16 An alternative explanation for systematic differences in characteristics would be
employers' discrimination based on workers' characteristics.



Table 2
Model selection.

Information criteria

Informal sector SBC cAIC H–Q

Homogeneous 13861.5 13949.7 13792.7
2-segment 13840.0 13941.2 13722.4
3-segment 13916.8 14031.0 13750.4

Table 1
Summary statistics of the urban labor market.

Totala Inactive Active

Informal Formal

Sample (%) 100 52.6 31.3 16.1
Monthly earnings 98,815 – 64,837 164,995

Variables in wage equation
Sex (male=1, %) 49.7 40.6 49.0 80.6
Age (years) 30.0 25.2 34.7 36.6
Education (years) 5.3 5.8 2.9 8.1
Education (%)
None 38.2 31.5 59.7 18.2
Low 21.3 21.6 22.5 17.8
Medium 23.8 29.6 11.6 28.4
High 16.7 17.3 6.2 35.6

Literacy (yes=1, %) 64.1 69.8 44.4 84.0
Training after school (yes=1, %) 17.6 11.1 14.7 44.3
Religion (%)
Muslim 43.4 38.3 56.8 33.8
Christian 42.2 46.2 30.6 52.2
Indigenous 14.4 15.5 12.6 14.0

Living in Abidjan (yes=1, %) 49.6 50.4 42.2 61.7

Exclusion variables in selection equation
Infants in HH 0.96 0.97 0.98 0.86
Children in HH 2.09 2.31 1.85 1.85
Old members of HH 0.20 0.24 0.18 0.10
HH size 8.24 9.23 7.19 7.01
Active HH members 2.26 1.98 2.77 2.17

Source: Enquête de Niveau de Vie, 1998. Computations by the authors.
Notes:Monthly earnings in CFA Francs. a “Total” refers to individuals between 15 and 65
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not defined under H0. This issue was first pointed out by Heckman and
Hotz (1986).17 For practical considerations we decide on the number of
segments on the basis of information criteria. Leroux (1992) shows that
information criteria consistently estimate the number of segments
within a finite mixture.18We estimate the model with a homogeneous,
two-segment and three-segment informal sector. Results for model
selection are reported in Table 2.

Table 2 shows that the specification with a two-segment informal
sector describes the data best, and that the three-segment specifica-
tion already overparameterizes the model. Moreover, the three-
segment specification shows a very low probability of belonging to
the third segment of the informal sector: The third segment of
informal employment would only make up 3.1% of the entire labor
market. We therefore conclude that the specification with two wage
equations, and hence with two distinct earnings segments within the
informal sector, provides us with the best description of the urban
labor market. The estimated parameters of the wage and selection
equations for a labor market with two unobservable segments within
the informal sector are shown in Table 3.

Our first important finding is the statistical significance of the
correlation coefficient ρ. This underlines the necessity of accounting for
sample selection into the labor market when estimating coefficients of
segment-specific wage equations. Furthermore, since the estimation of
the distribution of individuals across sectors based on individuals'
optimal sector choice (Eq. (5)) is also dependent on slope coefficients,
accounting for sample selection is crucial for a correct estimation of
Eq. (5) and conclusions based on its results (see Section 3.3).

Our second important finding is that the expected wages in both
informal segments are significantly below the expected wage in the
formal sector. Moreover, there is also a significant difference between
expected earnings in the higher-paid (Informal-1) and lower-paid
17 Andrews (2001) is the first to provide a theory of testing under such circumstances,
but implementation of the test is nontrivial.
18 We use Schwarz (SBC), consistent Akaike (cAIC) and Hannan–Quinn (H–Q)
information criteria.
(Informal-2) informal segments. Informal-1 pays, on average, 50%
higher wages than Informal-2. Finally, both informal segments are
considerable in size, making up 36.6% (Informal-1) and 29.5%
(Informal-2) of the whole labor market, or 55.4% and 44.6% of the
informal labor market, respectively.

Last, we find differentwage equations in each of the three segments.
Returns to education andexperience (measured in years of age) arehigh
in the formal sector. In the higher-paid segment of the informal sector
(Informal-1) education and experience also have a significant impact on
individuals' earnings. But returns to education are only half of the
returns in the formal sector and low education levels show even no
returns. In the lower-paid informal sector (Informal-2) returns to
experience are only two thirds of the returns to experience in the other
two segments of the labor market, and education appears to have no
influence at all. Hence,workers in the lower-paid informal sector are left
with very low wages almost independent of their skills.

Furthermore, whereas gender has a significant impact on earnings in
all segments of the labor market, the male–female wage gap within each
informal segment iswider thanwithin the formal sector. One explanation
is that legal enforcement in the formal sector prevents high sex-specific
wage discrimination. Alternatively, it is possible that only themost skilled
females enter the formal labor market, which contributes to a lower
difference in earnings. Location and religion do not have an impact on
earnings in the formal sector but have a significant impact on earnings in
both informal segments of the labor market.

Thus, not only dowefind that the urban labormarket in Côted'Ivoire
consists of one formal and two latent informal earnings segments; we
also find that each of these segments shows a distinct pattern of returns
to individual characteristics.

Significant variations in returns to individual characteristics do,
however, not necessarily imply that a labormarket is segmented (in the
sense of informal employees being rationed out of the formal labor
market), as long as no entry barriers can be found between any
segments of the labor market. To understand the reasons behind the
observed wage differentials across segments, we have to analyze
whether the observed distribution of individuals across the formal and
informal segments is the result of free sectoral mobility (competitive
market) or the result of entry barriers into one or several of the sectors
(segmented market), which we do in the next section.

3.3. Employment opportunity and last resort

If no entry barriers between sectors existed an individual that
maximized his expected earnings would enter the sector where his
expected earnings (given personal characteristics) are the highest,
leading to the distribution of individuals across sectors as formulated in
Eq. (5).Without entry barriers this hypothetical distribution –whichwe
will call earnings-maximizing distribution in the following – should be
the same as the actual distribution of individuals across sectors in
Eq. (4). If, however, entry barriers are in place, individualswill be under-
represented in the segments where they would earn the highest
expected wage and we will observe a statistically significant difference
between the actual distribution of workers across sectors and the
hypothetical earnings-maximizing distribution.

Let π̂j

n oJ

j=1
denote the estimate of the actual distribution and let

π̃j

n oJ

j=1
denote the estimate of the earnings-maximizing distribution.



Table 3
Model with a two-segment informal sector.

Formal Informal 1 Informal 2
Coeff. (Std. error) Coeff. (Std. error) Coeff. (Std. error)

Intercept⁎ 7.1584 0.3858 Intercept⁎ 7.5951 0.3298 Intercept⁎ 7.4615 0.5624
Sex⁎ 0.3570 0.0738 Sex⁎ 0.6511 0.0709 Sex⁎ 0.4683 0.1212
Age⁎ 0.1281 0.0199 Age⁎ 0.1206 0.0173 Age⁎ 0.0833 0.0297
Age2/100⁎ −0.1175 0.0261 Age2/100⁎ −0.1286 0.0225 Age2/100⁎ −0.1038 0.0383
Education/Low⁎ 0.3014 0.0986 Education/Low 0.1014 0.0918 Education/Low 0.1757 0.1645
Education/Medium⁎ 0.6851 0.0930 Education/Medium⁎ 0.2853 0.1209 Education/Medium 0.1265 0.2136
Education/High⁎ 1.1867 0.0921 Education/High⁎ 0.7811 0.1842 Education/High 0.2747 0.2734
Training⁎ 0.1902 0.0633 Training −0.0862 0.1084 Training⁎ 0.6439 0.2003
Muslim 0.1378 0.0902 Muslim −0.1232 0.0986 Muslim⁎ 0.7320 0.2036
Christian −0.0196 0.0853 Christian −0.0731 0.1030 Christian 0.3996 0.2069
Abidjan 0.0712 0.0580 Abidjan⁎ 0.1806 0.0692 Abidjan⁎ 0.2566 0.1179
σ⁎F 0.8343 0.0194 σ⁎I1 0.6450 0.0411 σ⁎I2 1.2837 0.0567

ρ* 0.1168 0.0493

πF* : 0.3392 0.0092 πI1* : 0.3661 0.0417 πI2* : 0.2947 0.0438
Expected log-wage: 11.3524 Expected log-Wage: 10.5051 Expected log-wage: 10.1013
Expected wage: 105,085.84 Expected wage: 41,755.55 Expected wage: 28,026.71

Selection equation:
Intercept −0.0422 0.0400 Number of obs. (cens): 2939
Sex⁎ 0.5682 0.0374 Number of obs. (mix): 2653
Infants⁎ 0.2705 0.0196
Children⁎ 0.2677 0.0162 Log-likelihood: −5276.07
Old −0.0518 0.0439
HH size⁎ −0.2693 0.0092
Active members⁎ 0.4709 0.0157

Notes: Asterisk indicates significance at 5% level. Monthly wages in CFA Francs.
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Both of these estimated distributions are plotted in Fig. 2. We observe
that the fraction of individuals who, conditional on their personal
characteristics, would be better off in the formal sector is almost
double the actual share of formal sector employees. The contrary can
be observed for the lower-paid informal segment (Informal-II), where
the actual number of workers is three times higher than the number
of workers who would choose to be employed in this segment for
comparative advantage reasons. Table 4 reports the estimated

probabilities for the actual, π̂j

n oJ

j=1
, and earnings-maximizing,

π̃j

n oJ

j=1
, distributions as well as the ratios of these estimated

probabilities, π̂j =π̃j, for each segment. We also report the respective

bootstrap confidence intervals.
The results in Table 4 indicate that at a 5% significance level the actual

probability of workers to be found in the formal or the lower-paid
informal sector (Informal-2) is significantly different from the hypo-
thetical earnings-maximizing probability. It is only equal for the higher-
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Fig. 2. Distribution of individuals across sectors.
paid informal sector (Informal-1).Wefindπ̂j = π̃jb1 for the formal sector,
π̂j = π̃j = 1 for the higher-paid informal sector and π̂j = π̃j N 1 for the
lower-paid informal sector, which implies that:

(i) the share of workers who are actually employed in the formal
sector is significantly lower than the share of workers that
would choose to work there if no entry barriers existed,

(ii) the actual share of individuals found in Informal-1 is equal to
the share of workers who would choose to work in this sector,

(iii) the actual share of workers in Informal-2 is significantly higher
than the share ofworkers thatwould voluntarily stay in this sector.

We can therefore reject the hypothesis of unlimited sector mobility
and a fully competitive labor market. The labor marked studied here
includes involuntary employment at least in the lower-paid informal
segment, where a significant fraction of workers would do better if
working in another segment of the labor market. Furthermore, our
results do neither support the hypothesis of full labor market
segmentation, that considers all informal employment as a strategy of
last resort. Fig. 2 and Table 4 clearly show that both informal segments
(mainly Informal-1 but also Informal-2) contain a significant fraction of
individualswhowouldnot bebetter off in anyother sector— at leastwith
regard to expected earnings. We therefore conclude that the informal
market consists of both voluntary and involuntary employment.

With the results of Table 4 we can also quantify the relative size of
informal employment ‘by choice’ and ‘by force’. The share of
individuals who voluntary work in the informal sector and who
would not be better off in the formal sector, is the sum of the shares of
Table 4
Distribution of individuals across sectors.

Formal Informal-1 Informal-2

Value [95% conf. int.] Value [95% conf. int.] Value [95% conf. int.]

π̂j 0.3392 [0.3196, 0.3567] 0.3661 [0.2314, 0.4930] 0.2947 [0.1818, 0.4305]
π̃j 0.6351 [0.3666, 0.7753] 0.2744 [0.1287, 0.5278] 0.0905 [0.0429, 0.1869]
π̂j = π̃j 0.6038 [0.4270, 0.9369] 1.3999 [0.4855, 3.4732] 3.3766 [1.2218, 8.0180]
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individuals found in each segment of the informal sector according to
the earnings-maximizing distribution. The difference between the
actual and hypothetical share of all informal employment is the share
of informal employment that is a strategy of last resort to escape
unemployment. According to our estimates, 44.8% of informal
employment is not voluntarily, and it is mainly, but not exclusively,
found in the lower-paid informal segment. Individuals who have a
comparative advantage in the informal sector make up the remaining
55.2% of the informal labor market, and they are predominantly found
in the higher-paid informal segment.19

One might question the robustness of the presented results with
regard to the assumption made that individuals are earnings-max-
imizers rather thanutility-maximizers. It is indeedpossible to argue that
our empirical results are a consequence of non-wage preferences for the
informal sector and not the evidence of entry barriers into the formal
sector. Given the significantly lower earnings in the informal sector, this
would mean that the informal sector brings along considerable non-
wage advantages that the formal sector cannot offer. However, we think
that the informal sector should not have more (and we would argue
rather less) positive non-wage features than the formal sector.20 Hence,
assuming that individuals are earnings-maximizers should not consid-
erably bias our results. De Paula and Sheinkman (2008) further stress
that informal activity is mainly driven by tax avoidance, which would
provide an additional argumentwhy individuals prefer being employed
in the informal sector despite considerably lowerwages (given the same
individual characteristics). The incomemeasure in this paper is after tax
income so that a tax advantage of the informal sector should not have an
influence on our results.

Our result that voluntary and involuntary informal employment
co-exist is particularly important for the design of policies which aim
to decrease informal activities to improve individuals' low and volatile
earnings, and to increase fiscal revenues. For individuals for whom
informal employment – at least until now – is the best opportunity,
policies should aim at improving individuals' ‘poor’ endowments to
enhance their earning possibilities in the formal sector. Measures to
increase the attractiveness of formalization of enterprises might also
be considered for this part of the informal sector. For individuals or
enterprises who consider the informal sector as a strategy of last
resort, policy interventions should counter entry barriers into the
formal sector, for example, by easing formal registration or by
lowering minimum wages in the formal sector.

4. Conclusion

In this paperwe formulate aneconometricmodel of the labormarket
that allows for unobserved earnings heterogeneity and accounts for
sample selection caused by individuals' self-selection into the labor
market. The model furthermore provides an intuitive approach for
analyzing whether employment in the informal sector of the labor
market is voluntary or a strategy of last resort.

We apply themodel to study the structure of the urban labormarket
in pre-conflict Côte d'Ivoire. Our results show that the informal sector is
composed of two segments with a distinct wage equation in each
segment. We further find that both segments are considerable in size,
each making about half of informal employment. In addition, we show
19 Note, that the magnitude of voluntary and involuntary informal employment is
not necessarily equal to the size of high (Informal-1) and low (Informal-2)
remuneration within the informal sector. Moreover, more than two unobserved
segments with distinct wage equations (e.g. Informal-3, Informal-4 etc.) are possible,
but still only two types of employment – voluntary and involuntary – can exist.
20 Whereas the informal sector offers more flexibility for employees and less
regulations for the self-employed, the formal sector provides employment rights and
access to social security, medical insurance and pension funds for employees and legal
protection, easier access to (and possibly lower cost of) capital and potential increases
in business size and hence economies of scale for employers.
that one segment of the informal sector is superior to the other in terms
of significantly higher average earnings as well as higher returns to
education and experience.

We also test whether the detected structure of the informal sector
is a result of market segmentation that deters individuals from
entering the desired sector, or a result of comparative advantage
considerations of workers. Our results reject the hypothesis of
unlimited sector mobility of workers, detecting a considerable
number of informal workers that would be better off in another
segment of the labor market (most, but not all, of them found in the
lower-paid informal segment). However, a larger share of informal
employees (mainly, but not solely, found within the higher-paid
informal segment) seem to have a comparative advantage in the
informal sector. Hence, the informal sector includes both individuals
for whom informality is a strategy of last resort to escape unem-
ployment and individuals who have a comparative advantage in the
informal sector. The estimated size of involuntary informal employ-
ment is about 45% of the entire informal sector.

Our findings are particularly important for policies which aim to
combat informal employment for employee protection or tax
collection purposes, as they have to address both individuals who
would like to switch to a formal job and individuals who currently
have no incentive of doing so. For the theoretical modeling of labor
markets in developing economies we conclude that neither solely
competitive nor exclusively segmented labor market theories provide
an appropriate explanation of labor market dynamics. Moreover, we
suggest that wemight even have to rethink the general assumption of
no entry barriers into the informal sector, and acknowledge the
possibility of entry barriers into its higher-paid segment. An
interesting follow-up of this analysis could be to apply our developed
model to various other developing economies for a cross-country
comparison of the relative sizes of voluntary and involuntary informal
employment. A regional comparison between Sub-Saharan African
countries and Latin American countries seems to be especially
interesting.

From an econometric perspective, our results show that tests for
labor market segmentation in developing economies can be mis-
specified by ignoring the employment decision of individuals (e.g.
Dickens and Lang, 1985; Cunningham and Maloney, 2001) or a
possible latent heterogeneous structure of the labor market (e.g.
Heckman and Sedlacek, 1985; Magnac, 1991; Pratap and Quintin,
2006).

Our paper also opens avenues for future methodological research.
Our current framework allows to study latent segments within the
informal labor market and to cautiously conclude about the voluntary
and/or involuntary nature of informal employment. The proposed
model is only a baseline framework and further extensions are
possible. The most interesting one would be to explicitly model
selection into each of the observed and/or unobserved segments,
allowing error terms of segment-specific wage equations to be
correlated across the labor market in addition to selection into
employment in general. A known special case of this environment is a
Roy model with multiple markets which we would obtain under
perfect observability of sector affiliation. We acknowledge that such
an extension could have an influence on the wage equations
estimated within each single sector of the labor market, and hence
also alter our conclusions about the voluntary/involuntary composi-
tion of the informal sector.21
21 The essential problem of this extended model is identification. Known identifica-
tion results (Dahl, 2002) rely on observability of sector affiliation, which is
incompatible with an informal labor market comprising involuntary and voluntary
employment that cannot be distinguished by observable variables. Therefore, without
at least some proxy measures of informal sector affiliation in the data, new
identification results need to be worked out, which is a research project in itself.
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Appendix. Auxiliary results and proofs

Lemma 1. Let regression equations

lny = x′β + u; u∼N 0;σð Þ; and ys = z′γ + us; us∼N 0;1ð Þ;

describe the outcomes (y,ys) of the wage and selection variables
respectively and let (u,us) follow a bivariate normal distribution with
correlation coefficient ρ. Then

f y jys N 0ð Þ = φ lny−x′βð Þ = σð Þ
σΦ z′γð Þ Φ

z′γ + ρ= σð Þ lny−x′β½ �ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ρ2

p
 !

is the probability density of the observed wage outcomes given the
selection rule ysN0.

Proof. Using Bayes formula, we get

f y jys N 0ð Þ = P ys N 0 jyð Þf yð Þ
P ys N 0ð Þ :

Once (u,us) are jointly normally distributed with the parameters
as above, the density of us conditional on u is a normal density with
mean (ρ/σ)u and variance 1−ρ2. Thus

P ys N 0 jyð Þ = P z′γ + us N 0 jyð Þ = P us N −z′γ jyð Þ

= P
us− ρ=σð Þuffiffiffiffiffiffiffiffiffiffiffiffiffi

1−ρ2
p N

−z′γ− ρ=σð Þuffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ρ2

p jy
 !

= 1−Φ
−z′γ− ρ=σð Þuffiffiffiffiffiffiffiffiffiffiffiffiffi

1−ρ2
p jy

 !

= Φ
z′γ + ρ= σð Þuffiffiffiffiffiffiffiffiffiffiffiffiffi

1−ρ2
p jy

 !
= Φ

z′γ + ρ= σð Þ lny−x′β½ �ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ρ2

p
 !

:

Since the marginal density of us is normal with mean 0 and
variance 1, we finally have

f y jys N 0ð Þ = Φ
z′γ + ρ= σð Þ lny−x′β½ �ffiffiffiffiffiffiffiffiffiffiffiffiffi

1−ρ2
p

 !
f yð Þ

P ys N 0ð Þ

= Φ
z′γ + ρ= σð Þ lny−x′β½ �ffiffiffiffiffiffiffiffiffiffiffiffiffi

1−ρ2
p

 ! 1
σ
φ lny−x′β
� �

= σ
� �
P us N −z′γð Þ

= Φ
z′γ + ρ= σð Þ lny−x′β½ �ffiffiffiffiffiffiffiffiffiffiffiffiffi

1−ρ2
p

 ! 1
σ
φ lny−x′β
� �

= σ
� �
1−Φ −z′γð Þ

=
φ lny−x′βð Þ= σð Þ

σΦ z′γð Þ Φ
z′γ + ρ= σð Þ lny−x′β½ �ffiffiffiffiffiffiffiffiffiffiffiffiffi

1−ρ2
p

 !
;

which completes the proof. □

Lemma 2. Let

f xð Þ = φ x−μð Þ= σð Þ
σΦ að Þ Φ

a + ρ= σð Þ x−μ½ �ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ρ2

p
 !

be a density of a random variable X defined on ℝ. Then bilateral
Laplace transform ϕ{f(x)}(t) of this density is given by

ϕ f xð Þf g tð Þ = e
1
2 t

2σ2−tμ Φ a−tσρð Þ
Φ að Þ :

Proof. By definition of the bilateral Laplace transform,

ϕ tð Þ = ∫ + ∞
−∞ e−xt f xð Þdx = ∫ + ∞

−∞
e−xtφ x−μð Þ=σð Þ

σΦ að Þ Φ
a + ρ=σð Þ x−μ½ �ffiffiffiffiffiffiffiffiffiffiffiffiffi

1−ρ2
p

 !
dx:

ðA1Þ
Considering extφ((x−μ)/σ) we notice that

e−xtφ x−μð Þ = σð Þ = e−xt 1ffiffiffiffiffiffi
2π

p e−
1
2
x−μð Þ2 =σ2

=
1ffiffiffiffiffiffi
2π

p exp −xt− x2−2xμ + μ2

2σ2

( )

=
1ffiffiffiffiffiffi
2π

p exp −
x2−2x μ−tσ2

� �
+ μ2

2σ2

8<
:

9=
;

=
1ffiffiffiffiffiffi
2π

p exp −
x− μ−tσ2
� �� �2
2σ2 +

μ−tσ2
� �2−μ2

2σ2

8><
>:

9>=
>;

=
1ffiffiffiffiffiffi
2π

p exp −
x− μ−tσ2
� �� �2
2σ2 + t2σ2

= 2−μt
� �8><

>:
9>=
>;

= e
1
2
t2σ2−tμφ x− μ−tσ2

� �� �
=σ

� �
:

Substituting this back into (A1) and rearranging we get:

ϕ tð Þ = ∫ + ∞
−∞ e

1
2
t2σ2−tμ φ x− μ−tσ2

� �� �
=σ

� �
σΦ að Þ Φ

a + ρ=σð Þ x−μ½ �ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ρ2

p
 !

dx

=
e
1
2
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φ
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dx

and finally, for ρ≠0,

ϕ tð Þ = e
1
2
t2σ2−tμ

Φ að Þ ∫ + ∞
−∞ Φ

x +
aσ
ρ

−μ
� �

σ
ρ
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0
@

1
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ðA2Þ

For the integral in (A2) consider the change of variable s=b−x,
(ds=−dx), where b is an arbitrary constant. This implies

ϕ tð Þ = e
1
2
t2σ2−tμ

Φ að Þ ∫ + ∞
−∞ Φ

b−s +
aσ
ρ

−μ
� �

σ
ρ
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φ −

s−b + μ−tσ2
� �
σ

0
@

1
Ads

=
e
1
2
t2σ2−tμ

Φ að Þ ∫ + ∞
−∞ Φ

b−sð Þ− μ− aσ
ρ

� �
σ
ρ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ρ2

q
0
BB@

1
CCA 1

σ
φ

s− b− μ−tσ2
� �� �
σ

0
@

1
Ads;

ðA3Þ

where the last step obtains by virtue of the symmetry of the normal
probability density function. Let g(x ;μx,σx) and G(x ;μx,σx) denote the
density and cumulative density functions of the normal distribution
withmean μx and variance σx

2, respectively. Rewriting (A3) in terms of
g(x) and G(x) we get

ϕ tð Þ = e
1
2
t2σ2−tμ

Φ að Þ ∫ + ∞
−∞ G1 b−s;μ− aσ

ρ
;
σ
ρ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ρ2

q� �
g2 s;b− μ−tσ2

� �
;σ

� �
ds:

ðA4Þ

The integral in (A4) is a convolution of two normally distributed
variables. We know that for any two independent random variables
U∼H1 and V∼H2 their sum W=U+V follows the distribution H(w)
which is a convolution

H wð Þ = ∫ + ∞
−∞ H1 w−sð ÞdH2 sð Þ;
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(see, e.g., Cramér, 1999, p.189–190). Furthermore, we know that the
sum W=U+V of two independent normally distributed variables
U∼G1(u;μu,σu) and V∼G2(u;μv,σv) follows normal distribution
W∼G w;μu + μv;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
u + σ2

v

p� �
. Thus

∫ + ∞
−∞ G1 b−s;μ− aσ

ρ
;
σ
ρ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ρ2

q� �
g2 s;b− μ−tσ2

� �
;σ

� �
ds

= G b−s + s;μ− aσ
ρ

+ b− μ−tσ2
� �

;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2

ρ2 1−ρ2
� �

+ σ2

s0
@

1
A= G b;b− aσ

ρ
+ tσ2

;
σ
ρ

� �

= Φ
b− b− aσ

ρ
+ tσ2

� �
σ = ρ

0
BB@

1
CCA= Φ

aσ
ρ

−tσ2

σ = ρ

0
B@

1
CA= Φ

σ
ρ

a−tσρð Þ
σ = ρ

0
B@

1
CA= Φ a−tσρð Þ:

Substituting this result into (A4) we finally have22: ϕ tð Þ =

e
1
2
t2σ2−tμΦ a−tσρð Þ=Φ að Þ, which completes the proof. □

Proof of Proposition 1. We verify the necessary conditions for
identifiability, provided by Teicher (1963), Theorem 2.

Let a ≡ z′γ, μ j ≡ x′βj and let H={H} be a family of the
distributions with the density functions

h y;μj;σj;ρj
� �

=
φ lny−μj
� �

= σj

� �
σjΦ að Þ Φ

a + ρj = σj

� �
lny−μj
h i

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ρ2j

q
0
B@

1
CA: ðA5Þ

Using Lemma 2, bilateral Laplace transform of (A5) is given by

ϕj tð Þ = e
1
2
t2σ2

j −tμj
Φ a−tσjρj
� �
Φ að Þ :

Let Sϕj
denote the domain of definition of the transform ϕj(t). We

need to show that there exists an ordering ≺ of the family H such that
H(y;μ1,σ1,ρ1)≺H(y;μ2,σ2,ρ2) implies: (i) Sϕ1

pSϕ2
, and (ii) there exists

some t1∈ Sϕ1 such that lim
t→t1

ϕ2 tð Þ=ϕ1 tð Þ = 0. Consider

ϕ2 tð Þ
ϕ1 tð Þ = e

1
2
t2 σ2

2−σ2
1

� �
−t μ2−μ1ð Þ Φ a−tσ2ρ2ð Þ

Φ a−tσ1ρ1ð Þ :

First we show that a general class of the finite mixtures with
component densities (A5) is not identifiable.
• Order the familyH of lexicographically, so that H(y ;μ1,σ1,ρ1)≺σ,μ,ρH
(y ;μ2,σ2,ρ2) means that: (a) σ1Nσ2, (b) if σ1=σ2, then μ1Nμ2 (or
μ1bμ2), and (c) if σ1=σ2 and μ1=μ2, then ρ1Nρ2. Then (i) Sϕ1

pSϕ2
is

fulfilled. However, (ii) for σ1=σ2 and μ1=μ2 we see that
lim

t→ + ∞Φ a−tσ ρ2ð Þ=Φ a−tσ ρ1ð Þ is always undetermined when-

ever ρ1 N ρ2 N 0 and lim
t→−∞Φ a−tσ ρ2ð Þ=Φ a−tσ ρ1ð Þ is always

undetermined whenever 0 N ρ1 N ρ2.
22 The same approach is used e.g. for the derivation of the Gini coefficient of the
lognormal distribution (see Aitchison and Brown, 1963, [Aitchison, J., and J., Brown,
“The Lognormal Distribution”, Cambridge: Cambridge University press, 1963]).
Applying the l'Hospital's rule to solve the indeterminacy we see that

lim
t→∞

ϕ2 tð Þ
ϕ1 tð Þ = lim

t→∞
e
1
2
t2 σ2

2−σ2
1

� �
−t μ2−μ1ð Þ lim

t→∞
Φ a−tσ2ρ2ð Þ
Φ a−tσ1ρ1ð Þ

= lim
t→∞

e
1
2
t2 σ2

2−σ2
1

� �
−t μ2−μ1ð Þ lim

t→∞
σ2ρ2
σ1ρ1

	 

φ a−tσ2ρ2ð Þ
φ a−tσ1ρ1ð Þ

= lim
t→∞

e
1
2
t2 σ2

2−σ2
1

� �
−t μ2−μ1ð Þ

× lim
t→∞

σ2ρ2
σ1ρ1

	 

e−

1
2
t2 σ2

2ρ
2
2−σ2

1ρ
2
1

� �
+ ta σ2ρ2−σ1ρ1ð Þ

=
σ2ρ2
σ1ρ1

	 

lim
t→∞

e
1
2
t2 σ2

2 1−ρ22
h i

−σ2
1 1−ρ2

1

h i� �
−t μ2−μ1½ �−a σ2ρ2−σ1ρ1½ �ð Þ

and ρ1Nρ2 does not insure that the leading term in the exponent will

always be negative for σ1bσ2, implying lim
t→∞

ϕ2 tð Þ=ϕ1 tð Þ≠0. The

same result obtains if the ordering with respect to ρ is ρ1bρ2.

Thus, there is no ordering that leads to lim
t→t1

ϕ2 tð Þ=ϕ1 tð Þ = 0 at

least for some t1∈Sϕ1 . Since the second condition fails, a class of finite

mixtures of the family H is not identifiable.
Next we show that a general class of the finite mixtures of a

subfamily of H is identifiable.

• Consider a subfamilyH′⊂H in which ρj=ρ ∀ j. OrderH′ lexicograph-
ically, so that H(y;μ1,σ1)≺σ,μH(y;μ2,σ2) means that: (a) σ1Nσ2, (b) if
σ1=σ2, then μ1Nμ2. Then (i) Sϕ1

pSϕ2
is fulfilled, and (ii) for t→−∞

we see that lim
t→−∞

ϕ2 tð Þ=ϕ1 tð Þ = 0, which satisfies the second

condition of Theorem 2 in Teicher (1963).

Thus a general class of finite mixtures of a subfamily H′ with the
common correlation coefficient ρ is identifiable. □

Estimation of the hypothetical distribution of workers across sectors

The distribution in question is given by

P i∈Yj

� �
= P E lnyij jyis N 0;xi

h i
= max

l;l∈ 1; J½ � E lnyij jyis N 0;xi

h in o� �
;

j=1,..., J. Define the indicator function I(yij) such that

I yij
� �

= 1; if E lnyij jyis N 0;xi

h i
= max

l;l∈ 1;J½ � E lnyij jyis N 0;xi

h in o
0; otherwise

8<
:

Then the above distribution is estimated by

P i∈Yj

� �
= n−1∑n

i = 1 Î yij
� �

;

where the estimated sector-specific expected log-wage for every
individual is given by

Ê lnyij jyis N 0;xi

h i
= x′i β̂j + ρ̂ σ̂ j

φ −z′i γ̂
� �

1−Φ −z′i γ̂
� � :
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