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Abstract: In Brazil, the National School Feeding Program (PNAE) seeks to contribute to the socio-
economic development of smallholder farmers, prioritizing them in supplying their products for
preparing daily meals in public schools. However, farmers face challenges in determining which
school calls to bid for and the potential benefits from their participation, due to the multiple quan-
titative and qualitative decision criteria involved. This paper presents a novel Data Envelopment
Analysis (DEA)-based method for bidding priority setting, to support the decision making. The
model was applied for a case study in Brazil. The academic contribution lies in the innovation of
using a Double-Frontier Slack-Based Measure (SBM) DEA model for Hierarchical Network systems,
i.e., applied to multiple levels and followed by a tie-breaking method. The practical contribution
lies in the decision support of farmers by presenting the results at three levels, the first of which is a
ranking by the town or urban cluster priority, the second by the school, and the third by the products.
Thus, using the rankings of calls, farmers can make informed decisions regarding the feasibility of
bidding for each PNAE public call. At the same time, the objective rankings can alleviate friction and
conflict within co-operatives during the decision-making process.

Keywords: smallholder farmers; bid/no-bid decisions; institutional markets; Data Envelopment
Analysis (DEA); Slack-Based Measure (SBM); hierarchical network systems

1. Introduction

“Equal access to land” is set as a pillar for three goals of the 2030 United Nations
Development Agenda—namely, Ending poverty (Goal 1), Ending hunger (Goal 2), and
Achieving gender equality (Goal 5). In this context, the promotion of smallholder farmers’
welfare and their products’ commercialization means a shift from subsistence to more
market-oriented farming and represents a fundamental step for achieving global goals.

In the last decades, Brazil received international recognition for successful initiatives
against poverty and hunger [1]. Among the Brazilian initiatives, the PNAE (National
School Feeding Program) is believed to be the largest institutional procurement program
in the world that deliberately prioritizes purchasing from smallholder farmers [2]. In this
program, Brazilian public schools must allocate at least 30% of the total budget available
for food purchases to the acquisition of products from local smallholder farmers. This
initiative seeks, at the same time, to guarantee fresh and healthy food for students, as well
as income generation for smallholder farmers.
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One of the procurement rules is the prioritization of organized local groups of small-
holder farmers, such as cooperatives and associations of Agrarian Reform, Maroons (de-
scendants of Africans in the Americas who formed settlements away from slavery), or
Native American farmers [3]. In this way, the PNAE can also be seen as a program that
promotes the dynamics of associateship and self-organization processes, which was already
pointed out as an effective way for sustainable development as well as financial gains [4].

According to the perception of public agents, most challenges in implementation
are related to the fact that smallholder farmers face several difficulties to operate in the
institutional market context. Based on the perception of the smallholder farmers, the
main challenge is deciding which public calls they should apply for, as: (1) the calls are
published almost simultaneously by each school; (2) the deadline for bidding for the calls
is short; (3) the application process is bureaucratic and requires significant effort, time, and
travel cost for physical bid submission for each call; (4) there are many schools with many
products and different purchase prices, even for the same product; (5) the location of each
school affects the delivery cost of the products; and (6) depending on the school location,
the priority of each farmer varies according to the potential competitors.

Therefore, it is necessary to support the smallholder farmers in deciding which calls to
attend, considering their objectives and constraints. Currently, the decision is intuitively
made, leading them to often choose to attend less profitable, or even, economically unviable
calls. Moreover, “Responsible Rural Research and Innovation” has already been pointed
out as a new field of research, once digitalization creates new socio-technical systems which
can marginalize rural places [5]. In this way, PNAE implementation requires encompassing
digitalization for improving efficiency.

1.1. Purpose and Structure

Given the aforementioned context, this paper aims to present a tool to support the
decision making of smallholder farmers for priority setting for the bid/no-bid decisions,
regarding which public calls they should choose to apply for. This tool considers simultane-
ously the quantitative characteristics of the calls and the qualitative parameters that reflect
the objectives of the smallholder farmers and is based on the calls’ relative efficiencies. Fur-
ther, the developed method and tool need to be easily automated and quickly applied and
updated when new bids are created and new DMUs need to be included in the revaluation
of the problem, facilitating and speeding the decision-making process of the smallholder
farmers. So, DEA is a suitable method for this purpose. In academic terms, it also represents
a methodological innovation to evaluate the bid/no-bid decision using a multiple-level
Double Frontier Slack-Based Measure (SBM) Data Envelopment Analysis (DEA) model.
The method consists of the application of the SBM for hierarchical network systems and
the Double-Frontier (DF) Composite Index (CI) method for tie-breaking purposes.

Regarding the structure of the paper, Section 1.2 presents the Literature Review of
Data Envelopment Analysis (DEA) as a decision-support tool. Section 2 describes the Mate-
rials and Methods in two main subsections, the case study context (including information
about the PNAE program and settlement of Canudos), and the methodology (including the
existing Hierarchical Network DEA, the proposed model, and the tiebreaking approach).
Section 3 presents the results and discusses implications, and Section 4 presents the conclu-
sions, summarizing the results and discussing their implications in smallholder farmers’
development.

1.2. Literature Review

Bid/no-bid decisions are usually made in a context of at least two players: a contract-
ing one, responsible for offering a tender for delivering a project or products (normally
associated with long-term contracts or high-volume financial transactions) [6] and a player
in becoming legally responsible for delivering a project or products if it wins the tender [7].

In the past, the common practice has been to base the ‘bid/no-bid’ decision primarily
on subjective intuitions, which are usually influenced by a mix of experience and guesses [8].
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Additional factors were introduced in the process, leading to an increase in complexity,
highlighting the need for more structured and objective approaches [9,10].

The literature for systematic bid/no-bid decision-making, from the perspective of
the service/product provider, has been developed overwhelmingly for auctions in civil
construction [11–14]. Although it is possible to find papers investigating bid/no-bid
decisions of institutional markets [15,16], applications beyond civil construction are scarce.
The context of smallholder farmers applying for the public calls can be compared to the
construction context regarding the attributes of resource capability and company reputation,
though it differs regarding the competition [17].

The construction sector involves competitive bidding, in which two sequential deci-
sions are made: firstly, the decision on whether to bid or not and secondly, the definition
of the mark-up level for the shortlisted bids [12]. The PNAE process is similar because
the total number of competitors is not known in advance [7,16]. However, the PNAE
fixes the bidding price and prioritizes the selection of vulnerable groups (co-operative of
smallholders, Native American groups, Maroons groups, etc.), local/less-distant producers,
and the type of product (organic and ecological) [2]. This is a critical differentiating aspect,
as bids are awarded based on the combination of two criteria: distance from the schools and
social exclusion [3]. This fact eliminates the need for mark-up level decisions (commons to
the civil construction sector), as contract prices and production costs are fixed and known
in advance of bidding. The only exception is the product distribution costs, which depends
on the number of bids the farmers will be successful in. Consequently, the expected profit
may be estimated with a reasonable confidence level.

Moreover, differently from civil construction, the competition is limited to the geo-
graphical distance where the production and transportation/distribution costs render the
participation in a call for the PNAE fixed price bid profitable. The existence of priority
groups that may be interested in participating in the same call can be estimated and be
considered in the decision-making process. In this regard, the PNAE features lower un-
certainties and associated risks than civil construction [7,16] and allows farmers to focus
exclusively on the economic dimension of the bid.

Decision Support and Data Envelopment Analysis (DEA)

Two prominent decision support systems (DSS) family of tools are applied to ‘bid/no-
bid’ decisions: model-driven DSS and knowledge-driven DSS [7]. The first approach
applies statistical analysis, based on historical data, to support the decision. However,
model driven DSS’s drawback is the assumption of the competitors’ past bidding behavior
being like the future one [16]. On the other side, knowledge-driven DSSs use structured
and unstructured data, including also qualitative information, normally expressed on a
linguistic scale [16], and transforming them into quantitative values through a variety of
techniques. Among this kind of DSS, the most used are based on the multi-criteria decision
methods (MCDM) [17,18].

A wide variety of criteria can be found in the literature [19–21], though they have a
common drawback, which relates to the influence of the decision-makers’ subjectivity on
the outcome of the decision [18]. Mathematical programming solves this drawback [22]. In
this regard, data-driven techniques, such as Data Envelopment Analysis (DEA), may be
seen as more adequate to reduce bias due to subjective allocation of weights, since they
automatically attribute weights [14,23].

Ref. [24] compared Analytic Hierarchy Process (AHP) and DEA, two methods widely
applied to rank systems and DMUs, showing that both methods have similarities and
drawbacks. Ranks with a high correlation coefficient can be obtained when applying AHP
and DEA, but at the same time suggesting different benchmarking. The analysis also
showed that AHP is better for gradual improvement, but it needs more steps to generate
results than DEA.

According to [25], another disadvantage of the AHP, besides the high computational
requirement and increased time (even for small problems), is the effort demanded to make
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pair-wise comparisons and revaluation of the problem when adding new DMUs. Further,
these pair-wise comparisons would require too much effort and time from the smallholder
farmers, just because of the size of the problem, so this kind of problem would reduce the
utility of the method. In addition, DEA is a quicker strategy with fewer steps. So, applying
DEA can be advantageous in situations where time is a priority, and it is more suitable to
the purpose of this work because it would be needed to re-evaluate the problem every time
a new bid is created.

The DEA is used to evaluate the relative efficiency of Decision-Making Units (DMUs),
through the insertion of measures (usually classified as inputs and outputs), and automat-
ically attributes weights. The same parameter setup always results in the same rank of
efficiency, without the process mechanism’s obscurity [26]. Among the DEA strengths for
use in bid/no-bid, it can be cited: (i) accommodation of many measures and DMUs; (ii)
inputs and outputs not required to have the same measurement units; and (iii) the weights
are resulted from data, reducing arbitrariness. It also permits the constraints of weights,
whether necessary [26].

A previous paper [27] proposed a taxonomy of the DEA literature. The authors stated
that, as a new topic of Management Science, the DEA literature was growing exponentially,
expanding the domains of application. For example, at the time, the authors identified
agriculture as a domain, though not explicitly policymaking yet. For example, at the
time, the authors identified agriculture as a domain, though not explicitly policymaking
yet. Regarding applications in small-scale agriculture, a further paper [23] applied a DEA
model integrated to Double Bootstrap Approach in Principal Component Analysis for
measuring the relative technical efficiency of smallholder maize farmers in Zimbabwe.
Through the DEA approach, it is possible to identify factors affecting technical efficiency
and best management practices. Similarly, another paper [28] applied a DEA model and
Tobit regression to determine the relative technical efficiency of smallholder potato farm-
ers in Cameroon. In large-scale agriculture, a previous paper [29] applied a DEA model
with a networking model for determining the most efficient expansion areas for soybean
plantation. Another paper [30] applied DEA for investigating the impact of the COVID-19
pandemic in sugarcane plantations for attending green-fuel demands. Regarding specif-
ically policymaking, the DEA was applied for discriminating the efficiency of Brazilian
state governments in implementing the Bolsa Família Program, seen as a necessary policy
to achieve the Millennium Development Goals [31].

Ref. [32] developed a Decision Support System based on two sequential MILP opti-
mization models, guiding smallholder farmers from developing countries, and applied it
to a Brazilian institutional market, so that the vulnerable community can make a better
decision on supplying their products to schools based on the optimal bidding and contract
acceptance strategy. Their first step is applied to a similar context, but differently from
what is proposed here. They applied a MILP (Mixed Integer Linear Programming) model
based only on quantitative criteria, as the net profit. In the second step, they applied
another MILP model, but with more details to support whether to sign the contract or not.
Another difference is that in our proposed model we used qualitative criteria, aside from
the quantitative criteria.

Though a paper [22] stated that DEA applications also arose as a tool to gain insight (ag-
gregating qualitative and quantitative measures) into bidders’ comparative performances,
when applied as an MCDM, DEA inputs are understood as measures to be minimized (in
the benefit of the efficiency) and DEA output, as measures to be maximized [26].

Additive DEA models work under Constant Returns to Scale (CRS) as well as Variable
Returns to Scale (VRS) assumptions and do not require the choice of orientation. Among
them, Slack-Based Measure (SBM), proposed by [33], advanced the technique, generating
an index between zero and one as a result [34].

According to [35], through using the Hierarchical Network (HN) DEA model, the
integration of different levels of DMU (a lower level of sub-DMUs being aggregated at an
upper level, as a unique DMU) can be done by constructing the frontier based only on the
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lower level of sub-DMUs, even for DMUs with different internal structures (i.e., different
combinations of sub-DMUs).

Evaluating different categorical DMUs jointly could be considered unfair due to
heterogeneity [36]. Considering hierarchical levels is a way to solve this problem, e.g.,
suppose that a problem has two levels. Level 2 can influence level 1, but it would be unfair
to let level 2 be influenced by level 1. So, the frontier for DMUs from level 1 is constructed
considering constraints of all DMUs, while the frontier for DMUs from level 2 is constructed
considering only DMUs from level 2, excluding the constraints of DMUs from level 1.

Refs. [10,37] applied DEA to the context of bid/no-bid decision, using a CRS DEA
model, oriented to inputs, without weight restrictions. Similarly, to the current application,
each DMU represents a bidding opportunity. Similarly to [10], ref. [37] considered the
qualitative measures only before the DEA model application, while incorporated linguistic
judgments to DEA measures. Ref. [37] discussed the limitations of DEA discrimination
power and pointed out that the model of [37] as a solution, though, as well as [38], did not
discuss the incorporation of tie-breaking methods.

In this regard, the current paper applies the SBM model of [33] with hierarchization
levels based on [35], followed by the composite index tie-breaking method, created by [39].

In the proposed model, there is a need to deal with similar bids in terms of inputs and
outputs, but different aggregated structures (levels), in terms of the number of products
and numbers of school calls, once the farmers can propose a bid that attends the call
partially (considering only some schools and/or some products). It is a problem of three
levels, towns (level 1), schools (level 2), and products (level 3). The bid for each town can
present different aggregations of inputs and outputs in each level (the towns are level 1 in
the hierarchical system and their data are aggregations from schools that are level 2, and
similar aggregation applies to the relation among school in level 2 and products in level
3). Therefore, it is necessary to use a Hierarchical-Network Data Envelopment Analysis
(HN-DEA) model to address these differences under structure levels.

Although the SBM model has already been applied with composite index tie-breaking
for international supply chain management [40–43], the combination with a double-frontier
composite index and HN structure is a novelty. In this way, besides the social relevance for
supporting bid/no-bid decisions of smallholder farmers, the present paper also brings a
methodological novelty in the DEA literature.

2. Materials and Methods
2.1. Case Study Context

This section describes more details about the PNAE program and the settlement of
smallholder farmers, the current case study context.

2.1.1. The National School Feeding Program (PNAE)

In Brazil, public schools are legally liable to provide free daily meals to students [44].
Public schools may be municipal, state, and, in a few cases, federal. In 2017, 99.4% of
children age between 6 and 14 years were in school; among them, 8.35 million were in
municipal schools [44].

Since 2013, the PNAE Law [3] established that 30% of public-school food budget
allocation must be directed for acquiring products from local smallholder farmers. The
program also set rules for each school (or association of schools) establishing and opening
the public calls (with the bidding price for each product) and prioritizes the criteria of
bidder selection in the following order: (1) bidders’ social exclusion level (cooperative
of smallholders, Native American groups, Maroons groups, etc.), (2) local/less-distant
producers, (3) the type of product (organic and ecological), and (4) the type of bidder
(individual, informal group, or formal group) [2].

This is a critical differentiating aspect, as bids are awarded based on the combination
of four criteria, and not on the bid price [3]. This fact eliminates the need for mark-up
level decisions—common in civil construction [14] as contract prices and first estimative
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of production costs are fixed and known in advance of bidding. The only exception is
the product distribution costs, which depend on the number of bids the farmers will be
successful in. Consequently, the expected profit may be estimated in advance with a
reasonable confidence level.

The competition is limited to the geographical distance where the production and
transportation/distribution costs render the participation in a call for the PNAE fixed price
bid profitable. The existence of priority groups that may be interested in participating in the
same call can be estimated and be considered in the decision-making process. In this regard,
the PNAE features lower uncertainties and associated risks than civil construction [15,18].

Figure 1 shows the part of the interest of the PNAE process in this study. At first, the
calls for bids are published informing about the products demanded by each school in
each town. As the smallholder farmers are informed about the calls, they must make a
decision regarding which products, from which schools, in which towns they will present
a sales project proposal (at this stage the proposed DEA is applicable). After receiving
the proposals from the farmers, the school managers must make a ranking of the winning
proposals for each of the products using the prioritization criteria. Following the ranking,
the schools call the farmers to sign contracts for supplying food products to schools. At
this point, the farmer can withdraw their proposals and not sign the contract. If this occurs,
the schools invite the next farmer in the ranking, without penalty for the farmer who did
not sign the contract. However, in case the farmer signs the contract and does not comply
with it, as a penalty, the farmer cannot participate in the bid of the next time-period.

Figure 1. Illustration of the PNAE process and Decision Making of the Smallholder Farmers.

Some studies on public procurement in Brazil brought elements of the context and
importance of the PNAE. Ref. [45] carried out a representative survey of the Brazilian
population to verify people’s understanding of ethical consumption and public purchases
based on the PNAE. The result of this work raises the discussion of how ethical consumption
can be thought of collectively when it comes to this type of scholar feeding program by
government procurement. Most Brazilians think that the criteria used by the PNAE are
not only the price and quality, but they also included social, environmental, and animal
rights aspects. According to their interview results, 91% of Brazilians wanted citizens to be
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involved in defining public procurement criteria. In this research, the view of Brazilians
is that the PNAE continues to support family farming, as this opens the possibility that
schools provide nutritionally superior foods, the local economy is strengthened and that
buying from local farmers would reduce transport costs in addition to enabling the rural
population to live with better dignity. Additionally, they feel that the menu of public
schools, prepared by nutritionists, should recognize and include the regional food culture,
being concerned with the local cultural identity [45].

Ref. [46] carried out a study for analyzing the case of school meals in São Paulo,
Brazil. Although the city of São Paulo is the largest buyer of school food products in
Brazil (3200 educational institutions contracted or managed by the city of São Paulo,
900,000 enrolled students, 1.8 million meals a day), the requirement to purchase 30% of
family farm products has not yet been met. This is due to difficulties related to the extension
of the territory and intense traffic that leads to logistical problems in providing fresh food
to the school. Examples of actions taken to enable the purchase of family farming products
was the transformation of a shed into a distribution centre that is intended for family
farming organizations in a rotation system with cooperatives exchanged every 90 days.
Additionally, a logistics company was hired to transfer fresh produce from family farmer
properties to the distribution centre or other intermediary locations.

A study carried out by [47] with municipal public managers investigated the purchase
of food from family farming in a broader way than the PNAE and identified that the
purchase of products is more frequent among managers who work in municipalities with
less than 50,000 inhabitants, or in self-managed (there is neither leadership nor hierarchy)
and educational institutions. It also identified that municipalities that purchase products
from family farming promote healthier and sustainable food actions. In addition, the
study demonstrated that the lack of technical assistance to producers, the seasonality of
production and the bureaucratic purchasing process makes it difficult to purchase products
from family farming.

2.1.2. The Settlement of Canudos

The PNAE Law is an institutional guarantee that a substantial percentage of the
ingredients of school meals must be bought locally, from smallholder farmers. In 2017,
there were 972,289 smallholder farmers in Brazil, living in 9374 settlements [48]. The
settlement of Canudos is in the state of Goiás, 80 km away from Goiânia (the capital of the
state). Currently, 320 families live in the settlement and each family has a 21-hectare farm
(considered small in Brazil). Each farm is autonomous to decide what to plant, to produce,
and where to distribute its products.

The smallholder farmers from Canudos currently produce more than 29 agricultural
products and some groups of farmers have associations to facilitate the commercialization
of their products. The main commercialization channels are fairs and the supply of milk for
the dairy industry. The first market is characterized by sales uncertainty, and the second
market is characterized by the low price paid for production. Thus, smallholder farmers
consider the PNAE as an important market for guaranteeing the flow of production at a
good price and a constant and predictable income (once they win the bid).

The team of researchers (during the years 2017, 2018, and 2019) adopted an action
research approach, supporting the small farmers of the Canudos Settlement regarding
the preparation of sales projects for the PNAE. This led to the identification of the main
challenges regarding decision making about public calls, which is assumed to be like those
in most Brazilian smallholder farmers.

Specifically, for this study, the research team conducted two one-day workshops (in
2018 and 2019). During the first workshop, the farmers pointed out they needed help
to decide which public calls they should apply for, once the schools publish the calls
simultaneously, the deadlines are short, the application process is bureaucratic, and it
requires significant effort, time, and travel cost for physical bid submission for each call.
Furthermore, there are many schools with many products and different purchase prices,
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even for the same product, and the location of each school affects the delivery cost of
the products.

Besides this, depending on the school location the priority of each farmer varies
according to the potential competitors. During the first workshop, rough information
about costs was also collected. After the event, all historical calls were consulted and
data regarding products and prices were collected. During the second workshop, the
model results was presented to the farmers, as well as the inputs and outputs and their
calculations, to confirm whether the values seemed reasonable and applicable in practice.
The farmers approved it and the model was presented in the next section. Although the
application here is limited to the settlement of Canudos, it is expected to replicate the
same methodology and tools to all other settlements and developing contexts, because the
proposed model was made for general hierarchical-network systems, and the measures
(inputs and outputs), DMUs, and hierarchical levels can be adapted to different demands.

2.2. Methodology

This section is divided into three subjections. The first discusses the rationale for model
type selection, the second proposes a model, and the third incorporates the tiebreaking
approach for the proposed model.

2.2.1. HN-DEA Models

In this topic, the proposed DSS, based on HN-DEA, is presented. The analyzed
units (calls) are named Decision Making Units (DMUs). A DEA rank result equal to
“1” represents a DMU with 100% efficiency and a rank result equal to “0” represents a
completely inefficient DMU. Except for the efficient DMUs, each one of the others, with
results between 1 and 0, represents a DMU that can be improved to achieve the efficient
frontier, considering efficient DMUs as benchmarks, and a deeper investigation of this
DMU result may point out the directions for efficiency achievement.

Due to the different aggregated structures of the levels in bid/no-bid problems, an
HN model can be used to address it. Ref. [35] developed a model to calculate the efficiency
of these kinds of systems (an example of application is shown in Figure 2).

Figure 2. Illustration of the hierarchical system. Source: Adapted from [35].

According to [35], this efficiency calculation can be generalized to hierarchical levels.

Specifically, the efficiency of the whole DMU0 system is Ehnw
k =

∑n
j = 1 ujyj0

∑m
i = 1 vixi0

; of the pth sub-
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unit at Level 1, as a subordinate under the DMU0, is E(p)
k =

∑n
j = 1 ujy

(p)
j0

∑m
i = 1 vix

(p)
i0

; of the qth sub-unit

at Level 2, as a subordinate under the pth sub-unit of level 1, is E(p,q)
k =

∑n
j = 1 ujy

(p,q)
j0

∑m
i = 1 vix

(p,q)
i0

, of the

rth sub-unit at Level 3, as a subordinate under the rth sub-unit of level 2 and pth sub-unit

of level 1, is E(p,q,r)
k =

∑n
j = 1 ujy

(p,q,r)
j0

∑m
i = 1 vix

(p,q,r)
i0

; and so on.

The lower levels are the ones without subordinates. In the case of system from Figure 2,
these are the rth sub-units in level 3 (sub-units (2,2,1) and (2,2,2)), plus the sub-units in
level 2 without subordinates in level 3 (sub-units (1,1), (1,2), (1,3), and (2,1)). The other
Sub-DMUs can be aggregated using these lower levels, even the most upper level that
represents the DMU, at level 0. The original model of [35] is presented in Appendix A. The
adopted Slack-Based Measure (SBM) DEA model, formulated in [33], is integrated into the
current application as it will be shown in the next subsection.

In the literature of DEA application to bid/no-bid problems, usually, only the efficient
DMUs (efficiency = 1) are considered as bid options [10]. Though, here, it is proposed to
consider all DMUs (including the inefficient ones), because even inefficient DMU could be
profitable, despite their efficiency not being equal to 1. In this way, the final ranking is more
important than efficiencies. In this regard, avoiding ties in the final ranking is important, so
the proposed model will also incorporate the double-frontier composite index (tie-breaking
method developed by [39]) to obtain a final ranking.

The composite index (with double frontier) was initially proposed by [49], and further
developed by [39], and applied for the SBM model in [50,51]. The inverted efficiency
(used jointly with standard efficiency to compute the double frontier composite index) is
formulated by handling outputs as inputs, and inputs as outputs. The formulation of the
Inverted SBM model is presented in [40].

In bid/no-bid decisions, the aggregation method may mix sums with averages. For
example, considering a profit based on revenue, production, and logistics costs. The
logistics cost to transport some products to schools, one school at a time at the school level,
is different from transporting to all schools at once at the town level. In other words, at
the town level, the logistics costs could be considered as averages, while the revenues are
summed. Because of this, a situation comparable to what is called “super-efficiency” in
DEA literature may happen in the HN-DEA model proposed in this paper, when comparing
upper levels under analysis with the lower-level constraints.

So, in these situations, a super-efficiency model should also be used. Refs. [50,52,53]
proposed the super-efficiency analysis in the linear form for SBM. Here the Super-SBM
model from [50] is adopted. In a super-efficiency model, the super-efficient DMUs obtain
super-performance values ≥ 1 (equal or greater than one). This means that these DMUs
would be efficient and obtaining an efficiency value equal to 1 in the DEA standard model.

2.2.2. Proposed HN-SBM DEA Model

For each bid, the farmers can choose among many situations or levels, for example,
delivering only some products to many schools, all the products of a bid to only one school,
or all/some products to more than one school in one or more cities, etc. So, it is important
to consider all the levels (e.g., product, school, or city levels) in the analysis, because these
levels are hierarchically integrated, and, for dealing with the different levels, it was applied
a hierarchical network model. For example, it is possible to save fuel in the more aggregated
level (delivering to a whole city instead of many distant schools) and it may affect the
results.

The HN system for the current bid/no-bid problem can be seen in Figure 3.
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Figure 3. Bid/No-Bid hierarchical network system.

The proposed model for the Bid/No-Bid Hierarchical Network System is a modified
version of SBM and considering the levels (hierarchical categories) based in Figure 3 and it
is described as follows in Equations (1)–(5) in the multiplier form.

max τhnw (1)

Subject to:

τhnw −∑n
j = 1 ujyj0

(level_under_analysis)
+ ∑m

i = 1 vixi0
(level_under_analysis)

= 1 (2)

∑n
j = 1 ujyjk

(lower_levels) −∑m
i = 1 vixik

(lower_levels) ≤ 0, k = 1, 2, . . . , zll (3)

uj ≥
τhnw
n·yj0

(4)

vi ≥
1

m·xi0
(5)

where: τhnw is the hierarchical network efficiency, uj is the weight of the jth output, vi

is the weight of the ith input, xik
(lower_levels) is the ith input of the kth sub-unit without

subordinates, yjk
(lower_levels) is the jth output of the kth sub-unit without subordinates, m is

the number of inputs, n is the number of outputs, zll is the number of sub-units without
subordinates, and k = 0 refers to the DMU under analysis.

For a matter of comparison to models of the literature, in the envelop form, the dual
formulation is available in Appendix B (Equations (A5)–(A9)). The inverted form of the
dual formulation is also available in Appendix C (Equations (A10)–(A14)). When the model
in Equations (1)–(5) is infeasible due to super-efficiency (extreme DMU in upper levels),
the super-HN-SBM model in the multipliers form (the proposed HN version based on the
dual form from super-efficiency model of [50] should be addressed substituting it by the
model in Equations (6) and (10):

max τsuper_hnw (6)
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Subject to:

τsuper_hnw −∑n
j = 1 ujyj0

(level_under_analysis)
+ ∑m

i = 1 vixi0
(level_under_analysis)

= 1 (7)

∑n
j = 1 ujyjk

(lower_levels) −∑m
i = 1 vixik

(lower_levels) ≤ 0,
k = 1, 2, . . . , z

k 6= 0
(8)

uj ≤
τsuper_hnw

n·yj0
(9)

vi ≤
1

m·xi0
(10)

It has the same measures and parameters as Equations (1)–(5), but the constraint for
the DMU under analysis is not considered (k 6= 0 in Equation (8)) and the uj and vi
weight constraints change to the “lower than” type. So, instead of lower bounds, in the
super-efficiency model, they are upper bounds (and also being greater than 0).

At first sight, the model from Equations (6)–(10) seems to be equal to Equations (1) to
(5), though it differs mainly by two factors: (i) at each loop of interaction, the analyzed DMU
does not enter in the constraints of Equation (8) (k 6= 0), and (ii) the weight constraints
(Equations (9) and (10) are based on maximum values (≤) instead of the minimum (≥).
One of the shortcomings of DEA ranking results is that results with many tied efficient
DMUs may occur [30]. To overcome this difficulty, Ref. [40] proposed the Composite
Index (CI). The double-frontier Composite Index for the hierarchical network SBM is as in
Equation (11).

CI =
(τ∗hnw + (1− τ∗inv_hnw))/2

max[(τ∗hnw+(1− τ∗inv_hnw))/2]
(11)

where: CI is the composite index based on the efficiencies. τ∗hnw is the standard efficiency
(Equations (1)–(5). τ∗inv_hnw is the inverted efficiency (Equations (A5)–(A9).

For the super-efficient DMUs, it can be assumed τ∗hnw = 1, regarding the status of the
efficient DMU (as in DEA, a super-efficient DMU is an efficient DMU with efficiency = 1,
but it can obtain higher values if it is not being considered in the constraints related to the
efficient frontier).

2.2.3. Efficiency Decomposition and Information about the Empirical Application

The priority setting of attending a specific public call is defined by the position of the
public call in the final rank (after the application of the double-frontier composite index
tie-breaking method). It is important to define the measures (inputs and outputs) for the
empirical application beforehand.

The distance from the schools is an important factor, but for the farmers, the profit
is more important than the distance, and it is composed of three quantitative measures
(revenue, production costs, and transportation costs). The revenue is calculated based on
the prices and quantities from the bids, the production costs are calculated based on the
quantities from the bids and cost to produce each product, and the transportation costs is
calculated based on distance from the schools, the fuel consumption, and the fuel price. It
is important to note that the transportation costs are a first estimative because it is possible
to save fuel depending on the bids chosen (the farmers can choose to deliver products for
more than one city/school at a time, creating logistical synergies).

It should be mentioned that it is possible to have situations when it is better to
choose more than one city than choosing just only one nearest city, because of profitability,
easiness of production of the products from the bid, perishability, and risk of losing, among
other measures.

The profit is the most important quantitative measure for the farmers, but besides it,
they consider other qualitative measures equally important to the profit in their pre-harvest
bid selection process. The harvest will be made only after choosing and winning a bid.
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The quantitative measures were used to compose the DEA output (i.e., the measures
whose maximization benefit the efficiency):

Profit (a measure based on the difference between revenue and costs of production
and transportation).

It was calculated as in Equation (12).

Profit = (Revenue − Production Costs − Logistics Costs) (12)

The quantitative data were obtained from the public calls, then they were presented to
the smallholder farmers, as well as the calculations, to be validated by them as reflecting
their objectives and interests.

The output in Equation (12) as revenue minus costs is measured based on the absolute
profit in a simple way to behave as “the higher, the better”. It is only one output containing
all quantitative measures (revenue and costs), instead of splitting in two or three measures,
because then the same importance is given to the quantitative measures (same weights for
revenue and costs).

It is important to note that DEA, mainly the SBM model, has challenges working with
negative data and it may happen for those products with costs greater than revenue, but
they may be considered in upper levels, because aggregating products in one delivery
may save fuel, resulting in less costs. It is possible to treat it in the model by changing its
orientation, but keeping the same weight as the revenue, or simply assuming 0 efficiencies
for the non-aggregated levels with loss.

Further, a brainstorming with the smallholder farmers was made to define qualitative
measures reflecting their objectives and interests. For the current application, the qualitative
measures used as inputs (i.e., the measures whose minimization benefit the efficiency) were:

• Priority in the selection process (using an inverted scale, the higher the priority, the
lower the measure).

• Perception of the chance of losing (the lower, the better).
• The necessity of hiring third-party transportation for product distribution (the lower,

the better).
• Difficulty of Crop Production (the lower, the better).
• Perishability of the Crop (the lower, the better).
• Necessity of required equipment (the lower, the better).
• Necessity of initial investment (the lower, the better).
• Inability to reduce the cost of transportation by delivering products collectively (the

lower, the better).

The decomposition of the efficiencies (Equation (13)) may lead to the relationship
among the efficiency of a unit and the ones from its subordinates’ sub-units. For example,
the efficiency of the unit (p) is a weighted average of the zq sub-units (p,q).

τ(p)
hnw =

zq

∑
q = 1

w(p,q)τ(p,q)
hnw (13)

where τ(p)
hnw is the efficiency of the pth unit at level 1, τ(p,q)

hnw is the efficiency of the qth
sub-unit at level 2, as a subordinate under the pth sub-unit of level 1, and w(p,q) is the
weight of the qth sub-unit at level 2, as a subordinate under the pth sub-unit of level 1, and
zq is the number of sub-units at level 2.

In general, as it was described in Section 2.2.1, the application to a system that assumes
different aggregations may lead to the super-efficiency of upper levels. So, if it is assumed
that the weight is proportional to the average inputs and sum of outputs, then the sum
of the weights is equal to zq, instead of being equal to 1 as in [36]. It is one of the reasons
for the possibility of obtaining super-efficiency for extreme DMUs. It is not an issue,
because it indicates that it is above the efficient frontier based on the lower level, as
in [36], but with another aggregation (weighted sum). In a rare specific situation, when
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τ∗super_inv_hnw > 1 + τ∗super_hnw in Equation (13) it may cause the Equation (11) of CI to be
negative, so the geometric approach of the tie-breaking method (for all DMUs) proposed
by [54] can be used to reverse the inverted efficiency and compute the CI as in Equation (14).

CIgeometric =

(
τ∗hnw·

1/τ∗ inv_hnw
max[1/τ∗ inv_hnw]

)1/2

max

[(
τ∗hnw·

1/τ∗ inv_hnw
max[1/τ∗ inv_hnw]

)1/2
] (14)

Comparing our study to the literature, Ref. [55] had a similar scope to the current
paper but applied the common CCR model instead of the SBM model used herein with
the CI tie-breaking method. Furthermore, it did not have the Hierarchical-Network model
structure suggested in the current paper. Regarding the variables, the main difference is on
the orientation of the measures. For example, we used the “profit” as an output (instead of
the inverted measure used as an input in [55]) and the qualitative ones were changed to
“the lower, the better” as inputs. In this way, it reflects better the practical orientation of
measures as outputs and inputs and the hierarchical-network structure of the problem.

The current application was made considering public calls for six state schools and
two municipal calls (the latter including all municipal schools of the respective towns).
This represents eight different combinations of up to five products demand, involving the
geographic distribution of six towns in the state of Goiás, Brazil. The products, schools,
and towns related to each call are shown in Table 1.

Table 1. Products, schools, and towns considered in the current application.

Town (To.) School (Sc.) Product (Pr.)

Guapó
State school (SS) Teacher Liodosia Pineapple, garlic, banana nanica,

lettuce, and cassava flour
State school (SS) José de Assis Garlic and banana

State school (SS) José Feliciano Pineapple, garlic, banana nanica, and
cassava flour

Palmeiras de Goiás State school (SS) Baron of Rio Branco Pineapple, garlic, banana nanica,
lettuce, and cassava flour

Indiara State school (SS) of Indiara Pineapple, garlic, banana nanica,
lettuce, and cassava flour

Nova Veneza State school (SS) Francisco Alves Pineapple, banana nanica, and lettuce

Aparecida de Goiânia Municipal call (all schools) of
Aparecida de Goiânia

Pineapple, garlic, banana nanica,
lettuce, and cassava flour

Pirenópolis Municipal call (all schools) of
Pirenópolis

Pineapple, garlic, banana nanica,
lettuce, and cassava flour

It is important to note that Table 1 shows the set of the empirical application of this
study. The results are only applicable to this specific application, but the proposed model
can be generally applied to other situations with more (or less) DMUs and levels.

3. Results and Discussion

Table 2 displays the results at the three hierarchical levels: product, school, and town.
The columns labeled as ‘Ef_Std’ (standard efficiency) represent the results of the DEA
model before the application of any tie-breaking method. Analyzing the product level,
there are two ties in the municipal call of Aparecida de Goiânia. This city is also efficient at
the school and town levels.
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Table 2. Results of DEA model, including the standard efficiency (Ef_Std), the inverted efficiency (Ef_Inv), the composite index (CI), and the final rank.

Product Level School Level Town Level

Products Ef_Std 1-Ef_Inv CI Rank Schools Ef_Std 1-Ef_Inv CI Rank Towns Ef_Std 1-Ef_Inv CI Rank

Pineapple 1 0.0001 1 1

Municipal call 2.6740 0.00002 1 1 Aparecidade
Goiânia

2.6740 0.00002 1 1

Garlic 0.4249 0.0002 0.7124 3

Banana nanica 1 0.0001 1 2

Lettuce 0.392 0.0001 0.696 4

Cassava Flour 0.2527 0.0002 0.6263 5

Pineapple 0.0371 0.0015 0.5178 10

SS Teacher
Liodosia

0.1526 0.00039 0.3136 3

Guapó 0.2895 0.00024 0.3509 2

Garlic 0.0399 0.0024 0.5188 9

Banana nanica 0.0271 0.002 0.5126 13

Lettuce 0.0315 0.0019 0.5149 12

Cassava Flour 0.0214 0.0016 0.5099 14

Garlic 0.0443 0.0022 0.5211 8 SS José de
Assis

0.0640 0.00123 0.2893 5
Banana nanica 0.0163 0.003 0.5067 16

Pineapple 0.0071 0.0053 0.5009 20

SS José
Feliciano 0.06096 0.00107 0.2885 6

Garlic 0.0172 0.0049 0.5061 17

Banana nanica 0.0184 0.0027 0.5079 15

Cassava Flour 0.0058 0.0039 0.5009 19
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Table 2. Cont.

Product Level School Level Town Level

Products Ef_Std 1-Ef_Inv CI Rank Schools Ef_Std 1-Ef_Inv CI Rank Towns Ef_Std 1-Ef_Inv CI Rank

Pineapple 0.008 0.0033 0.5024 18

Municipal call 0.2260 0.00022 0.3337 2 Pirenópolis 0.2260 0.00022 0.3337 3

Garlic 0.1038 0.0005 0.5517 6

Banana
naninca 0.0694 0.0007 0.5344 7

Lettuce 0.0028 0.0038 0.4995 21

Cassava Flour 0.0313 0.0009 0.5152 11

Pineapple 0.0209 0.0364 0.4923 25

SS of Indiara 0.0848 0.0101 0.2925 4 Indiara 0.0848 0.0101 0.2925 4

Garlic 0.0206 0.0383 0.4911 26

Banana nanica 0.0106 0.0641 0.4733 28

Lettuce 0.0187 0.0396 0.4896 27

Cassava Flour 0.0088 0.0765 0.4662 29

Pineapple 0.0046 0.0071 0.4988 22
SS Francisco

Alves 0.0184 0.0028 0.2764 7 Nova
Veneza 0.0184 0.0028 0.2764 5Banana nanica 0.0034 0.0079 0.4978 23

Lettuce 0.0015 0.0105 0.4955 24

Pineapple 0.0051 1 0.0025 33

SS Baron of
Rio Branco

0.0501 0.1285 0.2508 8 Palmeiras
de Goiás

0.0501 0.1285 0.2508 6

Garlic 0.0129 1 0.0065 31

Banana nanica 0.024 0.2642 0.3799 30

Lettuce 0.0055 1 0.0028 32

Cassava Flour 0 1 0 34
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The columns labeled as ‘1-Ef_Inv’ (inverted efficiency) show an intermediate step for
tie-breaking. Inverted Efficiency is the efficiency result when inputs are inserted as outputs
in the model and vice-versa. The tie-breaking results are shown in the columns labeled as
‘CI’ (Composite Index). In the end, the column ‘Rank’ (final rank) displays the rank for each
level. The rank is a direct result of the CI, the highest the CI, the highest the rank position.

As it can be seen (Table 2—Column ‘Rank’ of ‘Towns’ level), in terms of town ranking,
the public call of Aparecida de Goiânia is the most efficient DMU, the public call of Guapó
is the second one, while the public call of Pirenópolis is on the third position. Aparecida de
Goiânia is the second most distant city from the settlement of Canudos, though it represents
a larger institutional market with an estimated population of around 600,000 inhabitants.

The benefits of adopting a hierarchical analysis approach are demonstrated in the case
of the town of Guapó. At the school level (Table 2—Column ‘Rank’ of ‘Schools’ level),
the schools of the town are in 3rd, 5th, and 6th positions. However, at the town level
(considering the three schools jointly), Guapó is in the 2nd position, ahead of the town of
Pirenópolis, which contains the 2nd most efficient call at the school level. The reason for
this difference in ranking at the two levels lies in the fact that Guapó has three schools,
which could lead to lower transportation costs due to logistical synergies if the farmers
succeed in all bids and better performance on other qualitative criteria that reflect their
objectives besides the profit.

Besides this, the provision of a ranking at three different levels (encompassing also the
‘Products’ level) allows farmers to make more informed decisions. The ranking of towns
allows them to understand the ‘attractiveness’ of each town as a whole. Based on it, they
can prioritize to bid in all school calls of a town. The ranking of schools provides more
detailed information within each town and guides farmers in deciding which calls to bid for,
at the school level, when they are not able to bid for all school calls within the same town.
Finally, the ranking of products within each school allows the farmers to understand which
products have good potential for them, according to the criteria they have set. For example,
the school of Pirenópolis (SS Municipal call), which ranks 2nd at individual school ranking
and 3rd at town ranking, contains products, such as lettuce, that ranked very low (due to
the farmers’ productive preferences and productive limitations). Therefore, the farmers
should be cautious in including lettuce in their bid if they decide to bid for that school.

To demonstrate the usefulness of the proposed method for smallholder farmers’ deci-
sion support, Table 3 shows a comparison of the efficiency rankings (‘IC’) and data rankings
(‘Profit’), i.e., the rankings that would be obtained solely from expected profits. The values
of these expected profits are presented in the column ‘Profit Value’. Despite the similarities
between both rankings, there are some notable differences: the 2nd and 3rd positions at
the town level are inverted (Guapó and Pirenópolis), and the school at Palmeiras de Goiás
ranks 5th in terms of expected profit compared to the last position (8th), using the proposed
method. This means that, despite the quantitative measure (expected profit) being the
only output and the most important measure for the DEA model (as it will always have a
weight > 0), the DEA model results will not lead to the same ranking as when only based
on profit, once the qualitative measures are incorporated to the model and influence the
results. This demonstrates the ability of the proposed method to be used for considering
simultaneously qualitative and quantitative factors in decision making. The qualitative fac-
tors are quite significant, as they include, among others, potential farmers’ tacit knowledge
of the probability of local competition in bids (which impacts the probability of success),
product quality issues, and resource availability. It is, therefore, demonstrated that the
proposed method is a useful tool for supporting smallholder farmers’ decision making by
incorporating qualitative aspects and tacit knowledge, while also remaining simple and
unambiguous in the outcomes, by ensuring the rankings do not contain ties.
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Table 3. Comparison between the rank based on efficiency—Composite Index (CI)—and the rank based on the profits.

Product Level School Level Town Level

Ranks Profit Ranks Profit Ranks Profit

Products CI Profit Value Schools CI Profit Value Towns CI Profit Value

Pineapple 1 1 22,481.25

Municipal call 1 1 61001.25 Aparecida de Goiânia 1 1 61,080

Garlic 3 3 9061.25

Banana nanica 2 2 18,641.25

Lettuce 4 4 7421.25

Cassava Flour 5 5 3081.25

Pineapple 10 13 410.3

SS Teacher Liodosia 3 3 2058.3

Guapó 2 3 3646.07

Garlic 9 9 488.3

Banana nanica 13 17 300

Lettuce 12 11 436.2

Cassava Flour 14 19 213.5

Garlic 8 8 543
SS José de Assis 5 6 775.47

Banana nanica 16 24 179.97

Pineapple 20 29 78.7

SS José Feliciano 6 7 707.3
Garlic 17 21 210.1

Banana nanica 15 22 203.5

Cassava Flour 19 31 57.5

Pineapple 18 23 190

Municipal call 2 2 5439 Pirenópolis 3 2 5628

Garlic 6 6 2327

Banana nanica 7 7 1719

Lettuce 21 32 55

Cassava Flour 11 14 392
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Table 3. Cont.

Product Level School Level Town Level

Ranks Profit Ranks Profit Ranks Profit

Products CI Profit Value Schools CI Profit Value Towns CI Profit Value

Pineapple 25 12 418

SS of Indiara 4 4 1739.8 Indiara 4 4 1788.8

Garlic 26 14 392

Banana nanica 28 20 212

Lettuce 27 16 374

Cassava Flour 29 25 147.8

Pineapple 22 28 92.87

SS Francisco Alves 7 8 371.87 Nova Veneza 5 6 462Banana nanica 23 30 68.87

Lettuce 24 33 29.87

Pineapple 33 27 98.75

SS Baron of Rio
Branco

8 5 984.85 Palmeiras de Goiás 6 5 1007.6

Garlic 31 18 239.85

Banana nanica 30 10 467.25

Lettuce 32 26 110.75

Cassava Flour 34 34 −22.75
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For example, where the farmers can make an offer to whole towns, they should
investigate the rank of towns. If they cannot afford a whole town, but the farmers have
the opportunity to make an offer to whole schools, they should investigate the rank of
schools. Otherwise, if they can do partial offers of products to attend the calls, they should
investigate the rank of products.

Combinations other than looking just in one of the ranks of levels could appear and
be evaluated. If the farmers can afford more than one product, it is recommended to look
at higher levels first (starting by the rank of towns) to avoid conflicts, because different
ranks could point out in different directions, though higher-level ranks account for benefit
of aggregation. Otherwise, when the aim is to choose just one or a few products, the most
efficient product (i.e., the best-ranked) is recommended to be chosen. In other words, the
same logic goes for the rank of schools, i.e., before arriving at the product level, where
farmers can bid for just one more school (but not for a whole town), the best-ranked school
should be chosen.

For example, in this study, 34 products from eight schools and six towns were evalu-
ated. Supposing the farmers know they have the resources to attend one town and three
more schools, then, looking at Tables 2 and 3, Aparecida de Goiânia is for sure the best
town to attend. Looking at the rank of schools (excluding schools from Aparecida de
Goiânia, because they were already chosen), the next schools are Municipal call (from
Pirenópolis), SS Teacher Liodosia (from Guapó), and SS of Indiara (from Indiara), but due
to the aggregation effect (it is more than one school left), it is recommended looking into the
rank of towns, so Guapó has the second-highest efficiency, then the farmers should select
SS Teacher Liodosia, SS José de Assis, and SS José Feliciano (three schools from Guapó),
instead of the ones from Pirenópolis and Indiara, once the aggregation makes schools from
Guapó worth being chosen.

On the other hand, let us suppose the farmers know they could attend only six
products. Then, looking at Tables 2 and 3, the 1st town, Aparecida de Goiânia, stands for
five products so it is worth aggregating then and choosing the first city. For the 6th product,
looking at the rank of towns, the 2nd highest efficiency town is Guapó, but looking at the
rank of products, the next product is the garlic from Pirenópolis. In this case, it is worth
choosing the garlic from Pirenópolis to the detriment of lack of aggregation that could
justify the selection of a Guapós’ product, since only bidding for just one product would
not allow benefiting from aggregation.

Finally, the clear proposed ranking can also contribute to avoiding conflicts between
farmers within co-operatives or associations. Bidding through co-operatives or associations
leads to a higher priority than individual bidders (and a subsequent, much higher chance of
success); hence, in most cases, farmers bid through co-operatives or associations. However,
it is common to have disagreements and friction over which calls to bid for, which depend
on the subjective judgment and priorities of each associated farmer. Having objective
guidance in the form of a ranking, like the one offered by the proposed method, can
help alleviate these frictions and support better collaboration and more effective joint
decision making within the co-operative or association, ultimately supporting improving
social coherence.

4. Conclusions

The problem of supporting smallholder farmers’ bid/no-bid decisions, regarding
their participation in public calls of the PNAE (National School Feeding Program, the
world’s largest institutional procurement program that deliberately prioritizes purchasing
from the smallholder farmers), was investigated. A decision-support approach has been
developed for priority setting of the bid/no-bid decisions and showed that, although
the previous existing farmers’ decision heuristics (based on farmers’ judgment and tacit
knowledge) cannot be neglected, they should be systematically integrated to financial
criteria to compound a priority setting where qualitative and quantitative measures are
used jointly to make a decision.
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The current paper has demonstrated that the proposed methodological approach
based on the Hierarchical Network Slack-Based Measure (HN-SBM) Data Envelopment
Analysis (DEA) model, dealing with three levels of hierarchy pertinent to the PNAE public
calls (towns, schools, and products), is a useful tool for supporting smallholder farmers’
decisions. The proposed approach was applied to real public calls for six state schools and
two municipal calls in the state of Goiás, Brazil. The outcomes of the current application
were that the combination rule developed under the hierarchical assumption of the model
outperformed other priority-setting schemes, such as exclusively considering products’
profit values or separately considering the public call of a unique school (neglecting the
possibility of attending multiple schools in the same town). In this regard, the current paper
stands out as one of the pioneering contributions to the literature of mathematical decision-
support tools for bid/no-bid decisions in agricultural institutional markets. Moreover,
the value of providing an objective priority ranking also extends in reducing friction
and conflicts between the farmers within co-operatives or associations, during the joint
decision-making process.

Specifically, this is the first DEA-based decision support model specifically focusing
on smallholder farmers’ participation in institutional market bidding processes. Beyond
its potential practical implications for smallholder farmer livelihood improvement, the
mathematical formulation of the DEA model is a methodological innovation compared
to the current state-of-the-art in the DEA literature, since it proposes a double-frontier
hierarchical network Slack-Based Measure (HN-SBM) model for dealing with three levels
of decisions and including the geometric composite index tie-breaking method in this
hierarchical network approach. As the proposed approach can help farmers to identify the
most profitable public calls with a better chance of winning the bid, it can be applied to
other regions of Brazil, as well as other countries, where institutional markets with similar
bidding structures exist, for supporting bidding decisions, to promote commercialization of
their products and improve the income of family farmers, contributing to the improvement
of their standard of living.

In operational terms, the proposed model can form the basis of a free mobile app.
The online open calls could directly feed the app with quantitative information (i.e., the
offered price by the call, per product), the smallholder farmers will fill the app with their
qualitative judgment for each product, the production cost (per product), the distance from
the settlement to each school, and the fuel cost. As a result, the smallholder farms will be
able to see three ranks, one of the towns, one of the schools, and one of the products. The
higher the position of an item, the better. These ranks in the app will guide them to discuss
and choose the best strategy. The authors aim to develop an application for smartphones
based on the proposed model and the logic behind which rank to look at, and which call
to attend.

Additionally, further investigations could integrate the current model with optimiza-
tion solutions, for example, a DEA-Routing model, considering more than one town in a
route. Besides this, other agricultural products and business models should be investigated.
For example, the pupunha palm heart, which demonstrated to have the power of creat-
ing a new business ecosystem and generation of economic gains [56], contributing to the
strengthening of family farming, and local rural development.
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Appendix A. Kao’s HN-DEA Model

The HN-DEA model is formulated as follows in Equations (A1)–(A4) [35]:

max Ehnw = ∑n
j = 1 ujyj0 (A1)

Subject to:
∑m

i = 1 vixi0 = 1 (A2)

∑n
j = 1 ujyjk

(lower_levels) −∑m
i = 1 vixik

(lower_levels) ≤ 0, k = 1, 2, . . . , z (A3)

uj ≥ 0, vi ≥ 0, (A4)

where: Ehnw is the hierarchical network efficiency, uj is the weight of the jth output, vi is
the weight of the ith input, λk is the contribution of the kth sub-unit to the DMU under
analysis, xik is the ith input of the kth sub-unit, yjk is the jth output of the kth sub-unit, m is
the number of inputs, n is the number of outputs, z is the number of sub-units, and k = 0
refers to the DMU under analysis.

Appendix B. Dual Formulation of the HN-SBM Model

For a matter of comparison with the literature (in the envelop form), the dual formula-
tion of the HN-SBM Model is in Equations (A5)–(A9):

min τhnw = t − (1/m)∑m
i = 1 S−i /xi0

(level_under_analysis) (A5)

Subject to:
t + (1/n)∑n

j = 1 S+
j /yj0

(level_under_analysis) = 1 (A6)
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∑zll
k = 1 Λk

(lower_levels)xik
(lower_levels) + S−i −t·xi0

(level_under_analysis) = 0 i = 1, 2, . . . , m (A7)

∑zll
k = 1 Λk

(lower_levels)yjk
(lower_levels) − S+

j −t·yj0
(level_under_analysis) = 0 j = 1, 2, . . . , n (A8)

Λk
(lower_levels) ≥ 0, S−i ≥ 0, S+

j ≥ 0, and t > 0 (A9)

where: τ is the efficiency, S+
j is the slack of the jth output, S−i is the slack of the ith input,

Λk
(lower_levels) is the contribution of the kth sub-unit without subordinates to the unit under

analysis, t is the model linearization measure, xik
(lower_levels) is the ith input of the kth sub-

unit, yjk
(lower_levels) is the jth output of the kth DMU, n is the number of inputs, m is the

number of outputs, zll is the number of sub-units without subordinates, and k = 0 refers to
the unit under analysis.

Appendix C. Formulation of the Proposed Inverted HN-SBM Model

The inverted form of the proposed model is as follows in Equations (A10)–(A14).

max τinv_hnw (A10)

Subject to:

τinv_hnw −∑m
i = 1 uixi0

(level_under_analysis) + ∑n
j = 1 vjyj0

(level_under_analysis) = 1 (A11)

∑m
i = 1 uixi0

(lower_levels) −∑n
j = 1 vjyj0

(lower_levels) ≤ 0, k = 1, 2, . . . , z (A12)

ui ≥
τinv_hnw

m·xi0
(A13)

vj ≥
1

n·yj0
(A14)

where: τinv_hnw is the inverted hierarchical network efficiency, ui is the weight of the ith input
in the inverted model, vj is the weight of the jth output in the inverted model, and the other
measures and parameters are the same as the standard dual model (Equations (A1)–(A5), but
handling inputs as outputs, and outputs as inputs.

The same logic of the inversion (input to output, and output to input) can be applied
to Equations (6)–(10) and used to calculate the inverted super-efficiency HN-SBM.
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