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Abstract

Sustainable public procurement plays an important role in addressing not only
environmental but also economic and social issues through government acquisitions from
technology-based small suppliers. In this context, the objective of this study is to better
understand the holistic public procurement process by assessing the operational efficiency
of technology-based small suppliers and associating the economic aspect of public
procurement with the social aspect, such as women-owned businesses. To this end, we
analyzed U.S. Department of Defense Small Busi-ness Innovation Research grantees by
combining network data envelopment analysis with bootstrap truncated regression
analysis. Drawing on the analysis results, we found that (1) there is heterogeneity in the
performance of research and development, network building, and commercialization sub-
processes, and (2) there is a positive relationship between the overall performance and
women-owned small suppliers who excel particularly in network building. The former
implies that small suppliers may have different expertise in the chain of public
procurement; the latter suggests that woman entrepreneurs with a business network may

be able to outperform their counterparts in the public procurement market.
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Introduction

Purchasing is a critical process for decision-makers to maintain the
competitiveness of their organizations [1]. With the emergence of global and local value
chains, it became particularly important from a perspective of supply chain management
[2]. However, a great body of studies has focused on purchasing in the private sector,
which dwarfs the importance of that in the public sector [3]. According to the
Organization for Economic Cooperation and Development (OECD) study [4], industrial
nations tend to spend about 12% of their gross domestic product (GDP) in public
procurement. In the United States (US), specifically, purchasing in the public sector, as
of 2017, accounts for about a quarter of government expenditure [4]. Considering the
significant size of public procurement, it is meaningful to contribute to the relevant

literature.

Recent extant literature on public procurement has embraced the concept of
sustain-ability, often represented by the triple bottom line [5]. Despite its broad concept
including not only environmental but also economic (or financial) and social dimensions,
a majority of the sustainable public procurement literature has focused on green
procurement that concerns purchasing environmentally-friendly products or services [6].
A paucity of liter-ature has investigated the nexus of the economic and social
dimensions of sustainable public procurement. In this vein, our study of small suppliers
owned by minorities or women is meaningful in that small suppliers contribute
significantly to the national economy by creating the majority of jobs and, particularly,
socioeconomically disadvantageous small suppliers are closely related to the diversity,
equity, and inclusivity issues (the social dimension of sustainable procurement) in the
u.s. [7].

From a methodological lens, it is notable that most procurement studies tend to
take a qualitative approach, particularly based on interviews with stakeholders in
purchasing processes [8]. One of the probable reasons is the data availability and
quality issue [9]. Purchasing data may not be easily accessible from outside of

organizations. Even within the organizations, they are not readily sharable. Because of
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that, relatively fewer studies took a quantitative approach. Of them, data envelopment
analysis (DEA) has been employed to better understand procurement processes [10]. It
has proved its special usefulness in screening suppliers by measuring their efficiency or
performance based on multiple input and output factors. Moreover, there are some gaps
in the existing literature that explore determinants associated with technology-based
small suppliers’ performance (e.g., operational or technical efficiency) in a more

systemic and robust manner.

To address the aforementioned issues, we shed more light on the economic and
social aspects of sustainable public procurement by looking into companies’
procurement processes through the combination of network DEA (N-DEA, a
nonparametric technique) and bootstrap truncated regression analysis (B-TRA, a
parametric technique). Through a two-stage analytic framework, we first assessed the
public procurement performance of suppliers (economic aspects) and then associated
the performance with multiple factors indicating socially sustainable purchasing (social
aspects). At the first stage, particularly, we decomposed the public procurement
process into three different sub-processes: re-search and development (R&D), network
building, and commercialization. At the second stage, we used B-TRA instead of Tobit
regression analysis that has been widely used in previous studies. As shown in Simar
and Wilson’s study [11], the former generates more robust estimations (i.e., unbiased
coefficients) than the latter does by addressing statistical issues stemming from the

finite sample.

To solve data availability concerns and deal with the economic and social dimen-
sions of sustainable public procurement issues, we looked into the U.S. Department of
De-fense (DoD) Small Business Innovation Research (SBIR) program. The program
aims to promote technical innovations and efficiency (economic aspects) and facilitate
participa-tion from marginalized populations such as women- or minority-owned small
businesses (social aspects) [12]. Particularly, the DoD SBIR program seeks to procure
R&D results for national security purpose [13]. Additionally, the SBIR awards data are
publicly available. Moreover, the previous studies tended to look into the DoD SBIR
program from technolog-ical innovation or public venture perspectives, rather than the

public procurement lens and by solving relevant issues through qualitative approaches.
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However, this study seeks to provide a new perspective of the DoD SBIR program by
focusing on the sustainable public procurement aspects and utilizing rigorous
quantitative approaches.

The remaining sections of this research are organized as follows: Section 2
surveys the literature on the DoD SBIR program and sustainable procurement. Section
3 describes the data, conceptual framework, and methodology with a focus on the N-
DEA and B-TRA approaches. Section 4 demonstrates the results of quantitative
analyses. Section 5 inter-prets research outcomes and discusses policy implications.

Lastly, Section 6 concludes this study with a summary, limitations, and future research.
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Study Context

This section describes the context of this study with a focus on the SBIR
Program, particularly operated by the DoD. The SBIR program started in the mid-1980s
as a public venture to capitalize on the technical capacity of small businesses in the
attempt to regain the U.S. technological and economic leadership [14]. Evidenced by a
series of successful reauthorizations, the SBIR program has contributed to the national
competitiveness by achieving its four major goals: (1) stimulating technological
innovation; (2) using small businesses to meet federal R&D needs; (3) fostering and
encouraging participation by socially and economically disadvantaged small business
concerns (including wom-en-owned ones) in technological innovation; and (4)
increasing private-sector commercialization of innovations derived from federal R&D
[15]. In particular, as the private sec-tor’s capacity surpasses the public sector’s in some
technical areas (e.g., information and communication technology and biotechnology),
the SBIR program functions as a conduit for transitioning the state-of-the-art
technologies from technology-based small businesses to the DoD [13].

According to the Code of Federal Regulations (specifically, 13 CFR 121.702), the
SBIR awardees, as suppliers to the federal agencies, need to meet the following
criteria: (1) organized for profit, with a place of business located in the United States; (2)
more than 50% owned and controlled by one or more individuals who are citizens or
permanent resident aliens of the United States, or by other small business concerns
that are each more than 50% owned and controlled by one or more individuals who are
citizens or permanent resident aliens of the United States; and (3) no more than 500
employees, including affili-ates. In terms of their demographics, only 24% of 2889 SBIR
awardees, which have won SBIR Phase |l awards from the DoD over the period of 2001

to 2010, were owned by either minorities, women, or veterans [13].

With the passage of multiple reauthorization acts, the SBIR program has been
extended in terms of size and coverage [14]. The number of SBIR-participating
agencies and the amount of their set-aside budgets both have increased over time.

Currently, all federal agencies with a considerable R&D function (specifically, those who
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have more than USD 100 million of extramural R&D budget) are slated to take part in
the SBIR program. Along with its sister program, Small Business Technology Transfer
(STTR), the annual total budget of the SBIR program is greater than USD 2 billion. Of
them, the DoD is responsible for about the half of total budget, followed by the
Department of Health and Human Services (e.g., National Institutes of Health),
Department of Energy, National Science Foundation, and National Aeronautics and
Space Administration. Within the DoD, Air Force, Navy, and Army, as three major
services, represent approximately 32%, 23%, and 18%, respectively, while all other
components (e.g., Defense Advanced Research Projects Agency, Missile Defense
Agency, and Chemical Biological Defense Program) account for the remaining 27%
[13].

Although the overall program is harmonized by the Small Business
Administration (SBA), the program is independently operated by each participating
agency [16]. As such, each agency seeks to achieve its own objectives in addition to the
aforementioned four common main goals. In particular, the DoD makes contracts with
small businesses with an intent to procure technologies generated through its SBIR
program while other federal agencies provide grants to SBIR awardees along with more
research-oriented goals. In addition, DoD components and their laboratories (e.g.,
Army, Naval and Air Force Research Labs) take extensive measures to generate SBIR
topics, encourage women- or minority-owned businesses to apply for their programs,
assist selected firms in developing their new ideas and building entrepreneurial
networks, and provide additional funds (e.g., Commercialization Readiness Program) to
bridge the “valley of death” issue [17].

Drawing on the significant program budget and its contribution to the national
competitiveness, the SBIR program has been assessed occasionally by chartered
organizations such as the National Academies of Sciences, Engineering, and Medicine
(NASEM) and RAND Corporation (see [17,18]) and has been studied by some scholars
(see [19—-21]). However, many of their viewpoints were based on the evaluation of a
public venture pro-gram rather than public procurement. Thus, their foci were on the
growth of SBIR awardees in the private market. Moreover, our study’s focus is on the

public procurement market where government agencies act as buyers. For instance, the
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DoD is a primary purchaser (sometimes only one buyer in a monopsony market) in the
market of weapons and muni-tions (e.g., fighter jets). Additionally, their approaches tend
to rely on qualitative methods such as surveys of SBIR awardees, interviews with the
SBIR program officers, and case studies of selected companies. Even within
quantitative studies, a great body used parametric techniques only. Moreover, our study
combines two different types of quantitative methods (parametric and nonparametric) to

draw out more rigorous research results.
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Literature Review

Small Business in Public Procurement

While there is a belief that small businesses play a pivotal role in the national
econ-omy and they need government support programs for entering the public
procurement market (e.g., SBIR and 8(a) certification), the market has been dominated
by large companies [22]. According to the U.S. General Services Administration’s “Top
100 Contractors Report” in 2019, the amount of top 10 contractors as of 2019 was over
USD 170 billion (about 29% of total federal contracting), which was greater than the
amount of total small contractors (about 27% of total federal contracting) [23]. In the
DoD’s procurement, specifically, large businesses such as Boeing and Lockheed Martin
accounted for three-fourths of total contracting, which dwarfed small businesses’

contributions to DoD procurement [24].

Although federal agencies, on occasion, have met their small business
contracting goals, they have failed to meet their goals for disadvantaged small
businesses [25]. For instance, a five percent goal for women-owned small businesses
has not been fulfilled until 2015 since the goal was set in 1994 by the Federal
Acquisition Streamlining Act, concep-tualized in 2000 by the Equity in Contracting for
Women Act, and materialized in 2011 by the Women-Owned Small Business Federal
Contract Program [26]. According to Table 1, while the government-wide goal was
achieved in 2019, the DoD’s prime contracting did not reach 5% yet. DoD’s prime
contracting with service-disabled-veteran-owned or HUB-Zone-located small

businesses is smaller than that with women-owned ones.
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Table 1. Government-wide and DoD’s small business contracting achievement in 2019

. . HUBZone
Small Business Contracting Small Women- . SMALL Service Disabled Located
. . Owned Small Disadvantaged Veteran-Owned
Achievement Business - . . Small
Business Business Small Business Busi
usiness
Prime o o o o o
Government  contracting 26.50% 5.19% 10.29% 4.39% 2.28%
-wide
Subcontracting 33.27% 5.25% 4.17% 1.95% 1.37%
Prime 24.16% 4.25% 8.56% 3.25% 1.88%
contracting
DoD
Subcontracting  38.60% 5.20% 4.00% 2.10% 1.60%

Source: U.S. Small Business Administration [23,24]

Sustainable Procurement and Data Envelopment Analysis Applications

A great body of procurement studies was focused on supply chain management
in the private sector, while a relatively small portion of extant literature investigated
public procurement [27]. Regardless of sectoral differences, sustainable procurement
has emerged as an important subject since the environmental and social aspects of
procure-ment became one of the criteria in selecting suppliers [28]. Particularly, the
public sector has been asked to enhance economic efficiency while alleviating
environmental and social footprints through sustainable procurement practices. In
developing countries, for in-stance, ethical (e.g., bribery), safety (e.g., exposure to
hazards), and human rights issues (e.g., working conditions) attracted attention from
scholars [27]. In the developed countries, more emphasis was placed on the
environment and diversity. In the US, particularly, social equity issues over women- or

minority-owned suppliers have been critical [29].

To investigate relevant research questions, various research methods have been
employed. Of them, most quantitative studies sought to find a better way to evaluate,
rank, and select better suppliers. To that end, various techniques, represented by multi-
criteria decision-making (MCDM) methods such as the Analytic Hierarchy Process
(AHP) and Artificial Neural Network (ANN), have been proposed. For instance, Stevi¢ et
al. [30] ranked sustainable suppliers in the healthcare industry in Bosnia and
Herzegovina by employing Measurement of Alternatives and Ranking according to
COmpromise Solution (MARCOS). Milosavljevic¢ et al. [31] used Composite |-Distance
ACQUISITION RESEARCH PROGRAM
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Indicator (CIDI) to assess the public procurement performance of 30 European

countries.

Another stream of analytic methods is DEA, which can measure the efficiency or
performance of decision-making units (DMUs; suppliers in this case) based on multiple
input and output factors (as criteria). Table 2 summarizes some recent DEA applications
in sustainable procurement. Based on the conventional DEA, for example, Niewerth et
al. [32] looked into tenders in the construction industry. Yu and Su [33], Amindoust [34],
and Ghoushchi [35] addressed the imprecise data issues by employing fuzzy DEA.
Nemati et al. [36] incorporated undesirable (e.g., the number of sent defective parts) as
well as desirable output (e.g., the number of on-time delivered goods) in their DEA
model. Further, Zarbakhshnia and Jaghdani [37] proposed N-DEA to shed light on the
black box of the sustainable procurement process and assessed the performance of
suppliers in the plastic packing strap industry. In the realm of public procurement,
Milosavljevi¢ et al. [38] and Dotoli et al. [39] applied DEA to assessed country- and
bidder-level performance, respectively, using some technology-related factors (e.g.,

patent applications and functionality).

In this vein, we also used DEA to evaluate the performance of small suppliers for
the DoD acquisition of goods and services. Unlike previous studies, however, we
decomposed the public procurement process into three sub-processes, namely R&D,
network building, and commercialization, by considering the unique characteristics of
technology-based small suppliers. While most procurement-related DEA studies
concentrated on the performance-based selection and ranking stage, we extended our
study to the next stage where we examined the statistical relationships between the

performance and sustainability-related factors with a focus on social equity.
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Table 2. Applications of DEA to sustainable procurement

Author(s) Method Summary Factors

Niewerth et al. This study analyzed the . Input: life-cycle costs; construction time
DEA performance of construction ) f

[32] Output: environmental concept

tenders in the European Union.

Yu and Su [33] Fuzzy DEA

This study examined the
performance of Taiwanese
sustainable suppliers in the
information and communication
industry.

Input: production costs; lead time; supply chain
carbon footprints
Output: quality; demand quantity

Amindoust [34] Fuzzy DEA

This study assessed the
performance of sustainable
suppliers in the automotive
parts industry in the Middle
East.

Criterion: quality; delivery; technology level; after-
sales services; environmental management system;
pollution control; work safety and labor health; ethics

Ghoushchi et

This study explored the

DEA with performance of Iranian

Input: total cost of shipments; the number of
shipments; work safety and labor health costs;
supplier reputation; eco-design costs

Output: the number of the bills received from the
supplier without errors; the number of the shipments
to arrive on time; the interests and rights of
employees; supplier’'s green image; green
management system

Input: eco-design cost; the number of shipments per
montbh; total cost of shipments; cost of work safety
and labor health

Output: the number of bills without error; the number
of on-time delivered goods; the number of sent non-
defective parts; the number of sent defective parts

al. [35] imprecise data sustainable suppliers in the
petrochemical industry.

DEA with

Nemati et al Ezg:laelé?pacts This study investigated the

[36] " outs qooq  Sustainability performance of
anpd bé(? Iranian cable suppliers.
outputs

Zarbakhshnia This study evaluated the

and Jaghdani

[37]

performance of Iranian
sustainable suppliers in the
plastic packing strap industry.

Network DEA

Input: eco-design costs; logistics costs; the number
of tune raw materials; reliability costs

Intermediate: hazardous substances; the number of
sustainable products; fuel cost; cost of labor health
Output: the number of occupation opportunities; the
number of delivered products; CO2 emissions

Milosavljevi¢ et Benefit-of-

This study compared the public
procurement efficiency of EU

Input (of technological dimension): high-tech exports;
patent application; R&D exports

al. [38] doubts DEA Output: one bidder; no calls for bids; aggregation;
member states. . S . : .
award criteria; decision speed; reporting quality
Fuzzy DEA Input: price
and other This study ranked the public put- p . . . .
N Output (quality factors): technical (e.g., ergonomics,
multi-criteria  procurement performance of

Dotoli et al. [39]deCision

tenders at the European
making Institution.

techniques

functionality); certifications (e.g., product quality,
production quality); conditions (e.g., warranty, post-
sales)

Taking advantage of a good fit of the SBIR program with our research objectives,

we tested the following research hypotheses:

Hypothesis 1. Small suppliers may have different expertise in the chain of public

procurement and thus their performance scores may vary across sub-processes of

R&D, network building, and commercialization.
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Due to the nature of small businesses that have limited resources, they may
focus on one of the three sub-processes (e.g., network building sub-process) rather
than all. As a result, the performance of a specific sub-process may be higher or lower

than that of others.

Hypothesis 2. Small suppliers owned by marginalized populations may be
placed in a preferred position in the public procurement market, and thus their

performance may be higher than their counterparts.

Since there are some policy programs targeted for women- or minority-owned
small businesses (e.g., Small Business Administration’s 8(a) certification and DoD’s
Mentor-Protégé Program), they may have more opportunities to exploit the government

acquisition market.
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Methodology

Data

This study kept track of 252 elite DoD SBIR grantees. The firms were awarded
SBIR Phase Il funding (as a follow-up of Phase I) from the DoD over the period of
2001-2010. Out of 2889 firms that won the DoD SBIR awards during the same period,
the 252 firms filed more than 15 patents that meet the criteria of “serial innovators” [40].
Given that half of all SBIR awardees have filed no patent application at all and most of
them have filed one single patent application, the 252 firms can be regarded as elite

technology-based small suppliers.

To measure the economic performance of those small suppliers, we collected
various secondary data related to (1) DoD SBIR awards from the SBA’s SBIR database;
(2) federal procurement contracts from the Federal Procurement Data System—Next
Generation; (3) SBIR grantees’ demographics from the System for Award Management;
and (4) patent data from the U.S. Patent and Trademark Office (USPTO). See Figure 1

for the data sources of all variables.

Figure 1. Data sources of variables
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In terms of data collection, it may be worth noting that there is a time lag between
input-related data and output-related data to avoid simultaneity. While the former is
based on the year 2010, the latter was collected at the end of 2015. Generally, it takes

considerable time to transition technologies from the lab (i.e., R&D stage at SBIR Phase
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II) to market (i.e., commercialization stage at SBIR Phase Ill). To select the appropriate

time lag, we referred to previous studies (see [16,41]).

Table 3 shows the descriptive statistics of data used in this study. The first six
variables were used for N-DEA as input and output factors, while the last six variables
were used for B-TRA as independent variables. The former is explained in more detail
in the next subsection. The latter includes factors related to social sustainability, such as
HUB-Zone_located, Urban_located (geospatial dimensions), and Minority _owned,
Women_owned, Veteran_owned (ethnic/gender dimensions), as well as Age (control

variable).

Table 3. Descriptive data statistics

Var Definition Obs Mean SD Min Max

Action obligation of federal procurement contracts

(USD million) 252 98.14 292765 0.19 2433

Federal_procure

No_patents Number of patent applications 252 49.61 94.773 15 1251
No_connections Eigenvector centrality in the SBIR funding network 252 0.024 0.012 0.001 0.045
SBIR_awards Amount of SBIR awards (USD million) 252 578 11.207 029 103.27

No_employees Number of employees 252 86.17 109.106 2 480
Tech_distance Technological distance between suppliers and DoD 252 0.3845 0.208 0.0002 0.8805

Age Age of firms 252 2217 14.934 2 122
HUBZone_located Dummy (0 or 1) whether located in HUBZone " ornot 252 0.012  0.109 0 1
Urban_located Dummy (O or 1) whethernlgfated in urban areas 2 or 250 0369 0484 0 1
Minority_owned Dummy (0 or 1) whether owned by minority 252 0.040 0.196 0 1
Women_owned Dummy (0 or 1) whether owned by women 252 0.044 0.205 0 1
Veteran_owned Dummy (0 or 1) whether owned by veteran 234 0.034 0.182 0 1

" HUBZone: Historically Underutilized Business Zones. SBA and other federal agencies have policy programs to pro-
vide preferential access to more federal contracting opportunities to small businesses in the HUBZone; 2 urban areas:
areas with a population of 50,000 or more following the U.S. Census definition.

Preliminary Analysis of the Federal Procurement Contracts Data

Input and output factors, which were included in the N-DEA of the overall public

procurement process, are described in more detail.
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SBIR awards. The amount of SBIR awards is positively related to the number of
patent filings [13]. As a public venture capital, the SBIR program provides a substantial
amount of money to technology-based small suppliers. Generally, the program offers
USD 150 thousand for Phase | grantees to assess technical feasibility and USD 1
million for Phase Il grantees to carry out R&D [42]. Additionally, the DoD SBIR program
provides Phase I+ funding to facilitate technology commercialization [17]. These
financial resources are critical for technology-based small suppliers to secure funding

for materializing their new ideas.

Number of employees. Talents with not only technical/commercial knowledge but
also interpersonal skills are essential for R&D as well as network building [43].
Particularly, because valuable scientists or engineers contribute to firms’ specialized
knowledge stocks, human resources play a pivotal role in the competitiveness of
technology-based companies [44]. In addition, high-quality human resources can
develop firms’ social capital by building and broadening their entrepreneurial networks

that may be a conduit for financial resources, information, and other resources [45].

Technological distance. Technology-based collaborations (e.g., strategic
alliances and joint ventures) tend to take place to fill the gap by supplementing
complementary assets [46]. This may apply to the DoD in need of meeting warfighters’
demands that cannot be addressed with in-house capacity but can be solved externally.
TBSBs with that capacity can be a solution to the DoD and be placed in an
advantageous position in building networks with the DoD. In this regard, technological
distance means how dissimilar tech-nologies TBSBs have relative to the DoD. Following
Choi and Yeniyurt [47], we calculate the technological distance (TD) using the following
formula:

F.F}

TD;; =1— —
Y [(FiF)) (FFD]Y?

where TDj; = technological distance; F; = vector of DoD’s patent portfolio (i.e.,
distribution of patent applications across patent classes); F; = vector of small supplier j's

patent portfolio.
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Number of patents. Results of R&D usually lead to the filing of patents because
organizations want to protect their novel and non-obvious ideas with industrial utility and
to recoup their R&D investment through intellectual property rights [48]. Thus, the
number of patents (granted patents or patent applications) is widely used as an
indicator for technological innovations. Specifically, this is true for small suppliers that
seek to obtain external funding because filing more patents enables them to display

their technological strength and attract investors [49].

Number of connections. Firms’ social capital may be manifested in the number of
ties they have generated [50]. In the military technology market, particularly,
connections with the DoD are critical in that the market is characterized by monopsony
(i.e., the DoD is a single buyer in the market) [51]. However, all DoD components do not
have equal capabilities to procure private-sector technologies; they may vary with their
size. For instance, three services (i.e., Air Force, Army, and Navy) may have stronger
purchasing power than other relatively small components (e.g., MDA and CBD). In this
vein, we use the eigenvector centrality in the SBIR funding network rather than just the
degree centrality [52]. Since the funding network is bipartite (i.e., connections between a
group of small suppliers and a list of federal agencies without connections between
small suppliers and between feder-al agencies), small suppliers with stronger links to
more influential procurers (e.g., three services) may outperform their counterparts. In
Figure 2, for instance, 3 Phoenix, Inc. has connections to both Navy and Air Force while
1st Detect Corp. has a connection only to the Office for Chemical and Biological
Defense.
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Figure 2. SBIR funding network
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Federal procurement contracts. The final output of the overall public procurement
is acquisition contracts such as delivery orders made by the DoD in the context of our
study [18]. Small suppliers may be able to increase the number of contracts by
developing more attractive technologies (represented by the number of patents) and/or
by building wider and stronger networks with large DoD components (represented by

the number of connections).

Two-Stage Analytic Framework

To test the first hypothesis, we dissected the process of the technology-oriented
public procurement process into three sub-processes: R&D, network building, and
commercialization. Most existing literature on public procurement, which applied DEA,
used a single-process model by regarding the procurement process as a big black box.
To take a more holistic viewpoint, we referred to some previous innovation studies that
attempted to shed light on the black box by dividing the whole innovation process into
two sub-processes such as R&D and commercialization sub-processes [53,54]. While
those studies may work well with well-established large companies, their approach may
not apply to relatively nascent small firms that have limited financial, human, and social
capital. In start-ups, for instance, workers should have multi-tasking capacity (e.g.,
working for R&D and network building tasks simultaneously) [55]. In terms of financing,

they tend to start with bootstrapping (i.e., minimal funding from personal savings or
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assistance from family, friend, and other acquaintances), and seek public venture
programs (e.g., SBIR) before securing sufficient funding from private equity (e.g.,
Angels and venture capitals) and crowdfunding sources [56]. Further, some studies
confirm that the receipt of SBIR funding provides a positive signal (in terms of technical

excellence and market potential) to private-sector funders [57].

Given that the extant literature still does not fully reflect the complex innovation
process initiated by small suppliers, we added the network building sub-process in
tandem with the R&D sub-process, both of which are followed by the commercialization
sub-process. That way, we can bridge the gap in the existing DEA literature that misses
the role of social capital in a small business context. Although many studies have under-
lined the importance of entrepreneurial social networks for the better performance of
small businesses, there is little literature that incorporates the network building
component into the innovation process in the realm of DEA. As shown in Figure 3,
specifically, we included the “Network Building Sub-Process” into the overall

technology-based public procurement process.

Figure 3. Process of public procurement from technology-based small suppliers
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To address our research hypotheses, we employed a two-stage approach: N-
DEA at the first stage, and B-TRA at the second stage. DEA, a nonparametric
technique, allows one to measure the performance without making assumptions about
the form of the production function based on multiple inputs and outputs. Through
network DEA, we further evaluated the economic performance of technology-based
small suppliers at three different sub-processes. While a great body of studies (see
[58,59]) illustrated the produc-tion function of the R&D sub-process (so-called
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knowledge production function), little lit-erature has looked into the network building and
commercialization sub-processes (i.e., network and market generation functions).
Particularly, because of the lack of parametric studies on the network and market
production functions, we sought to take advantage of DEA’s strength in dealing with any

types of production functions.

At a subsequent stage, we applied B-TRA to examine how the economic
performance is associated with factors concerning the social aspects of sustainability.
To estimate less biased coefficients of parametric models, we applied the bootstrap
technique to truncated regression models. Detailed descriptions of N-DEA and B-TRA

are presented in Appendixes A and B, respectively.
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Results

Based on the results of N-DEA, Table 4 summarizes the performance scores at
three different sub-processes and the overall score. The commercialization performance
score (57%) was the highest, followed by R&D (33%) and network building (30%). The
overall performance score was about 40%. More specific results of N-DEA are

presented in Appendix C.

To examine the statistical difference between the three different types of
efficiency scores, we conducted the Friedman test that is grounded in the
nonparametric two-way analysis of variance along with Kendall’s coefficient of
concordance [60]. Friedman'’s x? of 115.3988 (p-value = 0.0000) means that the
distributions of the three types of efficiency scores are statistically different. Additionally,
Kendall’s coefficient of 0.2290 toward zero (against one) indicates little concordance

across the efficiency scores.

Table 4. Statistics of efficiency scores

Efficiency Obs Mean Min Max
R&D 252 0.3265 0.0155 1
Network building 252 0.2983 0.0133 1
Commercialization 252 0.5701 0.0619 1
Overall 252 0.3983 0.1009 0.9608

Figure 4 graphically shows the difference in the distributions of the three
efficiency scores and the approximately normal distribution of the overall score. The
distributions of R&D and network building efficiency scores show a positive skew while
that of commercialization efficiency scores indicate a somewhat negative skew. As a
result, overall efficiency demonstrates a symmetrical distribution that looks like a normal

distribution with left truncation.
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Figure 4. Distribution of efficiency scores: (a) R&D; (b) network building; (c) commercialization;
and (d) overall. Note y-axis: frequency; x-axis: efficiency score
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Table 5 describes the results of TRAs with and without bootstrap. For the
analyses, we used various firm-level variables, particularly related to social
sustainability. They included not only demographics (e.g., Age), location (e.g.,
Urban_located and HUBZone_located), and ownership (e.g., Minority _owned,
Women_owned, and Veteran_owned). Depending on the absence or presence of
bootstrap and a list of independent variables, Models 1a, 1b, 2a, and 2b were
constructed and tested. Models without bootstrap tended to underestimate the absolute
value of coefficients when compared to ones with bootstrap. Across all models, input
and output factors used in our DEA model were statistically significant. No_connections
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and Federal_procure were positively associated with performance score, whereas
SBIR_awards, No_employees, Tech_distance, and No_patents were negatively
associated. One notable point in Models 1b and 2b was that Women owned was
positively associated with performance score while the relationships between

performance score and other factors regarding social sustainability were not statistically

significant.
Table 5. Results of truncated regression analyses
without Bootstrap with Bootstrap
Variable Difference
Model 1a Model 1b Model 2a Model 2b
-0.0323 *** -0.0387 *** -0.0333 *** -0.0391 ***
F -
SBIR_awards (-4.46) (=5.09) (-4.40) (-4.95) 0.0004
-0.0624 *** -0.0732 *** -0.0634 *** -0.0741 ***
F -
No_employees (-10.34) (-9.57) (-10.07) (-9.41) 0.0009
. -0.1237 *** -0.1302 *** -0.1302 *** -0.1364 ***
Tech_distance (-3.85) (-3.91) (-3.96) (-3.98) 0.0062
-0.0756 *** -0.0793 *** -0.0845 *** -0.0882 ***
r -
No_patents (-7.65) (-7.74) (-7.60) (-7.86) 0.0089
. 2.3012 *** 1.6901 ** 2.4362 *** 1.8013 **
No_connections (3.12) (2.05) (3.24) (2.15) 0.1112
0.0184 *** 0.0184 ***
)
Federal_procure (3.16) (3.02) 0.0000
0.0045 0.0052
;
Age (0.34) (0.38) 0.0007
-0.0152 -0.0155
Urban_located (-1.09) (-1.06) -0.0003
0.0449 0.0483
HUBZone_located (0.76) (0.78) 0.0034
L 0.0134 0.0117
Minority _owned (0.39) (0.34) 0.0017
0.0598 * 0.0589*
Women_owned (1.94) (1.81) -0.0009
-0.0232 -0.0241
Veteran_owned (~0.63) (~0.65) 0.0009
AIC -416.80 -392.42 -424.43 -399.46 -7.04
BIC -392.09 -344.05 -399.73 -351.09 -7.04

f natural log; *** significant at 1%, ** significant at 5%, * significant at 10%; values in the parenthesis: z score; AIC:
Akaike’s information criteria; BIC: Bayesian information criteria.
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To further explore where the significance of Women_owned came from, we also
present Table 6 where the coefficients of Women_owned at different sub-processes are
summarized. Interestingly, Women_owned was statistically significant in relation to the
network building sub-process only, which implies that women-owned small suppliers are

more likely to be better performers, particularly in building networks with funders.

Table 6. Coefficients of women-owned suppliers over public procurement process

Variable R&D Network building Commercialization Overall

Women_owned ~0.0056 (-0.16) 0.1287 *** (2.71) 0.0013 (0.04) 0.0598 * (1.94)

*** significant at 1%, ** significant at 5%, * significant at 10%
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Discussion

Drawing on N-DEA, we first determined three different types of efficiencies (i.e.,
R&D, network building, and commercialization) of 252 small suppliers who have won
DoD SBIR funding. In terms of R&D performance, they are “serial innovators” by
meeting the criterion of more than 15 patent applications [40]. That being said, it may be
questionable if they are also “serial entrepreneurs” who are successful in the public
procurement market by achieving high efficiency in network building and
commercialization sub-processes as well as R&D sub-process. As “efficiency-inducing
change agents,” they need to opti-mize the efficiency of knowledge, network, and

market productions by managing financial, human, and social capitals better [61].

Relative to efficient performers on the frontier, a majority of firms showed
relatively low efficiency scores in R&D and network building (on average 32.65% and
29.83%, respectively) while demonstrating relatively high efficiency scores in
commercialization (on average 57.01%). The results support our first research
hypothesis. It is consistent with other studies that show a dramatic contrast in efficiency
scores at different sub-processes. For instance, Lee et al. [62] assessed the efficiencies
of Korean small firms at two sub-processes, such as R&D and commercialization, over
the period of 2009-2014, and the average scores were 10.2—-14.6% for R&D and 64.9—

65.2% for commercialization.

Although it is not directly comparable, the commercialization efficiency of this
study was somewhat smaller than those of other studies. In addition to Lee et al. [62],
Alvarez and Crespi [63] explored the efficiency of Chilean small manufacturing firms,
and the average score was 65%. Grilo and Santos [64] examined the efficiency of
Portuguese technology-based start-ups from 2009 to 2011, and the average score was
75.15%. Overall, there is some room for improvement among the U.S. small suppliers to
reduce inefficiencies (67.35%, 70.17%, and 42.99% for R&D, network building, and

commercialization sub-processes, respectively).

To sustainably involve technology-based small businesses in the federal

procurement market, it may need to correct the asymmetry of efficiencies in between
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R&D/network building and commercialization. The failure to address this issue may lead
to negative stigma and risky prejudice against contracting with small businesses [22].
One potential solution would be to render inefficient firms benchmark the efficient ones
on the frontier. It suggests some policy programs that seek to facilitate procurement

knowledge and expe-rience sharing among the DoD SBIR grantees.

Based on the results of TRAs (see Table 4), only Women_owned was statistically
sig-nificant of the factors concerned with social sustainability, so our second research
hypothesis was partially supported, and we focused on the interpretation of
Women_owned. Women_owned had a positive association with overall efficiency,
which primarily results from the superiority of women-owned small suppliers in network
building. One probable reason is that government agencies have encouraged
acquisitions from women-owned firms [65]. For instance, some public policy programs
(e.g., SBA’s Women'’s Business Centers) have assisted female entrepreneurs in
participating in the public procurement market and growing their businesses.
Additionally, the DoD has made over USD 230 billion of federal procurement contracts
with women- and minority-owned businesses over the pe-riod of 2010-2016 [66]. While
public policy is helpful for the empowerment of women-owned small suppliers, it does
not explain everything in that Minority_owned was not statistically significant although
minority-owned small suppliers have also received similar preferences in the public

procurement market.

Some other explanations may be available from the network characteristics of
women entrepreneurs relative to those of men. McGregor and Tweed [67] compared
men- and women-owned small businesses from a networking and mentoring
perspective and found that female entrepreneurs with a business network (and a
business mentor) outperformed counterparts such as those without a business network
or male entrepreneurs. Further, Manello et al. [68] demonstrated that as women in
senior roles participated in formal networking activities, the firm’s economic efficiency
increased. This reinforces the importance of network building, particularly for women-
owned small suppliers. It also implies that public policy toward networking and/or
mentoring programs can address gender-based economic and social inequity issues.
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Overall, this study contributes to the extant knowledge on the sustainable public
procurement domain by adding the following new findings: (a) there is significant room
for improvement in network building in the technology-based public procurement
market, and addressing this issue may be a critical means not only for the economic
aspect but also the social aspect of sustainable procurement; and (b) the economic
performance is re-lated to the social dimension (particularly the gender equity issue in
this study) of sustainable procurement, and facilitating the participation of women-
owned small suppliers in the federal procurement may be an effective way to enhance

the overall efficiency of the public procurement process.
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Conclusion

Sustainable public procurement plays an important role in addressing not only
environmental but also economic and social issues through government acquisitions
from technology-based small suppliers. In this context, the objective of this study was to
better understand the holistic public procurement process by assessing the operational
efficiency of technology-based small suppliers and associating the economic aspect of
public procurement with the social aspect, such as women-owned businesses. To that
end, we analyzed U.S. DoD SBIR grantees by combining network DEA with bootstrap
TRA. Drawing on the analysis results, we found that (1) there was heterogeneity in the
perfor-mance of R&D, network building, and commercialization sub-processes; and (2)
there was a positive relationship between the overall performance and women-owned
small suppliers who excel particularly in network building. The former implies that small
suppliers may have different expertise in the chain of public procurement; the latter
suggests that women entrepreneurs with a business network may be able to outperform
their counterparts in the public procurement market.

One of the concerns was that the overall performance of U.S. DoD SBIR
grantees was relatively low. The overall efficiency based on the average of R&D,
network building, and commercialization efficiency scores was about 40%. To improve
the overall efficiency, the DoD may need to pay more attention to R&D and network
building sub-processes. For example, the DoD would be able to better capitalize on its
research laboratories in strengthening the R&D and network building capacity of small
suppliers. Additionally, the selection of SBIR awardees needs to be more careful in that
those with high potential to grow in a sustainable manner can contribute to efficiency
enhancement. Particularly, women-owned small suppliers need to be offered more
opportunities to develop their business networks and participate in the public
procurement market. In this sense, the DoD needs to reinvigorate the current Mentor—
Protégé program and develop new programs aiming at the improvement of sustainable

public procurement.
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While this study sought to be methodologically rigorous and informative not only
to academics but also to practitioners, there are some limitations. First, more studies on
the network building sub-process are needed. While a knowledge generation function
for the R&D sub-process is well-documented in previous studies, literature on a network
generation function is rarely found, particularly in the DEA field. We attempted to
develop a network generation function using the number of employees and
technological distance as inputs and the number of connections as an output, but it may
need more theoretically-grounded justifications. Second, this study may not be
generalizable to small suppliers in the traditional industries (e.g., food or construction) in
that we focused on the technology-driven public procurement market. The conventional
procurement market may have different sets of sub-processes and factors that
determine the performance of suppliers. It is hoped that those limitations can be

addressed in future studies.
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Appendices

Appendix A. Network Data Envelopment Analysis

To measure the technology transition performance, we particularly employ a
modified network DEA. At the first production process, R&D and network building sub-
processes take place in tandem. At the second production process, the
commercialization sub-process follows. To understand better this whole process as a
starting point, we intentionally use parsimonious DEA models with two inputs and one
output across different sub-processes. For the R&D sub-process, specifically, a
simplified knowledge production function with SBIR awards (as a financial capital input),
the number of employees (as a human capital input), and the number of patent
applications (as an intermediate R&D output) is used. For the network building sub-
process, a novel network production function with technology distance (as a social
capital input), the number of employees (as a shared human capital input), and the
number of connections (as an intermediate network building output) is proposed. In
other words, SBIR awards and technology distance act as a dedicated input that is
devoted to a specific sub-process, while the human resources function acts as a shared
input that is used for both sub-processes. For the commercialization sub-process, an
integrative market production function with two intermediate outputs (the numbers of
patents and connections) as inputs and federal procurement contracts (i.e., the ultimate

goal of public procurement) as a final output is used.

DEA enables the performance measurement of decision-making units (DMUs;
small suppliers in this study) based on linear programming. Our DEA model can be

formulated as follows:

i

N
m
Maximize &+ 55( R¥d} + Z R? drg>
-
r=1

n
s.t. Z xijlj+df+fxik=xik (l=1,,m)
j=1

(A1)
Z?:lgrjlj - d,‘? - Egrk = Irk (T‘ =1, -"'S)r
420 (G =1,.,n) &URS, Z;-lzl/lj =1,
d*>0 (i=1..,m)&d? >0 (r=1,..,s).
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Nomenclatures used in this study are summarized as follows:

x;j. an observed i th input of the jth DMU (i=1, ... ,mandj=1, ..., n),
grj- an observed r th output of the jth DMU (r=1, ... ,sandj=1, ..., n),
d;’: an unknown slack variable of the i th input,

d?: an unknown slack variable of the r th output,

A: an unknown column vector of intensity (or structural) variables,

& a prescribed very small number,

&: inefficiency score, and

R: data range.

To avoid an occurrence of zero in dual variable (i.e., multipliers), this study
specifies the following three types of data ranges (R) according to the upper and lower
bounds of production factors:

(A2)

Under variable returns to scale, we determine the level of efficiency ((6(k),) of

the k th DMU as follows: 8(k), = 1 — 0bj(k),, where Obj(k) is the optimized objective
value of the k th DMU of Equation (2). See [69-76] for recent DEA developments.

As shown in Figure 2, the public procurement process in our study consists of
three sub-processes, so we apply Equation (2) to all three and average them out to
determine the overall efficiency (8, ):

6. — Brp + Onp + Ocu
ov — 3 (A3)

where 0zp, Oyg, and 8., represent the efficiency scores at R&D, network

building, and commercialization sub-processes, respectively.

It is worth noting that decomposing the whole process into several sub-processes

and averaging them out in our proposed model have some advantages. In terms of
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subject, we can better understand the single black box of the public procurement
process by dissecting them following the “divide and conquer” principle. We can
measure the efficiency scores not only of each sub-process but also of the whole
process. It is more informative than measuring a single overall efficiency. From a
methodological perspective, our approach allows us to transform the distribution of
efficiency scores. In general, the distribution tends to be skewed (to the right or left).
With a small sample size, particularly, DEA tends to generate many unity values, so an
estimated efficiency score is biased toward one. By taking the mean of the efficiency
scores at multiple sub-processes, the skewness may be reduced. In the ideal case
where the overall efficiency scores follow a normal distribution, it is more suitable for

subsequent statistical analysis by enabling us to estimate more unbiased coefficients.

Appendix B. Bootstrap Truncated Regression Analysis

To ensure unbiased coefficients in the second-stage analysis, we employ
bootstrap truncated regression analysis, which was suggested by Simar and Wilson
[11], instead of Tobit regression analysis that has been widely used but criticized
because of the lack of capacity to handle the finite sample issues. A primary issue is
that the actual efficiency score (8,y) is unobservable, so there may be a bias stemming
from the difference between 6,,, and 8,,, an estimated efficiency score obtained from
DEA. Additionally, 8,y is truncated, so Tobit regression analysis may not be appropriate

when 8, is used as a dependent variable.

In a linear regression model, an efficiency score (90v]-) is explained by

independent variables (z;):

GOVj = Zjﬁ + yj (A4)
where B is a vector of coefficients; and y is an error term.

The error term is assumed to be normally distributed with parameters of

the mean of zero (u = 0) and constant variance (0). It is also truncated at 1 — z;5. In

addition to our aforementioned decomposing and averaging strategy, the bootstrap can
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ensure the normality of the error term. Additionally, TRA can address the truncation of

the error term.

While Simar and Wilson [11] suggested two different approaches (algorithms 1
and 2), we carry out the first algorithm rather than the second one (i.e., double bootstrap
TRA) because we use the overall efficiency scores resulting from the average of three
sub-process efficiency scores. For the first algorithm, we perform the following tasks:

Execute a truncated regression using only h DMUs whose 8, < 1 (with h

< n) to estimate coefficients (8) and variance parameter (6);

Repeat the following steps 2000 times to compute bootstrap estimates £,

and 7;:
(2a) Generate an artificial error y; from the normal distribution, N(0O, §),

with truncation at 1 — z;3 for h DMUs;

(2b) Calculate artificial efficiency scores HAO'V]. based on zjﬁ + ¥, forh
DMUs;

(2c) Carry out a truncated regression truncated at 1 of 6, jonz; to
estimate 8, and ;.

Compute confidence intervals and standard errors for 8 and & drawing on the

bootstrap distribution of 8, and ;.

Appendix C. Results of Network Data Envelopment Analysis

Table A1 presents the detailed results of N-DEA. Specifically, it includes the

efficiency scores of three sub-processes and overall efficiency scores of 252 small

suppliers.
Table A1. Efficiency scores of small businesses
Efficiency Score
Small Business R&D Network C_:om_merm Overall
Building alization
1st Detect Corp. 0.190 0.473 1.000 0.554
Aculight Corp. 0.006 0.622 0.517 0.382
Ada Technologies, Inc. 0.025 0.745 0.469 0.413
Adaptive Materials, Inc. 0.067 0.106 0.625 0.266
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Adesto Technologies 0.188 0.215 0.620 0.341

Advanced Ceramics Research, Inc. 0.021 0.244 0.417 0.227
ADVANCED CIRCULATORY SYSTEMS, INC. 0.096 0.254 0.600 0.317
Advanced Energy Systems, Inc. 0.043 0.124 0.833 0.333
Advanced Fuel Research, Inc. 0.031 1.000 0.600 0.544
Advanced Mechanical Technology, Inc. 0.062 0.207 0.600 0.290
Advanced Scientific Concepts, Inc. 0.027 0.435 0.938 0.467
AEC-ABLE ENGINEERING CO., INC. 0.191 0.074 0.682 0.315
Aeroastro, Inc. 0.014 0.016 1.000 0.344
AeroVironment, Inc. 0.018 0.057 0.304 0.126
AESOP, INC. 0.095 0.445 0.469 0.336
AGILE SYSTEMS, INC. 0.082 0.351 0.386 0.273
Alphatech, Inc. 0.004 0.055 0.714 0.258
American Gnc Corp. 0.014 0.255 0.283 0.184
American Superconductor Corp. 0.307 0.040 0.080 0.143
Anvik Corp. 0.063 0.405 0.263 0.244
AOPTIX TECHNOLOGIES, INC. 0.104 0.210 0.652 0.322
APPLIED MINDS 0.058 0.059 0.399 0.172
APPLIED NANOTECH, INC. 0.053 0.316 0.405 0.258
APPLIED OPTOELECTRONICS, INC. 0.081 0.290 0.217 0.196
APPLIED THIN FILMS, INC. 0.024 0.452 0.938 0.471
Architecture Technology Corp. 0.009 0.239 0.625 0.291
ARES, Inc. 0.232 0.082 0.511 0.275
Arete Associates 0.005 0.106 0.654 0.255
ARTANN LABORATORIES, INC. 0.210 0.228 0.500 0.313
ASCENSION TECHNOLOGY CORP. 0.086 0.129 0.536 0.250
ASCENT SOLAR TECHNOLOGIES 0.187 0.267 0.386 0.280
ASPEN AEROGELS, INC. 0.014 0.291 0.288 0.198
AST PRODUCTS, INC. 0.088 0.156 1.000 0.414
ATAIR AEROSPACE 0.192 0.181 0.714 0.362
Aurora Flight Sciences Corp. 0.019 0.044 0.517 0.194
Austin Info Systems, Inc. 0.266 0.040 0.117 0.141
Aveka, Inc. 0.216 0.283 0.882 0.460
Aware, Inc. 0.155 0.074 0.095 0.108
Banpil Photonics, Inc. 0.086 0.378 0.833 0.432
BEACON POWER CORP. 0.187 0.158 0.938 0.427
BENEDICT ENGINEERING CO., INC. 0.233 0.678 0.882 0.598
Benthos, Inc. 0.058 0.039 0.600 0.232
BIOARRAY SOLUTIONS 0.192 0.153 0.292 0.212
BIOCRYSTAL, LTD. 0.192 0.057 0.495 0.248
Biosearch Technologies, Inc. 0.116 0.052 0.833 0.334
Calspan Corporation 0.194 0.033 0.345 0.191
Cambridge Scientific, Inc. 0.189 0.290 0.938 0.472
Cape Cod Research, Inc. 0.035 1.000 1.000 0.678
Cascade Designs 0.108 0.014 0.605 0.242
Ceradyne, Inc. 0.096 0.014 1.000 0.370
Ceramatec, Inc. 0.043 0.135 0.133 0.104
CFD Research Corp. 0.003 1.000 0.682 0.562
CHEMIMAGE CORP. 0.102 0.095 1.000 0.399
CIPHERGEN BIOSYSTEMS, INC. 0.192 0.020 0.221 0.144
Cleveland Medical Devices, Inc. 0.049 0.081 0.833 0.321
Coherent Logix, Inc. 0.011 0.142 0.500 0.218
Coherent Technologies, Inc. 0.007 0.149 0.750 0.302
CONCEPTS ETI, INC. 0.093 0.057 0.882 0.344
Conductus, Inc. 0.373 0.284 0.385 0.347
Cornerstone Research Group, Inc. 0.007 0.109 0.789 0.302
Creare, Inc. 0.002 1.000 0.556 0.519
Cybernet Systems Corp. 0.009 0.529 0.326 0.288
Daylight Solutions 0.208 0.122 0.682 0.337
DEFT, INC. 0.478 0.056 0.216 0.250
Digital Optics Corp. 0.187 0.082 0.165 0.145
Displaytech, Inc. 0.093 0.171 0.227 0.164
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Diversified Technologies, Inc. 0.028 0.080 0.789 0.299

Dynamet Technology, Inc. 0.053 0.279 1.000 0.444
Eic Laboratories, Inc. 0.013 0.561 0.500 0.358
Eltron Research, Inc. 0.032 0.432 0.395 0.286
EMAG Technologies, Inc. 0.013 0.294 1.000 0.436
Emcore Corp. 0.546 0.096 0.110 0.251
EnerG2 0.192 0.351 0.938 0.493
Energy Focus, Inc. 0.093 0.071 0.938 0.367
Engineering Technology, Inc. 0.192 0.094 1.000 0.429
Envirogen, Inc. 0.205 0.235 0.750 0.397
Essex Corp. 0.057 0.396 0.938 0.463
EXCELLATRON SOLID STATE, LLC 0.062 0.890 0.750 0.567
Fiber Materials, Inc. 0.015 0.237 0.500 0.251
FIBERSTARS, INC. 0.093 0.054 0.326 0.158
FIRESTAR ENGINEERING, LLC 0.124 0.543 0.789 0.486
Florida Turbine Technologies, Inc. 0.029 0.031 0.227 0.096
Foster-Miller Inc. 0.031 0.349 0.199 0.193
Front Edge Technology, Inc. 0.057 0.204 0.882 0.381
FUELCELL ENERGY, INC. 0.215 0.018 0.332 0.188
GENOMATICA, INC. 0.334 0.153 0.250 0.246
GENOPTIX, INC. 0.372 0.133 0.628 0.378
Giner, Inc. 0.031 0.983 1.000 0.672
Guild Associates, Inc. 0.125 0.138 0.661 0.308
HANSEN ENGINE CORP. 0.193 0.409 0.386 0.329
HITTITE MICROWAVE CORP. 0.008 0.128 0.441 0.192
HI-Z TECHNOLOGY, INC. 0.033 0.977 0.652 0.554
Hypres, Inc. 0.008 0.292 0.273 0.191
IAP Research, Inc. 0.050 0.274 0.652 0.325
Idaho Technology, Inc. 0.187 0.068 0.958 0.405
Imaging Systems Technology 0.188 0.183 0.833 0.401
Implant Sciences Corp. 0.096 0.124 0.455 0.225
Indigo Systems Corp. 0.160 0.075 0.833 0.356
INFINERA CORP. 0.157 0.021 0.096 0.091
INFINIA CORP. 0.026 0.044 0.500 0.190
Information Systems Laboratories, Inc. 0.011 0.103 0.789 0.301
INFRAMAT CORP. 0.067 0.314 0.789 0.390
INNOVATIVE MICRO TECHNOLOGY 0.187 0.086 0.441 0.238
INSIGHT TECHNOLOGY, INC. 0.192 0.026 0.872 0.363
INTEGRAN TECHNOLOGIES USA, INC. 0.200 1.000 0.441 0.547
INTEGRATED MAGNETOELECTRONICS 0.169 0.348 0.938 0.485
INTERNATIONAL ELECTRONIC MACHINES 0.038 0.233 0.441 0.237
Interscience, Inc. 0.079 0.692 0.750 0.507
INTEVAC, INC. 0.104 0.016 0.183 0.101
INTRA-CELLULAR THERAPIES, INC. 0.192 0.242 0.600 0.345
IPITEK 0.023 0.699 0.682 0.468
IROBOT CORP. 0.056 0.014 0.193 0.088
IRVINE SENSORS CORP. 0.059 0.255 0.128 0.147
ISIS PHARMACEUTICALS 1.000 0.023 0.116 0.380
JAYCOR 0.189 0.245 0.917 0.450
JENTEK Sensors, Inc. 0.013 0.270 0.268 0.184
JOHNSON RESEARCH & DEVELOPMENT CO., INC. 0.093 0.463 0.246 0.267
JX CRYSTALS, INC. 0.373 1.000 0.577 0.650
KAZAK COMPOSITES, INC. 0.008 0.189 0.833 0.343
KENT DISPLAYS, INC. 0.192 0.122 0.375 0.230
KESTREL CORP. 0.042 0.496 0.938 0.492
KIGRE, INC. 0.121 0.099 0.882 0.367
KONARKA TECHNOLOGIES, INC. 0.187 0.117 0.348 0.217
Kopin Corp. 0.272 0.058 0.071 0.134
KULITE SEMICONDUCTOR PRODUCTS, INC. 0.158 0.013 0.071 0.081
KVH INDUSTRIES, INC. 0.096 0.022 0.375 0.164
LAKE SHORE CRYOTRONICS, INC. 0.192 0.439 0.500 0.377
LIGHTPATH TECHNOLOGIES 0.187 0.038 0.605 0.277
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LIGHTSMYTH TECHNOLOGIES 0.115 1.000 0.417 0.510

Lightwave Electronics Corp. 0.187 0.530 0.288 0.335
LITHIUM POWER TECHNOLOGIES, INC. 0.062 0.282 0.938 0.427
LSP TECHNOLOGIES, INC. 0.023 0.127 0.263 0.138
LUMIDIGM, INC. 0.084 0.145 0.469 0.233
Luminex Corporation 0.192 0.017 0.172 0.127
Luna Innovations, Inc. (F&S) 0.002 1.000 0.230 0.411
Lynntech, Inc. 0.033 0.691 0.130 0.285
MagiQ Technologies, Inc. 0.039 0.258 0.366 0.221
MAINSTREAM ENGINEERING CORP. 0.007 0.540 0.221 0.256
MARLOW INDUSTRIES, INC. 0.192 0.035 0.385 0.204
MASSIVELY PARALLEL TECHNOLOGIES, INC. 0.187 0.230 0.505 0.307
Materials & Electrochemical Research 0.006 1.000 0.882 0.629
MATERIALS MODIFICATION, INC. 0.021 0.531 0.833 0.462
MAXDEM, INC. 0.140 0.313 0.429 0.294
MESOSCOPIC DEVICES, LLC 0.041 0.237 0.625 0.301
MESOSYSTEMS TECHNOLOGY, INC. 0.039 0.111 0.577 0.242
METAL STORM, INC. 0.142 0.412 0.442 0.332
MICROCHIP BIOTECHNOLOGIES 0.192 0.438 0.750 0.460
MICROCOATING TECHNOLOGIES, INC. 0.019 0.390 0.469 0.293
MICROFAB TECHNOLOGIES, INC. 0.124 0.182 0.375 0.227
MICROLINK DEVICES 0.062 1.000 1.000 0.687
MicroStrain, Inc. 0.049 0.105 0.652 0.269
Microvision, Inc. 0.120 0.037 0.095 0.084
MIDE TECHNOLOGY CORP. 0.011 0.350 0.750 0.370
MIKRO SYSTEMS, INC. 0.187 0.224 1.000 0.470
MILLENNIUM CELL 0.192 0.168 0.652 0.337
MISSION RESEARCH CORP. 0.008 0.927 0.925 0.620
MSP CORP. 0.241 0.276 0.300 0.272
Nano Terra, Inc. 0.046 0.225 0.600 0.290
Nanocomp Technologies Inc. 0.027 0.177 0.652 0.285
NANODYNAMICS, INC. 0.079 0.042 0.417 0.179
NANOSOLAR 0.187 0.374 0.237 0.266
NANTERO, INC. 0.199 0.154 0.164 0.172
NITRONEX CORP. 0.056 0.115 0.652 0.274
nLight Photonics 0.025 0.046 0.238 0.103
NOMADICS, INC. 0.023 0.260 0.577 0.287
Nonvolatile Electronics, Inc. 0.010 0.190 0.273 0.158
NP PHOTONICS, INC. 0.035 0.497 0.429 0.320
ObjectVideo, Inc. 0.028 0.084 0.289 0.134
Ocean Power Technologies, Inc. 0.233 0.287 0.417 0.313
OEWAVES, INC. 0.114 0.353 0.600 0.356
Omnitek Partners, LLC 0.016 0.306 0.164 0.162
OPEL 0.043 0.491 1.000 0.511
OPNET TECHNOLOGIES 0.067 0.037 0.682 0.262
OPTELECOM, INC. 0.176 0.081 0.682 0.313
OPTICAL RESEARCH ASSOC. 0.187 0.093 0.625 0.302
Opticomp Corp. 0.020 0.107 0.938 0.355
OPTOMEC DESIGN CO. 0.039 0.194 0.714 0.316
Orbital Research, Inc. 0.011 0.293 0.682 0.329
Pacific Wave Industries, Inc. 0.063 0.265 0.938 0.422
PEREGRINE SEMICONDUCTOR CORP. 0.047 0.049 0.150 0.082
PHOTOBIT CORP. (PHOTOBIT, LLC) 0.196 0.377 0.500 0.358
Photodigm, Inc. 0.057 0.402 0.577 0.345
Photon-X, Inc (AL) 0.030 0.433 0.600 0.355
PHYSICAL OPTICS CORP. 0.011 0.761 0.152 0.308
PHYSICAL SCIENCES, INC. 0.002 0.726 0.260 0.329
PIASECKI AIRCRAFT CORP. 0.093 0.082 0.652 0.276
POLARONYX, INC. 0.062 0.522 0.882 0.489
Precision Combustion, Inc. 0.028 0.219 0.349 0.198
Princeton Electronic Systems 0.060 0.298 0.938 0.432
Princeton Lightwave, Inc. 0.047 0.330 0.682 0.353
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PROTONEX TECHNOLOGY CORP. 0.098 0.141 0.682 0.307
QD VISION, INC. 0.179 0.324 0.316 0.273
QorTek, Inc. 0.022 0.389 0.600 0.337
QRDC, INC. 0.063 0.148 0.882 0.364
QUALLION LLC 0.038 0.055 0.221 0.105
Quantum Magnetics, Inc. 0.085 0.898 0.500 0.494
Radiation Monitoring Devices, Inc. 0.012 0.343 0.366 0.240
RAPID PATHOGEN SCREENING, INC. 0.295 0.252 0.988 0.512
RAYDIANCE, INC. 0.233 0.104 0.833 0.390
RD INSTRUMENTS 0.467 0.038 1.000 0.501
RECHARGEABLE BATTERY CORP. 0.192 0.375 0.833 0.467
REVEO, INC. 0.180 0.158 0.095 0.144
Rf Monolithics, Inc. 0.130 0.175 0.517 0.274
Rocky Research 0.064 0.164 0.197 0.142
Ross-Hime Designs, Inc. 0.116 1.000 0.938 0.685
Satcon Technology Corp. 0.031 0.029 0.388 0.149
Science & Engineering Services, Inc. 0.042 0.069 0.963 0.358
Science Research Laboratory 0.008 1.000 0.556 0.521
SECURE COMPUTING CORP. 0.373 0.205 0.300 0.293
SemiSouth Laboratories 0.047 1.000 1.000 0.682
SENSIS CORP. 0.106 0.037 0.696 0.280
Sensor Electronic Technology, Inc. 0.138 1.000 0.155 0.431
SENSORS UNLIMITED, INC. 0.073 0.210 0.600 0.294
SEQUAL TECHNOLOGIES, INC. 0.187 0.044 0.545 0.259
Skion Corp. 0.187 0.182 0.625 0.331
SOUTHWEST SCIENCES, INC. 0.063 0.940 0.469 0.490
Spectra Group Limited, Inc. 0.200 0.331 0.750 0.427
Spectral Sciences, Inc. 0.005 1.000 0.652 0.552
SPIRE CORP. 0.043 0.346 0.184 0.191
STEIN SEAL CO. 0.187 0.034 0.833 0.351
STURMAN INDUSTRIES, INC. 0.096 0.078 0.442 0.205
T NETWORKS, INC. 0.350 0.099 0.604 0.351
TALLEY DEFENSE SYSTEMS 0.104 0.030 0.845 0.326
TDA RESEARCH, INC. 0.007 0.860 0.366 0.411
Technical Research Associates, Inc. 0.062 1.000 0.938 0.667
TECHNOLOGIES & DEVICES INTERNATIONAL 0.038 0.213 0.600 0.284
TESSERA, INC. 0.977 0.057 0.071 0.368
Thermacore, Inc. 0.187 0.070 0.326 0.194
Therox, Inc. 0.333 0.090 0.304 0.242
THESEUS LOGIC, INC. 0.187 0.422 0.938 0.515
TIAX LLC 0.009 0.735 0.441 0.395
TIME DOMAIN CORP. 0.146 0.090 0.109 0.115
TINI ALLOY CO. 0.187 0.413 0.577 0.392
TOPIA TECHNOLOGY, INC. 0.187 0.162 0.938 0.429
TOUCHSTONE RESEARCH LABORATORY, LTD. 0.012 0.188 0.319 0.173
TPL, Inc. 0.017 0.737 0.882 0.545
TRANSTECH PHARMA, INC. 0.196 0.068 0.360 0.208
TRANSTECH SYSTEMS, INC. 0.192 0.140 0.882 0.405
Trex Enterprises Corp. 0.011 0.092 0.253 0.119
TRITON SYSTEMS, INC. 0.002 0.970 0.882 0.618
UES, Inc. 0.010 0.507 1.000 0.506
ULTRAMET 0.012 0.294 0.625 0.310
ULTRA-SCAN CORP. 0.041 0.186 0.578 0.268
UNI-PIXEL DISPLAYS, INC. 0.204 0.282 0.430 0.305
UNIVERSAL DISPLAY CORP. 0.514 0.069 0.062 0.215
VISIDYNE, INC. 0.046 0.332 0.652 0.343
WARWICK MILLS 0.311 0.044 0.441 0.265
WAVEFRONT RESEARCH, INC. 0.033 1.000 0.882 0.638
X-RAY OPTICAL SYSTEMS, INC. 0.187 0.203 0.385 0.258
Zebra Imaging, Inc. 0.187 0.081 0.258 0.175
ZOLO TECHNOLOGIES, INC. 0.067 0.202 0.882 0.383
ZYVEX CORP. 0.187 0.101 0.295 0.194
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