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IUSE: Analyzing Nestedness Variability for Bipartite Makerspace Tool-Tool Projection
Models

Introduction & Background

Academic engineering makerspaces give students a controlled environment to put their
theoretical knowledge to practical use. As such, many universities are adding these spaces to their
campuses and integrating them into their curricula [1]. Due to their rising popularity and perceived
importance, it is important to further understand how best to create and manage these spaces. A
number of universities have taken the initiative of tracking usage (number of users), however, this
fails to detect any underlying patterns and trends [2]. Tracking usage patterns can identify the
impact of intended and unintended policy consequences and support the design of new
spaces/modification of existing ones to maximize effectiveness.

Analyzing human and machine interactions through network-based methods is a well-
established practice further supported by the influx of data in the digital age. Modeling and
analyzing data using network-based techniques can be found across various fields. Ecology uses
Ecological Network Analysis (ENA) to model and analyze a range of complex species interactions
in ecosystems, for example food webs model predator-prey interactions amongst species.
Engineering studies using ENA have successfully translated the patterns found in ecological food
webs to water distribution networks and power grids to increase their effectiveness and resilience
[3,4].

This NSF funded project has been successfully applying ENA methods to gain insight into
makespace tool usage trends by modeling spaces as mutualistic, bipartite student-tool networks
[5-10], inspired by the modeling and analysis of plant-pollinator type mutualistic networks found
in nature. The user-tool makerspace networks document the mutually beneficial interaction (as
opposed to a consumption-type interaction) of a student, or student group, using a tool in an
interaction matrix. Graph and information theory-based metrics from ENA, such as nestedness
[11-13], can then quantify usage patterns within the networks. Bipartite projection techniques are
investigated here, allowing for further insight into how different individual nodes within the same
set of actors are linked to one another [14, 15].

A user-tool makerspace network model has two possible projections: user-user and tool-tool.
A tool-tool projection network creates links between tools when there are shared users in the user-
tool network (i.e., student A using a 3D printer and a welder would connect the printer and welder
in the tool-tool projection network model). The tool-tool projection model provides insights into
non-obvious relationships between tools based on usage. These tool relationships can uncover
hidden patterns and usage clusters that are not easily visible in previously studied user-tool
network models or standard in person makerspace usage tracking. This study performs a
preliminary exploration of the volatility of the ENA metric nestedness for tool-tool networks, with
the goal of understanding the metric’s response as tool-tool interactions are removed. This
investigation supports future work into factors that influence the robustness of network metrics.

Methods
Data Collection

Makerspaces at two R1 institutions served as case studies. School A has a staff-managed space
located in a central engineering building that is open to all engineering students but limited to
course required use and select engineering competition teams. Additionally, there are strict PPE
requirements for entering the space, regardless of what is being used, including safety goggles,



closed toe shoes, ankle covering pants, and no jewelry. School B is a student volunteer managed
space located inside the mechanical engineering building. As such, the space is used primarily by
mechanical engineering students despite being open to all engineering students. Both personal and
class-based projects are allowed. PPE requirements vary depending on the area of space being
used, with the main area requiring none and the wood and metal workspaces needing closed toe
shoes and safety goggles. Data was collected at both schools using end of semester surveys (see
[10] for further details). The survey results from 3 spring semesters (2021-23) were utilized for
this study (School A: Nstudents = 121, 69, 70 and School B: Nstudents = 84, 94, 80, respectively).

Network Creation

Survey responses were quantified in the form of bipartite interaction matrices (see [10] for
more details). Using Equation 1, the user-tool interaction matrices [B] were projected as tool-tool
matrices.

B'=B:-BT (1)

This tool-tool network creation is further detailed in Figure 1. The projection (Figure 1-right)
documents interactions between tools as a function of shared users, rather than direct interactions
between users and tools in the user-tool matrix (Figure 1-left). The interaction or edge values in
the tool-tool matrices are the number of shared users the paired tools have. Tools with no shared
users have a b value of 0. The diagonal matrix elements for tool pairings involving the same tool
(e.g., intersection of 3D printer and 3D printer), are defaulted to 0 to avoid inflation as these are
not of interest.
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Fig. 1: Projecting a 7x3 user-tool network model [B], with 7 users and 3 tools, into a 3x3 tool-
tool network model [B’].

Nestedness

Nestedness quantifies how hierarchical the interactions in a network are on a scale of zero to
one. A value of 1 indicates a perfectly nested space where student 1 is connected to all tools,
student 2 is connected to a subset of those, and student 3 a subset of those and so forth. A value of
0 indicates a completely random network with no hierarchical structure. Nestedness quantitatively
supports our understanding of the dependencies of a space’s tools. When examining the nestedness
of a network, it’s prudent to consider actor subsets known as generalists and specialists. In the
context of a makerspace network, generalists are users who interact with a wide variety of tools,
whereas specialists only interact with a smaller subset of those tools. In a nested network, the
distinction between generalist and specialist are evident due to the clear hierarchical nature of the
network.

A commonly used calculation for nestedness is Almeida-Neto’s Nestedness based on
Overlapping and Decreasing Fill (NODF) [16]. However, this method only works for binary



networks. Because the tool-tool network model contains weights, a modified version of NODF by
Almeida-Neto, known as Weighted Nestedness based on Overlapping and Decreasing Fill
(WNODF), is used [17].

Sensitivity Analysis

Validation techniques help ensure that metrics used to analyze networks yield reliable and
reproducible results. A sensitivity analysis was conducted to evaluate the robustness of nestedness
for the tool-tool network model, giving insight into how changes in the network might affect the
tool-tool structure [18]. A percentage (0-10%) of randomly selected links was removed and
nestedness was recalculated at 1% removal intervals. The 10% threshold was experimentally
decided to ensure that changes were visible, while still ensuring the network has structural
integrity. The random removal and nestedness calculation were each iterated 10 times, with the
result being the average of those 10 to minimize any random error. Sensitivity was then
characterized at each removal step as the percent change in nestedness from the network’s initial
nestedness.

Results and Discussion
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Fig. 2: Change in weighted nestedness (WNODF) across schools A and B during semesters 1
(2021), 2 (2022), and 3 (2023) as a function of the % of links removed.

Nestedness at both schools and across all three semesters decreased as edges were removed,
as seen in Figure 2. This is expected because as edges are removed the hierarchical structure breaks
down and a highly nested network requires a connectance, or links vs total possible links, of at
least about 50% [19]. Notably, School B’s nestedness is more strongly impacted by a loss of links
than School A’s across all semesters. This is interesting as, apart from the exception of Spring
2022, School B is more nested than School A. While School B’s actual network each semester
exhibits more of a specialist-generalist nested pattern, the steeper decline in nestedness may
suggest a smaller proportion of specialists and thus fewer unique interactions (needed to create the
nested structure). As such, any link removal will have a greater effect on School B’s nestedness.
Prior work suggested that the more structured and staff-managed approach of School A resulted



in more tools requiring special training, while the freeform student-managed School B space had
more students using more tools overall [19, 20]. The larger effect of link removal on the nestedness
of School B also indicates that the nested structure that is there may be more fragile nested than
School A. Quantitatively, the removal of tool-tool links from School B’s network drops the
connectance below the 50% threshold, resulting in a larger impact on nestedness.

As the makeup of the makerspaces in School A and School B are fundamentally different, it
would be futile to draw concrete conclusions without first exploring other spaces similar to both
schools A and B. This is because the changes in metrics/trends could be attributed to many
differences, such as space usage purpose, ease of entry, school culture, etc. As such, further studies
are required to substantiate the preliminary claims made in this paper.

Conclusions

Makerspaces can play a fundamental part in the formation of an engineer. It is thus prudent to
develop tools and methodologies to understand usage patterns and gain insights into improving
their design and operations. The analysis here combines previously used Ecological Network
Analysis methods with newly applied bipartite projection techniques. Network projection offers
makerspace researchers a fresh perspective on existing data by looking into intra-actor
relationships through shared connections. The tool-tool projections focus on patterns created by
shared usage — independent of individual users. Future work with this analysis has the potential to
uncover hidden trends such as clusters of tools often used together, underutilized tools, or usage
dependencies. This study validates the usage of bipartite projection techniques and nestedness
analysis in tandem with sensitivity analysis to gain deeper insights into a makerspace network.

Acknowledgments

The authors thank all the students who volunteered to participate in the survey and provide
valuable insight and all the employees, faculty, and volunteers who support the makerspace where
the analysis was conducted. This work was made possible through the support of the National
Science Foundation under grants 2013505 and 2013547. Any opinions, findings, or conclusions
found herein do not necessarily reflect the views of NSF and its employees.

Citations

[1] D. Andrews and D. Roberts, "Academic makerspaces: contexts for research on
interdisciplinary collaborative communication," presented at the Proceedings of the 35th
ACM International Conference on the Design of Communication, Halifax, Nova Scotia,
Canada, 2017. doi: 10.1145/3121113.3121230.

[2] M. Josiam, A. D. Patrick, M. E. Andrews, and M. Borrego, "Makerspace Participation:
Which Students Visit, Return, and Why?," presented at the ASEE 126th Annual
Conference & Exposition, 2019, 2019, 27538.

[3] T. Dave and A. Layton, "Designing Ecologically-Inspired Robustness into a Water
Distribution Network," Journal of Cleaner Production, vol. 254, no. 1, p. 120057, 2020,
doi: 10.1016/j.jclepro.2020.120057.

[4] H. Huang, Z. Mao, V. Panyam, A. Layton, and K. R. Davis, "Ecological Robustness-
Oriented Grid Network Design for Resilience Against Multiple Hazards," /IEEE
Transactions on Power Systems, vol. 39, no. 1, pp. 416-428, 2024, doi:
10.1109/TPWRS.2023.3262501.



[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

S. Blair, C. Crose, J. Linsey, and A. Layton, "Tool Usage Patterns of Mechanical
Engineering Students in Academic Makerspaces," 2023 IEEE Frontiers in Education
Conference (FIE), pp. 1-6,2023.

S. Blair, G. Hairston, H. A. Banks, J. S. Linsey, and A. Layton, "Makerspace Network
Analysis for Identifying Student Demographic Usage 6th International Symposium on
Academic Makerspaces," 2022.

A. Layton, J. Linsey, S. Blair, G. Hairston, and H. Banks, "Modularity Analysis of
Makerspaces to Determine Potential Hubs and Critical Tools in the Makerspace," 2022
ASEE Annual Conference &amp, Exposition Proceedings, 2022.

P. Thelly et al., "Quantitative network analysis for benchmarking and improving
makerspaces," presented at the 2024 ASEE Annual Conference & Exposition
Proceedings, 2024.

C. Kaat, S. Blair, A. Layton, and J. Linsey, "Do I Fit In? Examining Student Perceptions
of Belonging and Comfort in University Makerspaces," presented at the International
Symposium on Academic Makerspaces (ISAM), Pittsburg, PA, USA, 2023.

P. Thelly, J. Linsey, and A. Layton, "Bipartite Network Analysis for Understanding
Makerspace Tool Usage Patterns.," presented at the 8th International Symposium on
Academic Makerspaces (ISAM), Sheffield, UK, 2024.

C. Brehm and A. Layton, "Nestedness in eco-industrial networks: exploring linkage
distribution to promote sustainable industrial growth," Journal of Industrial Ecology, vol.
25, no. 1, pp. 205-218, 2021, doi: 10.1111/jiec.13057.

A. Chatterjee, C. Brehm, and A. Layton, "Evaluating benefits of ecologically-inspired
nested architectures for industrial symbiosis," Resources, Conservation and Recycling,
vol. 167, p. 105423, 2021, doi: 10.1016/j.resconrec.2021.105423.

J. Bascompte, "Mutualistic networks," Frontiers in Ecology and the Environment, vol. 7,
no. 8, pp. 429-436, 2009, doi: 10.1890/080026.

Z. Neal et al., "Pattern detection in bipartite networks: A review of terminology,
applications, and methods," PLOS Complex Systems, 2023.

T.J. B. Cann, I. S. Weaver, and H. T. P. Williams, "Is it correct to project and detect?
How weighting unipartite projections influences community detection," Network Science,
vol. 8, pp. S145 - S163, 2020.

M. Almeida-Neto, M. Almeida-Neto, R. Loyola, G. Wataghin, and W. Ulrich, "A
consistent metric for nestedness analysis in ecological systems: reconciling concept and
measurement," Oikos, vol. 117, pp. 1227-1239, 2008.

M. Almeida-Neto and W. Ulrich, "A straightforward computational approach for
measuring nestedness using quantitative matrices," Environ. Model. Sofiw., vol. 26, pp.

173-178, 2011.

H.-C. Trinh and Y.-K. Kwon, "Edge-based sensitivity analysis of signaling networks by
using Boolean dynamics," Bioinformatics, vol. 32, no. 17, pp. 1763-1771, 2016, doi:
10.1093/bioinformatics/btw464.

S. Blair, G. Hairston, H. Banks, C. Kaat, J. Linsey, and A. Layton, "Bio-inspired human
network diagnostics: Ecological modularity and nestedness as quantitative indicators of
human engineered network function," Systems Engineering, vol. 27, pp. 886—898, 2024,
doi: 10.1002/sys.21756.



[20] C.Kaat, S. Blair, A. Layton, and J. Linsey, "A Study of Makerspace Health and Student
Tool Usage During and After the COVID-19 Pandemic," Des Sci, vol. 10, no. €13, 2024,
doi: 10.1017/dsj.2024.11.



