
Proposal for I-Team UTRA on Topological Data Analysis 

 
Faculty Sponsor: Jeffrey Brock (Math/DSI) and Katherine Kinnaird (Applied Math/DSI). 

 

We propose to run an I-Team UTRA in conjunction with the Summer@ICERM program on the 

subject of Topological Data Analysis . This recently approved eight-week Summer@ICERM 

program, which had been proposed by me and co-sponsors Facundo Mémoli (Ohio State) and 

José Perea (Michigan State), will give undergraduates an opportunity for exposure and research 

in the methods of “Applied Topology” in the study of complex data sets. These faculty will be 

directly involved in the mentorship of the proposed projects below.  

 

To align this program with the new Data Science Initiative at Brown, we seek to boost the 

involvement of as many Brown Undergraduates as possible. The funding for Summer@ICERM 

comes from the NSF.  ICERM does not use these funds to support Brown Undergraduates, as 

this undermines the national application process. For Brown to maximize benefit of the 

excellent programs running at ICERM, it is vital that we press for resources for participation of 

Brown students. ICERM’s track record of excellent success with UTRA students is well 

established, and last year we had our first I-Team UTRA project funded for students to work 

with Björn Sandstede’s proposal. This was a great success, one we hope to replicate in the 

current cycle, and expand on through the support of the Data Science Initiative’s resources. 

 

Focus: Topological Data Analysis. Our proposed sample projects revolve around the exploratory 

analysis and classification of datasets using ideas from applied algebraic topology and metric 

geometry, and emphasize the computational aspect of the ideas.  

 

Overview: Many datasets can be modeled as finite metric spaces. Given a finite metric space X 

for a given scale parameter  t  one considers R
t X , the Vietoris-Rips simplicial complex associated 

to X. Its vertex set is X  and its simplices are all non-empty D  such that diam( D ) < t . Given a field 

F and a non-negative integer k  one can then associate to X  the vector space Hom(R
t X ,F) 

produced by the homology functor applied to the Vietoris-Rips complex of X  at scale t . Some 

indication about the number of connected components, loops, etc. in X  at scale t  can be 

obtained in this way. This methodology has the drawback that these numbers of connected 

components and so forth can change dramatically with the scale t . It then becomes apparent 

that a more suitable idea is to try to track homology generators across scales, which is the main 

idea behind the notion of what has come to be called Persistent Homology , which has become 

a mainstay of the field of Topological Data Analysis (TDA), which extracts meaning from the 

‘shape’ of data. 
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The Mapper algorithm takes as input a dataset X (the hand) together with a function f:X→ R (represented by the color code on 

the hand) and a cover U = {U1, U2, U3, U4, U5} of the codomain of the function. The sets {X1, X2, X3, X4, X5} are the preimages of the 

elements of the cover U and determine a cove Vr of X. The Nerve of V is depicted in the last line -- this is the output of the 

Mapper algorithm -- a topology based method for data simplification/visualization. 

 

For training purposes, our program will offer three mini-courses for the students at the 

beginning of the program. 

 

Mini-courses: (1) Persistent Homology from the computational viewpoint . The main ideas of 

Persistent Homology will be introduced via a tutorial combining theoretical concepts with their 

software implementation. (2) Distances between Metric Spaces and applications . The main 

ideas behind the construction and applications of the Gromov-Hausdorff distance will be 

presented. (3) Topological Time Series Analysis . Time series are ubiquitous in today's data rich 

world, so naturally their analysis is a fundamental object of study. In recent years, tools from 

the growing field of topological data analysis have been adapted to the analysis of time series 

data. In short, time series can be transformed into high-dimensional point clouds (via 

delay-embeddings) and their shape can be probed via persistent homology to quantify 

characteristics such as periodicity, quasiperiodicity, existence of motifs, and dynamic chaos.  

 

Research Projects: Our research projects are highly interdisciplinary, and all represent areas 

where topological data analysis stands to have a deep and meaningful impact. (1) Shape 

Classification . In the problem of shape categorization under deformations one is presented with 

a database of 2D or 3D shapes which need to be clustered into "geometrically similar" groups. 

For instance, the shapes in the database could comprise 3D scans of humans, furniture, 

animals, where the same subject may be present in the database in different poses. This 

situation is often dealt with by modeling the shapes as finite metric spaces: each shape X  is 

endowed with the path-length distance arising from a suitable geometric graph induced the 
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point cloud representing the shape. This choice of the metric ensures that different poses of 

the same object will in practice be quasi-isometric . Students will implement the whole pipeline 

leading to the computation of the something called bottleneck distance  between persistence 

diagrams associated to shapes. Then several different databases of shapes will be classified 

using these algorithms.  (2) Classification of Music Data Streams: Music Information Retrieval . 

Many musical streams may be represented by a similarity matrix. As such, these datasets are 

amenable to analysis via TDA related ideas. In this project students will apply persistent 

homology techniques in order to automatically classify databases of song data into different 

genres. (3) Analysis of hippocampal networks . It is believed that ensembles of cells in the 

hippocampus of animals have the ability of storing spatial memories. These cell ensembles 

produce time series data in the form of spike trains. In the course of a certain time interval, 

experimentalists obtain spike trains from about a hundred different hippocampal cells. The 

concerted spiking patterns of these ensembles of cells encode for the location of an animal 

inside its habitual environment, and these patterns encode structural information about the 

environment itself: how many obstacles are there in the environment? how many different 

tunnels, etc? One approach for answering these questions relies on representing these cell 

ensembles as networks : directed weighted graphs with vertex set coinciding with the set of 

cells. Methods based on persistent homology of such networks recover some topological 

features of the environment. 

 

Mentoring and Research Environment: As an alumnus of Research Experiences for 

Undergraduates at two institutions and as an architect of the original Summer@ICERM 

program, Brock has considerable experience with what works well in undergraduate 

mathematics collaboration. An important goal for this program will be to create diverse 

research communities and groups and to reach out to incoming students with the hope of 

drawing them into the beauty and excitement of mathematical discovery and application. The 

group research collaboration model is recognized in the math community as the right way for 

students to first encounter math research, and the flavor of these problems is very engaging. 

Kinnaird is an expert in music information retrieval and has considerable mentoring and 

outreach experience. 

 

Routine meetings of teams will ensure that students stay on track and maintain good 

communication within the group. Regular presentations on Fridays will recap the week’s efforts 

and give students opportunities to practice presentation skills. ICERM provides an excellent 

research environment for undergraduate research students, and the students and their 

mentors will have access to office and collaborative space throughout the institute. They also 

will have access to ICERM’s computer facilities and specialized software. Finally, ICERM staff will 

provide logistical support for students and build community through activities and events. 
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