
Biophysical Reports, Volume 6 

Supplemental information 

Objective clustering protocol for single-molecule 

data: A lifetime vs. intensity study 

Michael A.C. Lovemore, Bertus van Heerden, Joshua L. Botha, and Tjaart P.J. Krüger 



Manuscript submitted to BiophysicalReports
Article

Objective clustering protocol for single-molecule
data: A lifetime vs. intensity study
Michael A.C. Lovemore1, Bertus van Heerden1, Joshua L. Botha1, and Tjaart P.J. Krüger1,*

1Department of Physics, University of Pretoria, Lynnwood Road, Pretoria, 0002, Gauteng, South Africa
*Correspondence: tjaart.kruger@up.ac.za

SUPPLEMENTARY INFORMATION

Figure S1: Clustering results for the four-state simulated lifetime–intensity dataset (300 particles, 10-min traces). A. Representative
40-ms binned intensity trace showing rapid photoblinking. B. Lifetime–intensity distribution of all traces, revealing four
populations. C. IC score plots (AIC, BIC, and ICL) identify four clusters as optimal, with mean cluster tightness ⟨𝐷2⟩ ≈ 2 and
FO ∼ 0.05. D. Clustered distribution with centers at (500 cps, 0.8 ns), (2601 cps, 2.1 ns), (1205 cps, 2.4 ns), and (3100 cps, 1.1
ns) marked by crosses and enclosed by 0.95 confidence ellipses. ARI = 1, confirming accurate recovery of the simulated states.
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Figure S2: Comparison of alternative clustering methods on a well-defined two-state simulated fluorescence lifetime–intensity
dataset (10-min time, 300 particles). A. DPGMM with three prior components and a Dirichlet concentration of 0.1 assigns
two clusters to the same high-intensity population, forming a low-occupancy “ghost” cluster; 0.95 confidence ellipses shown;
computation time ≈ 2× that of the GMM protocol. B. K-means elbow plot identifies two clusters as optimal; computation time
≈ 2× that of GMM. C. K-means result for two clusters shows a visually reasonable separation of the two populations.

Table S1: Means and standard deviations of the simulated intensity and lifetime parameters used to generate the ten-state,
multi-state dataset composed of five well-defined states (1–5) and five diffuse, low-probability states (6–10).

State Mean intensity (cps) Intensity SD (cps) Mean Lifetime (ns) Lifetime SD (ns)
1 500 120 0.8 0.22
2 2600 200 2.1 0.30
3 1200 200 2.4 0.20
4 1500 200 1.4 0.20
5 2200 200 0.8 0.20
6 1900 600 1.0 0.40
7 1300 600 2.0 0.40
8 1000 600 0.6 0.40
9 3000 600 1.4 0.40
10 2000 600 2.2 0.40
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Figure S3: Clustering outcomes for simulated two-state lifetime–intensity datasets with different blinking models. A, C, E,
G: Distributions for simulations with identical mean states but varied on-state dwell times—power-law (A), exponential (C),
truncated power-law with 𝑘 = 1.2 (E), and truncated power-law with 𝑘 = 3.5 (G); off-state dwell times follow a power law in all
cases. B, D, F, H: Corresponding clustered solutions with cluster centers (black crosses) and 0.95 confidence ellipses. Mean
cluster tightness ⟨𝐷2⟩ ≈ 2, FO ∼ 0.05, and ARI = 1, confirming accurate state recovery.
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Figure S4: Comparison of clustering methods on a well-defined five-state simulated dataset (SD = 0.1 × mean; 10-min time,
300 particles). A. DPGMM with six prior components correctly recovers all five populations. B. DPGMM with eight priors
assigns seven clusters, including two low-occupancy “ghost” clusters; 0.95 confidence ellipses shown, and Dirichlet weights
set to 0.1. C. K-means elbow plot (red) with green gradient lines fitted to the steep and shallow regimes of the WCSS curve;
the elbow is identified at their intersection, where the gradient transitions from rapid to slow decrease, yielding three or four
plausible cluster numbers. D, E. K-means results for three (D) and four (E) clusters, showing poor recovery. F. K-means with
five clusters explicitly specified, correctly recovering all populations. For both K-means and DPGMM, computation time was
≈ 2× that of our GMM protocol.
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Figure S5: Clustering results for a ten-state system (five well-defined and five diffuse states) under different blinking models.
A–C: power-law on- and off-state dwell times; D–F: exponential on-state dwell times; G–I: truncated power-law on-state dwell
times (exponent 1.2); J–L: truncated power-law on-state dwell times (exponent 3.5), with off-state dwell times following a
power-law in all cases. Across all blinking models, three clusters are recovered at similar centers (approximately 510, 1170,
and 2020 cps with lifetimes of 0.71, 2.3, and 1.45 ns), with mean cluster tightness ⟨𝐷2⟩ = 1.80–1.87, FO ≈ 0.03, and ARI =
0.11–0.12. These results indicate that clustering performance in dense, overlap-dominated datasets is largely insensitive to the
choice of blinking model.
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Figure S6: Clustering of simulated FWHM versus peak-position data for multiple states. A. Scatter plot of the FWHM–peak
position distribution. B. Ensemble-averaged intensity versus wavelength; C: Density plot of the FWHM–peak position
distribution. D. IC score plots (0.95 confidence) identifying four clusters as optimal. E. Clustered result with centers (black
crosses) and 0.95 confidence ellipses. ARI = 1, indicating perfect recovery of the simulated states.
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