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No 

Yes 

𝑃 =  𝛼𝑃1 + 𝛽𝑃2 + 𝛾𝑃3 

𝛼 + 𝛽 + 𝛾 = 1 

Represent each coordinate 𝑃 in tilted and untilted micrograph by affine invariant homogeneous barycentric coordinates (HBCs) calculated 
using surrounding coordinates 𝑃1, 𝑃2 , 𝑃3 where 

and 

 

𝑒𝑟𝑟𝑜𝑟𝑏𝑎𝑟𝑦 = (𝛼𝑢𝑡 − 𝛼𝑡)2 + (𝛽𝑢𝑡 − 𝛽𝑡)2 + (𝛾𝑢𝑡 − 𝑦𝑡)2 

Sort 𝑃1, 𝑃2 , 𝑃3 according to numerical value of 𝛼,𝛽, 𝛾 and calculate barycentric error 𝑒𝑟𝑟𝑜𝑟𝑏𝑎𝑟𝑦 for each combination of untilted coordinate 
𝑃𝑢𝑡  and tilted coordinate 𝑃𝑡: 

𝑃𝑡 = 𝐴𝑃𝑢𝑡 + 𝑡 

𝑑(𝑢,𝑉) = min
𝑣∈𝑉

‖𝑢 − 𝑣‖ 

For combinations of every untilted coordinate 𝑃𝑢𝑡  with three surrounding coordinates and up to 20 tilted coordinates 𝑃𝑡  with surrounding 
coordinates for the lowest 𝑒𝑟𝑟𝑜𝑟𝑏𝑎𝑟𝑦 is calculated, the underlying affine transformation is estimated as  

Subsequently, 𝐴 and 𝑡 are used to predict a coordinate set in the tilted micrograph 𝑉 from 𝑃𝑢𝑡  and up to 70 surrounding points. From this 
coordinate set predicted from 𝑈 and all coordinates in the tilted micrograph 𝑉, the enhanced Hausdorff distance (EHD) (Gope and 
Kehtarnavaz, 2007) is calculated:  

𝐻𝐸𝐻(𝑈,𝑉) =  max�ℎ𝐸𝐻(𝑈,𝑉), ℎ𝐸𝐻(𝑉,𝑈 )�  

where 

ℎ𝐸𝐻(𝑈,𝑉) =
1

𝑚−𝜓
�𝑑(𝑢,𝑉)
𝑢∈𝑈

  

and  

For the set of up to 40 coordinate pairs 𝑃𝑢𝑡, 𝑃𝑡 and surrounding coordiantes which were used to calculate the lowest EHDs, estimated 
transformation parameters 𝐴 and 𝑡 are used to predict coordinates in the tilted microraph from coordinates in the untilted micrograph. The 
error of prediction is calculated as the sum of all EHDs from the predicted coordinate sets and all coordinates in the tilted micrograph 𝑉. The 
combination of pairs 𝑃𝑢𝑡, 𝑃𝑡  with the lowest summed EHD is selected as initial correlating point set. 

For each coordinate in the untilted micrograph for which the tilt mate is not known: 

• select three closest coordinates to which tilt mates are known 
• calculate HBCs using these coordinates 
• estimate 𝐴 and 𝑡 using these coordinates 
• predict tilt mates using both HBCs and 𝐴 and 𝑡 

If the coordinates in the tilted micrograph closest to the predicted coordinates are the same from both predictions and the distance to the 
second best prediction is two times larger than then the distance to the best prediction: accept new tilt mates 

End program 

New tilt mates identified? 

Supplementary Figure 1 Flow Chart of the MaverickTilt Software. 

 



Decentering Noise Noise Coordinates Precision STD Precision Recall STD Recall Selection Rate STD Selection Rate False Discovery Rate STD False Discovery Rate n
0 0 1 0 0.8255 0.210743327 0.8255 0.210743327 0 0 10
0 10 0.995871473 0.002976758 0.8632 0.146063548 0.8632 0.146063548 0.004128527 0.002976758 10
0 100 0.862661052 0.026858188 0.603 0.170082921 0.603 0.170082921 0.137338948 0.026858188 10
0 20 0.988696098 0.00732746 0.7326 0.240389767 0.7326 0.240389767 0.011303902 0.00732746 10
0 30 0.976480855 0.005764423 0.7562 0.140306664 0.7562 0.140306664 0.023519145 0.005764423 10
0 40 0.970919194 0.013979522 0.712 0.179055299 0.712 0.179055299 0.029080806 0.013979522 10
0 50 0.964360468 0.013929022 0.7258 0.188341074 0.7258 0.188341074 0.035639532 0.013929022 10
0 60 0.947375339 0.023136342 0.6064 0.233739684 0.6064 0.233739684 0.052624661 0.023136342 10
0 70 0.919922406 0.022485077 0.679 0.210800854 0.679 0.210800854 0.080077594 0.022485077 10
0 80 0.901140179 0.019716726 0.7512 0.048292442 0.7512 0.048292442 0.098859821 0.019716726 10
0 90 0.888267318 0.042590568 0.5598 0.205045263 0.5598 0.205045263 0.111732682 0.042590568 10
10 0 0.995256357 0.005012364 0.7228 0.316220429 0.7228 0.316220429 0.004743643 0.005012364 10
10 10 0.98885908 0.007131323 0.8408 0.103186046 0.8408 0.103186046 0.01114092 0.007131323 5
10 20 0.968193457 0.017740522 0.5848 0.237704354 0.5848 0.237704354 0.031806543 0.017740522 5
10 30 0.951660711 0.033149527 0.5712 0.286642914 0.5712 0.286642914 0.048339289 0.033149527 5
10 40 0.927326223 0.048944562 0.4228 0.288109979 0.4228 0.288109979 0.072673777 0.048944562 5
10 50 0.862077474 0.086754327 0.348 0.184629358 0.348 0.184629358 0.137922526 0.086754327 5
15 0 0.981949795 0.015667978 0.7356 0.118374997 0.7356 0.118374997 0.018050205 0.015667978 10
20 0 0.951736703 0.050327341 0.479 0.213142675 0.479 0.213142675 0.048263297 0.050327341 10
20 10 0.771523283 0.14861919 0.2584 0.10555302 0.2584 0.10555302 0.228476717 0.14861919 5
20 20 0.808086483 0.139563432 0.208 0.154909006 0.208 0.154909006 0.191913517 0.139563432 5
20 30 0.666563832 0.1962268 0.1636 0.120660847 0.1636 0.120660847 0.333436168 0.1962268 5
20 40 0.386601281 0.21582275 0.1048 0.084300415 0.1048 0.084300415 0.613398719 0.21582275 5
20 50 0.294134151 0.281006162 0.0392 0.05070069 0.0392 0.05070069 0.705865849 0.281006162 5
25 0 0.832706513 0.148798178 0.2706 0.173967928 0.2706 0.173967928 0.167293487 0.148798178 10
30 0 0.819092778 0.145685236 0.2008 0.118210659 0.2008 0.118210659 0.180907222 0.145685236 10
35 0 0.571258633 0.157654037 0.092 0.063516927 0.092 0.063516927 0.428741367 0.157654037 10
40 0 0.573266884 0.185204701 0.0792 0.040290942 0.0792 0.040290942 0.426733116 0.185204701 10
40 10 0.320572451 0.368204882 0.0104 0.011757551 0.0104 0.011757551 0.679427549 0.368204882 5
40 20 0.069565217 0.139130435 0.0096 0.0192 0.0096 0.0192 0.930434783 0.139130435 5
40 30 0.02586437 0.026392463 0.0024 0.002939388 0.0024 0.002939388 0.97413563 0.026392463 5
40 40 0.019230769 0.038461538 0.002 0.004 0.002 0.004 0.980769231 0.038461538 5
40 50 0.021626794 0.024608708 0.002 0.00219089 0.002 0.00219089 0.978373206 0.024608708 5
45 0 0.545950286 0.142724772 0.0452 0.031801887 0.0452 0.031801887 0.454049714 0.142724772 10
50 0 0.323475844 0.251342523 0.0174 0.019880644 0.0174 0.019880644 0.676524156 0.251342523 10
55 0 0.193919974 0.13376291 0.0156 0.014527216 0.0156 0.014527216 0.806080026 0.13376291 10
5 0 1 0 0.8736 0.151902074 0.8736 0.151902074 0 0 10
5 10 0.993653808 0.005652453 0.7476 0.264854375 0.7476 0.264854375 0.006346192 0.005652453 5
5 20 0.988981339 0.001521907 0.8304 0.156743868 0.8304 0.156743868 0.011018661 0.001521907 5
5 30 0.964021881 0.010209796 0.8616 0.025531157 0.8616 0.025531157 0.035978119 0.010209796 5
5 40 0.957164644 0.007709008 0.5836 0.249175922 0.5836 0.249175922 0.042835356 0.007709008 5
5 50 0.962050702 0.019981352 0.5384 0.328515205 0.5384 0.328515205 0.037949298 0.019981352 5
60 0 0.194947402 0.238085929 0.0124 0.0188 0.0124 0.0188 0.805052598 0.238085929 10

Supplementary Table 1: Statistical Analysis of the performance of the algorithm on simulated data. STD: standard deviation. For an in‐depth discussion of parameters listed in the table, see (Langlois and Frank, 2011)
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