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ABSTRACT

In cryo-electron microscopy (Cryo-EM), single-particle anal-
ysis involves aligning two-dimensional images of individual
protein molecules. These particles are flash-frozen and im-
aged in various orientations. The goal of image alignment
is to computationally determine the relative orientations and
positions of the particles in each image. It is possible to recon-
struct a high-resolution three-dimensional molecule model by
doing so. This process is critical for understanding molecular
structure and function. This study introduces a novel fast
alignment algorithm designed explicitly for Cryo-Electron
Microscopy (CryoEM) images, leveraging the efficiency of
vector compression techniques such as PCA and IVF-PQ to
accelerate the alignment process. Experimental evaluations
on diverse CryoEM datasets demonstrate the algorithm’s effi-
cacy in improving alignment speed with a slight compromise
in accuracy. Thus, we state that this algorithm is particularly
interesting during the preliminary stages of 3D refinement,
where computational efficiency is paramount, and the ob-
served slight accuracy degradation is deemed acceptable.

Index Terms— CryoEM, Image alignment, Vector com-
pression, Fast image search

1. INTRODUCTION

Cryo-electron microscopy (Cryo-EM) is a cutting-edge imag-
ing technique that has revolutionized structural biology, en-
abling scientists to visualize biological macromolecules at
almost atomic resolution. Unlike traditional electron mi-
croscopy methods, Cryo-EM involves flash-freezing sam-
ples in vitreous ice, preserving biological specimens in their
native state. The frozen samples are then captured using
a Transmission Electron Microscope (TEM), and advanced
computational algorithms are employed to elucidate the three-
dimensional structure of the sample[1].

Image alignment plays a crucial role in CryoEM image
processing, as it is used in many processes such as 2D clas-
sification, angular assignment, and 3D classification[2]. At
the same time, it is computationally very expensive, requiring
millions of image comparisons. Thus, a significant amount of
time in CryoEM image processing is devoted to image align-
ment.

In the process of image alignment, experimental images
are searched across a large set of reference images from which
the parameters to be estimated are known. This involves con-
sidering all potential in-plane transformations. In this way,
the unknown parameters of the experimental image can be in-
herited from the most similar reference image[3].

This paper presents a fast and reliable approach to global
image alignment, which uses vector compression techniques
to accelerate image comparisons. This allows us to obtain a
very fast estimation of the particle’s pose.

2. METHODS

Our study addressed image alignment as a nearest-neighbor
problem, simplifying global 3D alignment to sampling pro-
jection parameters, including Euler angles and 2D in-plane
shifts. We aimed to minimize a distance function over these
sampled points. While this method seems straightforward, it
is challenged by the exponential increase in sample points due
to the high number of varied parameters.

We used a reduced set of Fourier coefficients to address
this, focusing on those below 8A resolution, as they carry
the most alignment-critical information[4]. This approach
lessens the computational load. Additionally, we applied a
Wiener filter to correct for the Contrast Transfer Function
(CTF) in experimental images and grouped similar CTFs for
efficiency.

Our process for generating data is hierarchical, avoiding
redundant computations. We first project the reference vol-
ume at various angles, apply in-plane rotations, compute the
Fourier transform to extract low-frequency components, and
finally apply in-plane shifts.

We have designed two different approaches to solve this
image alignment problem: a Principal Component Analysis
(PCA) and a vector database for efficient storage and retrieval
to manage and compare many reference vectors. This dual
strategy allows us to efficiently align each experimental image
with its closest reference counterpart.

2.1. PCA-based approach

PCA is an essential tool for simplifying complex data. In
this work, we have applied PCA to reduce the complexity
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of vectors representing the frequencies in cryo-EM images.
PCA identifies key combinations of frequencies in these vec-
tors, enabling us to retain the most essential components and
compress information without losing crucial details. This ap-
proach is fundamental for optimizing image storage and pro-
cessing while maintaining their essential structure.

Our PCA methodology consists of two phases. In the first
stage, we trained the model using data augmentation on refer-
ence images, enriching the diversity and quantity of data for
a more comprehensive representation. In the second stage,
we employed the principal components learned during train-
ing to represent both experimental and reference images. This
strategy allows us to leverage the information obtained from
reference images (PCA base) for a better compact representa-
tion of the experimental images.

Finally, the similarity between the compressed vectors of
experimental and reference images is evaluated by calculat-
ing the Euclidean distance between each pair of vectors. This
measure allows for comparing the structural proximity be-
tween all pairs of images.

2.2. Vector-database approach

FAISS is a library for efficient similarity search of dense
vectors[5]. Using the previously mentioned vector repre-
sentation of reference images, we can use this library to
accelerate image searches and thus increase alignment per-
formance. Indeed, FAISS is very efficient when dealing with
large sets of high-dimensional vectors, which is the case of
our problem, as it implements advanced vector compression
and quantization techniques.

Several such techniques were explored in this project, but
finally, Inverted File (IVF) and Product Quantisation (PQ)
were selected. The former technique is designed to heuris-
tically reduce the search space for a given query vector. The
latter allows compression and quantification of vectors while
providing fast distance estimates among a given pair of en-
coded vectors.

IVF uses k-means to segment the search space into
Voronoi cells around cluster centroids. When querying a
vector, this will first be searched across centroids. In this
way, the exhaustive search can be delimited to a handful of
cells.

PQ uses the residual vectors from the previous algorithm:
this is the difference vector between the sample and its closest
centroid. This increases the entropy so that quantization is
more effective. Then, these vectors are divided into fixed-size
chunks, each containing a handful of components. For each
of these chunks, space is once again divided using k-means.
This allows quantizing chunks to their closest centroid and
encoding them with its index. Thus, a vector can be encoded
by concatenating its quantized chunk indices.

One of the largest benefits of PQ is that vectors can be
encoded using a few bytes, allowing the storage of millions

of vectors in memory. Usually, each chunk is encoded with 1
byte (k=256). Therefore, if a vector is divided into 64 chunks,
only 64 bytes are needed to encode the vector.

Moreover, this technique allows quickly computing the
distance between a pair of encoded vectors. To do so, pair-
wise distance tables are computed for the centroids of each
chunk. Then, it is a matter of looking up and accumulating
the distances from those tables.

3. RESULTS AND DISCUSSION

3.1. PCA based approach

The proposed approach for particle alignment is defined as a
global method. However, to achieve high resolution, it is cru-
cial to complement our method with strategies that facilitate
local search and evaluation. In this regard, we have combined
our method with Relion’s local search, considering the align-
ment previously obtained by our method. This way, the com-
putation time can be reduced by utilizing vector compression
with the PCA technique in the global search without compro-
mising the alignment accuracy.

A first test was conducted using the Beta-galactosidase
dataset (EMPIAR-10061). Figure 1 shows a comparison of
the reconstructions obtained using our global method (Align-
PCA, Fig. 1.a) and Relion (showing iteration 10, which is
the last iteration before entering local search, Fig. 1.b). Sub-
sequently, the angular assignment of particles determined by
Align-PCA served as the starting point for local refinement in
Relion. The resolution obtained by combining align-PCA and
Relion in local mode was 3.0 A, similar to that obtained using
full-Relion. However, the execution times were significantly
lower in the combined approach compared to full-Relion (Ta-
ble 1), reducing from 3.5 hours to approximately 1 hour.

In a second test, the dataset corresponding to the TRPVS
structure (EMPIAR-10254) was used. Similar to the previous
test, the effectiveness of AlignPCA as a global alignment
method and initial point in local refinement through Relion
was evaluated. Two reconstructions were carried out in paral-
lel: one using Relion in its original form (full-Relion) and the
other using the combination of AlignPCA and local Relion.
In both cases, a similar resolution of 3.4 A was achieved;
however, a significant reduction in processing time was ob-
served, with a decrease of over 70 % (Table 1). The time
taken decreased from over 7 hours using full-Relion to ap-
proximately 2 hours with the combined methods.

3.2. Vector-database approach

At the time of writing, we have only compared this method
against a normal exhaustive search. Nevertheless, these ex-
periments give an insight into the performance gain, as most
of the state-of-the-art alignment methods perform an exhaus-
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(a) AlignPCA

(b) Relion

Fig. 1. Reconstruction of the Beta-galactosidase dataset ob-
tained from EMPIAR-10061. In (a), the reconstruction using
the global AlignPCA method is shown, while in (b), Relion’s
reconstruction is shown. In the case of Relion, the recon-
struction obtained after ten iterations corresponding to global
alignment is depicted.”

Full ! AlignPCA | | gca13 AlignPCA +
D Relion 2 Relion | Local Relion*
10061 | 3h:30min 10min 48min ~ lh
10254 | 7h:22min 43min 1h18min ~ 2h
Table 1. Execution times during the reconstruction of

datasets obtained from EMPIAR 10061 and EMPIAR-10054.
(1) It refers to the times obtained using Relion in its original
form, including global and local searches. (2) Times obtained
using the global method presented in this work. (3) Times
obtained during local refinement with Relion, starting from
the alignment obtained with alignPCA. (4) Total times for the
combination of the presented method and local Relion.

tive search. We have also measured the accuracy degradation
induced by the vector compression.

We conducted an assessment of our algorithm by test-
ing it across multiple publicly available datasets, specifi-
cally EMPIAR-10028[6], EMPIAR-10061[7], and EMPIAR-
10391[8]. The experiments were executed on a worksta-
tion featuring dual Intel Xeon E5-X5647 processors and an
NVIDIA Titan X GPU.

We employed a consensus derived from two Relion re-
finements to establish a reliable ground truth. It is crucial to
note that the alignment errors presented here carry an inher-
ent uncertainty associated with Relion’s estimation, even after
consensus.

As a basis, an alignment with no vector compression was
carried out. Then, two additional alignments with varying
vector compression ratios were assessed. They all used an
angular sampling rate of 7.5 degrees and 2-pixel steps for shift
exploration.

As shown in Figures 2 and 3, vector compression pro-
duces a discernible degradation in both angular and shift as-
signments. Accordingly, this translates into a slight resolution
decrease. These degradation values vary across datasets, so
we have averaged them for reference.
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Fig. 2. Alignment errors with FAISS-based algorithm

Regarding the performance, Figure 4 shows alignment
time regarding the particle count, also considering the database
training and population time when applicable. Note that the
axes of the graph are in logarithmic scale. Variations across
datasets were insignificant, so only the average time was
plotted.

The presented empirical outcomes affirm that this algo-
rithm provides an extremely fast angular assignment, albeit
with a discernible trade-off in accuracy. Indeed, for reason-
ably sized CryoEM datasets (more than 60,000 particles), a
10 times speedup is achieved.

Thus, we state that the vector database algorithm is suit-
able for the initial iterations of a refinement cycle, where an-
gular assignment accuracy is not a priority. In such cases, it
enables a considerable speed-up of the alignment process to
resolve protein structures faster.

4. CONCLUSIONS

The study presented two algorithms designed to accelerate
image alignment in Single Particle Analysis by CryoEM, a
crucial step in determining molecular structures. By employ-
ing advanced vector compression techniques such as PCA and
IVE-PQ, the algorithm efficiently speeds up the alignment
process during the vital preliminary stages of 3D refinement.
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Fig. 3. Reconstruction resolution
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Fig. 4. Alignment performance with FAISS-based algorithm

While the focus is on computational speed, a slight reduction
in accuracy is considered acceptable for these initial stages.

The research demonstrated the efficacy of this approach
through tests on various datasets. The PCA-based method
significantly reduced processing times without compromising
the resolution of the reconstructed models. On the other hand,
the vector-database approach, while faster, did introduce a no-
ticeable decrease in alignment accuracy. This method proved
particularly beneficial for initial refinement cycles, enabling
researchers to quickly approximate structures, a crucial step
in structural biology.

Overall, these innovative methods mark a significant ad-
vancement in CryoEM, promising to streamline the lengthy
and computationally intensive process of molecular imaging,
thus accelerating scientific discoveries in this field.
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