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I Abstract

Visual Geo-localization is the task of determining the location where a photo was taken,
exploiting only visual information. This task plays an important role in numerous applica-
tions, such as in the categorization of images for photo collections, augmented reality, and
for the localization of mobile robots, therefore it is an active area of research. The task is
commonly approached as an image retrieval problem: given a query, its location is inferred
by performing a similarity search, via k-nearest neighbour (k-NN) over a database of Geo-
tagged images. While this solution allows to achieve remarkable results in moderately
sized problems, it does not scale well to large maps. This is due to two problems:

e the execution of the k-NN requires to keep in memory the embeddings extracted
from all the images in the database; as the database increases, the required memory
can quickly become infeasible

e the time required to perform the k-NN grows linearly with the dimension of the
database; as the database grows, the latency for processing a single query my become
not sustainable

This thesis addresses these problems and it investigates various solutions to improve the
retrieval pipeline of visual Geo-localization methods. In particular:

e it investigates the impact of using advanced indexing techniques in the similarity
search, such as inverted file indexes and product quantization. The effect of these
techniques is evaluated in terms of the accuracy of the final results, memory footprint
and time required to perform the retrieval. The results of this investigation not only
demonstrate that using appropriate indexing techniques can enable VG problems to
scale to large database, with minimal loss in accuracy, but they can also serve as a
guideline for developers to choose the right solution based on their required trade-off
between resources and performance.

e [t presents a novel solution for filtering the database images based on their semantic
content, in order to reduce the search space for the similarity search, thus ultimately
decreasing its memory and time complexity.

All these analyses and solutions have been developed on realistic urban datasets of various
scales.
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1 Introduction

In the field of computer vision, visual Geo-localization is the task of estimating where
a given photo has been taken by only analysing its visual characteristics. This very
challenging task has been usually tackled by finding the most similar image inside a huge
database of photos where the exact position of where they have been taken is known. As
an example, to just apply this technique to the San Francisco city as reported in [1], a
database of about 2.8 millions of images is used. A trivial solution to this problem would
be to make a similarity comparison with every image inside the database and return only
the most similar ones but, given the size of the database involved and the number of
images to compare, this is clearly unfeasible.

Most classical approaches to this problem divide the search in two main steps. The
first one is the construction of the database used for the retrieval of the most similar
image. This part usually consists in extracting visual descriptors from the photos of the
dataset that have also the information of where they have been taken. Those descriptors
are vectors that encode all of the relevant visual characteristics of the images. This is
done to reduce the final size of the database to be used during the following steps and
eliminating the features of the photos that do not carry information on the geographical
position of where the image was taken. For that reason, it’s fundamental to reduce as much
as possible the size of the vectors containing the image descriptors limiting the number of
dimensions of each of them but, at the same time, to maintain, as much as possible, all of
the features that describes the original image. Those descriptors can be extracted using
machine learning algorithms, and, more specifically, deep convolutional neural networks
(CNN) are actually providing the best results as will be described in section 2.

The second part of the algorithm instead is focused on finding the descriptors, inside
the database, which are the most similar to the one of the images to be localized (called
queries). Since the number of records present in those databases is usually high, indexes
are used to speed up the search inside them. Those indexes must be kept in memory
in order to maintain all of the advantages that they provide. Unfortunately, this is not
feasible in a large-scale application since the size of those indexes is proportional to the
database number of elements and it would be too large to fit in most severs main memory.

For that reason, the aim of this work is to find a solution to drastically reduce the size
of the indexes produced by maintaining the same accuracy as the one would have been
achieved if a full-size index would have been used and, at the same time, maintain the
time needed to retrieve results from the database acceptable.

This thesis is organized by following the chronological development of the project
and analyses the techniques known in literature to optimize the memory footprint of an
application that uses indexed search to scan the content of a huge database. So, starting
from analysing the actual state of the art in visual Geo-localization, by presenting some
interesting publications and their results, in order to better compare the one obtained in
this work, this project analyses the most relevant indexing techniques present in literature
in order to solve the problems presented before in the visual Geo-localization algorithm.
After that the project continues by illustrating the experiments conducted in order to
assess the performances of each of the techniques analysed by comparing the memory



used and the average time needed to extract the location of a single image. At the end of
this thesis project is also presented a novel technique that is useful to reduce the database
number of elements by discarding some of the images based on their visual content.

So, summing up, the main objective of this thesis is to find a way to actually keep
the efficiency of an indexed search on a large-scale database while reducing the resource

usage.



2 State of the art

In order to tackle the problem of visual Geo-localization presented before, many approaches
have been proposed in literature. In this section, starting from reporting some examples of
datasets widely used, is reported a brief overview of some of the most relevant publications
that analyses this topic by presenting the strategy adopted to correctly extract the position
of an image by studying its visual characteristics. A common approach of all the methods
to predict the location of an image by its only visual characteristics is to split the algorithm
in two main steps:

1. Descriptors database building. During this step the main objective is to extract
vectors of features that describe what is illustrated in the input images (those vec-
tors are commonly called descriptors). This usually require a convolutional neural
network in order to analyse the photo and understand what information is important
to maintain in order to locate it.

2. Location retrieval. After the database of descriptors has been built, it’s possible
to predict the location where some unseen before photos (commonly called query
images) have been taken. In order to do so, the same network or algorithm used
in the dataset building phase is used to produce the descriptors from the query
image. After that, a K-Nearest Neighbour (K-NN) is used to extract from the
descriptors database the K most similar one to the query images. This operation
is usually performed with small values of the K parameter like, for example, 1, 5
or 10 and the predicted location of the image can be approximated by using those
results. Searching in the database performing a K-NN is computational expensive,
since it requires to maintain in main memory the whole database of descriptors and
to perform a large number of comparisons between the vectors. For that reason,
a standard solution is to adopt optimized nearest neighbours retrieval algorithms
that approximate the search procedure of the standard K-NN. Those algorithms use
many strategies that include reducing the search space to limit the time needed for
the retrieval and quantize the descriptors vectors to reduce memory usage. Those
techniques will be widely discussed and analysed in section 3.

Most of the works that will be reported do not provide information on the retrieval part
of the algorithm since the standard K-NN search is used. Despite this, it’s important to
notice, while reporting the various state of the art techniques, the number of dimensions
of descriptors used and the results obtained to obtain a wider view on the experiments
that will be reported in section 4.

2.1 Datasets

Some of the most relevant datasets built for the visual Geo-localization task are:

e Pitts250k: This dataset, presented in [2], contains 250 thousand images taken in
the city of Pittsburgh in Pennsylvania. The images contained are taken only in good
light conditions and the scenes reported are mostly urban. It exists also a reduced
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version of this dataset (called Pitts30k) that contains only a subset of 30 thousand
images taken from the full size one.

e Tokyo 24/7: this dataset, presented in [3], contains about one thousand images
taken by a smartphone camera in the city of Tokyo in Japan. Those images are
taken in different illumination conditions and during different hours of the day. This
is a very challenging dataset since the variations of light may make harder for the
CNN used to extract the relevant features to build the descriptors.

e MSLS: this dataset, presented in [4], contains more than 1.6 million images taken
from 30 major cities located in six different continents. Due to this sparsity, this
dataset contains many different locations and light conditions

e St. Lucia: this dataset, presented in [5], contains about 13 thousand images taken
in the e suburb of St. Lucia located in Brisbane, Australia. The photos contained
are taken from a moving car and represent mostly rural and suburban scenes.

e SF-XL: this dataset, presented in [1], contains about 41.2 million images in its
training set and 2.8 million in the dataset used at test time. All of these photos are
taken in the city of San Francisco in California. The images present in it are taken
from Google Street View imagery along different years. This dataset, together with
the database images, contains also two different sets of test images.

Those datasets are the one that are most commonly used for this task and all of the state of
the art methodologies that will be presented evaluate their performances on those datasets.
The SF-XL dataset, due to its dimension, has been selected for this thesis project and it
is used, in part or in the full version, in the section 4 in order to evaluate the different
indexing techniques analysed.

2.2 Visual Geo-localization

In this section some of the most relevant publications on the task of visual Geo-localization
will be reported with the objective to give a strong background and better explain the
reasons of the decisions taken during the next sections of this thesis project. Starting
from some shallow learning approaches and the usage of hand-crafted descriptors, like
the one proposed in [6] or [7], the research has been pushed to find a way to extract
better descriptors from the images. In fact, the methods mentioned above use simple fea-
ture representations that require human interaction and, for that reason, usually leads to
sub-optimal results. More recent works, instead, are concentrated on how to extract rep-
resentative features from a given image using a convolutional neural network and avoiding
the human interaction. In the following sections some of the publications on the usage of
CNN in the extraction of descriptors and the novelties and improvements of each of the
methodologies presented will be discussed.
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2.2.1 Fine-tuning CNN Image Retrieval with No Human Annotation [8]

The method proposed by this paper uses contrastive learning in order to learn which
features are really important and should be kept inside descriptors and which are instead
not relevant because not representative of the picture location like, for example, the sky
or the road. This is done by using a specific loss function to train a fully convolutional
network followed by a novel pooling layer. The method proposed uses well known network
architectures like Alexnet [9], VGG [10] or ResNet [11] replacing the fully connected layers
present in their specifications with a generalized mean pooling layer that produces the final
output. This last layer, that is one of the main novelties of this publication, applies the
following equation to the feature maps produced by previous layers

1
F = frdio il o= (5 3 o) (1)
k zeX}

where f represents the final output feature vector, X, represent the k-th feature map
produced by the k filters of the last convolutional layer and p; that represent the pooling
factor. This pooling factor indicates how large are the areas on which the network focuses
most on and can be fixed or automatically learned during the training process. Another
important characteristic of this publication is the usage of a Siamese learning together with
a contrastive loss during the training phase. In practice, the network doesn’t directly learn
how to produce the correct vectors for each image but tends to produce similar descriptors
for images with similar visual characteristics and different vectors for not similar ones. In
order to apply that procedure, the training set is composed by couples of images and
the network is trained on computing similar vectors for the photos in the pair that have
been taken close to a query one and different ones for the further images. Finding the
correct couples to be fed to the network is fundamental for a correct training. In fact, it is
important that images that are taken on the same place are grouped together especially if
their visual characteristics are very different (those images are usually called soft positives)
and, instead, photos that do not belong to the same place should be placed together if
they are visually similar (called hard negatives). Results obtained by this method are
discussed in section 2.2.6

2.2.2 NetVLAD: CNN architecture for weakly supervised place recognition
[12]

This publication proposes the introduction of a VLAD layer at the end of a fully convo-
lutional network in order to produce Vector of Locally Aggregated Descriptors (VLAD).
Those vectors are commonly used in the field of instance level retrieval and image clas-
sification and codify, inside their elements, the sum of differences between the produced
local descriptor and the closest cluster centroid (corresponding to a visual word) to which
the descriptor is assigned. Those centroids are initialized with random values and, after
each training step, are re-computed. It is important to notice that this function is not
differentiable for the operation that assigns the local descriptors to the centroids. Since
the production of the descriptors is introduced inside the training process of a convolu-
tional neural network, all parts of the function that computes the descriptors must be
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differentiable. The authors of the publication solve this problem of not differentiability of
the assignment of each local descriptor to a visual word by introducing the concept of soft
assignment. This is done by partially assigning the local descriptor to each cluster center
by using the soft-max operator following

eWkzitby

Z = womny (ild) — (7)) (2)
Z ek k

where V (i, 7) represent the element at position j, k of the matrix containing the VLAD
descriptors, Wy, by, ¢, are trainable parameters and x; is the i-th of the N local descriptor.
The resulting layer can be used on top of known architectures after removing all of the
fully connected layers. As the method reported in section 2.2.1, the approach illustrated
in this publication uses a contrastive approach by refining the method of building the
training dataset. In fact, instead of using only couples of images, it computes a set
of samples composed by some hard-negative examples (images not corresponding to the
location where the target photo has been taken but visually similar to the target one) and
some positives examples. The results that can be obtained by using this approach are
reported in section 2.2.6.

2.2.3 Learned contextual feature reweighting for image geolocalization [13]

The work reported in the section 2.2.2 with the introduction of the VLAD layers has
inspired many different publications like the one reported here. In fact, starting from the
architecture of a NetVLAD network, this paper has introduced some novelties in order
to make the descriptors produced of a higher quality like the usage of attention modules.
Those modules are widely used in recent architectures since they help the network to
focus more easily on the relevant part of an image and for that reason are suitable for the
adoption in a visual Geo-localization application. The authors of the paper [13], propose
to use a so-called Contextual Re-weighting Network (CRN) to, as the name of the module
says, re-weight the features map by considering the full context of the image. This module
can be easily integrated with the NetVLAD implementation since its output can be used as
a multiplication factor for the values produced by the soft assignment part of the network
(described in 2.2.2). This CRN module is composed by various convolutional filters with
different kernel sizes that have the duty to analyse the input features (produced by a
standard CNN like ResNet [11] without its fully connected layers) at various scales in
order to get the full context of the image and at the same time not to ignore the small
details that may be present. As for the approaches analysed in the previous sections, this
network is trained by using a contrastive approach. The results of this approach will be
discussed in section 2.2.6.

2.2.4 Self-supervising fine-grained region similarities for large-scale image lo-
calization [14]

In this work is proposed a technique to localize the query image by progressively refining
the image-to-region similarity. In fact, how the authors of the publication notice, GPS
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position data introduce noise into the labels produced since two images taken in the same
place can be completely different if, for example, are taken in opposite directions. Their
method proposes so to use a self-supervised approach (starting from unlabelled data the
model learns how to get supervision from the data itself) in order to make the network
learn how to produce similar vectors for similar images. In fact, starting from a VLAD
network like Net VLAD [12], the authors of this work propose to compute similarity vectors
by following

sy 1 -fé”fr o)

591 (qvpla - DE: 7_1) = softmazx [
T1 il

where 67 is a set of weights on which the features depends on, ¢ is the query image,
p; is one the N positives per each query, feli is the feature map produced by using the
weights 01 on the image p;, 71 is a parameter called temperature that is characterizing
the sharpness of the produced similarity vector. The usage of those vectors permits to
use also the information coming from the parts of the images that are not similar. The
parameter 7 is reduced during the training process since a large value of it produces more
equally distributed vectors that are not suitable for the task. In addition to that, to
make the network more sensible also to the small overlapping regions of the query and
positive image, also crops at some fixed positions are used as positives. The results that
can be obtained by the usage of this network (called SFRS in the rest of this work) will
be presented in the section 2.2.6.

2.2.5 Rethinking Visual Geo-localization for Large-Scale Applications [1]

This publication focuses on two of the main problems of the other methodologies described
above: the memory used during the training of the networks and the number of dimensions
of descriptors produced. In fact, in all of the works mentioned before are not suitable
for world scale applications since for example at training time the whole database of
descriptors has to be recomputed periodically in order to update the descriptors with the
new learned features and those descriptors must be kept in a cache. This procedure is not
applicable for big datasets since the amount of memory required to store that cache grows
linearly with the number of training images. In addition to that, networks like NetVLAD
produce descriptors with a very high number of dimensions (e.g. if VGG-16 [10] is used as
backbone a single descriptor has 32k dimensions without any further elaboration or 4096
dimensions if reduction techniques like PCA are adopted).

By taking inspiration on the face recognition task, the authors of the paper have casted
the problem of producing the descriptors vectors for the retrieval step as a classification
task. This not only solves the problem of recomputing during training the cache of de-
scriptors but permits also to reduce the dimensionality of descriptors. In order to give a
class to each image of the dataset, the geographical UTM coordinates and the orientation
of the camera that has taken the photos are quantized, by truncating the division of the
actual value of those metrics to a parameter, and the final class is composed by the union
of those values. During the training phase, only not adjacent classes are fed to the net-
work, in order to avoid the problem of having very similar images to belong to different
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classes (for quantization errors). Also the loss function adopted is different form the one
used by the publications mentioned before since it does not use a contrastive approach
and do not require caching. This function is known as Large Margin Cosine Loss (LMCL)
loss, as described in [15], and it is able to make the network learn how to separate the
various classes with a large margin. After the training procedure, the network can be used
not to produce a class for each image but only to produce descriptors. The descriptors
produced can be characterized with a dimensionality that is much smaller than the one
produced by the NetVLAD network for example but at the same time they guarantee
performances that are higher as will be discussed in section 2.2.6. This publication is the
most suitable for a large-scale application of a visual Geo-localization network among the
one analysed since it already produces acceptable descriptors sizes (with 512 dimensions)
and the training procedure has been proved to be much faster and less memory intensive
of the one of a NetVLAD network. Those characteristics permit to use bigger datasets
and for that reason this method has been used in the rest of this work in order to compute
the descriptors needed to test the various indexing methodologies.

2.2.6 Results comparisons

In this section is reported the comparison among the various networks reported. The
metric that is commonly used in the field of visual Geo-localization is the recall. Given
a set of NV location prediction extracted from a K-NN algorithm, the value of the recall
metric is computed as:

RQN = % Z c(pi) (4)

i=1
where p; is the i-th of the N predictions and ¢(z) is described as

c(x):{l’ ifz e P )

0, Otherwise

where P is the set of images that are taken in a given range (called positive threshold)
from the query image. This metric is computing the ratio between the correctly localized
images and the number of predictions done. This metric is also the one that will be
used in the rest of this thesis project to report the results obtained. The results that
are presented are, when possible, taken from the original publication or, when the paper
does not compute them, have been calculated from the authors of [1]. The recall values
obtained with various dataset are reported in table 1.

How it’s possible to notice from table 1, CosPlace network [1] is the one that is pro-
ducing best results on most of dataset although it’s descriptors number of dimensions is
only 512. It’s important to notice that the comparison reported in table 1 it’s not com-
pletely fair since the training dataset used are not the same for all networks. This is not
avoidable since some methods can’t be trained on some datasets. In fact, many method-
ologies presented require a high number for the descriptor’s number of dimensions and
it’s not possible to store the whole cache of descriptors in main memory. As an example,
the NetVLAD network can’t be trained on huge datasets like SF-XL since to store all
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Pitts250k Tokyo 24/7 MSLS St. Lucia Average

Method ~ Desc. Train set g R@5 RA1 R@5 Ra1 R@5 R@1 R@5 R@l R@5

NetVLAD [12] 32768 Pitts30k 85.9+0.3 93.6+0.2 62.2+0.7 75.4+0.5 54.8+1.1 66.6+1.0 70.84£0.5 81.840.7 72.0 82.3
NetVLAD [12] 32768 MSLS 79.7+0.8 90.2+0.9 63.6+1.1 77.5+1.2 75.4+0.4 84.2+0.2 92.840.4 97.6+0.3 78.5 88.0
NetVLAD [12] 32768 SF-XL* 81.5+0.1 90.84+0.3 66.3+0.4 78.2+£0.5 59.3+0.8 68.7+0.7 80.64+0.5 90.74+0.8 74.0 84.0
NetVLAD [12] 32768 SF-XL** 76.2+0.3 88.84+0.4 56.24+0.8 67.7£0.9 51.4+0.9 60.7+0.7 78.5+0.6 88.3+0.8 68.2 79.1
CRN [13] 32768 Pitts30k 87.04+0.4 94.5£0.1 62.8+£0.5 77.4+0.8 57.6+0.3 70.44+0.8 70.9£0.7 82.8+0.7 72.9 83.9
GeM [8] 512 Pitts30k 75.3+0.2 88.44+0.3 46.4+0.9 65.3£0.7 51.8+0.9 64.4+0.9 59.94+1.6 76.3+2.0 62.3 77.0
GeM [8] 512 MSLS 65.3+1.2 81.0+1.6 44.94+1.7 62.6£1.2 66.7+£0.7 78.9+0.5 84.6+1.1 93.3+0.7 66.6 80.2
GeM [8] 512 SF-XL* 64.7+0.8 81.44+0.8 37.94+2.3 51.0£2.1 46.8+2.1 58.1+1.2 68.5+2.4 82.7+1.8 57.1 71.4

SFRS [14] 4096 Pitts30k 90.1+0.3 95.8+0.2 78.54+0.8 87.3£0.5 62.84+0.8 73.0+0.8 72.5+3.6 85.4+3.2 78.5 87.1
CosPlace [1] 512 SF-XL 89.74+0.0 94.5+0.0 82.8+0.9 90.0+0.6 79.5+0.1 87.24+0.2 94.3+0.4 97.4+0.3 87.0 93.1

Table 1: Recall values obtained with the presented methods on the various dataset de-
scribed in section 2.1. * Only the photos taken after 2010 are used for the queries, and the
other ones for the database. ** Only the photos taken after 2015 are used for the queries,
and the remaining images are used for the database.

descriptors, supposing a number of dimensions of 4096 after the application of PCA to
the raw output of the network, would require more than 600GB of main memory. For
the analysis that will follow it’s fundamental to notice that all of the methods reported in
the table 1 use an exhaustive search, based on a standard K-NN, for the retrieval part of
the algorithm and, for that reason, the results reported are the best obtainable with each
method.

In the rest of this work the method that will be used to extract descriptors for the
comparison between the indexing techniques is CosPlace [1] since the results obtained are
representing the state of the art on most of the datasets analysed and this method permit
to obtain those results with a very low descriptors dimensionality (compared for example
with the one obtained with the SFRS [14] method that require descriptors 8 times larger).



3 Indexing techniques

In this section, the retrieval part of the visual Geo-localization algorithm will be widely
analysed especially focusing on the indexing techniques that can be used to reduce the
resources needed to extract the N most similar descriptors from the one contained in the
pre-computed database of Geo-tagged photos and, in that way, predict the location where
the query image fed has been taken. This is one of the most critical parts of the algorithm
in a real wold application since the dimension of the descriptors dataset (that has to be
kept in main memory while performing the nearest neighbour search) would be extremely
large and, in order to serve multiple queries by the different users, the efficiency of the
retrieval part is crucial.

For that reason, by starting from analysing the simplest approach possible, this section
wants to analyse some of the possible different ways to construct an index that is able to
reduce firstly the memory footprint of the naive approach and at the same time maintain
the execution time acceptable by both reducing the number of dimensions of the descrip-
tors, applying techniques like product quantization, and implement a partial search that
reduces the resources used.

3.1 Exhaustive search

This simple approach is the one used by every method presented in section 2 since it does
an exhaustive search on the database of descriptors. This method can use an index that
simply stores the vectors in an uncompressed way in order to produce the best results
obtainable with the descriptors stored and use the standard K-NN search algorithm to
retrieve the requested nearest neighbours.

This approach is not memory efficient since the index dimension is exactly the same
as the size of the whole database and, for that reason, is not suitable for a real-world
application since the amount of memory required would not be acceptable. When a
descriptor vector is fed to this indexing technique, a sequential scan is performed on each
element of the database in order to find the N most similar vectors. This search strategy
also is not efficient since all vectors have to be compared with the query one in order to
compute a similarity function like the Euclidean distance between the two vectors under
analysis. For that reason, the complexity of retrieving the nearest neighbours from the
database is O(DN) where D is representing the number of dimensions of each vector and
N is the size of the database to be analysed. It is also possible to notice that the time
required to retrieve the nearest neighbours does not depends on the K parameter of the
K-NN since it is possible to scan the descriptors database just one time with any value of
K.

The main advantage of using this approach is the fact that produces always the best
result possible and, for that reason, it has been used as baseline in the rest of this thesis
project in order to compare the different indexing techniques. The algorithm for this
approach has been integrated in the test environment built by using the Faiss library [16]
developed by the Facebook Al Research group helped by some external contributors. This
open source library it’s highly optimized and permits to apply the indexing techniques on

10
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a billion scale databases and for that reason perfectly suits the use case proposed in this
work.

3.2 Hierarchical Navigable Small Worlds

The first technique that has been analysed to solve the problems reported in the previous
sections is the one called Hierarchical Navigable Small Worlds (HNSW). This approach
uses graph theory to produce a graph of proximity between the various vectors (usually
the proximity is computed as the Euclidean distance between the two vectors and nodes
are connected together based on the proximity value) and probabilistic skip lists to speed
up the search algorithm avoiding the visit of some nodes in the graph. For that reason,
this approach can be classified as an Approximate Nearest Neighbour search (ANN) and
the results provided may be lower than the baseline.

The skip lists mentioned before consist in a layered structure of linked lists, one for
each vector in the database, connected together by some links where to longer connections
correspond to a higher number of nodes not analysed during the search. Only the nodes
of the list at the same index can be connected together forming in that way a layer. Each
of those layers is a graph that is called Navigable Small Wolds (NSW).

The resulting graph is, by construction, composed by a set of NSWs organized in a
way that higher index layers correspond to longer links and, for that reason, to a higher
number of nodes skipped. By using this approach, it is possible to guarantee a logarithmic
search time complexity. In fact, by starting from a fixed start node in the top layer, the
search algorithm proceeds by selecting, among the nodes directly connected to the current
one, the closest to the query vector and the search continues by looking at the neighbours
of the chosen node. This step is repeated until all nodes, connected to the one under
analysis, are further that the current one finding in that way a local minimum of the
distance function for the query at the top layer. At this point the search can be refined
by moving to the same instance of the node on the layer that is just below the current
one and restarting the search on the new NSW. An example of this search approach can
be found in figure 1.

The construction of such graphs is expensive since each vector is analysed sequentially
and inserted in the graphs. So, given an empty graph composed by L layers, the insertion
proceeds as follow:

1. Firstly, the layer where the descriptor under analysis has to be inserted is selected.
This is done by randomly selecting the index of the layer among the L possible or,
only for the first vector to be inserted, the top layer is used (the one at index L —1).

2. After the layer selection, starting from index L — 1, the insertion process begins by
searching in this layer the closest node to the one to be added to the graph and,
when it is found, the search process is moved to the layer just below the current one.
This step is repeated until the insertion layer is reached (the one selected at point 1.

3. When the layer where the node has to be inserted is reached, a set of C search
operations is performed on the insertion layer in order to find the M closest nodes
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Figure 1: Example search with the HNSW algorithm

to the one to be inserted. The C parameter is usually set higher than the M one
in order to permit to the algorithm to choose which node, among the C' candidates
extracted, has to be connected to the one to be inserted, following a criterion. In the
used implementation, only the closest nodes are connected together. This process is
actually inserting the descriptor under analysis in the NSW at the insertion layer. It
is possible that some nodes have less than M links at the end of the construction of
the graph because of two main reasons: the graph when the node has been inserted
was containing less than M nodes or some of the nodes among the C' extracted does
not satisfy the conditions included in the criteria used for the candidate selection.

4. Later, the step 3 is repeated on all of the layers below the insertion one terminating
in that way the insertion process of the descriptor under analysis.

This process is then repeated for each of the descriptor in the database producing, in that
way, a hierarchical structure of navigable small world. A possible pseudo-code implemen-
tation of the described algorithm can be found at algorithm 1.

As it’s possible to notice from the graph construction details, this method is not
actually reducing the memory footprint of the index compared to the baseline method
since for each vector the memory usage in byte can be computed following

Mem = 4d + 8M (6)

where d represent the number of dimensions of the input vectors and M is the number of
connections per node of the resulting graph and it is assumed that each dimension of the
vector and each link of the graph is requiring 4 bytes of memory. For that reason, the final
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Algorithm 1 HNSW index creation
X « set of all database descriptors
L < number of desired layers
for r € X do
if it’s not the first vector then
l < random(1, L)
else
1< 0
end if
Nstart < HNSWeqren(z, until layer [)
while [ > 0 do
Neonnect < M nearest neighbours at layer [
Link all Neonneet to @
l<—1-1
end while
end for

memory usage will be higher than the descriptors database size which it is not acceptable
for large databases of descriptors.

This technique is still representing a valid approach since this method can be combined
with other strategies to reduce the vector dimensionality, and in that way the final size of
each descriptors, like product quantization as will be described in section 3.4.

Like in the exhaustive search case, the version of the algorithm used during the ex-
periment phase is the one provided by the Faiss library. At search time it’s possible to
configure the number of neighbours proposal among the results are extracted. It is fun-
damental to properly tune this parameter since a too high number of proposals will result
in slower search times and a low value for this parameter will produce very low values for
the recall metric.

3.3 Inverted File Index

This technique is optimizing the efficiency of the retrieval of the nearest neighbours by
reducing the search space that has to be analysed for each query vector. This is performed
by introducing in the index building a clustering algorithm that has the duty to group
together some of the descriptors present in the database and, in that way, permitting
to not analyse some of those groups basing the decision only on the comparison of the
centroids of the clusters.

In fact, during the computation of the index, a k-means algorithm is used in order to
produce k clusters starting from the database vectors. After this computation, each vector
in the descriptors database is assigned to the closest centroid among the calculated one
building in that way a Voronoi diagram like the one reported in figure 2. The resulting
data structure is used as an index for the descriptor database.

At search time, some of the clusters, represented by the cells of the Voronoi diagram,
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Figure 2: Voronoi diagram obtained by applying k-means clustering to random points.

are selected among the produced one in order to choose the descriptor’s groups that have
to analysed to extract the nearest neighbours. This choice is performed by taking the
Nprobe cluster centroids that are most similar to the query descriptor. The query vector
is then compared to each point belonging to the selected clusters extracting, in that way,
the nearest neighbours desired.

This simple approach can guarantee a high speed in the nearest neighbours computa-
tion since the number of database vectors to be analysed can be extremely reduced. The
number of clusters analysed while choosing the closest points to the query is usually set
greater than 1 since a major problem may arise when the query vector lies very close or
on the margin that separates two different clusters among the produced ones. In fact, in
this region of space, the assignment to a specific cluster may exclude from the similarity
analysis some points that belong to other clusters but have a low value for the Fuclidean
distance to the query vector as it’s shown if figure 2 where two of the nearest neighbours
of the query point would not be reported because belonging to a different cluster. The
parameter nyyope can vary from 1 to k (and in that case the inverted file index algorithm
degrades to an exhaustive search) and it’s fundamental, for obtaining good results, to
select a correct value of this parameter in order to analyse the minimum possible number
of clusters and at the same time all of the nearest points to the query vector. The Faiss
library provide an implementation also for this algorithm that will be used in the various
experiment reported in section 4.

It’s important to notice that also this algorithm does not reduce the memory required
since no operation is performed on the database vectors that has to be kept in memory
for efficient distance computation. This algorithm is instead reducing the time needed to
retrieve the nearest neighbours since the number of comparisons done can be much smaller
than the ones that would be performed if the standard exhaustive search would have been
applied. In fact, the operation of retrieving the most similar vectors from the database
has a complexity that is O(DNyst) where D represent the number of dimensions of the
input vectors and Ny is the number of elements of the database to be analysed which
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can be much smaller if the inverted file index is used. For that reason, it’s fundamental
to tune the N,,qpe parameter in order to avoid not useful comparisons.

As already discussed for the HNSW index, also this technique can be enriched by the
usage of product quantization that would actually reduce the memory footprint of the
algorithm. Also this technique is implemented in the Faiss library and it used as the base
for many different indexing techniques. In fact, it is possible to apply it, partitioning the
search space, and use a HNSW index for each partition combining in that way the benefits
of both the techniques.

3.4 Product Quantization

Quantization is a standard technique to reduce the scope of possible values of a continuous
value to some fixed symbols. Although this operation reduces the amount of information
contained in the output vector, this technique is suitable for the task of reducing the
memory footprint of the indexes used in the retrieval part of the visual Geo-localization
algorithm since it permits to reduce drastically the size of each descriptor vector.

Starting from a high dimensional vector, like the descriptors, the product quantization
algorithm divides each vector in m sub-vector of equal size (in order to permit this oper-
ation, the number of dimensions of each vector must be a multiple of the parameter m).
Each sub-vector is later associated to a group by considering the position of the partition
in the original vector. For all of the resulting m groups, a separate instance of a standard
clustering algorithm like k-means is applied. So, for each subspace represented by the
sub-vectors belonging to a given position in the original one, a set of clusters centroids is
computed. After this operation, each sub-vector is assigned to the closest centroid among
the ones calculated for the position in the original descriptors it belongs to. In order to
do so, it is sufficient to memorize only the index of the centroid in the list associated to
the specific position of the sub-vector in the descriptor thus further reducing the mem-
ory required to store each compressed vector. A graphical example of the application of
product quantization is reported in figure 3.

In that way, by following the procedure described, it is possible to reduce the final
memory usage required to store one of the vectors in the database by a factor

nm

- (")

where R is the ratio between the size in bytes of the quantized vector and the original one,
2" represent the number of centroids used for the clustering algorithm, m is the number
of sub-vectors for each descriptor.

This technique can be used before any indexing strategy to reduce the memory used by
the index and thus making possible to use large databases of descriptors. It’s important
to notice that, although the vectors are compressed, it’s still possible to approximate the
FEuclidean distance between two raw vectors in the quantized space. In fact, the output
vectors of product quantization contain the indexes of the cluster centroid, for memory
efficiency reasons, but it’s still possible to approximate the original vector by substituting
the index of the centroid with its actual representation in the sub-vectors space. This
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Sub-vector Per group Cluster
extraction clustering assignment

Figure 3: Example representation of the application of product quantization to an 8-
dimension vector with m set to 4 and 3 clusters per group

operation can be efficiently performed by using a set of m look-up tables that can be
easily stored in main memory since their size is in general small. For example, considering
a database of raw vectors composed each by 1024 dimensions and assuming that the
product quantization is applied with 128 sub-vectors and for each group of them 256 cluster
centroids are computed, the final size of the look-up table to be used for the approximation
of the original vector from a compressed one is only 1 MB. This operation of approximating
the original uncompressed vector is usually called reconstruction and the main objective of
product quantization is to reduce as much as possible the reconstruction error defined as
the distance between the original vector and the reconstructed one. This error is influenced
by both the number of sub-vectors and the number of clusters computed for each group
of sub-vectors. Those parameters do not influence equally the reconstruction error since
a higher number of descriptors partitions with a lower number of centroids per group is
usually not preferable to a configuration that is requiring the same amount of memory
for each descriptor but uses a higher number of centroids and a lower number of sub-
vectors. This is due to the fact that a higher number of centroids is associated to a more
accurate approximation of the original sub-vectors. Despite it is possible to think that
a very large number of centroids should be used to obtain good results, in general, the
product quantization technique is applied with a number of clusters for each group that
is 24 or 2% since it can be respective represented in half or in one byte and thus making
the storage of the compressed vector memory aligned. For that reason, it is fundamental
to properly tune the number of sub-vectors balancing it with the number of centroids.
The distance computation described can be further optimized by avoiding the compu-
tation in the original vector space and using a particular distance look-up table to calculate
it directly in the compressed space. In fact, during the retrieval part of the algorithm, the
query vector has to be compared with many database entries resulting in a cost for the
distance computation that is O(DN) where D is the number of dimensions of each vector
and N is the database size. It is possible to pre-compute the distances between the m
sub-vectors of the query with the whole set of cluster centroid and storing the results in
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a distance look-up table. By using this table, during distance computation it is no more
necessary to reconstruct each database vector and the approximated distance can be sim-
ply calculated by summing up all the entries in the distance lookup table that correspond
to the index of the centroids of the compressed database vector under analysis. In that
way, the complexity of the vector distance computation is O(2"mD +mN) where 2™ is the
number of different centroids per each of the m sub-vectors. By means of this optimized
distance computation, it’s also possible to reduce the time needed to extract the nearest
neighbours of the query from the database with respect to the case of exhaustive search
since the m parameter is usually much smaller than the number of dimensions of each
descriptor.

The main drawback of the application of product quantization is that some of the
information contained in the original descriptors is irremediably lost and so the recall
metric value can be lower than baseline. For that reason, it’s fundamental to correctly
tune the m and n parameters in order to find a good trade-off between the memory
reduction and the recall loss produced by the approximations introduced. The product
quantization algorithm is integrated in the Faiss library and will be widely used in the
section 4 for the extreme memory reduction that can be obtained by adopting by this
approach.

3.5 Inverted Multi-Index

The Inverted Multi-Index [17] (IMI) is an indexing technique that tends to fuse the ap-
proach of an inverted file index with the main idea behind the product quantization. In
fact, inverted indexes tend to produce fine space partitioning in order to reduce the num-
ber of points in each partition and so reduce the number of distance computations to be
performed. This approach shows some limitations when the database to be indexed is
containing a large number of entries since the number of lists that contain the various
points belonging to each partition tends to become large. For that reason, the index build
and search time tends to become not acceptable because having more lists results in in-
creasing the number of centroids to be calculated by the k-means algorithm during the
index creation phase and, at search time, more lists have to be visited to obtain optimal
recall values. Given a database of NV vectors each composed by D dimensions, an inverted
multi-index is computed as follows:

e Firstly, like in the product quantization case, each vector is divided in sub-vectors.
Unlike the product quantization case where optimal number of splits to be performed
is usually a number between 8 and 32, in this case it is sufficient to split in half the
vectors. So, after this step is performed, each descriptor is partitioned in two sub-
vectors.

e After that, a standard clustering algorithm like k-means is applied independently
to both sets of sub-vectors producing two sets of K clusters centroids (that can be
called codebooks). It is now possible to identify a new K x K space generated by
the two sets of centroids and it is possible to visualize it as a grid where each cell
corresponds to a different combination of the centroids belonging to the two sets.
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e Each descriptor present in the database is then assigned to the closest cell grid by
separately considering the closest centroid in both the sets previously built. This
procedure is producing a new set of K? lists of descriptors.

This result constitutes the inverted multi-index. A possible pseudo-code implementation
of the algorithm needed to generate an inverted multi index can be found in algorithm 2.

Algorithm 2 IMI index construction pseudo-code
X + set of N database vectors
K < number of centroids for each group
V1]
V2«
for x € X do
V1 append z[start : len(zx)/2]
V2 append z[len(x)/2 : end]
end for
Cy <k-means(V'1,k
Cy «<k-means(V2, k
for x € X do
sl = x[start : len(x)/2]
s2 = zllen(z)/2 : end]
i < tl¢; = min(d(sl,¢)), Ve € C1
J  jle; = min(d(s2,¢j)),Ve; € C2
l[i,j] + =
end for

~— —

In order to query such an index, a two-step approach is suggested. In fact, as first the
query vector is divided in two sub-vectors like was done during the index building phase
and, for both of them, the L nearest neighbour are extracted from the cluster centroids
previously computed at the position to which the sub-vector belongs to. It is now possible
to traverse the lists associated to all the L? possible combinations of the selected nearest
clusters centroids of the two sub-vectors. This traversal part is done in order. In fact, it is
possible to sort the pairs of centroids by considering the sum of distances of the sub-vectors
from the analysed centroid. This traversal is, then, stopped when the desired number of
nearest neighbours for the query have been chosen. This search part of the algorithm can
be efficiently implemented by using priority queues.

How it’s possible to notice from the building details of this index, this algorithm
produces K? different list that, compared with the K that would be obtained with the
inverted file index approach, produce a finer partitioning of the descriptors space. This
has the major drawback that more memory is required to store the lists. It is possible
to overcome this issue by using product quantization on the vectors and store in memory
only the compressed versions reducing in that way the memory footprint of the algorithm
and it is possible to take advantage of the optimized distance computation permitted by
product quantization in order to speed up the nearest neighbours retrieval part. Also this
algorithm it’s implemented in the Faiss library.
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3.6 Product Quantization and re-ranking with source codes

In this section, will be reported how to integrate the product quantization inside an index
and how it’s possible to refine the approximation of the distance between the query vector
and the database ones. Given a set of N database descriptors, it is possible to compress
them by using the product quantization algorithm as described in section 3.4. It is possible
to substitute the descriptors to be fed to the index to be computed with the compressed
version, obtained by applying product quantization, reducing in that way the memory
footprint of the whole index. This approach, as discussed before, is introducing an error
during the reconstruction phase. For that reason, it is possible to obtain the original
descriptor from the quantized version by

y =pq(y) +7(y) (8)

where y is representing the compressed version of the input vector y, pg is the function
that starting from a not quantized version of vector y returns the compressed version of it
and 7(y) is the residual vector that measures the error related to the loss of information
introduced by the product quantization technique. In a simple approach this residual
vector is usually ignored accepting that the error introduced by it can be considered
negligible, since the product quantization technique tends to minimize it. In addition to
that, by increasing the number of sub-vectors and the number of clusters produced per
each group of sub-vectors, the reconstruction error asymptotically goes to 0.

In reality, this error value may be considered negligible only if the number of sub-
vectors and the number of centroids produced is sufficiently high but, in case of an extreme
compression of the database vectors like the one desired in this application, this residual
vector should be taken into consideration in order to still obtain high values for the recall
metric.

Directly including this vector in the index computation, although possible, is not fea-
sible because it would remove all benefits that can be obtained by applying product quan-
tization since the storage of the vectors that encode the residual error require as much
memory as the full-sized descriptor. This approach, although not useful for the analysis
that will follow because does not reduce in any way the memory consumption of the in-
dexes, it’s available in the Faiss library and the results obtainable with this method will
be reported in the section 4 in order to illustrate the results that can be obtained by using
also the residual error vector and to compare the results with the method that will follow.

A possible approach to solve the issue of memory usage of the residual error vectors is
to use a method called re-ranking with source codes as described in [18]. This approach is
based on the usage of a second independent product quantization algorithm instance that
has the duty to reduce the memory usage of the storage of the residual vectors. Also for
this task, product quantization can be used for its ability to reduce drastically the amount
of space needed for the compressed vectors.

The proposed algorithm can be implemented as follows: given the set of residual vectors
obtained from the vectors in the database and a parameter m’ that indicates the number
of dimensions that the compressed vector will have, it is possible to partition the vectors
in m’ sub-vectors and apply product quantization like described in 3.4. After this step,
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the result is a compressed version of the residual vector and m’ sets of centroids. It’s
important to notice that in this case the number of centroids has selected to be always
256 since, in that way, each of the m’ dimensions of the output vector can be stored in a
single byte. The final dimension on memory of the vectors produced with this approach

can be expressed by
§="T 0 9)

8

where the first term in the addition “g* represent the number of bytes required for the
storage of the quantized version of the descriptor and m’ is the number of sub-vectors of
the residual vector (each of them requires only one byte as mentioned before). The value
of the m’ parameter has to be selected in order to obtain a good trade-off between the
amount of additional memory required and the performance gain that can be obtained by
including the residual vector.

At search time, when the k nearest neighbours of a given query image has to be
extracted the algorithm works as follows:

1. A set of k' candidates nearest neighbours vectors are extracted for the query by
considering only the quantized version of the descriptors and, for the moment, ig-
noring the compressed residual. This is the standard approach that would have been
followed also if the residual would have been ignored. During this step is possible
to use the optimized distance computation for product quantization as described in
section 3.4.

2. For each of the k' candidates extracted, the distance from the query one is computed
taking into consideration also the compressed residual vectors by following

d=|lg = (r(z) +r'(2))| (10)

where ¢ is representing the query raw vector, r is the function that reconstruct the
original vector from the compressed one, r’ represent the function that given the
compressed reconstruction error of the database vector x returns the reconstructed
one. Also in this case, it is possible to reduce the time needed by the distance com-
putation by computing it directly in the quantized space (although the advantages
of this approach are reduced since longer vectors have to be used during distance
computation).

3. Among the k' candidates the k requested nearest neighbours are selected by choosing
the ones with smallest distance to the query one considering also the compressed
residual vector.

This search algorithm is usually requiring a larger amount of time to retrieve the nearest
neighbours since the number of operations needed are higher than the one that would be
necessary if the standard product quantization technique is used since, before computing
the distance, it has to be reconstructed and summed the residual vector to the recon-
structed nearest neighbours. The candidates re-ranking and the product quantization can
be integrated together in all of the combinations of techniques that will be presented by
using the Faiss library.
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3.7 Optimized Product Quantization

As discussed in the previous sections, product quantization is providing a solution to
the problem of reducing the memory required to store the indexes during the retrieval
step of the visual Geo-localization pipeline. It is possible to further optimize the product
quantization algorithm in order to make it produce an optimal decomposition of the space
by finding the best possible centroids that describe each sub-vector group by using a
technique called Optimized Product Quantization [19]. This method is born from the
consideration that the product quantization algorithm can be casted as an optimization
problem where the objective function is represented by the minimization of the distortion
between the raw vector and the corresponding compressed one. This distortion introduced
by the quantization approach can be expressed by

D= LS 2 11
—N;Hxi—r(C(xi))ll (11)

where D represent the mean distortion value among all the N vectors of the descriptor
database, x; is the i-th uncompressed vector in the database, c¢(x) is the function that, given
the raw vector, returns the compressed version of it by applying product quantization, r(z)
represent the function that reconstruct the original vector from the compressed one and
|lz|| represent the Euclidean distance of point & with respect to the origin.

As described in section 3.4, the product quantization algorithm is assigning each sub-
vector s; to the closest centroid ¢; in the set of the one computed by the k-means algorithm
for the position where the given sub-vector was taken. Given an orthogonal matrix R that
represent the operation of partitioning the space described by the descriptor vectors to a
set of m sub-spaces, it’s possible to notice how if the R matrix is multiplied to both s; and
¢; the assignment does not change. This R matrix is relaxing the constraint inserted when
the sub-vectors are created from the descriptors in the original formulation of product
quantization by allowing the dimensions of the descriptor to rotate. For that reason,
it is possible to minimize the distortion error by finding the orthogonal matrix R that
minimizes the equation

N
. 2
min — ;
i ZHR% Rr(c(Ra;))|| (12)
=1
It is possible to approximate the solution of the equation 12 in an iterative way by repeating
the following steps:

1. Given a fixed R matrix (that may be computed during the previous iteration or, for
the first one, it can be the identity matrix), the k cluster centroids are computed in
the rotated space obtained by multiplying the R matrix to the input vectors. This
is done by using the standard k-means algorithm independently in each of the m
sub-spaces generated by the sets of sub-vectors extracted.

2. Given the fixed centroids computed in the previous step, it is now possible to find
the matrix that minimizes the equation 12. The solution to that problem (that
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3.7 Optimized Product Quantization

is referring to one of the formulations of the Orthogonal Procrustes problem [20])
can be found by applying the Singular Value Decomposition (SVD) to the matrix
obtained by multiplying the matrix obtained by stacking all raw vectors X and the
one containing the reconstructed one Y by following XY7 = USVT. In that way,
the rotation matrix that has to be calculated can be expressed by R = VUT.

These two steps are repeated until a maximum number of iteration (this value usually is set
to 100) has been performed finding in that way a good approximation of the matrix that
produces the minimum distortion error. A possible pseudo-code version of the reported
algorithm can be found in algorithm 3.

Algorithm 3 A pseudo-code version of OPQ algorithm
X < matrix of stacked descriptors
R+ 1
for it € 1,...,100 do
X'+ RX > Step 1
foriel,...,mdo
k-means on group of sub-vectors ¢

end for
Y + r(c(X)) > Compute the reconstructed vectors
U,S, VT + SVvD(XYT) > Step 2
R« vUT

end for

By using the proposed approach, it is possible to obtain an optimal space partitioning
that may help product quantization in finding the cluster’s centroids that minimizes the
distortion error introduced by the quantization. It is possible to integrate this OPQ
algorithm each time product quantization is used.

The main disadvantage of adopting this approach is that it may require more time
during the building phase of the index. In fact, especially if the database number of ele-
ments is large, the time required for finding this optimal rotation matrix can be high since
the SVD algorithm has a complexity that is O(D3) where D is the dimensionality of the
input vectors and the k-means algorithm, that is run many times during the optimization
procedure, has a complexity that grows linearly with the number of vectors to be clustered.

For that reason, the decision of applying an algorithm like this has to be taken with
care correctly analysing the benefits that it would really provide to the final results. As
for the other approaches reported, the OPQ algorithm is implemented in the Faiss library
and will be widely used in the section 4.
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4 Experiments and results

In this section will be presented the experiments conducted and presented the results
obtained in order to find the most suitable indexing strategy for the retrieval part of
the visual Geo-localization algorithm. So, starting from presenting the methodology used
to produce the results presented, the analysis will follow by analysing the most relevant
indexing techniques present in literature specifically focusing on the amount of memory
they require and the time that is needed in order to retrieve the nearest neighbours. At the
end of this section will be also presented a possible technique that can be used to reduce
the database size before applying the indexing techniques. This method has in fact the
main objective to discard some of the images inside the database that can be considered
redundant since do not include any visual characteristic that is not already present in
other photos.

Before presenting the different indexing techniques, it has been decided that the time
required to retrieve the nearest neighbours for each query image should be below 200 ms
in order to be considered acceptable. This threshold has been selected since it permits
to produce the results with a tolerable latency and, as will be explained later, leaves the
possibility to tolerate additional delays due to the fact that in a real-world application
only a query is analysed at a time.

Regarding the memory usage, it has been decided that an indexing technique can be
considered good if it is able to reduce the amount of memory used below 10% of the size
of the raw database used. Selecting this value, permits the usage of very large descriptors
databases that are similar to the one that will be used in a real-world application.

4.1 Testing methodology

In order to measure the performances of the various indexing techniques illustrated before,
it has been built a testing environment capable to monitor the memory usage and the
execution time for each algorithm. All of the code written to produce the results that
will be presented in the rest of this work has been written using the Python programming
language enriched by the usage of standard libraries. Among the libraries used, the most
relevant are the Faiss library already presented before and the PyTorch library [21] that
has been used to extract the descriptors from the input images.

In fact, before testing each indexing technique that will be presented it is fundamental
to have a pre-computed database containing all of the descriptors extracted by the images
inside the dataset. In order to do so, the code used has been taken from the work re-
ported in [1] that, as already mentioned, is providing state of the art results in the visual
Geo-localization task and, together with the code, provides also the weights necessary to
the neural network used by the mentioned approach to correctly produce the descriptors
required. This has been inserted as a starting step of the testing environment produced.

In order to permit also possible future extensions to the mentioned environment, the
built framework is providing a common interface that provides a standard implementation
of the function needed to measure the memory usage and each of the algorithm to be
tested has only to implement, in its specific class, the functions needed to initialize, build
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4.1 Testing methodology

and configure the index. By means of this interface, the memory usage measures are
centralized and each measurement is taken in the same way for each method reducing the
risk of possible measurement errors. In order to assess how much memory is the current
index using, the framework is simulating a real application of the index. In fact, like would
be done in a real environment, the measures are divided in two phases:

1. The index under analysis is initialized with the configurable parameters specific for
its type. After that the index is trained by providing it the full database of descriptors
pre-computed. The resulting data structure it’s later saved on disk exactly like would
happen in a real application. At this point it is also measured the space required
on disk by the serialized version of the data structures that composes the index.
This measurement imposes a lower bound on the memory that will be used when
the index is loaded since some additional data structures can be used by the Faiss
library at run time in order to reduce the query time and manage a set of concurrent
thread that is allocated to serve the queries performed.

2. In a different Python process, the descriptors of the queries, that will be used to
measure the recall metrics, are loaded on main memory and the initial memory
usage is measured by taking the Resident Set Size (RSS) of the current process.
This measurement is used to eliminate from the final results the memory used by
the process itself and the queries descriptors that do not influence the memory usage
of the index. After that, the previously saved index it’s loaded from disk and a first
measurement of the RSS memory it’s performed. Later, for each of the recall values
to be tested, the nearest neighbour search is done and a new measurement of the
memory usage is recorded. Those further measurements take into consideration the
index in a simulated working condition like the one that would be experimented on
a real application and so are very useful to correctly estimating the true value of
the memory used. The final value for the Resident Set Size used by the index under
analysis is computed by averaging out all the previously recorded values.

Also to measure the time needed for each query a centralized strategy has been used. In
fact, the piece of code that is extracting the nearest neighbours of the provided query from
the database is inserted in a timed section and, for that reason, at each extraction the
mean time required by each query vector it’s calculated.

It’s important to notice that the queries are analysed in batches by the Faiss library.
This has the consequence that the times that will be reported are the lower obtainable
for the index under analysis since the library it’s performing some optimization, that
include also the usage of multiple threads to run in parallel the queries analysis. This is
not easily applicable in a real usage of an application that is using the indexes analysed
since it would be difficult or not possible to collect together the queries before searching
the nearest neighbours in the database. The results provided can be still considered
valid since they are taken in a situation that model an optimal condition of usage of the
indexing techniques and, since each method is evaluated at the same way, they provide a
clear indication of how much time the search operation would require making possible to
compare the various techniques. In addition to that, the simulation of the time needed
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4.1 Testing methodology

to execute the nearest neighbours search in a real environment is out of the scope of this
work since it depends too much on the machines on which the code would run and to the
actual load of work produced by the requests of various users.

All of the experiments that will be presented have been run on a node of the Legion
cluster of the HPCQPOLITO. Each node of the cluster is equipped with 2 Intel Xeon
Scalable Processors Gold 6130 and for the experiments it has been used 24 of the 32
cores of those processors. The nodes in the clusters are connected with Infiniband-EDR
and they have a distributed shared memory with a total size of 22TB. During the tests
performed, part of the shared main memory has been reserved for the processes to be run.

The database used to obtain the results that will be presented is the test set provided
by the SF-XL [1] dataset that contains 2.8 million photos, if not differently specified.
This set of the dataset has been preferred to the full version composed by 41.2 millions
of photos during the experiments reported in order to reduce the memory usage during
experiments and permitting in that way a more complete analysis of the indexing tech-
niques. The results provided can be still considered a good approximation of the one that
would have been obtained on the full SF-XL since the database size used is sufficiently
high to appreciate the differences in both memory usage and time required per query of
each indexing technique. The queries used for the various experiments are taken from the
first set provided with the dataset that contains one thousand images.

The indexing techniques that will be used in the experiments that will follow are:

e Inverted File Index with Product Quantization (IVFPQ)

Inverted File Index with Optimized Product Quantization (OPQ IVFPQ)

Inverted File Index with Optimized Product Quantization and Re-Ranking (with
compressed and raw residual error vectors)

Inverted Multi Index with Optimized Product Quantization (IMI)

Hierarchical Navigable Small Worlds with Optimized Product Quantization (OPQ
HNSW)

How it’s possible to notice from the list of techniques combinations analysed, only meth-
ods that can potentially reduce the memory footprint of the index compared to the one
produced by the exhaustive search are investigated (with the only exception of inverted file
index with optimized product quantization and re-ranking with raw residual error since
this method is used only to compare the results with the one obtained with the same
version of the algorithm but with compressed error). This choice has been taken since the
indexes that do not reduce the memory usage are not applicable in a real-world scenario.

In order to evaluate how the various methods behave with different number of di-
mensions for the descriptor vectors, all the tests performed have been repeated with four
different descriptors number of dimensions that have been set to 256, 512, 1024 and 2048
dimensions. This permits also to analyse which descriptor number of dimensions is the
most suitable for the task of visual Geo-localization with the CosPlace network [1]. The
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4.2 Trend of memory usage and time per query with descriptor database size

N. Dimensions | R@1 | RSS memory usage (GB) | Mean time per query (ms)
256 73.6 5.58 + 0.01 1.01 +£0.08
512 76.7 10.95+£0.01 2.64 £ 1.66
1024 78.1 21.62+£0.01 5.96 £ 4.26
2048 76.5 43.02 £0.01 194.55 +19.23

Table 2: Results of the exhaustive search on different number of descriptors dimensions

different databases obtained with the four descriptors number of dimensions provides dif-
ferent values for the recall metric, as expected the lower the number of dimensions the
lower is the recall value but, as reported in table 2, also a too high number of descriptors
dimensions can cause sub-optimal value for the recall metric.

It is important to notice that in the graphs and tables that will follow only the value
for the recall with one nearest neighbour retrieved are reported. This choice has been done
since this metric is the one that provides the major variations for each indexing technique
and, for that reason, it is more suitable to evaluate the results of the various indexing
techniques since present more clearly the differences presented.

4.2 Trend of memory usage and time per query with descriptor database
size

In this section, it has been analysed the trend of memory usage and the time required to
retrieve the nearest neighbours of various combinations of techniques, described in section
3, using various descriptor’s database sizes in order to study the relationship that is present
between them.

Database size - Memory graph (dim: 256) Database size - Memory graph (dim: 512) Database size - Memory graph (dim: 1024)
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Figure 4: Trend of the RSS memory usage at the variation of the database size for different
numbers of dimensions. The axes are in logarithmic scale for graphical reasons.

The graphs contained in figure 4 are reporting the results measured for the trend of
RSS memory usage with the database size. As expected, the memory footprint of the var-
ious algorithm grows with the size of the database independently from the dimensionality
of descriptors. It is possible to notice that all the curves reported, obtained by connecting
with straight segments all of the measurements done, have a shape that can be approx-
imated with the union of two half-lines with, respectively, a low and a high slope. It
is in fact possible to notice from the figure 4 that the amount of RSS memory used by
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4.2 Trend of memory usage and time per query with descriptor database size

the various indexing technique is increasing slowly as the database number of elements is
growing until it reaches 10° descriptors and, after that point, the main memory required
is rising with a higher constant rate. This difference in the slope of the lines is due to
the Faiss library that is hiding the real memory usage of the index since it uses threads
and additional data structures that requires much more memory than the index itself. For
example, if the database is containing a set of 1024 descriptors each of 256 dimensions,
the storage of the baseline index would require 1 MB of memory while it is possible to
notice, from the leftmost graph in figure 4, that the measured memory is of more than 60
MB. The effect of this memory usage of the library is then becoming less relevant when
the number of elements of the database grows.

In addition to that, in order to optimize the results, the Faiss library is using some
additional data structures that influences the memory usage. This strategy is used when
product quantization is applied by the library to reduce the time needed to compute the
distances between the compressed vectors and the query one building a look-up table of
distances of the quantized query descriptor from the centroids, as explained in section 3.4.
Those tables are automatically built by the Faiss library if their memory usage is estimated
to be below 2 GB and, for that reason, are used in any test performed in this thesis project,
when product quantization is applied, since the configuration adopted always satisfy this
condition.

For all of the reasons mentioned, the trend of the memory usage with the database size
is linear with some exceptions due to problems in correctly estimate the memory usage
with few elements in the database. This was expected since the index size depends directly
on the number of elements present in the database. This finding is fundamental since it
permits to approximate the behaviour of the various indexing techniques in an application
that uses a different number of images from any of the one tested and it confirms that
the usage of the test version of the SF-XL database is sufficient to report the behaviour
of the indexes. The indexes reported in figure 4 have been produced by using different
configurations so confirming the linear trend found and the different slope of the curves is
due to the various indexing techniques that have different results in reducing the memory
usage.

It is important to notice how the memory required by the baseline and optimized
product quantization with inverted file index and re-ranking with raw residual error is
becoming easily unacceptable when the database size increases. This is also more evident
with the higher number of dimensions for each descriptor since, how it is shown by the
graph in figure 4, those techniques may require more than 200 GB of RSS memory to
store the index. Instead, when the indexing technique that is analysed is using product
quantization to compress the vectors, the amount of memory needed remains limited and
no more dependent on the number of dimensions of the raw vectors.

Regarding the time needed to extract the nearest neighbours per each query, the graphs
contained in figure 5 reports the measurements done for three of the different descrip-
tors number of dimensions. As in the case of the graphs in figure 4, these graphs have
been taken by connecting each of the data points associated to the various measurements
through straight segments. It is possible to notice that, in this case, the points repre-
senting the various times measured are aligned thus representing a direct proportionality
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4.3 Inverted File Index with Product Quantization

between the time needed for each query and the number of descriptors used. As in the
case of memory usage, it has been noticed that with a limited number of elements inside
the database, the trend identified is not fully explaining the data points reported. This
is due to the fact that the Faiss library is using some optimization techniques to reduce
the time needed to retrieve the nearest neighbours that seems to be less effective on small
database. For that reason, it is possible to approximate the behaviour of the indexing
techniques at any database size by following the trend reported.

Database size - time per query graph (dim: 256) Database size - time per query graph (dim: 512) Database size - time per query graph (dim: 1024)
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Figure 5: Trend of the time required per each query at the variation of the database size
for different numbers of dimensions. The database size axis is in logarithmic scale.

Also in that case, the results that have been reported are in accord to the expectations
since each query has to be compared, in the worst case, with all of the database descriptors
and also in case of an approximate nearest neighbours search the subset of vectors to
be analysed depends on the number of elements inside the database. This is in fact
more evident with techniques like the exhaustive search where the number of distance
computations to be done is the same as the database size.

From graphs in figure 5, it is also evident that the time required for each query remains
acceptable, since below 200 ms, in most of the tests done. This makes the problem of
reducing the time needed to retrieve the nearest neighbours less important in the analysis
that will follow since this amount of time remains acceptable while the memory usage not.
Despite this, it is fundamental to choose a technique that maintains this time low since,
how it’s possible to notice from figure 5, the indexing methods are, in general, requiring
more time than the baseline.

4.3 Inverted File Index with Product Quantization

In this section, the results obtained with the Inverted File Index combined with product
quantization (IVFPQ) are reported and discussed. It is possible to notice from the graphs
contained in figure 6 that this method is able to reduce the amount of memory required by
the index of about 10 times without any loss in the recall value with all descriptors number
of dimensions. This is certainly due to the ability of product quantization to compress the
input vectors and, at the same time, limiting the amount of information lost. It is possible
to reduce even more the amount of memory used at the cost of some loss in the recall
value. In fact, if a decrease of 2 percent of recall is considered acceptable, it is possible
to reduce the memory footprint of the index by 30 times permitting the usage of a larger
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4.3

Inverted File Index with Product Quantization
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Figure 6: RSS memory usage and RQ1 metric for the IVFPQ method with various con-
figurations.

database of descriptors.

It is possible to notice from figure 6 that some configurations provide results that,
in terms of recall computed, are higher than baseline. Those results are due to the fact
that the compression algorithm has distorted the descriptor vectors and, by chance, this
operation has produced vectors that are more similar to the queries provided. This char-
acteristic of the mentioned configurations, although positive for the specific instance of
the algorithm, has not a statistic relevance and may not be true with other queries vectors
or other database data and, for that reason, can be ignored considering those results as
they would have produced results similar to the baseline.

As it’s possible to notice from table 3 that reports the detailed results for some of
the best configurations tested, the memory usage is extremely reduced only for the higher
dimensionalities while for the other descriptors databases the advantages of the usage of
product quantization are lower. In fact, it’s not possible to reduce the memory footprint
of the lower dimensionality vectors and, at the same time, maintain the recall metric high
and the mean time per query as low as the baseline since the loss of information produced
by the product quantization is more significant in those cases. All of the results obtained
with the others parameters configuration tested can be found in appendix A.1.

In table 3, are also reported the mean time per query measured on the 1000 queries.
Those times are much higher than the one reported in table 2 for the baseline since many
of the optimizations done by the Faiss library are not effective in the indexing technique

29



4.4 Inverted File Index with Optimized Product Quantization

. IVF PQ .
Dim. clusters | probes | sub-vec. | bits RSS (GB) Time (ms) Rl
16384 2048 128 4 0.73+£0.14 5.23 £ 0.01 72.2
256 8192 1024 64 8 11.09+0.14 | 1.294+0.01 | 73.1
2048 1024 128 8 | 1.174+0.03 | 9.49+0.80 | 73.8
32768 1024 128 8 1098+0.14| 6.84+0.73 | 75.4
512 1024 512 128 8 |11.02+0.01 | 9.37£0.92 | 76.2
8192 1024 256 4 1.024+0.16 | 11.43£1.17 | 76.4
4096 512 256 8 |257+0.09| 6.34+0.84 | 76.7
1024 | 131072 | 4096 512 4 | 273+£0.17 | 13.57+£1.54 | 77.0
16384 16384 256 8 1.624+0.18 | 192.09£1.02 | 77.1
512 512 512 4 1.61 £0.02 | 139.99 £ 1.57 | 76.1
2048 8192 2048 512 8 |3.14+0.02 | 48.56+0.40 | 76.4
32768 1024 512 8 |344+0.16 | 31.63+0.55 | 76.6

Table 3: Results obtained with IVFPQ index for some of the best configurations for each
descriptor dimensionality.

reported. For that reason, it is fundamental to finely tune the parameter that sets the
number of cells of the Voronoi diagram visited during the search phase of the inverted
file index in order to avoid spending too much time on the search operation. It is in fact
possible to notice from the last row of section of the table 3 that reports the results for
1024 dimensions, that a full visit of the IVF index is not affordable taking the execution
time very close to not acceptable values especially when the number of IVF cells is high.
Those results show also that, in the application of product quantization, a lower number
of sub-vectors with a higher number of bits per vectors has to be preferred to the usage
of a higher number of sub-vectors each with a lower number of bits since the recall values
obtained with the first approach are usually higher. This comes with the fact that the
time needed for each query is usually lower since, like described in section 3.4, the cost
of the operation of computing the similarity between the query and the database vector
is proportional to the number of dimensions of the compressed vector. By considering
instead the recall values reported, it seems that the number of dimensions that provide
the best results is 512 since the recall values obtained are similar, although a bit lower, to
the one with 1024 dimensions and the memory usage is between the lower obtainable.

4.4 Inverted File Index with Optimized Product Quantization

The effects of optimized product quantization on the inverted file index (this technique
is called OPQ IVFPQ in the rest of this thesis project) are analysed in this section.
How it’s possible to notice from figure 7, the results obtained are, as expected, similar to
the one obtained without the optimization of the product quantization with some minor
differences. In fact, it’s possible to notice that the recall values are slightly higher in the
mean case with respect to the one measured without optimization. This is surely due to
the lower distortion of the compressed descriptors obtained.
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4.4 Inverted File Index with Optimized Product Quantization
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Figure 7: RSS memory usage and RQ1 metric for the OPQ IVFPQ method with various
configurations.

As already noticed for the inverted file index with product quantization, the memory
reduction that can be obtained with this method is of about 90% of the baseline. In fact,
since the product quantization, that is the element of the indexing technique that reduces
the memory consumption, is common to those methods, it was not possible to further
reduce the memory footprint.

As it’s possible to notice from table 4, that reports some of the results obtained for the
best configurations tested (all of the measurements done are reported in appendix A.2),
the mean execution time of the nearest neighbours search is usually higher than the one
obtained both in the baseline methods and the IVFP(Q index. This is probably due to the
matrix multiplication that has to be performed before analysing each query that has to
be performed in order to apply the optimization of the product quantization. Those time
increments, although tolerable, should be taken into consideration in a real application of
this algorithm since they may limit the number of queries that can be served in a given
amount of time. A possible approach that can be used in order to solve that issue, is to
reduce the number of probes done by the inverted file index search algorithm. In fact, by
following this suggestion, the time needed for each query is drastically reduces how clearly
shows the fourth and seventh row of table 4 where the only variation of this parameter
is reducing the execution time of 94%. Unfortunately, this reduction comes with a cost.
In fact, the recall value decreases of about one percent point that, although acceptable,
has to be taken into consideration in the trade-off between the time needed and the recall
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4.5 Inverted File Index with Optimized Product Quantization and Re-Ranking

. IVF PQ .
Dim. clusters | probes | sub-vec. | bits RSS (GB) Time (ms) Rl
512 256 64 8 1053+0.01 | 3.96+0.43 | 72.5
256 512 256 128 8 1090+0.01 | 9.67+0.52 | 73.0
2048 1024 128 8 |1.16+0.03 | 10.324+0.79 | 73.6
32768 512 128 8 |1.10+0.13 | 2.06+0.15 | 75.7
512 512 512 128 8 10.90+0.01 | 18.05+2.32 | 76.4
32768 8192 128 8 |1.10+0.13 | 32.83+2.60 | 76.7
32 32 128 8 10.90+0.02 | 16.684+0.91 | 76.9
1024 | 16384 1024 256 8 |1.95+0.12 | 9.72+0.58 | 77.0
8192 1024 512 4 2.06+0.14 | 22.284+1.90 | 77.3
64 64 128 8 0.87+£0.03 | 14.31£1.84 | 75.8
2048 32 32 128 8 10914+0.02| 19.24+1.38 | 76.6
32 32 512 4 1.594+0.01 | 141.82£1.61 | 76.7

Table 4: Results obtained with OPQ IVFPQ method for some of the best configurations
for each descriptor dimensionality.

obtained.

In contrast with what was obtained in the IVFPQ case, the descriptors dimensionality
that is providing the best results is 1024 since it is providing slightly better results with
similar memory usage and also the time needed for the nearest neighbours extraction is
generally lower than the one obtained with 512 dimensions. With the considerations done,
it is now possible to compare the results presented with one obtained with inverted file
index with product quantization. In fact, how it’s possible to notice from figure 8, that
shows a comparison between the two indexes on the full set of configurations tested, the
optimization of product quantization is only in some cases producing results that have a
slightly higher recall metric value with lower memory usage with respect to the inverted
file index without optimizations. Since the higher time needed to retrieve the nearest
neighbours is acceptable, the optimized version of the product quantization has still to be
preferred in the index selection since there exists the possibility to obtain better results.

4.5 Inverted File Index with Optimized Product Quantization and Re-
Ranking

Re-ranking applied to an inverted file index is a technique that, as already mentioned in
section 3.6, by considering also the residual error obtained by product quantization, is
used to refine the results produced by an inverted file index. Two possible approaches are
possible:

e Consider the raw residual error obtained by applying product quantization without
any compression by re-ranking the set of candidates extracted with the inverted file
index on the quantized vector using the exact calculation of the similarity between
the query and the database descriptors since the full error is available. Asit’s possible
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Inverted File Index with Optimized Product Quantization and Re-Ranking
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Figure 8: Comparison between the RSS memory usage and R@Q1 metric for the OPQ
IVFPQ method and IVFPQ with various configurations.

to notice, this technique is not reducing the memory usage but it’s providing the
best results obtainable with the used inverted file index. In the rest of this work this
technique will be identified with the word ”refine” posed at the end of the indexing
technique name.

e Compress and store the residual error on the database vectors in order to estimate
the similarity metric. This approach is reducing the memory usage but may also
introduce some loss in the recall value as will be discussed in this section. This
technique will be identified in the rest of this work by appending as a suffix a ”r” to
the name of the method analysed.

In fact, how it’s possible to notice from the graphs contained in figure 9, that reports
the results obtained with various configuration for both the indexing techniques, the usage
of the exact distance computation requires the storage of the full-sized descriptors and,
consequentially, require the same or higher memory usage than the baseline. Instead,
compressing the distortion error, has demonstrated to provide a significant reduction of
the memory usage by maintaining the value of the recall metric very similar to the baseline.
In fact, with the usage of compressed residual error vectors, is possible to use, for example,
less than 1 GB of main memory to store the index and obtain the same result as the baseline
in the case of 512 dimensions in descriptor vectors.

From the graphs of figure 9, it is also clear that, although the compression of the
residual error vectors done, the recall values obtained are in many cases exactly the same
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Figure 9: Comparison between the RSS memory usage and R@1 metric for the IVFPQR
method and the OPQ IVFPQ REFINE method with various configurations.

as the one that can be measured with the usage of raw error. This last result confirms the
fact that using a full-size error is not helpful in order to solve the problem of retrieval the
nearest neighbours for visual Geo-localization since the same recall values showed can be
obtained using much less resources. For that reason, this technique has not been used in
any other part of this work.

Looking more in details to the results obtained with the quantized version of the
residual vectors, it is possible to notice how those results are naturally organized in vertical
lines. This fact is due to the parameter that is specifying the number of cells visited in the
inverted file index Voronoi graph. This is strongly influencing only the recall metrics while
the memory usage is not affected at all by this parameter since it is used only at search
time without influencing the index construction. In fact, higher values of this parameter
usually correspond to higher recall values, as already mentioned in section 4.3 and 4.4,
but this is also correlated to a higher time for retrieving the nearest neighbours from the
database.

Table 5, that reports some detailed results obtained for some of the best configurations
tested for the two techniques under analysis for each descriptor dimensionality, clearly
shows that the time needed to extract the nearest neighbours is, in general, higher than
the one that can be obtained with the standard inverted file index. In fact, the re-ranking
procedure used by those techniques requires a considerable amount of time to be applied
since it has to compute the similarities for all the candidates two times.
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. IVF PQ PQ re-rank .
Dim. clusters ‘ probes | sub-vec. ‘ bits | M ‘ bits RSS (GB) Time (ms) |RO1
IVFPQR

128 128 64 8 |16 8 0.53+0.01 | 7.624+0.59 |72.8

256 | 2048 1024 64 8 |16 8 0.82+0.01 | 7.55+£0.14 |73.4
256 256 64 8 |16 8 0.61+0.01 | 6.734+0.13 |73.7

128 128 128 8 |16 8 0.86 +0.01 |20.39 £0.73 |76.8

512 512 512 128 8 |16 8 1.03+0.01 |70.26 +2.82|76.9
64 64 128 8 |16 8 0.89+0.01 |16.73+1.66|77.0

128 128 128 8 |16 8 0.88+0.01 |19.19+1.35|77.0

1024| 128 128 256 8 |16 8 1.55+0.01 |36.18 +0.16 |77.2
64 64 256 8 |16 8 1.59 £0.01 |46.68 +1.51|78.0

64 64 512 4 16 8 1.52+£0.01 |138.74 +£1.33|75.9

2048 128 128 256 8 |16 8 1.55+0.01 |36.62+1.01|76.5
512 512 512 4 16 8 1.76 £0.01 [140.39 +£1.97|76.5

OPQ IVFPQ REFINE

64 64 64 4 5.65+0.01 |19.12+1.28 |73.6

256 32 32 64 4 5.68 +0.01 |19.01 +1.37|73.7
512 512 32 8 5.79+0.01 | 3.43+0.29 |73.7

128 128 64 4 10.98 £0.01 | 18.47+£0.90 |76.4

512 64 64 128 4 11.14 £0.01 | 36.47+1.31|76.9
128 128 128 4 11.14 £0.01 | 38.31 £ 1.77|77.0

512 512 32 8 21.9+0.1 | 3.424+0.09 [76.7

1024 32 32 64 4 21.9+0.1 |1844+0.83|77.4
32 32 128 4 22.0+0.1 |36.58£3.57|78.1

32 32 128 4 43.31 +£0.1 [41.93+0.54|76.1

2048 512 512 128 4 43.32+0.1 |36.114+0.22|76.4
512 512 64 8 43.37+0.1 | 6.63+0.04 |76.5

Table 5: Results obtained with IVFPQR and OPQ IVFPQ REFINE method for some of
the best configurations for each descriptor dimensionality.

It is important to notice how, in contrast with the results obtained with the methodolo-
gies analysed before, in order to obtain the best results an exhaustive visit of the Voronoi
cells of the inverted file index has to be performed. When the search is not exhaustive
the recall value measured is in many cases very low as reported in the table that can be
found in appendix A.3 that reports all of the measurements done. This, together with
the re-ranking procedure, is surely one of the causes of the high times reported in table 5.
The times measured are still considerable acceptable since below 200 ms but the adoption
of such an index should be considered with care since those times may be even slower if
the queries are not analysed in batches, like described in the introduction of section 4.1.

Despite this, the recall values obtained are usually very close to the baseline also when
product quantization drastically compress the descriptors vectors. This is probably due
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Figure 10: This figure reports the RSS memory usage and RQ1 metric obtained for the
IMI method combined with optimized product quantization with various parameters con-
figurations.

to the usage of the residual vectors, also if in the compressed form, that permits a better
estimate of the first nearest neighbour that mostly influences the R@Q1 metric reported.
Considering the memory usage of the IVFPQR index, it’s possible to notice that, if
compared to the standard IVFPQ index, better recall is obtainable with the same amount
of main memory. This actually demonstrate that using the residual error in a quantized
form is adding a negligible amount of memory (in the test reported only 16 bytes per
vector) and it is providing better results in term of recall metric. For that reason, this
indexing technique has to be preferred to the IVFPQ or OPQ IVFP(Q techniques especially
if the amount of time required for the nearest neighbour retrieval is not constituting a
major problem in the particular application that is applying visual Geo-localization.

4.6 Inverted Multi-Index with Optimized Product Quantization

In this section are reported the results obtained with the inverted multi-index with opti-
mized product quantization (IMI). As it’s possible to notice from figure 10 that reports the
results obtained, this technique is able to reduce the memory footprint by maintaining the
recall values similar to the one obtained with the baseline method. It also evident that
the points in the various graphs are less spread than the one obtained with previously
analysed techniques like IVFPQ. This behaviour of the index technique itself that is not
as sensible to the input parameters like the other approaches tested. Another possible
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4.6 Inverted Multi-Index with Optimized Product Quantization

. IVF PQ .
Dim. clusters | probes | sub-vec. RSS (GB) | Time (ms) | RO
32 1 64 0.38+0.01 | 6.354+0.03 | 71.7
256 512 4 128 0.724+0.01 | 15.46 £0.02 | 73.7
131072 1 128 0.72+0.01 | 15.72+0.09 | 73.7
4096 1 128 0.73+£0.01 | 1541 £0.15 | 76.3
512 32 1 256 1.40 £ 0.01 | 34.84 +£0.25 | 76.5
512 1 512 2.75+0.01 | 71.91 £0.18 | 76.6
4096 4 128 0.74 +0.01 | 46.38 £ 1.05 | 76.7
1024 8192 4 256 1.42+0.01 | 71.474+0.95 | 77.1
256 4 512 2.84 £0.01 | 72.63 +£0.10 | 78.1
64 1 128 0.84 £0.01 | 15.51 £0.08 | 76.1
2048 32 1 256 1.544+0.01 | 35.07+0.72 | 76.8
512 2 512 2.86 £0.01 | 71.89+0.26 | 77.0

Table 6: The results that have been measured for some of the best configuration tested
using the Inverted Multi Index with the different number of descriptors dimensions. For
the product quantization are always used 8 bits per sub-vector.

cause of this particular distribution of points in the graph is that there are only two pa-
rameters that can be specified in the construction of this index. Actually only the number
of sub-vectors of product quantization and the number of centroids used by the clustering
algorithm used by this technique, as described in section 3.5, are the input parameters
that can be specified and the effects of the number of centroids on the final memory usage
of the index are negligible since it may happen that, when this number is increased, some
of the partitions built by the index can remain empty so them are not using any space.

It is possible to notice from the graphs contained in figure 10 that the performances
that can be obtained by using this indexing technique are in general better with high
dimensional descriptors since the memory reduction that can be obtained by maintaining
the recall similar to the baseline is, in proportion, higher with respect to the one that
is measured with a lower number of dimensions. That is probably due to the particular
construction of this indexing technique that, in contrast with what is happening with
standard inverted file indexes, is splitting in a half the descriptors before applying k-means
clustering. This result, in general, in better performances of the clustering algorithm since,
due to the lower number of dimensions of the vectors, the k-means algorithm is applied in
optimal conditions.

How it is possible to notice from table 6, that shows the results measured for some
of the best configurations, the results are strongly influenced by the product quantization
number of sub-vectors. It is evident that the memory usage tends to be, approximately,
two times larger if the number of PQ sub-vectors is doubled. This is due to the fact that
the inverted multi index does require only a negligible amount of memory for the storage
of the lists inside the particular kind of inverted file index it uses. This is confirmed by
the second and third row of table 6 where the number of sub-vectors for the product
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quantization is the same and there are three order of magnitude of difference between
the number of partitions of the inverted file index with the same memory usage. Those
two rows report also an example of the reason why this indexing technique is producing
overlapping points in the graphs of figure 10. Actually, this indexing technique is confirmed
to be not sensible to the number of partitions in the grid it produces internally. Appendix
A 4 is reporting the full set of measurements done with this indexing technique.

The amount of time required by this technique to retrieve the nearest neighbours is
usually higher, although still acceptable, than the one that can be obtained with other
techniques like inverted file index with product quantization and re-ranking. This is due
to search strategy of this index, described in section 3.5, that requires two computationally
expensive parts: the independent retrieval of the nearest neighbours of the two sub-vectors
of the query and the final comparison with the candidates extracted. This time grows
linearly with the number of sub-vectors of product quantization since, as explained before,
the distance computation has a cost that is proportional to the number of dimensions of
the vectors that are used in the computation.

This indexing technique, although the good results that have been measured for the
recall metric, it is not preferable for the visual Geo-localization task since the memory
reduction that is obtainable is lower than the one that have been reported for other
indexes like IVFPR or OPQ IFPQ when approximately the same recall value is measured.
In addition to that, also the time required for each query is not as low as the one that
can be obtained with the up-mentioned techniques. For all of those reason, the adoption
of this kind of index is not suggested for an application like the one under analysis.

4.7 Hierarchical Navigable Small Worlds with Optimized Product Quan-
tization

In this section, the results obtained with the hierarchical navigable small world method
combined with optimized product quantization (OPQ HNSW) are analysed. It has been
chosen to use the optimized version of product quantization seen the results obtained with
the inverted file index in section 4.4. Since the number of nodes in the graphs used by
this technique is large, it has been used an inverted file index in order to partition the
space in cells before applying the HNSW index and to reduce the number of links that
would be used by the HNSW technique. In fact, in that way the number of nodes in
the HNSW index is limited to the number of cells in the Voronoi diagram built by the
IVF index and it avoided the storage of the links for all descriptors vectors. This is a
standard approach adopted with the hierarchical navigable small world when applied to
huge datasets since the number of graphs links is proportional to m times the number
of descriptors in the database in the worst case, that corresponds to the connection of
each node to the m nearest neighbours. In fact, the storage of those links would require
2s1inkm N bytes where syni is the size of each link in the architecture used. This means
that, for example, in case of a database of one billion elements with 32 connections for each
node (this is a standard value for the number of links for each database element) would
require more than 238GB of memory only to store the connections between the various
nodes which is not acceptable. With the application of the inverted file index, instead,
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Figure 11: The RSS memory usage and R@Q1 metric measured for the Hierarchical Naviga-
ble Small World (HNSW) method combined with Optimized Product Quantization (OPQ)

with various parameters configurations.

the number of links it’s no more proportional to the number of elements of the database
but to the partitions of the IVF index, which can be set as parameter, and it is usually
much smaller than the number of descriptors.

Figure 11 is reporting graphs that shows the results obtained with this technique by
using different configurations of the parameters required. It is possible to notice from
figure 11 that this indexing technique is able to reduce the memory footprint with respect
to the baseline by maintaining a similar recall value but, if compared with other methods,
the memory reduction seems, at a first analysis, not as effective as the one that can be
obtained with other indexing techniques like IMI or IVFPQ. In fact, it is clear from the
graphs reported that most of the results that provide recall similar to the baseline are
located in the area that indicates more than 1GB of memory required while, for example,
in the IMI case those results are located well below this zone. This behaviour of this
indexing technique may be due to the intrinsic characteristics of the navigable small world
graph that has to store possibly a large number of links in addition to the memory required
by the inverted file index inserted.

Table 7 reports more in detail some of the best results measured by using the hier-
archical navigable small worlds combined with the optimized product quantization (all
of the results obtained are reported in appendix A.5). How it’s possible to notice from
the results reported in this table, this approach is providing worse recall metric values
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4.7 Hierarchical Navigable Small Worlds with Optimized Product Quantization

. IVF PQ .

Dim. clusters | probes | sub-vec. m | RSS (GB) | Time (ms) | ROIL
512 256 64 321 042+0.01 | 3.984+£042 | 72.1

256 2048 1024 64 32 1 0.58+0.01 | 4.17+0.35 | 72.9
512 256 128 32 10.79+0.01 | 8.92+0.84 | 73.3

512 256 128 32 |1 0.80+0.01 | 8.60+0.39 | 75.4

512 1024 512 256 32 | 1.67+£0.01 | 19.24 +0.66 | 76.2
131072 | 4096 256 16 | 2.06 +0.01 | 34.12+0.80 | 76.6

16384 2048 256 16 | 1.71 +£0.02 | 26.27+0.88 | 77.1

1024 | 16384 2048 256 32 | 1.74+£0.01 | 19.06 £ 1.15 | 77.8
32768 1024 256 16 | 1.86 £ 0.01 | 13.53 +1.14 | 78.0

32768 1024 128 32 1144+£0.01 | 17.52+£0.68 | 75.4

2048 1024 512 256 32 | 1.84+0.01 | 26.81 +1.06 | 75.9
2048 1024 256 32 | 2.06£0.01 | 26.54 +0.56 | 76.3

Table 7: Results obtained with OP(@Q HNSW method for some of the best configurations
for each descriptor dimensionality. The number of bits for product quantization is always
8 and m represent the number of links for each node in the HNSW graph.

and a higher memory usage with respect to the other indexing techniques. This is surely
done to the combined application of the IVF and HNSW techniques which requires the
storage of two different indexes as already mentioned. Also the time needed to retrieve
the nearest neighbours for each query are higher than the one obtained with other tech-
niques probably for the double index search to be performed. This methodology is usually
applied to much larger dataset than the one used for those tests since the advantages of
applying it are evident only with partitions with a number of elements larger than the one
obtained since, in such a situation, the HNSW index can really help to find the IVF cells
to be analysed avoiding not useful vectors comparisons while, in the testing environment
used, it is possible to analyse all partitions and, in that way, obtain better recall values.
An example of this can be found on the results reported for 2048 dimensions in table 7
where, although only 1024 cells of the 32768 of the IVF index are analysed, the recall
value obtained is only one percent lower than the baseline.

A possible solution in order to reduce the amount of memory needed for this approach
is to reduce the number of sub-vectors or the number of clusters in product quantization
but this approach has not been tested since the recall values are already low and the only
possible effect of using a stronger compression is to reduce the recall metric values. For all
of those reasons, the usage of this particular kind of index should not be preferred to other
indexing techniques like IVFPQR especially if the descriptor database does not contain a
huge number of elements and the recall value is considered as the most critical metric in
the particular application chosen.
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Figure 12: All of the results obtained with the different number of descriptors number of
dimensions regardless of the indexing technique used.

4.8 Results comparison

After having analysed in details all of the results obtained with the various techniques
adopted, it is possible to compare the measurements presented and, in that way, have a
wider view on the chosen methodologies. In fact, in order to study a solution that would
be really usable in an application that is providing visual Geo-localization services, it
has to be discussed which number of dimensions the descriptors should have and which
indexing technique should be adopted in order to obtain a good trade-off between the
memory used and the recall metric values obtained. The graph contained in figure 12 is
reporting together all of the measurements performed for the various indexing techniques
and number of descriptors dimensions presented during this thesis project analysing the
recall values measured with the various number of dimensions for each descriptor.

By analysing this graph, it is possible to notice that the recall values that have been
obtained with 1024 dimensions are in general higher than the ones obtained with other
dimensionalities. This, although due to the result obtained with the exhaustive search
which is higher than the ones obtained with the other descriptors number of dimensions,
indicates that 1024 represents the most suitable number of dimensions for the visual Geo-
localization task if the CosPlace network [1] is used to extract descriptors and an indexing
technique that is able to reduce the memory usage of the database is applied.

It is important to notice that, if 512 dimensions for each descriptor is used, results
similar to the one obtained with 1024 dimensions when the memory footprint of the index

41



4.8 Results comparison

Memory-Recall graph

.
-
. -
. PO,
78 caa ™ - - . o : *
P T e e :
am 58 L - - - -
el e - - . 3
- . w . -
e jons 5 . - - - -
-t ome - © 0
- - - -l he d - - - =
Jomma - 4 ah amd e - - -
77 ——— e = 44 = -
S m Sinems b :
- - b .= .t
- - LR S - . - -
- CEE T - - X - - -
. VAT ZAeaEa. S H
- aagmis $s 8 ms =k b - - - -
L - b 44 L - - -
e e . - . . -
by ® Iy, SESILIS. Seapitees = 2
® 76 i e e bt semomese m Sremmae % . =
@ * & : s 2
$.5:0 % SN - :
- - > 0‘ ‘:} - : - - ; . -
omls e e e : & - opq ivfpq refine
-y - - aandh o L o -
- - ¢ o e S Evebe - - )
75 35T malaes 5 5 == opq ivfpq
CLN - whihend B - s e - -
onin 37 JSURNN mANNr =2 opq hnsw
3 TR SATHY 3
e SR A8 BN % -
aason e s sr = . e nfpqr
P g S =
LTS STl . 3. :
74 I ST - vipg
. - # un = wem - L |w
- - - = gmm & = - .. imi
. o - - . - - - -
LI TS e - - - - - -
- - - 8 woms -
- T oy > - base
- - ", e - - -
- - - - . - - -
73 . ; . e -
10° 10!

Max RSS memory used (GB)

Figure 13: This graph reports all of the results measured for each of the indexing techniques
analysed with 1024 dimensions.

goes below 1GB. Despite this last finding, it is still possible to notice that the recall
obtained with 512 dimensions is usually slightly lower than the one measured with 1024
and, for that reason, it is confirmed that the most suitable number of dimensions for the
descriptor vectors is 1024. For that reason, this dimensionality is the one that is suggested
in a real environment since it can guarantee high recall values and, at the same time, a
limited memory usage.

In order to compare the indexing techniques that have been analysed before, it has
been decided to compare them by using descriptors with 1024 dimensions that, as discussed
before, is guaranteeing the best results obtainable.

How it’s possible to notice from the graph contained in figure 13 that shows the results
for each of the indexing technique adopted, it is not evident which method is actually
providing the best results. In fact, by looking at the zone of the graph below 1 GB of RSS
memory used and between a recall value of 76 and 77, that is depicting the best results
obtained for this descriptor number of dimensions, there are different indexing techniques
that are providing similar results in term of memory reduction and recall metrics. More
specifically, those indexing techniques are:

e Inverted file index with product quantization and re-ranking based on the compressed
residual error

e Hierarchical navigable small worlds with optimized product quantization
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4.8 Results comparison

e Inverted file index with optimized product quantization
e Inverted multi-index with optimized product quantization

Those techniques, although using different approaches, are effectively producing recall
values that are similar (they have a maximum difference of 0.3 percent that corresponds
to a wrong location assignment for just three images of the one thousand queries) with
approximately the same memory requirements. Among those techniques the one that is
producing slightly better results in term of recall value is the inverted file index with
product quantization and re-ranking with compressed residual error.

Technique clusterlsvli"obes sub—\lzje?. bits R | R@1l | RSS (GB) | Time (ms)
IMI 8192 1 128 8 - - 1 76.7 | 0.78 £ 0.01 | 15.86 = 0.03
IMI 64 1 128 8 - - | 76.7 | 0.81 £0.01 | 15.53 £0.05
IMI 16384 1 128 8 - - | 76.7 | 0.81 £0.01 | 17.88 £0.75
OPQ HNSW 32 32 128 8 16 - | 76.8 | 0.83+0.02 | 16.60 +0.92
OPQ HNSW 32 32 128 8 32 - | 76.8 | 0.84 £0.01 | 20.39 & 0.80
OPQ IVFPQ 32 32 128 8 - - | 76.9 | 0.854+0.01 | 16.68 + 0.91
IVFPQR 128 128 128 8 - 16| 77.0 | 0.87£0.01 | 19.19£1.35

Table 8: The best results obtained for different configurations of the various indexing
techniques. The descriptors used have 1024 dimensions. In the headers of the table the
R is indicating the number of sub-vectors used for the re-ranking with compressed error
(when this is used the number of bits for product quantization is always 8). The parameter
m is representing the number of links per each node in HSNW technique.

Table 8 is reporting the results obtained for the most relevant configuration for the
various indexing techniques (the ones that produces results in the zone described before
of the graph contained in figure 13) in order to better explain this last finding. In fact,
this table clearly shows that the IVFPQR technique is the one that is producing the
higher recall values among the other indexing methods. Despite this, inverted file index
with product quantization and re-ranking is also the technique that is requiring the larger
amount of memory and the larger amount of time to retrieve the nearest neighbours for
each query. For that reason, this technique should be chosen only if the recall value is
considered the most critical metric in the target application and other indexes should be
preferred if the memory or time per query are also important.

In fact, the most memory efficient technique among the one tested is inverted multi
index with optimized product quantization which is producing slightly lower recall values
with 10% less memory used than the IVFPQR index. Also the time needed to extract the
nearest neighbours is slightly smaller with the IMI technique.

Hierarchical navigable small worlds with optimized product quantization and inverted
file index with optimized product quantization are producing results that are in between
the IVFPQR and IMI techniques. In fact, table 8 is showing that the OPQ HNSW
indexing method is producing recall values that are in general slightly higher than the
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Figure 14: Trend of the recall values with different number of IVF cells probed with the
various indexing techniques.

IMI technique but with a memory usage that is smaller than the one measured with the
IVFPQR method. OPQ IVFPQ indexing technique is instead producing even higher recall
values than the one obtained with the OP(Q HNSW index at the cost of a slightly higher
amount of memory required. For those reasons, the OPQ HNSW or the OPQ IVFPQ
techniques have to be preferred to IMI and IVFPQR without any notable difference among
the two if the memory and the time required for each query are considered more critical
than the recall value measured.

It is still important to notice that all of the techniques reported in table 8 are analysing
all of the cells in the Voronoi diagram produced by the inverted file index that is used
with the only exception of the IMI technique. In that case, this approach is possible since
product quantization is helping the application reducing the time required to compute the
distances between the query and the database vectors limiting in that way the resources
needed and making this search strategy feasible. If the number of cells visited is reduced,
the recall value is usually rapidly decreasing, as it’s possible to notice from figure 14. This
makes not affordable to use a partial search when the descriptors are highly compressed,
since the recall value becomes easily not acceptable and, in addition, the time required to
retrieve the nearest neighbours is higher.

Regarding the product quantization technique, it is possible to notice from table 8 that
all of the best configuration tested have a number of sub-vectors equal to 128 with 8 bits
per dimension (resulting in 256 clusters per each of the 128 dimensions of the compressed
vectors). This configuration permits to obtain a good trade-off between the compression
factor and the amount of information kept inside the descriptors needed to extract the
correct database vectors for a given query. It is in fact possible to notice from figure
15, that reports the measurements done with different number of sub-vectors in product
quantization, how the advantages of using more sub-vectors (maintain more of the original
vector information and producing a higher recall value) are always smaller as the number of
them increases. In fact, the recall values obtained with 512 sub-vectors for each descriptor
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4.8 Results comparison

Trend of recall metric with PQ sub-vectors and RSS usage
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Figure 15: Trend of the recall values with different number of sub-vectors in the product
quantization used on 1024 dimensional descriptors. The configuration used are the one
reported in table 8 with only the PQ sub-vecs. parameter changed. The number of bits
for each dimensions of the sub-vectors is always 8. The radius of the points is proportional
to the approximated RSS memory usage of each configuration.

is just about one percent higher than the one obtained with only 128 partitions and with
a memory usage that is approximately 25% of the one measured with 512 independently
from the indexing technique used.

For that reason, in an application that is providing visual Geo-localization services
it is strongly suggested the usage of 128 sub-vectors for each descriptor since this value
is providing a recall value that is close to the baseline with a lower memory usage than
using more sub-vectors despite, with the latter approach, slightly better performances can
be obtained. It is possible to notice from figure 15 that the performances of the various
indexing techniques are reduced drastically when the number of sub-vectors for product
quantization is set to 64 since the compression is, in that case, introducing a significant
error when the vectors are reconstructed to recover the original descriptors making more
difficult for the system to extract the correct nearest neighbours from the database for
each query.

Summing up all of the results discussed in this section, in order to obtain the best
performances in the retrieval part of the visual Geo-localization algorithm, it is suggested
to use the optimized version of the product quantization with a number of sub-vectors
equal to 128 and coupled to a hierarchical navigable small world index or to an inverted
file index. Before applying the indexing techniques mentioned, the descriptors contained
in the database should have 1024 dimensions, as discussed before, given that the CosPlace
network [1] is used to compute them.
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5 Descriptor database reduction

In this section will be analysed a possible approach to be used in order to reduce the size
of the descriptor database used for retrieving the nearest neighbours. This technique is
born from the observation that many of the images contained in the SF-XL dataset are
similar one to other because taken at positions that are very close one to each other and,
since them are not adding relevant information because their content is practically the
same, can be eliminated from the database and still obtaining similar recall values.

Before diving into this technique, it is important to mention how the SF-XL database
is built from Google Street View images. In fact, this procedure is fundamental in order to
fully understand the reasons behind the choices that will be presented while reporting the
approach followed. The images taken from Google Street View that are used to build the
dataset are 360°spherical photos usually taken from a car moving on the street at fixed
distances one from the other.

Those images can’t be directly used for visual Geo-localization since their size is too
big for the usage inside a neural network since the convolutional operations on this kind
of photos would require an amount of resources that is not acceptable for a standard GPU
and, in addition, the time needed to process a single image would be too high (since the
number of operations to produce the descriptors from the photo is proportional to the
size of the image). For that reason, the 360°photos (usually called panoramas) must be
cropped in different sub-images that are of an acceptable dimension for the next steps in
the algorithm.

In order to do so, the angle from the camera and the ground is fixed, like it’s possible to
notice in the figure 16 that reports an example of the panoramas used, and the 360°photo
is cropped in twelve non-overlapping regions of size 512 x 512. The resulting images are
then ready to use for the next steps of the algorithm. It is possible to reduce the number of
images in the database by removing some panoramas from the set used to build the crops.
This selection should keep only relevant panoramas, the one representing different places
for example, while discarding the images that are too similar. In fact, those images can
be considered as duplicates and, by not inserting them into the database, it is possible to
reduce the memory usage of the pipeline and to speed up the retrieval part of the algorithm
(since less images have to be analysed). It has been chosen to work on panoramas instead
of using directly the cropped images since an analysis performed on both sets would have
produced practically the same results but, since the number of panoramas to be analysed
is lower than the number of images, the first approach is more efficient.

In order to estimate how much similar are two different panoramas three possible

Figure 16: An example of panorama used in SF-XL dataset
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approaches have been investigated:

1. It has been considered only the location where the panoramas have been taken
without considering the visual features of the images. This strategy is applied by
assigning the panoramas to a specific squared zone of space by rounding up the UTM
coordinates of the ground truth position of the image. After the zone assignment
has been performed, only one of the panoramas belonging to the zone under analysis
is selected to be keep in the final database. In order to choose which image has to
be taken, the list of panoramas for each zone is sorted by the time when the picture
has been taken and only the most recent one is taken. This choice has been done
since, during time, the area of where the photos are taken may change (for example
if new buildings are built) and the most recent images may be able to correctly insert
those changes into the database while not updated photos may introduce noise. This
simple approach has been adopted for its efficiency and, since it does not require any
similarity computation, can be considered as a reference method on which the other
approaches can be compared to. In the following graph and tables this approach
is identified as ”zone” since, as described while explaining the approach adopted in
the selection of panoramas, one of the fundamental parts of this technique consists
in dividing the space in zones.

2. The cosine similarity between the descriptors vectors taken from the panoramas has
been calculated. In fact, in order to compare the panoramas, it is more important
to consider how the network that actually computes the descriptors sees the fea-
tures present in the image rather than applying a similarity function directly on the
raw images since the network may extract different features, and compute different
descriptors, for images that are similar to a human eye. Since, as mentioned be-
fore, computing the descriptors directly on the whole panorama is requiring many
resources, the descriptors of the crops belonging to the same panorama have been
fused together in order to produce the descriptor of the panorama. In order to do
so, the descriptors of the various crops have been firstly sorted by the crop position
in the panorama, to avoid the problem of different possible ordering of the crop
descriptors, and then joined together in a 12d dimensions vector. After this prelim-
inary step, the panoramas are then divided in zones like described at point 1 and,
for each vector that lays in one of the zones computed, the cosine similarity between
a selected vector and all the others in the same zone is computed by:

sie= Y _Piz Lz (13)

jel,...,N|j#i Hxl,z” ij,zH
.

where . , represent the k-th panorama of the N contained in the same zone z. This
equation is computing the sum of similarities between a selected vector and all the
others in the same zone in order to analyse how similar is the vector to the others.
The panoramas to be kept are the n that have the lower values of the computed
similarity. In the following figures and graphs of this work, this technique will be
called ”cosine” for the similarity function adopted.
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3. The correlation between each descriptor vector extracted from the panoramas has
been used to determine which image should be kept. In order to do so, as already
described at point 2, firstly the panoramas descriptors are reconstructed from the
one computed with the crops. Then the descriptors are divided in zones based on
the geographical coordinates of where the corresponding panoramas have been taken
and, after this, only the descriptors with the n lowest sum of correlations with the
other vectors belonging to the same zone are kept. To compute the correlation
between two indexes, it has been used the Pearson correlation coefficient that can
be defined as follows:

~ Cov(X,Y)

14
P (14)

p
where z, Y represent the two vectors to be compared and o, is the standard deviation
of the z vector. This technique has been used since if the descriptor vectors that
are kept are not correlated one with the other they are more probably representing
different features. In the next figures and graphs, this technique will be called
”correlation” for the similarity function adopted.

To measure the performances of those techniques, a subset of the panoramas contained
in the train set of the SF-XL dataset have been adopted. This subset contains about 750
thousand panoramas (that correspond to approximately 9 million crops) taken in different
zones of the San Francisco city. In order to measure the recall value that can be obtained
with the usage of less images on the database, the original query set provided by the
SF-XL dataset have been adapted by removing queries belonging to the areas of the city
that do not contain any panorama among the selected ones. After this operation, the
resulting query set contains about 350 queries of the one thousand in the original set and,
for that reason, the recall values reported in the next figures and tables are in general
much higher than the ones showed in the previous parts of this work. From those images,
before proceeding with the analysis of the performances obtained, the descriptors have
been extracted from the crops obtained for each panorama.

As described in the section 4.1, the memory is measured by the testing framework
built in terms of resident set memory usage and the time required to extract the nearest
neighbours is computed on the whole query set analysed in a single batch. The experiments
reported in this section are performed only with descriptors consisting of 512 dimensions
since they provide a good compromise between the memory usage and the recall values
that can be obtained as shown before. Only the exhaustive search has been used to obtain
results that are not influenced by the specific indexing technique used. It is possible to
calculate also the theoretical size that the index will use in the server main memory by
following;:

m = ndimsfloatNDB (15)

where m represents the number of bytes required, ng;,, is the number of dimensions of the
descriptors, s 04t Tepresent the size in bytes that a floating point number is requiring in
main memory for the architecture used (assuming that the descriptors are stored as arrays
of floating point numbers) and Npp is the number of elements in the database of images.
It is important to notice that the equation 15 is not considering the memory required by
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Figure 17: On the left the recall measured with the techniques presented for various
database sizes, on the right an extract of the graph on the left which focuses on the higher
recall values measured.

the Faiss library for the additional structures used to optimize the search process and, for
that reason, the value that can be calculated with it is in most cases different from the
one actually measured.

Figure 17 is reporting the values of the recall with a single nearest neighbour extracted
for each query for the database reduction techniques presented. As it’s possible to notice
from the graph on the right of the figure 17, the method proposed to reduce the database
can reduce the number of elements of about a half of the original size and, at the same time,
obtain exactly the same recall as the baseline. Among the three techniques presented, the
one that is considering only the distance and the time when the picture have been taken is
the best one when the database size is very low while the other approaches are providing
better results when the final number of images is not smaller than 40 percent of the initial
size. Analysing the graphs in figure 17 it is possible to notice also that both the cosine and
correlation techniques are producing results that are similar one to the other. In fact, many
of the points in the graphs of the figure 17 are overlapped. Regarding the recall values
measured, it is fundamental not to reduce the recall value from the baseline of more than
one percent when the panoramas are filtered out since, this step, is used just before using
an indexing technique to search efficiently the nearest neighbours and to further reduce
the final memory footprint. The errors that the approximations done during the indexing
phase is causing, that have been largely analysed in section 3, has to be summed to the
one introduced by the database reduction technique and, since the advantages taken by
the indexing techniques are more relevant for reaching the final objective of reducing the
memory usage of the retrieval algorithm while maintaining a high recall, it is fundamental
that this technique do not reduces too much the recall value in order to leave some margin
for the indexing step and, in that way, find a good balance between the memory used and
the recall metric obtained.

Table 9 is reporting a more detailed view of the results measured with the various
techniques presented. The measurements reported clearly confirms how the correlation
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Method | Side (m) | n | R@Q1 | Npp (x10%) [ RSS (GB) Time (ms)
base - -1 90.8 8.98 17.20 £0.01 | 31.41 +14.62
zone 2 -1 90.5 4.13 7.90 £0.01 2.79£0.21
zone 3 - | 89.8 2.86 5.48 £0.01 1.98 £ 0.09
zone ) - | 89.5 1.59 3.04 £0.01 1.03 £0.02

correlation 3 1| 90.5 2.86 5.48 £0.01 1.11 +0.06
correlation 15 9 | 88.8 3.01 2.77£0.01 2.09£0.44
correlation 7 21875 1.95 3.74+0.01 | 0.86+£0.03
cosine 3 11 90.5 2.86 5.48 £0.01 3.33£1.11
cosine 4 1| 89.1 2.08 3.974+0.01 2.51+0.44
cosine 7 2| 875 1.95 3.74£0.01 2.556£0.34

Table 9: Some of the best results obtained with the database reduction techniques pre-
sented. The n parameter is the number of panoramas per zone kept. The time and the
RSS memory measured are obtained with the exhaustive search.

and cosine techniques guarantee results that are very similar. For example, the recall
value obtained with squared zones of side 3m and only one panorama kept per each zone
are exactly the same for both the approaches. Those two techniques are guaranteeing
results that are slightly better than the one obtained with the zone approach when the
database size is still high. In fact, if compared the various methodologies with the same
database size, it is possible to notice from table 9 that, for example, when the length
of the side of the zones is set to 3 meters the recall value can be 0.7% higher with the
cosine and correlation technique. This shows how effective are those two approaches in
choosing the best panorama to be kept in the database. Instead, when the size of the final
database is reduced below 2 million elements, the zone technique is producing results that
are closer to the baseline than the ones that can be obtained with the cosine or correlation
approaches. This behaviour is due to the fact that both of those techniques are not able to
correctly choose the panoramas when the zones are too large since the number of images
per zone is high and the differences between them may be significant making difficult to
choose which one to keep while a simpler approach based on the time when the photo has
been taken is guaranteeing always new images that surely contain most of the more recent
visual characteristic of the place depicted.

Regarding the memory required, it is possible to notice from table 9 that the RSS used
by the exhaustive search approach (that is the one used for the measurements reported in
this table) can be reduced to approximately 32% of the memory required by the baseline
and at the same time maintaining the loss of the recall limited to 0.3%. This is possible for
the ability of the cosine and correlation techniques to choose the best panorama to be kept
inside the database. Also the time required to extract the nearest neighbours for each query
is taking advantage of this database reduction. In fact, this time it is dependent on the
number of elements in the descriptors database and, as discussed in the previous sections,
the lower the size of the database the lower the number of distance computations to be done
during the nearest neighbours retrieval and also the time required. This is clearly shown in
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table 9 that reports how it is easily possible to reduce up to 97% the amount of time needed
for each query. All of the measurements performed with the various configuration tested
of the three techniques used to reduce the size of the descriptors database are reported in
appendix B.

For all of those reasons, it is strongly suggested to use techniques to reduce the database
size like the one reported before applying any indexing technique in order to obtain a
drastic reduction of the RSS memory required to store the indexes and the time for each
query by maintaining at the same time high recall values. Among the approaches presented
in this thesis project for this task, the division of the space in squared zones and the
selection of the images to be kept based on the cosine similarity between them or the
Pearson correlation coefficient are producing the best results when the database size is
reduced up to the 70% of the original database. If instead a lower number of elements in
the database is desired, the most promising technique is the one that is choosing just the
most recent image for each of the zones produced.
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6 Conclusions and further developments

In this thesis project has been presented various possible techniques that can be used to
reduce the resources required by the retrieval part of the visual Geo-localization algorithm.
In fact, it has been proposed some possible solutions that can be used in order to make the
visual Geo-localization task is applicable to large-scale datasets obtaining results that are
similar to the baseline but with the usage of just a small portion of the memory that would
be required by a standard k-Nearest Neighbours approach. Among all of the techniques
analysed a particular mention has to be done to the inverted file index with optimized
product quantization and hierarchical navigable small world combined with an inverted
file index and the optimized product quantization which are respectively producing the
best results obtained in terms of recall metric and memory usage, as shown in section 4.8.
In fact, those approaches, thanks to the memory reduction obtainable with the product
quantization, are the ones that are guaranteeing the lowest memory footprints together
with the higher recall values measured during this thesis project. Unfortunately, those
techniques have shown also some limitations during the experiments done. In fact, both
of those techniques are the ones that are, in the mean case, requiring the longer times to
retrieve the nearest neighbours from the database of descriptors. This main limitation can
be considered acceptable since the execution times remain in the order of milliseconds.

In the last part of this work, it has been also shown a technique that tries to reduce
the size of the database of descriptors that are used by eliminating images that can be
considered duplicates in the up-mentioned database. This approach is useful in the whole
application since eliminates images that are not relevant for the retrieval of the nearest
neighbours and, in that way, it can help the whole process reducing the resources needed.
In fact, it has been shown how it is possible to filter the input database of panoramas
discarding a significant number of them and obtain recall values that are comparable
with the one that would be possible to measure if the full database was used. This, as
reported before, helps the retrieval part also reducing the time required to retrieve from
the database the required images since the retrieval time is proportional to the number of
images to be analysed.

Both those techniques, the usage of indexes that perform an approximate search in the
descriptors database and the removal from the database of the panoramas that are not
actually useful to the process, can be combined together in order to fuse the advantages
deriving from the application of them. Despite all of the methodologies reported in this
thesis project, the problem of large-scale visual Geo-localization remains still an unsolved
problem for a world scale application since the techniques proposed are able to just mitigate
the unacceptable amount of resources required by this process. In fact, it has still to be
studied a technique able to split and distribute the retrieval part of the algorithm among
many different servers, each in charge of the retrieval of the images in a specific zone for
example, being, in that way, capable to scale horizontally the application and at the same
time being able to serve many more requests in parallel. In fact, the main limitation of
all of the methodologies proposed is that they require that the resources needed have to
be located in a single machine that must be capable of load the index needed in the main
memory, requiring in that way servers with very high performances.

52



Despite the limitations reported, this thesis project has shown that it is possible to
apply the visual Geo-localization algorithm to large-scale problems by keeping the memory
usage of the whole application and at the same time also the time required to retrieve the
nearest neighbours for each query acceptable.
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A Appendix A - All experimental results with the indexing

techniques

This appendix contains the tables that reports all of the measurements done during this
thesis project. Those results are reported for complete the analysis that has been done
during the previous sections of this document.

A.1 Inverted file index with product quantization

The following table is reporting the measurements obtained with the inverted file index
with product quantization (IVFPQ) technique.

IVF

N TQ - - TVE TQ -
Dim clusters probes sub-vec. bits RSS (GB) Time (ms) R@1|[Dim. clusters probes sub-vec. bits RSS (GB) Time (ms) R@1
256 256 256 12 0.86 = 0.0T 19749 £ T1T.35 739 256 256 256 256 4 0. 0T 78.60 T 1T.86 73.5
256 256 256 256 8 1. 0.01 39.19 +2.96 73.5|| 256 512 512 128 8 0. .01 17.19 + 1.40 73.7
256 512 256 256 4 0. 0.01 37.50 +1.38 73.0|| 256 512 512 256 4 0. .01 72.61 + 2.48 73.6
25 5 512 256 8 1.6 0.01 36.20 + 0.07 73.5|| 256 1024 024 128 8 0. .01 16.76 & 0.03 73.5
256 1024 1024 256 4 0. 0.01 73.69 £ 2.45 73.4|| 256 1024 512 256 8 1. .01 19.03 £ 0.05 73.0
256 1024 1024 256 8 1. 0.01 36.92 + 0.20 73.7 || 256 2048 512 128 8 1. .01 4.50 +0.02 73.2
256 2048 1024 128 8 1. 0.01 9.49 + 0.80 73.8 || 256 2048 2048 128 8 1. .01 17.64 + 0.54 74.0
256 2048 256 4 0. 0.01 23.03 £1.05 73.1|| 256 2048 1024 256 4 0. .01 44.39 + 0.66 73.6
256 2048 2048 256 4 0. 0.01 82.72 + 2.74 73.9|| 256 2048 1024 256 8 2. .01 19.92 + 0.05 73.2
256 2048 2048 256 8 2. 0.01 38.21 £ 0.06 73.5|| 256 4096 2048 128 8 1. .01 10.86 + 1.41 73.3
256 4096 4096 128 8 1. 0.01 20.34 £2.06 74.0|| 256 4096 4096 256 4 1. .01 70.78 £1.33 73.3
256 4096 4096 256 8 2. 0.01 40.41 + 0.24 73.4|| 256 8192 1024 64 8 1. .01 1.29 + 0.01 73.1
256 8192 2048 64 8 1. 0.01 2.64 + 0.24 73.1|| 256 8192 4096 64 8 1. .01 5.39 + 0.62 73.4
256 8192 8192 64 8 1. 0.01 10.24 + 0.45 73.4|| 256 8192 1024 128 8 1. .01 3.13 + 0.43 73.2
256 8192 2048 128 8 1. 0.01 5.82 £+ 0.01 73.3 || 256 8192 4096 128 8 2. .01 11.51 £ 0.02 73.5
256 8192 8192 128 8 2. 0.01 22.39 +£0.90 73.6|| 256 8192 1024 256 4 1. .01 11.43 +1.72 73.1
256 8192 2048 256 4 1. 0.01 20.19 £ 1.11 73.2|| 256 8192 4096 256 4 1. 01 38.68 £ 1.06 73.5
256 8192 8192 256 4 1. 0.01 70.86 £ 0.72 73.6 || 256 8192 1024 256 8 3. .01 7.38 £ 0.85 73.2
256 8192 2048 256 8 3. 0.01 13.40 + 0.67 73.3|| 256 8192 4096 256 8 3. .01 24.75 +0.42 73.5
256 8192 8192 256 8 3. 0.01 46.90 + 0.50 73.6|| 256 16384 8192 128 8 3. .01 15.22 + 0.02 73.0
256 16384 16384 128 8 2. 0.01 29.42 +0.42 73.1|| 256 16384 1024 256 4 1. .01 5.18 +£ 0.01 73.3
256 16384 2048 256 4 1. 0.01 11.03 £1.01 73.4|| 256 16384 096 256 4 1. .01 21.02+0.71 73.4
256 16384 8192 256 4 1. 0.01 41.01 +0.97 73.5|| 256 16384 16384 256 4 1. .01 74.62 + 1.67 73.7
256 16384 1024 256 8 1. 0.01 10.86 + 0.53 73.0|| 256 16384 2048 256 8 1. .01 20.36 +0.13  73.0
256 16384 6 8 1. 0.01 40.68 + 0.66  73.0|| 256 16384 8192 256 8 1. .01 80.65 + 1.03 73.1
256 16384 16384 256 8 1. 0.01 157.56 + 2.82 73.3|| 256 32768 1024 128 8 0. .01 3.78 £ 0.03 73.0
256 32768 128 8 0. 0.01 7.53 £ 0.03 73.1|| 256 32768 4096 128 8 1. .01  14.89 +£0.03 73.3
256 32768 8192 128 8 1. 0.01 29.56 £ 0.02 73.4|| 256 32768 16384 128 8 0. .01  59.00 £0.72 73.6
256 32768 1024 256 4 1. 0.01 2.91 + 0.01 73.3 || 256 32768 2048 256 4 1. .01 5.71 + 0.01 73.4
256 32768 4096 256 4 1. 0.01 11.94 +1.40 73.6|| 256 32768 8192 256 4 1. .01 22.54 + 0.77 73.6
256 32768 16384 256 4 1. 0.01 42.34 £ 0.72 73.6|| 256 32768 1024 256 8 1. .01 10.11 +£1.13 73.1
256 32768 2048 256 8 1. 0.01 18.97 £ 2.11 73.2|| 256 32768 4096 256 8 1. .01  35.06 + 1.42 73.4
256 32768 8192 256 8 1. 0.01 69.05+4.10 73.5|| 256 32768 16384 256 8 1. .01 132.34 +1.02 73.7
256 65536 4096 128 8 1.1 0.01 16.06 + 1.20 73.1|| 256 65536 8192 128 8 1. .01 33.26 £1.74 73.2
256 65536 16384 128 8 0. 0.01 61.34 + 2.01 73.2|| 256 65536 4096 256 4 2. .01 7.01 £0.71 73.3
256 65536 8192 256 4 2. 0.01 13.41 +1.02 73.2|| 256 65536 16384 256 4 1. .01 24.60 + 1.50 73.2
256 65536 2048 256 8 1. 0.01 15.86 + 0.12 73.2 || 256 65536 096 256 8 1. .01 31.59 £ 0.17 73.5
256 65536 8192 256 8 2. 0.01 62.66 £0.08 73.6|| 256 65536 16384 256 8 1. .01 124.46 + 0.57 73.6
256 131072 2048 128 8 1. 0.01 7.74 £ 0.73 73.1(| 256 131072 4096 128 8 1. 01 15.37 £ 1.27 73.1
256 131072 8192 128 8 1. 0.01 27.56 £ 0.63 73.3|| 256 131072 16384 128 8 1. .01 53.18 + 0.13 73.4
256 131072 4096 256 4 3. 0.01 4.38 + 0.51 73.0|| 256 131072 192 256 4 3. .01 8.03 + 1.01 73.3
256 131072 16384 256 4 3. 0.01 14.48 +1.01 73.3|| 2566 131072 1024 256 8 1. .01 9.09 +1.12 73.0
256 131072 2048 256 8 1. 0.01 16.88 £0.57 73.5|| 256 131072 4096 256 8 2. .01  32.67 +£1.53 73.4
256 131072 8192 256 8 2. 0.01 63.26 £ 1.53 73.7|| 256 131072 16384 256 8 1. .01 125.98 + 1.69 73.7
256 262144 4096 128 8 1. 0.01 16.73 + 1.65 73.2|| 256 262144 192 128 8 1. .01 29.52 £ 1.15 73.4
256 262144 16384 128 8 1. 0.01 57.27 £ 1.09 73.3|| 256 262144 2048 256 4 1. .01 2.44 +0.25 73.1
256 262144 6 4 1. 0.01 4.90 + 0.16 73.4 || 256 262144 8192 256 4 1. .01 8.86 + 0.85 73.5
256 262144 16384 256 4 1.8 0.01 14.70 + 0.75 73.5|| 256 262144 096 256 8 2. .01 30.57 £ 1.80 73.1
256 262144 256 8 2. 0.01 59.63 + 2.49 73.3|| 256 262144 16384 256 8 2. .01 115.76 + 0.83 73.3
256 524288 16384 128 8 1. 0.01 57.62 + 1.14 73.0|| 256 524288 1024 256 4 1. .01 1.22 +0.18 73.0
256 524288 2048 256 4 2. 0.01 2.02 4+ 0.32 73.2 || 256 524288 096 256 4 2. .01 3.28 + 0.01 73.4
256 524288 8192 256 4 2. 0.01 7.28 +£0.97 73.5|| 256 524288 16384 256 4 1. .01 12.08 £ 0.55 73.5
256 524288 1024 256 8 2. 0.01 7.58 £ 0.03 73.0 || 256 524288 2048 256 8 2. .01 14.77 £ 0.05 73.1
256 524288 4096 256 8 2. 0.01 29.11 +£0.03 73.3|| 256 524288 8192 256 8 2. .01 57.93+£0.30 73.4
256 24288 16384 256 8 2. 0.01 115.67 £ 0.77 73.5|| 256 1048576 56 128 8 2. .01 1.59 £0.09 73.7
256 1048576 512 8 8 3. 0.01 2.71 4+ 0.32 73.6 || 256 1048576 1024 128 8 3. .01 4.11 + 0.33 73.7
256 1048576 2048 128 8 3. 0.01 7.95 + 0.83 73.7|| 256 1048576 4096 128 8 3. .01 14.22 £ 0.99 73.7
256 1048576 8192 128 8 3. 0.01 26.89 £ 0.76 73.7 || 256 1048576 16384 128 8 3. .01 52.16 + 1.43 73.7
256 1048576 256 256 4 2. 0.01 1.24 + 0.06 74.0 | 256 1048576 512 256 4 3. .01 1.37 £ 0.04 74.0
256 1048576 1024 256 4 3. 0.01 2.01 £ 0.12 74.0|| 256 1048576 2048 256 4 3. .01 2.87+0.04 74.0
256 1048576 4096 256 4 3. 0.01 4.60 + 0.21  74.1(| 256 1048576 8192 256 4 3. 01 7.76 £ 0.35 74.1
25 1048576 16384 256 4 3. 0.01 14.40 + 0.44 74.1|| 256 1048576 56 256 8 3. .01 2.61 + 0.06 73.4
256 1048576 6 8 3. 0.01 4.34 + 0.03 73.3 || 256 1048576 1024 256 8 3. .01 8.01 +0.13 73.4
256 1048576 2048 256 8 3. 0.01 15.18 + 0.05 73.4|| 256 1048576 4096 256 8 3. .01 29.61 + 0.05 73.4
256 1048576 8192 256 8 3. 0.01 58.60 £0.55 73.4|| 256 1048576 16384 256 8 3. .01 116.04 + 0.68 73.4
512 256 256 64 [\B 0.0T 8.55 £ 0.53 73.9 512 256 256 12 3 0. 0T 36.4T £ 0.87 737
512 256 256 128 8 0. 0.01 16.93 + 0.97 75.8|| 512 256 256 256 4 0. .01 70.93 £ 0.92 76.2
512 256 256 256 8 1. 0.01 35.50 + 0.44 76.6|| 512 256 256 512 4 1. .01 139.43 + 1.32 77.1
512 256 256 512 8 2. 0.01 74.27 £0.46 76.7|| 512 512 256 128 8 0. .01 8.57 + 0.28 74.9
512 512 512 128 8 0. 0.01 17.91 +1.98 76.0|| 512 512 256 256 4 0. .01 36.62+1.13 75.3
512 512 512 256 4 0. 0.01 68.89 + 0.46 76.9|| 512 512 256 256 8 1. .01 19.75 +£ 0.69 75.4
512 512 512 256 8 1.6 0.01 37.10 £ 0.64 76.7|| 512 512 256 512 4 1. .01 73.16 + 0.58 75.3
512 512 512 512 4 1. 0.01 140.14 + 0.87 76.5|| 512 512 256 512 8 3. .01 39.30 £ 0.50 75.4
512 512 512 512 8 3. 0.01 74.99 £ 0.65 76.7|| 512 1024 1024 64 8 0. .01 8.14 + 0.76 73.3
512 1024 512 128 4 0. 0.01 20.52 + 1.53 73.1|| 512 1024 1024 128 4 0. .01 35.73 £0.18 73.9
512 1024 256 128 8 1. 0.01 4.84 + 0.54 75.2 || 512 1024 512 128 8 1. .01 9.36 + 0.92 76.2
512 1024 1024 128 8 1. 0.01 16.97 + 0.66 76.9|| 512 1024 256 256 4 0. .01 18.79 + 0.35 74.7
512 1024 512 256 4 0. 0.01 37.37 £ 0.76 75.5|| 512 1024 1024 256 4 0. .01 72.77 £1.91 76.1
512 1024 56 256 8 1. 0.01 10.80 +1.12 75.3|| 512 1024 512 256 8 1. .01 22.27 £ 0.98 75.9
512 1024 1024 256 8 1. 0.01 37.25 + 0.40 76.7 || 512 1024 256 512 4 1. .01 45.40 + 1.83 75.4
512 1024 512 512 4 1. 0.01 90.68 + 3.10 76.0 || 512 1024 1024 512 4 1. 01 160.76 +4.71 76.8
512 1024 256 512 8 3. 0.01 23.08 £ 2.53 75.3|| 512 1024 512 512 8 3. .01 56.96 + 0.76 76.0
512 1024 1024 512 8 3. 0.01 77.29 £ 0.22 76.8|| 512 2048 256 128 8 1. .01 2.67 + 0.25 74.8
512 2048 512 128 8 1. 0.01 5.61 + 0.33 75.7 || 512 2048 1024 128 8 1. .01 10.16 £+ 1.28 76.0
512 2048 2048 128 8 1. 0.01 19.71 +1.79 76.4 || 512 2048 56 256 4 0. .01 12.10 + 0.15 74.8
512 2048 512 256 4 0. 0.01 24.22 + 0.41 75.6|| 512 2048 1024 256 4 0. .01 45.24 + 2.03  75.7
512 2048 2048 256 4 0. 0.01 79.10 £ 3.06 76.2|| 512 2048 256 256 8 2. .01 7.10 £ 0.18 75.2
512 2048 512 256 8 2. 0.01 14.08 + 0.11 75.9|| 512 2048 1024 256 8 2. .01 27.09 + 0.39 76.3
512 2048 2048 256 8 2. 0.01 50.07 £ 0.91 76.8|| 512 2048 256 512 4 1. .01 25.68 £ 0.41 75.8
512 2048 512 512 4 1. 0.01 51.74 £ 1.10 76.3|| 512 2048 1024 512 4 1. .01 100.45 +1.30 76.7
512 2048 2048 512 4 1. 0.01 183.55 +£5.70 77.2|| 512 2048 256 512 8 3. .01 14.51 £0.25 75.2
512 2048 512 512 8 3. 0.01 28.42 +1.96 75.8]|| 512 2048 1024 512 8 3. .01 53.57 £2.71 76.1
512 2048 2048 512 8 3. 0.01 93.21 + 2.50 76.6|| 512 4096 256 128 8 1. .01 1.27 £+ 0.04 74.6
512 4096 512 128 8 1. 0.01 2.73 £ 0.31 75.2 || 512 4096 1024 128 8 1. .01 6.17 + 0.58 75.7




A.1 Inverted file index with product quantization
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A.1 Inverted file index with product quantization

- TVF PQ - - TVF PQ -
Dim. ;lysters probes sub-vec. bits XSS (GB)  Time (ms) R@1|IDim. ;1y5¢ers probes sub-vec. bits 55 (GB) ~ Time (ms) R@1
512 52428 102 512 T 3.80 F0.0I 1348 F1.05 774 512 5242 16384 512 T 359 F0.01 24099 F0.47 774
512 524288 2 512 8 4.9 0.01 4.86 £ 0.47 75.6| 512 524288 12 512 8 4. 0.01 8.71+£0.90 75.9
512 524288 1024 512 8 4. 0.01 16.02F£0.58 76.6|| 512 524288 2048 2 8 5. .01 31.47 +1.12 76.7
512 524288 4096 512 8 5. 0.01 59.86 + 0.56 76.8|| 512 524288 8192 512 8 5. 01 118.26 £+ 0.72 76.8
512 524288 16384 512 8 4. 0.01 234.20 £ 1.84 76.8|| 512 1048576 256 128 8 . 01 2.56 £0.26 75.7
512 1048576 51 128 8 5. 0.01 3.3140.28 75.7| 512 1048576 1024 128 8 5. .01  5.08%0.41 75.9
512 1048576 2048 128 8 5. 0.01 8.80+ 1.04 76.0|| 512 1048576 4096 128 8 5. .01 15.89F1.17 76.0
512 1048576 8192 128 8 5. 0.01 27.18+0.22 76.0|| 512 1048576 16384 128 8 5. .01 52.74 £ 0.15 76.0
512 1048576 256 256 4 4. 0.01 1.80£0.19 74.8|| 512 1048576 512 256 4 5. .01 1.79+£0.02 74.7
512 1048576 1024 256 4 5. 0.01 2.09F0.04 74.9|| 512 1048576 2048 256 4 5. .01 2.68+0.04 74.9
512 1048576 4096 256 4 5. 0.01 3.83 £ 0.01 74.9|| 512 1048576 8192 256 4 5. .01  6.20 4 0.03 74.9
512 1048576 16384 256 4 5. 0.01 11.57 £1.38 74.9|| 512 1048576 256 256 8 5. .01 3.18 £0.09 76.6
512 1048576 51 256 8 5.6 0.01 4.72+0.13 76.7|| 512 1048576 1024 256 8 5. .01 7.82+0.05 76.9
512 1048576 2048 256 8 5. 0.01 14.10F£0.05 76.9|| 512 1048576 4096 256 8 5. .01 26.82 4 0.05 76.9
512 1048576 8192 256 8 5. 0.01 52.15F 0.17 76.9|| 512 1048576 16384 256 8 5. .01 102.73 £ 0.75 76.9
512 1048576 256 512 4 5. 0.01 1.94£0.19 76.4|| 512 1048576 512 512 4 5. .01 2.31+0.28 76.5
512 1048576 1024 512 4 5. 0.01 3.20 % 0.43 76.7|| 512 1048576 2048 512 4 5. .01 4.32 £ 0.45 76.8
512 1048576 4096 512 4 5. 0.01 7.75+ 0.66 76.8| 512 1048576 8192 512 4 5. .01 12.70+1.31 76.8
512 1048576 16384 512 4 5. 0.01 20.89 +0.08 76.8|| 512 1048576 256 512 8 7. .01 5.49 £0.40 76.2
512 1048576 512 512 8 7. 0.01 9.30£0.69 76.4|| 512 1048576 1024 512 8 7. .01 18.37 + 1.56 76.6
1048576 2048 512 8 7. 0.01 31.53+ 1.55 76.6|| 512 1048576 4096 512 8 7. 01 59.49+1.30 76.6
512 1048576 8192 512 8 7. 0.01 117.19°+2.05 76.6|| 512 1048576 16384 512 8 7. .01 229.44 +0.41 76.6
1024 256 256 128 8 0. 0.01 17.57 £ 1.72 75.09(/ 1024 256 256 256 T 0. 0T . . -
1024 256 256 256 8 1. 0.01 44.69 £ 2.67 77.5|/1024 256 256 512 4 1. .01 141.57 +8.75 77.5
1024 256 256 512 8 2. 0.01 99.99 £ 5.31 77.9(/1024 512 256 128 8 . 01 10.10 £0.99 74.2
1024 512 512 128 8 0. 0.01 17.03 ¥ 0.85 75.4(/1024 512 256 256 4 0. .01 76.38 % 2.19 74.2
1024 512 512 256 4 0. 0.01 146.95 + 2.81 75.6(/1024 512 256 256 8 1. .01 nan £0.01 75.7
1024 512 512 256 8 1. 0.01 39.82£3.92 77.0([1024 512 256 512 4 1. .01 95.44 % 3.55 75.6
1024 512 512 512 4 1. 0.01 176.37 + 10.02 77.1 (1024 12 256 512 8 3. .01 81.68+1.74 76.4
1024 512 512 512 8 3. 0.01 151.86+ 3.26 77.6([1024 1024 256 128 8 1. .01  6.08 £0.25 74.1
1024 1024 512 128 8 1. 0.01 11.74 £0.11 74.5(/1024 1024 1024 128 8 1. .01 21.15+ 1.89 75.6
1024 1024 256 256 4 0. 0.01 25.90 £ 0.91 74.0(/1024 1024 512 256 4 0. .01 47.78 F 3.47 74.3
1024 1024 1024 256 4 0.9 0.01 90.54 £ 4.67 75.1(/1024 1024 56 256 8 1. .01 12.94 ¥ 0.07 75.9
1024 1024 256 8 1. 0.01 22.71 +£0.87 76.4(/1024 1024 1024 256 8 1. .01 42.01 +1.35 77.5
1024 1024 256 512 4 1. 0.01 38.30 £ 0.60 76.1([1024 1024 512 512 4 1. .01 87.66 £ 10.32 76.4
1024 1024 1024 512 4 1. 0.01 151.55 & 19.04 77.5([1024 1024 256 512 8 3. .01 26.07 F2.20 76.3
1024 1024 512 512 8 3. 0.01 52.67 £3.36 77.1(/1024 1024 1024 512 8 3. .01 97.66 £6.66 78.1
1024 2048 256 128 8 1. 0.01 2.76 £0.34 74.1(/1024 2048 12 128 8 1. .01 5.42£0.67 74.6
1024 2048 1024 128 8 1. 0.01 10.67 £ 0.72 74.7(/1024 2048 2048 128 8 1. .01 18.38F+1.27 75.2
1024 2048 256 4 0. 0.01 10.95 £ 0.90 74.6(/1024 2048 12 256 4 0. .01 21.91+1.25 75.1
1024 2048 1024 256 4 0. 0.01 39.25+ 0.97 75.2([1024 2048 2048 256 4 1. 01 71.12F+1.00 75.7
1024 2048 256 8 2. 0.01 6.10 £0.51 76.8(/1024 2048 512 256 8 2. .01 12.62 £ 1.01 77.2
1024 2048 1024 256 8 2. 0.01 21.24+0.61 77.5(/1024 2048 2048 256 8 2. .01 41.64 F 2.04 78.1
1024 2048 256 512 4 1. 0.01 20.78 £ 1.86 76.0(/1024 2048 12 512 4 1. .01 38.87 £ 1.71 76.6
1024 2048 1024 512 4 1. 0.01 75.14 £1.00 76.9(/1024 2048 2048 512 4 1. .01 139.47 £ 1.40 77.4
1024 2048 256 512 8 3. 0.01 13.04 £ 1.25 76.7(/1024 2048 512 512 8 3. 01 22.66 £ 1.01 77.1
1024 2048 1024 512 8 3. 0.01 44.47 £ 1.35 77.4(/1024 2048 2048 512 8 . 01 85.27 +3.99 78.0
1024 4096 128 8 1. 0.01 1.444£0.19 74.6(/1024 4096 512 128 8 1. 01 2.954£0.35 75.0
1024 4096 1024 128 8 1. 0.01 6.18 £ 0.67 75.3 (/1024 4096 2048 128 8 1. .01 11.04 % 0.90 75.7
1024 4096 4096 128 8 1. 0.01 18.45+0.17 75.9(/1024 4096 56 256 4 0. .01 5.70+£0.63 74.3
1024 4096 256 4 0. 0.01 11.11 +1.33 74.6(/1024 4096 1024 256 4 0. .01 20.65 %+ 1.63 75.0
1024 4096 2048 256 4 1. 0.01 38.87 £ 1.01 75.6([1024 4096 4096 256 4 1. .01 72.30 +£1.63 75.8
1024 4096 256 8 2. 0.01 3.01£0.34 76.4([1024 4096 512 256 8 2. 01  6.34£0.84 76.7
1024 4096 1024 256 8 2. 0.01 12.48+0.75 77.1(/1024 4096 2048 256 8 2. .01 23.30F1.05 77.5
1024 4096 4096 256 8 2.7 0.01 40.46 £ 0.46 77.8(/1024 4096 56 512 4 1. .01 10.38 ¥ 1.04 75.9
1024 4096 512 4 1. 0.01 20.90 £1.14 76.3(|/1024 4096 1024 512 4 1. .01  40.84 + 2.74 76.7
1024 4096 2048 512 4 1. 0.01 76.91 1.14 77.2(/1024 4096 4096 512 4 1. .01 142.20 4 3.48 77.6
1024 4096 256 512 8 4. 0.01 7.13£0.76 76.5(/1024 4096 12 512 8 4. .01 13.31 £1.52 77.0
1024 4096 1024 512 8 4. 0.01 24.63 % 1.00 77.3(/1024 4096 2048 512 8 4. .01 47.78 £0.86 77.9
1024 4096 4096 512 8 5. 0.01 89.22 £4.78 78.2(/1024 8192 256 128 8 1. .01 0.80+£0.05 73.7
1024 8192 512 128 8 1. 0.01 1.50 4+ 0.02 74.1(/1024 8192 1024 128 8 1. .01 3.69+0.31 74.5
1024 8192 2048 128 8 1. 0.01 6.71+0.76 74.4(/1024 8192 4096 128 8 2. .01 12.34°F 0.57 74.7
1024 8192 8192 128 8 2. 0.01 21.74F0.63 74.9(/1024 8192 256 256 4 1. .01 2.88+0.29 732
1024 8192 256 4 1. 0.01 5.954+0.66 73.6(/1024 8192 1024 256 4 1. 01 11.75 3 0.73 74.0
1024 8192 2048 256 4 1. 0.01 21.09+0.63 74.1(/1024 8192 4096 256 4 1. .01 41.71 £ 1.11 74.3
1024 8192 8192 256 4 1. 0.01 72.41 £0.74 74.4(/1024 8192 56 256 8 3. .01 1.68+£0.05 75.4
1024 8192 256 8 3. 0.01 3.74 4+ 0.36 76.1(/1024 8192 1024 256 8 3. .01 7.41 +0.82 76.6
1024 8192 2048 256 8 3. 0.01 14.18F0.87 76.8(/1024 8192 4096 256 8 01 25.72+0.64 77.0
1024 8192 8192 256 8 3. 0.01 46.77 £0.65 77.4|/1024 8192 256 512 4 . 01 6.99+0.26 75.6
1024 8192 5 512 4 1. 0.01 13.77 £0.33 76.1(/1024 8192 1024 512 4 1. .01 25.54F2.14 76.6
1024 8192 2048 512 4 1. 0.01 49.99 ¥ 3.85 76.8(/1024 8192 4096 512 4 2. .01 98.15* 5.21 77.0
1024 8192 8192 512 4 2. 0.01 179.49+ 3.82 77.3|/1024 8192 256 512 8 2. .01 8.66+0.36 76.1
1024 8192 512 8 2. 0.01 16.77 £0.29 76.8(/1024 8192 1024 512 8 2. .01 32.38+1.28 77.3
1024 8192 2048 512 8 2. 0.01  66.20 & 0.59 77.5|| 102 192 4096 512 8 3. 01 121.11+£7.61 77.6
1024 8192 8192 512 8 3. 0.01 227.48° 1 8.18 78.0(/1024 16384 256 128 8 2. .01 0.63+£0.04 73.0
1024 16384 512 128 8 2. 0.01 1.07 £ 0.02 73.7(/1024 16384 1024 128 8 2. .01  2.05*0.03 73.9
1024 16384 2048 128 8 3. 0.01 5.08 £ 0.47 74.3(/1024 16384 096 128 8 3. .01 8.99+0.72 74.6
1024 16384 8192 128 8 3. 0.01 16.35 +0.74 74.7(/1024 16384 16384 128 8 2. .01 29.48+ 0.23 74.7
1024 16384 512 256 4 1. 0.01 3.0140.26 73.1(/1024 16384 1024 256 4 1. .01  6.66 £ 0.83 73.5
1024 16384 2048 256 4 1. 0.01 12.16 + 1.00 73.8|/1024 16384 4096 256 4 1. .01 25.08+2.63 74.1
1024 16384 8192 256 4 1. 0.01 53.15 £ 2.26 74.3(/1024 16384 16384 256 4 1. .01 88.67 £3.63 74.3
1024 16384 256 8 1. 0.01 3.43 £0.36 74.7(/1024 16384 12 256 8 1. .01 7.69+£0.75 75.5
1024 16384 1024 256 8 1. 0.01 13.87 + 1.34 76.1(/1024 16384 2048 256 8 1. .01 25.79 4 0.77 76.4
1024 16384 256 8 1. 0.01 50.47 £ 0.60 76.7(/1024 16384 8192 256 8 2. .01 100.19 + 1.90 76.9
1024 16384 16384 256 8 1. 0.01 192.09 4 1.02 77.1(/1024 16384 256 512 4 2. .01 3.734+0.16 75.7
1024 16384 512 4 2. 0.01 7.67 4+ 0.42 76.5|/1024 16384 1024 512 4 2. .01  15.45+0.41 77.2
1024 16384 2048 512 4 2. 0.01 29.50 + 1.88 77.6(/1024 16384 4096 512 4 2. .01 58.19F 2.51 77.8
1024 16384 8192 512 4 2. 0.01 109.89 + 5.82 78.1(/1024 16384 16384 512 4 2. .01 179.72 * 12.66 78.3
1024 16384 512 8 2. 0.01 6.74 4+ 0.43 75.7(/1024 16384 12 512 8 2. .01 13.20 + 0.56 76.4
1024 16384 1024 512 8 3. 0.01 25.13+2.21 77.2/1024 16384 2048 512 8 01 52.08+2.09 77.5
1024 16384 4096 512 8 3. 0.01 102.08 % 5.35 77.6([1024 16384 8192 512 8 . 01 182.85 + 7.26 77.9
1024 16384 16384 512 8 2. 0.01 345.55 F 8.58 78.0(1024 32768 12 128 8 1. .01 3.3240.30 74.3
1024 32768 128 8 1. 0.01 7.254+0.75 74.9(/1024 32768 2048 128 8 1. .01 12.79F1.01 75.2
1024 32768 4096 128 8 1. 0.01 24.77 £ 1.39 75.4(/1024 32768 8192 128 8 1. .01 47.62 £ 1.12 75.5
1024 32768 16384 128 8 1. 0.01 93.81 +£0.74 75.6(/1024 32768 1024 256 4 1. .01 3.91+0.45 73.0
1024 32768 256 4 1. 0.01 7.54 £0.87 73.2(/1024 32768 096 256 4 1. .01 13.82°+0.56 73.4
1024 32768 8192 256 4 1. 0.01 24.58+0.57 73.5(/1024 32768 16384 256 4 1. .01  43.58 + 0.06 73.6
1024 32768 256 256 8 1. 0.01 3.08 £0.17 74.8(/1024 32768 512 256 8 1. .01 6.75£0.80 76.4
1024 32768 1024 256 8 1. 0.01 12.25+0.63 77.1(/1024 32768 2048 256 8 1. .01 23.384+0.97 77.8
1024 32768 4096 256 8 1. 0.01 47.05 +3.39 78.0(/1024 32768 8192 256 8 2. .01 89.64 + 1.06 78.2
1024 32768 16384 256 8 1. 0.01 176.04 £ 0.68 78.3|/1024 32768 256 512 4 2. .01 1.924+0.25 74.4
1024 32768 512 512 4 2. 0.01 3.47 £ 0.26 76.1|/1024 32768 1024 512 4 2. .01  6.83+0.61 76.8
1024 32768 2048 512 4 2. 0.01 13.55+ 1.24 77.5(/1024 32768 096 512 4 2. .01 25.80+£0.70 77.7
1024 32768 8192 512 4 3. 0.01 47.81 £ 0.06 77.8(/1024 32768 16384 512 4 2. .01 87.99 £ 0.86 78.0
1024 32768 256 512 8 3. 0.01 4.82 4+ 0.40 74.8(/1024 32768 512 512 8 3. .01 9.58+£0.92 76.2
1024 32768 1024 512 8 3. 0.01 19.33°+ 1.83 76.9(/1024 32768 2048 512 8 3. .01 36.37 +1.21 77.5
1024 32768 512 8 3. 0.01 70.71 £ 1.43 77.7(/1024 32768 8192 512 8 3. .01 139.54 +1.03 77.8
1024 32768 16384 512 8 3. 0.01 nan £0.0L 77.9(/1024 65536 1024 128 8 1. 01 7.11 £0.65 73.2
1024 65536 2048 128 8 1. 0.01 12.92°F 1.07 73.6(/1024 65536 4096 128 8 1. .01 23.1740.32 73.7
1024 65536 8192 128 8 1. 0.01 46.88 £ 1.85 73.7(/1024 65536 16384 128 8 1. .01 91.34 £ 1.70 73.7
1024 65536 256 8 2. 0.01 3.41 £ 0.37 73.5(/1024 65536 12 256 8 2. .01 5.69+0.05 74.4
1024 65536 1024 256 8 2. 0.01 11.88°F£0.79 75.5[[1024 65536 2048 256 8 2. 01 22.85F1.24 75.8
1024 65536 4096 256 8 2. 0.01 43.88 £ 0.66 76.2(/1024 65536 8192 256 8 . 01 86.58 + 0.86 76.4
1024 65536 16384 256 8 2. 0.01 171.69 4+ 1.52 76.6(/1024 65536 256 512 4 4. .01  1.26 £0.12 74.0
1024 65536 512 4 4. 0.01 2.2440.15 74.8|/1024 65536 1024 512 4 4. .01  4.31 £0.39 76.0
1024 65536 2048 512 4 4. 0.01 8.13 +0.50 76.5/1024 65536 4096 512 4 4. .01 16.94F 1.84 76.7
1024 65536 8192 512 4 4. 0.01 29.86+ 1.68 76.8(/1024 65536 16384 512 4 4. .01 51.56 + 0.71 76.9
1024 65536 256 512 8 3. 0.01 5.1340.24 74.7(/1024 65536 512 512 8 3. 01 833+£1.11 756
1024 65536 1024 512 8 3. 0.01 15.23£0.32 76.9([1024 65536 2048 512 8 3. .01 29.56F0.16  77.3
1024 65536 4096 512 8 3. 0.01 63.13 ¥ 8.85 77.5(/1024 65536 8192 512 8 3. .01 134.26 * 16.80 77.7
1024 65536 16384 512 8 3.2 0.01 232.14 + 4.63 77.8/1024 131072 56 256 8 2. .01 2.54+£0.28 73.8
1024 131072 512 256 8 2. 0.01 4.89 + 0.43 74.7(/1024 131072 1024 256 8 2. .01 8.14+0.67 75.6
1024 131072 2048 256 8 2.6 0.01 15.54 % 1.06 75.9/1024 131072 4096 256 8 2. .01 30.24 1+ 1.16 76.2
1024 131072 8192 256 8 2. 0.01 59.12 £ 0.88 76.3(/1024 131072 16384 256 8 2. .01 116.88+ 0.78 76.3
1024 131072 512 4 2. 0.01 1.234£0.08 74.7/1024 131072 12 512 4 2. .01 2.23+£0.15 75.5
1024 131072 1024 512 4 2. 0.01 4.19 £ 0.39 76.3 (/1024 131072 2048 512 4 2. .01 7.39+0.75 76.5
1024 131072 4096 512 4 2. 0.01 13.57 +1.54 77.0(/1024 131072 8192 512 4 2. .01 23.10+0.96 77.1
1024 131072 16384 512 4 2. 0.01 40.41 £0.19 77.1(/1024 131072 256 512 8 3. .01  4.36 £0.50 74.9
1024 131072 512 512 8 3. 0.01 7.79£0.64 76.0[]1024 131072 1024 512 8 3. .01 14.90+1.03 76.8




A.2 Inverted File Index with Optimized Product Quantization

- TVF PQ - - TVF PQ "
Dim. ;lysters probes sub-vec. bits XSS5 (GB)  Time (ms) R@1|IDim. ;1y5¢0rs probes sub-vec. bits 55 (GB) ~ Time (ms) R@1
1024 T3T072 204 12 40T = 0.0T 28.68 £ 1.16 7. 411024 TI3T072 4006 512 408 £ 0.0T 55.12 £ 0.65 77.9
1024 131072 8192 512 8 4.28 £ 0.01 108.79 & 1.52 78.0|[1024 131072 16384 12 8 3.86F0.01 213.36L0.15 77.9
1024 262144 256 8 3.563+£001 2814025 757| 1024 262144 256 8 3.55E£0.01 4.6540.38 76.1
1024 262144 1024 256 8 3.56+0.01 7.78 £0.05 76.2|/1024 262144 2048 256 8 3.62+0.01 15.29+0.71 76.9
1024 262144 4096 256 8 3.74 £0.01 28.19 4 0.23 76.9|1024 262144 8192 256 8 3.94+0.01 5588 f1.11 77.0
1024 262144 16384 256 8 3.53 £0.01 109.90 % 0.66 77.0|/1024 262144 512 4 353001 1.49+£0.12 749
1024 262144 12 4 355F001 1.87+0.i11 7521024 262144 1024 512 4 3.56 £ 0.0l 2.98L0.30 75.3
1024 262144 2048 512 4 3.61 £0.01 5.52 % 0,52 75.7|/1024 262144 4096 512 4 3.72+0.01 9.00 0.94 75.7
1024 262144 8192 512 4 3.87 + 0.01 15.67 + 0.74 75.7 |1 1024 262144 16384 512 4 3.53 + 0.01 28.45 + 0.87 75.8
1024 262144 256 512 8 487001 469+ 0.55 76.6| 1024 262144 512 512 8 4.88% 001 8.0040.86 77.2
1024 262144 1024 512 8 4.96+0.01 14.77£0.99 77.3|/1024 262144 2048 512 8 5.01 £ 0.01 27.87 % 1.17 77.9
1024 262144 4096 512 8 5.07 £0.01 53.93f1.51 77.9|/1024 262144 8192 512 8 5.28 = 0.01 104.12 % 0.50 78.1
1024 262144 16384 512 8 4.88 £ 0.01 206.76 & 0,65 78.2 /1024 524288 256 8 5.61 001 3.534£0.30 76.4
1024 524288 6 8 5.62+001 5554029 76.7| 1024 524288 1024 236 8 5.66 0.0l 8.99F 0.54 77.0
1024 524288 2048 256 8 5.60£0.01 16.20 £ 0.92 77.1|/1024 524288 4096 256 8 5.75+ 0.01 28.80 % 0.46 77.2
1024 524288 8192 256 8 5.92+0.01 55.68f0.83 77.2|/1024 524288 16384 256 8 5.60 & 0.01 109.16 & 0.73 77.2
1024 524288 512 4 5.60E001 2.47+£0.22 76.1|/1024 524288 512 4 5.62%001 28440537 764
1024 524288 1024 512 4 5.66£0.01 3.83+f0.25 76.5|/1024 524288 2048 512 4 5.69 001 5.24+f0.10 76.8
1024 524288 4096 512 4 5.75£0.01 9.71 £ 0.78 76.9|/1024 524288 8192 512 4 5.90 £0.01 16.57 + 1.25 76.9
1024 524288 16384 512 4 5.60 £ 0.01 29.37 & 1.05 76.9| 1024 524288 256 512 8 6.93+£001 5234020 767
1024 524288 512 512 8 6.94+001 9.21+0.84 77.1|/1024 524288 1024 512 8 6.98+0.01 14.72+0.28 77.8
1024 524288 2048 512 8 7.01 £0.01 27.90 4 0.94 77.8|1024 524288 4096 512 8 7.10+0.01 54.11+0.96 77.8
1024 524288 8192 512 8 7.31 £0.01 102.76 & 0.26 77.8|[1024 524288 16384 512 8 6.94 + 0.01 204.02 % 1.31 77.8
1024 1048576 256 8 9.70£0.01 5.72+0.46 77.2|[1024 1048576 256 8 9.73E£0.01 7.3640.48 77.3
1024 1048376 1024 236 8 9.82+0.01 10.64+0.23 77.3|/1024 1048576 2048 236 8 9.82+0.01 16.97+0.44 77.3
1024 1048576 4096 256 8 991 £0.01 30,47 ¥ 0.63 77.3|/1024 1048376 8192 256 8 10.10 +0.01 57,11 £0.48 77.3
1024 1048576 16384 256 8 9.87 £ 0.01 109.24 %+ 0.37 77.3|/1024 1048576 256 512 4 9.70£0.01 4.37£0.42 763
1024 1048576 512 4 9721001 4.97+0.36 76.4|[1024 1048576 1024 512 4 9.82E£0.01 5.35+0.53 76.4
1024 1048576 2048 512 4 9.82 £ 0.01 6.44+0.39 76.4|[1024 1048576 4096 512 4 9.88+0.01 9.16+0.76 76.4
1024 1048576 8192 512 4 10.03 +0.01 13,42+ 1.10 76.4|1024 1048576 16384 512 4 9.82+0.01 21.66 4 0.33 76.4
1024 1048576 512 8 11.05+£0.01 7.2540.54 77.7|[1024 1048576 512 512 8 11.07+0.01 10.32 *0.50 77.8
1024 1048576 1024 512 8 11.17 £0.01 17.73 % 1.34 77.8|/1024 1048376 2048 512 8 11.i7 +0.01 30,22 ¥ 1.10 77.8
1024 1048576 4096 512 8 11233 0.01 56.81 F 2.48 77.8|/1024 1048576 8192 512 8 11.46 £ 0.01 125.31 £ 4.77 77.8
3018 256 356 515 4 1.40 £0.01 135,76 £0.76 75.0 356 356 512 S —35.04 £0.01 74.06 £0.29 70.5
2048 512 256 256 8 1.64 X001 21.78£2.04 7512048 512 512 256 8 1.66+£001 38.04+090 761
2048 512 256 512 4 1.52+001 74.23+0.46 74.9|[2048 512 512 512 4 157X 0.01 139.99+ 1.57 76.1
2048 512 256 512 8 3/07X0.01 40.80F0.62 7518|2048 512 512 512 8 308X 0.0l 75.254£0.36 76.7
2048 1024 256 256 8 1.77£0.01 11.90+0.92 74.9|(2048 1024 512 256 8 1.79£0.01 2078%+1.49 752
2048 1024 1024 256 8 1.81£0.01 3832+ 1.14 76.5|(2048 1024 256 512 4 1.58+£0.01 37.49%1.60 743
2048 1024 512 512 4 1.61 X001 72.83%+0.06 74.6| 2048 1024 1024 512 4 1.70£0.01 138.65 £ 3.07 75.7
2048 1024 256 512 8 337 X001 2396253 1751|2048 1024 512 512 8 339+001 42.54+1.06 754
2048 1024 1024 512 8 3.41+0.0l 77.93+1.45 76.7|[2048 2048 256 256 8 2.01%X001 5794058 753
2048 2048 256 8 202001 12.52+1.20 75.5|(2048 2048 1024 256 8 2.04E£0.01 22.16%1.87 75.8
2048 2048 2048 256 8 2.08 £0.01 38.79+1.16 76.3|[2048 2048 256 512 4 1.59£0.01 19.54%0.40 74.0
2048 2048 512 512 4 1.62+£0.01 38.86%0.07 74.4|[2048 2048 1024 512 4 1.63+£0.01 76.58L0.49 747
2048 2048 2048 512 4 1.67+£0.01 142.30 £ 0.58 75.2 (2048 2048 256 512 8 6001 11.90F 1.00 75.1
2048 2048 512 8 387 F0.01 01+ 1.19 75.5|/2048 2048 1024 512 8 3.89 £ 0.01 44.28 + 0.86 76.0
2048 2048 2048 512 8 3.93%0.01 3111040 76.6|/2048 4096 256 256 8 2.52X0.01 3.0840.39 741
2048 4096 256 8 2.53+£0.01 7.00+£0.63 74.3|(2048 4096 1024 256 8 2.55L£0.01 12.85%1.57 748
2048 4096 2048 256 8 2.60 £ 0.01 351 1.03 74.9 (/2048 4096 4096 256 8 2.76 £0.01 4214 X 1.19 75.1
2048 4096 512 4 1.67£0.01 10.43+0.45 73.7|[2048 4096 512 4 1.69+£0.01 19.87+0.06 74.1
2048 4096 1024 512 4 1.71£0.01 3973 % 0.12 74.5|[2048 4096 2048 512 4 1.75X0.01 7839 F 0.67 748
2048 4096 4096 512 4 1.83 £0.01 142.05 % 0.18 74.9|[2048 4096 512 8 4:84F0.01 1978 X049 756
2048 4096 512 8 4.86+£0.01 38.25+0.41 76.0|[2048 4096 1024 512 8 4.88+0.01 75.32%0.92 76.5
2048 4096 2048 512 8 4.92£0.01 144.5210.49 77.0||2048 4096 4096 512 8 5.04 £0.01 265.46%4.24 77.1
2048 8192 256 256 8 3.59L£0.01 1.7540.06 74.3((2048 8192 256 8 3.60£0.01 3.7340.46 745
2048 8192 1024 256 8 3.62+0.01 7.51+0.27 74.8|/2048 8192 2048 256 8 3.66+0.01 14.93+1.20 75.0
2048 8192 4096 256 8 3.82£0.01 25.97+0.64 75.1|/2048 8192 8192 256 8 3.96 0.0l 46.84+ 1.28 754
2048 8192 512 4 1.86+£0.01 6.15+0.47 74.6|/2048 8192 512 4 1.88+£001 12.14+1.10 747
2048 8192 1024 512 4 1.90 £0.01 2228+ 1.38 74.9(/2048 8192 2048 512 4 1.93Ef0.01 42.85+1.89 751
2048 8192 4096 512 4 2,09 E£0.01 79.85+ 0,30 75.2||2048 8192 8192 512 4 2.34£0.01 142.87 £ 1.31 75.6
2048 8192 512 8 2.94+0.01 7.1540.79 75.4|/2048 8192 512 8 2.95+0.01 14.16+1.23 75.9
2048 8192 1024 512 8 297 X001 2545+ 1.29 76.0|[2048 8192 2048 512 8 302X 0.01 4856+ 0.40 76.4
2048 8192 4096 512 8 3.17 £0.01 9499 X 1.85 76.7|[2048 8192 8192 512 8 348 X 0.01 180.47 & 3.46 77.0
2048 16384 256 256 8 1.71+£0.01 3.89+£0.71 73.5|/2048 16384 512 256 8 1.72+£001 7.1240.34 741
2048 16384 1024 256 8 1.75+£0.01 13.33+0.03 74.7|/2048 16384 2048 256 8 1.79£0.01 26,71 +0.19 74.9
2048 16384 4096 256 8 1.94 £0.01 5298+ 0.11 75.0||2048 16384 8192 256 8 2.08 £0.01 106.58 % 1.38 75.0
2048 16384 16384 236 8 1.73+0.01 203.83 % 1,19 75.0([2048 16384 256 512 4 2.21+£001 3.340.30 732
2048 16384 512 512 4 222001 6824062 1739|2048 16384 1024 512 4 224+ 0.01 12.51 % 1.24 745
2048 16384 2048 512 4 228 £0.01 23.84+0.95 74.6|/2048 16384 4 512 4 2.38+£0.01 44.16+0.23 746
2048 16384 8192 512 4 2.60 £0.01 8521 f1.78 74.7||2048 16384 16384 512 4 2.25£0.01 143,82 % 0.60 74.7
2048 16384 256 512 8 3.06L£001 498+£0.11 74.9|(2048 16384 512 512 8 3.08%£0.01 9684002 757
2048 16384 1024 512 8 3.09+£0.01 21.23+2.36 76.3|/2048 16384 2048 512 8 314X 0.01 46.93 + 3.56 76.3
2048 16384 5312 8 328X 0.01 0205+ 7.04 76.6| 2048 16384 8192 512 8 3.47+0.01 15142 1.10 76.6
2048 16384 16384 512 8 3.04 £ 001 290.79 %+ 1.94 76.9((2048 32768 512 256 8 1.98X0.01 6.51 4003 733
2048 32768 1024 256 8 1.99 £0.01 12.88+0.01 73.9||2048 32768 2048 256 8 2.04£0.01 26.17%+0.79 74.0
2048 32768 6 8 2119F 001 51.16F 0,11 74.1|/2048 32768 8192 256 8 2.34 £ 0.01 101.78 +0.84 74.2
2048 32768 16384 256 8 1.95+ 0.01 200.58 1+ 0.08 74.3| 2048 32768 512 4 2.96+£0.01 3.95+0.56 73.0
2048 32768 1024 512 4 298 £0.01 7.41+£0.94 73.7|/2048 32768 2048 512 4 303X 001 13.77£0.79 73.9
2048 32768 4096 512 4 3.14+£0.01 26.78 *1.62 74.0|/2048 32768 8192 512 4 3.33E£0.01 49.15+0.74 741
2048 32768 16384 512 4 2.95+ 001 8865 1.32 74.2|[2048 32768 356 512 8 332X001 8.8640.39 743
2048 32768 12 8 3.33%001 16.53E£0.39 75.5|/2048 32768 1024 512 8 3.34F0.01 31.63%0.55 76.6
2048 32768 2048 512 8 3.39 £0.01 6231 % 1.48 76.7||2048 32768 4096 512 8 3.53 £0.01 123.99 % 2.52 76.8
2048 32768 8192 512 8 3.73+0.01 240.30 £4.02 77.1|[2048 32768 16384 512 8 3.20 £ 0.01 473.33 £8.97 77.1
2048 65536 512 256 8 248X 0.01 6.91 4+ 0.57 73.4(/2048 65536 256 8 2.50+£0.01 13.18+0.34 738
2048 63536 2048 256 8 2.54+£0.01 27.69+ 1.59 74.1|[2048 65536 4096 256 8 2.63 £ 0.01 52.80 & 1.02 742
2048 65536 8192 256 8 2.84 £0.01 103.35% 1.50 74.3||2048 65536 16384 256 8 2.46 £ 0.01 201.82F 23.22 743
2048 65536 2048 512 4 4.53£0.01 8.3740.02 73.1||2048 65536 4096 512 4 4.62E£0.01 16.74 +£1.99 73.2
2048 65536 8192 512 4 4.83+£0.01 29.07 +0.10 73.2(|2048 65536 16384 512 4 4.46£0.01 52.41 & 0.01 73.2
2048 63536 256 512 8 3.82X001 4.40+0.08 74.7| 2048 65536 512 512 8 43001 978+1.08 755
2048 63336 1024 512 8 3.86£0.01 16.29 % 0.53 76.0|[2048 65536 2048 512 8 3.89 £0.01 31.25%0.09 76.3
2048 65536 12 8 4.03%001 6203+051 76.4|/2048 65536 8192 512 8 4.25£0.01 131.26%0.32 76.6
2048 65536 16384 512 8 3.84 £ 0.01 239.48 % 1.05 76.6|/2048 131072 4096 256 8 3.70 £0.01 47.59£0.38 73.1
2048 131072 8192 256 8 3.84 £0.01 93.60 £0.43 73.1|/2048 131072 16384 256 8 3.47 £0.01 186.33 % 0.27 73.1
2048 131072 512 8 4.84+0.01 6.1040.20 74.2| 2048 131072 512 8 4.85+0.01 10.86+0.37 753
2048 131072 1024 512 8 4.87+£0.01 20.58+0.91 76.2||2048 131072 2048 512 8 4.91+001 3859+1.59 76.6
2048 131072 4096 512 8 5.04 L0001 71.10F 1.86 76.8|[2048 131072 8192 512 8 526 % 0.01 144.21 4 1.60 76.9
2048 131072 16384 512 8 4.85Ef0.01 278.341E5.64 76.9|(2048 262144 256 512 8 6.84E£0.01 5.35+0.13 75.0
2048 262144 512 8 6.85L£0.01 8814004 755|2048 262144 1024 512 8 6.89 £0.01 15.88%0.04 76.1
2048 262144 2048 512 8 6.94£0.01 30.08+0.06 76.4|/2048 262144 4096 512 8 7.05Ef0.01 58.43%+0.15 76.5
2048 262144 8192 512 8 7.24 + 0.01 114.83 £ 0.09 76.5(| 2048 262144 16384 512 8 .84 + 0.01 227.91 £ 1.21 76.5
2048 524288 256 512 8 10.93F0.01 8.8240.30 76.4|[2048 524288 512 512 8 10.95+0.01 14.77 £0.69 76.5
2048 524288 1024 512 8 10.99 £ 0.01 25.28 +2.06 76.6|/2048 524288 2048 512 8 11.02+0.01 44.25+0.77 76.7
2048 524288 4096 512 8 11.09 £ 0.01 84.28 £ 0.95 76.8|/2048 524288 8192 512 8 11.26%0.01 165.11E 0.78 76.8
2048 524288 16384 512 8 10.89 £ 0.01 330.67 & 3.21 76.8|[2048 1048576 256 256 8 17.70 £0.01 10.54 £0.49 73.2
2048 1048576 512 256 8 17.72£0.01 13.27 +£0.40 73.3|(2048 1048576 1024 256 8 17.82 £0.01 19.82 % 0.89 73.3
2048 1048576 2048 236 8 17.85£0.01 30.09 f 0.72 73.3|/2048 1048576 4096 256 8 18.00 + 0.01 54.26 + 1.39 73.3
2048 1048576 8192 256 8 18.14 £ 0.01 100.43 % 0.23 73.3||2048 1048576 16384 256 8 17.87 * 0.01 19550+ 1.19 73.3

A.2 Inverted File Index

The following table is reporting
optimized product quantization

with Optimized Product Quantization

all of the results obtained with the inverted file index with
(OPQ IVFPQ) technique.

- TVF Tq
[Dim. jugters probes sub-vec bits RSS (GB)

: . : Q : :
Time (ms) R@1[[Dim. . JVE b s RSS (GB)  Time (ms) R@1

7256 32 32 256 4 0.76 £0.01

70.0T £ 0.7T 73.8]] 256 32 32 128 0.79 £0.01 1I8.29 £ T1.33 73.7]

57



A.2 Inverted File Index with Optimized Product Quantization

- TVE PQ - - TVF PQ -
Dim. (jyspers probes sub-vec. bits 1’55 (GB) ~ Time (ms) R@1|IDim. jyspers probes sub-vec. bits 155 (GB)  Time (ms) R@1
256 32 32 256 T46 F 0.0 35.86 £ 0.97 73.5(] 250 61 61 256 T 08I F0.0I 6989 F1.49 733
256 64 64 128 8 0. .01 17.98 ¥ 2.16 73.9|| 256 64 64 256 8 1. 0.01 35.45F 1.44 73.3
256 128 128 256 4 0. .01 72.00 + 2.43 73.5|| 2 128 28 8 8 0. 0.01 18.12 4+ 1.60 74.0
256 128 128 256 8 1. 0.01 69.93 + 0.44 73.3|| 256 256 256 256 4 0. 0.01 71.16 +1.32 73.0
256 256 256 128 8 . 01 17.31 +1. 73.8|| 256 256 256 256 8 1. 0.01 38.10+1.74 73.5
256 512 256 128 8 0. .01 9.68 £0.52 73.0|| 256 512 512 128 8 0. 0.01 16.60 + 1.13 73.7
256 512 256 256 8 1. .01 19.23+1.26 73.0|| 256 512 512 256 8 1. 0.01 36.65F 1.01 73.7
256 1024 1024 256 4 0. .01 72.19 £ 1.44 73.6|| 256 1024 1024 128 8 0. 0.01 17.88 +1.02 73.2
256 1024 1024 256 8 1. .01 38.72+1.99 73.5|| 256 2048 2048 128 4 0. 0.01 39.30 £3.13 73.0
256 2048 2048 256 4 0. .01 71.29 +1.77 73.1|| 256 2048 128 8 1. 0.01 5.48 £ 0.5 73.3
256 2048 1024 128 8 1. .01 10.32 £ 0.79 73.6|| 256 2048 2048 128 8 1. 0.01 17.69+ 0.54 73.9
256 2048 1024 256 8 2. .01 21.76 £ 1.77 73.2|| 256 2048 2048 256 8 2. 0.01 39.53F1.39 73.5
256 4096 2048 256 4 1. .01 38.55+ 1.80 73.2|| 256 4096 4096 256 4 1. 0.01 71.54 + 0.87 73.8
256 4096 4096 256 8 2. .01 42.40 £ 2.24 73.4|| 256 8192 8192 128 4 0. 0.01 36.59 & 0.71 73.0
256 8192 1024 256 4 1. .01 10.71 +0.82 73.2|| 256 8192 2048 256 4 1. 0.01 20.32+1.24 73.4
256 8192 4096 256 4 1. .01 38.57 £0.53 73.5|| 256 8192 8192 256 4 1. 0.01 71.71+0.80 73.5
256 8192 4096 128 8 2. .01 12.05 £ 0.72 73.0|| 256 8192 8192 128 8 2. 0.01 22,96+ 1.26 73.0
256 8192 2048 256 8 3. .01 13.67 £ 1.16 73.2|| 256 8192 4096 256 8 3. 0.01 26.29 + 0.68 73.3
256 8192 8192 256 8 3. .01 46.82 + 0.38 73.4|| 256 16384 1024 256 4 1. 0.01 5.55 £ 0.55 73.0
256 16384 2048 256 4 1. .01 11.61 +0.95 73.0|| 256 16384 4096 256 4 1. 0.01 21.49+1.30 73.1
256 16384 8192 256 4 1. .01 40.22 * 1.27 73.2|| 256 16384 1024 128 8 2. 0.01 2.15+0.23 73.3
256 16384 2048 128 8 2. .01 4.67 £0.23 73.4|| 256 16384 4096 128 8 3. 0.01 9.17+0.73 73.4
256 16384 8192 128 8 3. .01 15.83+0.35 73.5|| 256 16384 8192 256 8 1. 0.01 74.90 & 0.53 73.0
256 32768 1024 256 4 1. .01 3.324£0.40 73.1|| 256 32768 2048 256 4 1.4 0.01 6.824+0.65 73.3
256 32768 4096 256 4 1. .01 11.14+0.02 73.6|| 256 32768 8192 256 4 1. 0.01 22.40 + 0.97 73.7
256 32768 4096 64 8 2. .01 3.53+0.19 73.0|| 256 32768 8192 64 8 2. 0.01 6.51+0.25 73.0
256 32768 4096 128 8 . 01 15.24°+0.54 73.0|| 256 32768 8192 128 8 1. 0.01 30.78+1.43 73.1
256 32768 4096 256 8 1. .01 34.82F2.76 73.1|| 256 32768 8192 256 8 1. 0.01 68.10 &+ 2.77 73.2
256 65536 2048 256 4 2. .01 3.91£0.42 73.7|| 256 65536 4096 256 4 2. 0.01 6.99 £0.76 74.0
256 65536 8192 256 4 2. .01 13.57+0.84 74.1|| 256 65536 4096 128 8 1. 0.01 14.1540.34 73.0
256 65536 8192 128 8 1. .01 29.18 +£0.94 73.1|| 256 65536 2048 256 8 1. 0.01 16.62 + 1.13 73.1
256 36 4096 256 8 1. .01 31.60 +0.73 73.3|| 256 65536 8192 256 8 2. 0.01 62.65+ 1.42 73.4
256 131072 2048 256 4 3. .01 2.24£0.30 73.4|| 256 131072 4096 256 4 3. 0.01 4.66 +0.43 73.3
256 131072 8192 256 4 3. .01 7.80F0.75 73.7|| 256 131072 1024 128 8 1. 0.01  3.47 £0.03 73.0
256 131072 2048 128 8 1. .01 6.89 £0.06 73.5|| 256 131072 4096 128 8 1. 0.01 13.8140.21 73.4
256 131072 8192 128 8 1. .01 27.59'+1.40 73.6|| 256 131072 2048 256 8 1. 0.01 16.33 & 0.97 73.0
256 131072 4096 256 8 1. .01 31.48 +1.92 73.0|| 256 131072 8192 256 8 2. 0.01 63.41 + 4.36 73.3
256 262144 2048 256 4 1. .01 2.354+0.25 73.2|| 256 262144 4096 256 4 1. 0.01 4.20+£0.38 73.6
256 262144 8192 256 4 1. .01 8.23 £ 0.77 73.8|| 256 262144 2048 128 8 1. 0.01 8.06 + 0.74 73.3
256 262144 4096 128 8 1. .01 14.59°4+1.37 73.6|| 256 262144 8192 128 8 1.7 0.01 27.82F+1.70 73.8
256 262144 4096 256 8 2. .01 29.11 £ 0.04 73.1|| 256 262144 8192 256 8 2. 0.01 60.19 + 1.54 73.3
256 524288 2048 256 4 1. .01 2.04 £0.20 73.1|| 256 524288 4096 256 4 2. 0.01  3.60 +£0.36 73.3
256 524288 8192 256 4 2. .01 6.79£0.59 73.4|| 256 524288 1024 128 8 1. 0.01 4.09 £0.41 73.0
256 524288 2048 128 8 1. .01 7.57£0.76 73.2|| 256 524288 4096 128 8 2. 0.01 14.46 + 1.27 73.4
256 524288 8192 128 8 2. .01 27.704+0.71 73.5|| 256 524288 1024 256 8 2. 0.01 9.05 £1.03 73.2
256 524288 2048 256 8 2. .01 17.15 F+ 1.12 73.3|| 256 524288 4096 256 8 2. 0.01 31.07 +1.61 73.5
256 524288 8192 256 8 2. .01 59.27 +£1.24 73.6|| 256 1048576 32 256 4 3. 0.01 0.73£0.01 73.1
256 1048576 64 256 4 .01 0.75+£0.01 73.6|| 256 1048576 128 256 4 3. 0.01  0.80£0.01 73.4
256 1048576 256 256 4 . 01 0.89 +0.02 73.6|| 256 1048576 512 256 4 3. 0.01 1.05+0.01 73.5
256 1048576 1024 256 4 3. .01 1.37 £0.01 73.5|| 256 1048576 2048 256 4 3. 0.01 2.30 +0.30 73.5
256 1048576 4096 256 4 3. .01 3.61F£0.38 73.5|| 256 1048576 8192 256 4 3.2 0.01 6.45 + 0.63 73.5
256 1048576 64 64 8 2. .01 0.93+£0.15 73.3|| 256 1048576 128 64 8 2. 0.01 0.93 +0.01 73.2
256 1048576 64 8 2. .01 1.13 £0.01 73.2|| 256 1048576 512 64 8 2. 0.01 1.59 +0.08 73.3
256 1048576 1024 64 8 2. .01 2.60+£0.30 73.3|| 256 1048576 2048 64 8 2. 0.01 4.70 + 0.57 73.3
256 1048576 4096 64 8 2. .01 7.81+£0.72 73.4|| 256 1048576 8192 64 8 2. 0.01 14.33+0.75 73.4
256 1048576 32 128 8 3. .01 0.84£0.02 73.1|| 256 1048576 64 128 8 3. 0.01 0.954+0.01 73.8
256 1048576 128 128 8 3. .01 1.18 £ 0.02 73.8|| 256 1048576 128 8 3. 0.01 1.60 £ 0.01 74.0
256 1048576 128 8 3. .01 2.65+£0.23 73.9|| 256 1048576 1024 128 8 3. 0.01 5.31 +0.55 73.9
256 1048576 2048 128 8 3. .01 9.01+1.04 73.9|| 256 1048576 4096 128 8 3. 0.01 15.12°F0.41 74.0
256 1048576 8192 128 8 3. .01 29.64'+0.82 74.0|| 256 1048576 64 256 8 3. 0.01 1.17 £0.01 73.6
256 1048576 128 256 8 3. .01 1.63£0.01 73.5|| 256 1048576 256 8 3. 0.01 2.88+0.25 73.7
256 1048576 512 256 8 3. .01 4.67 £ 0.38 73.6|| 256 1048576 1024 256 8 3. 0.01 9.34 £ 0.85 73.7
256 1048576 2048 256 8 3. .01 _16.31 4 0.90 73.7|| 256 1048576 4096 256 8 3. 0.01 _30.15 1 0.62  73.8
512 32 32 256 I 0. 01 71.34 % 2.46_76.2|| 512 32 TG 512 I 1. 0.01 72.61 £2.11 742
512 32 32 512 4 1. .01 139.16 + 0.99 76.9|| 512 32 32 64 8 0. 0.01 7.43 £0.64 73.1
512 32 32 128 8 0. .01 16.61 £0.64 75.6|| 512 32 16 256 8 1. 0.01 21.48F2.14 74.2
512 32 32 256 8 1. .01 34.95 + 1.21 76.8|| 512 32 16 512 8 2. 0.01 39.86 + 3.80 73.7
512 32 32 512 8 2. 01 75.34 £2.61 76.6|| 512 64 64 128 4 0. 0.01  40.09 &+ 4.01 73.3
512 64 32 256 4 0. .01 40.20 * 74.1|| 512 64 64 256 4 0. 0.01 71.82+2.26 75.9
512 64 32 512 4 1. .01 74.98 F 1. 74.7|| 512 64 64 512 4 1. 0.01 138.91 +0.71 77.1
512 64 64 64 8 0. .01 7.26 £ 0. 74.4|| 512 64 32 128 8 0. 0.01 9.08 + 0.98 73.8
512 64 64 128 8 0. .01 17.73F 1. 75.9|| 512 64 32 256 8 1. 0.01 22.23+1.79 74.3
512 64 64 256 8 1. .01 39.39 + 3. 76.5|| 512 64 32 512 8 2. 0.01 40.09 +1.99 74.6
512 64 64 512 8 2. 01 7242 F 1. 76.8|| 512 128 128 256 4 0. 0.01 73.44 4+ 3.88 76.1
512 128 64 512 4 1. .01 76.00 * 2. 73.4|| 512 128 128 512 4 1. 0.01 139.85+ 2.92 76.8
512 128 128 64 8 0. .01 7.62 £ 0. 73.1|| 512 128 128 128 8 0. 0.01 17.83 £ 1.50 75.9
512 128 64 256 8 1. .01 19.38+1.63 73.7|| 512 128 128 256 8 1. 0.01 35.96 + 1.09 76.9
512 128 64 512 8 2. .01 39.65 + 1.57 73.5|| 512 128 128 512 8 2. 0.01 73.53 +2.09 76.8
512 256 128 256 4 0. .01 37.13 %+ 1.94 74.0(| 512 256 256 256 4 0. 0.01 72.10 +2.93 75.5
512 256 64 512 4 1. .01 37.48 + 1.42 73.2|| 512 256 128 512 4 1. 0.01 74.88 +2.09 75.2
512 5 256 512 4 1. .01 138.51 + 0.53 76.7|| 512 256 256 64 8 0. 0.01 8.05+0.83 73.3
512 256 128 128 8 0. .01 9.304+0.70 74.4|| 512 256 256 128 8 0. 0.01 16.64 4 0.69 75.7
512 256 64 256 8 1. .01 10.45 4 1.20 73.4|| 512 256 128 256 8 1. 0.01 19.68 & 1.70 75.2
512 5 256 256 8 1. .01 36.55 + 1.46 76.7|| 512 256 64 512 8 3. 0.01 21.64 +2.42 73.4
512 256 128 512 8 3. .01 39.76 £ 1.72 75.3|| 512 256 256 512 8 3. 0.01 73.86 + 0.65 76.9
512 512 128 256 4 0. .01 20.62 * 2.20 74.1|| 512 512 256 256 4 0. 0.01 38.31 4 2.28 74.7
512 512 512 256 4 0. .01 72.59 £ 1.37 76.1|| 512 512 64 512 4 1. 0.01 18.79 ¥ 0.72 73.0
512 512 128 512 4 1. .01 37.49 ¥ 1.10 74.5|| 512 512 256 512 4 1. 0.01 75.72 + 5.60 75.0
512 512 512 512 4 1. .01 139.73 1 0.53 76.4|| 512 512 64 128 8 0. 0.01 2.224£0.23 73.2
512 512 128 128 8 0. 01 5.014+0.51 74.4[| 512 512 256 128 8 0. 0.01 8.98+0.94 74.8
512 512 512 128 8 0. .01 18.01 % 2.32 76.4|| 512 512 64 256 8 1. 0.01 5.69 + 0.59 73.6
512 512 128 256 8 1. .01 11.32 £ 0.75 75.1|| 512 512 256 256 8 1. 0.01 19.81 4 1.43 75.7
512 512 512 256 8 1. .01 37.00 ¥ 1.12 77.1|| 512 512 64 512 8 3. 0.01 10.46 + 0.13 73.3
512 512 128 512 8 3. .01 20.35 +1.06 74.7|| 512 512 256 512 8 3. 0.01 42.09 + 2.18 75.3
512 512 512 512 8 3. .01 75.46 +1.34 76.6|| 512 1024 128 256 4 0. 0.01 10.75+ 1.15 73.6
512 1024 256 256 4 0. .01 20.92F 1.88 74.5|| 512 1024 512 256 4 0. 0.01 37.79+£1.05 75.1
512 1024 1024 256 4 0. .01 70.91 ¥ 0.15 75.8|| 512 1024 28 512 4 1. 0.01 19.54 + 0.61 73.7
512 1024 256 512 4 1. .01 38.98 + 2.37 74.9|| 512 1024 512 512 4 1. 0.01 74.33 £ 0.61 75.5
512 1024 1024 512 4 1. .01 140.98 + 1.87 76.3|| 512 1024 128 128 8 0. 0.01 2.30 £0.13 73.4
512 1024 256 8 8 1. .01 5.014+0.43 74.3|| 512 1024 512 128 8 1. 0.01 10.56 + 0.98 74.9
512 1024 1024 128 8 1. .01 17.53+1.61 75.9|| 512 1024 64 256 8 1. 0.01 2.75 £0.35 73.1
512 1024 128 256 8 1. .01 5.96+0.41 74.0|l 512 1024 256 256 8 1. 0.01 10.36% 0.62 75.2
512 1024 512 256 8 1. .01 19.61 +0.72 75.8|| 512 1024 1024 256 8 1. 0.01 36.94 + 0.51 76.6
512 1024 64 512 8 3. .01 6.45 £0.28 73.1|| 512 1024 512 8 3. 0.01 11.60 F+ 1.14 74.0
512 1024 256 512 8 3. .01 22.254+1.13 75.0|| 512 1024 512 512 8 3. 0.01 40.49 + 0.81 75.8
512 1024 1024 512 8 3. .01 77.31 £0.32 76.6|| 512 2048 64 256 4 0. 0.01 2.42 £0.01 73.0
512 2048 128 256 4 0. .01  5.21 £0.57 73.7|| 512 2048 256 256 4 0. 0.01 11.16 4 1.09 74.7
512 2048 512 256 4 0. .01 20.55+ 1.56 75.4| 512 2048 1024 256 4 0. 0.01 38.84 +1.82 75.5
512 2048 2048 256 4 0. .01 71.53 £ 1.87 75.9|| 512 2048 64 512 4 1. 0.01 5.02£0.50 73.4
512 2048 128 512 4 1. .01 10.65 * 1.24 74.3|| 512 2048 512 4 1. 0.01 19.394+0.78 75.1
512 2048 512 512 4 1. .01 37.50 £ 1.02 75.7|| 512 2048 1024 512 4 1. 0.01 77.62+2.70 76.0
512 2048 2048 512 4 01 141.47 +3.75 76.4|| 512 2048 128 128 8 1. 0.01 1.16 £0.01 73.1
512 2048 256 128 8 . .01 2.55+0.30 73.9|| 512 2048 512 128 8 1. 0.01 5.33+0.63 74.7
512 2048 1024 128 8 1. .01 11.344+0.46 75.0|| 512 2048 2048 128 8 1. 0.01 19.49+1.39 75.6
512 2048 64 56 8 2. .01 1.29 £0.01 73.6|| 512 2048 12 256 8 2. 0.01 3.00 £0.36 74.6
512 2048 256 256 8 2. .01 5.47£0.33 75.5|| 512 2048 512 256 8 2. 0.01 11.3340.91 76.0
512 2048 1024 256 8 2. .01 22.17+1.92 76.2|| 512 2048 2048 256 8 2. 0.01 38.58 +1.29 76.7
512 2048 64 512 8 3. .01 2.9140.32 73.6| 512 2048 12 512 8 3. 0.01 6.37£0.63 74.4
512 2048 256 512 8 3. .01 11.79°+0.99 75.2|| 512 2048 512 512 8 3. 0.01 23.15+1.27 75.9
512 2048 1024 512 8 3. .01 43.44 ¥ 1.35 76.2|| 512 2048 2048 512 8 3. 0.01 81.01 * 1.56 76.6
512 4096 64 256 4 0. .01 1.24 £0.01 73.0|| 512 4096 128 256 4 0. 0.01 2.59 £0.29 74.0
512 4096 256 256 4 0. .01 5.58 £0.68 74.7|| 512 4096 512 256 4 0. 0.01 10.46 + 1.06 75.1
512 4096 1024 256 4 0. .01 20.96+0.64 75.6|| 512 4096 2048 256 4 1. 0.01 39.35+ 0.87 76.0
512 4096 4096 256 4 1. .01 71.32+1.51 76.0|| 512 4096 64 512 4 1. 0.01 2.62+0.22 736
512 4096 128 512 4 1. .01 5.17 £0.34 74.7|| 512 4096 256 512 4 1. 0.01 11.56+0.98 75.5
512 4096 512 512 4 1. .01 21.07 +2.29 75.8|| 512 4096 1024 512 4 1. 0.01 39.05F 0.77 76.2
512 4096 2048 512 4 1. .01 76.52 + 0.62 76.5|| 512 4096 4096 512 4 1. 0.01 141.49 +1.04 76.6
512 409 128 8 8 1. .01 0.65+0.01 73.6| 512 4096 256 128 8 1.3 0.01 1.25 4+ 0.01 74.3
512 4096 512 128 8 1. .01 2.74+0.32 74.8|| 512 4096 1024 128 8 1. 0.01 5.94 +£0.59 75.1




A.2 Inverted File Index with Optimized Product Quantization

R@1
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A.2 Inverted File Index with Optimized Product Quantization

- TVF TQ - - TVF PQ -
Dim. (jyspers probes sub-vec. bits 1’55 (GB) ~ Time (ms) R@1]IDim. jyspers probes sub-vec. bits 155 (GB) ~ Time (ms) R@1
512 1048576 1024 256 ES 5. 14 0.0T 2. 42 X 0.3T 742 512 1048576 204 56 Ey 5.15 0.0T 3.25 £ 0.32 742
512 1048576 4096 256 4 5. 01 442X 0.46 74.2|| 512 1048576 8192 256 4 5.37 £0.01 6.58 £ 0.33 742
512 1048576 16 512 4 5. 01 152014 74.4|| 512 1048576 32 512 4 5. 0.01 1.54 %016 753
512 1048576 64 512 4 5. 0,01 1.534%007 756|512 1048576 128 512 4 5. 001 168019 762
512 1048576 256 512 4 5. 01 1.74%001 764|512 1048576 512 512 4 5. 001 2:39F0.27 765
512 1048576 1024 512 4 5. 01 3.03FX0.33 76.7|| 512 1048576 2048 512 4 5. 0.01 4.69F0.47 76.8
512 1048576 4096 512 4 5. 01 6.81 X064 76.8| 512 1048576 8192 512 4 6. 0.01 11.57%0.31 76.8
512 1048576 16 128 8 5. 01 1.62FX0.18 74.4|| 512 1048576 32 128 8 5. 0.01 1.814£0.27 751
512 1048576 64 128 8 5. 01 189 X019 75.7|| 512 1048376 128 i28 8 5. 001 220014 762
512 1048576 256 128 8 5. 01 278 £0.12 76.3|| 512 1048376 512 128 8 5. 0,01 4.13F 026 76.4
512 1048576 1024 128 8 5. 01 6.67 X021 76.6|| 512 1048576 2048 128 8 5. 0.01 11634 0.38 76.6
512 1048376 4096 128 8 5. 01 21.46 + 0.30 76.6|| 512 1048576 8192 128 8 5. 0.01 41.61 +0.93 76.6
512 1048576 8 256 8 5. 01 1.57£0.18 73.0|| 512 1048576 16 256 8 5. 0.01 1.55+£0.04 74.4
512 1048576 32 286 8 5. 01 1.65E 002 75.3| 512 1048576 64 256 8 5. 0.01 201 +0123 756
512 1048576 128 256 8 5. 01 2811016 76.5|| 512 1048376 256 256 8 5. 001 315F0.17 765
512 1048576 512 256 8 5. ‘01 5.08% 025 76.7| 512 1048576 1024 256 8 5. 0.01 832%0.73 76.9
512 1048576 2048 256 8 5. 01 15.77 % 1.58 76.9|| 512 1048576 4096 256 8 5. 0.01 26.91%0.18 76.9
512 1048576 8192 256 8 6. 01 52,01 £0.48 76.9|| 512 1048576 8 512 8 7. 0.01 1.93+£0.01 73.0
512 1048576 16 512 8 7. 01 1.77£0.17 74.4|| 512 1048576 32 512 8 7. 0.01 1.89 X001 75.2
512 1048576 64 512 8 7. 01 235003 754|512 1048376 128 512 8 7. 001 352029 762
512 1048576 256 512 8 7. 01 520 F0.36 76.2|| 512 1048576 512 512 8 7. 0,01 9.63F 086 76.4
512 1048576 1024 512 8 7. 01 16814054 76.6|| 512 1048576 2048 512 8 7. 0.01 32.13 4 0.49 76.6
512 1048576 4096 512 8 7. (01 63.50 £ 2.25 76.6|| 512 1048576 8192 512 8 7. 0.01 121.54E3.41 76.6
TOo4 32 73 58 ——2 0. 0T 4705 £ 504 73.6][T024 32 33 3564 0. 00T 7150 £ 1.63 750
1024 32 32 64 8 o0 01 872£020 73.0(/1024 32 16 28 8 o0 0,01 9694076 736
1024 32 32 128 8 0. 01 16.68+0.91 76.9|/1024 32 16 256 8 1.57X0.01 18.3840.04 73.7
1024 32 32 256 8 1. 01 35.75 £ 0.55 77.1|/1024 32 16 512 8 2. 0.01 38.02%1.21 74.4
1024 32 32 512 8 2. 01 7211 ¥ 0.48 77.5|/1024 64 64 128 4 0. 0.01 36.61%0.85 73.0
1024 64 64 256 4 0. 01 91.61 X951 755|/1024 64 32 512 4 1. 0.01 79.09 % 2,10 73.7
1024 64 64 512 4 1. 01 141.23 1+ 0.50 77.1|/1024 64 64 64 8 0 0.01 7.91+£0.44 735
1024 64 64 128 8 0. 01 15.80 £0.14 74.9|/1024 64 32 256 8 1.57X0.01 20.10 4 1.60 741
1024 64 64 256 8 1. 01 37.37 £2003 77.5|/1024 64 32 512 8 2. 0.01 55.38 %277 746
1024 64 64 512 8 2. 01 96.46 ¥ 5.69 78.0|/1024 128 128 256 4 0. 0.01 71.41%1.53 746
1024 128 64 512 4 1. 01 98,91 F 6.73 73.3|/1024 128 128 512 4 1. 0.01 184.39 % 9.80 76.8
1024 128 128 64 8 o 01 7.21L079 73.7|[1024 128 128 728 8 0. 0,01 16.89 £ 1.82 753
1024 128 32 256 8 1. 01 11654 0.43 73.0||1024 128 64 256 8 1. 0.01 2054+ 216 742
1024 128 128 256 8 1. 01 42020 ¥ 6.29 77.5(/1024 128 32 512 8 2. 0.01 21.10+ 232 734
1024 128 64 512 8 2. 01 3929 ¥ 0.87 74.5|/1024 128 138 512 8 2. 0.01 7356+ 1.58 78.2
1024 256 256 128 4 0. 01 37.56 & 2.86 73.3|/1024 256 256 256 4 0. 0.01 73.15 %277 74.0
1024 256 64 512 4 1. 01 3671 218 73.3||1024 236 128 512 4 1. 0.01 70.59 % 0.28 743
1024 256 256 512 4 1. 01 138.79 + 4.50 76.4(/1024 256 256 64 8 0 0,01 7.99£0.80 741
1024 256 64 128 8 o0 01 4.88+0.53 73.1|[1024 256 128 128 8 o0 0,01 956 1.14 741
1024 256 256 128 8 0. 01 17.74% 1.45 75.9(/1024 256 32 256 8 1. 001 5.30%061 731
1024 256 64 256 8 1. 01 11.28 ¥ 1.08 74.2(/1024 256 128 256 8 1. 0.01 20.91%2.11 749
1024 256 256 256 8 1. 01 35.52F 044 76.6(/1024 256 32 512 8 3. 0.01 10.85% 1.20 73.9
1024 256 64 512 8 01 22,08 +2.03 75.4(/1024 256 128 512 8 3. 0.01 38451+ 0.48 76.1
1024 256 256 512 8 3. 01 73.51+0.95 78.0|/1024 512 128 256 4 0. 0,01 19.68 ¥ 0.92 734
1024 512 256 256 4 0. 01 3934 F2.45 7391024 512 512 256 4 0. 0.01 7358 %326 752
1024 512 64 512 4 1. 01 1925 ¥ 0.26 74.1(/1024 512 128 512 4 1. 0.01 38.02%0.43 75.2
1024 512 256 512 4 1. 01 74.39 ¥ 0.34 75.9(/1024 512 512 512 4 1. 0.01 140.25%0.32 77.1
1024 512 512 64 s 0 01 7.294£0.93 7301|1024 512 128 128 8 0. 0.01 5.47 £0.21 733
1024 512 256 128 8 0. 01 943 078 74.0(/1024 3512 512 128 8 0. 0.01 17.81+1.71 755
1024 512 32 256 8 1. 01 2/64F 019 73.0|[1024 512 64 256 8 i 0,01 5794063 747
1024 512 128 256 8 1. 01 112074069 75.4(/1024 512 256 256 8 1. 0.01 20.43%0.91 759
1024 512 512 256 8 1. 01 37.64F1.65 77.3|/1024 512 32 512 8 3. 0.01 5.98+£0.70 732
1024 512 64 512 8 3. 01 11.87 ¥ 1.32 74.6(/1024 512 128 512 8 3. 0.01 20.33%0.41 75.7
1024 512 256 512 8 3. .01 40.54 + 1. 76.5|| 1024 512 512 512 8 3. 0.01 76.62 £ 2.47 777
1024 1024 128 256 4 0. 01 10,05+ 0.71 73.4|/1024 1024 256 256 4 0. 0.01 2016 ¥ 1.41 736
1024 1024 512 256 4 0. 01 3889 F 1.11 74.0|/1024 1024 1024 256 4 1. 0.01 71.44%+ 189 748
1024 1024 64 512 4 1. 01 11.16 £ 0.90 73.9|/1024 1024 128 512 4 1. 0.01 21.04%1.80 747
1024 1024 256 512 4 1. 01 3848 ¥ 1.91 74.9(/1024 1024 512 512 4 1. 0.01 7432 %115 755
1024 1024 1024 812 4 1. 01 139.44%0.66 76.7||1024 1024 64 128 8 1. 0.01 1.11£0.01 737
1024 1024 128 728 8 1. 01 2.564+0.58 74.2(/1024 1024 256 128 8 1. 001 5.11+0.59 746
1024 1024 512 128 8 1. 01 989X 0.69 75.1|/1024 1024 1024 128 8 1. 0.01 17.38 % 1.43 76.1
1024 1024 32 256 8 1. 01 1.47 £ 0.16 73.5|/1024 1024 61 256 8 1. 0.01 3.16 £0.05 74.7
1024 1024 128 256 8 1. 01 5.72%0.59 7521024 1024 56 256 8 1.87£0.01 11.40%1.16 75.4
1024 1024 512 256 8 1. 01 20.10 + 1.47 76.2|/1024 1024 1024 256 8 1. 0.01 36.62+0.84 77.1
1024 1024 32 512 8 01 274£0.32 74.0|[1024 1024 64 512 8 3 0.01 556+ 0.54 75.0
1024 1024 128 512 8 3. 01 12.33% 1.21 75.8((1024 1024 256 512 8 3. 0.01 22.0541.68 76.2
1024 1024 512 512 8 3. 01 41.32 ¥ 0.58 77.0|/1024 1024 1024 512 8 3. 0.01 76.98+1.08 78.1
1024 2048 128 256 4 0. 01 5.65+0.64 73.9|1024 2018 56 256 4 0.97 £0.01 10.94+0.81 745
1024 2048 512 256 4 0. 01 23.037F1.96 75.1|/1024 2048 1024 256 4 1. 0.01 37.98%0.90 75.2
1024 2048 2048 236 4 1. 01 7123 X054 75.7|/1024 2048 64 512 4 1. 0.01 598 +£0.44 746
1024 2048 128 512 4 1. 01 1054 X 1.04 75.7||1024 2048 256 512 4 1.67 X001 19.06%0.04 76.4
1024 2048 512 512 4 1. ‘01 37.95+0.22 76.5|/1024 2048 1024 512 4 1. 0.01 7501 ¥ 0,41 76.9
1024 2048 2048 512 4 1. 01 139.56 £ 0.74 77.6|/1024 2048 61 128 8 1. 0.01 0.59+£0.01 73.0
1024 2048 128 128 8 1. 01 1.6 £0.01 73.8|/1024 2048 56 128 8 1. 0.01 258 F0.31 74.7
1024 2048 512 128 8 1. 01 5.96 f 005 75.0|/1024 2048 1024 128 8 1. 0.01 10.21 % 1.05 75.3
1024 2048 2048 128 8 1. .01 17.61 £ 0.93 75.7(| 1024 2048 64 256 8 2. 0.01 1.35 £ 0.05 74.7
1024 2048 128 256 8 2. 01 287 £0.36 76.0|[1024 2048 256 256 8 2 001 569F 068 767
1024 2048 512 256 8 2. 01 10.88 % 0.83 77.3|/1024 2048 1024 256 8 2. 0.01 21.67 +2.11 77.5
1024 2048 2048 256 8 2. 01 3899 ¥ 0.75 78.2|1024 2048 61 512 8 3.97 %001 292+£032 747
1024 2048 128 512 8 3. 01 6.68 £0.61 75.4(/1024 2048 256 512 8 3. 0.01 12.09%1.12 76.0
1024 2048 512 512 8 3. 01 24.04%1.62 76.3||1024 2048 1024 512 8 4. 0.01 44.07 % 0.97 76.8
1024 2048 2048 512 8 4. ‘01 80.45+ 1.41 77.3|/1024 4096 256 256 4 1. 0.01 5544062 739
1024 4096 512 256 4 1. 01 1071 £1.30 74.3||1024 4096 1024 256 4 1. 0.01 20.93%3.19 747
1024 4096 2048 256 4 1. 01 39.55 229 75.0|/1024 4096 4096 256 4 1. 0.01 70.00 % 0.29 75.2
1024 4096 64 512 4 1. 01 2.6740.28 73.7(/1024 4096 128 512 4 1. 0.01 5.62+£0.60 743
1024 4096 256 512 4 1. 01 10.497F 0.90 75.5(/1024 4096 512 512 4 1. 0.01 20.33%1.69 76.1
1024 4096 1024 512 4 1. 01 40,03+ 1.15 76.5||1024 4096 2048 512 4 1. 0.01 76.98+0.69 77.1
1024 4096 4096 512 4 1. 01 141.19 % 0.72 77.3||1024 4096 128 128 8 1 0.01 065+ 0.01 734
1024 4096 256 128 8 1. 01 1.354£0.15 74.4(/1024 4096 512 128 8 1. 0.01 2.87+0.35 74.6
1024 4096 1024 128 8 1. 01 6,31 %057 7501024 4096 2048 128 8 1. 0.01 10.57 % 1.18 75.4
1024 4096 4096 128 8 1. 01 19.35% 0.84 75.7|/1024 4096 64 256 8 2. 0,01 0.71£0.01 737
1024 4096 128 256 8 2. 01 1.41£0.01 74.6||1024 4096 56 256 8 2. 0.01 325%0.37 75.6
1024 4096 512 256 8 2. 01 657 f0.60 75.9|/1024 4096 1024 236 8 2. 0,01 11.76+0.84 76.3
1024 4096 2048 236 8 2. 01 23.65+0.63 76.9||1024 4096 4096 256 8 2. 0,01 4131 ¥ 1.13 77.1
1024 4096 64 512 8 5. 01 1.554£0.07 74.7(/1024 4096 128 512 8 5. 0.01 3.29+£0.37 754
1024 4096 256 512 8 5. 01 6,72 0.68 76.4(/1024 4096 512 512 8 5. 0.01 12.547%0.59 77.0
1024 4096 1024 512 8 5. 01 25.41 4 1.63 77.3|/1024 4096 2048 512 8 5. 0.01 48,04+ 0.74 77.9
1024 4096 4096 512 8 5. 01 87.79 + 2.25 78.1|/1024 8192 512 256 4 1. 0.01 5.92+£0.73 732
1024 8192 1024 256 4 1. 01 11.66 + 1.21 73.4|/1024 8192 2048 256 4 1. 0,01 21.90 % 0.95 735
1024 8192 4096 256 4 1. 01 41.03 * 1.92 73.6|/1024 8192 8192 256 4 1. 001 73.23+1.69 738
1024 8192 64 512 4 1. 01 1.34+£0.02 73.3|/1024 8192 128 512 4 1. 0.01 2.97+£0.34 751
1024 8192 256 512 4 1. 01 597X 056 7621024 8192 512 512 4 1. 0.01 10.91%0.83 76.9
1024 8192 1024 512 4 1. 01 22.28 % 1.00 77.3||1024 8192 2048 512 4 2. 0.01 40.74+0.52 77.6
1024 8192 4096 512 4 2. 01 77.84 + 024 77.7|/1024 8192 8192 512 4 2. 0.01 140.71 + 0.91 78.0
1024 8192 128 128 8 1. 01 0.40 £0.01 73.5|/1024 8192 56 128 8 1. 0.01 0.78 £0.01 746
1024 8192 512 128 8 2. 01 1.54F0.01 7521024 8192 1024 128 8 2. 0,01 3.44F0.40 754
1024 8192 2048 128 8 2. 01 7.20X0.71 75.6|/1024 8192 4096 128 8 2. 0.01 13.45 % 1.15 75.9
1024 8192 8192 128 8 2. 01 23.40F0.63 76.1|/1024 8192 64 256 8 3. 0.01 0.44 £0.01 73.2
1024 8192 128 256 8 01 0.85£0.02 74.7|[1024 8192 256 256 8 369X 001 1.66F0.01 755
1024 8192 512 256 8 3. 01 3.86F 045 76.3|/1024 8192 1024 256 8 3. 0.01 804F 079 76.7
1024 8192 2048 256 8 3. 01 13.57+1.19 77.0|/1024 8192 4096 256 8 3. 0.01 25.66 % 0.42 77.2
1024 8192 8192 256 8 4. 01 46.96 ¥ 1.26 77.5|/1024 8192 64 512 8 3. 0.01 2.11+£0.08 733
1024 8192 128 512 8 3. 01 4.20£0.19 75.5|/1024 8192 256 512 8 3. 0.01 8.05%0.13 76.2
1024 8192 512 512 8 3. 01 1580+ 0.16 77.0||1024 8192 1024 512 8 3. 0.01 31.74+0.14 77.4
1024 8192 2048 512 8 3. 01 6396 F 220 77.5||1024 8192 4096 512 8 3. 0,01 120.40 + 3.90 77.7
1024 8192 8192 512 8 3. 01 233.60 & 1.48 78.0||1024 16384 1024 256 4 1. 0,01 6.77 4 0.67 73

1024 16384 2048 256 4 1. 01 12.64 £ 1.58 73.7|/1024 16384 4096 256 4 1. 0.01 23.49%1.25 738
1024 16384 8192 256 4 1. 01 41.98 ¥ 0.62 73.9|/1024 16384 128 512 4 2. 0.01 1.48 £0.06 735
1024 16384 256 512 4 2. 01 3.20£0.30 75.3|/1024 16384 512 512 4 2. 0.01 6.60 F 0.58 76.2
1024 16384 1024 512 4 2. .01 12.42 4+ 1.17 76.8(|1024 16384 2048 512 4 2.3 0.01 23.50 + 0.88 77.2
1024 16384 4096 512 4 2. 01 4313 F 1,14 77.4|/1024 16384 8192 512 4 2. 0.01 81.79+0.20 77.7
1024 16384 256 128 8 3. 01 0.554£0.01 74.7|/1024 16384 12 128 8 3.07+001 1.21+£0.13 755
1024 16384 1024 128 8 3. 01 239X 025 76.0|/1024 16384 2048 128 8 3. 0.01 454037 76.2
1024 16384 4096 128 8 3. 01 9.32FX0.75 76.5|/1024 16384 8192 128 8 3. 0.01 16.98°%1.20 76.7
1024 16384 128 256 8 1. 01 1.20£0.01 73.8||1024 16384 256 256 8 1. 0.01 2.47 £0.25 75.2
1024 16384 512 256 8 1. 01 516+ 0.61 76.4| 1024 16384 1024 256 8 1. 0.01 972058 77.0




A.2 Inverted File Index with Optimized Product Quantization

T PQ - - TVF PQ -
clusters probes sub-vec. bits 155 (GB)  Time (ms) R@1|IDim. g1yspers probes sub-vec. bits 155 (GB) ~ Time (ms) Ra1
16384 2048 256 T85 £ 0.0I 20.10 £ .79 77.2|[ 1024 16384 _ 4096 256 T99 £ 0.0 36.80 £ 1.20 77.3
16384 8192 256 8 2.13+0.01 72.48 £ 1.41 77.6(|1024 16384 128 512 8 3.07£0.01 2.38+£0.02 74.1
16384 25 512 8 3.07+£0.01 5.11 £0.50 75.9(/1024 16384 512 8 3.08+£0.01 10.62+1.21 76.7
16384 1024 512 8 3.11 £0.01 22.76+1.94 77.2(/1024 16384 2048 512 8 3.15+0.01 37.98+0.84 77.6
16384 4096 512 8 .28 £ 0.01 .92 £1.42 77.6(/1024 16384 8192 512 8 3.47 £0.01 144.46 + 0.97 77.9
32768 4096 256 4 1.85F0.01 14.03 £ 0.95 73.1||1024 32768 8192 256 4 2.04F0.01 24.36 £ 0.47 73.2
32768 256 512 4 2.85+0.01 1.83£0.19 74.4(/1024 32768 512 4 2.87F+0.01 3.32+£0.02 76.0
32768 1024 512 4 2.890£0.01 6.54+0.01 76.6(/1024 32768 2048 512 4 2.93+0.01 12.9340.05 77.2
32768 4096 512 4 3.02+0.01 25.36+0.06 77.5|/1024 32768 8192 512 4 3.224+0.01 48.51 +0.11 77.5
32768 512 128 8 1.20£0.01 3.79+0.34 74.4(/1024 32768 1024 128 8 1.23+0.01 7.55+0.69 75.1
32768 2048 128 8 1.27 £ 0.01 13.00 + 1.05 75.5|[1024 32768 4096 128 8 1.37 £ 0.01 25.08 +0.82 75.9
32768 8192 128 8 1.57 £0.01 49.30 £ 0.76 75.9(|1024 32768 256 256 8 1.87£0.01 2.114+0.01 74.1
32768 512 256 8 1.88+0.01 4.17 £0.02 75.5(|/1024 32768 1024 256 8 1.91+0.01 8.33+0.04 76.3
32768 2048 256 8 1.95+0.01 16.57 +0.04 76.9(/1024 32768 4096 256 8 2.09+£0.01 33.04+0.02 77.1
32768 8192 256 8 2.24 £0.01 65.41 +0.24 77.2(/1024 65536 512 4 4.114+0.01 0.71£0.01 73.1
65536 256 512 4 4.11 + 0.01 1.32 £ 0.12 73.9(/1024 65536 512 512 4 4.12 +£0.01 2.54 + 0.30 T74.7
65536 1024 512 4 4.15%0.01 4.83F 0.55 75.9(/1024 65536 2048 512 4 4.19F+0.01 8.39F0.54 76.2
65536 4096 512 4 4.28 £0.01 16.07 + 0.66 76.5|/1024 65536 8192 512 4 4.48 £0.01 30.43 % 1.57 76.8
65536 512 128 8 1.47 £0.01 3.124£0.01 73.4(|/1024 65536 1024 128 8 1.49+£0.01 6.17£0.04 74.4
65536 2048 128 8 1.54 £0.01 12.17 +0.02 74.9(/1024 65536 4096 128 8 1.64 £0.01 24.16 £ 0.07 75.3
65536 8192 128 8 1.83 £ 0.01 47.89 £ 0.04 75.2||1024 65536 128 256 8 2.12 + 0.01 1.12 4 0.01 73.2
65536 256 256 8 2.12 + 0.01 2.25 £ 0.23 74.0(| 1024 65536 512 256 8 2.13 + 0.01 4.31 + 0.43 75.2
65536 1024 256 8 2.16 £0.01 8.57+ 1.06 76.6//1024 65536 2048 256 8 2.20 £0.01 16.06 % 1.18 77.0
65536 4096 256 8 2.34 £0.01 30.26+ 0.40 77.3||1024 65536 8192 256 8 2.49 £0.01 60.02F 1.06 77.5
65536 128 512 8 3.46 £0.01 2.04+£0.02 73.7(/1024 65536 512 8 3.47+£0.01 4.11+0.39 74.7
65536 512 512 8 8 +£0.01 9.04+1.32 75.8(||1024 65536 1024 512 8 3.50 + 0.01 15.03 £ 0.46 77.0
65536 2048 512 8 .55 £ 0.01 29.47 + 0.43 77.4||1024 5536 4096 512 8 3.67 £0.01 58.13+0.36 77.6
36 8192 512 8 3.89 £0.01 115.23 + 1.63 77.8(|1024 131072 256 512 4 2.63F+0.01 1.18+£0.01 73.1
131072 512 512 4 2.64F£0.01 2.224£0.21 73.8(/1024 131072 1024 512 4 2,66+ 0.01 3.85+0.45 74.5
131072 2048 512 4 2.71£0.01 7.01+0.76 74.6(/1024 131072 4096 512 4 2.80+0.01 12.12+0.38 75.1
131072 8192 512 4 3.00+0.01 22.22°+0.50 75.2(|1024 131072 512 128 8 1.98+0.01 3.44 £0.36 73.2
131072 1024 128 8 2.00+£0.01 6.75+0.77 73.6(/1024 131072 2048 128 8 2.05+0.01 11.8440.67 73.9
131072 4096 128 8 2.14 +0.01 23.68+ 1.22 74.2([1024 131072 8192 128 8 2.34+£0.01 45.15+0.37 74.2
131072 128 256 8 2.64£0.01 2.32£0.09 73.1(/1024 131072 256 256 8 2.65%0.01 4.114£0.10 74.0
131072 51 256 8 2.66+0.01 7.387+0.34 74.9(/1024 131072 1024 256 8 2.68+0.01 14.59+0.15 75.5
131072 2048 256 8 2.73+£0.01 27.66+ 1.14 75.7(/1024 131072 4096 256 8 2.87£0.01 55.26+0.73 76.3
131072 8192 256 8 3.00 + 0.01 107.61 + 2.90 76.3|| 1024 131072 512 8 3.99 + 0.01 2.36 + 0.18 74.1
131072 256 512 8 3.99+£0.01 4.34+0.51 74.9(/1024 131072 512 512 8 4.01 £0.01 8.20 £ 0.92 75.8
131072 1024 512 8 4.03 £0.01 15.34+0.81 76.9(/1024 131072 2048 512 8 4.07 £0.01 28.95+0.80 77.5
131072 4096 512 8 4.20 £ 0.01 56.58 £ 0.76 78.0(|1024 131072 8192 512 8 4.40 £0.01 111.78 4+ 0.94 78.1
262144 128 512 4 3.65+0.01 1.07£0.01 74.1(/1024 262144 256 512 4 3.65+0.01 1.324+0.01 75.4
262144 512 512 4 3.66+0.01 1.93+£0.11 75.9(/1024 262144 1024 512 4  3.68 £0.01 3.39 £ 0.32 76.0
262144 2048 512 4 3.71+£0.01 5.30+0.55 76.7(/1024 262144 4096 512 4 3.80+0.01 8.86+0.62 76.7
262144 8192 512 4 4.00 + 0.01 15.74 £ 0.80 76.8|[1024 524288 32 512 8 7.06 + 0.01 2.45 + 0.22 73.9
524288 64 512 8 7.06£0.01 2.85£0.26 75.3(/|1024 524288 128 512 8 7.07£0.01 3.90% 0.09 76.4
524288 512 8 7.07+£0.01 5.25F0.24 76.7|/1024 524288 512 8 7.08+%0.01 8.69F0.65 77.3
524288 1024 512 8 7.10+£0.01 15.58 % 1.12 77.8(|1024 524288 2048 512 8 7.14 £0.01 28.09+0.96 78.0
524288 4096 512 8 7.26+£0.01 54.16 + 0.74 78.0||1024 524288 8192 512 8 7.48 £0.01 106.64 + 0.41 77.9
1048576 16 512 4 .83 £0.01 3.21 +£0.01 73.7||1024 1048576 32 512 4 9.83+0.01 3.23 + 0.01 75.1
1048576 64 512 4 9.84 £0.01 3.27£0.01 75.6(|1024 1048576 128 512 4 9.87F0.01 3.37 £0.01 76.0
1048576 256 512 4 9.80 £0.01 3.54F0.01 76.1|/1024 1048576 512 512 4 9.92F+0.01 3.91+0.02 76.3
1048576 1024 512 4 9.94+0.01 4.57£0.01 76.3|/1024 1048576 2048 512 4 9.97+0.01 6.18+ 0.40 76.3
1048576 4096 512 4 10.05+0.01 8.92+0.18 76.3|/1024 1048576 8192 512 4 10.18 £ 0.01 15.41 £ 1.66 76.3
1048576 16 12 8 9.19 £ 0.01 3.51 +£0.37 73.1[|1024 1048576 32 128 8 9.21 + 0.01 3.80 £ 0.41 74.2
1048576 64 12 8 9.23 + 0.01 3.90 £ 0.30 74.5|| 1024 1048576 128 128 8 9.26 £ 0.01 4.25 + 0.32 74.7
1048576 256 128 8 9.28£0.01 5.06F 0.31 74.9(|1024 1048576 512 128 8 9.31 £0.01 6.87 *0.87 75.0
1048576 1024 128 8 9.33F£0.01 9.42F 1.00 75.0(|1024 1048576 2048 128 8 9.33+£0.01 15.72°F1.34 75.0
1048576 4096 128 8 9.39£0.01 24.90+0.98 75.0(|1024 1048576 8192 128 8 9.51+0.01 45.68+0.49 75.0
1048576 16 256 8 9.83 £ 0.01 3.77 £0.34 74.5||1024 1048576 32 256 8 9.83 + 0.01 4.15 + 0.29 75.7
1048576 64 256 8 9.85 + 0.01 3.73 £0.25 76.8||1024 1048576 128 256 8 9.88 +0.01 4.33 + 0.29 77.0
1048576 25 5 8 9.90+ 0.01 5.44 + 0.47 77.2||1024 1048576 256 8 9.93+0.01 6.85+0.46 77.3
1048576 1024 256 8 9.96 £ 0.01 10.8841.04 77.3||1024 1048576 2048 256 8 9.99+0.01 17.12°F+1.25 77.3
1048576 4096 256 8 10.06 4 0.01 30.08 +£ 0.60 77.3||1024 1048576 8192 256 8 10.18 4+ 0.01 56.34 £ 0.44 77.3
1048576 512 8 11.17 +0.01 3.50 £ 0.17 73.2||1024 1048576 16 512 8 11.17 £0.01 3.48 £0.02 75.4
1048576 32 512 8 11.17 £ 0.01 3.65+ 0.03 76.5(|1024 1048576 64 512 8 11.17£0.01 4.37 £ 0.44 T7.1
1048576 128 512 8 11.17+0.01 5.17 £ 0.61 77.5(|1024 1048576 256 512 8 11.17 £0.01 6.54 +£0.14 77.4
1048576 512 512 8 11.18 £ 0.01 10.12°+0.82 77.5||1024 1048576 1024 512 8 11.23 +0.01 16.80 % 1.27 77.5
1048576 2048 512 8 11.28 £ 0.01 29.49 F 0.29 77.5|/1024 1048576 4096 512 8 11.40 £ 0.01 55.14 + 0.30 _77.5
32 16 512 1 1.50 £ 0.0l 73.51 £0.75 74.0[| 2048 32 32 512 1  I.59 £ 0.0 141.82 F 1.61 76.7
32 16 128 8 0.85 1+ 0.01 9.35 4+ 1.09 73.4||2048 32 32 128 8 0.87 £0.01 19.24 + 1.38 76.6
32 16 5 8 1.55F0.01 16.43F2.86 73.3(|2048 32 32 256 8 1.58 £ 0.01 37.78F3.79 76.2
32 16 512 8 2.97£0.01 38.42 F 1.40 73.8]|2048 32 32 512 8 2.99£0.01 73.36+1.95 76.4
64 64 256 4 0.83+0.01 71.50+ 1.05 75.1(|2048 64 64 512 4 1.47 £ 0.01 168.11 + 18.49 76.2
64 64 128 8 0.85 + 0.01 14.31 + 1.84 75.8(|2048 64 64 256 8 1.59 £ 0.01 36.07 £1.10 76.1
64 32 512 8 3.01 +0.01 44.11 + 3.30 73.6||2048 64 64 512 8 3.01 £0.01 74.73 +2.59 76.6
128 128 256 4 0.89 £0.01 72.43 £10.10 74.7||2048 128 64 512 4 1.50F+0.01 76.99F* 0.39 73.0
128 128 512 4 1.51 £ 0.01 143.06 + 0.83 75.4(|2048 128 128 128 8 0.86F£0.01 16.49 £ 0.71 74.7
128 64 256 8 1.55+0.01 21.24+1.90 73.1||2048 128 128 256 8 1.55+0.01 37.00=+0.98 75.7
128 64 512 8 2.93+0.01 39.53+ 0.40 74.0(|2048 128 128 512 8 2.93+0.01 73.16+ 0.54 76.3
256 256 256 4 0.91 +0.01 79.11 £ 7.28 74.7||2048 256 64 512 4 1.51 +£0.01 38.19 + 1.28 73.4

5 128 512 4 1.56+0.01 75.91 F 2.84 74.1(/2048 256 256 512 4 1.59+0.01 139.85 4+ 1.49 75.9
256 128 128 8 0.88 £ 0.01 10.22 ¥ 0.95 73.2(|2048 256 256 128 8 0.88%+0.01 17.70F£ 1.65 75.3
256 64 256 8 1.58 £0.01 10.36 + 1.29 73.2(|2048 256 128 256 8 1.58£0.01 18.88+ 0.46 74.0

5 256 256 8 1.59 £0.01 36.85+ 2.01 76.1|/2048 256 64 512 8 2.99+0.01 21.85+0.91 73.9
256 128 512 8 3.00 + 0.01 43.79 + 3.25 75.0(| 2048 256 256 512 8 3.03 +£0.01 79.85+ 6.43 77.1
512 128 256 4 0.85 + 0.01 19.59 £+ 0.89 73.2||2048 512 256 256 4 0.85+0.01 38.23+0.58 73.6
512 512 256 4 0.86+0.01 72.68F 1.19 74.8(/2048 512 128 512 4 1.52F0.01 39.55 % 2.19 73.5
512 256 512 4 1.58F£0.01 76.33 +3.71 74.2(|2048 512 512 512 4 1.61F0.01 143.62 £ 5.30 75.2
512 128 128 8 0.91+0.01 4.63+0.44 73.3(|/2048 512 256 128 8 0.91+0.01 8444 0.01 74.0
512 512 128 8 0.93+£0.01 16.46 +0.59 75.0(/2048 512 32 256 8 1.64 £0.01 2.51+£0.02 73.0
512 64 256 8 1.64 £ 0.01 5.29 £ 0.66  73.8][2048 512 128 256 8 1.65 £ 0.01 9.84 + 0.39 74.8
512 256 256 8 1.65 £ 0.01 19.09 + 0.06 75.5|[2048 512 512 256 8 1.66 +£ 0.01 36.43 + 0.52 76.5
512 64 512 8 3.12£0.01 11.00 ¥ 0.88 73.7||2048 512 128 512 8 3.12¥0.01 20.57£0.32 74.5
512 256 512 8 3.13+£0.01 40.73 £ 0.63 75.5(/2048 512 512 512 8 3.14 £0.01 76.19+0.93 76.4
1024 512 256 4 0.94+0.01 37.98+0.07 73.3|/2048 1024 1024 256 4 0.96+0.01 71.61+0.13 74.4
1024 128 512 4 1.61+£0.01 20.51+ 1.38 73.5(/2048 1024 256 512 4 1.61+0.01 39.42+ 2.67 74.4
1024 512 512 4 1.69 £ 0.01 74.88 + 0.58 74.7|[2048 1024 024 512 4 1.75+ 0.01 141.04 + 0.87 75.8
1024 128 128 8 1.04 £0.01 2.19£0.01 73.0|/2048 1024 256 128 8 1.04 £0.01 4.37 £0.01 73.6
1024 512 128 8 1.05+0.01 8.70F 0.15 74.1|/2048 1024 1024 128 8 1.08 £0.01 16.28 + 0.07 75.2
1024 64 256 8 1.83£0.01 2.50+ 0.02 73.8(/2048 1024 256 8 1.84 £0.01 4.91+0.01 74.8
1024 256 256 8 1.844+0.01 9.84+0.03 75.6(/2048 1024 512 256 8 1.85+0.01 19.51+0.03 75.9
1024 1024 256 8 1.87 £ 0.01 36.91 + 0.27 77.0|[2048 1024 64 512 8 3.43 +£0.01 6.23 +0.74 73.6
1024 128 512 8 3.44+0.01 11.14 F 0.47 74.7([2048 1024 512 8 3.44 +0.01 24.8741.14 75.5
1024 512 512 8 3.46 £ 0.01 45.39 £ 2.26 75.8(/2048 1024 1024 512 8 3.55%+0.01 77.63F0.85 77.1
2048 128 256 4 0.90+£0.01 4.87 £ 0.03 73.3|/2048 2048 256 256 4 0.91F+0.01 9.72+£0.02 73.8
2048 512 256 4 0.92+0.01 19.68+ 0.27 74.0(|2048 2048 1024 256 4 0.94+0.01 38.6240.18 74.3
2048 2048 256 4 0.98 + 0.01 71.80 + 0.26 74.5(|2048 2048 512 4 1.65 + 0.01 11.80 £ 1.18 74.1
2048 256 512 4 1.66 £ 0.01 21.05 + 1.86 74.7|[2048 2048 512 512 4 1.67 £ 0.01 40.21 + 2.88 74.9
2048 1024 512 4 1.77£0.01 77.67 £2.74 75.3||2048 2048 2048 512 4 1.85F0.01 145.00 £ 7.37 75.7
2048 128 128 8 1.11 £0.01 1.18£0.01 73.5|/2048 2048 128 8 1.12£0.01 2.3940.10 74.3
2048 512 128 8 1.13+£0.01 4.70+ 0.05 74.6||2048 2048 1024 128 8 1.15+0.01 9.47 £ 0.46 74.9
2048 2048 128 8 1.20£0.01 17.28+0.06 75.7|/2048 2048 64 256 8 2.05%0.01 1.34£0.01 73.9
2048 128 256 8 2.06 + 0.01 2.62 £ 0.01 74.6([2048 2048 256 256 8 2.06 + 0.01 5.28 + 0.05 75.1
2048 512 256 8 2.07 = 0.01 10.70 £ 0.31 75.3||2048 2048 1024 256 8 2.10 £ 0.01 20.81 + 0.08 75.8
2048 2048 256 8 2.14 £ 0.01 38.88 £ 0.08 76.4|/2048 2048 64 512 8 3.95%0.01 2.99+£0.36 73.3
2048 128 512 8 3.95+0.01 6.60+0.73 74.7|/2048 2048 256 512 8 3.96 £0.01 12.34+1.31 75.2
2048 512 512 8 3.97£0.01 24.78 +1.71 75.5(|/2048 2048 1024 512 8 4.04 £0.01 44.42+0.98 76.1
2048 2048 512 8 4.10 £ 0.01 82.53 + 0.95 76.6||2048 4096 256 256 4 1.02 + 0.01 5.58 + 0.56 73.4
4096 512 256 4 1.03 £0.01 11.13 + 1.44 73.6([2048 4096 1024 256 4 1.06 £ 0.01 20.82 4 1.03 74.2
4096 2048 256 4 1.14 £0.01 39.17 £ 0.87 74.4(|2048 4096 4096 256 4 1.34F+0.01 71.45*0.75 74.6
4096 128 512 4 1.70 £0.01 4.99£0.04 74.0(|/2048 4096 512 4 1.71F+0.01 9.92+£0.05 74.5
4096 512 512 4 1.72£0.01 20.05+0.11 74.6||2048 4096 1024 512 4 1.74+0.01 39.98+0.13 75.3
4096 2048 512 4 1.79£0.01 78.41 £ 0.22 75.6(/2048 4096 4096 512 4 1.90 £ 0.01 142.92 4 0.41 75.7
4096 128 128 8 1.46 £ 0.01 0.70 £ 0.01 73.4|[2048 4096 256 128 8 1.46 £ 0.01 1.34 + 0.01 74.3
4096 512 128 8 1.48 £ 0.01 3.03 + 0.32 74.5([2048 4096 1024 128 8 1.50 + 0.01 6.55 + 0.64 74.7
4096 2048 128 8 1.54 £0.01 11.91 4 1.40 75.1|/2048 4096 4096 128 8 1.67 £0.01 20.04+0.99 75.2
4096 64 256 8 2.63+£0.01 0.80+F0.02 73.0//2048 4096 128 256 8 2.64+0.01 1.6040.19 74.1
4096 256 256 8 2.64+£0.01 3.00+0.07 75.1|/2048 4096 256 8 2.66+0.01 6.85+0.77 75.4
4096 1024 256 8 2.68 £ 0.01 13.07 £ 0.84 76.1||2048 4096 2048 256 8 2.72 £ 0.01 23.43+£0.76 76.6




A.3 Inverted File Index with Optimized Product Quantization and Re-Ranking

- TVF TQ - - TVF PQ -
Dim. ¢yspers probes sub-vec. bits 155 (GB)  Time (ms) R@1|IDim. jyspers probes sub-vec. bits 155 (GB)  Time (ms) R@1
204 4006 4006 256 2.86 0T 4270 £ 0.50 76. 72048 4096 64 512 4108 0.0T T.6T £ 0.03 T3.7
2048 4096 128 512 8 4. 01 3.24 £0.13 74.6(/2048 4096 256 512 8 4. 0.01 6.7310.78 755
2048 4096 512 512 8 5. 01 1400+ 1.39 75.8||2048 4096 1024 512 8 5. 0.01 30.527%2.69 76.5
2048 4096 2048 512 8 5. 0.01 5523 E501 77.0|[2048 4096 4096 512 8 5. 0.01 9025 ¥ 1.98 77.1
2048 8192 512 256 4 1. 01 5.45+010 73.2([2048 8192 1024 256 4 1. 0,01 10.77 ¥ 0.07 734
2048 8192 2048 256 4 1. 01 21.44F0.46 73.6|/2048 8192 4096 256 4 1. 0.01 40.90 £ 0.09 73’8
2048 8192 8192 256 4 1. 01 72,66 £ 0.36 74.0|2048 8192 512 4 1. 0.01 2.69+£0.04 737
2048 8192 256 512 4 1. 01 5.24+0.08 7502048 8192 512 512 4 1. 0.01 10.36 % 0.06 75.3
2048 8192 1024 512 4 1. 01 2070+ 0.03 75.8|/2048 8192 2048 512 4 2. 0.01 40.98 % 0.07 76.1
2048 8192 4096 512 4 2. 01 7932 ¥ 025 76.2||2048 8192 8192 512 4 2. 0.01 140.84 % 0.20 76.5
2048 8192 128 128 8 1. 01 0.53£0.05 73.0||2048 8192 256 128 8 1. 0.01 0.9140.04 743
2048 8192 512 128 8 1. 01 1.71X0.02 74.6|/2048 8192 1024 128 8 2. 0.01 3.39 %003 75.0
2048 8192 2048 128 8 2. 01 6.67 X004 75.3|/2048 8192 4096 128 8 2. 0.01 13.16%0.08 75.4
2048 8192 8192 128 8 2. 01 24.23%0.10 75.7|/2048 8192 256 8 3. 0.01 1.814£0.02 742
2048 8192 512 256 8 3. 01 4.09 £0.62 74.7||2048 8192 1024 236 8 3. 0,01 819F 099 751
2048 8192 2048 256 8 3. 01 15.67 % 1.53 75.4||2048 8192 4096 256 8 3. 0,01 31.10%3.29 756
2048 8192 8192 256 8 4. 01 49.26 £ 0.75 76.0|/2048 8192 128 512 8 3. 0.01 3.09+£0.07 742
2048 8192 512 8 3. 01 6.10£0.07 75.5|/2048 8192 512 512 8 3. 0.01 12.227%0.11 76.0
2048 8192 1024 512 8 3. 01 24.37F0.06 76.5|2048 8192 2048 512 8 3. 0.01 48.85 % 0.43 76.9
2048 8192 4096 512 8 3. 01 9524 X 0,10 77.0||2048 8192 8192 512 8 3. 0,01 182.21  0.48 77.4
2048 16384 512 256 4 1. 01 315+ 0.32 73.1||2048 16384 1024 256 4 1. 0,01 7.1940.66 738
2048 16384 2048 256 4 1. 01 12064 0.90 73.8||2048 16384 4096 256 4 1. 0.01 2361 % 1.43 738
2048 16384 8192 256 4 1. 01 4332 ¥ 1.31 73.8||2048 16384 256 512 4 2. 0.01 2.95+£0.02 732
2048 16384 512 4 2. 01 5.80 £0.08 74.2|/2048 16384 1024 512 4 2. 0.01 11.427%0.12 746
2048 16384 2048 512 4 2. 01 22.5540.06 74.7||2048 16384 4096 512 4 2. 0.01 4435+ 0.36 74.7
2048 16384 8192 512 4 2. 01 8336 X 0.25 74.8||2048 16384 256 256 8 1. 0,01 4394 0.45 737
2048 16384 512 256 8 1. 01 7.99+0.80 74.6||2048 16384 1024 256 8 1. 0.01 16.49 % 1.42 754
2048 16384 2048 256 8 1. 01 30.23%0.97 75.5|/2048 16384 4096 256 8 2.07 £0.01 59.02 f 0.87 75.9
2048 16384 8192 256 8 2. 01 115.59 F 0.41 75.9/2048 16384 512 8 3. 0.01 3.04+£0.28 730
2048 16384 256 512 8 3. 01 5.934£0.61 74.5(2048 16384 512 512 8 3. 0.01 10.84 7% 0.81 75.4
2048 16384 1024 512 8 3. 01 20.67+0.66 75.8||2048 16384 2048 512 8 3. 0.01 41.25% 1.53 76.0
2048 16384 4096 512 8 3. 01 7869 ¥ 0.35 76.1||2048 sS4 8192 512 8 3.67+0.01 155.39 £0.71 76.1
2048 131072 512 128 8 2. 01 7.80 £ 0.86 73.3||2048 131072 1024 128 8 2. 0.01 13.8140.42 738
2048 131072 2048 128 8 3. 01 27.03 4 1.12 74.0|/2048 131072 4096 128 8 3. 0.01 50.96 % 0.16 74.3
2048 131072 8192 128 8 3. 01 102.38 % 2.85 74.3 (/2048 262144 128 512 8 7. 0.01 3.41+£0.01 735
2048 262144 256 512 8 7. 01 5.17 £0.03  74.9||2048 262144 512 512 8 7. 0.01 8731 0.05 754
2048 262144 1024 512 8 7. 01 15.80 £ 0.04 76.1||2048 262144 2048 512 8 7. 0.01 _29.937% 0.10 76.4

A.3 Inverted File Index with Optimized Product Quantization and Re-
Ranking

The following table is reporting all of the results obtained with the IVFPQR and OPQ
IVFPQ REFINE techniques. For the inverted file index with product quantization and
re-ranking with compressed residual error the number of sub-vectors used for the error
has been fixed to 16 and each resulting dimension is using 8 bits to be represented.

" TVE PQ - - - TVFE TQ -
Dim. clusters probes sub-vec. bits RSS (GB) Time (ms) R@lHDlm‘ clusters probes sub-vec. bits RSS (GB) Time (ms) Ra@l
TVEFPQR
256 64 64 12 g [\B 0.0T 16.82 £ T.38 73.5 256 64 64 256 I 0. .62 T1.49 734
256 64 64 256 8 1. 0.01 43.13+1.22 73.5|| 256 128 128 128 8 0. .28 £ 0.11 74.0
256 128 128 256 4 0. 0.01 72.01 £1.96 73.5| 256 128 128 256 8 1. .30 £ 1.86 73.8
256 256 256 64 8 0. 0.01 6.75+0.14 73.7| 256 256 256 128 8 0. .66 = 1.00 73.9
256 256 256 256 4 0. 0.01 82.06 + 3.73 73.6|| 256 256 256 256 8 1. .85 + 1.18 73.5
256 512 512 128 8 1. 0.01 17.09 +1.26 73.7|| 256 512 256 256 4 0. .30 +£1.27 73.0
256 512 512 256 4 0. 0.01 139.29 + 1.50 73.6|| 256 12 256 8 1. .30+ 1.45 73.5
256 1024 512 8 8 1. 0.01 8.73 4+ 0.10 73.1 256 1024 1024 128 8 1. .99+ 0.25 73.7
256 1024 1024 256 4 0. 0.01 72.04 +3.17 73.4|| 256 1024 512 256 8 1. .53 +£0.75 73.0
256 1024 1024 256 8 1. 0.01 49.71 +1.67 73.7|| 256 2048 512 64 8 0. 4.06 +£0.16  73.0
256 2048 1024 4 8 0. 0.01 7.55 £0.14 73.4|| 256 2048 2048 64 8 0. 14.07 £ 0.19 73.8
256 2048 2048 128 4 0. 0.01 44.87 +2.15 73.2|| 256 2048 128 8 1. 5.20 + 0.50 73.2
256 2048 1024 128 8 1. 0.01 10.04 + 0.74 73.8|| 256 2048 2048 128 8 1. 18.42 +£1.12 74.0
256 2048 512 256 4 1. 0.01 24.75 + 0.44 73.3|| 256 2048 1024 256 4 1. 49.43 + 1.27 73.8
256 2048 2048 256 4 1. 0.01 86.45 + 2.54 73.9|| 256 2048 1024 256 8 2. 20.56 £ 0.17 73.3
256 2048 2048 256 8 2. 0.01 39.54 + 0.21 73.6|| 256 4096 2048 64 8 0. 4.98 £ 0.31 73.2
256 4096 2048 128 8 1. 0.01 13.54 + 0.37 73.3|| 256 8192 512 64 8 1. 0.67 + 0.03 73.2
256 8192 1024 64 8 1. 0.01 1.40 £ 0.10 73.9]| 256 8192 2048 64 8 1. 3.00 £ 0.26 74.0
256 8192 128 8 2. 0.01 2.01 £0.05 73.1 256 8192 1024 128 8 2. 3.97 £ 0.10 73.5
256 8192 2048 128 8 2. 0.01 7.82+0.19 73.6| 256 8192 1024 256 4 1. 19.65 + 0.29 73.2
256 8192 2048 256 4 1. 0.01 39.31 + 0.53 73.3|| 256 8192 1024 256 8 3. 7.34+0.73 73.3
256 2 2048 256 8 3. 0.01 13.74 + 0.98 73.4|| 256 16384 1024 128 8 3. 2.52 + 0.03 73.3
256 16384 2048 128 8 3. 0.01 5.02 £ 0.09 73.2|| 256 16384 1024 256 4 1. 6.17 + 0.65 73.5
256 16384 2048 256 4 1. 0.01 11.25 4+ 0.93 73.5|| 256 16384 1024 256 8 1. 10.80 + 0.86 73.2
256 16384 2048 256 8 1. 0.01 21.30 +£1.63 73.2|| 256 32768 1024 64 8 2. 1.05 £ 0.07 73.1
256 32768 2048 4 8 2. 0.01 1.934+0.15 73.3|| 256 32768 2048 128 4 1. 3.24 +0.40 73.0
256 32768 1024 128 8 1. 0.01 4.56 + 0.44 73.0|| 256 32768 2048 128 8 1. 9.09 + 0.69 73.1
256 32768 1024 256 4 1. 0.01 3.46 + 0.33 73.3|| 256 32768 2048 256 4 1. 6.71 + 0.59 73.4
256 32768 1024 256 8 1. 0.01 9.40 + 0.82  73.1|| 256 32768 2048 256 8 1. 18.43 +1.47 73.2
512 G4 61 64 8 0. 0.0T 7.57 £ 0.73 746 512 61 12 0. 9.08 £ T.0T 749
512 64 64 128 8 0. 0.01 16.96 + 1.66 77.0|| 512 64 32 256 4 0. 39.04 + 1.50 74.0
512 64 64 256 4 0. 0.01 73.28 +2.22 76.3|| 512 64 32 256 8 1. 19.22 + 0.69 75.0
512 64 64 256 8 1. 0.01 36.45 + 1.44 77.1 512 64 32 512 4 1. 88.41 +2.92 74.8
512 64 64 512 4 1. 0.01 161.47 +5.54 76.9|| 512 64 32 512 8 2. 38.68 £ 0.30 74.8
512 64 64 512 8 2. 0.01 72.90 +£0.15 76.8| 512 128 128 64 8 0. 7.80 + 0.57  74.0
512 128 128 128 4 0. 0.01 38.38 +1.73 73.8|| 512 128 64 128 8 0. 10.92 + 0.30 73.3
512 128 128 128 8 0. 0.01 20.35+ 0.73 76.8|| 512 128 128 256 4 0. 88.94 + 3.86 76.2
512 128 64 256 8 1. 0.01 23.68 + 0.66 73.2|| 512 128 128 256 8 1. 44.73 +£ 1.50 76.7
512 128 128 512 4 1. 0.01 140.93 + 0.42 76.4|| 512 128 64 512 8 2. 39.96 + 2.50 73.2
512 128 128 512 8 2. 0.01 80.19 +3.45 76.7|| 512 256 128 64 8 0. 4.52 +0.15 73.3
512 256 256 64 8 0. 0.01 8.50+0.26 75.1| 512 256 256 128 4 0. 35.75 + 0.46 73.7
512 256 128 128 8 0. 0.01 10.77 £ 0.21 74.3|| 512 256 256 128 8 0. 20.71 + 0.68 75.8
512 256 128 256 4 0. 0.01 46.94 + 2.12 74.7|| 512 256 256 256 4 0. 87.67 + 3.35 76.6
512 256 64 256 8 1. 0.01 11.79 +0.42 73.2|| 512 256 128 256 8 1. 23.51 +0.68 74.9
512 256 256 256 8 1.6 0.01 44.31 + 1.45 76.6|| 512 256 64 512 4 1.6 36.92 + 0.98 73.7
512 256 128 512 4 1. 0.01 72.66 = 0.98 75.7| 512 256 256 512 4 1. 139.66 £ 0.90 77.2
512 256 64 512 8 3. 0.01 21.15+1.18 73.6|| 512 256 128 512 8 3. 40.47 £ 0.99 75.4
512 256 256 512 8 3. 0.01 76.61 + 1.11 76.7|| 512 512 512 64 8 0. 8.71 +0.33 73.4
512 512 512 128 4 0. 0.01 47.03 +1.89 73.6|| 512 512 64 128 8 0. 2.48 £ 0.28 73.6
512 512 128 128 8 1. 0.01 5.08 £ 0.41 74.3|| 512 512 256 128 8 1. 9.48 £ 0.95 74.9
512 512 512 128 8 1. 0.01 17.13 +1.23 76.1|| 512 512 64 256 4 1. 11.32 £ 0.47 73.5
512 512 128 256 4 1. 0.01 19.81 + 1.42 74.6|| 512 512 256 256 4 1. 37.88 £ 1.50 75.3
512 512 512 256 4 1. 0.01 71.18 +2.82 76.9|| 512 512 64 256 8 1. 5.33 £ 0.53 73.4
512 512 128 256 8 1. 0.01 11.00+ 0.99 74.5|| 512 512 256 256 8 1. 19.17 £+ 0.98 75.4
512 512 512 256 8 1. 0.01 36.30+ 1.04 76.7|| 512 512 64 512 4 1. 19.31 +1.08 73.2
512 512 128 512 4 1.6 0.01 37.55+ 1.39 74.4 512 512 256 512 4 1.6 73.27 £ 1.36 75.3
512 512 512 512 4 1. 0.01 139.03 + 0.01 76.5|| 512 512 64 512 8 3. 11.27 + 1.03 73.3
512 512 128 512 8 3. 0.01 20.98 +1.34 74.5|| 512 512 256 512 8 3. 39.58 £ 1.31 75.4
512 512 512 512 8 3. 0.01 75.38+ 1.55 76.7|| 512 1024 256 64 8 0. 2.11 +0.23 73.3
512 1024 512 64 8 0. 0.01 4.12 +0.36  73.7|| 512 1024 1024 64 8 0. 8.04 £ 0.69 74.4
512 102 512 8 4 0. 0.01 21.70 +1.87 73.1 512 1024 1024 8 4 0. 37.61 +1.43 73.9
512 1024 64 128 8 1. 0.01 2.38 £0.11 73.6|| 512 1024 128 8 1. 4.60 £ 0.19 74.2
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A.3 Inverted File Index with Optimized Product Quantization and Re-Ranking

TVE TQ . - TVF PQ -
clusters probes sub-vec. bits 155 (GB)  Time (ms) R@1|IDim. jysters probes sub-vec. bits 155 (GB)  Time (ms) R@1
10274 256 12 T.03 0.0T 73 T 0.25 T5.2 512 1024 512 12 T 16.64 £ 0.23 76.2
1024 1024 128 8 1.06+0.01 31.58+0.41 76.9|l 512 1024 64 6 4 o 15.00 £ 0.41 73.0
1024 128 256 4 1.00+0.01 2918 0,75 73.7|| 812 1024 256 256 4 1. 56.37 £ 1.22 74.7
1024 512 286 4 1.01 £0.01 112.67 +3.26 75.5|| 512 1024 1024 56 4 1. 214.03 + 5.25 76.1
1024 64 256 8 1.91F0.01 2924026 731|512 1024 128 256 8 1. 5.72 4 0.58  74.1
1024 256 256 8 1.93%0.01 10.66%1.04 75.3| 512 1024 512 256 8 1. 20.08 % 1.33 75.9
1024 1024 256 8 1.95%0.01 37.43Ef1.55 76.7|| 512 1024 64 512 4 1. 10,87 £ 0.81 73.5
1024 128 512 4 1.65+£0.01 20.30F 1.08 74.5| 512 1024 256 512 4 1. 3843 X 1.74 75.5
1024 512 512 4 1.67 0.01 74.74 + 1.77 76.0 512 1024 1024 512 4 1. 140.95 + 1.30 76.8
1024 64 5312 8 3581F001 50904066 736|512 1024 128 512 8 3. 11.90 £ 1.00 74.4
1024 256 512 8 3.52+£0.01 21.85+1.75 75.4| 512 1024 512 512 8 3. 41,44 ¥ 2017 761
1024 1024 512 8 3.54%X0.01 76.31 £1.05 76.9|l 512 2048 128 64 s o 0.58 £0.04 73.1
2048 256 64 8 0.80X0.01 0.99+£0.04 74.0| 512 2048 64 s o 234 X017 747
2048 1024 64 8 084001 4.44F0.44 748|312 2048 2048 64 s 0 844X 0.75 175.0
2048 64 128 8 1.25%0.01 067004 73.6| 512 2048 128 128 8 1. 121 £0.06 74.5
2048 256 128 8 1.27+001 279+025 753| 512 2048 512 128 8 1. 5511049 759
2048 1024 128 8 1.30£0.01 10.88 % 0.99 76.3|| 512 2048 2048 128 8 1. 18.53 % 1.18 76.8
2048 128 256 4 1.04L£0.01 5.76+0.45 73.9| 512 2048 256 4 1. 10,91 £ 1.03 748
2048 512 256 4 1.06£0.01 20.91+1.67 75.7|| 512 2048 1024 256 4 1. 39.98 £ 2.83 75.8
2048 2048 256 4 1.11%£0.01 71.80 £2.35 76.3|| 512 2048 64 256 8 2. 1.51 £0.18 73.5
2048 128 256 8 218 F0.01 2.99+0.37 745|512 2048 256 256 8 2. 6.07 £ 0.63 75.3
2048 512 256 8 219001 11.96+1.06 75.9| 512 2048 1024 256 8 2. 23.40 + 1.89 76.3
2048 2048 256 8 2.24+0.01 40,35 f 1,98 76.8|| 512 2048 32 512 4 1. 5.81 £ 0.37 73.0
2048 64 512 4 1.73%£0.01 5.7940.39 74.0| 512 2048 128 512 4 1. 10.70 % 0.94 75.0
2048 256 512 4 1.74£0.01 2068+ 1.75 759 312 2048 512 4 1. 3884 £ 1.72 76.5
2048 1024 312 4 1.77X0.01 7679 £2.43 76.9|| 512 2048 2048 512 4 1. 139.83 % 1.97 77.4
2048 64 512 8 4.07F0.01 3.2440.25 735|512 2048 128 512 8 4. 6.43 4+ 0.54 7415
2048 256 512 8 4.07+£001 11.89%+1.00 75.2| 512 2048 512 8 4. 23.00 % 1.66 75.8
2048 1024 512 8 4.10+0.01 43.27 £ 1.46 76.1|| 512 2048 2048 512 8 4. 80,72 £ 1.34 76.6
1096 1024 64 8 096 0.01 2.56+0.21 73.4|[ 512 4096 2048 64 s o 1.94 £0.49 73.4
1096 128 128 8 1.50+£0.01 0.67+003 73.8| 512 4096 128 8 1. 131 £0.06 74.7
1096 512 128 8 1.53+001 299+020 753| 512 4096 1024 12 8 1. 611 X048 75.7
1096 2048 128 8 1.58+0.01 10.89 % 1.03 76.1| 512 4096 64 256 4 1. 130 £0.06 73.2
1096 128 256 4 1.07£0.01 2914028 74.2| 512 4096 256 256 4 1. 585 £ 045 74.7
1096 512 256 4 1.09%£0.01 11.25+095 755 512 4096 1024 256 4 1. 21,25 % 1.38 76.0
1096 2048 256 4 1.14+£0.01 39,50 £ 1.66 76.6| 512 4096 64 256 8 2. 1.01£0.06 73.3
1096 128 286 8 268F 0.0l 1.95F0.11 746|512 4096 256 256 8 2. 378 T 0,17 752
1096 512 256 8 270X 0.01 7.47X0.13 759 512 4096 1024 56 8 2. 14.68 % 0.56 76.4
4096 2048 256 8 2.76£0.01 27.36+1.51 76.7|| 512 4096 64 i 1 2.91 £0.23 73.2
1096 128 512 4 1.81 £0.01 5.834£0.47 74.4|| 512 4096 256 512 4 1. 10.98°% 0.88 75.2
1096 512 512 4 1.82£0.01 20.66+1.59 75.8| 512 4096 1024 512 4 1. 39.07 £ 1.62 76.3
1096 2048 512 4 1.87+0.01 75.64 £1.99 76.6| 312 4096 64 512 8 5. 1.67 £0.17 731
1096 128 512 8 508001 3.42+0.35 746 512 4096 51 s 5 685+ 068 754
1096 512 512 8 5.09X001 13.0941.03 76.1|| 512 4096 1024 512 8 5. 24,83 % 1.21 76.5
4096 2048 512 8 5.14+0.01 47.42F1.06 76.9| 512 8192 1024 64 s 1. 157 £0.11 73.2
8192 2048 64 8 1.22X0.01 3.13+£0.21 73.4| 512 8192 128 128 8 1. 042002 73.9
8192 256 128 8 200£001 0.78+002 74.8| 512 8192 128 8 2. 152 £ 0.05 75.3
8192 1024 128 8 203+001 3.45%+036 75.7| 512 8192 2048 8 8 2 6.81 £ 0.66 75.9
8192 128 256 4 1.10+£ 001 294+0.14 74.4| 512 8192 256 256 4 1. 548 T 0.17 753
8192 512 256 4 1.12%0.01 10.58+0.27 75.9| 512 8192 1024 256 4 1. 20.48 % 0.32 76.4
8192 2048 256 4 1.18 £0.01 40.23 £ 0.46 76.7|| 512 8192 25 s 3 0.46 £ 0.03 73.2
8192 128 256 8 3.66£0.01 0.86+£0.04 74.6| 512 8192 256 256 8 3. 166 £ 0.09 75.6
8192 512 286 8 368001 3821036 760 512 8192 1024 236 8 3. 7.33 X064 76.4
8192 2048 256 8 3.77+001 14.31 £1.19 76.7|| 512 8192 128 512 4 1. 2787 T 0,31 74.4
8192 256 512 4 1.92F0.01 5994053 753 512 8192 512 512 4 1. 11.10% 0.85 76.0
8192 1024 512 4 1.95+0.01 21.74+1.69 76.5| 512 8192 2048 512 4 1. 40,75 £ 1.47 76.7
8192 128 512 8 3.06L£001 3444034 741|512 8192 512 8 3. 6.95+£0.68 751
8192 512 512 8 308001 13.63+1.23 756| 512 8192 1024 512 8 3. 25.51 & 1.27 76.1
8192 2048 512 8 3.13+0.01 49.90 £1.79 76.4|| 512 16384 1024 64 8 1. 1.00 £0.06 73.5
16384 2048 64 8 1743001 2.154£0.19 736 512 16384 256 128 8 3 057 £ 0.03 740
16384 512 128 8 3.03F+001 1.10%0.08 752|512 16384 1024 128 8 3. 2035 X020 759
16384 2048 128 8 3.08F+ 001 4.73+0.32 76.2|l 512 16384 256 4 1. 147007 742
16384 512 256 4 1.27£0.01 3.31F0.27 754| 512 16384 1024 256 4 1. 6.33 £ 0.58 76.0
16384 2048 236 4 1.33L0.01 12.20+0.99 76.3|| 512 16384 256 8 1. 247 0,20 74.3
16384 512 256 8 1.70X0.01 5.16+0.58 752/ 512 16384 1024 256 8 1. 10237+ 0.81 76.1
16384 2048 236 8 1.81 £ 0.01 18.95+ 1.50 76.3|| 512 16384 512 4 2. 2.96 £ 0.24 74.4
16384 512 512 4 2.19£0.01 6.09+0.57 755| 512 16384 1024 512 4 2. 12,53 % 1.04 76.3
16384 2048 512 4 225 F0.01 22.95%1.77 76.6|| 512 16384 512 8 3. 5.68 £ 0.65 74.3
16384 51 512 8 3.084£0.01 11.22+0.84 75.4|| 512 16384 1024 512 8 3. 20.67 £ 1.10 76.3
16384 2048 512 8 314 0.01 40,50 £ 1.41 76.4|| 512 32768 256 64 s 2l 0.36 £0.02 733
32768 512 64 8 2751001 0.54+0.02 74.1|| 512 32768 1024 64 s 2l 098 £ 0.05 743
32768 2048 64 8 2811001 1.84+0.11 745|| 512 32768 128 8 1. 148 £ 0.05 742
32768 51 128 8 1.09%001 329+024 752|512 32768 1024 128 8 1. 6.81 £0.49 755
32768 2048 128 8 1.15+£0.01 12.68+1.14 76.0| 512 32768 256 4 1. 0.89 £ 0.06 74.6
32768 51 256 4 1.59%F 001 1.84+£0.17 75.6| 512 32768 1024 236 4 1. 371 X034 758
32768 2048 256 4 1.64+001 7.30E£060 76.1| 512 32768 256 8 1. 117 £ 0.07 733
32768 256 256 8 1.71F0.01 225F0.08 749|512 32768 512 256 8 1. 146 £ 0.09 1759
32768 1024 256 8 1.74+£0.01 8.86+0.13 759|| 512 32768 2048 256 8 1. 17.63 £ 0.16 76.3
32768 128 512 4 2.75%£0.01 0.94F007 73.4| 512 32768 512 4 2. 1.77 £0.16 75.2
32768 51 512 4 2.77£0.01 360%034 76.3| 512 32768 1024 512 4 2. 728 £0.69 76.4
32768 2048 512 4 282+ 001 13.06 £0.89 76.8| 512 32768 256 512 8 3 494F 045 747
32768 512 512 8 37151 0.0l 9.62£0.97 75.7|| 512 32768 1024 512 8 3. 1835 L 1.15 757
o1 o4 138 8 0.92 £0.01 16.95 £ .35 70.8[[1024 04 oz} 356 4 0. 7135 £ 2.01 76.1
64 32 256 8 1.59£0.01 2525+ 0.83 74.6(/1024 64 64 286 8 1. 4644 ¥ 1.51 78.0
64 32 512 4 1521001 77.43%+0.36 73.9|/1024 64 64 512 4 1. 141.07 % 0.43 77.6
64 32 512 8 298+ 0.0l 4991 +2.33 74.7(/1024 64 64 512 8 2! 90.25 £ 4.75 77.8
128 128 64 8 053001 7.79+0.53 73.5|[1024 128 64 128 8 0. 9.82 L 0.84 741
128 128 128 8 0.87£0.01 18.5141.35 77.0|/1024 128 64 256 4 0. 38.01 % 0.97 73.0
128 128 256 4 0.86£0.01 77.24F3.46 75.6( 1024 128 64 256 8 1. 1938 £ 019 74.1
128 128 286 8 1.55F0.01 36,27 +0.16 77.2|/1024 128 64 512 4 1. 75.62 £ 1.62 73.3
128 128 512 4 1.38F0.01 166.15+8.98 76.3 (/1024 128 32 512 8 3. 27.45 £ 1.17 733
128 64 512 8 3.03L£0.01 41.40 £ 1.89 74.8(/1024 128 128 5 s 3 95:89 £ 5,51 78.0
256 32 128 8 0.96F0.01 2.97+0.11 73.0|[1024 256 64 128 8 0. 5.80 £ 0.15 73.8
256 128 128 8 0.97£0.01 11.5940.27 74.7(/1024 256 256 128 8 0. 21.79 % 0.66 76.3
236 256 256 4 0.96£0.01 7211+ 223 74.1(/1024 256 32 256 8 1. 5.83 £ 0.29 73.9
256 64 286 8 1.69F0.01 1071 F1.15 75.2|/1024 236 128 286 8 1. 20.39 + 1.87 75.8
256 256 256 8 1.70F0.01 36.77 £ 2.17 77.8|/1024 256 32 512 8 3! 10779 £ 0.96 73.9
256 64 512 8 314+ 0.0l 2006+ 096 753( 1024 256 128 512 8 3. 38.69 £ 0.97 76.0
256 256 512 8 3.15%£0.01 9414 F4.77 77.9( 1024 512 64 128 8 1. 2.46 £ 0.24 73.9
512 128 128 8 1.08+0.01 5.25+0.41 74.5(1024 512 256 128 8 1. 978 £0.94 751
512 512 128 8 1.09£0.01 16.87+0.95 76.3|/1024 512 128 256 4 0. 2336 % 1.46 73.7
512 256 256 4 0.96F0.01 3918 F1.91 742|/1024 512 512 256 4 0. 7106 £0.82 756
2 64 256 8 1.74+£0.01 6.24+0.15 74.3(/1024 512 128 256 8 1. 1250 £ 0.34 75.4
512 256 256 8 1.75+£0.01 23.81+085 76.3|/1024 512 512 256 8 1. 4142 ¥ 2712 7756
512 64 512 4 1.63L£0.01 20.66F1.37 73.9(/1024 512 128 512 4 1. 39.31 % 2.21 75.0
812 256 512 4 1.64+0.01 8500+ 3.80 75.8(/1024 512 512 512 4 1. 160,12+ 4.70 77.2
512 32 5312 8 326F001 5234014 73.0[/1024 512 64 512 8 3. 10.34 £ 0.18 748
512 128 512 8 3.27+001 2048 +0.21 756( 1024 512 256 512 8 3 4052 £ 044 765
512 512 512 8 3.28%£0.01 75.66+0.46 77.7|/1024 1024 64 128 8 1. 1.18 £0.07 73.3
1024 128 128 8 1.13+0.01 2.69+0.21 73.8[/1024 1024 128 8 1. 538 £ 045 74.1
1024 512 128 8 1.14+0.01 10,52+ 0.66 74.5(/1024 1024 1024 28 8 1. 18.48°% 1.53 75.6
1024 64 256 4 1.01 0.01 5.73 £ 0.44 73.2 ] 1024 1024 128 256 4 1. 10.60 + 0.92 74.1
1024 256 256 4 1.03F0.01 21.16% 1.86 74.3|/1024 1024 512 25 41 38.81 £ 2.40 748
1024 1024 256 4 1.06+0.01 71.41f266 75.5| 1024 1024 32 5 8 1. 1.41+£0.14 738
1024 64 256 8 1.93%f0.01 3.0840.23 7501024 1024 128 256 8 1. 587 £0.52 75.7
1024 256 256 8 1.94%0.01 11.25+0.87 76.0(/1024 1024 512 256 8 1. 20.66 & 1.43 76.7
1024 1024 236 8 1.97£0.01 45.74 = 1.78 77.6|[1024 1024 32 512 4 1. 5.83 £ 0.43 74.1
1024 64 512 4 170 F0.01 10.92F0.94 7501024 1024 128 512 4 1. 21.07 + 1.96 75.8
1024 256 512 4 1.71+£0.01 39.47 +2.74 76.1|/1024 1024 512 512 4 1. 7473 £ 2.51 76.4
1024 1024 512 4 1.74 ¥ 0.01 138.15+ 2.57 77.5|(1024 1024 32 512 8 3. 3.94£0.19 74.3
1024 64 512 8 3.57£0.01 7.5040.23 75.3(1024 1024 128 512 8 3. 14.74°£0.61 75.9
1024 256 512 8 3.58+£0.01 29.30+ 081 76.3|1024 1024 512 512 8 3. 57.72 £1.23 77.1
1024 1024 512 8 3.60£0.01 108.05 % 2.34 78.1|(1024 2048 64 128 8 1. 0.60 £ 0.01 73.0
2048 128 128 8 1.22%001 1.2440.06 74.0|/1024 2048 256 128 8 1. 2045 £ 0.00 748
2048 512 128 8 1.23F001 4.82+010 1752|1024 2048 1024 128 8 1. 949 X014 75.3
2048 2048 128 8 1.29+0.01 17.74 +0.11 75.8|/1024 2048 64 5 11 509015 73.9
2048 128 256 4 1.02+£0.01 9.79+0.17 75.2(1024 2048 256 256 4 1. 19.11%0.28 75.7
2048 512 256 4 1.04£0.01 37.76 4+ 0.41 76.1|/1024 2048 1024 6 4 1. 7412 £ 0,92 76.2
2048 2048 256 4 1.09 X 0.01 147.80 % 3.11 76.7|/1024 2048 32 256 8 2! 0.66 £0.01 732




A.3 Inverted File Index with Optimized Product Quantization and Re-Ranking

TVE TQ . - TVF PQ -
*_clusters probes sub-vec. bits 55 (GB)  Time (ms) R@1||Dim.  jygers probes sub-vec. bits 155 (GB)  Time (ms) R@1
204 64 256 217 0.0T T.38 £ 0.0 75.3 |[ 1024 2048 128 256 2.1 3.00 £ 0.33 76.3
2048 256 256 8 2.19£0.01 5.95%063 76.8|1024 2048 512 256 8 2. 11.4750.94 77.2
2048 1024 286 8 2.21 £0.01 27.33 +0.51 77.5|/1024 2048 2048 236 8 2. 50.73 £ 1.07 78.1
2048 64 512 4 1.75F0.01 577 +£0.40 74.3|1024 2048 128 512 4 1. 10.47 £ 110 75.6
2048 256 512 4 176 £ 0.01 20.51 % 1.55 76.1|/1024 2048 512 512 4 1. 3886 £ 1.47 76.6
2048 1024 512 4 1.79 £ 0.0l 74.65 f 2.33 76.9|/1024 2048 2048 512 4 1. 138.71 % 2.06 77.5
2048 64 512 8 4.07£0.01 3.234£0.34 75.3| 1024 2048 128 512 8 4. 6.48 £0.57 176.2
2048 256 512 8 4.08£0.01 12.45+ 1.23 76.8(/1024 2048 512 512 8 4. 22.81 % 1.19 77.2
2048 1024 512 8 4.10 0.01 43.47+1.72 77.5|/1024 2048 2048 512 8 4. 79.92 + 1.14 78.0
1096 128 128 8 1.47+001 0.69-+0.03 73.6| 1024 1096 128 8 1. 1.35 £0.07 75.0
1096 512 128 8 1.49F 001 3.12+0.26 1753|1024 4096 1024 128 8 1. 618 T 0.53 75.7
4096 2048 128 8 1.55+£0.01 11.13+0.91 76.1|/1024 4096 128 256 4 1. 256 £0.08 73.7
1096 256 256 4 1.01£0.01 5.01+0.06 749| 1024 4096 51 256 4 1. 10.03°%0.15 75.2
1096 1024 236 4 1.04+0.01 19.99E0.21 75.6| 1024 4096 2048 256 4 1. 39.06 £ 0.21 76.2
1096 64 286 8 265001 1.13+£0.08 74.3|/1024 4096 128 256 8 2. 2.11+0.09 75.4
1096 256 256 8 2.66F0.01 4.09F 0,15 76.4|1024 4096 512 25 s 2l 800 X 0,26 76.7
1096 1024 256 8 2.69£0.01 15.55+0.44 77.1|/1024 4096 2048 256 8 2. 29.89 % 0.84 77.5
1096 64 512 4 1.78 %1001 2894034 73.7| 1024 4096 512 4 1. 5.65 L 0.59 74.7
1096 256 512 4 1.79£0.01 10.66+0.94 75.9(1024 4096 512 512 4 1. 20.33°% 0.91 76.3
4096 1024 512 4 1.82+0.01 40,14 £ 1.76 76.7|/1024 4096 2048 512 4 1. 76.70 £ 1.32 77.3
1096 64 312 8 5.06F 001 1.62+£0.10 74.5(/1024 4096 128 512 8 5. 3.23 £ 0.24 756
1096 256 512 8 5073001 673%080 766|1024 4096 512 512 8 5. 1307+ 1.08 77.1
4096 1024 512 8 5.09E£0.01 24.62F1.18 77.4|/1024 4096 2048 512 8 5. 16,98 ¥ 1.09 78.0
8192 128 128 8 2.00+0.01 0.46£0.03 73.3[1024 8192 128 8 2. 0.88 £0.07 74.5
8192 512 128 8 202£0.01 1.60+0.08 75.0| 1024 8192 1024 2 s 2 372 £0.28 75.5
8192 2048 128 8 2.08%+001 7.08%059 7h5| 1024 8192 256 256 4 1. 301 X032 735
8192 512 256 4 1.15%X0.01 6.16* 0.55 73.8|/1024 8192 1024 256 4 1. 1231+ 1.16 74.3
8192 2048 256 4 1.20E£0.01 2251+ 1.64 74.5| 1024 8192 128 5 8 3 0.90 £0.05 74.6
8192 256 256 8 3.69+£001 1.91+£0.16 75.9| 1024 8192 512 256 8 3. 385 £ 042 76.5
8192 1024 256 8 3.71+£0.01 7.88%X0.65 77.0|/1024 8192 2048 256 8 3. 17.23°% 0.45 77.2
8192 64 512 4 1.91F001 1.93F0.12 7311|1024 8192 128 512 4 1. 3.67 £0.16 75.0
8192 256 512 4 1.92F0.01 7.09% 023 7501024 8192 512 4 1. 13.97 % 0.42 76.5
8192 1024 512 4 1.95+0.01 27.79+0.52 77.1|/1024 8192 2048 512 4 1. 5474 £ 1.15 77.3
8192 64 512 8 3.07£0.01 1.71+£0.14 73.3(/1024 8192 128 512 8 3. 3.61 £ 0.35 752
8192 256 512 8 3.08%£001 6.85%0.43 76.1|/1024 8192 51 512 8 3. 141472117 76.8
92 1024 512 8 3.10+0.01 206.41%1.22 77.3|[1024 8192 2048 512 8 3. 55.86 £ 2.40 77.5
16384 256 728 8 306%001 1.41+£010 7333|1024 16384 512 728 8 3. 246 +£0.11 74.0
16384 1024 128 8 310X 0.01 452X 0.20 74.4|/1024 16384 2048 128 8 3. 829E 020 748
16384 512 256 4 1.34+£0.01 3.31F0.38 73.4| 1024 16384 1024 256 4 1. 762%019 738
16384 2048 256 4 1.39 £ 0.01 15.29f0.43 74.1|[1024 16384 5 s 1. 126 £ 0.06 73.2
16384 256 256 8 1.75+£0.01 265+ 0.28 74.9(/1024 16384 512 256 8 1. 532 £ 0.57 75.8
16384 1024 236 8 1.78£0.01 10.21+1.00 76.4|/1024 16384 2048 236 8 1. 1014+ 1.18 76.7
16384 128 512 4 2221001 2.15£0.11 73.9(1024 16384 512 4 2. 4.06 £0.14 75.7
16384 512 512 4 2.24%001 7.83F0.16 76.5|l1024 16384 1024 512 4 2. 15.55 % 0.52 77.2
16384 2048 512 4 230 £0.01 29.52 % 0.63 77.6|/1024 16384 128 512 8 3. 340 £0.15 73.7
16384 256 512 8 3.14%0.01 6.50+0.16 75.8( 1024 16384 512 8 3. 12.86 % 0.29 76.5
16384 1024 812 8 3.17£0.01 25.42+0.66 77.2|/1024 16384 2048 512 8 3. 50,47 £ 0.73 77.5
32768 256 728 8 1.21%001 1.77+£0.12 73.0|/1024 32768 512 128 8 1. 3.02 £0.34 743
32768 1024 128 8 1.23+001 7.44 %063 74.9|[1024 32768 2048 128 8 1. 1468 % 1.03 75.3
32768 512 256 4 1.66+£0.01 1.88F0.10 73.1||1024 32768 1024 256 4 1. 3.48 £0.08 73.7
32768 2048 256 4 1.72£0.01 6.77 £0.10 73.9| 1024 32768 5 s 1. 158 £0.04 731
32768 256 256 8 1.89£0.01 3.23% 034 74.8(1024 32768 512 256 8 1. 6.87 £0.62 76.4
32768 1024 256 8 1.92+0.01 13.50 £0.82 77.1||1024 32768 2048 256 8§ 2. 23.87 + 1.01 77.8
32768 256 512 4 287+ 001 1.814£0.10 745(/1024 32768 512 512 4 2. 3.87 £ 0.38 76.2
32768 1024 512 4 290+ 001 7.62 %081 76.9|/1024 32768 2048 512 4 2. 14.00 % 0.99 _77.5
o1 o1 T38 8 0.85 £0.01 15.94 £ 0.54 74.7[[204 oz oz 3564 0. 73 TO L 83 71D
64 64 256 8 1.57X0.01 4558 F0.65 76.1|/2048 64 64 512 4 1. 139.81 % 1.33 75.9
64 32 512 8 298001 49.07 *1.65 74.2|/2048 64 64 512 8 2. 84.48 £ 3.96 77.3
128 128 128 8 0.86+0.01 21.92%0.79 73.1|[2048 128 64 256 8 1. 21.00 £ 1.14 741
128 128 256 8 1.55L0.01 37.45F 1.01 76.5| 2048 128 64 512 4 1. 105.26 % 3.75 73.6
128 128 512 4 1.51 £0.01 190.62 % 6.64 75.5| 2048 128 32 512 8 3. 26.02 £ 0.95 73.8
128 64 512 8 3.01£0.01 49.30 & 1.62 75.2|/2048 128 128 512 8 3 86.66 £ 1.97 77.1
256 256 728 8 1.06£0.01 2219 F0.47 73.3|[2048 256 64 356 8 1. 9098 £ 0.64 730
256 128 256 8 1.69F0.01 19.16 ¥ 0.51 74.7|/2048 256 256 256 8 1. 36.23 % 1.21 76.4
256 64 512 4 1.64%0.01 3991 F220 73.6(/2048 256 128 512 4 1. 76.37 £ 2.80 74.1
256 256 512 4 1.65%0.01 140.98 % 2.06 76.0|/2048 256 64 512 8 3. 38.63 £ 0.59 73.5
256 128 512 8 3.09 0.0l 76.23+f1.00 74.6(/2048 256 256 512 8 3. 144.49 1 1.62 76.5
512 64 256 8 1.79F0.01 6.82+0.26 73.8|2048 512 128 256 8 1. 13.44 £ 0.47 74.8
512 256 256 8 1.80F0.01 26.26 % 0.62 75.3|/2048 512 512 256 8 1. 4924 ¥ 1,23 76.3
512 64 512 4 1.63+£0.01 19.57 £ 0.81 73.7| 2048 512 128 512 4 1. 39.06 £ 1.32 74.4
512 256 512 4 1.69£0.01 74,61 £0.74 75.3|/2048 512 512 512 4 1. 140.23 % 1.97 76.5
512 32 512 8 3.20L£0.01 5304016 73.5| 2048 512 64 512 8 3. 10.29 £ 0.08 74.2
512 128 512 8 3.21£0.01 20.62+051 74.9(2048 512 256 512 8 3 4062 ¥ 1.56 75.8
512 512 512 8 3281001 75.78 % 1.42 76.7||2048 1024 64 256 8 1. 11.05 £ 0.42 73.7
1024 128 256 8 1.89£0.01 21.41 £0.59 74.5|2048 1024 256 256 8 1. 4162+ 1.04 75.2
1024 512 256 8 1.90L£0.01 81.35+1.76 75.5|l2048 1024 1024 256 8 1. 150.59 & 3.38 76.7
1024 128 512 4 1.77£0.01 19.80 & 1.31 73.6|/2048 1024 512 4 1. 39.10 £ 2.43 74.3
1024 512 512 4 1.8310.02 87.32+0.01 74.6| 2048 1024 1024 512 4 1. 139.14 1 0.01 75.7
1024 64 512 8 3.58 0.01 6.17 £+ 0.59 73.1(|2048 1024 128 512 8 3. 11.34 +0.94 74.2
1024 256 512 8 339F0.01 21.83F 1.51 75.1|/2048 1024 512 512 8 3. 4177 ¥ 1.61 75.4
1024 1024 512 8 3.66+0.01 77.62f239 76.7|[2048 2048 64 256 8 2. 1.39 £0.06 73.8
2048 128 256 8 2.23%0.01 2974029 7502048 2048 256 256 8 2. 6.14 %056 75.4
2048 512 256 8 2.25+£0.01 11.79+0.89 75.6|/2048 2048 1024 256 8 2. 21.43°1 1.52 75.8
2048 2048 256 8 2.3 F0.01 3884 % 1.99 76.3|/2048 2048 128 512 4 1. 10.65 £ 0.92 73.6
2048 256 512 4 1.80+£ 001 21.10+ 214 74.0|2048 2048 512 512 4 1. 3991 £ 2,68 74.4
2048 1024 512 4 1.87 £0.01 76.89 f 3.83 74.7|/2048 2048 2048 512 4 1. 140.52 % 3.41 75.2
2048 64 512 8 4.07£0.01 3.24+0.37 73.4| 2048 2048 128 512 8 4. 6.39£0.74 747
2048 256 512 8 4.08£0.01 11.9210.96 75.2| 2048 2048 512 8 4. 23141 1.89 75.6
2048 1024 512 8 4.15+0.01 43.03 £ 1,12 76.1|(2048 2048 2048 512 8 4. 80,09 £ 1,20 76.7
1096 128 256 8 274 F0.01 1.49£0.06 74.1|/2048 4096 256 256 8 2. 2.87 £ 0.06 74.4
1096 512 256 8 277X0.01 5.98F 035 74.6[2048 4096 1024 256 8 2. 1168+ 0.84 75.1
1096 2048 256 8 2.84+0.02 23.46 % 0.70 75.3| 2048 4096 64 512 4 1. 3614 0.19 730
1096 128 512 4 1.73%£0.01 7.0540.31 73.9(/2048 4096 256 512 4 1. 10.88°% 0.93 745
1096 512 512 4 1.74£0.01 25.20+1.16 74.8| 2048 4096 1024 512 4 1. 53.42 £ 0.88 75.3
1096 2048 512 4 1.84+0.03 102.82 £ 0.01 75.5|/2048 4096 64 512 8 4 351 £0.13 73.9
1096 312 8 499 F0.01 4.6740.i4 74.8|/2048 4096 256 512 8 4. 895 X 0,21 756
1096 512 512 8 500X 001 17.77%0.39 76.0||2048 4096 1024 512 8 5. 37.56 + 0.58 76.5
4096 2048 512 8 5.11+£0.01 7276 £ 1.12 77.0|/2048 8192 128 256 8 3. 0.98 £0.08 73.3
8192 256 256 8 3.82+£0.01 1.85+£0.16 74.3|/2048 8192 256 8 3. 395+ 038 74.5
8192 1024 256 8 3.85+£0.01 8.56+0.38 74.8(/2048 8192 2048 56 8 3. 17.18°% 0.44 75.0
8192 128 512 4 1.97 0.01 3.63 + 0.15 73.4 (12048 8192 256 2 4 1. 7.01 + 0.25 75.0
8192 512 512 4 198X 0.01 13.79%0.34 75.1|/2048 8192 1024 512 4 2. 27.61 % 0.63 75.4
8192 2048 512 4 2.03£0.01 54.48F1.00 75.6| 2048 8192 128 8 3 477 £0.23 741
8192 25 512 8 3.06+£0.01 11.11F0.38 75.5| 2048 8192 512 512 8 3. 21.69°% 0.65 76.0
8192 1024 512 8 3.22+£0.01 4289 F 1.28 76.1|2048 8192 2048 512 8 3. 77.99 £ 2,29 76.6
16384 25 256 8 1.94%0.01 5.47+0.14 73.7|/2048 16384 51 256 8 1. 10,63 £ 0.23 745
16384 1024 236 8 1.96£0.01 20.78 +0.33 75.2|/2048 16384 2048 256 8 2. 40,82 F 057 75.3
16384 512 4 244+ 001 3.28+0.29 73.2| 2048 16384 51 512 4 2! 6.84 £ 0.52 73.9
16384 1024 512 4 247 £ 0.01 13.07 £ 1.05 74.5|/2048 16384 2048 512 4 2. 24,131 1.87 74.6
16384 128 512 8 3.26L£0.01 4.63+0.24 73.5| 2048 16384 256 512 8 3. 8.92 £ 0.28 74.9
16384 512 512 8 3.27£0.01 17.35+0.52 75.7|/2048 16384 1024 512 8 3. 33.92°% 0.72 76.3
16384 2048 512 8 338001 6692 1.68 76.3|/2048 32768 256 256 8 2. 4161 £0.14 732
32768 512 256 8 219X 001 8824018 73.9| 2048 32768 1024 256 8 2. 17.33°%0.27 745
32768 2048 256 8 2.30 £ 001 33.90 %053 74.7|/2048 32768 128 i2 s 3 5.02 £ 0.23 73.2
32768 256 512 8 3.44%0.01 8.74+0.24 74.3(2048 32768 512 512 8 3. 16.95 % 0.32 75.5
32768 1024 512 8 3.46 £ 0.01 32.95 0.54 76.6||2048 32768 2048 512 8 3.55 % 0.01 65.49 £ 1.14 76.7
OPQ TVFPQ REFINE

32 32 64 ES 5.68 £ 0.0T 1983 £ 1.37 73.7 256 32 32 12 I 5.83 £ 0.0T 38.40 £ 2.83 736
32 32 256 4 6.16£0.01 71.16+1.49 73.6|| 256 64 64 64 4 5653001 19.45Ef1.28 73.8
61 61 128 4 5.81+0.01 36.26 % 1.28 73.6|| 256 64 64 256 4 6.18£0.01 71.40F 1.52 73.6
P 128 64 1 366001 1971 F1.75 73.6(| 236 128 12 128 4 579%001 37.29E1.72 736
128 128 256 4 6.13+£0.01 7095+ 092 73.6| 256 256 256 64 4 575F 001 2043F2.06 73.9
256 256 128 4 5.89F 001 3689 L1.13 73.7|| 256 256 256 256 4 6.23+£0.01 70.78F0.46 73.6
512 256 64 1 572X001 1038+0.79 731l 256 512 51 64 4 573F001 2010E1.67 73.8
512 512 128 4 5.90 £0.01 37,23 F1.42 73.6|| 256 512 512 256 4 6.24£0.01 70.97 ¥ 0.63 73.6
512 256 32 8 578X 001 1.70+£0.01 732|236 512 512 32 8 579X 001 3.67+£0.29 737
512 512 64 8 5923001 7.15%+069 736| 256 512 512 128 8 6.29F0.01 16.56 % 0.80 73.6
512 512 256 8 7.02F0.01 35.8740.80 73.6|| 256 1024 512 64 4 574F0.02 11.81 £0.78 730
1024 1024 64 4 577 X001 2236076 73.8|| 256 1024 1024 128 4 5.94+0.02 4218 ¥ 1.62 73.6



A.3 Inverted File Index with Optimized Product Quantization and Re-Ranking

- TVE PQ - - TVF PQ -
Dim. 1ysters probes sub-vec. bits 155 (GB)  Time (ms) R@L|IDim. ¢ygers probes sub-vec. bits 155 (GB)  Time (ms) Ra1
256 1024 1024 256 T ©6.20 F0.0I 7I.10 £0.94 736 256 1024 512 32 581 T82F0.1T 73.1
256 1024 1024 32 8 5.82+0.01 3.42F0. 73.7 || 256 1024 1024 64 8 5. 9.33 £ 0.34 73.6
256 1024 1024 128 8 6.34 £0.01 22.04+0.54 73.6( 256 1024 1024 256 8 7. 48.414+1.37 73.6
256 2048 512 64 4 5.76 £ 0.02 07 £0.32 73.0|| 256 2048 1024 64 4 5. 11.93 + 0.56 73.4
256 2048 2048 64 4 5.81+£0.02 22.14°+1.07 73.7(| 256 2048 1024 128 4 5. 22.19 £ 0.82 73.3
256 2048 2048 128 4 5.98F£0.01 41.41 ¥ 1.41 73.6( 256 2048 1024 256 4 6. 42.74 ¥ 0.97 73.3
256 2048 2048 256 4 6.34F£0.01 80.64 + 1.26 73.6|| 256 2048 512 32 8 5. 0.94 £0.01 73.0
256 2048 1024 32 8 5.84 £0.01 1.98+£0.14 73.3| 256 2048 2048 32 8 5. 3.87 +£0.39 73.7
256 2048 1024 64 8 6.03+0.01 5.57+0.11 73.3|| 256 2048 2048 64 8 6. 10.33'+ 0.19 73.6
256 2048 1024 128 8 6.53+£0.01 9.10+0.35 73.3|| 256 2048 2048 128 8 6. 17.49 + 0.54 73.6
256 2048 1024 256 8 7.45+£0.01 19.92'+0.77 73.3|| 256 2048 2048 256 8 7. 37.35 £ 0.41 73.6
256 4096 4096 64 4 5.90F£0.01 21.69F 0.60 73.4( 256 4096 2048 128 4 6. 19.91 ¥ 0.98 73.0
256 4096 4096 128 4 6.07£0.01 37.26F 1.66 73.6| 256 4096 2048 256 4 6. 37.92 £ 0.69 73.0
256 4096 4096 256 4 6.45+0.01 71.73 +1.20 73.6| 256 4096 2048 32 8 5. 3.06 £ 0.03 73.3
256 4096 4096 32 8 6.01+0.01 5.58+£0.11 73.8( 256 4096 2048 64 8 6. 4.80 £ 0.41 73.1
256 4096 4096 64 8 6.31+£0.01 8.52+0.74 73.6( 256 4096 2048 128 8 6. 10.86 + 1.05 73.0
256 4096 4096 128 8 6.88+0.01 190.25+1.19 73.6|| 256 4096 2048 256 8 7. 21.74 £ 1.18 73.0
512 32 32 [SE:) I 11. 0. T9.71 £ 1.74 75.0(| 512 32 16 128 T 11. 10.05 £ 0.85 74.1
512 32 32 128 4 11. 0 36.49 + 0.56 76.9|| 512 32 16 256 4 11. 37.00 £ 1.10 73.9
512 32 32 256 4 11. 0 70.81 + 0.74 76.7|| 512 64 32 64 4 10. 10.22 + 0.67 74.4
512 64 64 64 4 10. 0 19.47 £ 1.32 76.1| 512 64 32 128 4 11. 20.30 £ 1.39 75.0
512 64 64 128 4 11. 0. 36.15 + 1.31 77.0|| 512 64 32 256 4 11. 37.09 £ 1.27 74.8
512 64 64 256 4 11. 0 69.08 + 0.94 76.7|| 512 128 64 64 4 10. 10.53 + 1.41 73.1
512 128 128 64 4 10. 19.13 + 0.90 76.4 || 512 128 64 128 4 11. 19.85+ 1.11 73.5
512 128 128 128 4 11. 37.35+ 1.77 77.0|| 512 128 64 256 4 11. 38.09 + 1.26 73.6
512 128 128 256 4 11. 71.16 + 1.12 76.7|| 512 256 128 64 4 11. 10.29 + 0.89 74.5
512 256 256 64 4 11. 19.84 + 1.97 75.9|| 512 256 64 128 4 11. 9.43 £ 0.06  73.6
512 256 128 128 4 11. 18.72 + 0.17 75.3 || 512 256 256 128 4 11. 36.72 £ 1.06 76.8
512 256 64 256 4 11. 18.71 + 0.65 73.5 || 512 256 128 256 4 11. 36.53 + 1.25 75.3
512 256 256 256 4 11. 69.73 + 1.25 76.7|| 512 512 128 64 4 11. 5.29 £0.47 74.0
512 512 256 64 4 11. 10.76 + 1.03 74.3|| 512 512 512 64 4 11. 20.02°+ 1.18 75.5
512 512 64 128 4 11. 4.95 £0.27 73.3|| 512 512 128 128 4 11. 10.19 ¥ 0.88 74.8
512 512 256 128 4 11. 19.454 0.85 75.5 || 512 512 512 128 4 11. 36.59 + 1.28 76.9
512 512 64 256 4 11. 10.03 + 1.09 73.2|| 512 512 128 256 4 11. 19.09 + 1.33 74.8
512 512 256 256 4 11. 37.08 £ 1.84 75.5|| 512 512 512 256 4 11. 69.35 £ 0.58 76.7
512 512 64 512 4 12. 19.47 &+ 1.18 73.4|| 512 512 128 512 4 12. 37.52 + 0.86 74.9
512 512 256 512 4 12. 75.78 £ 2.65 75.5|| 512 512 512 512 4 12. 142.42 4+ 1.50 76.7
512 512 64 32 8 11. 0.52 £0.12 73.1|| 512 512 128 32 8 11. 0.90 £ 0.02 74.4
512 512 256 32 8 11. 1.82 + 0.08 74.9|| 512 512 512 32 8 11. 3.53 £ 0.29 75.9
512 512 64 64 8 11. 0.88 £0.01 73.4|| 512 512 128 64 8 11. 1.80 + 0.12 75.0
512 512 256 64 8 11. 3.44 £ 0.04 75.5(| 512 512 512 64 8 11. 6.54 + 0.06 76.8
512 512 64 128 8 11. 2.37 £ 0.23 73.2|| 512 512 128 128 8 11. 4.74 £ 0.51 74.7
512 512 256 128 8 11. 9.35 £0.81 75.4| 512 512 512 128 8 11. 16.72+ 0.94 76.7
512 512 64 256 8 12. 4.77 £ 0.10 73.2|| 512 512 128 256 8 12. 9.80 £0.35 74.8
512 512 256 256 8 12. 19.17 4+ 1.24 75.5|| 512 512 512 256 8 12. 36.70 & 2.08 76.7
512 512 64 512 8 13. 10.58 + 0.70 73.4|| 512 512 128 512 8 13. 20.49 £ 1.24 74.9
512 512 256 512 8 13. 39.48 + 0.49 75.5|| 512 512 512 512 8 13. 75.82 £ 0.90 76.7
512 1024 128 64 4 11. 2.57 £0.11 73.3|| 512 1024 256 64 4 11. 5.29 £0.35 73.9
512 1024 512 64 4 11. 10.60 + 0.61 74.5(| 512 1024 1024 64 4 11. 19.53 +1.17 74.9
512 1024 64 128 4 11. 2.52 £0.19 73.0|| 512 1024 128 128 4 11. 5.03 £0.35 74.1
512 1024 56 128 4 11. 10.114+0.73 75.1|| 512 1024 512 128 4 11. 19.41+0.77 75.8
512 1024 1024 128 4 11. 36.23 +£ 0.73 76.7|| 512 1024 64 256 4 11. 5.02+£0.34 73.3
512 1024 128 256 4 11. 9.83 £0.45 74.2|| 512 1024 256 256 4 11. 19.20'+ 0.87 75.2
512 1024 512 256 4 11. 36.96 = 0.49 75.9|| 512 1024 1024 256 4 11. 70.43 £ 0.64 76.7
512 1024 64 512 4 12. 10.38 + 1.17 73.2|| 512 1024 128 512 4 12. 19.54 + 1.39 74.0
512 1024 256 512 4 12. 37.31 £ 0.42 75.1|| 512 1024 512 512 4 12. 73.90 £ 0.97 75.9
512 1024 1024 512 4 12.: 139.81 + 0.94 76.7 || 512 1024 128 32 8 11. 0.50 £0.04 73.6
512 1024 256 32 8 11. 0.94 +£0.04 74.5( 512 1024 512 32 8 11. 1.86 + 0.09 75.0
512 1024 1024 32 8 11. 3.49 £ 0.08 75.6(| 512 1024 64 64 8 11. 0.47 + 0.01 73.5
512 1024 128 64 8 11. 0.95 £ 0.07 74.1|| 512 1024 256 64 8 11. 1.86 £ 0.12  75.1
512 1024 512 64 8 11. 3.65 £0.26 76.0| 512 1024 1024 64 8 11. 6.83 £ 0.18 76.6
512 1024 64 128 8 11. 1.17 £ 0.09 73.0|| 512 1024 128 128 8 11. 2.19 £ 0.02 74.1
512 1024 256 128 8 11. 4.50 £ 0.27 75.1|| 512 1024 512 128 8 11. 9.36 £ 0.87 75.8
512 1024 1024 128 8 11. 16.69 + 0.44 76.7|| 512 1024 64 256 8 12. 2.54 + 0.19 73.3
512 1024 128 256 8 12. 5.08 £0.41 74.2|| 512 1024 256 256 8 12. 10.05 4 0.67 75.2
512 1024 512 256 8 12. 19.444+ 0.85 75.9(| 512 1024 1024 256 8 12. 36.10 + 0.45 76.7
512 1024 64 512 8 14. 5.24 £0.13 73.2|| 512 1024 128 512 8 14. 11.16 + 0.63 74.0
512 1024 256 512 8 14. 21.47+0.82 75.1( 512 1024 512 512 8 14. 41.29 + 0.96 75.9
512 1024 1024 512 8 14. 76.88 £ 0.93 76.7 (| 512 2048 64 64 4 11. 0.68 £0.02 73.0
512 2048 128 64 4 11. 1.29 £0.02 73.5|| 512 2048 56 64 4 11. 2.68 + 0.24 74.2
512 2048 512 64 4 11. 5.33 £ 0.40 74.8|| 512 2048 1024 64 4 11. 10.23+ 0.45 74.8
512 2048 2048 64 4 11. 19.74+ 1.01 74.9|| 512 2048 64 128 4 11. 1.27 £ 0.05 73.4
512 2048 128 128 4 11. 2.56 £ 0.16 74.5|| 512 2048 256 128 4 11. 5.27 + 0.55 75.2
512 2048 512 128 4 11. 10.78°+ 0.90 75.9(| 512 2048 1024 128 4 11. 20.11+1.09 76.4
512 2048 2048 128 4 11. 36.55 + 0.81 76.9|| 512 2048 64 256 4 11. 2.52 £0.11 73.4
512 2048 128 256 4 11. 4.81 £0.06 74.4| 512 2048 256 256 4 11. 10.45 4 0.83 75.3
512 2048 512 256 4 11. 20.07 £ 1.05 76.0(| 512 2048 1024 256 4 11. 38.11 + 0.85 76.2
512 2048 2048 256 4 11. 71.10 £ 0.66 76.7 || 512 2048 64 512 4 12. 4.78 £0.17 73.6
512 2048 128 512 4 12.¢ 10.27 &£ 0.91 74.6|| 512 2048 256 512 4 12.3 18.95+ 0.91 75.3
512 2048 512 512 4 12. 37.67 £ 1.37 76.0|| 512 2048 1024 512 4 12. 72.93 £ 0.73 76.3
512 2048 2048 512 4 12. 136.25 & 1.24 76.7 || 512 2048 64 32 8 11. 0.15 £0.01 73.3
512 2048 128 32 8 11. 0.28 £ 0.01 74.0|| 512 2048 256 32 8 11. 0.53 £ 0.04 74.9
512 2048 512 32 8 11. 0.99 £0.02 75.5( 512 2048 1024 32 8 11. 1.99 + 0.08 75.6
512 2048 2048 32 8 11. 3.94 £0.33 76.1|| 512 2048 64 64 8 11. 0.27 £ 0.02 73.6
512 2048 128 64 8 11. 0.50 £0.01 74.4(| 512 2048 256 64 8 11. 1.02 + 0.09 75.3
512 2048 512 64 8 11. 2.07 £ 0.19 76.3|| 512 2048 1024 64 8 11. 4.17 £ 0.39 76.4
512 2048 2048 64 8 11. 7.89 £ 0.62 76.9|| 512 2048 64 128 8 11. 0.66 £ 0.07 73.3
512 2048 128 128 8 11. 1.21 +0.05 74.4|| 512 2048 56 128 8 11. 2.42 £0.11 75.1
512 2048 512 128 8 11. 4.96 £ 0.44 75.7| 512 2048 1024 128 8 11. 10.15+ 0.71 76.2
512 2048 2048 128 8 11. 18.70 + 1.23 76.7|| 512 2048 64 256 8 12. 1.354+0.11 73.4
512 2048 128 256 8 12.7 2.63 £0.19 74.4(| 512 2048 256 256 8 12.7 5.69 + 0.57 75.3
512 2048 512 256 8 12. 11.044 0.96 76.0|| 512 2048 1024 256 8 12. 20.43°+£0.95 76.2
512 2048 2048 256 8 12. 37.60 £ 1.21 76.7|| 512 2048 64 512 8 14. 2.87 £0.20 73.6
512 2048 128 512 8 14. 5.92 £0.62 74.6|| 512 2048 256 512 8 14. 11.87+1.21 75.3
512 2048 512 512 8 14. 21.93°+0.66 76.0|| 512 2048 1024 512 8 14. 42.50 + 0.60 76.3
512 2048 2048 512 8 14. 79.88 £ 0.40 76.7 || 512 4096 64 64 4 11. 0.37 £0.02 73.1
512 4096 128 64 4 11. 0.68 £0.01 74.1|| 512 4096 256 64 4 11. 1.34 + 0.06 74.5
512 4096 512 64 4 11. 2.63 £ 0.10 74.8|| 512 4096 1024 64 4 11. 5.30 £ 0.28 75.1
512 4096 2048 64 4 11. 11.00 + 0.73 75.3|| 512 4096 4096 64 4 11. 19.60 + 1.21 75.3
512 4096 64 128 4 11. 0.68 £0.04 73.0| 512 4096 128 128 4 11. 1.30 £ 0.06 74.2
512 4096 256 128 4 11.2 2.65 + 0.19 75.0( 512 4096 512 128 4 11. 5.33 £ 0.43 75.8
512 4096 1024 128 4 11. 10.73'+ 0.97 76.2|| 512 4096 2048 128 4 11. 20.50 £ 1.14 76.5
512 4096 4096 128 4 11. 37.13 £ 0.97 76.7|| 512 4096 64 256 4 11. 1.28 £0.02 73.4
512 4096 128 256 4 11. 2.59 £0.17 74.5|| 512 4096 256 256 4 11. 5.48 £ 0.57 75.3
512 4096 512 256 4 11. 10.42°+ 0.70 75.9|| 512 4096 1024 256 4 11. 20.12°+ 0.80 76.4
512 4096 2048 256 4 11.7 39.19 + 1.30 76.7|| 512 4096 4096 256 4 11. 71.15 +£ 0.52 76.8
512 4096 64 512 4 12. 2.75 +0.29 73.2(| 512 4096 128 512 4 12. 5.34 £ 0.54 74.3
512 4096 256 512 4 12, 10.73°4+ 0.90 75.2|| 512 4096 512 512 4 12. 20.40 % 1.01 75.8
512 4096 1024 512 4 12. 39.08 + 0.82 76.3|| 512 4096 2048 512 4 12. 76.66 £ 1.70 76.6
512 4096 4096 512 4 12. 140.30 + 0.98 76.7 || 512 4096 128 32 8 11. 0.18 £0.01 73.8
512 4096 256 32 8 11. 0.33 £0.03 74.7| 512 4096 512 32 8 11. 0.61 + 0.03 75.2
512 4096 1024 32 8 11. 1.18 £ 0.03 75.6|| 512 4096 2048 32 8 11. 2.44 £ 0.17 75.7
512 4096 4096 32 8 11. .38+ 0.14 75.8| 512 4096 64 64 8 11. 0.18 £ 0.02 73.4
512 4096 128 64 8 11. 0.31 £0.01 74.7| 512 4096 256 64 8 11. 0.59 £ 0.01 75.6
512 4096 512 64 8 11. 1.21 £ 0.09 76.1|| 512 4096 1024 64 8 11. 2.58 £ 0.26 76.6
512 4096 2048 64 8 11. 5.06 + 0.41 76.9|| 512 4096 4096 64 8 11. 9.43 £1.00 77.0
512 4096 64 128 8 12. 0.34 £0.01 73.0| 512 4096 128 128 8 12. 0.68 + 0.05 74.4
512 4096 256 128 8 12. 1.26 + 0.02 75.2| 512 4096 512 128 8 121 2.75 +0.19 75.9
512 4096 1024 128 8 12. 5.80 + 0.62 76.3|| 512 4096 2048 128 8 12. 10.59+ 0.95 76.5
512 4096 4096 128 8 12. 18.79 4 0.65 76.7|| 512 4096 64 256 8 13. 0.73 £0.01 73.3
512 4096 128 256 8 13. 1.41 £ 0.02 74.4|| 512 4096 56 256 8 13. 2.79 £ 0.06 75.2
512 4096 512 256 8 13. 5.62 + 0.21 75.8(| 512 4096 1024 256 8 13. 11.684+1.14 76.3
512 4096 2048 256 8 13.3 22.94°+1.16 76.6|| 512 4096 4096 256 8 13. 40.75 + 0.73 76.7
512 4096 64 512 8 15. 1.61 £0.14 73.2|| 512 4096 128 512 8 15. 3.17 £0.24 74.3
512 4096 56 512 8 15. 6.33 £ 0.57 75.2| 512 4096 512 512 8 15. 12.99+ 1.19 75.8
512 4096 1024 512 8 15. 24.30 £ 0.76_76.3|| 512 4096 _ 2048 512 8 15. 47.49 + 1.32 76.6
T024 32 32 (L) T 21. 18.86 £ 0.83 77.4[| 1024 32 16 128 T 21. T8.73 £ 0.70 74.8
1024 32 32 128 4 21. 37.15 + 3.57 78.1(|1024 32 16 256 4 22 36.93 £ 1.10 74.9
1024 32 32 256 4 22. 69.40 £ 0.98 78.1|1024 64 32 64 4 21 10.74 £ 0.74 74.0




A.3 Inverted File Index with Optimized Product Quantization and Re-Ranking

- TVE PQ - - T -
Dim. 1ysters probes sub-vec. bits 155 (GB)  Time (ms) R@1L||Dim. ygers probes sub-vec. bits 155 (GB)  Time (ms) Ra1
T027 61 61 61 T 21.85 T899 £ 0.80 77.4([ 1024 61 32 T T 22.01 T9.60 F 0.07 748
1024 64 64 128 4 22, 36.34 + 0.92 78.1(|1024 64 32 256 4 22.29 39.31 + 0.49 74.6
1024 64 64 256 4 22, 71.08 £ 0.93 78.1(/1024 128 32 64 4 21.85 5.56 £ 0.61 73.3
102 128 64 64 4 21. 10.57 £ 0.88 74.2([1024 128 128 64 4 21.85 20.30 £ 1.50 76.7
1024 128 32 128 4 22. 10.21 & 0.52 73.5([1024 128 64 128 4 22.02 19.87 + 0.83 74.5
1024 128 128 128 4 22, 37.10 £ 1.62 78.2|/1024 128 32 256 4 .32 20.27 £ 1.13 73.6
1024 128 64 256 4 22. 39.80 £ 1.40 74.9([1024 128 128 256 4 .32 72.88 £1.14 78.1
1024 256 32 64 4 21. 2.48 £0.02 73.1|/1024 256 64 64 4 5.03 £0.20 74.3
1024 256 128 64 4 21. 9.78 £ 0.38 75.1|/1024 256 256 64 4 18.43+ 0.09 76.4
1024 256 32 128 4 22. 4.73 £ 0.03 74.1(/1024 256 64 128 4 9.49 £0.19 75.3
1024 256 128 128 4 22, 18.75+ 0.07 76.5|| 1024 56 256 128 4 36.40 £ 0.43 78.3
1024 256 32 256 4 22. 9.12 £0.03 74.0(/1024 256 64 256 4 18.24 ¥ 0.03 75.3
1024 256 128 256 4 22, 36.30 + 0.04 76.1([/1024 256 256 256 4 70.21 + 0.45 78.1
1024 512 64 64 4 21. 2.68 £0.17 73.4(/1024 512 128 64 4 5.27 £0.32 74.2
1024 512 256 64 4 21. 10.04 + 0.34 74.7(/1024 512 512 64 4 18.72°+ 0.42 75.6
1024 512 32 128 4 22. 2.60 £0.16 73.6(/1024 512 64 128 4 4.92 £0.21 74.9
1024 512 128 128 4 22, 9.68 £ 0.28 75.8(/1024 512 256 128 4 18.89 4+ 0.20 76.6
1024 512 512 128 4 22. 35.73+ 0.47 77.9(/1024 512 32 256 4 5.01 £0.33 73.5
1024 512 64 256 4 22, 9.62 £0.36 74.9|/1024 512 128 256 4 18.93'+ 0.51 75.9
1024 512 256 256 4 22. 37.41+0.71 76.8([1024 512 512 256 4 70.17 £ 0.78 78.1
1024 12 64 32 8 21. 0.52 £0.04 74.0|/1024 512 128 32 8 0.95 £0.02 74.8
1024 512 256 32 8 21. 1.86 £ 0.11 75.3(/1024 512 512 32 8 3.44 + 0.09 76.7
1024 512 32 64 8 22. 0.51 £ 0.02 73.1(|/1024 512 64 64 8 0.99 ¥ 0.08 74.7
1024 512 128 64 8 22. 1.90 & 0.08 75.8([1024 512 256 64 8 3.88 £ 0.31 76.7
1024 512 512 64 8 22. 7.11 £ 0.45 77.9(/1024 512 32 128 8 1.13 £ 0.02 73.2
1024 512 64 128 8 22. 0+ 0.15 74.8(/1024 512 128 128 8 4.59 £ 0.40 75.8
1024 512 256 128 8 22, .53 £ 0. 76.8 (/1024 512 512 128 8 16.69 & 1.01 78.1
1024 512 32 256 8 23. 2.57 £ 0.11 73.5(/1024 512 64 256 8 4.98 £0.23 74.9
1024 512 128 256 8 23. 9.91 £ 0.45 75.9(/1024 512 256 256 8 19.38 + 0.53 76.8
1024 512 512 256 8 23. 36.08+ 1.09 78.1(/1024 512 32 512 8 5.34 £ 0.25 73.3
1024 512 64 512 8 24. 10.35 + 0.57 74.8(/1024 512 128 512 8 21.24 %+ 1.16 76.0
1024 512 256 512 8 24. 40.20 £ 1.36 76.9([1024 512 512 512 8 74.04 £0.49 78.1
1024 1024 32 64 4 21. 0.68 £0.03 73.9(/1024 1024 64 64 4 1.314+0.06 75.2
1024 1024 128 64 4 21. 2.64 £ 0.12 75.7(/1024 1024 256 64 4 5.10 £ 0.18 75.7
1024 1024 512 64 4 21. 10.054+ 0.29 76.1(/1024 1024 1024 64 4 18.98+ 0.58 76.5
1024 1024 16 128 4 22, 0.76 £0.09 73.0(/1024 1024 32 128 4 1.32 £ 0.07 74.1
1024 1024 64 128 4 22. 2.53 + 0.06 75.3(|1024 1024 128 128 4 5.08 + 0.33 76.0
1024 1024 256 128 4 22. 9.74 £ 0.24 76.3(/1024 1024 512 128 4 19.66 + 0.81 76.9
1024 1024 1024 128 4 22, 36.44F 0.88 78.1(/1024 1024 16 256 4 1.27 £0.02 73.1
1024 1024 32 6 4 22. 2.48 £0.04 74.4(|1024 1024 64 256 4 4.83 £ 0.02 75.5
1024 1024 128 256 4 22, 9.86 £ 0.54 76.1(/1024 1024 256 256 4 19.05 4+ 0.15 76.4
1024 1024 512 256 4 22. 38.28 £ 0.84 77.0([1024 1024 1024 256 4 71.42 +1.36 78.1
1024 1024 32 512 4 23. 4.81 £0.26 74.3(/1024 1024 64 512 4 9.41 £0.40 75.3
1024 1024 128 512 4 23. 18.88°4 0.85 76.1|1024 024 256 512 4 37.54 +1.79 76.5
1024 1024 512 512 4 23. 72.56 £ 0.89 77.1(/1024 1024 1024 512 4 135.98 + 1.05 78.2
1024 1024 32 32 8 21. 0.18 £0.04 74.1(/1024 1024 64 32 8 0.28 + 0.02  75.2
1024 1024 128 32 8 21. 0.53 £0.04 75.8(/1024 1024 256 32 8 0.96 + 0.03 76.2
1024 1024 512 32 8 21. 1.86 + 0.03 76.6([1024 1024 1024 32 8 3.47 +0.04 77.4
1024 1024 32 64 8 22, .28 £0.02 74.1(/1024 1024 64 64 8 0.49 £ 0.02 75.4
1024 1024 128 64 8 22. 0.96 £ 0.06 75.9/1024 1024 64 8 1.91 + 0.13 76.3
1024 1024 512 64 8 22. 3.73 £ 0.17 76.8(|/1024 1024 1024 64 8 7.16 £ 0.61 77.8
1024 1024 16 128 8 22. 0.36 £0.05 73.1(/1024 1024 32 128 8 0.63 £ 0.07 74.1
1024 1024 64 128 8 22. 1.15 4+ 0.02 75.4([1024 1024 128 128 8 2.27 £ 0.08 76.0
1024 1024 256 8 8 22, 4.49 £ 0.16 76.5(/1024 1024 512 128 8 8.71 +0.03 77.2
1024 1024 1024 128 8 22. 16.95 + 0.93 78.1(| 1024 024 6 256 8 0.70 + 0.05 73.0
1024 1024 32 256 8 23. 1.27 £0.03 74.5([1024 1024 64 256 8 2.56 £ 0.13  75.5
1024 1024 128 256 8 23. 5.17 £ 0.43 76.1(|1024 1024 256 8 9.80 £ 0.28 76.3
1024 1024 512 256 8 23. 19.36 + 0.35 77.0(/1024 1024 1024 256 8 36.17 + 0.36 78.1
1024 1024 32 512 8 24. 2.67 £ 0.08 74.3(/1024 1024 64 512 8 5.17 £0.02 75.3
1024 1024 128 512 8 24. 10.33°+ 0.25 76.0(|1024 1024 256 512 8 20.44+ 0.37 76.4
1024 1024 512 512 8 24. 41.34 £1.62 77.0([1024 1024 1024 512 8 76.12 + 0.58 78.1
1024 2048 64 64 4 21. 0.72 £0.06 73.5(/1024 2048 64 4 1.31 +£0.03 74.1
1024 2048 256 64 4 21. 2.66 £ 0.11 74.6(|1024 2048 512 64 4 5.28 £ 0.26 74.9
1024 2048 1024 64 4 21. 11.12°+ 2.02 75.0(|1024 2048 2048 64 4 18.98 + 0.50 75.3
1024 2048 32 128 4 22. 0.74 £0.05 73.3|/1024 2048 64 128 4 1.31 4+ 0.06 75.6
1024 2048 128 128 4 22, 2.66 + 0.22 76.2 (1024 048 256 128 4 5.16 + 0.30 76.8
1024 2048 512 128 4 22. 10.024 0.26 77.1(/1024 2048 1024 128 4 19.73+0.62 77.4
1024 2048 2048 128 4 22, 36.33 £ 0.55 78.1(/1024 2048 64 256 4 2.46 £0.02 75.2
1024 2048 6 4 22, 4.98 £0.24 76.1(/1024 2048 256 256 4 9.94 + 0.46  76.8
1024 2048 512 256 4 22. 19.39°4+ 0.03 77.3(/1024 2048 1024 256 4 38.54 + 0.56 77.6
1024 2048 2048 256 4 22. 72.13 £ 0.90 78.1(/1024 2048 64 32 8 0.18 £0.02 74.7
1024 2048 128 32 8 22. 0.32 +0.06 75.5(/1024 2048 32 8 0.58 + 0.07 76.0
1024 2048 512 32 8 22. 1.01 + 0.02 76.1([1024 2048 1024 32 8 2.11 £ 0.15 76.4
1024 2048 2048 32 8 22. 4.07 £ 0.42 76.8(/1024 2048 32 64 8 0.19 £ 0.03 73.2
1024 2048 64 64 8 22. 0.30 £0.03 75.3|/1024 2048 128 64 8 0.52 + 0.02 76.2
1024 2048 256 64 8 22. 1.01 +0.04 76.7 (/1024 2048 512 64 8 2.17 +£0.21 77.2
1024 2048 1024 64 8 22, 4.13 £ 0.41 77.5|| 1024 048 2048 64 8 7.37 £0.45 78.0
1024 2048 32 128 8 22. 0.35 £ 0.02 73.2/1024 2048 64 128 8 0.63 £ 0.02 75.5
1024 2048 128 128 8 22. 1.25+ 0.06 76.2([1024 2048 128 8 2.63 £ 0.21 76.9
1024 2048 128 8 22. 5.01 + 0.35 77.3(|/1024 2048 1024 128 8 9.50 £ 0.20 77.7
1024 2048 2048 128 8 22. 18.42°+ 1.10 78.1([1024 2048 64 256 8 1.31 +0.02 75.2
1024 2048 128 256 8 23. 2.71 £0.18 76.1([1024 2048 256 256 8 5.52 + 0.56 76.8
1024 2048 6 8 23. 10.694+ 0.71 77.3||1024 2048 1024 256 8 20.47+ 0.60 77.6
1024 2048 2048 256 8 23. 38.13 £ 0.90 78.1(/1024 4096 64 4 0.72 £0.03 73.8
1024 4096 256 64 4 21. 1.424£0.14 74.6([1024 4096 512 64 4 2.72 £ 0.10 74.8
1024 4096 1024 64 4 22, 5.37 £ 0.16 75.0(|1024 4096 2048 64 4 10.62°+ 0.34 75.2
1024 4096 4096 64 4 22, 19.57 + 0.66 75.4(/1024 4096 64 128 4 0.73 & 0.08 74.6
1024 4096 128 4 22, 1.37 £0.10 75.8||1024 096 256 128 4 2.90 + 0.28 76.8
1024 4096 512 128 4 22. 5.65 £ 0.61 77.1(/1024 4096 1024 128 4 10.73+ 0.67 77.5
1024 4096 2048 128 4 22, 20.78 £ 0.70 77.9(/1024 4096 4096 128 4 38.05 + 1.28 78.1
1024 4096 64 6 4 22, 1.40 £ 0.15 74.8(/1024 096 256 4 2.49 £0.05 75.7
1024 4096 256 256 4 22, 5.22 £ 0.39 76.7||1024 4096 512 256 4 10.98 £ 0.78 77.2
1024 4096 1024 256 4 22, 21.14 + 0.86 _77.6|/1024 4096 2048 256 4 39.60 £ 0.93 78.2
2048 32 32 64 1 43. 10.87 £ 0.60 75.4(| 2048 32 16 128 T 22.30 £ 0.56 73.8
2048 32 32 128 4 43. 41.78 + 0.54 76.2| 2048 32 16 256 4 41.37 + 0.55 73.8
2048 32 32 256 4 43. 78.52 + 0.81 76.5|[2048 64 64 64 4 18.63 £+ 0.21 75.2
2048 64 32 128 4 43. 20.05 £ 0.50 73.4(|2048 64 64 128 4 36.38 £ 0.72 76.5
2048 64 32 256 4 43. 40.03 & 1.53 73.6 | 2048 64 64 256 4 71.23 £ 1.23 76.6
2048 128 64 64 4 43. 13.06 + 0.29 73.7(|2048 128 128 64 4 23.85 £ 0.53 75.2
2048 128 32 128 4 43. 13.25 + 0.16 73.0(|2048 128 64 128 4 25.60 £+ 0.47 74.2
2048 128 128 128 4 43.2 47.41 + 0.57 76.3 || 2048 128 32 256 4 25.01 £ 0.85 73.1
2048 128 64 256 4 43. 48.03 + 1.85 74.3 | 2048 128 128 256 4 88.52 + 4.04 76.6
2048 256 128 64 4 43. 13.88 + 0.49 73.5|| 2048 256 256 64 4 25.34 + 0.48 74.9
2048 256 64 128 4 43. 20.06 £ 0.51 73.2(/2048 256 128 128 4 38.94 £ 0.58 74.5
2048 256 256 128 4 43. 71.92 £ 0.74 76.3 (/2048 256 64 256 4 19.26 + 0.06 73.6
2048 256 128 256 4 43. 38.11 + 0.17 74.7([2048 256 256 256 4 75.96 £ 0.99 76.5
2048 512 128 64 4 43. 6.11 £0.08 73.0(/2048 512 256 64 4 11.79 + 0.16 73.5
2048 512 512 64 4 43. 22.22°+ 0.64 74.2 (/2048 512 32 128 4 2.56 £0.05 73.3
2048 512 64 128 4 43. 5.05 £ 0.20 74.2(|2048 512 128 128 4 10.57 + 0.50 74.9
2048 512 256 128 4 43. 19.17 4+ 0.19 75.4(/2048 512 512 128 4 35.99 £ 0.22 76.4
2048 512 32 256 4 43. 5.68 £ 0.12 73.3|/2048 512 64 256 4 11.00 + 0.19 74.0
2048 512 128 256 4 43.6 21.57 £ 0.31 74.8|/2048 512 256 256 4 42.23 £ 0.47 75.6
2048 512 512 256 4 43. 79.17 £ 0.64 76.5(/2048 512 32 512 4 8.15 £0.10 73.2
2048 12 64 512 4 44. 16.19 &+ 0.21 73.9(/2048 512 128 512 4 32.04 + 0.33 74.7
2048 512 256 512 4 44. 61.94 + 0.48 75.5([2048 512 512 512 4 115.13 + 0.63 76.5
2048 512 64 32 8 43. 0.59 £0.06 73.1|/2048 512 128 32 8 1.04 4+ 0.07 73.8
2048 512 256 32 8 43. 1.90 + 0.08 74.3 (/2048 512 512 32 8 3.46 + 0.07 75.3
2048 512 32 64 8 43. 0.58 + 0.08 73.3|2048 512 64 64 8 1.00 £ 0.05 73.9
2048 512 128 64 8 43. 1.85 + 0.03 74.7|[2048 512 256 64 8 3.57 £ 0.06 75.4
2048 512 512 64 8 43. 6.58 £ 0.04 76.5(/2048 512 32 128 8 1.29 £ 0.11 73.3
2048 512 64 128 8 43. 2.46 ¥ 0.17 74.1||2048 512 128 128 8 4.67 £ 0.25 74.8
2048 512 256 128 8 43. 8.88 £ 0.12 75.4(/2048 512 512 128 8 16.87 + 0.46 76.5
2048 512 32 512 8 45. 5.30 + 0.06  73.2(|2048 512 64 512 8 10.38 + 0.09 73.9
2048 512 128 512 8 45. 20.36 £ 0.07 74.7|[2048 512 256 512 8 40.06 + 0.10 75.5
2048 12 512 512 8 45. 75.58 £ 0.31 76.5(/2048 1024 64 4 6.02 +£0.15 73.0
2048 1024 512 64 4 43. 11.53 £ 0.32 73.1(/2048 1024 1024 64 4 22.01 +1.04 73.7
2048 1024 128 128 4 43 4.94 £0.09 74.0(/2048 1024 256 128 4 9.75 £ 0.04 74.9
2048 1024 512 128 4 43 19.29'+ 0.08 75.1(/2048 1024 1024 8 4 36.30 £ 0.19 76.1
2048 1024 64 256 4 43 5.26 £ 0.26 73.2([2048 1024 256 4 11.18 £ 0.19 74.3
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- TVF TQ . - TVF PQ -
Dim. ;1ysters probes sub-vec. bits 155 (GB)  Time (ms) R@L||Dim. ygers probes sub-vec. bits 155 (GB)  Time (ms) Ral
204 10274 256 256 ES 22.02 X 0.9T 75.212048 1024 512 256 44370 4T 78 £ T.0T 755
2048 1024 1024 256 4 76.95 £ 1.48 76.6|(2048 1024 64 512 4 41.42 9.42 £0.05 73.1
2048 1024 128 512 4 1896 £ 0.14 74.2|[2048 1024 256 512 4 44.43 37.98 1 0.14 75.1
2048 1024 512 512 4 75.56 £ 0,23 75.4|/2048 1024 1024 512 4 44.46 142.69 % 0.36 76.5
2048 1024 128 35 3 161 +£0.31 73.0( 2048 1024 256 32 8 43.21 2748 £ 0.18  74.0
2048 1024 512 32 8 447 X017 74.4|(2048 1024 1024 32 8 43.24 7.49%023 756
2048 1024 64 64 8 0.54£0.03 73.0|/2048 1024 128 64 8 43.45 0,99 £0.04 74.0
2048 1024 256 64 8 1.90 £ 0.05 74.9(/2048 1024 512 64 8 43.47 364 %004 753
2048 1024 1024 64 8 684 % 0.07 76.5| 2048 1024 64 128 8 4385 094 X012 730
2048 1024 128 128 8 1.64 008 74.2|[2048 1024 56 128 8 4386 314+ 0.07 75.3
2048 1024 512 128 8 6.09F 010 75.5|/2048 1024 1024 128 8 43.89 1127+ 0.07 76.5
2048 1024 64 256 8 258 £ 0.08 73.1|(2048 1024 128 256 8 44.65 5.07 £ 0.04 74.2
2048 1024 256 256 8 9,94 X005 7512048 1024 512 256 8 44.67 19.97 £ 0.15 75.4
2048 1024 1024 256 8 37.02£0.12 76.5|/2048 1024 64 512 8 46.20 5.86 £ 0.18 73.1
2048 1024 128 512 8 11.40 £ 0.14 74.2||2048 1024 256 512 8 46.21 22.35+ 0.36 75.1
2048 1024 512 512 8 41,74 £ 0,25 75.4|2048 1024 1024 512 8 46.27 7855 £ 0.34 76.5
2048 2048 128 64 1 1.38 £0.07 73.1|/2048 2048 56 64 1 43125 274+ 0.18 73.4
2048 2048 512 64 1 525+ 010 73.4|(2048 2048 1024 64 1 43128 10.21%0.08 73.7
2048 2048 2048 64 1 18.88°% 0.11 74.0|/2048 2048 128 128 4 43.56 2.59 £0.07 74.2
2048 2048 256 128 4 5.14 + 0.18 74.6 || 2048 2048 512 128 4 43.58 10.13 +£0.31 75.1
2048 2048 1024 128 4 1969 % 0.59 75.5|[2048 2048 2048 128 4 43.63 36.45 £ 0.58 75.9
2048 2048 64 256 4 2.59 £ 0.10 73.8 /2048 2045 128 256 4 43.78 5024 0.19 74.4
2048 2048 256 256 4 9.94F 028 7502048 2048 512 256 4 43.80 19.96 & 0.55 75.3
2048 2048 1024 256 4 38.79 % 0.46 75.9 (/2048 2048 2048 256 4 43.86 71.90 £ 0.60 76.5
2048 2048 64 512 4 4.92 £0.04 73.3|2048 2048 128 512 4 4142 9.64 £ 0.06 74.5
2048 2048 256 512 4 19.34°% 0.10 75.0 (2048 2048 512 512 4 4444 38.66 + 0.16 75.4
2048 2048 1024 512 4 76.68 £ 0.22 76.1||2048 2048 2048 512 4 4451 142,34 % 0.41 76.6
2048 2048 128 32 8 0.41 £0.03 73.6|/2048 2048 256 32 8 43.26 0.62+£0.06 73.9
2048 2048 512 32 s 111X 0.06 74.0| 2048 2048 1024 32 8 43.29 210 £ 0.07 74.3
2048 2048 2048 32 8 375 £0.04 74.5|/2048 2048 64 64 8 43.48 0.38£0.06 73.5
2048 2048 128 64 s 061 £ 0.06 74.5|2048 2048 256 64 8 43,49 1711 £ 0.08 75.0
2048 2048 512 64 s 207 £ 0.07 75.4|[2048 2048 1024 64 8 43152 401 £ 011 76.0
2048 2048 2048 64 3 743023 7652048 2048 64 128 8 43.94 070 £ 0.03 733
2048 2048 128 128 8 130 £ 0.03 74.6|/2048 2048 256 128 8 43.95 244%0.04 75.0
2048 2048 512 128 8 177 £0.05 75.5|/2048 2048 1024 128 8 43.98 9.35£0.07 76.0
2048 2048 2048 128 8 17.38% 0.08 76.6((2048 2048 64 256 8 41.90 1119 £ 0.07 73.8
2048 2048 128 256 8 2.14 £0.07 74.4|[2048 2048 256 256 8 44.91 415 % 0,08 75.0
2048 2048 512 256 8 819 £ 0,12 1753|2048 2048 1024 256 8 44.94 16.03 % 0.10 75.9
2048 2048 2048 256 8 29.76 £ 0.13 76.5 (2048 2048 64 512 8 46.72 2,96 £0.08 73.2
2048 2048 128 512 8 5.59 £ 0.07 74.5|(2048 2048 256 512 8 46.73 11.13°%0.10 74.9
2048 2048 512 512 8 23.08 % 0.09 75.3|/2048 2048 1024 512 8 46.79 4351 £ 0.15 76.0
2048 2048 2048 312 8 81.57 £ 0.36 76.5|2048 4096 64 128 4 43159 0.77 £0.05 73.3
2048 1096 128 128 4 1.40 £0.08 74.2|[2048 4096 56 128 4 43139 276 £0.15 74.9
2048 4096 512 128 4 551 1 0,46 75.2 /2048 4096 1024 128 4 43.62 10.61 % 0.54 75.5
2048 4096 2048 128 4 20.43°E 0.73 75.9|/2048 4096 4096 128 4 43.76 36.61 £ 0.86 76.0
2048 4096 64 256 4 1.35 £0.05 73.1|/2048 4096 128 256 4 43.91 256 £ 0.03 74.2
2048 4096 256 256 4 5.01 £ 0,05 7522048 4096 512 256 4 43.92 10.01 % 0.08 75.5
2048 4096 1024 236 4 19.94°% 0.07 75.9([2048 4096 2048 256 4 43.98 40,46 + 0.65 76.4
2048 4096 4096 256 4 71,82 £ 1.22 76.5|[2048 4096 64 512 4 44.56 259 £0.12 732
2048 4096 128 512 4 490 £ 0.04 74.2|/2048 4096 56 512 4 4457 984 £ 021 752
2048 4096 512 512 4 19.46 % 0.09 75.6|/2048 4096 1024 512 4 44.60 38.87 £ 0.15 76.0
2048 4096 2048 512 4 76.61 £ 0.29 76.5 (/2048 4096 4096 512 4 44.78 141.69 % 2.31 76.6
2048 4096 128 35 8 028 £0.05 73.3|/2048 4096 256 39 8 4335 0.41 £0.04 74.0
2048 4096 512 32 s 072 £ 0.04 74.0|/2048 4096 1024 32 8 43.38 124 X006 74.3
2048 4096 2048 32 s 2138 0,07 74.3|[2048 4096 4096 32 s 4354 126 F 004 745
2048 4096 64 64 8 024 X004 7352048 4096 128 64 8 43.66 0.35£0.05 74.2
2048 4096 256 64 8 057 £0.05 75.3|/2048 4096 512 64 8 43.68 104 X011 756
2048 4096 1024 64 8 1.87 £0.07 75.9|(2048 4096 2048 64 8 4375 353 £0.05 76.3
2048 4096 4096 64 s 6.50 £ 0.09 76.4| 2048 4096 64 128 8 44.27 0.46 £ 0.05 73.3
2048 4096 128 128 8 076 £0.04 74.2|/2048 4096 256 128 8 44.28 138+ 0.03 752
2048 4096 512 128 8 270 £ 0.08 75.6|(2048 4096 1024 128 8 44.31 525 +009 759
2048 4096 2048 128 8 10.147% 0.04 76.4||2048 4096 4096 128 8 44.49 18,76 £ 0.12 76.5
2048 4096 64 256 8 0.90 £ 0.05 73.1|/2048 4096 128 256 8 45.34 1.714£0.16 742
2048 4096 256 256 8 321 0,15 75.2|/2048 4096 512 56 8 45.36 616 £ 0,18 755
2048 4096 1024 256 8 119871 0.09 75.9([2048 4096 2048 256 8 45.43 23.35 % 0.30 76.4
2048 4096 4096 256 8 12,60 £ 0.23 76.5|2048 4096 64 512 8 47.75 1.74£0.06 73.2
2048 4096 128 512 8 3.24 £0.08 74.2|/2048 4096 256 512 8 47.76 634 £ 012 75.2
2048 4096 512 512 8 1257+ 0.13 75.5|/2048 4096 1024 512 8 47.82 25.26 % 0.33 75.9
2048 4096 2048 512 8 49.59 T 0.27 76.4||2048 4096 4096 512 8 47.94 90.90 £ 0.38 76.5
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The following table is reporting the results that have been measured by applying the
inverted multi index combined with the optimized product quantization (IMI) technique.
For all of the configuration tested, it has been used 8 bits to represent each dimension of
the compressed vectors in the database.

: TVF 14 : : TVF 14 :
Dim. j,qters probes sub.sec. RSS (GB)  Time (ms) R@1 Dim. || justors probes sub.gec. RSS (GB)  Time (ms) R@l
356 32 T 128 072 £ 0.0 1552 £0.13 73.7 250 32 ) T28 072 £ 0.0T 1555 £0.12 73.7
256 32 4 128 0.72 £0.01 15.47 £0.09 73.7 256 32 8 128 0.72 £0.01 15.69 £ 0.31 73.7
256 32 1 256 1.40 +£0.01 35.03 £ 0.37 73.5 256 32 2 256 1.40 £ 0.01 35.19 £1.03 73.5
256 32 4 256 1.40 £0.01 34.94 £ 0.38 735 256 32 8 256 1.40 + 0.01 34.99 + 0.45 73.5
256 64 1 128 0.72£0.01 15.99 £0.82 73.7 256 64 2 128 072 £0.01 15.58 £0.01 73.7
256 64 4 128 072 £0.01 16.12+0.52 737 256 64 8 128 072 £0.01 1593 £ 0.50 73.7
256 64 1 256 1.40 £ 0.01 3541 £0.79 735 256 64 2 256 1.40 £ 0.01 35.05 £ 0.05 73.5
256 64 4 256 1.40 £ 0.01 35.01 £0.05 73.5 256 64 8 256 1.40 £ 0.01 35.21 £ 0.34 73.5
256 256 1 128  0.72£0.01 15.85£0.40 73.7 256 || 256 2 128 0.72 £0.01 15.76 £ 0.15 73.7
256 256 4 128 0.72 £0.01 15.66 £0.05 73.7 256 || 256 8 128 0.72 £0.01 15.67 £ 0.08 73.7
256 256 1 256 1.40 £0.01 35.12F0.05 735 256 || 256 2 256 1.40 £ 0.01 35.23%0.17 735
256 256 4 256 1.40 £0.01 35.21 £0.16 73.5 256 || 256 8 256 1.40 £0.01 35.11 £0.05 73.5
256 512 1 128 0.72£0.01 1550 £0.05 73.7 256 || 512 2 128 0.72 £0.01 15.50 £ 0.06 73.7
256 512 4 128 0.72 £0.01 15.46£0.04 73.7 256 || 512 8 128 0.72 £0.01 15.48 £ 0.06 73.7
256 512 1 256 1.40 £0.01 35.21 £0.19 735 256 || 512 2 256 1.40 £ 0.01 35.12%0.02 73.5
256 512 4 256 1.40 £0.01 35.10£0.04 735 256 || 512 8 256 1.40 £ 0.01 35.08%0.02 735
256 1024 1 128 0.72£0.01 1547 £0.06 73.7 256 || 1024 2 128 072 £0.01 1544 £0.03 73.7
256 1024 4 128 072 £0.01 1550 £0.07 73.7 256 || 1024 8 128 0.72 £0.01 15.75 £ 0.46 73.7
256 1024 1 256 1.40 £ 0.01 35.26 £ 0.04 73.5 256 || 1024 2 256 1.40 £ 0.01 35.28 £0.04 73.5
256 1024 4 256 1.40 £ 0.01 35.48 £ 0.47 73.5 256 || 1024 8 256 1.40 £ 0.01 35.29 £ 0.01 73.5
256 2048 1 128 0.72£0.01 15.50 £0.06 73.7 256 || 2048 2 128 072 £0.01 15.48 £ 0.05 73.7
256 2048 4 128 0.72£0.01 1547 £0.03 73.7 256 || 2048 8 128 072 £0.01 1582 £ 0.57 73.7
256 2048 1 256 1.40 £ 0.01 35.09F0.05 735 256 || 2048 2 256 1.40 £0.01 35.08£0.05 73.5
256 2048 4 256 1.40 £ 0.01 35.21 £0.30 73.5 256 || 2048 8 256 1.40 £ 0.01 35.07 £ 0.08 73.5
256 4096 1 128 0.72£0.01 15.81 £0.17 73.7 256 || 4096 2 128 0.72 £0.01 15.72 £0.02 73.7
256 4096 4 128 0.72 £0.01 15.76 £0.01 73.7 256 || 4096 8 128 0.72 £0.01 1575 £ 0.03 73.7
256 4096 1 256 1.40 £0.01 35.15F0.09 73.5 256 || 4096 2 256 1.40 £ 0.01 35.23%0.17 73.5
256 4096 4 256 1:40 £0.01 35.32F0.35 735 256 || 4096 8 256 1.40 £ 0.01 35.11 £ 0.04 7315
256 8192 1 128 0.72£0.01 15.65£0.22 73.7 256 || 8192 2 128 072 £0.01 15.42£0.04 73.7
256 8192 4 128 0.72 £0.01 15.42£0.03 73.7 256 || 8192 8 128 0.72 £0.01 15.46 £ 0.04 73.7
256 8192 1 256 1.40 £0.01 35.15+0.03 73.5 256 || 8192 2 256 1.40 £ 0.01 35.22+0.20 73.5
256 8192 4 256 1.40 £0.01 35.15F0.05 73.5 256 || 8192 8 256 1.40 +0.01 35.10 £ 0.04 735
256 16384 1 128 0.72£0.01 15.52£0.13 73.7 256 || 16384 2 128 072 £0.01 15:563 £0.02 73.7
256 16384 4 128 072 £0.01 1547 £0.03 73.7 256 || 16384 8 128 072 £0.01 15.48 £0.03 73.7
256 16384 1 256 1.40 £ 0.01 40.48 £1.87 735 256 || 16384 2 256 1.40 £ 0.01 42.07 £2.15 73.5




A.4  Inverted Multi-Index with Optimized Product Quantization

R@1

[MNMNOOFHINNNNOOHHNMWDIFMNNNOOFINNVOOIFIMNVINOOFINMVOOIIMNNNOOFHNNVINOOIIMNMNNVOOHHNMNOOFFNMNNNOOHHMMNNOOF

F e S0 EEENBEEEEOINBNEGEONNEEEEEENNBIBBGEBNNEEEEEENRNOOBBBENDNEEEEEENRNROBOBBBBNDEEEEEENNREEBOBONBBOGEEEENNEEOBE OB
S N N e N e N S S S e N e e N N N N N N N N S e N e N S e N e e N e e N N N N
O Yoy

P00 =0 | (Yo QN0 GO T G HADHN I OF DA (o D HO T ) FINODN 4 L NONAFHO G GOV FIDDY G SN G OFON—HH G HORDD W

P00 OOITOOH 10 ADRFZ SO N oo

.............. cofl L S i SeNenT eemeT Smenan RO LU eemhT ARSIt = A A it

Time (ms)

o
<+©
MANSSINTO £ SOBIBINA T S SIBONN S SDBIIF NN IBI0CONN S SIB00FNN & 1011818 0N S 519150800 5 S1801010 NN S 00NN S OO FIBNN L SBCIBIDNN 5181010100009 5 2
R R P R 1 PP R i R Rl 205 T N Ml e T A A I N N 1 1 TN A i e e 1 1 T A e N e T I T M e e P N N R e T S
R —

oo

b b b b e e e v v o v e vt b o ot e e e e e v v v e e b b e e e e e v v v e e b b e e e e e e e v vt o o e b e e e v e e e et o e e e e e e e e e e e e e e e e e e e e
[=l=lelololololololololololololelelololololololololololololololellolololololololololololololelolololololololololololololelelololololololololololololololollolololololololololololololololol=lolololololo)

RSS (GB)

P NNOONNOONNOONNOONNOONNOORANNOOWIARNNOOVIAANNOORANNOVIVARNNODVIVARNNOONDNARANNNNOOAANNOOVOANNNODWIVARNNH=HVVARNNOOVINAANNOVIVANNNODVORR
S e e A e e N ] L e e N e e R N e e e e e e e N N e N N T e N N e N N e R T e R N S e S e e e S S Lo S e ST
HOOHHOOHHOOHHOOHHOOH-HOOHHPD OO0 ANNOOO0OOHHANNCOOOHHOOOO-H-HANNOOOOHHANNOOOO=HANNOOOOHHANNOOOOHHANNOOOOHHANNOOOO-H-HANNOOOO-HHNNOOOO-H=HANNOOOO=-HNNOO
g
0 000000 0030100 00 00O I WOV 00 I DVW VBB 40000V V NN IOV N DNV WD OONN L ((DVOONN L 40000VVNN IOV N VOV ([ DVVOONN 40000 OONN IOV NN 4 WVOONN [ VVOONN
Qw5225522552255225522552255MM225511MM225511MM2255MM225511MM225511MM225511MM225511MM225511MM225511&%225511MM225511MM225511MM225511MM
P O Q11 O O N 4 1AL — O O = T OO0 OO0 AN A0 OO0 OO AN A0 =N I0W N0 =N I0W Bk la [ fiofta) e I0W
]
@
@
o
1% 100 000 CN 00 (100 C 00 (100 €N 00 (100 100 (00 100 (N 00 |1 00 (00 €100 (N 00 €N 00 (N1 00 CN100 CN1 00 0100 €100 0100 AN 00 (100 €1 00 (N 00 € 00 (.00 100 € 00 100 (N 00 N1 00 (N1 00 O .00 (100 .00 €100 C100 €N 00 0100 €N 00 (100 €100 (N 00 €100 €100 100 (N 00 N1 00 (N 00 N1 00 (N1 00 O 00 €100 O 00 €100 €00 €100 (100 €1 00 (00 AN 00
2
= A
Wm NN 000000002290 0000 0 0 09 0O O O S 0000
B S S A N N N R L L L oo DOOOOONNNNNNNNT T T T FF F00000DNDOOOOOOOONNNNNNNNFFHLLL L %000%000%0000GOOGO G| [-I- I - I- I - w9 < S ¥ 000
=R R R R CoC O = AN AN N AN NN NN Y Y Y ¥ BB 0OONNNANTAN NN ANNNNAF I I FFITITORDORRDRRER000 0 ZR BN L 0B 0100 00 0 R R R R R RSO0 00000HH - =~ ==~
@ S N O O RN mmmmmnmnoooooooo 0000000000 0000000000000O A== e e e N I D D BB D b
SRARIILBBBnnnnooooaaaadIIS AAAAANROIO S S S S S S S S ANNNNNNNTFFF 0000000055558 8 88 o N SRR 0mNNMMNNNO000000ONN
ShemendooeE R R KRR RnSSSS AR AEHOOMNOMNNOO0OVOVY i NNNNNNNNIDD
£ 00000V OVVVVVVVVOVVVVVVOVNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNANNNNNNNNANANNNANNNNAN NN NNV NN NNN NN NN NN NN N NN NN NN NN NN NN
B oo DT e e BB e B Y Y By BB B e e |
A FANAAANAANAaaNAaaNAaNANNN[RIRDININRIRININ NI IR INININIBININ I IDININ I DN ID DI DI IR DIV IR D VIR DI IR DIV N DD IR DI N IR DIV N D DIN IR DIV IR DIV N D DIN IR DI B DIV D D IDIN IR DI B DIV B D DID B DI
g [anhwub ok bnnh b NSRRI R-IYO00N0OYINNINOOIINNVII TNV OOILNNVNOOYIN NNV OIFNMNNOOIINMVIVOO YNNIV VO YNNIV OI FNMVNOOIINRVVOOIINNVVOON
O BB BB BB nBBRNBBrRBREBBRRHRNECEEEENNEEEEEERNEEECRNOETEEEHNOCEEEERNEEECECNBECEEEENRBEEECEERBECEEEEBREEEEEERNEECEEEBRECEEEONBEEEEEEBN
0 IR R N N IR S R R N R e o B RN S B B B B B D R B B B B DR B B B B D B B B B B 1 I B B B B D 1 B B B B B 8 B B B B B B R B B B B B R B B B B D I I B B B B D 1 B B B B B B B B B B B e B B B B B R B B B B B B N IS B B D I I I S B B I I S B B B
[0DDOFOFNDDFOMIO DO S NNN - DDDIDN0D 4 (ONOOND L N NDI=N (5 OOVVOT ([ DHNVOVT 5 NNOOI 5 (IDNDROI: 4D IRDD {10 0 5 OONOO 2 HNDO T (N0 1 OONDOD 50— VO =0 o
2 [eRNOHONCOSOHNONNOOMNMINOCHNONFNMN0 IR DFEEOTONLAN—I-— N TANDOEBOTRHNNN-N T~ HARen AN ~OZaAZnaacaaElbnonanIIonarorI8Iadn—~3Sa-ooa~gY
E [[S5S58605880--800880HS8808BSHESH S SS0 -t -G HOHH S goSSNSS 5888 HONgHH=-SS5588HE0885508=-g85588=H08558880885555-08855858SMS55SSSSSS53
- e HHHH o
& PHSNEHONOOW o M |, _ ODONHN D= NN, ONOOWIL 5 (o HDNDOF N EORR 10 (o H=DONN ) WOF =Dt ) HNRRWVND y  OHAINN O 5 (n NVOO M 0y
m ....... VR INNVORNOH ROV R IR GGE AN NN MT OO AR IERANCHFMON R (N a NN IR NROANCO R @ NN GOR VM 5300 == py
N©o© JOMINOOO SO H I SO AN L 00 INANM I SOOWIDANN S AW NN S L OW0INI M S AN N I 00NN J SOOI Py F NS DD NIN (3 s
<400 PP MmO~ SRR S e I A et R A N P A R A I A I A PN e R T
. e e T T P P PP P P o v P Pt
o coo coooo ©0000000000000000000000000
Y
] COMINARNNOOWARNNOORRMNOOVIVAANNOOVDAANNOONVARNMNNNIVOARNNOOVORNNNOOVIDAANNHHINIARNMOOVIVAANNOOVIBARNNOODOAR
m B S N R e N e e e N e e N N e e S T e N N e e T N N e e N N T e e N N N S e N L T e TN
—HNNCCCCHHNNCCCO-HOCCO-HNNCSOOHHNNCOSOH—NNOSSC—H-HNNCCCO-HNNSOOOHHNNOOSSO~—~NNCOCo—HNNSSOOHHNNCOSOO--NNGS
g
[0 000000000 ©0NVODDODNWNOODNOO], 40ROONN 4 LPVDOONN DDV 4 HDDOONN, DOOONN 4 L0VOONN 4 LPVWVOONN 4 LVDOONN, DNOONN L 000OONN 4 L,PVWVOONN L DDOONN, ,00OONN
Qw5225522552255225522552255Mm22551IMMZ25511MM2255MM22551IMMZ25511MM22551IMMZ25511MMZ25511MM22551IMMZ25511MM225511MM225511MM225511MM
e O 1 O O OO o N N = T A NINW HeHE N0 AN A NINW A0 A0 N0 N0 OO0 N0 =N N0 AW
E]
@
P
@
w414141414141414141414141414141414141414141414141414141414141414141414141414141414141414141414141414141414141414141414141414141414
2
=, A
Wm NN 00000000 DL O L O O O O O (N O O H < < < 00 00
SR BBBBI2Q I < #0000 0000 13 S IS COOOOONNNNNNNaT T T FHD00000NNOOOOOOOONNNNNNNA S ILLLL%00000090%0%0COBOOOOCON I~ I~ IS IS I H < ¥ F T H 0D
=P R R CCOO AN AN R NN Y FFFHFF D 2RO OANNNNTNANNNNNNNNFFFFFIIFDDDDRDDRRRRRBR00ZRR LB 2020000000 00 O R R R R R R R RC0000000HHH= ==~ —aN
NN ANLIIIA R AN FHF H EZAZMNNNMNMNOOOOVOVOINANNNBBBBRLANSSCOCOC00000000000000000—-=ni=-— B3R 3H000NNNNNNNNINNINNINIBIB R R A S SIS aananaaa s+
e e S = et SRR SIS S AAARRAAAIFIFIFIF 000000002585 20 2 aa Aa e e E R BREBRNnnnHnH0o0o0o0AN
Saas
n. (elNsollokiellsiskislalelolisllslofioliollslisfiolialiollofiolia}kio] o o [a [ [a [a [ [a Ea [ Ea Ea o o Kot K ) o T Kot o) Ko Ko K o K Kl i ot K o o Kt M o Kl K o i o o o Kt K e o i i ot M o i o o K ) e i o i i o K i e o o ) e o o e o o i K o o o i K i o o K i
BB R T YT Y Y Y Y Y-SV Ve RV bl il Bl e Bl il el Bl el Bl Bl Bl il e Bl Bl sl il el el e e
A FRNAAANANaNaaaaaaaaNaaaa N[0 DInnRnINIRRNNILDININIBNININBININILDININ IR DININIBININIL DI IB DIV DDV DN IR DIV IN DDV IR DN IB DIV DB DIV IB DI IP DIV D DDV I DTN B DIV IV DDV IP DIV ID B DIV D DD DI

68



A.4  Inverted Multi-Index with Optimized Product Quantization

- TVF PQ - TVF PQ -
Dim. ¢1yspers probes sub-vec. Time (ms) R@1L Dim.|| ;jysters probes sub-vec. XS5 (GB) Time (ms) R@1
512 5242 T 128 [N 1544 £ 0.03 76.3 512 5242 2 12 0.73 0.0T 1546 = 0.05 76.3
512 524288 4 128 0. 15.46 £ 0.06 76.3 512 || 524288 8 128 0.73 £ 0.01 15.43 % 0.06 76.3
512 524288 1 256 1. 31493 £0.28 76.5 512 || 524288 2 256  1.40 £ 0.01 35.39 £ 0.37 76.5
512 524288 4 256 1. 36.03 £ 1.44 76.5 512 || 5324288 8 256 1,40 £ 0.01 35.36 £0.57 76.5
512 524288 1 512 2. 7303 X044 76.6 512 || 524288 2 512 275+ 0.01 72.92 £0.32 76.6
512 524288 4 512 2. 72,69 £ 0.04 76.6 512 || 52428 8 512 2.75 £ 0.01 72.96 £ 0.37 76.6
512 1048576 1 64 0. 6.54 £0.04 73.4 512 ||1048576 2 64 039X 001 6.61+0.09 73.4
512 1048576 4 64 0. 6.62 £ 003 734 512 ||1048576 8 64 0.39F0.01 6.53%0.04 734
512 1048576 1 128 0 15.58 £ 0.17 76.3 512 ||1048576 2 128 073 £0.01 15.97 £ 0.69 76.3
512 1048576 4 128 0 1584 £ 0.16 76.3 512 ||1048576 8 128 0,73+ 0.01 15.41 +0.02 76.3
512 1048576 1 256 1. 3517 £ 011 76.5 512 |[1048576 2 256 1.40 * 0.01 35.08 % 0.00 76.5
512 1048576 4 256 1. 35.19 £ 0.24 76.5 512 ||1048576 8 256 1.40 £ 0.01 35.10 £ 0.11 76.5
T024 32 T s E 637 £0.01 75.1 1034 32 P 61 049 £ 00T 6.37 £0.02 751
1024 32 1 64 O 638 ¥ 0.03 751 1024|| 32 8 64 049X 001 6.73 %069 75.1
1024 32 1 128 0 15.46 £ 0.03 76.7 1024|| 32 2 128 085X 0.01 15.49%0.09 76.7
1024 32 1 128 0. 15.53 £ 0.13 76.7 1024|| 32 8 128 0.85 £ 0.01 15.66 & 0.28 76.7
1024 32 1 256 1. 35,99 £ 1.69 77.1 1024|| 32 2 256 1.52 £ 0.01 34.55 £ 0.13 77.1
1024 32 1 286 1. 36,32 £ 2.44 77.1 1024 32 8 256 1.52 £ 0.01 34.75 f 0.35 77.1
1024 64 1 64 0. 6.36 £0.01 751 1024|| 64 2 64  0.47 0.0l 6.40+0.02 751
1024 64 1 64 0. 640 ¥ 0.05 751 1024|| 64 8 64 050001 6.80F067 751
1024 64 1 128 0. 15.547% 0.05 76.7 1024|| 64 2 128 0,82 X 0.01 15.49 & 0.08 76.7
1024 64 1 128 0. 15.43 £ 0.03 76.7 1024|| 64 8 128 0.85 £ 0.01 15.67 £0.19 76.7
1024 64 1 256 1. 3571 £ 1.96 77.1 1024|| 64 2 256 1.52 £ 0.01 35.12 £ 0.71 77.1
1024 64 4 256 1. 3483 £ 023 77.1 1024 64 8 256 1.2 £ 0.01 34.85+0.38 77.1
1024 64 1 512 2. 71,04 X 0.85 781 1024|| 64 2 512 287 £ 0.01 71.64 +0.43 781
1024 64 1 512 2. 72.60 £ 1.02 78.1 1024 64 8 512 287X 0.01 73.07 £0.89 78.1
1024 256 1 64 0. 6.40 £ 0.04 75.1 1024|| 256 2 64 048 £ 0.01 6.43£0.09 75.1
1024 256 1 64 0. 6.40 £ 0,06 75.1 1024|| 256 8 64 0.51+0.01 6.70+0.69 751
1024 256 1 128 0 15.40 £ 0.06 76.7 1024|| 256 2 128  0.85 £ 0.01 16.08 &+ 1.33 76.7
1024 256 4 128 0 1550 £ 0.11 76.7 1024|| 256 8 128 085X 0.01 15.36 £ 0.02 76.7
1024 256 1 256 1. 3494 £ 037 77.1 1024|| 256 2 256 1.52 £ 0.01 35.41 * 0.58 77.1
1024 256 1 256 1. 3484 £ 0.26 77.1 1024|| 256 8 256 1.52 £ 0.01 35.47 £ 1.07 77.1
1024 256 1 512 2. 7283 £ 0.25 78.1 1024|| 256 2 512 284+ 0.01 72.81 £0.39 78.1
1024 256 1 512 2. 72,63 £ 0.10 78.1 1024|| 256 8 512 2.84 £ 0.01 72.93 £ 0,48 78.1
1024 512 1 64 0. 6.37 £0.01 751 1024|| 512 2 64 048 £ 0.01 6.55+0.35 75.1
1024 512 1 64 O 6.40 ¥ 0,07 751 1024|| 512 8 64 049001 6.42+0.04 751
1024 512 1 128 0. 15.46 £ 0.07 76.7 1024|| 512 2 128 085X 0.01 15.54 % 0.15 76.7
1024 512 1 128 0. 15.61 £ 0.13 76.7 1024|| 512 8 128 0.85 X 0.01 16.10 & 0.84 76.7
1024 512 1 256 1. 4088 £ 0.65 77.1 1024|| 512 2 256  1.46 £ 0.01 41.28 £ 0.87 77.1
1024 512 4 256 1. 10,69 £0.86 77.1 1024|| 512 8 256 1.46 + 0.01 40.93 £ 0.68 77.1
1024 512 1 512 2. 73125+ 0.35 78.1 1024|| 312 2 512 287 £ 0.01 73.05 +0.07 78.1
1024 512 1 512 2. 73.08 £0.14 781 1024|| 512 8 512 287X 0.01 73.27 £0.49 781
1024 1024 1 64 0. 6.39 £0.05 751 1024 1024 2 64 048 £ 0.01 6.47 £0.22 751
1024 1024 1 64 0. 6.37 £0.04 751 1024| 1024 8 64 0.48 £ 0.01 6.38%0.05 75.1
1024 1024 1 128 0. 20.60 % 0.70 76.7 1024 1024 2 128 0.81 £ 0.01 19.86 % 0.81 76.7
1024 1024 4 128 0 1994 £ 0.76 76.7 1024|| 1024 8 128 0.81 +0.01 20.23 +0.54 76.7
1024 1024 1 256 1. 31483 £ 003 77.1 1024|| 1024 2 256 1.52 £ 0.01 34.83 +0.04 77.1
1024 1024 1 256 1. 3502+ 0.32 77.1 1024|| 1024 8 256 1.52 £ 0.01 34.89 £ 0.02 77.1
1024 1024 1 512 2. 76.19 £ 1.00 78.1 1024 1024 2 512 288 £ 0.01 75.39 £ 0.68 78.1
1024 1024 1 512 2. 75.38 £ 0,45 78.1 1024 1024 8 512 2.88 £ 0.01 75.60 £ 0,94 78.1
1024 2048 1 61 0 6.36 £0.03 75.1 1024|| 2048 2 64 047X 001 6.38£0.04 751
1024 2048 1 64 o 6.62 0,33 751 1024|| 2048 8 64 049+ 0.01 6.40 +0.07 751
1024 2048 1 128 0 15.73 % 0.14 76.7 1024|| 2048 2 128 085X 0.01 15.62 % 0.01 76.7
1024 2048 1 128 0. 15.66 £ 0.06 76.7 1024|| 2048 8 128 0.86 £ 0.01 15.63 % 0.03 76.7
1024 2048 1 256 1. 41.36 £ 0.66 77.1 1024|| 2048 2 256  1.45 £ 0.01 40.90 £ 0.51 77.1
1024 2048 1 256 1. 40.88 T 0.63 77.1 1024|| 2048 8 256 1.45 +0.01 40.25 £ 0.31 77.1
1024 2048 1 512 2. 72.25 £ 0.66 781 1024| 2048 2 512 2.87 £0.01 71.70 £ 0.28 78.1
1024 2048 4 512 2. 7234 £ 1.11 781 1024|| 2048 8 512 2.87 £ 0.01 72.96 + 1.42 78.1
1024 4096 1 64 0. 6.39 £0.04 751 1024 4096 2 64 051001 6.47+0.19 75.1
1024 4096 1 64 0. 6.39 £0.03 751 1024| 4096 8 64 0.51F0.01 6.45+0.14 751
1024 4096 1 128 0. 48.8371 2.67 76.7 1024|| 4096 2 128 0.74 X 0.01 48.68 % 1.92 76.7
1024 4096 1 128 0. 46,38 £ 1.05 76.7 1024|| 4096 8 128  0.74 T 0.01 46.55 & 0.57 76.7
1024 4096 1 256 1. 3498 £ 0.05 77.1 1024|| 4096 2 256 1.52 £ 0.01 35.00 +0.25 77.1
1024 4096 1 256 1. 3498 £ 010 77.1 1024|| 4096 8 256 1.2 X 0.01 34.89 F0.05 77.1
1024 4096 1 512 2. 7294 £ 0.18 781 1024| 4096 2 512 288 £0.01 73.09f0.14 78.1
1024 4096 1 512 2. 73.08 £ 0,22 78.1 1024 4096 8 512 288 £ 0.01 72.89 £ 0.11 78.1
1024 8192 1 64 0. 6.41 £ 0.06 75.1 1024 8192 2 64 048+ 0.01 6.40£0.05 75.1
1024 8192 4 64 o 3F 025 751 1024|| 8192 8 64 051001 6.38%002 751
1024 8192 1 128 0 15.86 = 0.03 76.7 1024|| 8192 2 128 079 £ 0.01 15.89 % 0.06 76.7
1024 8192 1 128 0. 15.84 £ 0.02 76.7 1024|| 8192 8 128 079X 0.01 15.95 X 0.29 76.7
1024 8192 1 256 1. 7374 £1.50 77.1 1024 8192 2 256 1.42 £ 0.01 73.77 £1.67 77.1
1024 8192 1 256 1. 71.47 £0.95 77.1 1024 8192 8 256 1.42 £ 0.01 71.84 £1.59 77.1
1024 8192 1 512 2. 71.90 £ 0,20 78.1 1024|| 8192 2 512 287 £ 0.01 72.25 % 0.67 78.1
102 192 1 512 2. 7220 £ 1.51 781 1024| 8192 8 512 287 £0.01 72,42 £ 0,97 78.1
1024 16384 1 64 0. 6.40 £ 0.05 751 1024|| 16384 2 64 047X 0.01 6.35+0.01 75.1
1024 16384 4 64 0. 6,40 £ 0,08 75.1 1024|| 16384 8 64 047 £0.01 6.37£0.0l 751
1024 16384 1 128 0. 17.88°% 0.75 76.7 1024|| 16384 2 128 0.83 X 0.01 20.827%0.29 76.7
1024 16384 4 128 0. 20.30 £ 0.54 76.7 1024|| 16384 8 128 0.84 X 0.01 18.26 % 0.75 76.7
1024 16384 1 256 1. 3551 £0.11 77.1 1024|| 16384 2 256 1.45 £ 0.01 35.53 £0.18 77.1
1024 16384 4 256 1. 35690 £ 0.27 77.1 1024|| 16384 8 286 1.45 F0.01 35.51 £0.18 77.1
1024 16384 1 512 2. 71.86 £ 0.30 781 1024|| 16384 2 512 287 £ 0.01 71.44 L 0.29 781
1024 16384 4 512 2. 72.84 £ 1,19 78.1 1024|| 16384 8 512 287 £0.01 72.85f 0,84 78.1
1024 32768 1 64 0. 6.40 £ 0.04 75.1 1024|| 32768 2 64 047 £0.01 6.40+£0.04 751
1024 32768 4 64 0. 6.38 £ 0,03 75.1 1024|| 32768 8 64 047X 001 6.36 001 751
1024 32768 1 128 0 1546 & 0.06 76.7 1024|| 32768 2 128  0.85+ 0.01 15.41 +0.02 76.7
1024 32768 4 128 0 1540 £ 0.01 76.7 1024|| 32768 8 128 085X 0.01 1539 £ 0.01 76.7
1024 32768 1 256 1. 3492 X 0.05 77.1 1024|| 32768 2 256 1.52 £ 0.01 34.96 £ 0.11 77.1
1024 32768 4 256 1. 35.05 & 0.37 77.1 1024|| 32768 8 256 1.53 £ 0.01 34.99 £ 0.10 77.1
1024 32768 1 512 2. 72.88 £ 0.13 78.1 1024|| 32768 2 512 287 £ 0.01 72.91 £ 0.43 78.1
1024 32768 4 512 2. 72.65 £ 0,49 78.1 1024|| 32768 8 512 2.87 £ 0.01 72.66 £0.10 78.1
1024 65536 1 64 0. 6.53 £ 0.05 751 1024|| 65536 2 64 044X 001 6.50+0.06 75.1
1024 65536 4 64 0 6.48 ¥ 0.03 751 1024|| 65536 8 64 044X 0.01 6.49 X 0.05 75.1
1024 65536 1 128 0. 16.04% 0.57 76.7 1024|| 65536 2 128 0.85 X 0.01 16.19 % 0.86 76.7
1024 65536 4 128 0. 15.71 £ 0.25 76.7 1024|| 65536 8 128 0.85 £ 0.01 15.69 L 0.14 76.7
1024 65536 1 256 1. 4477 £2.91 77.1 1024|| 63536 2 256 1.49 + 0.01 46.33 £ 1.30 77.1
1024 65536 4 256 1. 43151+ 1.50 77.1 1024|| 65536 8 256 1,49 ¥ 0.01 47.07 £ 1.70 77.1
1024 65536 1 512 2. 7262 X 0.07 78.1 1024|| 65536 2 512 287 £ 0.01 72.88 +0.33 78.1
1024 65536 4 512 2. 72,99 £ 0.38 78.1 1024|| 65536 8 512 287 £0.01 72,78 £ 0.19 78.1
1024 131072 1 64 0. 7.08 £0.41 75.1 1024|| 131072 2 64 048 £0.01 7.25+0.51 751
1024 131072 4 64 0. 672 £0.17 751 1024|| 131072 8 64 048+ 001 7.02%+0.49 751
1024 131072 1 128 0. 20.14 +1.04 76.7 1024 131072 2 128 0.82 0.01 20.10 £ 0.83 76.7
1024 131072 4 128 0 1945 L 0.63 76.7 1024|| 131072 8 128 082X 0.01 19.50 = 0.81 76.7
1024 131072 1 256 1. 35.46 £ 0.07 77.1 1024|| 131072 2 256 1.46 £ 0.01 35.53 £ 0.11 77.1
1024 131072 4 256 1. 3572 £ 0.29 77.1 1024|| 131072 8 256 1.46 £ 0.01 35.51 £ 0.08 77.1
1024 131072 1 512 2. 71,85 £0.11 781 1024|| 131072 2 512 287 £0.01 71.76 £ 0.33 78.1
1024 131072 4 512 2. 71,88 £ 0,10 78.1 1024|| 131072 8 512 288 £0.01 72.23 £ 0.86 78.1
1024 262144 1 64 0. 6.38 £0.05 751 1024|| 262144 2 64 048 £ 0.01 6.36£0.01 75.1
1024 262144 4 64 O 6.35 £ 001 751 1024|| 262144 8 64 049X 0.01 6.38F0.04 75.1
1024 262144 1 128 0. 15.54% 0.09 76.7 1024 || 262144 2 128 0.81 £ 0.01 15.55 % 0.08 76.7
1024 262144 4 128 0. 15.44 £ 0.02 76.7 1024 (| 262144 8 128 0.81 £ 0.01 15.34 £ 0.14 76.7
1024 262144 1 256 1. 4074 £ 2016 77.1 1024|| 262144 2 256 1.52 £ 0.01 44.11 £ 2.52 77.1
1024 262144 4 256 1. 44.19 £ 2.85 77.1 1024 262144 8 256 1.52 0.01 40.94 £ 2.55 77.1
1024 262144 1 512 2. 72.01 £ 1.07 781 1024|| 262144 2 512 287 £ 0.01 72.37 £ 1.35 781
1024 262144 4 512 2. 71.70 £ 0,67 78.1 1024|| 262144 8 512 287 £0.01 72.01 £ 0,22 78.1
1024 524288 1 64 0. 6.37 £0.02 751 1024|| 524288 2 64 048 £0.01 6.36 £0.02 75.1
1024 524288 4 64 0. 6.37 £0.04 751 1024|| 524288 8 64 0.51+0.01 6.37+0.02 751
1024 524288 1 128 0. 1570 & 0.08 76.7 1024 || 524288 2 128 0.85 + 0.01 15.68 % 0.05 76.7
1024 524288 4 128 0 1603 £ 049 76.7 1024 || 524288 8 128 085 £ 0.01 15.79 £ 0.13 76.7
1024 524288 1 256 1. 35111 £ 0.11 77.1 1024|| 524288 2 256 1.52 £ 0.01 35.22 % 0.31 77.1
1024 524288 4 256 1. 35.01 £ 0.08 77.1 1024|| 524288 8 256 1.52 £ 0.01 35.04 £ 0.06 77.1
1024 524288 1 512 2. 7578 £ 1.21 78.1 1024 || 524288 2 512 287 £ 0.01 75.86 £ 1.82 78.1
1024 524288 4 512 2. 76.40 £ 0,72 78.1 1024 || 524288 8 512 287 £0.01 76.31 £2.59 78.1
1024 1048576 1 64 0. 6.42 £ 0.06 751 10241048576 2 64 048 L 001 6.88L0.51 75.1
1024 1048576 4 64 O 6.37 £0.03 751 1024(/1048576 8 64 051 +0.01 6.49+0.21 751
1024 1048576 1 128 0. 15.59 & 0.29 76.7 1024 ((1048576 2 128 084X 0.01 15.52%0.28 76.7
1024 1048576 4 128 0. 15,60 £ 0.39 76.7 1024 (1048576 8 128 0.85 X 0.01 15.64 % 0.32 76.7
1024 1048576 1 256 1. 34.59 £ 0.05 77.1 1024||1048576 2 256 1.52 £ 0.01 34.51 £ 0.20 77.1
1024 1048376 4 256 1. 31'80 £ 0.26 77.1 1024(1048376 8 256 1.52 £ 0.01 34.58 £0.12 77.1
1024 1048576 1 512 2. 72.97 £ 2.31 781 10241048576 2 512 287 £0.01 72,14+ 0.79 781




A.4  Inverted Multi-Index with Optimized Product Quantization

TVF PQ - - TVF PQ -
clusters probes sub-vec. XSS (GB)  Time (ms) R@1 Dim.|| jygpers probes sub-vec. 155 (GB) Time (ms) R@1
T048576___ 4 512 287 F 7T.86 £ 0.16_78.1 1024 (1048576 512 2.87 £ 0.0l 72.32 £ 0. 781

32 T 64 0. 6.30 £ 0.03  73.5 204 32 2 (S ) 0.0 6.40 & 0.04 73.5
32 4 64 0. 6.44 + 0.11  73.5 204 32 8 64 0 0.01 6.51 +£0.17 73.5
32 1 128 0. 15.754 0.27 76.1 204 32 2 128 0 0.01 15.94+ 0.70 76.1
32 4 128 0. 15.63 ¥ 0.07 76.1 204 32 8 128 0 0.01 16.22 F 1.02 76.1
32 1 256 1. 35.07 £ 0.72 76.8 2048 32 2 256 1 0.01 34.73 £ 0.20 76.8
32 4 256 1. 34.90 F 0.34 76.8 2048 32 8 256 1 0.01 35.43 F 1.66 76.8
32 1 512 2. 72.65 £ 1.11 77.0 2048 32 2 512 2 0.01 72.69 £ 0.68 77.0
32 4 512 2. 74.46 £ 2.88 77.0 2048 32 8 512 2 0.01 72.72 £ 1.03 77.0
64 1 64 0. 6.48 & 0.21 73.5 2048 64 2 64 0 0.01 6.46 £0.10 73.5
64 4 64 0. 6.43 F 0.06 73.5 2048 64 8 64 0 0.01 6.50 ¥ 0.16 73.5
64 1 128 0. 15.514 0.08 76.1 204 64 2 128 0 0.01 15.47 4 0.05 76.1
64 4 128 0. 15.44 + 0.05 76.1 204 64 8 128 0 0.01 15.43 +£0.05 76.1
64 1 256 1. 36.41 + 3.09 76.8 204 64 2 256 1 0.01 34.68 £ 0.17 76.8
64 4 256 1. 34.73 £ 0.14 76.8 204 64 8 256 1 0.01 36.64 F 2.71 76.8
64 1 512 2. 71.83 £0.36 77.0 204 64 2 512 2 0.01 72.37 * 1.03 77.0
64 4 512 2. 71.67 £0.23 77.0 2048 64 8 512 2 0.01 72.75+1.12 77.0
256 1 64 0. 6.45 £ 0.10 73.5 2048 256 2 64 0 0.01 6.44 £0.06 73.5
256 4 64 0. 7.13 £ 0.89 73.5 2048 256 8 64 0 0.01 6.41 £ 0.05 73.5
256 1 128 0. 16.36 & 1.49 76.1 2048 256 2 128 0 0.01 15.86 + 0.52 76.1
256 4 128 0. 16.40 F 1.48 76.1 2048 256 8 128 0 0.01 15.75 % 0.20 76.1
256 1 256 1. 35.47 £ 0.42 76.8 2048 256 2 256 1 0.01 36.24 F 1.67 76.8
256 4 256 1. 36.38 £ 1.11 76.8 204 256 8 256 1 0.01 36.29 * 1.40 76.8
256 1 512 2. 72.65 £ 1.23 77.0 204 256 2 512 2 0.01 72.73 £0.68 77.0
256 4 512 2. 72.19 £ 0.22 77.0 204 256 8 512 2 0.01 72.24 £0.70 77.0
512 1 64 0. 6.38 + 0.01 73.5 204 512 2 64 0 0.01 6.43 £0.11 73.5
512 4 64 0. 6.67 + 0.53 73.5 204 512 8 64 0 0.01 6.42 ¥ 0.06 73.5
512 1 128 0. 15.73°+ 0.22 76.1 2048 512 2 128 0 0.01 15.994+0.41 76.1
512 4 128 0. 16.22 ¥ 0.85 76.1 2048 512 8 128 0 0.01 16.48 +1.39 76.1
512 1 256 1. 34.93 + 0.45 76.8 2048 512 2 256 1 0.01 35.09 £ 0.66 76.8
512 4 256 1. 34.83 + 0.75 76.8 2048 512 8 256 1 0.01 35.01 £ 0.82 76.8
512 1 512 2. 72.22 £0.30 77.0 2048 512 2 512 2 0.01 71.89 % 0.26 77.0
512 4 512 2. 73.11 £ 1.64 77.0 2048 12 8 512 2 0.01 71.66 * 0.43 77.0
1024 1 64 0. 6.91 £ 0.49 73.5 204 1024 2 64 0 0.01 6.40 £0.03 73.5
1024 4 64 0. 6.37 + 0.02 73.5 204 1024 8 64 0 0.01 6.73 £0.41 73.5
1024 1 128 0. 30.80 + 0.27 76.1 204 1024 2 128 0 0.01 30.30 £0.30 76.1
1024 4 128 0. 30.14 £ 0.14 76.1 204 1024 8 128 0 0.01 30.35 % 0.43 76.1
1024 1 256 1. 35.03 ¥ 0.62 76.8 204 1024 2 256 1 0.01 35.30 % 0.80 76.8
1024 4 256 1. 35.65F 1.89 76.8 2048|| 1024 8 256 1 0.01 35.98 F 2.19 76.8
1024 1 512 2. 71.74 £ 0.67 77.0 2048|| 1024 2 512 2 0.01 71.66 + 0.29 77.0
1024 4 512 2. 71.57 £0.22 77.0 2048|| 1024 8 512 2 0.01 71.92 4 0.96 77.0
2048 1 64 0. 6.39 &+ 0.04 73.5 2048 2048 2 64 0 0.01 6.71+0.38 73.5
2048 4 64 0. 6.45 + 0.15 73.5 2048|| 2048 8 64 0 0.01 6.42 ¥ 0.11 73.5
2048 1 128 0. 15.72°+ 0.35 76.1 2048|| 2048 2 128 0 0.01 16.38°F+ 1.01 76.1
2048 4 128 0. 15.86 + 0.84 76.1 2048 8 128 0 0.01 15.46 + 0.09 76.1
2048 1 256 1. 35.44 + 0.62 76.8 204 2048 2 256 1 0.01 35.58 £1.35 76.8
2048 4 256 1. 35.07 + 0.34 76.8 204 2048 8 256 1 0.01 34.81 £ 0.12 76.8
2048 1 512 2. 73.83 £ 3.53 77.0 204 2048 2 512 2 0.01 72.23 + 0.63 77.0
2048 4 512 2. 72.43 £ 1.30 77.0 204 2048 8 512 2 0.01 72.89 * 1.28 77.0
4096 1 64 0. 6.38 £ 0.03 73.5 2048|| 4096 2 64 0 0.01 6.48 £0.21 73.5
4096 4 64 0. 6.80 + 0.70 73.5 2048|| 4096 8 64 0 0.01 6.73 £0.60 73.5
4096 1 128 0. 20.94 £ 1.00 76.1 2048 4096 2 128 0 0.01 21.03 £0.92 76.1
4096 4 128 0. 20.91 + 0.55 76.1 2048 4096 8 128 0 0.01 21.24 + 0.44 76.1
4096 1 256 1. 35.11 F 0.51 76.8 2048|| 4096 2 256 1 0.01 73.19 ¥ 0.01 76.8
4096 4 256 1. 36.25 F 3.57 76.8 2048|| 4096 8 256 1 0.01 34.87 F 0.67 76.8
4096 1 512 2. 71.59 £ 0.27 77.0 2048|| 4096 2 512 2 0.01 72.33F 1.24 77.0
4096 4 512 2. 73.36 £ 3.79 77.0 2048|| 4096 8 512 2 0.01 71.75 £+ 0.57 77.
8192 1 64 0. 6.47 + 0.15 73.5 2048 8192 2 64 0 0.01 6.41 £0.05 73.5
8192 4 64 0. 6.49 + 0.16 73.5 2048 8192 8 64 0 0.01 6.45 £ 0.11 73.5
8192 1 128 0. 16.32°+ 0.73 76.1 2048|| 8192 2 128 0 0.01 16.07 4+ 0.68 76.1
8192 4 128 0. 16.16 ¥ 0.63 76.1 2048|| 8192 8 128 0 0.01 15.70 £ 0.14 76.1
8192 1 256 1. 34.69 F 0.14 76.8 2048|| 8192 2 256 1 0.01 35.48 F 1.79 76.8
8192 4 256 1. 35.27 + 0.64 76.8 2048 8192 8 256 1 0.01 34.93 £ 0.58 76.8
8192 1 512 2. 73.58 £ 1.70 77.0 2048 8192 2 512 2 0.01 71.75 £ 0.48 77.0
8192 4 512 2. 72.02 £ 0.48 77.0 2048|| 8192 8 512 2 0.01 72.57 * 1.23 77.0
16384 1 64 0. 6.42 £ 0.04 73.5 2048|| 16384 2 64 0 0.01 6.41 £0.03 73.5
16384 4 64 0. 6.48 + 0.12 73.5 2048|| 16384 8 64 0 0.01 6.75F 0.58 73.5
16384 1 128 0. 15.46 3 0.03 76.1 2048|| 16384 2 128 0 0.01 15.48+0.11 76.1
16384 4 128 0. 15.84 + 0.25 76.1 2048 16384 8 128 0 0.01 15.56 £ 0.15 76.1
16384 1 256 1. 36.87 + 0.70 76.8 2048 16384 2 256 1 0.01 36.60 £0.74 76.8
16384 4 256 1. 37.53 F 1.62 76.8 2048 16384 8 256 1 0.01 36.73 * 1.02 76.8
32768 1 64 0. 6.49 £ 0.12 73.5 2048|| 32768 2 64 0 0.01 6.47 £0.20 73.5
32768 4 64 0. 6.40 £ 0.03  73.5 2048|| 32768 8 64 0 0.01 6.40 £ 0.07  73.5
32768 1 128 0. 15.85 + 0.42 76.1 2048 32768 2 128 0 0.01 15.85 £+ 0.46 76.1
32768 4 128 0. 15.71 + 0.15 76.1 2048 32768 8 128 0 0.01 16.32 £0.79 76.1
32768 1 256 1. 34.80 F 0.42 76.8 2048 32768 2 256 1 0.01 34.72 % 0.31 76.8
32768 4 256 1. 34.89 + 0.37 76.8 2048 32768 8 256 1 0.01 34.69 * 0.15 76.8
32768 1 512 2. 122.16 4 0.01 77.0 2048|| 32768 2 512 2 0.01 nan £0.01  77.0
32768 4 512 2. 140.79 + 4.04 77.0 2048|| 32768 8 512 2 0.01 140.04 + 0.91 77.
65536 1 64 0. 6.41 + 0.05 73.5 2048 65536 2 64 0 0.01 6.38 £0.04 73.5
65536 4 64 0. 6.56 + 0.32 73.5 2048 65536 8 64 0 0.01 6.40 £ 0.04 73.5
65536 1 128 0. 16.54F 0.89 76.1 2048|| 65536 2 128 0 0.01 16.56 + 0.76 76.1
65536 4 128 0. 16.38 + 0.89 76.1 2048|| 65536 8 128 0 0.01 16.06 * 0.42 76.1
65536 1 256 1. 34.96 F 0.14 76.8 2048 65536 2 256 1 0.01 35.78 +1.80 76.8
65536 4 256 1. 36.49 + 1.86 76.8 2048 65536 8 256 1 0.01 36.07 £ 1.53 76.8
65536 1 512 2. 83.15 + 1.77 77.0 2048 65536 2 512 2 0.01 82.56 £ 2.30 77.0
65536 4 512 2. 80.88 F 1.22 77.0 2048 65536 8 512 2 0.01 83.99 * 1.78 77.0
131072 1 64 0. 6.59 £ 0.04 73.5 2048 || 131072 2 64 0 0.01 6.68 £0.21 73.5
131072 4 64 0. 6.66 = 0.12 73.5 2048 || 131072 8 64 0 0.01 6.54 +0.01 73.5
131072 1 128 0. 15.89 4 1.01 76.1 2048 || 131072 2 128 0 0.01 15.50 % 0.03 76.1
131072 4 128 0. 16.38 & 1.87 76.1 2048|| 131072 8 128 0 0.01 16.03 £ 1.25 76.1
131072 1 256 1. 47.20 &+ 1.07 76.8 2048|| 131072 2 256 1 0.01 46.44 + 0.74 76.8
131072 4 256 1. 47.33 ¥ 1.85 76.8 2048|| 131072 8 256 1 0.01 47.11 ¥ 0.22 76.8
131072 1 512 2. 72.67 £ 0.88 77.0 2048 || 131072 2 512 2 0.01 72.06 * 0.13 77.0
131072 4 512 2. 72.64 £1.04 77.0 2048|| 131072 8 512 2 0.01 72.04 +0.69 77.0
262144 1 64 0. 6.61 & 0.03 73.5 2048 || 262144 2 64 0 0.01 6.57 £0.04 73.5
262144 4 64 0. 6.69 + 0.15 73.5 2048 || 262144 8 64 0 0.01 6.67 £0.25 73.5
262144 1 128 0. 16.72°F 1.91 76.1 2048|| 262144 2 128 0 0.01 15.754 0.62 76.1
262144 4 128 0. 15.46 F 0.05 76.1 2048 || 262144 8 128 0 0.01 15.68 + 0.34 76.1
262144 1 256 1. 34.81 F 0.18 76.8 2048|| 262144 2 256 1 0.01 34.59 F 0.19 76.8
262144 4 256 1. 35.36 = 1.77 76.8 2048|| 262144 8 256 1 0.01 35.21 F 1.12 76.8
262144 1 512 2. 74.14 £ 0.61 77.0 2048|| 262144 2 512 2 0.01 73.74 £0.33 77.0
262144 4 512 2. 73.66 £ 0.33 77.0 2048 || 262144 8 512 2 0.01 73.91 %+ 0.35 77.0
524288 1 64 0. 13.42 F 0.42 73.5 2048|| 524288 2 64 0 0.01 13.55 % 0.37 73.5
524288 4 64 0. 13.43 ¥ 0.28 73.5 2048 || 524288 8 64 0 0.01 13.04 ¥ 0.15 73.5
524288 1 128 0. 19.67 F 0.43 76.1 2048 || 524288 2 128 0 0.01 19.79 £ 1.05 76.1
524288 4 128 0. 19.82 + 0.44 76.1 2048 || 524288 8 128 0 0.01 20.16 £ 0.90 76.1
524288 1 256 1. 35.33 = 1.01 76.8 2048 || 524288 2 256 1 0.01 35.21 £ 0.40 76.8
524288 4 256 1. 37.21 F 2.07 76.8 2048|| 524288 8 256 1 0.01 37.80 * 3.78 76.8
524288 1 512 2. 103.07 4 0.79 77.0 2048 || 524288 2 512 2 0.01 102.84 % 0.80 77.0
524288 4 512 2. 102.29 + 1.08 77.0 2048 || 524288 8 512 2 0.01 103.62 * 0.36 77.0
1048576 1 128 0. 20.91 £0.12 76.1 2048(/1048576 2 128 0 0.01 20.55 + 0.39 76.1
1048576 4 128 0. 21.03 £ 0.27 76.1 2048 ||1048576 8 128 0 0.01 20.86 + 0.57 76.1
1048576 1 256 1. 36.69 + 3.73 76.8 2048 ||/1048576 2 256 1 0.01 35.75 £ 1.54 76.8
1048576 4 256 1. 35.19 ¥ 0.70 76.8 2048(|1048576 8 256 1 0.01 35.86 * 0.97 76.8
1048576 1 512 2. 72.99 £ 0.88 77.0 2048(/1048576 2 512 2 0.01 72.74 * 1.57 77.0
1048576 4 512 2. 72.99 £ 1.94 77.0 2048[1048576 8 512 2.93 + 0.01 72.56 £ 2.38 77.0
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A.5 Hierarchical Navigable Small Worlds with Optimized Product Quan-
tization

Results that have been obtained by applying the hierarchical navigable small world tech-
nique combined with the inverted file index and the optimized product quantization (OPQ
HNSW) are reported in the following table. In the header of the table the m parameter
represents the maximum number of links per each node of the graph in the HNSW index.

- - - TVEF -
Dim. )ysters probes sub-vec. " RSS (GB Time (ms) R@L|Dim. .jyst0rs probes sub-vec. "> RSS (GB)  Time (ms) RQ@l
756 32 32 128 16 O. 0T 15.84 £0.08 73.8(] 250 32 32 128 0. T7.16 £ 1.30 73.8
256 32 32 256 16 1. 01 35.36 * 0.22 73.5|| 256 32 32 256 1. 35.75 F 1.50 73.5
256 64 64 64 16 0. 01 878 £0.32 73.2|| 256 64 64 128 0. 17.53 £ 1.34 73.9
256 64 64 128 32 O. 01 19.24°F 0.79 73.9|| 256 64 64 256 1 36.41 + 1.78 73.3
256 64 64 256 32 1. 01 35.75F0.92 73.3|| 256 128 128 128 0. 17.24 ¥ 1.51 73.3
256 128 128 256 16 1. 01 36.40 ¥ 1.74 73.5|| 256 128 128 256 1. 36.43 ¥ 1.52 73.3
256 256 256 128 16 O. .01 15.81 £ 0.03 74.0|| 256 256 256 128 0. 17.12 ¥ 1.67 73.6
256 256 256 256 16 1. .01 34.68 F 1.05 73.5|| 256 256 256 256 1 37.01 + 1.96 73.5
256 512 512 128 16 0. 01 16.93F 1.15 73.3|| 256 512 256 128 0. 9.31 £0.84 733
256 512 512 128 32 0. 01 16.67 ¥ 0.95 73.9|| 256 512 512 256 1. 37.18 £ 2.11 73.7
256 512 256 256 32 1. ;01 18:46 ¥ 0.05 73.0|| 256 512 512 256 1. 35.25 £ 0.15 73.7
256 1024 512 128 32 0. ;01 10.33 % 0.80 73.0|| 256 1024 1024 128 0. 17.92 ¥ 1.38 73.4
256 1024 1024 256 16 1. 01 4445 F 2.62 73.5|| 256 1024 512 256 1 19.77 £ 1.53 73.0
256 1024 1024 256 32 1. 01 4477 F2.03 73.5|| 256 2048 2048 64 0. 7.92 £0.63 73.2
256 2048 512 8 16 1. 01 5.77 £0.36 73.0|| 256 2048 1024 128 1 10.19+ 0.98 733
256 2048 2048 128 16 1. 01 16.497F 1.06 73.4|| 256 2048 512 128 1. 5.54 £ 0.39 73.6
256 2048 1024 128 32 1. 01 9.96 £0.78 73.8|| 256 2048 2048 128 1. 15.90 % 1.21 74.1
256 2048 512 6 16 1. 01 14.89°%0.07 73.0|| 256 2048 1024 256 1. 27.81 F 1.37 73.4
256 2048 2048 256 16 1. 01 4452 F 1.79 73.6|| 256 2048 1024 256 1. 21.44 F 1.48 73.1
256 2048 2048 256 32 1. 01 35.61F 1.42 73.5|| 256 4096 1024 128 1. 5.92 £0.44 731
256 4096 2048 128 32 1. 01 11.08F+0.99 73.4|| 256 4096 4096 128 1 16.53+ 0.89 735
256 4096 4096 256 16 2. 01 41.23 F 1.47 73.4|| 256 4096 2048 256 2. 20.67  0.23 73.3
256 4096 4096 256 32 2. [0l 33.65 * 0.74 73.4|| 256 8192 1024 128 1. 5.60 £ 0.13 73.4
256 8192 2048 128 16 1. 01 9.67 £ 0.43 73.6|| 256 8192 4096 128 1 16.15 + 0.75 73.8
256 8192 8192 128 16 1. 01 22.14F0.92 73.8|| 256 8192 1024 128 1. 5.31 £0.17 73.1
256 8192 2048 128 32 1. 01 9.28 £0.35 734|256 8192 4096 128 1 15.53 £ 0.75 735
256 8192 8192 128 32 1. 01 22:69F 1.02 73.6|| 256 8192 2048 256 3. 18.84 £ 0.99 73.2
256 8192 4096 6 16 3. 01 3326 * 1.60 73.4|| 256 8192 8192 256 3. 46.91 ¥ 1.59 73.4
256 8192 1024 256 32 3. 01 8.99£0.16 73.0(| 256 8192 2048 256 3. 16.92 ¥ 0.96 73.2
256 8192 4096 256 32 3. 01 27.97 4+ 1.02 73.3|| 256 8192 8192 256 3. 4239 F 1.49 734
256 16384 1024 128 16 2. 01 4.33+£0.34 73.1|| 256 16384 2048 128 2. 6.93 £ 0.76  73.2
256 16384 4096 8 16 2. 01 11.54+0.76 73.2|| 256 16384 8192 128 2. 19.52°+ 0.85 73.6
256 16384 1024 128 32 2. 01 4.00£0.27 73.0|| 256 16384 2048 128 2. 5.98 £ 0.51 731
256 16384 4096 128 32 2. 01 9.59F0.71 73.1|| 256 16384 8192 128 2. 15.74+ 0.94 73.3
256 16384 1024 256 16 1. 01 16.43°F0.84 73.0|| 256 16384 4096 256 1. 56.92 F 2.96 73.3
256 16384 8192 256 16 1. 01 99.48 ¥ 524 73.4|| 256 16384 1024 256 1. 12:36 £ 1.09 73.0
256 16384 2048 256 32 1. 01 22:63F 1.45 73.0|| 256 16384 4096 256 1 41.03 ¥ 1.60 73.2
256 16384 8192 256 32 1. 01 72.60 £ 0.99 73.4|| 256 32768 2048 64 2. 1.81 £0.01 73.0
256 32768 4096 64 16 2. 01 3.75£0.01 73.2|| 256 32768 8192 64 2. 8.27 £ 0.22 73.2
256 32768 8192 64 32 2. 01 7.10F 0.02 73.0|| 256 32768 1024 128 0. 5.18 4+ 0.39 73.0
256 32768 2048 128 16 0. 01 11.61F0.69 73.1|| 256 32768 4096 128 0. 20.80 F 0.98 73.1
256 32768 8192 128 16 0. 01 3824 F2.02 73.2|| 256 32768 8192 128 0. 4172 ¥ 1.84 730
256 32768 2048 256 16 1. .01 25.01 +0.67 73.0|| 256 32768 4096 256 1. 49.62 £ 1.73 731
256 32768 8192 256 16 1. 01 85.12 ¥ 3.18 73.3|| 256 32768 1024 256 1. 12.48 ¥ 0.49 73.0
256 32768 2048 256 32 1. 01 23.93F 1.27 73.0|| 256 32768 4096 256 1. 44:84 ¥ 1.59 73.1
256 32768 8192 256 32 1. 01 80.52 F 4.31 73.4|| 256 65536 2048 128 0. 15.73 ¥ 0.26 73.1
256 65536 4096 128 32 0. 01 3266 + 0.39 73.4|| 256 65536 8192 128 0. 60.71 + 0.80 73.3
256 65536 4096 256 16 1. 01 3866 F 2.34 73.3|| 256 65536 8192 256 1. 70.19 ¥ 1.59 73.2
256 65536 4096 256 32 1. 01 36.98 % 1.49 73.2|| 256 65536 8192 256 1 70.81 F 2.22 73.3
256 131072 2048 64 32 0. 01 5.65+0.27 73.0|| 256 131072 4096 64 12.63 ¥ 0.53 73.3
256 131072 8192 64 32 0. 01 21.31F 1.08 73.3|| 256 131072 2048 128 10.95 ¥ 0.70 73.4
256 131072 4096 128 16 1. 01 18:18 £ 0.95 73.6|| 256 131072 8192 128 33.05 + 1.70 73.6
256 131072 2048 128 32 1. 01 4827 £ 0.01 73.3|| 256 131072 4096 128 100.81+ 0.01 73.5
256 131072 8192 128 32 1. 01 67.52 % 5.65 73.6|| 256 131072 2048 256 25.59 £ 1.25 73.2
256 131072 4096 256 16 1. 01 47.63 % 1.95 73.5|| 256 131072 8192 256 84.45 ¥ 4.17 73.5
256 131072 2048 256 32 1. 01 18.70 % 0.63 73.2|| 256 131072 4096 256 33.46 + 0.53 73.4
256 131072 8192 256 32 1. 01 64.17 F+ 0.88 73.5|| 256 262144 8192 128 40.90 * 2.14 73.1
256 262144 4096 128 32 1. 01 17.64 ¥ 1.56 73.5|| 256 262144 8192 128 30.67 + 1.28 73.7
256 262144 8192 256 16 2. 01 67.65F 1.99 73.2|| 256 262144 1024 256 10.50 ¥ 0.97 73.0
256 262144 2048 256 32 2. 01 19.27 £ 1.16 73.4|| 256 262144 4096 256 34.25 F 0.98 73.7
256 262144 8192 256 32 2. 01 63.88F 1.40 73.7|| 256 524288 4096 128 21.13 % 0.31 73.1
256 524288 8192 128 16 2. 01 33.60F 0.96 73.6|| 256 524288 8192 128 33.04 F 0.27 73.1
256 524288 8192 256 16 2. 01 66.00 F0.27 73.0|| 256 1048576 4096 64 12.16 + 0.40 73.2
256 1048576 8192 64 32 3. 01 19.44 F+ 0.51 73.4|| 256 1048576 8192 128 32.00 F 0.47 73.1
256 1048576 4096 256 32 4. .01 35.16 + 0.82 73.1|| 256 1048576 8192 256 62.91 + 0.57 73.5
512 32 64 16 0. 01 6.45 £ 0.07 73.1[] 512 32 32 64 6.5l £ 0.04 73.1
512 32 32 128 16 0. 01 19.76 + 0.71 75.5|| 512 32 32 128 17.49+ 1.07 75.5
512 32 16 256 16 1. 01 22.80F 0.92 74.2|| 512 32 32 256 43163 ¥ 212 76.8
512 32 16 256 32 1. 01 18.02F 0.07 74.2|| 512 32 32 256 35.29 ¥ 0.12 76.8
512 32 16 512 16 2. 01 41.74 % 0.65 73.7|| 512 32 32 512 80.48 + 0.01 76.6
512 64 64 64 32 0. 01 7.13+£0.62 74.4|| 512 64 32 128 11.34 ¥ 0.30 73.7
512 64 64 128 16 0. 01 20.07 +0.90 76.3|| 512 64 32 128 0. 11.06 * 0.34 73.8
512 64 64 128 32 0. 01 20.88F0.79 75.9|| 512 64 32 256 1. 20.59 ¥ 1.67 74.8
512 64 64 256 16 1. 01 35.13F 1.26 76.8|| 512 64 32 256 1. 20.27 ¥ 1.62 74.4
512 64 64 256 32 1. 101 36.66 * 1.73 76.6|| 512 64 32 512 2. 40.81 ¥ 1.69 74.7
512 64 64 512 16 2. 01 70.79 ¥ 1.89 76.6|| 512 64 32 512 2. 45.58 £ 2.41 74.6
512 64 64 512 32 2. .01 83.09F3.83 76.8|| 512 128 128 128 0. 17.50 £ 0.79 75.1
512 128 64 128 32 0. 01 10.77 £0.33 73.1|| 512 128 128 128 0. 1980 F 1.07 76.1
512 128 64 256 32 1. 01 1853+ 0.06 73.9 || 512 128 128 256 1. 34.34F+ 0.14 76.9
512 128 64 512 16 2. 01 47.94F 1.99 73.7|| 512 128 128 512 2. 82.11 F 3.04 76.5
512 128 64 512 32 2. 01 44,98 ¥ 1.62 73.5|| 512 128 128 512 2. 81.71 % 3.22 76.8
512 256 256 64 16 0. 01 7.78£0.59 73.1|| 512 256 256 64 0. 6.45 £ 0.16 74.0
512 256 32 128 16 0. .01 2.58 + 0.29 73.4 512 256 64 128 0. 5.31 + 0.49 74.1
512 256 128 128 16 0. 01 10.14+0.91 75.5|| 512 256 256 128 0. 16.62 + 1.33 76.4
512 256 64 128 32 0. 01 5.15 £ 0.41 73.2|| 512 256 128 128 0. 9.66 + 0.55 74.8
512 256 256 128 32 0. 01 17.07%0.62 76.0|| 512 256 32 256 1. 501+ 0.11 73.4
512 256 64 256 16 1. .01 10.40 ¥ 0.37 74.5|| 512 256 128 256 1. 19.89°% 0.48 75.8
512 256 256 256 16 1. 01 34.69F 1.78 76.7|| 512 256 64 256 1. 10.62 ¥ 0.99 73.5
512 256 128 256 32 1. 01 20.18 % 1.46 75.3|| 512 256 256 256 1. 35.27 + 1.66 76.7
512 256 32 512 32 2. 01 11.75F0.38 73.0|| 512 256 64 512 2. 21.02 F 0.75 73.9
512 256 128 512 32 2. 01 40.90 ¥ 1.11 75.3|| 512 256 256 512 2. 73.97 £ 1.25 76.8
512 512 128 128 16 0. 01 5.24£0.53 74.4|| 512 512 256 128 0. 10.03 ¥ 0.84 75.1
512 512 512 128 16 0. 01 15,95+ 1.15 76.0|| 512 512 64 128 0. 2.21 £0.07 73.0
512 512 128 128 32 0. .01 4.36 £ 0.11 74.5 512 512 256 128 0. 8.68 + 0.40 75.4
512 512 512 128 32 0. 01 14.52°+0.27 76.4|| 512 512 64 256 1. 517+ 0.13  73.0
512 512 128 256 16 1. 01 10.20 ¥ 0.06 74.5|| 512 512 256 256 1. 19.77+£0.12 75.1
512 512 512 256 16 1. 01 32:22F%0.06 76.4|| 512 512 64 256 1. 4.80 £0.01 733
512 512 128 256 32 1. .01 9.58 £0.06 74.9|| 512 512 256 256 1. 18.82° % 0.14 75.7
512 512 512 256 32 1. .01 32.1040.03 76.7|| 512 512 64 512 3. 12.20 ¥ 1.24 731
512 512 128 512 16 3. 01 2449 F 1.82 74.6|| 512 512 256 512 3. 4388 F 1.88 75.4
512 512 512 512 16 3. 01 70,60+ 1.92 76.5|| 512 512 64 512 3. 12.61 + 0.66 73.4
512 512 128 512 32 3. 01 24:46 ¥ 1.29 75.0(| 512 512 256 512 3. 46.10 * 1.87 75.7
512 12 512 32 3. 01 79.02 ¥ 2,71 76.8|| 512 1024 1024 64 0. 7.74 £ 0.60 73.0
512 1024 1024 64 32 0. 01 7.84+£0.78 73.1|| 512 1024 64 128 0. 1.60 £ 0.11 73.2
512 1024 128 128 16 0. .01 3.05 + 0.22 74.4 512 1024 256 128 0. 5.90 + 0.37 75.1
512 1024 512 128 16 0. .01 10.67 & 0.50 76.6|| 512 1024 1024 28 0- 15.72°+ 0.48 76.8
512 1024 128 128 32 0. 01 2.65+£0.30 73.3|| 512 1024 256 128 0. 5.48 £ 0.42 742
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A.5 Hierarchical Navigable Small Worlds with Optimized Product Quantization

- TVF PQ - - TVF PQ -
Dim clusters probes sub-vec. m RSS (GB) Time (ms) R@1||Dim. clusters probes sub-vec. m  RSS (GB) Time (ms) R@1
512 65536 1024 512 16 3.14 F 0.0l 2687 £ 1.0 75.2( 512 65536 204 512 16 57 £ 2.00 75.8
512 65536 4096 512 16 3.14 ¥ 0.01 81.76 £3.61 76.1|| 512 65536 8192 512 16 3 133.70+ 5.82 76.4
512 65536 256 512 32 3.15F0.01 8.10+£0.25 74.0|| 512 65536 51 512 3 13.60 £ 0.66 74.8
512 65536 1024 512 32 3. 0.01 25.47 + 0.87 75.7|| 512 65536 2048 512 32 3 .39 +2.09 76.2
512 536 4096 512 32 3. 0.01 82.90 + 3.94 76.3|| 512 8192 512 141.38 + 7.21 76.5
12 131072 1024 128 16 1. 0.01 7.0440.61 75.0|| 512 131072 2048 128 16 1 11.78 £0.90 75.5
512 131072 4096 128 16 1. 0.01 18.68°+1.28 75.9|| 512 131072 8192 128 16 1 29.61 £ 0.78 76.0
512 131072 256 128 32 1. 0.01 5.60 £ 0.22 73.3|| 512 131072 512 128 32 1 6.91 £0.41 74.4
512 131072 1024 28 32 1. 0.01 9.87 %+ 0.60 76.0|| 512 131072 2048 128 32 1 16.16 + 0.67 76.4
512 131072 4096 128 32 1. 0.01 27.91 4+ 1.38 76.4|| 512 131072 8192 128 32 1 49.65 + 2.03 76.6
512 131072 51 256 16 2. 0.01 7.83+0.39 73.3|| 512 131072 1024 256 16 2 12.63 + 0.96 75.5
512 131072 2048 256 16 2. 0.01 20.8740.97 76.1|| 512 131072 4096 256 16 2 34.12 £ 0.80 76.6
512 131072 8192 256 16 2. 0.01 55.98 £ 0.98 76.8|| 512 131072 25 256 32 2 5.48 £0.17 73.8
512 131072 51 5 32 2. 0.01 7.98£0.49 74.7|| 512 131072 1024 256 32 2 12.53°+ 0.65 76.1
512 131072 2048 256 32 2. 0.01 21.75+ 1.02 76.7|| 512 131072 4096 256 32 2 38.39 & 1.50 76.9
512 131072 8192 256 32 2. 0.01 65.50 * 2.58 77.1|| 512 131072 512 512 16 3 13.09 £ 0.22 73.5
512 131072 1024 512 16 3. 0.01 22.82F¥0.61 75.4|| 512 131072 2048 512 16 3 40.70 + 0.34  76.3
512 131072 4096 512 16 3. 0.01 72.86 £0.31 76.5|| 512 131072 8192 512 16 3 123.81 4 0.36 76.7
512 131072 256 512 32 3. 0.01 8.38+£0.37 73.6|| 512 131072 512 512 32 3 13.48 £0.50 74.5
512 131072 1024 512 32 3. 0.01 23.82°F£1.01 75.9|| 512 131072 2048 512 32 3 41.70 + 1.58 76.3
512 131072 4096 512 32 3. 0.01 77.74 +2.68 76.3|| 512 131072 8192 512 32 3 133.46 + 3.86 76.5
512 262144 128 16 1. 0.01 4.67 £0.35 73.0|| 512 262144 512 128 16 1 7.38 £ 0.58 74.4
512 262144 1024 128 16 1. 0.01 10.16 £ 0.75 74.9|| 512 262144 2048 128 16 1 16.02 4+ 0.66 75.0
512 262144 4096 128 16 1. 0.01 28.30 £1.30 75.2|| 512 262144 8192 128 16 1 46.69 * 0.91 75.1
512 262144 256 128 32 1. 0.01 6.61F0.41 73.3|| 512 262144 51 128 32 1 6.15 £ 0.31 74.4
512 262144 1024 2 32 1. 0.01 8.19F 0.48 75.2|| 512 262144 2048 128 32 1 12.38°+0.79 75.7
512 262144 4096 128 32 1. 0.01 20.02F 1.24 75.7|| 512 262144 8192 128 32 33.72 £ 1.74 75.8
512 262144 256 256 16 2. 0.01 6.4340.07 73.6|| 512 262144 256 16 2 8.46 £ 0.02 74.8
512 262144 1024 256 16 2. 0.01 13.54°+0.03 75.8|| 512 262144 2048 256 16 2 22.55+ 0.20 75.8
512 262144 4096 256 16 2. 0.01 38.53 £0.12 75.9|| 512 262144 8192 256 16 2 64.32 ¥ 0.30 76.1
512 262144 256 32 2. 0.01 6.87£0.39 73.8|| 512 262144 512 256 32 2 8.56 £0.48 75.1
512 262144 1024 256 32 2. 0.01 13.19°£0.70 76.3|| 512 262144 2048 256 32 2 21.27 £ 1.37 76.6
512 262144 4096 256 32 2. 0.01 36.47 + 1.19 76.8|| 512 262144 8192 256 32 2 61.37 £ 2.18 77.1
512 262144 256 512 16 3. 0.01 10.05* 0.32 73.7|| 512 262144 512 512 16 3 15.79 £ 0.81 75.3
512 262144 1024 512 16 3. 0.01 25.50 £ 0.74 76.1|| 512 262144 2048 512 16 3 43.25 + 0.97 76.0
512 262144 4096 512 16 3. 0.01 74.92 £1.25 76.1|| 512 262144 8192 512 16 3 124.40 4+ 1.46 76.3
512 262144 256 512 32 4. 0.01 9.29 £0.43 73.7|| 512 262144 512 512 32 4 13.15 + 0.22 74.9
512 262144 1024 512 32 4. 0.01 22.47+£0.80 75.8(| 512 262144 2048 512 32 4 39.13 £1.09 76.1
512 262144 4096 512 32 4. 0.01 69.93 ¥ 0.76 76.3|| 512 262144 8192 512 32 4 123.26 + 0.44 76.5
512 524288 512 128 16 3. 0.01 8.9140.34 73.3|| 512 524288 1024 128 16 3 9.55 £ 0.60 74.5
512 524288 2048 128 16 3. 0.01 15.34°+0.97 75.3|| 512 524288 4096 128 16 3 26.08+ 0.93 75.6
512 524288 8192 128 16 3. 0.01 45.78 £ 0.88 75.7|| 512 524288 128 128 32 3 5.56 £ 0.29 73.6
512 524288 25 128 32 3. 0.01 5.20£0.19 74.5|| 512 524288 512 128 32 3 6.25 £ 0.35 75.4
512 524288 1024 2 32 3. 0.01 7.74+0.53 75.8|| 512 524288 2048 128 32 3 11.54 + 0.72 76.2
512 524288 4096 128 32 3. 0.01 18.16 £ 0.78 76.3|| 512 524288 8192 128 32 3 31.52 ¥ 0.83 76.5
512 524288 128 256 32 3. 0.01 8.47 £0.29 73.2|| 512 524288 256 32 3 7.72 £0.33 74.6
512 524288 512 5 32 3. 0.01 9.40F0.51 75.5|| 512 524288 1024 256 32 3 13.80 4 0.61 76.1
512 524288 2048 256 32 3. 0.01 23.65 + 1.28 76.4|| 512 524288 4096 256 32 3 39.68 + 1.45 76.6
512 524288 8192 256 32 3. 0.01 71.94 £ 2.56 76.7|| 512 524288 512 512 16 13.73 £ 0.59 74.0
512 524288 1024 1 16 5. 0.01 22.65F 0.87 75.1|| 512 524288 2048 512 16 5 40.16 + 1.34 75.7
512 524288 4096 512 16 5. 0.01 72.12 ¥ 1.07 76.1|| 512 524288 8192 512 16 5 130.55 4+ 0.95 76.2
512 524288 128 512 32 5. 0.01 8.55F0.02 73.4|| 512 524288 256 512 32 5 8.73 £ 0.02  74.6
512 524288 512 512 32 5. 0.01 12.57+£0.08 75.5|| 512 524288 1024 512 32 5 21.08° % 0.09 75.9
512 524288 2048 512 32 5. 0.01 37.24 £0.10 76.2|| 512 524288 4096 512 32 5 68.27 £0.11 76.4
512 524288 8192 512 32 5. 0.01 128.39 + 0.19 76.6|| 512 1048576 1024 128 16 5 11.98 + 0.42 74.2
512 1048576 2048 128 16 5. 0.01 16.77 £0.71 75.0|| 512 1048576 4096 128 16 5 27.64 £ 1.12 75.1
512 1048576 8192 128 16 5. 0.01 50.23 £ 1.64 75.8|| 512 1048576 128 128 32 5 6.38 £0.43 73.8
512 1048576 25 28 32 5. 0.01 5.77 £0.27 74.3|| 512 1048576 128 32 5 6.78 £ 0.35 74.9
512 1048576 1024 128 32 5. 0.01 8.72+ 0.50 75.4|| 512 1048576 2048 128 32 5 12.21 + 0.58 75.6
512 1048576 4096 28 32 5. 0.01 18.17 + 0.55 75.7|| 512 1048576 8192 128 32 5 31.56 + 0.82 75.9
512 1048576 51 256 16 5. 0.01 10.91 * 0.48 73.5|| 512 1048576 1024 256 16 5 12.62 + 0.59 74.2
512 1048576 2048 256 16 5. 0.01 20.03 ¥0.54 75.2|| 512 1048576 4096 256 16 5 34.20 £ 0.78 75.3
512 1048576 8192 256 16 5. 0.01 59.35 £ 0.64 75.9|| 512 1048576 128 256 32 6 6.95 £0.32 74.0
512 1048576 256 32 6. 0.01 6.72£0.21 74.6|| 512 1048576 512 256 32 6 8.07 £ 0.41 75.2
512 1048576 1024 256 32 6. 0.01 11.71 + 0.46 75.5|| 512 1048576 2048 256 32 6 18.86 + 0.73 75.9
512 1048576 4096 256 32 6. 0.01 31.58 +0.30 76.1|| 512 1048576 8192 256 32 6 57.40 + 0.46 76.3
512 1048576 512 512 16 7. 0.01 15.71 £ 0.26 73.4|| 512 1048576 1024 512 16 7 22.53 ¥ 0.48 74.5
512 1048576 2048 512 16 7. 0.01 39.66 ¥ 0.89 75.1|| 512 1048576 4096 512 16 7 71.45 ¥ 1.26 75.3
512 1048576 8192 512 16 7. 0.01 130.60 & 0.95 76.1|| 512 1048576 12 32 7 8.08 £0.46 73.6
512 1048576 256 512 32 7. 0.01 9.36 + 0.54 74.0|| 512 1048576 512 512 32 7 13.75+ 0.73 74.7
512 1048576 1024 512 32 7. 0.01 20.86 + 0.57 75.1|| 512 1048576 2048 512 32 36.43 + 1.54 75.7
512 1048576 4096 512 32 7. 0.01 66.39 & 2.02 76.1|| 512 1048576 8192 512 32 7 122.98 4 0.92 76.3
T024 32 64 16 0. 0.01 20.60 £ 0.72 73.7([ 1024 32 32 64 32 0 758 £ 0.62 73.7
1024 32 16 128 16 0. 0.02 8.65+ 0.44 73.7(/1024 32 32 128 16 0 16.49 % 0.92 76.8
1024 32 16 12 32 0. 0.01 10.14 + 0.67 73.7|[1024 32 32 128 32 0 19.17 + 0.80 76.8
1024 32 16 256 16 1. 0.01 24.48 ¥ 0.95 73.9| 1024 32 32 256 16 1 46.18 F 2.59 77.2
1024 32 16 256 32 1. 0.01 24.38 £ 0.92 73.5||1024 32 32 256 32 1 46.49 + 2.17 76.7
1024 64 64 64 16 0. 0.01 8.70 £0.40 73.7|/1024 64 64 64 32 0 7.45 £0.70 73.5
1024 64 64 128 16 O. 0.01 17.05%1.43 75.6(| 1024 64 64 128 32 0 16.48 % 1.01 74.9
1024 64 32 256 16 1. 0.01 24.81 + 0.85 73.4|[1024 64 64 256 16 1 42.14 + 1.55 76.8
1024 64 32 256 32 1. 0.01 20.22F 1.34 74.1(/1024 64 64 256 32 1 35.89 £1.35 77.5
1024 64 32 512 16 2. 0.01 41.11 ¥ 0.37 74.8|| 1024 64 64 512 16 2 69.80 ¥ 0.55 78.1
1024 64 32 512 32 2. 0.01 44.82 £ 1.57 74.6| 1024 64 64 512 32 2 79.88 ¥ 0.01 78.0
1024 128 128 64 32 0. 0.01 6.71F£0.56 73.5|/1024 128 128 128 16 0 16.92 £ 1.33 75.6
1024 128 64 128 32 0. 0.01 9.60 + 0.98 73.0([/1024 128 128 128 32 0 16.99 + 1.46 76.1
1024 128 32 256 16 1. 0.01 12.1740.82 73.5(/1024 128 64 256 16 1 22.89 £1.38 75.1
1024 128 128 256 16 1. 0.01 38.39 ¥ 2.17 77.3|[1024 128 32 256 32 1 10.96 + 1.00 73.4
1024 128 64 256 32 1. 0.01 20.11 ¥ 1.50 74.9|[1024 128 128 256 32 1 35.43 £ 1.81 77.6
1024 128 32 512 16 2. 0.01 24.57 £1.45 73.0|[1024 128 64 512 16 2 47.43 F 1.48 74.8
1024 128 128 512 16 2. 0.01 80.53 £3.30 77.7|/1024 128 32 512 32 2 21.68 £ 1.29 73.2
1024 128 64 512 32 2. 0.01 41.67 + 1.65 74.3(/1024 128 128 512 32 72.83 £1.55 77.9
1024 256 256 64 16 0. 0.01 7.72£0.54 74.0(/1024 256 256 64 32 0 7.45 £0.67 74.0
1024 256 64 128 16 0. 0.01 6.00F 0.35 73.8(/1024 256 128 128 16 0 11.26 + 0.72 74.6
1024 256 256 128 16 0. 0.01 18.44+1.08 75.8(/1024 256 64 128 32 0 5.94 £0.12 73.0
1024 256 128 128 32 0. 0.02 11.49 £ 0.34 73.7|/1024 256 256 128 32 0 19.63 £ 1.01 75.3
1024 256 32 256 16 1. 0.01 6.86 + 0.17 73.3|[1024 256 64 256 16 1 13.56 & 0.32 74.6
1024 256 128 256 16 1. 0.01 26.45+ 1.17 75.4(/1024 256 256 256 16 1 43.88 & 1.84 77.3
1024 256 32 256 32 1. 0.01 5.77£0.39 73.0(/1024 256 64 256 32 1 12.16 ¥ 0.65 74.3
1024 256 128 256 32 1. 0.01 22.76 % 1.20 74.8([1024 256 256 256 32 1 40.61 * 2.00 76.8
1024 256 32 512 16 3. 0.01 13.93 £ 0.48 74.2|[1024 256 64 512 16 3 27.75 £ 0.68 75.8
1024 256 128 512 16 3. 0.01 53.28 F 2.12 76.4(/1024 256 256 512 16 3 87.48 £ 4.31 77.8
1024 256 32 512 32 3. 0.01 10.87 £0.68 73.9|/1024 256 64 512 32 3 21.35 £0.74 75.3
1024 256 128 512 32 3. 0.01 41.88+ 1.21 76.1(/1024 256 256 512 32 3 72.18 £1.33 78.0
1024 512 512 64 32 0. 0.01 7.46 £0.62 73.7|/1024 512 64 128 16 0 2.82 £0.29 73.7
1024 512 128 128 16 0. 0.01 5.82%F0.53 74.5|[1024 512 256 128 16 0 10.00+ 0.71 75.5
1024 12 512 128 16 0. 0.01 15.88°+1.01 76.6|[1024 512 64 128 32 0 2.58 £0.27 73.4
1024 512 128 128 32 0. 0.01 5.44 £0.39 74.5([1024 512 256 128 32 0 10.20 £ 0.93 75.0
1024 512 512 128 32 0. 0.01 16.62F 1.29 76.1(/1024 512 64 256 16 1 5.44 £0.08 74.7
1024 512 128 256 16 1. 0.01 10.79 ¥ 0.10 75.5|[1024 512 256 256 16 1 19.82°+0.18 76.3
1024 512 512 256 16 1. 0.01 30.58 £ 0.07 77.7|/1024 512 32 256 32 1 3.08 £0.28 73.1
1024 512 64 256 32 1. 0.01 5.98£0.45 74.5|[1024 512 128 256 32 1 11.34°+0.94 75.5
1024 512 256 256 32 1. 0.01 20.98°E£1.52 76.1|[1024 512 512 256 32 1 7+1.83 775
1024 512 32 512 32 3. 0.01 5.28 £0.01 73.1([/1024 512 64 512 32 42 £ 0.02 74.3
1024 512 128 512 32 3. 0.01 20.69 F 0.07 75.7||1024 2 256 512 32 3 .11 £0.16 76.4
1024 512 512 512 32 3. 0.01 66.89 ¥ 0.20 77.6(/1024 1024 64 128 16 0 .63 £0.07 73.2
1024 1024 128 128 16 0. 0.01 3.19£0.22 73.6([1024 1024 256 128 16 0 .35+ 0.29 74.3
1024 1024 512 128 16 0. 0.01 11.02°+0.68 74.8([1024 1024 1024 128 16 0 16.95 + 0.98 75.9
1024 24 64 128 32 0. 0.01 1.27 £0.10 74.1(/1024 1024 12 8 320 2.74 £0.29 74.6
1024 1024 256 128 32 0. 0.01 5.45 + 0.50 74.9 || 1024 1024 512 128 32 0 9.95 + 0.98 75.2
1024 1024 1024 128 32 0. 0.01 15.12°+1.37 76.0(|1024 1024 32 256 16 1 1.81 ¥ 0.05 74.2
1024 1024 64 256 16 1. 0.01 3.62+0.21 74.9(/1024 1024 128 256 16 1 7.23 £ 0.41  75.2
1024 1024 256 256 16 1. 0.01 13.68°+£0.62 75.5(/1024 1024 512 256 16 1 25.07 % 1.05 76.2
1024 1024 1024 256 16 1. 0.01 37.90 £1.78 77.4(/1024 1024 32 256 32 1 1.69 £0.03 73.8
1024 1024 64 256 32 1. 0.01 3.314£0.14 75.0(/1024 1024 128 256 32 1 6.53 £0.29 75.6
1024 1024 256 256 32 1. 0.01 12.754 0.60 76.1(/1024 1024 512 256 32 1 22.40 £ 1.20 76.5
1024 1024 1024 256 32 1. 0.01 37.02*1.73 77.6|/1024 1024 32 512 16 3 3.76 £0.08 74.4
1024 1024 64 512 16 3. 0.01 7.46 £0.14 75.5([1024 1024 128 512 16 3 14.454 0.60 75.9
1024 1024 512 16 3. 0.01 27.64F1.13 76.4(/1024 1024 512 12 16 3 48.63 + 2.31 77.2
1024 1024 1024 512 16 3. 0.01 72.40 + 3.44 78.1|/1024 1024 32 512 32 3 3.08 £0.31 745




A.5 Hierarchical Navigable Small Worlds with Optimized Product Quantization

TVF PQ - - TVF PQ -
clusters probes sub-vec. m RSS (GB) Time (ms) R@1||Dim. clusters probes sub-vec. m  RSS (GB) Time (ms) R@1
T02 61 512 32 3.39 F0.0I B.2L F0.57 75.5][1024 1024 T2 512 32 3.39F 0.0I II.57 £0.78 76.1
1024 56 512 32 3.39F0.01 21.63% 1.00 76.4((1024 1024 512 512 32 3.39F0.01 38.82+0.78 77.1
102 1024 512 32 3.39F0.01 62.43 £1.02 78.1/(1024 2048 128 128 16 1.18 £0.01 1.46 £ 0.01 73.1
2048 256 8 16 1.18+0.01 2.76 £0.02 73.8(/1024 2048 512 128 16 1.18 £0.01 5.11+0.10 74.3
2048 1024 128 16 1.18 £ 0.01 .76 £ 0.06 74.6(/1024 2048 2048 128 16 1.18 £0.01 12.88°+0.08 75.2
2048 64 128 32 1.18 £0.01 0.84 F0.06 73.8([1024 2048 128 128 32 1.18 £0.01 1.4940.10 74.8
2048 256 128 32 1.18 £0.01 3.02F0.26 75.3|[1024 2048 512 128 32 1.18 £0.01 5.72F0.45 75.7
2048 1024 128 32 1.18 £0.01 9.96F 0.96 76.1[[1024 2048 2048 128 32 1.18 £0.01 14.99£1.10 76.5
2048 64 256 16 2.11F 0.01 1.75F 0.15 74.7((1024 2048 128 256 16 2.11F+0.01 3.67 £0.29 755
2048 56 6 16 2.11 + 0.01 7.08 + 0.67 76.3[|1024 2048 512 256 16 2.11 +0.01 12.74 +1.11 76.8
2048 1024 256 16 2.11 + 0.01 20.69 & 1.53 77.0(|1024 2048 2048 256 16 2.11 + 0.01 29.66 + 1.02 77.7
2048 64 256 32 2.10F 0.01 1.69 4 0.20 74.7(/1024 2048 128 256 32 2.10% 0.01 3.324+0.36 75.8
2048 256 56 32 2.10F 0.01 6.53F0.53 76.4/1024 2048 51 256 32 2.10F 0.01 11.57 F 1.02 77.0
2048 1024 25 32 2,10 £ 0.01 18.95+1.28 77.4(/1024 2048 2048 256 32 2.10 % 0.01 28.61 £ 0.87 77.9
2048 64 512 16 3.95F 0.01 3.16 £ 0.01 75.3((1024 2048 12 512 16 3.95F 0.01 6.18 £0.02 76.1
2048 256 512 16 3.95 4+ 0.01 12.01 £ 0.03 76.7 || 1024 2048 512 512 16 3.95+ 0.01 21.86 + 0.06 76.9
2048 1024 512 16 3.953F 0.01 37.32 £ 0.14 77.4((1024 2048 2048 512 16 3.95F 0.01 54.67 + 0.12 77.9
2048 64 512 32 3.95% 0.01 3.65+0.24 74.7((1024 2048 1 512 32 3.95%0.01 6.90+0.44 76.0
2048 256 512 32 3.95%F0.01 13.31+0.70 76.4((1024 2048 512 512 32 3.957F 0.01 24.08F 1.21 77.2
2048 1024 512 32 3.953F 0.01 42.02 £2.02 77.5((1024 2048 2048 512 32 3.953F 0.01 64.11 £ 1.47 77.7
4096 256 128 16 1.45£0.01 1.83£0.03 73.8(/1024 4096 512 128 16 1.45+£0.01 3.22£0.01 74.2
4096 1024 12 16 1.45+0.01 5.70 £ 0.01 74.6|| 1024 4096 2048 128 16 1.45 4+ 0.01 9.47 +0.05 75.2
4096 4096 128 16 1.45+ 0.01 13.314+0.05 75.5([1024 4096 128 128 32 1.45%0.01 1.02F0.01 73.8
4096 256 128 32 1.45%0.01 1.66 & 0.02 74.7(/1024 4096 51 128 32 1.45F0.01 2.93F0.04 75.2
4096 1024 12 32 1.45+0.01 5.08+ 0.01 75.7(/1024 4096 2048 128 32 1.45F 0.01 8.61F0.07 75.8
4096 4096 8 32 1.45 +0.01 12.98 £ 0.03 75.9(|1024 4096 64 256 16 2.62 + 0.01 1.25 +0.07 73.9
4096 128 256 16 2.62 £ 0.01 2.19 £ 0.26 74.9 || 1024 4096 256 256 16 .62 +£0.01 4.18 + 0.41 75.7
4096 512 256 16 2.62F 0.01 7.63F 0.61 76.1((1024 4096 1024 256 16 2.62F 0.01 12.80 F 1.06 76.5
4096 2048 256 16 2.62F 0.01 19.74 + 1.20 76.7(/1024 4096 4096 256 16 2.62 F 0.01 26.91  0.93 77.0
4096 64 256 32 2.63F 0.01 1.244+0.07 74.1/[1024 4096 128 256 32 2.63F0.01 2.06F0.17 75.0
4096 56 32 2.63F£0.01 3.83F0.40 75.7(/1024 4096 512 256 32 2.63F0.01 7.00+ 0.54 76.0
4096 1024 256 32 2.63 4+ 0.01 11.87 +0.86 76.8(|1024 4096 2048 256 32 2.63 +0.01 19.57 +1.07 77.2
4096 4096 256 32 2.63 1+ 0.01 29.02+0.97 77.2|/1024 4096 64 512 16 4.97 +0.01 2.48 £0.19 74.5
4096 128 512 16 4.97 F 0.01 4.56 #0.32 75.4((1024 4096 256 512 16 4.97 ¥ 0.01 8.93 + 0.53 76.2
4096 512 512 16 4.97 ¥ 0.01 16.15+ 1.11 77.0(|/1024 4096 1024 512 16 4.97 ¥ 0.01 27.60 + 1.67 77.3
4096 2048 512 16 4.97 F 0.01 45.88 £2.14 78.0(|1024 4096 4096 512 16 4.97 £ 0.01 66.08 £ 3.17 78.4
4096 64 512 32 4.98 +0.01 1.89 £ 0.01 74.4|[1024 4096 12 512 32 4.98 +0.01 3.38 £0.02 75.8
4096 256 512 32 4.98 £ 0.01 6.40 £ 0.03 76.6 || 1024 4096 512 512 32 4.98 +0.01 12.37 £ 0.07 77.1
4096 1024 512 32 4.98F0.01 22.74+0.17 77.7(/1024 4096 2048 512 32 4.98 % 0.01 39.33 + 0.16 78.1
4096 4096 512 32 4.98F 0.01 60.50 £ 0.17 78.1/|1024 8192 1 128 16 2.01 £0.01 1.52F0.13 73.3
8192 256 128 16 2.01 £0.01 2.05F 0.20 74.5|[1024 8192 512 128 16 2.01 £ 0.01 3.18 % 0.28 75.0
8192 1024 128 16 2.01 £0.01 4.99 F 0.33 75.3([1024 8192 2048 128 16 2.01 £ 0.01 7.86+ 0.61 75.4
8192 4096 28 16 2.01 +0.01 11.35 + 0.67 75.5(| 1024 8192 8192 128 16 2.01 + 0.01 14.60 & 0.64 75.7
8192 128 2 32 2.01 ¥ 0.01 1.3040.01 74.0(/1024 8192 25 128 32 2.01+£0.01 1.6940.01 75.3
8192 512 128 32 2.01 £0.01 2.37F+0.02 75.6([1024 8192 1024 128 32 2.01 £0.01 3.71%0.01 75.8
8192 2048 128 32 2.01 £0.01 5.95%F 0.02 75.9(/1024 8192 4096 128 32 2.01 £ 0.01 9.47 ¥ 0.03 76.2
8192 8192 128 32 2.01 £0.01 13.68+0.08 76.3|[1024 8192 64 256 16 3.68 % 0.01 1.59 £ 0.07 73.1
8192 128 256 16 3.68 £ 0.01 2.00 £ 0.14 74.4([1024 8192 256 256 16 3.68 + 0.01 3.06 & 0.26 75.6
8192 512 256 16 3.68 £ 0.01 .25 +£ 0.50 76.3||1024 8192 1024 256 16 3.68 + 0.01 8.58 +0.74 76.6
8192 2048 256 16 3.68 F 0.01 13.14 + 0.88 76.9((1024 8192 4096 256 16 3.68 + 0.01 20.00 £ 0.78 77.1
8192 8192 256 16 3.68 F 0.01 26.23 £ 1.10 77.3((1024 8192 64 256 32 3.69F0.01 1.474+0.10 73.6
8192 128 256 32 3.69F 0.01 1.87F0.14 75.4(/1024 8192 256 256 32 3.69F 0.01 2.88+0.29 76.5
8192 512 32 3.69£0.01 4.80%F0.41 77.3(/1024 8192 1024 256 32 3.69F 0.01 8.34+0.56 77.6
8192 2048 256 32 3.69 +0.01 12.44 £ 0.78 77.9([1024 8192 4096 256 32 3.69 +0.01 19.93 £ 0.77 78.2
8192 8192 256 32 3.69 £ 0.01 28.86 + 0.93 78.2||1024 8192 12 512 16 3.02 + 0.02 4.87 +0.40 75.1
8192 256 512 16 3.02F 0.02 8.88 4+ 0.60 76.3(/1024 8192 512 512 16 3.02 % 0.02 15.24 F 0.85 77.0
8192 1024 512 16 3.02F 0.02 25.55 4+ 1.52 77.5(|1024 8192 2048 512 16 3.02F 0.02 41.41 ¥ 1.05 77.7
8192 4096 512 16 3.02F 0.01 66.45 £ 1.40 77.9//1024 8192 8192 512 16 3.03F 0.01 90.66 £ 1.06 78.0
8192 64 512 32 3.02 4 0.01 3.44 +£0.14 73.3(/1024 8192 12 512 32 3.02F0.01 5.23£0.29 75.2
8192 256 512 32 3.02+0.01 8.83+0.52 76.3|[1024 8192 512 512 32 3.02 4+ 0.01 15.95 + 0.77 77.0
8192 1024 512 32 3.02+ 0.01 27.68 % 1.03 77.2([1024 8192 2048 512 32 3.02F+ 0.01 47.82F 1.81 77.6
8192 4096 512 32 3.02F0.01 77.95* 1.43 77.9//1024 8192 8192 512 32 3.02F0.01 117.03 4 2.05 78.0
16384 256 128 16 3.07 £0.01 2.32£0.17 73.8([1024 16384 512 128 16 3.07 £0.01 2.79+0.21 74.8
16384 1024 128 16 3.07 £0.01 4.07 £ 0.40 75.4([1024 16384 2048 128 16 3.07 £0.01 6.42+ 0.52 75.6
16384 4096 28 16 3.07 £0.01 9.17 £ 0.56 76.0([1024 16384 8192 128 16 3.07 +0.01 13.16 & 0.64 76.0
16384 256 128 32 3.06 + 0.01 1.91 + 0.09 74.5|[1024 6384 512 128 32 3.06 +0.01 2.64 +£0.25 75.4
16384 1024 128 32 3.07 £0.01 3.88F0.36 75.8([1024 16384 2048 128 32 3.07 £0.01 5.77+0.51 76.2
16384 4096 128 32 3.07 £0.01 9.02F 0.69 76.4([1024 16384 8192 128 32 3.07 £0.01 13.55+0.71 76.6
16384 128 256 16 1.73F0.01 3.18 £ 0.18 73.8(/1024 16384 256 16 1.73F+0.02 4.70 £0.22 75.8
16384 512 256 16 1.73 £0.02 7.98 +0.36 76.7 (/1024 16384 1024 256 16 1.73 +0.02 13.96 + 0.66 77.1
16384 2048 25 16 1.73 £0.02 23.07 £0.96 77.2(/1024 16384 4096 256 16 .73 £0.02 36.05 + 1.52 77.4
16384 8192 25 16 1.73 +0.01 53.23 & 1.19 77.4(|1024 16384 128 256 32 1.73+0.01 3.21 £0.15 74.1
16384 256 256 32 1.73F0.01 4.724+0.19 75.8|/1024 16384 512 256 32 1.73F0.01 7.77+0.40 76.9
16384 1024 256 32 1.74F 0.01 13.02+£0.66 77.4((1024 16384 2048 256 32 1.74F0.01 22.60 F 1.23 77.8
16384 4096 256 32 1.74F0.01 71.43 £0.01 77.9//1024 16384 8192 256 32 1.74+0.01 61.71 + 2.70 78.0
16384 128 512 16 3.09 £ 0.01 4.33 £0.33 73.8(/1024 16384 256 512 16 3.09 +0.01 7.13 £ 0.56 75.7
16384 512 512 16 3.09 +0.01 12.14 + 0.94 76.8 || 1024 6384 1024 512 16 3.09 + 0.01 20.51 + 1.25 77.4
16384 2048 512 16 3.09 ¥ 0.01 33.83 ¥ 1.21 77.8(/1024 16384 4096 512 16 3.09 ¥ 0.01 55.23 + 0.97 78.0
16384 8192 512 16 3.09 ¥ 0.01 85.38 £ 1.19 78.0(/1024 16384 128 512 32 3.09F0.01 3.65+0.01 73.9
16384 512 32 3.09F 0.01 5.80£0.04 75.7(/1024 16384 512 32 3.09F0.01 10.79% 0.30 76.7
16384 1024 512 32 3.09 +0.01 19.79 £ 0.24 77.2([1024 16384 2048 512 32 3.09 +0.01 35.27 £ 0.17 77.6
16384 4096 512 32 3.09 +£0.01 60.93 +0.24 77.6|/1024 16384 8192 512 32 3.09 +0.01 100.99 + 0.41 77.7
32768 128 16 1.19 £ 0.01 5.83 £ 0.44 74.3(/1024 32768 1024 128 16 1.19 % 0.01 9.57 4+ 0.54 74.5
32768 2048 128 16 1.19 £ 0.01 16.17 4+ 1.07 75.1([1024 32768 4096 128 16 1.19 £ 0.01 26.13+1.23 75.5
32768 8192 128 16 1.19 £ 0.01 41.64 £ 0.91 75.5([1024 32768 256 128 32 1.23F£0.01 3.66 £ 0.32 73.1
32768 128 32 1.23£0.01 5.24 £ 0.48 74.4([1024 32768 1024 128 32 1.23F£0.01 8.93+ 0.67 75.3
32768 2048 128 32 1.23 £0.01 14.70 £ 1.14 75.5(| 1024 32768 4096 128 32 1.23 +0.01 24.30 £ 1.04 75.8
32768 8192 128 32 1.23 £ 0.01 40.35 £ 1.25 76.0 || 1024 2768 256 16 1.86 + 0.01 3.30 £0.30 73.7
32768 256 256 16 1.86F 0.01 5.28 £ 0.46 75.7|/1024 32768 512 256 16 1.86 % 0.01 8.99 + 0.58 77.2
32768 1024 256 16 1.86 F 0.01 15.04 % 1.20 78.0(|1024 32768 2048 256 16 1.86 F 0.01 24.89F 1.76 78.5
32768 4096 256 16 1.86 F 0.01 40.39 £ 1.64 78.5((1024 32768 8192 256 16 1.86 F 0.01 64.11 + 1.05 78.6
32768 128 256 32 1.87+0.01 4.64 £0.16 73.2|/1024 32768 256 256 32 1.87 +0.01 5.99 £0.11 75.4
32768 512 256 32 1.87+0.01 9.94 +0.14 76.3|/1024 32768 1024 256 32 .87 £0.01 17.52 4+ 0.32 77.3
32768 2048 256 32 1.87 £ 0.01 30.88+0.62 77.7 (/1024 32768 4096 256 32 1.87 +0.01 52.69 +1.20 77.9
32768 8192 256 32 1.87F0.01 87.15+3.01 77.9//1024 32768 12 512 16 3.21F+0.01 4.03+0.31 73.6
32768 256 512 16 3.21F0.01 6.68 £0.51 75.6|/1024 32768 512 512 16 3.22F0.01 11.70 % 0.96 76.5
32768 1024 512 16 3.22F0.01 19.90 % 1.09 77.4((1024 32768 2048 512 16 3.22F0.01 33.73 £ 0.98 77.6
32768 4096 512 16 3.22 £ 0.01 56.63 £ 1.08 77.8([1024 32768 8192 512 16 3.22 4+ 0.01 90.48 £ 0.82 77.8
32768 512 32 3.26 £ 0.01 4.46 £ 0.42 73.2|[1024 2768 512 32 3.26 +0.01 6.53 £ 0.46 75.2
32768 512 512 32 3.26 + 0.01 10.68 % 0.68 76.2(|1024 32768 1024 512 32 3.26 % 0.01 18.83 % 0.79 77.3
32768 2048 512 32 3.26 ¥ 0.01 32.95 £ 0.75 77.8(/1024 32768 4096 512 32 3.26 ¥ 0.01 56.38 £ 0.89 77.8
32768 8192 512 32 3.26 F 0.01 94.14 £ 0.66 77.8|/1024 65536 128 16 1.49 £ 0.01 4.38£0.32 73.3
536 512 128 16 1.49 £ 0.01 6.00 £ 0.48 73.9([1024 65536 1024 128 16 1.49 +0.01 9.13 £ 0.72 75.0
65536 2048 128 16 1.49 +0.01 15.40 £ 1.03 75.1(|1024 65536 4096 128 16 1.49 + 0.01 25.08 &+ 1.31 75.2
65536 8192 128 16 1.49 +0.01 39.93 £ 1.10 75.3||1024 65536 256 128 32 1.46 +0.01 5.64 +0.24 73.4
65536 128 32 1.46 £0.01 7.26 £ 0.19 74.2([1024 65536 1024 128 32 1.46 £ 0.01 11.02+0.28 75.3
65536 2048 128 32 1.46 £0.01 19.53F0.42 75.7([1024 65536 4096 128 32 1.46 £ 0.01 35.28 £0.90 75.6
65536 8192 128 32 1.46 £ 0.01 60.36 £ 1.43 75.7([1024 65536 256 32 2.17+0.01 7.00£0.11 74.0
65536 512 256 32 2.17+0.01 10.45 £ 0.30 75.3|/1024 65536 1024 256 32 2.17 £ 0.01 17.96 £+ 0.23 76.5
65536 2048 256 32 2.17 £0.01 32.17 £ 0.82 77.1|/1024 5536 4096 256 32 2.17 £ 0.01 56.24 + 1.22 77.2
65536 8192 256 32 2.17F0.01 93.95* 2.69 77.4|/1024 65536 128 512 16 3.51 % 0.01 5.424+0.32 73.4
65536 56 512 16 3.51F0.01 7.40 4+ 0.51 74.6(/1024 65536 512 16 3.51F0.01 12.63F 0.72 75.7
65536 1024 512 16 3.51F 0.01 22.25+0.69 77.3(/1024 65536 2048 512 16 3.51F 0.01 39.88  0.65 77.6
65536 4096 512 16 3.51 +0.01 68.00 £ 0.68 77.8(/1024 65536 8192 512 16 3.51 +0.01 112.04 + 2.40 77.8
65536 256 512 32 3.52 4 0.01 7.44 £ 0.52 74.7(|1024 65536 512 512 32 .52 £0.01 11.93 + 0.90 75.5
65536 1024 512 32 3.52 4+ 0.01 19.98 +£1.33 77.0(|1024 65536 2048 512 32 3.524+0.01 35.80+ 1.90 77.4
65536 4096 512 32 3.52F 0.01 64.75* 1.63 77.8(/1024 65536 8192 512 32 3.52F0.01 110.254 2.98 77.9
131072 256 128 32 2.02+£0.01 7.96+ 0.44 73.1|[1024 131072 512 128 32 2.02F£ 0.01 8.0840.69 73.8
131072 1024 128 32 2.02+0.01 10.71F+0.59 74.2([1024 131072 2048 128 32 2.02F0.01 16.72+£0.99 74.6
131072 4096 128 32 2.02 4+ 0.01 28.77 £ 1.52 74.9(|1024 131072 8192 128 32 2.02 4+ 0.01 49.67 £ 1.37 75.0
131072 512 256 16 2.68 +0.01 8.14 £ 0.63 74.9(|1024 131072 1024 256 16 2.68 + 0.01 12.82 + 0.80 75.6
131072 2048 256 16 2.68 F 0.01 20.84 & 0.94 76.6(|1024 131072 4096 256 16 2.68 F 0.01 33.28 £ 1.01 77.1
131072 8192 256 16 2.68 F 0.01 52.73 £ 0.79 77.1//1024 131072 256 32 2.69F0.01 7.10+0.32 74.4
131072 512 256 32 2.69F 0.01 9.81+0.42 74.9(/1024 131072 1024 256 32 2.69F 0.01 16.12F 0.94 75.8
131072 2048 256 32 2.69 +0.01 26.84 +0.76 76.3|/1024 131072 4096 256 32 2.69 + 0.01 47.89 + 0.40 76.9
131072 8192 256 32 2.69+0.01 84.93 +1.08 77.0|/1024 131072 256 512 16 4.03 +0.01 8.65 + 0.51 74.3
131072 512 512 16 4.03 * 0.01 14.55 £ 0.83 75.9||1024 131072 1024 512 16 4.03 ¥ 0.01 24.51 4 0.93 76.8
131072 2048 512 16 4.03F 0.01 41.24 ¥ 0.96 77.1/(1024 131072 4096 512 16 4.03F 0.01 68.51  0.84 77.7
131072 8192 512 16 4.03* 0.01 110.69 4 0.83 77.9|/ 1024 131072 128 512 32 4.04 £0.01 7.78 £0.29 73.2




A.5 Hierarchical Navigable Small Worlds with Optimized Product Quantization

- TVF PQ - TVF PQ -
Dim clusters probes sub-vec. " RSS (GB) Time (ms) R@1||Dim clusters probes sub-vec. " RSS (GB) Time (ms) R@1
T024 131072 2506 512 32 4.04 £ 0.01 08 T 0.48  74.6([1024 131072 512 512 32 4.04 £ 0.0I I3.19 F0.60 75.3
1024 131072 1024 512 32 4.04 £ 0.01 21.93+0.44 76.3(/1024 131072 2048 512 32 4.04 £0.01 38.79 +0.72 77.1
1024 131072 4096 512 32 4.04 £ 0.01 70.43+0.78 77.4(/1024 131072 8192 512 32 4.04 £0.01 123.40 +0.92 77.5
1024 262144 512 128 16 3.03 £0.01 12.20 + 0.56 73.3 (/1024 262144 1024 128 16 3.03 + 0.01 13.72 £ 0.53 74.1
1024 262144 2048 128 16 3.03 £0.01 20.70 £ 1.03 74.8(|1024 262144 4096 128 16 3.03 + 0.01 34.89 £ 1.64 75.2
1024 262144 8192 128 16 3.03 + 0.01 52.25 + 2.42 75.6(/1024 262144 256 128 32 3.09+ 0.01 9.57 £ 0.66 73.8
1024 262144 512 128 32 3.09+0.01 10.95 + 0.51 74.1([1024 262144 1024 128 32 3.09+0.01 14.23°+0.69 74.4
1024 262144 2048 128 32 3.09 +0.01 20.67 £ 0.56 74.9 (/1024 262144 4096 128 32 3.09+0.01 34.12+ 1.56 75.2
1024 262144 8192 128 32 3.09 +0.01 57.29 £3.12 75.1(/1024 262144 128 256 16 3.70 £0.01 13.80 % 0.43 73.3
1024 262144 56 256 16 3.70 £ 0.01 12.45 £+ 0.52 74.7 (/1024 262144 512 256 16 3.70 + 0.01 16.26 + 0.98 76.0
1024 262144 1024 256 16 3.70 & 0.01 22.90 £ 0.96 76.6 (| 1024 262144 2048 256 16 3.70 + 0.01 36.17 +0.77 77.1
1024 262144 4096 256 16 3.70 £ 0.01 58.45 + 1.33 77.3(| 1024 262144 8192 256 16 3.70 £ 0.01 93.09 + 3.42 77.6
1024 262144 128 256 32 3.77 £0.01 9.21 £0.43 74.0(|1024 262144 56 256 32 3.77 £0.01 10.10 + 0.41 75.1
1024 262144 512 256 32 3.77 £0.01 12.56+ 0.61 75.5(|1024 262144 1024 256 32 3.77 £0.01 17.14 +0.84 76.1
1024 262144 2048 256 32 3.77 £ 0.01 25.77 £0.76 76.7|/1024 262144 4096 256 32 3.77 = 0.01 41.56 + 0.94 76.9
1024 262144 8192 256 32 3.77 £0.01 70.11 &+ 1.94 76.9(|1024 262144 128 512 16 5.06 £0.01 13.72+ 0.39 74.1
1024 262144 56 12 16 5.06 +£0.01 17.75+ 0.90 75.5(/1024 262144 512 512 16 5.06 £ 0.01 23.79 + 0.69 76.2
1024 262144 1024 512 16 5.06 + 0.01 32.72+ 0.77 77.0(|1024 262144 2048 512 16 5.06 £ 0.01 48.83 + 1.38 77.5
1024 262144 4096 512 16 5.06 + 0.01 72.83 + 1.51 77.9(|1024 262144 8192 512 16 5.06 £ 0.01 110.35 + 2.38 78.0
1024 262144 128 512 32 5.12 4+ 0.01 12.46 & 0.55 74.7(|1024 262144 256 512 32 5.12 £0.01 16.06 & 0.46 76.0
1024 262144 512 512 32 5.12+0.01 22.72+0.78 76.4(/1024 262144 1024 512 32 5.12+0.01 33.39 4+ 1.17 76.8
1024 262144 2048 512 32 5.12 +0.01 52.04 + 2.25 77.3(|1024 262144 4096 512 32 5.12+0.01 87.45+3.70 77.8
1024 262144 8192 512 32 5.12 + 0.01 143.66 + 6.45 77.9(| 1024 524288 512 128 16 5.12 4+ 0.01 10.23 +0.11 73.6
1024 524288 1024 128 16 5.12 4+ 0.01 11.98 £0.12 74.5([1024 524288 2048 128 16 5.12+0.01 18.87 £ 0.15 75.2
1024 524288 4096 128 16 5.12 4+ 0.01 32.46 + 0.48 75.7 (/1024 524288 8192 128 16 5.12+0.01 56.94 £ 0.87 75.9
1024 524288 128 128 32 5.25 + 0.01 12.79 +0.27 73.0([1024 524288 256 128 32 5.25+0.01 9.34 4+ 0.43 73.9
1024 524288 512 128 32 5.25+0.01 9.85+0.44 74.2(/1024 524288 1024 128 32 5.25+0.01 13.16 £ 0.45 74.7
1024 524288 2048 128 32 5.25 4+ 0.01 18.33'F+ 0.50 74.9([1024 524288 4096 128 32 5.25+ 0.01 30.35 +0.74 75.3
1024 524288 8192 128 32 5.25+0.01 53.92 +1.07 75.4(/1024 524288 256 256 16 5.79 £0.01 9.89 £0.29 73.9
1024 524288 512 256 16 5.79 £ 0.01 11.90 + 0.57 75.1(|1024 524288 1024 256 16 5.79 £0.01 17.84+0.70 76.1
1024 524288 2048 256 16 5.79 £ 0.01 29.23 + 0.86 76.4(| 1024 524288 4096 256 16 5.79 + 0.01 50.58 & 1.09 76.8
1024 524288 8192 256 16 5.79 £ 0.01 85.30 £0.70 77.3||1024 524288 64 256 32 5.92 +0.01 11.91 +0.32 73.2
1024 524288 128 256 32 5.92 4+ 0.01 8.90 £ 0.28 74.9(/1024 524288 256 256 32 5.92 +0.01 9.31 +£0.25 75.4
1024 524288 512 256 32 5.92 +0.01 12.153 0.25 75.7(/1024 524288 1024 256 32 5.92 +0.01 17.09 4 0.43 76.7
1024 524288 2048 256 32 5.92 +0.01 26.72+ 0.81 76.9(|1024 524288 4096 256 32 5.92+0.01 44.74 +1.18 77.3
1024 524288 8192 256 32 5.92 +0.01 77.78 +2.43 77.5(|1024 524288 128 512 16 7.14 £0.01 13.54 + 0.20 73.0
1024 524288 256 512 16 7.14 £0.01 11.52 4+ 0.60 74.1(|1024 524288 512 512 16 7.14 £0.01 16.83 £ 0.49 75.0
1024 524288 1024 512 16 7.14 +0.01 27.55+ 1.86 76.5||1024 524288 2048 512 16 7.14 £ 0.01 43.08 + 0.89 76.6
1024 524288 4096 512 16 7.14 +£0.01 71.62F 1.19 77.1(/1024 524288 8192 512 16 7.14 £ 0.01 116.96 + 1.22 77.3
1024 524288 64 512 32 7.27 £0.01 10.42 + 0.32 73.3(|1024 524288 128 512 32 7.27 £0.01 8.72 + 0.27 74.8
1024 524288 256 512 32 7.27 £0.01 10.34 +0.40 75.9(|1024 524288 512 512 32 7.27 £0.01 14.92°+0.54 76.2
1024 524288 1024 512 32 7.27 +0.01 23.32+ 1.02 77.1|[1024 524288 2048 512 32 7.27 +0.01 37.86 + 1.20 77.6
1024 524288 4096 512 32 7.27 £0.01 64.45F+ 1.86 77.9(|1024 52428 8192 512 32 7.27 £0.01 110.81 + 0.87 78.1
1024 1048576 512 128 16 9.34 + 0.01 12.37 & 0.31 73.3 ([ 1024 1048576 1024 128 16 9.34 + 0.01 14.34 £ 0.73 74.1
1024 1048576 2048 128 16 9.34 + 0.01 19.45 + 0.48 75.0 (| 1024 1048576 4096 128 16 9.34 + 0.01 32.06 &+ 0.37 75.4
1024 1048576 8192 128 16 9.34 £ 0.01 56.78 £ 0.55 75.7 || 1024 1048576 32 256 32 10.27 + 0.01 14.48 + 0.02 73.2
1024 1048576 64 256 32 10.27 +0.01 9.52 £ 0.03 74.4(|1024 1048576 128 256 32 10.27 £ 0.01 8.58 £0.02 75.2
1024 1048576 256 256 32 10.27 + 0.01 8.61 £ 0.02 76.0|/1024 1048576 512 256 32 10.27 + 0.01 10.81 + 0.02 76.5
1024 1048576 1024 256 32 10.27 + 0.01 14.87 £ 0.03 76.5 || 1024 1048576 2048 256 32 10.27 + 0.01 21.47 + 0.09 76.6
1024 1048576 4096 256 32 10.27 + 0.01 35.52 + 0.11 76.6(| 1024 1048576 8192 256 32 10.27 + 0.01 61.84 + 0.09 76.8
1024 1048576 56 512 16 11.35 4+ 0.01 12.34 + 0.74 73.8(| 1024 1048576 12 512 16 11.35+ 0.01 16.36 + 0.38 74.5
1024 1048576 1024 512 16 11.35+ 0.01 25.21 + 0.69 76.3(| 1024 1048576 2048 512 16 11.35 3+ 0.01 41.48 + 0.53 76.9
1024 1048576 4096 512 16 11.35 4+ 0.01 70.83 + 0.56 77.3(| 1024 1048576 8192 512 16 11.35 4 0.01 124.97 + 1.14 77.5
1024 1048576 32 512 32 11.61 £ 0.01 11.46 + 0.35 73.8|| 1024 1048576 64 512 32 11.61 £ 0.01 8.33 + 0.16 75.3
1024 1048576 128 512 32 11.61 £ 0.01 8.68 £ 0.29 76.4 (1024 1048576 256 512 32 11.61 + 0.01 11.32 4 0.49 77.2
1024 1048576 512 512 32 11.61 + 0.01 16.49 + 0.95 77.4(| 1024 1048576 1024 512 32 11.61 + 0.01 24.18 + 0.83 77.6
1024 1048576 2048 512 32 11.61 £ 0.01 40.25+ 0.75 77.7][1024 1048576 4096 512 32 11.61 + 0.01 70.67 + 0.69 77.7
2048 32 32 T28 32 0.88 £ 0.02 17.60 £ 1.73 75.8 2048 32 16 256 16 I.57 £ 0.0l 10.97 F 1.57 73.3
2048 32 32 256 16 1.57 = 0.01 36.14 &+ 1.57 76.2(|2048 32 16 256 32 1.57 £0.01 25.12 3+ 0.91 73.3
2048 32 32 256 32 1.57 £ 0.01 48.11 + 1.67 76.2|2048 32 16 512 16 2.94 £ 0.03 39.09 + 1.28 73.8
2048 32 32 512 16 2.94 £ 0.03 74.36 + 1.86 76.5||2048 32 16 512 32 2.95+0.01 38.75+ 1.08 73.8
2048 32 32 512 32 2.95+ 0.01 74.05+ 1.34 76.5 || 2048 64 64 128 16 0.89 £ 0.01 17.44 + 1.56 74.4
2048 64 64 128 32 0.88 +0.02 32.14 £+ 0.57 75.5(|2048 64 32 256 16 1.58 +0.01 19.81 +0.16 73.2
2048 64 64 256 16 1.58 + 0.01 34.46 + 0.14 76.6 || 2048 64 64 256 32 1.58 +0.01 47.59 £ 0.01 76.1
2048 64 32 512 16 2.89 + 0.01 59.09 & 2.32 74.2|2048 64 64 512 16 2.89 £0.01 99.32+ 4.69 77.0
2048 64 32 512 32 2.97 £ 0.01 46.46 + 1.51 73.7(|2048 64 64 512 32 2.97 £0.01 83.93+1.80 76.8
2048 128 128 64 32 0.53+0.02 7.70+£0.68 73.3(|2048 128 64 128 16 0.89 + 0.02 12.07 = 0.90 74.0
2048 128 128 128 16 0.89 £ 0.02 17.29 £ 1.43 75.3([2048 128 128 128 32 0.89 +0.02 17.44 + 1.45 74.7
2048 128 32 256 16 1.60 £ 0.01 13.69 £ 0.87 73.9([2048 128 64 256 16 1.60 + 0.01 24.81 + 1.88 75.4
2048 128 128 256 16 1.60 & 0.01 40.44 + 1.85 77.1(|2048 128 32 512 16 3.00 £ 0.01 33.47 + 0.90 74.0
2048 128 64 512 16 3.00 + 0.01 63.98 + 1.57 75.0(|2048 128 128 512 16 3.00 £ 0.01 93.50 + 2.75 76.4
2048 128 64 512 32 3.00 +0.01 52.59 + 1.62 74.2(|2048 128 128 512 32 3.00 £ 0.01 91.54 + 2.81 76.3
2048 256 64 128 16 0.92+0.01 6.10+ 0.61 73.2(/2048 256 128 128 16 0.92+0.01 11.24 +£0.95 74.6
2048 256 256 128 16 0.92 £ 0.01 16.69 £ 1.40 75.6([2048 256 64 128 32 0.92 +0.01 5.51 +£0.36 73.5
2048 256 128 128 32 0.92 4+ 0.01 10.43 £ 0.93 74.1([2048 256 256 128 32 0.92 +0.01 17.65 + 1.65 75.5
2048 256 64 256 16 1.61 + 0.07 14.80 F+ 0.98 74.4(|2048 256 128 256 16 1.61 + 0.07 26.84 + 1.66 75.3
2048 256 256 256 16 1.61 + 0.07 48.35+ 0.01 76.5(|2048 256 64 256 32 1.63+£0.01 11.61 + 0.94 73.1
2048 256 128 256 32 1.63 £ 0.01 22.09+ 1.95 74.0(|2048 256 256 256 32 1.63 £0.01 36.98 +2.12 76.1
2048 256 32 512 16 3.07 + 0.01 14.45 + 1.10 73.2([2048 256 64 512 16 3.07 £0.01 26.54 & 1.98 74.7
2048 256 128 512 16 3.07 £ 0.01 47.60 £ 1.99 75.7 (2048 256 256 512 16 3.07 &+ 0.01 68.19 + 1.57 76.9
2048 256 64 512 32 3.07 £0.01 25.37 £0.79 74.0([2048 256 128 512 32 3.07 £0.01 49.56 + 1.44 75.1
2048 256 256 512 32 3.07 £0.01 86.24 + 1.71 77.2(|2048 512 256 128 16 0.96 + 0.01 9.834+0.37 73.6
2048 512 512 128 16 0.96 £ 0.01 15.38 £ 0.09 74.6([2048 512 64 128 32 0.91+0.01 4.82+0.12 73.4
2048 512 128 128 32 0.91+0.01 9.16+0.18 73.7(/2048 512 256 128 32 0.91 +0.01 17.41 4+ 0.21 74.7
2048 512 512 128 32 0.91 +0.01 29.68 £ 0.35 75.7 (2048 512 128 256 16 1.66 + 0.02 11.31 +0.19 73.7
2048 512 256 256 16 1.66 & 0.02 21.14 + 0.14 74.4 || 2048 512 512 256 16 1.66 + 0.02 32.77 £0.19 75.8
2048 512 32 256 32 1.70 £ 0.01 3.18 £0.20 73.4(|2048 512 64 256 32 1.70 £0.01 6.33 £0.30 74.3
2048 512 128 56 32 1.69 +0.02 12.57 &+ 0.68 75.2(/2048 512 256 256 32 1.69 £0.02 23.45+ 1.02 75.8
2048 512 512 256 32 1.69 +0.02 39.23 + 1.56 76.9(|2048 512 32 512 16 3.20 + 0.01 7.82 £ 0.18 73.7
2048 512 64 512 16 3.19 £ 0.01 15.20 * 0.57 74.7(|2048 512 128 512 16 9+ 0.01 28.78+1.44 75.5
2048 512 256 512 16 3.19 £ 0.02 50.56 £ 2.31 76.6 || 2048 512 512 512 16 3.19 + 0.02 74.75 +2.33 77.7
2048 512 32 512 32 3.20+£0.01 5.44 £0.18 73.6(|2048 512 64 512 32 3.20 £ 0.01 10.65F 0.22 74.6
2048 512 128 512 32 3.20 +0.01 20.72'4+0.14 75.1(|2048 512 256 512 32 3.20+£0.01 39.96 + 0.17 76.0
2048 512 512 512 32 3.20 £ 0.01 66.52+0.25 77.0(|2048 1024 128 128 16 0.99 £ 0.01 2.58 £0.01 73.4
2048 1024 256 28 16 0.99 +0.01 4.95+0.03 73.8(/2048 1024 512 128 16 0.99 +0.01 9.09+0.29 74.6
2048 024 1024 128 16 0.99 £ 0.01 13.58 +0.08 75.3 (/2048 1024 256 128 32 1.01 +0.02 4.65+ 0.05 73.6
2048 1024 512 28 32 1.01+0.02 8.8240.21 74.6([2048 1024 1024 128 32 1.01 &+ 0.02 14.25 £ 0.07 75.3
2048 1024 128 256 16 1.81 +0.02 7.91+ 0.25 74.2(|2048 1024 256 256 16 1.81 +0.02 15.37 &+ 0.59 74.9
2048 1024 512 256 16 1.81 +0.02 27.74 + 1.01 75.6(|2048 1024 1024 256 16 1.81 +0.02 40.09 + 0.01 76.5
2048 1024 64 256 32 1.84 £0.01 3.02+0.33 73.1(/2048 1024 128 256 32 1.84 +0.01 6.97 £ 0.30 74.3
2048 1024 256 256 32 1.84 £0.01 14.003F 0.61 75.0(|2048 1024 512 256 32 1.84 £0.01 26.1441.04 75.9
2048 1024 1024 256 32 1.84 +0.01 42.25 + 1.93 76.4([2048 1024 64 512 16 3.39 + 0.01 12.27 +0.85 73.0
2048 1024 128 512 16 3.39 £ 0.01 22.58 + 1.31 74.3(|2048 1024 256 512 16 3.39 £0.01 43.13 + 1.99 75.2
2048 1024 512 512 16 3.39 £0.01 79.81 + 1.78 75.6(|2048 1024 1024 512 16 3.39 £ 0.01 120.12°+ 4.66 76.8
2048 1024 64 512 32 3.46 £0.01 7.01+0.33 73.8(|2048 1024 128 512 32 3.46 £0.01 13.78 £ 0.72 75.3
2048 1024 256 512 32 3.46 £ 0.01 26.59 + 1.29 75.9(|2048 1024 512 512 32 3.46 £ 0.01 47.87 +2.25 76.5
2048 1024 1024 512 32 3.46 + 0.01 77.36 + 2.45 77.5(|2048 2048 128 128 32 1.14 4+ 0.01 1.49 £0.03 73.3
2048 2048 256 128 32 1.14 + 0.01 2.66 & 0.05 74.1 (/2048 2048 512 128 32 1.14+0.01 5.02+ 0.05 74.3
2048 2048 1024 128 32 1.14 +0.01 9.12F 0.02 74.7 (/2048 2048 2048 128 32 1.14 + 0.01 14.58 + 0.20 75.0
2048 2048 64 56 16 2.14 +0.01 1.73 +0.00 73.3(/2048 2048 128 256 16 2.13 +£0.02 3.13 £0.00 74.3
2048 2048 256 56 16 2.13 +0.01 6.06+ 0.06 75.0([2048 2048 512 256 16 2.14 £0.01 11.38+0.28 75.5
2048 2048 1024 256 16 2.14 + 0.01 19.48 1 0.39 76.0(| 2048 2048 2048 256 16 2.14 + 0.01 28.23 +0.31 76.4
2048 2048 64 256 32 2.09+0.03 2.16 £0.03 74.0([2048 2048 128 256 32 .09 £0.03 3.91 4+ 0.07 74.8
2048 2048 56 256 32 2.09+0.03 7.41 £ 0.08 75.4(/2048 2048 512 256 32 2.09 +0.03 14.03 £ 0.29 75.7
2048 2048 1024 256 32 2.09 +0.03 24.91 + 0.60 76.3(|/2048 2048 2048 256 32 2.09+0.03 38.71 + 1.55 76.6
2048 2048 64 512 16 3.99 £ 0.01 3.78 £0.35 73.1(/2048 2048 128 512 16 3.99 £0.01 7.65+0.61 75.1
2048 2048 256 512 16 3.99 £ 0.01 13.86+ 1.21 75.6(|2048 2048 512 512 16 3.99 £ 0.01 24.97 +1.83 76.2
2048 2048 1024 512 16 3.99 £ 0.01 41.85 + 2.09 76.9 (2048 2048 2048 512 16 3.99 £0.01 59.57 £ 1.20 77.1
2048 2048 64 512 32 3.99 £ 0.01 3.68 +£0.30 73.4(/2048 2048 128 512 32 3.99 +0.01 7.16 £ 0.57 74.7
2048 2048 256 512 32 3.99 £ 0.01 12.96F 1.02 75.3(|/2048 2048 512 512 32 3.99 £0.01 23.7431.40 75.6
2048 2048 1024 512 32 3.99 £ 0.01 40.95+ 1.69 76.2(|2048 2048 2048 512 32 3.99 +£0.01 64.79 +1.99 76.7
2048 4096 128 128 16 1.52+0.01 1.734+0.05 73.8(/2048 4096 56 128 16 1.52+0.01 2.75+ 0.07 74.1
2048 4096 512 128 16 1.52+0.01 4.54 4 0.12 74.3 (/2048 4096 1024 128 16 1.52+0.01 7.55+ 0.13 75.4
2048 4096 2048 128 16 1.52 +0.01 12.03 £ 0.34 75.7 (2048 4096 4096 128 16 1.52 4+ 0.01 16.45 + 0.48 75.8
2048 4096 128 128 32 1.49 +0.03 1.32 4 0.07 74.1(/2048 4096 256 128 32 1.49 +0.03 2.11 4+ 0.08 74.5
2048 4096 512 128 32 1.49+0.03 3.54+0.16 75.0(/2048 4096 1024 128 32 1.50+ 0.03 6.05+ 0.42 75.4
2048 4096 2048 128 32 1.50+ 0.03 9.61 +0.61 75.6([2048 4096 4096 128 32 1.50+ 0.03 13.80 + 0.66 75.6
2048 4096 128 256 16 2.66 £ 0.03 2.83 £0.12 73.8(|2048 4096 256 256 16 2.65 +0.04 4.79 £0.20 74.4
2048 4096 512 256 16 2.65 + 0.04 8.85+ 0.28 74.7|[2048 4096 1024 256 16 2.65+ 0.04 15.02 + 0.40 75.4




A.5 Hierarchical Navigable Small Worlds with Optimized Product Quantization

TVF PQ - - TVF PQ -
clusters probes sub-vec. m RSS (GB) Time (ms) R@1||Dim. clusters probes sub-vec. m  RSS (GB) Time (ms) R@1
209 plope 256 16 2.66 £ 0.04 24.10 £0.92 75.6]]2048 4096 4096 256 16 2.66 £ 0.04 2062 £0.0l 750
4096 64 6 32 2.67+0.04 1.80+0.03 73.2(/2048 4096 128 256 32 2.66 F 0.05 2.71+0.04 74.2
4096 256 256 32 2.66 F 0.05 4.69F+ 0.11 75.1((2048 4096 256 32 2.66 + 0.05 8.50+0.01 75.6
4096 1024 256 32 2.67 £ 0.05 14.98 £ 0.31 76.2 || 2048 4096 2048 256 32 2.67 +0.04 25.13 +0.49 76.4
4096 4096 256 32 2.67 +£0.04 38.26 £ 0.76 76.5|/2048 4096 64 512 16 5.05 4+ 0.01 2.57 +0.28 73.7
4096 128 512 16 5.05F 0.01 4.66 & 0.49 74.6((2048 4096 512 16 5.05F 0.01 8.74 + 0.66 75.6
4096 512 512 16 5.05F 0.01 15.42°% 1.31 75.7(/2048 4096 1024 512 16 5.05F 0.01 25.60 F 1.31 76.5
4096 2048 512 16 5.05F 0.01 41.43 £1.12 76.7(/2048 4096 4096 512 16 5.05F 0.01 57.33 £ 1.17 76.9
8192 128 128 16 2.05 £ 0.01 2.99 £0.07 73.2(/2048 8192 256 128 16 2.05F 0.01 2.82F£0.08 74.2
8192 12 128 16 2.05+£0.01 4.07+ 0.12 74.5([2048 8192 1024 128 16 2.05+£ 0.01 6.35+ 0.16 74.7
8192 2048 128 16 2.05 4+ 0.01 10.13 £+ 0.30 75.0||2048 8192 4096 128 16 2.05+ 0.01 15.18 +0.52 75.3
8192 8192 128 16 2.05F 0.01 19.13 £ 0.80 75.5|/2048 8192 128 128 32 2.05F 0.01 2.26 % 0.07 73.5
8192 56 8 32 2.05F0.01 2.87+0.11 74.7(/2048 8192 512 128 32 2.05F0.01 3.95%F0.10 75.3
8192 1024 128 32 2.05+0.01 6.10F 0.16 75.8([2048 8192 2048 128 32 2.05F 0.01 9.26+ 0.35 76.0
8192 4096 8 32 2.05+0.01 14.24 + 0.63 76.2 || 2048 8192 8192 128 32 2.05+0.01 19.92+0.72 76.4
8192 128 256 16 3.75 4+ 0.03 2.71 £ 0.09 73.6||2048 8192 256 256 16 3.75 4+ 0.03 4.01 +0.08 74.8
8192 12 256 16 3.75F 0.03 6.52F+ 0.15 75.1((2048 8192 1024 256 16 3.75 4 0.03 10.54 + 0.29 75.5
8192 2048 256 16 3.75F 0.03 16.75 % 0.56 75.6((2048 8192 4096 256 16 3.75F 0.03 25.29 £ 1.16 75.9
8192 8192 256 16 3.75F 0.03 32.27 £ 0.94 76.1((2048 8192 128 256 32 3.80F 0.01 4.024+0.16 73.7
8192 256 32 3.80£0.01 5.35+0.25 74.9(/2048 8192 512 256 32 3.80F 0.01 8.15+0.26 75.2
8192 1024 256 32 3.80 +0.01 13.13 £ 0.58 75.5(|2048 8192 2048 256 32 3.80 +0.01 21.82+ 0.73 75.9
8192 4096 256 32 3.80 +0.01 37.15+ 0.01 76.0 || 2048 8192 8192 256 32 3.80 +0.01 55.85 + 1.36 76.2
8192 128 512 16 3.15F 0.01 8.43F£5.75 74.1//2048 8192 256 512 16 3.15F 0.01 16.61 + 9.50 75.4
8192 512 512 16 3.15F 0.01 32.20 F 18.33 75.9((2048 8192 1024 512 16 3.15F 0.01 42.72 £ 14.31 76.2
8192 2048 512 16 3.15F 0.01 59.51 + 14.62 76.5((2048 8192 4096 512 16 3.15F 0.01 86.27 + 4.22 76.8
8192 8192 512 16 3.15F 0.01 122.12 4 5.38 77.0(|2048 8192 12 512 32 3.16 £ 0.01 4.38£0.16 73.6
8192 256 512 32 3.16 & 0.01 7.64 + 0.40 75.2((2048 8192 512 512 32 3.16 + 0.01 13.79 4 0.82 75.7
8192 1024 512 32 3.16 + 0.01 24.70 % 1.41 76.1((2048 8192 2048 512 32 3.16 % 0.01 41.82 F 1.23 76.4
8192 4096 512 32 3.16 ¥ 0.01 69.36 £ 1.35 76.6((/2048 8192 8192 512 32 3.16 ¥ 0.01 104.10 4 1.91 76.7
16384 256 128 16 3.25+ 0.01 3.06 £ 0.22 73.0([2048 16384 512 128 16 3.25F 0.01 3.48 +0.26 74.1
16384 1024 128 16 3.25 £ 0.01 4.90 F 0.35 74.7([2048 16384 2048 128 16 3.25F£ 0.01 7.44+0.75 74.9
16384 4096 28 16 3.25 +£0.01 10.57 £ 0.66 75.1([2048 16384 8192 128 16 3.25 4+ 0.01 15.09 +0.92 75.2
16384 56 128 32 3.24 +0.03 3.20 £ 0.07 73.4(|2048 16384 512 128 32 3.24 +0.03 3.66 £0.07 74.1
16384 1024 128 32 3.24 £0.03 5.06 F+ 0.10 74.6([2048 16384 2048 128 32 3.24 £0.03 7.24F0.12 74.7
16384 4096 128 32 3.24 £ 0.03 10.85+ 0.27 74.8([2048 16384 8192 128 32 3.24 £ 0.03 16.31 +0.43 74.9
16384 128 256 32 1.93F 0.01 2.88£0.06 73.1//2048 16384 256 32 1.93F%0.01 7.124£0.23 745
16384 512 256 32 1.93 £ 0.01 12.13 £ 0.36 75.3 (/2048 16384 1024 256 32 1.93 +0.01 21.12 4 0.93 75.8
16384 2048 256 32 1.93 £ 0.01 36.07 £ 1.62 75.9(|2048 16384 4096 256 32 1.93 +0.01 59.92 + 2.66 76.2
16384 8192 256 32 1.93F 0.01 98.26 £ 3.56 76.2(/2048 16384 128 512 32 3.21 3+ 0.01 4.63 +£0.21 73.2
16384 256 512 32 3.21F0.01 6.79 £ 0.36 74.5|/2048 16384 512 512 32 3.21F0.01 12.08+ 0.69 75.5
16384 1024 512 32 3.21F0.01 22.29F 1.44 76.2(/2048 16384 2048 512 32 3.21F0.01 38.33 % 1.09 76.2
16384 4096 512 32 3.21F 0.01 66.26 £ 1.76 76.5|(2048 16384 8192 512 32 3.21 3+ 0.01 108.10 +1.14 76.5
32768 512 128 16 1.50 +0.03 11.25 £ 0.37 73.6 || 2048 32768 1024 128 16 1.50 + 0.03 19.53 £ 0.91 74.2
32768 2048 128 16 1.50 & 0.03 34.89 + 1.24 74.4(|2048 32768 4096 128 16 1.50 + 0.03 58.86 + 2.40 74.7
32768 8192 128 16 1.50 £ 0.03 93.23 * 3.47 74.8((2048 32768 128 128 32 1.44 £0.01 5.6240.13 73.1
32768 256 8 32 1.44F0.01 7.28£0.21 74.0(|2048 32768 128 32 1.44£0.01 11.24+0.32 74.9
32768 1024 128 32 1.44 £0.01 19.08F0.65 75.4([2048 32768 2048 128 32 1.44 £0.01 34.41 £0.64 75.5
32768 4096 8 32 1.44 £ 0.01 59.33 £ 1.94 75.6 (/2048 32768 8192 128 32 1.44 +0.01 97.46 £ 5.05 75.7
32768 128 25 16 2.15+0.03 5.97 £ 0.13 73.1([2048 32768 256 256 16 2.14 + 0.03 7.25 +0.16 74.2
32768 512 25 16 2.14 3 0.03 11.33°% 0.20 74.7(/2048 32768 1024 256 16 2.14 + 0.03 19.55 + 0.44 75.5
32768 2048 256 16 2.14 ¥ 0.03 33.04 ¥ 0.86 75.8((2048 32768 4096 256 16 2.14 F 0.03 54.66 £ 1.21 75.9
32768 8192 256 16 2.14 F 0.03 85.87 £ 4.18 76.0(/2048 32768 128 512 16 3.46 ¥ 0.01 9.16 £0.23 73.7
32768 256 512 16 3.46 + 0.01 13.57 £ 0.39 74.4|/2048 32768 512 512 16 3.46 + 0.01 23.30 £ 0.22 75.4
32768 1024 512 16 3.46 & 0.01 41.10 £ 0.92 75.8 (| 2048 32768 2048 512 16 3.46 + 0.01 72.10 4+ 2.84 76.3
32768 4096 512 16 3.46 + 0.01 125.52 + 2.52 76.5 || 2048 32768 8192 512 16 3.46 + 0.01 207.15 + 3.51 76.6
32768 128 512 32 3.48F0.02 6.53 4+ 0.21 74.0(/2048 32768 256 512 32 3.48 % 0.02 8.95+ 0.23 75.2
32768 512 32 3.48F0.02 15.14 + 0.57 76.0(|2048 32768 1024 512 32 3.48 ¥ 0.02 26.42F 0.54 76.3
32768 2048 512 32 3.48F0.02 46.26 ¥ 1.45 76.4 32768 4096 512 32 3.48 F0.02 76.45 F 2.07 76.6
32768 8192 512 32 3.48 £ 0.02 127.37 £ 3.69 76.8 (| 204 65536 2048 128 16 2.02 + 0.01 28.96 + 1.64 73.5
65536 4096 128 16 2.02 +0.01 51.37 +1.98 73.8||204 65536 8192 128 16 2.02 4+ 0.01 85.14 +1.09 73.9
65536 1024 128 32 1.94 £ 0.01 16.71 * 0.26 73.1(/2048 65536 2048 128 32 1.94F 0.01 28.79 £ 0.34 73.4
65536 4096 128 32 1.94 £ 0.01 52.49 + 0.22 73.5([2048 65536 8192 128 32 1.94 £ 0.01 97.75 £ 0.32 73.6
65536 256 256 16 2.67 F 0.03 8.37 £0.31 73.6|/2048 65536 512 256 16 2.67 +0.03 13.12 F 0.38 74.2
65536 1024 256 16 2.67 + 0.03 22.49 + 0.66 74.9((2048 65536 2048 256 16 2.67 + 0.03 38.71 % 1.42 75.5
65536 4096 256 16 2.67 & 0.03 64.01 £ 2.10 75.8(|2048 65536 8192 256 16 2.68 + 0.03 100.41 £+ 2.70 75.8
65536 256 32 2.71 £ 0.01 6.97 £0.36 73.2(/2048 65536 256 32 2.71 +0.01 6.95 +0.34 74.8
65536 512 256 32 2.71F0.01 10.54 % 0.76 75.3(/2048 65536 1024 256 32 2.71F0.01 17.28 % 1.02 75.9
65536 2048 256 32 2.71F 0.01 28.90 ¥ 0.78 76.3(/2048 65536 4096 256 32 2.71F0.01 49.36 ¥ 0.81 76.3
65536 8192 256 32 2.71F0.01 83.53 £1.06 76.4 65536 512 16 4.05F 0.01 6.78 £0.43 73.2
65536 256 512 16 4.05 3+ 0.01 8.46 £ 0.58 75.0 || 204 65536 512 512 16 4.05 4+ 0.01 14.04 +0.84 75.5
65536 1024 512 16 4.05 +0.01 23.99 £ 1.93 76.0|([204 65536 2048 512 16 4.05 4+ 0.01 40.60 + 2.23 76.6
65536 4096 512 16 4.05 + 0.01 66.10 & 1.16 76.8 || 204 65536 8192 512 16 4.05+ 0.01 106.72 £+ 1.42 76.8
65536 512 32 3.99F0.01 11.88F 0.35 73.0(/2048 65536 512 32 3.99F0.01 11.75+£0.17 74.5
65536 512 512 32 3.99F0.01 18.55F 0.25 75.4((2048 65536 1024 512 32 3.99F0.01 32.15%F 0.37 76.1
65536 2048 512 32 3.99F0.01 57.53 £ 0.70 76.6(/2048 65536 4096 512 32 3.99 % 0.01 100.53 + 0.57 76.6
65536 8192 512 32 3.99 +£0.01 171.29 £+ 1.04 76.7 || 2048 131072 512 128 16 3.04 + 0.01 13.12 4+ 0.88 73.6
131072 1024 128 16 3.04 +0.01 19.11 £ 0.76 74.2(|2048 131072 2048 128 16 3.04 + 0.01 30.66 + 1.00 74.0
131072 4096 128 16 3.04 £0.01 54.12 F 0.86 74.1([2048 131072 8192 128 16 3.04 £ 0.01 98.45 £ 0.48 74.2
131072 512 128 32 3.08 £0.01 13.87 £ 0.73 73.6([2048 131072 1024 128 32 3.08 £0.01 19.46 £ 0.81 74.2
131072 2048 128 32 3.08 £0.01 30.92 %+ 1.00 74.3 131072 4096 128 32 3.08 £ 0.01 54.13 £1.28 74.2
131072 8192 2 32 3.08 +0.01 98.81 £+ 0.64 74.3(|204 131072 256 256 16 3.72 +0.01 9.27 £0.43 74.0
131072 512 256 16 3.72 +£0.01 13.05 £ 0.71 75.0(|204 131072 1024 256 16 3.72 + 0.01 20.85 + 1.10 75.9
131072 2048 5 16 3.72 +0.01 34.73 + 1.42 76.1(/2048 131072 4096 256 16 3.72+ 0.01 59.43 + 0.87 76.1
131072 8192 256 16 3.72F 0.01 100.52F 1.17 76.2|/2048 131072 256 32 3.75F0.01 9.14+0.66 74.6
131072 512 256 32 3.75F 0.01 12.84 £1.02 75.4(|2048 131072 1024 256 32 3.75F 0.01 19.07 & 1.09 76.1
131072 2048 5 32 3.75F0.01 30.63 £0.96 76.5|/2048 131072 4096 256 32 3.75F 0.01 53.38 F 1.12 76.7
131072 8192 256 32 3.75 3+ 0.01 92.48 £ 1.21 76.8 (/2048 131072 256 512 16 5.07 & 0.01 10.63 + 0.58 74.6
131072 512 512 16 5.07 = 0.01 16.37 £ 0.75 75.3||2048 131072 1024 512 16 5.07 + 0.01 .59 + 1.15 76.0
131072 2048 512 16 5.07 + 0.01 43.65 * 0.87 76.2((2048 131072 4096 512 16 5.07 +0.01 71.01 ¥ 0.87 76.2
131072 8192 512 16 5.07 ¥ 0.01 114.29+ 0.88 76.4 (/2048 131072 256 512 32 5.10F 0.01 10.34 ¥ 0.50 74.6
131072 512 32 5.10 % 0.01 15.20 £0.72 75.5 131072 1024 512 32 5.10 % 0.01 23.72F 0.73 76.4
131072 2048 512 32 5.10 +£ 0.01 39.38 + 0.67 76.7||204 131072 4096 512 32 5.10 + 0.01 68.72 + 0.62 76.9
131072 8192 512 32 5.10 3 0.01 119.00 F 0.68 77.1|/2048 262144 512 128 32 5.08 % 0.01 17.66 £ 0.14 73.4
262144 1024 128 32 5.08 £ 0.01 24.03 £0.21 73.9(/2048 262144 2048 128 32 5.08 +0.01 36.39 £ 0.24 74.1
262144 4096 128 32 5.08 £ 0.01 60.45 F 0.22 74.2([2048 262144 8192 128 32 5.08 £ 0.01 109.33F 1.21 74.3
262144 256 256 16 5.76 F 0.01 14.10 £ 0.50 73.6|(2048 262144 512 256 16 5.76 + 0.01 17.31 £ 0.84 74.9
262144 1024 256 16 5.76 F 0.01 23.66 £ 0.59 75.8((2048 262144 2048 256 16 5.76 + 0.01 36.14 + 0.83 76.0
262144 4096 256 16 5.76 & 0.01 58.40 £ 0.50 76.2 || 2048 262144 8192 256 16 5.76 + 0.01 95.77 & 1.06 76.2
262144 256 32 5.75 3+ 0.01 16.04 £ 0.06 73.0(|2048 262144 256 32 5.75 4+ 0.01 14.54 £ 0.15 73.8
262144 512 256 32 5.75F 0.01 17.52 £ 0.40 74.9((2048 262144 1024 256 32 5.75% 0.01 23.49 ¥ 0.11 75.6
262144 2048 256 32 5.75F 0.01 36.65 F 0.13 76.1((2048 262144 4096 256 32 5.75F 0.01 61.70 ¥ 0.17 76.1
262144 8192 256 32 5.75%F 0.01 106.06 + 0.50 76.4 262144 512 16 7.03F 0.01 15.98 ¥ 0.10 73.3
262144 256 512 16 7.03F 0.01 20.17 £0.14 74.4|(2048 262144 512 512 16 7.03 F 0.01 26.47 £0.15 75.2
262144 1024 512 16 7.03 +£0.01 36.86 £+ 0.21 76.1([204 262144 2048 512 16 7.03 + 0.01 54.38 +0.37 76.4
262144 4096 512 16 7.03 + 0.01 85.55 F 0.44 76.6||2048 262144 8192 512 16 7.03 ¥ 0.01 135.29 + 0.52 76.7
262144 512 32 7.18 F0.01 18.72 ¥ 0.47 73.2|/2048 262144 512 32 7.18 % 0.01 17.25 £ 0.63 74.4
262144 512 512 32 7.18 % 0.01 21.89 £ 0.61 75.7(/2048 262144 1024 512 32 7.18 % 0.01 31.05%F 0.94 76.5
262144 2048 512 32 7.18F0.01 46.33 F 0.46 76.8((2048 262144 4096 512 32 7.18 £ 0.01 76.26 £ 0.47 76.9
262144 8192 512 32 7.18 3+ 0.01 128.75 % 1.10 77.1|/2048 524288 128 32 9.31 £ 0.01 15.24 £0.36 73.3
524288 128 32 9.31 £ 0.01 14.87 £ 0.27 74.2 (/2048 524288 512 128 32 9.31 £ 0.01 18.28 £0.43 74.5
524288 1024 128 32 9.31 £0.01 24.83 F0.75 74.6|[2048 524288 2048 128 32 9.31 £0.01 35.21 ¥ 0.52 75.0
524288 4096 128 32 9.31 £0.01 59.02F 0.73 75.1([2048 524288 8192 128 32 9.31 £ 0.01 106,12+ 0.49 75.1
524288 256 56 16 9.86 F 0.01 21.94 ¥ 0.84 73.0 524288 256 16 9.86 F 0.01 16.78 £ 0.71 74.6
524288 1024 256 16 9.86 & 0.01 24.10 & 0.92 75.6 || 204 524288 2048 256 16 9.86 + 0.01 35.96 + 0.80 76.1
524288 4096 256 16 9.86 + 0.01 59.53 £ 0.37 76.4([204 524288 8192 256 16 9.86 + 0.01 100.23 £+ 0.43 76.5
524288 128 256 32 9.88 +0.01 16.32 £ 0.09 73.6 (204 524288 256 32 9.88 +0.01 14.84 £ 0.12 74.5
524288 512 256 32 9.88F 0.01 18.25 £ 0.11 75.1((2048 524288 1024 256 32 9.88F 0.01 24.57 ¥ 0.23 75.4
524288 2048 256 32 9.88F 0.01 35.34 £0.22 76.0(|2048 524288 4096 256 32 9.88F 0.01 58.58 ¥ 0.20 76.4
524288 8192 256 32 9.88F 0.01 99.80 F 0.26 76.4(|2048 524288 64 512 32 11.26 £ 0.01 14.64 + 0.06 73.9
524288 128 512 32 11.26 £ 0.01 15.24 £ 0.05 74.6(/2048 524288 256 512 32 11.26 & 0.01 18.57 & 0.05 75.4
524288 512 512 32 11.26 £ 0.01 22.12 F 0.04 75.7 || 2048 524288 1024 512 32 11.26 £0.01 30.30 £ 0.10 76.0
524288 2048 512 32 11.26 £ 0.01 45.41 ¥ 0.09 76.7(|2048 524288 4096 512 32 11.26 £ 0.01 73.99 ¥ 0.17 76.7
524288 8192 512 32 11.26 £ 0.01 124.36 + 0.34 76.8(|2048 1048576 2048 64 17.30 ¥ 0.01 45.70 £ 0.66 73.0
1048576 4096 64 32 17.30 £0.01 72.10 £0.45 73.0 048576 8192 64 32 17.30 & 0.01 126.13 % 0.70 73.0
1048576 512 128 16 17.37 +0.01 20.12 £ 1.05 73.0 || 2048 1048576 1024 128 16 17.37 & 0.01 23.58 £+ 1.26 73.4
1048576 2048 128 16 17.37 + 0.01 33.64 + 0.80 73.8(|2048 1048576 4096 128 16 17.37 & 0.01 56.90 + 0.96 73.9
1048576 8192 128 16 17.37 £ 0.01 101.924 0.74 74.1 || 2048 1048576 256 256 16 18.04 &£ 0.01 17.04 & 0.05 73.4
1048576 512 256 16 18.04 £ 0.01 15.32 £0.65 74.1|(2048 1048576 1024 256 16 18.04 ¥ 0.01 22.36 ¥ 0.57 74.7
1048576 2048 256 16 18.04 £ 0.01 34.79 £ 0.58 75.4||2048 1048576 4096 256 16 18.04 £ 0.01 58.53 £ 0.93 75.5




A.5 Hierarchical Navigable Small Worlds with Optimized Product Quantization

IVF PQ B . IVF PQ .

- clusters probes sub-vec. " RSS (GB) Time (ms) R@1|IDim. j . eono probes sub-vec. " RSS (GB) Time (ms) R@1l
TO048576 192 256 102.39 £ 0.64 75.9[1 2048 T048576 32 256 32 1820 £ 0.0T 16.48 =0.20 73.5
1048576 64 256 14.29 £ 0.17 74.3||2048 1048576 128 256 27 £0.11 75.3
1048576 256 256 15.18 + 0.13 75.2(| 2048 1048576 512 256 . +0.15 75.6
1048576 1024 256 25.67 £ 0.16 76.0 || 2048 1048576 2048 256 . . . + 0.30 76.2
1048576 4096 256 63.57 + 0.18 76.3[[2048 1048576 8192 256 32 18.20 + 0.01 112.44 + 0.35 76.4
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B Appendix B - Results with the database reduction tech-
niques

This appendix is reporting all of the results obtained with the database reduction tech-
niques presented in section 5. The following table is reporting the measurements done.
The s parameter reported in the table is representing the length in meters of the side of
the squared zones in which the panoramas are divided in some of the techniques proposed.
The parameter n is instead representing the number of panoramas kept for each of the
zones identified.

Method s (m) n R@QL Npp (x10%) RSS (GB)  Time (ms) Method s (m) n R@QlL Npp (x109) RSS (GB Time (ms)
base - - 90. 8.9 17.20 £0.0T 31T.41 £ 14.62[[correlation T 1 90.1 6.20 1T 0.0T 2.53 £0.02
correlation 1 2 90.8 8. 15.48 + 0.01 .35+ 0.15 [|correlation 1 3 90.8 8.69 16.64 + 0.01 4.13 £+ 0.96
correlation 1 4 90.8 8. 17.02 £ 0.01 3.82 £ 0.33 ||correlation 1 5 90.8 8.95 17.14 +0.01 4.12 £+ 0.68
correlation 1 9 90.8 8. 17.19 + 0.01 5.01 + 2.70 correlation 1 10 90.8 8.98 17.20 + 0.01 4.57 £+ 1.02
correlation 1 11 90.8 8. 17.20 + 0.01 4.23 + 0.31 correlation 1 13 90.8 8.98 17.20 + 0.01 3.83 £ 0.64
correlation 1 14 90.8 8. 17.20 £+ 0.01 3.80 + 0.24 correlation 1 15 90.8 8.98 17.20 + 0.01 4.12 + 0.45
correlation 1 16 90.8 8. 17.20 + 0.01  4.75 £ 1.75 ||correlation 1 17 90.8 8.98 17.20 + 0.01 4.15 £ 0.56
correlation 1 18 90.8 8. 17.20 £+ 0.01 3.83 + 0.59 correlation 1 19 90.8 8.98 17.20 + 0.01 4.54 + 0.87
correlation 1 20 90.8 8. 17.20 + 0.01 4.07 + 0.74 correlation 2 1 90.1 4.13 7.90 + 0.01 1.73 £ 0.02
correlation 2 2 90.1 6.3 12.15 + 0.01 3.97 + 0.22 correlation 2 3 90.5 7.58 14.51 & 0.01 4.54 4+ 2.02
correlation 2 4 90.8 8. 15.81 + 0.01 4.00 + 0.54 correlation 2 5 90.8 8.62 16.50 + 0.01 3.69 + 0.07
correlation 2 9 90.8 8. 17.16 + 0.01 4.30 £ 0.81 [|correlation 2 10 90.8 8.97 17.18 = 0.01 7.08 £ 3.76
correlation 2 11 90.8 8. 17.19 4+ 0.01 4.99 + 2.33 correlation 2 13 90.8 8.98 17.19 + 0.01 4.09 + 1.00
correlation 2 14 90.8 8. 17.20 + 0.01 4.64 + 0.57 correlation 2 15 90. 8.98 17.20 + 0.01 4.39 + 0.41
correlation 2 16 90.8 8. 17.20 + 0.01 4.04 £ 0.58 [|correlation 2 17 90.8 8.98 17.20 + 0.01 4.39 £ 0.82
correlation 2 18 90.8 8. 17.20 £+ 0.01 4.70 + 1.18 correlation 2 19 90.8 8.98 17.20 + 0.01 4.41 + 0.84
correlation 2 20 90.8 8. 17.20 + 0.01 4.51 + 0.68 correlation 3 1 90.5 2.86 5.48 + 0.01 1.11 + 0.06
correlation 3 2 90.1 4. 9.25 + 0.01  2.07 £ 0.06 [|correlation 3 3 90.1 6.22 11.92 +0.01 2.75 £+ 0.34
correlation 3 4 90.5 7. 13.77 £ 0.01 3.20 + 0.08 correlation 3 5 90.8 7.85 15.02 + 0.01 3.61 + 0.61
correlation 3 7 90.8 8. 16.38 + 0.01 3.68 £ 0.34 ||correlation 3 8 90.8 8.73 16.71 + 0.01 3.52 + 0.11
correlation 3 9 90.8 8. 16.92 + 0.01 4.66 + 1.37 correlation 3 11 90.8 8.94 17.11 + 0.01 4.43 + 0.82
correlation 3 12 90.8 8. 17.15 £ 0.01 4.55 + 1.05 ||correlation 3 13 90.8 8.97 17.17 £ 0.01 3.94 £ 0.50
correlation 3 14 90.8 8. 17.18 £ 0.01 3.50 £ 0.30 |[|correlation 3 15 90.8 8.98 17.19 £ 0.01 4.17 £ 0.60
correlation 3 16 90.8 8. 17.19 + 0.01 4.46 + 0.68 correlation 3 17 90.8 8.98 17.19 + 0.01 3.85 + 0.25
correlation 3 18 90.8 8. 17.19 £ 0.01 5.10 £ 2.93 ||correlation 3 19 90.8 8.98 17.20 + 0.01 3.68 £ 0.09
correlation 3 20 90.8 8. 17.20 + 0.01 3.74 + 0.37 correlation 4 1 89.1 2.08 3.97 + 0.01 0.87 + 0.01
correlation 4 2 89.8 3. 7.07 + 0.01 1.50 £+ 0.02 correlation 4 3 90.5 4.98 9.54 + 0.01 2.84 + 1.18
correlation 4 4 90.8 6. 11.50 £ 0.01 3.82 + 1.10 |[|correlation 4 5 90.8 6.80 13.03 £ 0.01 3.01 £ 0.22
correlation 4 7 90.8 7. 15.07 £ 0.01 4.59 + 1.56 correlation 4 8 90.8 8.21 15.71 + 0.01 5.75 + 4.07
correlation 4 9 90.8 8. 16.18 + 0.01 4.83 £ 1.43 ||correlation 4 11 90.8 8.75 16.75 + 0.01 4.14 + 0.61
correlation 4 12 90.8 8. 16.90 £+ 0.01 4.15 + 0.65 correlation 4 13 90.8 8.88 17.01 + 0.01 4.12 + 0.52
correlation 4 14 90.8 8. 17.08 + 0.01 4.18 + 0.67 correlation 4 15 90.8 8.94 17.12 + 0.01 4.66 + 0.59
correlation 4 16 90.8 8. 17.15 4+ 0.01 4.57 + 0.83 correlation 4 17 90.8 8.97 17.17 +£ 0.01 4.03 £ 0.24
correlation 4 18 90.8 8. 17.18 +£ 0.01 4.71 + 2.06 correlation 4 19 90.8 8.98 17.19 + 0.01 3.98 + 0.57
correlation 4 20 90.8 8. 17.19 £ 0.01 3.78 £ 0.46 ||correlation 5 1 87.5 1.59 3.04 £ 0.01 0.64 + 0.00
correlation 5 2 88.5 2. 5.56 & 0.01 1.23 &£ 0.02 ||correlation 5 3 89.5 4.03 7.71 4+ 0.01 1.59 &+ 0.02
correlation 5 4 90.5 4. 9.54 + 0.01 2.48 £+ 0.40 correlation 5 5 91.4 5.79 11.08 + 0.01 2.81 £ 0.20
correlation 5 7 90.5 7. 13.43 £ 0.01 2.82 4+ 0.21 correlation 5 8 90.5 7.46 14.29 + 0.01 4.52 £ 2.63
correlation 5 9 90.5 7. 14.98 + 0.01 3.53 + 0.63 correlation 5 10 90.5 8.11 15.53 + 0.01 3.69 + 0.60
correlation 5 11 90.5 8. 15.96 + 0.01 3.82 £ 0.47 ||correlation 5 12 90.5 8.51 16.29 + 0.01 4.09 £ 1.09
correlation 5 13 90.5 8. 16.54 + 0.01 3.80 £ 0.23 ||correlation 5 14 90.8 8.73 16.72 + 0.01 4.37 £ 0.70
correlation 5 15 90.8 8. 16.86 + 0.01 5.74 + 3.83 correlation 5 16 90.8 8.86 16.96 + 0.01 3.72 £+ 0.23
correlation 5 17 90.8 8. 17.03 £ 0.01 3.68 +0.11 correlation 5 18 90.8 8.92 17.08 + 0.01 3.83 £ 0.61
correlation 5 19 90.8 8. 17.12 + 0.01 4.20 + 0.59 correlation 5 20 90.8 8.95 17.14 + 0.01 3.87 + 0.32
correlation 6 86.8 1. 2.42 4+ 0.01  0.51 + 0.00 [|correlation 6 2 88.2 2.35 .50 = 0.01  0.88 &+ 0.00
correlation 6 3 89.5 3. 6.35 + 0.01 1.55 =+ 0.09 ||correlation 6 4 90.1 4.17 7.99 +0.01 1.75 £ 0.06
correlation 6 5 90.8 4. 9.44 + 0.01 3.12 £+ 0.30 correlation 6 7 90.8 6.17 11.82 + 0.01 2.66 + 0.32
correlation 6 90.8 6. 12.77 £ 0.01 4.99 + 3.67 correlation 6 9 90.5 7.09 13.58 & 0.01 3.40 + 0.52
correlation 6 10 90.5 7. 14.27 £+ 0.01 3.39 + 0.31 correlation 6 11 90.5 7.76 14.85 + 0.01 4.33 + 2.13
correlation 6 12 90.5 8. 15.33 £ 0.01 3.28 + 0.12 correlation 6 13 90.5 8.21 15.73 £ 0.01 3.61 £ 0.60
correlation 6 14 90.5 8. 16.05 £+ 0.01 4.28 + 0.66 correlation 6 15 90.5 8.52 16.31 + 0.01 4.99 + 1.65
correlation 6 16 90.5 8. 16.51 + 0.01 3.57 + 0.10 correlation 6 17 90.5 8.71 16.68 + 0.01 4.96 + 0.97
correlation 6 18 90.5 8. 16.80 + 0.01 4.40 + 1.04 correlation 6 19 90.8 8.83 16.90 + 0.01 5.80 + 2.63
correlation 6 20 90.8 8. 16.98 + 0.01 4.13 + 0.66 correlation 7 1 84.5 1.04 1.99 £+ 0.01 0.45 + 0.01
correlation 7 2 87.5 1. 3.74 +0.01 0.86 + 0.03 |[|correlation 7 3 89.1 2.79 5.33 £ 0.01 1.21 + 0.01
correlation 7 4 88.8 3. 6.79 + 0.01 1.41 &+ 0.01 [|correlation 7 5 89.8 4.24 8.13 +0.01 1.03+0.16
correlation 7 7 90.8 5. 10.43 £+ 0.01 2.34 + 0.29 correlation 7 8 90.5 5.95 11.40 + 0.01 2.82 + 0.51
correlation 7 9 90.5 6. 12.26 + 0.01 2.82 £ 0.29 ||correlation 7 10 90.5 6.80 13.02 + 0.01 2.84 £+ 0.29
correlation 7 12 90.5 7. 14.27 £ 0.01 3.10 + 0.03 correlation 7 13 90.5 7.71 14.76 + 0.01 3.37 + 0.47
correlation 7 14 90.8 7. 15.19 + 0.01 3.35 &+ 0.41 ||correlation 7 15 90.8 8.12 15.55 +£ 0.01 3.74 + 0.51
correlation 7 16 90.8 8. 15.86 £ 0.01 3.70 & 0.46 |[|correlation 7 17 90.8 8.41 16.11 + 0.01 4.67 £+ 2.13
correlation 7 18 90.5 8. 16.32 + 0.01 3.79 + 0.25 correlation 7 19 90.5 8.61 16.50 + 0.01 4.10 + 0.54
correlation 7 20 90.5 8. 16.64 + 0.01 3.66 £ 0.38 ||correlation 8 1 83.2 0.88 1.68 £0.01 0.36 & 0.00
correlation 8 2 87.2 1. 3.18 +£0.01 0.78 4+ 0.00 correlation 8 3 89.1 2.38 4.56 + 0.01 1.11 +0.11
correlation 8 4 90.1 3. 5.85 + 0.01 1.41 £+ 0.16 correlation 8 7 91.1 4.81 9.21 + 0.01 1.90 £ 0.02
correlation 8 8 91.1 5. 10.15 £ 0.01 2.84 £ 0.81 |[|correlation 8 9 90.8 5.75 11.02 +0.01 2.37 £ 0.22
correlation 8 10 90.8 6. 11.81 + 0.01 3.30 + 1.24 correlation 8 12 90.8 6.87 13.16 + 0.01 2.84 + 0.04
correlation 8 13 90.8 7. 13.73 + 0.01 3.01 £ 0.25 [|correlation 8 14 90.8 7.43 14.23 £ 0.01 3.94 £ 1.16
correlation 8 15 90.8 7. 14.67 £ 0.01 3.79 + 0.76 correlation 8 16 90.8 7.86 15.06 + 0.01 3.68 + 0.58
correlation 8 17 90.8 8. 15.39 +£ 0.01 3.72 £+ 0.21 ||correlation 8 18 90.8 8.19 15.68 & 0.01 3.77 £ 0.31
correlation 8 19 90.8 8. 15.93 £ 0.01 4.76 = 1.27 |[|correlation 8 20 90.8 8.43 16.14 + 0.01 2.92 + 0.90
correlation 9 1 80.6 0. 1.45 £0.01 0.59 + 0.06 correlation 9 2 86.8 1.44 2.75 + 0.01 1.26 + 0.13
correlation 9 3 87.8 2. 3.96 = 0.01 1.79 + 0.15 [|correlation 9 6 88.8 3.76 7.21 +£0.01 3.71 + 1.79
correlation 9 7 89.5 4. 8.17 4 0.01 3.00 £ 0.75 ||correlation 9 89.8 4.73 9.07 +0.01  3.43 £ 0.47
correlation 9 9 90.1 5. 9.90 + 0.01 5.51 + 1.47 correlation 9 10 90.5 5.58 10.68 + 0.01 2.63 &+ 0.31
correlation 9 11 90.8 5. 11.39 £ 0.01 4.73 + 1.02 correlation 9 12 90.8 6.29 12.05 + 0.01 5.18 £ 0.97
correlation 9 13 90.5 6. 12.66 + 0.01 5.67 + 1.56 correlation 9 14 90.8 6.90 13.21 + 0.01 5.82 + 1.08
correlation 9 15 90.5 7. 13.70 + 0.01 5.15 £ 0.88 ||correlation 9 16 90.5 7.39 14.14 + 0.01 5.06 £+ 0.95
correlation 9 17 90.5 7. 14.54 £ 0.01 5.81 £+ 0.61 |[|correlation 9 18 90.5 T.77 14.88 £ 0.01 5.97 £ 0.96
correlation 9 19 90.5 7. 15.20 + 0.01 6.10 + 1.13 correlation 9 20 90.5 8.08 15.47 +£0.01 5.99 &+ 1.38
correlation 10 1 77.3 0. 1.27 £ 0.01 0.48 + 0.02 correlation 10 2 84.9 1.26 2.42 4+ 0.01 1.40 £ 0.27
correlation 10 6 89.8 3. 6.42 + 0.01 4.20 £+ 3.22 correlation 10 7 90.5 3.81 7.30 + 0.01 3.84 +1.88
correlation 10 8 90.8 4. 8.14 +0.01 3.82 + 0.73 [|correlation 10 9 90.8 4.66 8.93 + 0.01 3.12 + 1.43
correlation 10 10 90.8 5. 9.68 + 0.01 3.69 + 1.10 correlation 10 11 90.8 5.42 10.38 + 0.01 6.07 + 2.46
correlation 10 12 90.5 5. 11.03 £ 0.01 5.09 + 1.45 correlation 10 13 90.5 6.08 11.65 + 0.01 5.41 £+ 1.50
correlation 10 14 90.8 6.2 12.22 4+ 0.01 5.12 £ 0.94 [|lcorrelation 10 15 91.1 6.65 12.74 4+ 0.01 5.74 £ 0.99
correlation 10 16 90.8 6. 13.22 4+ 0.01 5.25 + 0.44 correlation 10 17 90.8 7.14 13.66 + 0.01 6.04 + 0.74
correlation 10 18 90.8 7. 14.06 + 0.01 8.60 & 1.65 ||correlation 10 19 90.8 7.53 14.42 +0.01 7.78 £ 1.85
correlation 10 20 90.8 7. 14.74 + 0.01 8.06 + 2.80 correlation 11 1 78.6 0.59 1.13 £ 0.01 0.44 + 0.01
correlation 11 2 83.9 1. 2.15 4+ 0.01 0.92 + 0.09 correlation 11 6 87.8 3.01 5.77 + 0.01 2.30 + 0.19
correlation 11 7 88.8 3. 6.58 + 0.01 2.45 + 0.08 correlation 11 8 88.5 3.84 7.36 + 0.01 3.04 + 0.64
correlation 11 9 89.5 4. 8.10 + 0.01 3.00 4+ 0.62 correlation 11 10 89.5 4.60 8.80 + 0.01 3.36 + 0.41
correlation 11 11 89.5 4. 9.48 + 0.01  3.96 £ 0.59 correlation 11 12 90.5 5.28 10.11 + 0.01 4.15 + 0.31
correlation 11 13 90.5 5. 10.71 4+ 0.01 4.47 + 1.09 correlation 11 14 90.5 5.89 11.28 + 0.01 3.74 + 1.03
correlation 11 15 90.5 6. 11.81 + 0.01 5.97 + 0.80 correlation 11 16 90.5 6.43 12.30 + 0.01 5.12 + 1.66
correlation 11 17 90.5 6. 12.76 + 0.01 5.28 £ 1.23 ||correlation 11 18 90.5 6.89 13.19 + 0.01 5.60 + 0.88
correlation 11 19 90.5 7. 13.58 +£ 0.01 5.78 + 0.83 correlation 11 20 90.8 7.28 13.94 + 0.01 5.07 + 0.53
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RQl1 Npp (XlOb) RSS (GB) Time (ms) Method s (m) n R@Q1 Npp (XlOb) RSS (GB) Time (ms)

6. .27 2.47 0.0T T.08 zone 7 - 5.5 1.04 1T.99 £ 0.0T 0.96 £ 0.04
84.9 0. 1.68 £ 0.01 0. zone 9 - 84.5 0.76 1.45+£0.01 0.80 &+ 0.03
83.2 0. 1.27 £0.01 0. zone 11 - 81.9 0.59 1.13 £0.01 0.50 £ 0.04
81.6 0. 1.01 0.01 0.8 zone 13 - 77.6 0.48 0.91 + 0.01 0.32 + 0.01
75.0 . 0.83 + 0.01 0. zone 15 - 79.3 0.40 0.76 = 0.01 0.51 £ 0.15
73.7 0. 0.70 & 0.01 0. zone 17 - 727 0.34 0.65 + 0.01  0.25 + 0.01
75.0 0. 0.60 & 0.01 0. zone 19 - 69.1 0.30 0.57 +0.01 0.28 £ 0.02
71.1 0. 0.53 + 0.01 0. zone 21 - 67.8 0.26 0.50 £ 0.01 0.17 £ 0.02
71.1 0. 0.47 + 0.01 0. zone 23 - 68.1 0.23 0.44 + 0.01 0.20 + 0.01
64.1 0. 0.42 + 0.01 0.
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