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Abstract—Fast matching is a crucial task in many com-
puter vision applications due to its computationally inten-
sive overhead, especially for high feature spaces. Promising
techniques to address this problem have been investigated
in the literature such as product quantization, hierarchical
clustering decomposition, etc. In these approaches, a distance
metric must be learned to support the re-ranking step that
helps filter out the best candidates. Nonetheless, computing
the distances is a much intensively computational task and
is often done during the online search phase. As a result,
this process degrades the search performance. In this work,
we conduct a study on parameter tuning to make efficient
the computation of distances. Different searching strategies
are also investigated to justify the impact of coding quality
on search performance. Experiments have been conducted
in a standard product quantization framework and showed
interesting results in terms of both coding quality and search
efficiency.

Index Terms—Feature indexing, Approximate nearest
neighbor search, Product quantization

I. INTRODUCTION

With the increasing development of social networks and
platforms, the amount of data in multimedia applications
grows rapidly in both scale and dimensional aspects.
Indexing and searching on these billion-scale and high-
dimensional datasets become a critical need as they are
fundamental tasks of any computer vision system. In
this field, objects are mostly unstructured and usually
unlabeled. It is thus very hard to compare them directly.
Instead, the objects are represented by real-valued, high-
dimensional vectors and some distance metrics must be
employed to perform the feature matching. In most sit-
uations, it is impractical for multimedia applications to
perform exact nearest neighbor (ENN) search because of
expensively computational cost. Therefore, fast approxi-
mate nearest neighbor (ANN) search is much preferred in
practice to quickly produce (approximate) answers for a
given query with very high accuracy (> 80%).

As the key techniques for addressing the ANN search
problem, product quantization (PQ) [1] and its optimized
variations [2], [3], [4] have been well studied and demon-
strated promising results for large-scale datasets. In its
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essence, the PQ algorithm first decomposes the high-
dimensional space into a Cartesian product of low di-
mensional sub-spaces and then quantizes each of them
separately. Since the dimensionality of each subspace is
relatively small, using a small-sized codebook is sufficient
to obtain the satisfied searching performance. Although
computational cost can be effectively reduced, the PQ
method is subjected to the key assumption that the sub-
spaces are mutually independent. To deal with this prob-
lem, several remedies have been proposed to optimize the
quantization stage by minimizing coding distortion such
as Optimized Product Quantization (OPQ) [3], ck-means,
[4], local OPQ [5]. In the former methods, OPQ and ck-
means, the data is adaptively aligned to characterize the
intrinsic variances. Codebook learning is jointly performed
with data transformation to achieve the independence and
balance between the sub-spaces. As a result, quantization
error is greatly reduced, yielding better fitting to the
underlying data. Nonetheless, these methods are still less
effective for the case of multi-model distribution feature
spaces. Latter method, like local OPQ, aims at handling
this issue by first decomposing the data into compact
and single-model groups, followed by applying the OPQ
process for each local cluster. Alternatively, other tree
quantization methods, e.g., Additive Quantization (AQ)
[6], Tree Quantization (TQ) [7], have been presented to
deal with the mutual independence assumption of PQ. Dif-
fering from the PQ spirit, these methods does not divide
the feature space into smaller sub-spaces. They instead
encode each input vector as the sum of M codewords
coming from M codebooks. Moreover, the codewords in
AQ and TQ are of the same length as the input vectors,
but many components are set to zero in each codeword of
TQ. As the sub-space independence assumption is omitted,
the AQ and TQ-based methods give better coding accuracy
than PQ but they are not superior to PQ in terms of search
speedups [7].

Recently, hierarchical clustering decomposition methods
[81, [9], [10] have been extensively utilized as an embed-
ding fashion with the PQ framework. In the hierarchical
clustering approach [11], a clustering algorithm is itera-
tively applied to partition the feature vectors into smaller
groups. The entire decomposition can be well represented
by a tree structure that works as an inverted file structure
for driving the search process. Different attempts [12], [13]
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have incorporated the clustering tree with a priority queue,
resulting in an effective search strategy. Combining the
benefits of hierarchical clustering idea and product quan-
tization, the work in [8] has proposed an unified scheme
and substantially improved the ANN search performance.
Later improvements [9], [10] focus on optimizing the
coding quality by introducing the concept of semantic sub-
space decomposition. As such, the data space is divided
into sub-spaces or sub-groups, each of which contains
elements closing to each other. Product quantization is then
performed for each sub-group. The resulting quantization
quality has been significantly improved.

One of the main difficulties posed in a product quantiza-
tion scheme is concerned with the use of a distance metric
to construct a short-list of candidate answers for a given
query. In the literature, two kinds of distance metrics are
often employed, symmetric distance computation (SDC)
and asymmetric distance computation (ADC). The former
approximates the distance between two points by the (Eu-
clidean) distance between their quantization codewords. In
contrast, the latter measures the distance of two points
as how far a point is from the quantization codeword
of the other point. From the definition, it is obvious to
observe that the ADC gives a better approximation of
the Euclidean distance than the SDC does. However, this
favored property comes at a computational cost. The ADC
distances must be computed during the online searching
phase, while the SDC is not. In fact, the SDC metric
can be pre-computed using the lookup tables when the
codebook is learned. In this work, we favor the use of
SDC measurements to improve the search timings, while
still expecting a high level of coding quality. To meet
this double-goal question, we propose first to employ the
hierarchical product quantization (HPQ) scheme [9] to
achieve the minimal construction error. We then perform
different studies to derive the best parameter tuning for
effective usage of the SDC distance. To validate the
propositions, extensive experiments have been conducted
and showed interesting results.

For the remainder of this paper, Section 2 reviews the
main points of PQ method, HPQ as well as hierarchical
vocabulary clustering tree. Section 3 describes the exper-
iment protocol, datasets, and evaluation results. Finally,
Section 5 draws some key remarks and discusses the
follow-up works.

II. SYSTEM ARCHITECTURE

In this work, it is denoted that X is a dataset in the D-
dimensional feature vector space (R”) and for a given
vector z € RP, let a;(xz) with 1 < j < m be the
operator that returns a sub-vector of x starting from the
4" dimension to (j+h)*" dimension where h = D/m—1,
here m is an integer such that D is a multiple of m. Given
a vector z € RP, one can employ a;(z) to split z into
m disjoint sub-vectors {a1 (z), az(x), ..., an(z)}, each of
which has the length of D/m.

In the PQ method [1], a learning dataset X is divided
into m disjoint sub-spaces in the way as the operator a, ()
does. For each sub-space, a clustering algorithm is then
applied to learn a codebook composing of K codewords or
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clusters (typically, m = 8 and K = 256). Each codeword
has length of D/m. Given an input vector z € RP,
the quantization of x is done by dividing = into m sub-
vectors followed by finding the nearest codeword of each
sub-vector in the corresponding codebook. Specifically, a
quantization operator g; () is defined in the j th sub-space
as follows:

¢;j(x) « arg mind(a;(x), cj k) (1)
1<k<K
where ¢, is the k' codeword of the codebook con-
structed from the ;" sub-space, and d is the Euclidean
distance function.
With the g;(z) defined above, quantization of x is a m-
dimensional integer vector formed by concatenating the
quantization in each sub-space:

q(z) {q (), q2(2), ..., qgm(x)}. 2)

For convenience of presentation, we also denote that:

Gj(x) « arg mind(a;(x), cj k) 3)
Cjk
with 1 < k < K. That means §;(x) outputs the codeword
closest to the sub-vector a;(x) in the j** sub-space.
PQ uses both SDC and ADC distances for re-ranking
the candidates. Mathematically, the SDC distance between
two points z,y € RP is formulated as follows:

dsp(z,y) =Y d(g;(x),d;(v), )
j=1
while, the ADC distance is approximately computed by:

m
dap(z.y) = D d(a;(x).4;(y). )
j=1

It is worth noting in the PQ scheme that the sub-spaces
are grouped with the same order as in the original space.
Hence, it is probably not ensured that the resulting sub-
spaces are mutually independent and balanced (in terms
of variance). These criteria are needed for yielding good
coding quality. Furthermore, the codebooks in different
sub-spaces may contain similar codewords due to the
similarity in visual content which appears at different
positions in a scene. It thus does not meet the assumption
of mutual independence and also raises the question of
redundancy in bit allocation for the codewords.

To address these issues, we have recently proposed a
novel coding quantization scheme known as hierarchical
product quantization (HPQ) [9]. In contrast to PQ, space
decomposition is done in such a way that similar data
points shall enter into one sub-space. As such, the points
in each sub-space are highly correlated, while the two dif-
ferent sub-spaces are mutually independent. In particularly,
HPQ algorithm can be sketched as follows:

o Divide the database X € RP into m sub-spaces
(m = 8) as the PQ does.

e Apply a clustering algorithm for the data in all the
sub-spaces to form m sub-groups.

e Train a codebook (each has K codewords) for the
data contained in each sub-group.
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When the codebooks are learned, quantizing a vector
x € RP is proceeded in two steps: finding the closest
sub-group for each sub-vector of x and finding the closest
codeword in the corresponding sub-group. Algorithm 1
outlines the main steps of this process. As the sub-groups
are constructed by a clustering process, it is obvious to
see that they are mutually independent and distinctive
(i.e., the data in each sub-group are highly correlated).
Due to its natural process, we consider each sub-group
as a semantic sub-space for codebook learning. This nice
property helps yield high coding quality. However, when
applied to ANN search task, the query time is impacted
by the two-step quantization process as described above.
Furthermore, HPQ is also subjected to the expensive cost
of distance computation, especially for the ADC distance.

Algorithm 1 HPQuantizer(z, S, C)

1: Input: An input vector (x € RP), list of m sub-groups

(S) each has a center S}, and the list of m codebooks

(C) each has K codewords.

Output: The quantization code of z (i.e., q(z)).

m < length(S) {the number of sub-groups}

split  into m sub-vectors: a1 (), az(x), ..., amn(z)

¢j < 0 for j =1,2,...,m {Initiated values of HPQ

code}

for each a;(x) do

7. h 4 arg min; .;.,, d(a;(z),S;) {find the closest
sub-group}

8 ;< arg ming;<x d(a;(z), Cn(i)) {Ch(i): the
it" codeword of the h** codebook}

9: ¢ hxK+cj

10: end for

11: return {c;}

a

In the present work, we investigate an extension of HPQ
and study the impact of different parameters to the coding
quality. In the favor of SDC distance, we aim at deriving
the best usage of pre-computed lookup tables so that the
system can produce excellent ANN search performance.

Finer space decomposition: To use effectively the SDC
metric, it is needed to give more effort for optimizing the
coding quality of the codebooks. One can employ a strong
method for this task such as ck-means [4], OPQ [3] but
it comes at the cost of heavily computational overhead
and thus can degrade the search timings. In our study, we
propose to divide the feature space into finer sub-spaces
for alleviating the impact of curse-of-dimensionality (i.e.,
m = 16 the number of sub-spaces). On the other hand,
it is not necessary to use a high number of codewords
for each codebook. By default, the number of codewords
is set to K = 256 in most of the works in the literature
[41, [3], [9], [1]. In the current study, we investigate the
impact of coding quality by varying the parameter K
in the collection of {32,64,128,192}. By using lower
codewords, it gives the computational benefit for both
online and offline phases. The analytical computation cost
of the quantization step (i.e., Algorithm 1) is characterized
as: mx (m+K). That is the number of times the Euclidean
distance operation d() is invoked.

It is worth noting that the dimensionality of the sub-
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Bang I
THE NUMBER OF TIMES CALLING THE DISTANCE OPERATOR d() FOR
THE QUANTIZATION PROCESS

Method SIFT GIST K=64 K=128 K =256
PQ (m = 8) R6  RI120 - - 2048
HPQ (m = 16) R? RS0 1280 2304 4352

space is also attributed to the complexity of quantization
process. For instance, in the PQ method (m = 8), the
Euclidean distance function d() operates in R'6 and R1%°
sub-spaces for 128D SIFT and 960D GIST feature sets!,
respectively. When setting parameter m = 16, HPQ
divides the feature space into finer sub-spaces resulting in
less computation of the distance function. For a summary,
Table I gives a picture of quantization complexity between
PQ method and Algorithm 1 for several values of K
accompanying the dimensionality of sub-spaces for SIFT
and GIST features. One can observe that by varying the
parameters m and K, HPQ does not incur much compu-
tation cost compared to the standard PQ method. In terms
of coding quality, we shall provide detailed justification in
the experimental section.

Efficient quantization with partial distance search:
To further alleviate the computational overhead of the
quantization process (e.g., our two-step quantization), we
incorporate the use of partial distance search (PDS) [14]
that helps terminate early the process of finding the closest
codewords. In its essence, PDS performs unrolling the
loop of distance computation in high dimensional space.
By comparing the current (partial) distance value with the
best distance established so far, it can decide to terminate
early the loop. Algorithm 2 embeds the PDS idea into the
computation of distance operator.

Algorithm 2 Dpq.(z, y, dpest)

1: Input: Two input real vectors (z,y) and the best
distance so far (dpest).
Output: The (partial) distance between x and y
n < length(z) {z and y are the same dimensionlity}
d<0
for j=1,2,...,n do
a < z(j) — y(j)
d<—d+axa
if d > dpest then
return d {terminate early if d is not better than
dbest }
10:  end if
11: end for
12: return d

R A A S ol

With the PDS distance defined above, one can substitute
the step of finding the closest center (i.e., lines 7 and 8
in Algorithm 1) by a more efficient procedure as follows
(Algorithm 3):

Thttp://corpus-texmex irisa.fr/
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Algorithm 3 PDSQuantizer(x, L)

1: Input: An input vector (x € R") and a list L
containing centers or codewords in the sub-space R".

2: Output: The center in L closest to x.

3. s « length(L) {the size of the list L}

4: 1pest < 1 {Initiated value for the closest center}
5: dpest < d(x, L(ipest)) {Euclidean distance}
6. for i1 =2,...,s do

7. d < Dpgs(x, L(3), dpest) {PDS distance}
8: if d < dpest then

9: dbest «—d

10: Thest < 1

11:  end if

12: end for

13: return tpest

Incorporation of indexing clustering tree: Apart from
improving the coding quality of the codebooks, it is needed
to use an efficient indexing scheme to deal with the
ANN search task. Hierarchical vocabulary clustering has
been well studied in the past and achieved strong results
when embedding into the product quantization fashion [8],
[10]. In this study, we also employ this framework to
perform ANN search. The search is optimized to obtain
the highest speedup for a specific search precision. This
was accomplished by a binary search procedure [15] which
performs sampling on two parameters: the number of
leaf nodes to visit and the size of the candidate short-
list. In addition, as we use a higher value of m (i.e.,
m = 16 for obtaining finer space decomposition), it makes
sense to apply the idea of PDS when compute the SDC
distance between the query and the quantized samples in
the database. As shall be shown in the experiments, this
slight trick produces noticeable search speedups.

III. EXPERIMENTAL RESULTS
A. Datasets and evaluation metrics

In this section, we carry out a number of comparative
experiments to validate the performance of our system
in terms of both coding quality and search timings. For
this purpose, state-of-the-art methods for coding and ANN
search have been included in our study. These methods
include FLANN libralry2 [13], EPQ [8], Optimized EPQ
(OEPQ) [16], HPQ [9], PQ [1] and the ck-means (i.e.,
Optimized PQ) [4]. For the evaluation datasets, we have
chosen two benchmark feature sets: ANN_SIFTIM and
ANN_GIST1M [1]. Detailed information of these datasets
are given in Table II.

Béng II
THE DATASETS USED FOR ALL THE EXPERIMENTS

PQ, and ck-means. These methods have been designed to
minimize quantization errors. Here, Recall@R measures
the fraction of corrected answers from a short-list of R
candidates (typically R = 1,100, 1000). For PQ and ck-
means, we compute Recall@R for both SDC and ADC
distances, whereas our system will be evaluated by using
the SDC only. The goal here is to explore the marginal
improvement of using finer sub-spaces. In addition, we
also employed an other metric for measuring the search
timings. Specifically, this matter can be well justified by
using the search speedups/precisions curves as done in the
literature [13], [17]. The speedups are relatively computed
to sequence scan to avoid the impact of computer config-
uration. Search speedups are computed for a method A
(S 4) as follows:

Sa= 5 ®)

ta

where ¢4, tse, are the needed time to accomplish a
given query of the method A and the brute-force search,
respectively. For the stability, the search speedups and
precisions are averaged for £ queries, where £ = 10,000
for SIFT and k£ = 1000 for GIST datasets. All the tests are
run on a standard computer with following configuration:
Windows 7, 16Gb RAM, Intel Core (Dual-Core) i7 2.1
GHz.

B. Results and discussions

This section is dedicated to the evaluation of all the
studied methods for justifying the quality of codebooks
and ANN search efficiency as well. We shall first present
the results hereafter in terms of coding quality for the
method: PQ, ck-means, and our HPQ method with varying
parameters K (i.e., the number of codewords). For a
summary, we report the parameter settings used in our
tests as follows (Table III):

Bang III
PARAMETERS USED IN OUR TESTS

Method F#£sub-spaces (m) #codewords (K)
PQ 8 256
ck-means 8 256
HPQ 16 {32,64,128,192}

Figure 1 shows the Recall@R of our method with
different settings of parameter K for both SIFT and GIST
features using the SDC distance. As can be seen in the
plots, coding recalls get increasing with respect to the
high value of K. We have chosen the highest value of
K = 192 so as to make it still lower than the default
value used in PQ and ck-means (K = 256). In addition,

one can also observe that the recall curves, corresponding

#Dimensiong K = {128,192}, operates on a par with each other for

both feature datasets. This fact gives useful insights for the

Dataset #Training  #Database  #Queries
ANN_SIFTIM 100,000 1,000,000 10,000 128
ANN_GISTIM 500,000 1,000,000 1000 960

situations where one wishes to obtain the highest search

As for the evaluation metrics, we employed the score
Recall @R to measure the coding quality of the our system,

Zhttp://www.cs.ubc.ca/research/flann/
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speedups while expecting noticeable coding quality.

To have deeper insights of the proposed method, Figure
2 presents the comparative results with PQ and ck-means.
In this evaluation, we selected the HPQ with K = 32 (the
lowest performance curve, namely HPQ32) to be compared
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Hinh 2. Coding quality of our system (HPQ32) and other methods: (a) SIFT and (b) GIST features.

with other methods. For the SIFT dataset, HPQ32 signif-
icantly outperforms all other methods for both ADC and
SDC distances. It is worth mentioning that ck-means is a
strong optimization version of the PQ method in the means
of quantization quality but its performance (even for ADC
distance) is much lower than that of HPQ32. This fact
is very impressive when considering that HPQ32 uses a
small number of codewords (i.e., 32 codewords for each
codebook). When working on higher dimensional space
(i.e., 960D GIST features), HPQ32 performs on a par
with ck-means (ADC distance) version and is substantially
superior to other methods. Connecting this outstanding
performance of HPQ32 with the superior versions of HPQ
presented previously (Figure 1), it can be concluded that
by using finer sub-space decomposition, one can achieve
significant benefit in terms of coding quality even the
number of codewords is not many.

The results presented in Figures 1, 2 consistently con-
firm the expected quality of our method for the code-
book learning. The remaining open question would be
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concerned with the search efficiency when applying to
the ANN search task. In the following discussions, we
shall continue to show the performance of our method
for this task. Figure 3 presents the operating points of
search speedups as a function of precision for all the HPQ
versions in our study. For the SIFT dataset, the gap in
performance is not that much for all the HPQ versions.
In details, HPQ64 performs best in this case although
its behavior is slightly superior to that of HPQ128. This
observation is not fully synchronized for GIST dataset
as shown in Figure 3(b). First, the performance gap is
more noticeable, say for instances at 920x and 732X
in speedups of HPQI128 and HPQ32, respectively, at the
precision of 80%. Second, HPQ192 tends to be close to the
winner (HPQ128), especially when considering very high
search precisions (> 90%). These new findings can be
explained by the high dimensional space of GIST features
in which coding quality plays a role to the success of
search efficiency. As already noted in the Figure 1 (b),
HPQ128 is virtually identical to HPQ192 in terms of
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Hinh 3. ANN search performance of system (HPQ) with varying number of codewords: (a) SIFT and (b) GIST features.
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Hinh 4. ANN search performance of our system and other methods: (a) SIFT and (b) GIST features.

coding quality, whereas HPQ128 incurs less computational
overhead than HPQ192 does. As a result, HPQ128 gives
the best search speedups in the studied experiments.

The last experiment has been conducted as shown
in Figure 4 in which comparative search efficiency is
provided for the best HPQ version (i.e., HPQ64 for SIFT
and HPQ128 for GIST features), Optimized EPQ (OEPQ),
EPQ, and the best method of FLANN (i.e., best-FLANN).
It is worth highlighting that OEPQ is the state-of-the-art
method for ANN search on the SIFT and GIST datasets
[9], [16]. In this study, one can realize that HPQ64 can
also reach the same level of search efficiency as OEPQ
does for the SIFT dataset. Noticeably, using HPQ with 128
codewords provides substantial improvements for the GIST
features. For instances, it gives a speedup of 921X com-
pared to sequence scan when fixing the search precision
of 80%. All these results confirm the superiority of our
method, in terms of both coding quality and ANN search
efficiency, especially when working in high dimensional
spaces.
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IV. CONCLUSIONS

In this work, a deep analysis and study of hierarchical
product quantization has been conducted to examine its
performance on the aspects of quantization quality and
ANN search efficiency. Our proposal has been targeted to
the fact that using finer space decomposition is essential
for accomplishing these double-goal objective. Throughout
extensive experiments in comparison with other methods,
it was showed that our method provides significant im-
provement for various datasets and even tends to performs
well with respect to the increase in space dimensionality.
An interesting remark derived from our study is that a
decent product quantizer can be constructed even without
using a high number of codewords. As shown in our
experiments, by using just as few as 32 codewords, one can
also obtain satisfactory performance. Despite the obtained
results are promising, we plan to investigate the inclusion
of ADC distance as well as other deep learning based
encoders for optimizing the method in follow-up works.
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'NGHIEN CUU SU ANH HUONG CUA CAC THAM
SO TRONG TOI UU HOA CHi MUC CHO CAC CO SO
DU LIEU LON

Tom tdt: D6i sanh nhanh 12 mot trong nhiing bai todn
quan trong cua cac tng dung thi gidc may bdi do phiic tap
tinh toan 16n, dic biét 1a trong cac khong gian dic trung
6 sb chiéu 16n. Céc k¥ thuét tiém ning cho bai toan nay
da dugc nghién ctiu va dé xuit trudc day nhu tich lugng
t (Product Quantization), thuat toan phan cum phan cip
(Hierarchical Clustering Decomposition). Péi véi cic ky
thuat nay, mot ham khoang cach sé dugc dé xuét dé tao
mot danh sich cdc dng vién tiém ning gan nhit véi dbi
tuong truy van. Tuy nhién, qua trinh tinh todn ham khoang
cach nay thudng c6 do phic tap tinh toan 16n va dudc thuc
hién trong giai doan tim kiém (online), do vay, lam anh
hudng dén hiéu ning tim kiém. Trong bai bdo niy, ching
t6i thuc hién cic nghién ciiu trén cac tham s dnh huéng
dén qua trinh 13p chi muc va tbi uu héa qua trinh tinh toan
ham khoéng cdch. Ngoai ra, cic chién lugc tim kiém khac

N

SO 03 (CS.01) 2020

nhau ciing dudc thuc hién dé€ danh gia chit lugng ctia qua
trinh lugng tir héa. Cac thir nghiém da dudc thuc hién va
cho thdy nhiing két qua ndi bat ci vé chit luong luong ti
héa va hiéu ning tim kiém.

Tir khoéa: Lap chi muc, tim kiém x4p xi nhanh, tich
lugng tu.
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