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USING A SHARED PRIORITY QUEUE FOR MULTI-THREADED SEARCHING

Background

[0001] Quite often, a relatively large volume of data is searched for purposes of identifying
and retrieving the closest matches to a search query. For example, the data may be time
series data that may be, for example, acquired by a sensor. Issues with the sensor may be
identified by searching for certain patterns in the time series data. The time series data may
be searched for patterns for various other purposes, such as classification, pattern detection,

modeling and anomaly detection, as examples.

Brief Description Of The Drawings

[0002] Figs. 1 and 6 are schematic diagrams of multi-core machines to concurrently

process multiple multi-dimensional queries according to example implementations.

[0003] Fig. 2 is an illustration of multi-threaded searching according to an example

implementation.

[0004] Fig. 3A is an illustration of multi-threaded query processing according to an

example implementation.

[0005] Fig. 3B is an illustration of bit vector processing to identify candidates for similarity

matches according to an example implementation.

[0006] Fig. 4 is a flow diagram illustrating a bit vector-based candidate scanning technique

for multi-threaded searching according to an example implementation.

[0007] Figs. 5 and 10 are flow diagrams illustrating techniques to use a priority queue for

multi-threaded searching according to example implementations.

[0008] Fig 6 is a schematic diagram of a multi-core machine according to an example

implementation.

[0009] Fig. 7 is a schematic diagram of a multi-threaded search system according to an

example implementation.
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[0010] Fig. 8 is an illustration of locality sensitive hash (LSH)-based index building

according to an example implementation.

[0011] Fig. 9 is an illustration of an LSH-based index search according to an example

implementation.

Detailed Description

[0012] Systems and techniques are described herein for purposes of processing a single
query or multiple queries concurrently on a multiple core, or "multi-core” machine. In this
context, a "multi-core" machine refers to a physical machine that contains a computing
component with at least two independent central processing units (CPUs), or "processing
cores." A given processing core is a unit that is constructed to read and execute machine
executable instructions. In accordance with example implementations, the multi-core
machine may contain one or multiple CPU semiconductor packages, where each package

contains multiple processing cores.

[0013] The use of a multi-core machine to process a search query, as disclosed herein,
allows relatively time efficient searching of a relative large volume dataset for purposes of
identifying and retrieving matches to the search query. As an example, the dataset that is
searched may be time series data, or data that is derived from, for example, the time sampling
of a particular value. As an example, a sensor may acquire time series data. It is noted,
however, that the techniques and systems that are disclosed herein may be applied to
relatively large volume data other than time series data. For example, the systems and
techniques that are disclosed herein may be applied to processing search queries on any high

dimensional data (multimedia image or video data, as other examples).

[0014] Identifying and retrieving time series segments that are similar to a segment that is
specified by a search query may be useful for such purposes as classification, pattern
detection, modeling, fault diagnosis and anomaly detection, as well as for other purposes.
Performing a relatively time efficient search may allow the construction of better models;
better pattern detection; faster fault analysis; more rapid classifications and more timely
detection of anomalies. Other and different advantages may be achieved in accordance with

further implementations.
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[0015] In accordance with example implementations, a multi-core processing machine may
be used for purposes of performing multi-threaded searching to process a query. In general,
the query describes a similarity search task for searching a database of points S based on a
multi-dimensional query point q and returning a specified number of points from the database
that are closest to the multi-dimensional point q, where "closeness" refers to a distance
measure, such as Euclidean distance, or another search metric. In accordance with example
implementations that are described herein, the goal for a given search task for a given query

is to identify the K closest points in S to the multi-dimensional point ¢.

[0016] One way to perform multi-threaded searching for a given query is to allow multiple
threads to search different partitions of the dataset, use the threads to independently identify a
set of closest points to the multi-dimensional point q, and then merge the closest sets of
points identified by the threads to derive the K closest points. Such an approach, however,
may incur considerable processing delays and bandwidth, especially, if multiple queries are

being concurrently processed.

[0017] In accordance with example implementations that are disclosed herein, a multi-core
machine has features that enhance the processing of the above-described queries and
particularly allows for low latency, concurrent processing of multiple queries. In particular,
in accordance with example implementations, the multi-core machine has a priority queue
that is shared by all of the threads performing a multi-threaded search. In this manner, the
threads may concurrently update the shared priority queue as the threads are finding similar
matches in a manner that maintains the top K search results found by all of the threads. In
this context, "concurrently” refers to multiple threads updating the shared priority queue
while the threads are in the process of determining ongoing results. As described herein, the
concurrent updating may involve the use of a lock that controls when a given thread may
update the shared priority queue. The use of the shared priority queue eliminates an
operation to merge individual search results after the thread searching is complete for
purposes of identifying the top K search results, while at the same time, to allow each thread
to have an updated view of the current top K search results. This updated view allows each
thread to more efficiently conduct its own search, by abandoning the search on the candidates
that will not contribute to better search results than the currently identified top K search

results. In accordance with example implementations, another feature of the multi-core
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machine is a bit vector block, which enhances a thread's ability to quickly scan for data points
that have been identified as candidate similarity matches and retrieve the data for these data

points for further evaluation.

[0018] The techniques and systems described herein may be advantageous for searching a
high-dimensional dataset. An example of such a dataset may be an image dataset. For an
image similarity search, the image may be represented by a vector of float numbers, called
"feature vector." The vector size is the dimension. The dimension size for the image may be

in the hundreds, thousands, or even higher.

[0019] Referring to Fig. 1, as a more specific example, a multi-core machine 100, in
accordance with some implementations, may process R queries 50 (example queries 50-1, 50-
2... 50-R, being detected in Fig. 1, where R is equal to or greater than one) at a given time.
To process a given query 50, the multi-core machine 100 assigns a group of threads 104 to
process the query 50 from a thread pool 102. In accordance with example implementations,
the multi-core machine 100 determines the particular number of threads 104 to process a
given query 50 based on such criteria as a targeted query latency and targeted query

throughput, which may be user-specified criteria.

[0020] As described further herein, in accordance with example implementations, the
assigned threads 104 are assigned to search different, assigned partitions of a multi-
dimensional dataset 109 and determine candidate similarity matches for the assigned
partitions. In accordance with example implementations, a given thread 104 identifies
candidate similarity matches in its assigned partition using hashing, such as hashing that
involves using a locality-sensitive hash (LSH), for example. In accordance with example
implementations, the assigned threads 104 identify the candidate similarity matches in an
index retrieval phase, and subsequent to the index retrieval phase, each thread 104 scans the
bit vector to identify candidate similarity matches so that the candidate similarity matches
may be then evaluated to determine whether any of the candidate matches are a top K search

result.

[0021] In accordance with example implementations, the multi-core machine 100 includes
a bit vector block 108 to enhance scanning of the candidate similarity matches. In this

manner, the assigned threads 104 for a given query search use a bit vector block 108 for
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purposes of scanning candidate similarity matches. Fig. 1 depicts multiple bit vector blocks
108 for the scenario in which the multi-core machine 100 is concurrently processing multiple

queries 50.

[0022] In accordance with example implementations, the bit vector block 108 contains
binary indicators, or bits. Each bit is associated with a particular data point of the dataset 109
and indicates, or represents, whether the associated data point is a candidate similarity match
or not. In this manner, by scanning a portion (several bits, for example) of the bit vector
block 108, a thread 104 may readily determine whether the associated data points are
candidate similarity matches (as indicated by corresponding bit values of "1," for example)

or not (as indicated by corresponding bit values of "0," for example).

[0023] Due to the sparseness of candidate similarity matches among the data points,
relatively large portions of the bit vector block 108 may be scanned quickly. In this manner,
if a given thread 104 reads multiple bytes in a single read operation and the read value is "0,"
then the thread 104 learns that the corresponding set of associated data points are not
candidate similarity matches. Thus, in accordance with example implementations, if the
thread 104 reads a "0" for a corresponding portion of the bit vector 108, the thread may
bypass that portion entirely without further scanning. If however, the thread 104 reads a
nonzero value for a given portion of the bit vector 108, then thread 104 may step bit by bit
through that portion, sorting out the associated data points that are and are not candidate

similarity matches.

[0024] The threads 104 that are assigned to process a given query 50 may process the bit
vector 108 in parallel, with each thread 104 processing a block of the bit vector 108, which
corresponds to the data points in the thread's assigned partition. In accordance with example
implementations, the bit vector is associated with a particular data type, such as a short
integer or a long integer. In general, a relatively larger data type (a long integer, for example)
may be used, as opposed to a relatively shorter integer type (a short integer, for example) for
sparser data for purposes of bypassing relatively larger sets of data points to improve

scanning efficiency.

[0025] In accordance with example implementations, another feature of the multi-core

machine 100 that may be used to enhance concurrent query processing is a priority queue
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(called a "shared priority queue 106" herein), which is shared by the threads 104 that are
assigned to process a given query 50. Fig. 1 depicts multiple shared priority queues 106 for
the scenario in which the multi-core machine 100 is concurrently processing multiple queries
50. In accordance with example implementations, a "priority queue"” refers to memory region
that contains a collection of data entries (here, search results or pointers to search results as
well as their distances from the search query), the data entries are arranged in an order, and
cach data entry has a relative order, or priority. In accordance with example
implementations, each data entry is a search result, and the "priority" of the data entry refers
to the closeness (Euclidean distance or other search metric) of the search result to the data
point q that is specified by the query 50. The priority queue 106, in accordance with example
implementations, contains the current top K search results for the threads 104, and the "top
priority" search result refers to the farthest of the top K results from the data point q, or the
"top" of the queue 106. Therefore, in accordance with example implementations, if a given
thread 104 has a search result that is closer than the top priority search result in the priority
queue 106, then the thread 104 may remove the top priority search result and add the new

search result to the priority queue 106.

[0026] In accordance with some implementations, the priority queue 106 may formed by
data structure called a "heap." Other data structures may be used to form the priority queue

106, in accordance with further implementations.

[0027] As also depicted in Fig. 1, in accordance with example implementations, the multi-
core machine 100 includes local memory nodes 110. A given local memory node 110 has a
set of processing cores 112 (one or multiple central processing unit (CPU) cores) and a local
memory that is readily accessible by the processing cores 112. In accordance with some
implementations, the threads 104 that are assigned to process a given query 50 are software
threads that execute on one or multiple processing cores 112 of a single, local memory node
110; the shared priority queue 106 are shared by the assigned threads 104, and the shared
priority queue 106 is disposed in a local memory of the local memory nodes 110. For these
example implementations, different queries 50 may be concurrently processed by threads 104
executing on the same local memory node 110 and/or executing on different local memory
nodes 110. As a more specific example, in accordance with some implementations, the

multi-core machine 110 may have a non-uniform memory access architecture (NUMA); and
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the local memory nodes 110 may be NUMA nodes for example, with each NUMA node

having a local memory.

[0028] Fig. 2 is an illustration 200 showing stages, or phases, used by the assigned threads
104 to process a given query 50. For the following example implementation, it is assumed
that there are n threads 104 that are assigned to process the query 50. Referring to Fig. 2 in
conjunction with Fig. 1, in particular, in accordance with example implementations, the
multi-core machine 100 performs three phases to process the query 50 (in the following
order): a hash computation phase 202, an index retrieval phase 208 and a candidate
evaluation phase 214. In accordance with example implementations, all of the assigned
threads 104 operate in parallel to perform each phase, with barriers being used to impose a

wait for all threads to complete before the next phase begins.

[0029] More specifically, in the hash computation phase 202, the assigned threads 104
determine, or compute, hashes and use the hashes to look up indices to identify candidate
similarity matches for their assigned partitions of the dataset 109. The threads 104 may
employ the use of matrix multiplication. In particular, block-based multiplication may be
leveraged by subdividing the original matrix multiplication into matrix multiplications on
several smaller blocks. In this manner, the matrix multiplications on each block may be
performed by an associated thread 104 such that the threads 104 perform the matrix
multiplications in parallel, and then the smaller matrix multiplication results may be
combined as illustrated at reference numeral 204. As also depicted in Fig. 2, a barrier 206
may be employed for purposes of imposing a wait for all threads 104 to perform the hash
computation before the index retrieval phase 208 begins. The hash computation phase 202

produces L hash tables, as further described below.

[0030] For the index retrieval phase 208, the L hash tables are divided equally among the n
threads 104, and each thread, thus gets assigned a subset of the L/n tables. The index retrieval
208 includes the threads 104 retrieving the indices of the data points from the hash tables in
parallel (at reference numeral 207) and then searching 210 to find similarity match candidates
based on the hash tables. In the index retrieval phase 208, the threads 104 update the bit
vector block 108 with the corresponding binary values to indicate whether associated data
points are candidate similarity matches or not. As illustrated at reference number 212 of Fig.

2, a barrier is in place to wait for all of the threads 104 to perform the index retrieval and
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thus, provide a set of candidates before the query processing proceeds to the candidate

evaluation phase 214.

[0031] Referring to Fig. 3A in conjunction with Fig. 2, in the candidate evaluation phase
214, the bit vector block 108 is used, where each bit represents a data point and indicates
whether the associated data point is a candidate similarity match or not. As depicted in Fig.
3A, for the candidate evaluation phase 214, the threads 104 operate in parallel (as depicted at
216 in Fig. 2) to split the bit vector block 108 into n parts. Thus, each thread 104 (threads
104-1, 104-2 and 104-n, being depicted as examples in Fig. 3A) processes a sub block 302 of
the bit vector block 108. If the bit vector block 108 is assumed to have N blocks (where each
block refers to the chunk of data read in the scanning operation), then each sub block 302
contains N/n blocks 304. Each thread 104 in the candidate evaluation phase 214 thus, reads
the sub blocks 304 one at a time, and if a given read value is "0," the thread ignores the
corresponding data points. Otherwise, if a thread 104 reads a non-zero value for a sub block
304, the thread 104 further processes the bits of the sub block 304 for purposes of

determining which of the corresponding data points are candidate for similarity matches.

[0032] As depicted in Fig. 3A, for candidate similarity matches, a given thread 104
provides a list 305 of candidates 306 and then evaluates the candidates using a search metric
(a Euclidean distance, for example) for purposes of determining whether the thread 104
should update the top K results that are stored in the the global, or shared, priority queue 106.
As depicted in Fig. 2, in accordance with example implementations, the parallel evaluation of
the candidate similarity matches continues (as depicted at 217) by the threads 104 until the
threads 104 have identified results for their respective data partitions. A barrier 218 may be
imposed to cause all of the assigned threads 104 to wait for completion of the candidate

evaluation.

[0033] Fig. 3B depicts bit vector processing 350 by a thread 104 (i.c., scanning of a portion
of the bit vector block 108), in accordance with an example implementation. For this
example, the thread 104 processes a bit vector block 302 that contains bits that are associated
with corresponding data points. The thread 104 reads a first example sub block 304-1, and
because at least one of the bits of the sub block 304 is nonzero, the read operation returns a
nonzero value. The thread 104 then proceeds to processing 370 the sub-block 304-1 bit by

bit: the bits that have nonzero values for this example are associated with candidates 306,



WO 2017/027007 PCT/US2015/044502

9

and as such, the thread 104 copies 360 the data point values to populate a candidate list 305
for further evaluation. For the example of Fig. 3B, the thread 104 processes the sub blocks
304 along processing path 372 to next read an example sub block 304-2, which contains bits
that are all zeros. Therefore, the thread 104 reads a zero value, which means that the thread
104 proceeds along processing path 372 to read the next sub block 304, and so forth. Thus,
in accordance with example implementations, the thread selectively bypasses (i.c., either
processes or skips) the retrieval of values for data points corresponding to a subset of bit
vectors based at least in part on whether the bits of the subset are the same (are all zero bits,

for example).

[0034] Referring back to Fig. 3A, in the candidate evaluation phase 214 (Fig. 2), each
thread 104 evaluates its candidate list 305 for purposes of determining whether one or
multiple candidates 306 of the candidate list 305 should be stored in the shared priority queue
106 (i.e., evaluate whether a given candidate 306 is a current top-K result for the shared
priority queue 106). In accordance with example implementations, each thread 104 reads the
top of the queue 106 to determine whether its current candidate should be in the top-K or not,
and whenever the candidate distance is less than the largest distance result in the queue 106,
the thread 104 inserts the candidate into the queue 106. In accordance with example
implementations, the multi-core machine 100 imposes a lock 320 on the shared priority queue
106 for purposes of avoiding conflicts when several threads 104 attempt to read/write to the

global heap 106 at the same time.

[0035] Thus, referring to Fig. 4, in accordance with example implementations, a technique
400 includes performing (block 404) multi-threaded processing of a hash-based index to
identify data points from a plurality of data points, which are candidates for similarity
matches for a query. Pursuant to the technique 400, the plurality of data points are
represented (block 408) by a plurality of associated binary indicators, where each binary
indicator represents whether an associated data point is one of the candidates. According to
the technique 400, values for the data points that are candidates are selectively retrieved
(block 412) based at least in part on the indicators; and the retrieved values are processed
(block 416) to evaluate the candidates to determine a result for the query. In this context, the

"selective retrieval” refers to the values being retrieved or not being retrieved, depending on
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the corresponding binary indicators (depending on the states of the binary indicators, for

example).

[0036] Referring to Fig. 5, in accordance with example implementations, the processing of
the query may also involve a technique 500. Pursuant to the technique 500, in response to a
query for similarity matches in a data set to a given multidimensional point, a multi-threaded
search of partitions of the data set is performed (block 504) for a plurality of search distances
from the given multidimensional point. The technique includes storing (block 508) ongoing
results of the searching in a priority queue, which is shared by a plurality of threads involved
in the searching. Pursuant to the technique 500, a ranking of the results is updated (block
512) as the results are stored in the shared priority queue, and the shared priority queue is

used to identify the query results, pursuant to block 516.

[0037] Referring to Fig. 6, in accordance to example implementations, the multi-core
machine 100 is a physical machine that is constructed from actual machine executable
instructions, or "software," and actual hardware. The hardware of the multi-core machine
100 includes S local memory nodes 110 (local memory nodes 110-1 . .. 110-S, being
depicted as examples in Fig. 6), which may be part of, for example, a particular multi-core
central processing unit (CPU) package. As depicted in Fig. 6, each local memory node 110
contains Q CPU processing cores 112 (processing cores 112-1, 112-2. . .112-Q, being
depicted in Fig. 6 for each node 110) and a local memory 114.

[0038] The processing cores 112 may experience relatively rapid access times to an
associated local memory 614 of the same local memory node 110, as compared to, for
example, the times to access the memory 614 of another local memory node 110. In this
manner, access to a memory 614 of another local memory node 110 occurs through a
memory hub 620 of the machine 100 or another interface, which introduces delays. The local
memory 614, in general, is a non-transitory memory, which includes non-transitory memory
storage devices, such as semiconductor devices, phase change devices, random access
memory (RAM) devices, dynamic RAM (DRAM) devices, resistive memory devices, flash

memory devices, a combination of one or more of these devices, and so forth.

[0039] In accordance with example implementations, each local memory node 110 contains

a memory controller (not shown). Fig. 6 also depicts a persistent memory 630 (a non-volatile
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memory, such as flash memory, for example) that may be accessed by the processing cores
112 via the memory hub 620. For the example implementation of Fig. 6, the shared priority
queue 106 is disposed in the local memory 614, one or multiple processing cores 112 of a
given local memory node 110 may execute threads to process a given query, and this

processing involves the use of the shared priority queue 106, as described herein.

[0040] Referring to Fig. 7 in conjunction with Fig. 6, in accordance with example
implementations, a search system 700 that may be implemented on the multi-core machine
100 includes a coordinator 640; N multi-threaded logical processing units 710 (example
logical processing 710-1, 710-2. . .710-N, being depicted as examples in Fig. 7) and a
persistent memory store 760. In accordance with example implementations, the coordinator
640 and processing units 710 are components that are formed by the execution of machine
executable instructions, or "software," by one or more of the processing cores 112 of a given

local memory node 110 (see Fig. 6).

[0041] The machine executable instructions may be stored, for example, in the local
memory 614 of the local memory node 110, as represented at reference numeral 615 in Fig.
6. Thus, in accordance with example implementations, instructions that are stored in a non-
transitory computer readable storage medium may, when executed, cause a processor-based
machine, or computer, to, in response to a query for similarity matches in a dataset to a given
multidimensional point, perform multi-threaded searching of partitions of the dataset for a
plurality of search distances; and use a priority queue for the multi-threaded searching, where
using the priority queue includes storing ongoing results of the searching in a priority queue
shared by a plurality of threads involved in the searching; updating a ranking of the results as
results are stored in priority queue; and using the shared priority queue to identify query

search results.

[0042] In accordance with further example implementations, one or multiple of the
processing units 710 and the coordinator 640 may be formed from hardware (dedicated

integrated circuits, for example).

[0043] The persistent memory store 760 may be formed by storage provided by the
persistent memory 630 (see Fig. 6), for example. As depicted in Fig. 7, a dataset 762 to be
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searched by queries 50 as well as parameters 764 for the query searches may be stored in the

persistent memory store 760, in accordance with example implementations.

[0044] In accordance with example implementations, the processing unit 710 processes a
given query 50, and as such, the processing units 710 for the example implementation of Fig.
7, are concurrently processing N queries 50. The coordinator 640 launches a given
processing unit 710 for a given query 50 and sets up the parameters employed by the
processing unit 710 for the searching. In accordance with example implementations, the
processing unit 710 imposes the barriers between the phases of the search (as depicted in Fig.
2), controls the locking of the priority queue 106, communicates commands to start and stop
the multi-threaded searching for a given query, communicates query parameters to the
processing unit 710, assign threads 104 from the thread pool 102 (see Fig. 1) to the
processing units 710, communicates search or query results 220, from the processing units

710, and so forth.

[0045] For example implementations that are disclosed herein, the processing units 710 use
locality sensitive hashing (LSH) to perform the searching, although other search techniques
may be used, in accordance with further example implementations. An LSH-based index is a
data structure that stores a collection D of points in a d-dimensional Euclidean space in such a
manner that given a query point, the data structure, with relatively high probability, returns
points in D that are within distance R of the query point; and the data structure does not
return too many points that are at distance greater than cR. Here, "R" represents a search
distance, and "c¢" represents a scaling factor, such that "c" determines the space that is
occupied by the LSH-based index. The LSH-based index is applied to the problem of finding
the closest time series segment to a given time series segment in the following manner, in
accordance with example implementations. A processing unit 710 builds its index table
located in the native memory that can be directly accessible by the processing unit 710, in

accordance with example implementations.

[0046] The following describes index hashing and the use of the hashing to identify
candidate similarity matches, in accordance with example implementations. The length of
the search pattern may be fixed, and every point in the dataset 762 may be indexed.
Assuming that "D" refers to a set of candidate data points, a sequence of locality sensitive

hash indexes are built, with each being designed for a different value of search distance called
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"R." It is assumed that Ry< R1< R,, etc., denote the values of R for the indices. The entire
time series data is partitioned into different corresponding partitions, and a separate set of
LSH-based indices is constructed for each of the partitions. These indices can share the same

R values, in accordance with example implementations.

[0047] Given a query, a search is first performed within each partition, with each of the
indices, which corresponds to search distance Ry for points that are within distance Ry. After
all of the points from all the partitions discovered with the initial search are obtained, a check
is performed for purposes of determining if the number of points obtained is greater than or
equal to "K" (where "K" represents the number of closest points desired to be returned). If
this is not the case, the procedure is repeated for each partition for the search distance R; and
so on. In accordance with example implementations, the search is terminated after at least K
points are found. As the search progresses, each of the candidate points that are retrieved are

compared with the query point, and the K closest points are returned.

[0048] In accordance with example implementations that are disclosed herein, the search
problem is solved for a fixed length, or dimension, for the query search pattern, in this case
called "d." In further implementations, the problem may be solved for multiple query

lengths, with separate indexes being constructed for each of the query lengths.

[0049] Fig. 8 is an illustration 800 of locality sensitive hashing -based index building
according to an example implementation. Each point 818 to be indexed is a d-dimensional
real vector. In general, the LSH-based index building generates k random zero-mean, unit
variance Gaussian d-dimensional real vectors 824, and computes the inner product of 818
with each of the k random vectors. The results of the k inner products are quantized to obtain
a k dimensional integer vector 828. The parameter k is selected so that a point at a distance
more than c*R from a given point 818 is mapped to a different vector 828 with high
probability. The points are stored in an LSH index-based collection 840 of hash tables (L
example hash tables 840-1, 840-2 . . . 840-L, being depicted as examples in Fig. 3). Each
hash table in the collection 840 contains groupings, or buckets 860, of the points; and the
buckets 860 are indexed by the vectors 828. Closer points fall within the same group, or
"bucket 860," within the hash table 840. The above-described process is repeated L times,
which produces L hash tables 840.
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[0050] Fig. 9 is an illustration 900 of an LSH-based index search of data in response to a
query using hash tables 840 that are constructed from the data, in accordance with example
implementations. At query time, the same identical LSH hash function described in
connection with Fig. 2 is applied to a multi-dimensional search query point 924, to determine
L vectors 928, one for each of the L hash tables in the collection 340. The resulting search of
a given hash table may identify a bucket 360 that contains a corresponding set of candidate
matches, which is also referred to herein as a "bucket 950." Fig. 9 also illustrates merging of
the buckets 950 derived from searches of multiple hash tables into a merged bucket 960 of
candidate results. The merged candidate results 960 may further be searched (using a
straightforward exhaustive search, as an example) based on distance to determine the closest

matches.

[0051] The search may involve the evaluation of the query point 924 at different distances
search distances Rg, Rj, Ry, and so forth. Thus, multiple searches may be performed, each at
a different search distance R. The parameter L is selected so that if the set of high-
dimensional points that are indexed contains any point within distance R of the query point,

then the point is retrieved with a relatively high probability.

[0052] To summarize, in accordance with example implementations, a technique 1000 (see
Fig. 10) to process a query for similarity matches in a dataset to a given multidimensional
point includes, in response to the query, performing multi-threaded searching of partitions of
the dataset for a plurality of search distances, pursuant to block 1002. The technique
includes, pursuant to block 1006, using a shared priority queue for the multi-threaded
searching, including, for each thread, selectively unlocking the shared priority queue and
updating the shared priority queue based on ongoing search results, and using the shared

priority queue to identify the query search results.

[0053] Other implementations are contemplated, which are within the scope of the
appended claims. For example, although locality-sensitive hashing is discussed herein, other
hashing-based techniques may be employed to identify candidate similarity matches, in
accordance with further implementations. For example, in accordance with further example

implementations, angular hashing may be used.
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[0054] While the present techniques have been described with respect to a number of
embodiments, it will be appreciated that numerous modifications and variations may be
applicable therefrom. It is intended that the appended claims cover all such modifications

and variations as fall within the scope of the present techniques.
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WHAT IS CLAIMED IS:

1. A method comprising:

performing multi-threaded processing of a hash-based index to identify data points
from a plurality of data points which are candidates for similarity matches for a query;

representing the plurality of data points by a plurality of associated binary indicators,
wherein each binary indicator of the plurality of indicators represents whether an associated
data point of the plurality of data points is one of the candidates;

selectively retrieving values for the data points that are candidates based at least in
part on the plurality of binary indicators; and

processing the retrieved values to evaluate the candidates to determine a result for the

query.

2. The method of claim 1, wherein representing the plurality of data points as a plurality
of associated binary indicators comprises representing the plurality of data points as a block

of bit vectors.

3. The method of claim 2, further comprising scanning the block of bit vectors,
comprising reading a subset of the bit vectors, and selectively bypassing retrieval of values
for data points corresponding to the subset based at least in part on whether the bits of the

subset are the same.

4. The method of claim 2, wherein the retrieving of values for the data points comprises

using different threads to scan different portions of the block of bit vectors.

5. A system comprising:

a multi-core machine comprising a plurality of processing threads partitioned to
search partitions of a dataset in response to a query for similarity matches in the dataset to a
given multidimensional point;

a priority queue; and
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a coordinator to select a group of the processing threads to process a query;
wherein processing threads of the selected group of processing threads:
perform searching in partitions of a dataset to identify candidate similarity
matches to a given multidimensional point using indices constructed from multidimensional
points of the partitions;
evaluate results of the searching; and
selectively update the priority queue based on the evaluation of the ongoing

results.

6. The system of claim 5, wherein the processing threads of the selected group of
processing threads comprise threads executing on a Non-Uniform Memory Access
Architecture (NUMA) node, and the priority queue is stored in a local memory of the NUMA

node.

7. The system of claim 5, wherein the processing threads of the selected group of
processing threads perform the searching before the evaluating results of the searching and all
of the processing threads complete searching before any of the processing threads of the

selected group of processing threads begins evaluating results of the searching.

8. The system of claim 5, wherein the processing threads of the selected group of
processing threads perform evaluating results of the searching while concurrently selectively

updating the priority queue.

9. The system of claim 5, wherein the processing threads use locality-sensitive hashes to

identify the candidate similarity matches to the given multidimensional point.

10.  An article comprising a non-transitory computer readable storage medium to store
instructions that when executed by a processor-based machine cause the processor-based

machine to:
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in response to a query for similarity matches in a dataset to a given multidimensional
point, perform multi-threaded searching of partitions of the dataset for a plurality of search
distances; and
use a priority queue for the multi-threaded searching, comprising:
storing ongoing results of the searching in a priority queue shared by a
plurality of threads involved in the searching;
updating a ranking of the results as results are stored in priority queue; and

using the shared priority queue to identify query search results.

11.  The article of claim 10, the storage medium storing instructions that when executed
by the processor-based machine causes the processor-based machine to identify a predefined

number of highest ranked search results.

12.  The article of claim 10, the storage medium storing instructions that when executed
by the processor-based machine cause the processor-based machine to, for given thread of the
plurality of threads, selectively unlock the priority queue and update the priority queue while

the queue is unlocked.

13.  The article of claim 10, the storage medium storing instructions that when executed
by the processor-based machine causes the processor-based machine to use locality-sensitive

hashes to perform the multi-threaded searching.

14.  The article of claim 10, the storage medium storing instructions that when executed
by the processor-based machine causes the processor-based machine to:

use hash computation to look up indicess to identify candidates for similarity matches
to the given multidimensional point;

evaluate the candidates; and

selectively update the priority queue based on the evaluation.
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15.  The article of claim 10, the storage medium storing instructions that when executed
by the processor-based machine causes the processor-based machine to determine Euclidean
distances between the candidates and the multidimensional point and evaluate the candidates

based at least in part on the distances.
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