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Similarity search: typical applications

12.10.2018

Medicine:
search for heart attack patterns

Entomology:
studying behavior of insects
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Pattern 
of heart attack

ECG

EPG
Behavior 
pattern
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Subsequence similarity search
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Sliding window of length 𝑛 Number of subsequences
𝑁 = 𝑚 − 𝑛 + 1

∃ 𝑖 > 1 ∀ 𝑗 < 𝑁 𝐷𝑇𝑊 𝑄, 𝑇𝑖,𝑛 < 𝐷𝑇𝑊(𝑄, 𝑇𝑗,𝑛)

𝒎
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Subsequence similarity search
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Sliding window of length 𝑛

∃ 𝑖 > 1 ∀ 𝑗 < 𝑁 𝐷𝑇𝑊 𝑄, 𝑇𝑖,𝑛 < 𝐷𝑇𝑊(𝑄, 𝑇𝑗,𝑛)

𝒎

Number of subsequences
𝑁 = 𝑚 − 𝑛 + 1
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Subsequence similarity search
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Sliding window of length 𝑛

𝒎

∃ 𝑖 > 1 ∀ 𝑗 < 𝑁 𝐷𝑇𝑊 𝑄, 𝑇𝑖,𝑛 < 𝐷𝑇𝑊(𝑄, 𝑇𝑗,𝑛)

Number of subsequences
𝑁 = 𝑚 − 𝑛 + 1
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Dynamic Time Warping measure
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Warping path
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Dynamic Time Warping measure
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𝒓

𝒓

Warping constraint (Sako–Chiba band)
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UCR-DTW: serial similarity search
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• Z-normalization

– The mean and standard deviation of query and each 
candidate subsequence must be normalized 0 and 1, 
respectively

– Ƹ𝑡𝑖 =
𝑡𝑖−𝜇

𝜎
,     𝜇 =

1

𝑚
σ𝑖=1

𝑚 𝑡𝑖,      𝜎 =
1

𝑚
σ𝑖=1

𝑚 𝑡2
𝑖 − 𝜇2

• Lower bounding

– Cascade of cheap-to-compute lower bounds (LB) 
helps to prune clearly dissimilar candidates

– If LB has exceeded the threshold, the DTW measure will 
exceed the threshold as well 
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Lower bounding

Lower Bound
Comp
lexity

𝐿𝐵𝐾𝑖𝑚 𝑄, 𝐶 = 𝑞1 − 𝑐1
2 + 𝑞𝑛 − 𝑐𝑛

2 𝑂 1
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𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝐶 𝑄, 𝐶 = 

𝑖=1

𝑛

൞
𝑐𝑖 − 𝑢𝑖

2, 𝑐𝑖 > 𝑢𝑖

𝑐𝑖 − ℓ𝑖
2, 𝑐𝑖 < ℓ𝑖

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑢𝑖 = 𝑚𝑎𝑥
𝑖−𝑟≤𝑘≤𝑖+𝑟

𝑞𝑘

ℓ𝑖 = 𝑚𝑖𝑛
𝑖−𝑟≤𝑘≤𝑖+𝑟

𝑞𝑘
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𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝐶 𝑄, 𝐶 = 

𝑖=1

𝑛

൞
𝑐𝑖 − 𝑢𝑖

2, 𝑐𝑖 > 𝑢𝑖

𝑐𝑖 − ℓ𝑖
2, 𝑐𝑖 < ℓ𝑖

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑢𝑖 = 𝑚𝑎𝑥
𝑖−𝑟≤𝑘≤𝑖+𝑟

𝑞𝑘

ℓ𝑖 = 𝑚𝑖𝑛
𝑖−𝑟≤𝑘≤𝑖+𝑟

𝑞𝑘

𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝑄 𝑄, 𝐶 = 𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝐶 𝐶, 𝑄
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Lower bounding

Lower Bound
Compl
exity
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Intel Xeon Phi many-core systems
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• Up to 72 compute cores, each core provides

– relatively weak computing power than the Intel 
Xeon CPU core 

–512-bit wide vector processing unit (VPU) and 
SIMD instructions 

• Based on x86 architecture
and supports IDE and 
programming models 
for Intel CPUs
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PhiBestMatch: novel algorithm for Intel MIC
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Align 
subsequences

Z-normalize 
subsequences

Compute LBs
for subsequences

…

Z-normalize 
subsequences

Compute LBs
for subsequences

Collect promising 
subsequences as matrix

Compute best-so-far 
by DTW

…

Find minimum
among all best-so-far

Compute best-so-far 
by DTW

Prune dissimilar
subsequences by LBs

Prune dissimilar
subsequences by LBs

…

[No promising
subsequences]
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Subsequence matrix
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𝑇 ∈ ℝ𝑚

𝑄 ∈ ℝ𝑛

𝑺 ∈ ℝ𝑁×(𝑛+𝑝𝑎𝑑)

𝑁

𝑄 ∈ ℝ𝑛+𝑝𝑎𝑑

Data alignment: (𝑛 + 𝑝𝑎𝑑) ⋮ 𝑤𝑖𝑑𝑡ℎ𝑉𝑃𝑈

𝑝𝑎𝑑𝑛
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Matrix of Lower Bounds
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𝑳𝑩 ∈ ℝ𝑁×𝑙𝑏𝑚𝑎𝑥

𝑁

𝑙𝑏𝑚𝑎𝑥

𝐿𝐵𝐾𝑖𝑚𝐹𝐿 𝑄, 𝑺𝑖 𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝐶 𝑄, 𝑺𝑖 𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝑄 𝑺𝑖 , 𝑄

𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝐶

𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝐶

𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝐶

𝐿𝐵𝐾𝑖𝑚𝐹𝐿 𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝑄

𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝑄

𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝑄

𝐿𝐵𝐾𝑖𝑚𝐹𝐿

𝐿𝐵𝐾𝑖𝑚𝐹𝐿

Parallelizable 

Auto-vectorizable
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Bitmap matrix
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𝑩𝑴 ∈ ℝ𝑁×𝑙𝑏𝑚𝑎𝑥

𝐿𝐵𝐾𝑖𝑚𝐹𝐿 𝑄, 𝑺𝑖 < 𝑏𝑠𝑓 𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝐶 𝑄, 𝑺𝑖 < 𝑏𝑠𝑓 𝐿𝐵𝐾𝑒𝑜𝑔ℎ𝐸𝑄 𝑺𝑖 , 𝑄 < 𝑏𝑠𝑓

𝑳𝑩 ∈ ℝ𝑁×𝑙𝑏𝑚𝑎𝑥
Parallelizable 

Auto-vectorizable
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Pruning clearly dissimilar candidates
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Parallelizable 

Auto-vectorizable

𝑺 ∈ ℝ𝑁×(𝑛+𝑝𝑎𝑑)
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Matrix of promising candidates
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Balancing of threads load:
𝒑 ≪ 𝑚 is number of threads
𝒌 is parameter (e.g. 10, 100, 1 000, …)

𝑺 ∈ ℝ𝑁×(𝑛+𝑝𝑎𝑑) 𝑪 ∈ ℝ(𝑘∙𝑝)×(𝑛+𝑝𝑎𝑑)

Segment 
of 𝒌

candidates

Matrix
of 𝒑

segments

Serial 
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Computing best-so-far
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𝑪 ∈ ℝ(𝑘∙𝑝)×(𝑛+𝑝𝑎𝑑)

𝑏𝑠𝑓1 ← 𝐷𝑇𝑊(𝐶1, 𝑄)

𝑏𝑠𝑓2 ← 𝐷𝑇𝑊(𝐶2, 𝑄)

𝑏𝑠𝑓𝑘∙𝑝 ← 𝐷𝑇𝑊(𝐶𝑘∙𝑝, 𝑄)

Parallelizable 

Not auto-vectorizable

𝑏𝑠𝑓 ← 𝑚𝑖𝑛 𝑏𝑠𝑓𝑝𝑟𝑒𝑣, 𝑚𝑖𝑛
1≤𝑖≤𝑘∙𝑝

𝑏𝑠𝑓𝑖

Partly auto-vectorizable 
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Computing DTW

12.10.2018An Efficient Subsequence Similarity Search on Modern Intel MIC Processors for Data Intensive Applications

Not auto-vectorizable 

but could be rewritten
with auto-vectorizable part 
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Computing DTW
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Not auto-vectorizable part 

Auto-vectorizable part 
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Experiments
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• Hardware

• Datasets
– Random walk (synthetic): |𝑇|=106

– EPG (entomology): |𝑇|=2.5*105

• Measures
– Performance, sec.
– Speedup,

– Parallel efficiency,

𝑠 𝑝 = ൗ
𝑡1

𝑡𝑝

𝑒 𝑝 = ൗ𝑠(𝑝)
𝑝

Device
Feature

2×Intel Xeon
X5680

Intel Xeon Phi
SE10X

# of physical cores 2×6 61

Hyper threading factor 2 4

# of logical cores 24 244

Frequency, GHz 3.33 1.1

Peak performance, TFLOPS 0.371 1.076
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Performance: Random Walk dataset
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|𝑸|=128 (as a fraction of |𝑸|)
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Performance: EPG dataset
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|𝑸|=368
(as a fraction of |𝑸|)
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Performance: impact of query length
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EPG dataset
𝒓=1.0
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Scalability: Random Walk dataset
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𝒓 denotes a fraction of |𝑸|
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Scalability: EPG dataset
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r denotes a fraction of |Q|
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Further work: cluster version
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|𝑄|

Node 𝟏 … Node 𝑷Node 𝟐

|𝑄|-1 |𝑄| -1

bsf  Reduce (min) bsf  Reduce (min) bsf  Reduce (min)



Conclusions
• We have proposed a novel parallel algorithm for 

subsequence similarity search for Intel many-core systems

• We have conducted experiments on synthetic and real data 
that show good scalability of our algorithm

Thank you for paying attention! Questions?

Mikhail Zymbler

mzym@susu.ru
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