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FM-Index

Data structures
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Algorithm: Backward Search Based on FM-index

Input: FM-index of T text (C & Occ), Q query, n:|T|, p:|Q|

Ouput: (sp,ep): Interval pointers of Q in T

     begin

1:  sp = C[Q[p]]

2:  ep = C[Q[p]+1]

3:  for i from p-1 to 1 step -1

4:     sp = LF(Q[i],sp)

5:     ep = LF(Q[i],ep)

6:  end for

7:  return (sp+1,ep)

     end

2 LFop-chains
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Structures with Applications” (2000)



FM-Index Search Algorithm Hardware resources Results Conclusions

Outline

1 FM-Index Search Algorithm
Sampled FM-Index
K-Step FM-Index
Bit-Vector FM-Index

2 Hardware resources

3 Results
RANDOM Benchmark
Throughput results

4 Conclusions



FM-Index Search Algorithm Hardware resources Results Conclusions

K-Step FM-Index

Searching several
symbols per

iteration

Increased
memory
footprint

Reduced
number of LF
operations

C
1 4=X

A C G T

2-C
1

AA AC AG AT CA CC TTGT

1

1 2 3

1

4=X

rOcc
A

C

G

T

16=X2

1 2 3

2-rOcc
AA

AC

AG

AT

CA

CC

TT

1 2 3 n+1

1

2

3

n+1

M

BWT

G C

T C

A A

A G

G T

1

2

3

n+1

GC

TC

AA

AG

GT

2-BWT

From Chacon et al. (2015)



FM-Index Search Algorithm Hardware resources Results Conclusions

FM-Index Comparison

K1-3
2S

FM

K1-1
92

SFM

K1-4
48

SFM

K2-1
6S

FM

K2-1
28

SFM

K2-2
56

SFM

Implementation

10.0

12.5

15.0

17.5

20.0

22.5

25.0

27.5

30.0

SI
 (L

FM
s/

K
B

yt
e)

0.0 0.0 0.0

26.7
28.4

20.8

27.6 28.4

15.9

0.0 0.0 0.0



FM-Index Search Algorithm Hardware resources Results Conclusions

Outline

1 FM-Index Search Algorithm
Sampled FM-Index
K-Step FM-Index
Bit-Vector FM-Index

2 Hardware resources

3 Results
RANDOM Benchmark
Throughput results

4 Conclusions



FM-Index Search Algorithm Hardware resources Results Conclusions

Bit-Vector FM-Index

1 Q{i} X 1 d

SFM row

m%d

F A R R A M S M…………C A F L G A O M D

1 1 d

bvSFM row

m%d

1 0 0 0 0 0 0 0……0 0 1 0 0 0 0 0 0

(m-1)/d +1

F A R M S D

F

Q{i} 1 dm%d

0 0 0 0 0 1 0 1……0 0 0 0 0 0 0 1 0

M

X 1 dm%d

0 0 0 0 0 0 0 0……0 0 0 0 0 0 0 0 1

D



FM-Index Search Algorithm Hardware resources Results Conclusions

Bit-Vector FM-Index

Advantages

Reduced data movement

Reduced computing requirements
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Hardware Resources

Xeon Phi 7210 Xeon E5-2630V4
(KNL) (Broadwell)

64 cores @ 1.3 GHz 10 cores @ 2.2 GHz
4 threads per core 2 threads per core

400 GB/s (MCDRAM) 68 GB/s (DDR4)

Intel Xeon Phi

AVX 512 Vectorial
Processing Units

High Bandwidth Memory
(HBM)

Cache / Hybrid / Flat
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Results
Xeon Broadwell RANDOM Benchmark
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Results
Xeon Phi KNL RANDOM Benchmark
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Results
Experimental Setup

Human Genome (Around 3GBases).

20 million input queries generated by Mason.

200 symbols per Sequence.

Measurements started after loading the sequences into main
memory.

LFM/s as performance evaluation metric
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Results
Roofline (Broadwell)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Search Intensity (LFM/Byte)

0

2

4

6

8

10

G
LF

M
/s

STREAM Peak
 Bandwidth

RANDOM Peak Bandwidth

Peak LF Performance (8 GLFM/s)

Previous CPU Performance (0.5 GLFM/s)

Previous GPU Performance (3.8 GLFM/s)

Tesla P100 NVBIO Match (2.7 GLFM/s)

K2-16SFM (1.23 GLFM/s)
K2-64bvSFM (1.97 GLFM/s)



FM-Index Search Algorithm Hardware resources Results Conclusions

Results
Roofline (Knights Landing)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Search Intensity (LFM/Byte)

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

G
LF

M
/s

ST
RE

A
M

 P
ea

k 
Ba

nd
w

id
th

RANDOM
 Pe

ak
 B

an
dw

idt
h

Peak LF Performance (15.10 GLFM/s)

Previous CPU Performance (0.5 GLFM/s)

Previous GPU Performance (3.8 GLFM/s)
Tesla P100 NVBIO Match (2.7 GLFM/s)

K2-16SFM (5.1G GLFM/s)
K2-64bvSFM (11.6 GLFM/s)



FM-Index Search Algorithm Hardware resources Results Conclusions

Outline

1 FM-Index Search Algorithm
Sampled FM-Index
K-Step FM-Index
Bit-Vector FM-Index

2 Hardware resources

3 Results
RANDOM Benchmark
Throughput results

4 Conclusions



FM-Index Search Algorithm Hardware resources Results Conclusions

Conclusions

Reduced data movement

Efficiently used memory bandwidth

Great performance improvement

Up to 11.7 G LFM/s
3x faster than previous GPU versions
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