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Background: DNA Sequencing
• Bioinformatics

- computers + biological data (NIH)

• more narrowly…
- analysis of biomolecules

• their make-up, structure, and function
• proteins, DNA, RNA, etc.

• “Applications”
- Food safety
- Plant health
- Animal health
- Cancer research

104
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We decided to show two processes stimulated by VEGF: remodel-
ing of cellular adhesion sites and the actin cytoskeleton and expres-
sion of genes. . Fig.  14.5  includes two details from the painting. In 
spite of the complexity of this image, it only captures a few small 
aspects of VEGF signaling.

   Th ere is nothing quite like the study of signaling networks to 
convince us of the random process of evolution and its eff ectiveness 
as a design process. When looking at enzymes like lysozyme or 
trypsin, I see the cell as a fi nely honed machine, with every protein 
optimized over millennia for perfect function. When looking at cell 
signaling networks, however, I see the cell as an old jury-rigged 
automobile, barely held together with bailing wire and duct tape. I 
can just imagine generation aft er generation of changes, randomly 
adding a new kinase here or a backup phosphatase there, slowly 
tuning the fl ow of information. As a result, our cells are fi lled with 
thousands of receptors, kinases, phosphatases, and transcription 
factors and a host of other signaling proteins that together decide 
how to respond to our world minute by minute and year aft er year.   

 .   Fig. 14.4    Enhanceosome. This illustration of an enhanceosome is cobbled 
together from several diff erent structures, each determining a portion of the 
whole assembly. Missing pieces are shown schematically with  circles  (PDB 
entries 1t2k, 2pi0, 2o6g, 2o61, 1qwt)       

 

 Chapter 14 · Cellular Signaling Networks

[Goodsell’16,©Springer]
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Background: DNA Sequencing Pipeline

wet lab

1. DNA Isolation

2. DNA fragmentation

3. DNA (chemical) amplification

ACCTGTCGT
CGCACATAA
TCTAGTCTA

GCAAAAATC
AGTGCAACC
GCCTAATGC

TCAAAACGG
CCAATTTAC
TCTCCCGAG

CAAATGCGC
CTAGATTAC
CTGTGTCAT

ACGGACGGT
CCTTGAGAA
TTTCCGCAC

5. Basecalling

6. Alignment

7. Sorting, 8. De-duplication, 
9. Local align, 10. Quality score adjustment
11. Variant calling

computers

sequencing
machines

4. DNA-to-signal transduction
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3rd Gen. Nanopore DNA Sequencing
• Miniaturization led by nanopore technology

• A little review:
• nanopore: small hole ~ 2 nanometers
• immerse in conductive fluid
• apply DC voltage à get DC current

V

time
Idc
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3rd Gen. Nanopore DNA Sequencing

time
Idc

• Miniaturization led by nanopore technology

• A little review:
• As DNA goes through, DC current is modulated
• Modulations proportional to DNA bases going through pore
• Convert modulation to bases: BASECALLING

Nanopore Basecalling

V

C T C A C C G A T C

time
Idc
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0.1 kg
5 W
$1,000
~0.13 genomes/hr

Mobile DNA Sequencing Market Trends

220 kg
1,500 W
$1,000,000
~10 genomes/hr

[© Illumina, Inc]

[© Oxford Nanopore Tech]

[© Oxford Nanopore Tech]

ML signal-to-text

conversion

Ubiquitous 
sequencing
vision

2015

Under development

Since 2005 

AMP

FILT

ADC
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Acceleration of HMM Basecalling: 
Background  

• Ideally: 4 levels mapped to A,C,G, or T

• Really: More than one base in pore at a time
- k ≈ 3-6 bases
- k-mer

• 3-mer
• 4-mer
• 5-mer
• 6-mer

BASECALLER AGCTAGCAT4-levels

k-mer
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Acceleration of HMM Basecalling: 
Background 

¡ Transition model
¡ step

¡ stay

¡ skip

¡ Emission Model
AAAC

AACA AACC
AACG

AACT

AAAC

ACAC
ACTT

ACAA

…

• Basecallers need…

• …model of how signal is 
generated
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Acceleration of HMM Basecalling: 
Background 
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Acceleration of HMM Basecalling: 
Test Setup

Intel Xeon E5-2620 

start

end

basecaller.cpp

Xilinx VC707 Evaluation board

Virtex-7 FPGA

PCIe 2.0 Endpoint

xi
<latexit sha1_base64="96Omxy49SPGED3hOl6/e89unjWM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Tn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teneXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP2CQjdg=</latexit><latexit sha1_base64="96Omxy49SPGED3hOl6/e89unjWM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Tn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teneXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP2CQjdg=</latexit><latexit sha1_base64="96Omxy49SPGED3hOl6/e89unjWM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Tn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teneXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP2CQjdg=</latexit><latexit sha1_base64="96Omxy49SPGED3hOl6/e89unjWM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Tn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teneXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP2CQjdg=</latexit>
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<latexit sha1_base64="q14rKjCEo1JS6K70snL3iupsW5A=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoYqWRARdFt24kgr2AU0Mk+m0HTt5MDMRSsjGX3HjQhG3foY7/8Zpm4VaD1w4nHMv997jx5xJZVlfRmFufmFxqbhcWlldW98wN7eaMkoEoQ0S8Ui0fSwpZyFtKKY4bceC4sDntOUPL8d+64EKyaLwVo1i6ga4H7IeI1hpyTN3HJ8q7LHK/cERcmLmpdfHdnZ36Jllq2pNgGaJnZMy5Kh75qfTjUgS0FARjqXs2Fas3BQLxQinWclJJI0xGeI+7Wga4oBKN508kKF9rXRRLxK6QoUm6s+JFAdSjgJfdwZYDeRfbyz+53US1Tt3UxbGiaIhmS7qJRypCI3TQF0mKFF8pAkmgulbERlggYnSmZV0CPbfl2dJ86RqW1X75rRcu8jjKMIu7EEFbDiDGlxBHRpAIIMneIFX49F4Nt6M92lrwchntuEXjI9vliWVGA==</latexit><latexit sha1_base64="q14rKjCEo1JS6K70snL3iupsW5A=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoYqWRARdFt24kgr2AU0Mk+m0HTt5MDMRSsjGX3HjQhG3foY7/8Zpm4VaD1w4nHMv997jx5xJZVlfRmFufmFxqbhcWlldW98wN7eaMkoEoQ0S8Ui0fSwpZyFtKKY4bceC4sDntOUPL8d+64EKyaLwVo1i6ga4H7IeI1hpyTN3HJ8q7LHK/cERcmLmpdfHdnZ36Jllq2pNgGaJnZMy5Kh75qfTjUgS0FARjqXs2Fas3BQLxQinWclJJI0xGeI+7Wga4oBKN508kKF9rXRRLxK6QoUm6s+JFAdSjgJfdwZYDeRfbyz+53US1Tt3UxbGiaIhmS7qJRypCI3TQF0mKFF8pAkmgulbERlggYnSmZV0CPbfl2dJ86RqW1X75rRcu8jjKMIu7EEFbDiDGlxBHRpAIIMneIFX49F4Nt6M92lrwchntuEXjI9vliWVGA==</latexit><latexit sha1_base64="q14rKjCEo1JS6K70snL3iupsW5A=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoYqWRARdFt24kgr2AU0Mk+m0HTt5MDMRSsjGX3HjQhG3foY7/8Zpm4VaD1w4nHMv997jx5xJZVlfRmFufmFxqbhcWlldW98wN7eaMkoEoQ0S8Ui0fSwpZyFtKKY4bceC4sDntOUPL8d+64EKyaLwVo1i6ga4H7IeI1hpyTN3HJ8q7LHK/cERcmLmpdfHdnZ36Jllq2pNgGaJnZMy5Kh75qfTjUgS0FARjqXs2Fas3BQLxQinWclJJI0xGeI+7Wga4oBKN508kKF9rXRRLxK6QoUm6s+JFAdSjgJfdwZYDeRfbyz+53US1Tt3UxbGiaIhmS7qJRypCI3TQF0mKFF8pAkmgulbERlggYnSmZV0CPbfl2dJ86RqW1X75rRcu8jjKMIu7EEFbDiDGlxBHRpAIIMneIFX49F4Nt6M92lrwchntuEXjI9vliWVGA==</latexit><latexit sha1_base64="q14rKjCEo1JS6K70snL3iupsW5A=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoYqWRARdFt24kgr2AU0Mk+m0HTt5MDMRSsjGX3HjQhG3foY7/8Zpm4VaD1w4nHMv997jx5xJZVlfRmFufmFxqbhcWlldW98wN7eaMkoEoQ0S8Ui0fSwpZyFtKKY4bceC4sDntOUPL8d+64EKyaLwVo1i6ga4H7IeI1hpyTN3HJ8q7LHK/cERcmLmpdfHdnZ36Jllq2pNgGaJnZMy5Kh75qfTjUgS0FARjqXs2Fas3BQLxQinWclJJI0xGeI+7Wga4oBKN508kKF9rXRRLxK6QoUm6s+JFAdSjgJfdwZYDeRfbyz+53US1Tt3UxbGiaIhmS7qJRypCI3TQF0mKFF8pAkmgulbERlggYnSmZV0CPbfl2dJ86RqW1X75rRcu8jjKMIu7EEFbDiDGlxBHRpAIIMneIFX49F4Nt6M92lrwchntuEXjI9vliWVGA==</latexit>

4k

N

12-core
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Acceleration of HMM Basecalling: 
3-mer Architecture

RIFFA LibraryRIFFA Driver

User Application
(Basecaller’s main C-program)

Main Memory

Memory Controller

PCIe Controller

Host CPU

PCIe 3.3 IP 
RIFFA 2.2.2 IP

Proposed
Acceleration 

Engine

Virtex-7 FPGA

xi
<latexit sha1_base64="HYbfjgGaRCmI8j+M0Errr+OmJEA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2lM120i7dbMLuRiyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LBjBP0IzqQPOSMGivdP/V4r1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvkZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBh3o3c</latexit>
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<latexit sha1_base64="bwRFL6dxS94Zykon+OxSdr4/z+g=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoYqWRARdFt24kgr2AU0Mk+m0HTt5MDMRSsjGX3HjQhG3foY7/8Zpm4VaD1w4nHMv997jx5xJZVlfRmFufmFxqbhcWlldW98wN7eaMkoEoQ0S8Ui0fSwpZyFtKKY4bceC4sDntOUPL8d+64EKyaLwVo1i6ga4H7IeI1hpyTN3HJ8q7LHK/cERcmJ2d+il18d25pllq2pNgGaJnZMy5Kh75qfTjUgS0FARjqXs2Fas3BQLxQinWclJJI0xGeI+7Wga4oBKN508kKF9rXRRLxK6QoUm6s+JFAdSjgJfdwZYDeRfbyz+53US1Tt3UxbGiaIhmS7qJRypCI3TQF0mKFF8pAkmgulbERlggYnSmZV0CPbfl2dJ86RqW1X75rRcu8jjKMIu7EEFbDiDGlxBHRpAIIMneIFX49F4Nt6M92lrwchntuEXjI9vlU+VGA==</latexit><latexit sha1_base64="bwRFL6dxS94Zykon+OxSdr4/z+g=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoYqWRARdFt24kgr2AU0Mk+m0HTt5MDMRSsjGX3HjQhG3foY7/8Zpm4VaD1w4nHMv997jx5xJZVlfRmFufmFxqbhcWlldW98wN7eaMkoEoQ0S8Ui0fSwpZyFtKKY4bceC4sDntOUPL8d+64EKyaLwVo1i6ga4H7IeI1hpyTN3HJ8q7LHK/cERcmJ2d+il18d25pllq2pNgGaJnZMy5Kh75qfTjUgS0FARjqXs2Fas3BQLxQinWclJJI0xGeI+7Wga4oBKN508kKF9rXRRLxK6QoUm6s+JFAdSjgJfdwZYDeRfbyz+53US1Tt3UxbGiaIhmS7qJRypCI3TQF0mKFF8pAkmgulbERlggYnSmZV0CPbfl2dJ86RqW1X75rRcu8jjKMIu7EEFbDiDGlxBHRpAIIMneIFX49F4Nt6M92lrwchntuEXjI9vlU+VGA==</latexit><latexit sha1_base64="bwRFL6dxS94Zykon+OxSdr4/z+g=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoYqWRARdFt24kgr2AU0Mk+m0HTt5MDMRSsjGX3HjQhG3foY7/8Zpm4VaD1w4nHMv997jx5xJZVlfRmFufmFxqbhcWlldW98wN7eaMkoEoQ0S8Ui0fSwpZyFtKKY4bceC4sDntOUPL8d+64EKyaLwVo1i6ga4H7IeI1hpyTN3HJ8q7LHK/cERcmJ2d+il18d25pllq2pNgGaJnZMy5Kh75qfTjUgS0FARjqXs2Fas3BQLxQinWclJJI0xGeI+7Wga4oBKN508kKF9rXRRLxK6QoUm6s+JFAdSjgJfdwZYDeRfbyz+53US1Tt3UxbGiaIhmS7qJRypCI3TQF0mKFF8pAkmgulbERlggYnSmZV0CPbfl2dJ86RqW1X75rRcu8jjKMIu7EEFbDiDGlxBHRpAIIMneIFX49F4Nt6M92lrwchntuEXjI9vlU+VGA==</latexit><latexit sha1_base64="bwRFL6dxS94Zykon+OxSdr4/z+g=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoYqWRARdFt24kgr2AU0Mk+m0HTt5MDMRSsjGX3HjQhG3foY7/8Zpm4VaD1w4nHMv997jx5xJZVlfRmFufmFxqbhcWlldW98wN7eaMkoEoQ0S8Ui0fSwpZyFtKKY4bceC4sDntOUPL8d+64EKyaLwVo1i6ga4H7IeI1hpyTN3HJ8q7LHK/cERcmJ2d+il18d25pllq2pNgGaJnZMy5Kh75qfTjUgS0FARjqXs2Fas3BQLxQinWclJJI0xGeI+7Wga4oBKN508kKF9rXRRLxK6QoUm6s+JFAdSjgJfdwZYDeRfbyz+53US1Tt3UxbGiaIhmS7qJRypCI3TQF0mKFF8pAkmgulbERlggYnSmZV0CPbfl2dJ86RqW1X75rRcu8jjKMIu7EEFbDiDGlxBHRpAIIMneIFX49F4Nt6M92lrwchntuEXjI9vlU+VGA==</latexit>

PCIe Connector64-statesTrellis

Traceback
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Acceleration of HMM Basecalling: 
3-mer Architecture

Emission 
Calculator [0:63]

Transition Calculator [0:63] 

Memory Mapper

Minimum

Controller
Rx_Vld Tx_Rdy

from CPU Memory to CPU Memory BC 

Datapath

xi
<latexit sha1_base64="HYbfjgGaRCmI8j+M0Errr+OmJEA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2lM120i7dbMLuRiyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LBjBP0IzqQPOSMGivdP/V4r1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvkZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBh3o3c</latexit>

�i(j)
<latexit sha1_base64="eYCCEw0nr3flVLglYlraHwhyQfc=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt2swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbG6x3HC/YgOlAgFo2ilh27AkfZE5fGsVyq7VXcGsky8nJQhR71X+ur2Y5ZGXCGT1JiO5yboZ1SjYJJPit3U8ISyER3wjqWKRtz42eziCTm1Sp+EsbalkMzU3xMZjYwZR4HtjCgOzaI3Ff/zOimGV34mVJIiV2y+KEwlwZhM3yd9oTlDObaEMi3srYQNqaYMbUhFG4K3+PIyaZ5XPbfq3V2Ua9d5HAU4hhOogAeXUINbqEMDGCh4hld4c4zz4rw7H/PWFSefOYI/cD5/ANSIkFk=</latexit><latexit sha1_base64="eYCCEw0nr3flVLglYlraHwhyQfc=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt2swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbG6x3HC/YgOlAgFo2ilh27AkfZE5fGsVyq7VXcGsky8nJQhR71X+ur2Y5ZGXCGT1JiO5yboZ1SjYJJPit3U8ISyER3wjqWKRtz42eziCTm1Sp+EsbalkMzU3xMZjYwZR4HtjCgOzaI3Ff/zOimGV34mVJIiV2y+KEwlwZhM3yd9oTlDObaEMi3srYQNqaYMbUhFG4K3+PIyaZ5XPbfq3V2Ua9d5HAU4hhOogAeXUINbqEMDGCh4hld4c4zz4rw7H/PWFSefOYI/cD5/ANSIkFk=</latexit><latexit sha1_base64="eYCCEw0nr3flVLglYlraHwhyQfc=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt2swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbG6x3HC/YgOlAgFo2ilh27AkfZE5fGsVyq7VXcGsky8nJQhR71X+ur2Y5ZGXCGT1JiO5yboZ1SjYJJPit3U8ISyER3wjqWKRtz42eziCTm1Sp+EsbalkMzU3xMZjYwZR4HtjCgOzaI3Ff/zOimGV34mVJIiV2y+KEwlwZhM3yd9oTlDObaEMi3srYQNqaYMbUhFG4K3+PIyaZ5XPbfq3V2Ua9d5HAU4hhOogAeXUINbqEMDGCh4hld4c4zz4rw7H/PWFSefOYI/cD5/ANSIkFk=</latexit><latexit sha1_base64="eYCCEw0nr3flVLglYlraHwhyQfc=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt2swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbG6x3HC/YgOlAgFo2ilh27AkfZE5fGsVyq7VXcGsky8nJQhR71X+ur2Y5ZGXCGT1JiO5yboZ1SjYJJPit3U8ISyER3wjqWKRtz42eziCTm1Sp+EsbalkMzU3xMZjYwZR4HtjCgOzaI3Ff/zOimGV34mVJIiV2y+KEwlwZhM3yd9oTlDObaEMi3srYQNqaYMbUhFG4K3+PIyaZ5XPbfq3V2Ua9d5HAU4hhOogAeXUINbqEMDGCh4hld4c4zz4rw7H/PWFSefOYI/cD5/ANSIkFk=</latexit>

HMM 
Parameters

Memory � ln ⌧(⌫, j)
<latexit sha1_base64="yv6h60l9gS9OmixwCELFp0eDVuQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSxCBS2JCHosevFYwX5AE8pmu2lXN5uwO1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgkRwDY7zbRWWlldW14rrpY3Nre0du7zb0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB3cX0389gNTmsfyFkYJ8yMykDzklICRenb5BHtCYg9IWvVkenx31LMrTs2ZAi8SNycVlKPRs7+8fkzTiEmggmjddZ0E/Iwo4FSwcclLNUsIvScD1jVUkohpP5uePsaHRunjMFamJOCp+nsiI5HWoygwnRGBoZ73JuJ/XjeF8MLPuExSYJLOFoWpwBDjSQ64zxWjIEaGEKq4uRXTIVGEgkmrZEJw519eJK3TmuvU3JuzSv0yj6OI9tEBqiIXnaM6ukYN1EQUPaJn9IrerCfrxXq3PmatBSuf2UN/YH3+AF6VksQ=</latexit><latexit sha1_base64="yv6h60l9gS9OmixwCELFp0eDVuQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSxCBS2JCHosevFYwX5AE8pmu2lXN5uwO1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgkRwDY7zbRWWlldW14rrpY3Nre0du7zb0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB3cX0389gNTmsfyFkYJ8yMykDzklICRenb5BHtCYg9IWvVkenx31LMrTs2ZAi8SNycVlKPRs7+8fkzTiEmggmjddZ0E/Iwo4FSwcclLNUsIvScD1jVUkohpP5uePsaHRunjMFamJOCp+nsiI5HWoygwnRGBoZ73JuJ/XjeF8MLPuExSYJLOFoWpwBDjSQ64zxWjIEaGEKq4uRXTIVGEgkmrZEJw519eJK3TmuvU3JuzSv0yj6OI9tEBqiIXnaM6ukYN1EQUPaJn9IrerCfrxXq3PmatBSuf2UN/YH3+AF6VksQ=</latexit><latexit sha1_base64="yv6h60l9gS9OmixwCELFp0eDVuQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSxCBS2JCHosevFYwX5AE8pmu2lXN5uwO1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgkRwDY7zbRWWlldW14rrpY3Nre0du7zb0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB3cX0389gNTmsfyFkYJ8yMykDzklICRenb5BHtCYg9IWvVkenx31LMrTs2ZAi8SNycVlKPRs7+8fkzTiEmggmjddZ0E/Iwo4FSwcclLNUsIvScD1jVUkohpP5uePsaHRunjMFamJOCp+nsiI5HWoygwnRGBoZ73JuJ/XjeF8MLPuExSYJLOFoWpwBDjSQ64zxWjIEaGEKq4uRXTIVGEgkmrZEJw519eJK3TmuvU3JuzSv0yj6OI9tEBqiIXnaM6ukYN1EQUPaJn9IrerCfrxXq3PmatBSuf2UN/YH3+AF6VksQ=</latexit><latexit sha1_base64="yv6h60l9gS9OmixwCELFp0eDVuQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSxCBS2JCHosevFYwX5AE8pmu2lXN5uwO1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgkRwDY7zbRWWlldW14rrpY3Nre0du7zb0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB3cX0389gNTmsfyFkYJ8yMykDzklICRenb5BHtCYg9IWvVkenx31LMrTs2ZAi8SNycVlKPRs7+8fkzTiEmggmjddZ0E/Iwo4FSwcclLNUsIvScD1jVUkohpP5uePsaHRunjMFamJOCp+nsiI5HWoygwnRGBoZ73JuJ/XjeF8MLPuExSYJLOFoWpwBDjSQ64zxWjIEaGEKq4uRXTIVGEgkmrZEJw519eJK3TmuvU3JuzSv0yj6OI9tEBqiIXnaM6ukYN1EQUPaJn9IrerCfrxXq3PmatBSuf2UN/YH3+AF6VksQ=</latexit>

� ln↵i(j)
<latexit sha1_base64="JE8V/+s3TKlrD8fJvG+y/apq/aA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCPVgSEfRY9OKxgv2AJoTNdtOu3WzC7kYptT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1POlHacb6uwsrq2vlHcLG1t7+zu2eX9lkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD4fXUbz9QqVgi7vQopX6M+4JFjGBtpMAunyKPC+Rhng5wwKr3J4FdcWrODGiZuDmpQI5GYH95vYRkMRWacKxU13VS7Y+x1IxwOil5maIpJkPcp11DBY6p8sez0yfo2Cg9FCXSlNBopv6eGONYqVEcms4Y64Fa9Kbif14309GlP2YizTQVZL4oyjjSCZrmgHpMUqL5yBBMJDO3IjLAEhNt0iqZENzFl5dJ66zmOjX39rxSv8rjKMIhHEEVXLiAOtxAA5pA4BGe4RXerCfrxXq3PuatBSufOYA/sD5/AIU0kt0=</latexit><latexit sha1_base64="JE8V/+s3TKlrD8fJvG+y/apq/aA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCPVgSEfRY9OKxgv2AJoTNdtOu3WzC7kYptT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1POlHacb6uwsrq2vlHcLG1t7+zu2eX9lkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD4fXUbz9QqVgi7vQopX6M+4JFjGBtpMAunyKPC+Rhng5wwKr3J4FdcWrODGiZuDmpQI5GYH95vYRkMRWacKxU13VS7Y+x1IxwOil5maIpJkPcp11DBY6p8sez0yfo2Cg9FCXSlNBopv6eGONYqVEcms4Y64Fa9Kbif14309GlP2YizTQVZL4oyjjSCZrmgHpMUqL5yBBMJDO3IjLAEhNt0iqZENzFl5dJ66zmOjX39rxSv8rjKMIhHEEVXLiAOtxAA5pA4BGe4RXerCfrxXq3PuatBSufOYA/sD5/AIU0kt0=</latexit><latexit sha1_base64="JE8V/+s3TKlrD8fJvG+y/apq/aA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCPVgSEfRY9OKxgv2AJoTNdtOu3WzC7kYptT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1POlHacb6uwsrq2vlHcLG1t7+zu2eX9lkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD4fXUbz9QqVgi7vQopX6M+4JFjGBtpMAunyKPC+Rhng5wwKr3J4FdcWrODGiZuDmpQI5GYH95vYRkMRWacKxU13VS7Y+x1IxwOil5maIpJkPcp11DBY6p8sez0yfo2Cg9FCXSlNBopv6eGONYqVEcms4Y64Fa9Kbif14309GlP2YizTQVZL4oyjjSCZrmgHpMUqL5yBBMJDO3IjLAEhNt0iqZENzFl5dJ66zmOjX39rxSv8rjKMIhHEEVXLiAOtxAA5pA4BGe4RXerCfrxXq3PuatBSufOYA/sD5/AIU0kt0=</latexit><latexit sha1_base64="JE8V/+s3TKlrD8fJvG+y/apq/aA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCPVgSEfRY9OKxgv2AJoTNdtOu3WzC7kYptT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1POlHacb6uwsrq2vlHcLG1t7+zu2eX9lkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD4fXUbz9QqVgi7vQopX6M+4JFjGBtpMAunyKPC+Rhng5wwKr3J4FdcWrODGiZuDmpQI5GYH95vYRkMRWacKxU13VS7Y+x1IxwOil5maIpJkPcp11DBY6p8sez0yfo2Cg9FCXSlNBopv6eGONYqVEcms4Y64Fa9Kbif14309GlP2YizTQVZL4oyjjSCZrmgHpMUqL5yBBMJDO3IjLAEhNt0iqZENzFl5dJ66zmOjX39rxSv8rjKMIhHEEVXLiAOtxAA5pA4BGe4RXerCfrxXq3PuatBSufOYA/sD5/AIU0kt0=</latexit>

� ln↵i(j)
<latexit sha1_base64="JE8V/+s3TKlrD8fJvG+y/apq/aA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCPVgSEfRY9OKxgv2AJoTNdtOu3WzC7kYptT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1POlHacb6uwsrq2vlHcLG1t7+zu2eX9lkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD4fXUbz9QqVgi7vQopX6M+4JFjGBtpMAunyKPC+Rhng5wwKr3J4FdcWrODGiZuDmpQI5GYH95vYRkMRWacKxU13VS7Y+x1IxwOil5maIpJkPcp11DBY6p8sez0yfo2Cg9FCXSlNBopv6eGONYqVEcms4Y64Fa9Kbif14309GlP2YizTQVZL4oyjjSCZrmgHpMUqL5yBBMJDO3IjLAEhNt0iqZENzFl5dJ66zmOjX39rxSv8rjKMIhHEEVXLiAOtxAA5pA4BGe4RXerCfrxXq3PuatBSufOYA/sD5/AIU0kt0=</latexit><latexit sha1_base64="JE8V/+s3TKlrD8fJvG+y/apq/aA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCPVgSEfRY9OKxgv2AJoTNdtOu3WzC7kYptT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1POlHacb6uwsrq2vlHcLG1t7+zu2eX9lkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD4fXUbz9QqVgi7vQopX6M+4JFjGBtpMAunyKPC+Rhng5wwKr3J4FdcWrODGiZuDmpQI5GYH95vYRkMRWacKxU13VS7Y+x1IxwOil5maIpJkPcp11DBY6p8sez0yfo2Cg9FCXSlNBopv6eGONYqVEcms4Y64Fa9Kbif14309GlP2YizTQVZL4oyjjSCZrmgHpMUqL5yBBMJDO3IjLAEhNt0iqZENzFl5dJ66zmOjX39rxSv8rjKMIhHEEVXLiAOtxAA5pA4BGe4RXerCfrxXq3PuatBSufOYA/sD5/AIU0kt0=</latexit><latexit sha1_base64="JE8V/+s3TKlrD8fJvG+y/apq/aA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCPVgSEfRY9OKxgv2AJoTNdtOu3WzC7kYptT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1POlHacb6uwsrq2vlHcLG1t7+zu2eX9lkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD4fXUbz9QqVgi7vQopX6M+4JFjGBtpMAunyKPC+Rhng5wwKr3J4FdcWrODGiZuDmpQI5GYH95vYRkMRWacKxU13VS7Y+x1IxwOil5maIpJkPcp11DBY6p8sez0yfo2Cg9FCXSlNBopv6eGONYqVEcms4Y64Fa9Kbif14309GlP2YizTQVZL4oyjjSCZrmgHpMUqL5yBBMJDO3IjLAEhNt0iqZENzFl5dJ66zmOjX39rxSv8rjKMIhHEEVXLiAOtxAA5pA4BGe4RXerCfrxXq3PuatBSufOYA/sD5/AIU0kt0=</latexit><latexit sha1_base64="JE8V/+s3TKlrD8fJvG+y/apq/aA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCPVgSEfRY9OKxgv2AJoTNdtOu3WzC7kYptT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1POlHacb6uwsrq2vlHcLG1t7+zu2eX9lkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD4fXUbz9QqVgi7vQopX6M+4JFjGBtpMAunyKPC+Rhng5wwKr3J4FdcWrODGiZuDmpQI5GYH95vYRkMRWacKxU13VS7Y+x1IxwOil5maIpJkPcp11DBY6p8sez0yfo2Cg9FCXSlNBopv6eGONYqVEcms4Y64Fa9Kbif14309GlP2YizTQVZL4oyjjSCZrmgHpMUqL5yBBMJDO3IjLAEhNt0iqZENzFl5dJ66zmOjX39rxSv8rjKMIhHEEVXLiAOtxAA5pA4BGe4RXerCfrxXq3PuatBSufOYA/sD5/AIU0kt0=</latexit>

� ln ✏j(x0)
<latexit sha1_base64="iKMv4E+FpTRQDmOsJZyST/kmrVA=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdWFJRNBl0Y3LCvYBTQiT6aQdO5mEmYlYQsFfceNCEbd+hzv/xuljoa0HLhzOuZd77wlTzpR2nG+rsLS8srpWXC9tbG5t79i7e02VZJLQBkl4ItshVpQzQRuaaU7bqaQ4DjlthYPrsd96oFKxRNzpYUr9GPcEixjB2kiBfXCKPC6QR1PFuBHuK4+BcxLYZafqTIAWiTsjZZihHthfXjchWUyFJhwr1XGdVPs5lpoRTkclL1M0xWSAe7RjqMAxVX4+OX+Ejo3SRVEiTQmNJurviRzHSg3j0HTGWPfVvDcW//M6mY4u/ZyJNNNUkOmiKONIJ2icBeoySYnmQ0MwkczcikgfS0y0SaxkQnDnX14kzbOq61Td2/Ny7WoWRxEO4Qgq4MIF1OAG6tAAAjk8wyu8WU/Wi/VufUxbC9ZsZh/+wPr8AZaSlJc=</latexit><latexit sha1_base64="iKMv4E+FpTRQDmOsJZyST/kmrVA=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdWFJRNBl0Y3LCvYBTQiT6aQdO5mEmYlYQsFfceNCEbd+hzv/xuljoa0HLhzOuZd77wlTzpR2nG+rsLS8srpWXC9tbG5t79i7e02VZJLQBkl4ItshVpQzQRuaaU7bqaQ4DjlthYPrsd96oFKxRNzpYUr9GPcEixjB2kiBfXCKPC6QR1PFuBHuK4+BcxLYZafqTIAWiTsjZZihHthfXjchWUyFJhwr1XGdVPs5lpoRTkclL1M0xWSAe7RjqMAxVX4+OX+Ejo3SRVEiTQmNJurviRzHSg3j0HTGWPfVvDcW//M6mY4u/ZyJNNNUkOmiKONIJ2icBeoySYnmQ0MwkczcikgfS0y0SaxkQnDnX14kzbOq61Td2/Ny7WoWRxEO4Qgq4MIF1OAG6tAAAjk8wyu8WU/Wi/VufUxbC9ZsZh/+wPr8AZaSlJc=</latexit><latexit sha1_base64="iKMv4E+FpTRQDmOsJZyST/kmrVA=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdWFJRNBl0Y3LCvYBTQiT6aQdO5mEmYlYQsFfceNCEbd+hzv/xuljoa0HLhzOuZd77wlTzpR2nG+rsLS8srpWXC9tbG5t79i7e02VZJLQBkl4ItshVpQzQRuaaU7bqaQ4DjlthYPrsd96oFKxRNzpYUr9GPcEixjB2kiBfXCKPC6QR1PFuBHuK4+BcxLYZafqTIAWiTsjZZihHthfXjchWUyFJhwr1XGdVPs5lpoRTkclL1M0xWSAe7RjqMAxVX4+OX+Ejo3SRVEiTQmNJurviRzHSg3j0HTGWPfVvDcW//M6mY4u/ZyJNNNUkOmiKONIJ2icBeoySYnmQ0MwkczcikgfS0y0SaxkQnDnX14kzbOq61Td2/Ny7WoWRxEO4Qgq4MIF1OAG6tAAAjk8wyu8WU/Wi/VufUxbC9ZsZh/+wPr8AZaSlJc=</latexit><latexit sha1_base64="iKMv4E+FpTRQDmOsJZyST/kmrVA=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdWFJRNBl0Y3LCvYBTQiT6aQdO5mEmYlYQsFfceNCEbd+hzv/xuljoa0HLhzOuZd77wlTzpR2nG+rsLS8srpWXC9tbG5t79i7e02VZJLQBkl4ItshVpQzQRuaaU7bqaQ4DjlthYPrsd96oFKxRNzpYUr9GPcEixjB2kiBfXCKPC6QR1PFuBHuK4+BcxLYZafqTIAWiTsjZZihHthfXjchWUyFJhwr1XGdVPs5lpoRTkclL1M0xWSAe7RjqMAxVX4+OX+Ejo3SRVEiTQmNJurviRzHSg3j0HTGWPfVvDcW//M6mY4u/ZyJNNNUkOmiKONIJ2icBeoySYnmQ0MwkczcikgfS0y0SaxkQnDnX14kzbOq61Td2/Ny7WoWRxEO4Qgq4MIF1OAG6tAAAjk8wyu8WU/Wi/VufUxbC9ZsZh/+wPr8AZaSlJc=</latexit>

� ln↵0
i�1(⌫)

<latexit sha1_base64="1o7qLyW/dL9BIoCxR59RlzsUIi8=">AAACAHicbVBNS8NAEN3Ur1q/qh48eFksYj20JCLosejFYwX7AU0Ik+2mXbrZhN2NUEIv/hUvHhTx6s/w5r9x2+agrQ8GHu/NMDMvSDhT2ra/rcLK6tr6RnGztLW9s7tX3j9oqziVhLZIzGPZDUBRzgRtaaY57SaSQhRw2glGt1O/80ilYrF40OOEehEMBAsZAW0kv3xUwy4XLvBkCGd+xmrOpOqK9NwvV+y6PQNeJk5OKihH0y9/uf2YpBEVmnBQqufYifYykJoRTiclN1U0ATKCAe0ZKiCiystmD0zwqVH6OIylKaHxTP09kUGk1DgKTGcEeqgWvan4n9dLdXjtZUwkqaaCzBeFKcc6xtM0cJ9JSjQfGwJEMnMrJkOQQLTJrGRCcBZfXibti7pj1537y0rjJo+jiI7RCaoiB12hBrpDTdRCBE3QM3pFb9aT9WK9Wx/z1oKVzxyiP7A+fwDh7JVL</latexit><latexit sha1_base64="1o7qLyW/dL9BIoCxR59RlzsUIi8=">AAACAHicbVBNS8NAEN3Ur1q/qh48eFksYj20JCLosejFYwX7AU0Ik+2mXbrZhN2NUEIv/hUvHhTx6s/w5r9x2+agrQ8GHu/NMDMvSDhT2ra/rcLK6tr6RnGztLW9s7tX3j9oqziVhLZIzGPZDUBRzgRtaaY57SaSQhRw2glGt1O/80ilYrF40OOEehEMBAsZAW0kv3xUwy4XLvBkCGd+xmrOpOqK9NwvV+y6PQNeJk5OKihH0y9/uf2YpBEVmnBQqufYifYykJoRTiclN1U0ATKCAe0ZKiCiystmD0zwqVH6OIylKaHxTP09kUGk1DgKTGcEeqgWvan4n9dLdXjtZUwkqaaCzBeFKcc6xtM0cJ9JSjQfGwJEMnMrJkOQQLTJrGRCcBZfXibti7pj1537y0rjJo+jiI7RCaoiB12hBrpDTdRCBE3QM3pFb9aT9WK9Wx/z1oKVzxyiP7A+fwDh7JVL</latexit><latexit sha1_base64="1o7qLyW/dL9BIoCxR59RlzsUIi8=">AAACAHicbVBNS8NAEN3Ur1q/qh48eFksYj20JCLosejFYwX7AU0Ik+2mXbrZhN2NUEIv/hUvHhTx6s/w5r9x2+agrQ8GHu/NMDMvSDhT2ra/rcLK6tr6RnGztLW9s7tX3j9oqziVhLZIzGPZDUBRzgRtaaY57SaSQhRw2glGt1O/80ilYrF40OOEehEMBAsZAW0kv3xUwy4XLvBkCGd+xmrOpOqK9NwvV+y6PQNeJk5OKihH0y9/uf2YpBEVmnBQqufYifYykJoRTiclN1U0ATKCAe0ZKiCiystmD0zwqVH6OIylKaHxTP09kUGk1DgKTGcEeqgWvan4n9dLdXjtZUwkqaaCzBeFKcc6xtM0cJ9JSjQfGwJEMnMrJkOQQLTJrGRCcBZfXibti7pj1537y0rjJo+jiI7RCaoiB12hBrpDTdRCBE3QM3pFb9aT9WK9Wx/z1oKVzxyiP7A+fwDh7JVL</latexit><latexit sha1_base64="1o7qLyW/dL9BIoCxR59RlzsUIi8=">AAACAHicbVBNS8NAEN3Ur1q/qh48eFksYj20JCLosejFYwX7AU0Ik+2mXbrZhN2NUEIv/hUvHhTx6s/w5r9x2+agrQ8GHu/NMDMvSDhT2ra/rcLK6tr6RnGztLW9s7tX3j9oqziVhLZIzGPZDUBRzgRtaaY57SaSQhRw2glGt1O/80ilYrF40OOEehEMBAsZAW0kv3xUwy4XLvBkCGd+xmrOpOqK9NwvV+y6PQNeJk5OKihH0y9/uf2YpBEVmnBQqufYifYykJoRTiclN1U0ATKCAe0ZKiCiystmD0zwqVH6OIylKaHxTP09kUGk1DgKTGcEeqgWvan4n9dLdXjtZUwkqaaCzBeFKcc6xtM0cJ9JSjQfGwJEMnMrJkOQQLTJrGRCcBZfXibti7pj1537y0rjJo+jiI7RCaoiB12hBrpDTdRCBE3QM3pFb9aT9WK9Wx/z1oKVzxyiP7A+fwDh7JVL</latexit>

� ln ✏j(xi>0)
<latexit sha1_base64="BsQgPSkIcxTx1Uv4vGb/w/5XIl4=">AAACAnicbVBNS8NAEN3Ur1q/qp7Ey2IR6sGSiKAnKXrxWMF+QBvCZjtp1242YXcjllC8+Fe8eFDEq7/Cm//GbZuDtj4YeLw3w8w8P+ZMadv+tnILi0vLK/nVwtr6xuZWcXunoaJEUqjTiEey5RMFnAmoa6Y5tGIJJPQ5NP3B1dhv3oNULBK3ehiDG5KeYAGjRBvJK+4d4w4XuAOxYtwId+UHL2UX9ujIK5bsij0BnidORkooQ80rfnW6EU1CEJpyolTbsWPtpkRqRjmMCp1EQUzogPSgbaggISg3nbwwwodG6eIgkqaExhP190RKQqWGoW86Q6L7atYbi/957UQH527KRJxoEHS6KEg41hEe54G7TALVfGgIoZKZWzHtE0moNqkVTAjO7MvzpHFSceyKc3Naql5mceTRPjpAZeSgM1RF16iG6oiiR/SMXtGb9WS9WO/Wx7Q1Z2Uzu+gPrM8fwOmWXg==</latexit><latexit sha1_base64="BsQgPSkIcxTx1Uv4vGb/w/5XIl4=">AAACAnicbVBNS8NAEN3Ur1q/qp7Ey2IR6sGSiKAnKXrxWMF+QBvCZjtp1242YXcjllC8+Fe8eFDEq7/Cm//GbZuDtj4YeLw3w8w8P+ZMadv+tnILi0vLK/nVwtr6xuZWcXunoaJEUqjTiEey5RMFnAmoa6Y5tGIJJPQ5NP3B1dhv3oNULBK3ehiDG5KeYAGjRBvJK+4d4w4XuAOxYtwId+UHL2UX9ujIK5bsij0BnidORkooQ80rfnW6EU1CEJpyolTbsWPtpkRqRjmMCp1EQUzogPSgbaggISg3nbwwwodG6eIgkqaExhP190RKQqWGoW86Q6L7atYbi/957UQH527KRJxoEHS6KEg41hEe54G7TALVfGgIoZKZWzHtE0moNqkVTAjO7MvzpHFSceyKc3Naql5mceTRPjpAZeSgM1RF16iG6oiiR/SMXtGb9WS9WO/Wx7Q1Z2Uzu+gPrM8fwOmWXg==</latexit><latexit sha1_base64="BsQgPSkIcxTx1Uv4vGb/w/5XIl4=">AAACAnicbVBNS8NAEN3Ur1q/qp7Ey2IR6sGSiKAnKXrxWMF+QBvCZjtp1242YXcjllC8+Fe8eFDEq7/Cm//GbZuDtj4YeLw3w8w8P+ZMadv+tnILi0vLK/nVwtr6xuZWcXunoaJEUqjTiEey5RMFnAmoa6Y5tGIJJPQ5NP3B1dhv3oNULBK3ehiDG5KeYAGjRBvJK+4d4w4XuAOxYtwId+UHL2UX9ujIK5bsij0BnidORkooQ80rfnW6EU1CEJpyolTbsWPtpkRqRjmMCp1EQUzogPSgbaggISg3nbwwwodG6eIgkqaExhP190RKQqWGoW86Q6L7atYbi/957UQH527KRJxoEHS6KEg41hEe54G7TALVfGgIoZKZWzHtE0moNqkVTAjO7MvzpHFSceyKc3Naql5mceTRPjpAZeSgM1RF16iG6oiiR/SMXtGb9WS9WO/Wx7Q1Z2Uzu+gPrM8fwOmWXg==</latexit><latexit sha1_base64="BsQgPSkIcxTx1Uv4vGb/w/5XIl4=">AAACAnicbVBNS8NAEN3Ur1q/qp7Ey2IR6sGSiKAnKXrxWMF+QBvCZjtp1242YXcjllC8+Fe8eFDEq7/Cm//GbZuDtj4YeLw3w8w8P+ZMadv+tnILi0vLK/nVwtr6xuZWcXunoaJEUqjTiEey5RMFnAmoa6Y5tGIJJPQ5NP3B1dhv3oNULBK3ehiDG5KeYAGjRBvJK+4d4w4XuAOxYtwId+UHL2UX9ujIK5bsij0BnidORkooQ80rfnW6EU1CEJpyolTbsWPtpkRqRjmMCp1EQUzogPSgbaggISg3nbwwwodG6eIgkqaExhP190RKQqWGoW86Q6L7atYbi/957UQH527KRJxoEHS6KEg41hEe54G7TALVfGgIoZKZWzHtE0moNqkVTAjO7MvzpHFSceyKc3Naql5mceTRPjpAZeSgM1RF16iG6oiiR/SMXtGb9WS9WO/Wx7Q1Z2Uzu+gPrM8fwOmWXg==</latexit>

Min ( . )

Buffer 
Array

µj
<latexit sha1_base64="q/krOGrJCJN9bZovshV0KVE+Tck=">AAAB7HicbVC7TgJBFL2LLwQfqKXNRDSxIrtYaEm0scTEBRLYkNlhFkZmZjczsySE8A02Fhpj6yf4A/6BnR+itcOjUPAkNzk5597ce0+YcKaN6346mZXVtfWN7GYuv7W9s1vY26/pOFWE+iTmsWqEWFPOJPUNM5w2EkWxCDmth/2riV8fUKVZLG/NMKGBwF3JIkawsZLfEmn7rl0ouiV3CrRMvDkpVo6/3t4H+e9qu/DR6sQkFVQawrHWTc9NTDDCyjDC6TjXSjVNMOnjLm1aKrGgOhhNjx2jE6t0UBQrW9Kgqfp7YoSF1kMR2k6BTU8vehPxP6+ZmugiGDGZpIZKMlsUpRyZGE0+Rx2mKDF8aAkmitlbEelhhYmx+eRsCN7iy8ukVi55Z6XyjU3jEmbIwiEcwSl4cA4VuIYq+ECAwT08wpMjnQfn2XmZtWac+cwB/IHz+gOd3JL8</latexit>

� ln↵0
i(j)

<latexit sha1_base64="2hnjlzIuCTkeUoASsBs9y2/zZfQ=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBaxLiyJCLosunFZwT6gCWEynbSjk0mYmSgl9lPcuFDErV/izr9x+lho64ELh3Pu5d57wpQzpR3n2yosLa+srhXXSxubW9s7dnm3pZJMEtokCU9kJ8SKciZoUzPNaSeVFMchp+3w/mrstx+oVCwRt3qYUj/GfcEiRrA2UmCXT5DHhYd5OsBHAaveHQd2xak5E6BF4s5IBWZoBPaX10tIFlOhCcdKdV0n1X6OpWaE01HJyxRNMbnHfdo1VOCYKj+fnD5Ch0bpoSiRpoRGE/X3RI5jpYZxaDpjrAdq3huL/3ndTEcXfs5EmmkqyHRRlHGkEzTOAfWYpETzoSGYSGZuRWSAJSbapFUyIbjzLy+S1mnNdWruzVmlfjmLowj7cABVcOEc6nANDWgCgUd4hld4s56sF+vd+pi2FqzZzB78gfX5A5GVkuQ=</latexit><latexit sha1_base64="2hnjlzIuCTkeUoASsBs9y2/zZfQ=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBaxLiyJCLosunFZwT6gCWEynbSjk0mYmSgl9lPcuFDErV/izr9x+lho64ELh3Pu5d57wpQzpR3n2yosLa+srhXXSxubW9s7dnm3pZJMEtokCU9kJ8SKciZoUzPNaSeVFMchp+3w/mrstx+oVCwRt3qYUj/GfcEiRrA2UmCXT5DHhYd5OsBHAaveHQd2xak5E6BF4s5IBWZoBPaX10tIFlOhCcdKdV0n1X6OpWaE01HJyxRNMbnHfdo1VOCYKj+fnD5Ch0bpoSiRpoRGE/X3RI5jpYZxaDpjrAdq3huL/3ndTEcXfs5EmmkqyHRRlHGkEzTOAfWYpETzoSGYSGZuRWSAJSbapFUyIbjzLy+S1mnNdWruzVmlfjmLowj7cABVcOEc6nANDWgCgUd4hld4s56sF+vd+pi2FqzZzB78gfX5A5GVkuQ=</latexit><latexit sha1_base64="2hnjlzIuCTkeUoASsBs9y2/zZfQ=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBaxLiyJCLosunFZwT6gCWEynbSjk0mYmSgl9lPcuFDErV/izr9x+lho64ELh3Pu5d57wpQzpR3n2yosLa+srhXXSxubW9s7dnm3pZJMEtokCU9kJ8SKciZoUzPNaSeVFMchp+3w/mrstx+oVCwRt3qYUj/GfcEiRrA2UmCXT5DHhYd5OsBHAaveHQd2xak5E6BF4s5IBWZoBPaX10tIFlOhCcdKdV0n1X6OpWaE01HJyxRNMbnHfdo1VOCYKj+fnD5Ch0bpoSiRpoRGE/X3RI5jpYZxaDpjrAdq3huL/3ndTEcXfs5EmmkqyHRRlHGkEzTOAfWYpETzoSGYSGZuRWSAJSbapFUyIbjzLy+S1mnNdWruzVmlfjmLowj7cABVcOEc6nANDWgCgUd4hld4s56sF+vd+pi2FqzZzB78gfX5A5GVkuQ=</latexit><latexit sha1_base64="2hnjlzIuCTkeUoASsBs9y2/zZfQ=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBaxLiyJCLosunFZwT6gCWEynbSjk0mYmSgl9lPcuFDErV/izr9x+lho64ELh3Pu5d57wpQzpR3n2yosLa+srhXXSxubW9s7dnm3pZJMEtokCU9kJ8SKciZoUzPNaSeVFMchp+3w/mrstx+oVCwRt3qYUj/GfcEiRrA2UmCXT5DHhYd5OsBHAaveHQd2xak5E6BF4s5IBWZoBPaX10tIFlOhCcdKdV0n1X6OpWaE01HJyxRNMbnHfdo1VOCYKj+fnD5Ch0bpoSiRpoRGE/X3RI5jpYZxaDpjrAdq3huL/3ndTEcXfs5EmmkqyHRRlHGkEzTOAfWYpETzoSGYSGZuRWSAJSbapFUyIbjzLy+S1mnNdWruzVmlfjmLowj7cABVcOEc6nANDWgCgUd4hld4s56sF+vd+pi2FqzZzB78gfX5A5GVkuQ=</latexit>

⇡⇤
N�1

<latexit sha1_base64="dbYuKaSndr31XBhpUgrP0m5dStw=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSKIYElE0GPRiyepYD8grWWz3bRLN5uwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777Swtr6yurRc2iptb2zu7pb39holTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDPxm09cGxGrBxwlvBPRvhKhYBSt5LcT8Xjaze7OvHG3VHYr7hRkkXg5KUOOWrf01e7FLI24QiapMb7nJtjJqEbBJB8X26nhCWVD2ue+pYpG3HSy6cljcmyVHgljbUshmaq/JzIaGTOKAtsZURyYeW8i/uf5KYZXnUyoJEWu2GxRmEqCMZn8T3pCc4ZyZAllWthbCRtQTRnalIo2BG/+5UXSOK94bsW7vyhXr/M4CnAIR3ACHlxCFW6hBnVgEMMzvMKbg86L8+58zFqXnHzmAP7A+fwBZJ6QqA==</latexit><latexit sha1_base64="dbYuKaSndr31XBhpUgrP0m5dStw=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSKIYElE0GPRiyepYD8grWWz3bRLN5uwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777Swtr6yurRc2iptb2zu7pb39holTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDPxm09cGxGrBxwlvBPRvhKhYBSt5LcT8Xjaze7OvHG3VHYr7hRkkXg5KUOOWrf01e7FLI24QiapMb7nJtjJqEbBJB8X26nhCWVD2ue+pYpG3HSy6cljcmyVHgljbUshmaq/JzIaGTOKAtsZURyYeW8i/uf5KYZXnUyoJEWu2GxRmEqCMZn8T3pCc4ZyZAllWthbCRtQTRnalIo2BG/+5UXSOK94bsW7vyhXr/M4CnAIR3ACHlxCFW6hBnVgEMMzvMKbg86L8+58zFqXnHzmAP7A+fwBZJ6QqA==</latexit><latexit sha1_base64="dbYuKaSndr31XBhpUgrP0m5dStw=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSKIYElE0GPRiyepYD8grWWz3bRLN5uwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777Swtr6yurRc2iptb2zu7pb39holTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDPxm09cGxGrBxwlvBPRvhKhYBSt5LcT8Xjaze7OvHG3VHYr7hRkkXg5KUOOWrf01e7FLI24QiapMb7nJtjJqEbBJB8X26nhCWVD2ue+pYpG3HSy6cljcmyVHgljbUshmaq/JzIaGTOKAtsZURyYeW8i/uf5KYZXnUyoJEWu2GxRmEqCMZn8T3pCc4ZyZAllWthbCRtQTRnalIo2BG/+5UXSOK94bsW7vyhXr/M4CnAIR3ACHlxCFW6hBnVgEMMzvMKbg86L8+58zFqXnHzmAP7A+fwBZJ6QqA==</latexit><latexit sha1_base64="dbYuKaSndr31XBhpUgrP0m5dStw=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSKIYElE0GPRiyepYD8grWWz3bRLN5uwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777Swtr6yurRc2iptb2zu7pb39holTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDPxm09cGxGrBxwlvBPRvhKhYBSt5LcT8Xjaze7OvHG3VHYr7hRkkXg5KUOOWrf01e7FLI24QiapMb7nJtjJqEbBJB8X26nhCWVD2ue+pYpG3HSy6cljcmyVHgljbUshmaq/JzIaGTOKAtsZURyYeW8i/uf5KYZXnUyoJEWu2GxRmEqCMZn8T3pCc4ZyZAllWthbCRtQTRnalIo2BG/+5UXSOK94bsW7vyhXr/M4CnAIR3ACHlxCFW6hBnVgEMMzvMKbg86L8+58zFqXnHzmAP7A+fwBZJ6QqA==</latexit>

En Ptr_Vld

arg min 
( . )

64

N
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Acceleration of HMM Basecalling: 
3-mer Results  
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Acceleration of HMM Basecalling: 
3-mer Results  
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Acceleration of HMM Basecalling: 
6-mer Results  
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Acceleration of HMM Basecalling: 
6-mer Results  
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Neural Network Basecalling

• Hidden Markov Model 
(HMM)
• ~ 55 GFLOP/s
• ~70% accuracy
• Note: sequencers can run 

1000X faster
• 55×1000 = 55 TFLOP/s

• Neural Network                     
(NN)
• ~ 200 GFLOP/s
• ~90% accuracy
• Note: sequencers can run 

1000X faster
• 200×1000 = 200 TFLOP/s
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Neural Network Basecalling

• Our developed NN basecaller
q encoder-decoder structure

• convert time series to context vector
• convert context vector to labels

q employ attention mechanism
• context vector filter

q ~350,000 parameters
q 90% accuracy
q competitive with much larger designs

• e.g. 2,000,000 parameter Chiron
• 3e-3 genomes/hour on GTX 1080
• 40X too slow for real-time

raw signal, 1 continuous feature

100 Bidirectional GRU, 200 outputs

100 Bidirectional GRU, 200 outputs

last hidden statehidden states decoder input, 1 discrete feature

200 GRU, 200 outputs

•

Softmax

•

+

Dense, 5 classes

Softmax

Figure 5.3: The encoder-decoder model with global attention.

90
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Future Embedded Basecalling 
Solution

PCIe

ACCEL.

RISC-V

Memory
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Summary
• Mobile DNA sequencing is an evolving and

challenging market.

• FPGA acceleration demonstrated an attractive
performance for an HMM-based sequencer (~142X
faster than a 12 core Intel Xeon CPU @ 6W power
margin).

• Fully embedded ASIC solution would offer a great
potential for a market competition.
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Thank You

Questions?


