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RCt= ZE0| OfLl=E, O 2XHE S22 ‘RA‘:XIOH et Meret ME10] FefEith= AFO|TE OlE SO O H|et —’.‘——
’.‘:'1%% Xeloh= Yot OfO|ZetQl2 22 af|0| ALt S5HO0[E2| = 70| B MY 4 QUL BHH I H|0[H X3S Hi=

SO{OF SEALE, 22 7[2H0f| =240 M =3 JHO| XS HAZ S2{0F of= A+t ZRHEE= SR 7 2 NHAR
*'Xﬂ A7 SFHNME & S ofLtT AV|20, = 2 28 A H0|Hs 72 R £11 2 ALt S7H
HO|H &&82 —Z*Et—?-EOHM Adols 28 F27t A A EE L.

Table 1. 2Z2|0|A AMH2E AWSS| H|W

L= 2O3H0|A AMH AWS 222t

X7\ HIE M, AEE|X|, HEQYIE HN A% 7|HIO 2 AR TS
TLO4sHOF &t

S SAOf| AlZHat F0f HXFEHQ S TR A A & 7t

370 HI0|f M2 Q£ H|O|Ef Bt HZ0| HZO| 2 222E2 371 HIo|Eof &1H
=7 42 2 7ts

= OHX|, SEEQI0, &oi LSS =™ ot 2 AUHE B2|G MHAZR
L'-HI-P 0|I-1 7|-‘5

oot Agt 01I§ 7ts8t &Al workload, LH& HEM 2 A+ workload, CHHRE
M S et HE X2, S8 0|y &2

S2RLEE 0[o5t= 71 £2 WHE2 MH|A 0| FH 2|2= A0 OrL|2f, K& 2t A|Atat ot XHSH-HO0|2k= Ul 7K
ICh HA M ZEAM EH, i QYA Hyl= 2EHAZE EX[E 2 ClATLL &Y
2 Ho[H MEAE 22|cH0F STt Amazon S3 75*8 2y AE2|X|(object storage)= FASTQ, BAM, CRAM,
VCF, BN, X HO[EXME 22 22tot1l 02| AMH[AT}F A $10{0F SH= XpAH0| XEotCt, HHH ALt 20 &
2= OA3E= Eaé S MUOILE UA| 2 SZHME B2 A7 S =2 1/071 Qs 20| o O{SZUCL &HY0|

o - ITi

Im

XS AWSE ti= I o £ T=ots 5= =0/= A0| S2ot.
ALt HHOME © Batet Hepst 2OI0},. 22 I AH0|M0M= AME 7tset CPU =2t TI22|7t JFE 0 L

SA0f 2] AtR0| 22 XS &E 20| SA| =Tt AWSOIM= Amazon EC22 2™ MHE ZHE £
1, AWS BatchZ ME HQ| XS #Oﬂ 22 £ onf, Amazon EMRO|L} AWS HealthOmicsX# O &2
—1‘-’._‘9- sy M ASS MEE QUL 0| 7<f0|'.: Ha3| ‘O 2 ZFH"E g= Ol UX| 4Tt 25]H 71|M S
OD=MEQO| Z0|2t 3 7|0 &F0{ ZiCt 1= 2F WAl T2 22 0| Z2I01E THE E 2 diE Adlist o~ Ql= 7127}
SHAI0|CH [M2tM S2tREE Albt S8 KHH|IEC AlME X2 3f" UHE HH= =52t Ofclistz HO| ‘| detolrct
(AWS 2024a; Data Carpentry 2024).

Y Al 20| = FHEFEICE. O H0il= 2 A FHHO0| X7 | MHO|| IUS ARSI, a4
ATRES AE5HH, LS| 245 MetotX| Rot= 20| S SAREN M= 22 S3 2=, Z
Z2 23 manifest, Z2 YIAEE HOYE FRLC= St

C}2 ZE29} HEQ|
= ZiE|0[H O[O| x|,

M EHNS otx7| 2|YRICH E5] HEHS IAM RoleX{2 Alst
Z=R| 0 %OI_’ 2719 HEH|O0IEE x°*01|*1 2|5t ¢ —'T—7f°1X1| 01“1 UHOZ ofH 2 %%iéﬂ"a N
FME 2 QU X Y(reproducibility)2 =28 £ M2 RSt H=0| OfL|2}, Y 727t HESE HIEL AlZtS
0| == AIRX 29 7|20[2t= XS 2.5““2' B OlSHE 7t ATt (AWS 2024b).



AWS MH|A XYL - storage, workflow, query, Al

ZEX= AWS MH|A 0|F0] 45 ROFAM OCIMSE| A|XfoHOF S| 2tafs
Ch 8= Z40] OFL2f, OftH S(layer)2| 2HE F= MH|AQIX] Olaioh= Z0|Ct. [

HetCt.

ojf SL%t A2 Z=E MHIAS
=AM Xz Tb= AWS

MH|A= 3 HI0|H XY, ALt &, AISZ XS5}, 2|9t oilA], A|Zfetet W BRI R S22 Lts 4 QUL 0]
L

7124 AWS HealthOmicse SXA|Qt 23IA workflowE ¢lol A= purpose-built service0| 1,

HE AWS MHIAE |TAH ZH|Of| IA| Zgok= WA0|Cy. = R 243

MH[ARH 2O = 20| OtL|2t, HE S2RE =18t Fitet E3t MH|AE &
A

AWSO|A Bitt= 22 “RMA M

H HOf ECh= 52Ot

Table 2= 0] MOjM BtFoiA ST MHIAS UKECE Haolot XEH. XMSRH RE MR 7IsS 2= E8=
SACt. CHEF O MH|AJLGIOJEf ME AISO0|4L, O Mu|AJ} A3 AFSO0|H, O AH|ATE 2O\ oA AISAX| 2

S0} Ao £|Z 2 FM 7 Tf2f 4 I

=
QEH| 22 AIRE 2 9O,

t. 0I2 S0 S3, EC2, IAM Role2t O|3Ha = 71 7|=HQ1 AWS 7|8t
2|0l Batch, EMR, HealthOmics, Athena, SageMaker, Bedrock 2 AZ2

= AN
A2 =0t M2HeHH M| 271 24 Hasi Rt
Table 2. YA AZXIE I8 AWS MH|A X|=
= CHE AMH[A oA Q] gt
X Amazon S3, S3 Glacier storage 2 HolY, 2ot oY, 27| 2,
classes, Amazon EBS Al & C|AT
HO|E O|= AWS DataSync A ME, 82, 22 HPC, THE
S2RE0A G0l gy
I AL Amazon EC2 =M MY, LES F, IXEY =

HiX|Qt @A AE]|O|M

AWS Batch, Amazon EKS, AWS
ParallelCluster

A
e H& 2|, Kubernetes 2%,
Slurm/HPC AEIY 23 AF

2MEN Amazon EMR Spark 7|t cohort-scale Gi|O|E
bSE]
HE 29|A A5 AWS HealthOmics Nextflow, WDL, CWL 7|2t 22|3

YA workflow

Zlo|Qt QOoF Amazon Athena, Amazon Quick  S3 9| H|0|E{ SQL &9, cohort
QOkt AlZtat
ML/AI Amazon SageMaker, Amazon DEl sty =2 MM Al 7|HE A
Bedrock
et HX Kiro T ZMYT workflow M4 X

=& ALK AWSE HiS W 71 HX] H2{0F 2 231
AEXP} 7Y HH B2{0} & Qo= FALET BRI HIMCHE 4710|0), SRS TR M 25 HAFE 4 UXI,
RIS 9 SH0f 3 1 Q= CHS 2MS 9loh Al MHIS 0/2) Af £ WAE 23 MX| Tt HIZS Xifl XFILC 29
SRAlO| A Z2l= 297t BTt WS SOB i XIS A1, 7 S N6t 22 20| HO[ES Fu, Hust

= oT LYY

—

QIABIAS MENSIH Z2tREE= 20(8 HIE 125 O FHSHA DHELL 0] 29| SHIR0|A CHEAUX(2, AX| 2
WGS TZHEQ| HIE S4= “IM8s AREHE 47| HE"EL incomplete upload, request cost, intermediate
data explosion, =223t H|0|E{ O|S0IA O Xt L4t

£ B Q5= AWSE M2{H 2= HI0|HE HIEA| W HZICE F7{0} stit= 20|t AN 2= S8 Xt 2H
HA5ts WAI0| AN O 58X QUL gnomAD, SRA, AWS Open Data 22 Atgle S2HRE AILHS] 40|
download -> analyzel[}query -> access in place -> computelf 7}ZCt= M2 HO| =L} M| HI Q=
AWSZ} TH7|0|Lt ME AIX|L|O2te| =2t= M2t0|Ct MAMZ2&= EC2 o et S3 ¢ K7, 12|10 XA IAM
RoleZtC2r IR U2 WRE M5 54 2 HLE AR £ AULL DXL 2 H 20 & Qo= BE MH|AS Tt
QLOtOFDE A|RESH 4= QICH= MZHO|Ct X S0fl= EC2, S3, IAM RoleO|2H= M| 7HX| S0t H|CHZ O|sHi5t1, 0|5 0|
[z} Batch, EMR, HealthOmics, SageMaker2 21&ol 7tH S 25|t

AWSE 2EA HHE NSO 2 O £E5HH UE0 = OHE 17+ OfLICE. THA C|OJE|7F AX|L, HY0| SEGHX| L,
S& AHH0| 22HRE0 EXot= A0 X= S+ 2F LAL 24 A28 ST Tt AWSE Hi2H= A2
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MH|A O|FS B0] 2R= 0| OfL|=t, OTH CIO|EE OL|0f £, O{TH AlttS 2IH| A1, =712 O YAo= 22
SLUHES SRY AUX| HAlsk= oil 7RAUCE O] 2Eo= FZoHH F0]0f L= EC2, S3, gnomAD, SRA, EMR,

p §
HealthOmics &0| M2 22| AH|A A5H0| OfL|2} 5tLte| S QIZat 0|0F7 |2 HZAE|7| A|RISHT}

=]
LS

St

=
X

il

CRIERE

- Bib REASOIM S2A4RES Y JiXl= "2 MHE &= R0 OfL2t "HIOIE7t U= RO Albtste

S

+ KZI AL LN W2AHOF 5101, 2T AE2|X| MY L-E M2 CHE HEHS TRMIC,
« RS2 =2 XY EYo| 27} OILIZL, BN 29 FAIS QHstels M8 #Alo|C,
+ AWSE M8 MH|ASH QAF| S5 MHIAS 37 ZeSH= TER O[aH3HOF Sict.

253
o 2 @EA AR A= download -> analyzel L} bring compute to data’l O &

1.
2. 20Y0jA MHeF AWSE 22t e A7 M2 O Xetet7t?
3. AWS UEX} HMEEE BE MHIAZE HIR7|ECHEC2, S3, IAM Roled| HX ZIZE35H0f 5= 0|Q= 291Q17f?

fo
=.°£
)
mr
d
=

Further Reading

* Langit L. AWS for Bioinformatics.
» Data Carpentry. Cloud Genomics.
* NIH Cloud Lab. AWS Jumpstart.
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* AWS. 2024a. Genomics Data Transfer, Analytics, and Machine Learning on AWS.
AWS. 2024b. Genomics on AWS Best Practices.

*» Data Carpentry. 2024. Cloud Genomics.

» gnomAD team. 2020. Open access to gnomAD data on multiple cloud providers.
NCBI. 2024. SRA in the Cloud.

NIH Cloud Lab. 2024. AWS Jumpstart.

2%. EC2, S3, EBS, 1AM Role 0[3#3}7|
stg 28

+ EC2 QIAEIA S3, EBSS| H&t XI0|E #ES & ULt
. 22 AEZ|X|Q} HF AEZ|X|Q| XI0|2 QFA| O =
* 1AM User®t IAM Role2| Xt0|5 O|sHata 7|=2 2ot Yzlg MY

>
A

=
(L

.
m

C2&= RS {let MH|AQIT}
* S32 EBSE= ZtZ} QiR M=T}
« Qff HAMIA 7|2 MU0 HiO} 'E= CHAI IAM Role2 Mo 5H=7t

o™, 718 39, AFol2t= 712 He
AWSE S HIS ) 715 I Of510F SHe 22 W MHIARCE B7HE Er9|9f 22| BHILt. 218 (region)2 B2IH02

ORI X[2|X FH0|12, 7t F%(availability zone, AZ)2 &t 2|X QoA M1 HEYT SHOIM 0L M 22|=
ClO|E{MIE] S520|2t1 O|alotH =Tt AHl™H(account)2 0|2 XIS £ AR 1= XA OlHO|M Y& H2IXIE
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https://github.com/lynnlangit/aws-for-bioinformatics
https://datacarpentry.github.io/cloud-genomics/aio.html
https://cloud.nih.gov/resources/cloudlab/aws-jumpstart/
https://docs.aws.amazon.com/whitepapers/latest/genomics-data-transfer-analytics-and-machine-learning/introduction.html
https://d1.awsstatic.com/whitepapers/compliance/Genomics_on_AWS_Best_Practices.pdf
https://datacarpentry.github.io/cloud-genomics/aio.html
https://gnomad.broadinstitute.org/news/2020-10-open-access-to-gnomad-data-on-multiple-cloud-providers/
https://www.ncbi.nlm.nih.gov/sra/docs/sra-cloud/
https://cloud.nih.gov/resources/cloudlab/aws-jumpstart/

Z2Fots & Bt 29A 2MUME AL AED M AHE0| 22 2T A=K7t L SQotCh. #2 AWS
20 A= 2|7H0] FHX|H HO|E S HIE XS AZH0] AR =+ UL, FIEZ HHQ Ha=d: oL,

0| 7HE0| £25t 0|RF= |XA| H[O|E7t 27| I4ZO0|Ct. F H7HHI0|EMZ| 211 MAUS K2 e & E2LEX] XX,
=1 7|7HHI0|E FASTQL} 02 #EZ2| BAM, CRAME £717] A|Z5HH {X[7t HIE1t MSS =T ZRSIT. [MiEtA
ZEAE ‘O 2|H0| HAS BHE A2I7L, “O= 2|H0A EC2E =2 017}, “S7H HI0|E{7L 0= 2™ U= E
HX &olst= S®2 7HNOF StCt. 0|% HiRA € S3, EC2, Batch, HealthOmics, EMR 25 0] 7|2 ©H2| 2|0j| A
=20ICt. MH|A 0|58 25 ME , £ 0N =03 45 A Y =+ UL

EC2 AABA 0|1 %71 - m, c, 1, i, £, hpc

Amazon EC2= AWSOIM 7+ 7121 A&t MH|ALE, 74y HaolA 2ot Qe 0jf Jlstks 37|92 714 MHE
e MHIALL A BMOIME FE, H0| SF, QC, LES 4E, HEY II0| T2t MAXMY "AH ADELY0E
MX|5t1l Z2{0F 5k AlL0| F2 EC2 YoM SOZICE, ZEXHE AAHA Z27} {2 HOL 20|X|2H MHZE
0|E= &= 7#2ITH Ololioh x| X|H0| W=AH Fe|=t., Y2 OH AABAT} T HMX|ZF Ot 2}, O H=0
X0 BAER=XIE HeE AOI.

AWS CIAEA O|E0A 7t MY 2 A2 IUZ|(family)Ct. m2 general purpose, c= compute optimized,
r2 memory optimized, ilt d AIZL storage optimized, f= FPGA Z2 7I&7|E ME accelerated com—
puting, hpce Z1LUsH Ha& EXO| L8t high—performance computing A/€Z O|sH&t 4= ULt 1 Fo| £Xt=
MItH(generation), OIX|2 27| EA|E CIAEA F7|(size)S S}, M2tA r7i.4xlarge 22 0|22 HH, A
Mool HE2| A QAAEHAZN= AMMEE OofsHH EICE 0] oM 528 22 EE 0|52 2= 20| ofL2t,
020N Q=8 = ZA2E 7|2= YOICH (AWS 2024a).

MICHRL FO|AMER| EHH QO™ ME 7} M ZHFHXICE 5= Xeon 7|8t2| BMICH compute optimized, c6i= Intel
Ice Lake 7|8t2] 6M|TH, c6a= AMD EPYC 7|2t2| BMICH, c6g= AWS Graviton2 7|8t c7ge= Graviton3, c8ge
Graviton4 7[Ht Z[Al MITHE SEGICH MOJA i= Intel, a= AMD, g= GravitonO|2t= Z2MM S5E 7t28]7|1,
0710fl CtA| = d= NVMe 2Z SSD(instance store)S, n2 HIEQT HHE USIE, o= H22| EES 2|05t

M2t c8gd.8xlarge= Graviton4d  compute optimized, NVMe , 8xlarge ¢ct1l ot 2XHO=Z E0
S £ ULt L2 =8| & r7iz= Ice Lake (z) ,m7a.xlarge= AMD 7 general purpose®
oI5IC}
21 = .

37| BANE H2IMO0I|Tt, large, xlarge, 2xlarge, 4xlarge, 8xlarge, 12xlarge, 16xlarge, 24xlarge,
48xlarge, metal &=C= vCPUQ 227} HiX|E T i SO ZE c7g QOIAM c7g.large(2 vVCPU / 4
GIB)EE c7g.16xlarge(64 vCPU / 128 GiB)7HX| AHIO| M MO Z SHAE|OZ QM INUZ|Qt M[CHE D21 LIA
3712 "o SHAl 1=E FCt 8A BMU|M= QIAHAZ NS M £X|%Q! 0|F0| £ oAt HES ZHOIEE,
CtS Table 1-1X43 22 M| HE MEIX|S MR X0 SHLHA 210 Ql= HO| AZH0|Ct.

Table 1-1. 20263 7|& compute optimized A& CHE Gi|A|

LUANNM X M=

i= pag=Y (DN | 2#H SSD e 37| Wt
c5.9xlarge Intel Xeon (BMICH) QS 36 vCPU /72 GiB  7|Z mo|z2tl
S8, HHA|
I
c6i.8xlarge Intel Ice Lake A2 32vCPU /64 GiB  EZ variant calling,
bwa, GATK
cBa.16xlarge AMD EPYC A2 64 vCPU /128 GiB CPU &< Batch,
712 CHH|] CPU A2t
c7g.16xlarge AWS Graviton3 A 64 vCPU /128 GiB ARM Y= 7456t
%Al £ (samtools,
bcftools)
c7gd.8xlarge Graviton3 NVMe SSD 2x1.9  32vCPU /64 GiB  ™# sort, shard
B 7|9t scratch
c8g.24xlarge Graviton4 ol 96 vCPU / 192 GiB %Al 712 CPU
HE X
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QUAMM KT M=
0|Z TZMM ZZSSD CHE 37] izt
c8gd. 16xlarge Graviton4 ZZ NVMe 23t 64 vCPU /128 GiB  Z[Al

scratch—heavy
3 sort

M2 2|&(r6i, r7g, r8g, r7iz)0|Lt storage-optimized(i4i, i7ie, i8g, im4gn, is4gen), HE(m6i, m7g, m8g)T
Z2 2oz gIOH EHLL O =0 Hail joint genotypingX{& NIEEI QIHI0| 2 XA0= r7iz. 32x1arge(IF0}
Xeon, 128 vCPU / 1,024 GiB)7}, sort &7t II0| U2 HH AIEZ20= 24 NVMeZt 2 i7ie.6xlargelt
c8gd.8xlarge’} XIGIARLCt HIHZE “E Z2t0F &X| EE"'EF“: HEUME m AE Z MCH(@8g.x1arge HE2
A)E 7I12UCE T, MM MY 2OE HUHM HES QIS § criE HHY Li7ts HO| QHMSICH A 724
OIAEA Z20} 2C|ME 7142 AWS EC2 Instance Types HIO|X[0|A Al 228 2018t 4= QICt (AWS 2024a).

QUA BMZ HEE Mo - HI2Y, CPUY, I0Y, 7148

2UA FHOM QUABAS NE I XAV} 7HY 29| Sl dape “YH 2 MHE EC7Et 42isk= 0|0t
H=22[7t H=QIX|, 22 C|AF I/07F 32X, OH—I'E' EH 7I1&718 2 = U=X(of w2t
A-IEH0| EPEWOF stct. OlE S0 FEat LHHQI variant calling2 CPU AF2E0| 511 ME T HESP} 4RE2
c AIE0| & St= Z7t B BHHE Hail aggregation, joint genotyping, CH& annotation 10| nXMH o|22| L]

ZHA=r 71|°“'0| o AHAZCE Notebook 7[Hh BMO|LE 7HH2 24 M= n AG2E SE0 Z7t B,

ZZ scratch SIS HO| A= HY2 M2 W2GH0F ottt Y& St 4=, shard I, H@ sor A2l ma-

trix HEXY B2 A|7 S B2 Y7 MVIE =Sk Y2 1 EE 4 AE0| KUY & UL, FPGA 7|2

7t *HE°J|01€ £ & AS Wt £ AE0| o7t °'Ef WI% =0{ DRAGENXZ ot=%|0f 7f—.§ A2 A E
ro|na}0|o 2 CPU YABIAQLLHE J5-HIE XS 2 = K|, BE EM0| (S22 kK= X2 Ot L

% accelerated instance= “H& 145" 0I ofL|2t, 0HEr 7t&71E Ololiole AZEQ0{2E &4 & I Lot E
MEAX|2t Y H= HO| M5,

Table 12 A BM0O|M X5 CtLb= workload®t QAIAHA IHZE WKEOE Ha|St Z0|Ct AR & E"01|A1"
HOIE 37|, AH8 &+, HES YA HIE M| A 2H0F St -0 0] JHEQI DUPN L=V e Rei B =Y\
E|A5t £ 23Y = UL E2 U2 5 71 HIM QIAEATL OtL2t, B30]| 71 & H= ._|_EJ£EL 0]
oH S22 0|% Spot, Batch EMR, HealthOmmsE A2 e J=2 OIOP‘IEL

Table 1. 2A MM HE QAAHA ME

QIAEA MR e 8= FHA| GfA|

m A LES MY, gt 2M S, AR
HAE

c CPU e, At batch 2%, ME H¢
variant calling

T o 22| joint genotyping, L& annotation
join, Hail &A|

i/d 2Z1/0 sort, shard 7|8 &7t I} X2,
scratch—heavy workflow

f 7157] DRAGEN #2 FPGA 7|4t
mo|Zatel

hpc 715t A EFAZt Z Q5 tightly coupled |4t

S3, EBS, FSx - HIO|E7} T = X2

EC27} At fleh MH=tH, EBS?E S3= HIOJHE F= M2 HE Y4A0|Tt. Amazon EBS= QUAHAN =
£ AE2|X|(block storage)Z, MM LAIL 2AE TIAAARMKE “MHO| HZE AT 0f 7HACEH ﬂf°'°
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OFRESHA AMSHL, HE 7+ DU0|LE UA| XY S7HME WE HE [/07t Bt R0 & Sh=C}. #HH Ama-
zon S3& A AE2|X|(object storage)Ct. ECAE HO|X|TH MMZE= A2t OtL2t ZA| 7|(key)E 7+ Y
XNEA0|H, =2 URI YE 2 ®ZSICL FASTQ, BAM, CRAM, VCF, reference, 21t It ZQ H|0|EAIXMEH @2f
BRI 02| MH|ATLEH 9= X2 S30f| &= TOo| RfHAAHLY,

ZHXIO|A= EBS 83 2t= HIR7t B REoILh. MY 20s X5 £2= XM Mg 243 =5 F1,
S4:0l= O A0l ePH U Atz ot @l Bet RS 0 Y26HH L. 0] = AH0|Q] X0|= LA EA0|A
0 2EHO|C}. OIS S0 BAM HE 10 M= YA TF2 it sort XY0| 2= EBSU 22 scratch/t S26HX| T,
2E 2oL 3 H|0|H = S30| B #toh= HO| WL, = O{T|of MEX|= Tt £{8H0| Ot 2t, B2 WE I =222
THAI2 2HICE

FSx for Lustre= 0| = AlO|E A Zdt= S0 MEX|Z B OlolistH ELt. 0= POSIX ILUA|ARO| HL5H1, 042
At =EJHHEA 22 T E2|S S0 MOF & [ R8¢t 1S &7 2E2|X|L}. S3%t ¢Sl 2 BE=S 7H%t
scratchM@& AM2|ofil CHA| Z1tE S3Z Se{EU= YA0] HEHO|IT. 2= A0 MSEE FSxE HiE Q=
AT, 53 7t ACHE MRS A2 S0ttt 55| 12K HO| 2M0|Lt 2 intermediate
Ml S CRE I EZ0ME 0 AS0| 2 XI0|S S == UL (AWS 2024d).

Table 2. 77| H|O[E &S XN XIS A M=

ol R SFPSPSECPN Olg

2IA| FASTQ S3 7| B3, 3R, 02 MH|AL S8
olgq
H=

qE 37+ o EBS = 2Z scratch =21/02 %2 +H

%|Z BAM/CRAM, VCF S3 AL SRt #S

SN ML =7 MX| EBS QIAEAQ 2= AAH”H OAT

Ci LE71 8P Qe 1ds 2 FSx for Lustre 37 U AR =2 H2|F

El[]=]

S3 Standard, Intelligent-Tiering, Glacier A|Z3} H|& 242}
?. =

[ |
S3E Ololig M X oLt ZLot A2 ZE A/t €2 HIE #XE X ¢=Ct= HO|Ch. 7+ Hhedt s3
Standarde= A G0 M= H|O|E{0f| Hgtet 7|2 ASO0ICt M2 IE0| Ex2lstALE 0F06t7| 0212 4<R0l= s3
Intelligent-Tiering0| R&& £ QUCt. HtH Standard-IALt Glacier AE2 N& HIIE RFE= U4, S
O] retrieval feeLt ZA K& 7|ZHminimum storage duration), ¢ X|¥S 1T2{oH0} SiC}, M2t ZEXHE “7H
W SeATL A T ZHAO0IC Eh= MZHRE H2|= To| ECt

QXA HIO|E= MoiZ7|(lifecycle)?t FE10t2 2 storage class At1EfA0| E5| S0t 24 X159 FASTQR}
ZNE2 MEM AS0| At LO{LIEE hot O[O|E0]| 7421, O] HAOM= S3 Standard’} AFHAZC, F FLt
o 20| XL} M2 YT ZE0{EX Intelligent-TieringO|Lt Standard-IA7} HAES 4= QUCH E7| HE O|F2Jt
Qe 2A| HIO|ELE Q| JHLHK| Y= EZEL Glacier Instant Retrieval, Glacier Flexible Retrieval,
Glacier Deep Archive &2 colder tiere AEE = ULt SHX[ZH IEM0| X2 HO|HE HF | Deep
ArchiveZ U0 2O9MH XNiH|= 20 2 X|¢H1t retrieval H|E 20 Z2ME MA| HIE2 295|8 22+ 4= QUL
(AWS 2024b).

AHMO|M = lifecycle rule2 Salf HIO|HE HAXMOR 0| AI7|= HEHES 0| 2Lt OE S0 P=2E XF0|= S3
Standard0| £, X 7|7t0| X|L}H Intelligent-TieringO|L} Standard-TIAZ §7|17, 7| 22 CHAD Glacier
AZE LH2l= AO|CH O] £X2&= SHES0A Ha 720 MW |AUSICE 528 A2 storage class 0|8 AHA|I7}
OtL|2t, O C|O|E{7} OF%| &S| AL FOIX|, OfH H|O|E{7t Ht THAZ S0 U=XIE NSHOE FE5= SH0|Ct.
HIE 222 F7AME 2 Fof| HiR= 20| OfL2t, MYAE AAIE IR E] 37H HHRIOF ST

1

IAM Rolel} %|4& #st #=!
IAM(Identity and Access Management)2 AWSOIM £7t 20| H2E 5 Y=XIE ZHSH= HE MALC

=
)
EEAE HE |AM Useret M| 7|2E HS2|X|3H Q8lA 54 20k o Z25 2 IAM RoleO|Ct. 1AM
User= ARIO| 2191517{Lt APIS 558 0 AtR3H= &7| X2 Z%0|l 71241, IAM Role EC2, Batch, Lambda,
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>

HealthOmics 2 & FX|0 &IA|l Hets F0{ot= Y40[=f11 OsotH ECt 0] Xt0|= HekE Otz 29
HOJYOME iR S0t AMA 7|2 DIEO0|Lt ASEEN 8f0F ZX| 1L, AAHATE HASH S3 HAT GES
‘.’_fx.iﬁml 2¥E = W7 MEOIT

—~+

%"5.( as privilege)2 “HQt ARt & ¢ UES |45k A
= lﬂ'I5"':’ S A0 0 S
o 2= 2olV|2L0, 'II
= gAlog AYZESHH Off OHAJ|A |
D12 HEY & Q7| W20, A3t B2|o| 7|27|S A8l 5| HRs 20| 015 2

2024c; AWS 2024e).

ru

HEtE = 0|R7t 8iCt. O] &2l2

| 2M & OlsHEICt. EC2 S3

Hi2 ST SMA HI0|EHE=
ol ..’.‘J”IP EICH (AWS

||

=
=
=

||' -|)|| —'—

0z
ilnl
rO
I-II

bal
mlo

>
E
rulm
kU
[N
=2

EER} KR Bh 44

USOIAN EIBOISIE Mk T7f U JHRZ = & 0k AN, EBSY S38 22 £FO HUARAD MAsHs
01}, EBSE M0l Ee CIAZ0|31, S3 Ofaf MHIATE BRBHE 2A] HAAO|DE, g 25312t KOl Bixig}
I8 21210] 55 S2RIC. ST, QIAELA 7|8 B3 Mefsf= O[T AMZE WP BRs X0 CPU
QIAEIAZ M7ILY, |/0 B A0 2 CPUT 52|17 M52 7{o] Q2] orn BI]St AzIc

o=

A, HMA 71 2F TMEO|L L ESO| st=R F6k= Z0ICE XMS0= Holl 20k, 0] 522 H gat H7| 230M
P10 ECt. IAM Roles MOF & At2[0f F7| 7|1& 20 £H &7+ O Hots M| =X SHot7| 24X,
HIZ R 7tsdx HTIC OHX|2HOZ storage classE FAIY 71 W RO =2 MEHGH= %—?—E TCH XF Tt

=i GIaC|er Deep ArchiveS MEHRUC7L, LIS0]| HIO|EIS /ALH= A2t BIE 20 S+ LF HA7H 1L0|l= L2
220} Stk

EC2= A4t EBS= €= LA3, S3= 22 £ )6t A M&A, IAM Role2 Al F=H|0| YA| A2 ==
WAL 0|27 Y| £ UK TOF£3 S25ICH ICISHES AH|A 0[20] OfLjat HE3} HlO[Ef Moj7|S 71Zz0=
MEHSHA ECf. & "O AWS 282 afa{ot MH|A ZFEL, A ALt At MESE XF X MBS HetS

I2E= 7|=0|M A|’5|3._Ef 0 712717t o] JA0{0F F[O|AM CtE Batch, EMR, HealthOmics, Hail, Bedrock®
KAAEA OISHE 4= UL

sAl JH e

=10
+ EC2:= Al A0 1, QIARA THE2|= %%9 SRE Uit
* EBS= QAHAN 2= =5 AEL|X|0]4, S3= 7| 22 S7O| Mot 4| AE2|X|CH
o

* FSx for Lustres= ({8 .=E7} 8HA| M= ﬂM" MIUA|AHIO| RS [ 125t= HX A SO0|C}
+ S3 storage class= X% ©t7}3t0| OtL|2t retrieval fee, minimum duration, =2 X|H77tX| &t 2t0f St
* IAM Role2 %MNA 7|& ZEN| EX| 10 Al FH0| LA Hots F= 7|2 Eot FX|C.

Bt r AE AAHAE Z42F O RTX| workloadll| & & X=7F?
S DU 2F VCFE 22 MEA0 FX| ¢= 0|R= FHU7F?
User th&l IAM RoleS 24 112{510f ot= O|/E AR EC22t S3 GilA|Z 2 22t

WN =
ox ©
g =

Further Reading

* AWS Samples. |IAM role creation example in aws-genomics-workflows.
* AWS. Using Amazon FSx for Lustre for genomics workflows on AWS.
* AWS. Secure your genomic workflows and data with AWS HealthOmics.

References

* AWS. 2024a. Amazon EC2 instance type names.
* AWS. 2024b. Amazon S3 storage classes overview.
* AWS. 2024c. IAM best practices.
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https://github.com/aws-samples/aws-genomics-workflows/blob/master/docs/core-env/create-iam-roles.md
https://aws.amazon.com/blogs/storage/using-amazon-fsx-for-lustre-for-genomics-workflows-on-aws/
https://aws.amazon.com/blogs/industries/secure-your-genomic-workflows-and-data-with-aws-healthomics/
https://docs.aws.amazon.com/ec2/latest/instancetypes/instance-type-names.html
https://docs.aws.amazon.com/AmazonS3/latest/userguide/storage-class-intro.html
https://docs.aws.amazon.com/IAM/latest/UserGuide/best-practices.html

* AWS. 2024d. Using Amazon FSx for Lustre for genomics workflows on AWS.
* AWS. 2024e. Secure your genomic workflows and data with AWS HealthOmics.

3%. H0|El= F71X 11 Aol - gnomADLt S3

=5

0

o0
of>

* gnomAD7} S3 23 E XSol= O|RFE B &~ UL

* gnomADZ2| Hail VDS7} off & 25 OU0| OtL|2t 241 RISHA |0|Ef EHUIX| MHS &~ QUL
* H|O|Ef At SA AtQ} O|O|E $1X| 2X(data—local analysis) At12| XI0|E OaHE 4= QULE.
« S |EA| I11|0|E1 AWSO|M 2F Ftxot= 7|2 Mg dFe +~ Qo

= A

P
(=
« 2ff O H0l= FTPLt GlobusZ Gi|0|E{E &7{0F =7t

. 9 X|22 3 AT HZsH= HIA0| O ol‘alx‘loljl-

* gnomAD Z2 2 X2 AEX0|AH FAS A =7
* 2 gnomAD2| VDS “Z VCF 5IL1"2 THE AtnHAIS 27

el
>

MO

S7H GIOIE] HHIE E',“ilgl Hat

2 R SS AES HRe YA2 Xgt 2 E ALO[0 =33oHAH| HHY UL}, OIT0= S-EA7L FTPLE Globus 22
HE =28 ol 2 = ]If°'° A7) 7| *1|:HE L, T SARE 20 2EHE 0 S 245 +dot= YA0] B0
7P O] 412 HIOIEIMIOl X0 A F717F LS = O Y §2|X0|UL. 2Lt AT HoA It J
29 ISEJH STOIHM 22 HI0[HE 05 7|40| 2H=ohM XFolLl, M2 THE AIF2 SAES |AIGHL, OHH
0|5 HIE&= #Tot= Y42 H M HIHAN0| ST S7H B0l XHE0| SR K| AEZ|X|0 F0[7] A=k

HiA0l= HfE 0| XX 5t |7} o||:|.

gnomAD= 0] “:'if% A5 |0f 7HE £2 AtEICE gnomAD El2 20204 CHs 222E 2 3XI0A, HO0IEE
S SSRE0 F= OIRE S5 SA A, AHd 2o, OE Ef = E1I0|E1“'Il}°l s8¢, 121 § €2 824

steet= Wl 7K ‘-WOHM HEIMCE. O] HAK|= 'H-EOl Ch22E 239 2X|7t HHHACHE 0] OfL|Ct. 235[2
ARX7} i X XS A MHZ 7H42= T, S8 X AEZX|0f U= AHES 2Y HZot 1 ZX0AM
HALSHOL SHICH= M2 24 &0H8 EESIT}, O|f sHA E7g0| HIZ bring compute to dataOlEf. = Z21RE AL
FUH 2M2 IHUS MY F7/= 2O, OO0 U= H0|HE o HAO=Z HiZ gl AQIVIE HA A I5k= Lo

7PZLCt (gnomAD team 2020: AWS Open Data Registry 2026).

gnomAD G|O|E{ =} S3 H{jIE X

AWS Open Data Registry= gnomADE 37l S3 A2 = A5, LHE HZIO = s3: //gnomad-public-us-east-1/5
OFLHSICt, ZHXIOH =25t M2 0:|7|k| S3  (bucket)} (object path)2t= JH'ES &t O|s5k= Zd0|Ct.
H2I2 H0E[7L B7|= Zl&9 MY SZH0|1, 7HE OUO|LL E|0|S2 11 Ot 24X 7|5 Soff M2 et 22 fA39)
02 H|XoHH 2 = AKX, HMZ= POSIX TFUA|ARO| OfL|2} x| AEZ|X|0|22 HZ WAL H|IE #27}
CHEC} @A HAXF AF0M= 0]240] “OC]0fl U= S0 AHES OEA S AQ7VEt=s 8N HELER 2=
AZAELCY.

gnomADE S30A HMSetC= AMME2 5 7HK| HetE SA[O| Q0fStCt XM, AZAlE 2 X XS 0 742l
YA SALSHX| 20t EICE SMf, 22 S2tRE QoM EC2, EMR, Hail, Athena 22 A4t I§0|g- EIEE
HEelg2 £+ ACBE, A EUHO0| M e M 7HSoHEICE olE S0 0™ G‘-T‘XW 2 BT gnomAD
releaseg .’;*S S3 E=20|N H=CHH, Z|Aoh FHE XML fIX|Q H 0| M= 22 SLMS %OOPHI FEICH 2ty
S3 29| gnomADE thadt CIR2ZE XAATL OtL|2}, YR 28 21X |0]|0{(shared reference layer)Z 0|5l5t=
HO| o H&totct,

Table 12 MSX CH22C &A1 S3 X AHX 4j0| K0|S ME SO E2815 20[CE 017]H 23 #S "2 X
S2ALCTHHIECY 7 OILI2L, HOIE| 015S BY4E MY 521 29 2HH0| 37 S0|ECHs Ho|Th, So| 2SE}


https://aws.amazon.com/blogs/storage/using-amazon-fsx-for-lustre-for-genomics-workflows-on-aws/
https://aws.amazon.com/blogs/industries/secure-your-genomic-workflows-and-data-with-aws-healthomics/

—

0|5 HIS1t Y 2| H|E0| O IA &2 =, X X2 7t58 ¢ 38 ¢
2|ofXICt. 0] M2 F A CHE SRA, EMR, Hail, HealthOmics HO|= 2H=25HM S

x|0f
X

| £ AME F71=
S B
- O

S et

= HEX [122C WA S3 A7 &Z WA
sy TS 7|2 MBI BIK =4t T8 M AEX| Z2E AN M
XNE et 7128 S5 SAH20] €A =0" 38 NS SRotl 22 SAE
==
24 ) Mrelease’} LI2BI ChA| S718t  BiHiEl 228 71202 XE BE
o THs
- . had -
e AR CIZ SARS £ 7SS 22 Z29 22 released BRH|
Alo
=)
e IS E HEhY 0|2 X% HIZO0| AHH AAHS HIOIE JH70[0M =25t |
Al
2

Hail VDS - TH0] OfL|a} 4t HO[EMOZ K|

gnomADE 0|0p7|& T Xt S&St= vDs= Of7|M 2| AA AHoHOF of= JHE0ICy. =HAt= VDSE HEs|
‘VCFEL O & ¢&st dA"0= Ofalist7| &X|E, HdMZ2= JHCH 2M 24 XXMl BEHO|CH  Hail M0
23 VariantDataset(VDS)2 cohort-level genomic datag H$67| I8t 5|A(sparse), 22l(split) 1X0|H,
reference_data®l variant_dataS HE 2| MatrixTableE L0 A&t} CHA| 2ol D= MEN ZE X2
HHEHSIA| HX X{Eot= YAI0| OfL|2t, X SFEu X HO| HEE L0 HELC=MN U2 ZSEN O & 5=
EO|t Al AtS THSHHA| STt M2tM VDS ME A0l SA|0f AlAb ECH (Hail 2026).

0| XI0]l= gnomAD v4.0 release noteM|A] DjR QIAXIOl 2=Xt2 =2t 20238 118 3= v4.0 SX|0f| I=2H,
gnomAD+E release& 730,947 exomesE 2t=7| IoH AH|2 955,213 samples 22| MA| H0|HE XM2[HH,
0| TX| v4 dataset2 VDS 4 HE20f 18 TBRF AL, &2 HIOIEIS HEXH project VCFZ XMHUCIH 897
TB7t HQ3He A0|2tn HHStT}, 0] 4X|= VDS7t Tt O ZBH X}0|E H0f, 2 TSEE O{EH BEE
2007t0] EMYE & HO FC. = VDS= K& S Ot7)|= 71&0]| OtL|2f, TR callset2 BA 7158t X2
QX|5t7| |5t H|0|Ef 2RI0|2t1 E= MO| & H25HCH (gnomAD Production Team 2023).

LS VDSE RFAS MYSI=LIR v = A0| Otl2t, RS 2EE & U=HT HHELE. gnomAD v4.1 SX|=
VDS Z20 all callable sitesOllA] allele numberg |XIg 4= AU, HO7F HEEX| L2 AXIMK| ZLet5t allele
number IYAS MBS 2 JACHD MHSICE 0l= 7| callset M2|0|A HO|7t Qs {AXIQ] BEIL HA ALZEX|E
X2 HH|ECE s UFM= Ol1AS "ME 880] ZOML 20 “EZ 7hs8 He7t A2t Olaish=
HO| W RolotCt. RMA HOIH #Z2= ol AT 7S 07z 27t Ot 2f, sk siM o HAE AFoh=
ZXH[0]7] ZO|Ct (Chao et al. 2024).

S& HZ 0|01t xieiy
S8 EHRE Aol 7HY 2 ZH 7124 ottt Mg o SEHS | ECt= HOICH HSH LA0M=
Z2 gnomAD releaseS AAOICH 2 H&5HA, O A0 O HHS HUA=X|, OfH HX2ZE FIHU=X,
ZZHOA O AHAS ChHA| SUEX| FHo7| 02 L7t HUAL. 2HEH S x| AEZ|X|0f Y= versioned
releaseS X HZXoIH, MOk X AHaQ| 2RI HTOf oAM= M FafotA 7|58 4= ULt 0% Lot Hail
MM, S&St container image, S& e workflowS ZglotH 24 SEH0| I HEOHTICH HHGO|Z HA| =22
ORX|2 AN ZEE SIHot= 0] OtL2t, EA0| S0717| HRE 22 S8 H0|0E SRols 28 s&02t=
S 0] ZoM = 27} L.

gnomAD7} 20244 82 browser Hail TablesE 371t A= 22 SEQZ 8= = UL}, 0| HHO| M2 ¢ Hat*X
Zlo M8 HO|E HIO[E| X7}, O|F| AR} MAR 7HSSt Hail Table XM 2 ZI HZ2 J7Hs5HKCH= FO|Ct,
|

SHIS0| A= 0|10 0jR S5t HMEH0|Ct, B2t MM H= QO HE ot AX| 24 XH0| B 7 E+E, “HolM
= WES CHA| 2Z0|M H7E6H0F ot= 2228 =F70] E0EL. S0 X AHH0| Hesot 27|18 ZES 0N
=4 7ttt HI0|S 2t0|22(2| HEZ SYESE, 38 X 20]0f2t= HE2 O ZoHEIC (gnomAD browser
2024).
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Hail, Spark, Athena, =3 MEfA|2te] HA

gnomADZ S30|A =0T oA BE 2M0| XSO 2 sHZE= A2 OtLCH S8 22 1 20 o Zo| A=t
O =715 GLLFO|Ct Hail2 R 8|4 RTA HIO|HE 24t G4t 2HFE0|AM CHR= HEAN =510]12, Spark 7|8t
=M A5t A A I X7HE YRIStEh. AWS Z0|A= Athena-ready lakehouse XHtO[LE S7H E|O|S XHO|
F7tE[HAM, SIEA|] ALYSH VCFE 25 W2 EHX| 20t E3 cohort filter, annotation query, BI&E 291 22 &S
O HEMo= AAIE = YA EACL & 22 38 S3 XHH02te 0fH =12 FISH-LI0| M2t AFS Z&2 I
S2pEICt,

20253 18 B7H= gnomAD toolboxe= 0] SE2 SIMECE & HO =L}, 0] 3X|= v4 exomes2t genomes
short variant release VCF M7} 2 1.4 TBO|E 2, ZE AI2XI7} 0|2 EMZ Lf24Lt0} XM2|oh= BiAle SAIX0|X|
4Tt X[HSICE CHA toolboxE Soll 2Z SAF 10| gnomAD dataE O €7 Z2l5I=E 5= Wek2 MAIStCt. 0]
Atz “S2RE0 23 FACLE AATCE SEGHA| ¢, 1 2/0 query—friendly =72t EH|0[Z0] AU0{0F K|
H2d0| FOtEICh= 2 & 20 FL. & gnomAD= 371 CH2EE AH0|HA SA|0| 38 24 E3F2 YF0[|1,
S3= 1 SUZF9| 7|8 ME ASL = St

s 718 g
« gnomAD7t S3 3 E MiFot= 0|RF= HIO|EIE O 0| ZAtot2t= 50| OtLf2t, U= ROM HEZ §ie2tk=
solct
N .
+ ) AE2IR| 919 D7) AU HYUR B HZ 0|02 TS + ULk
* Hail VDSE= T ot 00| OtL|2L R ZSES 3|45t 24 2N RS1MO 2 Heist= XL
« 370 HIOIEQ| 7IX|7} HE4E download -> analyzel[} query -> access in place -> compute
0| o SQ0oKZICt
=g e

1. gnomAD7} S3E &alf HI0|HE 37lick= O|RE
2. VDS7} MEX project VCFe} CHE M2 2910|H,
3. 38 4H AEZ|X| {9 A Xp0| xHHAG 2} A

Further Reading

« AWS Open Data Registry. Genome Aggregation Database (gnomAD).
* gnomAD browser. gnomAD v4.0.
* gnomAD browser. gnomAD toolbox.

References

AWS Open Data Registry. 2026. Genome Aggregation Database (gnomAD).

* Chao K, Wilson M, Goodrich J, gnomAD Production Team. 2024. gnomAD v4.1.
* gnomAD browser. 2024. Release gnomAD browser tables.

* gnomAD browser. 2025. gnomAD toolbox.

* gnomAD browser. 2026. gnomAD v4.1.1.

* gnomAD Production Team. 2023. gnomAD v4.0.

* gnomAD team. 2020. Open access to gnomAD data on multiple cloud providers.
* Hail. 2026. VariantDataset.
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https://registry.opendata.aws/broad-gnomad/
https://gnomad.broadinstitute.org/news/2023-11-gnomad-v4-0/
https://gnomad.broadinstitute.org/news/2025-01-gnomad-toolbox/
https://registry.opendata.aws/broad-gnomad/
https://gnomad.broadinstitute.org/news/2024-04-gnomad-v4-1
https://gnomad.broadinstitute.org/news/2024-08-release-gnomad-browser-tables/
https://gnomad.broadinstitute.org/news/2025-01-gnomad-toolbox/
https://gnomad.broadinstitute.org/news/2026-03-gnomad-v4-1-1/
https://gnomad.broadinstitute.org/news/2023-11-gnomad-v4-0/
https://gnomad.broadinstitute.org/news/2020-10-open-access-to-gnomad-data-on-multiple-cloud-providers/
https://hail.is/docs/0.2/vds/hail.vds.VariantDataset.html
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* SRA Gl|O|E{= AWSOIIA O{EH MZst=7t
« D= 37 HI0|E{7} S30| = A2 OHAH|, O MO = 7t _t0F SH=7t
* AWS Open Datas H& X&47} OfL|2t O™ MEfAHE TtE=Tt

JOII
Mo

‘TI2ELE70IM “21 HZ2'2o= HhE I T

38 T H0[E{E AWSO|IM CHECLY & U ZEXPZL 71 MA HI2EO0t0F & #3122tz ZO|Ch. £35| NCBI
SRA(Sequence Read Archive)2| 22, AWSO|A HIO|HE £LCh= A2 B2 Z2 NCBI MHUM FAQITIE M2
ol 2= o] ofL|2t, 0]0] S30i| SH=I0] U= HIOIEIE 21 M (access)Sh= L0il 7HATH NCBI2| SRA in the
Cloud® Download SRA sequence data using AWS EA= 0| M2 £HSHH AHSI}. = public SRA datas
AWS Registry of Open DataS Sali S32t HTTPS ZAZZ MEE|H, HEXH= 0|2 EC2LE CHE AWS A& AIS A
Ht2 S 4= ULt 0] X7} o|0|5h= Hh= AL |XX| H|0|E 22| ZUE0| download -> analyzeO|A query
-> access in place -> compute in cloudZ O|Z6tL Q7| MZ0|Ct (NCBI 2024a; NCBI 2024b).

0] H3t= Tt MOl M 0|A2] o|0|E 7}EICE 0| ™M0|= &SH= run accessiong &2 CHZ, 0| FTPLU CHE 22
ZA Wt e, 24 AE X0 HESHF, CA| M 2t O 2 F7|= HAI7H 240 717k3Lt, 22U S& H|0[E 7t 0|0
S3 Q10| QUCHH, Z2 S2HRE o] AL XH2I0] 0|2 AI™ 10| = £ ULCL M2t HE2 ME XIAMECH HEHHO|EE
O{EH M5, O{H accessionTh MEHGIT O SAIOZ HIZ & MO|T2QI0| HZES ZiQI7IZ 0|S3tict. 0]
HO|M SRAE= Haot CHR2EE ME0| OfL2t, 32 |SMA| HIO[E H2 INCHUO0| 0{EA HHH D U=XIE EH F=
CHE A2 2{0{OF SiCt.

S3 direct access2t -—no-sign-request

SRA HIO[EIE AWSOIM CR= 71 22HRE HOEIESE HA2 direct S3 accessOICf.  NCBI EA=
s3://sra-pub-run-odp/, s3://sra-pub-src-2/, s3://sra-pub-sars-cov2/ Z2 3 HAZ OGAIZ
£, aws s3 1s s3://sra-pub-run-odp/ -—no-sign-request2} Z2 HHOZ UL HIO|HE AN Q0|=
Z3g 4 ot HESCt 0] KM= USXNO=E IR FQSICL U2 ZEAPL “S2RE 22 sS4 215
H|EO0| Mt =0 11 M ZISEX[2E, 37 SRA XAt MY 222 MO = EfAM HA0M IR HFHo= HIAS + U]
ME0ICt = S& H|O|E0 CHolf AWS= MiZ =019k 2& ALZARte| 2tA0] OfL2t, Z7H ¢+t Qlxete] AR =
7| Sett.

Y HZ wAol M2 HIO|HE TE NEAR CHA| §7|X| 20t ECh= | UCE. € S0 EC2, AWS Batch,

EMR, HealthOmics Z2 Altt AZ0| Z2 S2RE UM public SRA buckets HtZ H=CHH, 7+ FAE R
=S M& HIES &Y + ULt NCBI M= S3 URLE S8t 20| AIREL, S3 URLS &2 inter-region

EN
data transfer fee’} {Ct1l SESIC. 22 ALSAP} APV| A0S MEotAL B ALt XS 2Foh= HIE2 0T0|
st = U0t S| A2 S B0 M2oh= SLUHO| W 7HH AR = HOICH (NCBI 2024b).

oX

SRA Toolkit — format conversiona} & F2 42

T oA direct S3 access?t &4 QAUSH L2 OtLICL sra-toolse= X5 SRA MEHAIOA IR S8 &
E70|MH, £3| prefetch, fastq-dump, fasterq-dump &2 FEZEl= E2 FIASZ0|A Al AR EIT direct S
access’| “22 ZH|of HIZ2 Z= ZZ"2tH, SRA Toolkit2 “SRA IS AIXPV} ote HAIOZ 7111 tHalsH=
ZE2"2t1 O|oE 4= QUCL M2t O YoUM= 2 8 HAZ BYHol7 |20}, M2 OFE 5X49| 312 HAHok= HMO|
O HM&lsttt. = 00| €10 U= run accessions WE2H| cloud-nativedtA| CHET 4ICHH direct S3 access?t O
NAAYES 2 U0, SRA 1F HUMS HE T2 HE|5HAL EH Het HAE MR HOHH Toolkit0] MEHet
ULE.

AHH YEUHAM= 0] & Z2E H|aH 20 F&= 20| £ECt 22 accessions HACE & [Iff aws s3 cp= HE XX
At 28 HO F10, prefetch® fasterq-dump= HFESIE ZoH Het Z2E HO] ZLL SR 0f7|A “0OfH™
S HEQIE AR7(ELE OfH A0 O™ F20| O XNHAAHR2IIE HiR{OfF STt SRA Toolkite] EXMe=

L

ro
> MHA



SHRE A0 = Df AL et HA7F 01T5] SQotths AMS H7IAZIEE & S2RE= HI0H 0|52 &3
FX|2h A0 oM 0| ZRIZ ARREAIA| SHRl=

Athena metadata query®} cohort selection

& HO|E{7t ARSE [ 325 A2 |2 IYUS 0iX|= YO X HEHH0|HE &dl= YOoICt. NCBl= AWS
Athena E5t cloud-native metadata searchE SAMOZ QHHSIT RO, Get Started in Athenal2l G K|
#H2| EM= SRA metadataE SQLZ ZMot= o-% HZ5HC}H 0] 1X= MSXMOZ 1Y 250} S TIX
organism, assay, platform, project, accession H|E AthenaZ &6|1, 1 TS St runtt direct accessl-t
ToolkitC= E7|= SEE g 5 ULt = 2 -‘-7H CIO|E| AlCHSl A HHAl= Mt CH2EET} OtL|2t metadata
queryCt (NCBI 2024c¢).

O] ®2 ¢+ A0 2 HAELC 01II101| e U= HO0[HAMS TS 2t HA '—HE1“*° H, 2Z0M HEl5t=
G771 EULCE 2HH Athena 7[8F HZ2 O{T cohortE THE11 HE2X|, OH £40= MES THIY AKX, OH
XS UESH= runTh AL EiZ 7*._|XI—'?'—E1 HAlolA THELE Ol Hadt J|& *1E”OI OH-IEf A AIEA 9|
HSICt Table 1X& -> accession -> -> = SE8 HglotH, ste ¢ 2 Z2Y
HI0|E SHE0IME 7*8 P22 SEe £+ U0

Table 1. SRA on AWS2| M| 7tX| 7|2 2 B2

4= M| Kotk CHEE GflA|
Public direct access accessions 0|0] €11 11, public  aws s3 1s
datag HiZ 1 AS [ s3://sra-pub-run-odp/
--no-sign-request
Toolkit-based access SRA o HelO|L} HE £ SE0| prefetch, fasterq-dump
]:I'.IOBI' [[H
Cloud Data Delivery ToolkltOE M a3 £ Qs ALZXt S3 bucketQ =2 21 M

=
original file £= £%4 restricted
dataZt HQg I

Cloud Data Delivery - original file2} restricted data 'S

A2X7t £9| [22|= request G0N 71 7P A2 Cloud Data Delivery ServiceCt. NCBI 34 2A=
SRA Toolkit0] 2= original submitted fileg &H M3 == 8171 ME0, cloud data deliveryE &5l source
fileO|Lt 7|EF £ MAS AHEX} bucketlZ MESII N MY 3“3 0i7|1M 28t A2 0|Z0| Yutxol oj0|Q| “Ly
AOER Et—.r_—iE”ﬂ OtL|2t= MO|Ct. HI0|E= AF2XIe] AWS L= GCP bucketQ 2 21X MY, AWSS| AR
=X bucket0] us-east-1 2|0 AO{0F StCH= H|2f0] UL [ETEM‘I S public data?| direct access®t, t'!'EQI
delivery 20| 5t Z2E HE5| 128 HiR0F 3t (NCBI 2024d).

0| distinction2 2g4t 11 SQ5ILL. public datas 22 bucketS HIE 9= B4 I0| Ito”l B
original file Y= AFEXIQ| cloud bucket2Z controlled deliverydh= % ':f
LAO 2 X2|5tX| §4=CH= HO| HMO|Ct MK AR A= S/ HI0|ELt & 7| rE1|0|E17
O{® XMAO| direct access CHAIO| T OfH XtAO| delivery CHARIX|IS ?‘do}h SEo| 3“3 0
X[ O] ™2 7|&0] OfL|2f, H|O|E HHEHALL M2 HSH0| S2tRE QoA OfEA| -_rL°4EI
=ICt

restri
5 BE %8 22

r
Pal
i
E.: =l
rIr
M
nx
Ja
2

DataSync®} 510|E2|E H|0|E Bt

SRA Z2 371 HI0|E{ A2 &I &X7t ZS20HK| 2t E| A0l 21 4 4HSHH|O|B = O T3] BHJsHof otz <7t
OIC} A|ZAIMIE 89 2Oy0|A HPC, T2 2220 Q= FASTQ, BAM, CRAME AWSZ &7{0f & = AWS
DataSyncZt D1 ’é%ﬁm SR} =L} DataSync._ NFS, SMB, HDFS, object storage@t AWS AEZ|X| *f0|°|
8 ME, 24 45, ASstE S7I3E XISt 2ty o] oAM= , =
CHH|E -E—%'él 5H = 7*Ol Z0 0| 22 22 =H=E EX| 2S5 T HI0|H MH0| o HEteiRICY,
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DataSyncE & A7i5t= 0|R= el0| 22RE &ES 371 HIO|H 47|02t oo ZtokX| 44| 57| fIoH AT
AN A7 2H0IA= public open data, controlled data, AtA| 2444 CIO|E{7} &M ZXHSICE. SRAZL HO F= A2
38 HI0[E{ 2] direct access E&0|11, DataSync’t 20| &= A2 50|22 = 2HZ0|A Atx| H[0|E1E BHldt= 2
DHOICt &A= AWSE & £L0h= Y2 ZE H0|HE £X SASHE A OfL| 1, BE H0|HE FX U dX| HX56H=
A OfL|C}. HOJE{e| g0 =, 2 T235k= A0| sAO|LC},

HI g1t 2F FoH

3& OO 20| #{{AMLIY i HIES 25| AN E= A2 OfLICE NCBI A= public SRA datal| At:
H21 F= accessE LXGHK[TH, AAXIZtEC2E 2Y56HHLE Athena queryE E2|AHLE ZE X17| K20 M&ot=
HI22 0J%3| 2HAlst &= QICH 8 AWSQ| YUBEXOI S3 H|® 0= Requester Pays 22 HEE EXHSIEE,
SHE2 “ZE OI0|E Xt 2" “2E S3 bucketO] SYUSHH|E #2IS H=L1"E SSoHX| L5 HiRI0F St} 3|
Athena= M|EH|O|E| BHMOY| 01 Z=otX[Dt, HE| Al M2 A7 HIES 12{o{0f SIEE FASt F&2 =X
JI2X|H O EICt H|E HZ2 direct access?| MES AGHA| L1, O AN £ HIE0| LMo=XIE
TEot= Ei0A SLSHTY,

SIf RTEASOAM S8 HIO|E H22 O 0| “HA| HI0LA X&70| OtL|2f, “BHA &1, TSt 40 Mot 7tsSt 6
CIOIE{7} U= ROIM AASH= BisFO 2 HE 1 QUL SRAE O] &S JH8t & 20| = AL} direct S3 access,
Toolkit-based conversion, Cloud Data Delivery, DataSync 7|8t 212 M2 CHA| 2A7t otL2t, MZ CIE EF2
HO|EQt THE 2F EMHE F= Z2S0|C}. 40| 0| Y| 7IXIE 7128 = UA =H, 0|F O 374 SHA XS
AWSOAM EO2tE 22 {22 M2 M2 A o UA =0t

Il ol
>.|O

0

CRIERSE

SRAE AWSOIM CHECH= A2 33 20 Of 7HACH

public data, toolkit conversion, cloud delivery= MZ CHE SXQ| HZ AZLY,

CHt2 370 O AlCHOl= 2= DHUEC HIEIH|O|EE MXA He|ot= 80| Z0}LCt.
37H G0 =7 &ALt XtA| H0[E B2 CHE 2X|0|H, DataSync= X0l Cf 7F4LH.

(2
=

b |

=5

iflg
Mo

1. public SRA dataE AWSOHIA| CtE [ download 2L} direct accessZh= HF0| O HESH 0|1Q= 22121717
2. direct S3 access2 SRA Toolkit2 2tz O AZ0|A O HESHI}?
3. Cloud Data Delivery2t DataSync= O FHOA MZ CHE 22X sHZoh=7t?

Further Reading

* NCBI. SRA in the Cloud.
« NCBI. Download SRA sequence data using Amazon Web Services (AWS).
« AWS Open Data Registry. NIH NCBI Sequence Read Archive (SRA) on AWS.

References

* Amazon Science. 2020. AWS democratizes access to the largest genomic sequences repository —
NIH’s Sequence Read Archive.

+ AWS Open Data Registry. 2026. NIH NCBI Sequence Read Archive (SRA) on AWS.

* NCBI. 2024a. SRA in the Cloud.

NCBI. 2024b. Download SRA sequence data using Amazon Web Services (AWS).

NCBI. 2024c. Get Started in Athena.

NCBI. 2024d. Cloud Data Delivery Service.

NCBI. 2024e. Search in Athena.
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https://www.amazon.science/latest-news/aws-democratizes-access-to-the-largest-genomic-sequences-repository-nihs-sequence-read-archive
https://registry.opendata.aws/ncbi-sra/
https://www.ncbi.nlm.nih.gov/sra/docs/sra-cloud/
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« A2 H50 Y WGS 242 O QIABIATTHET}
© YAl A O AT 7 MY SU2 0EH Lis=7t
- 240 Bt 7 O XHH2 110 O XHA2 HAHOF ot=7t

3 MY 248 EC2 QABIA TS|

L s —

L o
EC2E X3 UE M ZHXt 7H& At ot AMes “AH 2 MHE St DY EXP2td M2st= Aot 2Lt
AMOM= QAEA F7|HDF HA 240 HAS He|5H0F STt X2 5ldl= 20| SMA HHEMH CPUE 22
ZHOtH = ZHAOIX|, HailO|Lt CHY annotation join X M2 2|2 0| M= XAQIX|, OtL|H Jupyter?t ATE QCXHEH
THY Ao E SEO RHAQUK|Of M2t SLUMO| HE2tX|7| IEO0|Ct M2t A #HI EC2 QIAHAES [HEC = HE2
2E0M HEZS 2= 0] Ot 2L, SEXE HXN ZX5t= Lof| 71

2aA M0 A= HIO|E{Q AME Z2 2T F= A0| £5| S25tC,. S3 HZI0| ap-northeast-20f| A=L| EC2=
CHE 2170 =12, XIS A[ZtD BIO]E 0|5 HIEO0| S0{UY 2FE SEOHTIC MetA d5 HARH

= HAE gHeR UEs HO| 30 A 2F2 U St 22 TECE SEOI. XM= "E Linux AMI,
QAHA=m EE= c AEL S22V, RE AL} XUE EBS, T2 11 S30| M2 e 4= U= IAM RoleO|Ct. XMSHE
stE{gt 792 US7IEH, ZA ARG HSS 201t 7| AHES 712 HO| 24 H6ILt

C2E “MH] & CH" 22t O|SHSEX| k= 0|t EC2 QIAHAE= ALt T XIA|0| 11, 11 FH0jl= 7|

= BiLt 23t He

Qs H2 E
oo, 29F 1, IAM Role, EBS €&, CloudWatch 211, S3 427} &/H 2XIQIC}. & AN 2M 1AL OIAEA
THEO0| OfL 2, AL KE-HSHNH&0] FQI A8l TH|CH 0] ™S =70 OlaotH LIE0| Batch, ParallelCluster,
HealthOmics Z2 &% ASS tRHEE 2W XA R,

OIAEIA TjB| Q17| - m, c, T, 1, £, hpc

Amazon EC2 QIAEIA 0|S2 =73 HOIX|2, M2 S Cal= R0(0) JRTE AWS B4 BA=
QIAHAS HSH, HAE AN, HE2| AN, AE2IX| XS, 148, HPCHOR LIEL}, Q0|A 2Aaxi=
BE M SH2 92 WOE YXIB, MOIE n, o, 1, 1, , hpelt 242} O SF2| B2 ASIEXIE 912 + 2010}

SHCH (AWS 20264a).

71 RS AIREEZ2 m AZO|CE ES MY, AR ME HAE 3% QC, g8 A&5XH CPUL K22 2717}
SIZOZ MSHA 7|2X L2 AH0 MEtsiCt, HE, © variant calling, batch QC, permutation testX@ Z0
7t 555 HuAN ZHIE X2| AIZH0] E0{Es Y2 ¢ AIE0| O & =Lt BIHE cohort aggregation, joint
genotyping, L& annotation join, Hail ZAIXME HE2|7} HA HE L= HA= r AES M Dd{sh= MO| ECL.
5 QAEA MEI2 "] HM MHE Atz 70| OfL|2t, H=0| CPURIX| B2 2[QIX| |/OQIX| HEtsh= UO|LCt.

i A8 d AEXNE 22 AELX| M58 AXote QABALE scratch-heavy workflowOIA Z™S EOICt 23
HE 7t Y, 9EE5XQ1 sort, shard 7|8 28 XA, ™ temporary matrix Het 22 HAH= 2E [|ATJDO=Z
o 2% M2 2Z scratch7t & G+ X&A7}t OfL|2h= AMO|CE,

XM2|g MECH 2N OFYMY = AT O 67
WEC= 0|72 2= =S 07|0 &3, AAEA SE oA Z21HE G H2 X 2 S DT AY - AT

T4 QIABIAL O ZAGHM O[aH3HOF BT £ AT FPGA 212 7147|2 #8t= QIABAQIH| “7147|7} YoL
DA BI2CH S 0| OfLICt. DRAGENRIE FPGAS S23IE2 A= Io[Z2{el2 22 AWS HPC 2219
F2 7} ALIOIM DS 22 A51 HIS 588 HYX|DH YBHHOl AJZEL ({EE QTAA T AHECE 0|
0SS 2X| 2Bt (AWS 2026f). hpe HIZ SJAl ZE NGS D[ 2folo] 7|2 Me#X|7} OfLi2}, EFAQ 713t e
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iy %*._'OI S0t AL0|L E4-pt B4 UL 2|F0| § 7R EEQ SHFA2 m E= UM AElG] 24X 8355 =
Fl 1,1, £, hpcZ 0|Sok= HO| o AXO|C
Z

22 I QoM MICHRE FHOJALOY| 2t MK ds2t 7t 27t H2tRID Ol S0 5= Xeon 7(8E BM|TY, c6ie
Ice Lake 7|8t BMICH, c7ge= Graviton3 7|8t 7M|CH, c8gd= Graviton4 7|8H0)| 22 NVMe SSD7t L &HE =|A MICHE
£S5t B2 bwa/GATK A8it= c6i.8xlargelt c7g 16x1arge7|' S5t HE sort? shard &4 2i0=
c7gd.8xlargelt} c8gd. 16xlargeX|d 2Z NVMeZl 22 HYO0| ARHMQI XI0|E D=L QUAHA 0|EZ Y=
TR R HOI MCHE GA = 2H-0|A XHMIS| CHREZ, | ﬂﬁE._'lﬁ 0|52 1€ M 11 HE FI6HH =Lt

Table 1. QEA EM0O|A Q| EC2 QIAEA T{AUZ| X MEH

IAEA T FEl HE HEXQI S| 2

m pig=k Jupyter, 2712 QC, US& EM
MH{, 3% To|Zaf2l

c CPU XM&, 2t variant calling, batch
QC, permutation test

T oH2e| joint genotyping, cohort
aggregation, Hail join, i3
annotation

i/d Z2Z1/0 sort, shard X{2|, scratch &4
intermediate workflow

£ ES) DRAGEN Z2 FPGA &8
0| 249l

hpc C=d E =l MPI& ALt E45t tightly coupled
lj:IEH I_ll-O'I

HOot &, 7| 10, IAM Role ¢&

ZEX7HEC2E OEA L7l= Olf & otlt= Al AHEECH 28] M&a Mt 27t 47| WZ0[C}. K| 0|S
M 2E20E LI+M HZIHC Hesict 7| Hoj= MB{0| SSHE F&3517| gt ME30|11, 2ot 152 0 HEYZ

St

Ems 5EeX| Hol= &ehH0|H, IAM Role2 QUAEATE AWS KH0f| M2 If M= AHSE FI0ICH M 4=
MEZ CHE ZHIE SiZstet. 7] Ho7t “F71 M ¢te2 S0RLLP'E FortH, Hot J&E2 “of™ 22 €0 &
A0|LF"E Fotdl, IAM Role2 “AMH{7} 80| LI7t 2AHE & o JLLF'E ML},
HOt 82 H4 80 45 Mol H0|X[2, HMM= £[ASICE HY F= S20| 526 OE S0 712 A&
AH2tH SSH ZEDF 5186111, 7ts5tH £ IP "= Hoksl= MO| RC}, @ 7|8 L ESO|LE MH[AV HQSH i
270 CIEHl MMA|O| E7| 20t TEAL Higt=el B2 ”EE HA 12{aH0f otCt, FMA| HIO|E = RIZ HEE Tl
AU7| WZ0], “OXtO| HAEL7F LS E EEF’E a2 L0 o 2 M2 0[]0 TIC
IAM Role2 H& FQ05ICt. O3] B2 ZEAPDL ANA 7|12 Y OIYOILE LESN AE 2= HAS HA
M22| X2 AWSS| 7|2 #H& A2 Mall X0 Role2 20 UA| HEHE BEOSt= AOICE. OE ¢ o™
QIAEIATL 53://my-input-bucket/= $1! s3://my-output-bucket/H| ZIE M7|0t 3|'D:| ZICHH T H ok

5125l= Role2 =0|= 40| XLt O|FA dtH &7| Xt SHS DA 2o BRIt i, 71 O Hste=
AWM= O HSBHEICEH (AWS 2026¢). 28IA 2M0f|M RoleS ZUHRE Hets| Q5= A2 HOF E2HIE HoiA
Mot 2F ergM S flet 71=7]0.
Table 2. EC2 A 22| M| 7tX| 7|2 HOt 244
TEQA st ZHXPIL A St A
7| IO SSH &8 Q15 T 7| MAUS 2] At SEEGH

_T'_Ool‘
oTro

Hot & QIH}I2C /OIRHI2E HIERF X SSHLI 0iE2|70|8 ZEE A

QRS0 DH=okA| THE e
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THLA q ZHX} R ot H
Q 3

=
IAM Role QIAEHAOL AWS Rp3 ™ et MM~ 7|S THEO|Y
otERde

EBS SEE YAl AT X S LE

AT EM SFUM MYAE QA I 71 S0 2E2 "FAS 2 Y AUPet "2AS | X2|ot HE
ARV E FEoks LOILt. EBS= EC20] 2= &5 AEZX|0|22 2FN|M LAF, 2M =7 AX]|, 2 S YgE=
S0 DrUOf| XEFotct. gt X7| Hatat ZQ7t ER8 FASTQ, BAM, CRAM, VCF, 211A, reference X2 S30]
T HO| AAARCE =EA= 2= HO|HE QAAHA Q0| 210 ARG EX[TH IFAH oFF MH7t &= HEa7t
£l H2|1l, 240 EXtE i FAS XL 5Z2A| THHY| of2iglEict,

HMOIM = Z|ASHM 2= LIF0] M25HH M Hasi XL X, RE 2 E2 2SH|H|Qt 7|2 =+ E ?Ist S7t0]Ct.
=M, 9 EBS EE= 2Z NVMe scratch= H&-sort- temporary shardX3 [/O7} &2 XAS et ZIATHTE Almy,
S3= EEN ZUE H|= I+ ASOICt 0] #XE OfalstH “2f QAHAZ ZF5H/| M| ZUE SI= UO{O}
Sh=7t" 7t MHAAZA HAELCE HHE scratche A4S fI8h S7HO0|X], A XitE B o= &AZt OtL{Ct.

=22
==
o

EBSC 25 EIYIE 2719 A% TOM St SX|E Ot Avreol B8 AT B8 24 SIS W8 SSD
| BEO= S28 29} UAID 0PSY H20| F5t B20! workflowdl e I £2 459 28 740

st £ ot (AWS 2026b) J2L WS HAGM O 529 A2 =28 B MEF %ﬁEEr (V)= HHXI HEg
HMets| Asle Yo|ct. & “Y=EL2 S3, Mall I X2 EBS = scratch, aﬁ M A= S37eEk= 7|2 F£27F HALE

[y —

Table 3. LA EMUAQ] HIO|E HiX| &=
OOH 55 M 2K O|R
2N FASTQ, %#|Z BAM/CRAM, S3 A7 B 29, A2 {28t
VCF
MY =7t I sort YA| of EBS EE= 24 scratch 2 1/0%} &2 +Hoj| Xakst
2GAA|, TH7|X|, 0| FHA| gE EBS °|*E1* HE ol Mal stA gt
Z|E 2|HE A2, 271 01710|E S3 QIAEIA MEZETY|QL HE|5] HE
st
HIZS Op77|= &3
EC2 H|E HZ2 EHst HHEL 2F SHUA Zel= 271 BOh X Hlj S22 (stop)@t (terminate)E
TFEot= 7*0|'1f QIABIAE %XIOF'*I HA2 HEX|THEBS E82 1 HE Ot H[E0| A& WMSITt o2t TS
= HIZ 0|0 &S MH2HH SX|71 RE5HK|TE, -E-ﬁ.ol S0 22 42 oA B2 5 UOH =27 O M-S
HfEHE E=E Q_.'_W% =MLt scratchOf| T AUE ZtE Q= AT HLH A= HIE 2|2t L0y &7t 22

Z2XH|2t= 0|},

= B S22 Spot InstanceS “MX|2t 2OHHGH XAH”O 2 H35| 0|5H5H= Z{0|Ct. Spot2 2LC|MHEHLCH EM
XMEst & QX[OF SHIE F|E 4 °'OEH UEI™MO Z 2& interruption notlce7} HIZ=CH (AWS 2026d; AWS
2026e). M2t 71 CHSFE 2 MHLE 57 HEIE XI5 MY s &o= iéa 2 ULt HHH EE batch,
permutation, Monte Carlo, 2Z =2 QCH%* SH| A U= J“°*01|" UHO HolLt, ZHX= EHE “W A0|H
XA
=

FX2H EOP AL “S0HYSHL JHEH MH O ELN = & SHOE JH=0h|, & 1Oil)HE 40 et L0 A= AO|

SHAO|CY,

M S22 =0 20|X| &= R XS Felst= Ao, QAHAS ZI=0% EBS A AESHK| Y= SE,

Q= AMI, 2L Q5 Elastic IP, 2A2t 5 = Y intermediate?} S0t H|2S OtE & %Ulf. Eﬁl QUIA HMe miol

3707t 27| W20 of o He| A=E0| 2 2 MY HIE2 = 0|0{ZIC}, M £2 4™ {22 ZHESin:, QIAEA
, Al B0= £ M5, 5= HMol= £ Adst= Aot

AlEfHl= s3 & ol
o)

Table 4. stopl} terminate
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e S EEC Fopy

=

stop LHYY CIA| Mol 22 MHE 0|0{A]  EBS HI22 /& SHMSHT, A

MOF 2t I scratch M2f0| & £ US
terminate 2M0| BN SES OA 2 QIAEA LHEOTH QA OIS

US M APRIX|E 2 HX S3Z2 LHELHOf &t
EC2E Z M= A2 71 2 QUAHAES N2 AZO0| OfL2t, S0 %= QIAHAS 127 NE ASS 22611,
H5H2 RoleZ 2|5t, B XS M2 & £ OF= AHHOICE & A AWS 289| SEUH2 525t AH|A X510]
orLf2f, £ 22/l Y25t= S®OICE 0] 72717t A0{0F CHS HO|A CHE AtSetet e LAAE0|ME

C|
’ ’ =
HIE1 IHEE BF e Y= 0|01= + UGt

o2 oHg Ee

« EC2 QIAEIA MEHS “Jxt 3 MH"E 12 0| OtL2t CPU, 22, I/0 85
o AM BN B2 QIAHA EHEO| OfL 2t 7] IO, E2t &, IAM Role, EBS, S37
o HED EF ME2 S30|, H F AHY U2 EBSLL scratcht| = 22|71 Z26IL

* stopd} terminate, On—Demand®} Spot2| AI0|Z O|alicO} H| 21} QPHMS Sl7H 22l o~ UL

mjo

—.—
= o' no

b |
=

JiT
>
MO

m, c, r, i A2 22 O EFS A IoHH, LA E0M= OfEH X0 2 5

S
IAM Role2 201 EC29} 9MA 7|5 Trlo] X3t EC2E 29} mot ZB0A 0/FA| Ci27}?
QIAEIAZ F2517| X0 OfE IS S32 §7{0F SH=XI, 1 01

wn =

Further Reading

* AWS. Amazon EC2 instance type naming conventions.
* AWS. Amazon EBS volume types.
* AWS. Best practices for Amazon EC2 Spot.

References

* AWS. 2026a. Amazon EC2 instance type naming conventions.

* AWS. 2026b. Amazon EBS volume types.

* AWS. 2026¢. IAM best practices.

» AWS. 2026d. Best practices for Amazon EC2 Spot.

* AWS. 2026e. Spot Instance interruption notices.

* AWS. 2026f. Evaluating next-generation cloud compute for large—scale genomic processing.
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A iR 2 X1=3) - Ansible, AWS Batch, Lambda

sta =8
« HIS X} XtS517L off ZQEHA| e 4 IO},
* Ansible, AWS Batch, Lambda?Z} 22t O Z=0| 2|0 H§tstX| 128 4= QICt
o QOIA BN 2 T 22| M2FS TH2E 5 AL

A T2
« QIAEAZ 013 [ Z¥| permutation testE S& [ 20| 71& §I=7}
o A 2|2} HiX| A2 O{EA CHET}
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]

+ Lambdai= O{CI7HX| R83H2 OITIA 8147t 9=t

239] 20| RUX|E 71
o
=

1S AWSE $2 I 3 #o| 2 Ehadl BO| BISCH QIABIA BHLIS MO D, WL
008 HH=IGHOF Sf= 22t 27} YRIEICE O[] B22 CPU
271 OFLI2Y, Se2tEl TH7|X| M, M2 CH 8% Trl, MINSH Fol £, 21t 7, CHAI A3 B9l it 22 29
2HE 0|53,

M
d
4
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Spot Instance2 1 2 ALt XEsA *2|5}7|

T SN0 AAS HO| S M 7Y HAY HESE 5 U= XHE0| EC2 Spot Instancelt. Spot2 He EHS
SOIE 71HC 2 AtEol= HAI0|2 2, M batch, permutation test, Monte Carlo simulation, bootstrap, Of2t0|E
ASXE JHE XH0| SEX0|0 CHA| MElsH7| £l workload?t & St=CF AWS 341 M X SpotS stateless,
fault-tolerant, flexible workload0f| Z{gtst XFHO 2 MHSIC (AWS 2026a). LUA 2MUM= E5] ME HI2
RIH7| M2 EOIL:, MIchE L& shardTh XjAISHGHH &= 20| E2 FH I} EIC
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ruption notice?t MIZEC (AWS 2026b). [Wh2tAf ALt LEHZF QAARA OHO 2 HOt UL, S2F BlE FI|M0=Z
QIE MFYA0 7|25t Y= FE= Spotit STH0| LIHL}, gz 22 manifestet At T 2{X|7F S30f| AL,
A Ce7h B SO0, Zjeh 22T CHA| EfE o QUCHEH Spot2 iR ZEer MEHO| Lt O7|A 2
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HIAZQES QAHA LHET} OfL|2t S3 Z2 durable storagelf 7! Of QUIAEHAQ| FZfoHK|
211 0f2f Bt o3 7+ A0 RASH B0 =L, Spot 2EH2 “0IF 7t
SHHMO= 2otz AIE0| 7147| IZO0|CH HIE HA2 ALt XHEC 0| 2F 243
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7|X], 22 ASEE, 22 U 25 oI AHLHH, AIF0| SSHE ofLtY 5017} 8% ot= YAI2 =28 FHTICE
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Batch = , 83 = durable stateX|d Y2 2a|ok= MO| O XIHABLCE 0] 222 0|5H5HH An-
sibleS UAHIIGHK|E, M 7 FOEK|E QA EICT.

Table 1. Ansible, AWS Batch, Lambda2| €&t x}0|

= M EEF= ZH KA G|
Ansible Of2] AH{O| 22 SHE S U= Hi L permutation® EC20{| R, I{7|X],
AJRE ME|
AWS Batch 2 S 70 20 A - AAH YUY  ME T2 QC, Monte Carlo,
e containerized batch pipeline
AWS Lambda O[HIE 7|€to| &Rt Xt= 35} S3 YUZC ZHX| & AZ, HYX| AlsH

|I|- otz| tll'/\
=, =20

AWS Batchz 2 & 7 2F517|

AWS Batche “MHE W7t 21 BiEot= L 2L XS Fof MO 2 A|ot=Lt 0| RHE F= MH|ALL AHEX=
& H2(job definition), & F(job queue), ZHE &t&(compute environment)S ggsr CAIK| QIAEAA MEHT}
gWo oY 22 Batch0f] ZZICt 0] 72Z2| siA 0|2 2 BHE RA0A AFEO| 21T QIAEIA MEYE Z2|5HX|

240t ECt= HOIT. = Batchs EC2E Si0H= AfH|ATJL OFLIEL, EC2 /01 22| é?ﬂ 1 71%% = MH|AL
(AWS 2026¢).

QOIA EMO|M= 0] HO0| IR =L35ICt. permutation, Monte Carlo, 2Z T2 QC, Z4E|0|L43}=l alignment step,

cohort shard 24X ME SEXQI F0| E2 workload= Batch?t & EJ‘.:Et E£79| array job2 Monte Carlo

simulationO|Lt parametric sweepXE 38 HOIE 717 HH A0 S2M0|H, A EMA HIE 27|= 28H

10,00077tX| 7Hs6tCt (AWS 2026d). = permutation 10,0008|1E “AH 10,000CH" =2 MZtst7| 2L, “22 Mol
PN 1O,OOO7H”§ M2tot= %*MQE Heteh 4= QU

Batch?| & CIE HE2 2IIE 23 +E0M OE & U= HOITL HAE ’8*—'1, timeout, CloudWatch 21,
Spot 7|8t ARE etF, CHUSH QIARA EIQY 5|8 L2 7|52 Z§otH, AFR0| & SHLSILIE 292 SHX| g0t
EICt. Ofmy x°°* *"71| A2 B2 MUS HF A BIHX| 2= AO|CL. AWS Batch A= E M2 =H7|
A2 AHEY QHEEIE 2 = U2E2, HQGHH 0131 XAS |0 3-5=2 0] AME|EF binpackst= HAlS
Jxrorq (AWS 2026¢). HIHZ 10-202 HEo| S& A2 Batchet & 2= Z0|Ct.

AMY A= manifest -> array index —> shard range -> S3 output 72X/} £5| &5}, B &2 AU
manlfestgf S Of2t0|E{E 712|7|1, ZF KA 2 8t HLE HiE QA S Ao MZ CLHE ME, seed, permuta—
tion rangeS i-lﬂlﬁ,_H:t O|ZH otH éﬂf 2t J(H’“'%*J IE FEo| & = UL, AHIiSt child ]ob':'f CIAl A3st7 | =
| ZICt & Batch®l &l 7tX|= MY 4 XtSatot OfLt, Bt= 71Iﬂ% 2 HHE= | UL

LambdaZ TtEE= X2 X+E3}

Lambda= 35 “MHZ|ALM = & = U= ALt MEIA™Z QoiE[X|2, 22A FMOIMQ 7HY £2 FE2 U2
A2 AZIOf OfL 2t 22 MAHH|(glue)tt. & Lambdas alignmentLt variant callings 21 22 +&5
AX|

HZC ZX|, HEH|O|Ef ZAL, manifest A, HealthOmicsLt Batch A&l A|RF AME{ 2] ZE2 M O|HIE 7|Ht
o o I*g*éHif 0| Xt0|E E%‘Ol O|5HaHOF STt RfA|ZE A4 Batch, EMR, HealthOmics Z2 AS0| 27|10,
Lambdaz= SE8 ¢Zot= B0 F= O A7t M JHRSHTICE
OlE S0 A|HA ME 7} FASTQE S30f| 22|H, Lambda’t QI£E O|HIEE Bi0} DU M1t MEZ HIEHH|0|HE AE3dtL,
2%t manifestg &1, S Step Functlonsl-f HealthOmics, BatchZ ;éﬁfE SES Mg = AULL
0] #X0|M= LambdaZt Al4te| SS0| OtL|2t, A[AbS AIRIAIZ| D HEHE 0[O F —r._ —i—’é.*0|7f ECp, 29A 2N
OO Z2R10| HESF O|H &2 XiSet= M4 IR 2 XI0|E PHELD). AFIOIA HYS Elis AELH HA, 7|A7t
CHS HAIE ZH|5HA BtE= AOo|CH.
m2tA Lambda®| StAE= S7H O|SHSHOF St 21 FAHE AL 2 HZ22(Qt 71 A3 A|ZH0] st &, e
scratchE Q7= Y2 Lambdali %X| &=Lt Lambdas O{C|7EX|L 2t= "RlEE 7HRIL o
M2 B7(2 L5 4A7t SCYSHTICt. BHE 0] ME Het5| X|7|H, ST A S2G0IA AIZe 282 IA
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Batch, EKS, ParallelCluster?| A1EH

Ats8t7t 2O ELE “TJHOMH Batch T4 Kubernetesl-t Slurmg HIZ HQL= 740 WX| L27) at= R20| LI2L}

0] =20 EH°* J}EH A2 XO| e X EI0| 2o1E 0|0] Y5t Y=X| H2t= Z0|Ct, AWS Batch= HiX| e
Wi=2H 2G5t HX[2H XEA| *71|EE1E #el5t HX| E2 E!01|71| Z 8t=C}. Amazon EKSE 0[]0 Kubernetes2

naugog M QU HIX| XA OFL|2E API, Ul, LEE, 2 MH|ATIX| 22 AN 2Fot2i= =20 4
RIHIAZCE. AWS ParallelCluster= Slurm SA10] HEX HPC 2& HAIT} 29 TIUA|AHS AWSE 71T A2
A0 Cf MSSICH (AWS 2026f; AWS 2026g).

g G7A9 A MEX|Z2= AME Batch?b 71 ©H&5tE). ZAE|O|LSHE &S ROl 21, TQS mT SH&st
Spotat On- Demandi A0 M7| £17] I20|Ct EKSE ZEotX|2t J0HE S3E E’“Eﬂ 3Lt ParallelCluster
HA| 1R F-E0HX| T, O|=HPC = AWSE F7|= Z0 74Tt & M MH|A= E 2A1217 |20 SLHO| CH2C
SixH El0| Kubernetes'—f Slurmg 0]0] ZA =2 A1 QK| E’JEF._, e QM| batch workflow2| 7|22 GH 5|
Batch Z0| O AFAAELY,

Table 2. i HEX| A3l HS0| MEH 7|&

AS JHE A gh= Aet Fo|N

AWS Batch containerized batch workload, Z2H7| ZAE binpack0] ZQah £
HHE AlSH Spot B2 oo
—= Oy _EO MO

Amazon EKS HHX| 20| = CHFSt AMH|A Q4 Z3AEQ RBAC ¥ X7t 2
Kubernetes 20| ZQ35t El

AWS ParallelCluster Slurm 7|gt HPCQt 28 MEXN S2AH 29 JHES 63|

MUAARIO| ZQ5 et O[5H3HoF &t

Ot =515 X MEHS AT}

XS7X|e| HES otLtz FeloHH,
ULt 02 MH0| 22 2HES BE
#e|ot= 40| ZX2tH BatchZ7H &
LambdaZt %Lt & AtS2h= ot

M2 L | “2 S XS5kt SH=LE 0

740| 2X2}H Ansible0| St W2 ZS F0| 21 MAIEQ AHQaS
Cf. o ==Lt HIEHH|O|E| O[HIES ZK[SH CHS ._P71|EA|7£M|?|',: Z10| 2H|2H
ol =2 ElLt= 0| OfL2L, A &0 M2t M2 2 =715 X&6h= LO|Ct

7 MEHO| BHAIS “oinfL} ot I*._% ol
6|' ot

QUIA EMo| TNOIA JhY BANOl |2 IEe Ci2m T Spot + Batch,

Ansible, Lambda, durable state S3Ct 0| XE= 7|2 XA LIH 5;8 Zf_JgE7|- OfL|2},
I S22t MM S S0l= AT AL AR £0] E Ef= TH0|E2fRIU+E O 2 AZ20ME =S2|X| E=L.

Cte Zol ASHHOAM = HIZ 0] 2ME permutation workload ZH0A O &5 2Lt = Ansible + SpotlZE
75t A28t @5Y O HEE= Batch  Fleet 3¢ F1&E H|WolHA, 7|&H OE 7f st A 2FY HYE =
A T2l = A0|C} XtS3He TM =52 “g 4= UL OlM ELX| 241, “St B 7HS5H 29 = A E
O|0{&! i 2+ EICt

s 74 H2)

« X33t alidl =2 CPURELIT &t Yatd, Al 54, Zat 8, AW Hel 242|0] Ut
* Spot2 1 =EHH0|H I 7tset workloadOf| £5| ZolLt.
* Ansible2 74 2|2t bootstraplll, AWS Batche & 72 A L0, Lambdas O|HIE 7|9t AZN| 7+& &
=Lt
O|Ct

Batch, EKS, ParalleICluster= Z2 X2 F= =37t OtL|2t M2 CI2 29 FNIZ 7% Adl AHlS

Py |
=

1. permutation test 22 workloadOllA %1 2F0| WEH FUHX|= 0|RE RN
2. Spot InstanceZ 2”'* M0 AL T I HEEA| 6.:. H EAISHOF Sk Ml 7EK| 2F &AI2 FAQITF?
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Further Reading

* AWS. What is AWS Batch?.
* AWS. Best practices for Amazon EC2 Spot.
* AWS. What is AWS ParallelCluster.

References

* AWS. 2026a. Best practices for Amazon EC2 Spot.

* AWS. 2026b. Spot Instance interruption notices.

* AWS. 2026¢c. What is AWS Batch?.

* AWS. 2026d. Array jobs.

+ AWS. 2026e. When to use AWS Batch.

+ AWS. 2026f. Getting started with AWS Batch on Amazon EKS.

* AWS. 2026g. What is AWS ParallelCluster.

* AWS. 2026h. Job timeouts.

* AWS. 2026i. Welcome to AWS Lambda.

* Ansible Community Documentation. 2026. amazon.aws.ec2_instance module.

7%, Spot, Batch, Fleet= 6f= Ht2 HHE XH 2
ste 28

o B0 SEMQ A M ) 22 |0 S0 ot QYA MY RS HHE = ULt

* Ansible, AWS Batch, EC2 Fleet/Spot Fleet7t 2t2+ 200} &t H&ts 7128 4= QIC},

« Spot interruption, quota, scheduling overheadE et HAH Of7 BN E MAIZ 4= ULt
R

« OfH ZF2| A XR0| Spot 7|8t CH#E HE & S=7t
* AnsibleZ 3 7§ Spot AAHAZS XF QL E|=7t
+ 20264 7|Z2 2= 9ff BatchLt Fleet7t o XIHARL7}

[H72 H20| XI5 TR QU|A Xigls
o
o

Y,
0] UM CiE= 2F HEH2 £ A4S {let A0| OfLICE A A= B M2 SEEQ ALMS =3 JH0|IAM
0t I 22 Z0LHOF of= ZR0| B=Xo 2 SHH= 1| 0|H HASS 3SE ETS 717t ZF T AlLto| &=
=M =4 & A0|2 ELED, B M= S|ESHK| e, S710] °"='7f*'11H0HEJ—'?'——Er”f N EEI ElCh= H=O|C},
0|z EFE 710 &2 "7* 3|==(interruption)?t US —’F QU= Spot QAUAEIALL XIHABA ShE2|1, (0N
BatchLt Fleet ?E*S 991|A§E1|0|H AS0| U2 M oMo Z RY =L}, &l LIHX|= permutation testings Xt
IR = o2 MX|0f, 22 227} T2 ’E!E(HIE iz MZELCE

EXMQI oAl O BR32 S0 = 5 ACE. 3, permutation testingdt label shuffling0|C. A&t 2A0|Lt
KX HE ZE0N B 2tHS M0 B H A1 CHA| SAHE AL Z8A p-value 22E = LA]0|C
=M, bootstrap resampling0|Ct. MZ|FZ2tS FH-otHL sampling HEME %7f0f7| 2I5 HIO|EE HIEXNo=
MEZSIH Z22 F=HS OA| =3 @Ef MImY, simulationO|C}.  coalescent simulation, forward-time {%
AlEY|0]M, EH' 7|“f 7t0t HIOIE MMXE ot Ol MaY0| Z&XQI random seedPt 2|E=5H= AlAH0] G170
o EotCt.

SN, parametric sweepO|Ct. 22 SIO|HIOROIE, F& 22| YA, EEHE Z219 Z8ts 2= EAHoHHEA
Zt g =E MYoE == FR0. Hidd B3 BRI Ozt QC HfEfUIEPI ”'”E 24, variant callmg
filter 28} H|W0j|= O IfEI0| J1CH= MQICE CHAIMY, cohort shard 2A0|Ct 0t H 729 ISEE ME F30|Lt
FUM ALCZ ZINO 2t shardE SEHOZ F40610], B ZU4E LSO °WEIE 2O= HAOI. single—cell
HIOIE{OI M MIZE BiX[E X2, Ci#2 VCFOIA 128 annotation= 22 72 210 SO{2C.
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https://docs.aws.amazon.com/batch/latest/userguide/what-is-batch.html
https://docs.aws.amazon.com/AWSEC2/latest/UserGuide/spot-best-practices.html
https://docs.aws.amazon.com/parallelcluster/latest/ug/what-is-aws-parallelcluster.html
https://docs.aws.amazon.com/AWSEC2/latest/UserGuide/spot-best-practices.html
https://docs.aws.amazon.com/AWSEC2/latest/UserGuide/spot-instance-termination-notices.html
https://docs.aws.amazon.com/batch/latest/userguide/what-is-batch.html
https://docs.aws.amazon.com/batch/latest/userguide/array_jobs.html
https://docs.aws.amazon.com/batch/latest/userguide/bestpractice1.html
https://docs.aws.amazon.com/batch/latest/userguide/getting-started-eks.html
https://docs.aws.amazon.com/parallelcluster/latest/ug/what-is-aws-parallelcluster.html
https://docs.aws.amazon.com/batch/latest/userguide/job_timeouts.html
https://docs.aws.amazon.com/lambda/latest/dg/welcome.html
https://docs.ansible.com/ansible/latest/collections/amazon/aws/ec2_instance_module.html
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Table 1. A2 S8 XY HE A% S& JE

I 9y THe| At 38 5%

permutation / label shuffling 2HH A0 SAH THA A FH~OHELE ) 2t HiE =3
bootstrap resampling HEH & £ ot ME|lR7h/ored ot 2t ME =
simulation seedd 24 H|O|E| Md-EM #4= random seed 2|Z, B¢ Jts
parametric sweep Ot20|Ef Zetd dts Al X S EM 2 XE =53]
cohort shard 24 ME FS//TH 718 2 HBHOE AN S

gl 8fAlo] 0|Y - Ansible + Spot QIAEIA

AR G HFOM JHY HH AEEl= WAL Ansible Spot Lt O] A
JI&MOR JKsaItt. BT SEMOl AMS HYOR SMAF|= H Spot2 & X1, Ansible2 Z2 &

SH|SH= Of 012 L8517 IHZ0|Ct W2EA 0] WAL 0|2t S2I 8AI"0| OfL|2}, 22U XF7| A7 HEOIM
A2H0|E MIO|Ch 0] Mo 22 7 Hug RSt 0| Otz 259 I ZH0| ofH A
E4EIEX| A B FE o ULk

0] #20| ™2 HHGO|Ch. AAHAZ K24, playbookC 2 Bt IN7 XIS EX[ot L, Zt AMHO|| 2= HPIE LI+
F4, Ants DO FCE FO0| 0]0] SSH Linux 2801 2=otil, oF 0| ELHOF ot= e M= E2| oHX|0F
SICHH O T5| Lt (B2 OFLICt 53] ALt BHeI7t e Tolll, S FU ZH|0|H ASS M= i?= HIE0| H
2 M= A™ Mo7t 2002 Y 4 UG

SHAZH 27t 3 7 £FEL=E XM, 0| Lx= ZHIZ o| EX|7t OfLI=t o EMZ HFRCE
O AAEATL S0 3|2 RA=K], 0T HR{7t OF%] BLIX| RIU=X], T MEPE M&H5HOF 5H=X|, quota TE0]
HMZ R 7 E A=K, M= THE AAHA EFR0] H0E 21 8 #2[0| RX|==X 22 220| & SQHEICH
% Ansible + Spot 71&= 7hSOHX|T, LAAEL| 0] BES AFO0| O 0| [ot= FXet= HS EF0l 0[oksHOF
oLt

=
Ol
|O
Hu

7|sHo 2 7587t - Spot vCPU quota?t Fleet quota

27 71 Spot QIAEA Jaunch?t 7t K| 2 =LHH, 34 M= 28| “7tSotot" 1 §otit. EC2 Fleetdt Spot Fleet
EMe tens, hundreds, or thousands of EC2 instancesS §t | QHOZ A|Atet 4 Tt MHSIH, fleetH
target capacity 7|2 quota= 10,000, 2| ™| target capacity quotas 100,00022 HIA|ECH (AWS 2026a).
F "M | QAHAT XpHE HIYAXQ @17t OfLICL 2Xi= 00| ZHIZ OFF AFZoAL 7|2 HHo = Jtsst
22 OtL{2t= HO|LCt.

AlH| H2L2 7 Spot vCPU quota®t capacity availabilityC}. Spot quotas QIAEIA J§i42 22| T X| &2 vCPU
o2 H2|E0, APt 2|MEE MEECH (AWS 2026b). € S0 7|2 AE0IM Standard Spot 273 quotat
IR A AIEE = JAOBE, 1,0007H2] ¢ AIE QUAEHAE HIZ HR2{ 5} quotalil T 2h&! 2~ UCH(AWS 2026¢).
It “7|12Mo 2 74SSICH 2 “W A-OA X2 HIZ 7HSSIL = M2 CHE 2Y0|Ct 2 HE AlS FH|E
M= launch template 2Ct HX| $4XH Spot quotalt L3t target capacityS ZHI4AtsHOF S}

I SHLt EX|7] 42 M2 capacityZt 84 SA| BHHEX| Q=CHs AMAOICE  Spot best practices A= 3t
aggregate capacity?} ALt ZSA| FOX|ALL A& SX|ECtD HESHK| S=Ct 2HS| LstCH (AWS 2026d).
mEtA B2 S8 20| Spotdt & SH=C1 SHA{, BSH= AT 25t 012 QIAHAES o HOj| &HS 4 ULt
7H45HA Qf EICH CHE QIAEIA EIRl CHE 7+ Y, KAt shard AAH7t Z25t 0|7t 647[0f RULCH.

Table 2. it#2 Spot HEO0|A HX 2iolst &=
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52 o} =Q35t7t CHE &0l ZQIE
Spot vCPU quota A80| 5183dt= & Spot HEE 228t 2IAE2 S vCPU 7t 2K
A3 ) _ quota 2t SHLE=T}
Fleet target capacity quota St fleett 2|M MAHOIA 27 755t fleetd 10,000, 2|1 XA 100,000
202 F5I5H 7|2 quota &2l
78 82 AHIZ 0L EFQ-AZO|A] SpotO] Oj2f QIAEA EfUN 0{2) AZE S0
SEL=X| £2E S
xHof Cto| Z10| interruption0f| Cict LIFS Z2Fe &I A| THA| =2 shard’t 29|
xxr27|-
== g

o Q=2 BatchL} Fleet7} O XIHAR7}

Q=Y Ansible + Spot requestHL} AWS Batch  EC2 Fleet’f O XJHAZR A MEIX[Cl 0|R=, 2F9
Z2HZA0] 0|0] QIAEHA MMHLE M| AIZSOZ §7 17| II20|Ct. AWS XHX|= RequestSpotInstances APIE
legacy APIZ2 H11 Z5HA HEGHK| =0t (AWS 2026e). T4l Spot best practices= EC2 Fleet, Auto Scaling,
S8 MH|A, price—capacity-optimized M2f Z2 O SILHXQI @Y AISS HSHCH (AWS 2026d). HIA|X|= 2SI
Spot2 MX| Lzt= 20| OftL|2f, Spot2 X Al APl £F0A CHE7|2LCt interruption—aware orchestration
A Szt ePH Met= XO0|Ct.

EC2 Fleet= XH MOE |AIOIHAM T OFS QUABA BN TS MEU, TS 8 55 otLte| QFO = Ha[oA of
ZLE KR AHEHE 7HX D AL, HHO|HEL QIARA 2=ZF HOE O S5 07|= EHollZl= il RE5IC.
HH AWS Batche 21 {0l & 7, array job, retry, timeout, 271, Spot-backed compute environmentS 104
F0=, B2 SF7H0A O =2 &9 7[2240] ECt. A ZoH Fleet= capacity orchestrationOf 741,
Batch= job orchestrationOf 7FA4Ct AKX ZHAAZE “F O] MH{"EL “F JHQ| Bt AL 0| /S M= SXI7t
o ArHAAHL.

LESH Batchi= QIAEHA CHYSIQ Spot MEfS AMH|A SFO0|M E517| 412 HHO0| QUL AWS Batch EA1= Spot
7|8t Z4OE StZA0|A| SPOT_CAPACITY OPTIMIZED XM2f1} CHUSH QIAEA EfRl 32 HASHL (AWS 20261).
O] g2 AKXt 2 8% 22 202 JI=2= BEHEZ 50 O} Batchlt Fleet?t 4 AL = 0|f= “O T
MHJA2EA 7} OFL 2, Al 222 X2|3HO0F & I 2712} capacity 2412 O #XHOZ THE £ 7| IZ0|Ct,

Array job, shard, retry, timeout2 2 2 =t HA|5}7|

W2 =T MNYS NOR AAY I 71E 525t Hel= QIAEATL OfL2t shardC}. O S0 100,0008| permu-
tationZ oHOf StCtH, 0|2 18| HeZ CHE= A 100&8|Lt 5008 =0 child job SHLt7F Y HHE MUXES
AA|5t= 0| Wt 22 2|7} bootstrap 1,0008], A|Z2]|0|M seed 10,0007, Tf2t0[E =& 5,0007H, 4= shard
2,0007H0|= O = M EICE. O|FAH F2H AAZH LHGIEE 0|1, Spot interruptionO] LIE2HE MIHSHH |t
CIA| AlE 4= ULt AWS Batch array job2 HIZ O3 7120 M&SIH, array size= 20|A 10,00077kX| 7Hs STt
(AWS 2026g). Zf child job2 AWS_BATCH_JOB_ARRAY_INDEXZ At25{ MZ C}2 random seed, iteration range,
Oi2t0|E| QIEA  shard IDE B2 FLAE 4 QUL

10-202W2| XL Batch0fl & 2= Z0|Ct. AWS Batch A= £ N2 B X2 AH =2 QHHEIL G 2
4= QoL HASH binpackdliA 3-5& 0|A0]| £|== HESICH (AWS 2026h). = 10-2022 “L{F &0tA Batchd|
EHXESE 20|17t ofL|2}, 26|28 scheduler overhead®t interruption recovery At0|2] #&0| £2 MO|C}, HHZ
Zt HH=0| 5 RCHH, 02 7HE St child job Q0N 22 A F= AA17t o SAXO0|C},

retry?t timeout2 HEZ MZI5H0} S}, Batch?l timeout2 &0| L2 @2 ZE I ZH=Z Z=5}7| $gt HX|0|1,
attemptDurationSeconds= ZF A0 MEECE ZA ZEM= timeoutCE SR E XA2 XIS retryE|X| 2OH,
KA A S ZEADE retry ZR0f| M2t CEA| A2 & QUCHT HHSHTH (AWS 2026i0). [MEEA AA DA = “AIH" 2t
‘HE"S Z2 MZOZ CHEM Ot EIC}, stuck processE 47| ?Iol| timeout2 211, Spot interruptionO|Lt LA|H
M= A E HEOZ E4-61H, 0|0] 2F 3t shard= S3 manifest2 M3 ot= AlQ] 22|71 ZQ6iC}.

Table 3. ®2 =& XN shard MA|Q MH {I=|
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271 = R 0|8

child job Z0| CH7H 4= 2 0|4, =QSHH 10-202  scheduler overheadE &0|11
2T interruption recovery &S

HHES| /X

AER K=} S3 manifest, 21, A4} A0 HZ  QAUABA &M A0 TIY HEHE
g8 7s

Al &2 retry@} timeout2 22| stuck process?t YA|IH A=
40| 4E

e 24 array index 7|t TS HYE HESHA M 7ts

seed/range/param &4

Ansible2 0{C|0f| 'Z=7} - provisioningZt bootstrap

J30MH @5S Ansible2 O 0|4 £27t gi=71? ©™ol IEX| L0t CHob AS0| HHHQUCHY Hi= HO| "ekolt.

Ansible2 4= 7l child jobQ| & QAAEZ|O|E2I7| 2L}, VPC, IAM, launch template, AMI bootstrap, &% I§7|X|

MX|, FITt AJZE H{E Zt2 provisioning S0IA 01F35| Z5ICH = 0lM= AnsibleO] IR RE5t1,
0= BatchLt Fleet?t o Mglet A7t RL.

0] 122 Ansible 34 ZAM0|E L M EZ{LIC} amazon.aws.ec2_instance ZEE EC2 QIAEHA MM}
22| E K| &SHK|ZE Spot instance Md XtA|l= X[ SHK] 411, 0|2 PIoH B 2| amazon.aws.ec2_spot_instance
DES AME6IEE QHHSITE (Ansible Community Documentation 2026a; 2026b). $CHXQl Ansible work-
flowOlMx Spot2 AWS AS2 AT £=FotHA CHROf st = “Ansible0| OL| AWSS| AAHEH AS2 EQ
SUCE 71 otL2t, “Ansible2 Z=H|Qt SEAEM|, Fleet/Batche= A &&1t 2F0|"2t= Hat 22|7t G AFHAFC

aqtE AAAO| US| Y AAO|2HH, (15| Ansible + Spot ZE0| 7+ WHE SHEPY =+ ACL Qo A2
0| HHY 7|22 LHSIohA] fh= AO0|T HRHOZ S0I= Y &dl, B7I7 /A2 M 7tstt 2, 02

A
A0l H A= F SENME M9 QLAAEY01E ASQ 71Xt 2 AHZEIC

23 OF7|HIA - 20264 7| MM MeAE
__I.L

20264 7|Z0 2 J1& HAXMOI X = M| EO= HM2|g £ UL, XM, Ansible = provisioning bootstrap.
%HH, AWS Batch EC2 Fleet = interruption-aware orchestration. 5"JHH, S3 + manifest +
logs = durable state observability. O| M| 32 £2|5}H QIZ 2} ZH|QF M3l X|0{Qt MEf HZ0| FA0[X]|

ML 2 HE AY 239 #22 "MHE 0| HR= 7|1&70] OtL2, £ U= O[T

7t ddtMol B2 AWS Batch array jobs + Spot-backed managed compute environmentC}.
HIEM0|1 I Jtsst e 20| & X, child job TP HAIELR timeout, 21 FXMZ MHIA £ZE0IN
CHE7| g7] HZO0|Ct XtH| AHEHE FXISHHM QUARA £F HOE O MZSHA otal MLHH EC2 Fleet/Spot
Fleet + O] 2 £ ULt HIH k5 H|IEZ z[Asl6t0 HIEA $F ¥ S2{0f 5l= HHA2HH Ansible +
SpotT 05| HEXO|Ct St A2 7 f

— — o
Table 4. 2026d 7|& U2 HE &Y 2F ME{E

o8 74E RHAAZ 2 ME Ol&
US|A [HZ MG Bl F &S Ansible + Spot W2 2ES HF1 2 M o6k
=

HIE2XM0|D M3 7tsst e 29 AWS Batch array jobs + queue, retry, timeout, scaling=
Spot-backed compute FAX™MOZ 2| It
environment

XA scheduler X, Mgt EC2 Fleet/Spot Fleet QIAEA = X|0{Q} capacity

capacity H|0f ZQ orchestration0i| {2

HO = ot 2% Qoo H O|Z L. Ansible can still provision and coordinate Spot-based infrastructure,
but for launching and managing thousands of short-lived independent jobs - whether permutation,
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bootstrap, simulation, parametric sweep, or cohort shard analysis - AWS Batch or EC2
Fleet provides a more scalable and interruption-aware orchestration layer. O{7|A H{iE A
E3 E79 SM7t OfLl2l, O AF0| O 2F RFHE E+ol=XIE FEok= HZA0|Ct. 112{0F Z2 22
permutation& OfL|2} bootstrap, simulation, parametric sweep, cohort shard 27X YA =Rkt

o
e
=
=
A
s

_

A0 SEHR AMO| 3~ ) R0 XY2 28A A HHOIM BT S permutation2 1F o
Ct

« 23 Il Spot YAEIA |aunch XHH|= 7|&XO 2 7H56HK|2t, AX| HEL quota, capacity, failure recoveryO|
oI}
M .

* Spot HE M9 HAl THQ|= QIAE AT} OFL|2t shard?t durable stateL}.

* Batch= job orchestrationOl|, Fleet= capacity orchestration0il, Ansible2 provisioning2t bootstrapdi| &
714t

« 20264 7|F HX 7|22 X2 Batch  Fleet  + Ansible &L

It

2 X
H =2

HO

1. O] HOA CtE Ot 71X Y Q3(permutation, bootstrap, simulation, parametric sweep, cohort
shard)0| 2 ZH0M 22 EHZE F0|= 0|f= AT

2. 7|8H0R 755t et 7| & AEoIM HEE 7HSSICH = off THE 2RIV

3. B2 =& A0 shard, retry, timeoutE £2[a AA8H0F 5= 0|f= FAUIF?

4. Batch®t Fleet= 22 O{H F2| QA AER|0|MS HISHH, Ansible2 O{C|0f| H=71?

Further Reading

* AWS. Quotas for EC2 Fleet and Spot Fleet.
* AWS. Array jobs.
* AWS. Use Amazon EC2 Spot best practices for AWS Batch.

References

* AWS. 2026a. Quotas for EC2 Fleet and Spot Fleet.

» AWS. 2026b. Spot Instance quotas.

* AWS. 2026¢. Amazon EC2 instance type quotas.

* AWS. 2026d. Best practices for Amazon EC2 Spot.

* AWS. 2026e. RequestSpotinstances.

* AWS. 2026f. Use Amazon EC2 Spot best practices for AWS Batch.

* AWS. 2026g. Array jobs.

* AWS. 2026h. When to use AWS Batch.

* AWS. 2026i. Job timeouts.

* Ansible Community Documentation. 2026a. amazon.aws.ec2_instance module.
* Ansible Community Documentation. 2026b. amazon.aws.ec2_spot_instance module.

o
s 28

« AWS EMRO| 2210IX| dHgt 4= QUL

HailO| Spark 7|8t XA 24 =72 of ZLQEHX| O|aier 4~ UL,
* Hail VariantDataset (VDS)7} cohort-scale 2A0|A 2 £Q5tX| St 4~ QIC}
* WGS £Z9| 72 tHOo| M0 EMRI Haile| HEHES JHZE 4= QICt
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https://docs.aws.amazon.com/AWSEC2/latest/UserGuide/fleet-quotas.html
https://docs.aws.amazon.com/batch/latest/userguide/array_jobs.html
https://docs.aws.amazon.com/batch/latest/userguide/bestpractice6.html
https://docs.aws.amazon.com/AWSEC2/latest/UserGuide/fleet-quotas.html
https://docs.aws.amazon.com/AWSEC2/latest/UserGuide/using-spot-limits.html
https://docs.aws.amazon.com/ec2/latest/instancetypes/ec2-instance-quotas.html
https://docs.aws.amazon.com/AWSEC2/latest/UserGuide/spot-best-practices.html
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https://docs.aws.amazon.com/batch/latest/userguide/bestpractice6.html
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https://docs.aws.amazon.com/batch/latest/userguide/bestpractice1.html
https://docs.aws.amazon.com/batch/latest/userguide/job_timeouts.html
https://docs.ansible.com/ansible/latest/collections/amazon/aws/ec2_instance_module.html
https://docs.ansible.com/ansible/latest/collections/amazon/aws/ec2_spot_instance_module.html
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Hail0| £21217} — MatrixTable, Table, Spark

Hail2 Spark ?{0lA] ST CIOIEIE CHR7| EAH A2 24 24 2t0|E2{2|Ct St A= 0IF "RTASS et
SOOI Y HY” HE 2 AJHSHH O|oH7 2L}, Hail2| sl XtEFX 7+ 0| oHLtQl MatrixTable &1t HO|
22t 0|2t ME0| ti3ok= 7t MY YAS HEloks o HElottt. 0170 annotation, QC X|E, phenotype,

covariateE HZAGSIH cohort-scale EME HUHO= UE WAMO = S 4= QIC}. = Hail2 Spark AHHIE 2H
2t = 5 ULt
S

olr
=
>

loF-

.

CHEA St7|=L, Spark £10 RHA 240 Z= AHE LS

of
X

joonan-lab/hail_tutorialO| HO = SE2 Hail WK2 £2 ELUMO|CL. VCF importZ A|Zf6H MatrixTable
TZE Ololioty!, ME HE 2t annotationE 20|11, QCE +&5t1, qualifying variantE FZ35t11, OFX|20] associ-
ation testing”Z7tX| LIOtZtCt. AWS EMR &M= 0] 7iE SES 1M E | X|ot=], = HI0[EE s3://... B20IN
2111 A|4t0| Spark executor0i| 2loi HHE = SR ECH= MT FII6HH EHL & 24 REL|HY SF2RE RESY2
MZ CHE 1t=0| OfL2}, 22 24 MIE OE 22 36t H{ZO0|CL 0] £70| A0{0F SH40| Hailg “S2IRE
HE 777} OtLEt "#27t AHEeE 4 e =772 O 4~ ULt

A

Ho T
Ol

ol 4>

k=]
=

ol r0|l -|)||

M

VariantDataset — sparse representation, reference blocks, local alleles
Hail2 M|CHZ O|aot2{™ VariantDataset (VDS)E [MZ HYR|0F SICF. Hail 2A10]| 2™ VDSE variant_data®t

reference_dataS 22|38t sparse, split representation0|Ct, & ZE MEN DE 2|X|S densedtH WX M= A,
AR HO7t Y= FE0 FE S=(reference block)S L0 MESITL 0] £X22| s2 thas| MAS O 2 DtEE
Ol UK 2L} 25[8 W2 FSES N2 OE 4 U= HI0|H BE3E UEE O AUCH Hail A2t All of Us EME
DEZ VDSE stores less data, but more informationOf 7}7712 fEXZE MHGH}.

0| Xt0|= production—scale AHHOlA] M MHSHEICH, gnomAD v4.02 exome callset 44 I VDSE
ALE3i1, 955,213 samples #22| MA| HIO|HE 18 TBE {XA[ £ UUX[ZE MEH project VCFUALIH 897
TB7t HR3MS A0[2t MYSHCt, 0] £X|= VDSt &= ZBH0| OfL|2} cohort-scale &4 H310(2t= AMME TR
@™oz HOf FL 8 gnomAD v4.12 VDS H20] all callable sitesOlA] allele numberE |XIg 4 UALD
0|7t Ql= YARITEK| Z3Fet AN XHE MZE = JUJALCE SHM2 07|14 = 328 WSS HiL0f
StCt.

Figure 8-12 VCF2| dense E3i1} VDS sparse, split E8E WSO F Hadlsl H|ust Z0|Ct. VCFeE &
MEN RE 9IXIE BXM MYSHX(D, VDSE &X 81 HO0| E58 2[5t HX| HO7t U= RO Mt 22
HIO|HE FOote FHEE2 O I3 F7|= O XOtX|= 0] HH|E A|ZHC=Z 7|A5HH, 0|= cohort-scale =A10f|A] 2f
MY 20t HEQ YHeIE Ht=X| A M3 5 UL

34



Figure 8-1. VCF(dense) vs VDS(sparse, split) E3&1

VDSO|A| &£ StLt 529 JHE2 local allelesCt. highly multiallelic siteOlAl= MEXQ VCFA MY allele
indexing0| O H|E28XMYU £ QUCt Hail2 0|2 L|St7| ol LGT, LAD, LPL, LA &2 local representationa
Aot 0] M2 U2 20N 2ff VDSt st VCFe| YFMHO0| OfHXIE B = £2 WK AL Hail
M7t local_to_global Hets X4lot2til Zlok= OlRE HIZ 0f7[0] QUCt. local HRS T4 MY HC=
ChAl IEH, H= FEECH S0{L= oI 27|71 20 2 £ 7| IZ0|Ct

Hail 24 S& - import, annotation, QC, qualifying variant, association

HMOIM= Hail2 HESH 244 0|2 24 HAE SEQ 2 2= HO| WL, X HAl= E& hl. import_vcf ("s3://bucket/path/>
S30|A GIO|E{E 210{ MatrixTableS Tt=E&= Z40|Ct. 2O 2 ME HEQ} phenotype, annotation tableS Z&6t11,
variant QC2t sample QCE £3SHCt. ICHS 7|8H annotationat EZZ Sdl| qualifying variants He|5t1,
OFX|2H0| burden testLt association testing@ 2 O|ZICt. 0] SE2 ZZ0|= EMRO|E SY5tCt

EMRO| Q35 0|f= 0] 24 589 Z t|7t O 2 HI0|Eet O U2 WES DL X 2ALIX|Z| Z0|Ct.
import@t repartition, joint aggregate, annotation lookup, cohort-level summary= CPU& OfL|2} M2 2|2t
HE®Z MES &M 28 M2tM Hailg AWSOHIM 3 8 M "F2H HE2Y QAHAHL stage'd
HEg H= Z20| S5}t annotation joinZt aggregation2 r A/E0|, VCF import2t executor 20| 5235t
A= c AZ0| O & %S &= UL Hail2 GPU =72t7| 2L CPU (& 0 MAS 24t 227 H Q% =4t=
Hk 8 ZZxof= ™ol ECt

oI ol

Ol

il MUl

EMR on EC2, EMR on EKS, EMR Serverless H|ul

20264 SiXj EMR2 ofLto| Al HEHDF 1Rl AMH|AZ} OFL|ICH, EMR on EC2, EMR on EKS, EMR Serverless Al
7tX 2 827t L} EMR on EC2&= MEXQI YFEE, SHAH &S 71 BAMC = MO &~ AW Sparket HDFS
Z3510f 2=ot HOIA & =L EMR on EKSE 0|0] Kubernetes S412| 2HES 2Yol= ZAI0A K2[6tCt BHH
EMR Serverless&= ZHAHE ZF 2|5t AX| L2 oA DHEXO|X|2E, FA|ZE Mt 2 executor ZH0|
ZOSHAR QXA YIZEOM= A HETL O ZQSICt, M2t SHHA= “0{= 20| 20|12t HE0|2t12
I2X|7|HLCt Z2Z0] 0]0] O™ SHZS 20 JU=X[0f W2t MEHO| F2tXICt D HHSH= TO| [t

Table 12 WEEC= M & YEHE Hlwst O|Ct Of7|M 5Q% A2 7|5 LIEO0| OotL|2t, 2F Hsl0| Ci=Ct=
MOIC}. £ EMR on EC2= Z2AH HOH, EMR on EKS= E3E 58! EMR Serverless= 2% Ha310| § 7H2LY
Hailg X3 HiE M= 28 EMR on EC2= O[SHE AlZfoh= Z0| 712 ZAE0|CE SRX|2F ASLAO0[Lt 7|2+0] 00|
KubernetesE 2% &0[2tH EMR on EKS7t O AAAZE = QL. 7|s MEE 24 200z AFYEX| 40H,
ZX0] 0]0] AT 9= 2% AT 2 245 QL.

Table 1. EMRE| M| 71X| &34 HEH

SIER P ESIFS) E o= A
EMR on EC2 HOjEHo| 2 MEH EYAH JES ¢ ZO| X2 Hail/EMRE 2=
Spark AE1} & %5 O|3lsHoF &t g, Spark 4 24
EMR on EKS Kubernetes 7|t EKS 2% Z™0| gleH 0|0 EKSE 2% &2 =&
saEl} & 53 o5la] 2743
EMR Serverless SAH #2 BEO| M2 LR HAIZHHH ™ A E, Y Hast
QAZRCE=E MM AETHe M E

24 Hail RE2|YS AWS EMRE 21%&5}7|

SHlOfA 71 E2 ok 2= 22 REL(ZY /iEs MA 2l F, Z2 ES AWS EMRZ 2l&ol= A0ICt. KIS
£0{ joonan-lab/hail_tutorialO|A] VCF import, MatrixTable 72, QC, annotation, association testingZ
ACHH, EMRO|IM= 2Tt s3://. .. 2 HHL W A3 SHAZ Spark cluster2 0| ECt. 0| JHE2 12 Q10|
T2 2F AR HEXICh= FHO| ZQ06ILE. SUREE MER 2MYES dQ06k= 0| otH2h, 22 242 o 2
TEE Bt 7oA Tte= XO0|Ch
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™ Hail2 Spark ${0ilA R A| HIO[E{E CHE7| gA e 24 AS0|1, EMRE I AIES AWSOM Qg XMoo=

IS &= &3 AS0ICt. VDSe U+2 ZSEES 2[¢t H0|H H30|1, S3= 1 E1|0|E1E FE IS MY

| t onHOI 0| |-1| Q49| IAE OlalotH, gnomAD, All of Us, cohort-scale WGS £M Zt2 FX|7t I 0|4
“7{CHSH HIO[E{" 7} OFL|2t A 7tsSt 24 722 HO0|7| AJRSHT

10 X2 fo o
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118 ge

EMR2 Spark/Hadoop S2{AEE AWSOHM O £/ 2Yot7| 8t 223 HZ0|Ct.

e HailQ| MatrixTablell VDSE= AZE [t2 24 SXMZ 71X Xt X0|0H, 22 Aoz HH ot =t

« VDSE reference block2t variant dataE 22|35t sparse representationOIEE cohort-scale 2410 £3|
Falstct.

Hail2 AWSOIM 34 £8 M= stage'd Hx0] M2t QIAHARL M3l JEHE D= 220 S5t
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=5 2

i
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Further Reading

* Hail. Amazon Web Services.
* Hail. Variant Dataset (VDS).
* joonan-—lab. hail_tutorial.
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Further Reading

* AWS. What is AWS HealthOmics?.
* AWS. Workflow definition specifics for Nextflow.
* AWS. Orchestrating multiple AWS HealthOmics workflows at scale.
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htslib 7|8t X7 AE2| YT} 22 AL M2 OfH 7|ZO2 MEUaOF 3H=7}?
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Further Reading

* HTSIlib. htslib—s3—-plugin manual.
* AWS HealthOmics. Accessing HealthOmics read sets with Amazon S3 URIs.
» Samtools. HTSIib GitHub repository.
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* goofys, s3fs, s3fuse AY =+12| Xt0|2} SHAE O|3HE 4= UL,
« “ORREGHM M= A0 “0fZ2[AH[0[M0] 21 S3E = WA"S Hlwg 2~ ULt

* POSIX Tt A| AR 7| AEE|X[Q| XtO0|7F &f AIEZ SE0| = F=A 2B + UL,
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S3E “DI2E’sI HOiXl= 0|

S3= BUHOR MY AEX|C, 5 HEHQl 25A LHANAHN CIHER, inode, I BT, B2 473, UK
renameS 7|2 MH|2 AAE KA O[LICE. THUIE 22 A7} S35 22 CIERIXE D2 Eskn A0f 3=
0lQL 2ofsith. EA TTo| NE4T} 05| POSIX T Z2E A0 MAlE/0f 91, AJRESt 93BT
open("/path/to/file") MEIZ FR|Z 57| LIS0|C, SHM0| HS S2ARC0| S2AS W IH BIX Ly=
STEIT HIZ 01200/}, “S30] LU Q=B L 7 of B3l URIZ IO2 2 7172l BES i XA,

olmf S%tsh= 740| FUSE 7|t OFRE 7Lt FUSE= AF2XF Z7HOA THUA|AE! QIE{THO|A S 561 of T=
AZE0|Ct. CrA| 23l A2t OHE2|AH0]4 AtO[of HSI7|E Sttt F11, OHE2|AH0]42 TS MIAAARKMY H0|=
HZE AESIX|TH AN HI0|E = S3 APIE S5l 9111 M| PtE = SHAO|CE, M2tA OFRE =72 siM JtX|= dsECt
SSHM0|| QICE ORZ2|AH0|ME I A TXIX| $1E S3 HHME MAUX 28 2 UA & 37| IH20|C},

2Lt 0] HOEg2 Q31E #27| gt S3E O2ELILL oM S37h ZAL7| POSIX IEA|ARMOZ Hiloh= 22
OtLCt. OF2E Z+t= O{E7HX[LE HYY ASO|T. 0] HHO| & H= YFZENME IR RE0HA|2, AX| AE2|X|9t
IFAUAIARO| o|0] X[0|7t A EejUt= HIZE0M= €A 45 Mot old St S20] Zdettt. metA 0] Zo
SUH2 "OF2EE= O0HE0| OtL|Et M3 AIE 0|2t= AR S 25| Olatist= Ol L.

[LEE -,

FUSE 7|4t S3 OIRE+= M2 NS HYsH=7t
2 o

HEHQ MIEAAR-OAN 22 MAS S, Y9 2IXI= 0|SotLl, Y& HIO|ES HOMT, YA IS TUE 7
rename2 = WAotll, I HZO2 SA| JZ& ZFSICH A AEL(X|0M= 0] 220| 202 JRISHK| B=C
S39| 7|2 Heli= CI™ME 2|7t OtL2t ZHA[0| 1L, rename2 H& “=At £ AK"2 LY L{OF 5HH, 24X YRE +Fol=
CHAL AH ZHA|IS CEA| MOF SH= Z7H Lt [M2tA FUSE 7|8t OIR2E == thed| 2 BA|DH HHELE Z40] ofL2t
DIUAAR SES A AESX| SEZ A& HYol= RES M=

0| X}0|= HIEH|O|E{Qt LM E E{HCt MIUAAROAM = CIAEZ listing, TIY 27| &Q1, HSH HIE, 3
AZHE2 EE7 2SHMM SZE0N 0 XFAAZ A CHRIEICE HHH S30A = listing0] 2 API S£0|1, ClAlEZ|=
AH| 24K|7 OFL|2t prefix 7HE0|0, IH Aot £ QO|E2E 24M3| ZX| 4Lt AWS2| Mountpoint for Amazon
S3 EM7} “0] =7 222 HO|E|E YIZEE 2loh HAEUCH, T AJAHR MA| POSIX 20|2S XSS
SI=L 1 2H3| 85l= 01R7t 0710f] QUCt. & OIRE =18 M= &7 AA8XHe HAME H= I, U2 Q0|IES

HI|5tALE R&|5h= #Z |0 S2tMA| ETt (AWS 20264a).

SO AIE O] = "S3E 20I= €"E0 "2 &3 Hsh=s 7= Aok HO| 2M 5aPH0|Tt, J120f of A2 If0|
E2 YIZEUNM 2F 27t E5 5 UK, A rename-heavy IO|Z21210] HIEEXYU 4= U=X], of SQLitelt
lock Y S T0| A= ATEQ07t EHE LOZ 4= UK MHARA O 4= UL}, OH2E =7l F2dE =0
FA, A AEE|X[Q 2EHE XY FAI= EeCh
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goofys, s3fs, s3fuse A|I¥, Mountpoint H|ul

SIYOIM X3 AF = Eve IA M ERE Lis = UDE R, goofyse= 52 Me|Fi HaeldsS SHE of S3 54
OIRE T3t 34 READMEE goofys7t close-to-open consistency, 2& 7|, multipart upload, Cl2E2|
0| rename= X|2oHX|2, St=ZIL M2 &3, AU /x| M| Z2 XS POSIX 7|52 X|HotA| Y=Lt
HYESIC}. & goofys= S3E Z|UNSH HIEA S0 M= 0| TS HE A, TIUAAR SetES LR 7|5t E412t1
OlaliotH =Tt (goofys 2025).

=M, s3fs-fusex= O ek | LEl HE A HEOICt, HFRLIEOM= s3fuse2t= H3S SA MA O] S3
FUSE OR2E MEIE 7t2[7]= d7F Hht 3A &A= s3fs7t FUSEE Sdll S3 HAlS 22 MHUA| AR
Or2ESHH, Y HAME multipart upload, MH & &&3t IAM Role, requester pays, 7{AE endpoint 22
ZH2 WS MSS dFoT & sehdat A4 RO HoM= Z-0] UX[2t, I8t 2Kt O[sHsHoF &
SN} M5 trade-off= S0{HLC} (s3fs—fuse 2026).

AT, Mountpoint for Amazon S3= AWSZ} =2 HMAlot= S2tRE Y|O|EE "SHOIC Z4A EM= Mount—
point7t S3 HA|E MUK FZSH ol FH, =2 47| M2[HL 05 7tset M52 SHE Stitr AHSIL SA0
71E AM= 7] M80|1, A Y MM 7tSSHXTE Ao 4, CIAEZ| rename, AMEZ 3, IfY &g &2
2HHSE POSIX 7|52 XIGHA| 4=t HAISH}. & Mountpointe “S3E M MYUAAHCE Sl Lz HE
M”27 |20} Q7| B4 e JI 20| £/t S3 M M2 AIS0 7P4CH (AWS 2026a; AWS 2026b).
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UL I, random write, mmap, lock I Z2 SZ2 OFRE HS0| 71 HAHYSH= TEO|Ct,

0] ZHl= 280N Eo| X EHLE B2 Tt B2t IHUS TS, HE $ renamedtd, QIEAS M2
M lock OHUOILE Al CIHEZIE M2 AMESH| IEOICE OE S0 EE 7 OfUt sort shard?t CHEC 2
HMSHE QI E2= S3 OREHLCH EBSL 22 NVMe scratchZt M WLt HHHZ 0|0] 2bME 3 reference
FASTA, annotation bundle, Z2t BAME ¢17| ®E2 2 0f2| =7t 3/5k= &M= MountpointLt goofysZt
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htslib2| %3 HZ2} HlwstH FA0| CHET}

10E0M = htslibe| S3 HZ2 OHZ2|70|440] S3E X Olsllot= YAO|XACE. 0] YA Y2 oIt =517t
BAM, CRAM, VCFo| 19t QIMIAS &y QoD = QS HIO|E H2| 2t Lot TIAAAR OJ0|2S HX|Z S
2 27t glTt. Y2 OI2E YA 2 0iS2|AH|0[M0] S3E 25 M 7|E Z= QUHHO0|AS FAIE £ 2

QUX|Z, T H7t2 HS HIE} OJ0|2 X[0|E Het=Cf. [MatM & A2 CHA| 27t OfL 2t A
MEHX|CE.

Table 2= 0| XI0|E Thatet 20|t SH40] 71 MX| 25{ofF & X2 “S3E A ¢lg = U= =72t 2 el=

HO| U2 Of XMHARL = HO|Tt. DIRE= 2 HHA| S8t Het7| Ho|dS flol M= BEX fHO=E HE

HO| F=tolCt.

Table 2. &3 S3 21t OI2E W49 H|W

= OHE2|AH018 215 HZ S3 OIRE =+
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Z|Halsh| & HHPEZ HIEE 75

HAHA =7 S8 E771 URIE ofot & 42U RCH HE Jts

POSIX 7[CHete] &= Ha ==

HYHH BAM/CRAM/VCF =& Zl9|, °'7| =4 reference S5, HHE 0[4],
object-native workflow IS IRS) E1|7‘|)K| X3

G Y E220|M 2 LMl AL XIH

JEOHE AT SF0ME A ORRE T=FE MOF 77t 71 MMl 2 "EE 7| B4 AHtS HEAH AZAY

If"Ct oIE =0 Uiy reference genome, L2{%l variant resource, annotation bundle, 0|0] ¢t Z1t BAMz}

CRAMEZ 03] LEOA 27| MEOE 3Rdl= HHUAM= OIRE =417t I R8T 4 At AWS HPC 221k
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e *'%14% > %Et (AWS 2026¢).
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goofys, s3fs-fuse, Mountpoint for Amazon S3&= ZZt £UZ O ZQ56HA zMstot=71?

2l strong consistency?t EUEIUCHT A S3E POSIX MAUAAHKME CHR|E Sl 2 OHH7f?
KA YIEZ0IM O HA= S3 OL2E0| Metolll, O HAl= EBSLE scratch C|AT 7} I X§totit?

PN~

Further Reading

* AWS. Mountpoint for Amazon S3 user guide.
* goofys. Official GitHub repository.
» s3fs—-fuse. Official GitHub repository.
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* AWS. 2026a. Mountpoint for Amazon S3.

* AWS. 2026b. Mountpoint file system behavior and limitations.

* AWS. 2026¢. Optimize Nextflow workflows on AWS Batch with Mountpoint for Amazon S3.
» goofys. 2025. goofys README.

» s3fs—fuse. 2026. s3fs-fuse README.
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* SageMaker= Ha8t Jupyter AH{QF 2310| CH27}

o STAH|Qt AL HIO|E 2M0AM O{H K| D& ZAN| XHEHSH7}

« MEMOI MEFHESH mo|Tatel A2 YIEZLE HEA HEE=7t
« Notebook, Training Job, EndpointS 22} &1X| MOf 5t=7t

JOII
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SageMakerg YA FM0j|A 0{C|0f| =Ot0f 5l=7}

QOlA 2MO|M SageMakers Olsiot= 71y £2 YH2 IS “YSYRS! MO|Z2IS HHsl= E7"2 BX|
O= Z0IC}, 3, Ho| &, 9dl I, QCXE 2A| HIO|EHE 24 7tstt YEE HHt= 2PE2 0185| Nextflow,
WDL, CWL, AWS Batch, HealthOmics 22 ¥I2E= AZ0| & AIAARLE BtH SageMaker= O|ZA He| =l H,
feature matrix, embedding, label, 0|0|X| E}, sequence representation S0 EfA DH k& F2 MY 22|
HZE = AS0H O 71ZCE & SageMaker= ME™E35H0| AT WAL |ECE, 11 0 HA2{Hnt ASXEH

H o [ =LO Op
=ME Sdle 9gs U=t

MH|A 0|52 Hat: 0{7|1M HI H0{Z BRIt AULCL AWS A EA0f| M2 2024 128 3Y 7|E Amazon
SageMaker= Amazon SageMaker AIZ O|E0| HHULD, Z2 2 “next generation of Amazon SageMaker” 7t
HIO|H, 24, AIE OIRE= o SASLE HHEEIL. MM 25 EME YHE [ff SageMakertt= 0|2 F 39
O|0|E 7tXICt, Stits BRIS U= 10 SHESH B SH= SageMaker AIO|11, CHE StLb= Unified Studio, Lakehouse,
Governance 5= Zefet O 2 & SHSO0ICL 40| O] EMet AE A1 JUCH ZM 0|E0] 40 Ho{= &M
o SEHARCH (AWS 2024a; AWS 20264a).
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QUIA MMM EH 0] AX= Q35|23 AFHAABLCE O|0|E MAY R YTEZ MM S3, HealthOmics, Batch,
Athena 22 AS0 27|11, O ZUE 7M1 27, 3, =&, it Z4, UM 44, foundation model at& it
F22 435t= A SO SageMakerE £H EICt, [M2kA 0] &0|A SageMaker= “Notebook =" 2 FH| HOtAM =
oF ECt LESS TUMY 20|11, M ZHE HO[EL} ALl RH 2HS SHLQ| #2|Y SEC=E JF0 Eht= O
ALt

Notebook, Studio, Unified Studio, st& X2 DA CHET}

ZEAPL 7MY EO| HE|= BE22 SageMaker2| st Al HRIE o 0{2|= H= Z0[Ch SH|T AHZ2E=
HAO| 220 ACE. LES2 Bt MBS ot oty #F0|4, sk A (training job)2 Z =2t HIO[E{S &0t
SEMO 2 ML= HE|Y HIX| 54500, A2t endpoint= SHE0| 2 RES MH|AY FEO 2 - E6H= AS0|Ct
[2tM “SageMakerE 20" = 2 Thad| JupyterLabs L= 0| OfL|2f, 2 Q0)| [t THE Mo RES MEHGITH=
5o
>~ .

o710 =29 Ul Hsprt HEICE AWS 2AM0| 2™ 2023E 118 30¥ 0|M2| SageMaker Studio A&
SageMaker Studio ClassicZ O|E0| HI}ULD, 7|& workload X220t L0 QUCH Ay 2HIYL2
ZHEIALE. 0|F 9| SageMaker Studio= E[4l ML workflowE & A&0|1, 20243 12E 3L previewz S/HE
SageMaker Unified Studios H|O|E{, SQL, Al, ML =7 ot ZZHE Ot &4 TtRs A9 S8 2+30|C}
Z Q5L SHMO| M2 HiR= 7|ZXL Studio ClassicO| OfL|2} Studio®} Unified StudioZtd O|3H5H= MO|
SrCh (AWS 2026b; AWS 2026¢; AWS 20264d).

Table 12 29A 240 Lot =9 A HEZS Yelot Z0[Ct S2et A2 0 StHO| B ZLMQAUTHEC OfH X0
CHaked BA0H 520 O XI0] B X| 0| S=7+E F=ot= 0|t

Table 1. SageMaker2| £ Al &

T8 A SR gt QA Of|A|

Notebook EE= JupyterlLab HIO|E{ B A|Ztah 7HH2 Ae PCA, UMAP, QC plot, feature
engineering

SageMaker Studio Z[A ML BN 7H 8 DY AMS FC XA job 2]

SageMaker Unified Studio HIO|EQt AIE & CHR = S&F Athena Zut B H|O[H Xttt SR,

DZHE 7t ML 2 A

Training Job SEH0|1 XS Jhset HElY sHE genotype matrix &7 7| o,
Bel'd 22 pretraining

Processing Job FE= AT EE A3 XMX{2|2t feature preparation VCF H&|, cohort matrix H2t,
A ALt

Real-time Endpoint HAZEFE MH|A sequence embedding API,
variant effect scoring API

Batch Transform EE= QI 210! CHEF Ol = HHX| A3 ME EIg MA(Of| CHSt risk score

FE Akt

Amazon Genomics CLI2} Nextflow Z1i}E SageMaker2 HZ5}7|

oA HAZHOl A Hf MM HEHS ‘AR YSHES AMS YIEE AXI0| X251, Zot shAat RHES
SageMaker7t Z=C"= &L AWS HPC 22719 202243 0|Xl= 0|2 1R WEXOZ HO &=Lt 0] S0IM
HNXE2 Amazon Genomics CLI(AGC)7t AWS Batch 7|8t Mdl StAS XI5 LMol fetchngsZ SRA HIO|EHE
FASTQZ HIEI, O|0{A| Sarek LIO|Z2}QIO 2 variant callingg &gt Ct3, %|F VCF 21t= SageMaker note—
bookC = EHH MSAHEH EAMu} AUSIE ZIYIC), 0] SE2 sMYoA i 25t HAIXKIE ELE HA2d2
MEYEst 00| Z2tQl 0|F0] 2i5|= “3xt 24 AF"0|2k= AO0IC} (Nocaj et al. 2022).

0| HEIQ| HHEE2 & JEXICt XM, DHO|Z2tl HAjQt RH HAE 22|z A ZF THA0f 7 Xeket
MEHSE & QICt, MM} H0| S&2 CH7H workflow engine, container, batch queueZt O & SH=Ct
= = Aot AlZlslol= €2 LES 2E0| O XNAAELH S, Y2t £H4S S30| £H
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SH0| O] X E 0|3H5HH SageMakerE SLQ5HAH| IH&GHK| QA EICH. SageMakers= BWALE GATKE CHAl S24
F= MH[AT} OfLICH SHX|ZE BWARL GATKZ} 2HE ZUtE feature table2 F2|ot, RTXE IHHS A3k,
05 RUOIL 27 DUS FHASHE Lo U FFICL T2 Q9lA AAHIS 0] S NS Y AR EX o1,
workflow for transformationit SageMaker for learning and interpretationQ= ZYA|ZIC}

1000 Genomes GIMI2 E= tertiary analysis

O] 29| & Hmy siA IHEA2 HealthOmics + Athena + SageMaker Z8O0|C}. AWS Industries 221= 20254
18 29Y, 1000 Genomes HIO|E{S At238l population variationg 2Alst= SE28 HMAIZCE. 0] GIHQ WX
7tXl= PCA KtH|ELCEH 2 HO| HIO|EE H{EA| tertiary analysis® 7122 HAZASI=X| 20| £Ct= o| UL 29
SE2 Ofgf 0|Z2Ct. |2 HO| X2 AWSOIN 2| 7tsst ME ASCE 71HY, ERSt cohortE Athenaz
Zolsf 3! Ct2, SageMaker StudioO|A] PCAS} A|ZtatE £85It (Tzouvanas 2025).

O X7t £Q%t 0|f= U#E STA 2AM0IM HAY MAZ7F 2 L0l ZEHe| EXM2t= ARE & HO
HZ20|C}, PCAE ol2{H A2 ME x HO| W™ E= Q9 feature matrix/} EQo6ICH J3M 1 HHS o=
o

=

rr ez

A0 0|0] cohort filtering, annotation selection, population label 2|, missingness A2 Z2 0] &
% QA HA2E2 “Hi2 RHRE S|z 70| Oz}, 2ol 7tst ME ASH 4S8 24 AS
20| =N 7HACE.

Table 2= 0| INEIS SHEROZ QOFSH Z{0|Ct. O] X= 1000 GenomesO|2t SHESIX| Y=Lt & FSE, rare
disease cohort, single—cell feature matrix, proteomics abundance tablet|= 72| J1CHZ SFEHEIC

Table 2. 28 A MLOA Xj3= M= AZ THH

0z
rol

mjo
rQm
Y
ol

A == MH|A o|O|
HA| E= =42 Ho[H MF S3, HealthOmics THAIR 7HS3H O|O|Ef RpAF H2H
HEHH|O|E EE{Z2 cohort Athena £ SQL AS QS MET} feature HEY| F57|
selection
feature matrix 244 Processing job, notebook, Dol Qe SHEfZ Het

workflow x|
S A|ZES} Notebook, Studio, Unified Studio  PCA, clustering, QC, 71 &M
A eks SageMaker Training Job 3 7Hs3H sk iR A
HiE = HiX| =2 Endpoint, Batch Transform AlH| AFR = RS scoring

Al DHEI0|A genomic foundation modelZtX|

oA MAl2J0[2t 5t ZEA= ZHI2 et Hald BERE MES2|7| &t ofX|Th AX 33 M=
=25, 37, xHH F4, UMY WY, O|4X| X Z2 H|WH JEXOQ! 20| 65| iR S0t O S0 2tAt
MZ 9| subtype 25, 243 signature 7|8t score 0|Z, variant burdeng 0|28t population clustering, single—cell
embedding #A[4+H2 25 SageMakerZt & &= X I0|Ct. 55| I=240] 0]0] S30| AT, TX2| AUE notebook2 2
EoIsH & 8H5 A0 2 7|10 412 [ SageMaker2| 2|8 Al DHO| ZHS HOIC},

3 9ol o 2 =22 foundation model AE0| ULt AWS Machine Learning 22719| 20243 22 AWS
HealthOmics sequence storeE QA H|0|E XM AZSOE A&}, SageMaker TrainingS 0/&3 HyenaDNA
A genomic language model& pre-traindt= G|KMIE MAISICE 017|A S8 HAIX|= “QBA ML| £|4 S E
Z= S3 E= HealthOmicsOil M2|E H0|E 2[0M 22| of5 X2 Sel= #X"2tk= O[Tt & foundation
model0| SESH GO AS1t &t& AS2 22l= 65| SX|EL (Ariyawansa and Handley 2024).

Ctot 2= E0| foundation model stacks & 758 Q= gitt. UREQ AFAL} HIO|QE B2 X %t
supervised task, embedding ‘4%, notebook 7|8t EMUM O 2 7tX|E =Lt PdoAH= O] =ME EY
712X|= HO| ZQ0olCt. HA SageMaker = 5|1, JICHS00F 24t sh5at Y RHE 26
0| B} =5t £3] single—celltt spatial omics®| H0|H HZ ASE M= S&oIERE, 1 222 13-0M CHF
chunked storage2t remote access &1t A Hi= MO| HetSiCY,

rirrir ot rjo
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chapter13.md

HI a2t 2 EZIS DA EHOLof sk=7t
S = “2H2l3 MH[ALZE 2OFM ML 2OtM EEMYU Z70|2t= 7|0iTt. HRIZ= Note-

SageMaker?| 7}%& £t @3
ointe| H|E A X7} CtEE=Z A ZF0| &HF MEHSHOF ofC, F7t EtMstT J8s I8

X
book, Training Job, Endp
0|2t st L ESO0| HBSHX|TH 4= A7 B Q0] A2|= S5 2 Training JobL E £:2/5k= HOo| EL}. REHS

|
Sh O O =28 210|2tH HAIZH endpoint'2 Lt batch WA10] Wt Z= HIE X/X{sto] 2 22 t715 2

[ B

71 = A0| OtL|2t, M3 REE SH0j| S E2|ok= O AT

QUIA BEMO|ME= H0[E] QX|E ZL3ICt Training JobZt 12 S3 H{Zl, HealthOmics sequence store, Athena
query result7t Z2 2| 2t0j] L0{0F 20| HEstl ME H|IE Y- S0I=Ct. E3SH notebookOlM €15 &
S0t IEE ZHiE =28 M4 Ijo|TelRlo = AZichAM= o ECt MM U= st5S 2lotH IE T, H0[H

= =
snapshot, I2t0|E, ZAH|0|Lf O|O|X|E £2[o 22|& job2 2 SZA|7{0F §ICt. 0] =2 X2 random forestOi|Af
[H& genomic language model0| O|27|7HX| 25 ZLC}.

SageMaker= 292 2MO| M IS SXt HEot= MH|A7} OtL|C}. Tl S32 HealthOmicsOl ‘2|E H|O|E,
Batch@} Nextflow”t 2t= Z1t, AthenaZt &0 & cohortS HIE O 2, EAO0A st5at HHZEHX| O|HX|= 2™ ML
AEE MBSt TetM 2UANM SageMakerE & £Lh= A2 “Z2RE0 JupyterS =20t 7t OfL2f, TIOJE
I{O|Z2tQlt H& mfO|Z2tQlo] AAISE HE| MR 11 AO|S AFHOZ HASH= L 71Tt

L=

sAl JH Hal

+ SageMaker= ME=HE st IO|T2IQ1S XS | 2O, 1 Zat 0| HAl T 4SS &Y 2MS A= AIS0|C
20244 128 3¢ 0|% SageMaker AI= 7|& ML AH|A O|£0|11, next generation of SageMaker= [
Z S SHE 0|S0|C}

* Notebook, Training Job, Endpoint= 22t EHM {3 7156t 85, MHIAY FE0|2t= M2 CE g2
71t

* AGC, Nextflow, HealthOmics, Athena®t HZAE [ SageMaker= A tertiary analysis| Al HZ0|
EIC.

O MH™ 7tX|= &2 supervised task®t feature engineering, AlZt3t,

i

foundation model= £L256}X|2t, [
HiX| SHEOIA A LE2CY.

F g S =]
=S EE

1. SageMakerS ¢t Jupyter AHZ O[aliolH XA == Ay 7Is2 FAAUN?
o

3. HealthOmics + Athena + SageMaker IEIQ| tertiary analysisO| X &t 0|R= FAQITP?
4. Notebook, Training Job, EndpointE O 7|ZQ 2 MEHSHOF SH=7}?

Further Reading

* AWS. What is Amazon SageMaker Al?.
* AWS. What is Amazon SageMaker Unified Studio?.
* AWS HPC Blog. Analyzing Genomic Data using Amazon Genomics CLI and Amazon SageMaker.
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* Tzouvanas K. 2025. Examine genomic variation across populations with AWS.

13%. 22t U|O|E|H single—cell} spatial omics — Zarr, AnnData, OME-
Zarr, SOMA

sl 20
« iR single—cell2t spatial omicsOflA] 24 40| M HZEMOIX| AHe o~ QUL
 AnnData, h5ad, Zarr, OME-Zarr, TileDB-SOMAZ} ZtZE O FAMG AIS0| JY=X| L2 4= QICt
* scRNA-seq} spatial transcriptomics?t & MZZ CHA|SH7 | 2Lt H2tot=X| MHE 4= QlCt,
« AWSOI[A S3, 24t AL, A AZHSHE 0|83l 22HRE HI0|E|E 2BA EMS MH|5t= 7|2 At AS OfahE
5 AL
RS

« 9 2 h5ad MY SHLIE SOl F= WAOIO 2= %A single—cellZ} spatial omicsE CH27| 01227}
« 2} single—celldfiXl= MEELt annotation2t benchmarking0| & 2 50| &|7| AZ3I=7t
* Zarre TSt IHY HLOHO| OFL|2} O M2 MHE Q| H3HE Soh=7t

* OME-Zarr®} TileDB-SOMAE= Zarrt O A|0f A2, AKX M2 THE MEHX|T} E[=7}

o] 3o 7

O] &2 0| WSt = If| REOZ L0 ¢l= 0| ECt. 2t 222 A HZ0 &
* Part A. off It B4 A7} BUHHEH(13.1 ~ 13.2): Wi single-cell0] Q1Z2} 2X|7t E HHZ.
* Part B. X{Z 2eo] Mgt (13.3 ~ 13.4): Zarr®| chunk 7|8t HZ1 AnnData/Zarr Z&t.
* Part C. 3200|2229 &%t (13.5 ~ 13.6): OME-Zarr, SpatialData, single—cell + spatial £&.
¢ Part D. ZHZ1 24 (13.7 ~ 13.9): TileDB-SOMA, AWS AT HiX|, StA|Q} Fo|H.

20| XM20|2tH Part A — B &£ AMZ2 F HE20t HX 2171 13.9 Q202 HO{7IE ELt. Part C, D= Q& I CHA|
=0te} XM =ICt,

ro

C}.

0

Part A. &ff I{d S A7} FLR=7t

2 download -> open INEIO| SL{X|7| A|ZIHE=T}
2 MEst H0E 2M2 EE0t = HXIE HIEo 2 WMol ATt 0] A2 X2 bulk RNA-seq
CIO|E{L} MISHEl =0 MEZ THE M= SE6| AEX0|UCt. 12iLt single—cell, spatial transcriptomics, & 2 &

YA o 0 O|0IX[7t MX[7| AXfotHM =2 ALLEH HIOJH M2 YA HA =K. Ol
ZHE TS OO0 MFot=L7t ofL2t, Bt ME FEHI R HE, S Y, 00|X| s S2t w2 A
Sia1 HEZ AlAre 4 AULLEZ HHARICE & B49 S 2ot OlA 22 01S517| AlRfet A0|LH.

AA
0| Hak= st K& A9 R10|2 MFS7| oLt ojHMol= HIO[EIE St ¥ 2Z0| WoH JOZFE= A3
Lo M2 2T MA MEH Z[QICE BHH K AEZ|X] AILH0= WIERIE 744 O™ =28 Z ¥ =X, 22 HH|7t
Aot H2X|, HEIHO0IHE O{EA &2[5h=X|7t 451t HI8S SAI0| ZFSICt. M2t 2E5Y2] omics KUM=
OY HoHE M JA 2T JIEXMA = EFSIC OfH M2 IEHO| OfE X& 222t SH=X|E 27H 7t2X0F $tTt. O]
A2 Hi2 1 T2HE single—cell?} spatial omics2hs 712 2XQI AHYIS Sal MBI

single—cell2 ff Q1=2} EH[7t =[A}=7t

single—cell RNA-seq0| 7|& |ZA| &40} CHE 0|R«= O[O|E| 27} ME +=HT} M =0 2Jo A ECh= FOCt.
SILEe| A0l A =2k JHOA =EHTE JHO| NIV} ZHE| D, H|0|H = 2EXQE HIS cells x genes 3|4 YHO|
=L}, O] XA = T HBat 7H2E2H0] 2X|7t OfLICE. batch integration, embedding, cell-type annotation,
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HMHZ benchmarking ZH2 SHEE CHA|7F MA O 2 AAt 20| EICt & single—cell A|LHO| Q122 2Xj=
gt Ol o 7rAct.
AWSZ®| Open Problems Atgl= 0| B2 & HO| Z=Ct. 2Z0|A JHEE Docker container?t Nextflow workflow=

AH| benchmarking BHA0IA ECR -> Nextflow -> AWS Batch —-> EC2 Spot -> S3 X |2 SEELCL 0]
SHZQ X2 HY 24S ¢ ¥ & EUls A0| OfL2}, Z2 HIO[EAI0 K YI2ES Btg HEoSIL! 953

=

inil!
3

—

H|wStH, spatial deconvolution Z2 ZtAI77HX| SUSH Al HASUHA HIIS5H= A0ICH & single—cell E21RE=
‘O M MHELCHIHS 7SSt T e Hlw ASA"0 O 7P4Ct 0] M O[asHOF single—cell Q1Z2t7t off M 22|
=H7t ofL|2t EHZE HA 2H7} = A}=X| KIHAABA HO|7| A[RFSLY.

Figure 13-12 7|&2| It FA 2 chunk 7[8F #H 22| X10|E 7HE XMoo= HO{ FCf. 22 HI0|EE CHELCt
SiE2te, O SR =2 MESH=LI| 2t HER T g5, HZ22| AFE, HIE #2771 25 2tXIC) 0] X107t 2 22RE
HIO|E|E @B]AQ| Z4IHO|CE,

Figure 13-1. “download — open” vs “read chunks in place”

Part B. X% 2Heo| X}
Zarr2} chunk 7|5t 2 - %) AE2X| AlTHO| B KR

0| M&t2 Ola5H= O Zarre 1R £2 WS TL} Zarre NXFY H{ES X2 chunk Q2 L0 K& fol, 2t
chunkE SHXO2 2 JH53t A2 CHRCL AWS Public Sector®] Zarr on S3 22 HIZ 0] & W20 243
AEZX| YOIA Ho XZHS HIEA 11 HH X2 4 QT MHSICH M2EM ZarrQ| M2 “shEXt SHLZE

—

7T 71 OfL 2, CH A = MILMS 7oA off ECt= Ol Ut E2HRE HI0EIE 240]2t=
L2 CH7H Ol chunk 7|2t HZS HX= STt
SHX|2H 07| M HIZ £Q38t caveat’ LI2LY. Zarr= 2H50] OfL| 1, S3 1 7EX|H 28] BYEtGHEIC.

AlH| s3It HIEE chunk 37|, sharding, metadata consolidation, object 4=, request pattern0®il I A ZL-=ICt.
chunkZ 42 &H ZIHH small object?} Z&5t11, request cost@t listing overhead7t & %= ULt MEtA ZarrS
i IO = AJHGH | 2L, Z AMJlote TMO| WSHOZ EM LIt

AnnData + Zarr + Vitessce - single—cell H|0|E| 22| 22} =&t

single—cell £0f0f|M= 0| &2 AnnData + ZarrzZt= RO E 71 €A AHE & ULt AnnDataz M x FHX}
S} obs, var, obsm, layersS &M CHE = O|0|E 0|11, h5ad®t Zarre 0|5 XM&ESHE ME Lt backend2t
HE= HO| 71 AMAALD 22 2M0|LE 22 notebook HE0|A= hbad”t 0{H5| M2|oICt. 2Lt Bt S/, &
A28}, remote access, larger-than-memory 40| ZQE+E Zarr backend?| 0| HXICE. AnnData
EXNE write_zarr ) E 34 APIZ X|S6t1, zarr v32}t remote accessE &0 UM WatO = L2 QUL

Vitessce OflH|= 0| H3aIE SHMS0H AANMOZ HH FLt. SE2 hbadE AL, AZSH0| B3 embeddingt
feature matrix2 Melgt F, write_zarr () E Zarr storeE BtE10, 0|E S30| =21 & 7[Ht QIEZHEIE HOO|A
S56t= WAOICL & single—cell HIO|E = 0|4 71018 24 MUK 2 HFE2X] 410, A AEE|X] {0 Q1 B
ApAtO] EICE, Ol Zarrs St 244 ZLBHO| OfL|2t YL SRE {8t tiX| M0 =L}, SH2 047|X AnnData =

=
=
,hbad/Zarr = backend, Vitessce = / 0|2tz FH3t &3 & i 0F S2H0| ZO{ELL.

Part C. £ZH0|01H222] 2%

-

|

OME-Zarr&t SpatialData - SZt2 AL} 0[0|%F C|O[E{2] DHE

S8 A(spatial omics)2t O|0IHCE JHH 0| =2l O Z3HZICt. OME-Zarrs =8t 0[0|X|2t CtE SHe =
OJ2t0|E, segmentation, annotationg Z2tRE RSIXOZ CtE7| 2|5t HLUHO|Ct.  spatial omicsHA = MIE x
KUK HHUC 2= SEOHK| 0t AX| ZHH, ME ZA, ZZ! 0|0|X|, 042 sha o A|Ztat HEE SH CHEIOf STt
O]k = A2 Eheot HOUt otL2t X0l 2 |7t ECh. OME-Zarr7t 2%t

— 2oL i ——
0|R= Hi= 0] HE|AHY HZS HEESI6lE o7| IZO0|Ct.

o
=
SpatialData= 0| EHAIS Cf &9 +E0M Helols ZYY|AIL:. IS4 EME OIS Images, Labels, Points,
Shapes, TablesE of ZtEZ| CHOA &7H CiR= S8 H|0|H ZE= ATt WIHO=E= 0| 7132 A1X|7t IR
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7E0ILt StY2 STHIMAE Tad| spot x gene matrixZTh H= A, 017]0f O|0|X|2t MIE ZA|, X B,
O T2} 8HH S9ICt=s ™S OldliotAl ECt. & OME-Zarre &7t UA9| XA MY HES, SpatialDatas 1
2o S8 B AE32 B0 F= MOJCt

single—cell + spatial integration — matrix0lA{ matrix + coordinates=

single—cell2tC 2= SE6IX| ULt AAE SHH HIR{OF St scRNA-seq2 MIE HAA1}t O|2MS ME HRI2
HOo| FX|2F =& QM 1 MZZ7} O] /A== UHHEICE spatial transcriptomicse HIZ 0| BIES HX|2t,
SHA QL QEXL 4=, A|OF HHQ| ALO|Q] trade—offS 7HRICt. Td2HA Z|4A HAQ| SHAMS 5 Z 6HLIE T2= 710 OfL|2}
single-cell + spatial integrationO|C}. ZZMALA| O|O|E= Tt 40| OfL|2f matrix + coordinates
(+ image) 0|, MX|Z& neighborhood, cell-cell communication, spatial domain, deconvolution7tX| &HA|
oli&dsioF 2|O] 7 HZICE,

gimVI= 0|2 ST Aol Of
spatialOilA] 21 SFYE(X| &

S

FH

& OJAIC}. 0] DY EX|OIK|X| &2 scRNA-seq@ spatial HIOIEIS B ALZ3H
QU WS FHsis B2S HO| FLL OO 01248 RUst BEXY JI2X

rio

ZoE ot o S9¢t A2 o S8 AL0| HQHR=XIE Olslok= ZHOICt. single—cell2 MZ FHlES M5
HNSotL, spatial2 =% 2WS HMSOIEZ, =S S7H 2t0F 2 Y=SH si40] 2N SHHEICE

Part D. 231E1} 29F
CELLXGENE Census?} TileDB-SOMA - &l O 2 SHEL2 [|= 1S Elisi=7}

07X Zarr2t0| ot Z0[2t 7tEX|H 235|2 EHetHEICt. CZ CELLXGENE Discover?t Census= Hi+tE2
single—cell H|O|E| 2= {lof TileDB-SOMAE ArESIL}. O MEHZ Zarr7t ERC= 50| OfL| 2L, tens of millions
of cells 22| larger-than-memory & 9|, cross—language API, HH=l H|O|E] AMAF O HASH A7|OF 227t
oot EAZOME 49 AS0| 2t = JUSE B0 ELL WSHOE = AnnData + ZarrgE AFA RSHH0(1D
scverse 38O ZEE, TileDB-SOMAE [ 2 122 SHUEH HQ ASC=E d%¥sk= 0| ELt. & =2 B8
HAZ|ECE ME2 T2 28 720 tiS5ts MESX|0f 7HAC.

CE5t CELLXGENE E81Z 1t Census object2 F-26t= A= £236IC}. JHE source dataset2 0{5| hsadZ2 RE=
% QIX|Tt corpus-wide query A5 TileDB-SOMAZ K|S EICt. SH40| 0] M O|aHotH “S2tRE HIO0|E|E single-
cell’0] BIEA| StLO| HAIDHS SEotX| Qh=Che AMME RIGATA HOISY & AULH 2= 2 EF X0 thst
SdE7t ofL 2, O 22 OfH 2o IEH0| 0 H|0[E 2H0| H=X|E HHot= SHO|C

AWSOIA Q] MM 29 - S3, Batch, ECS/Fargate, SageMaker, Bedrock

AWS HEO0|M a2 A= 2Tt OI0|HE S30| 11, 2ot £20 ¢, AlM2 H0[Ef 71710|0M EE = 3ot
Z1= notebookO|Lt & QIEJH|O|AZ CA] H&sh= AO0ICt. AWSS| Zarr Atell= geospatial HIOIHE 0|2 SX|T,
2l2|l= single—cellzt spatial omicsOlE Q| 12 MEEICt. Dask, ECS/Fargate, SageMaker notebook, S3
VPC endpoint 22 Xg2 2 f{E HI0|HE S24RENN &Y X2|5k= MYXQ IEHS 20 ZL. 528 A2
0| ofL2f, mA0| OfL 2t chunkE AlXt T2 HEFL= Z0]|Ct
H

AlH A AT H|SEH 9IS HO] £C} Sonraie scRNA-seq cluster annotation® HealthOmics + S3 +
SageMaker + Bedrock T+ZE XSS5, One BioSciences= tens of thousands of RNA profilesE CH27|
QIGHEC2 + S3 + MWAA + Athena + Lambda®} GPU XIS XEIBICE O7|AM =5t M2 Al7f raw omics HHIE
CHA|SHCH= 2HAH0] OfL| 2}, annotation2t interpretation 22 FHIE HES F0|= oA HSC 2 2SI = AHAO|CEH
0| OilA Bedrock “ZE 2412 ol F= AXI"0| OfL|2f, & 723t HI0|E{t YIE=E 2I0A OFX|Y SHM HAIS
HXolz= ASL2E Oldlol= HO| Hefotty. 2= Z2RE HO[EIE omicse ME, ALt A28}, A0 =&oHA
AZE otte] ESHE F X2 HOt0f ofCt,

gHA|et 2™ - small objects, sharding, evolving APls

=& Zarr?t 222E HI0[EIE HZ20= AT YOI chunkE WS 2AH Z7HH small object’t 243 51,
request cost@} listing H|E0| A& & UCt. zarr v39| sharding2 0|2 ZXIE £017| o YWF0[X|2t, AH| 3
ME= A% Tlet SOIC). AnnData 2AM 7|2 €5 7|52 Ot 28X J20| JYLEZ, WitA0|Af= MIF APIECE
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f2jet A YZE 71= M0| [ a2ttt EFH 22 S30f| CI0|EE SXCtL oM XIS 2 =1 AXHQI 27}
El= A2 Ottt

— AT
29 27t SHH| 7}2 %0} BiCt. ComputeS’_f S3Z Z2 region0l| F=X|, private VPC01|*‘I S3 endpointE AF25HEX],
_’EAIé! 20N 503 Slow Down 2 S E 01% | E'—IHE'OF‘XI 22 M= S2RENME oT™s| 5 6fEf.
SonraiLt One BioSciences Z2 112 Atg|C| A|ZF 2X|= sk #IX|O0r3 7t 0H_|Ef Al ET2t= M 20|
X{0{0f SIC}. hbadE HE|XH= 7*OI ofLzt, 22t *IEHOI single—cell2} spatial omicsOAl= 01|*1
, LIOt7E Ol O =2 FO0{7}0F StCt= HO|Ct.

A T e

* single—cell2t spatial omics2| el HE2 Z OiY XtH|HLCH 5|4 =, 2, 0|0]X|, BtE EHo|t ST AL
ALY

* AnnData = h5ad/Zarr = backend, OME-Zarr = / , TileDB-SOMA = o=
=01 Olah7} +|ZICt.

* ZarrQ| A Ml EEEXLIL OFL|2E chunk 7[8t 124 M1t HE A|M0|2t= M2 THEO|CE

« SURKC HIO|EIE 2M2 O 2 MHE At= 0| Ot 2, HQot 2E0 el E1I0|E1 710[0f|l M Aldtote RS
otE= 0|t

In;

253
1. 2 Z[Al single—cell M0 M= M ELC} annotationdt benchmarking0| Gf 2 HZ0| E|7| A|XIgH=7}?
2. h5ad%f Zarro| X0 KXt &A|0| OfL|2} R IHEIQ| 0|2 AlHaH Haf.
3. OME-Zarr2} TileDB-SOMAE ZtZt 0t ':'Iﬂ A2t O{E Ho|H AE0 O & st=7t?

Further Reading

» AWS Public Sector Blog. Decrease geospatial query latency from minutes to seconds using Zarr on
Amazon S3.

* Vitessce. Export data to AWS S3.

» SpatialData. Documentation.
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Further Reading

* AWS. Sequence stores.

* AWS. Workflow definition specifics for Nextflow.

* AWS Machine Learning Blog. Accelerating genomics variant interpretation with AWS HealthOmics
and Amazon Bedrock AgentCore.
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Further Reading

* AWS. IAM best practices.
* AWS HPC Blog. Evaluating next—generation cloud compute for large—scale genomic processing.
* Strozzi et al. Scalable Workflows and Reproducible Data Analysis for Genomics.
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Further Reading

* AWS Machine Learning Blog. Accelerating genomics variant interpretation with AWS HealthOmics
and Amazon Bedrock AgentCore.

* Anthropic. Claude on Amazon Bedrock.

* AWS. Model parameters for Anthropic Claude models.
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Helical2| Bio Foundation Model Platform for In-Silico Labs listing2 0| ZEy DS M

AHICE. listing 7|& 0| MZL SaaSO|M, private offer, deployed on AWS, F7} Q1O 2} HI 7t5M Z2 XS
7tEICE EESH Model Library, Model Personalization, In-Silico Experiments M| 2=2 E3dl single—cell,
mRNA, DNA foundation model2 X&'l target identification, biomarker discovery, patient stratification,
RNA designS XS0 HHGHITL O] AHHIE MOM= “AtS3t A" S S2| Aol Uix|7t OtL2t foundation
model + proprietary data adaptation + large-scale virtual experiment orchestration HSC=
Ast= M™O| Hefotct. Cf2F AWS Marketplace listing2 HE et A2t XS 20 F= X=20[X|, AS0
CHet =& 83 Xt&7t OtL|2t= caveat™ BHEA| &7 Z40{0F i},

274 H|0|E 2IZ35}e} hybrid cloud?] 3=

LA A E S 2H SHRO|IM= HI0[EE AWS QtoIA HEZ = S7H CIO|E| QI3 RIS, T2 0=
0{™3]| hybrid cloudZt £Q3t $1410|2H= AHAO| SA|0f| E2{HC}E Amazon Science? SRA 7|Ak= NIH Sequence
Read ArchiveZt AWS Open Data Sponsorship Program2 Sali W|O|E|EstA B2 7tsaiXiCty MHESICE O]
SE= 2A10| S7H HIO|E] MEHAO| M YOtLt SLoR=XIE 20 &Ct. 2Lt BE X%|0| 0] 2=
SILtZ 35k= A2 OtLC}. #A, g2l HEYIH 0|f= Y& H|0|Ef= O3] 7|2 LHE L CHE science cloudO|
g2 = U

Kyoto University2| hybrid cloud ==2 0|2 didE & 20 Z=Cf Y 7|20 = on—-prem, st=& S2tRE,
38 SURE AWSE &H F= 740| 232 o AN -~ ULt A2 07| “S2HREIH ME QE2tE 2ANT|
CHASICH = SHAX MALE H2{0F STt M| A Q1Z2t= Ci7 S8F0|C 525 A2 0L of SHES UAXE
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o
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AWS STH 22| Of2i= o 7kX| MH|AZL OtL|2t, HIO|E {IXIE |XISHHA compute®t workflow A, 12|11
2o F? XF ASTA| Zeol= S0l ULE O™ ZZEI2 HealthOmics= Z 20[11, O XXI2 Batcht EKSE
QX|& 0|0, O XZI2 Basepairlt Seven Bridges Z data broker2 MEiSt Z40|C}. S O] CIUMS H T
SUAZQIS LT QUL 25|23 22 XIS HX|H =Lt 7 O] HZ0|| B 4 UCHH AA|
AtglE Sttt 22 Xt&7t OfL|2t £2 watM7t Lt

| 28 220| H=0t. A, 2= AS &Y F=old{1l ofX| 211, e
=M, HI0|E= 7ts¢t of &2 Y|X|0| 11, orchestrationt oM AS S
st = 7|&E L provenance, budget visibility, 8¢ 24l access

mo -
H

- MAA0IA AWSE $HIHX] YAIOR MO|X| oD, R &, H2|H MH|A, #¥Q BHE, hybrid cloud, ZHE
EEHEO' _T'_2.<_6H:|-
= A0 O - - .

* data brokerQ| sHA2 X% CHHEHLCE + + provenance + i QUCH.
* AWS Marketplace= 7|& ME10| OtL|2t ZE AZS 2= O|alSH= HO| SILCY.
o AEA AFIE 8lS = MH[A OIS 2L = HA 2= 5380| Z25|Ct.

Eo N =1
=5 EE

fI51 AWSE At83E=71?
L0t | BHEETR

S

YallOF St= Ol7= FAATF?

1. Takeda, ImmunoScape, Basepair= 2t2f Ot &
2. data broker ZHE off P E HAAO| XH QIS
3. AWS MarketplaceE t&ot H AENEL X A=

Further Reading

* AWS Industries Blog. How Takeda accelerates large—scale bioinformatics with AWS HealthOmics.
» Seven Bridges. Amazon Web Services page.
* AWS Marketplace. What is AWS Marketplace?.
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+ 9f “HREDH 0| HLP T W2AYEE| MK HRAE T2 ROA FHXIE7
+ 1PBE WGS Z2HE0A HSS OfL 3 8120| OfLj2f OfH 45XIZOZ BISOIK|ET}
© £2HI82 W3 4 Y7}, OILIH MY 2FO2 FY 4 QU=Tt

HOIE] 2712 C} H|O|E H0i==717t Cf SL5}Ct

2 QYA T2HEQ HIES Oloie M 71 HA H2{0F & 422 ch= Chet AHOIDH MMZ2= 22
1PBEt o= E0H 2:ff, O M= 11, HOLL X5 F7|4, S =25 HEA A F=U0| K2t HIE
TA7b fH5| 2T = GI0|H 37] XpA|ECH H|O|Ef 40437 (data lifecycle)?t B STt 42 0] Hoi|lA
HTME H= HED, HIS0| UHS0X= HHUSSE E= ©S U HiR0F It 1 slof =2 HIE0| ZA| Bl

0= Ofa& 4= QUCH.

WEEOZ 1,0008 WGS, & HI0|H & 1PB =& Mdi 2X. raw FASTQZ} 400-600 TB, processed
BAM/CRAMO]| 300-500 TB, intermediate?t 300-800 TB, derived dataZt 10-50 TB M2ty 7PHE £ ULt
O7|M 525t A2 z|F HEFO| OtL|2} workflow &7t &7t Z[i MEHOICH, MK 2H0|M= intermediateZt
HEHD O AKXz 427t E6tH, =780 2= 2-3PB0| 7P/ NAZFHO0| HY = Ot M2tM HIE A= 215
METHET ME 5 gL, FIEE MAQ YoHF7|E SH ErOF StCt.

Incomplete multipart upload®2t HO|X| &= f3 HI0|E

[N FASTQ, BAM, CRAM ¥2E9| 7|2 gtAl2 S3 multipart uploadCt. O] B4l Xxl= §8%X0|X|2t HZET}
Z7t0] AIistALE DFO|Z2tRI0| HEM AME|X| L2 partZt S30| HE £ UL ZH= ALZXZt IHO0| “OtZ
ALY LIAE, M H[82 0[0] 2ot QUCh= HMOICt. O] I4RE0| incomplete multipart upload= iR QA
OZHEO|A CHEXQI 0| FC. IHUO| =0l & HO|X| 0t HIO|E&= 0[0] FHOf U7| WZO|Ct.

AWSE= 0|2 £0|7| 2[5 AbortIncompleteMultipartUpload lifecycle rule2 XM|SoCt WEEC==7
E2 HME J|2UXMHE JIEX|= W0| ECt. 2HPEX| L2 OiYE H|ES PHECH= HO0| sHAOIC), M2t HE2E

A7 HALE HS Y TH0|Z2t210] Z2ALE, /F 7|E0| CI0|HE At MESts Sde+5 0] 72|12 AHdY BCt
HIE Z|Msh= st2fet 2O 7|= 20t HA 0| 7|= hygieneOll Al A|ZFGHCE,

A AN O] ZH7t HOtLE Xt Hot=EXlE F AXLE ZMOUME &olg &~ UCt. AWS Storage
Blog2| “Discovering and deleting incomplete multipart uploads to lower Amazon S3 costs’= List-
MultipartUploads APIZ ZZE partE SOHHT lifecycle2 H2lot= MRS MHSICL  Corey Quinne Last
Week in AWSOA “Quieting Noisy Multipart Upload Costs” Z2 22 0| 2HE “S3 HTMUA 7
0| Ztael= ="0[2t1 grEaiM X|ASICE £ AWS Config 22|38 12| s3-1lifecycle-policy-checkL}
s3-version-lifecycle-policy-checks 0|2 HzH0O| HZIH AXMZE MHI|N J=XE AHE RHRAA ZAIR
QXA off ECf. |FTA AFAHO| 4 = TBE CHRE7| A|ZIGHH, 0| &2 2! oiLi7} IfE =0 &= EFAM X0
TLELCE

Small object, random access, request cost

S3 HIE2 K& HIIRe 2 ANE|X| =Lt request cost= M EMUA Xt ULAHILEX| T, AH2E 1L
F9%t & QUL BAMIt CRAMS| random access, index 7|8t B2 X3| 248 7§ small object, intermediate
2471, console EMAH0] 2 LIST/GET Q70| ZX|™ XA HIECt & H|Z0| O IH LAE £k Tt 3|
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2o Ol HIE= 2ottt HO| SQ5I0H MEkA H|0[H £25 R 2A5HE XY XXz M 293 b2
HHEH| FZICE

0] 2Hl= S2tRE U|0|E|E2t= 0|2 Otz small objectE X|LIX|A| TO| MtEE FXRUAM O AtF EBHCE OIS
=0{ chunkE 4T EA Ltz i€ H0|E|, X|LEX|H| ME3HE intermediate shard, M2|E|X| i QA ME2L 2F
2% H|E1} listing overheadE 7|2L}. SHAM2 X274 StLte| 2 MY E S0t7H= 40| OfL|2f, object
granularityE &= Z0|Ct. S3E Hedt SIECIAIR HEE|= =7 QY HIE2 =0 HX| A SO 2|
AEZ|X|= XE 2A0H0| OfL|2}t H|E Xk CH2L,

Over—provisioned compute?} right-sizing

compute HIE2 HE 71& =0 Z Z7] R0, AFRHES 5T JAUS ENZ M2 2Lt compute=
SA0 7t S| #12 HIE0|7|x Stot. JH|Q| FE= 2212 , , Spot ,  shard
orchestration overheadl}. 0§ S0 X HF0| C|AZ 1/0QIG| CPU 20Tt S2|7L, HE 2| ASEH2 Z24|
r AIES AH HIE2 2 MO0 LIZICH & compute= HIMA 2X17t &= ARELCH Z2 HiX|sHA 2M7t Els 27t
O Ct.

SHZ Q| HAL right-sizingO|C}. MSHE 715 2 QIABAZ N27|HECtm -> c/r/i/fXE H20| M2t HXIXoZ2
HEE SH0| S0t ME T I} 71SoH A2 QIAEHAS HO| A= HO| LIS £ U, Spot0| & b=
Z10|2tH On-Demand®h 11 &St 0|7t QICt. EESt workflow?| resume, retry, call caching, checkpointZ}t &
HAEO JACH O SHXOZ XNFot XS &8 4 ULt P2 07| H|E Xt £ ds z(H3et THEX|
P4Ct= AHAS B EICH

[

Intermediate data explosion2} lifecycle 44|

KM 2M0|M intermediate datas X3 UAHILEICE  sorted BAM, recalibrated BAM, temporary shard,
feature matrix, 7' summary table2 5 Z0ECH 4 2 NEES XX £ UL ZEZHEZ A|ZE = raw
FASTQ2 =& VCFIF MZ|7| HX[2t, HH FME 7|19 A2 33T 24 5749 &7t EXst= Y U SO0|C,
=M= 0] intermediateZt 2410 ' Fl0|= OFF 2! 0| H0t U= Bt ELh= HMO|Ct. 0| storage cost=
Z&9|, 18Lt RZES| FHEC.

T =
M2t lifecycle BAl= L O intermediate= 7€ F XI{x T/ X2 OfH 22 LS Yol o F 2 25H0f
gt 2 QUCL O A= HIZ Parquetlt Q9F H|O|S = HEtst F| B2 intermediateE SI0HE = X|TH O HA=
MEMZS Qo O 22 740 & & ULt HAU2 £ D0|2| Hdt= AOICL YoHx7| #2[0] gl=
data lake= &/ data swamp?t &1, H|22 1 59| 7t& HE MSZ LIEHALE

Egress, cross—AZ, cross—region data movement

B! COHOIA 71 I3t HIS 7H20 SHLI7} BIOJE] OJSOIC). B2 ALSXITH 222 AWS QojAlE 01S0| T 222t

M2H5HR|8H AF 2 J2X) Tt QIE{HIOR LiZHs egressis BEHSH HIR 8120|11, 212 21H QA 71 ®olo|

CH201 HIS0| 42 4 9O, 2iX 7t 0|52 TS 2 143 LAOICH, RHA| BlOElS 3t # SXI2 1 TB Tt
o

=7] g7 20, 22 2A d7t £ 2 7FAM=Z O|0{ZIL}. [I2tA computeE H|OIE{7F U= 2 7H71010] B X|SH=
BE2 952 Otz HIE ZHUME 12 S5,

0| 2Xl= £3| 25 M Xt5= E2{HTE. HIO|EE collaborator®iH| E7[7{Lt, CHE 22IRER 0[S, 2EHE
LS Ch22Cots =7t HIE 7271 HHED OEtM 22 23 HA2 = AO|Ct. Sh

H|O|E{0flA bring compute to dataZ} SQUE OIF7F O17|M CrA| LIEHATE S7H C|OJE 2t Xbxl| ClO[H E¥2
2= 22 HIE H2l {0 =0 UL,

CloudWatch logs, metrics, metadata retention

2= X0t HOM BF FAIEX[TH &7 2H0M= 22 22 H|E0] OfL|Ct. CloudWatch Logse 7|2XMRE 2115
2I|stEEEt £ QOO retentions AHSHX| &2 2™ Batch, EMR, HealthOmics, Lambda, Step FunctionsOflA{
L2 277F A& AQICE JHE 21 O|HIEE= XO2t:, Y ME X2|2t 71 7|ZH0] BXH FX H|IE2 FAI5H|
O12{ZICE. ALt Logs Insights2 BHE AZHGH= H|27IK| HEHX|H, “2I= ROL| MACY = Y O 0|A UX|
Or=rt. 2% data lifecyclel| Y22 HOf S,
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A2 HESICE workflow A240] M2t 7Y, 30Y, 90 Z2 retention HHMS HAGIL, H7| HEO| ’SE‘E* Qs
2% M2 H7]= AO|Ch sPioA= OIZdZ ':._fﬁ Hof 7|EEE|' 2 7I12X|= ™o| ELC}. £2 Y2 EMVt
MZAS O Hest 2= S&6| 7|, 20| gis EJE A HESHK] =Lt A= 2% intermediate datalt
CIEX| &Lt A2 Aot 22 Z2X| 0] JH':'P(I O™ X E5| HIES DHS0] WL}

LS— 1

1,000 WGS, ~1PB 243 H|8 71X ¢ o

WEEOZF 1,000 WGS, 2 1PB 2| T2 MEE M2t HX}. 047|AM H|E2 6tLte] 2 &+=0| X|Hist= A2t
storage growth@t request frequency, inefficient compute usage, data movement/t XS AE5HH AM7{LIC}
raw FASTQZE 22 27|™ storage cost7} M7|11, 0|2 E2 shardZ & A4OH request cost?t AX|L, BAg
2IaH CHE 2|M2| computeS MH transfer cost?t 210, =1t SX| o= QAIABAZS MH compute cost7t S0{HLCY,
Z ¥1IME 7|18 @42 =50| ofL 2, 2F A2 Z2t=0|Ct. I%S = A|AERI0| OC|0| M H| &S XQIXIE EgL=
X|ELC}.

O CYIM[OIIN SHHOAH FH7O0F & A HIA|X|= M| 7FK[Ct. XM, Data size is not the real problem - data
lifecycle is. =M, Compute is controllable - storage and transfer are where costs silently
accumulate. AN The biggest costs often come from things you did not explicitly plan. O] Al
Y2 HEe S220| ofL2f, MM 2F &S Qofet #Z[0|Tt. shyo| 0] HAIS OlalistH, OFX Xt7| Z2HEJ}

1PB7t OL|HEtE 2 #2S 8AE .7:.’7—.*2 O|2] Hi= &+ ATt

’

HE 2HE 28 i 525t 712 Z1J} OtL|2t XIHO|Ct incomplete multipart upload?t EQICHH lifecycle
rule2E{ ISt} request cost/t ILHH small object2t random access patterng 2|ASICt. compute H|EO0]
SCHH QIAEA right-sizing?t Spot AF2 O{5E =L} storage’t 5245| SOHULCHH intermediate retention§
’S’*O*Ef data transfer7t ICHH cross—-region, cross—AZ, egress IEIS FXSICt. |logs H|E0| A& 59 reten-
tion 20| Gl=X|FE 2Lt

=2 HIE2 LE 4= gl= £F0| OfL2t, IfototH
d7|= 20| OtL|2t, 2 HIO|HE O SoCE 2
QI 247} OfLI2}, O{E|M HIE0| USUHX|=XIE £
otHet AIE 1X|= D=4 =517t EO.

o 4 Ol A2 SH|C, SHH 242 HO|E7L 27| HR0) HIZO|
Sol0] I2t HIZ0] YRHIC, E2 17 lmats w279t ot
o

g o A= AUZ2C} 0] Z20] Y7|H M= F32 U]

ol ong Ee

« QUA D=MEO| H|IE2 H|0|H 37| XML LCH H|O|E 4oiF7|2F 2 INE| & I A X<LELC.
* incomplete multipart upload, small object 23, intermediate data, transfer, 2= EXQ &2 H|IE

E=
:l;
* compute HIE2 =0 & ZX|2t SA0] 7t SH[oH7| +2 =0|Ct.
 HIE 2[Hst= " 7|s&0 lifecycle retention OflA] SEIGHC}
=g 22
1. incomplete multipart upload”} 24 2t 28 = U781
2. X% H|ZEL} request HIE0| O HE 5= U= FUA 22| 6|2 S0 Eat.
A dl

3. 1PBE WGS &Hd0l|M HIES E017| ?let 2A4 =& M 7HXIZ MiAlotet.

Further Reading

* AWS. Aborting incomplete multipart uploads using a bucket lifecycle configuration.
* AWS. Amazon S3 pricing.
* AWS. CloudWatch pricing.
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Further Reading

* AWS. Genomics on AWS resources.
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