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HO| =Lt A2 HO0|HE AMBX ZREE 25 7HM2E 20| OtL2}, H|0|E{7} 0]0] EXHSts S2HRE SdEe=
ALE 7t47h= Z0|Ct. O|EH bring compute to datafh= APIYAIR Hhaeh RIHO{7LOFL 2, CHt 2 23 ASHO|
AHE 25617| 25t 2 2I0| £t (gnomAD team 2020; NCBI 2024).

2o 0]A Me{et F2HLE2| X10]

2I20|A(on-premises) A1H'IE ATLAO[LL 7|20] 2 FOHSILE 2Fsk= AL XH0IC. O] HAIZ 7|2t
OIYMOZ E017H= MIO|T2tQl, AZASH LHE HOt £X|, 0= 758t HE MA| workloaddl] ZE0| QIC f e e
T HI0| 31, ZAEY| 24 ) MZ0| 22|7Lt EX TRHE|ME 0 2 mlEEIQF CPUZI Heg I R
YoL7| oA B2 AWS 2 SAHREE= Ié'8°f AFHOZE QARAS 741, U0| ELHH B £ UCk= FHOIAM



Bt 0| 20t =EAPL 25| Qallotk S2REE "H
A= SH&f, 22 §|0|E ™20| 5L Q1 StHO|Ct (AWS 2024a; NIH Cloud Lab 2024).

o | O,
Table 12 20.30]AQ% AWSE -_r" 2% HHUAM st Hlw et ZHO0|C 0f7|A S2ot M2 0 0| &y O
RCH= ZE20| OfL=f, OfH EHIE 21 QL=X0f fef ’%*E.s._ MEHO| HEFEICHE AHOILE. OGS S0 0§ H|zet —’.‘——
’.%*22 X2|ot= Yo If0[Z2tel2 2O 0| AL 5H0|E2|E 70| Tf FMAY 4= UCt. 2 SIH H|0|E| AHES HtZ
S1010F SHALE, B2 7|ZH0H| O A =3 7HO| RS HE = S2i0F ot A+ Z2HEE= ST 2 AIAAR
*'Iﬂ A7 SHUNME & S ottt AI|L2LH, °JE EJ—H'-P 2F UZ HO[HE 7|2 W2 511 2 ALt S74
HOIH EE2 SARENM ™ot E8 F27t A ARSE

Table 1. 2Z2|0|A AH2E AWSS| H|W

MHE 22|= Y70l IX|X| &40, M&, #et, 21, |IFEE,
F74
O

l.
H> o 19

= I O0|A A AWS 22t

=7| H|E AH, AEE[X|, HEYIE HK A2 7[HIO 2 A|E Tts
TLO4SHOF &

IS S0 A2t 0§ X7 EQ S R A EA &E IS

S7H HIOJH M2 Q& H[O|E Biut XMEO0| H=Z0| Z2 22429 74 HIO|EH &H™
7 4 27t

=29 B¢ OHX|, SI=LI0, &0 3= &AH Qlmet 2 UREE H2|Y MHIAZ
= 01 7Hs

Moot Mgt 0= 7ts8t &l workload, LIS HEd 2 °"-_r‘ workload, &2
A A 24 HE X2, S8 0|y &8

IH2d-del Yl 7Hx] 2

SCREE Ololiotz 71 £2 WH2 MH|A O|ERE 2|2+ AO0| OfL{2f, &t AlLtah 24wt XiedH0[2t= U 7K
ZHEOo= LI+ H= AO|C D‘W MY oM 2H, b 28lA 3= 2AAN 7L HXE 22 OAIY &Y
HIE H0|H MEAE £2|6H0F St Amazon S3 #2 K| AE2|X|(object storage)= FASTQ, BAM, CRAM,
VCF, BN, &= HIO|E{XE 2 Hatsty 02 *‘|H|*7f S7H S1010F of= KHHOH| Mtoict BHH Aldh 20 &1
=c [ATI= HE 57t OHH0[LE YA = -é;-?.*ﬂa W2 A2 S =2 1/07t ERst ”%*Oﬂ o O{SEICt. 2440]

XS AWSE ti= I of i ?‘—-—OFE gi= S0l= A0| S0t

Art ZHOME O =0 H= Habt 2210t 2 YIAH0|MUM= A& 7tsS CPU =2 H22|7 11750

UL, SA0f o2 AFHO| 22 A= AH O| ZA| EEHLCE AWSOIM = Amazon EC22 2 MHE HE

9,1]_, AWS BatchZ ME ".—_f | 22 =L U9H, Amazon EMROILE AWS HealthOmlcsﬂE1 o =2
o |y M ASS *15—'1%* = UL 0| 7<f0|'.: O] O 2 ARETE Y= ol UX| 20 235 7:||M Nt

I[EI‘"EO' 7|O|Q|. 37'0-" DI‘X E_I-ﬂ'— _?_01 I:c|>|'A| j_ElJ_l_ bl i=] ]]'_I-Ol]:[al-0|° |- %EE I:||'E 6OH3E

ci+]O|C. [HatM aﬂfoEt ALt S8 XRIZCH AlLS _’F_’E!Ofi WS = =2t Ofsish= HO| I:‘I %i*OHZf

(AWS 2024a; Data Carpentry 2024).

>
o B
Im
I

.
7ol 2

||_ _]H]

rI

YU 2G| Q0| FHTILt. GIT0l= 2t HH LY R0| X7 | MHO| DU S ZAISHL, ZEU CHE 22t HHO)
ATYES MESHH, LIS 248 MHGHK| Rohs 20| S S2RE0M= 22 S3 =, 22 2H0|L 0[0]X],
Z2 U3 manifest, Z2 YIEZ FAYS IRYCZN SUHS SIF7| AYTC. 5| HES IAM RoleX 2 A&
FHO 20132, 29 HEHOIHE SY0M H2|5HH “w71 AR OfH YOz o FM3 SR=/1"E O 7
FHE 3 QUL}. Meld(reproducibility)2 =22 = W2 %83._ SH=0| OtLI2f, ¥ 27t AT HIEM AE
20j 72 A8N 2% 72021 HS FUHE O[3 TR} UCH AWS 2024b),

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

ZHXE AWS MH|A 0|E0| HF EOIAM O{CIMRE| A[ZfoHOF X[ Shatsst f. olf ZLst A EE MHIAE
Ct HYR= 0] OtL|2t, O S(layer)?| 2HIE F= AMH|AQIX| O[a5H= A0ICt. RTA 2A0A Xt L= AWS
MH|A= TA GO M, ALt A, YIEZ X3, "'OIQP SifA, AlZEstet I EXQI EMJ SO= Lz 4 UL 0]
7124 AWS HealthOmics= SMH|Qt 28IA workflowS ?loll A= purpose-built service0|1!, LIMX| Ctg£=
HE AWS MHIAE |TAH ZH|Of| A Z86k= A0|CE = RUX| 243 AWSOHIM Sl 2 “|TAH ME
MH[ARE 220} = 50| OtL[2t, HE S2tRE E1et MHatst Eif MH[AE 3 Ao &L= =0l
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Table 2= O] Z0|A HHE3HAM SEE MHIAE WSEOR HESISH XIEL MSRE ZE ME 7|52 228 Ees
QACE. CH2E O AMH[ATE HIO|E X& AS0|1, O MH|AZ} HEH AS0[H, O AMH|ATF EO|Qt 5iA AHSQIX|T
UOIE O F|Z HS M & M2t = ULt Ol =0 S3, EC2, IAM Roleft O[SHSHE 71 7|Z=EQ1 AWS 7|¢t
QU EMS AFFE £ QUCE 1 2[0l Batch, EMR, HealthOmics, Athena, SageMaker, Bedrock Z2 A&

A2 =00 M2eHH MA| 227 =M TG RIC
Table 2. 2EA AZXIE {5t AWS MH|A K=
= CHE AMH|A oM 2| At
ek Amazon S3, S3 Glacier storage 22 O0lH, Zat otY, &7| 23,
classes, Amazon EBS QA B CIAT
H|0|E| 0|= AWS DataSync ANEY ME, 82, 22 HPC, TtE
E2IRE0M HIO|E i
ZIH ALt Amazon EC2 =M MH, LES 8tE, HEF =
A
HiX|2} @AIAEZO0|M AWS Batch, Amazon EKS, AWS iR HA X2|, Kubernetes 29,
ParallelCluster Slurm/HPC AEIY SHAH
242N Amazon EMR Spark 7|8F cohort-scale Hi|0|E
2|
Mg QoA Alay AWS HealthOmics Nextflow, WDL, CWL 7[gt &z2[H
YA workflow
Zlo|Qt QOF Amazon Athena, Amazon Quick  S3 9| Gi|0|E SQL &9, cohort
QO AlZtat
ML/AI Amazon SageMaker, Amazon D ots, 2, Mdd Al 7|8t oA
Bedrock
et B Kiro AL XA} workflow A7 EX

ol

Z=E ALK AWSE HiS W 71 XA H2{0F 2 251
Q2

ZEX7L 7Y BN B0 & @l S2HRET S HIMCHE H2Z0|Ct S2REs R MH HIME 2 JUX|2H
BHCHE 2 20l ot H U= U 242 2loh HAI MHE D|2] At F= YA L A3 MX| 40} HI82 XM AHIEL 2Y
YAOM 2= 27t HLE Hos SATEAM XS A, S7HIIYS He|otl, 22 2|0 H0|HE &1, MHst
QAABAE MEISIH S2tREE 25]2 HIE #XE O Y5 CHECL 0] 2| FHIR0A CHEAX|CH AX| 2
WGS ZZHEQ| H|E &4 “Id8s HAEHE 47| 2”20 incomplete upload, request cost, intermediate
data explosion, =228t H|O|E{ O|S0IA O Xt LSt

£ B @ol= AWSE M 2{H 2= HI0|HE 5 W A2 = §7{0F otCt= YZI0|Ct. AM2= 3& At 21 o=
gAI0| ™ O Z8HX|1 ULCE gnomAD, SRA, AWS Open Data Z2 At 22tRE AlLi2] £40| download
-> analyzel[} query -> access in place -> computelf 7}ZCH= S H0O &=Lt M| HXf 23dl= AWS7t
7 |¥O|Lt M2 AX|L|O2te] =2th= MZH0|Ct, AMA|Z2= EC2 §F CHRF S3 8t !, 12|10 HZESH AM RolePtCZ2E
P B2 WKE A& T4 A2 AFE AIRE & QO ORX[2C=Z HZ{0f & Qo= 2E AH|AE CF LOHOFTt
A|ZHst 4= QICH= MZHOICt XME0|= EC2, S3, IAM RoleO|2t= M| 7tX| =0t MICHZ O[shst, 0| EQO| w2t
Batch, EMR, HealthOmics, SageMaker2 &t&tal| 7tH SE£5}LC}.

AWSE 29A H41E NSO 2 H £E56 U=0{ = O =717} OfLICE. THA! H|O[E|7F AX|LL, 0| SEGHX| L,
S& A0 S2HRE0 EXxok= A0 X= S 2F LML 24 XS MSSICh Tt AWSE Hi2H= A2
MH|A O|ES B0| 212= 0| OfLI=t, OTH LB E O{L|0fl £, OTH AlMtS 2IH| 711, =712 OfH PAo= 22
LTS S AUX 2Alok= Lof| 71T 0] BHC = HotH F0|0f L& EC2, S3, gnomAD, SRA, EMR,
HealthOmics H0| M2 Z2|E AfH|A ZHO| OtL|2t otLto| S+t QIE2} O|0F7|2 HAE|7| AFfSICt,

o

ro!

Al
(=]

N
M

el

e &

[ =]
o FEMSOIM S2ARES| iy 7IXl= "2 MHE Zal= R70] OfL2t “HIOIE 7t U= ROIA Alktste
dt= Z70|LH.

09" gt
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* Mg ALk FElohM SZroOF oft, M| AE2|X|F dl Es ME HE AYS 7RI

« HHI2 == 2d BAS 2H7t OtL2t, 24 23 HAIE Estol= 28X #Z[0(0}

© AWSE HE AMH|22t RTX| ot MHIAS A Z¥ots 122 O|5HoHOF St
SERE

1. o 2 RUA HAFZYWME download -> analyzeHL} bring compute to data’l O &
2. 200|A MHQE AWSE 282 0 4 A=toA o Metstot?
3. AWS UZX17t MSEE DE MH|AZ iR 7|EC}EC2, S3, IAM Rolel| HA ZIE60f 5H= 0|[= 22Q017}?

xe}
=O£
)
mr
d
3

Further Reading

* Langit L. AWS for Bioinformatics.
» Data Carpentry. Cloud Genomics.
* NIH Cloud Lab. AWS Jumpstart.
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2%, EC2, S3, EBS, IAM Role 0|343517]
&5 28

+ EC2 QIABIA, S3, EBSO| 3t X{0|S TEE 4 UL
« 22 AER|X|9 A AE2[X|| X012 SHH HIO|E AR Q3 £ QUCt,

=2 —

=
* |IAM User2t IAM Role2| XI0|Z O[5ioty 7|2 2o HalS AFHe = AUt

JOII
>
Ja}

* 9 AAMA 7|E THUO| 210} 'Z= Ll IAM RoleS MOF 5h=7t

o| ™, 7k B4, AFoEl= 712 T

AWSE X i I 7}E HX| QI5{0F SH= 242 JHE AMH|ARLCE Z7HK ChQ|oF 2t ThRICH 2| M (region)Q SE|XO 2
YR X[2|X 0|12, 7t F%(availability zone, AZ)2 &t 2|F Qtofl A M1t HEQT SHOIM Ok M 22|=
HIO|EMIEf /2021 OfaHotH EICt. AlH(account)2 O|H XHAS £ ARt 1= M|AH| Of2{0A 2FE HAXIE
25t &2 HAD YA EMOM= AL X ME AFR0] 22 2|MY| J=X|7F 1R S5t 22 AWS
Qtofl AL 2|T0| H2tX|H HIO|E MS H|E2 XY AZH0] AHE £ U4, FIEE HA|Q HaeMr: EORICE

0| 7Hg0| 5278t 0|f= |RTA| HIO|E\7t 27| Z0|Ct. 2 H7IHI0IEMD] 277 IS FZ U= & S2{LEX] §2X|2
=t 7|7HH}0|E FASTQL} 02 ¥Z2| BAM, CRAMS §717| AIZIoHH £IX|7} HIE1t 453 ZIF AL3ITt. MEtM
ZSAE Ol 2|H0f| IS BHE AA7Y, “Ol= 2|™0llM EC2E =& A171, “S7H HIOIE{7L Ol 2|0l U7V E
MX| &Qlst= S2S 7kX0f BiCt. 0|%F HiRA & S3, EC2, Batch, HealthOmics, EMR 25 0] 7|2 TH| 2{0f|A
SZIQICt MH|A 0|FS RS , £ UM =03 d+2 34 &Y + UL
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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/

EC2 AAHA 0| §7] - m, c, 1, 1, £, hpc

Amazon EC2'= AWSOIM 7HSt 7|25401 At MHIATH 7He B Lok, WO 1 st 27]9| 7H MBS
7= MHIACL QBIA S0l B, $10| 55, QC, =ES A&, WA NO|T20l MY "SF ADEQY0IS
MR|5HT S2{0F SH A 0| F2 EC2 I0IM SORICH ZRKIOIHE AIABA Z27} 42 30} HO|X/O AHZE
0|23 2= RIS OJSHEhz FA| XH0| B2 HEIFICt HAS Ofm QIASIAT} T HIMX|7} 02, OfE HE0f

—_ —— [N e ]
=0 AAEA=XIE A= AO|L.

AWS QIAEA 0|20 71 HAY 2 2 IU2|(family)Ct. m2 general purpose, c= compute optimized,
r2 memory optimized, iLt d AIZEE storage optimized, f= FPGA &2 7I&7|8 M= accelerated com-
puting, hpce Z1LUsH HE EX0| L $t high—-performance computing A/EZ O|sH&t 4 QUCt. 1 Fo| =Xt=
MICH(generation), OHK|2H 27| BAlE QIABA F7|(size)E SSBtLE. [M2FM r7i.4xlarge 22 0|22 EH, F|A
MTHe| HZ22| SA QIAHARN= AMMRE IfOISHH FECL O] MUM SQ8t A2 2= 0|52 2R= 0| Otz
0|S0IM Q=& Sl= AZS 7I12&= LO|CH (AWS 2024a).

MICHR} HOJAMEX] A o™ HEJF HM ZEGHEICE 5= Xeon 7|82 BM|CH compute optimized, c6is Intel
Ice Lake 7|9t BMILCH, c6a= AMD EPYC 7[2te| 6MICH, c6g= AWS Graviton2 7|2t c7g= Graviton3, c8g=

Gravitond 7|8t 2[4 MLHE ottt F™O|AF i= Intel, a= AMD, g Graviton0l2ts Z2MM SRE 7t2|7|41,
0{7|0fl THA| = d= NVMe 2Z SSD(instance store)S, n2 HERII HZ L35, e= HZ2| S QJ0[BHC.

M2t c8gd.8xlarge= Gravitond
gielct.

37| BAE FEIHo|CH

compute optimized,
S 4= QLt U2 =2|2 r7izE Ice Lake

NVMe
(z) ,m7a.xlarge= AMD

, 8xlarge

2ty g 282z =9
7 general purposeXz

large, xlarge, 2xlarge, 4xlarge, 8xlarge, 12xlarge, 16xlarge, 24xlarge,

48xlarge, metal =92 vCPUL HIZ22[7} HiXZ F Y SO 22 c7g QOIA c7g.large(2 vVCPU / 4
GIB)2E c7g.16xlarge(64 vCPU / 128 GiB)7HX| AHIO| MY MO Z SHXE|OZ QM INUZ|Qt MCHE 121 LIA
7|13 Q0| StH 12M =Lt QBA 2MYME QIAHAZ T1E [ LX|HQI 0|S0| 2 oAt HEZ A™HSIEZ,

CIS Table 1-1X3 Z|2 M|CHO| HE MEHX|E TS0 SHY

Table 1-1. 2026 7|& compute optimized A|E CHE Of|A|

210 9l BO| A8 Xo|Ct,

LEUAUM Kt M=

V= pag=Y (DN EZ SSD o= 37| oH2f

c5.9xlarge Intel Xeon (BMICH) IS 36 vCPU /72 GiB  7|& mo|zztel
S8, gHA|
F=2E

c6i.8xlarge Intel Ice Lake = 32vCPU /64 GiB  HEZ variant calling,
bwa, GATK

cBa.16xlarge AMD EPYC e 64 vCPU / 128 GiB CPU %2 Batch,
712 CHH| CPU A2t

c7g.16xlarge AWS Graviton3 U= 64 vCPU /128 GiB ARM &= 7156t

c7gd.8xlarge Graviton3
c8g.24xlarge Graviton4
c8gd.16xlarge Gravitond

NVMe SSD 2x1.9

2# NVMe 28}

32 vCPU / 64 GiB
96 vCPU /192 GiB

64 vCPU / 128 GiB

%A £ (samtools,
bcftools)

HE sort, shard
7|8t scratch

Z[4 2 CPU
HE &

Z| 4
scratch—heavy
Hd-sort

H22|8(r6i, r7g, r8g, r7iz)0|Lt storage-optimized(i4i, i7ie, i8g, imdgn, isdgen), HE(m6i, m7g, m8g)T
Z2 qzloZ QoM =Lt olE &0 Hail joint genotypingX 3 H|22| Et0] 2 XA = r7iz. 32x1arge(IF I}

Xeon, 128 vCPU / 1,024 GiB)7t, sort &7t IIYU0| B2 FH |IEZ0= 2Z NVMeZt

=2 i7ie.6xlargelt

c8gd.8xlarge/t AHIAZLE. iz “& Z2t0F &X| AL E JHUME n AQ E4 M(msg. xlarge #2
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WE 7I2UCE T, HH A 215 HEM HIES HOGt F criZ HHY Uh= HO| QtHSIT AR A
QAHA ZR0H 2L ME 7tA2 AWS EC2 Instance Types H[O|X|0A £l SES QI 4 UCH (AWS 2024a).

QUA BMg HEE MY - HIAY, CPUY, 08, 7148

[ = |
LA BMOIM QAAHAS NS Mf APt 7HY 27| ot H= "UE 2 MHE E072td W2iske A0|Ch
HHZ= CPUZL ESQIX|, HE22|7t H=0IX|, 22 [AF |/07t §=UX|, Ot £ 7H47|15 £ & A=K|0f W2t

MEHO| ELA0F ST}, O|E S0 MBat YEEXMOI variant calling® CPU AF2ZH0| 10 ME T Bt 4202
b BT

c A|€0| & 5t= ATt WL, BHHZ Hail aggregation, joint genotyping, LHE annotation joinX& M2 2| 0]
Z HA= r AE0| o XNAAZLE Notebook 7|8t EFMO|LL 7HH 2 24 MHEn ASEE S8 227t HL.

gt
= ko I}
22 scratch St H0| M= X2 ME Y26H0F ottt YE S7t 4=, shard T, Y sort, ZAIKRl ma-
trix HEtXY B2 AlZH S B2 A7 ATIE BEots U2 1 L= d AE0| R + AT HHH FPGA 7|8
7t AZEQOE £ = US M2t £ AIFO| 07t ALt OIS S0 DRAGENXE SIEQI0 71&5S MMz HA1E

oF £
—_— =2 =2 T M [
ofo|Z2tol2 Yt CPU AAEAL} LHE §5-HIE 7122 B & UK, ZE 40| AS2= EetXl= A2 O,

e 2 [y |

Z accelerated instance= “H& 14&"0| OfLI2}, aiE 7H57|E OlaHdke AZEL0QF &4 & W2 Lot S
MEX|2tD H= TO| HESICY.

Table 12 Q8IA EMOIA XI5 BHES workload?t QABIA THY2|S ISBOR Ha|ah Z0|Ct AR| MefojAs
CIOIE| 37|, ALg =70, s} WA, HIS MOIX| S| #oF 3Tk JUIE 0] HEO| & XE7t O™ ZIXE
£ A% 2 MH3 4 QICL B2 MES 5 TP HIM QIAEIATL OfLRE, W20 7H & S QIAEIALL 0]

mct S22 0|Z Spot, Batch, EMR, HealthOmicsE A28 M= JICHZ O|0{ZICt

Table 1. LA EMUAQ| CHE QUAEIA MEH

QIAHA T2 hE = KT GlAl

m s ke LES MY, dot 2M S, AR
HAE

c CPU E, YUt batch &Y, ME T
variant calling

T Hz22| joint genotyping, CH& annotation
join, Hail &

i/d 2Z1/0 sort, shard 7|8t S7F O} X2|,
scratch—heavy workflow

£ 7t47| DRAGEN Z2 FPGA 7|t
mo| =2l

hpc st HHE S EFA7} TRt tightly coupled |4t

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

EC27t A4t2 It MH{2tH, EBS2t S3= HIO|HE F= M= CE WA0|CE. Amazon EBSE= AAHAN E&
== AEZ|X|(block storage)Z, 2EHM|A| C|ATLE XA THAAABIKY “MH| HAZE C|AT0f 714CH THUS
OFRESHAM AMESIY, HE 7+ DHUOILE UA| 2 7t wE H#HY /07t st 2ol & H=Ct. #H Ama-
zon S3= A AEZ|X|(object storage)Ct. EEXME HO|X|TF HMZE= ZE27} OfL2t ZA| 7|(key)E 71 THY
MEAO0|H, 2 URI HEHZ HZSICL FASTQ, BAM, CRAM, VCF, reference, Z1 It 29 H|0|E{AIXZ 224
HESIT o2 MH|ATtBH = A2 S30f| = HO| XA,

ZHXIO|A= EBS |, 83 o= HIR7F B RESILE XYM 20l= X5 £2= TXH XMg =S 2 F
S50l O AR0| ePH e Atz ot @l Btet XS E0H d26HHE FL}. 0 & At0]2] X0l 23 A 2M0
02 HEHO|L}. oS S0 BAM FZ U M= YAl Tt sort 20| 22 = EBSLE 2 scratch/t QA2
2 2o} H= H|0|El= S30| EEtok= HO| WL, = oo HESX|= Heth £{2H0] OfL =t H2 IEHI A3S=2
oA 2| 2HICE

FSx for Lustre= 0| = Al0|E A Zdt= S0 MEIX|Z B OlolistH ELt. 0= POSIX IUA|ARO| L5t 1, 042
At =B HEA 22 T E2E S MOF Y I R8¢t 18s &7 2E2|X|C. S32t ¢Sl 2 E=S 7HA%t

H

x



scratchX{& X2|ot1 CtA| Z1tE S32 So{EU= YAI0| HEXMO|C). RE AFH0| XMSHEE FSxE HiE EQ:=
X2, s3 7t U= AHEE Of= A2 %95} b 5ol 28 #HO| 240|Lt 2 intermediate
IS UR= AIZ20M= 0/ AS0| 2 A10IE US 4= AT (AWS 2024d).

Table 2. 77| HIO|E FEE XN XIS A M=

Hole Y M HE UK Ol

2IA| FASTQ S3 7| B3, 3R, 02 MH|AL S5
ol

qE 37+ od EBS = 22 scratch 21/0% %2 &3

Z|Z BAM/CRAM, VCF S3 IHMR_”' 27t H2

SAXM KLt =7 MX| EBS QIAEIAN 2= A|AHI CJAT

Ci4 LE71 &Y Qe 18 s &Y FSx for Lustre 29 MIUAAED} =2 Xq2|2F

El[]=]

S3 Standard, Intelligent-Tiering, Glacier &3} H|E ZtZt

S3E Olaligt mf £ bt 2 A2 EE AHJt #2 HE AXE ZX| Y=Chk= Ho|ot. 71 ©&Est 83
Standard= A3 ¢{11 &'.: HIO|Efof] HMefst 7|2 AISO0|Ct. ™2 I{EO| %ﬁ‘iépﬂ-f Oil=5t7] 01212 4d<R0l= s3
Intelligent-Tiering0| &% 4 QCt. HMH Standard- IALf Glacier AE2 X% TIIE WEE A, 2102
2| retrieval feelt Z|A K& 7|ZHminimum storage duration), 2 X|HS EE1OH0F SICt, M2t ZEXH= "7}”
Mt ZEHAT} SHAF JHEE ZA|RO|CP B MZIRE 2= 0| EC},

- OoT

KA H0|EE= MoiF7|(lifecycle)?t H|W X Z FEE|DZ storage class AL1HA0] £5| Z06ICE 24 259
FASTQR2 ZI=E2 MMt AS0| A3 LO{LIE R hot HIO|EY| 7pZ 1, O] HAIH A= S3 Standard?} ngﬁeé.'[f.
¥ FL H 0| XLt M2 HIEJt =T Intelligent-TieringO|Lt Standard-IA7f MAE 4 Tt A7|
Ha |27 Qe EA| E||0|E'|L|' Ho| THUX| U= HEHELS Glacier Instant Retrieval, Glacier Flexible
Retrieval, Glacier Deep Archive &2 colder tierg HAES o~ QUCL SHX|ZE HEA0| &2 HO|HE HF Ee
Deep ArchiveZ 20 ZOH XFH|= 015 S X|¢1 retrieval H|E MZ0f| Z2HE M| HE2 20(2 =2t
2= QUCH(AWS 2024b).

AMO M= lifecycle rule2 Solf HI0IEHE HAMOE 0|3A|7|= IHHE H0| 20, O S0 Y=EE XZ0= S3
Standardoﬂ =10, UX™ J7|72H0| X|LtH Intelligent-TieringO|L} Standard-IAZ &7|10, &7| H2 CHAT Glacier
ALZ W2l= ’i!OIEf. 0] 2= SFUS0A t 7= 2 RAsiCh. 5238t A2 storage class 0| XHx|7}
OtL{2}, O{ Cl|O[E{ 7} Of’(' US| AFE SQUX|, OfH H0|E7t Bt HAZ SUZU=KIE XSHOE F1256H= SEO|Ct.
HIE ZZ2 FFME 2 7ol BiR= 0| OfL|2t, MEYAE HAE WRE] S7H HHRIOF ST,

IAM Roled} £|A #Hst =]

IAM(Identity and Access Management)2 AWSOIA
ZHXI= HE |AM User9 HAA 7|5 E1 [MSa|X|2H QOIA

7t 20| B2 = USXE 2Hok= et MACH
Userz= AFHO0| 2QI5tHLE APIE 58 I At&dt= H7| XtA

|2

2f0f

ZQ58HIE2 IAM RoleO|Ct. 1AM
':c'i'Oﬂ 7211, IAM Role2 EC2, Batch, Lambda,

> T
|>| x40
Ho
0Q
=)
z
_m

o
HealthOmics 22 413 A0 Al 232 FOSIE WNOEER Oloplt BTt Ol MOl 2ol oL g
MOIMOIME 1S 30k AMA 7| TU0ILE ATYEN 2ot 2R IS, QIASATL HOFH S3 BT Y2
OFFaHH e 4 97| HRO|CH.
A4 M3t 98 (east privilege) LS Uat B & QUEE FAste] WA ELr = URO|CL OIS SO0 OfH EC2
QIAEIAT} Ce, A

B 2421 M2 21 3 w3l ) #3t2 = 0197t gl 0] AR
X0l |
=

O|34EICt. EC2 S3
c

pNg

=
Role ot —E—E *'OE *“”or':“' A °“A1I* 715 IE0 2= S20| /8K Ht2 S8 T, RMA| H0JE=
U FEY 4 QU] WE0fl, Aot &2(2] 7I271E =80 Yebo| #if= A0 0|17 2= 9 °W’8XI7 = (AWS
2024c; AWS 2024e).
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ZHXIL R of= d

USKIOIAN EBO|EE M4 TH U JHKIZ 2 4 0L X, EBSY S3E 22 S50 MUAT M=
ZH0IC}. EBSE M) 22 CIAZ0|31, S3 Ofaf MHIATE BBt %A HAAO|DE, S2 2 255101 G0 B}
I8 71210] 55 S2RICT. ST, QIAEA 7|8 53 Mefsf= O[T AMZE WP BRs X0 CPU
QIAEIAS ML, 1/0 W2 A0 2 CPUSH 52|91 M5 7{o] Q2K 947 HIZEt HZICt

ﬁmﬂ, HMA 7|1E A THUO|LE L ES0f| st=F Fok= ZA0|CH. 7'<1°01| Holl 20, 0| &2 E g &7 230M

&0 ZCt. IAM Roles MO & Xt2|0f| &7| 718 20 £H 571 O™ HotS AN A=X| SHlot7| AKX,
|:||DI O= JLSAE HZEICt OFX|2AOZ storage class= _I?_J;'Hg JHEF Mt ZO 2 MEHGH= %—’.‘—E CH KR CH7O
=il GIaC|er Deep ArchiveS MEHIMCIIL, LIS0| HIO|E{E 7HLH= AlZt2t HIE ME0| S YF MH|7t 10|= L2
MZHEIC S5iC

EC2= A4t EBS'.: == OA3, 33'_ Q2 F11 BRot= A HEA, IAM Role2 Al FX|0f YUA| HotE ==
Hial oIE*7'|| 4 £2 HMXA Zot &M S25ICt. IS5 E = AH|A 0[S0| OtL|2t HE 2t H|O|E MoiF=7|E 7|EC=
’.‘JE—'.*O}E It & £2 AWS 282 st MH|A Z8HHED MASH AL X0 MEsH ME QX XMESH Hots
D2E 7|XR0IM AIRSICE 0] 7[27(7}F &6 JA0{0F FOA CHE Batch, EMR, HealthOmics, Hail, BedrockT
KAAZA OlaHEr 4~ UL,

JOII

CRUCESL

EC2E 7141 ZIE0LT, OAEIA HEIRIE w50 352 U

oTr=2 O

r9¢

Ct

EBSE QIAEAQ '=".: =5 AEZX[0|12 7| B S0 Mkot x| AE2|X[C,
* FSx for Lustre= 02| .LLE7t VA M= IM'— OUA|AHIO| LSt I 12{5t= HX HZO0|C

« S3 storage class= X% Th7t3H0| OtL|2} retrieval fee, minimum duration, =2 X|H7tX| &4 2OF ST,
IAM Role2 AMA 7|E TEO| EX| 11 MY FH0| AA| HEtE F= 7|2 2O HX|CH

SR
1. c A8 r AIE AUAHAE= 212 O | K| workloaddf| & & =712
x

22 MIAN £X| o1 01QE 2%i017p?

E T T A

2. 32 S oYn 25 VCFE
RoleS 241 121oH{0f oh= 0|RE &K EC22t S3 GiA|Z HH3H 22t

3. IAM User {4 AM

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.

* AWS. 2024d. Using Amazon FSx for Lustre for genomics workflows on AWS.

* AWS. 2024e. Secure your genomic workflows and data with AWS HealthOmics.

3. HI0|E= F71X] H1 Ao}zl - gnomADLt S3
& 20
* gnomAD7t S3 Z3E MiSot= O|fE 43 = AU

* gnomAD2| Hail VDS7| 9ff T 4% TH0| OfL|2t £ ZISHX [|0|E ESQIX| MHs!t
« OIO|E SA} 34 At H|O|E| $X| 2XM(data-local analysis) A1 Xt0|E O[aHEt 4~ RALY.

-
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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
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/

« S/ RTA HIO|HE AWSHIM ZIF EZxot= 7|2 M

njo

EL:

e
N
50
ful

JOII
>
uA

=
(L

+ 9} OfFI0|= FTPL} Globus2 EIOIE{S $HOF =7

+ o XIF2 S3 YIS = Wjo| o B2KOITL

+ gnomAD 22 [ X212 ASXIA 2 HIRA| =7}

2} gnomAD| VDS “Z VCF 3iLY 9 L A TAlZ 2 7eH=7t

S7H CIO[E HHE 2A|of Bz}
=

72 A BT AYS CIE WAL X T 4 A0[o] £0| S HIRISICL X0l HTX} FTPLE Globus

2o HS AZE Eof 2 [YUS AP J[F MU 2D, 1 SAE SN TERT S 242 S5 20

BZ0| JPIRICE O] WAS HOJEIO| X1 4 X717k L2 mhe Of & SIIKO|UCE J2iLt S48t HojA

Wor 3 RRO| TSET} SHAIBA 22 HOIES 012 70| Sr=ta MEGHD, M2 CI2 AIKe| 2A=S QX[5tD,

O 0|5 HIRS ZTBH= WIS F7 HIBHAI=0| EI%Ch. B HOIE] K20 S2LC 2 AE2|X|0) £017| Alxtst
<}

OIS HE2 O] X 3177} It

gnomADE 0| tH3IE MHEL7|0 7HE 22 ARICE. gnomAD El2 20204 LIS S2tRE M2 2X[0A, HIO|EIS
3 S2HRE0 F= 0|fRE 55 A MA, AHE MY, OE S2H2RE H0[HAIzte] &, 2|1 O §e2 824
stHat= Wl 7EK| 20 AFUCE O] HA[X= Heo| ChH2EE T2 X7} HHHALCH= 0| OtLCh, 235(2
ARKZt CHE &E XS APV MHE 7182= A, S8 A AEZ|X|0| Y= XS 2F &ERSH T ZX0|A
Al 2tSHOF b= ME2R 24 S83 ottt 0| 4] Z&0| HIZ bring compute to dataO|C}. & ZZHRE A|CHC
FUA 2M2 IHYUS MY F7= Y20, KL U= HI0|HE o WAOZ HiE 918 AQIVIE HA A 5= Lo
712t (gnomAD team 2020; AWS Open Data Registry 2026).

I 0

]

rir

gnomAD G|O|E X} S3 HYIE 1

AWS Open Data Registry= gnomADE &7 S3AIHCZ AJ|otL, HE HACE s3: //gnomad-public-us-east-1/
QIS =HXOH 528t M2 047|M 83 (bucket) 1} (object path)2t= 7HES &7 Olaist= Z0|C.
HZI2 CIO|E{7t E7|= 249 MZ 3240|111, 7HE MHAO|LL BIO|=2 1 Of2ff ZN| 7|1§ Sofl W2 EL. =Z 0239
S0 oM 2 4= UX|T, AMZ= POSIX THUAARIO| OfL|2t 24X AEZ|X|0|EZ FZ LAl HIE 27}
CHEC @A HAXF YFOM= 0]240] “OC]0fl U= S0 AHES HEA S A7V Et= HE8X HEQR ZHi=2
AHEICE.

gnomADE S30A| MSSICH= AMA2 5 JHX| HSIE SAI0f O[SICE AW, AEXAts 2 X XS 0 72l
AN SALSHK| Ot =Lt S0, 22 Z2tRE oHo|A EC2, EMR, Hail, Athena Z2 AM A1E0| 32 HI0|EE
AH™ o2 o8z, BN FUHO0| M L0 M 7tSoHEICt E S0 O HAXIF 22 BTl gnomAD
releaseE Z2 S3 AZ0M H=CHH, (A 27 XHQ| Y|X|2t MO CHohAl= 22 SUME SK6HA =Lt [TH2EA
S3 29| gnomADE HHadt CHREE &AL OfL 2L YHYUE 38 &X 2|0]0{(shared reference layer)2 0[3l5H=
0| o &ttt

Table 12 MEX CIRZE WADt S3 21X X HHA9] XI0|1E WKECE Ha3slst Z0|Ct. O7|M 28 A
‘SRt 4t HECE 7t OfL|2t, HIO|EH 0|52 E¥+8 N& 551 2Y SN 0= Mot §
ISEJI HESE Ol HIS Fed &2 HIE0| § I A &E S X0 F10 ALt
=7|= YA0] fe[sHEICt. 0] M2 FO|AM CFE SRA, EMR, Hail, HealthOmics &0 = BtE5HM S&6t= S8 & &l

— T
Table 1. 370 S| A&l M2 Y419 H|L

=

0
_O'L
|0
Hu
oz
PXF
> 0
o
rom
Lo orrjo

o2

i==) E (=)
= (Mt | L = = o
R OYS 7|2 MHZ HX ZA 38 M AEZX| 25 AH X
g+ 7188 S5 SARE0| €A =0E S8 AHHS SRotl 22 EAME
[
ALl e M release?t L2 H CrA| 57|38} HUE F2E 7|ECz XY &x

ze ots
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¥ HEX [IRRE WA S3 21 &E YA

ad AR T2 SARS & 715 2 22 429 22 releaseS ZR3I|
Al
=)

[if2 FSE HEry O[St X% HIB0| 7 A HI0JE] FH7tOl0f A 24517
AlO
TS

Hail VDS - I}0] OtL|2t 24t HOEMICE K|

gnomADZ 0[0}7|& I Xt SAtsH= vDsE 07|A 29| ZiA MaHof st= 7HH0|Ct. EEAH= VDSE Chd|
‘VCFELH O & &5t A"OR 0[o5t7| &X(2t, HMZ= JHCH #M 24 X|&0l BHO|CE  Hail M0
2™ VariantDataset(VDS)2 cohort-level genomic dataS HE&iot7| gt 5|4 (sparse), £2|(split) 7LZ=0|H,
reference_data®l variant_dataS BT 2| MatrixTable2 L0 A&StCt, CHA| ol ZE MEN ZE QXIE
S T X &ot= YAI0| OtL|2t, X 1 HA| HO| HHE LHF0| HEHC=MN e ZSEN o & St=
O\t HAtS THSHHA| BTt M2tA VDS ME A1 SA|0f A4t Lt (Hail 2026).

0] Xt0|= gnomAD v4.0 release note¥lA] 0§ QUAMQI =Xt= E2{HCt 20233 118 SHE v4.0 SX|0f| [HEH,
gnomAD<E release& 730,947 exomesE 2HE7| lol AH|2 955,213 samples 22| MA| H0|HE XM2[HH,
O] x| v4 dataset2 VDS 4l El20f 18 TBTH AFS3MLCL. Z2 OI0|EE HEH project VCFE MEIMCIH 897
TB7t HQ3M= 0|2t AHotrf, O] =X|= VDS7t Tt MY I X10|1E E0f, 2 ZSEE O{EH Haig
20170 ZHIYE & HO =L, = VDS= M% S48t Ot7)|= 71£0]| OtL[2f, TR callsets &4 7tset X2
SX|ot7| {18t HIO|E E&O0|2t HE= MO0| o HEstEt (gnomAD Production Team 2023).

LSt VDSE 2AS MESIELR Hh= 20| otl2t, 23S 2EY = AU HEECE gnomAD v4.1 Xl=
VDS HE0] all callable sitesOf|A] allele numberE RAIZ 4= AU, HO|7F BEEX| G2 XK Z&ot allele
number IS MSE 4 QUAUCHD MHSICE 0l= 7|Z callset M2|0|A $HO|7t Sl XIS ZETH A AKX
M2t tHH|ECE S AYME= 0IRE “MT &20| SOMIL 0t “HE 7Hs8 Yo7t WAL 2t Olshoh=
HO| 20 RoUsiCt. RTX HIOIE FX2= HE6| LAT S OM7= 2|7t OtL2t, 1keH sHA 9] HelE AFSH=
2H|0]7| I{20|C} (Chao et al. 2024).

S8 X 30]0{2t X2
22 ZQC XY FQ AH JI2M SiLi= AL S| SWHS WET| CHs HOCL MEX HAAS
22 gnomAD releaseS HITADIC} M2 BRSHT, O AIF0) O HAS BIQH=X| OfH MX2IS FIIHE=X],
ZZI0|A OfE QIUAS CHA| IISQU=X| TEI7| 01 A7 YYUTE 4o Z 2H AEZ|X|0 Q= versioned
release= XIE HASIM, M| HZE 10| XIQf HIHO]| HSHAS Cf OPHEOR 7|28t 4 UL} 0|5 SYUBt Hail
B, SU3t container image, SU3t workflowS ZEI5IE 24 ZUH0| O TSR X{BA0[2t THX| =20
ORXIZF SHAOIA FE2 2IHSHS 20| OLIE, 240 S0{7h7| HMEE 22 Z8 30|02 2R3 2% SH0jat=
HS 0| HojM ZEe et Lt

gnomADZ}t 20243 8& browser Hail TablesE S/lgt A= 22 SEL 2 ¢S &= ULt 0| YHO| A2 & BEaIRK
FlOIM2E 2O CIO|E 27, O|M| APt IHALE 7HSSt Hail Table A E 2H HZ JhsdiXCH= HOICH
SHS0|7l= 0|Z40]| 01 S8t MSHO|Ct H2tRX0|M = Q0F HHL MM 24 XH2I0] O 7ML &S, “doilAM
= W8S ChA| 2Z0|M XL d5H0F otz SRS 370 E0{EL. 370 &X XH20| Hast 27|18 ZHE HojA

0 N
=4 7ttt HI0|S 1 2t0|22(2| YEZ SYESE, 38 FX 20]0f2t= HE2 O ZoHEIL (gnomAD browser
2024).

Hail, Spark, Athena, =71 EjA|2te] ¢1A

gnomADE S30|M Sl=0 s 2= 20| XSO = HEE= A2 OtLCH &8 A2 1 210 o &Ho| ASut
o =7 E GPLLI0|C} Hail2 U2 3|4 SNA| HIOIHE 24 St 2tZ0N TR = HEX E720]10, Spark 7|4t
=4 ASL A AT I ZI7HE Eelsttt. AWS Z0|A= Athena-ready lakehouse AHHO|LE 37 E|O|S AHO|
F7IE|HA, OHH AHLHg VCFE 25 LH2EHX| 2Ot £ cohort filter, annotation query, HIE 201 Z+2 Zfois
O AENMo= MAY = YA =AUCE. & 22 3 S3 AHH0|2te O =72 FHISI=LI0| [t AL Z-2 I3
SfetxIc.
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20254 18 &7H= gnomAD toolbox= 0] S£2 SIMECE & H =L}, 0] 3X|= v4 exomes2t genomes
short variant release VCF |7} 2 1.4 TBO|E 2, B = AI2XI7} 0|2 EMZ L{2et0} X2|oh= A SAIXO|X|
Q4T X|HMQICE T4l toolboxE &olf 2Z At §lO| gnomAD datag O &/ HOlol=E &= E':?%*Z KAt O]

AttllE “S2HRE0 22 FUCN = AACRE SESHA| ¢ 10l query—friendly =+12f E|0|S0] U0{0F AX|
H2d0| HOtEICh= ®E & 20 FL. & gnomAD= 'T'-7H Et-.-EE Xr20|HM SA|0| S8 24 SHZ2 LF0|1,
S3&= 1 SHZ 9| 7|t H’é* ABLZ AS3lrt.

A0 32

JOII

* gnomADZt S3 23 E HMiEot= OlF= HIOIHE o H0| FAtolet= 50| OfL2f, A= RUIM HiZ S92t=
5SO|LC}.

« x| AEZ|X| 22 S AHH2 UL S X 20|02 715 & ULt

* Hail VDS&= Ha &F 220 f |2}, O ] TSEE 3|adtdl 24t M Tt o=z Holsh= #2L

« 370 GIOIEQ] 7IX|7} HE4+E download -> analyzeH[} query -> access in place -> compute
IHE0] o ZQ8HZICY,

;oH

SERE
1. gnomADZt S3E &dll LIO|HE S71ok= 0I1RE XME, &Y, ALt 2 s L2t
2. VDS7t S project VCF2t CHE &2 F0|0H, S3H 0]710| 2 S E EM0| 525712
3. & MH AE2|X] 92 F= AHO| MY HUS HEA HH=T}?

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.

N

X 22 QUA H0|EE AWSE 7K 27| - SRA2} Open Data

AL
= S

o0

+ SRA H|O|HE AWSOIM CtE = 7|2 SES 43g =+ U
« AWS Open Data ZZ 0| 04;LX}01|71 —’F—E
+ 37H O|O|E Btiat 21 FERO| XI0|E FE2

S b |
sHi =

MO

+ SRA H|0|E{= AWSOIIA O{EH F25H=7}
« D= S7H HI0|E{7t S30H| U= AL O, O™ MEFC 2 JHRt0f 5H=7t
* AWS Open Datas H& X&47} OtL|2t O™ MEfAHE Tt=E=Tt
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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/
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https://gnomad.broadinstitute.org/news/2025-01-gnomad-toolbox/
https://gnomad.broadinstitute.org/news/2026-03-gnomad-v4-1-1/
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‘CI2ECE"0IM “21 HZ2'2= i I

38 F4A H0|HE AWSOHAM CHECH & M =EX7t 7HY HA HI=220[0F & Hed2  2t= ZO|Ct. £35| NCBI
SRA(Sequence Read Archive)2| AL, AWSO|A HIO|EE 0= A2 E2 E<2 NCBI AMHOIA RSIQITIE M2
2Fdl = o] ofL2}, o]o] S30f| 37H=E0] U= HIOIHE EH H2(access)ot= L0l 7HZLCH. NCBIS| SRA in
the Cloud@l Download SRA sequence data using AWS EAIE 0| S AYHSI} £ public SRA datas AWS
Registry of Open DataE &3l S32t HTTPS Z2& MNSE|H, H+Xt= 0| EC2L} CHE AWS Al4t AIS0A HZ
812 == ULt O] .27} 2|0fot= Hi= ALt |TA| 0| M2 SYUHO0| download -> analyzeO|A query ->
access in place -> compute in cloudZ OS5t U7| T4Z0|Ct (NCBI 2024a; NCBI 2024b).

0| Hat= Hot Hold 0142] oJ0|S JHEICt OIT0= Bok= run accessions &2 U3, 0|2 FTPL LIE E22
ZA W, 22 AR Mt 7, CHA| 24 BE0 = 71= HAZE 20 747k, 2L S& HI0|E{ 7+ 0]
S3 QHofl AUCHH, 22 F2RLE 2] ALt X20] 0|15 2 §HO = = ACh TetM =2 TS AtHECH HEH0[HE
OfZA MG, O accessionfh MEHGIL, OfH HAOZ HIZ S MO|Z2[QI0) HZE HQIVIZ 0|SEICt. 0
oM SRA= H&o L2225 250] OfL2}, S8 /A HI0/H HZ TR0 {EA HHY L A=XIE EH F=
CHEE A2 S0{0F STt

S3 direct access®} --no-sign-request

SRA HIO|HE AWSOIM CtEE= 7t 224RE H0[E|Est WAZ2 direct S3 accessO|Ct.  NCBI ZAMe=
s3://sra-pub-run-odp/, s3://sra-pub-src-2/, s3://sra-pub-sars-cov2/ Z2 B HIAS GAI=Z
£M, aws s3 1s s3://sra-pub-run-odp/ --no-sign-requestl} #Z2 HHFHOZ AL [O|EE AN Q0|
X3 o QO MHSICH 0] OAl= HSHOR 1R F06tL. B2 ZHXPL "SR HI2 SHS Q150
HIE0| M2tE=C1" 10 M2ESHX|2H S SRA XHite] MY 222 O B HAOAM 1 AHHOZ HI2g =+ U7
IHE0|Ct. & 32 HIO[E0| CHo AWS= =2 2015 XA ALEXAIRe| 2HA0| OtL|2t, 71 A7t Qlxete| UR=Z
7| Sett,

EE M2 WAol M2 HI0|HE THE NEAR CHA| §7|X| &0t ECh= O ULt o€ S0 EC2, AWS Batch,
EMR, HealthOmics 22 A4t AS0| 22 Z2RE 2H0A public SRA bucket2 HIZ HE=CHH, S7H SAHE 0t
SLQ5 ME HIZS YU £ QUCt. NCBI M= S3 URLE £5t MZ20| XI=E1, S3 URLS| AL inter-region
data transfer fee7t QICt HHSICH, 22 AMSA7L AH7| Z2HE ML H AL XS 2Y5= HIE2 0H3]
LAME 4~ QICH SFX|TH A2 S8 20| M5k SLUH0| M T X CH= FolC (NCBI 2024b).

SRA Toolkit — format conversion} 2= X2 42
.

=00 SHM direct S3 access’t StAF QS Z12 OfLIC sra-tools= {X5| SRA MEHAOA 1R =Q8t EF
E30|H, £3| prefetch, fastq-dump, fasterg-dump 22 SE2|El= B2 YIEZ0|A A& AFZ =L direct S3
access’} ‘B2 MH|0j| HIZ S= AZ"2HH, SRA Toolkit2 “SRA ESHS AL XVt flot= HAIOZ I Hatel=
F272t0 Ofaie = ULt [MEtA O] YoMz 2 28 HAZ HYHSH|HELL M2 CHE S8 =412 HHok= HO|
O HM&lsict. = 00| 210 U= run accessions WE2H| cloud-nativedtA| CHRELI 4ICHH direct S3 access’t O
HAAZE = U4, SRA 1R BOHE BFE T2 KoL §F Het HAE AR +CHH Toolkit0] Mgt
QUCH.

AR DSUIME 0 £ AZE CHHI3H H0J Z= 210] ZCt 22 accessionS HAOR & [ aws s3 cp= B2 XA
SAb HEE HOJ 31, prefetch®} fasterq-dump= BZX3IE Lo HE A2S HO| EO S 017]M “OfH
S22} O HEHOIPE Q97|ECH Of AB0A OfE HI0| o RAIARSTLE HHYOF BTt SRA Toolkite] ZXH=
Z3t9C AICHOIE IHY S} #13t CY7} OFHI5| SRBICHE ARMS AJIAIZICH & St2CE HO|H 0|58 S0
ZR(BE, A} shA{0] ZRIZ ARRA| SIX|S SF=Ct,

Athena metadata query®} cohort selection

IXl= YEL MY HEHOHE &ol= 0ICh. NCBl= AWS
AMXMOZ OHLSIT QUOMH, Get Started in Athena®@} Of K|

{

=& H0IE7} HE+E O 528 A2 82 IS
Athenag& 5%t cloud—-native metadata search&
FHa| M= SRA metadatas SQLE ZM5l= S22

= MSettt. 0| f1Xx= WKHOZ iR ZsiCt. shl2 HX
organism, assay, platform, project, accession H2|

AthenaZ2 Fo|1, 1 Ct2 =3t runBt direct accessLt

mu >
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ToolkitC 2 H7|= SE2 2 4 ULt = 2 74 HI0|E AltHe] A HAlE MY CHRZ ST} OtL2t metadata
queryCt (NCBI 2024c).

0] M2 A7 AAI0I= =Y HZEC OfX0ll= 24 U= HO[EME thE 2t BN W22 5, 2ZH0|M Jelsk=
BR7t HULCH SHH Athena 7[8t 22 0T cohortE THE1 42X|, OH £40= MES TEIS AQIX|, OH
XS UESH= runt ALt EHE AQUX|IRE] BA|SHA THECE Ol= THedt 7|= MEHO] Ot} 24 Af1Al9|
#ISIC Table 1M -> accession  —> -> = 522 FM55tH, e o 2 Zf
HIolE SHE0ME 22 |2 2 4=
Table 1. SRA on AWSQ| M| 7tX| 7|2 M2 4=
4= M| Moot CHE Of|A]

Public direct access accession= 0|0] &1 11, public aws s3 1s
dataE HIZ Q10 S M s3://sra-pub-run-odp/
--no-sign-request
Toolkit-based access SRA ESH Het0|Lt & =5 SE0| prefetch, fasterg-dump
WO st [}
Cloud Data Delivery TooIkltOE ™ Hs £ 9= AMZX} S3 bucketl 2 2™ MY
original file £= &% restricted

dataZt 2Qg I

Cloud Data Delivery - original file2} restricted data 'S

MEX}7L £3| ME2|= request HEO| 7t& 712 A2 Cloud Data Delivery ServiceCt. NCBI sS4 A=
SRA Toolkit0| 2E original submitted file2 2 H3& = g17| W20, cloud data deliveryE S5l source
fileO[Lt 7|E} EH TIUS ALEXL bucketl= MESHLIN ’é%“.’.“lf 0i7|1M 28t A2 0|Z10| Yutxol oj0|Q| “Ly
ALEZ ORZE"7 OtL|2t= HOICt. C0|E= AFEXIS] AWS E= GCP bucket@ 2 21 MYE|H, AWSS| AL
22X hucket0] us-east-1 2|0 QL0{0F StCH= F|2FO| QUL [[}EM-l S public data?| direct access®}, t':'EO|
delivery 20| Bt ZRE 23l HiY/OF ST (NCBI 2024d).

0| distinction2 ¥4 IR L3I public datas= 3-8 bucketS HEZ 2= WA0| XIHAR T restricted datalt
original file Y2= AI2XI9| cloud bucket@Z controlled deliveryoh=s El,*é! | § Mglsict, = 2= A8 #e
A0 2 X2|5HX| §i=Ct= 0| AA0|Ct AN A0 M= S/ HI0[ELE 521 7[8t H|O|Ef7t &M S & *—’F—%ODE,

O{ XtAHO| direct access CHAFO|TL OffH XHAO| delivery CHARIXIZE FE5H= 50| ZQSICH 0]
THX| CIO|Ef M2 71=0| OtL|2t, HIO|E HHHALL MIAHSI0| S2HRE QoA O EA HLE=XE = SLHO|
EICt

DataSync?} 510|52|= H|0|E Bl
SRA Z2 37H H|O|E X2 2 EZ7t ZQEHX|2, 22| H7H0| 2 HA5HH0|B= 01 25] HHIsHOF Sh= 27t

ET O — g
WL AR ME, 2, 2o80|A HPC, THE Ef—?—Eoﬂ Q= FASTQ, BAM, CRAM2 AWSZE £7{0F & M= AWS
DataSync”t Ol A&XQI =17} EIC}. DataSynce= NFS, SMB, HDFS, object storage2t AWS AEZ|X| MOIOI
I22 M2 2AN HE K=sE =7|512 K5I}, Tfap 0] RojAs =

LHHIE 2O F= 7*OI "Ef 0| =5 #Z2 M2 BX| $=+5 TX| HI0|H H=H0| o & ’SEIE._“ZF.

DataSyncE & £l5h= 0|f= oH40| 22tRE 8= 371 HI0[H $H47(02 oPdoiA 4 2okX| 92A| oF7| oA CE.
AlH| A7 20| M= public open data, controlled data, Xt&l| A4 GIO|E{7} &7H ZXYSICL. SRAZ 20| F= A
22 H|0|E{ 2| direct access Z20|11, DataSync7t 20| F= 2 510|E2|= A0 M XIA| C|O|EIS Btlot= 2
2HO0|Ct, 2= AWSE & £200= U2 2= H0[HE O'EWOE SAtotz Az OtH 1!, 2= H0|HE dEXo= 047(|
FXot= AT OfL|Ct G|O|E{Q] ’87—101| 2t 2 TE5H= Z40| s{Al0|Ct.

’ ’

U183 29 Forz
£ G0 HZ0| #{RCtL shM HIZS Lok &= 2 8 OfLICt. NCBI 2M& public SRA datal| X H2ut
—.—E accessS ZZotX| 2, ALEXI7H EC2E 2Fot7L Athena queryE S2|7{Lt Z1HE A17| K710 XEsh= HIE2
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05| Litgt 4~ QICH ESHAWSS| UHENQI S3 H|E 20| = Requester Pays 22 /HEE ZXMSIEEZ, SHY2 “F
HIO|E XtR HZ"1 "EE S3 bucket0| SYst HIE 28 =L E 26X R=E HYR0F SiCt. £3| Athenas
HIEIC|O[E] EfAM0Y| D Z=HSHX|D, He| Zut ML A HIES U2{alof SIEE FH|S F2 =7 7I2X|H ¢t
EICt, HIE Z2t2 direct access?| M2 2HAGHA| 411, O HAON S=712f H|E0| YM5H=X|ZE 7 &ot= Ei=0lA
E4SICt,

SILf RMASOA S OB H22 O 0|4 “HX| H0rA XF70| OfL|2f, “HA &1 st A0t Foty, 7tset o
CIO|E{7t = ROIA AL o= Heko 2 HHY 1 QICH SRAE O] MeH2 71 & HO| == ALEICE. direct S3 access,
Toolkit-based conversion, Cloud Data Delivery, DataSync 7|8t BII2 M2 CiA| A7t OtL|2t, M2 THE 579
CIO|E2t THE 2F 2HIE F= 20|} sH40| 0] Y| 7tXIE 72 & UA =T, 0|F O™ S SHA| XS

— - O =

AWSHIM EH2tE 22 2|2 M2 M2fs A = A =0t

rop

sA JH Ha

« SRAE AWSOHIM CHECH= A2 35 2Ot o 7R4CH

* public data, toolkit conversion, cloud delivery= MZ CHE SXQ| M2 =LY,

U2 374 HIO|E AlCHOll= 22 DUELCH HIEIHOIHE HX &Ho|ot= S&0| Z25ICt.

« 370 HI0|H &7 &Zt XtA| 0] B2 T2 ZX|0|H, DataSync= X0 G 7L,

Py |
=

1. public SRA dataE AWSO|A| T}E [ downloadE Lt direct accessit= H0| O Metot 0= FACIIF?
2. direct S3 access2t SRA Toolkit2 2tz O ASA O HESHI}?
3. Cloud Data Delivery?t DataSync= O HO[M M2 CHE 2H|E SHASH=71?

=
=

o>
Mo

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.
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NCBI. 2024a. SRA in the Cloud.
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NCBI. 2024c. Get Started in Athena.

NCBI. 2024d. Cloud Data Delivery Service.

NCBI. 2024e. Search in Athena.

_ = =
5. EC20IM A[Zfol= 4 24 &t
s 28
© QUA BNS EC2 JABAS MElSs 7|2 7|RS S 4 QT
« AE2R|9 HEYTE Tafet AN B2 2H2 0o £ AL,
+ SSH, 7| Hoi, 29t 18, AJahx| AT 280 7|28 MyE 4 ULt


https://www.ncbi.nlm.nih.gov/sra/docs/sra-cloud/
https://www.ncbi.nlm.nih.gov/sra/docs/sra-aws-download/
https://registry.opendata.aws/ncbi-sra/
https://www.amazon.science/latest-news/aws-democratizes-access-to-the-largest-genomic-sequences-repository-nihs-sequence-read-archive
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/
https://www.ncbi.nlm.nih.gov/sra/docs/sra-aws-download/
https://www.ncbi.nlm.nih.gov/sra/docs/sra-athena/
https://www.ncbi.nlm.nih.gov/sra/docs/data-delivery/
https://www.ncbi.nlm.nih.gov/sra/docs/sra-athena-examples/
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a
EC2E M3 OtE W ZEXIIt 71 XIZ St daes “UE 2 MHE St =9 X2t M2tet= Z40|Ch 2Lt
AHMOM= QIAHA F7|HCE MY MO RUS F2|ol0f SICt. X|F ofdi= Y0l MM HEXME CPUE 22
ZOtH = ZHAOIX|, HailO|Lt CHY annotation join X M2 2|2 0| M= XAQIX|, OtL|H Jupyter?t ATE QCXHEH
Y Ao 2 SES AKX M2t SUMO| Z2tX|7| FO|Ct M2tA] X HIj EC2 QIAHAE DHEL = U2
ZE0M HES F2&= 0] ofL2t, , : =2X|E HX ZFot= Lof| 714Lt.

28A M0 A= HIO|E{QE AMS Z2 2|0 F= A0| 55| S5, S3 HZI0| ap-northeast-20f A=L| EC2=
CHE 210 =12, XIS A[ZtD BIO]H 0|5 HIEO0| S0UY 2FE SECHTIC MetA d5 BHARH

= HAlS HoE UCs HO| E0 A 22 Ul tad 22 T2 2 SEolt. 2FAMKMs HE Linux AMI,
QUARAE=mEE c AG B2t F7|, RE LA XA EBS, 12|11 S30H| M2 = A= IAM Role0|Ct. XZFEH

steiot FLdE US7|=L, A XM =S 2Rlet 7 XS 712

I S S5 M2 EC2E “MH oF Ly 2Tt O|3HSHA| 4= AO0|C}, EC2 QIAEHAE A4t 1 XHA|0] 12, 1 FH0fE= 7|
|0, HQt J2, IAM Role, EBS 22, CloudWatch 21, S3 AZ27} &7 ZIQICt, = AN BM 1AL QIAEA
CHEO0| OfL|2t, ALK -Hot-H&0| |l A HRICH 0] &S =70 OldiotH LIE0|| Batch, ParallelCluster,
HealthOmics Z2 &% ASS tRHE: 2W XIHA R,

QIABIA IR @17 - m, c, T, 1, £, hpc

Amazon EC2 QIABIA O|F2 S 20[X|T, H2 £ S2U= A0 71T AWS M EM=
QAABAS HEY, ARE Koy, HZ2| 2| Mok, AEX| 2Xaly, 7145, HPCYO R LEELt. YA Z4A=
ZE=MF S4S s 2= ST, MOk m, ¢, r, 1, £, hpc/t 242t 0 SR FFS A Jol=Al= HE + U0

SHCH (AWS 20264a).

71 FUSEAIREE m AEO|CH LES MY, A2 ME HAE 3% QC, ns8 A&5XE CPU HIE2| 2517t
SIZOZ MSHA 7|2 L2 A0 Metsict, HE, © variant calling, batch QC, permutation testX3d Z0
7t 55 HuA Z2HIE X2| AIZH0] E0{E= Y2 ¢ AIG0| O & =Lt BIHE cohort aggregation, joint
genotyping, L& annotation join, Hail EAXME HXZ2|7t HA HE L= A= r AGS @M 12{cl= HO| ELCt.
Z QIAHA MBI “O HM MHE Atz 70| OFL2L, E=0| CPURIX| HIZ2|21X] |/OQIX| EEHSH= YO|LC},

y ©OT1

i AE0d AEXE 2 AER|X| M58 AXSH= QIAHALE scratch—heavy workflowOi|A ZEE HOICt TR
HY S MY, 8t5HQl sort, shard 7|8t 28 XY, I temporary matrix 8 22 HAl= RE [ATMUO=Z
X2l O 2N QPR 4 QIT CHF Of H2 2Z scratch7t 2 7 XHZATt OfL2h= AHMO|CY
HECH= 0|2 ZE =2 0470 &5, QAEA ZE ot o ZUE U7 L M2 |=|X| 22 7 TAUTHAY =~ Tt

7159 QIAEIAE [ ZAGHA] O|SHSHOF StCt. £ AE2 FPGA 22 7157|2 8otz QUAHALIY|, “7t&7(7t el
Aso = HIEL = 50| OtL|Ct, DRAGENXE FPGAE &Eot=E MAE IHo|Z 22 %2 AWS HPC 22719
F2 Q71 A0 iR E2 51 HIE 88 ERAKX(T, YBHHOI AFZEL IRE2| LEAA k1= XSC= 0|
0|52 YX| 2SIt (AWS 2026f). hpc AIE HA| 2= NGS LI0|Z2tR1o| 7|2 MEHX|7} OfL|2}, EFARQL ZIHSH =
Zt S410| 223t ALO|LL ot E4F L2[F0| O 7140 WREES ARM2 n E= Ol XS] XM 55 2
Flr, i, £, hpcZ O|Sot= HO| O AMHO|CY,

Z2 I Ot A T MICHRE HO|ALOY| M2t AX| s2t 712 227t HEFEICE oE S0 5= Xeon 7|8t BA|LH, c6ie
Ice Lake 7|8t BMICH, c7g= Graviton3 7|8t 7M|CH, c8gd= Graviton4 7|80 22 NVMe SSD7t Z&HE XM NS
S5 BHZE bwa/GATK A8i0= c6i.8xlargelt} c7g.16xlarge?t 2ot ME sort? shard 4 2H0=
c7gd.8xlargell c8gd.16xlargeX{E 2Z NVMe’/| 22 HYO0| AEHQI XI0|F TH=Cf. QUAEHA 0|2 %=
AL THZOI MIHE GlA = 2-0IM XtMio| CHREE, M| QIARA 0|ES IE M 1 BE &1IotH L.

Table 1. QA 2MOAQ] EC2 QIAEIA THLa| & Ae
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QUAEHA T FE HE HEXO STA| &

m oA Jupyter, 272 QC, WEE &4
MH, 2 oo|Z2tl

c CPU M=, At variant calling, batch
QC, permutation test

r H 22| joint genotyping, cohort
aggregation, Hail join, CHY
annotation

i/d Z2Z1/0 sort, shard X2|, scratch 4
intermediate workflow

f 7157 DRAGEN Z#2 FPGA &8
mo|Zaol

hpc L 72t 8N MPI3 A4t E45t tightly coupled

H2 XY

Hor 1§, 7] H0f, IAM Role GZ&

£EX}EC2S ORI Ll 012 3 SiLt= At XISt Q512 4t #et 2A7} 47| BRO[CE SE2t 012
M 2O L=l M2t EASICL 7] HOJ Ao] SSHE H431| $/3 M2 Z0[1, Hor 158 ofd HEST
EL2 528K HoH= WEHH0|D, IAM Role2 QIAEIATE AWS RHI0| RS T M= #et 220IT M 245
N2 CI2 2HZ SiZSiTt 7| o7} "7k AjH 9102 SO|QLLFS FSiCi®, Hot 182 “OfH 28 ¥0f =
ZO0ILF'S k1, 1AM Role2 “A{H{7H 8101l L7t RS 2 4 QILLF S FBIC,

=
2ot IF2 A 80 =5 Half HO[X|2, AWM= 22002 B0 F= &520| SQ05IH. OIS S0 71
MH2tH SSH ZEDH 5185111, 7HsotH £ IP He2 Metoh= H0| WLt # 7|8t . ESO0|LE MH|ATF HO S
S QB M0 7|20, TEAILL MotE M2 A28 M 12{oH0F Tt RTA| HO|H= T HEE 23t
A7| WZ0fl, "I BAELI IF 20 EL' = S22 US| O 2 /=2 0[0{TLt.

-

=
T

IAM Role2 O ZQoltt. 05| 2 ZEHAPE AMA 7|5 43 DYoL ESN 2F = YAS HA

HE2 X2, AWS?| 7|2 HE HA2 A FH0| Roles 20 YAl Hets F0ok= AO|Ct OE =0 OH

QIAEIATL 53://my-input-bucket/= U1 s3://my-output-bucket/H| ZutS M7|0t 6lH ZCIH 77 Heot

ol&5k= RoleS E0I= A0| S}, O|ZA o1F F7| A1 3= MU0 22 QI Ql, £71 O Hotez

HAY=XE O FHot7| £{HTICH (AWS 2026¢). 2UA 2A0M RoleS ZEIEH &S| Q5= A2 HOt 2HE

EHOM Mg 2F ergdds flet 712 7|0

Table 2. EC2 2T 29 M| 7HX| 7|2 ot 7484

JNQA o5t ZEX7} A= ofs A

7| 0 SSH ®H&E 5 +=H 7| US 02 AL F2E5HA
SR

HotaF QIHI2E/OtRHIRE HIEEYI HMO{  SSHL} OfEZ|H| 0|4 ZEE M|
QUE{ U0 Mo A| 7HE S

IAM Role QIAEIAOl AWS At HZ St AHM|A 7| DFAO|Lt TEO

StERLE

EBS SE1 UA| AJEX| St L

AN 2N SHF0IM MEAS A I 71 SR8 HES "FAS Qi HEtg A7t “FUS Wl Ma2l5h HE
ARV E FEok= YUOICt. EBS= EC20| 2= 25 AEZX|0|22 2FHM| CAT, 24 £ AR

7t THU0|| XMEtstct, HtH 7| Hitat 27t LS FASTQ, BAM, CRAM, VCF, E11M, reference At S30f
F= HO| NAAHLE, =HX= 2= HO[HE QAAHA O 'H 0 A|ZFot7| &X[TH A ofH ME7t 2 ML
E|0 HE|1l, 240| ENE I U= XL 2K HH6H| o2 ZIC
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MMM = Z|ASHM SC= LIF0] M25HH M Hasi XLt X, RE SE2 2G* WIQF 712 EFE 2[5t 37t0]Ct.
=M, ¥ EBS = 2Z NVMe scratche & sort- temporary shardX# |/07} B2 22 ISt ZIHTHCE Ay,
S3= EEN ZUE HI|= 7 ASOICt. 0] #XE OlaliotH “ef QUABAE -"‘- f7| 0| A0S S32 200t
Sk=71 7F RMHAAEA HZED W2 scratches AlMS 218t SZH0|X|, AT XHE Gt Bot= HATLOFL|CE

EBSQS =& EtY: FAE AT HOH = ZM= OfLICh 2EHNQl 88 CAILE BHE9| 2M XAU2 HE SSD
gt =& _E Swet 7407} AT 10PSet Xeld E=0| 2fole= workflow01IA1" H 52 459 28 740
TQsh 4= ATt (AWS 2026b). 2Lt ws HAMNM O 528 A2 25 B2 T SUEC HO0|H HH7<I BElS
Hets| 2oz YO|Ct = “HE2 S3, M3l & HY2 EBS L= scratch, & & A= S372t= 7|2 27 HALCE

[y —

Table 3. LA 2M0i|A{2] C|O[E B{X| H=A|

OOH 55 M K| 0|
2N FASTQ, %z|Z BAM/CRAM, S3 7| 28, 37, AR {28
VCF
M =72t sort YA| THY EBS EE= 24 scratch 2 /02 H2 +HY| Mekset
2GAA|, TH7|X|, ZAEO|L FHA| gE EBS °|*E1* HE ol Mal stA| gt
ZE 2| ZE A=, 27 0t710|E S3 OIAEA MEHZ=TQ} 2|5 H=
st

HIES Op7l= &2

[
EC2 HIE 2 SZot HHEL 2 SN Zels E27t Bhh X HM S22 (stop)?t  (terminate)S
2ok *OIEF BAS %?(IOF:'=I Athk2 HEX|2 EBS E% HE 5Ot HIE0| A& ZYSIT}. [M2tM TS
= HIZ O|O{A ZUS MH2tH SX|7F K E0HK|T, —E-&.OI 1 E2 SES O B2+ QUCE S=7t B HHESIT.
2E E=E ﬁ*"—*ﬂ% 2L} scratchOlBt QB Zaj= ‘a’s'E dRE §C f 2= HIE #2(2 HI0[H &7t 22
ZH=t= 520ICt.

= B} S22 Spot InstanceES “MX|PH SQHASH X" O 2 HEt5| 0|515t= Z{0|Ct. SpotS RC|HEHLE M
Xgst & QIX|ot AHE F|$E % °|OEH Uut™MoZ 28 interruption noticeZt MEEICH (AWS 2026d; AWS
2026e). M2tA 71 CHSFE 2 MHLE 57 MEIE X5 MESHK| s 20l= FXEE 4 AUCH HHH ¥ batch
permutation, Monte Carlo, 2Z =2 QCH SH| A U= J“°*01|" 0l Z=oltt, =EA= 28 “W A0|H
St ZE0F AL "S5 0H)‘II MO Ot EILY = F :“:@E 7t=dl, AXMoME &Y dA0 M2t L0 A= AO|

— T = o
—.”é!olllt.

M | S22 =0 20|X| = T X2 Melot= 0| QUABAS Z=0|= EBS & AESHX| &

Q= AMI, ELQ 5t Elastic IP, 2AIEt 5 £ §& intermediate?} 20} H| S TS £ %Et EEI QA —E—

37|17t 27| Wf20f gt HO| M| 220 2 2 MY HIE2= O|0ZICt T2iAM £2 AW &2 7HH

AlEFHOl=  sS3 E Fol = £ Holl, & Mo= =
0]

EH
==
O|A
.__

_|_

Table 4. stopl} terminate

e oAR| X337t Fol

stop L CHA| 5ol 22 AMHE 0|0{M  EBS HIE2 A& & “65'_ A

A

=2 T

terminate SMO| BGD SH4S COHA| S % O|AEA |_|.||:|0”|:1 olCi T}
US AfEtX|22 B S3Z L2

EC2Z & M AJZIS J}AH 2 QIAEIAZ T2 AJZI0| O}L|2}, H20| U= OIABAZ 127 KA HES 2alsi,
TS Role2 #2lotll, EH XS Fa|g & Ot= AEOICH. & AT AWS 2829 SUTE2 3f2ieh MH|A X80
OtL{2t, £ 220l = 0| 7|2717} U0{0F T2 HOIM THE Ats ifﬂ R QHAEHOINE

LI}

C}.
’ =
HIRT} HES DS FHs YEOR 0[0jE 4 UL
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el
>
J
—
I
%
n

42 71 2 MH"E == 20| OtL2t CPU, HIZ2], I/O 2 8= &0t
I_|AE1A THE0] ofL|2} 7| T|of, E2F TF, IAM Role, EBS, S37t &

- =T} HZ A2 S30], M8 F &Q] IUS EBSLE scratchdll £ 2217} EQ3ITH
* stopd} terminate, On— Demand9_f Spot2| x}0|Z Olaljsiof | QHEES S| 2

oJ

x|=
=21

JiT
>

m, c, r, i A2 22t O EFS 7 IotH, 28X EM0M= OfEH X0 & S=71?
IAM Role 20! EC29} %M A 7|2 MU0 HAEH EC2S 2T} BOH ZBI0|A 0= CH27}?

QAAHAS ZE57| 0| 0™ IS S32 F70F 5h=Xl, 1 0|RE HHol Hat

wn =

Further Reading

* AWS. Amazon EC2 instance type naming conventions.
* AWS. Amazon EBS volume types.
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Fleet target capacity quota St fleets} 2|1 MAM|OAM 2 758t fleetH 10,000, 2™ HH| 100,000
TEE HMistet 7|2 quota &0l

g 8% AHNZ o EY-AZOA SpotO] o2 QIAEA EtQt 02 AZE &
S =X 2 FR=H

e Tl Zo| interruptionOf| CHSt LHES A™E A Al CHA| 22 shard?t S25|

w27t
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o Q=2 BatchL} Fleet7} O XIHAR7}

Q54 Ansible + Spot requestZCl AWS Batch  EC2 Fleet’} Of XAIHAZR A MEHX|QI 0|R=, 2HY
SHZA0]| 0|0] QUIAEA MMECE AR HZSOZ §7{ 27| 20|t AWS XXM RequestSpotInstances APIS
legacy APIZ2 H11 ZI5HA HEGHK| =0t (AWS 2026e). T4l Spot best practices= EC2 Fleet, Auto Scaling,
E& MH|A, price—capacity-optimized M2 Z2 O HUHCI QF ASS HSHCH (AWS 2026d). A HAIX|=
O|ZCt. Spot2 MX| Ha2t= 20| Ol 2}, Spot2 &A™ Al APl £==0|M LR 7| 2L interruption—aware orches—
tration St & Met= XO|C.

EC2 Fleet= X MO E |XIOIHAM T OFS QIABA BN TS MEU, TS 8 5 otLte| QFO = H2[oA of
ZLE KR AHEHE 7HX D AL, HHO|HEL QIARA 2=ZF HOE O S5 0f7|= EHollZl= il 5L
HH AWS Batche 21 {10 & 7, array job, retry, timeout, 271, Spot-backed compute environmentE ¢
FOZ W2 AJMOA O 2 £=9| 7|270] =}, EH sl Fleet= capacity orchestrationd| 7FZ1,
Batchiz job orchestrationOf 7FA4Ct MK ZHAAZE “F O] MH{"ELC “F JHQ| Bt AL 0| /S M= SXI7t
O XIHAZLCE

EESH Batchs QIAEHA CHYSIRE Spot M2fE MH|A =F0IM S45617| #12 &H0| ULt AWS Batch &A= Spot
7|8t AOE StZA0|A SPOT_CAPACITY_OPTIMIZED T2k} CQFSH OIAEIA EQI 6|2 HESICE (AWS 2026f).
0| X2 AR &Y 8 B2 £0% 12x BHE £0 &0 Batchlt Fleet?t O #¥E= 0|]= O T
MH[A"2EA 7} OFL2E, At 20 = X{2|3H0F & A 572t capacity 242 O XX O R LHE == 7| IFO|Ct.

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

W2 =T MNYS SNOR A U 71E B8t Hel= QIAEHATL OfL2t shardCt. O S0 100,0008| permu-
tationS ofjOf SHCHH, O|Z 18] T2 CHE = CHA 100&8|Lt 50024 F0{ child job SHLIZH Y HRIE MAUX|EZ
Aotz HO| WLt &2 2|7t bootstrap 1,000&], A|Z20|M4 seed 10,0007, It2t0|E| & 5,0007H, MZ shard
2,0007H0l = It = MEECt O|ZA R AHEY QH{G|=E E0|11, Spot interruption0| LG 2t AI{GHH {2t
CHA| A3t 4= QICt. AWS Batch array job2 HEZ 0|2 R0 KEt5IH, array size= 20lA 10,000771X| 7HSSICt
(AWS 2026g). 2 child job2 AWS_BATCH_JOB_ARRAY_INDEXZS At25H M2 C}2 random seed, iteration range,
oi2tolE QIElA  shard IDE B2 78S 4 ULt

10-202W2| XA Batch0fl & %= Z0|Ct. AWS Batch 2AM= 3 ZM2| B XA AHE2 LHAEIH G 2
2 UOL| HQ5HH binpacksiiA| 3-5& 0|40| £|=5 HAESH} (AWS 2026h). & 10-2022 “HF E0tA BatchOf|
EHXESE 20|17t ofL|2t, 28|28 scheduler overhead®t interruption recovery At0|2] #&i0| £2 MO|C}, HHZ
Zt 20| 5 HCHH, 02 7HE St child job Q0N 22 A F= AAI7t O SAXO0|C},

retry@} timeout2 H 2 M26O0F 3t BatchQ| timeout2 20| LS Q2 ZE I ZXNZ2 SF517| I8 HX|0|1,
attemptDurationSeconds= Zt A|E0| MEEICE 2A EA= timeoutCZ S E XU XIE retryT|X| LN,
KiA| AIiSt 240t retry A0 M2} ChA| A2 4= UCHT A (AWS 2026i). TEEA HA SHA0AM = “AIf™ 2t
‘HE"S Z2 MZOZ CHRM Ot EIL}, stuck processE 2f7| ?Ioll timeout2 Z11, Spot interruptionO|Lt LA|H
A= A HHMOZ 461, 0]0] 228t shard= S3 manifest2 M3 st= A9 22|71 ZQSICt,

Table 3. H2 S &Y shard AA|Q] M™ 2%

A = HE gy Ol®
child job Z0| CH7H &~ £ 0|4, ZQ3tH 10-202  scheduler overheadS &0|11
TZ interruption recovery 2|

HHo| RX|

e XE S3 manifest, 271, Za A0 2 QUAEIA &M A0 IS MEFE
S8 7ts

Al &2 retry2} timeoutS £2| stuck process?t YA|IH A=
40| OHE

] S array index 7|gt el He ®et 7ts

seed/range/param =24
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Ansible2 O{C|0f| 'Z=7} - provisioningZt bootstrap

J380MH @5H Ansible2 O 0|4 £27t gi=7t? ©o] IEX| L0 CHot AS0| HHH QALY Hi= HO| Fekolrt.

Ansible2 £ 7H child job2| F LHIAEY|0|E2}7| 2L, VPC, IAM, launch template, AMI bootstrap, &5 I 7| X|

MX|, Rt AFZE HiE 22 provisioning S0 O{™o| Z5ICt. & OlM= AnsibleO| 1R S&5t1,
OlAM= Batchlt Fleet?t o &gt 47+ WLt

0] 122 Ansible 34 ZAM0|E L M EZ{LIC} amazon.aws.ec2_instance ZE2 EC2 QIAEHA MM}
Z2|E X[/SHK[2F Spot instance MM AXtHl= X|@otX] &40, 0|2 ol B 2| amazon.aws.ec2_spot_instance
DES AME6ITE QHHSIt (Ansible Community Documentation 2026a; 2026b). $CHXQI Ansible work-
flowOlME Spot2 AWS AS2 AT £FotHA] CHROf st = “Ansible0| IOL| AWSS| AHEH AS2 R
AL 7} OtL2t, “Ansible2 Z=H|2t EEAEHO|, Fleet/Batche M| &%t F0|"2t= Hgt 22|17} O XAIHAARLE,

ATE HTAO| US| CfY ABO|2IH, 0{X5| Ansible + Spot 80| 71 HIZ SHEHY 4 QI FL3H %S
0| BHY 7|22 2 YtstolX| fi= A0|Lh. HEHO 2 =012= Y 23, F7[7 RXI1 M 7tset 23, 62

A
A0l H A= F SEUME 9 QLAAEY01E ASQ 71X|7t 2 AHEIC

£ 017 |EIA - 20264 7| MM MeAE

2026 7|Z22 JIY SMEOl X M S22 Mg = QT XM, Ansible = provisioning bootstrap.
%HH, AWS Batch EC2 Fleet = interruption-aware orchestration. éﬂHH, S3 + manifest +
logs = durable state observability. O| M| 32 £2|5IH QT 2} ZH|Qt A3l X0t AEH EZ0| FAI0|X|
=Ch O HE 2 29| U2 “MHE ZO| Z2= 7|&70] OfL|2t, £ ME= YUOo|L}.

7t Hbxol AR AWS Batch array jobs + Spot-backed managed compute environmentLl.

HIEX0|10 I 7tsSst 2 20| & S, child job TP XHAIELR timeout, 21 FXME AMH[A SZ0|N

CHE7| g7] HZ0|Ct. XA AHEHE FXISHHM QUARA =F KOS O MLUsHA otal 4/CHH EC2 Fleet/Spot

Fleet + 0] &= == UL}, BiH k5 HIBS Z[ASfot HIEA of ¥ Z2{0F o= H-ZtH Ansible +
7 f

0

Spot= O{X5| HEXO|C}, FL% A2 7tsd

Table 4. 20264 7|& i+ 2 HA &Y 2F MEHE

o 71 KAA SR ME Ol

AUS|A CHZF ARl Bl 73 XS Ansible + Spot HEA SHES 10 2FH K0ot/|

=2

HIEEX0|0 M3 76 72 28 AWS Batch array jobs + queue, retry, timeout, scaling=
Spot-backed compute FEXMOZ M| It
environment

Xt scheduler RX|, M5t EC2 Fleet/Spot Fleet QIAEA £Z H|0{Q} capacity

capacity H0{ ZQ orchestration0i| {2

HOZ ot Z& QOF6HH O|HL}, Ansible can still provision and coordinate Spot-based infrastructure,
but for launching and managing thousands of short-lived independent jobs - whether permutation,
bootstrap, simulation, parametric sweep, or cohort shard amnalysis - AWS Batch or EC2

Fleet provides a more scalable and interruption-aware orchestration layer. O7|A H{E A2

£d TF9 sm7t Ozt o AS0| O 2F BHS S+ot=XIE FiEots d20|Th. Jefiof &2 B2E
permutation& OtL|2} bootstrap, simulation, parametric sweep, cohort shard 2AM7tX| UYZE|H SHRIsH 4

-_

o B0 SEXQALO| 3~ I QS R2 QUA AL MULO|A BtE SASICL permutation2 15 o
CHE GiAI #O|Ct.

« =% 7l Spot QIAEIA |aunch Xl 7|[&HO 2 THs6HK|TH MH| S quota, capacity, failure recoveryO|
oIC}
M.



* Spot HE M9 SHAl THRl= QIAEATL OFL|2t shard?t durable stateL}.

» Batchz= job orchestrationd|, Fleet= capacity orchestration0i|, Ansible2 provisioningZt bootstrap0i| &
714t

« 20264 7|1& HE 71272 X2 Batch  Fleet + Ansible XL}

X1
=

Jj
o>
MO

1. O] oM CHE O 7HX] &Y @8 (permutation, bootstrap, simulation, parametric sweep, cohort
shard)0| 2F AN 22 ZHZE F0|= 0|f= FAUF?

VlsMo = 1SS “71E AN HEZ 7SOt = off CHE el

e 58 AU shard, retry, timeouts &2[5H MASHOf Sti= 0|R= FAAIN?

4. Batch2t Fleet= 242 OfH 52| QA AEY| 0[S HESIH, Ansible2 O{CI0f| H=7t?

w

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
=LA
=gt

+ AWS EMRO| £10IX| HHE 4= QUCt,
* HailO| Spark 7|8t R8x| 24 42 2 SQ3tX| Olof 4= UL
* Hail VariantDataset (VDS)7} cohort—-scale 24H|M 2 Z5HX| MHE 4~ QUL

* WGS £&9| L2 HO| 240N EMRZt Hail2] HHHES 7H2E &~ UL
sy HR

« EC2 02| CHE 2™ H2|ot= A1 EMRS M= 22 O{EH CHET}

* Hail2 O{™™ G|O|E] X2} Alit BRS AHSt=7t

* gnomADL}t Z2 AtI0| 2ff Hail HEfAL & St=Tt

+ 2 VDS= “Z VCF'E O 3| Bt A0] OtL|2f, CHE H|0|E B3I}

9 EMRQIZ} - &I Spark SHAE| LAl 2|3 241 £

AWS EMR2 Spark, Hadoop, Hive, Trino Z2 24 HI0|E X2| =72 4 &
ZEXOAHE “Spark SHAHE Al Y F= MHAZID B SEUHCEE 5

-
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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
https://docs.aws.amazon.com/AWSEC2/latest/APIReference/API_RequestSpotInstances.html
https://docs.aws.amazon.com/batch/latest/userguide/bestpractice6.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/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

WM O S2ot M2, EMRO| H=s| =EZ 0= Of H2= 28 g0 S2AH 4, A, 21, AR
HZS ot 2 MAZ |0 ECh= AMOILE, WGSHME MZ 42 H0| 27t SAM| HX|= 240M= AlLt
RIRILLH 7t 2 850[ 7| gtt. EMR2 HIZ 0| 2% BE3 0 F= AS0|H.

EMRS OJaiig [ Xt =X|= EQIE= H|0|H IX|Ct. MEXQ! Hadoop AtLO|A= C|O|E{E HDFSE HA &7
=11 1 ?{oflM ALtstz SE0] Z3MLE SHX[2H AWSOIM= S37t Al 7|12 XM AS0|11, EMRE2 EMRFSE
Solf S3 HIO|EE &H 11 M= AXE KHAZA MSSICh 0] M2 QEUA ALXINA 0L S0t 0]0] S30
U= VCF, Parquet, annotation table, 37l H|O|E Atits CHA| B AEZ|X|E SAIGHK| R0 T 240 AL AZSY
2 7| I420|Ct. & EMRL| 7tX|= £ £HLC} S3 = Ol ULt

Hail0] 2217} — MatrixTable, Table, Spark

Hail2 Spark ?10IM RTA| HO[EIE THR7| SH AAE 24 24 2t0|22{2(C. YA = 0|2 "RTUASE fI8
SEACIO|E T &Y” HEE AJHSHH 0|5H7H HE2LE HailQ| siA XtE27% 720 5HLIQl MatrixTable 341t HO

covariateS HZAGIH cohort-scale 242 MUK OZ UM HIAOZ TS 4= QI & Hail2 Spark AHH|IE 21X
Ct2A St7| 2Lt Spark 20 KA 240 St= AHE ti = 4= QUL

[oZ]
LX
joonan-lab/hail_tutorialO| HO{ F £ Hail 1 2 EYHOICL VCF import2 A|ZSH MatrixTable
TEE Olaliot, ME ME 2} annotationg 0|1, QCE £85I, qualifying variantS F£&36t1, OFX[2}0| associ-
ation testingZ7tX| LIOtZCL, AWS EMR HUM= 0] 7iE SE2 AU E KX[otE, U= HI0|EE s3://... B=0|A
2111 7| 4t0| Spark executor0i| 2Joi HHE = SFEICH= MT FI7I6HH EC & 24 SEZ Y F2RE REZY2
MEZ CHE 1}=0| OfL2t, 22 24 Al E CHE F22 =H&st HMO|CE 0] 2&0| QU0{0f 0] Hailg “E2t*E
AL
T

E T o
P QT

HE T7"7}OILIRt “HR7t HEAE O Wit =72 0]

9

Ho Tlok:
i}
Ol by

rr
[l

0
lon 4>
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ol |'0|| '{M'
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VariantDataset — sparse representation, reference blocks, local alleles

Hail2 H|CHZ O|3H5t2{™ VariantDataset (VDS)E [ME HYRIOF SICL Hail 2A{0)| 2™ VDS= variant_data®t
reference_dataZ 22|53t sparse, split representation0|Ct, & ZE MED D= Q|X|Z densedtH WX M= CHAL
AH| HO|7} U= B2 X E=(reference block)g L0 XZSICE 0] 2122 A Hrao| MUS O AA HEE
Ol UX| AL}, 25]28 W2 FSEE HNZ COE 4= Y= HI0|H E8E TEE O AULCL Hail 2A2F All of Us EME
D% VDSE stores less data, but more information®i] 7}77I2 X2 MHESIC},

0| XI0|= production—scale AtH|0A] &M MESHEICE gnomAD v4.02 exome callset A 1PN VDSE
AtE3i11, 955,213 samples 22| M| CIO|EIE 18 TBE {XI& £ JUUKXIZH MEH project VCFRALIH 897
TB7t QS Z0|2t MHSICE 0| £X|= VDS7t &= 0| OtL|2} cohort-scale 24 E30[2t= AHMES 1R
Mo Z Ho| =Lt ESH gnomAD v4.12 VDS E&0] all callable sitesOM allele numbergs QX|gh &= AU,
0|7} Ql= YARITK| L3St AN Kt MEE 2 JUJALCE S 07|14 = 328t WSS HiL0f
StCt.

HlwSt Z0I|C}, VCFe 2E
0|7} U= RO MESI 22
0|Z cohort-scale 2A0f| A 2f

Figure 8-12 VCF2| dense E& 1t VDSQ| sparse, split EgiS WEEQ
MEN DE QXE BHN XMEUSHKT, VDSE X =53t HO| 52 22/t A
CIO|HE Ot MEZE2 [ 31 F7|= O &O0tX|= 0] LiH|E A|ZEC =2 7|A5HH
MY 20t HE2Q HRIE HHt=X| g4 M3 5 UL

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

VDSOlIA EE StLE 529 JHEE local allelesCt. highly multiallelic siteOlAls MEXQI VCFA MH allele
indexing0| 01 HlgEXYU 4= ULt Hail2 0| LI5H7| 2[oi LGT, LAD, LPL, LA Z& local representations
AHESICE 0] M2 2 2AM0A 2f VDS7t S5t VCFe| YFMO0| OtHXIE O F= £2 W& AMCO Hail
EM7t local_to_global HetE ZAMGIEtN A6 O|RE HIZ 070 QUL local S FAI MY HSo=Z
CHA| M, A= HEHC S0{L= GI0[E 27|17 M 2 4 7| TH20|Ct

T
(@)

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

a
HHM = Hailg At 240|220 2N HAE SE2= i R= HO| WOt A HAl= 2S hl. import_vcf ("s3://bucket/path/>
t

xtS ]
S30{A H|0|E{E 2{0f MatrixTable2 TtE= Z0|C}. CHSO 2 ME HHEQ} phenotype, annotation table2 Z2&!6t1,
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variant QC2 sample QCE #&iStCt. 1S 7|5H annotationt ZEES Sal| qualifying variantS H2|ot1l,
OFX|2H0| burden testLt association testing@ 2 O|{ZICt. 0] SE2 ZZ0|= EMRO|E S50t

EMRO| 235t O|R= 0| 24 S89 ZF HA7I O 2 HI0|Eet O B2 MES THLH YA RAHYX|Z| HEZO0|C,
import®@ repartition, join2t aggregate, annotation lookup, cohort-level summary= CPU& OtL|2} M2 2|2t
HELT MES &H 480 M2t Haillg AWSOIAM 24 S Tis 24 HZ2|Y QIABIAHL} stage's H=ES
He= Z210| £Q351C} annotation joinZt aggregation2 r AIEO0|, VCF import2} executor &%0| £ HHAl= ¢
QULCt Hail2 GPU E+12t7|2 0, CPU £ ot MASH 24 2271 O S0t E+dl= FHx 27

=

?
°
in]
w2
43
mjo
1

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

20264 SiX EMR2 ofLto| Al HEHDF 7}&l AMH|AZ} OFL|CH, EMR on EC2, EMR on EKS, EMR Serverless Al
7HX 2 827t ULt EMR on EC2&= MESXHQI YEZ, SHAH &S 71 BAMCZ MO 4~ U Spark?t HDFS
Z310f 2=ot HOA & =L EMR on EKSE 0|0] Kubernetes S412| 2MHES 2Yol= ZAI0A ||t BHH
EMR Serverlesst= Z2AHE ZF 2|5t 41X L2 oA DHEXO|X|2E, FA|ZE Mt 2 executor ZH0|
oS AR QXA YIZEOM= A HETL O ZQSIC), M2t SHA= “0{= 20| z[A10|2tA HE"0|2t12
I2X|7|HELCt Z2Z|0] 0]0] O™ SHZS 20 JU=X[0f W2t MEHO| F2tXICH D HHSH= TO| [T,

’

Table 12 WS89 M A HEHE dH|wst Z0|Ct. G7|M 528t A2 7|5 LIE0| OfL|2t, 2F Hel0| Lt2Ch=
HO|Ct. ZEMR on EC2&= E2{AE| MO{H, EMR on EKS&= SE S8, EMR Serverlesse= 23 T2t0f G 7H4T.
Hailg Mg HiE M= 2& EMR on EC2Z O[GHE AlZfoh= A0| 7HY ZEXO|Ct. SHX|2F AFAO|LE 7|20] 0|0
A
T

=
Kubernetes2 2% ZOJ2131 EMR on EKS7} O XIGIARIS 4 QUTt. 7|8 ME{2 22X R@Btoz AMEX| o,
Z%/0] 0]0] AT QU= S WAITIT 2 25 QIC

Ls—
Table 1. EMR2| M| 71X| &34 HEH

SEY A Fo|N Zhot= ME
EMR on EC2 HojH0| 20 MEX Z2{AE HES O ZO| *€ Hail/EMRE HiR=
Spark M3nt & o3 O|5HaHOF &t B, Spark ¢ &4
EMR on EKS Kubernetes 7|8t EKS 2% Z™0| gleH 0|0 EKSE 2% 32 =%
EHEL} E S5 Q5|3 SxEt
EMR Serverless S2AH 22 BHO| Mg LS FAIZHUEY X AL, Y st
QAZCE AN HAE L M E

23 Hail RE2|YSE AWS EMRE &t%6}7|

SHHOIA 71 E2 &5 d2E 22 FEZY EE A sl F, 22 78S AWS EMRE &%5t= A0|Lt. Ol
£0{ joonan-lab/hail_tutorialO|A| VCF import, MatrixTable £, QC, annotation, association testing2
QAAUCHH, EMROIAM = Y2 3://. .. 2 HHAL M3l 8tA S Spark cluster2 & 35|™ EICt, Ol 7iE2 O 221G
2ot 2Y wWAINE FEtXICH= 0| SR20lCt SEREE MER 24-E ZQ0ot= 20| ofL2t, 22 EMES o 2
TtE2 8= 7t SotA BtE= O[O,

M2|5tH Hail2 Spark H0IAM %A C0|ES CHR7| &A 2tE 24 AIS0| 12, EMR2 1 ASS AWSH|A QHYE O
RYGIEE 5= M8 AS0|Ct. VDSE UHZ ISEE I8t H0|E E30|1, S3& 1 HOIHE F= 9 N&
HZO|Ct, SHAH0| 0] | 2A9| ZAHZ 0|a5HH, gnomAD, All of Us, cohort-scale WGS 241 Zt2 F=x|7} f 0|4
SrASH “7{CHSt HIO|E{” 7 OfL|2} A 7tsTt 24 X2 HO0|7| A|ZfStT,

J

CRUEESE!

« EMR Spark/Hadoop 22IAHE AWSHA O &A4 2Y6t7| It 22|18 AHS0|ct.

Hail2| MatrixTablel} VDSE A2 [IE 2M XS 717 A2 X0|H, 22 Ao 2 HH O =Lt

VDSE reference blockZ} variant dataS 22|38t sparse representation0|2 2 cohort-scale 240] £3|
2[5}t

Hail2 AWSOIA 34 S8 W= stage'd HZ0]| M2t QIAHALL M3l HEHE NE= 2210 S,

JOII
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2smE
1. EMR on EC2, EMR on EKS, EMR Serverlessh ZH2E O % ME0| O & =717
2. VDS7} MEH project VCFELL R2[8t 0|RE N&1 ROl = 2HH0A dHsH a2t
3. 2Z Hail RE2|Y1t EMR 7|2t Hail 242 59!0| Z31 2910] CHEI}?

Further Reading

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

References

« All of Us Research Program. 2024. The new VariantDataset (VDS) format for All of Us short-read
WGS data.

* AWS. 2026a. What is Amazon EMR?.

* AWS. 2026b. Amazon EMR on EKS.

AWS. 2026¢c. Amazon EMR Serverless.

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

Hail. 2026d. Amazon Web Services.

* Hail. 2026e. Variant Dataset (VDS).

* He Q et al. 2025. The Scalable Variant Call Representation: Enabling Genetic Analysis Beyond One
Million Genomes.

9%. AWS HealthOmics2t Nextflow I}0|Z2tQl
= &0

* AWS HealthOmics2| 5X1} sl 7|52 dHE 4 o},
* Nextflow 7|dt IIO|Z2Q1S e I34 MHIAOM SEl= &

2 RIS Ol 4 L.
. Y3E29 A%, 92 HO|E, B2 HEO| 58S AN 4 ALt

sl 2
* HealthOmics= Lt EC2 ¥t 20| CHET}
* NextflowS HealthOmicsOfl HZstH O H0| HaiX|=7t
« O AFAHE HealthOmicsZt &1 O G142 21 2HO0| LI27}

2| QYA SEO| S Y

RUH 242 AWSOIN 2F M 7+ HAY 2RH5|= 2HE ALt A XHECE 2F SEF0|CH AE0|HE O] o
=X, HX FUANE OEAH HESX|, MESH %I@. manifestE 0|2 DtSX|, A=t 215 O{EA S2|SX|, ZHE
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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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o & HO|A it
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s T4 H2)

* htslibe= samtools, bcftools, tabix, pysam & H2 =7} Q6= O X2 A HS0|Ct.
« BGZFe QlB|lA = RUA| ZHE MY EF S5 S0l £& &47(|2 tiF HZE 7tsotA ottt
7

- 2HRE AE2|Y9| Ay 01H2 TA| CI22E S|T|7t OfL =), Haoh 7172 810f HIE 1t AlZtS E0|= Hf /U
« AEE|Y2 A7t HOI9t T At THAZ O ZOHAIT, H=X TR AZHO[LE H|S 8 =510)= 22 stagingO| T
XI55}

M
o>
A
Mo

htslibZt “20[X| gi= BEZE"0|2t11 22 4= U= 0|FS 7 HEfAH 2N LK 22t

BGZF2t QIHIA= off S3 22 x| AER|X| &H0M £3| O S6HXI=71?

BAM, CRAM, VCFE 22tRE0IM 2T 8= M 2424 OfH &£ XHH0| HQSHH, 1 0|f= FAN?
htslib 7|2 21 AES|dut 22 FAF ™2 O 7|E2= HE6H0F 5k=7t?

el N

Further Reading

» HTSlib. htslib-s3-plugin manual.
* AWS HealthOmics. Accessing HealthOmics read sets with Amazon S3 URIs.
» Samtools. HTSIib GitHub repository.
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* AWS HealthOmics. 2026. Accessing HealthOmics read sets with Amazon S3 URls.
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C library for reading/writing high—throughput sequencing data.

» HTSlib. 2025. htslib—s3-plugin manual page.

+ Samtools/GA4GH. 2026. SAM/BAM and related specifications.

—
—
02

. goofys, s3fs, s3fusell S3 OIRE T+t

« S3E MIYAAEKNE HOH o= =72 SHS HHS & ULt

* goofys, s3fs, s3fuse AE =72 X0|2t StAHE O|aE 4= UL

« “ORESHM M= A"t “0fE2|A|0]M0] 2|F SIE o= YWAI"S H|wE =~ UL}
* POSIX DfUA|A B ZHK| AE2|X[Q] X[O|7t & KIZEE SH0| QS F=X| dHE & Ot

o
o ;ﬁ

s

s »e
« A

TAS2 S35 22 HAEHIXE 20|A st oh=7t
. LG Ao

40 M= BH2I5HRI2H O A0S 2B
YEs £70 T O Z20 B UIX| ¢ FSE 2RI}
S32 9= TV} QLIS OIRE £77} A4 M0l 0RE 2RI}

Ly

10z
o Mo r.

S3E “DK2E"st HOXl= Ol

S3= 2RO AX| AEEXCL & WSHQ 2|54 IEAARXME CHE|E, inode, It &3, & =4, AN
renames 7= HM=Z EAE MYL70 OfLLy, IO W2 AAZL S3E 22 CIAMEZ|ME O2Estl &

otz HiE= 24 =79 8T/t 6Ts| POSIX U HAZE SHO= HAE UL, AFZHEY FEE:
open("/path/to/file") IfHS THZ STtz FO| QUACL HY0| XF SHRE0N SRS o 71 HA =l
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SHYE HIZ O]Z0|Tt. “S30f M2 U=H, W == 2 HI URIE U2 £ H=717Es HE2 R
N putat=

0|t} S&ok= 0| FUSE 7|2 O2E EFLt. FUSEE ARSAL SZHOIM DFUAIAR QIEJHO|AS ook off F=
ABOICt. CrA| 2ol /22t OfZ2(H 04 MO|0fl MH7|E St £, OHEEA01M2 BRSH IIUAIARXME 20|=
25 ME0HX|TH AH| H|0|E|= S3 APIE Soll 11 M| == YAI0|T. [M2tA OF2E =719| iy 7iX|= dsEH
S0l ATt OHE2IAH0|NE IAH IX|X| Z1E S3 HHE MUK FFE 4 UA &ff 7| FO|LCH.

=Lt 0 HOlY2 QoS F27| &Lt S3E OR2EWCIY oM S37F ZAL7| POSIX TUAABOZ HAISHE A2
OtLCt. OF2E Z= O{E7HXILE HY ASO|Tt. 0] HAO| & S= YFZENME IR RFESHX| 2, x| AE2|X| 2t
IHUAARO| o0 X0|7F 3A EE{U= FZENME gA s AotLt Ol 5 SEH0| Zrsitt. M2tM 0 F9
EUH2 "OI2E= OFO0| Ot 2t M HE™0[2t= AHES Olsfishs ol AT

(e

FUSE 7|4t S3 OIRE= 4H|E £AS HHSI=7t
o o

HSHQ IIZAAROM Z2OH2 TIUS 29 9IX|Z 0|SotLl, UK HIO|ES FO{ALT, QA TjUS T
renamelZ WHGIT, IIY MIOZ ZA| MZS XHSIC}. 2K AEZ| XM= 0] 2RO0| 2 MESHK| &
S39| 7|2 Heli= CIAME{2|7t OtL|2t Z4R|0| 12, rename2 E& “=AL & AX|"=2 FLY LOF 5tH, x| RS =3
CHAL M K|S CEA| WOF ot= A7t BT 2t FUSE 7(8t OF2E T+= Haol F= HA|Z HHELE 0] Ot
MEAAE 255 AKX AECX| SE2 A& HYol= RES HE=M

Of X0|= MIEtH|O|E{Qt LBFUME Tt TIUAAROM= CIEZ listing, IfZ 27| 2fQl, Aot HIE, =3
AlZt 22 Rt 2N +=Z0A 012 XHAAEA CHRIZICE 313 S30|AM= listing0| 2 API £F0|1, LEIEZ|=
AR 2477} OtL|2t prefix 7HEO|H, DY M3t 3 Q0|2 1= ZX| 20t AWS2| Mountpoint for Amazon
S3 M7t *0| 7= 22HRE HIOIEIE I 2EE lofl BALACH, ItY AA” FX| POSIX 2|0|E2S HISSHA|
P FAlok= 01R71 0710 ULt = OFRE =718 M= =7 A8AE HoYS e Y, €& oIES

HI|5tALE R3leh= FZ A0 S2tMA| E Tt (AWS 202643).

SHYOIZE 0] S “S38 EOI= W HIL “55S HOlshs 72 MBGHs TO| B4 SO T240F of K2 THI0|
oS YARCOIM F 47t E5Y 4 A=K, 9 rename-heavy THO[IL2}QI0| H|ESHY 4 QU=X|, 2 SOLiteLt
lock THIS 40| M ATEQIOT SHIS UOZ 4 QU=X| NHARA 0faf2 + UCh OI2E =7 H2AS £0]
TR, R AE2IX|| 2US XIS T

=, =

rin
4n

o

)

L onrr
rr

i)

(T
o
0*

rr
62
rr
o

goofys, s3fs, s3fuse A&, Mountpoint H|u!

AYOIM At A El= == A M 272 U= &= UL AW, goofys= &2 X2l Hads SHE o S3 54
ORE =Lt 34 README= goofysZt close-to-open consistency, 22 47|, multipart upload, C|2E 2]
0|Z renameS X|otX|2t, StEZALL o223 3, Y9 x| 47| Z=2 23t POSIX 7|52 XIE6HA| =0t
Aot £ goofys= S3E Z[CHet HIZA| {11 M= 0| ZFS HE U, IIUAAR Sehds LR ELI(or =512t
Olai5tH =ICt (goofys 2025).

=M, s3fs-fuse= O QefE|W H2| 2T HE HSO|Ct. HFLIE|IWA = s3fusedt= BEHS WA MA] 0|H S3
FUSE OF2H MHIZ 7i2|7|2 2271 2O 34 NHA= s3fs7t FUSEE Sdll S3 HAZ2 24 OIUAAHKMH
Or2ESHH, 3 HHME multipart upload, MH & S35t IAM Role, requester pays, 7{AE endpoint Z2
ZH2 WS MSeC Aot & sekdut 4 A HoM= 20| UX[2, J2tF 2HXI} OfsHoHoF &
SM1I M5 trade-off = S0t (s3fs—fuse 2026).

MY, Mountpoint for Amazon S3= AWSZ} Z|Z2 HMAlot= 22HRE Y|O|EIE "ISHOICt 24 2ME= Mount—
point7} S3 ZHH|E MAUXE 2ot ol FH, =2 7| M2 0= 7tsot 452 SHE ottt 4FSICL SA|0
7|F MX= AH7| ME0|2, M OY MM2 JHSSHXTE Qo] =, CIHIEZ| rename, A=Y 3, IIY &g &2
2AXSE POSIX 7152 X|R6HK| =Lt HAISICE, & Mountpoint= “S38 X DIUAJAHIOZ Sl L= HE
HAY|"27|HL, 17| B Y YFIZE0| £AstE S3 ME W2 AIS0H 7HALH (AWS 2026a; AWS 2026b).

Table 12 M| 7S WSSO 2 H& H|Wh A0|L}. X MEHOM= 2SHA|, HE HH, FHA| M, 2T LA, ¢
HEI7EX| O A THOF SHX|2H, =25 XA HAMAM = FUAE 21X atet =4QUXIRH HA = A0| S0t

Table 1. CHEXQI S3 OK2E =7 H|W

(]3]

—-—
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L FEH=H PSS OFN L= H|f o= &Y
goofys St A 22 27|t H|lwH 24 POSIX HE ei7| B4
S3 OIRE 7IHE S& o|0|22 XIS 6lX| GOy H2, ZHetst
%S opo| =2l
s3fs-fuse / HE SetMut M Crfst MY 22Xt ME HAHA 27 HE,
s3fuse A|Y {94 Q15 -5 8t-endpoint HESHO| 2 HE OIRE M3
INEL
Mountpoint for X2 2Rk AWS z|X3st, i 7|E M| 7, 217 A HiX| 2,
Amazon S3 H|0|E|E 17| 7| YIZE0 L rename, M2 S 35 reference Apit
Hero| 2 N
= [ ) | — .
mold Fo U= dsi ojoj=22| &t
OF2E =417t MMM 2ME Y27|= 0|Rf= ) “L2|tf"2h= SHitC|2 MHE X2, MX2= O £2XQ1 0|7t
QUL A, 22 mAo| 01 2 I listing2} stat SE0| ZSSICL A AEZX|0M= ClE2Z| LIS 2Qlot=
U XAI7F 24 API QEOIEE, 01 JHo| 227t MUZ FAZH0| 2= YFEE= 2Z MIYUAAHEL &M 2 BEHS
Ors & UL =M, renamelt LAl I WH|7 B2 YTEZ = A SAIR AH|IE EHEotA 2|0 8= 2R
ALt AW, random write, mmap, lock It 22 SEI2 OIRE AS0| 7+ H{AHLSH= HEO|C}.
0| EXl= ME™ESN £3| A3 E{HC}. B2 =77t 57 IUS PHED, M3 & renamedty, QHAS MZ
M T

M lock IHUOILE A CIHEZ|E M3 AHESH| IEOICE OE S0 EE 7 IfU sort shard?t LHEC =
M= Y3 E2= S3 ORR2EELCH EBSLE 22 NVMe scratchZt &M ST HHHZ 0]0] M= THY reference
FASTA, annotation bundle, 21t BAME 97| M2 =2 08 LE7} 3R]5t= T AM= MountpointLt goofysZt
o HEXMY 4 QLt & OI2E S MM “S3E £ = UL 7 OtL|2t " T2 EJ DIUA| AR O|0|ES HOtLL
L5HA 2FSt=LE 0] Z2f QUL

AWSE 2020 1282 H S39| strong read-after—write consistencyS X&otX|2F, 0]Z40] POSIX TrUA| ARt
SUGICH= 552 OfLICH A =& L2td0| Z0IRLCHY oA rename HIEO0| Al2tX|= A OfL| 11, It EZ0| M7|=
A OfL|Ct, Mt EEXH= “S3E OfX| 2ot Yado|L 7 MUAARMKME M EC" 11 3lsiAM= ¢t #Ct. st
LLHE2 S0 JHHO0|X| 2, N AEZ|X|Qt IIUA|ARO| O|0] Xt0|E X9 F= OFHZ OfL|CY.

htslib®] X1 M2} H|@5te £210] ChE7L

10E0M = htslib2| S3 22 01Z2|#H0]40] S3E X Olalidt= HAI0|ULt. 0] HA0= FHO| ULt =517t
BAM, CRAM, VCF| 7129t QIHIA S &0 oDz HQ ot HIO|E HelTh Q7ota] IUAAH 0|ES HX|IZ U
2 HT} Gt HIHZ OR2E Y42 0iS2|A01M0] S3E ZE ME 71ZE F2 QHH0|AS RAIY 4 ACt= FHO|
QUX|TH, T CH7t2 H H[E} O|0|Z A0|S Het=Cf. [MetM & A2 A 2A 7L OfL2t M2 BE 2XHE =
HERX|CE.

Table 2= 0| XI0|E Tha=3tot Z0|Ct. S}40] 71& MXf 25{0F & X2 “S3E A eig = U= =72t A el=

HO| N2 O MHAAELY = FHOI|CE. OIRE= = YAl Setdat Met7| HoldS flol A= HXE HOZ HiE

HO| FH=tolLt.

Table 2. %3 S3 21t ORE WAlQ| HW

2E OHE|A01M 21 HZ S3OIRE &7

71 S3E Olslist=7t OHE2|#0|M &= 2to|= 22 FUSE H9 A3

22 A7 z™st I AL QIBIAS o OIUAAR SES S3QFYO=2
Z|Matot7| #lE HIEOZ HE 8 75

HIAHA £ S8 =7t URIE OOk & 42U RJACH HE Jts

POSIX 7|ti2tel 5= Hg =2

HEY HH BAM/CRAM/VCF 2H &9, 27| &4l reference 2, WHE 0|4l
object-native workflow Mot 2| HA| X| &
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AT YTZR00MQ| FATQI AL K|

JZEOHH A7 YA = X OF2E =72 MOF 2771 7HY SAXNOI T2 "2t E Q17| Z4 Xt HEA HZES
my"Ct. o€ =0 & reference genome, Y2{El variant resource, annotation bundle, 0|0 4 Z1 BAMI}
CRAMEZ 02| EON ¢7| MECE ZFRotz YHUAM= OIRE =77t I R8T & ULt AWS HPC E21%
20264 12 MountpointZt Nextflow on AWS Batch YT ZZ0A 2 H|0|E{E stagedtX| L1 HIZ 4= THEIS
245t & 2E U™ E 24 scratchZ SAoHs @ H#HS 50|10 A+ S M, £5| 47| 12 U™ 24X 0= OR_RE
ST HEHY 2 AL (AWS 2026¢).

HHH M7 S &Y, 2ot rename, O|O|E{H|O|A T, AA| I}AUO| B2
XEHO 2 Mot T0|Z24QI0= O2E =7 E 7|2 B2 A e
FE|, ALt B2 HAI= EBS, instance store, FSx for Lustre 22 MUA|AH HZ0| Lot AS2 = Ea|sh= H0| o
OIE 7tsottt. 2= £2 2A= "HallM OR2ESITL 7L OfLI2t, S3
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= TE0IM L2

goofys, s3fs, s3fuse AE, Mountpoint= 25 S32} 7|& OjY SA ATEQ0 AL0|2| 722 M= =1Lt SHX[Dt
0| Z+=2 HIRLH T oM = MA|7t 12 Z0kK|= A2 OfLC}. 22t
M UAO| O XIHAZYX|D, OIRE == MEHT| S840

FAE TOL FH Holgit Fgd AO[0IM O L2 MBS &
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* S3OIRE T7'= A AEE|X|E POSIX LtUAARKEY T2 Hp= X0| OfL2f, 255 Hdk= A SO
* goofys= gt X2|F0, s3fs-fuse HE2 HE SEF0, Mountpoint= 87| S S24RE HO[EIE

NS0 MfXMo 2 =H™MS =L
o A2 OAU0| 211 renameO|Lt random write7t 22 I === S3 OIREQL & ShX| ¢f=Lt.
* BAM, CRAM, VCFXMZ 0fZ2|#[0|M0] 27 SIE Olaie o~ U= d20|= OIRERLCH 2F &Z20| tHx|= O
KHAAZLCE
« OIRE &&= 97| M8 3R] AHMO|L} 2| AHA| AZEY 0 AZAO
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oh
4o
0
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FUSE 7|8t S3 ORE =& “HY AF"0[2t1] EE= 0|R= FAAUIW?

goofys, s3fs-fuse, Mountpoint for Amazon S3E= Z{Zt 2SS O £Q61H =|Hslst=7f?

el strong consistency?t EQIE|ALCHT SHA| S3E POSIX IUA|ARIKEH CHRIE EICts S£2 OfH7f?
KA YIE=Z0(M OH HA= S3 O E0| Metolll, O HAl= EBSLE scratch ClAT 7} I X§toti?

JiT
iflg

PoN-

Further Reading

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

References

* 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?| 7|2 gt Y = UL}

« QYA HIO|H B0 SageMakerE 1A 112{8 = /=X| OlahE
- LES S5 &Y, REHEE ME FEY = UCH

« MSHQ WEFHE S No| T2l MAlZd YAZ=R7F O{EA AEE=A| B & UL

Ct.

+
$0

Py |
o =2

+ SageMaker= =St Jupyter AHQF £210] CHET}

o RUH| HALA| HIO|E] 2H0AM O{H FAQ| B XA Hetotst

« MSHO MEFHsH mo|m2tel Milgd YIEERE= OEA HEE=t
+ Notebook, Training Job, EndpointS 22} 1| MO} 5t=7}

JOII
>
Mo

SageMakerg YA EM0j|A 0{C|0f| =Ot0f Sl=7}

oA FMO|A SageMakerE Ololidl= 7t £2 W2 JAE “dEEEs I0|X2I0IZ iAot =72 EX|
o= A0|C}, T, HO| SF, U M, QCHE HA| HO|HE 24 7t55t YEHZ HHE 2PE2 04 T3] Nextflow,
WDL, CWL, AWS Batch, HealthOmics 22 ¥I2E= HZ0| O XIAARLE HHH SageMaker= O|Z A M2/ =l H,
feature matrix, embedding, label, O|0|X| Et sequence representation Q[0f] EfA DE Sk& =2 MG 17|
HEE %= AS0 O 7FZCL & SageMaker= d=8E350| ATS ASH|LCE, O 20 HAlZ e HSAEH

= o — ol =] —
SN2 22 O3S UL,

MH|A O|Z9| HSIE 07|A FH1 HojZ QI QUL AWS IS4 EA0]| TEH 2024 12 3¢ 7|& Amazon
SageMaker= Amazon SageMaker AIZ O|S0| HHRULD, Z2 2 “next generation of Amazon SageMaker” 7}
HOH, 24, AIZ OIRE2= &% SHF2= LHEUCL MEtM 25 EAME HE Il SageMakerch= 0|52 & 2
O|0|E 7IXIC}, St BHE DS 10 StEotd HiIESH= SageMaker AIO|L, CHE StLb= Unified Studio, Lakehouse,
Governance 5= 28t O 2 S8 SUSO0|CL S440] O] EMet F2E L1 UCH M 0|50| A0 2= 2
o SHAZCH(AWS 2024a; AWS 2026a).

QUIA MMM EH 0] AX= Q35|23 XIHABLCE H|0|E NAY AR YTEZ A S3, HealthOmics, Batch,
Athena Z2 AIS0| 7|1, 11 ZHE 7HX|1 28], 3[H, 283, A 4, AT 4d, foundation model k&1t
FE2 $H5H= HE O 2 SageMakerS M EICE, MH2tA 0] &0|lM SageMaker= “Notebook 7" 2 FH| HOtA =
ot =Lt LES2 XUMY 20|11, MM ZHS OBt ALt RH 2HZ st He|y SEC= |0 ECLh= O
ULt

Notebook, Studio, Unified Studio, &t& X2 0D A Ct27}

ERA} JHE 20| HZB|= HES SageMaker] SIPITF A% TS B H0{a|2 B JO|C SHX|P AREE
o1510| 22]/0f AUCF LESS EMTE NSl 95+ 5K 21240]1, Bl Kel(training job)S TZ9} HO|E{S o}
SYNO R AIBE|= 22| U] SHE0|H, A7 endpoints BH50| Bt DHS MH|AY X202 L 25= HS0|C,
If2tA] “SageMakerS £L1 = T2 E25] JupyterLabS 7ICH= 50| OfL|2t, WO Tf2} T2 Als R = Metstcts
=0|c}
=oc}.

o710 =29 Ul H&7F HXEICE AWS EAM0| MEM 20234 118 302 0|MQ| SageMaker Studio HA&2
SageMaker Studio ClassicP=Z O0|20| HHYRUL, 7|& workload SXIOZ0t HOl OM A 2EHYLS
SHERUCE. 0|F2| SageMaker Studios= Z|A ML workflowE & A&0|11, 20243 128 3L preview= S7H=
SageMaker Unified Studios H|O|E{, SQL, Al, ML =71 ¢t ZZHE Ot &4 CtR= A9 S8 2+40|C}
% 25Y 50| M2 HiRE 7IEH2 Studio ClassicO| OFL|2t Studio®t Unified StudioZtil O|a5H= HO|
gt (AWS 2026b; AWS 2026¢; AWS 2026d).

Table 12 2UA EA0| ot F2 Al DEES Falor 0|, S0t A2 0T SHHO| O Z|AQIZHELDE, OFE &0
CHated S0 Sta1 Of™ 20| BiX| Mol X=712 F&06k= LO|C}.
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Table 1. SageMaker2|

M QA Al od5t QOIA GA|

Notebook L& JupyterLab CIOIE] B, A|Zt5), 7HH2 A3 PCA, UMAP, QC plot, feature
engineering

SageMaker Studio ZA ML S 71 otF DAY IE XY, job £

SageMaker Unified Studio HIO|E{2t AIE i TR = S& Athena Zzt B H0|E Xttt BR,

OZHE Z7t ML 2 A

Training Job ZEAO0|L Mo 7tsot 2| ehE genotype matrix 2877 &5,
gHald 22 pretraining

Processing Job L= AFZE M3l HMX2|2} feature preparation VCF &2|, cohort matrix Het,
AL ALt

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

Batch Transform E= QI 20l CHEf Ol = HHX| A ME T HX|0| Tt risk score

FE et

Amazon Genomics CLI2} Nextflow Zi}E SageMaker=2 HZ&ol7|

QUA mMilgdel A ¢ A HEHES "FHR YESHEEs A2 QI EE ARI0| X|ot, Aot ofMat HHHS
Sagel\/laker7f ZE=LPE AECE AWS HPC E219| 202249 OiKl= 0|8 MR WEHOo=Z HOo &Lt 0] 20A]
A= Amazon Genomics CLI(AGC)7} AWS Batch 7|8t A&l 21243 Xt LMol fetchngsZ SRA H[0|EIE
FASTQE HI 211, O|0{A Sarek LIO|Z2tRIO 2 variant callmg% sist Ot £|F VCF A1t SageMaker note—
book@=Z EA HSEHEH EAM A|ZSIE ZIHTICL 0] SE2 S0 IJH 2%t HAIXIE &Lt HAZd2
MEXESHII0| T2l 0|F0]| go|= “3Xt 24 A Z"0|2H= Z0|Ct (Nocaj et al. 2022).

Ol HEIQ| A2 & JIXICt AN, DHO|Z2t01 HHA|IQF RIS HAIE FEE|O =M 2t A0 71 Xgtst A 4
MEHSE o~ QICE MW HO| S &2 U7 workflow engine, container, batch queue?t O & St=LCt. ._fE At
JHE|0H _Er DS Aot AZstols g2 LES 8t40| O AAALCE =M, Y= S22 S300| FH F
201 HAECH = mo|matelo] Bt & MM= VCF, TSV, parquet, summary tableS SageMaker7 12
01 O|0{A{ EfAISHLT 3—.% 2t o= QC}.

L °°

ok

SHH0| 0] 2XZ 0|5H51H S geMakerE SUQGHA IHESHK| YA EICt. SageMaker= BWALE GATKS Al =8
F= MH|AT} 0H—|Ef SHX|Zt BWARF GATKZt 2t= ZANE feature tableZ2 HE|5t1, STAME IHES A|Zt5tst
Ol ZEO|L 28 Z-S S2ot= H|0l= 0 X elolct. "o QUA AAHIE 0] & HAE 8H ‘_'-*71@ =X| 841,

workflow for transformationll} SageMaker for learnlng and interpretation@=Z EYA|ZICY,

1000 Genomes Gi|H|2 2= tertiary analysis

0] &o| & Hmj sHA IJE{2 HealthOmics + Athena + SageMaker ZXP0[Ct. AWS Industries 22 1= 20254
1¢ 292!, 1000 Genomes H|O|E{E At3H population variationg £Aot= S8 MAIZHCt. 0] Of|H|Q WS
7}X|= PCA RHH|ECY, 2 HO| CIO[EIS OEA tertiary analysis& T2 2 HAZSH=X| B0 ECt= O ALt 2 |
SEZ2 i=f O|HL, JE HO| A3 AWSOA 22| 7tsot XN AZSC = 71421, Q8 cohortE Athenai
el &3 S, SageMaker Studio®lA] PCA2} A|Z5tE 83t (Tzouvanas 2025).

0| Of|H|7¢ 39‘?_* Olfe EHE‘E HH 2M0IM HAl2E MA2(7t 2 H0[E 2o EXM2ts AMME B Ho F
Ij20|C}. PCAZ 6}315 A2 MZ x HO| 8™ L= QOF feature matrix7t IL'°0H1f JHM O HEE UE
CHA|0|A] 0]0] cohort filtering, annotation selection, population label H2|, missingness X{2| Z2 0| &
Z QUA HAl2d2 “HiE2 RURE Sdl= 270 ofL2}, Aol 7kset M ASH 4S8 24 HES Qo
Aol 2N TP

Table 2= 0| IHEHZ SHEEO = Q95 ZI0|Ct. 0] == 1000 GenomesH|2F SHESHX| =Lt
disease cohort, single—cell feature matrix, proteom|cs abundance tablet|= 72| JICHZ SHEF=ICE

Table 2. 22A MLOAM Xj5= M= AZA THH
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HAl EE= =8| HI0[E XMF S3, HealthOmics THAIR 7Hs38h O|O|Ef RpAF H2F
H|EtHIOE TE{Z 2 cohort Athena = SQL A QS MET} feature HE| F517|
selection
feature matrix A4 Processing job, notebook, DY U HE= Het

workflow £
S IF A2t} Notebook, Studio, Unified Studio  PCA, clustering, QC, 7td &4
Ao SageMaker Training Job NS 7Hs6t kst e AN
HiE = BiX| =2 Endpoint, Batch Transform AH| AF2 E= IR scoring

Alg pg0flA genomic foundation model77tX|

2o/A M4l2{J0[2tn otH ZEAL= ZHI2 7ot Hald ZARE MES2|7| &, ofX|2h AH A3 M=
25, 39, A =4, AU A, O|MX| BX| 22 HuH HEXMOI 20| 65| iR SQ06ICE HE S0 2Kt
ME 9| subtype 25, Ud signature 7|8t score 0=, variant burdeng 0|28t population clustering, single-cell
embedding #A[4+H2 2% SageMakerZt & Sf= Zei0|Ct. £5| Q20| 0]0] S301| A1, T2 AUE notebook22
2folot 7 a5 AU 7|1 A4S I SageMaker?| 22| Aol HRO0| ZFS HICt

3 9o o 2 SXOZ foundation model AZE0| QUL AWS Machine Learning 22719 20243 =2 AWS
HealthOmics sequence storeE Q2IA H|0|E| XZ& HZO 2 AH23St1, SageMaker Training= 0|23l HyenaDNA
A& genomic language model2 pre-trainot= OIS MAISICE 67| 28 HAIX|= “QUA MLO| |4 S E
Z= S3 E= HealthOmicsOfl F2|& HI0[E oM &2l ots HYUS Sdl= #X"2h= ®OICh. & foundation
model0| SEoE H0|E AS1t sk& A SS9l 22l= 0§™o| SX|EICt (Ariyawansa and Handley 2024).

Ctot 2= El0| foundation model stackg A #5g 2= gitt. HREQ HTFADL HIO|QH EI2 MK &2
supervised task, embedding 44d, notebook 7[gt EHMOAM O 2 7tX|E Y=Lt SMA= 0] =ME
= 0| ZQ0iC}. MY SageMaker = o|1, JCtZ00F 24F Sh5ut Y RR=Z SHESH=E 20|
HIZZISHC. £35] single—cell2t spatial omics®| HIO|Ef M2 AS2 M2 SotE=Z, 1 222 130N OFE=
chunked storage®} remote access /1 17 &= MO0| A

HIZ1 2F HES 0{EA FOtoF ot=7t

SageMakerQ| 7}& 5t Q3fl= “mta|E MH|ALITF QOLA M YOLN S Z470|2H= 7|CHC. AX|ZE= Note-
book, Training Job, Endpoint2| H|& F#X7t CIEE 2 A ZF0| 5| MEdsHOf St

20[2tH CHatd L EFO| HESHK| T, o= AZH E= 20| Z2|= oF52 Trainin

St Ot CH2F 28 Z40(2tH A A|ZH endpoint2 Lt batch YA10] Lt 2= H|IE £ X3}
7 F= A0| OtL2t, Al REE SH0|| S| 22|5k= ol ULt

QEA BMA= HIOIY fIX|I= S20ICt. Training JobZt 13 S3 H{Zl, HealthOmics sequence store, Athena

query resultZt Z2 2[& Qtoi| U0{0F 2HO| HEst ME HIE /T E{EL0. ESH notebooklA 35| &
S0i7t IEE ZHIZ =28 Y4t DO|ZEIRICE AZIsHA = ¢t ELt. XM U= sH&S 2lotH T HH, H0|H
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snapshot, It2t0|E|, 40|l O|O|X|E 22[cH 22| job2 2 SZA|7{0F otCt. 0] A2 A2 random forestOf| A
& genomic language model0| O|27|7HX| 25 Z L},

SageMakerz= QUA EMO| M WHE =Xt HESH= AMH|AT} OFL|Ct, CHA S32F HealthOmicsOil 2| HI0[E,
Batch®t Nextflow?t Bt Z1}, Athena?t o] & cohortE HIEQ =, EAHY|A st&1t HI7HX| 0| K|= &2|& ML
AEE MSstCt M2t QAN M SageMakerE & £Ch= A2 “222E0| JupyterE Z2CH 7t OfL|2}, H|O[E
mo| =21t R mo|Z2fQlo] AAIE FE|5til 11 AO|E FEMO 2 HASH= Ul 7FAL.

L=

sAl JH el
* SageMaker= ‘Y= IO| 22015 Cixl|ot7 | =L, 11 A0t £/0f A2 S X8 2AS Bl ASO0IC

» 20243 122 3¢ 0|F sageMaker AIE= 7|Z& ML AH|A O|£0|10, next generation of SageMaker= [
Z S8 SME 0|S0|Ct.
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* Notebook, Training Job, Endpoint= Zt2t B XS 7156t at&, MHIAY FE0|2t= M2 OE S
7HEICE,

* AGC, Nextflow, HealthOmics, Athena®t HZ=E [ SageMaker= 22A tertiary analysis| Al HZ0|
EICt.

» foundation model= =Q36}X|2t, [HE
HiX| SHEOIA A LE2C).

9|

=

™ 7tX|= &2 supervised taskt feature engineering, AlZt3},

HI

Py |
=

SageMakerg H&%t Jupyter MHE O[|3H5HH =X|H| &= it 7|52 FA2I7F?

oA EM0|M workflow enginell SageMaker?}t 242t 7| £22 a2 .
HealthOmics + Athena + SageMaker IHEIO| tertiary analysisOfl Z{&lst 0|Q= F210I7}?
Notebook, Training Job, Endpoint= O 7|=O 2 MEHGHO} 5H=71?

Jjr
o>
MO

pON -

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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13%. E2tE U|O0|E|H single—celll} spatial omics — Zarr, AnnData, OME-
Zarr, SOMA

sl 20
iR single—cell2t spatial omicsOflA] 24 2AI0| MA HZEMQIX| AHe o~ QUL
 AnnData, h5ad, Zarr, OME-Zarr, TileDB-SOMAZ} ZtZt O FAMG AIS0| JY=X| L2 4= QICt
* scRNA-seq} spatial transcriptomics?7t & MZZ CHA|SH7|2CH 22tot=X| MHE 4= QlCt,
« AWSOI[A S3, 24t AL, A AZHSHE 0|83l 22HRE HI0|E|E 2BA EM S MH|5= 7|2 At AZ OlahE
4 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 2 mHE Q| H3HE Sot=7t

* OME-Zarr%} TileDB-SOMAE= Zarr2t O{TH ZtA0| o0, K| M2 CHE MEIX|It El=7t
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* Part A. off Y S A7 BHEEE(13.1 ~ 13.2): HHE single—cellO] 122} ZH|7t & H{iZ.
¢ Part B. XZ 2=RIo| Mgt (13.3 ~ 13.4): ZarrQ| chunk 7|8t 21t AnnData/Zarr &t

* Part C. 32t OIDII'OE°I 2%t (13.5 ~ 13.6): OME-Zarr, SpatlaIData single—cell + spatial S&.
 Part D. E21Z1 ¥ (13.7 ~ 13.9): TileDB-SOMA, AWS MM HiX| SHAQ} FO|H.

7HE0| XE0|2tH Part A — B A2 £ 220t HX| 9111 13.9 29402 HO{7tE EC}. Part C, D= HQ&H I CHA|
=0t FZ&5HH E O,

Part A. 2ff It S A7 FURE=L

2 download -> open IJEIO| FLYX|7| A|ZSH=7}
2 M=St H0|H 242 3=t E HHIE HEQ R LUHsH 2Tt 0] WA 2 bulk RNA-seq
H|O[E{Lt MIStEl =2 ’.‘:'.*re"é OE M= S25| 48X0|ALH.

J12{Lt single—cell, spatial transcriptomics, Cts 2 &
QoA JTGHAE S10(ZF O[0|X|7} XKX[7| AI 5%5*1 H=2 ALEC MO 2 UMM HAY EHECE OfH|
=M= IS OO0 XMESt=L7t OtL|2t, oot M FE SHA &, 32t EE O|0|X| sH& =0t =2t Hi=A|
o s

OL- O™
Ol B2 A 4 QILLER BRI = 2ol ZA TPt Ol O 0|Sal7| AIKtE Zi0lck

O] Hat= EHaot MY %ﬁl°| XI0|2 AFol7| OfFLt. G T0= CIOIEE of M 2Z0| U™ JLZRHE= HAS
S0 B 22|k ME MH EACE, BHH 7—*.'7<1I AEZ|X| AlCHOlE HIE JEE A4 OH =2t= 2 H=X], 22 2R7t
GOt 2|, HEH|0IEIE 0{EA H2|ot=X|7t dsit HISS SAI0 2ot [EFEW 9""*9I omics WK =
O ZS M M2 Jt2 XM= R0, OfH M IEI0] O X 10t SH=X|E &H 72 X0F SiCt. 0]

A2 HI2 11 M&HS single—celll} spatial omics2ts 715 2 X1 AHHIE So6f MG

single—cell2 2ff 212} 2H|7t EIAU=7t

single—cell RNA-seq0| 7|& RMA| 241t CtZ 0|R= O[0|H 27t ME S~ECH M 0] 2o AYEICH= HO|Ct,
SIS AHU|A =0 JHOA S=EHDE JHO| MZEJt SHE(D, 0|z 2EMO = HIiSt cells x genes 5|4 HO|
EICE O] #XR0M= T ME L} FH2E 20| 2|7t OFLIL}, batch mtegratlon embedding, cell-type annotation,
LHE benchmarking 22 SHE HA 7L BME O 2 ALt E§=0| HLCL & single—cell AL 2122t 2XH|=

=1s, ol o 714Ct.

AWSZ2| Open Problems Atg|= 0] MBS & 20 Z=Ct. 20| JHZE Docker container?t Nextflow workflows=
AIX| benchmarking ZAHO|A ECR -> Nextflow —-> AWS Batch -> EC2 Spot -> S3 X £ =Lt 0]
SAUFO X2 HY A4S o ¥ 2| EU= A0 ofL2f, Z2 HIO[EAI0| ¢ %*ﬂﬂlxo = MEstl ds3
H|wotH, spat|al deconvolution Z+2 MH|TIX| SUSH M3l HS0M TWII5H= AOICE & single—cell 22IREE=
‘O M ME"ECE “THS 7hsT iR Hlw A0 O 7P"Ef. 0] M2 O|al{oHOF single—cell Q1ZL2}7} off Ml 22|
X7t Ot 2t S E A X7t = U=X] XAAZAH HO|7| *I’E.*OHZF.

Figure 13-12 7|29 It IS4 HZ2 1 chunk 7|8 &4 ™22 AI0|E /18X 2 H({ &L}, Z2 H0|HE =L
otCietle, 0 T2 HIotLiof| Met WIEST =, HEe| A, HIE 27t 2+ FEHTLE 0] X017t & 224
14|0|E|E QTIAO| ZHIXQ|LC}.

Figure 13-1. “download — open” vs “read chunks in place”
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Q £2 W TILL Zarr= NXHR HHEE L2 chunk SHIZ LIR0| XZketD, 2+
b B2 CHECE. AWS Public Sector?| Zarr on S3 22 HIZ 0] H HE0| 7”I1|
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YZICH" 7} Ot 2t, CH A = MILMS 7oA off ECt= Ol ATt S2H2RE HI0EIE 240]2t=
L2 74 Ol chunk 7|8t HZS HX= STt

SHX|ZE 07| M HIZ &%t caveat?} LIR2LL. Zarr= 2HS0] OfL| 11, S3 1 7I2X|H Q5|2 BEXEISHEICE
AH| st HI2L chunk 37|, sharding, metadata consolidation, object 4=, request pattern0fl ZA| ZtLEIC}
chunkZ 42 A ZIHH small object?} Z&5t11, request cost@t listing overhead7t & 2= ULt M2tA Zarrs
CHe TOHO R AJHSI7|EL, 2 AJlok= TO| WSXMOZ &M LTt

AnnData + Zarr + Vitessce - single—cell G|O|E] 22| 2L =%t

single—cell 20f0|A{= 0| 53 AnnData + Zarrih= RO E 713 &lA AHE 4 ULt AnnDatas ME x XX}

i1t obs, var, obsm, layersS €A CtF= O|0|E| 20|11, h5ad®t Zarr= 0|5 XSt M Z CH2 backend2t !

HiE= Ol 7HE NHARLDE &2 2M0|L 22 notebook &M= hbad?t G{M3| Ma2[SICt, 2Lt BtE 3],

A28}, remote access, larger-than-memory 240| ZQ06iE+SF Zarr backend®| HFO0| 7TICt. AnnData
=]

BEME write_zarr O S 24 APIZ HIZ5t1, zarr v32} remote access= Q8 X dfsto 2 Lt ULt

o3
ol

o

Vitessce Of|lH|= O| HaIE SPYS0H XMoo= HO| FL SE2 hbadE AL, AlZ3Et0| Bt embedding2t

feature matrix2 Mgt §l, write_zarr (O£ Zarr storeS 2511, 0|2 S30f| 221 ¥ 7|9t QIE2HE|E H0{0f|A

ZLH= YAIOILE. 3 single-cell BOEHS T O]A JHQIR S OISt DR 2| 9171, | AZ2IX| 0l £01 H{E S

XHato] ECt, Ol Zarre= Hheoh 24 ZOHO| OfL(2} Yt SRS Lot BiX| T=F0] =IOt M2 047[M AnnData =
, hbad/Zarr = Dbackend, Vitessce = / Ol2t= F3t &= 27 BiR{0F 20| E{ =L

Part C. 371-0|0|H 29| 2%t
OME-Zarr8} SpatialData - SZt28IA 2} 0|0|H H|O|E{Q] HE

37t28]A(spatial omics)2t O[0|ACE JHH 0] =2|= O ZSHZICt. OME-Zarr= M=3t 0[0[X|2t CHE SH:
OJ2t0|E, segmentation, annotationg S2RE FSINOZ CH27| I8t HBMO|Ct  spatial omicsHA= MIE x
KU HATC 2= SEOHK| LCf. HIX| ZHE, ME ZA, =2 0[0]X|, 042 sief=2| AlZtet FEE Sl CHE|OF St
it = P2 teet HoUt o2t HeHel 2F 227t Ett. OME-Zarr/t 329t
Olf= Hi2 O] HE[AAY H2S HESold of/| W=Z0|C}.

.I

=
SpatialData= O] MEHAE O M +==0|A Hlot= ZYUYAL. sS4 EAM= 0|2 Images, Labels, Points,
Shapes, TablesE 9 %t OlM i CtR= S& I0IH 22= A} WsHOZ= 0 &2 XA|7t IfL

~

FH
=
e

Q23IC}, SIS ZZHHAIE T3] spot x gene matrix2Rt B 1A, 017]0f O|DX|2F MIZ 2, $IX| Kk,
THY E7} S SOICHS HS 0fsHaH ECh 5 OME-Zarrs 27HQIA0| X&HH} HY #5S, SpatialDatal= 1
olo| S8t B3 AI5S 20| F= Mo|ct,

single—cell + spatial integration — matrix0|A| matrix + coordinates2

single—cell2tC 2= SE6IX| ULt AHAE SHH HIR{OF STt scRNA-seq2 MIE HAA1} O|2MES ME HRIZ2
HOo| FX|2F =& QM 1 MZZ7} L] /JRA=K= UHHEICE spatial transcriptomicse HIZ 0| BIES HX|2t,
SHAEQL QEXL 4=, A|OF HQ| ALO|Q] trade—offS 7HRICt. TI2HA Z|A HAQ| SHAMLS & = 5HLIE T2= 710 OfL|2}
single-cell + spatial integrationO|C}, ZZMALA| O|O|E= Tt 0| OfL|2f matrix + coordinates
(+ image)0|H, AHZE neighborhood, cell-cell communication, spatial domain, deconvolution7tX| EHH|
Sli&dsHoF 2|O) 7 HZICE,

ginVIE O S AMO| thEX O|A|CH O] RH2 ®X|0X|X| 242 scRNA-seq@t spatial HIO|EE &7H AtEsH
spatialOflAl 2|1 SHEX| L2 U YEHE FHGIE= M2S E0 0L CfFE 0|AZ2 RUSH EEME 7I12H
ZorE gitt. O 598 A2 off S& AAM0| ZQsHF=X|E Olaliot= Z0|Ct. single—cell2 ME HMA|MES MUSHA
MB35k, spatial2 22| WS HSSIEZ, E2 A EIOF HH| MS5HX siA0| M SEHTICY,
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Part D. E81Z1 2
CELLXGENE Census®} TileDB-SOMA - & G| 2 S}HE2 [I= ZUS Eisi=T}

O7|M Zarr2t0| QUSH Z0|2t T 7I12X|H 0|2 EHe6HRICH CZ CELLXGENE Discover?t Census= R
single—cell H|O|E HZ2E {lcH TileDB-SOMAE AME¢SICt. O] MEH2 Zarr7t EXACH= 20| OfLIZE, tens of millions
of cells #22| larger-than-memory &9|, cross—language API, HH= H|O|E] AMAF O HASH A7|OF 227t
st EAZOME 49 AE50| 2t = JUSE B0 ELL WSHOZE = AnnData + Zarrg AAL RUSHH0(1D
scverse SH2| 22, TileDB-SOMAS O 2 29| SHZY O AS= d%ot= HO| L. & =2 Y
HAZZ|ECH MZ2 CHE 28| 20 tiSsts MEf X0 72

CESHCELLXGENE 2311 Census objects FE56t= AT S23ICH i source dataset2 0{%5| hsad2 R SE
2= QUX|TH corpus—wide query HI52 TileDB-SOMAE MISEILE SH40] 0] Mg O[alotH “S2t2E HIO0|E|E single-
cell’0] & ofLto] HADHS SE6IX| Y=Chis AMES KIAAEA HOIEY 4 QUCH 2= 2 EY S0 st
SHT7} OtL2t, ofH F2of 0 ZO| IHE0f 0 H|0|E 2E0| U=X|E THot= SHO|C

AWSOA 2] MM 2% - S3, Batch, ECS/Fargate, SageMaker, Bedrock

AWS HEHO|M a2 A= 2Tt HI0|HE S30| £, 2ot £20 ¢, AlM2 H0[Ef 71710|0M EE = 3ot

Zlk= notebookO|Lt & QIEJH|O|AZ CA| Hdsh= A0ICt. AWSS| Zarr Atefl= geospatial HIOIHE 0|2 SX|T,

2l2|l= single—cellzt spatial omicsOIE Q| 12 MEEICt. Dask, ECS/Fargate, SageMaker notebook, S3

VPC endpoint 22 Xg2 2 H{E HI0|HE S2A4RENN &Y X2|5k= MYX IEHS 20 ZL. 528 A2
0| OfL|2}, IUO0| OfL2t chunkE A T2 HL= Z40|Ct,

Al A A H|EE @EkE HOf &L Sonraic= scRNA-seq cluster annotation® HealthOmics + S3 +
SageMaker + Bedrock T+ZZ XSS5, One BioSciences= tens of thousands of RNA profilesE CH27|
IGHEC2 + S3 + MWAA + Athena + Lambda®} GPU A}E ZEZUCL 047|M 528 M2 Al7t raw omics MHIE
CHA|SHCH= 2HAH0] OfL|2}, annotation2t interpretation 22 FHIE WSS F0|= oA AISC 2 2SSICH= AHAO|CEH
0] 0| M Bedrock2 “ZE BMZ ol F= AIZI"0| OfL|2f, & RS CIO|EQL YIE=2 0N OtX|2f shA HAE
EX5HE ASC=Z Oldlot= ™O0| MalsiCt, A= 22tRE UI0|EIE omicsE N, A&t A|Zts) sHA0] L2561
HAZE ofLte| E3E FXA= HO[0F otrt,

St 2| - small objects, sharding, evolving APIs

EZ2 Zarr2t 2225 HI0|EIE M0 = ST ULE chunkE LT &H ZIHH small object’t 43| 51, request
cost@} listing HIE0| & 4= ULt zarr v32| sharding2 0| 2HIE £0|7| /g W&0|X[2t, MA| 718 MR = A%
ZIgt SO0ICt. AnnData &AM 7|& Y5 7|52 O] Held dZ40| Y8z, WIMUAM= ME APIELCH 2|2 A7
aZtg 27|= 0| o ezt gt 22 S30i| HIO|HE SXCHY M XS = WEL FMXl X7} B A2
OfL|CY.

2 UZte SHH 72 X0} 3t compute@t S3E Z2 region0ll £=X|, private VPCOIA S3 endpointE A=K,
DSAM HZ0A 503 Slow Down Z2 AMSE YA ZLIHESH=X| 22 M= S2A4REHME X5 S0}
Sonrailt One BioSciences Z2 12 A2 A[ZF TS X|= St& HIX[OtZ 7} OtL|2} Atef| EX2t= M A
X{0{0f SICt. h5adS H2|XH= Z40| OtL|2t, 22FRE A|LH2| single—cellZ} spatial omicsOA = U1l

, LIOt7F Ol O = HO0{7}0F StCt= HO|Ct.
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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

* Kiro. Official site.
* Anthropic. Claude on Amazon Bedrock.
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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. What is IAM Identity Center?.
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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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UIE MiZote 427t O YWMi= hybrid cloudlt. 7|2 LHE X1, science cloud, AWSE &4 2Lt CHiml=
marketplace procurementC} EF ZHES US| 2230 AWS MarketplaceE Sdll SaaSLt in—silico lab EHES
ZE5= YAOIC Of CHA 7HXKIE 206 MA| Atef|7F M 2 SH6l Zolct.

Takeda, ImmunoScape, Goldfinch2 2= scale—out Ij&

Takeda Atg= 22l MH|AT} AR A AN OE XH0|E MHE=X| E0 == HE Of|Ch. AWS AJH0f| =X
Takeda= on—prem Slurm 7|8t RNA-seq 282 HealthOmicsZ &71%A 20,000 samplesE 2 THof| X2|5t12
22 10,000 samples 22| throughput2t 70% O|42| H|E M SutE AL HHSICL O7|M 28 M2
£ 7 XtH|ZH0] OL|C} immutable run log, scientist self-service, tag 7|2t G|O|E| 2t2|XZH 21t X{FHM 9
JHM0| 87H AZECH= AHMO| O £R5tH. & 22tREE B O Ee| £= M7t OtLEt, O Ol 7HsotH 2F85=
A AARS THET| 8t £H0] ECt

ImmunoScape At#l= startup® IEIS H0| ELt 0] &A= Nextflow?t AWS BatchE S+ Qg It
SlZol= 25 B, ME0| S0 Tt QIO2E 7|R= WA Z RAJML}. O] X2 A2 spiky workloadLf.
gt 2 SYHAHE AL Fe AEL, 24 27t S8 T &ysh= 20| O &2[HQl <7} Bt Goldfinch®t LokaZt
2O & 725 HO| 2M At T H|RSt e S &0 B2 I =2 /07t HRSH IO|Z2tRI0|A Cromwell + AWS
6| S3MC= RYY MELCH M O MAEE 4 Ut F AMHA A=

=28 2 CHEE At FE = SHA AWS AHIE

0y 15 Loka/Goldfinch o &~ 1/0, #2X 0|  Batch, FSx, S3
o[ Za2fel

e MHA Takeda throughput, 28 E&3},  HealthOmics, S3
self-service

startup scale—out ImmunoScape spiky workload, £ Nextflow, Batch, S3
MAFS}
O -

Y A= Basepair, Seven olmet T M, 3Rt IAM role ¢1Z, managed

Bridges provenance Ul
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=23 24d CHE At FE H= sial AWS AS
XEY EHE Helical foundation model 7|t AWS Marketplace, SaaS
in—silico lab

Seven Bridges, Basepair, Research Gateway= 2= data broker I§E

data brokerS t=3| 2 HHGIH 222 =X/ EC}. 0| SHE2| HAH2 H|0|H 0|52 Z[A8I5HHN,
AMEXZF QIS XH AX|L|OZGHK| t e M0t {HS +E5HA| off F= Ol ULt Basepair= 124 A2l S3Lt
HealthOmics storef| IAM Role2 ¥ZL|= connected cloud ZES ZX5ICH = H0|E = 12 AWS A Ot
=0t 11, SaaS= orchestrationdt visualization AISEE MSSICL 0] &= TIZ 0|2} Y SHES SAI0|
CHE 2= =20 A 0§ i HO0|Ct,

bility, NIH H[O|&{ &2, provenance &, GUI 7|8t O}0| 22}l MeHS ZSHA| LHMIY RACH Of7[A &40 HiOF
o M2, RE GEXPL Qlxet AXLIOY ERE QiCHE AMAOICE EMHE2 NREE =3 0= fd, Mgt
S MM S 50|= A7t 2Lt Relevance Lab Research Gateway= E CH2 HHEO 2 | self-service catalog,
shared S3 storage, AWS Batch/ParallelCluster, budget®} cost reportingS $0 7|3 ZEXE HMZSHCH 0]
Atdl= HIO|E EE27{7t He EM E41E HOo 7|2 2F 2HZE0| 2 =k USS 20 =L

AWS Marketplace®} private offer2 ZEst= S| Al SHE

AWS Marketplace= third—party software, data, servicesS &t At H{ESHT #2|st= curated catalogCt.
KA Mo = 0| HEst  AENEL O MYHSH= HWO| O HESICH. = AHEA= AWS bill2t A £
QM 2 £2M S TS £ AW, 2= private offers Solf W& 7120t TS A4S & QUL SH40| 0] 2=E
OlclotH, 2E A X2|0| 2™ EHES U EQE Q= SAS XIHAEA 20SY £ UL HF elXet=
7|&=010| OfL| 2} Z=EH1}F A2Fe| EX|0]7| StCt.

ot &
ol
ol >~ I'_l

Helical2| Bio Foundation Model Platform for In-Silico Labs listing2 O] ZEd DS MHSP| £
AHICE. listing 7|1& 0| MZL SaaSO|M, private offer, deployed on AWS, 7 Q1O 2} HI 7t5M Z2 XS
7tEICE EESH Model Library, Model Personalization, In-Silico Experiments M| 2=2 E3dl single—cell,
mRNA, DNA foundation model& Z !5l target identification, biomarker discovery, patient stratification,
RNA design2 XS0 HHGHITL O] AHHIE MOM= “AtS3st AEa"S S2| Aol Uix|7t OtL2t foundation
model + proprietary data adaptation + large-scale virtual experiment orchestration HSC=
Mst= M™O| Hefotct. 2t AWS Marketplace listing2 HE et At XS 20 F= X=20[X|, AS0
Chot =& A3 Xt&7} OfL|2t= caveat™ A Z{0{0F SiCY,

271 Hl0|E 2IZ3}e} hybrid cloud?| 3=

MAA AHIE SICH HEH SHZRO|AM = HIO|EE AWS 2H0|A HEZ $i= S7H HIO|E RISkt RIME|D, CHE S0 =
O3] hybrid cloud?t 29t 31&l0|2H= AHAO0| SA|0| E2{HCE. Amazon Science?| SRA 7|Al= NIH Sequence
Read ArchiveZ7t AWS Open Data Sponsorship Program2 38l W|O|E|E5tA ®Z2 7tsaiXICt AESICH 0|
SE2 2AI0| S7H HIO|E] MEHAOIN YOt SR =XIE 20 ECt. J2{Lt BE XZ|0| 0] 2™
otLt= £=&5k= A2 OtLIC}, HA, Rl HESI XN O|f2 L2 H|0|H= 6X5| 7|2 LHEL CHE science cloudO|

LI A
g= 7+ UL

—_—

atec,
o2
e

Kyoto University2| hybrid cloud =22 0|H sidg & 20 ELt. WY 7|20M= on—prem, &=8
38 Z2RE AWSE &M FeE 740| 252 O XY =+ UCL S 0f7|1M “S2RE7t S izt
CHAISICY &= SHA MALE H2{0F SHCH AR ¢ QlO2k= 7 S§Y0ICh S5 A2 oL ot EHES
EiSl= 240] OtL2}, CIO|E] YIXIE RXAISHHNM AM YIEE A

= M

r

rir
HO
of
rio

o0

HAAO| HIZ 7t E + AU
°

AP ARHIS GITA 2FOR HOfSIR 2 71X 29 FA0| HECL A, BE %S XY PEGIHT 61X U1, go
2T} 2 A1 IEAY) 2= AISS D20 SN, HOIEIS TH53t 3t 212) IXI0) F10, orchestrationt 3HA] A5
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=0|= Wek2 M T2SICt My, EHES S M= 7|=2 Lt provenance, budget visibility, 8¢ @4l access
4 UCE Y, ZES SHES ALE M= Mo|MT BX| 2, 0|7t T E=X], o™
et DS MEX|, O 20| S8 ASEX| FU=KISE & HA6HOF ST

AWS QTH 29| OJ2i= $ 7kX| MH|ATL OtL|2t, HIO|E YIXIE |XISHHA compute®t workflow A, 12|11
Qs AR XY HEMX| X§tet= 5210 QUL o X2 HealthOmics2 Z 20|12, O XX|2 Batch?t EKSS
{X|g 0|0, 0 XZXI2 BasepairLt Seven Bridges 22 data brokerZ MEiSt Z40|C}, SHH2 0| CIUMS H 1T
S2ARQIE LQTL QICt 206(2 Z2 RS HX|H =Ct 7 O 20| He 4 UCHH AAHA|
Atgl= Hast 82 XtZ 7t OtL|2t £2 Wk 7} =L,

40
AN
cO

1

CRIERSE

+ ARAZOI] AWSEE Bt 71X A0 2 MOX| Q40D X T, B AlHIA, B ZUE, hybrid cloud, ZHE
Z3Z0| ZEBICL.

= A0
* data brokerQ| M2 X% CHSHEHLC} +  + provenance + Ol ALt
* AWS Marketplace= 7|= ME{0| OtL[2t XF A F 22 O[ofct= HO| Lt
o MAA AMHIE AHE M= MH|A O|EELE 2 WX H= 580 Z235|Ct
253
1. Takeda, ImmunoScape, Basepair= 2tZt {H =3 Z7| 2l AWSE AIE3=71?
2. data broker ZE22 2 2E AFAHO| 2H Q1Z2tE 2G| L0t A HEETF?
3. AWS MarketplaceE Hadt ¥ AENELCH X AS2= a0} of= Olf= £

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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« AWS9] lifecycle rule, right-sizing, Spot, retention &% Z2 XX [{2S HIA|E 4= UL}

il

sy U2
o “HRED HO| XCH" 1 WA= HH FFME TE RN AHXI=7t
* 1PBE WGS ZZHE0|M HIE2 0 o &=0| OtL2t OfH YSXE22 USHX|=7t
- S2 HIE2 LJg + =7t OB ZA2 2= FY + U7t

HOIE] 27|12 C} H|O|E| H0i==717t Cf SL5}Ct

IS QUA ZRMEO| HIS O[S I 7K BIX] {20} & 42t 2= TG MB0|Ct ARZE 2
1PBRHE 2012 0Lt 92, Off WAIOZ 9|1, DL} XX §7|1, 57 MBS OfZH| H71 SLLo| Uf2t Hig
E7} 37 Yok 2 ULt 3 Ho[Ef 37| KEHEL} BIOIE| A042E7|(data lifecycle) 7t B ZR3ICt. SH4S 0] HojlAd
HTAES HE WEC, HIZ0| BISOIX| HALISS B WS DI H19I0F SiCt. 17| a§0F £2 HIRO| 2R Sis
OIS OlaHE 4 QUCt.

WEEOZ 1,0008 WGS, & HI0|H & 1PB &2 MZdi EX.  raw FASTQZ} 400-600 TB, processed
BAM/CRAMO| 300-500 TB, intermediate?} 300-800 TB, derived data?} 10-50 TB M2t 7pPHst 4= QILCt
O7|M 525t A2 2F HEFHO| OtL2} workflow &7t =7t Z[i MEHOICH. MK 2H0|M= intermediateZt
YEHEL O XK= 227t &5, =7tMC == 2-3PB0| 772 NEH0| BY & QUCt M2t HIE A= 23
METHET ME 5 gL, FIEE AQ YoHF7|E SH ErOF Stot.

Incomplete multipart upload®2t H0|X| &= Q& HI0|E

i FASTQ, BAM, CRAM Y2 E9| 7|2 gtAl2 S3 multipart uploadCt. O] B4l Xi¥l= §8%X0|X|2t HZET}
Z7t0]| AIiStALE DHO|Z2tRI0| HEM AME|X| 22 partZt S30| HE £ UCE ZH= ALRXZt IHAO0| “OtZ
ALY LIAE, M HIE2 0[0] Yot QUCh= MOICt. O] I4E0 incomplete multipart upload= iR QA
O2HEN|A CHEXQI 0| FC}. OHUO| =0l & HO|X| 0t HIO|E&= 0[0] HOt U7| WZO|Ct.

AWSE= 0|2 £0|7| 2[5 AbortIncompleteMultipartUpload lifecycle rule2 X|SoCt WEECE=7

22 Y J7|2UXME 7IEX|= A0| ELt AYEX| $2 THUE H|ES PHECHE 0| A0lCt. M2t H=EE
A7t Z7HL, S HHY THO0[Z2tR10] ZALE, 2R 7| 20] H|O|HE At MEot= 2tE U5 0] 22 Atald TLt
HIE z|Msl= sfefot Mo 7|sHLt HA 0| 7|2 hygiene|A] A|ZFSHCE,

X SFUM O] X7t Lot X Ldlst=Xe= 25 AXLY 2MUMZ &Rl &~ ULt AWS Storage
Blog2| “Discovering and deleting incomplete multipart uploads to lower Amazon S3 costs’= List-
MultipartUploads APIZ ZZE part2 SOHHT lifecycle2 H2lot= MRS MHSICL.  Corey Quinne Last
Week in AWSOIA “Quieting Noisy Multipart Upload Costs” Z2 Z& 0| ZHZ “S3 HPMUAM 7H&
0| Ztel= =702t gHESiM XIASITE £ AWS Config 22|38 12| s3-1lifecycle-policy-checkLt
s3-version-lifecycle-policy-checke= O|2 MZO| HZI0| MK ZE AHEN UA=XIE A RN ZAI— =
QA ol L. |TH AFAO| =4 8 TBE CHF7| AZISHH, 0] &2 & StLt7L IfE =0 = ETM X0|E
THELC.

Small object, random access, request cost

S3 HIE2 N& H7t0to 2 A™E[X| ¢4=Lt. request cost= QTN EMUA XHF MAHIHE XD MM Z= IR
FQ3%t & QL. BAMIt CRAMS| random access, index 7|8t B2 X3| 248 7§ small object, intermediate
TH2l7|, console EFAMOY| M2 LIST/GET Q0| ZX|H N HIEECH Q& H|20| O IA LHE £& Lt £3|

gt 0| Hl8= ZtetCt= 0| ZQ0ICt MatM HI0|H A X Ao M Xid= Mt 28 H|I82
W= A FHZEICY,

0| Xl 22tRE UH|0|E|E2H= 0|2 Ot2 small objectE X|LEX|A| 20| 2tEE XA O Xt =T O
chunk& YT ZA Ltz HHE H0|E, X|LIX[H| MZ2&tE intermediate shard, He2|E|X| 42 Al &
H|&1} listing overheadS 7| 2L}, of A2 AZ™MOZ it 2 MAZ S0t7h= Z10] OfL|2}, object
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granularityE & AO|Ct. S3E -’.-:—?.f SIELIAIZ MEel= =7t QF HIE2 =0 &K §A =0T 2|
AEEX[= MY LAT0| OfL2t H|E F1x5k CI=C.

Over-provisioned compute?} right-sizing

compute HI&2 H&E 7t& =0 & Z7| MF0|, MES2 5T JATE ZME 425t J2{L compute=
SAOf 7t SXst7| #12 HI8O0|7|= Sttt H|Q FE 02 , , Spot shard
orchestration overheadC}. 02 '=0'| Al HE0| CjAZ 1/0QIGl CPU Z0{2t

r AES AH HIE2 Y MO LIZICE & computes HIMN 287t &= ZREL
O & I:|'

o 22| st rlght sizingO|Ct. MSEE| 7H& 2 QABAE N2J|HCtn -> c/r/i/f MY W20 M2} MEHoR
QR £70| SROITL MB TP BUS} JHS0/B X2 AIAEAZ 50| i HMO| LiE 4 U7, Spotd] T W=
5

2L, Ze| AreEe wer|
X2 WiX|siAl 2R EIS 72T}

= [ =2 X—
Z40|2tH On- Demand”._f OEet 0|7t QiCt. ESt w orkflow2| resume, retry, call caching, checkpomt7f =
AR UACH O SHXOZ NFot XS &8 4 ULt U2 07|M |8 Xt £ 45 zKaet TtEX|
PACt= AHAE BiA =0

Intermediate data explosioni} lifecycle 44|

RUM EM0A intermediate datas AtF UAHILEICE  sorted BAM, recalibrated BAM, temporary shard,
feature matrix, &7t summary table2 %5 ZotEL O 2 MEEHE AKX ¢ UL TZHEEZS A|EF IiE= raw
FASTQ2 %|Z VCFI MS2|7| HX[2H HH HFME 7|°E A2 T3 M 79| 7 EXote Y THUSO0|Ct.
EXdl= 0] intermediateZt 240] B4t -,-|01|E OFR T&! Q0| Lo Q= 4_,_7} WCH= HMO|C}. 0| storage cost=
A85|, 2Lt &S I—'T—’%*E.JEF

M2t lifecycle A= ELh. OH intermediates 7Y T XY= EX[ZH O A2 AL S loh & E H2taH0F
&t 4= QICt. OfH Z1= HIZ Parquetlt 29F HO|EZ HSt6t £ YL intermediateZ QOHT E/X|2F, O{H ChAl=
IH—E—‘S.Z Qloll Cf 224 570F & %= ULt M2 £ 0|2| Fol= A0|Ct. HoH=7| #2I0] Sl=

data lake= &7 data swampZt =11, HIE2 1 9| 713 HE @E LIEHACE,

Egress, cross—AZ, cross—region data movement

91 EPI0LA 71 $iEIE HI2 7126 SILI| OIE] O1S0ICk B2 ABXI2} 212 AWS oM O10] £f 222t
MBI, A2 JX 90, QIEHIOR LK egresst 0 201 UIg 2011, 22 2 QNS 718
JoI0| CIZ R B|S0| M2 4 /o0, 21 7t 0SS W2 IFEE thYOITh. KA HO[ES 3 8 SX uf T8
Siol7} £)7] 217] B0, M2 54 4471 2 2 Z7HZ 0[0JEIL [t computed HOIEI7} LE  JH0lof
XI5k A2 S5 OfL2t IS SROIME B S5t

0| 2Xl= £3| 2% AN Xt5= E2{HTE HIO|EE collaborator®iH| E7[7{Lt, CHE 22IRER 0[S, 2EHE
HE ORZEots =7t HIE A7t HIED OetM E2 23 #3l2 , = AO|C}. Sh

CIO|E{0| X bring compute to dataZt ZQUH 0|R7+ 047|A| CEA| LIEFACH E7H H|O|E ™21t XEA| |0 E Y2
23 22 HIg #al Yol 201 Utk

|.

CloudWatch logs, metrics, metadata retention

2= X0t HOA B PAIEX|2H &7 20 AM = AT 22 H|Z0] OtL|Ct. CloudWatch LogsE 7|2XOZ 275
F2IIetHEst £ Qo802 retentiona AMNGIA| Z 2™ Batch, EMR, HealthOmics, Lambda, Step Functions0f|A{
L2 2707} A& AQICE JHE 21 O|HIE= HOEt:, Y ME K22t 71 7|1ZH0] BXH F5 H|I82 FAI5H|

{4 ZICt. AICH} Logs Insights2 BHE AZHGH= HI7JIX| CiSHX|H, “2 1= ZOoL| tuxgq”t are [ OAF OHK|
OH=C} 2% data lifecycle| LEZ HOF STt

ol gteke H|wA Eka5ICt workflow A0 M2t 78, 30Y, 90Y ZE retention MAMES HA[5lT, &7| HRH0]
HY Hest 209 M2 (= A0|Ct sHYoA= |Zd§ Che Hof 7|§E|1f 2 J7tEX|= M0| ELCt. E2 *Y2

SR MAS [[H Lot 20 £25| H7I=, 20| 9= 215 F7 BUSHK| A0t 2= 2% intermediate
data} CEX| QT 2912 0H} ©2 HZK| 0/2] HatK| 94Of, Z83| HIBS Pr0f Uit
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1,000 WGS, ~1PB &3S HI8 F1Z= = H

WEEOZF 1,000 WGS, 2F1PB 2o T2 MEE M2t HX}. O47|A H|E2 6tLte] 2 &+=0| X|Hi6t= AR 2L,
storage growth@t request frequency, inefficient compute usage, data movement7t &S ZE6HH A 7{HLC},
raw FASTQE 22l 27|™ storage cost’l 47|12, O|E &2 shardZ & 2™ request costZt AX|1L, M2
QI8H CH2 2|2 computeE MM transfer cost?t 11, H=1} 5X| o= QAIABA S MH compute cost/t S0{HLY.
Z ¥1IMeE 718 @49 =50| ofL 2, 2F A2 Z2=0|Ct HI82 2 A|ARI0| 0|0 HIZEXQIXIE EB{U=
X|EL}.

Ol OIMIOIA SHl0lH 'E740F 2 Al MIA[X|= M| 7EXICE. AW, 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 e S2240| ofL2f, MM 2F &S Qofet #Z[0|Tt. shyo| 0] HAIS OlatistH, OFX Xt7| Z2HEJ}
1PB7t OfLCEt: 2 25 AAlg 2= 0I2] i = AL

HE EXME SHZE I LS A2 It OfL2 0|} incomplete multipart upload?t EQICHAH lifecycle
rule2E{ ISt} request cost/7t LHH small object2t random access patterng 2|ASICt, compute H|EO0]

OIAEA right-sizingZ} Spot AF2 O{EE 2L}, storage’t 22456 SHHCIH intermediate retention=
SICt. data transfer?t ACHH cross—region, cross—AZ, egress IEIS FXSGIC}. logs HI20| A& 5H reten—

k=3 HX olpgh 0l PUESN
M| IfY ==20H IA 220t incomplete multipart upload AbortIncompleteMultipartUpload
lifecycle rule 2Q!

S3 request H|E0| Ol &=Lt I Ct small object, 2= LIST/GET, object granularity@t access
random access pattern M4

EC2 H|E0| ME 0] H|Z|otX| over—provisioning, E=1} 9| CPU, memory, I/O AIBEE E11

=Lt 9+= instance right=sizing

240| BS=0| storageZt A& intermediate retention £X{ scratch®} intermediate prefixOi|

S7tetct 23717t 4

591 | transfer H|20| EIC} cross—region, egress, cross—AZ  compute®} collaborator HZ X
0|S WK

CloudWatch H|E0| Z&73| log retention O|4H log group retention 7|23 8%

=0t

=2 HI82 LE & gl= 0| OfL=f, TiefotH 2 4= U= 27| EXICE RTH EA2 M0 7 27| W20 B|Z0|
d71= 20| OtL|=h, 2 HIO|HE O S22 2Hoh=7t01 Wt BIZ0| F2HEILE 2 g7 QEats W27|2t o
T2t} OfLIZ}, O{E|M HIE0| USOXI=XIE 23 4 U= QL. 0f ZZ0| 47T YA E F232 a0l
OtL2t BAIE 1X|= L= =517t Fo

sAl JH e

« 2OA T2MEOIH|E2 H|0|H 37| AtMILL HOIH HoiF7|2 B2 TR0 & IA| XL/t

* incomplete multipart upload, small object 23, intermediate data, transfer, 1= HEXNOI &
=0[ct
= .

* compute HIE2 =0 2 ZX|Z SA0] 71 SHlot7| +12 &=0|LCt.

HI2 Z|X5t= MO 7|=HLC} lifecycle retention OflA] SEGHCY

ro
oo

H|
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=5 02
1. incomplete multipart upload”} 24 gt 28 = U7
2. N% HIEEL request HIE0| O AHE 4= U= |4A 2AHQ OIS S0 E2t

3. 1PBE WGS &Z0i|A HIES £017| fIet 24 #Al M| 7HXIZ HMAlotet.

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.
* AWS. Genomics Data Transfer, Analytics, and Machine Learning on AWS.
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