Unified Framework for Scalable Computing Systems and Algorithms - unf 1

21A Parallel and Distributed Computing
d Scalable Computing

From Parallel and Distributed Computing to Scalable Computing
Part I. Foundations of Unified Scalable Computing
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1. uSunuaz=aalunisad - Context and Scenario

aovduauims: usnuans=aulan

e USMsusnuandavaauauavRlGKaredruAuwsauAuaaaa 24 doluv Distributed LLM Serving System

e LLM (UavKkavidwisiDinasgviivkaniauaiud — keytaundia:laiu
GPU {ulded

e dovas:glulnasantuiugdosuu GPU Ka1odudvkair$oadd uv
BuoglASavIdednu vwsuasgdiuaiddulaasnilan

o UaRlEWoLThUIWSaUAU ssuudaviwu/aatpSavdaluldiwanudunu

- 1

e MaU: ssuuwuldaagluusznnladuuu?

CLOUD

elasticity, self-service, multi-tenancy
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1. uSunuazaalunisad

dUYUNDYL aUAINDU SEUULGEIAU

AUDVWIUNUD... p:tRudlu...

e GPU kanalutpdavidedau 1§ shared memory soudu e — Parallel System

e dovldka1ginzov dvAu private memory doaisHiulndaing e — Distributed System
e USAsIUU on-demand Usunswennsdaludd §IGIusussudutAsay e — Cloud System
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IkalaszuunduWaLaaSavslkudvuausavaus:innilu
"parallel" KSa "distributed" laagviGaviadnaalu
uazis1nsmANUargnsaunduAalaunu?
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2. UsztGudrAryuavun

mluthemaundv q dvdtadedeymula

e dnumsad: stuuaaudauavd ua=Ad "distributed" wevAdgivona:lsluldlas

e UJayritaamalasvasioviu (W)? misuuvviu (D)? wuuddannsaune (N)? aadszaiuviu barrier (0)? kSanisvaniviu (P)?

Sl.

e Srdasndafiafawanncun — wWagulnSoviianausaltkaoso

e 3FASAIASIKDINOVAUS:ABUWUTIU — dvauud@giuinaaauld wu "tail latency hamase replica ﬁ'zhﬁ'ao”
e AS:UDUMSIIASEEK 3 Ju:

(1) vuinwganssuasvlaslisudoio

(2) uﬂnuﬂ:Insoas‘wmu/ﬁaga/&‘iams/ds:mumu/n:nuv‘mwam

(3) \ouTovAu architecture, computational model, technology
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2. UsztGudrAryuavun

wWhkuegmsiSausuavuni 1

1. 95uneldds:uulded0na parallel, distributed ua: cloud wSauauldagvls

2. ugnueg: Sequential / Concurrent / Parallel / Distributed dyaxannismvanidaenssu lilsnousdn

3. WbdasAavav Amdahl's Law uazikawanwulustsatsasiuldudainsSrvuiaus

4. 3asouna Component-Algorithm-Technology ua:nwa

S =(W,D,C,M,N,O,P,F,A) 31AS1:KS:UUDSD

e 5. lGUMUIAUNMYAYBKULS1I9MSIus:UU LLM Serving tWalRuavAUS=NdURVIUSIUAU

e 6. WagudsAaAmMsuunGaSen lUgmsiinsitkmsaaduldlgos:uu
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PART 2

3. 71n Parallel ua: Distributed
d Scalable Computing

33uuINsyaVIadAQLEYS:uU - Geudm - Scale-up/out/Elasticity - iwa1un WIS



3.1 35auin1sydvs:=uu 2008-UaaUu

IdULANUKLTIDIAQNIVIADIASSY

MapReduce Spark | RDD AlexNet Kubernetes VvLLM | PagedAttention
Dean & Ghemawat, Google AMPLab, Berkeley GPU deep learning from Borg LLM serving
2007 J\ 2011 J\ 2013 J\ 2017
M\ M\ M\ M\
oy Ay o/

2004-08 T 2009-10 T 2012 T 2014 T 2023+

CUDA NIST Cloud Def. Docker Transformer

Part 2 - 3.1

NVIDIA, GPGPU begins

DMNFUDATUT U= "US=DCmMaasyavdadiaaisvmenw” Ulys1edovancilos

rapid elasticity

containers

attention is all you need
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3.1 33cJUINISUDVS:=UU

uniSgudnldudal: KusgyavmsvsnsvurawasuluiSos 9

e 1A39VADUWILOBSIAYY — Thualundainas — msalsvANUE — adu GPU duiasavamviussuAulaiautAsavide)
o FMnuWumunvanmidagassudoiklouldunngn:

e D:lULYVIUDENVIS?

e UDUKWEIAIAST?

e FoasAuagvls?

e SUlfoAdIWRawWaTaUazANUdavYASAIUGgULUavagvls?

e MapReduce &11Sa1ws1=a51v abstraction KlUsuasuwasiouun map/reduce — sulndamsas=o1evu, retry, sousdunalk
1OV

e IKQWaNsAaUTasU1IgS:UUWIU "aVAUS=NDU" unuBanwaanaur: inaluladgwaguls udfmaiudoavAds:znauluwasu

Part 2 - 3.1 10/53



3.2 Sequential, Concurrent, Parallel, Distributed
[
-l O

Sequential & Concurrent
e Sequential: AMdvriufazFdvuu CPU s Tidns
gounual — Wuldugu (baseline) vavnaniswWssuligu

e Concurrent: vViukargangdounnuaunvoal lWwawudov
LAaWSauAUISYNYWEAd — (Sovuavaisvanisaqulla:
coordination

e (MoEIV: event-driven server Sunslouciokalgwu
s19A1sAdgIssaldgd (single-thread event loop)

Part2-3.2

amnungaldu=Uuiu — uatdenuugnviannnu

Parallel & Distributed

Parallel: Ku>eUs: uaawahawmnlmﬂ\) shared memory
rMvIuw$ouAudSL tWoaada1waLULA YD

Distributed: Ku>eUs:zudawalgnuia private memory
doaisWiu message passing lWkuigavaNUAaaan

lduuuvnunasv: anmdasnssukudenduN (shared vs
private) lulysudulkuakSanduISHUA
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3.2 1duuwuviunasvAaanidagnssukudgndIIUN

Memory Architecture x Concurrency: @@vunundvainiu

High A
MPI HPC Cluster Multi-GPU Reduction
collective comm, many ranks at once many cores, truly simultaneous
>
o
c
(]
=
=
o
| =
o
(&
Batch ETL Pipeline Single-thread CLI Tool
one stage at a time, distributed sequential baseline
Low >
Private (Distributed) Shared (Parallel)

Memory Architecture

(hagwncvain: MPI cluster (parallel, high concurrency) ciwaia batch ETL (distributed, low concurrency)
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3.3 Scale-up, Scale-out ua: Elasticity

doviudnvkanlumsvanguuia

Part2-3.3

SCALE-UP (Vertical) SCALE-OUT (Horizontal)

+More RAM
network

=

£

+RAM +Cores ~
Base Node

one host grows bigger many independent hosts
no cross-node coordination needs routing, partitioning, replication
ceiling: hardware limit, cost curve near-unlimited, but coordination cost grows

Scale-up: twuwaviuloaciiau (uuacv) | Scale-out: twuswoulkua (uusuau)
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3.3 Elasticity — cagaa21n Scale-out

Elasticity # Scale-out uddegaaduludayu

2

e Tu1w NIST: Awawsalsuwu/aanswenasagvsiatdy daluud thRlddanislounswennslushAa (Mell & Grance, 2011)

v

e Elasticity WUOa "Auédgonal” (time responsiveness) lia: "nalndaludduuuda” (closed automation loop) wWhlduu
scale-out

e HVDs Observe — Decide — Actuate 1auai actuation delay — (nSavikudavyatia: warm cache Ansuwsauigoiu
e (v cooldown window duiiuld — controller owu/aaaaunulikea (oscillation)

e ARWKAEN: 13UDA Scale-up sudunuliAu — K1 partition boundary Wa Scale-out — Aesadunudre Elasticity

Part2-3.3 14 /53



3.4 tkqlawwWu Processor udslui§rdutaualy

nnUav Amdahl: wauikanuvov Speedup
ceiling = 1/f

Speedup(P) =1/(f+ (1-N/P) --
f=0.05
1/0.05=20

20

o
=
=}
L 1/0.1=10
L5
j=3
n
1/0.2=5
1/0.5=2
0 I 1 1 1 T 1
1 2 4 8 16 32 64
Processors P (log scale)

Speedup(P)=1/(f+(1-H/P) — wawwgvaa = 1/f U271 P p:u1auWgvia
15/53
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3.4 Amdahl vs Gustafson — aovyuuav luldaavAasundaudviu

Gustafson's Law: yuuavasviwnludaugvau

Amdahl (Strong Scaling): a3vauralaymilArigy udranusnSHduudAlkutiowwu P

1 2

Gustafson & Barsis (1988) (Weak Scaling): 10oi P Wu #ldUnugnsvunalaymaludos wanduazdeangoiuiunain
gousula

e Jaauviunvuiuladvusremuuuradeyk luldAvnmedduuudoauuduav Amdahl

o nbaavuuuFIaavvIaugvay — (JUAISAVAIADIAYULIBVITVAY S19A:BINFVAIIAUIDIEATIUNT 2
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3.4 gaihAandav: dunuunvnlulgnisAmudeu

dununaisadoaisuilaznisus=aiuviu — walutkandngoav

o WulUswawas — dunumsdoans (communication) uazmsuszanuviu (coordination) w@ulamuTudoe
e as:uvalnaliunadnga dunuurvilagrndimsanavuavalAuduUSaNs — WULAZDLUAIT1avAI AW
e (MagvddLay: viu 100 Suii (20s a1au + 80s yuiula) vu 8 IUssasas

lLlwudaovaaund: 20 + 80/8 = 30s — Speedup = 3.33 1M
S:UUDSY (+1ASaU1e 8s +luauqa 5s +pams1v 2s): 45s — Speedup 1Kdo = 2.22 1M
paudaunv: lock uav memory allocator, metadata service a1de), straggler nnaAudavsa (barrier)

Part2-3.4 17 /53



3.5 Algorithm vs Computational Model vs Architecture vs Technology

Fs:duduuavIoUIUSSSY

Levels of abstraction -- do not collapse them into one word

COMPONENT

the enduring engineering question (e.g. Aggregation)

durable

ALGORITHM

logical solution family (linear gather / tree reduce / ring all-reduce)

COMPUTATIONAL MODEL

abstract cost rules (PRAM, BSP, LogP)

ARCHITECTURE

physical hardware layout (shared-memory, GPU cluster)

TECHNOLOGY
shipped product (MPI, Spark, CUDA, vLLM)

volatile

gvaguuda GvAvnudwgAaIE — Gagada GvIaguIsINga

Part2-3.5 18 /53



3.5 drod10nldldasv: Aggregation

usns=auduveovlaym "nmMssousdunaaws" (Aggregation)

e Component: lasvasiovu (W) vovmsaasuidoya, wishdu (D), taSoung (N) dowagag, Uszaiuviu (O) AduAU
d1QuUsOUKWa

e Algorithm: linear gather / tree reduction / ring all-reduce — 1danlakareuuudriksuleyrkildedrnu
e Computational Model / Architecture: multicore shared memory kSo GPU cluster private memory
e Technology: MPI collective primitives KSalwsuBsSnalaiku

e ia: "Apache Spark scale latiwsa: Spark Wus:uu Scalable" — GAamstAtkanadsuludvaau (circular
reasoning)

Part2-3.5 19/53



PART 3

4. AsouAqQllazAs=uUIUAA1S
dazuldvaardagnssu

Component-Algorithm-Technology - nuwatgius:uu S = (W,D,C,M,N,O,P,F,A)



4.1 wudAaa Component-Algorithm-Technology

awsuAduAanBoulevautdus=uu

e Component (a\)ﬁUs:ﬂauvT?ug'nu): Iana’Smﬂssua'maf'ir!ﬂs:uuﬁawnau {U>12:U 2008 K3 2026
e Algorithm (Juaau3s): AMaouldvismsadiksuuca: component — Eonldkarsas:pamuioduud
e Technology (tnAlulad): msuUs:=nauWaawWsyavKa18danasAUITIGIgAUIdUNIOAEUTTTEVIUDSD

e MapReduce, Spark, Ray acuaaufmaiuyaldednuiSev W ta: D iwgvuaidandanasiuuazidkuigdivaulloiu
gn

e Joniss:ov. Wlvarelvkivaoriv — component KHVO1PWOWIKA1IIAAISAU UA:DAAISAUIAIIASNUKATE
component wsausu

Part3-4.1 21/53



4.1 nmisnaasKkainalula@aSv (Deconstruct Technology)

NAKANTILTOWaTASSU gMsiiuniwa

e SOUSOUKAnTU: task graph, data ownership, network trace, scheduler logs, failure logs
o LGuAavIuGaLIONIWA waus:udungvlus (unknowns) — Kan@evastanAMTuua

e nstlfinu: Distributed Cache 1 Consistent Hashing — aa P, N udénma Hot Key daviwu Replication —
Wudunu O

e Recompose Moagv: dJayakivaannauasainls — Centralized Training wankn — dov Federated
Learning (USu N, twu C navau, as:nu O ua: F)

e 2ghanKkauWsL "Cargo-cult Architecture” — aanamiasnssudolasluithodoauudibovkdv

Part3-4.1 22 /53



4.2 ATWSIUUDVASIUADIUAQSIU

S=(W,D,C,M,N,O,P, F A)

S5=<W,D CMNOPFFA>

E

Failure &
Recovery

detect & recovar

P M

Placement & Memory & State
Scheduli
state & consistency
foad b

niwaiAas1gn1sasIndaaunisaadulp (checklist of decisions) lUlvavaisAAuIaICdaY

Part3-4.2 23/53



4.2 1A19vAUS=ADU — AZVUSA

W, D, C, M, N — o1aviugnsdoais

lasvasivua=nmsvaroviu KubeAUFILAzAISToaNS

e W — Work Structure: lnsvasioviuuazAnudauwus e M — Memory and State: dayagnatfuilku taslu
sofiu (dependency graph, critical path) D12V S:QUADIUADQAADY

e D — Decomposition: KUdgyavMSLULYIU/ToYa e N — Communication: sduuudandu vuia
lLass=Qu granularity topology uazuwuuadan

e C — Compute Organization: Tasvasioasauns o W GovWaisannou D 1aus — Kudioyalaslus
Us=udawa (CPU/GPU/multicore) dumvingavov W Aomsasomudosnlugiawu

A2IUJYUIUDSY

Part3-4.2 24 /53



4.2 1i199AUS:ADU — AZVKAD

O, P, F, A — ;mamisUs=aiuviugmsusucd

ds=auviuuaznadv AJIUAQWaTIQLazNIsUSUaD
e O — Coordination: misUszaiuaiqu, barrier, AU e F — Failure and Recovery: daauu@ind1uaulkad
0NA2VLELASSA:UDLASISYLAINU uauWaNnAUANULIEEKIE nalnanAu
e P — Placement & Scheduling: ¥a31001u/dayaav e A — Adaptation & Elasticity: daauoanasnu,
Toadlku wals dreuluuiela repartition s:kJ10su, adaptive batching, load
shedding

e KWWauuA "M = Redis" lusovniWa — Gavidau
AtudUUAIGYIAIASSUNasIddaulasy

Part3-4.2 25/53



4.2 Uszgndnuwanunsaifinuy1ldalsav

Distributed LLM Serving System {unwa S

aouds Us:tau sh18a:=1980

O z 2 N O S

Part3-4.2

Autoregressive Dependency
Tensor + Pipeline Parallelism
GPU Cluster

PagedAttention

All-reduce Collective

Token & Pipeline Ordering
Continuous Batching

Retry + Fault Tolerance

Replica Autoscaling

Aasasiwmaaludovsarmnaukinidud AawaIuANUISIAISASIVAT
as:ewisiilaaslutaamelutaav (tensor) wazinulkua (pipeline)
MoItvungduasaudsUszuIanansIwa

USK1s KV-cache WiuavuiusssulluvKkinKkuIgAIu
yudvdoyanumsdoarsnauanu§dIgo
AIUANdIaUgAGRVYUDLINIAULLA:ILKI:LLOAELOD
yaAdMYpLassIVIaMUDAUdULLUUCGDLTDY
SuviulkdlaznuNucanIUAUIKadyaY GPU

WU/aalASavaUNUAIUKUILUUATUD
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PART 4

5. D1IALUUDIADY
dszuunlgvIudsL

20 JuadU3TDAY - AS:Nadanashu - IFUNVAIYD - 6 ASTUANBIDOAIKASSY



5.1 wvumnaoavua:zlASaviJadLAsIK

20 Juaoums3tpduGusUly — ds:g:=Kan

Twenty-step formal diagnostic -- turn "it doesn't scale"” into a testable hypothesis

Setup & Baseline Core Component Mapping Runtime & External Behavior Synthesis & Causal Hypothesis

Steps 1-4 Steps 5-8 Steps 9-11 Steps 12-20

symptom, workload profile, W graph, D partitions, P scheduling, F failure cost,
objective, fair baseline C/M fit, N vs O

hypothesis, isolate variables,
A control signal trade-off, ADR

(hKw18: IWaguA17 "ssuull scale” (haaratduavudyiunianlasp
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N el 2 -

du 1 — Bumnoms WWIBuA: Uuiinwgiinssudous=dayd (1Wu p99 latency woiide >2,000 req/s) Kan@evAi "Iu scale” aoe
9

Ju 2 — MKuaanuauzMs:v1u: arrival pattern, input-size distribution, read/write ratio, burstiness — AllaauLdgdbau skew
las tail latency

Ju 3 — daaUds=avAuazdaRAalduvia: latency/throughput/dunu/waoviu — dasaamomemwiiuudaviduA:lLuuRagsaweY

Ju 4 — aswiduzungasssu: WssulRguau sequential version AUsUcvaudd TlilAakazkasunrlk speedup QavIAUISY

Part4-5.1 s:9:1 29/53



szg:h II: as)ddaududdlulaunalvs:uu

duf 5-8: 1alAsvasv asa» Compute/Memory ua: Network/Coordination

du 5 — >nalasvasiovu (W): dependency, critical path — andumvdngaludrdu Wuirsevluboe
Ju 6 — asIIMSLUYLIU/Taya (D): kudewisigu granularity Ueyki data skew — Tanoiauunawisigutnumsian
Ju 7 — asID Compute (C) ua: Memory (M) sauau: arithmetic intensity IRgULLUUASQAKUIYAIIUDIDSD

Ju 8 — uen Network (N) aaao1a Coordination (O): doanuidaucdiwsizso barrier # Usykiuuuddanindouig

Part4-5.1 -s:o: 11 30/53



g:=n III: wabnssusulnyua:zodnirsuon

a - _ - .
uun 9-11: MsvQ21v AURAWAIQ wa=Asusucd

Ju 9 — asrvmsdanvuazsamsiv (P): queue, placement, affinity, stragglers — diayalkeyiiulu—repartition D, 31$auo$i
—speculative execution

Ju 10 — asJonalnAuNawalauaznsAAu (F): steady-state metric Gusaual timeout/retry/recovery adKsagv?

Ju 11 — asyaszuulsuiiakgu (A): control signal, observation window, hysteresis, actuation delay — autoscaler iy
ag1ndlkaawvdul yoga:lsluld

Part4-5.1 - szg: 111 31/53



szg:f IV: asUua:wwurauuagiudoikqna

duf 12-20: Maauudgiu guuinmsdaduld

&= & — —

Uu 12 avauuagiuisvikawa

& — - 1
Udu 13 ugnadudsnaasvna=nauy

= — - 1 i —u .
Ju 14 dins1:Kinamvnikas (residual)

Ju 15 Woudad/1FudwavAus:nau (benefit, direct cost, shifted cost)

-] — — ° .
Uu 16 Uszlduyauwaniiniansniviu (operating envelope)

du 17 asyvnseiAaundigoogwiwiag (5 Oa: lnd, dasrAasadu, msdaduls, nalasulny, vauwa)
Ju 18 Recomposition — avkiasuiioNdaudrgidanssiuiaudoisuzanlsy

Ju 19 doarsanuliudusuaseluasoun — EevA3 "awe" "Giga" "Suus:Au"

du 20 Juiinmsdaduld (ADR): LKOWa no@enAufas ua=ans=QulkKkuQag

Part4-5.1 s:9: 1V 32/53



5.2 aszpaduaauls

KIWASIUADLAY N M: 3 LWUUadvAIIUAQ

Sequential: span = O(n) -- n-1 additions, one after another

al az a3 asd as ab a7 a8

Parallel Tree Reduction (shared memory): span = O(log n) -- trades hardware for time

Work stays O(n);
span shrinks to O(log n)
but pays synchronization
overhead at every level

Sequential O(n) span— Parallel tree reduction O(log n) span (uanacdecunu sync)— Distributed MapReduce-style (uandedunutasadie
+ AJWIFIVIASIVAU)

Part4-5.2 33/53



5.3 91nKkann1sgnisunu

a
ldunvduvavklivAiyamudau (Request Trace Path)

One request, ten components -- observed latency is the sum of every stage

Edge Routing & Tokenize & Continuous Paged Prefill All-reduce Decode Observability

Gateway Discovery Admission Batching Memory Alloc (Tensor If) Collective (Autoregressive) & Failure

1 2 3 4 5 6 7 8 9

Total latency = queue wait + prefill + decode + coordination wait + network -- not just kernel time

Distributed LLM Serving System — 10 aia» civud Edge Gateway suéiv Adaptation & Scaling

Part4-5.3

Adaptation
& Scaling

10
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5.3 tdun1vMmud — awa? 1-4

210 Edge Gateway @iv Continuous Batching

1. Edge Gateway: 01s29d@0uans $1A0d0s1 aidunvnidnian — dovsaw idempotency UavAufuagionn retry
2. Service Discovery & Routing: routing table W0udayaunvinnlaus (stale) Govi staleness tolerance ta:zidun1vd1sav

3. Tokenization & Admission Control: tokenize uu CPU a1anaigtlunaudaal GPU 1Shuia; admission Us:uieu KV-cache
asXvkUnwoaUovau OOM
4. Continuous Batching Scheduler: FCFS ga@isssulididgvfuagdaiw Throughput; SJF aa wait time 1a3sudidov starvation

Part4 5.3 aw» 1-4 35/53



5.3 L&UuN1vAUD — dLad 5-7

1A Paged Memory v Collective Communication

5. Paged Memory Allocation: uuv KV-cache wluudankinnaiuai aa external fragmentation uddavuaniu metadata
lookup overhead

6. Prefill Stage & Tensor Parallelism: Audeutunsaguuiugo — Govld topology-aware scheduler TulsuAdu GPU 210
7. Collective Messaging (All-reduce): na rank GavsuMdasvaIvKI=AU — haoﬁvm:llﬁlﬁsﬁmﬁlﬁs:} = deadlock NoAdalnas
e usnlida: N muiEavlud/uuudsan dou O muSavANUgaGavuaLA1aU (ordering correctness)

Part4-5.3 -aw» 5-7 36/53



5.3 Ld&un1vAmUd — aLta? 8-10

910 Decode Stage fiv Adaptation & Scaling

8. Decode Stage & Backpressure: Autoregressive UbAUsafiazA1 — span g1201ANUY1dAI00U; pipeline bubble Ndulla:
Jargno

9. Observability, Failure & Recovery: daviaugnmu diagnostic equation WiuA GPU utilization 1@g) o — davdadu fail-
open vs checkpoint

10. Adaptation Control & Drain Protocol: Ikaalutaalkutdioaiuin (startup delay gv) — david warm pool; scale-in davso
drain AyaldulklasSsnaulalnSov
e unasuidumvua: latency NWIGLAU = wasdudounuuavnadla — USu kernel 1553u 20% ludAxwkuea 90% parludand

Part4-5.3 - awp 8-10 37 /53



5.4 uniSgumins:uunlgviIu»sSL

KAASEUAAYN: J0aUsS=avACIvAU — NIWAIvAU

aseuAnuvIkatlulaiBassiaseywaaneurniia uauaavioaiagus=avAua=dodnnawagu msaaauldlunwa S dov

Wasumuagwkandevlula

1. Flash Sale E-commerce — Kumneiauadan + aviis:zidudss

2. Climate Simulation HPC — aanafudaulkdunaa (Time-to-Solution)
3. Genomics Pipeline — Throughput a=augvga + reproducibility 100%
4. Global Video Streaming — TuDonmsmwu:dn + startup delay ¢h

5. Financial Ledger & Payments — A>1wgadavduysaivavegaaiu

6. Edge Al Factory Detection — wdvidiaus:zauiaasui + rivuldudauia

Part4-5.4
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5.4.1-5.4.3

Flash Sale : Climate HPC - Genomics

Flash Sale E-commerce Climate HPC & Genomics Pipeline

e W/D: ugn critical path gis:idusondIALIULESY; e Climate: Stencil dependency thufidal — Wu
wuvadoniluavaasua hot key pasluyleaa dependency; domain

e O/F: Idempotency Key + Conditional Update; decomposition GOWUARD vs FIUDUFUDIU
Outbox/Inbox pattern Aussassud e Genomics: DAG v1Udas=g1ua0€1v LLC

e A: Pre-scale warm fleet fiautnAima + queue precedence Wuvdaludagvided; recompute

depth signal lwrzwisAgunkie Tdsulkunvkua

Part4-5.4 39/53



5.4.4-5.4.6

Video Streaming - Financial Ledger - Edge Al

Video Streaming & Financial Ledger

e Video: dalu segment Jutwausu bitrate 1;
Hierarchical CDN placement — gaalUguns=p19n2
lan ImMiAunaudounav

e Financial: Append-only ledger imdunt@u source
of truth; Saga pattern unu distributed
transaction {key; Fail-open vs Fail-closed mu
AULEEY

Part4-5.4

Edge AI Factory Detection

e Local inference aa N liisdalioonga doawn:
feature/event asu luavidlodu

e Store-and-forward savsulASathada o Ja o)
deyayreullioungusvnddoyaada

o A USURMaUASAIY: aa frame rate, aaAw

a:13e0q, daululoaldnav UNUAISIWULASYL (80
JodAangMIW)
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5.5 asUwWuwLgd

KAQAAIKASSU Knyamsaagduld

9Qd1KASSU

—

godAamenmw

msaadubunud

LLM Serving

Flash Sale

Climate HPC

Genomics

Video Streaming

Edge AI Factory

Part4-5.5

TTFT + Inter-token latency

das151szdud S

Time-to-Solution duaa

Throughput a=augvga

Zero Rebuffering

wvidisu ms + local autonomy

s GPU + autoregressive
order

ANUgndavacdion + Hot Key

Topology ua + critical path

Walkey + reproducibility

uuaddan + deyayreuNundu

wavviu/adusau/tiavia

PagedAttention / Continuous
Batching

wenvIulasy / Idempotency Key

Domain Decomposition + block
layout

Data Lineage + Atomic Commit

Segment split + Hierarchical CDN

Local inference + Dynamic policy

Metadata lookup +
scheduler gugou

yrad/Uflasmuo

usvviuwgulpaas=auaiv

wuntiaulwanaiv + Guda

WunduKkalgs=qu

AMULUUgTlulaaanav
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PART 5

6-9. Recomposition,
Uouanwagu uazunasu

WWousunwWagu nivadoviaguau - AU binanwuuoae - benasaiukvnisuanwagudunu



6. langninigaisUs:ndus:uUUlKkU

éhe LLM Serving lJaguu Edge Device IASovLGe)

e UavAalKU: usu 8GB, wavviuAa, ludsSatnomeuaniag, AWWudrudigoda, vdavsaw interactive
latency SLO

e N, O — aawkdafuds:kIvLASaL (IUTLASaVdUlKAEAIY) LA internal communication meluuasagviiogoso

e D, M — 1an Tensor/Pipeline Parallelism dhutsav — 13 Model Quantization / Pruning / Weight
Offloading nu

e W — WU Speculative Decoding (draft model 1dnu1 + model tkajasidaauvuiu) aa span wdwu work sou

e F — 91n node failure g1uASau1e WagulWu OOM crash, Wadluloalds, uuwakua, AIUSBUEY — restart 1A
immutable image

—_

e A — lulansiBaniASavINUIINAAG — USU batch size, da context length, aa precision dalud@unu
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7. aasuUs:zidunividanuaziauantdasu

qqe'iucTJlﬁ\)Us:ﬁnsmw (Performance Saturation Point)

e WU GPU lus:uu LLM Serving Tilduda3 latency aaviaualu

e Tensor Parallelism UvAulAAQ All-reduce naguvavlulaa — 8o GPU u1n dunudaaisciasaugowoenu
dan1laenssulnSauny

o Mdas1aauavMUMUdudBUEIANSasINLYaLAUNUTDES — StUUBUDABUM — WU GPU adurhilkéiav
AOU
e UAa Amdahl's Law luuSungawdwsainagv: f lWldHnauAlAadrdu udsouwaisa synchronization doe

e ugn TTFT (compute-bound, laus:lovinia batch lkey) ooania Inter-Token Latency (memory-bandwidth-
bound, Daonagnsaz) — ag15189DIWANAEEISIU
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7.1 goAdss:=IvuaznduLinldana
[ ]
-l

danunlbRanwuuseiga

WwhdAan 1-2
1. "Parallel Au Distributed AaBovidedAu" — Ha:
LLWYA2e8 memory architecture [uly3udulkua

2. "WuUTKuQ/GPU 2:1558utaus"” — wa: JuAu critical
path ratio uazoasuaulayavaunuunWy

Part5-7.1

WwhkbAan 3-4
3. "Cloud Aaurdalkiivav Distributed" — Wa: Cloud
WU elasticity, multi-tenancy, pay-per-use

4. "LLM Serving dovldanusyatkunokua" — [a:
PagedAttention Aaland M wuulaumealddodnnalku
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8. unasu: begrasaiukvaisuanwagudunudiuavAds:znau

The Grammar of Cross-Component Trade-offs

Every design decision echoes across the tuple -- nothing is free

namscaadulplugiwaavidgva:znaulUdvdudsduiave — ludnisUsudsvlanlvddaunu
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8. syuuudttuiSavsioninudisSs

naAUES? = gauuana:lsuvogvidud

e MapReduce: gauinnandudakgumsiigulusunsy LanAaun1SHaMSIONIU + AAuANUIEEgKIgDalulh
e Apache Spark: UsSU W ua: M wWatfiu working set B3lutisu aadunuviudtasizKuuududiukiAma

e CUDA: 1Ua Throughput wasulu C uauvaulusunsuiuasyas:1dau M kaiaua (coalesced access)
e Kubernetes: 9as:108u P Wiu Reconciliation Loop uudouiusssu container

e VLLM: wanlau M Gxe PagedAttention wanvoik P i1 Continuous Batching 1GuUs:ansnw

o ujanssulildmanmsAaduavikuonanudwwa udinamnmsihtokanmsiuagvansdv ud> Recompose
tkulktun=Audosnagauu
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8. naugmaiulaun

moaaulkudksuaseifnul LLM Serving

o Amwibaun: ssuudiiu parallel, distributed sSo cloud Auuu?

e Anaulky: "szuuiiidamiasnssu distributed-memory s:k3wload Juindoudrasagus=ave
parallel computation Waaanailulaalded USKIs concurrency YavAMUDNWIUIWSDUAU LlazWowW
cloud provisioning wwausulaSavditunmunaldsy”

e A19sSU1IS=aUTAUTaWDNDTNILAYAIAIUIYILa=PIALlUUAISNaaavdauaaldagvidkannis
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9. wwuinkauazus:tGudagaa

LWURNAKQaUS:=QuU

e s:AUWUZNU: S1uun sequential/concurrent/parallel/distributed vov 4 szuuagv (event-driven server, 4-
GPU workstation, Hadoop cluster, CDN) wSautkqwalgoaaidagnssu

e s:QUUs=gNA: S1AS1EKS:UULU=NFUMDADULIDSEINADS scale-up/out/wauw wSduunuinuav Elasticity 4ov flash
sale; szu bottleneck nidgvngalunwwa LLM Serving

e s:QUALLASI:K: apasKawnAluladasv (Kubernetes/Spark/Ray) wWunwwa S As1) «; pPALUUAMUMSAINS:UU
WeaAugadallu parallel k3o distributed aauAumuyuuaY

e NAAIOUAIVT; KAAFIUTVUS=DAY 2 1, auudgiutgvanidagassu 21, A trade-off21
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9.1 uudnNIvVAISAABICdYDANIUEIEVIU

130ALEUNVISEUSMUANULTYIBIEYUDVAI LDV

Algorithm & Systems Focus

e a9 Algorithm: Suan W wa: D — vauwaaivonio
naufuavLIU LLadAR8QIT C Wagu cost model
agvls

e 18 Systems: LlGuMU Request Path Trace 250
UURAWAQNAILIU dnlus JoAdIU LLazAIUIFYKIE
Us1anad Laixdunavniwa

Part5-9.1

Cloud & Data/Al Focus

e 19 Cloud: uan Provisioning Plane (A) 990210
Application Behavior — autoscaling uu stateful
system nluid drain protocol Tludaaase

e 319 Data/Al: uen Training (throughput-driven,
collective gradient) aanv1n Serving (queue-
driven, tail latency) agwidavia
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taneurinIsuUsS:=LiUWaldvILASI=K

=

Assessment Rubric — lKunkunnAsumwikanwa lulgddlavided

ganisuUs:=Liu

A19SU1Y

AULLUgBYLUIAQ (Conceptual
Precision)

UszmAdaauuddau (Explicit
Assumptions)

1GouluvdunuiiuavAUds:nau
(Cross-Component Mapping)

godadaavauwannuluuduau
(Uncertainty Awareness)

Part 5

wondeyritnSaungasv (N) aandndayrkinsuszaiuviugoassa: (0O) [dogvidrannis

S:yUAfIAUUTLAIUDUIAOYDAISIDIU/FISALDSADUILIASIEK KAnLA8vA1SasULKUISIU

asu1eldnmsaocauldnlkuaktivavwad/sSreuWvonaululkuadulunwasaiols

S19VU operating region agwidkanms kanl@gvassmmsuduuulsvouly
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AVUNA 1

ANAHLLAzAUsY

Auanvintih: unii 2 — wasmanaidsnaunn KiduiedasfiodeUsunas (Latency, Throughput, Speedup, Efficiency,
Strong/Weak Scaling)

Unified Framework for Scalable Computing Systems and Algorithms



