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Why Schedulers Bxist

Build intuition before discussing implementation
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|
wWhy Does an LLWM Server Need a Scheduler?

Ove GPU. Thousands of users. Something has to decide who goes first.

USERS

User 1

User 2

User 3

User 4

User 5

Takeaway: Many requests compete for one limited resource. The schedaler decides who gets it

1 - Why Schedulers Exist ]

The core +ension

Requests

arrive contivuously

Gru

can only do so much

Memory

is finite

Withont order

chaos ensues

~

v
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The Naive Server: Ove at a Time

Process each request fully before starting the vext.

TIWME

[ 1 - Why Schedulers Exist ]

what goes wrong
X

Poor throughput

~

The GPU ouly works on one sequevce at a

fime. Most of i+s capacity is umused.

o

-

Poor latency

o I

Short reduests wait behind long ones. A 5-
second request waits behind a eo-second

_ Y,

[
>

~

e
Wasted hardware

You paid for a fast GPU You're using i+
like a single-threaded processor.

\_ v
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[ 1 - Why Schedulers Exist ]

The Cost of Waiting

A short request trapped behind a long one — even when the GPU could help.

WITHOUT scheduling

User B's wait Hime:

@D+ seconds

WITH scheduling (coming up)

User B finishes in secownds,
not minutes.

Ch1 - wWhy Schedulers Exist



1 - Why Schedulers Exist ]

Continnons Batching: The Key Tdea

Serve multiple sedqueuces simultaveonsly — interleaved, one token at a time.

Tustead of fivishivg one redquest before starting the vext, we advance ALL runving requests together, step by step.

Decode step —

When Seq B finishes at 15, a new request immediately fills +that slot. The GFPU is always busy.

==
Tme —
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The Scheduler's Missiown

Ove job: keep the GPU busy doing useful work.

[ 1 - Why Schedulers Exist ]

Decide which waiting requests get GPU

time next

Track how wmuch GPU memory each
request consumes

&

a4 )
Maximise useful GPU utilisation
by serving as many reduests as possible, as fast as possible.
\ _J
Adwmit WManage Execute

_4

Hand the right seaunences to the GPU at

the right time
Ch1 - wWhy Schedulers Exist




Mental WModel of the Scheduler

Understand the system before any implementation

nano-vLLW Scheduler



[ Cth 2 + Mental Model ]

The Restaurant Analogy

A wmental model you already understand,

e 2
25 Customers —  Reauests | Users
\ J
e R
!._ Kitchew —  GPUu
- v,
e )
! Manager —  Scheduler
\ J
e )
ﬁ Table —  GPU Memory
\ J
e )
[®  Weun item —  Token geveration
\ J
The manager decides which customers ge+ seated, in what order, and when +he kitchen shoald start cooking.

| J/
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[
The Three Thivgs the Scheduler Tracks

Everythivg else is derived from these three.

-~

.

- e

Waiting Queune

Redquests that have arrived but haven'+
started yet. No GPU mewmory allocated.

N

v

4 4 )
2

Ruwning Queune

Requests actively generativg tokens, GrPU

mewmory is allocated to them.

Cth 2 + Mental Model ]

"
3

WMewmory Budget

How much GPU memory is available. Whew
Hhis runs out, o new requests cav start.

\ J

Ch 2. - Mental Wodel




[ Cth 2 + Mental Model ]

Everything Else Is Derived

Complex behaviour emerges from three simple thivgs.

N
4 Adwi+
Waiting new seq
Queune Y,
g
N
4 Prefill
Runming bateh
Queue J
\_
N
PDecode
( batch
Wemory J
Budget
\_ N
Preempt
vietim
Y,

h 2« Mewtal WModel



[ Cth 2 + Mental Model ]

The Scheduler Lifecycle

Every request follows the same path.

WAITIN& Reduest arrives. Sits in quene. No N _ _ _ _ _ _ _ _ __
mewmory allocated. 1 preempt
v
D 4
Admitted. KV memory allocated. N PREEMPTED
?MN NI N & Actively generating tokens. - (back +o waiting)
Yy \_
E-D Output complete. Mewmory freed.
T;IN IS‘H Result returved to user.
[ Optional path: if memory rans out, a RUNNING sequence can be pushéd back to WAL TING (preemption). Wore on +his in Chapter &. ]

h 2.~ Mewtal Wodel



Sedquences and Quenes

Tutroduce the actual scheduler obyects

nano-vLLW Scheduler BrassinAT



What IT's a Sedquewnce?

A seduence is ove nference request plus all the state veeded +o aeverate its response.

[ th3 - Sequences & Quenes ]

B User: "What is artificial ivtelligence?”

what the scheduler sees:

token_ids 1342, 374, NFD2, 1M4FD, 20] <« prompt tokenised into numbers
I status WATITING — RUNNING — FINISHED
I block_table [ ] « empty until admitted; fills with memony block TDs
I tokens_generated D « counter incremented each decode step

max_tokens 256 <« hard cap on how long the response cov be

A sequence is Hhe scheduler's unit of work — one request, tracked from arvival +o completion.

h 3« Sequences & Quenes



[ th3 - Sequences & Quenes ]

Sedquence Status: Three States

A seduence is always v exactly ovne of these states.

a N 4

C m )

WALTING

The request has arrived avd is quened. No
GPU memory is allecated. The sequence is
waiting for the scheduler to admit it

Set when: request first arvives. Also set when
preempted.

.

v

RUNNING

The seduence has beew adwitted. GPU
memory blocks are reserved. The model is
actively aenerating tokews for this
request.

Set when: scheduler allocates KV blocks and

FINISHED

Generation is complete (EOS token or
max_tokews reached). All GPU mewmory
blocks are immediately freed.

Set when: EOS token generated or max_+okens

begins prefil. /

QW /
h 2+ Sequences & Quenes




[ th3 - Sequences & Quenes ]

The Waiting Quene

New requests arrive here. They wait patiently until the scheduler has room.

TRONT BACK

[
»

(o \(#e N\ (e N A

Summarise this 10-page

Travslate this paragraph +o
document...

: : . :
What is the capital of France? Write a Python web scraper o

[ waiting 0.5 ]

-

[ waiting 0.4s ]

\ /

[ waiting 045 ]

[ waiting 1.2 ]

AN /

«— next +to be admitted (FIFO)

Key properties: FLFO order + No KV wmemory allocated « Sequences wait here on arrival AND after preemption (pushed to front)

h 3+ Seduences & Quenes



[ th3 - Sequences & Quenes ]

The Rumming Quene

Active seduevces — they hold GPU memory and geverate tokens every step.

o N (et O\ (eata )

204 fokens gener ated 256 tokens geverated 128 tokens generated

KV blocks: KV blocks: KV blecks:

EES |-. (=]
¢ =) J

( )

4 RUNNING 4 RUNNING

Key properties: each seduevce holds plsical KV memory blocks + generates one token per decode step - can be preempted if memory pressure rises

(N J

( \

This is where the GPU work happens — every sequence in the ranming queue generates one token per inference step.

J

Ch 3 - Seduevces & Quenes



[ th3 - Sequences & Quenes ]
How Requests Move Through the System

The scheduler moves seduences between quenes based on memory and compute decisions.

] prefill ( £0S /

. (allocate memory)

e arvives WATTING . RUNNING i FINISHED
Reduest Queve J L Queue

preempt (free memory, push to front of waiting)

. — Waitivg: Any vew request enters the waiting quene first, regardiess of priority.
. — Ruwvivgy: Scheduler adwits request when token budget and memony budget both allow it. Prefill ruws.
. — Finished: Scheduler detects EOS token or max_tokens hit. Blocks freed immediately.

. = Preempt: I mewmory runs out, a runing sequevce is sewt back to waiting (frowt of dqueue).

h 3+ Seduences & Queunes



Prefill vs Decode

The wmost important wmeutal model in this presentation

nano-vLLW Scheduler BrassinAT



[ h 4 -+ Prefill vs Decode ]

What Happens When a Redquest Starts?

There are two very differewt phases of LLWM geveration.

whew a request moves from WAL TING — RUNNING, the model does +wo distinet +hings v sequence:

/’l PREFILL \ /2 DECODE \

Read and understond the ewtire prompt. Build a memory
structure (the KV cache) that lets the wmodel 'remember’
the context.

@5 once, at the start / @5ﬂ7”5ﬁ/ wntil EOS or max_tokens. /

h 4 - Prefill vs Decode

Geverate the response, one tokew at a time. Each step
produces exactly one new word or sub-word.




[ h 4 -+ Prefill vs Decode ]

Prefill: Building the KV Cache

The model reads the entire prompt and stores what i+ learned.

wWhat prefill does: Prompt — KV Cache

2. Run them through every transformer layer

l model processes all

toki l el
3. For each laver, compute Key and Value vectors s e

KV Cache
4. Store K and V in GPU mewory (= the KV cache)
K4 K2. K3 KA
5. After this, the model 'knows' the full context Vi e \E V4

K/ stored for each token

Prefill is compute-intensive: parallel matrix maltiply over all
prompt tokens at once.

\_

h 4 - Prefill vs Decode



Decode: One Token at a Time

After prefill, the model generates the response tokew by token.

What decode does:

1. Take ovly the last geverated token

2. Compute attention over entire KV cache

3. Predict probability of each vext token

4. Sample one token (the next word)

5. Append i+ to KV cache, repeat

r

Decode is memory-bandwid+h-bound. one +token, but reads +he
entire KV cache.

\_

Token-by-token generation

h 4 -+ Prefill vs Decode ]

-
k— step 1
-

~
— step 2
&

p
— step 3
-

~

— step 4
-

~

— step 5
-

Vs

— step @
&

h 4 - Prefill vs Decode



DPECODE

uses memory

PREFILL

creates memory

This is why memory management is the central challenge of LLM serving.



why the Scheduler Separates Prefill and Decodc

Two fumdamentally different workloads need different optimisation strateaies.

PREFILL DECODE
Tokens per step All prompt tokens (eq. 512) Exactly 1 tokew
Computte profile WMartrix makiply-boud (fast) Wemory-bandwidth-bound
GrU shape Variable batch size Fixed batch size — CUDA graphs
KV cache access Writes only (storing new K/V) Reads entire cache + 1 write
Latewcy priority Starts vew request — latency-sensitive Continues existing — throughput-sensitive
[ Scheduling them separately lets the GPU be optimised for each workload. Mixing them wastes both. ]

h 4 - Prefill vs Decode



WMewmory, Blocks, and BlockManager

Understand scheduler constraints

nano-vLLW Scheduler



Wiy Mewmory Becomes the Boss

KV cache grows with every +oken — and it never shrinks matil the reduest finishes.

Here is the challevge:

ths « Mewmory & Blocks ]

Vs

- Every tokewn geverated adds more data +o the KV cache

Q That memory stays reserved for the entire lifetime of the request

@ Ovce G PU memory is full, vo vew requests can start

A Tven one very long redquest can starve the GPU of capacity

Wewmory is finite. Compute is abuvdant. This makes GPU mewmory — vot raw compute — the true bottleneck.

J

th 5 - Mewory & Blocks



[ th 5 « Memory & Blocks ]
WMewmory Grows as Tokens Are Geverated

A request's memory footprint iucreases with every decode step.

129 179 256 204 N2
tokens tokens tokens tokens

Start Step 50 Wax (512 ok
(prefil) (decode) Step12% Step 256 (512 ok) ‘
Time [ +okens @@vy@mﬂzdr
[ Wemory never shrinks antil the request finishes (or is preempted). ]

5 - Mewmory & Blocks



[ th 5 « Memory & Blocks ]

GPU Full: The Problem Statement

What happens when there is no more room?

® New request camot start

X  Newreduests duene up in WATTING indefinitely
¥ Latenoy grows for all new users

2z Parts of GPU compute sit idle (decode only uses some of the hardware)

[ Solution: we need a way to manage memory predictably, That solution is blocks. ]

h 5« Mewory & Blocks



[ ths « Mewmory & Blocks ]

Blocks: Fixed-Size Memory Chunks

KV cache memory is divided into edqual-size blocks of 256 tokens each.

Tustead of allocating memory freely (like malloc), nano-vLLW carves GPU memory into fixed 256-token blocks.

4 . N\ 4 )
Predictable O(1) ops

P Likea PQFHVI@ aarao)e Every block is @mcﬂq 256 fok@ms‘ Allocate = pop from fr@@ list. Free =
Qo fragment atiow, vo guessing, ) Q{Asm back. Both are instant. )

Cars park in fixed bays. You rent whole bays — not arbitrary
square footage. The garane always knows exactly how mawy ( K \ ( . \

bays are free.

Hashable Countable
Fixed-size blocks have consistent Atways know exactly how many
content. Easy to fingerprivt for blocks are free. Budget

refix cachivg ) panggemeut is trivial )

h 5+ Mewmory & Blocks



[ th 5 « Memory & Blocks ]

What Blocks Look Like in GTPU Memory

A flat array of blocks — each holds 256 tokens' worth of KV vectors.

Physical GPU memory — divided into blocks:

#4
FREE
#a
FREE
#4
FREE
Legend: Free block . Cached (shared prefix)

Each block s exactly 256 tokens. A sequence can span many non-contiguous blocks — the block table maps logical positions +o physical block

IDs.
h 5« Mewory & Blecks



[ th5 + Mewory & Blocks ]
BlockManager: The WMewmory Acconntant

Knows exactly what is free, what is in use, and what can be reused.

The BlockManaaer is the scheduler's dedicated memory sub-system. The scheduler asks it duestiovs; i+ answers.

4 )
Can I adwmit this sequence?

*  cav_dlocate(seq) Ves if free_blocks = seduum_blocks

Do I veed a vew block this step?

*  cav_append(seq) Ves if seduence Just crossed a 256-token boundary

This sequence is done — clean up.

c dedllocate(seq) Pecrements ref_connts, returns blocks to free list
\ J

[ The BlockManager is called by the scheduler every single inference step. I+ never touches +he GPU directly — it just tracks IDs.

th 5 Wewory & Blecks



BlockManager Architecture

wWhere it sits, what i+ holds, what i+ knows.

th 5 + Memory & Blocks ]

4 N\
Scheduler
schedule() postprocess() preempt()
e
BlockMavager
free_block_ids + used block_ids + hash_to_block_id
KV Cache (GPU mewmory)
Physical tensor: [wum_blocks x block_size x heads x head_dim]
J

Tuside BlockManager:

I free_block_ids: dedue of available block TDs — O(1) pop for allecation
I used_block_ids: set of in-use block TPs — O(1) membership check
I hash_to_block_id: dict from hash — block TP — +he prefix cache lookup table

th 5« Mewmory & Blocks



BlockManager: Three Core Operations

[ ths « Mewmory & Blocks ]

Every interaction between the scheduler and memory goes throuah one of these.

-

allocate(sed)

N

WHEN
whew a sedquence is admitted to ruming.

WHAT
Reserve blocks from the free list, Build the
seduence's block_table. Comnt cached blocks

(prefix cache hits).

BFFECT

free_Wleck ids shirinks. sequence.block +able
opulated.

O+ )

wmay_append(sed)
WHEN

Each decode step — but only if the seduence
Just crossed a 256-token block bounndary.

WHAT

Pop one block from free list. Append o
seduence's block_table.

BFFECT

free_block ids shrinks by 1 (at most once per 256
tokens).

-

deallocate(sed)

N

WHEN
When a sequewce finishes (or is preempted).

WHAT

Decrement ref _count of each block in
block_table. Return blocks with ref _connt=0 to
free list.

TFFECT

free_bleck ids grows. WMemory available for new
Sequences.

h 5« Memory & Blocks




Readivg schedule()

Understand the scheduler loop — decision by decision

nano-vLLW Scheduler BrassinAT



[ h @ - Reading schedule() ]

What Does schedule() Actually Do?

Called ouce per inference step. Returus a list of seduences and a phase flag,

Every inference step, the evgine calls schedule (). Tt returns:

~ ~
sequences A list of Seduewce objects to process in this step

e N
is_prefill True = run prefill for these sequences - False = run decode

. J

The high-level decision tree:

Ts anyone waiting AND can we admit them?

VES — rum PREFILL for admitted sequences : NO — run DECODE for all rumving sequences

Ch @+ schedule()




[ th @ ~ Reading schedule () ]

schedule() — The Entire Logic

Simpler than you think. Two phases, strict priority.

fumction sehedule():

#— PHASE1: PREFILL
adwitted = []
for each seq in waiting_queve:
if token_budget_ok AND memory_ok:
adwit seq — alloc blocks — wove o ruvnivg

else:
break <« STOP, do ot skip
if adwmitted:
return (adwitted, is_prefil=True)

#— PHASE 2. DECODE
for each sed in runnivg_duene:
if can_append(seq):
may_append(seq) — add to batdn

else:

preempt someove — free mewory — retry
return (decode_loatch, is_prefill=False)

h G+ schedule()



The Prefill Path: Adwmitting Seduewces

Two checks wmust pass before any seduence is admitted.

For each seduence in the waiting dueue:

h @ - Reading schedule() ]

4 N\ (
Check 1 Would adding this sequence exceed V' Wnder budget — continve
Token bmd@a-l“ max_num_batched_tokens? \
(cached tokews are free — they don't count against e
the budget) X Over budget — BREAK
. T J °
r N ¢
V' Enough memory — ADMIT
Check 2 Does the free_block_ids list have enough blocks for L 2 !
WMewmory budget this sequence? p
(wum_free_blocks = sequencemmm_blocks_weeded) X No mewmony — BREAK
) .
-
ADWMIT: allocate KV blocks — move to ruming duene — add to prefill batch
G
-
break not continue. if any check fails, stop the loop entirely. Smaller waiting requests do NOT jump the queue.
\

]

h @~ schedule()



[ h @ - Reading schedule() ]

Adwmission Checks: Two Gates, Both Must Pass

Think of i+ as a nightclub bouncer with two independent rules.

% Analogy: vightelub bouncer

Capacity rule: the club holds 200 people total.
— Qate\: total_tokens + this_request < max_batched_tokens

ID check: you must be able to hold a table.
— Qote 2. evongh free memory blocks for this sequence

If either rule fails: the whole queue stops. No jumping ahead.

Why BREAK avd wot CONTINUE?

Starvation prevewtion. If the scheduler could skip a large
request and admit smaller oves, a large request conld wait
forever.

Fairness. FLFO order is simple and predictable. Users know
their request will run in roughly the order i+ arrived.

Simplici+y. No priority inversion, vo starvatiow logic needed.

FIFO is adeliverate design choice — not a limitation.

h G+ schedule()



The Decode Path: Advancing All Running ==
Seduences

whew vothing new can be admitted, advance every ruwing seduevce by one tokew,
After confirming vo prefill is needed, the scheduler prepares a decode batch:

Pop sequevce from running quene (frout) Process sequences i adimission order.,

Does this step cross a 256-token block boundary? If yes, we need ove free

Check can_append(sed) block

YES: may_appevd(seq) Allocate a new block if veeded. Add seduence to decode batch.

NO: preempt someone Wemory pressure. Bvict the lowest-priority rumiing seduence. Retry.

Return decode bateh All sequences that passed step 2 are included. Wodel runner executes ove
+oken per sequence.

\ J

After the loop, restored sequences go back to the front of the raming queve in original order. No sequence is forgotten.

)

h G - schedule()



Owe Decode Step: What Happens

Every rivning seduence generates exactly one foken. Then the loop restarts.

Sed A

256 tokens so far

at boumdary — new block!

. 4

Seq B

100 tokevs so far

mid-block — no alloc

. 4

[ h @ - Reading schedule() ]

eq C

511 tokews so far

— FINISHED, blocks fieed

N

After the GPU ruvs this batch, postprocess() ruvs:

1. Append new token to each sedquence's token_ids

2. Check: is the new +oken == EOS? — wark FINISHED

3. Check: tokens_generated == max_tokens? — mark FLNISHED
4. For finished seduences: deallocate all KV blocks immediately

Ch @+ schedule()




The Scheduler Loop: Complete Picture

The engine calls schedule() every step. This diagram shows the full cycle.

Engive
calls schedule ()

[

th @ ~ Reading schedule () ]

Decode
batih

NO — decode
A \ 4
U/OQP WQH'WI@ ] YES — :( ‘Plpa.ﬁ“
dquene? J L batcn
\ 4
( ™
Gru
executes
\. y,
1
~
postprocess()
N update state |

h @ - schedule()



Prefix Caching

Wy compute the same thing twice?

nano-vLLW Scheduler BrassinAT



[ h 7 - Prefix Caching ]

The Problem: Redundant Computation

Wost reduests share a common opening — the system prompt.

[ System prompt (same for ALL users): "“fou are a helpful assistant. Answer clearly and concisely.” ]

T This 12&-token bleck is computed from scrateh every single time.

TIn areal deployment: thousands of requests x same system prompt = enorimouns wasted compute.

h 7 Prefix Caching



Ch7 -+ Prefix Caching ]

Without Prefix Cache: Repeated Work

Two requests. Same prompt. Two full computations.

The cost at scale
Request A

- . . . . - . If your system prompt is 256 tokens and you serve

«— ALL computed from scrateh (7 tokens) 10,000 requests per hour:

— 2,560,000 tokens/hour of wasted KV computation
Regquest B

— SAME 4 system tokens computed again!

— Longer latency for every redquest

— Higher GPU ntilisation just to recompute what you
already know

Prefix caching eliminates this entirely,

Total tokens computed: 13
Necessary tokens: 4
wasted: 4 tokens (219 )

Ch 7 Prefix Cachivg



[ h? - Prefix Caching ]

With Prefix Cache: Reuse the Work

It we've seen this exact tokew sequence before, retrieve the stored KN — wo recomputation.

i+ works
Reduest A (first time) WA

1. Whew a block is full (256 tokens), compute a
«— 7 tokens computed — system prefic CACHED Wlocks #3, #7)

fingerprint (hash) of its content.

Reduest B (cache hit) 2. Store: hash — block_id in a lookup table.

- . . . . . 4. If hash is foumd: skip computation, rense existing

«— 4 tokens skipped (cache hitl), 2. tokens computed block.

2. When a new reduest arrives, hash its first block.

5. Continue +o next block with chained hash.
Total tokens computed: g

Necessary tokens: 4
Wasted: D tokens (0)

Ch 7 Prefix Cachivg



Shared Prefix Blocks: Visual

Two seduewnces sharing the same opening blocks.

Seq A block table: [5,5,5,7,12] « blocks 5 shared with B
Seq B block_table: (5, 5,5, 4, A] <« blocks 5 shared with A

Physical GPU memory:

h? - Prefix Caching ]

#5
#4 #7 #q
(x3)
Seq B SHARED Sed A Sed B
migue prefix migue uwidue

#2

Sed A
migue

FREE

available

How sharing works:

1. Block #5 appears i both sequewces’ block_tables — it is aenuninely shared.

2. It has ref_connt = 2 — the BlockManager will not free it while either sequewce holds i+.
2. When Seq A finishes, ref_count drops to 1. Block still held by Seq B.

\4. wWhen Seq B finishes, ref_count drops to 0. Block returved to free list.

~

J

Ch 7 Prefix Cachivg



Hash Chaivivg: Position-Sewsitive Fingerprintivg

A block's hash depewds on its content AND every block before it

[

h? - Prefix Caching

why chaining? without it, two sedquevces with identical Block 1 but different Block 0 would get a false cache hit.

Hash chain for a 3-block prompt:

(Block 0

tokens [0:256]

~

input: hash( (nowe), tokens)

Ho

(Block 1

tokens[256:512]

~

input: hash(Ho, tokens)

o J

\ 4

H1

[Block 2

+tokens [512.76D]

~

nput: hash(H1, +okens)

\_ J

\ 4

\_ J

r

\_

A, Like a git commit hash: it depends on the commit content AND the parent commit. Woving a commit +o a different branch
changes its hash — evew if the content is identical,

N

J

Ch 7 - Prefix Caching



h 7 - Prefix Caching ]

Reference Comting: Safe Shared Owvership

A block shared by two sequences must not be freed wihew only oue finishes.

ref_count tracks how many sequences currevtly hold a block. A block is only returved to the free list whew ref_count

reaches zero.

Seq A allocated. Shared block #5 created. ref_count(#5) =1

Sed B arrives. Cache hit on block #5. ref_comt(#5) = 2

Seq A fivishes. Deallocate called. ref_comt(#5) =1 «— NOT freed
Seq B finishes. Deallocate called. ref_comt(#5) =0 — FREED vV

Reference counting makes shared blocks safe. Memory is freed exactly when +he last holder releases i+ — never earlier.

)

J

7 - Prefix Cachivg



Why Prefix Caching Matters i Practice

The benefits are measurable and si@miﬁmmt

Lower latewey

Reguests with cache hits skip
prefill for shared tokews,
Respounse starts faster.,

o J

C o)
Higher throughput

Skipped tokens don't count
against the
max_batched_tokevs budoet.,
More requests adwitted per
step.

o J

Less compute

KV blocks that already exist are
reused. (GPU does less work for

the same ontput.

[ Ch7 -+ Prefix Caching ]

Lower cost

For cloud deployments: fewer
GPU eycles = lower nference cost

per request.

Real-world impact:

TIn atypical deployment with 256-token system promps:
— 100 of requests get a cache hit after the first request
— Effective thronghput on system-prompt tokews: near-infinite (o recomputation)
— TTFT (time-to-first-token) improves proportionally to the cache hit fraction

Ch 7 Prefix Caching



Preemption

what to do when mewmory ruvs out mid-geveration

nano-vLLW Scheduler Wasterclass BrassinAT



[ th® * Preemption ]

WMewmory Full: The Crisis

All GPU memory is in use. A runving seduence needs more space. What now?

A Seq A ust crossed a 256-token boumdary. Needs a vew block. Zero
free blocks.

Options:

XK Block Seq A: Tell it +o wait. But i+ dready has blocks allocated — wasteful and complex.

X il the request: Return av ervor. Terrible user experience.

|

. Preempt alower-priority seduevce: Temporarily remove one rumning sequence, free its blocks, use them for Seq A

Ch & * Preemption



Who Gets Preempted?

The seduence at the back of the ruming duene — the lowest admission priority.

nano-vLLW's rule: evict the sequence that was admitted most recently.

ruaving quene (front — back):

th® * Preemption ]

Seq A Seq P Seq C

admitted first admitted second admitted +hird

Seq D

admitted last «— BVICTED

/

why the most recewtly adwitted sequence?

e T+ has generated the fewest tokens — redoing its prefill costs the least.
e T+ was adwitted last, so other sequences have more invested work +o protect,

e The evicted seduence is pushed +o the FRONT of waiting — it gets priority whew memory is available.

\o This prevents starvation: av evicted seduence canot be skipped by new arrivals,

\

J
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Preemption: What Actually Happews

Temporarily remove a sequence to free its GPU memory.

Preemption = stop a rumning sedquevce + free its memory + put i+ back in waiting

QFURE preemption \ é‘l’E\Z preemption \

® Seq P is RUNNING e Seq D is WAL TING (front of quene)

e Seq P holds blocks #5, #9 preempt() | © Blocks #& and #9 returved to free list
ﬁ

e All GPU memory occnpied e 2 free blocks available

Q@q A canviot grow / Q@q A can allocate and continue /

Ch & * Preemption




[ th® * Preemption ]

Three Lives That Do Everything

preempt() is surprisingly simple — each line has a specific purpose.

def preempt(self, seq):
sed.status = Sequence StTatus WAL TING
selfblock_manager deallocate(sed)
\_ self.waiting.appendeft(sed) )
N
Line 1: seq.status = WAL TING The seanence is vo longer rumiing. Status change prevents it from beivg vclnded v the next decode
bateh. No lwaering references.
y,
N
Line 2. deallocate(seq) Every bleck in block table has its ref _count decremented. Blocks with count=0 return to
free_block_ids. This is the actual memory being freed.
y,
N
Live 3: waiting.appendeft(seq) appendieft pushes to the FRONT of waiting — not the back. The evicted sequence gets higher
priority than new arrivals. Anti-starvation.
y,

Ch & * Preemption



Preemption Walkthroungh: Step by Step

Runuing auene = [A, B, C, P]. Memory full. Seq A veeds a block.

h & + Preemption ]

~
Seq A popped from front of rumving quene. can_append(A) = False. No free blocks.

J

<
ruvning dueuve vot empty — pick Vvictim = rumning . pop() = Seq P (back of queune).

J

<
preempt(D): status=WALTING, deallocate(D) frees blocks #2 and #4, appevdleft +o waiting,.

J

<
cov_append (A)7 Mes — 2 free blocks now available. may_append(A) allocates new block.

J

<
Seq A added to decode batch. B, C also added. Seq D is at front of waiting queve.

J

<
Next step: Seq D is first to be admitted v prefill (if budget allows).

J

Ch & * Preemption



[ h & + Preemption ]

The Cost of Preemption

Preemption is correct — but it forces a redo of expensive work.

-
A When Seq D is re-adwmitted: it must redo i+s entire prefill from scrateh,
L
4 N\ .
Full prefill redo Latewncy hit
. The KV cache was discarded. Re-admission means reprocessivg all ‘ The re-admitted sequence will experience a delay proportional +o
prompt tokeus AND all [gem@rm—ed tokens so far. its total token commt at +the time of eviction.
. /' J
4 N\ [ )
Prefix cache helps Vs, full vLLWM
. , . . VLLW supports swap-to-CPU blocks are evicted to TRAM and
Lf the sequence’s P W PIAEvE Md.md’ swapped back, avoiding the full prefill redo. navo-vLLW owmits this
num_cacned_tokens will be nov-zero — reducivng the redo cost. S
for simplicity.
\_ /L J

Ch @ « Preemption



Scheduler +o GPU Bxecution

How scheduling decisions become actual GPU work

navo-vLLW Scheduler BrassinAT



Where schedule() Ends and Execution Begins

[

th g + Scheduler — GPU ]

The scheduler decides. The model rumver executes. They are separate systems.

schedule () returvs a list of sequences avd a phase flag. T+ does ot execute anything on the GPU. That is the model

ruvner's job.

(

scheduler.schedule()

Logyical decisions:
who runs, which phase

\_

\

(segs, is_prefill
—

J

The scheduler passes:

model_rumer.call()

Physical execution:
GPU forward pass

\_

\

seds

A list of Seauence objects. Each carries its block_table (list of physical block TDs).

I is_prefill

True — run prefill forward pass. False — run decode forward pass (CUDA araph if possible).

h a - Scheduler — GPU



[ th g + Scheduler — GPU ]

Scheduler — WodelRuwver Architecture

The full call chain from engive o GPU

4 )
LLW‘EWQMG Tokevizes prompts * drives generate() loop - calls schedule() and postprocess()
. v,
) I
SGV]GO‘(AIGI" Waiting dueue * Runving dueue + BlockManager  preempt () - admits seaueces
G v
4 1 )
WodelRunner

GPU setup « weight loading « CUDA graph capture - prefill [ decode forward pass

l

-
KV Cache (GPU)

Physical tewsor [wum_blocks = block_size x heads = head_dim] + Triton store kernel

. J

Ch G« Schednler — GPU
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Block Tables: Logical Memory Map

How a sedquevce's block table becomes a CUDA teunsor.

The block_table is a list of integers. Each integer is a physical block TD. The model runver converts this into a GPU Tensor

so the attention kernel can find each +oken.
6 each token at position p: \

Sed A block_table =
slot- mapping block_id = block_table(p // 256]
calealation
- - - - O.‘F‘Fse_l— ] P Wo 26@
—_—
slot = block_id x 256 + offset
Example: p=775
block_id = block_table[3] = 2
offset = 775 % 256 = 7
slot = 2x256+7F = 519 j

Ch a « Scheduler — GPU



th g + Scheduler — GPU ]

Physical KV Cache: What Lives on GPU

A flat 4D tensor — indexed by block T D, position, head, dimension.

7

k_cache shape: [ vum_blocks, block_size, wum_heads, head_dim ]

num_blocks ~,000+ Total blocks v the KV cache. Set at startup from GiPU memory budaet.

block_size 256 Tokens per block. Fixed at compile time. Hardware aligned.

nam_heads -322 Number of attention heads (model architecture parameter).

head_dim ©4129% Dimension of each head's key/value vectors.

Covcrete example (Qwen3-0.6B on FP16):
29 layers x 2 (K+V) x & heads x 126 dim x 2 bytes x 256 block_size = 0.575 MB per block

J
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CUDA Grraphs: Why Decode Gets Special -
Treatment

Fixed batch shape enables pre-recorded kervel replay — zero Python overhead.

Python dispatch overhead is significant for decode steps. CUDA graphs eliminate i+ by pre-recording the ewtire forward
pass.

NH’\/\OM'{' CUDA graphs \ miﬂn CUDA graphs \

Python: schedule() Python: schedule()

Python: build tensors Python: build tensors

CUDA: atteution kervel Gru: replay araph

Python: check ontputs (entire forward pass)

Python: postprocess() (zero Python steps)
\—» Python overhead every step / \—> much faster decode /
»

Why only decode? Decodie has a fixed batch size (padded to power-of-2.). Frefill varies in length every step — can't be graphed. ]

L
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[ tha - Scheduler — GPU ]

End-to-End Reduest Journey

Trom user message to @@\A@mmd response — every step.

Reduest arrives add_request() — Seduevce created — appended to waiting quene

A 4

Scheduler admits cav_allocate()? — allocate blocks — wove +o ruming — status=RUNNING

A 4

Prefill executes model_runver forward pass (all prompt tokens) — KV cache built — first tokew returved

A 4

postprocess() token appended — EOS? — wmax_tokens? — if ot done: stay RUNNING

A 4

Decode x N steps schedule() — decode — wmay_append at block boummdaries — one token per step

A 4

EOS token geverated postprocess() marks FINISHED — deallocate all blocks — result returned

J

J
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The Whiteboard Version

Everything ov one diagram

[ WALTING

~

-

SCHEDULER

-

QUEUE
( )
Sed A
_ Y, prefill
( D\ ="
Seq B
(& _J
( )
Seq C
(& _J
( )
Seq P
(& _J

o

Block
WManager

free list
hash cache

//7 RUNNING <\\

%

\_

preempt J /

QUEUE
s D
Sed A
blks:[1,4]
> Y
r A e
Seq B
blks:[2,5]

0 Y
s D
Seq C
blks:[3,6]

0 Y

Gru

[ WMewmory full? — Preempt

)

[ Repeated prompt? — Prefix cache hit




Final Takeaways

If you remember nothing else from +his deck:

The scheduler exists to keep the GPU busy.

Prefill builds KV cache. Decode nses i+.

WMemory — vot compute — is the real constraint,

Blocks make memony wmanageable.

Prefix caching reuses work across requests.

Preemption protects progress when memory is tight.

schedule() is three simple ideas: adwmit, decode, preempt.

Everythivg revolves around waiting, ruming, and memory.

The scheduler never touches the GPU. WodelRuner does.
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