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Priority Schedulers — when do we need them?

Parallel iterative algorithms!

Parallel Graph Algorithms (Dijkstra, A*, BFS, Boruvka, ...)
Delaunay Triangulation
PageRank Algorithm
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Q.add(start)
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val Q := PriorityQueue<Node>()
start.distance = @ // INF for others
Q.add(start)

while Q.isNotEmpty() {
u := Q.delete()
for (v : u.edges) {
if v.distance != INF: continue
v.distance = u.distance + v.weight
Q.1insert(v)
}
}
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Parallel Dijkstra: A Brief Overview

val Q := ConcurrentPriorityQueue<Node>()
start.distance = 0 \\\.
Q.add(start)

while Q.isNotEmpty() {| The Priority Scheduler

6‘9 u := Q.delete()

Q?} for (v : u.edges) {
C if v.distance != INF: continue
’& v.distance = u.distance + v.weight
A Q.insert(v)
}
}




Parallel Dijkstra: A Brief Overview

val Q := ConcurrentPriorityQueue<Node>()
start.distance = @

Q.add(start)

activeNodes := 1

while activeNodes > 0 {
5 u := Q.delete()
Q$> for (v : u.edges) {

(@ if v.distance != INF: continue
&:Q v.distance = u.distance + v.weight
A activeNodes.inc(); Q.insert(v)
}
activeNodes.dec()




Parallel Dijkstra: A Brief Overview

val Q := ConcurrentPriorityQueue<Node>()
start.distance = @
Q.add(start)

activeNodes := 1 . :
Is this algorithm

while activeNodes > 0 { correct?
u := Q.delete()

for (v : u.edges) {
if v.distance != INF: continue
v.distance = u.distance + v.weight
activeNodes.inc(); Q.insert(v)

}

activeNodes.dec()
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Parallel Dijkstra: A Brief Overview

delete-first-and-process
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Deque node u
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Parallel Dijkstra: A Brief Overview

Enqueue u’s
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Parallel Dijkstra: A Brief Overview

Enqueue u’s
. Deque node u neighbours
R —\/
< dele Ny .
= This is not Dijkstra |
N
anymore!
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Deque node v Enqueue v's Global time
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Parallel Dijkstra: A Brief Overview

val Q = ConcurrentPriorityQueue<Node>()
start.distance = @

Q.add(start)
activeNodes := 1

while activeNodes > 0 {
5 u := Q.delete()
Q$> for (v : u.edges) {
d := u.distance + v.weight
&:Q( relaxed := v.updateDistIfLower(d)
A if relaxed { activeNodes.inc(); Q.insert(v) }
}

activeNodes.dec()

}
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Parallel Dijkstra: A Brief Overview

val Q = ConcurrentPriorityQueue<Node> ()
start.distance = @

Q.add(start)
activeNodes := 1

Finally correct!

while activeNodes > 0 {

u := Q.delete()
st, for (v : u.edges) {

"7 d := u.distance + v.weight
\S
&"Q relaxed := v.updateDistIflLower(d)
A if relaxed { activeNodes.inc(); Q.insert(v) }
}

activeNodes.dec()
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Parallel Dijkstra: Trade-Offs

e Sequential Dijkstra: visits each node exactly once
e Parallel Dijkstra: may process nodes multiple times
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Parallel Dijkstra: Trade-Offs

e Sequential Dijkstra: visits each node exactly once
e Parallel Dijkstra: may process nodes multiple times

e \Vhat do we win and lose?
o Win: parallel edge processing
o Loss: additional waste work
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Parallel Dijkstra: Trade-Offs

e Sequential Dijkstra: visits each node exactly once
e Parallel Dijkstra: may process nodes multiple times

e \Vhat do we win and lose?
o Win: parallel edge processing
o Loss: additional waste work

On the real-world graphs, Win >> Loss

21



Priority Scheduler for Iterative Algorithms

e Should be fast
e Should be scalable
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Priority Scheduler for Iterative Algorithms

e Should be fast
e Should be scalable

e DOES NOT NEED TO BE FAIR!
o Yet, should be fair enough
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val queues := PQ<E>[CxT]
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Multi-Queue Priority Scheduler

val queues := PQ<E>[CxT]

B fun insert(task: E) = while(true) {

(% queue #1 () q := Clueues[r‘andom(a, CXT)]

if !trylLock(q): continue
g.add(task)

unlock(q)

(‘h queue #2 O return

CxT sequential
priority queues

('h queue #CxT O
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Multi-Queue Priority Scheduler

val queues := PQ<E>[CxT]

B fun insert(task: E) = while(true) {

(rh queue #1 () g := queues[random(@, CxT)]

if !trylLock(q): continue
g.add(task)
unlock(q)

(rh queue #2 O }return

CxT sequential
priority queues

('h queue #CxT O
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Multi-Queue Priority Scheduler

val queues := PQ<E>[CxT]

B fun insert(task: E) = while(true) {

(% queue #1 () q := queues[r‘andom(a, CXT)]
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g.add(task)
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Multi-Queue Priority Scheduler

val queues := PQ<E>[CxT]

B fun insert(task: E) = while(true) {

(% queue #1 () q := queues[r‘andom(a, CXT)]

if !trylLock(q): continue
g.add(task)

unlock(q) Qgg;;%ix
) return

("h queue #2 (

CxT sequential
priority queues

('h queue #CxT O
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Multi-Queue Priority Scheduler

val queues :

("h queue #2 O , e

ql

CxT sequential
priority queues

PQ<E>[CxT]

B fun insert(task: E) = while(true) {
g := queues[random(@, CxT)]
(fh queue #1 O if ltryLock(qg): continue
g.add(task)
unlock(q)

fun delete(): E? = while(true) {
:= distinctRandom(@, CxT)
:= queues[il]; g2

(fh queue H#CxT O q := gl.top() < g2.top() ? g1 :

i1, i2
:= queues[i2]

if ltryLock(qg): continue

_ task := g.extractTop()

unlock(q)
return task
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Multi-Queue Priority Scheduler

val queues :

("h queue #2 O , e

ql

CxT sequential
priority queues

PQ<E>[CxT]

B fun insert(task: E) = while(true) {
g := queues[random(@, CxT)]
(fh queue #1 O if ltryLock(qg): continue
g.add(task)
unlock(q)

fun delete(): E? = while(true) {
:= distinctRandom(@, CxT)
:= queues[il]; g2

(fh queue #CxT O q := gl.top() < g2.top() ? gl :

i1, i2
:= queues[i2]

if ltryLock(qg): continue

_ task := g.extractTop()

unlock(q)
return task

EH



Multi-Queue Priority Scheduler

§[(‘h queue #1 O

val queues := PQ<E>[CxT]

fun insert(task: E) = while(true) {
g := queues[random(@, CxT)]
if ltryLock(qg): continue
g.add(task)

Multi-Queues provide fairness guarantees!
“The power of choice in priority scheduling” by Dan Alistarh et al. (PODC’17)

CxT_seauentiagl

g “'}. queue #CxT ()

gl := queues[il]; g2 := queues[i2]
g := ql.top() < g2.top() ? g1 : g2
if ltryLock(qg): continue

task := g.extractTop()

unlock(q)

return task



OBIM vs PMOD vs MQ
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OBIM vs PMOD vs MQ

Work
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Much lower work increase with MQ
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OBIM vs

PMOD vs MQ

Faster iterations with OBIM / PMOD
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Can we achieve better results
with the Multi-Queue design?



MQ Optimizations: Task Batching

ER

ER

insertion buffer

retrieval buffer

Multi—Queue()

insertion buffer

retrieval buffer
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MQ Optimizations: Task Batching

insert
/g\/’
EEE
insert

xR

insertion buffer insert in

a batch
retrieval buffer

insert in a y

insertion buffer

retrieval buffer

(Multi—Queue()
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MQ Optimizations: Task Batching

insert

> insertion buffer insert in
a batch
\

retrieval buffer

delete \
delete multiple

E NN tasks MUlti'Queue

insert in a batch
insert

> insertion buffer
\

delete

delete
multiple tasks

retrieval buffer




MQ Optimizations: Task Batching

insert

/%\ > insertion buffer Win:
‘\ .  mgan
delete N e less lock acquisitions
e |ess cache misses
e e |ower contention
/%\ ins/er't' insertion buffer LOSS:
d‘eE retrieval buffer ¢ IOWGr falrneSS
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MQ Optimizations: Temporal Locality
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MQ Optimizations: Temporal Locality

temporally
local queue
/%\/< queue #1 O
( queue #2 O
temporally
local queue
/%\ ( queue #3 O
( queue #4 O

Work with the temporally local queue,
changing it with some probability




MQ Optimizations: Temporal Locality

queue #1 O

queue #2 O

-

[

queue #

|
e
v S

Different threads may use the
same queue (rare situation)

( queue #

U

Work with the temporally local queue,
changing it with some probability
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MQ Optimizations: Temporal Locality

e o
/
R

queue #1

queue #2

queue #3

|
|
|
|

queue #4

e Detter fairness
compared to batching

Loss:

e acquires/releases locks
on every operation
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MQ Optimizations: NUMA-Awareness

CPU
#O
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CPU
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CPU
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CPU
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MQ Optimizations: NUMA-Awareness
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MQ Optimizations: NUMA-Awareness

0 cPL P (1 e Choose aqueue in
S -—> 0 the same socket with
10 e - 10 higher probability

I >< I e Never use
C_ 1 C_ 1 out-of-the-socket
S CPU o CPU 0 queues as local ones
1 e W 0 with temporal locality

55



MQ Optimizations: NUMA-Awareness
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OBIM vs PMOD vs MQ vs MQ-Optimized

- Classic MQ —}— MQ Optimized & NUMA (Tuned) -4-- OBIM (Tuned) —4— PMOD (Tuned)
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MQ and MQ-Optimized Fairness

Average rank Maximum rank
(with high probability)

MQ: 2 <%) O (£n(logn + log C))
MQ-Optimized: of %22 (ogn g 42)] o 2 g 22

MQ-Optimized provide essentially the same guarantees,
with parametrization depending on choice probabilities




Can we do better?



SMQ: Stealing Multi-Queue

insert

/V( sequential queue O

sequential queue O

— |
ER

60



SMQ: Stealing Multi-Queue

insert

/V( sequential queue O

N N

Not protected by locks!

v

sequential queue O
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SMQ: Stealing Multi-Queue

insert

/V( sequential queue O

g “Tete
N

delete

stolen tasks buffer

(1st priority)

sequential queue O

—
i

stolen tasks buffer

steal

steal SIZEﬂrﬂ tasks
with p_ . probability



SMQ: Stealing Multi-Queue

— )
ER

»

val queues := SequentialPriorityQueue<E>[T]
val threadlocal stolenTasks := Buffer<E>(SIZE

—
ER

steal

1)
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SMQ: Stealing Multi-Queue

—
R

O val queues := SequentialPriorityQueue<E>[T]
val threadlocal stolenTasks := Buffer<E>(SIZE_, - 1)

fun insert(task: E) {
queues[curThread()].addLocal(task)

}

| )
ER
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SMQ: Stealing Multi-Queue

|
R

() val queues := SequentialPriorityQueue<E>[T]
val threadlocal stolenTasks := Buffer<E>(SIZE_, - 1)

fun insert(task: E) {
queues[curThread()].addLocal(task)

}

lg\i( () fun delete(): E? {
-
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SMQ: Stealing Multi-Queue

|
R

|
R

val queues := SequentialPriorityQueue<E>[T]
val threadlocal stolenTasks := Buffer<E>(SIZE_, - 1)

fun insert(task: E) {
queues[curThread()].addLocal(task)

}

fun delete(): E? {
if stolenTasks.isNotEmpty():
return stolenTasks.removeFirst()

66



SMQ: Stealing Multi-Queue

|
R

|
ER

val queues := SequentialPriorityQueue<E>[T]
val threadlocal stolenTasks := Buffer<E>(SIZE_, - 1)

fun insert(task: E) {
queues[curThread()].addLocal(task)

}

fun delete(): E? {
if stolenTasks.isNotEmpty():
return stolenTasks.removeFirst()
with p_. . probability {
task := trySteal()
if task != null: return task

}
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SMQ: Stealing Multi-Queue

|
R

|
R

val queues := SequentialPriorityQueue<E>[T]
val threadlocal stolenTasks := Buffer<E>(SIZE_, - 1)

fun insert(task: E) {
queues[curThread()].addLocal(task)

}

fun delete(): E? {
if stolenTasks.isNotEmpty():
return stolenTasks.removeFirst()
with p_. . probability {

task := trySteal()

if task != null: return task
}
task := queues[curThread()].extractTopLocal()
if task != null: return task
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SMQ: Stealing Multi-Queue

—
R

|
ER

val queues := SequentialPriorityQueue<E>[T]
val threadlocal stolenTasks := Buffer<E>(SIZE_, - 1)

fun insert(task: E) {
queues[curThread()].addLocal(task)

}

fun delete(): E? {
if stolenTasks.isNotEmpty():
return stolenTasks.removeFirst()
with p_. . probability {

task := trySteal()

if task != null: return task
}
task := queues[curThread()].extractTopLocal()
if task != null: return task

return trySteal()
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fun trySteal(): E? {

i := random(@, T)

t := curThread()

if queues[i].top() < queues[t].top() {
stolen := queues[i].steal(SIZE_, )
if stolen.isEmpty(): return null
stolenTasks.add(stolen[1:])
return stolen[Q]

val queues := SequentialPriorityQueue<E>[T]
val threadlocal stolenTasks := Buffer<E>(SIZE_, - 1)

fun insert(task: E) {
queues[curThread()].addLocal(task)

}

fun delete(): E? {
if stolenTasks.isNotEmpty():
return stolenTasks.removeFirst()
with p_ . probability {

task := trySteal()

if task != null: return task
}
task := queues[curThread()].extractTopLocal()
if task != null: return task

return trySteal()
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fun trySteal(): E? {

i random(@, T)

t curThread()

if queues[i].top() < queues[t].top() {
stolen := queues[i].steal(SIZE__ )
if stolen.isEmpty(): return null
stolenTasks.add(stolen[1:])
return stolen[Q]

:= SequentialPriorityQueue<E>[T]
Buffer<E>(SIZE

val queues
val threadlocal stolenTasks

steal 1)

fun insert(task: E) {
queues[curThread()].addLocal(task)

}

fun delete(): E? {
if stolenTasks.isNotEmpty():
return stolenTasks.removeFirst()

with p_ . probability {
task := trySteal()
if task != null: return task
}
task := queues[curThread()].extractTopLocal()

if task != null: return task

return trySteal()



SMQ via d-Ary Heaps with Stealing Buffers

fun

fun

fun

fun

val q := d-AryHeap<E>()
val stealingBuffer := SequentialBuffer<E>(SIZE
val (epoch, stolen): (Int, Bool) = (@, false)

addLocal(task: E)
extractTopLocal(): E?
top(): E?

steal(size: Int): List<E>

steaL)
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()
val stealingBuffer := SequentialBuffer<E>(SIZE
val (epoch, stolen): (Int, Bool) = (@, false)

fun addLocal(task: E) {
g.add(task)
if stolen: fillBuffer()

}

fun extractTopLocal(): E?
fun top(): E?
fun steal(size: Int): List<E>

fun fillBuffer()

steaL)
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()
val stealingBuffer := SequentialBuffer<E>(SIZE
val (epoch, stolen): (Int, Bool) = (@, false)

fun addLocal(task: E) {
g.add(task)
if stolen: fillBuffer()

}

fun extractTopLocal(): E?
fun top(): E?
fun steal(size: Int): List<E>

fun fillBuffer()

steaL)
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()
val stealingBuffer := SequentialBuffer<E>(SIZE
val (epoch, stolen): (Int, Bool) = (@, false)

fun addLocal(task: E) {
g.add(task)
if stolen: fillBuffer()

}

fun extractTopLocal(): E?
fun top(): E?
fun steal(size: Int): List<E>

fun fillBuffer()

steaL)
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()
val stealingBuffer := SequentialBuffer<E>(SIZE
val (epoch, stolen): (Int, Bool) = (@, false)

fun addLocal(task: E) {
g.add(task)
if stolen: fillBuffer()

}

fun extractTopLocal(): E? {
return g.extractTop()

}
fun top(): E?
fun steal(size: Int): List<E>

fun fillBuffer()

steaL)
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer :=

SequentialBuffer<E>(SIZE_,_ )

val (epoch, stolen): (Int, Bool) = (@, false)

fun addLocal(task: E) {
g.add(task)
if stolen: fillBuffer()

}

fun extractTopLocal(): E? {
return g.extractTop()

}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen)
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top

fun steal(size: Int): List<E>

fun fillBuffer()
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer :=

SequentialBuffer<E>(SIZE_,_ )

val (epoch, stolen): (Int, Bool) = (@, false)

fun addLocal(task: E) {
g.add(task)
if stolen: fillBuffer()

}

fun extractTopLocal(): E? {
return g.extractTop()

}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen)
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top

fun steal(size: Int): List<E>

fun fillBuffer()
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer :=

SequentialBuffer<E>(SIZE_,_ )

val (epoch, stolen): (Int, Bool) = (@, false)

fun addLocal(task: E) {
g.add(task)
if stolen: fillBuffer()

}

fun extractTopLocal(): E? {
return g.extractTop()

}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen)
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top

fun steal(size: Int): List<E>

fun fillBuffer()
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer :=

SequentialBuffer<E>(SIZE_,_ )

val (epoch, stolen): (Int, Bool) = (@, false)

fun addLocal(task: E) {
g.add(task)
if stolen: fillBuffer()

}

fun extractTopLocal(): E? {
return g.extractTop()

}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen)
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top

fun steal(size: Int): List<E>

fun fillBuffer()
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer :=

SequentialBuffer<E>(SIZE_,_ )

val (epoch, stolen): (Int, Bool) = (@, false)

fun addLocal(task: E) {
g.add(task)
if stolen: fillBuffer()

}

fun extractTopLocal(): E? {
return g.extractTop()

}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen)
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top

fun steal(size: Int): List<E>

fun fillBuffer()
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer :=

SequentialBuffer<E>(SIZE_,_ )

val (epoch, stolen): (Int, Bool) = (@, false)

fun addLocal(task: E) {
g.add(task)
if stolen: fillBuffer()

}

fun extractTopLocal(): E? {
return g.extractTop()

}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen)
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top

fun steal(size: Int): List<E>

fun fillBuffer()
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer := SequentialBuffer<E>(SIZE__ )
val (epoch, stolen): (Int, Bool) = (@, false)
fun addLocal(task: E) { fun steal(size: Int): List<E> = while(true) {
g.add(task) (curEpoch, curStolen) := (epoch, stolen)
if stolen: fillBuffer() if stolen: return emptylList()
} tasks := stealingBuffer.read() // UNSAFE
if (epoch, stolen).CAS({curEpoch, false},
fun extractTopLocal(): E? { {curEpoch, true}) {
return g.extractTop() return tasks
} }
}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen) fun fillBuffer()
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top
} 86



SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer := SequentialBuffer<E>(SIZE__ )
val (epoch, stolen): (Int, Bool) = (@, false)
fun addLocal(task: E) { fun steal(size: Int): List<E> = while(true) {
q.add(task) (curEpoch, curStolen) := (epoch, stolen)
if stolen: fillBuffer() if stolen: return emptylList()
} tasks := stealingBuffer.read() // UNSAFE
if (epoch, stolen).CAS({curEpoch, false},
fun extractTopLocal(): E? { {curEpoch, true}) {
return g.extractTop() return tasks
} }
}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen) fun fillBuffer()
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top
} 87



SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer := SequentialBuffer<E>(SIZE__ )
val (epoch, stolen): (Int, Bool) = (@, false)
fun addLocal(task: E) { fun steal(size: Int): List<E> = while(true) {
g.add(task) (curEpoch, curStolen) := (epoch, stolen)
if stolen: fillBuffer() if stolen: return emptylList()
} tasks := stealingBuffer.read() // UNSAFE
if (epoch, stolen).CAS({curEpoch, false},
fun extractTopLocal(): E? { {curEpoch, true}) {
return g.extractTop() return tasks
} }
}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen) fun fillBuffer()
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top
} 88



SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer := SequentialBuffer<E>(SIZE__ )
val (epoch, stolen): (Int, Bool) = (@, false)
fun addLocal(task: E) { fun steal(size: Int): List<E> = while(true) {
g.add(task) (curEpoch, curStolen) := (epoch, stolen)
if stolen: fillBuffer() if stolen: return emptylList()
} tasks := stealingBuffer.read() // UNSAFE
if (epoch, stolen).CAS({curEpoch, false},
fun extractTopLocal(): E? { {curEpoch, true}) {
return g.extractTop() return tasks
} }
}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen) fun fillBuffer()
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top
} 89



SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer := SequentialBuffer<E>(SIZE__ )
val (epoch, stolen): (Int, Bool) = (@, false)
fun addLocal(task: E) { fun steal(size: Int): List<E> = while(true) {
g.add(task) (curEpoch, curStolen) := (epoch, stolen)
if stolen: fillBuffer() if stolen: return emptylList()
} tasks := stealingBuffer.read() // UNSAFE
if (epoch, stolen).CAS({curEpoch, false},
fun extractTopLocal(): E? { {curEpoch, true}) {
return g.extractTop() return tasks
} }
}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen) fun fillBuffer()
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top
} 90



SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()

val stealingBuffer := SequentialBuffer<E>(SIZE__ )
val (epoch, stolen): (Int, Bool) = (@, false)
fun addLocal(task: E) { fun steal(size: Int): List<E> = while(true) {
g.add(task) (curEpoch, curStolen) := (epoch, stolen)
if stolen: fillBuffer() if stolen: return emptylList()
} tasks := stealingBuffer.read() // UNSAFE
if (epoch, stolen).CAS({curEpoch, false},
fun extractTopLocal(): E? { {curEpoch, true}) {
return g.extractTop() return tasks
} }
}

fun top(): E? = while(true) {
(curEpoch, curStolen) := (epoch, stolen) fun fillBuffer()
if stolen: return null
top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue
return top
} 91



SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()
val stealingBuffer := SequentialBuffer<E>(SIZE__ )
val (epoch, stolen): (Int, Bool) = (@, false)

fun steal(size: Int): List<E> = while(true) {
g.add(task) (curEpoch, curStolen) := (epoch, stolen)
if stolen: fillBuffer() if stolen: return emptylList()
} tasks := stealingBuffer.read() // UNSAFE
if (epoch, stolen).CAS({curEpoch, false},
{curEpoch, true}) {

fun addLocal(task: E) {

fun extractTopLocal(): E? {
return g.extractTop()
} }
}

return tasks

fun top(): E? = while(true) {

(curEpoch, curStolen) := (epoch, stolen)
if stolen: return null

top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue

return top

fun fillBuffer() {
stealingBuffer.clear()
fillStealingBufferUnsafe()
(epoch, stolen) = (epoch + 1, false)

}
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()
val stealingBuffer := SequentialBuffer<E>(SIZE__ )
val (epoch, stolen): (Int, Bool) = (@, false)

fun steal(size: Int): List<E> = while(true) {
g.add(task) (curEpoch, curStolen) := (epoch, stolen)
if stolen: fillBuffer() if stolen: return emptylList()
} tasks := stealingBuffer.read() // UNSAFE
if (epoch, stolen).CAS({curEpoch, false},
{curEpoch, true}) {

fun addLocal(task: E) {

fun extractTopLocal(): E? {
return g.extractTop()
} }
}

return tasks

fun top(): E? = while(true) {

(curEpoch, curStolen) := (epoch, stolen)
if stolen: return null

top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue

return top

fun fillBuffer() {
stealingBuffer.clear()
fillStealingBufferUnsafe()
(epoch, stolen) = (epoch + 1, false)

}
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()
val stealingBuffer := SequentialBuffer<E>(SIZE__ )
val (epoch, stolen): (Int, Bool) = (@, false)

fun steal(size: Int): List<E> = while(true) {
g.add(task) (curEpoch, curStolen) := (epoch, stolen)
if stolen: fillBuffer() if stolen: return emptylList()
} tasks := stealingBuffer.read() // UNSAFE
if (epoch, stolen).CAS({curEpoch, false},
{curEpoch, true}) {

fun addLocal(task: E) {

fun extractTopLocal(): E? {
return g.extractTop()
} }
}

return tasks

fun top(): E? = while(true) {

(curEpoch, curStolen) := (epoch, stolen)
if stolen: return null

top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue

return top

fun fillBuffer() {
stealingBuffer.clear()
fillStealingBufferUnsafe()
(epoch, stolen) = (epoch + 1, false)

}

94



SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()
val stealingBuffer := SequentialBuffer<E>(SIZE__ )
val (epoch, stolen): (Int, Bool) = (@, false)

fun steal(size: Int): List<E> = while(true) {
g.add(task) (curEpoch, curStolen) := (epoch, stolen)
if stolen: fillBuffer() if stolen: return emptylList()
} tasks := stealingBuffer.read() // UNSAFE
if (epoch, stolen).CAS({curEpoch, false},
{curEpoch, true}) {

fun addLocal(task: E) {

fun extractTopLocal(): E? {
return g.extractTop()
} }
}

return tasks

fun top(): E? = while(true) {

(curEpoch, curStolen) := (epoch, stolen)
if stolen: return null

top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue

return top

fun fillBuffer() {
stealingBuffer.clear()
fillStealingBufferUnsafe()
(epoch, stolen) = (epoch + 1, false)

}
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SMQ via d-Ary Heaps with Stealing Buffers

val q := d-AryHeap<E>()
val stealingBuffer := SequentialBuffer<E>(SIZE__ )
val (epoch, stolen): (Int, Bool) = (@, false)

fun steal(size: Int): List<E> = while(true) {
g.add(task) (curEpoch, curStolen) := (epoch, stolen)
if stolen: fillBuffer() if stolen: return emptylList()
} tasks := stealingBuffer.read() // UNSAFE
if (epoch, stolen).CAS({curEpoch, false},
{curEpoch, true}) {

fun addLocal(task: E) {

fun extractTopLocal(): E? {
return g.extractTop()
} }
}

return tasks

fun top(): E? = while(true) {

(curEpoch, curStolen) := (epoch, stolen)
if stolen: return null

top := stealingBuffer.first() // UNSAFE
if curEpoch != epoch: continue

return top

fun fillBuffer() {
stealingBuffer.clear()
fillStealingBufferUnsafe()
(epoch, stolen) = (epoch + 1, false)

}
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MQ vs MQ-Optimized vs SMQ

-- Classic MQ == MQ Optimized & NUMA (Tuned) -¥-- SMQ via d-ary heaps (Tuned)
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SMQ is faster and more scalable!




SMQ vs OBIM vs PMOD

-¥-- SMQ (Tuned) —}— SMQ (Default) -4-- OBIM (Tuned) —— PMOD (Tuned)
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SMQ either outperforms the state-of-the-art
or shows competitive performance




SMQ Fairness Guarantees

The same guarantees as for the MQ-Optimized

Therefore, the same in principle as for the classic MQ
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Conclusions

e Multi-Queues can be practical
o task batching + temporal locality + NUMA optimizations

e We suggested a novel Stealing Multi-Queue algorithm, which
outperforms the state-of-the-art in many real-world scenarios

e Both the MQ-Optimized and the SMQ algorithms
provide theoretical fairness guarantees
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Thank you!



