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motivation

traditional computer modern computer
a core executing instructions many cores executing
sequentially instructions in parallel
—% LOAD core 1 || core 2 core n
ADD
core STORE

goal harness parallelism between cores




P parallelizing can be easy

e.g. squaring every number in a list

31415926 5 3
Y
[§2 12 42 12 53 92 22 62 52 32]

core A core B

P> we are interested in non-trivial parallelization

e.g. shortest paths in a graph



cores communicate through data structures in shared memory

core 1 core 2 core n

T 7 T

shared memory

today recent work, design issues 4 techniques



model

» n cores, each has its instructions + local memory
» cores compute in local memory
» Joad and store are all-or-nothing

LOAD z core A core B LOAD z
COMPUTE new value of z :

STORE new value of = D I:I




counter data structure with

P increment: increase count by one
> get: get the current count

314159265

increment get

Cores need to be able run increment concurrently!




naive implementation an integer in memory

» increment:
(1) read the integer (2) increment it (3) write it back

> get: (1) read the integer (2) return it

core A core B

But remember: steps of different cores can interleave arbitrarily!



naive’'s increment:

(1) read the integer  (2) increment it (3) write it

core A core B




naive's increment:

(1) read the integer  (2) increment it (3) write it

core A core B

core A reads



naive's increment:

(1) read the integer  (2) increment it (3) write it

core A core B

core B reads



naive's increment:

(1) read the integer  (2) increment it (3) write it

core A core B

core A increments



naive's increment:

(1) read the integer  (2) increment it (3) write it

core A core B

core B increments



naive's increment:

(1) read the integer  (2) increment it (3) write it

core A core B

core A writes; core B writes

Two increments succeeded, but the counter only shows one!



problem bad interleaving of steps possible

solution prevent all interleavings using locks

lock:  allows only one core to access a memory location at a time

. DO NOT
| OPERATE

| EQUIPMENT
| LOCKED ouT

[image source: Canadian occupational safety]



lock-based counter

core A core B

the counter now has a lock

core A core B

a when A wants to increment the
counter, it acquires the lock




lock-based counter

core A core B _ _ ) _
once A is done incrementing, it
releases the lock
shared memory " B can now acquire the lock,
~ and so forth...
g |

This counter is correct but slow!
» sequential counter with one core: 400M increments / sec
» lock-based counter with two cores: 6M increments / sec

» lock-based counter with 64 cores: 4M increments / sec
What is the problem?



problem only one core doing work at any time

+ locking and unlocking takes time

try new instruction: fetch-and-add

fetch-and-add:  atomically read and increment a memory location



The fetch-and-add counter is faster, but it still does not scale.
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The fetch-and-add counter is faster, but it still does not scale.

120 I —e— fetch-and-add | |
—a— lock-based
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problem memory contention

solution partition the data



sharded counter  partition the counter into subcounters

P every core gets its own subcounter
» one global lock-based counter

once every 1000 sub-increments, update global counter

core 1 core 2 core n




sharded counter

> at least 1000 less contention
» off by at most 1000 x (# threads)

v

constant w.r.t. count

fetch-and-add

10,000 || ~*~

7 —=— lock-based

2 —+—  sharded

£ 8,000

'\_é/

g 6,000

Z

£

4,000

£

()

g

E 2,000
[ —— - -
0 14 32 64

cores

If you are implementing this counter...

false sharing




queue

first in, first out enqueue at the back, dequeue from the front

1Ll4]1]5 :/
add remove

Multiqueue [ABKLN18]  one sequential queue per thread

> relaxed queue very close to true FIFO for large queues
> performs and scales solves massive problem instances

e.g. MAX INDEPENDENT SET on 10°-vx graph in 1/2 sec



ordered set

maintain an ordering of the items:
» insert(item) add an item to the set
» successor(item)  get the next item in order

P also delete, predecessor, range-queries, ...

insert

314 |- of 1592 |- of 89793 - * 2384626




binary search trees:
» first linearizable external BST [EFRvB10]
» a faster external BST [NM14]

B-trees:
> first linearizable BT -tree [BP12]

» Bw-tree: Microsoft's B-tree [LLS13]
— (%) open-source implementation [WPLLZKA18]

» Elimination ab-tree for skewed workloads [SB22]

radix trees:
> Masstree: 8B slices and BT-tree at each node [MKM12]

> (sequential) Adaptive Radix Tree [LKN13]
— () Arctic: practical concurrent ART [NGSGFW26]



transactional memory

> transactional memory (TM): treat code as transactions

» transactions either abort or commit
» can abort for many reasons

» hardware TM implements this abstraction as an extension to
the cache coherence protocol

HTM-vEB tree: all ops in O(loglog |universe|) [KBDA24]
— improved vEB tree [2026, hopefully]
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