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Algorithms



Motivation

Quicksort ⇒ existed for 50 years! Can we make it faster?
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Quicksort
quicksort:
1. pick a pivot p 

(somehow)
2. swap elements such that 

all elements less than 
p are on the left and 
greater than p are on 
the right

3. quicksort(below pivot)
4. quicksort(above pivot)

Source: https://en.wikipedia.org/wiki/Quicksort



Quicksort
quicksort:
1. pick a pivot p 

(somehow)
2. swap elements such that 

all elements less than 
p are on the left and 
greater than p are on 
the right

3. quicksort(below pivot)
4. quicksort(above pivot)

Can we do better?

https://docs.google.com/file/d/1bQ0XZaf8jcChaFh8enX7z6AvfHPWAmth/preview


Quicksort Humor



samplesort:
1. pick p-1 pivots 

(somehow) and sort the 
pivots

2. put each element in the 
correct bucket

3. samplesort each bucket

Samplesort (Quicksort with Multiple Pivots)

https://docs.google.com/file/d/1gcsApD53rbed7yC3gc0jjrFOotHIB2-d/preview


Super Scalar Samplesort (S3o) (Samplesort with a Branchless Decision Tree)

Disclaimer: Use this for the general idea; some of the smaller details 
may not be 1:1 to the implemented algorithm.

s3o:
1. randomly sample αk-1 

values and sort
a. pick k-1 of the 

values to be 
splitters 
equidistantly from 
the sorted sample

b. create a branchless 
decision tree with 
the splitters

2. put each element in the 
correct bucket

3. s3o each bucket

https://docs.google.com/file/d/1uRf6cX2dnQeY87VRehDVGQklpF5bbgkR/preview


Super Scalar Samplesort (S3o) (Samplesort with a Branchless Decision Tree)

s3o:
1. randomly sample αk-1 

values and sort
a. pick k-1 of the 

values to be 
splitters 
equidistantly from 
the sorted sample

b. create a branchless 
decision tree with 
the splitters

2. put each element in the 
correct bucket

3. s3o each bucket

Notice: Not in-Place!

Eliminates branch 
mispredictions!

How can we modify this to be 
in-place?



I love gardening?



ips4o:
1. [similar selection step 

with αk-1 values and 
k-1 splitters]

2. each thread gets part 
of the array to sort 
into k bins of size b
a. if b is used, 

replace it in the 
original array

3. permutate the b-sized 
blocks to get bins in 
proper order

4. cleanup excess values
5. ips4o on the bins 

created

In-Place Super Scalar Samplesort (IPS4o)

https://docs.google.com/file/d/1rEwX1qbnLM9nLV4xhIJCatOSZcxNb33Q/preview


Implemented Algorithms

IPS4o → in-place parallel 
superscalar samplesort

IPS2Ra → in-place parallel 
superscalar radix sort (replace 
branchless decision tree with 

simple radix extractor function 
that accepts uint  keys)

I1S2Ra → in-place sequential 
superscalar radix sort

I1S4o → in-place sequential 
superscalar samplesort



Theoretical Results – Summary

Memory Theorems

IPS4o can be implemented with 
O(kb) additional memory per 
thread

With a local stack, IPS4o can be 
implemented with O(k(b + 
tlogk(n/n0)) additional memory 
per thread

I/O Complexity and Work

IPS4o has an I/O complexity of 
O(n/(tB)logkn/M) memory block 
transfers with ability of at least 1 - 
M/n.

When using quicksort to sort the base 
cases and the samples, IPS4o has 
local work of O(n/tlogn) with 
probability at least 1-4/n



21 SORTING ALGORITHMS

Used implementations of:

[Parallel OR Sequential]
x

[In-Place OR Non-In-Place]
x

[Radix Sort OR 
Comparison-Based Sorting]

Empirical Results – Setup

4 MACHINES
x

6 DATA TYPES 
(float, uint64, 
uint32, Pair, 

Quartet, 100B)

x

10 DATA DISTRIBUTIONS (Uniform, 
Exponential, AlmostSorted, RootDup, 

TwoDup, EightDup, Zipf, Sorted, 
ReverseSorter, Zero)

x



AVERAGE TYPE SLOWDOWN

Empirical Results – Metrics

AVERAGE ALGORITHM SLOWDOWN

r(A, I) = runtime of algorithm A on input I

“The average slowdown of algorithm A for input I is 
the geometric mean of the ratio of A’s runtime on I 
to the best algorithm runtime on I (which is infinity 

if the algorithm fails).”

r(A, I, T) = runtime of algorithm A on input I with type T

“The average slowdown of type T for algorithm A 
and input I is the geometric mean of the ratio of 

A’s runtime on I with type T to best type T’ runtime 
with algorithm A and input I (which is infinity if the 

algorithm fails).”

Note: average of all runs but the first!(Also uses pairwise profilers for directly 
comparing two algorithms!)



Empirical Results – Sequential



Empirical Results – Sequential

● I1S2Ra is significantly faster than 
the fastest radix sort competitor 
SkaSort

● In some cases, IppRadix is faster
● I1S2Ra outperforms for Uniform 

inputs and Skewed inputs 
significantly

● In AlmostSorted and (Reverse) 
Sorted inputs, BlockPDQ and 
Timsort are faster



I1S4o

● Outperformed by others most with 
Reverse Sorted and Almost Sorted 
(can be fixed with tricks)

Empirical Results – Sequential

I1S2Ra
● IppRadix is the only non-comparison-based 

algorithm to outperform I1S2Ra at least once 
(for Exponential + uin32) but I1S2 much better 
in other scenarios.

● Comparison-Based Algorithms:
○ Much better in Uniform and Skewed 

inputs
○ Almost Sorted: Slower than BlockPDQ

■ BlockPDQ heuristically detects 
and skips presorted inputs

■ But beats it in other data types
○ Reverse Sorted: claims can be fixed 

with an initial scan
● SkaSort is faster on one machine for the 

uniform input. It has more cache misses and 
branch mispredictions. Can maybe beat 
SkaSort if using vector instructions 



Empirical Results – Parallel



Empirical Results – Parallel

● Focuses on one machine (I4x20) 
because it had tasks with more than 
n/t elements regularly

● IPS4o has the fastest running times 
and is faster than the fastest 
comparison-based competitor PBBS

● IPS4o is significantly faster than its 
fastest radix sort competitor 
RegionSort (except for some uint32 
cases)



IPS4o

● Much faster except for some easy 
cases (Sorted, ReverseSorted, 
Zero) and uint32 data types. 
There’s an overhead in detecting 
easy cases.

● RegionSort is notable faster for 
TwoDup with uin32 inputs. 

● Notice: much faster than PS4o 
(in-place helps!)

● RADULS2 is good for uniform 
inputs but not as good if skewed.

IPS2Ra

● Slightly better than RegionSort!
● Outperforms IPS4o for uint32 instances → 

branchless decision tree is not a limiting factor 
for uint32

Empirical Results – Parallel



THEORY

● More scalable variant of IPS4o with 
span O(log^2 n)

● Make it sublinear?
● Formal verification of the algorithm

Directions for Future Work

ENGINEERING

● Use not in-place algorithms for 
small inputs

● Explore different base sorts
● Precompute a lookup table?
● Speed up with vector 

instructions!



+ Thorough comparison of 
IPS4o with other sorting 
algorithms

+ Promising results on their 
analyses

+ Theoretical memory and 
complexity guarantees

Strengths and Weaknesses

- Lengthy, research-prototype 
codebase

- Complex algorithm, handles 
many edge cases



● Turns out sort() did not get replaced with IPS4o (yet??). What will it take to 
replace sort()?
○ Would it makes sense to have a very performant sort which is thousands of lines of code?
○ Given that they implement tricks under the hood (ex: checking if there are patterns if it’s in 

reverse order or the same value many, many times), do you think that some of the benchmark 
results could be misleading?

● What does it take to be the “best” sorting algorithm?

Discussion Questions


