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Another r-index critique

Structures for 
count queries

Structures for 
locate queries

pred B rank1 S

select1 C

select1 B'

Wavelet tree

Jacobson's rank

chunk-level ranks

sub-chunk 
relative ranks

within-sub-chunk 
relative ranks

rank1 bitvector

r1 bv r1 bv

r1 bv r1 bv r1 bv r1 bv



Another r-index critique

Main memory

Cache memory

Processor

For recently or 
frequently used data 

https://en.wikipedia.org/wiki/George_Peabody_Library

https://unsplash.com/photos/
books-and-pencil-on-wooden-

table-Q8HfuO9udts



Another r-index critique

Main memory
When needed data was 
accessed recently, or is 
near data that was 
accessed recently, we can 
get it quickly from cache

https://en.wikipedia.org/wiki/George_Peabody_Library

https://unsplash.com/photos/
books-and-pencil-on-wooden-

table-Q8HfuO9udts

Cache memory

Processor



Another r-index critique

Main memory

Cache memory
https://en.wikipedia.org/wiki/George_Peabody_Library

https://unsplash.com/photos/
books-and-pencil-on-wooden-

table-Q8HfuO9udts

When needed data was not 
accessed recently, and is far 
from any data accessed recently, 
we have a “cache miss”; we must 
wait as the data is retrieved from 
main memory Processor



Another r-index critique

Main memory

Cache memory

Processor

Hit takes a few 
nanoseconds

Miss can take 
~100 
nanoseconds

An algorithm whose 
memory accesses mostly 
hit in the cache has good 
“locality of reference”



Another r-index critique

Structures for 
count queries

Structures for 
locate queries

pred B rank1 S

select1 C

select1 B'

Wavelet tree

Jacobson's rank

chunk-level ranks

sub-chunk 
relative ranks

within-sub-chunk 
relative ranks

Accesses to many parts of many disparate structures means: 
poor locality  many cache misses  lower speed→ →

rank1 bitvector

r1 bv r1 bv

r1 bv r1 bv r1 bv r1 bv



Query reminder

10

P
0123456789012345678901234567890123456789 
1100100000000100100100100100000000100101100000100100000000000100

1100100000100100100100100000000000100100000000110100100000000100 
|         |         |         |         |         | 
012345678101234567820123456783012345678401234567850

Q

0 
1 
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13 
16 
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25 
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3 
3 
3 
9 
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1 
6
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34 
52 
19 
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12 
8 

13 
5 
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13 
12 

0 
2… … … …

⟨ p, ℓ, π, ξ ⟩

0 1 2 3 4 5 6 7 8 9 11

First we make a big move to M[i] . ξ

Then we make smaller moves to 
compute the final i′￼
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<latexit sha1_base64="GfgB/rrwI3rsPh1U4kWVnHtLZss="></latexit>

Function ω(k, i):
k→ → M [i].ω + (k ↑M [i].p)
i→ → M [i].ε
while k’ ↓ (M [i→].p+M [i→].ϑ) do

i→ → i→ + 1
end

return ↔k→, i→↗



Idea: hide memory latency

First access to destination 
row of move table jumps to 
a distant memory address; 
cache miss

Later iterations scan 
sequentially along rows; 
cache hits

<latexit sha1_base64="GfgB/rrwI3rsPh1U4kWVnHtLZss="></latexit>

Function ω(k, i):
k→ → M [i].ω + (k ↑M [i].p)
i→ → M [i].ε
while k’ ↓ (M [i→].p+M [i→].ϑ) do

i→ → i→ + 1
end

return ↔k→, i→↗



Idea: hide memory latency

First  accessM[i′￼]

table[++next_row]

First  accessM[i′￼]

table[++next_row]

Distant

Near

Distant

Near

100ns 
cache miss

Inner 
loop

Scans

table[++next_row]Scans

etc

 gets new, distant locationi′￼

100ns 
cache miss

 gets new, distant locationi′￼



Idea: prefetching

__builtin_prefetch (const void *addr)

Asynchronous request to retrieve data & 
install it in the cache

Does asynchronously what would 
otherwise have happened synchronously

Why asynchronously?  Because sometimes we 
can do productive work while we wait.



Idea: prefetching

Distant

Near

Distant

Near

Distant

Prefetch

Near

Distant

Near



Idea: prefetching

Distant

Near

Distant

Near

Distant

Near

Distant

Near

Prefetch

Because we did some  
(but not much) 
work while waiting

We were somewhat  
(but not much) faster



Idea: interleaving queries

Usually we have many queries 
(sequencing reads) to match

Image: Illumina Inc.

@Read1 
AAAGGTTTATACCTTCCCAGGTAACAAACCAACCAACTTTCGATCTCTTGTAGA
TCTGTTCYCTAAACGAACTTTAAAATCTGTGTGGCTGTCACTCGGC 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read2 
TAGATCTGTTCYCTAAACGAACTTTAAAATCTGTGTGGCTGTCACTCGGCTGCA
TGCTTAGTGCACTCACGCAGTATAATTAATAACTAATTACTGTCGT 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read3 
TGCATGCTTAGTGCACTCACGCAGTATAATTAATAACTAATTACTGTCGTTGAC
AGGACACGAGTAACTCGTCTATCTTCTGCAGGCTGCTTACGGTTTC 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read4 
TGACAGGACACGAGTAACTCGTCTATCTTCTGCAGGCTGCTTACGGTTTCGTCC
GTGTTGCAGCCGATCATCAGCACATCTAGGTTTCGTCCGGGTGTGA 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read5 
GTCCGTGTTGCAGCCGATCATCAGCACATCTAGGTTTCGTCCGGGTGTGACCGA
AAGGTAAGATGGAGAGCCTTGTCCCTGGTTTCAACGAGAAAACACA 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read6 
CCGAAAGGTAAGATGGAGAGCCTTGTCCCTGGTTTCAACGAGAAAACACACGTC
CAACTCAGTTTGCCTGTTTTACAGGTTCGCGACGTGCTCGTACGTG 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read7 
CGTCCAACTCAGTTTGCCTGTTTTACAGGTTCGCGACGTGCTCGTACGTGGCTT
TGGAGACTCCGTGGAGGAGGTCTTATCAGAGGCACGTCAACATCTT 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read8 
GCTTTGGAGACTCCGTGGAGGAGGTCTTATCAGAGGCACGTCAACATCTTAAAG
ATGGCACTTGTGGCTTAGTAGAAGTTGAAAAAGGCGTTTTGCCTCA 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read9 
AAAGATGGCACTTGTGGCTTAGTAGAAGTTGAAAAAGGCGTTTTGCCTCAACTT
GAACAGCCCTATGTGTTCATCAAACGTTCGGATGCTCGAACTGCAC 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read10 
ACTTGAACAGCCCTATGTGTTCATCAAACGTTCGGATGCTCGAACTGCACCTCA
TGGTCATGTTATGGTTGAGCTGGTAGCAGAACTCGAAGGCATTCAG 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 

@Read11 
CTCATGGTCATGTTATGGTTGAGCTGGTAGCAGAACTCGAAGGCATTCAGTACG
GTCGTAGTGGTGAGACACTTGGTGTCCTTGTCCCTCATGTGGGCGA 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read12 
TACGGTCGTAGTGGTGAGACACTTGGTGTCCTTGTCCCTCATGTGGGCGAAATA
CCAGTGGCTTACCGCAAGGTTCTTCTTCGTAAGAACGGTAATAAAG 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read13 
AATACCAGTGGCTTACCGCAAGGTTCTTCTTCGTAAGAACGGTAATAAAGGAGC
TGGTGGCCATAGTTACGGCGCCGATCTAAAGTCATTTGACTTAGGC 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read14 
GAGCTGGTGGCCATAGTTACGGCGCCGATCTAAAGTCATTTGACTTAGGCGACG
AGCTTGGCACTGATCCTTATGAAGATTTTCAAGAAAACTGGAACAC 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read15 
GACGAGCTTGGCACTGATCCTTATGAAGATTTTCAAGAAAACTGGAACACTAAA
CATAGCAGTGGTGTTACCCGTGAACTCATGCGTGAGCTTAACGGAG 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read16 
TAAACATAGCAGTGGTGTTACCCGTGAACTCATGCGTGAGCTTAACGGAGGGGC
ATACACTCGCTATGTCGATAACAACTTCTGTGGCCCTGATGGCTAC 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read17 
GGGCATACACTCGCTATGTCGATAACAACTTCTGTGGCCCTGATGGCTACCCTC
TTGAGTGCATTAAAGACCTTCTAGCACGTGCTGGTAAAGCTTCATG 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read18 
CCTCTTGAGTGCATTAAAGACCTTCTAGCACGTGCTGGTAAAGCTTCATGCACT
TTGTCCGAACAACTGGACTTTATTGACACTAAGAGGGGTGTATACT 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read19 
CACTTTGTCCGAACAACTGGACTTTATTGACACTAAGAGGGGTGTATACTGCTG
CCGTGAACATGAGCATGAAATTGCTTGGTACACGGAACGTTCTGAA 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
@Read20 
GCTGCCGTGAACATGAGCATGAAATTGCTTGGTACACGGAACGTTCTGAAAAGA
GCTATGAATTGCAGACACCTTTTGAAATTAAATTGGCAAAGAAATT 
+ 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 

…
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Distant

Near

Prefetch

Query 
string 1

Query 
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Query 
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Distant

Near
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switch

switch
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switch

By switching between 
multiple simultaneous 
queries, we can hide 
more latency

Idea: interleaving queries



Speed improvement
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On 1 CPU, optimal latency hiding is 
achieved at ~16 simultaneous queries

Prefetching 
improves query 
speed by >2x

Zakeri, M., Brown, N. K., Ahmed, O. Y., Gagie, T., & Langmead, B. (2024). Movi: a fast 
and cache-efficient full-text pangenome index. iScience, 27(12).
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