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SSD versus HDD

• SSDs don’t require mechanical movements unlike HDDs (spinning platters and 
heads) which adds mechanical seek/rotational latency


• SSDs are also less fragile than HDD and has lower latency and greater throughput



NVMe SSDs

• NVMe SSDs are used as secondary storage (or multi-SSD machine) and are 
SSDs that utilize PCI express (e.g. GPU use these for fast data transfer) 


• NVMe SSDs transfers 25x more data than SATA equivalent 



Multi-SSD Setting 
• P processors with an internal 

size memory M 


• External memory of size E 
divided across D SSDs 
(analyzed using I/O complexity) 


• Assume SSDs are homogenous 
(same bandwidth and capacity)


• Each input is stored as a set of 
D files containing equal number 
of elements (one file stored at 
each SSD)    



Linux I/O

• io_uring is a asynchronous I/O 
interface in Linux used for 
(storage/networking I/O) 


• Has submission queue (user 
submit I/O requests) and a 
completion queue (can check 
status of requests) that both user  
and kernel share 


• In comparison to libaio, can 
submit one system call to notify 
kernel per batch of I/O requests 
instead of for every request 



Historical Background / Relevant Works

Showed database management 
systems like LeanStore could be 
made more optimal in exploiting 
NVMe SSDs (currently more 
throughput focused and less low 
latency focused) 

• Lots of existing work on 
theoretically I/O efficient 
algorithms 


• External-memory software 
frameworks such as (LEDA-
SM, TPIE, stxxl) but are not 
optimized for modern SSDs 


• Promising work for out of 
memory database systems for 
multi-SSD setting (Lean Store)



Multi-SSD specs

CPU


• A 64-core (128-thread) AMD 
Ryzen Threadripper PRO 
3995WX 2.70GHz CPU and 
512 GBs of DDR4 RAM


• This chip supports 128 PCIe 
4.0 lanes (most of them are 
available) 


• PCIe 4.0 SSD requires 4 PCIe 
lanes, so attached a total of 
124 SSDs (about 128) 

SSD


• 31 of SK hynix Platinum P41 
NVMe SSDs


• Each has 1TB capacity 


• One SSD is dedicated to OS 


• Each SSD peak read 
bandwidth of 7 GB/s and peak 
write bandwidth of 6 GB/s 


• Due to DRAM bandwidth can 
load up to at most 146GB/s 
from SSD 



Scalable Multi-SSD Algorithmic Primitives
• Primitives to abstract complicated and low level details of 

programming with many SSDs  


• One notable and frequently used primitive is distribution (used 
for efficient memory sorting algorithms i.e. distribution sort or 
sample sort) 


• Distribution primitive can be divided into file_streamer, in-
memory bucketer, and batched writer. 



File Streamer
• Issues batched reads from a dataset distributed across SSDs 

and writes completed reads to read-buffer queue (to be 
popped by worker threads that consume) 


• Guarantee that each element is written exactly once to a read-
buffer queue 


• Create R reader threads and the files are split evenly across 
reader threads 


• Reads issued by a thread is done in a round robin order over 
its assigned files 


• From microbenchmarks, issue reads in 4 MiB chunks (balance 
of low CPU utilization and high utilization of bandwidth) 



File Streamer
• Submit a batch of 

IO_uring requests 


• Tries to send as many 
until tunable threshold 
and then block until at 
least one read is ready 


• Thread’s io_uring queue 
is filled 


• Pushes the results to the 
read-buffer queue 



In-Memory Bucketer
• Work threads perform distribution in-memory (fetch 4 MiB 

read buffer from shared queue) 


• Each element in buffer is applied the user-defined getbucket 
function 


• Don’t want to write each element to corresponding file of its 
bucket (too many small writes with synchronization costs) so 
want to buffer (but not too much to consume too memory) 


• To address this, have per-thread buffers for each bucket 
where once one bucket is full it can be asynchronously written 
to disk  



In-Memory Bucketer

• Each worker thread stores writes of an element to the per-thread buffer (4 KiB in size) for 
the corresponding bucket


• Shared bucket contains I/O request queues per bucket which store directly 4 KiB buffers 
(do not involving copying each element in the bucket)


• If a bucket request queue is full, submit I/O request queue to a shared write queue 



Batched Writer
• Has a shared pending write request queue and set of writer 

threads that each has a private io_uring ring buffer. It then 
applies and writes to the bucket file on SSD 


• It reaps for completion and deallocates memory 



Distribution and Other Primitives
• Distribution primitive includes for an user-specified bucket 

function a file_streamer (read files from SSD), in-memory 
bucketer (assign to buckets in-memory), and batched writer 
(write files to SSD). 


• Other provided primitives: 


• File mapper: given collection of files for each file, apply 
user-provided function on each file, write to disk 


• Random reader: when reading from SSDs, reads and writes 
must be aligned to SSD requirements (usually 512 bytes), 
designed to be more efficient for smaller reads 



Multi-SSD Random Shuffle Primitives
• Simple and I/O efficient implementation 

based on Sanders: 


• Fix a set of buckets 


• Distribution step to distribute elements to 
bucket randomly (up till in-memory 
shared bucket is created) Num of buckets 
is automatically tuned to fit in-memory


• Randomly permute each bucket in 
memory (one thread per bucket) 


• Other primitives include Multi-SSD sample 
sort, map, reduce 



Empirical Results 
• Implementation & Code: Total codebase in C++ using io_uring and ParlayLib 

(development of efficient thread algorithms) is 3910 lines and sample sort is 142 
lines


• Input for sorting problem: three standard distributions are used 


• uniform( ) 


• Exponential distribution 


• Zipfian distribution 

μ



Empirical Results 
Scaling and throughput, IOPS: 



Empirical Results 

• Comparing multi-SSD sample sort with optimized in-memory sample sort (PLSS) from Parlay lib 


• Ours-X indicates using X SSDs. Fastest input running time for each is underlined 


• There are n = 16 * 10^9 keys (128 GiB of data), parameters for each distribution on the left



Empirical Results 

• The in-memory plot stops once it reaches the largest input that can fit into main memory 


• The Multi-SSD plot gracefully scales beyond 



Empirical Results

• Can continue scaling fundamental parallel primitives on sequences to datasets that are significantly 
larger 


• multi-SSD implementations can be as fast as existing in-memory implementations 



Possible Directions, Strengths, Weaknesses 
• Could we extend to multi-socket multi-SSD implementations where per socket 

there are multiple SSDs?   


• Could this integrate with GPUs for running massive data that cannot fit in CPU / 
GPU RAM. GPUs can also PCIe to read data from SSDs? 


• Strength in designing multi-SSD primitives and algorithm implementations such as 
sample sort that reaches nearly in-memory performance and scales empirically 
well with number of SSDs 


• Provides a thorough and one of first experiments of parallel algorithms within 
multi-SSD setting 


• Relies on direct I/O not buffered I/O which bypasses page caching (there might be 
settings in which buffered I/O might be necessary and hurts performance on 
bandwidth) 


