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Abstract. Block-level storage systems commonly use lossless compression to save disk space. In the Linux
kernel block layer, I/O request data is represented by an array of data structures called block I/O vectors (bvecs).
A single vector stores a contiguous chunk of data. Data of multiple vectors is commonly scattered in memory.
Optimal compression ratio is achieved by compressing all the data in a single run. The current implementation
of LZ4 compression algorithm requires contiguous buffers. Therefore, for the best compression all request data
must be copied into a large enough preallocated buffer. In this paper we propose a way of compressing all the
data of block layer I/O request in a single run without any additional buffer allocation and data copying. The
proposed method adapts Linux kernel implementation of LZ4 algorithm to use bvec iterators to navigate
through buffers of I/0 requests. The performance of the proposed approach was tested in comparison to other
applications of LZ4 in the block layer: copying to preallocated buffer, compressing bvecs individually. As a
result, our modification achieves the highest compression ratio along with the copy-based approach. Compared
to copy-based approach, proposed solution reduces memory usage roughly in half. Overall, extended LZ4
requires the least memory, as well as per-bvec compression. These advantages come at a cost of throughput,
which becomes 26 times lower compared to other approaches. The obtained profiling metrics show that the
throughput reduction is caused by a substantial increase in total number of instructions — up to 10 times. No
obvious bottlenecks were found within the algorithm. The performance issue is to be addressed by finding a
way to simplify the required calculations. Evaluation results show that our approach is better suited for offline
compression and memory-constrained environments.
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AuHoTanus. [yl 9KOHOMHH JHCKOBOI'O IIPOCTPAHCTBA B CHCTEMAX XPAHEHHUS NAaHHBIX MPUMEHSICTCS CKaTHe
6e3 otepb. B 61104HOM ypoBHE siipa OIlepaiMOHHOM cHCTeMBbI Linux paHHBIE 3anpocoB BBoJa-BeiBoxa (1/0)
XpaHATCS B BUJIE MAaCCHBA CTPYKTYD, HIMEHYEMbIX BekTopamu 61ounoro 1/0 3anpoca. Kaxxaslii BeKTOp XpaHHT
HENpepbIBHbIA ()parMEHT JaHHbBIX, a COBOKYIHOCTh BEKTOPOB 00pa3yeT pa3po3HEHHbIH B mamsatu Oydep.
Hawnyumast crenens cxaTtusi JOCTUraeTes npu o0paboTke Bcero 00bEMa JaHHbIX 3aIpoca eUHBIM OTOKOM.
CymecTByIomas peanu3amnys anropurMa cxarust LZ4 B sape tpeOyer, 4To0b! epeanHble 0ydephl sSBISIIICH
HENPEephIBHBIMA B BUPTyanbHOH mamsaTu. ClefoBaTeNbHO, I MOTydYEHHS MAaKCHMAIBHOTO —CHKAaTHS
HE00X0JMMO CKOIIMPOBATh AAHHBIE 3a11POca B OTAEIBHbINA JOCTATOYHO 00Jb1I0i Oydep, BblIeneHHBIH 3apaHee.
B nanHOl paboTe MBI IpeiaraeM METO[, ITO3BOJIIIOIMN CKMMAaTh JaHHBIC 3aIpoca B OJIOYHOM YpPOBHE
€IUHBIM IOTOKOM, 0e3 BBIICICHUsS NOIONHUTENBHOH MmaMiaTH M KomupoBaHus. [IpemnoxkeHHOe pelieHHe
MozaubumpyeT peammzanuio LZ4 B sape Linux ¢ mpuMeHeHHEM CHENMaIW3HPOBAHHBIX HTEPAaTOPOB IS
obpaborku nanHbix /0. IlpoBeneHo cpaBHEHHE pa3pabOTAHHOrO MOJAXOAA C JBYMS albTEPHATHBHBIMHU
CTpaTerusIMU HCIONb30BaHus LZ4 B GIIOYHOM ypOBHE: KOIHPOBaHHEM B OTJCNbHBIA Oydep m cxxaTHem
Ka)kKZIOTO BEKTOpa OTHENbHO. DKCIIEPUMEHTHI OKA3aIH, YTO MOAHGHIMPOBAHHBIH alrOPUTM 0OecIednBacT
JydIIylo CTEeHeHb C)KaTHs, HapaBHE C MOAXOJOM HAa OCHOBE KONMPOBAHHSA, IO CPAaBHEHHIO C KOTOPBIM
l'lOTpeGJ'lﬂeT MPUMEPHO BABOC MEHBIIEC NTaMATH. npeﬂ,CTaBJ’leHHbIﬁ TIOAXO0J IMOKa3bIBACT HAUMEHBIINE 3aTPAThI
10 DaMSTH, Ha ypOBHE IOJAXOMA C OTJENBHBIM CXKaTHeM BEeKTOpOB. HelocTaTkoM MpeIoxKeHHOTO PeIleH s
SIBJIICTCS TIPOIYCKHAsI CIHOCOOHOCTB: OHA OKA3bIBAeTCS B 2—6 pa3 HIDKE, 4eM Y APYTHX PacCMOTPEHHBIX
MoAX0R0B. Pe3ynpTaTsl MpoUINPOBaHHUS TMOKA3hIBAIOT, YTO CHIDKEHHE IPOU3BOJMTENBHOCTH CBSI3aHO C
CYIIECTBEHHBIM POCTOM YKCJIA BBINOJIHAEMBIX HHCTPYKIMI — 110 10 pa3. SIBHBIX y3KHUX MECT B IIPECTABIEHHOM
JITOPUTME BBISBICHO He ObLI0. [IIs1 HOBBIIEHHS OBICTPOIEHCTBHS B IEPBYIO OYepelb HEOOXOIHMO YIIPOCTUTh
BBIUHCIUTENBHYIO JIOTHKY alrOpUTMa. Pe3yabTaThl HCCIeOBaHUS IOKA3BIBAIOT, YTO HPEAIOKEHHBINH METO]
JIy4lI€ nNoAX0aUuT IJIs1 (bOHOBOFO CXKaTus U CKaTHus B Cpeaax ¢ OrpaHUYCHHBIM 06’béMOM OﬂepaTl/lBHOﬁ naMsTh.

KioueBble cioBa: cxatue 6e3 IOTepb; Mpo3padHOe CxKaThe; ONOUHBIN ypoBeHb siapa Linux; XpaHeHue
JaHHBIX.

Jas umrupoBanusi: Byraes A.C., Cuukap I'.K., Bacennna A.W. Pacmmpenue anroputma cxatusi B
6ubmorexe LZ4 mis paboThl ¢ pa3peIBHBIME Oydepamu 6i1ounoro yposus siapa Linux. Tpyast UCIT PAH,
2026, Tom 38, BbII. 6, yacTb 6, cTp. 279-298. DOI: 10.15514/ISPRAS-2026-38(6)-18.

Baaroaapuoctu. O60pynoBanue, ¢ IOMONIBIO KOTOPOTO OBLIH MOTyYEHBI SKCIIEPHMEHTAIbHBIE PE3yTbTAThI,
65110 npeoctasieno OO0 «llIBauepy.

1. Introduction

Lossless compression is a type of compression that does not permit any data loss during the
compression/decompression process [1, 2]. Data storage systems apply lossless compression as a
means of utilizing the disk space more efficiently [3-5]. One of the features commonly seen in such
systems is transparent compression — lossless compression handled by one of the kernel-level
subsystems, which does not affect the way user interacts with data [6]. The focus of this paper is the
use of compression on logical volumes, which leads to application of compression algorithms at the
block layer of the operating system kernel [7]. Viability of the aforementioned data compression
heavily depends on the choice of the algorithm, which has to be lightweight enough for compression
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to run in-flight, as well as on the way the algorithm is applied. For in-flight (or online) compression,
the main priority is low latency, achieved with high throughput [6]. In contrast, offline compression,
which runs outside of the critical I/O path, focuses on compression ratio [8].

The disk throughput is generally higher with larger I/O requests due to the decreased overhead that
comes with handling a single I/O request at the block layer [9]. However, allocating a single large
buffer to hold data for each large request is problematic due to memory fragmentation. Hence, the
data of an individual I/O request in the block layer of the Linux kernel is rarely stored as a single
contiguous chunk: instead, the data is split into smaller contiguous chunks, usually by one page,
which is 4 KiB in size on x86 64 architectures [7]. Such a chunk can be called a vector, and a
sequence of vectors is called a scatter-gather buffer.

LZ4 is a lossless, dictionary-based [10] compression algorithm, implementation of which is included
in the Linux kernel, making it available for use by external kernel modules. According to several
benchmarks and papers [11, 12], it has one of the highest compression and decompression speeds
available, while commonly reducing the size of data up to 2 times. Hence, it is well-suited for in-
flight compression in the Linux kernel block layer. Dictionary-based compression algorithms reduce
data size by finding matches in previously processed data, usually limited by some fixed-size sliding
window [10]. Therefore, for compression to be stronger, the algorithm has to be able to access as
much preceding data as fits into that window. Consequently, in order to guarantee the highest
compression ratio on data of a single block layer /O, it is necessary to allocate a contiguous buffer
that fits all of this data, as well as to copy the data into this buffer. As an alternative, it is possible to
run compression separately on each of the vectors in a scatter-gather buffer, while using a single
previously processed one as a dictionary. The dictionary is used for finding matches, as if the current
chunk directly follows it [13]. This way, however, the compression ratio depends on the layout of
the scatter-gather buffer and is generally lower in comparison, since using only a single vector as
the dictionary limits the possible back reference for match searching.

The standard implementation of LZ4 is based on pointer arithmetic [14] and only handles contiguous
buffers [15]. In this paper we propose a modification of LZ4 algorithm based on common block
layer abstractions — scatter-gather buffer iterators [16]. Our modification further allows compression
to be run on whole scatter-gather buffers at once, improving compression ratio, while not requiring
any contiguous buffer allocation and data copying. Eliminating buffer allocation leads to reduced
memory usage, which is valuable for high-load systems. We hypothesized that eliminating data
copying would provide sufficient throughput for online compression. If successful, the results can
be applied to similar compression algorithms, such as Zstandard [12, 17].

We aimed to compare the performance of the proposed solution, which we called LZ4E, to the
mentioned applications of LZ4 in the block layer, including copy-based approach and separate
compression of I/O vectors. The research questions that we address in this paper are as follows.

RQ1. What approaches achieve the best compression ratio?
RQ2. How much memory does LZ4E save compared to the contiguous approach?

RQ3. What is the throughput of LZ4E algorithm and how does it compare to the throughput of
other compression approaches?

The rest of the paper is organized as follows. Section 2 gives a brief overview of existing
accomplishments in the field, as well as presents a work that is similar to ours. Section 3 provides
the information necessary for a better understanding of our work, describing LZ4 algorithm and its
existing implementation in the kernel, as well as the existing API of the Linux kernel block layer.
Section 4 describes the general idea and design behind our LZ4 modification, while examining key
details of the implementation and explaining the choices that were made. Section 5 describes the
way our LZ4 extension was tested and compared to the original implementation, as well as provides
the obtained data, interprets the comparison results, and answers the formulated research questions.
Finally, Sections 6 and 7 propose plans and ideas for further investigation on this topic, and provide
a brief conclusion to this paper.
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2. Related works

B. Warnke in 2017 proposed an extension of LZ4 for page-based buffers, comprised of pages
scattered in memory, as well as presented a new algorithm, called BeWalgo, designed specifically
for processing such buffers [18]. The main restriction of the algorithm is that the buffers must be
composed of whole pages and cannot have fragmentation that is possible in block layer vectors,
which have variable length and might not be aligned to the page boundaries. As stated in the paper,
such an extension was implemented by replacing pointer operations with calls of functions, which
handle work with page-buffers internally, using some helper structure that describes current position
into the buffer while storing page addresses in an array. As a result, the extended version of LZ4
was evaluated to be slightly slower than the original one, taking data copying into account, while
providing the same compression ratio. The suggested reason for this performance degradation is the
increased complexity of simple read, write and copy operations, caused by necessity of handling
page boundary crossing. The proposed BeWalgo algorithm, however, seems to be significantly
faster on page-based buffers, while providing weaker compression on some of the datasets.
Additionally, of high relevance to our work is research on transparent compression in the Linux
kernel block layer, performed in years 2010-2012 by scientists of Foundation for Research &
Technology — Hellas [6, 19, 20]. At the time, this series of works outlined the potential of block-
level compression, as compared to that on the filesystem level, by presenting a block-storage layer
for transparent compression, called ZBD. Later works expanded on this topic, combining ZBD layer
with use of SSDs based I/0O caches. As a result, the block-level compression was shown to be a
viable option for compressing data in-flight, while requiring additional optimizations and careful
metadata management.

3. Background

This section is organized as follows. Firstly, we describe the format of generic LZ4 block. Secondly,
we describe an implementation of LZ4 presented in the Linux kernel source tree. Lastly, we describe
some core structures of the Linux kernel block layer.

3.1 LZ4 block format

An LZ4 block [21] is composed of sequences. Each sequence is comprised of a string of literals, or
uncompressed bytes, and some variable-length metadata. Some part of this metadata provides
information about the contained literal string. The remaining part encodes the match found in data,
that precedes current position during compression. In more detail, an LZ4 sequence is laid out in the
following order, also shown in Fig. 1:

1) 1 byte token — first 4 bits of literal length, last 4 bits of match length;

2) 0 or more bytes of literal length — length of the literal string in bytes;

3) 0 or more bytes of literals — contiguous string of uncompressed bytes;

4) 2 bytes of offset — offset from current position to find match in the preceding data;
5) 0 or more bytes of match length — length of the found match in bytes.

2BYTES | 0. BYTES
OFFSET |MATCH LEN

1BYTE | 0. BYTES

TOKEN | LIT LEN 0.* BYTES LITERALS

Fig. 1. Layout of generic LZ4 sequence.
The length of the literal string can also be zero, meaning that sequence contains only a match. For
terminating an LZ4 block, each of the following conditions must be met:
o the last sequence contains only literals, meaning no match;
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e the last 5 bytes of input are always literals;
e the last match must start at least 12 bytes before the end of block.

The process of decompressing an LZ4 block is quite straightforward. Decompression of a single
sequence in the block starts by copying the literals first, using encoded literal length, followed by
copying the match, which is found in previously decompressed data using the encoded offset from
current position and the match length.

3.2 Linux kernel LZ4 implementation

This subsection provides a general overview on LZ4 algorithm presented in the kernel, as well as
some implementation details. Most commonly used compression functions in the kernel are
LZ4 compress_fast and LZ4 compress default [15]. LZ4 compress fast is more
generic, and has the following arguments:

® source — pointer to the start of the source buffer;

® dest — pointer to the start of the destination buffer;

® inputsSize — size of the data to compress;

® maxOutputSize — maximum allowed size for the compressed block;
® acceleration — factor for acceleration of the compression;

® wrkmem — pointer to the working memory required for compression.

The signature for LZ4_ compress_default is identical, except that the acceleration factor is
omitted, with the default value of 1 being used. Compression requires preallocated working memory
of LZ4 MEM COMPRESS [15], which is around 16 KiB. This memory is used for an internal
dictionary, represented by a hash table that stores source data byte positions relative to the start of
the buffer. To insert a position into the hash table, the algorithm reads 4 or 8 bytes from that position
and hashes the read data. The kernel implementation of LZ4 supports the variable size of the hash
table entry. Entries are stored as 2 bytes if size of the input is less than or equal to 64 KiB. Otherwise,
hash table entries are 4 bytes in size. Smaller size of entries makes it possible to store 8192 positions
instead of 4096, reducing the number of collisions and thus improving compression.

The sliding window for match searching has a fixed size of 64 KiB [15] that allows the offsets to be
encoded by 2 bytes. The algorithm finds matches by iterating through the source buffer. At each step
it obtains the potential match positions from the dictionary and adds current position to the hash
table. The initial iteration step depends on the acceleration parameter and is incremented each 64
steps.

Before the start of the main loop, the first byte of source data is processed and its corresponding
position is added to the hash table. After that, an anchor is set to the position of the first byte in the
source buffer that has not been encoded yet. The main loop can be split into the following steps [22].

1) Iterate through source buffer until a dictionary match is found within the sliding window.
Add entries to the hash table along the way.

2) Roll back both the source and the match positions as far as possible to get the maximum
match length.

3) Calculate the literal length as the distance from the anchor to the current source buffer
position and write it to the token and the following bytes.

4) Copy bytes starting from anchor up to the current source bufter position into the destination
buffer.

5) Write the offset as the distance between source and match positions.
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6) Calculate the length of the match by comparing the bytes starting from the match position
and the current source position. Write it to the token and the following bytes after offset.

7) Advance source position to first byte after the match and update the anchor.

8) Check the updated source position for a match. If the match is found then jump to step 5,
otherwise jump to step 1.

Fig. 2 illustrates how a resulting LZ4 sequence is formed after the match is found. The main loop
terminates when the block end conditions are met during the match search. To complete the
compression, the remaining literals from anchor are copied to the destination buffer. The loop also
terminates in case of destination buffer overflow resulting in a compression error. The overflow
check is skipped if the compressed block is guaranteed to fit within the destination buffer even if the
source data is incompressible. The exact upper bound of the size of the compressed block can be
obtained by LZ4 COMPRESSBOUND (source_data_size) macro [15]. The resulting value is
slightly larger than size of uncompressed data. Skipping the overflow checks allows the compression
to run slightly faster.

anchor match ip
SRC offset nlllz-:l:h
64 KB window
op
1 0." BYTES . 2BYTES | 0.° BYTES
DSY Tt#s-ﬁ LIT LEN LEBYEBLIERALS OFFSET | MATCH LEN
B fitlen

Fig. 2. Creation of LZ4 sequence after finding a match.

Compression functions described above work on contiguous buffers, and do not save context, such
as hash table entries, between individual function calls. Therefore, using this API for running
compression on individual vectors of a scatter-gather buffer results in a significantly lower
compression ratio. In order to achieve the highest compression ratio, one has to copy the data into a
single preallocated contiguous buffer. However, it is possible to save some of the compression
context by using the Streaming API of LZ4 [13]. Essentially, when using this API, we are not
resetting the working memory between calls, while also using a single previously compressed
contiguous chunk as a dictionary for match searching. Here, the dictionary is a chunk of already
processed literals, not to be confused with the hash table that stores the byte positions. The dictionary
to be used is selected as the largest contiguous chunk of preceding data fitting into 64 KiB window.
This selection happens internally using pointer arithmetic [14]. Depending on location of the
dictionary in memory, it is configured for one of two modes [22]:

e prefix mode — the input data immediately follows the dictionary;

e external mode — the dictionary is stored at an arbitrary location, which does not overlap
with the input data.

The streaming approach compresses the data in the current buffer as if the dictionary directly
precedes it. Fig. 3 illustrates the difference between contiguous and streaming compression
approaches. Currently the only streaming compression function exported for kernel use is
LZ4 compress fast continue [15]. Its signature is almost identical to that of
LZ4_ compress_fast except for the LZ4_stream t argument replacing wrkmem for keeping
track of the context of the compression.
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SRC SRC1 | |SRC2 SRC3 | | SRC4
DST DST |

Fig. 3. Regular (left) and Streaming (right) LZ4 APIs.

3.3 Linux kernel block layer API

This subsection describes data structures used in the block layer of the Linux kernel for representing
and handling scatter-gather buffers. A single contiguous data buffer (vector) is represented in the
block I/0 by struct bio_vec [7], which has the following fields:

® Dbv_page — pointer to the first page on which this vector lies;
® Dbv offset — offset in bytes from page start to the start of this vector;

e Dbv_len - length of this vector in bytes.

The bio vec is often shortened to bvec. Data held by a single vector is not necessarily mapped into
the virtual address space: rather than storing a pointer to the data, bvec contains an address of struct
page, using which this pointer has to be obtained. On systems with high memory [23, 24], or memory
that is not permanently mapped into virtual space, that might require creating a temporary mapping,
which can be quite costly. On 64-bit systems, however, virtual address space is large enough to map
all physical addresses directly, and an address of the data can be obtained by a simple bit of pointer
arithmetic. A single bvec only holds a pointer to the first struct page. However, the data held by bvec
can span multiple contiguous pages. This concept is called multi-page bvec, as opposed to single-
page bvec, and was introduced into the kernel for improving block 1/O efficiency [25]. On another
note, bvecs have an arbitrary offset and length and might not be aligned to the page boundaries.
Therefore, generally it is not possible to avoid contiguous buffer allocation and data copying by
mapping these pages into a single contiguous virtual space using vmap function [26].

A scatter-gather buffer is represented as a sequence of bvecs, commonly stored as an array [7]. Fig.
4 illustrates the structure of an arbitrary scatter-gather buffer. The iteration through a scatter-gather
buffer is done with an iterator, represented by struct bvec_iter [16]. Among its fields we mark out
the following:

e bi idx—index of current bvec in the array;
e bi bvec_ done —number of bytes processed in current bvec, or offset from start of bvec;

e bi size —residual length of the buffer.

There are a number of helper functions and macros for this type of iterators. For instance, to advance
iterator by a specified number of bytes, one can use bvec_iter_advance or
bvec iter advance single [27]. The latter is used for iteration within a single bvec, while the
former can be used for the general buffer iteration. These functions require the underlying bvec array
to be provided alongside the iterator. It is possible to obtain bvecs in-flight during iteration by using
bvec iter bvec and mp bvec iter bvec [27] for single-page and multi-page bvecs,
respectively.

285

Bugaev A.S., Sichkar G.K., Vasenina A.I. Extension of LZ4 compression algorithm for handling scatter-gather buffers in the Linux kernel
block layer. Trudy ISP RAN/Proc. ISP RAS, 2026, vol. 38, issue 6, part 1, pp. 279-298.

bvec

bvec | bvec I bvec

page

\’ page

e Pe—
off len

page page

len

==

: page page page
off len T
-

len
Fig. 4. Generic structure of a scatter-gather buffer.

Finally, a single I/O in the block layer of the Linux kernel is represented by struct bio [7], containing
a scatter-gather buffer as an array of bvecs, as well as a start iterator. The size of the I/O is stored
within the iterator. Number of bvecs in a single block-level I/O is limited, and the current limit is
equal to 256, provided by macro BIO_MAX VECS [28].

4. Implementation

This section outlines a general design and idea of our LZ4 extension for scatter-gather buffers and
provides a more detailed implementation description.

4.1 General design

Instead of writing an algorithm from scratch, we directly modify the standard version of the
algorithm, taken from the Linux kernel source tree. While the essence of the algorithm stays the
same, our modification is based on abstracting the buffer iteration, for the purpose of replacing the
uses of pointer arithmetic. The algorithm was adapted for handling bvecs using bvec iterators, which
required modification of existing helper functions for read-write-copy operations, similarly to what
was done in [18]. Additional helpers were added for these operations on a single bvec, as well as on
the whole scatter-gather buffer starting from given position, which is represented by a bvec iterator.
As a baseline for the operations on a contiguous chunk, the existing LZ4 helper functions were used.
Positions in the buffer are also represented by iterators, along with regular integer values, which are
used for calculation of lengths and offsets. Addresses stored in the hash table are replaced with
separate minimal structures encoding the position inside the scatter-gather buffer. These structures
are comprised of index in the bvec array, relative to the index of some base iterator, and an offset
from start of the corresponding bvec. The API of extended LZ4 compression, which we called LZ4E,
accepts minimal required representations of scatter-gather buffers. For instance, the arguments of
the extended fast compression function, LZ4E_compress_fast, are as follows:

® src —source buffer as an array of bvecs;

e dst —destination buffer as an array of bvecs;

® srclter — pointer to iterator at the start of data to compress;

e dstIter — pointer to iterator at the start of compressed block to be written;
® acceleration —LZ4 acceleration factor;

e wrkmem — pointer to preallocated working memory.
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As well as the standard LZ4, LZ4E compression function returns the number of bytes written to the
destination buffer or zero in case of an error. The size of the data to be compressed, as well as the
maximum allowed size of output, can be specified using bi_size field of the iterators of the source
and destination buffers. These iterators are advanced inside the compression function, so by the end
of the function call they are pointing to the first bytes following the processed data in their respective
buffers. This API was designed for usage in the block layer. Therefore, we decided to limit the
number of bvecs that can be processed by compression function to BIO_MAX VECS, or 256, so that
the indices of the bvec array can be encoded by a single byte.

4.2 Implementation details
Similarly, to the original version, which uses different hash table address lengths depending on the
input size, our modification supports different addresses chosen based on the layout of the provided
source buffer. There are three types of addresses that can be used, depending on number of given
bvecs, as well as the maximum size of bvec, defined as follows:
byU16:

e 4 bits of idx, encoding up to 16 bvecs;

e 12 bits of offset, encoding bvecs up to 4 KiB, which is the common size of a single page.
byU32:

e 8 bits of idx, encoding up to 256 bvecs, which is equal to BIO_MAX VECS;
e 24 bits of offset, encoding bvecs up to 16 MiB.

byU64:
e 8 bits of idx, encoding up to 256 bvecs as well;
e 32 bits of offset, supporting bvecs of maximum size theoretically possible at the moment;
e 24 bits reserved, available for future use.

These configurations were chosen based on a possible entry length (2, 4 or 8 bytes) and common
bvec size limit (4 KiB). The address type is decided at runtime, as a part of initialization before the
main loop. To make this decision, we iterate over each multi-page bvec of the source buffer using
the provided start iterator.

All the data processing in the extended algorithm, including read-write operations and iteration
through buffers, requires a respective iterator. Therefore, we need to construct an actual iterator after
obtaining an address from the hash table, in order to check for potential matches. While a single
address can encode a position inside the scatter-gather buffer, it is not sufficient for creating an
iterator for this position. The missing piece for the iterator is bi_size, or the number of bytes left
to process in the whole buffer. For this reason, we save bi_size of iterator at the start of each bvec
into a separate array. For obtaining this value, index from the address structure is also used as the
index into the array. This array requires 1 KiB of additional working memory: 4 bytes for each of
256 possible bvecs. The actual values are saved to array during initialization, while iterating over
multi-page bvecs of the source buffer. Using this array, called bvIterSize, along with baseIter
iterator, which points to the start of the respective buffer, a given address addr can be converted to
an actual iterator iter using the following calculations.

iter.bi_idx = addr.idx + baselter.bi_idx
iter.bi_bvec_done = addr.offset
iter.bi_size = bvIterSize[addr.idx] — addr.offset

And for the opposite conversion, in order to obtain address from iter and baseIter, the following
equations are used.
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addr.idx = iter.bi_idx — baselter.bi_idx
addr.offset = iter.bi_bvec_done

For obtaining length of the literal sequence after finding a match, we need a regular integer position
pos, which can be calculated using base iterator and the current iterator as follows.

pos = baselter.bi_size — iter.bi_size

Fig. 5 provides a visual overview of the transformations above.

start iter end
Lx:o de:‘l idx=6
ov0 | bvi: | bv2 [ bvd | bva | bvs [ ibve
= : :
off iter.bi_size |
bvlterSize[1]

Fig. 5. Calculations made using proposed hash table addresses and the additional bviterSize array.

As a base for scatter-gather buffer iteration, existing API for bvec iterators was used directly or
slightly modified. For small iterations by one byte, more optimized versions were added. Missing
functions for rolling an iterator back, required for finding the largest match, were implemented in a
similar fashion. Helper functions for read-write-copy operations, as well as higher level functions
for finding the length of the match, were modified using this API.

On level of the whole scatter-gather buffer, these helpers carefully handle the fragmentation by
constructing bvecs in-flight and performing memory access based on how many bytes are left in
current bvec. On systems without high memory, we are able to use multi-page bvecs, since all the
contiguous pages of a single bvec are mapped directly into a contiguous virtual space. This allows
us to handle whole chunks at once, thus improving throughput. On systems with high memory,
however, some pages might not be mapped, or scattered over virtual memory. This is handled by
processing each page individually, using in-flight construction of single-page bvecs. The utilization
of multi-page bvecs is decided at compile time, based on macro LZ4E_MULTIPAGE, that is set by
default if kernel option CONFIG HIGHMEM [24] is disabled.

For processing a single bvec, we operate similarly to how memcpy from bvec and
memcpy to_bvec [27] work. To access the data, we have to obtain a pointer to the data from the
page, after mapping this page into virtual memory, if necessary, on systems with high memory. After
obtaining necessary addresses, this data can be copied between the corresponding contiguous
buffers. Finally, mapped pages have to be unmapped by the end of the procedure. Instead of using
the bytewise memcpy, we use a custom copying function, that is based on unaligned loads/stores
using the existing LZ4 helpers, while not overwriting any data after the target copy length. This can
improve performance for small reads and writes, which are especially common during match
searching. As an optimization, that can be enabled statically at compile time, the algorithm supports
obtaining pointers to the starts of each bvec in advance, so that these addresses are not required to
be calculated in-flight when performing read-write operations on the data of bvecs. The pointers are
saved to arrays in working memory when iterating through multi-page bvecs as part of initialization.
These arrays, both for source and destination buffers, each require 2 KiB of additional memory on
64-bit systems, since we support 256 bvecs at most while a single pointer has length of 8 bytes. As
with LZ4E_MULTIPAGE, this optimization is not guaranteed to work on systems with high
memory, since we are not saving pointers for individual pages. The optimization can be enabled
during compilation using macro LZ4E_PREMAP.
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The complete implementation of the extended algorithm can be found on GitHub [29]. It is presented
as an external kernel module, which exports functions of the described API, thus making LZ4E
compression available for kernel use.

5. Evaluation

This section provides an insight on how the extended LZ4 algorithm was tested and compared to the
original using different APIs, along with the results that were obtained in the process. Here we
answer the research questions posed in Section 1.

5.1 Comparison approaches

We aimed to compare our LZ4 modification in the block layer to other possible approaches of I/0
request compression. We selected four targets for comparison, which are described as follows.

e Contiguous — data of I/Os is copied into a preallocated contiguous buffer and compressed
using regular LZ4 API.

e Vectorized — data of each bvec is compressed individually, using the regular API as well.
No additional source buffers are allocated.

e Streaming — same as Vectorized, but the LZ4 Streaming API is used to improve
compression ratio.

o Extended — data of I/Os is compressed using the proposed extension of LZ4 for scatter-
gather buffers.

To estimate the proposed approach, we carried out the experiments with the collection of the
following metrics:

e Compression ratio, as ;
e Compression throughput, as ;
o Memory usage, as amount of the memory required for running compression.

Memory usage is calculated as a sum of destination buffer sizes and the size of the working memory
for compression, except for the Contiguous case, in which the source buffer size is added as well.
Additionally, we measure the time spent for data copying, which is relevant only to the Contiguous
method. This allows us to examine how much of an overhead data copying actually brings.

We aimed to compare all the methods in equal conditions. Therefore, in order to maximize
performance of compression for each variant, destination buffers are allocated using the upper size
bound for compressed block. This includes Vectorized and Streaming cases, where destination
buffer is allocated for each bvec. For the same reasons, all of the buffers are allocated as physically
contiguous, and not only virtually contiguous. In order to minimize variance, which might occur due
to emergence of multi-page bvecs during 1/O generation, all of the I/Os are additionally normalized
to having equal bvec lengths. Furthermore, we specify to the kernel to disable preemption during
time measurement, to avoid any interference with running timers.

5.2 Testing framework

To test compression on I/O requests we implemented a driver for a virtual block device, which
includes LZ4 compression into I/O processing using described methods. From user’s point of view,
this proxy is transparent, meaning that the read data is the same as the written data. Such a block
device must be created over some underlying block device, which is specified through parameters
found in the sysfs virtual filesystem [30]. The compression method to be used can be selected via
sysfs as well. For processing a single block-level /O, its data is compressed and decompressed back
using the standard LZ4 decompression, after which 1/O is remapped to the underlying device. This
allows us to test the correctness of our extended LZ4 implementation. Additionally, this block device
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supports various statistics, also available as read-only sysfs parameters. The most relevant statistics
are:

e decomp_ size — size of data before compression, in bytes;

e comp_ size — size of data after compression, in bytes;

e comp_ns — time elapsed during compression, in nanoseconds;
e copy ns — time spent on data copying, in nanoseconds;

® mem usage —memory used for compression, in bytes.

For measuring time intervals, we used ktime interface [31], which provides access to high-resolution
timers. We used this API by a custom macro, that wraps timer usage around exactly one function
call, while disabling preemption for the corresponding duration using preempt disable [32].

The testing framework consists of described proxy block device, along with some parametrized
scripts that run compression on files of the dataset using this device, saving statistics as intermediate
results along the way. Essentially, for each compression method we write the file to the proxy device,
read it from device into some temporary file, save compression statistics to a separate file and reset
the statistics afterwards. All the block I/0 is performed using the dd utility [33] with direct flag
specified. The complete testing framework, including the described proxy block device and
additional scripts, is available on GitHub [29].

5.3 Experimental setup
The following datasets were used for the experiment:

e The Canterbury corpus [34] — 2.7 MiB;

e The Calgary corpus [34] — 3.2 MiB;

e The Large corpus [34] — 10.6 MiB;

o Silesia corpus [35] — 202.1 MiB.
All of the corpora above are designed specifically for testing data compression methods, and are
regarded as classical datasets in the field. Combined, these datasets cover a wide range of file types
and extensions. For testing, each collection of files was concatenated into a single large one,
resulting in one file per dataset.
The test platform used for the experiment has the following specifications.
Hardware:

e (CPU: Intel(R) Xeon(R) Gold 6338 @ 2.00 GHz (32 cores/socket, 2 sockets, 2 threads per

core, total 128 CPUs);

e RAM: 496.6 GiB available (503.5 GiB total) - DDR4 Synchronous Registered (Buffered)
3200 MHz, Samsung M393A4K40EB3-CWE 32 GiB DIMMs;

e Storage: SAMSUNG MZWLJ1T9HBJR-00007 1.92 TB NVMe SSD (NVMe version 1.3,
firmware EPK9GBS5Q);

o NUMA: 2 nodes (node0: CPUs 0-31,64-95; nodel: CPUs 32-63,96-127);

e (Caches: L1d 3 MiB, L1i 2 MiB, L2 80 MiB, L3 96 MiB;

e Hrtimers: 1 nsecs resolution.
Software:

e OS: Linux kernel 6.18.5-200.fc43.x86_64 (Fedora 43);

e gcc version: 15.2.1 20260123 (Red Hat 15.2.1-7);

e dd version: coreutils 9.7.
A single 57.3 GB NVMe namespace was selected as the underlying block device. For each of four
compression methods chosen for the experiment, the test, consisting of a single write-read sequence,
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was run 15 times. Block size for dd was set to 1 MiB, as a size large enough to be a viable use case
for our extension, as well as size that perfectly fits 256 single-page bvecs. The extended compression
library was compiled using the -03 optimization level of gcc [36].

5.4 Evaluation results

Here we give answers to the research questions formulated in Section 1. For compression ratio and
memory usage, the relative error of obtained results is negligible. For the mean values of
compression throughput, the relative error averages to 0.66%, peaking at 4.47%.

RQ1. What approaches achieve the best compression ratio? Fig. 6 shows the obtained compression
ratio for all chosen approaches. As expected, compression on contiguous buffers reduces data
size the best. Compressing each bvec individually (Vectorized) has the lowest compression
ratio. The use of the Streaming API makes data compression slightly stronger, giving 9-17%
boost in compression ratio compared to the Vectorized approach. The extended algorithm
achieves the same best compression ratio as the Contiguous approach.

RQ2. How much memory does LZ4E save compared to the contiguous approach? Fig. 7
summarizes the memory usage of all chosen approaches. The extended algorithm reduces
memory usage by 49.47% compared to the Contiguous approach. This saving comes from
eliminating the need to allocate a separate contiguous source buffer and copy all request data
into it. In contrast, the Vectorized and Streaming approaches do not reduce memory usage
further, as they already avoid the additional source buffer allocation.

RQ3. What is the throughput of LZ4E algorithm and how does it compare to the throughput of
other compression approaches? Fig. 8 presents the compression throughput for all chosen
approaches. The extended algorithm suffers a significant throughput degradation, being 5-6
times slower than both the Contiguous and Vectorized approaches, and 2—3 times slower than
the Streaming approach. The Contiguous approach, despite requiring data copying, does not
experience a large throughput penalty from the copy operation itself, as shown by the “copy
loss” graph legend entry.

Additionally, we measured performance of LZ4E with optimization of in-advance bvec mapping,
enabled by macro LZ4E PREMAP. This optimization, however, provides only an insignificant
throughput increase within 1.43%. The trade-off is the increased size of the required working
memory, which grows by 4 KiB, or 23.53%.

As a result of the experiment, our extended LZ4 compression provides either stronger compression
or significantly lower memory usage, as compared to the rest of the methods selected. The
compression speed, however, becomes substantially lower. The evaluation results for all three
metrics are summarized in Table 1.

Table 1. Summary of evaluation results for all compression methods. The values are per-dataset means
across four datasets that were used. For memory usage, the values show required memory for a single /O,
which is constant across datasets. For other metrics, ranges from minimum to maximum values are shown.
Throughput is reported in decimal units (MB/s), while memory usage is in binary units (KiB).

Compression method| Compression ratio thr?)?llglilpgsts,s;\(/)lr]; /s Mgr}l;;};;lls/age,
Contiguous 1.905-2.099 385.7-515.7 2068.1
Vectorized 1.474-1.767 362.0-516.4 1048.0
Streaming 1.718-1.930 209.0-264.6 1048.0
Extended 1.905-2.099 72.8-88.2 1045.0
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5.5 Performance analysis

The suspected causes for such significant throughput degradation, encountered after extension for
scatter-gather buffer support, are as follows.

1) Replacing simple pointer arithmetic with iterator handling introduces substantially more
complexity throughout the algorithm.

2) Simple read-write-copy operations are also affected, requiring considerably more branches
for careful memory handling. This makes a substantial difference specifically during match
searching, as a large portion of the algorithm's runtime is devoted to short reads.

3) Dictionary handling becomes more complex, as converting positions to hash table
addresses and back requires considerably more calculations. This is particularly significant
because match searching, which accounts for the majority of the runtime, heavily relies on
hash table lookups.

4) Locality is also worse, since the memory in which matches are searched is more scattered
than in the other methods. This may lead to an increased number of cache misses.

To investigate these hypotheses, we collected profiling metrics using the perf utility [37]. The
following perf events were examined:

® instructions, cycles — to examine computational complexity and calculate
instructions per cycle (IPC);

® branches, branch-misses — to examine branch prediction;
® cache-references, cache-misses — to examine last-level cache (LLC) performance;
® Ll-dcache-load-misses —to examine L1 cache performance.

To evaluate branch prediction, we measured the total number of branch instructions (BRA) and the
branch miss rate (BMR). Similarly, for LLC performance, we used the total number of LLC
references (CRE) and the LLC miss rate (CMR). For evaluating L1 cache performance, only the
number of L1 data cache misses (L1M) was utilized. The total number of instructions (INS) served
to evaluate computational complexity, while IPC was applied to diagnose CPU pipeline stalls. For
all raw metrics (BRA, CRE, L1M, INS), the Contiguous approach served as the baseline. The
derived metrics (BMR, CMR, IPC) are reported as absolute values, as they already represent
percentages or ratios.
For counting events, the perf stat command was used. This command was called over dd
invocation within the same testing framework, described in Subsection 5.2. To collect the metrics,
we performed an additional experiment consisting of 15 test runs using the same experimental setup,
described in Subsection 5.3.
The summary of profiling results is presented in Table 2. Average relative errors for individual
metrics, except CRE and CMR, are in 0.05-1.10% range, and the maximum relative errors are in
0.15-4.79% range. For CRE and CMR combined, relative error averages to 7.73%, peaking at
72.01%. Detailed profiling results are presented in Figures 9-12. Specifically: branch metrics (BRA
and BMR) are shown in Fig. 9, LLC metrics (CRE and CMR) in Fig. 10, instruction count (INS) in
Fig. 11, and IPC in Fig. 12.
Addressing the hypotheses formulated earlier, the following conclusions about LZ4E performance
can be drawn from the profiling results.
1) The total number of branches increased by 6.4 times compared to the Contiguous approach,
correlating with the observed throughput penalty. However, the absolute number of branch
misses did not grow proportionally to the number of branches, increasing by only 15.04%.
The proposed method achieves a 5.5 times lower miss rate than the Contiguous approach,
indicating that branch prediction is not the primary concern.
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Table 2. Summary of profiling results for all compression methods. The values are averages of per-dataset
means across four datasets that were used. For metrics BRA, CRE, LIM, and INS, the values are reported
relative to the Contiguous approach (baseline). For BMR, CMR, and IPC, the absolute values are presented.

Compression

BRA BMR CRE CMR LIM INS IPC
method

Contiguous 1.000 4.45% 1.000 10.25% 1.000 1.000 1.621

Vectorized 1.085 3.80% 0.892 10.45% | 0.646 1.113 1.790

Streaming 1.497 9.25% 1.105 14.00% 0.784 1.352 1.279

Extended 6.399 0.80% 1.029 11.33% 1.059 9.952 3.719
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Fig. 10. Evaluated last-level cache performance metrics (CRE, CMR) for all compression methods.
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2) The number of LLC references increased by 2.90%, while LLC misses and L1 data cache
misses increased by 13.74% and 5.90%, respectively. This supports the claim of worse
cache locality, but the increase in cache misses is not substantial enough to explain the
throughput drop. Therefore, cache performance is not the bottleneck.

3) The total number of executed instructions increased substantially — by almost 10 times.
This result supports the hypothesis of increased computational complexity and is the most
likely cause of the observed throughput degradation.

4) The proposed approach achieves 2.3 times higher IPC compared to the Contiguous method.
Combined with the instruction count results, this indicates that while the extended
algorithm executes approximately 10 times more instructions, it executes them with 2.3
times better efficiency.

To summarize our performance analysis, we have identified that the performance issues of the

extended algorithm stem from significantly higher computational complexity. However, the specific
bottleneck of the algorithm, if one exists, remains to be determined.
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6. Future work

This work can be extended in several directions. First, the throughput issue must be addressed by
identifying the exact bottleneck and simplifying the required calculations. This may involve
designing a new algorithm specifically adapted for the new data processing approach, similarly to
what was done in [18]. Second, we plan to implement the extended LZ4 decompression, which
would be straightforward using the proposed design of the extension. Finally, our approach can be
extended to other dictionary-based compression algorithms commonly used in the block layer of the
Linux kernel, such as Zstandard [12, 17], which is a more heavyweight algorithm as opposed to
LZ4. 1t would be valuable to investigate how this approach affects performance for such algorithms.

7. Conclusion

As a result of this work, we propose an extension of LZ4 algorithm that can directly handle data of
scatter-gather I/Os in the Linux kernel block layer, not requiring additional source buffer allocation
and consequent data copying while providing the exact same compression ratio, as when running
standard compression on data as a single contiguous chunk. We also compared its performance to
the case of running standard compression individually for each of the vectors of a scatter-gather
buffer, using both the regular and Streaming APIs. To summarize, our modification provides a major
memory usage reduction compared to the contiguous case, and a significant increase in compression
ratio as compared to vectorized cases. However, this comes at a cost of drastic compression
throughput loss, reducing speed up to 56 times. Presented profiling results show that the throughput
drop is caused by a substantial increase in computational complexity — the number of executed
instructions increases by almost 10 times. The exact bottleneck responsible for this instruction
increase remains to be identified. Eliminating the throughput issue is necessary to make our solution
a viable choice for online compression. As an alternative, observed characteristics of the proposed
modification show that it is better suited for offline compression, which runs outside of the critical
1/O path and prioritizes compression ratio over throughput. Reduced memory usage further allows
to reduce the overall memory pressure, which is valuable for high-load systems. Additionally, our
solution is well-suited for memory-constrained environments and can serve as a fallback when the
faster copy-based approach fails due to insufficient memory.
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