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IepiAnym

v mapovoa SIMAwATIKN epyacia Tapovotdlovpe To oxedStacpd Kat TV VAoToinon
Tov crocks, vog ypryopov cvoTipatog anodnkevong KAESLOD-TIUNG, TTOV KATAVEEL
opotopop@a ta dedopéva oe o CVOTOLKIA VTTOAOYIOTIKWV CUOTNHATWY, Kat eivat BeA-
TIOTOTIONPEVO Yo poég epyaciag ov PacilovTtat kKupiwg OTIG TVXAIES EYYPaPEG. XTN-
pLlopaoTe 0TO LVIIAPYOV GVOTH A atoBkevong RocksDB, to omoio dev voatnpilet To
Stapopacpo dedopévwv. To RocksDB Paciletar ota LSM-8évtpa, katt mov to kabi-
0T& TOAD amoSoTiko Kat tkavo va a&lomotel Tovg StaB€o1ovg VTOAOYLOTIKOVG TTOPOUG,
600 1o duvatov kakvtepa. H epappoyr pag katagépvel va kKApakdvetal opliovTia
He TNV av&nomn tov peyéBovg tng ovaTolyiag, kat vtooTtnpilel TNV mpooBagaipeon kou-
Bwv pe {wvtavr petavdotevon Sedopévwy, KaBwe Kat TNV aoPaln enavagopd NG
ovoTolxiag xwpic anwAeta dedouévwv O TEPIMTWOT ATOTVXIAG EVOG 1) TEPLOCOTEPWV

KOUPwWV.
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Abstract

In this thesis we present the design and implementation of crocks, a fast key-value
store, that distributes data uniformly on a cluster of computer systems, and is opti-
mized for write-intensive workflows that rely mainly on random writes. We base our
work on RocksDB, an existing key-value store that is not distributed itself. RocksDB
is based on LSM-trees, which makes it perform better, and utilize efficiently the avail-
able system resources. Our application is able to scale linearly as the cluster is getting
bigger, and supports the addition and removal of nodes with live data migration, as

well as recovering the cluster without data loss, in case of node failures.

Keywords

key-value stores, LSM-trees, distributed, scale-out, sharding, migrations
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Extended Abstract

0.1 Introduction

The goal of this thesis, is the design and implementation of a highly efficient, dis-

tributed key-value store, optimized for workflows that rely mainly on random writes.

Nowadays, internet services are constantly evolving, with more clients being served
and more data collected. This trend has lead to the creation of new databases, aiming
at better utilization of the available system resources, as well as distribution on multiple

computer systems.

These new types of databases are often not based on the relational model and don't
use SQL (Structured Query Language) for managing data. They use simpler — lower
level solutions instead, because SQL may overcomplicate the database design and/or
show a worse performance. The simplest and most efficient type of a NoSQL or non-
relational database, as they are called, is the key-value store. Key-value stores, just store
key-addressable values, and make no assumptions about the contents or structure of
these values. They can be seen as hash tables, but unlike hash tables they usually store

keys in order and have the ability to retrieve ranges of keys.

Storing data on disk is not a trivial job. Normally a data structure like B-trees is used,
which may theoretically have a low complexity, but they fail to fully utilize the disk’s
performance, as they need to store every single chunk of data on a different position [7].
If the database is big and the stored keys are random, this leads to constant cache misses

and whole pages need to move from the memory to disk, regardless of the actual size

1
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of the requested write.

To overcome these problems, Facebook has developed RocksDB, a key-value store that
relies on a different data structure — LSM-trees. As we will see, RocksDB uses only

sequential writes, and as a result, shows a better performance on certain workflows.

However, RocksDB can only be used as a library, and does not allow network com-
munication, let alone distributed storage. On order to achieve that, one would either
replace the storage engine of an existing distributed key-value store with it, or develop
anew one based on it. We choose the latter, so that no limits are imposed from existing

design decisions.

There are some existing distributed databases based on LSM-trees but they are not
key-value stores and as a result, they have added complexity with an impact on per-
formance. Existing key-value stores are either not distributed, or not based on LSM-
trees. The only exception is ZippyDB, which is also developed by Facebook and relies
on RocksDB. However, despite RocksDB being free software, distributed under the
licences GPLv2 and Apache, ZippyDB is closed-source.

In this thesis we implement crocks, a fast, distributed and horizontally scalable key-
value store that is based on RocksDB, and supports the addition and removal of nodes,
with live data migration, as well as safe cluster recovery in case of node failures. The
goal is making it as efficient as possible, especially in a random writes workflow, taking

into account the limits of the network and of RocksDB itself.

0.2 Background

0.2.1 RocksDB

RocksDB is an embeddable, persistent key-value store, based on LSM-trees (log-
structured merge-trees) developed by Facebook. It is written in C++, and is a fork

of LevelDB, an earlier key-value store developed by Google.

Architecture

RocksDB uses the following types of files and data structures to create a database.
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Write Ahead Log (WAL): An append-only log file, in which RocksDB adds an
entry for every write. As soon as a write enters the WAL, it is guaranteed to be
persisted. In case of a failure, the database is recovered by replaying each entry

of the WAL.

« MemTable: An in-memory data structure that contains the same entries as the
WAL, but more easily accessible. By default it uses a skip list [4] but there are

many alternatives.

o SSTables (Sorted String Tables): Immutable, persistent files, that store key-
value pairs in ascending key order. They are the main component of a RocksDB
database. Along with the key-value pairs, there is also an index stored, that
makes looking up a key in the file easier. If there is enough space, indexes are

also stored in memory, to reduce disk communication.

 Levels/MANIFEST file: Since SSTables are immutable, a key may be included in
more than one, and even in the MemTable. However, only the latest value written
is valid at any given time. In order to prioritize SSTables, they are organized in
levels of the so-called LSM-tree, with lower levels (the ones at the top of the
LSM-tree) having priority over higher ones.

The first level (level 0) contains SSTables that have been created directly from
a MemTable when it was flushed to disk. The rest, contain sorted runs of non-
overlapping SSTables. For example an SSTable with keys from @ to ‘b, another

one with keys from c’ to ‘d’ etc.

When a MemTable gets larger (by default when it reaches 64 MB), it is flushed to disk,
creating an SSTable at the top of level 0. The MemTable and the WAL that is backing

it, are deleted, and new ones are created to store the next writes.

Each level has a size limit, and when it is reached, some files move to the next level
by merging with the overlapping files, and creating new ones that replace them. This
procedure is called compaction, and happens in the background. If a key is contained

in more than one SSTable, only the newest value stays in the generated files.

The limit of level 0, is 4 files by default. When exceeded, every file in levels 0 and 1 are
merged into level 1. The limit of level 1 is 256 MB by default, and each other level has
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the limit of the previous level, multiplied by a branching factor which is 10 by default.
When the limit of a level greater than 0 is exceeded, one file is chosen and moves to the
next level, by merging with overlapping files. More than one compactions may occur

simultaneously as long as they don't use overlapping files.

Deletions take place by adding special entries called tombstones for the key, which stay
in the database, possibly overwriting earlier entries upon compaction, until reaching

the last level where they are deleted forever.

To read the value of a key, RocksDB searches for it in every possible location in priority
order and returns as soon as it finds it. The possible locations in order, are the current
MemTable, any inactive MemTables that are not yet flushed to disk, each SSTable in
level 0, and a specific SSTable in levels 1 through the last, namely the one that has the
requested key in its key range.

Performance

In order to evaluate the efficiency of RocksDB, we define a few metrics and calculate

their value.

« Write amplification: The number of bytes actually written to disk for each byte

intended to be written by the user.

A key-value pair is first written in the WAL, and then in an SSTable in level 0,
which brings the write amplification to 2. For the level 0 to level 1 compaction,
4 files are moved to the next level, and as many as 8 new files are created, adding
8/4 = 2 to the write amplification. For the rest compactions, 1 file is moved to
the next level, and produce as many files as the number of overlapping files. With
a branching factor of 10, the number of overlapping files is about 7 *, bringing
the total write amplification to 44 7(n—2), for a database with n levels including

level 0.

« Read amplification: The number of pages needed to be read from disk, to re-

trieve the page that actually contains the requested data. We define it using pages

'It's not 10 as one would expect, because firstly SSTables are compressed, and secondly, levels are not
uniform and RocksDB chooses the file with the fewer overlapping files for compaction.
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and not bytes, because a page is the smallest amount that it is possible to be read

(4 KB in a typical architecture).

Since each key can be in each one of the SSTables in level 0, and in one SSTable

in each of the other levels, with a database of, say, 6 levels, 9 different pages need

to be checked.

This read amplification is mitigated using bloom filters — data structures which
are relatively small and fit in memory, and with a 1% chance of a false positive
and no chance of a false negative, test whether a key is present in an SSTable. The

use of bloom filters practically drops read amplification to about 1.

+ Space amplification: The number of bytes located on disk, for each byte of real

data, at any given time.

Since each level is larger than the previous by a factor of 10, at the worst case
every key is present in the last level, and the other levels contain updated values,

which brings space amplification to 1 + 1/10 + ... = 1.111.

However, because limits are fixed, the last level may be only slightly larger that
the one before, and cause a space amplification greater that 2. For this reason,
we use a slightly different compaction algorithm, where the limit of the last level
is it’s actual size, and the limits of the other levels are set as the limit of the next,
divided by ten. That way the space amplification is guaranteed to be no more

than 1.111.

It is worth noting that RocksDB provides different ways of customizing the LSM-tree

structure, with different trade-offs between the kinds of amplification.

Features

Some of the most important features of RocksDB, that we are going to use during the

implementation of our application, are the following:

o Column Families: Different LSM-trees in the same database, using a shared

WAL.

« Write Batches: Write multiple keys-value pairs atomically.
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« Snapshots: Database snapshots, created by increasing the reference counter of
each file in the current version of the database, and keeping a copy of the current

LSM-tree structure.

o Iterators: Iteration in a snapshot of a column family, in ascending or descending

key order.

+ SSTable creation/import: SSTables can be created by hand, and then imported
into a column family of a database. They can be added either on top of the LSM-
tree, with its keys having priority over the existing ones, or at the bottom with

the reverse effect.

0.2.2 Protocol Buffers

Protocol Buffers (protobuf) are a language-neutral mechanism, created by Google, for

serializing structured data, quickly and in a compressed form.

The data structure is defined once using the protobuf language, and a compiler gener-
ates source code to help easily write and read data, to and from a variety of data streams.
The programming language of the generated code is chosen by the user. A protobuf
message definition looks like this:
message SearchRequest {

string query = 1;

int32 page_number = 2;

int32 result_per_page = 3;

message SearchResponse {

repeated Result results = 1;

message Result {
string url = 1;
string title = 2;

repeated string snippets = 3;

Listing 1: Example of a protobuf message definition
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For each type of message, the compiler defines a class in the chosen programming
language, that contains a different attribute for each field, as well as some methods for

editing and reading fields (getters/setters), serializing and deserializing etc.

0.2.3 gRPC

gRPC is a high performance, RPC framework. It implements the exchange of protobuf
messages using the HTTP/2 network protocol.

gRPC extends the protobuflanguage to allow the definition of RPCs, that take as input
and give as output, protobuf messages. Both the input and output can be either a single
message, or a stream of messages. An RPC definition looks like this:

service RPC {

rpc Search(SearchRequest) returns (stream SearchResponse) {}

Listing 2: RPC definition example

Like protocol buffers, a dedicated compiler generates code for the chosen program-
ming language. This code provides an API for the implementation of the servers that

provide the RPCs, and the clients that call them.

There are two types of APIs, the synchronous and asynchronous. Using the syn-
chronous API, whenever a message is expected from the other end (server/client), the
respective function call blocks indefinitely. So on the server side, each call needs a
dedicated thread that stays alive but blocked, while awaiting for messages. In order
to serve more than one calls simultaneously, the same number of threads are needed.

This causes an important overhead.

The asynchronous API on the other hand, uses a completion queue. Requests for net-
work communication are given a unique tag, and the respective functions return im-
mediately. Whenever a message is received, the tag enters the queue by gRPC. So a

single thread can be removing tags from the queue and serving requests as needed.
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0.2.4 etcd

etcd?, is a reliable, distributed key-value store, for the most critical data of a distributed
system. It provides a simple and well-defined gRPC API and is secure and fast. It guar-

antees consistency by using the Raft [12] consensus algorithm.

Apart from the common operations of a key-value store (get, put, delete), etcd has

many more features. We will use key watching and transactions.

By watching a key, a client is able to be notified whenever one or more keys are mod-
ified, without having to periodically make requests. It is a gRPC procedure call, that
takes as input a protobuf message with the desired keys, and returns a stream of mes-

sages with the updated key-value pairs.

Transactions, allow making atomic read-modify-write operations using compare-and-
swap. Entries are updated, provided that the values have not been updated since last

read. If they have, the whole procedure is repeated until it succeeds.

0.3 Design

We present the main design decisions of our application.

0.3.1 Sharding

The key space needs to be somehow partitioned, and have the different partitions
evenly distributed in the cluster. We will also have to provide a mechanism for sending
a portion of a node’s database to another node, when for example one is added to the
cluster. When that happens, the node that sent the keys, will have to delete them and
deleting large portions of a database is expensive because of all the tombstones. For
that reason, we will partition a node’s database in shards, which is the smallest possi-
ble part that can move from one node to another, and use a different column family
for each shard. Column families can be created and dropped on demand, without any

overhead.

*https://github.com/coreos/etcd
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Using multiple column families has an additional benefit. Each column family uses
its own LSM-tree, so each shard uses fewer levels, and the write amplification falls

significantly.

We partition the database in shards using a hash function by mapping each key to
the shard hash(key) modulo num_shards. In that way the uniformity of the shards
is easily guaranteed, something that would be almost impossible if we were using, say,
ranges, because smaller ranges would have to be constantly transfered from one shard

to another, in order to keep them balanced.

The hash function doesn’t need to be cryptographically secure. It only needs to be fast
and provide uniform results. We chose a variation of MurmurHash that is also used

internally by RocksDB.

0.3.2 Architecture

Since we want to scale indefinitely, having nodes with certain roles, such as a proxy/-
coordinator is not a good idea, so instead we have clients connect and communicate
with each node independently. If having clients connect through a proxy, is needed for

a certain application, it could be implemented, using the provided client API.

The necessary information (basically each node’s address and shards), is stored at all
times in an etcd cluster, and nodes stay updated by watching etcd for changes. Clients
are also informed using etcd, but the don’t watch it constantly, to mitigate network traf-
fic. Instead, they request the updated information, only when they receive a response

from a node, informing that he is not the master of the relevant shard.

0.3.3 Cluster states

The cluster during its lifetime passes through the stages of INIT, RUNNING and
MIGRATING. In the INIT state, the initial nodes are set up and they announce their
addresses to etcd. Once everything is ready, the administrator distributes the available
shards to the different nodes, and sets the state to RUNNING, in order to start serving

client requests.

A client that intends to make a request, first receives the cluster information from etcd.
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Then he finds the shard that corresponds to the request’s key, and sends the request to
the master of the shard, like this:

shard_id = hash(key) mod num_shards

shard = shards[shard_id]

node = shard.master

node.put(key, value)

Listing 3: Put

If the master has changed, the node sends the corresponding status, and the client gets
the updated information from etcd, and repeats the request. If not, the node serves the

request and returns the status reported by RocksDB.

While in this state, the administrator can set up new nodes and/or request existing
nodes to shut down. The new nodes are not assigned any shards yet. When ready, he
redistributes the shards to the available nodes to make them uniform, with the fewer
possible number of transfers, and requests migrations to begin by setting the cluster

state to MIGRATING.

In the MIGRATING state, each node that needs to get new shards, according to the up-
dated info, starts requesting them one by one from the former shard masters. The for-
mer master, when requested, stops accepting requests for the shard, passes the master-
ship to the new node on etcd, turns the column family of the shard into a single sorted

run of SSTables, and starts sending them.

The receiving node, receives these files and adds them one by one into the database, on
the bottommost level, in order to have the lowest possible priority. While importing a
shard, he serves write requests normally. Read requests require special care. If a key is
not found in the database it may or may not exist on the former master. At any given
time, the largest key imported is known, so if the requested key is in the range of the
imported keys, the node can safely assume that it does not exist, and responds accord-

ingly. If not, he passes the request to the former master and forwards his response.

0.4 Implementation

crocks consists of three different parts:
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o The executable crocks which is the server — a cluster node.

o The shared or static library 1ibcrocks.so or libcrocks. a respectively, and the

relevant public header files that provide an API for the implementation of clients.

o The executable crocksctl, a tool that makes read/write requests to the cluster,

and some administrative operations.

0.4.1 Shared data

The shared data stored in etcd, is a protobuf message with the following definition.

message NodeInfo {
string address = 1;
int32 id = 2;
int32 num_shards = 3;
bool available = 4;

bool remove = 5;

message ShardInfo {
int32 master = 1;
bool migrating = 2;
int32 from = 3;
int32 to = 4;

message ClusterInfo {
enum State {
INIT = ©;
RUNNING = 1;
MIGRATING = 2;
}
State state = 1;
int32 num_nodes = 2;
repeated NodeInfo nodes = 3;

repeated ShardInfo shards = 4;

Listing 4: Opioudg ClusterInfo
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It is stored serialized, on the key “info” which is being watched by the nodes, and up-
dated using a transaction. For example, to order the migration of a shard from node 1

to 2, the administrator sets the ‘migrating’ field to true, from’ to 1 and ‘to’ to 2.

0.4.2 Server

The server uses the asynchronous gRPC API. For each different RPC (get, put, migrate
etc.) we define a corresponding class, all of which implement a Proceed() method
that progresses the request as much as possible, until some network communication

is required, which it requests asynchronously and returns.

Each serving thread has its own gRPC completion queue. It creates one instance for
each RPC class, and uses the memory address of the Proceed() method as a unique
tag, to differentiate the different objects. Once a request arrives, gRPC puts the tag
in the queue, the serving thread removes it and calls the corresponding method. In
Proceed(), a new instance is created to handle the next request. Then the protobuf
message with the request is read and served. If the RPC is unary, a response is sent,
and if it’s streaming, Proceed () returns until the next message is received and the tag
turns up in the queue again. The RPC objects remember where they’re left off using a

C++ enum, as a state machine.

There are multiple serving threads, chosen by the administrator via a command-line
option, while serving migrations happens in a different dedicated thread, because it
is expected to block a lot, doing IO. Thread-safety on data structures that are not
thread-safe by default, is guaranteed using mutexes (std: :mutex). Shared mutexes
(std::shared_mutex), can also be used if available, which results in multiple threads
taking the locks as readers, without blocking, as long as migrations are not taking place,

and there is no one modifying the underlying structures.

In order to guarantee that there are no race conditions during migrations, we are us-
ing reference counters on shards. We dump the shard to disk using an iterator that
operates on a consistent snapshot of the column family, so all pending writes must
finish before creating it. The reference counter is initialized to 1, and gets incremented
before writing, and decremented afterwards. When the node stops accepting requests,

he decrements the counter and waits for it to reach 0.
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0.4.3 Client

The provided client API, is located in the public headers, and contains some struc-
tures in the crocks namespace. The main structure, is the Cluster class, defined in

<crocks/cluster.h> header file.

Cluster(const Options& options, const std::string& address);

The Options class is defined in <crocks/options.h> header file, and allows some
customization in the client’s behavior, while the address string is the address of an
etcd node, (e.g. "127.0.0.1:1234").
struct Options {

// If true, when a node is detected to be unavailable

// and etcd is not yet aware, the client updates it.

bool inform_on_unavailable = true;

// If true, after a status UNAVAILABLE is received, the client waits
// until the cluster is healthy again, and then retries the request.
bool wait_on_unhealthy = true;

1

The Cluster class provides methods get (), put (), and delete(), for reading, writing
and deleting keys respectively.

Status Get(const std::string& key, std::string* value);
Status Put(const std::string& key, const std::string\& value);
Status Delete(const std::string& key);

The Status class is defined in <crocks/status.h> header file and contains the com-

position of the gRPC and RocksDB status classes.

0.4.4 Write batch implementation

Write batches are defined in <crocks/write_batch.h>.

class WriteBatch {
public:
WriteBatch(Cluster* db);
WriteBatch(Cluster* db, int threshold_low, int threshold_high);
~WriteBatch();
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void Put(const std::string& key, const std::string& value);
void Delete(const std::string& key);

void Clear();

Status Write();

Listing 5: The write batch client API

They are implemented by sending buffers with operations, asynchronously and trans-
parently, while the client is requesting them. gRPC allows one pending write per call,
so after each operation, if there is no pending write, the current buffer is sent, unless
the buffer has gotten significantly larger (exceeded a configurable threshold), where
the call blocks until the buffer is able to be sent.

This leads to a very high performance. However, unlike in RocksDB, write batches are
not atomic, because they can fail on one node and succeed on others, and rolling back
is not supported. Furthermore, write batches from different clients can reach the nodes
in a different order, and leave the database in an inconsistent state. So they should be
used carefully, in cases where the included keys are not strictly related, or they are

guaranteed to not be overwritten by other clients.

0.4.5 crocksctl

crocksctl is a command-line application, that takes a command and after fetching
the cluster info from etcd, executes it. The available commands with a brief description,
can be seen on the output of the --help option, below.

Usage: crocksctl [options] command [args]...
A simple command line client for crocks.

Commands:
get <key> Get key.
put <key> <value> Put key.
del <key> Delete key.
run Change cluster state to RUNNING.
migrate Change cluster state to MIGRATING.
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health Check the health of the cluster.
list Print every key.
dump Print every key—value pair.
clear Delete all keys.
remove <id> Remove node from the cluster.
info Print cluster info.

Options:

—e, ——etcd <address> Etcd address [default: localhost:2379].

—h, ——help Show this help message and exit.

Listing 6: crocksctl --help output

0.4.6 Recovery from failures

The cluster can safely recover from node failures. During a failure the ‘available’ field
of the node in etcd, is set to false, and the cluster is unresponsive. The etcd update is
made by a client, if a request fails with the relevant status and he is configured to do so,
by another node, if the failure takes place during a migration, or by the administrator,

using the crocksctl health command.

When a client request fails, it can either watch the info key on etcd until the cluster is
stable again, or return with the relevant status, and let the client handle the situation
accordingly, and then wait manually using the void Cluster::WaitUntilHealthy()
method.

When a node, upon setup, notices an unavailable node in etcd with his own address,
he assumes that he must recover from a failure. He checks that his database contains a
column family for each shard he is supposed to have, and changes his availability back

to true.

In case there is a failure during a migration, after the recovery, the receiving node will
request the sending node to continue the migration from where it left off. For that
reason, there are some metadata kept in the database. The receiving node keeps the
filename of the last SSTable of the shard that was safely received and stored on disk, its
largest key, and the number of the next SSTable he needs to request. When he recovers,

he makes sure that the column family exists, imports the last received SSTable, if he
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hasn't already, and starts a new call for the migration, starting from the next SSTable.
The sending node keeps whether he managed to create all SSTables, and if so, their

number and each one’s largest key.

0.5 Experimental evaluation

For the experiments, we used virtual machines from AWS * (Amazon Web Services).

The first benchmarks were done using two VMs, with 1 Gbps network throughput, 1
GB RAM, and an 8 GB disk with a write throughput of 65 MB/sec each. Initially, one
was configured as a cluster of one node, and the other as a client. Etcd was also located

on the client's VM.

We used a 2 GB database using a fixed number of 16 byte keys, and random 4 KB values.
First, we filled the database using sequential keys and the write batch API, and then
we performed random writes, random reads, and random reads and writes simultane-

ously, using a gradually increasing number of threads.

Filling the database needed 70 seconds, so the throughput was 2 GB / 70 sec ~ 30
MB/sec, which was expected because the files were not overlapping and no compaction

was needed, so we had a write amplification of 2 (1 for the WAL and one for the

SSTable).

On full utilization, RocksDB reported a write amplification of 3.5, and on random
writes we measured 20 MB/sec throughput, which is ~ 65 / 3.5. Random reads were
slightly better, at 26 MB/sec and simultaneous reads and writes were at 9 MB/sec each.
When we let compactions finish and tried doing writes in small bursts, they used the
tull disk throughput (65 MB/sec) as expected. Finally, we tried adding a second node

on the client, and the performance on every benchmark doubled.

Then we experimented with better virtual machines, with a cluster size of 1 to 16 nodes.
Each node had a 1 Gbps network throughput with an average latency of 450 psec, and
2, 40 GB SSDs at 200 MB/sec each, which were configured in RAID 0, and acted as a
single 80 GB disk with 400 MB/sec throughput. The client had a network throughput

of 10 Gbps, and the write amplification was measured at 4, so the maximum insert

*https://aws.amazon.com/
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throughput was 400 / 4 = 100 MB/sec. This value is comparable to the network’s 1
Gbps = 125 MB/sec, so the disk was no longer the bottleneck. We used three different
byte sizes, small (128 bytes), medium (4 KB), and large (256 KB).

Latency was shown to be independent of the cluster size. With small values, it started
at 440 usec — at the actual network latency for small and medium values with a com-
parable Py latency *. However, the maximum latency was found to be larger by 2-3
orders of magnitude, because RocksDB uses some locks, and sometimes needs to block

for a while before taking them.

128 Bytess 4KB 256 KB

min 440 480 1500
Py 750 850 6750
max 200000 200000 300000

Table 1: Latency (usec)

With small byte values, writes started at about 19000 IOPS with a cluster of 1 node,
and scaled to 240000 IOPS (=~ 35 MB/sec) with 16 nodes. Medium values had compa-
rable results with 12000 to 130000 (=~ 500 MB/sec), while in large values the network
throughput was the bottleneck. The client had 10 times the throughput of the nodes, so
up to 10 nodes, IOPS scaled linearly and then it peaked at about 10 Gbps (1.4 GB/sec).

Reads had the same overall behavior, with a somewhat worse performance (50% on
small values, 70% on medium, while on large values the bottleneck was once again the

network).

On simultaneous reads and writes, we had the same number of reader and writer
threads, each of which had the same performance. The performance reached 10

MB/sec on small values, 200 MB/sec on medium, and over 1 GB/sec on large values.

Finally, writes using write batches were by far the fastest. On small values, the client
was unable to generate more than 1100000 values per second (~ 145 MB/sec). The
performance peaked at 8 nodes and remained steady thereafter. Both medium and
large values managed to utilize the full network throughput, by reaching 1.4 GB/sec
(278000 and 5730 IOPS respectively).

*The upper bound of latencies experienced by 99% of requests.
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The relevant graphs can be seen on section 5.2.2.

0.6 Conclusion and future directions

In this thesis, we designed and implemented a high performance, distributed key-value
store, that scales linearly as the cluster is getting bigger. The performance depends on
the specs of the nodes and the network, as well as the size of the database, and is deter-

minate and easily calculated in advance.

While benchmarking, we noticed a very low latency in most requests, and managed to
perform random writes with 1.4 GB/sec (the network’ limit), using a cluster of just 10

nodes.

However our system is far from complete. Some of the most important missing feature

are:

+ Redundancy and failover: Currently, a node failure may not cause data loss,
but makes the system unresponsive until the node is recovered by the adminis-
trator. This problem could be solved by implementing a replication mechanism,
so that each shard is located on more than one nodes, and on failure clients are

redirected to the one with the replicated shard.

« Scaling beyond the initial number of shards: When the initial number of
shards per node is for example 10, the cluster can only get 10 times larger. There
should be a mechanism, to redistribute the keys in a larger number of shards,

and be able to add even more nodes to the cluster.

« Implementation of the remaining RocksDB features: RocksDB, has many
more features that would be useful, the most important one being transactions.
Transactions in RocksDB, implement the 2PC protocol [15], making it possible
to implement them in a distributed application. By doing so, we will be able to

have truly atomic write batches.



Ewoaywyn

O oxomdg NG mapovoag SIMAWHATIKNG epyaciag ival o oxeSlaoog kat i vAomoinon
€vOG amod0TIKOV, KATAVEUNLEVOV OLOTAATOG AToONKeEVONG KAELOLOV-TIUNG, Yl pOEG

epyaciag Pactopéveg Kupiwg OTIG TVXALES EYYPAPES.

TNV eMoxT TWV TEXVOAOYLOV LTTIOAOYLOTIKOD VEQOLG (cloud computing) kot Twv de-
dopévwv peydAng kAipakag (big data), ot StadikTvakég vnpeoieg oVVEXWG EMEKTEIVO-
vTal, eEUNPETOVTAG ONO Kal TTEPLOTOTEPOVG TTENATEG Kt CLAAEYOVTAG ONO KAl TIEPLO-

ooTepa dedopéva.

O exBeTikd avEavopevog 0ykog dedopévwy mov pémet va Staxetpietat éva avyxpovo
kévipo dedopévwy, éxet odnynoet oty dnuovpyia véwv Pdoewv dedopévay, mov
e0TLalovv 0Ty anodoTikdTEPN ALOTOINOT TWV PLOIKWY TOPWYV TTOL TIAPEXEL £VA VTIO-
Aoylotikd ovotnua, kabwg kat otny Katavopn tTwv dedouévwy o meplocdTepa LTO-

AOYLOTIKA OLOTHPATA, OTAV AVATTOPEVKTA TIPOKVWEL AVTH 1] AVAYKN.

Ot Baoeig dedopévwv avtég, ovxvd dev akoAovBovv tnv oxeotakr dopr Twv SQL Pd-
oewV, apevog emeldn anevBvvovtal oe poég epyaciog Tov dev amatovy KATL TETOLO,
KOl AQETEPOL YLATL AVTO TIG KaBLoTd amodoTikdTepes. H mo amhn kat Tavtodxpova amo-
Sotkn poper) NoSQL 1 un oxeotaxr|g Baong dedopévwv 6mwg ovopalovtar, givat ta
key-value stores (cvotripata anmofrkevong kAetdlov-Tipng). Aettovpyovv o€ xapnAo-
Tepo eminedo, anobnrevovTag amAd TIEG o€ kKAedLd, Xwpig va kdvovy kamota vrdbeon
OXETIKA e Tr) SO Kal TO TEPLEXOUEVO TV TIUWV AVTWY. ZVUTEPLPEPOVTAL ETOUEVWG
OaV TVAKEG KATAKEPUATIONOV, pe TN Stapopd 0Tt ovvnBwg amobnkedovy Ta kAetdid
Ta&LVOUNUEVA, ETUTPEMOVTAG £TOL TV TTPOOTIEAAOT] OXL LOVO HEUOVWUEVWY, AANA Kl

€VPOVG KAELSLWV.
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H amodotikr| anofrkevon tvxaiwv dedopévwy oto Sioko pe Talvounpévo Tpomo, ei-
vat dVokoAn. Avto mapadootakd vAomoteitat pe T PorBeta kamotag doprg dedope-
vov Omwg ta B-0évtpa, ta omoia evew Bewpntikd apovotalovv Kar mtolvnAokoTnTa,
advvatovv va aflomotroovy Tig Suvatotnteg Twv diokwy, kabwg anattovv TNy amo-
OnKevon g kdBe eyypaeng oe Stapopetikn 0¢on [7]. Avtd yia Tuxaieg eyypageg o€
Heyaleg Baoelg, TpokaAei oLVEXWS AOTOXIEG KPLPTG HVIIUNG, KAl HETAPOPA OAOKAN-

pwv oeAidwv oo Sioko ave§aptnta anod To uéyebog g kabe eyypaerg.

Ze pa mpoonddeta va Eemepaotovv avtd ta mpoPAnpata, £xet mtpotabdei po evaila-
KTk dopr) dedopévwy, Ta LSM-8évtpa [2], Ta omoia anoBnkevovy dedopéva oto di-
OKO TPAYHATOTIOLDVTAG OVO akolovBiakég eyypagég. To mmo yvwotd kat TavToxpova
amodotikd ovotnua amodrkevong kAedov-Tiung Pactopévo ota LSM-dévtpa, eivan
To RocksDB, 1o omnoio avantbooetal and tnv etapia Facebook, kat 6mwg Oa Sovpe
oty mapaypago 2.1 mapovotalet onuavtikd kalvtepn anddoon and TG cuvnOiopé-

VEG HNXAVEG OO KEVOTG, 08 CUYKEKPLHEVEG POEG EpYATiag.

Opwg to RocksDB givat amAd pa BtAobnkn kat dev vtootnpilet SikTvak emKOVW-
via, méoo paAlov katavepnuévn anodrkevon dedopévwy. Tia va emrevyBel katt Té-
TOLO, ATIAUTEITAL EITE VA AVTIKATAOTHOEL TNV VIIAPYOVOQ UnXavT| amobnikevong oe pia
OVLYKEKPLUEVT KaTaveunuévn Paon dedopévwy, 1 va emektabdel, kataokevalovtag pia
véa Pactopévn oe avto. Epeig Oa akolovBrioovpe tn devtepn katevBuvon, yla peyalv-
Tepn elevBepia, kaBwg kat yla va pnv paivovy dpta otny anodoon, and vIapXovoeg

OXeSLAOTIKEG ATTOPATELG.

YTiapyovv SLAPOPEG LTIAPXOVTES EPAPHOYEG TIOV EivaL APKETA KOVTA 0TO {nTovpEVO.
o Ta Memcached' kat Redis®, eivat katavepunuéva k 1 ' '
, unuéva key-value stores, opwg eivat
oxedtaopéva yla va amodnkedovy dedopéva otn pvripn kat oxt oto dioko.

« To Couchbase® eival katavepnuévo key-value store mov Siatnpei ta dedopéva

oto dioko, aAld Paciletat oe B-8évtpa kat 0xt oe LSM-8évtpa.

o Ta Apache Hbase® kat Cassandra® eivat katavepnpéveg paoeig dedopévwv Paot-

'https://memcached.org/
*https://redis.io/
*https://www.couchbase.com/
*https://hbase.apache.org/
*https://cassandra.apache.org/
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opéveg ota LSM-8évtpa, alld dev anotelovv key-value stores. Avtibeta, xpn-

OLLOTIOLOVV TIIVAKEG, KAl TapaTéUmovy eptoootepo oe SQL Pdoelg deSopévwy.

o« Akoun vrdpyet 1o CockroachDB®, 1o omoio givat k4Tt TEpLocoOTEPO ATd AVTO
nov (nrape kabwg amotelei SQL Pdon dedopévwv, alld otn Paon tov &i-
vat éva kataveunuévo ovotnua anodnkevong kAeldlov-Tiung factopévo ato
RocksDB. To factkd Tov petovektnua eivat 6L xprotporotei tn pedodo MVCC’
(Multiversion concurrency control). Ankadn otav yivel ek véov eyypa@r evog
VIdpxovTog kAediov, dev Staypdgetat n makid T aAld mpootiBetan pe Stago-
peTIkn xpovooppayida (timestamp). AvTO eMTPEMEL OTO XPHOTN Va eKTENEL aval-
(ntroeig otn PAoT), Yo Hia CLUYKEKPLHEVT] XPOVIKT] OTLYUr 0TO TTapeABov, kdTt

TIOL Umopei va @avel TOAD XproLpo, aAld éxel peydAn enintwon otny anédoon.

o H povn egpappoyn mov minpoi 0heg tig (nrovueveg mpodiaypapés, eivat to
ZippyDB?, 1o omnoio avantbooetal eniong ano tn Facebook, xpnowomnotei to
RocksDB, kat 8ev amotelei timota napandvw and éva amhd, ypriyopo kat acea-
Aég katavepnuévo key-value store. Opwg, vy to RocksDB eivat ehedBepo Ao-
yopuko kat StatiBetan pe TG ddeteg GPLv2 kau Apache 2.0, to ZippyDB eivat

KAeloTob kKwdika kat Oev eivat Stabéotpo oTo gvpl KoVO.

2ta mAaioa avtrg TG dimhwpatikng epyaciag Ba vAomowoovpe to crocks, éva ka-
TAVEUNUEVO Kat 0pt{OVTIa KALHAKWOLHO cVoTnua armoBnikevong kAeldLlov-Tiung, mov
BaciCetan oto RocksDB kat vtootnpilet tnv mpooBagaipeon kouPwv pe {wvravn pe-
Tavaotevon dedopévay, kabwg Kal TNV ao@aln enavaopd TnG cvoTolyiag oe mepi-
TITWOT) ATOTVYI0G EVOG 1) TIEPLOCOTEPWV KOUPWYV. ZTOXOG pag eivat va emthXovpe 660
10 Suvatov kavTepn anddoor, eldikd oTIG TVXaieg eyYpagEs, AappdvovTag voyty
HOG TOVG TIEPLOPLOLOVG IOV EMIPEPEL T TaX TN TA Kat 1) kaBvoTépnomn Tov SikThov, aAld

kat 1o i61o To RocksDB.

Mia tétotov eidovg epappoyn Wavika Oa mpémnel va emtvyydvet vynAn Stabeopotnra,
VAOTIOLWVTAG UNXAVIOHOVG VTIEPETAPKELG KAl AVTOUATNG HETATTWONG. AnAadr Ta idta

dedopéva Ba mpémet va PplokovTal TAVTOXPOVA OE TTEPLOTOTEPOVG ATIO VAV KOPBOUG,

Shttps://www.cockroachlabs.com/
’https://en.wikipedia.org/wiki/Multiversion_concurrency control
8https://www.youtube.com/watch?v=DfiN7pGODok
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£T0L WOTE O€ TEPIMTWOT AMOTVYIAG TOV EVOG, Va maipvel avtopata tn Oon Tov €vag

dANog. Katt tétoto Opwg, To avaparlovpe yia peAAOVTIKY EMEKTAOT).



YroBaOpo

210 KEPAAALO AVTO TIEPLYPAPOVUE AVAAVTIKA TOV TPOTIO AeLTOVPYiag Kat TNV anodoon

Tov RocksDB. Eniong kdvoupe i cUVTOUN TepLypa@r| Twv vOAomwy epyaleiwy mov

Oa xpnotpomotrioovpie yia TNV avanTuin TnG EQapHoYnG Hag.

2.1 RocksDB

To RocksDB [1] eivat éva ovotnpa anobnkevong kAetdLov-Tiprng Tov onoiov n Aettovp-
yvia paciletat ota LSM-8évtpa [2] 1) log-structured merge-trees, Snhadn dévtpa ovy-
xwvevong dopnuéva and apyeia kataypaens. Eival evoopatwpévo, SnAadn xpnotpo-
noteitat wg PPAL0ONKN Kat OXL EMKOVWVWVTAG [e KATIOLOV SLAKOULOTT. AvanThooeTaL
and 1 Facebook, kat faciletat 6to ovotnua anobrkevong LevelDB tng Google [3].

Onwg kat To LevelDB, eivat ypappévo otnv YAwooa mpoypappatiopod C++.

Mrnopei va xpnotpomnotndei eite wg avtdvopo ovotnpa anobrnkevong (standalone key-
value store), eite wg unxavn amobnkevong (storage engine) oe Pdaoeig dedopévwv
vynAotepov emmédov. To Sevtepo €xetl mpaypatomownOel pe emrvyia oTIg e@apuo-
vé¢ MongoRocks' kat MyRocks?, ov anotelovv ekdooelg twv Bacewv dedopévav

MongoDB? kat MySQL* avtiotouya.

'http://mongorocks.org/
*http://myrocks.io/
*https://www.mongodb.com/
*https://www.mysql.com/
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2.1.1 Aopkd otorxeia

[Tpwv avalvoovpe Tov TpdTo Aettovpyiag tov RocksDB Ba meprypdyoupe ta Stagpope-

TIka €i0n apxeiwv kat Sopwv dedopévwy mov XpnoLHomoLEL.

Huepoloylo mpoyevéaTepng eyypagng

To nuepoldylo mpoyevéotepng eyypaeng (Write Ahead Log — WAL) eivat éva ap-
xelo kataypa@ng, oto omoio mpootibetal omoladnmoTe eyypaPr TPAYHATOTOLEITAL
ot Pdon (put, delete kTA). Ze mepinTwon amotvxiag, OTav T0 CVOTNUA EMAVENDEL, OAEG
ot eyypagég Tov WAL emavalapfavovtal, kat i fAomn emavépyetal 0TV apxLKT KATA-

oTaor.

Ot eyypagég oto WAL mpaypatomotovvTal atoptkd, dnhadn eite dev mpaypatomnotov-
vtat kabolov eite olokAnpwvovtatl TAfpw kat Ta dedopéva amodnkevovtal pHovipa

Kat pe ao@dhela otov Sioko, xwpig va vidpyet kivduvog mapagpBopdag.

MemTable

2t dopr avtn), n onoia BpiokeTan 0T HVRUN, amoOnkevovTal OAeg OLEYYPAPEG TTAPAN-
AnAa pe to WAL, aAAd pe mo dounuévo Tpomo kat eivat o evkoAa mpooPaotpes. la
v anobnkevon dedopévwv xpnotpomotei skip list [4], aAAd evalAakTikd pumopel va
xpnotpomoinOei to standard vector tng C++, hash table pe anhd ovvoedepéveg Aiotegn)
skip lists ota kelid 1§ cuckoo hash table. Emiong emutpénet otov mpoypappatiots va ka-
Taokevdoet pia Sikr Tov vhomoinon, dnAadn pa KAAoN Tov VAOTIOLEL TIG AVTIOTOLXEG

ne@oddovg.

O skip lists éxovv v idia moAvmAokOTNTA PEOTG TIEpimTwonG pe Ta Svadikd SévTpa,
OTIWG PaiveTal oTov mapakdtw mivaka. Opwg eivat TpoTipoTepes kabwg dev amatrrodv

e§wTeEPLKO CLYXPOVIOUO OTIG eloaywyéG aTolyeiwv [5].

Eniong mapd tnv avénuévn mohvmhokdtnta Toug veptepov £vavtt Twv hash tables
kaBwg Statnpovv ta otolyeia Tagvounpéva, KATL IOV KaBLoTd €0KOAN TN peTAPOPd
Tovg otov dioko omwg Ba dovpe mapakdtw. Téhog Oa mpémel va onuelwoovpe OTL TO
néyeBog twv MemTables Sev punopei va Eemepdoet €éva mpokaboplopévo 0pto kTt Tov

ka0lotd TNV moAvTAOKOTNTA TIPAKTIKA O0TadEPT).
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Average Worst Case

Space  O(n)  O(nlogn)

Search  O(logn) O(n)
Insert O(logn) O(n)
Delete O(logn) O(n)

Iivakag 2.1: IloAvmAokotyta skip list

SSTables

Ta SSTables (Sorted String Tables — ITivakeg Ta&vopunuévwv Zvpfolooelpwv), amo-
Telovv Ta Pactkd Soptkd ototxeia pag Pdong dedopévwv Tov RocksDB. Eivau apyeia
TIOL TIEPLEXOLY cuveXOpeva Levyn kAedlov-Tipng Tagvopnuéva oe avgovoa oelpd pe

Baomn to kAedi.

Amé ) oTrypr| ov ypdgetat 0to Sioko, éva SSTable dev vpiotatat kapia eneEepyaoia.
Emiong yta va eivau Suvato va diaBaotel kamota katayxwpnorn evog SSTable, padi pe
auTég amoBnkedeTal Kat éva eVPETHPLO pe avagopes ota kAewdd. Ta evpetnpla avta
BpiokovTal TavTOXPOVA KAl 0TV VT, EPOTOV DTIAPXEL O ATIATOVHEVOG XWPOG, £TOL

woTe va pnv xpetaletat va avaktwvtat kabe gopd mov mpodkertan va Stafaotei pa

Tin.

Enineda/Apxeio MANIFEST

To id1o kAewdi pmopel va Ppioketan oe mepiocotepa and 1 SSTables 1j/kat oto Mem-
Table. Mia povo Tiun Opwg givat £ykvpn avd maoa oTLyun, avtr mov kataxwpnonke
o mpoo@ata. Ita va yvwpilovue mota eivat avtr), Ta SSTables eivat opyavwuéva oe
Stagopetikd emineda, ta omoia anaptifovv to LSM-8¢évtpo. Oco pikpotepo eivat to
eninedo (600 mio kovta dnhadn otny kopver Tov LSM-8¢vTpov), 1000 Tio mpocata

elvat Ta kAL kat apa €xovv peyalhTepn mpoTepALOTNTAL.

To mpwrto eninedo (to eminedo 0), mepthapPdavet SSTables mov kataokevAOTNKAV ATTEV-
Beiag amd MemTable, kat To kabéva kavmtel OAo T0 £0pog TwV KAeWwv. To kabéva
and ta voouna enineda, mepthapPdavet pa oepd and SSTables, mov eivat Ta&voun-

uéva petafd tovg kat Sev mapovotalovv emkdivymn.
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2tov katdhoyo mov anoOnkevovtatl ta SSTables kat to WAL, vrapxet axopa €va ap-
xelo mov ovopaletar MANIFEST, kau mepiéxet mAnpogopieg yta tn Sopr) Tov LSM-
dévtpov, Onwg Ta apxeia mov mepthapPdavet To kabe eminedo kot o€ moleg B¢oelg Ppi-

oKovTal.

Mia Bavn poper tov LSM-8évtpov, yia pia faon dedopévwv tov RocksDB mov me-

pthapPavel khedid amod 1o “0” éwg To “4000” eivau 1 e€ng:

MemTable: 0-4000

0-4000
0-4000

LO:
0-4000
0-4000

L1: 0-1000 1001-2000 2001-3000 3001-4000

L2: 0-100 101-200 201-300 301-400 3801-3900 3901-4000

Yxfua 2.1: Hapaderypa LSM-6évipov

2.1.2 Asrovpyia

Eyypagés

Otav {nndei and 1o RocksDB va mpaypatomotroel kamola eyypaen (eoaywyn 1
Swaypaen), avtr mpootiBetal oto TéAog Tov WAL kat otnv katdAAnAn 0éon tov
MemTable, kat n avtioton kAnbeica ovvaptnon emotpégel. Av To oxeTIkO KAeldi
vmrpxe n6n oto MemTable, 1} mponyovpevn eyypagn avtikabiotatal anod tn véa. Oleg
oL VTOAOLTTEG AeLTOVPYieG TTOV Bl TTEPLYPAYOVLE 0TI CLVEXELX TIPAYUATOTIOLOVVTAL OF

EexwpLOTA VIjHATA OTO TAPACKIVLO, Kat SeV yivovTatl avTIANTTEG amd TO XProTH).

Otav 1o péyebog tov MemTable Eemepdoet éva ovykekpiévo péyebog (64 MB and
npoemhoyn), petatpénetat oe SSTable kat ypagetat oto dioko oto eninedo 0 tov LSM-

dévtpov. Ztn ovvéxeta dnpovpyovvtat véo MemTable kat WAL yia Tig endpeveg ey-
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ypagés. H Stadikaoia avtn emavalappavetat pe 1o kdbe véo SSTable va mpootiBetat
OTnV KOopuen Tov emmédov 0, WOTE va £XEL TTPOTEPALOTNTA EVAVTL AVTWYV TIOV YPAPTH-

KAV vopiTtepa, apov TEPLEXEL TILO TIPOOPATEG EYYPAPEG.

Ortav ta SSTables tov emmédov 0, Eemepdoovv €va Oplo (4 anod mpoemhoyn), Tpay-
Hatomoteitatl 1 Stadtkaoia TG ovpmdkvwong (compaction). Ankadr ovyxwvedovral,
dnovpywvtag véa SSTables kat petapaivovv oto eminedo 1. Av o n meplocdTepa
SSTables mepthapBavovy o idto kAeldi, katd T ovyxwvevon datnpeital Hovo 1 Tiur
TIOV Ypa@TnKe o mpooata. Ta apyeia mov Sivovtal wg eicodog oTn ovpmdKvwoT, e
10 mépag TG Stadikaoiag, mavovv va aviikovv oto LSM-8¢vtpo 1} TovAdylotov otnv

Televtaia ékSoor Tov.

Emedn evdéxetal va vmapxel kdmolo ottyptotuno g Paong (PA. mapdypago 2.1.4)
7oL Ta Xpnotporotei, dev Staypagovtal apéows. AvtiBeta €xovv éva petpnTn avago-
pwv (reference counter) o 0mOI0G PeELWVETAL, KAl €VaL VI IOV avalapBavel To polo
Tov OVANEKTH okovTdLWV (garbage collector), eAéyxet meplodikd Ta apxeia kat dtaypd-
@eLdoa dev éxovv kaplia avagpopd. Otav to eninedo 0 yepioet Eavd, OAa ta apyeia Twv

emmédwv 0 kat 1 ovyxwvevovtat kat avtikadiotodv avtd tov emmédov 1.

Level 2 i----?
~ J

Level ; {ENEDENEE
Levels NI EEBEE

Ixnua 2.2: Emloyn apyeiwy yiax cvpmdkvwon tov emmédov 0
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Level 1

Level 2
Level 3 |

Level4

Ixnua 2.3: Anotéleoua cvunvkvwons Tov emmédov 0

Ortav 1o eninedo 1 Eemepdoet o Optd Tov (256 MB and npoemloyn apa 4 SSTables),
emeldn) To emopevo eninedo eivat adelo, OAa Ta apyeio Tov Oa peTagepBovv o€ avTO Kat
10 {810 Ba peiver ddeto. Ty emopevn @opd mov Ba Eemepdoet To dplo, éva apyeio Tov
Ba emheyel yla va petafei oto eninedo 2, Ba ovyxwvevtei pe doa apyeia Tov emmédov
napovotalel emkalvyn, kat avtd Ba avtikatactabovv and ta apyeia Tov Tapniyaye

T OLYXWVELOT).

Compact
Level 1

Level 2 E

eve s (R
Level4

Ixnua 2.4: Emdoys apyeiov yia COUTUKVWOH KL UETGBa0N O€ eMOUeVo emimedo
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Level 1

Level 2
Level3

Level4

o

1
L!-.!--j Compact

e

1
1
1
e

---------------------------------5

~_________________________________'

=== \
1
1
I

Ixnua 2.5: Amotéleoua ovunvkvwons

Amé to eminedo 2 kat EmeLta, To OpLo €ival 00 e TO OPLO TOL TTPOTYOVUEVOL ETUTEGOV,

noAamAactaopévo eni évav mapdyovta dtakhadwong (branching factor), Tov omoiov

n mpoemheypévn Tun eivau 10. Apa to 6plo tov emmédov n eivar 256 - 10™ MB.

SZvvoyilovrtag:

o Av EemepaoTei T0 Oplo Tov emnédov 0, GLYXWVEVOVTAL T APXEia TWV eMTESWY

0 xat 1, oto eminedo 1.

o Av EemepaoTel To OpLo Tov Televtaiov emimédov, é0tw n, OAa ta emineda anod 1

¢wg n katePaivovv 1 emimedo.

o Ze O\EG TIG UTIOAOLTIEG TIEPIMTWOELG, EMAEYETAL £va apXeio Tov emiméSov mov &e-

TEPACE TO OPLO, KL GUYXWVEVETAL e OO apXeia TOV eMOHEVOL emmESov €Xel

ETUKAALYT).

Emniong vrapxet n Svvarotnta va mpaypatonolodvrat mapdAAnAa ToAamAEG ovpmL-

KVWOELG amd Sla@opeTika vipata, e TNy mpodnobeon avtég va xpnoLonolovy Sta-

QOpPETIKA apxeia.
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Level 1 i:--.

Level 2

Level 3

Level4

Ixnua 2.6: HHapaAdnles ovunvkvaoeig

Yrapyovv dtagopot akydpiBuol yia tnv emloyrn Tov apyeiov mov Ba petaPei oto emo-
pHevo eminedo. Oa avagépovpe evdetktika dVo and avtovg. O TPWTOG, TOL eival Kat
0 TPOETAEYUEVOG, Oivel TPOTEPALOTNTA OTA apXeia TTov TrepthapPdvovy TOANEG kaTa-
XWPLoeLg Slaypagwy, He amOTEAECHUA VO AVAKTATAL YPIYOPOTEPA O XWPOG 0TO OioKO.
O devtepog, divel mpoTepatdTnTA 0TA Apyeiat TTOV ExOVV emikdAvYN e Ta AtyoTepa Sv-
vatd apyeia Tov eMOUEVOL eTMESOV, He amoTéAeopa va dnuovpyodvtat Aydtepa véa

apyeia and tn dadikaocio TG CLUTVKVWONS.

Awaypagég

Emetdn malidtepeg exdooelg evog kheldlod pnopei va Bpiokovrtal oe moANd apyeia, dev
apkei va Staypagetat amhd and to MemTable, yiati £tot Oa mapapévovy maidtepeg
eyypagég yia Staypappéva khetdid otn fdorn. ta avtov 1o Adyo vrdpyet pia 1Stk £y-
ypagr| TOTov delete, mov avtikaBiotd evdexopeveg eyypagég Tomov put. Ot eyypageg

avtég ovopdlovtat tombstones (TagomAakeg).

Ta tombstones mapapévovv otn Pdon kat petafaivovy oe enopeva emimeda avtikadi-
OTOVTAG TAAALOTEPEG EYYPAPEG, LEXPL VA PTACOVY 0TO TeAevTaio eminedo Tov LSM-

dévtpov dmov kat Staypagovtal yia mévTa.

Av katd v mpoomdBela avakTNong TNG TUAG £vOg kAewdlon, Ppebdei éva oxetTikod

tombstone, To RocksDB avakowvwvet 61t 1o kAetdi avtd dev Ppédnke.
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Avayvwoelg

Otav (ntnbei va Stafaotei n tipr vog khetdion, to RocksDB avalnrei to kAedi avtd
o€ O\eg TiG MBavég TonoBeoieg pe PAon T oelpd TPOTEPALOTNTAG, KAl EMOTPEPEL TNV
avtiotowyn T oA avtr Ppebel. Apxika edéyxel To Tpéxov MemTable kot peta ta
MemTables ov dev éxovv mpolaPet axdpa va petapovv ato 8ioko, av vidpyovv. Xt
ovvéxeta ehéyxet ta SSTables Tov emmédov 0 pe T oepd, Kat TéAoG To KaTAAANAo

SSTable tov kd0e emimédov and to eninedo 1 £wc To TEAEVTAIO.

To katalAnlo SSTable eivat avto mov mepthapPdvel To eVpog kKAeWSLWY 0TO OTTOIO AV~
ket To {nrovpevo kAewdi. To ebpog Twv kAediwv Tov kaBe SSTable evog emmédov, ka-
Bwg xat n oxeTkr Béon petakd Toug eival YvwoTd Kat OAEG OL OXETIKEG TTANPOPOpPieg
Bpiokovtat otn pvhun. Emopévwg yia va Ppebdei to katdAAnho apxeio tov emmédov,
apkel va mipaypatonowmnBei Svadkn avaltnon oe avtod. Emmléoy, eivar yvwotd kat
Ta apxeio Tov enodpevov emmédov mov mapovatdlovv emkdAvyn pe to kabe SSTable.
Emopévwg av Ppebdei to katdAAnlo apxeio tov emmédov 1 kat dev mepiéxel To kAeLdL,
dev Ba mpaypatonomnBei avalritnon kat oe 6Ao To eminedo 2, mapd pOvVo oTa apyeia
IOV TTAPOLOLALoVY eMIKAAVYT, KATL TTOV 0T UEOT TIEPITTWOT) SeV AmaLTel TEPLOCOTE-

peC a6 3 ouykpioelg. °

[t TNV avaktnon ovykekpipévov khedod amo éva SSTable, vdpyovv deikteg mov
PonBovv otnv avebpeon TG KaTAAANANG oehidag yia avayvwor. Zvykekpiuéva, Ta
SSTables eival xwpropéva oe umhok, kat To kabe SSTable mepiéxet éva evpetnplo e 10
peyohvtepo kAetdi Tov kabe pmAok. Emeidr) to péyebog tov pmlok eival anod mpoemt-
Aoyn ioo pe to uéyeBog tng oelidag (4 KB), pe Svadikr) avalitnon ota pwAok Tov
SSTable, Bpioketal kat avakTdTal amd To AELTOVPYIKO CVOTHUA, HOVO ia oeAida ToV

diokov, kat otn ovvéyela To RocksDB eéyyel av To kAeldi PpiokeTal mpaypatikd exei.

2.1.3 Metpikég amodoong

Ta v a§lohdynon g anodoong tov RocksDB, Ba opicovpe oplopéveg HeTpLKEG.

« Evioxvon eyypagng (write amplification): To mAn0o¢ twv bytes mov Ba xpeta-

oTel va ypagTtolv oTo Sioko yla kde byte mov (nreital va ypagtel and to xpn-

*https://github.com/facebook/rocksdb/wiki/Indexing-SST-Files-for-Better-Lookup-Performance
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oTn.

Evioxvon avayvwong (read amplification): To mAr006 twv cehidwv mov xpetd-
Cetau va Stafaoctovv and To Sioko yla va avaktndei n oedida mov mpaypatikd
neptéxet Ta (nrovpeva dedopéva. ESw Sev éxet vonpa va avagepopaote oe bytes
APOL EILAOTE AVAYKACUEVOL VA AVAKTHOOVEE OAOKANPN oehida amd tov dioko
(4 KB o¢ pia TuTtikn apXItektovikn), avegaptnta and to mAnfog twv bytes mov

npokeltat va dtafactovv.

Evioxvon xwpov (space amplification): To mAn6og twv bytes mov Bpiokovtat

oto dioko yla kdbe byte mpaypatikwv dedopévwy, o€ KATOLL XPOVIKT| OTLYHT.

2t ovvéyela Ba vtodoyicovpe Ty anddoon Tov RocksDB, o oxéon e Tig mapanavw

HETPLKEG, OTIG TIPOETUAEYUEVEG pLOLLICELG. O TIPETEL OPWG VAL AVAPEPOVIE OTL TPOCPE-

peL SlapopeTIkoLG TPOTOVG 0pyavwaong Tov LSM-8€vtpov, e Stagopetikovg ovpPiPa-

OpoVG AVAETA 0TOVG TUTIOVG EVIOXLONG.

Evioxvon eyypagng

YnohoyiCovpe avalvTikd TNV €vioxLon eyypagng mov mapatnpeitat yia va petafei

é¢va MemTable and tn pvrun, oto tedevtaio eminedo Tov LSM-8évtpov.

1 ya v eyypagr oto WAL. Edw voBétovpe 611 To Aettovpykd ovotnua Oa
e é€el va ypayet ta dedopéva 0to Sioko agol Ba €xovy CUUTANPWOEL TOLAAYL-

otov pia oelida kat 8e Oa avavewvet TNV idta oelida énetta and kabe eyypaer).
1 yia tn gyypagn oto eninedo 0.

2 yua ) petagopd SSTable oto eminedo 1. YmoBétovpe 611 éxovpe 4 SSTables
oto eninedo 0 kat 4 070 eninedo 1. Oa cvyxwvevBodv Ola padi, emopévwg ot

Xelpotepn mepintwon Oa dnuovpyndodv 8 apyeia yla va petagpepbovv 4.

7 yua k&Be aAlo emimedo. And To eminedo 1 kat émeita, yia va petafei éva ap-
xelo oe yaunAotepo eminedo Ba ovyxwvevtei pe doa apxeia Tov emméSov avTov
gxelL emkalvyn kot Ba dnuovpynbodv mepimov aAla téoa. Me mapayovta dia-

KAadwong 10 mov eivat o mpoemAeYUEVOG, SlaucbnTikd avapévovpe Ta apyeia
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avtd va eivat mepimov 10. Opwg, Adyw TnG CLHTIETNG Kal TOV TPOTIOL TTOV ETIL-
Aéyovtat ta SSTables yla petafoiv oe endpuevo eninedo, otnv mpdén avtd to

VoUUEPO elval pkpOTEPO [6].

Apa gdv éxovpe ya mapadetypa n = 6 enineda (256 MB ota enineda 0 kot 1 pe 2.56
TB oo eninedo 5), n evioyvon eyypaeng eivaw 4 + 7(n — 2) = 32. To vovuepo avtd
@aivetal apkeTa peyaAo, alld yia va to alodoyrnoovpe Ba pémet va AdBovpie vtoyy

Hag kdmota mpdypata.

o Apxikd, Ba TO CLYKPIVOLE (e TN EVIOXVOT| TIOL gp@aviletal o€ fua cuuPotikr
dopny dedopévwv mov ypnotpomoteitan yia amodrjkevon dedopévwv oto Sioko,
onwg ta B-dévtpa [7]. YmoBétovpe 6t ota B-8évtpa, Ta dedopéva gtavovy kat’
gvBeiav oty TeAkn Tovg BEon Kal ayvoovE TUXOV AVAKATAVOHES TWV KOUPwWY,

TIOL TIPAYHATOTTOLOVVTAL Yl Va emitevxDel 1) too{vyton (rebalancing).

[a va ypagtovv yia mapddetypa 64 bytes, Oa mpémet n avtiototxn oeAida Tov
diokov va daPaotel, va avavewbel kat va ypagtel oAOKANpr). AvTO onpaivel 0Tt
yta 64 bytes Oa xpeltaotei va ypagtovv 4 KB, dpa Ba éxovpe evioxvon eyypagng
4096/64 = 64. Puowkd o€ VTNV TNV TEPITTWOT, 000 peyalwvel To péyebog Tng
EYYPOAPNG, TOGO ENATTWVETAL 1] EVIOXLOT Kol TO avAtodo, VW OTNV TEPIMTWON
Twv LSM-8évtpwv n evioxvon eivat otabepr| kat ave§dptntn Tov pneyéBovg g

kaOe eyypagr.

 Emiong, 0heg oL eyypagég eivat akolovBiakég, ot omoieg eival yevikd ypnyopo-
TEPEG ATIO TIG TUXALEG EYYPAPES, EBIKA OTNV TEPIMTWOT) TTOV SEV XPNOLHOTOLEL-
Tat diokog otepedag katdotaong (SSD), aAld okAnpdg diokog (HDD). Xtovg
OKANPoUG 8ioKOVG, OL TVXAIEG TTPOOTIEAATELG Eival OTHAVTIKA TILO apyég AOyw
Tov Xpovov avalntnong (seek time — o xpdvog mov xpetdletal yla va peta-
KivnBei o Bpaxiovag otov katdAAnAo kOAWSpo), kat TG kabvotépnong Aoyw
nepLoTpo@r (rotational delay — o xpdvog mov xpetaletat yla va meploTpagei o

KATaAAnAog Topéag kdtw amo tnyv ke@an) [8].

o ITapoti n evioxvon eyypagng pixvet T GUVOALKE TaxVOTNTA HE TNV OTOia UITo-
povVv va amoBnkevovtat dedopéva oto Sioko, avtod Oev yiveTal amapaitnTa avTl-

ANmTo and To XpHoTn.
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Ol CUUTVKVWOELG TTPAYHATOTIOLOVVTAL OTO TAPACKVLO KAl HOVO EQOTOV £XOVV
Eemepaotei Ta OpLa Twv emES WY, VM oL eYYpaPég dev kaBuvoTtepoly mapd Hovo
edv EemepaoTei £va mpoatpeTikd Opto ato mANB0G Twv apyeiwv Tov emmédov 0.
Apa av o xprjotng dev mpoomabei va ypaget He T€Tolo puOUd WOTE va PTAVEL
10 dioko 0Ta OpLA TOV, AvTIAAUPAVETAL TOAD LEYAADTEPT) TAXVTNTA EYYPAPWY,

evOEXOUEVWG Kat [OT) e TNV TPAYUATIKT TaxvTnTa TOL dioKov.

o Qo mpémel TENOG Va ETONUAVOVLE, OTLT) EVIOXVOT) £YYPAPTG HTOpel va petwbel
TOAD amAd, eAatTwvovTtag Tov mapdyovta StakAddwong. Kdtt tétoto, Ba €xet
Opwg oav anotéleopa va avgndel 1600 1 evioxvon XwPov 600 Kat 1) vioxvon
avayvwong. Ot mpoemileypéveg pubpioeig Tov RocksDB, éxovv emiAeyei pe de-
dopévo OTL xpnolpomolovvTaL ypryopa amobnkevtikd péoa, omwg diokot SSD,
Ta OTrolaL £XOVV UEYAAN TaVTNTA EYYPAPTS, OPWG O i010G 0 amoBnkevTiKdg XW-
pog kooTilet. Emopévag, eivat mpotipdtepo va ehattwdei n) tayxdtntd T0U6 Hécw
NG EVIOXVONG EYYPAPTS, Tapd Ta amobnkevpéva dedopéva va katalappdvovy

TIEPLOTOTEPO XWPO ATO 600 XpetaleTal.

Evioxvon avayvwong

Av éxovpe 4 SSTables oto eminedo 0, kat 5 axdun emineda, n evioxvon avayvwong eivat
4 +5=9. Autd guokd poimoBéTeL To eVpeTHpLO Yia OAa Ta KAEdLd o€ OAa Ta emi-
neda va PploKeTal 0Tn UVAHN Kal EMOHEVWS Va YIVETAL ] AVAKTNOT HOVO TNG OWOTHS

oeAidag Tov kabe emunmedov and to dioko.

Me gvioxvon avdyvwong 9, ya va avaktnOei €éva kAedi mov Ppioketal 610 TeEAeVTAIO
eminedo Oa mpémet va eheyxBovv 9 dagpopetikég oelideg mpy Ppebdei n cwotr. Avtod

TO TIPOPANUA TTAPAKAUTTETAL LE TN XPTON TwV @idTpwv Bloom [9].

Ta @idtpa Bloom Aettovpyovv wg &n6. Exovpe mivaka and bits Twv m atotxeiwy apyi-
Komounpuévev oto 0, kat k SlapopeTikéG oLVAPTHOELG KATAKEPHUATIOUOV IOV AVTLOTOL-
xt{ovv ovpPoloacelpég oe kamota amo Tig O¢oeig Tov mivaxa. Kabe kAeidi mov mpootiOe-
Tal, epvael kat ano T k ovvaptrioelg kat ta bits Twv avtiotoxwv Béoewv maipvovv
v TN 1. Nia va e§etdoovpe av éva kheldi Ppioketal oTov mivaka, EAEYXOLLLE Ta Te-
plexopeva Tov mivaka oTig avtiototyes k Oéoeic. Av éotw kat éva Ppedet ioo pe 0, eivat

BéPato OTt To KAedi dev éxet mpooTebel, eva av PpeBovv kat Ta k ioa pe 1, To kAedi
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HaAlov éxet mpootedei, Opwg dev pmopodue va amopavOovpe pe Pefatotnra, kabwg

evOEXETAL OL TILEG ALTEG Va £xovv Tebel amd StapopeTikd kAedid.

Tevikd ta @iltpa Bloom €xouvv to mpdPAnua ot dev vootnpilovv Saypagé kdtt
IOV aAVEL ONUAVTIKA Ta ecPalpéva OeTikd anotedéopata 1) anattel TNV meplodikn
AVAKATAOKEVT) TOVG. AVTO OHWG 8ev LoxVel 0Ty TepinTwon Tov RocksDB, kabwg ta

SSTables eivat apetaBAnTa.

Yroloyietat 6Tt yla tivaxa twv 10 bits ernti to mAR00¢ Twv kAedLwv mov mpokeLTaL va
npoatedovy, kat 6 CUVAPTHOELG KATAKEPUATIONOD, 1 TOAVOTNTA e0@aApéva BeTiKWV
amoteheopatwy eivat mepimov 1% [10]. Apa 010 mapadetypd pag éxovpe 9% mbavo-

TNTA GUVOALKA ava avayvwor), kat i) evioxvon mégtet oto 1.09.

Evioxvon xwpov

2T XeLpOTEPT TEPIMTWOT), TO TEAeVTALO emimedo piag Paong mepthapPdavet Oha Ta KAeL-
d1d ™G, evw Ta vTOAoLTa eMtimESa TIEPLEYOVY UOVO AVAVEWUEVEG TILEG OE LTIAPXOVTA
KAewdta. Eotw S o xwpog mov katalapPavel to tedevtaio eninedo. Me mapayovta Sia-
KAadwong pvBuopévo oto 10, To mpotelevtaio eminedo Ba katalapBaver S/10, to
apéows mponyovuevo S/100 kok. Apa evioxvon xwpov Ba eivar katt Atydtepo amod

1.111...

Duoikd avtd mpovmobétel OAa Ta emimeda va eival KOVTA 0T OpLd TOVG. AlAQOPETIKA,
0T XepOTEPN TEPIMTWOT), TO TEAEVTALO e TO TipoTeAeVTalO emtimedo Oa €xovv To idL0
nepinov péyeBog, kat n evioxvon xwpov Ba eivat peyakvtepn ano 2. Tia va e§aopali-
otei 0Tt To kAOe eminedo Oa eival SekamAdoLo TOv TPONYOVUEVOD, LTIAPXEL 1] ETAOYT
va kaBopilovrtat ta Opta Suvapkd, pe pdon to péyebog Tov peyavtepov emmédov. H
Pdon apyiCet va yepiCet amod to peyavtepo Suvato eninedo (to eninedo 6 and mpoemnt-
Aoyn). Av S To uéyeddg Tov, To 4pLd Tov eival S, To 6plo Tov TPoTEAEVTAIOL ETUTTEGOV
S/10 kT, péxpt kdmoto eminedo va £xet 0pLo [, pkpotepo amo To eAdxioto (256 MB ano
npoemiAoyn)), Snhadn 256/10 MB < [ < 256 MB. Ta volouna enineda mapapévovy

adela.
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Levelo (i}

Level 1
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Level 4 (EDERED | rrcet 27668 <1%
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Level s (ENERINEEEBEN -

""""""""""""""""""""""" * 90% of total size

Exnpa 2.7: Aouny LSM-8évtpov pe Suvapikd opia emmédwy

Télog mapatnpovpe ott ta SSTables anoBnkevovtatl 6to dioko ovpmeouéva. Eivat 60-
OKOAO VO UTTOAOYLOTEL TO TAEOVEKTILA IOV TIAPEXEL ) CUUTILEDT) 0TIV EVIOXVOT) XWPOL
kaBwg e§aptatat and tov akyopBpo ovumieong mov xpnotpomoteitat (ot Stabéatpot
eivat ot LZ, Snappy, zlib ko Zstandard), kabwg kat ano tn popen twv dedopévov.
Zopgwva pe o Facebook, o xwpog mov katalapPdver éva SSTable pnopei va @tdoet

HEXPL Kal TO 25% TwVv apxkav dedopévwv [11].

2.1.4 Xpnowueg dSvvatotnreg

To RocksDB mapéyet moAAEG SuvaToTnTES KAt GLVEXWG TIPooTiBevTal véeg. Oa avagé-
POVE HOVO AVTEG IOV PAVIKAY XPHOLHEG KATA TV VAoToinon Tng mapovoag Simiw-

HATIKNG epyaoiag.

Column Families

Ta column families emtpémovv v anobrkevon khedwy, eviexouévwg Kat KOy,
oe Stagopetikég “otnhes”. Ta Stagpopetikd column families Statnpovv Siagpopetika
MemTables kat LSM-8évtpa aA\é potpalovtar to WAL. Avto éxet wg anotéeopa va

anmoTeAoOV SlapopeTikéG ovoLaoTika Baoelg Sedopévwy, aAld éxovv To TAEOVEKTNHA
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OTLVTTOOTNPIOVY ATOUIKEG EVEPYELEG TIAVW OE TIEPLOCOTEPEG ATIO UL OLKOYEVELEG.

Eivat itaitepa xpriotpa, edv vapxet n embopio va Staypd@ovrtal GUYKeKPIUEVEG OpAL-
deg khediwv. Eooov éxel mpoPArepbet va avikovyv 6Aa oto idio column family, dia-
ypagovtag To, diaypdovtat OAa Ta KAeLSLd Xwpig kdmola emPdpuvor). Ala@opeTika
Oa émpeme va Staypagolv éva €va, kTt Tov Ba yéule Tn Pdon pe tombstones kat Oa

elxe onuavtikn enintwon otny anddoor).

Write Batches

To write batch, eivat pa opdda eyypagwv mov ekTeAodVTAL ATOHIKA. ZVUYKEKPLHEVA T
eyypagn oto WAL mpaypatomoleital atopkd, Kal EMOHEVIG O TEPITTWOT ATTOTLXIAG
eite Oa mpayparonomBolv OAeg ot eyypagé ite kapia. Eniong mapovoialovv onpa-

VTIKO TAEOVEKTNIA OTNV TaxOTNTA ELCAYWYTS.

ZTypotuna

Yrapyet n Svvatotnta va Satnpeitat €va otrypotuvmo (snapshot) tng Paong, onmwg
fTav o€ pia oVYKeEKPLUEVT] XpoVvikn oTtypr). To yeyovog ot ta SSTables eivat apetd-
PAnTa kabiota ) Sradikaocia avth TOAD anArn. Apkel ta tpéxovra MemTables va me-
pacovv o1o dioko, va dnpovpyndel éva avtiypagpo tng doung Twv LSM-8évtpwy, kat
0 peTpnTh avagopwv OAwv twv SSTables va avénbei wote va unv dtaypagpoiv dtav

TEYOLY va aviikovv oTo kOplo LSM-6évtpo.

Enavalfnrteg

Ot emavahnmreg (iterators) emTpENOVY TNV TPOOTEAACT] £VOG €DPOVG KAESLWV TTOV
avrkovv og éva Column Family (evdexopévwg kat oAdkAnpov tov Column Family)

oe avgovoa 1 @Oivovoa oelpd o€ Eva oTIypLOTLTIO TN BaoT.

Anpovpyia/eicaywyn SSTable

To RocksDB, emitpénet tn Snovpyia SSTable emhéyovtag ta {evyn kAetdto0-TIung

7oL Ba ta anaptifovy, kabwg kat T pooBrkn SSTable oe éva vtdpxov LSM-8évtpo®.

Shttps://github.com/facebook/rocksdb/wiki/Creating-and-Ingesting-SST-files
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H ewoaywyn evog SSTable pmopel va mpaypatomowmBei pe dbo tpomovs. O mpwtog
elval va mpootebei otnv katdAAnAn Béon wote ot Tipég mov epAapPavel va €xovv
™V VYNAOTEPN TTpoTEPAUOTNTA. AV €XEL ETUKAAVYT He Ta KAedLd mov BpiokovTtal 6To
MemTable, avaykaotikd mpénet To MemTable va petagepOei oto dioko kat otn ov-
véxeta to SSTable va mpootebei otnv Kopven} Tov emmédov 0. Av Sev vrrdpxel TETOLAL
emkalvymn, mpootiBetal oto xapnAotepo duvatod eminedo £T0L WOTE Vo UV VITAPYEL

emukalvyn pe kavéva SSTable mov Bpioketal and mavw Tov.

O Sebtepog TpoTOG eivar va mpootedei oe éva Eexwplotod emimedo mov Ppioketat xa-
unAotepa amd OAa ta dAAa, kat eivatl deopevpévo yia tétolov eidovg eloaywyes. Etot
gxel TV XxapnAotepn dvvatn mpotepatdTnTa, Kat KAetdid mov mepthapPdvet kot vrp-

xav ndn otn Paon, eivat cav va pnyv mpootédnkav kaboAov.

2.2 Protocol Buffers

To protobuf” (cuvtopevon yua Protobuf Buffers), eivat pia BipAioBrikn mov emitpénet
NV Ypriyopn oetplonoinon kat anooetptonoinon dopnuévwv dedopévwy, e oToxo To

va kataAapPavovv 660 1o Suvatov AyoTepo Xwpo.
H Soun twv dedopévwv opiletal and Tov mpoypappatioth oTn YAWooa Twv protocol
buffers, kat pe tn xprion £vog HETAYAWTTIOTH TapdyeTal KwSIKAG yla omota yAwooa
npoypappatiopov emheyei. Ot Stabéoieg yYA\wooeg eivat ot €§n¢:

o C++

e Java

« Python

Objective-C

o« C#

JavaNano

« JavaScript

"https://developers.google.com/protocol-buffers/
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Ruby
« Go

« PHP
o Dart

message SearchRequest {
string query = 1;
int32 page_number = 2;

int32 result_per_page = 3;

message SearchResponse {

repeated Result results = 1;

message Result {
string url = 1;
string title = 2;

repeated string snippets = 3;

Listing 2.1: IlapaSeryua opropov protobuf unvoudtwy

O UeTayAwTTIOTNG Yl kK&Be TOTO Unvbpatog, opilet pia kAo pe Ta media va avtiotoL-
XoUv 0Tov KatdAAnAo tHmo avaloya tn yAwooa mpoypappatiopov. o mapaderypa
1o repeated string snippets, ot C++ avtiotoyei oe Sivvopa and ovpPolooel-
pég (std::vector<std: :string>) evw otnv Python oe Aiota and ovpPolooelpég
(List(str)). Eniong opiCovtat opiopéveg xpnotpes péBodot yia tnv enefepyacia kat

v avdktnon twv nediov (getters/setters), Tnv o€lplomoinomn KA.

2.3 gRPC

To gRPC? eivau pia PifAioOnxn mov emtpémet TNy VAOTOINON KAOEWV ATOHAKPL-
opévwv dadikacwwv (Remote Procedure Call — RPC). Etnpiletal otnv avtallayr

protobuf unvopdtwv pe ™ xprion tov diktvakov mtpwtokoAlov HTTP/2.

8https://grpc.io/
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Me 10 gRPC, n YAwooa Twv protocol buffers emekteivetal yia va emtpéyel Tov oplopo
Stadtkaotwv, ot omoieg AapPavovy wg eicodo kat divouv wg ¢§odo protobuf punvopata.
To unvopata pmopet va eival pepovwpéva 1 Kat por unvupdtwv (stream). O optopog
éxeL v €&ng popen:

service RPC {

rpc Search(SearchRequest) returns (stream SearchResponse) {}

Listing 2.2: Ilap&detypa opiopot) RPC

Ze avtioTotyia pe ta protocol buffers, évag petaylwttiot)g avalapPavet nv mapa-
ywyn kodika mov npoo@épet £va API yia Ty vhomoinon Twv dtakopotwy mov mapé-

XOVV TiG Stadikaoieg, Kol TwV MEAATWYV OV TIG KAAOLV.

To API avtd éxet dVo popPég, To oVYXPOVO Kat To acvyxpovo. Me to avyxpovo, ot
KANOELG CLUVAPTHTEWV OV ATAUTOVY SIKTVLOKT EMKOV@WYVIiA LTAOKAPOLY HEXPL AUTH
va oAokAnpwOel, pe amotéAeopa va xpetdovTatl EEXWPLOTA VIHATA YL VO TTPAYHATO-
notnBovv meplocdTEPEG amd pia kKANoELG TapdAAnAa.

SearchRequest request;

SearchResponse response;

request.set_query("query");

Search(request, &response);

Listing 2.3: Ilap&detypa ovyypovov API

Me 1o aoVyxpovo, oL KAOEIG AVTEG TTAPVOLY OV OPLOHA L OVPA KAl EVA AVAYVW-
PLOTIKO, Kal EMOTPEPOVY apEoWS. MOALG kdota ohokAnpwOel, To avayvwploTiko Tng
unaiver otny ovpd and to gRPC. Emopévwg apkei éva vijpa mov va agatpei avayvw-
pLoTIKA amo Ty ovpd. Kdbe gopd mov ovpPaivel avtd, eivar PéPato 0tL n avriotoxn
ATAVTNOT £XEL QTAOEL

SearchRequest request;

SearchResponse response;

CompletionQueue queue;

int tag = 0;

request.set_query("query");
AsyncSearch(request, &response, &queue, tag);
int got_tag;

queue.Next(&got_tag); // Blocks
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assert(got_tag == 0);

// response is populated with the answer

Listing 2.4: Ilap&deryua aocvyypovov API

2.4 etcd

To etcd’® eivan éva alomoto kataveunuévo obotnua anobnkevong KAeSLoV-TIunG,
TIOV XpTOLHOTIOLEITAL Yl TNV amofnkevon TV kpiolpwy deSouEVWY VOGS KATAVEUNLE-
vov ovotrpatoc. [Tapéxet éva amhd kat kakwg oplopévo gRPC AP, kat eivar ac@alég
Kat ypryopo. ta va eaogalioet n ovvénela Twv dedopévwy mov anobnkedel, xpnot-
Homotei Tov alydpiBuo ovvaiveong (consensus algorithm) Raft [12]. Exet oxediaotei
WoTe va pny ennpealetat n opBOTNTA TOL ANO ATOTVXIEG LEAWY, NYETT, TTAElOYNPiag

1 SikTVvOL Kat emTpETEL TNV TpocBagaipeon peAwv 0T CLOTOLYiA TOV.

Ext6g and 115 faoikég Aettovpyieg evog ovotripatog amodnkevong khedod-tiung (get,
put, delete), To etcd mapéxet moAAEG AAAeg SuvatdTnTeg. ATO avTéG Ba pag amaoXoAn-

oovv 1 mapakolovOnomn kAediwv kat ot cuvaAAayEs.

Kavovtag xpnon tg mapakolovnong, o meAdtng Hmopei va evnep@VeTAL Yl TIG
aAlayég evog 1 meplocoTEPWV KAWLV 1)/Kat eDPoVG KAWLV, xwpig va amaiteital
ano tov idlo va mpaypartomotel meptodikd artipata. [Ipoketrat yua pia kAfjon anoypa-
kpvopévng Stadikaoiag Tov gRPC, mov oav eicodo maipvel éva protobuf prvopa mov
nepthapPavel ta {nrovpeva KAeSLA, Kat EMOTPEPEL poT} ad UNvOpaTa pe Ta KAESIa

TIOV avavewOnkav Kat TiG VEEG TOVG TIUEG.

Eniong 1o etcd vootnpiler ouvallayés. Zuykekpluéva MITPETEL TNV TPAYUATOTOL-
NoN KAMOLWV eYypaPV £QO0OV TANPOLVTAL OpLOUEVEG oLVONKES 1/Kal KATOLWV dA-
Awv epoaov dev mAnpovvtat. Ot cvvOnkeg umopel va eivat £va kAeldi va €xet pia ov-
YKEKPLUEVT] TIUN, Va UV €Xel avavewdel HeTd amd pia CUYKEKPLUEVT] XPOVIKT OTLYUN
KA. IIpaxtikd avtd onpaivel 0Tt pe to eted, £xovpe Tn Suvatotnta va StaPafovpe v
TIU €VOG KAELSLOD, VA TV AVAVEDVOULE KAl va TNV §avaypd@ovpe, kat OAn auth n
dadtkaoio va mpaygatomoteital atopkd, Xwpig va vidpyet o kivdvuvog va mapéuPet

dANog mehaTng. Ze mepintwon anotvyiag emavalappdvovpe OAn tn Stadikacia pexpL

*https://github.com/coreos/etcd


https://github.com/coreos/etcd

42 Kegpdlato 2. YnoPabpo

Va TIETOYEL



Yxediaon

O 016x06 avTng TNG StMAwpATIKAG epyaociag eivat va emekteivovpe To RocksDB, ava-
TMTOOOOVTAG Hia eQAapUoYn 1 onoia Ba emtpémel TNy Kataveunpévn anodnkevon Oe-
dopévwv oe pia ovotoryia kOuPwy, kat Ba emTLYXAVEL 0G0 TO SLVATOV LYNAOTEPN
TaXOTNTA £YYPAPWY, KaBWG Kat opllovTia KAMHAKWOT Xwpig TepLoptopons. AnAadn
av He N KOUPOVG KATAPEPVOVLE VA EXOVIE & CUVOAIKE TAXVTNTA EYYPAPWY, Va glval

Suvatdv va Stmactaotovy ot kOpPot pe TNy TaxvTnTa va avePaivel 0to 2.

3.1 Katakeppatiopog dedopévwv

Oa xpelaotel va xwpioovpe tn Paomn dedopévwy, dnAadr to ovvolo twv mbavwv khel-
Sbv, og Aoyikd TURUATA €TOL WOTE va Propel va potpaoctei 1odia otovg Stapopeti-
KovG kOpPovg. Emiong Oa mpémet va mpovorocovpe doTe va givat EDKONO va TTepVAve
Tuipata g Baong and tov Evav kOpPfo otov Ao dtav avdvetal 1) HeElwveTAL TO
TAN00G TOVG, CVUPWVA [LE TIG AVAYKEG TNG EPAPUOYNG. AVTO onuaivel OTL éva peyaho

M0000TO NG Paong evog kouPov Ba mpémet va dtaypagei.

Apykd mapatnpodue 61t 0to RocksDB, n Staypagn molwv kAetdiwv dev eivat €0-
KoAn Stadikacia. Av ano@acicovpe va Staypayovpe Ta Pod kAetdia piag Baong, mept-
HEVOULLE O XWPOG IOV KaTtalapPdavel va méoet 0TO [od. AvTo Tov Ba yivel Opwg oty
TPAYHATIKOTNTA, elval va peivel wg €xet kal va emtPapuvOei emmAéov pe tombstones.
Dvokd otnv mopeia avtd Ba StopBwbei dTav peTd and TOAAEG CUUTVKVWOOELS, PTA-

oovv 0\a ta tombstones 010 TeevTaio eninedo Tov LSM-dévtpov kat anelevBepwBei

43
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0 Xwpog. AvTo anattel TOAAOVG TOPOLG KAl XPOVO KATA TOV OToio 1 amddoon Tov ov-

otpatog Ba eival meploplopévn.

Ta va Eemepdoovpe avtd to TpoPAnua Ba xpnotpomnotoovpe ta column families ov
napéxet 1o RocksDB, ta omoia énwg éxovpe det umopodv va dnuovpyovvTtal Kat va
Staypdgovtat xwpig emPdpuvon. Xwpifovpe tn Pdon oe éva cHVolo TUNHATWV OTa
omoia Ba avagepopaote wg shards (Bpavopata). Eva shard eivat to ehdxioto obvolo
Cevywv KAetLov-TIHNRG oL pnopei va petagepOel amod évav koppo oe Evav dAlo, kat

anoBnkevetat oe €va Sikd Tov Eexwptotd column family.

H xprion &exwptotdv column families éxel éva akopn mheovéktnua. To yeyovog ot
xpnotpomotovv Stagopetikd LSM-dévtpa, kdvel to kdbe shard va amautei Atydtepa
emineda and 0Tt av o k&be kopPog datnpovoe dOAa Ta kAedid Tov 010 idlo column
family. Avto odnyei oe xapnAotepn evioxvon eyypagng Kat EMOHEVWG peyalvTepN Ta-
xotnta. Amo tnv dAAn, Ta column families anartobv vToAoyloTIKODG TOPOLG, Kat Kv-
plwg pviun, kabwg xpnotpomotovy StagopeTikég Sopés (MemTables, caches kTA.). Eno-

HEVwg To apxtkd MARBog twv shards avé koppo, Ba mpémet va emAEyeTal TPOOEKTIKA.

[a va xwpioovpe T Baon ot shards, emAéyovpe va XpnoLHLOTOICOVE ia CUVAPTHOT
katakeppatiopov. Eotw hash () n ovvdptnon katakeppatiopov kat n 1o TARfog twv
shards pe avayvwplotikd 0...n-1. AvtiotouyiCovpe To kAewdi “key” oto shard pe ava-
yvwplotiko hash(key) modulo n.’Etotl pmopodue va eyyvnbovpe 61t 0Aa ta shards
Ba katalapPavovv mepinov tov iSto xwpo, kdtt oL Ba NTAv addvato av xpnotpo-
motovoape kamola AN uéBodo, oMwG yia mapddetypa av avabétape Sla@opeTikeg

neploxeg kAeldlwv oe dtapopetikd shards (m.x. a-b oto shard 0, c-d oo shard 1 kTA.).

[ TI§ avAYKEG TOV GLOTHHATOG HAG, 1] CUVAPTNOT KATAKEPUATIONOV dev gival ama-
paitnTo va eivat kpuntoypagikr}, dnhadn va eivar Sbokolo va Ppedei n eicodog mov
S00nke oTn ovvapTNON KAt TTapryaye pa cuykekptuévn é§odo. Apkel va eivat ypr-
yopn kat va mapovotdlet opotdpopen katavour, dniadn n kabe eicodog va éxet Tnv

i0ta BavotnTa va mapdyet omoLadNToTE TIUN.

H ovvaptnon katakeppatiopov mov emAéxOnke eival pia mapaAlayn g Murmur-

Hash', tov xpnotpomoteitan eowtepika and to RocksDB?.

"https://github.com/aappleby/smhasher
*https://github.com/facebook/rocksdb/blob/master/util/hash.cc
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3.2 ApXITEKTOVIKI)

o va metvxovpe TNV (nrodpevn kApakwopuotnta, Oa mpénetl va meplopicovpe Tnv
emKoVwvio HETA&D TwV SLaQOPETIKWY KOUPBWV 0TO ENAXLOTO, WOTE VA NV amoTeNEL

onpeio ovpeopnong (bottleneck) dtav avéavovtat ot kop ot

Emopévwg 8ev vapyet kopPog pe kamotov 1dtaitepo polo (m.x. mov va cvuyxpovilet Aet-
ToVpYyieg TAvw 0ToVG LTTOAOLTOVG KOpPOVG). ONot ot kdpuPot eivat todlot kat o TeNdTng
emkotvwvel anevdeiag pe avtdv mov eivar vtevBLVVOG yia To avtioTotyo shard, kat oxt
pe kamolov dapecolafntn (proxy). Quoikd av yia TIG avAyKkeg KATOLAG OVYKEKPLUE-
VNG EQapHOYNIG, XpetaleTat va vitdpyetl TéTolog StapecolaPntrg, urmopei va vAomown el
évag “meddtng” mov va avalapfaver avtdv To poAo, kat va enkotvwvolLv pali Tov ot

TIPAYHATIKOL TTEAATEG TIG EPAPHOYTG.

2e pa ovototyia etcd amoBnkevovpe TIG ATOAVTWG ATAPAITHTEG TANPOPOPIEG TTOV TIPE-
TIEL VAL €XOVV TOOO oL KOpPoL, 600 Kat ot TEAATES, yia TNV 0pdn Aettovpyia TG epap-
Hoyng pag. Kata Baon xpnotpomotovpe to eted yia va yvwpilovpe ava maoa oTiypn
TOVG KOUPOVG TTOL CLUUETEXOVY OTN CVOTOLYiA, TN SLlevBVVOT TNV OToia AKOVEL O Kal-
0évag kat oe motov avnket to k&Be shard. Ot kopPot mapaxkorovBolv to etcd yia avtég
TIg MAnpogopies (BA. mapaypago 2.4), eNOUEVWG Oe TIEPIMTWOT TTOL Tipaypatomotnei

Kamota aAAayn, Aappdvovv dueca tny tedevtaia €ékdoon.

Ot mehdteg emiong evnuepwvovtal péow tov etcd, aAa dev To mapakolovBovv cuve-
X0G yta va unv emPapbvovv to SikTvo e mepttth kivion. Avtifeta AapBavovv pia
QOpPA TIG TANPOPOPIES, Kat TIG {NTOVV ek VEOL av XpetaoTei, Snhadr av ekteAécgovy Kd-
moto aitnpa yia éva shard o évav koppo, kat ekeivog amavtnoet 0Tt dev givat o idtog

vrtevbuvoc.

Eneidn n ovotoiyia eted €xet mepropiopévo péyedog (3-9 koppoug), kat ) Sikn pog ov-
ototyia O¢lovpe va peyalwvel xwpig opto, eivar advvatov va dtatnpodvpe Evav kOppo
etcd ava kopPo. AvtiBeta xpnotpomolove pia amopakpvopévn cvototyia etcd pe Tnv

omoia emKkowwvoLy Olot ot kopfot.’

Emiong yla va punv XpelaoTel va VAOTIOICOVIE UNXAVIOUO CUVEXOVG EVIUEPWOTG TWV
KOHPwV yla TNV Katdotaon Tng ovotolyiag etcd, wote oe MepinTwon anoTvxiag Kd-

motov Sikov NG kOpPov va dnuovpyeital véa ovvEeon mpog Tov emopevo Stabéotyo,

*https://coreos.com/os/docs/latest/cluster-architectures.html
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Bewpodpe OTL emikovwvoLy pe pia oAn eted (etcd gateway)?. H mOAn Aertovpyei wg
Srapecolafntng, kat avahapPavel ekeivn va eVIUEPWVETAL VLot TNV KATAGTAOT] TOV
etcd. YmoBétovtag 0Tt 0 Slaxelplotiig Tov SIKTVOL éxel PpovTioel WOTe ) TOAN etcd va
elvat povipa Stabéotun, XpnotHOTOLWVTAG KATIOLO UNXAVIOUO AUTOHATNG HETATTWONG

(failover), avtipetwnilovpe 1o etcd wg éva “padpo kovti” mov Ba Aertovpyei Mavta

oWoTA.

crocks cluster

nade 0 noTl node 2 node 3

Ixnua 3.1: Apyitektoviky

client

3.3 Karaotaceig cvororyiag

H ovotouyia mepvaet and ta otadia tng apxikomoinong (INIT), tng ektéAeong (RUN-

NING) kat TG petavaotevong (MIGRATING).

*https://coreos.com/etcd/docs/latest/op-guide/gateway.html
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Ixnua 3.2: Kataotdoeig ovotowyiog

3.3.1 Karaotaon INIT

Apyd n ovoTotyia Bpioketal oty kKatdotaon INIT, dov apyikomolovvTal ot koupot
mov Ba arotelovy Ty TP TN €kdoom TG ovoToliag. O kdbe kKOUPoOG, avakovwvel TN
dievbvvon otny omoia akovet 670 etcd. O Staxetptotng Stakéyet o mABog Twv shards

nov emiBupel kat Ta potpalet 6Tovg KOUPOL.

Otav ovvdebei 0 mpdTog meAdTng 1§ 6Tav To {NTNoEL 0 SLaxelploTnG, 1) CLOTOLiA HETA-

Paivel oty katdotaon RUNNING, kat apxilovv va e§unnpetodvrat cutriipata meAatwy.

3.3.2 Karaotaon RUNNING

O meAdtng mpLv ekTeENéTEL TO TPWTO TOL aitnua, Aappavel and to etcd T mAnpogo-
pieg TG ovoTolxiag. Xtn ovvéxeta, Ppioket To shard mov avtiotolyei 610 KA£Ldi, Kat To
o0TéAvel 0TOV KOpPo Tov anotelel Tov LTELOLVO Tov. Ta Tapddetypa, Eva aitnua yia
eyypaen evog (ebyovg khedlov-Tiung (put), polalet kanwg étot:

shard_id = hash(key) mod num_shards

shard = shards[shard_id]

node = shard.master

node.put(key, value)

Listing 3.1: Put

Eneidr| evdéxetar o vmebBuvog va éxet alAd&et, o kopBog mov Ba Aafet éva aitnua
eAéyyxel OTLMpaypatt eivat o i8Log o vtevBLVvVOG. Av ival, ektehel To aitnua kot TpowOel
0,7t Tov enéotpeye To RocksDB, evw av dev eival otéhvel éva status mov mapaméumnet

Tov TEA&TN va {NTroeL TI§ avavewpéveg TAnpo@opies ano To eted.
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2g avTO TO 0TASLO 0 SLaXELPLOTHG UTopel va ipoobéael 1 va agatpéoet kopBovg. Kabe
v£€og kOpPog mpoobéTel pia kaTaxwpnomn ylo ToV €avTod Tov 070 eted, eV ya va agat-
pebel KATOLOG, O SLaXELPLOTAG EVIHEPWVEL OXETIKA TIG TANpOQOpieg TOL etcd. XN ov-
véxeta avakatavépet ta shards otovg KOpHPovg oLV TPOKELTAL VA TTAPApEiVOVY OTN OV-
otouyia, aAAalet TNV katdotaon oe MIGRATING, kat 0TéAvel 670 eted TIG avavewpéveg

nAnpogopies. H avakatavoun yivetat wg e&ng:

Apyxika vrohoyiCetat To mAn0og twv shards mov Ba €xet o kabe kOpPPog oTO TENOG TNG
Sradikaoiag wote va givan katavepnpéva dikata. Eotw s to mAnfog twv shards kat n
To AR0og Twv KOpPwv Tov Ba Tapapeivovv. Ot Tpwtot s mod n kdéuPot maipvouvv

s/n + 1 shards kat ot vtodowmot s/n.

Ztn ovvéxeta voloyiletan mooa shards mpémet va mdpet 1) va Swoet 0 kabe kOpPog yla
@TACEL 0TO OTOXO Kat TEAOG vitoloyilovTtat ot axpiPeig petakivioelg mov Ba yivovy, pe

Tov akoAovbo alyopiBpo.

i=29
for each node in nodes:
while node.shards_to_take > ©:
shard = shards[i]
if shard.master.shards_to_give > 0:
shard.migrate = true
shard.from = shard.master

shard.to = node

shard.master.shards_to_give —= 1
node.shards_to_take —= 1
i+=1

Listing 3.2: Aydp1Ouoc avaxatavouris twv shards

3.3.3 Karaotaon MIGRATING

2ty katdotaon MIGRATING, AapBdavovy xwpa ot petavaotevoelg (migrations) twv
shards an6 tov évav koppo otov alho. MO ot kduPot eviuepwBovv yia tnv alkayn
QUTH OTNV KATAOTAOT TNG ovoTolxiag, eAéyxovv av mpémel va Aafovv kdmota shard
Kat apyifovv va ta (nrave éva éva. O makiog vevBuvvog evog shard, dtav avtd Tov

{ntnOei, kdvel ta e§n¢:
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o ZTapOTAEL VO OEXETAL AUTHHATA Yl TO GVYKeKPLuEVO shard.

o Opilet wg vmevBuvo Tov shard tov véo.

o Evnuepwvet o etcd.

o Ilepipével va telelwoovy Ta autrpata mov eixav 10n apyiost.

o Etowadet ta SSTables mov Oa oteilel. Zvykekpiéva, ovpmukvwvel OAo to shard
o€ (i ogtpd tagtvounpévoy apyeiwy, pe tn Bondeta evog emavainmtn. Avtn n
Sadkaoia eivat amapaitntn kabwg o véog vevBuvog Ba elodyet Ta SSTables
ot Paon tov LSM-8évtpov (PA. mapaypago 2.1.4), kat emetdn 1 etoaywyn yi-

VETAL 08 £VaL OVYKEKPLUEVO eTtimedo, Ta apyeia dev yiveTal va €Xovv emkavym.

Zto peta&d o véog evnpepdvetal ano to etcd, kot apyilet va déxetar artnpata. Ymap-
XEL EMOPEVWG €Va kPO SLdoTnpa oL apvoldvTal Kat ot dvo. AvTo eival anapaitnTo
yla va pnv vmapxovv ovvOnkeg ovvaywviopov (race conditions) oxetikd pe T oelpa

EKTENEOTG TWV EYYPAPWYV.

O mahiog vrevBuvog, apxilet va otélvet ta SSTables oe avfovoa oelpd, v o Véog Eva
éva ta hapBavet kat ta eloayet otn Baon. H eloaywyn mpaypatomnoteital 6To Tehevtaio
eninedo Tov LSM-0£vTpov wote va pnv avtikatactabovv petayevéoTepes eYYpaQES.
Edv to RocksDB dev mapeixe avtnv ) duvatdtnta, Oa émpene va vhomoinOel kdmolog
TEPIMTAOKOG [NXAVLIOHOG, OTIOV OL VEEG eYYPaPEG Ba TipaypaTomoloVVTAY EEXWPLOTA Kol
0TO T¢A0G TNG eloaywyns Ba ovyxwvevovTav oto column family tov shard. Kétt tétoto

Oa eixe peydAn emPapvvon kat Oa mpokalovoe mepattépw ouVONRKeG CLVAYWVIOUOD.

Ortav eloayxBei kat o rehevtaio SSTable, o véog vtevBuvog evnuep@vel TOV TAALO Yo
va Staypayel to shard pe ao@dieta, kaBwg kat to etcd. Av dev vrapxet dANo shard vmo

HetavaoTtevon, Bétel Eavd Ty katdotaon TG ovototyiag e RUNNING.
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migrate shard 5 to node 1

I
migrate shard 5 to node 1
L

T
El E3 1 £
|

send shard 5

stop accepting

shard 5 belongs to node 1
shard 5 belongs to node 1 1

start accepting create SSTables

———-shard 5 chunk (EOF)- ———

ingest S5Table

I
I
ingestion is over |

delete shard 5
________ ok _ _ o __

shard 5 migrated

]
I
shard 5 migrated I
- [

Ixnua 3.3: AxodovBiako Sikypappa peTavioTeVoNS

Evw Aappavel éva shard, évag koppog efummpetei artnuata xwpig va katalafaivet
Kdrota Sta@opd o TEAdTNG (ekTOG atd pia avénon otnv kabvotépnon Aoyw avEnuévng

Kivnong oto 8ikTvo).

Ta SSTables ov otéAvovtal eivat Tagvopnuéva T600 GTa TEPLEXOUEVA TOVG, OGO KAl
HeTAED TOVG, KAl avd TTAoa OTLyn eival yVwoTo TO HeEYAAUTEPO amtd Ta KAEWSLA IOV

gxovv eloayBei otn Baomn (to peyavtepo kAeldi Tov Tedevtaiov SSTable).

Enopévwg, artrijpata yla eyypa@ég 1 Staypagég oto véo shard, ektehovvtat KavoviKd.
Ta va ipaypatomnomnBei kamota avdyvwor, o kopBog eAéyyet av To {nrovpevo kAetdi

Bpioketat otn Paomn. Av Ppedei f} av Ppioketal 0To £0pog TwV KAeWSLWV TTOV €OV An-
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@Oel, amavtael. AlagopeTika evééxetat va To €xet 0 TakLdG, odTe TO {NTdet kat TPo-
wOei v amdvtnorn Tov. Méxpt va @Tdoel 0TOV TTAALO TO QiTNUA, DITAPXEL Hia UK
mBavotnTa va €xet odokAnpwbel n peTavdoTevon kat ekeivog va €xet Staypdyet OAo

7o shard. Ze avtiv Tnv mepintwon o véog eAéyyet Eava ) Paomn kat anavtdet.

get(key)

opt
key > largest_key

get(key)

Ixfua 3.4: Get by proxy

ZnHelwvovpe OTL VTIApYEL Eva oPaApa oTov Tapamdvw oxedtaopo. Eotw 6Tt o véog
vnevBuvvog kopuPog, pe To mov dnuovpynoet To column family yia to véo shard, kau
nipy mpoAaet va elodyet maktotepa SSTables, AdPet éva aitnua yia dtaypagn kamotov
kAewdiov. Emerdr) to kAetdi avto de Ppioketat movbevd otn Baon, n Staypaen Oa ayvon-
Oei kat Oe dnpovpyrnoet tombstone. Otav tedkd mpaypatonowmnOei n eloaywyr), edv To
KAedi avTo vdpyet ota Takid dedopéva, Ba mapapeivel ot Pdon mapolo mov éxel (-

™ 0ei n Sraypaen Tov.

2to RocksDB vmapyet n) emhoyn va Statnpovvtat Ta tombstones mov €xovv Snuiovp-
ynOel and pa Xpovikn oTiypn Kat €metta otn PAoT, HEXPL O XPHOTNG VA AVAVEWDOEL
TNV TN QUTHG TG XPOViknG oTtyuns’. Idavikd Oa Béhape va eivat Suvatov va amevep-

yomolovpe tedeiwg avtn TN Aettovpyia yia To ovykekpipuévo column family, apéowg

*https://github.com/facebook/rocksdb/pull/2999


https://github.com/facebook/rocksdb/pull/2999
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HOALG odokAnpwOel n petavaotevorn. H duvarotnta yua t Svvapukn allayn avtig
™G pvOong mpoPAémetat va vAomomBei oto uéAlov, emopévwg emé€ape mpog To

TIAPOV VOl 0Ly VOT|TOVE TO TIAPATAvw TPOPAna.



YAomoinon

H e@apuoyn crocks amoteleital anod tpia pépn:

« To exteléopo crocks mov amotelel Tov Stakopiotr (server), dnhadn évav

Koo TG ovoToliag.

o Tn BPAoBnKn 1ibcrocks mov mapéxetal eite oe pop@r Suvapikng dtaovvdeong
(libcrocks.so), eite oe popen otatikng dtacvvdeong (libcrocks. a), kat Ta
oxetkd apyeia kegalidag (header files) mov mapéxovv pia Aemagr Ipoypap-
patiopov E@appoyng (Application Programming Interface — API) yia trv vho-

moinon meEAATWY.

+ To exteAéopo crocksctl, éva gpyaleio TOL TPAYHATOTOLEL AUTAHATA TTPOG TN

ovoTOLXia Yl EYYPAPES T} AVAYVWOELG, Kat SLAPopeg SLAXELPLOTIKEG EpyaOieg.

4.1 Kowoyxpnota dedopéva

Ot mAnpogopieg mov agopodv T cvoTotyia, amobnkevovtal oty ovotolyia etcd, oe
éva oglplomoinpévo protobuf prvupa tomov ClusterInfo, 01o kAewdi “info”. Ot koppol
napakoAovBovv avtd To kheldi, omoTe o€ MEpinTWON TOL Yivel kamota aAlayn, To etcd

oTéAvel o€ OAOVG TNV TehevTtaia ékdoon.

O TANPNG 0PLOOG TOV UNVOUATOG givat 0 e€RG:

53
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message NodeInfo {
string address = 1;
int32 id = 2;
int32 num_shards = 3;
bool available = 4;

bool remove = 5;

message ShardInfo {
int32 master = 1;
bool migrating = 2;
int32 from = 3;
int32 to = 4;

message ClusterInfo {

enum State {

INIT = ©;
RUNNING = 1;
MIGRATING = 2;

}

State state = 1;

int32 num_nodes = 2;
repeated NodeInfo nodes = 3;

repeated ShardInfo shards = 4;

Listing 4.1: Opioudg ClusterInfo

[a va mpaypatomnonOei ) onoladnmote evnuépwar), XpPnOLHOTOLEITAL pia CUVAAAAYT.
Anhadn avaxtatal ) TeAdevtaia ékdoon Tov ClusterInfo, eVUepWVETAL TOTUKA, Kot
otélvetat oto eted yla va mpaypatomotnOel povo epdoov dev éxel avavewdei amod v
Televtaia avaktnon. Av Sev ikavomoteitat avtn n tpovodeon, n cuvallayn anoTvy-

xavet kat n Stadikaoio emavalapPdvetat 60eG POPEG XpELAOTEL LEXPL VA TTETVXEL.

[Mapadeiypata tétolwv cuvarllaywv eivat ) Tpoodnkn evog véov koupov, 1} To aitnua
yla agpaipeon evog vdpxovtog KOpPov, omov o diaxelptotng Bétet To medio remove

Tov KOpBov oe true.
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Katd ) dtadikacia tng petavdotevong evog shard mov avnket otov koppo 1, kat mpo-
Kkettat va §o0ei otov koppo 2, to avtiotol o ShardInfo prvopa mepvdet ano ta efig

otddia:

o ApXIKd.

master: 1

migrating: false

» O dayeplotng avakatavépel Ta shards.

master: 1
migrating: true
from: 1

to: 2

« O kopPog 1 {nréet to shard amod tov kOUPoO 2 Kat ekeivog TOL TO TApPAXWPEL.

master: 2
migrating: true
from: 1

to: 2

o O kopupog 2 agpov to AaPet kat To Tpoobéael, avakotvwvel To TEAOG TNG HETAVA-

OTEVOTG.

master: 2

migrating: false

4.2  AwakouloTng

O Saxoptotig xpnotponotei to acvyxpovo API mov mapéxet to gRPC, kau eEumnpetei
aITiata xprotponolwvrag éva npokabopiopévo mAnbog vipdtwy, emAeypévo anod To
Siayelplotny. Edv emAéyape o ovyxpovo API n vAomoinon Ba firav moAd evkolotepn

aAAd OTtwG avapépOnke otny mapaypago 2.3, avtd Ba anartovoe éva Eexwptoto vipa
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yta kaBe StapopeTikod aitnua, eVEEXOHEVWS LTAOKAPLOHEVO TIEPILEVOVTAG KATIOLO UNj-
Vupa and To SikTvOo, [e anoTéAeopa va xpnotponolovvtat tdpot ov HBa umopovoe va

a&romotrjoet o RocksDB, kat va é@tet ) ouvolikn anddoaor ToL GLOTHUATOG.

Ta k&Be StapopeTikd THTTO ATAPATOG, opifovpe pia avtioTown kAdon, kaBe pa anod
T1G omoieg vAoTotei pia uéBodo Proceed, mov mpoxwpdet TV eEEAEN ToL ATHHATOG
600 eivat Suvatov, péxpt va xpetaotel mepattépw diktvakn emkotvovia. To kabe vipa

€YEL LA OVPA KL APXLKOTIOLEL £Val OTLYULOTVTIO Yo THV KABDE pia amd Tig KAAOELG.

Oa avagépovpe evdetktikd Tn Stadikacia tng e§umnpETnoNg EVOG AUTHUATOG EloAywW-
yns (put). Ot avtioTtoryot optopoi Tov RPC kat twv pnvopdtwy givat ot &g

rpc Put(KeyValue) returns (Response) {}

message KeyValue {
bytes key = 1;
bytes value = 2;

message Response {

int32 status = 1;

Listing 4.2: Protobuf opiopoi yix aitnuata eloaywyns

H kA\domn mov avTioTol el ota autrjpata eloaywyng, SnAwvel otov constructor Tnyv npo-
Oeon tng va e§unnpetioet kamoto aitnpa, KAAOVTAG TNV avtiototXn HéBodo TG kKAd-
ong AsyncService tov gRPC. Oétel wg avayvwptoTiko, tn dievbuvon uviung tng
He6ddov Proceed Tov CUYKEKPLUEVOL OTLYHIOTLTIO, Kat divel akoun tn Stevbuvon
HVAHNG €VOG OTIYMOTLUTIOV TOL protobuf punvopatog Keyvalue, mepiuévovtag amod to
gRPC va tomoBetrioet ekel 1o aitnpa. MOAG avtd @taoet otov kOUPo, Kat avTiypapei
otV TeAikn| Tov Béom, o gRPC mpooBétet otny ovpd 10 avayvwpilotikd. To vijpa mov
StaPalet amod Ty ovpd, To agaipei wg Seiktn TVTOL void*, To Kdvel cast o GLUVAPTNON

TOMOL Proceed, Kat TNV KaAei.

2t ovvaptnon Proceed Snuiovpyeitat véo oTyutOTLTO TNG KAdONG yla va e§umn-
PETNOEL TO €MOMEVO aitnua. AtaPaletal To unvupa, kaleitat  ovvaptnon Put tov
RocksDB, kat 0tn ovvéxeta (nteitat and 1o gRPC va oteilet 6TOV MEAATN €va Pivupa

TUTIOV Response, fe TNV Tiur mov enéotpeye to RocksDB. Qg tdte n ovvdptnon emt-



4.2. Awakopotng 57

oTpEPeL, Yla va kAnOel ek vEou kat va ovveyioel and ekel ov eixe peivel, 6tav to gRPC
tonoBetroet Eava 1o avayvwploTiko otnv ovpd. Ta va yvwpilel and mov mpémet va
ovvexioet, ot KAaoelg avtég Statnpodv £va enum' OV avd Tdoa oy} VTTOSNAWVEL
v katdotaon otny omnoia Ppioketal n e€EMEn Tov artrparog. Ztny nepintwon twv
Put, eivat opiopévo wg “enum CallStatus { REQUEST, FINISH };”. KaOe ¢opd mov

kaAeitat ) Proceed aAAddeL n kataotaon.

To CallStatus og avtryv TV mepintwon Arav ankéd enedn n avrtiotoryn Stadikaoia
elvat amhn. Ztnv avtiotoiyn KAAON yla TIG HETAVAOTEVOELG, TO CallStatus eival opt-
opévo wg “enum CallStatus { REQUEST, READ, WRITE, DONE, FINISH };” ka-
Bwg 1 dadikaoia AapBaver Too0 wg gicodo oo kat wg £€0do por) unvupdaTwy Kat

nepvael and meplocotepa oTadia péxpt va ohokAnpwei (BA. mapdypago 3.3.3).

KaBe khdon vhomotet akopn tn péBodo OnDone, 1 omoia KAAEITAL AVTOHATO HETE TNV
olokAnpworn NG KARONG, Kat avalapPdavel va amodeopHeDOEeL TV LV TTOV KATAAA-
Bavouv oplopéveg eowTteptkeg dopég dedopevwy, kabwg kat To To i8to To oTIYHLOTLTIO

(delete this).

4.2.1 Tavtoxpoviopuog
Nijuata

Ot StakopoTEG eEUTNPETOVY AUTHHATA XPNOLHOTIOLWVTAG €V GUYKEKPLHEVO TA 006

VIUATWV, ETMAEYUEVO ATIO TOV SLaelpLoTr.

Ot petavaoTedoelg XpNOIHOTOLOVV apkeTh emtkotvwvia pe tov dioko (I0), kvpiwg
Aoyw NG eyypaeng twv SSTables, Tooo oToV KOpUPO IOV GTEAVEL OGO Kal G AVTOV TTOV
AapPavet to shard. Tia to Adyo avtd, mpaypatonolodvtal o€ EEXWPLOTO VIHA, WOTE Va
UMY HTAOKAPOLY Tal VAT IOV eEUTNPETODY AUTAPATA TEAATWY, TIEPLUEVOVTAG TNV

olokAnpwon tov I0.

Ot dopég dedopévwy mov dev dabétovv aopaleta vijpatog (thread-safety), (protocol
buffers, std: :vector, std: :unordered_map kt\.) Tpootatevovtal and kheldwpata,
He O, TLeminTwon oty anddoon avtd ovvemdyetat. Opwg, av eivat Stabéoun n éxdoon

C++17 tng C++, vmapxet ) €mMAOYN va XPNOIHOTOLODVTAL KOLVOXPNoTa KAetdwHaTa,

"Ta enum (enumerations) ot C++ efvat petaPAntég mov maipvovv tipés and pia npokabopiopévn
Aiota.
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(std: :shared_mutex). e avtrv TNV MepinTwon, 600 dev yivetat kdmota aAlayn 0To
etcd (MpakTikd 600 eV TPAYUATOTOLODVTAL HETAVAOTEVOELS), Kal 1] TPOoBacn oTig
dopég dedopévav eivar ovo yia avdyvwor, Oha Ta vijpata taipvovy ta kKheldwpata

WG AVAYVWOTEG TAVTOXPOVA, XWPIG VA UTTAOKAPOLYV.

YuvOnKeG CUVAYWOVIOHOV KATA TN HETAVACGTEVCOT)

o va otaABei éva shard, mpoomedalovrat Oha ta kAewdid Tov oe ab&ovoa oetpd, pe T
Pondeta evog emavaknmrn (iterator), kat dnpiovpyeitar pua oetpd and SSTables. Emetdn
Ol EMAVAAATITEG AELTOVPYOVV TAVW OF £VOL OVVETEG OTIYWOTLTIO TNG Pdong mov On-
LLOVPYEITAL KATA TNV KATAOKELT| TOVG, TPETEL va e§ac@alioTtel 0Tt petd tn Snovpyia

Kamotov, dev Ba tponomomnBei mepartépw to avtiotoryo shard.

Avt6 dnuovpyei mBavég ovvOnkeg ovvaywviopov. Iptv TV KATAOKELT) TOL EMAVaAn-
TN QTToyOPEVOLE HEANOVTIKEG eYYPAPEG AAAG kAol auTripaTa pmopei va Ppioko-
vtal 110N oe e&éNEn oe StapopeTikd vrjpa. Iia avtdv T0 Adyo Ta shards €xovv éva pe-
TPNTN avagopwv apxtkomotnpévo ato 1. Ilpv mpaypatomoinOel kamota eyypaen oo
shard, o petpntng avédvetal kat oTn oLVEXELa HeWVETAL AV €XOVV ATIOYOPEVTEL OL
eyypagés (Bétovtag atopukd pia avtiotown boolean petaPAntn oe true), n avdnon

ATOTUYXAVEL KAl O TTEAATNG EVIHEPWVETAL OXETIKAL

Enopévwg, mpv Tn HETAVAOTEVLOT ATAYOPEVOVUE TIG EYYPAPES, LELWVOVUE TOV [E-

TPNTH Kat TEPLHEVOVUE VA UNOEVIOTEL.

Eniong yia va unv Siaypagei kamoto shard kata ) Sidpkela pag avayvwong mov
npoopiletal ya 1o véo vmevBuvo, ta shards Sev Siaypagovrtal pntd apéows po-
Aig otalBovy, aldd agalpovvtal and Ty avtiotoxn doun Sedopévwy oTnv omoia
amoOnkevovtal wg std: :shared_ptr (std::unordered_map<int, std::shared_-
ptr<Shard>>). Ta shared_ptr eivat Soun mov mapéxet n C++, mov Staypaget To avTi-
oTotyo avTikeipevo poAlg xabov Oleg oL avagopég oe avto. Emopévwg av o maitog
vrevbvvog PoAdPel va dpet pia avagopd oto avtiotolxo shard, eivat féPatog ot

Oa tpoAdPet va Srafdoel amd avto mpLy Staypagei.
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Usage: crocks [options]

Start a crocks server.

Options:
—p, ——path <path> RocksDB database path.
—o0, ——options <path> RocksDB options file path.
—H, ——host <hostname> Node hostname [default: localhost].
—P, ——port <port> Listening port [default: chosen by 0S].
—e, ——etcd <address> Etcd address [default: localhost:2379].

—t, ——threads <int> Number of serving threads [default: 2].
—s, ——shards <int> Number of initial shards [default: 10].
—d, ——daemon Daemonize process.

—v, ——version Show version and exit.

—h, ——help Show this help message and exit.

Listing 4.3: Eéodo¢ 116 evToMi¢ crocks --help

4.3 TIlehatng

O\eg ot kAdoelg kat oL ocvvapTnoelg Tov mapexopevov API, BpiokovTal otov Xwpo
ovopdatwv (namespace) crocks. H facikry ovtotnTta mov emtpénet Ty vAomoinon
nedatwv eival n kAdon Cluster, n omoia eival oplopévn oto apxeio kepalidag

<crocks/cluster.h> pe tov €fig constructor:

Cluster(const Options& options, const std::string& address);

H xAdomn Options, mov Bpioketat 0to apxeio <crocks/options.h>, emtpémet TnVv ma-
PALETPOTIONNOT) TG CVUTEPLPOPAG TOL TTEAATN. TIpog To mapdv mepiéxet Svo pubuioelc:
Edav Oa evnuepavetal 1o etcd oe mepintwon mov kdmotog koppog Ppedei va eivar un
Sabéopog, kat edv ot kAnoelg mpog kamotov pn Stabéotpo kopBo Ba pmAokdapovy pué-

Xpt va emavéABet 1} Oa emotpépovv dpeca pe To avTioToxo status.

struct Options {
// If true, when a node is detected to be unavailable
// and etcd is not yet aware, the client updates it.

bool inform_on_unavailable = true;
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// If true, after a status UNAVAILABLE is received, the client waits
// until the cluster is healthy again, and then retries the request.

bool wait_on_unhealthy = true;

1

H ovpPolooeipd address, eivan  dievBvvon otny omoia akovel kAmotog kKOUPoG TG

ovotolxiag etcd, 1) n moAn eted (m.x. "127.0.0.1:1234").

H k\don Cluster, mapéxet Tig ueBodovg Get (), Put(), kot Delete(), ylo Tnv avd-
yvworn, TNV eyypaen, kat tn Staypaen kAetdtwv avtiotorya.
Status Get(const std::string& key, std::string* value);

Status Put(const std::string& key, const std::string\& value);
Status Delete(const std::string& key);

Télog n khdon Status, eivat oplopévn oto apyeio <crocks/status.h>, kat mepthap-
Pdvet to status mov eméotpeye To gRPC Katd TNV ekTéAEON TNG AVTIOTOLXNG KANONG
(grpc_code()), kaBwg kat To status mov enéotpeye To RocksDB, av n kAnon ohokAn-

pwOnke emrtuxwg (rocksdb_code()).

AxkoAovBei éva mapadetypa piag aming vAomoinong mekdrn.

#include <assert.h>
#include <string>
#include <crocks/cluster.h>

#include <crocks/status.h>

int main() {
crocks::Cluster* db = crocks::DBOpen("localhost:2379");
crocks::Status s;

std::string val;

s = db—>Put("key", "value");

assert(s.ok());

s = db—>Get("key", &val);
assert(s.ok());

assert(val == "value");

s = db—>Delete("key");
assert(s.ok());
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s = db—>Get("key", &val);
assert(s.IsNotFound());

delete db;

return 0;

Listing 4.4: Ilapaderyua vAomoinons meAdty

To mapamdvw mpdypappa vrobétel 6TL VITAPYEL Hia cvoTolkia crocks, TG omoiag ot
nmAnpogopieg Ppiokovtal oe pa cvotolyia etcd, kat kdmolog kOUPog NG TeEAevTaiag
déxetar artripata anod mehdteg otn Stevbuvon localhost:2379. H extéheon tov mpo-
ypappartog Oa mpémnel va teppatioet emtuxws, Xwpig £€0do.

$ g++ test_crocks.cc —o test_crocks —lcrocks

$ ./test_crocks

4.4 YMlomoinomn twv write batches

Q¢ mpog TNV vAomoinon Twv write batches, vapxel éva onpavtikd mpoPAnua. Xto
RocksDB ta write batches, dnwg éxovpe avagépet otny mapaypago 2.1.4, ektehodvral
ATOMIKA, KATL IOV gival SvokoAo va eyyvnBolue otn OIKN oG KATAVEUNUEVT EQap-
toyn. Av {ntnOei and tov kdBe kOpPo va deopeboet To Sikd Tov EPOG evog write batch,
Kat o€ kamolov awth 1 Stadikaoia amotvyel, eivat advvato va emava@épovpe Ta 70N

deopevpéva dedopéva Twv AAAwV KOPBwWV.

Eniong, davikd Ba mpémet va e§ao@alioovpe 0Tt ot Seopevoelg SlagopeTikwy write
batches ano Stapopetikovg mehdtes, Oa ektedeotovv pe v ida oelpd oTov Kdbe

KOUpo, aveEdptnta and t oepd pe tnv omoia Ba eTdoovv.

EmAé€ape oe mpwtn @Aaon va Ta VAOTIOW|o0VHE XWPIG va AdPovpe VoY Hag auTég
TIG EYYVNOELS, WOTE va KepSioovpe TOLAAXLOTOV TNV av&npévn anddoon, Kat va Tig
avaPailovpe yia peAdovtikr eméktaon (PA. mapdypago 6). Etal, av kamolog meAdtng
emBopel va opadomolnoeL oplopEVEG EYYPAPEG OL OTTOiEG OEV £XOVV KATIOLA COPT) OELPAL

LLe TNV oToia TTpEmeL va ipaypatononBody, 1 eivat BEPatog 0Tt dev okomeDEL KATOLOG
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dANog va ypayet ota idta kAetdid, eivat eAevBepog va To kdvet apkei va yvwpilet Tovg

TIEPLOPLOHODVG.

rpc Batch(stream BatchBuffer) returns (stream Response) {}

message BatchUpdate {
enum Operation {
PUT = 0;
DELETE = 1;
SINGLE_DELETE = 2;

MERGE = 3;

CLEAR
¥

Operation op = 1;

4;

bytes key = 2;
bytes value = 3;

message BatchBuffer {
repeated BatchUpdate updates = 1;

message Response {

int32 status = 1;

Listing 4.5: Protobuf opiopoi yio o write batches



4.4. Yhomoinon Twv write batches 63

class WriteBatch {
public:
WriteBatch(Cluster* db);
WriteBatch(Cluster* db, int threshold_low, int threshold_high);
~WriteBatch();

void Put(const std::string& key, const std::string& value);
void Delete(const std::string& key);

void Clear();

Status Write();

Listing 4.6: To API twv write batches mov mapéyeTar 0TOVG TEAKTES

O kd&Be kopPog Aappdvet por) and protobuf unvopara tomov BatchBuffer kabe éva
aTo Ta OTIOl0 TIEPLEXEL EYYPAPEG Yl KATOLO0 Ao Ta shards mov Tov aviikovv. Ztnv apxn
Odnuovpyei éva véo write batch. MoAwg Aafet o mpwto pvoupa ya kamnoto shard, po-
onafel va avffoet To HETPNTH AVAPOPWY YLa TO GUYKEKPLUEVO. AV TA KATAPEPEL, AV
dnhadn to shard tov avnkel, kat v £xovv amayopevTel oL yypagég emeldn mpoKeLTal
va petavaotevoel oe Ao kOpPo, oTéAvel unvopa pe status 0. Ata@opeTikd oTéAvel
éva Sla@opeTiko status, kat o TEAATNG oTéAvel Eavd To (010 prvupa OTOV VEO VTED-
Buvo. Ztn ovvéxela mpoobétel OAeg TIG eyypagég Tov Pnvdpatog oto write batch, kat
enmavalapBavel v idta Stadikaoia péxpt 0 TEAATNG VA AVAKOLVWOEL OTL ELVAL ETOLHOG

yta tr déopevon, TV omoia Kat TPayHATOTOLEL

[a va peytotomotnBei n anddoomn o meAdtng xpnotpomnotei To acvyxpovo gRPC API.
Anpuovpyei éva BatchBuffer prfvopa yia kde shard, kat apxifet va ta yepiet. Yndp-
xouvv dvo katw@Ata 0To péyeBog Twv PNVLHETOY avtdy, Ta ontoia e§etalovtal petd
and kabe mpoodrkn. Av Sev éxel EemepaoTel To TPWTO, Sev yivetal kamota GAAN evép-

yela.

Av 7o prvopa Ppioketal avapeoa ota 00 Kat@@ALa, yivetal pia tpoomnddeta va ota-
Ael. Zvuykekpuéva, av 8ev vIapyeL akOpa EVEPYT| KANOT TPOG TOV aVTIOTOLXO KOWBO,
o mehatng Eexvael pia véa, oTéAvel To pivopa Xwpig va umAokdpet, kot Snovpyet
T0 enopevo BatchBuffer mpotov emotpéyet and tnv kAnbeioa pébodo. Eav vmapyet

KAo™ Kat £xel oTalel TO MPWTO prvupa yla To ovykekpipévo shard, Sev pmopel va
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oteihel To emopevo av 8e AaPet emPePaiwon yia 1o 6TL 0 KOUPOG Eival OVTWG 0 CWOTOG
vrevBvvog. Enopévwg ehéyyet Tnv ovpd tov gRPC yia 1o OXETIKO avayvwpLoTIKO Xw-
pig va pmhokdpet, kat ovo av Ppebei ovveyilel. AlapopeTikd eMOTPEPEL XWPIG VA OTE-
Aet To unvopa. Eniong, enetdn to gRPC Sev emitpémnetl va Ppiokovtat Tavtoxpova dvo
eKKpeun Unvopata oto Siktvo yia Ty idta KANom, EAEYXEL KAt ylo TO avayvwpLoTiKo

TNG TPONYOVUEVNG ATTOGTOANG.

Téhog, edv €xet Eemepaotei TO HeyaAo KATWPAL, 0 TEAATNG TTEPIUEVEL GTNV OVPA YLt OAat
TOL AMAPALTNTA EKKPEUT AVAYVWPLOTIKA, kat 1 avtiotoxn uébodog emotpépet povo

a@ov OTAAEL TO HIVULAL.

Ta katw@ALa avTd givat TapapeTpomoinotua Kat av emtheyovv katdAAnAa, eivat duva-
TOV va unv pmlokdpel moté kapia kAfnon kdamotag pebodov mov mpoobétel eyypageg

oto write batch, aA\& povo n kAron g Write().

Otav ma kKAnBei n Write(), o meAdtng oTélvel 6oa TpEXOVTA UNVOHATA TIEPLEXOVY
EYYPOAPEG, UTTAOKAPOVTAG AVAYKAOTIKA OTIOL eivat amapaitnto (1.X. oe Stadoxikd pun-
vopata yla Sta@opeTiko shard otov idio kOpuPo), kat avakovwvel To TENOG TV Unvo-
HATWYV HE T Xprion TnG ovuvaptnong WritesDone () Tov gRPC. X ovveéxela eppével
yla Ta status, Kol EMOTPEPEL TO TPWTO W) eMITLXEG IOV Ba ovvavTioEL, 1} éva BeTiko

o€ mepintwon mov 1 déopevon METOXEL 08 OAOVG TOVG KOUPOVG.

4.5 Awxeplotiko gpyaleio crocksctl

To crocksctl eival pia eQappoyr ypappng EVIOAwy, 1 omoia maipvel oav OpLopa pia
eVTOAT), kat agpov Aafet and To etcd Tig MAnpoopieg TG ovoTolyiag, TNV ektelel. Ot

Sabéopeg evtolég eivat oL €€n¢:

« get, put, delete: [Ipaypatomolovv To avtioTolo aitnpa Tpog T ovaTolxia, Kat

TUTIWVOLV To status Tov éAafav, kabwg kat TNV TR 0TV TepinTwon Tng get.

« run, migrate: ®¢tovv 1o medio state tov ClusterInfo oe RUNNING 1} MIGRA-

TING avtiotoia. H evrohn migrate emiong ektelel kol TNV avakatavopn Twv

shards.
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o health: EAéyyxel Tnv katdotaon tov kdbe kopPov kat evnuepwvel To etcd yla

evOEXOUEVEG ATTOTVYIEG.

[Tio ovykekpiéva, Tpaypatomolel €va aitnua Tomov ping, dniadn éva RPC
e KeVO pnivupa toco oty eicodo 6co kat otnv ££0d0, mpog kdbe koOpPo
NG ovotolyiag. Ta altnuoata umopel eite va emTUXOLV €iTE VA ATOTUXOLV [LE
gRPC status UNAVAILABLE. Xe kd0e mepintwon To anmoTéAeopa TUTWVETAL 0TV
YPOUUR EVTOADY, Kal av SLaQWVEL e TNV avaypa@opevn Tiun oto etcd, avtod
EVIHEPWVETAL.
info = etcd.get_info()
for each node in info.nodes:
status = node.ping()
if status == UNAVAILABLE:
print(node, ": DOWN")
if info.is_available(node):
etcd.update(node, available=false)
else:
print(node, ": OK")
if info.is_unavailable(node):

etcd.update(node, available=true)

Listing 4.7: AAy6piuog eAéyyov vyeiag Tn¢ ovoTorying

o list, dump: Ot evtolég avtég Tum@VoOLY OAa Ta KAEWOLd IOV TEpLEYOVTAL OTNV

Bdon oe avfovoa oetpd, v 1 evToAr] dump TUTIWVEL KAt TIG AVTIOTOLKES TIHEG.

YAomolohvTat e Tr Xprion EMavaAnmT@y, ot omoiot Aettovpyovv wg e&ng: Olot
ot kopupot maipvovv emavalfmtn oe kabéva and ta column families, Tovg ovy-
XWVELOLYV (e TN XpNom evog owpob (heap), kat oTéAvovy, omote {ntndel, Ta emod-
peva {evyn khedov-tiung. O mehdtng anod v mhevpa tov Statnpei éva buffer
omov tonoBetel ta Levyn avtd, emiong ovyxwvevovTag Ta. AKOpn Statnpei pe-
TPNTEG Yia va yvwpilet mooa €xet Stabéoipa ano tov kabe kopPo, kat dtav Eeme-
pdoovv éva katwAt {ntaet Ta endpeva. Etot ehaytotomnotel Tig mbavotnteg va

AVAYKAOTEL VoL UTTAOKAPEL TIEPLLEVOVTAG UIVOpATA.

H vAomoinon twv emavaAnmtav éxet o mpoPAnuata. Apxikd, OTwG Kat oTnv

nepintwon Twv write batches, vapxet cvvONKN CVVAYWVIOHOV OXETIKA He TN
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oelpd pe v omoia Ba rdoovy Ta autpata 6Tovg dtagopeTikovs kKoppovg. Ei-
vat yla mapddetypa duvaro, va mpaypatononBovv 8o eyypagpég oe Stagope-
TIKOUG KOUPOVG [LE PLa CUYKEKPLUEVT OELPA, KAl TO OTLYHLOTUTIO TNG BAONG IOV
Ba xpnotpomotei o emavaAfmTng otov éva kouPo va mepthapPavet TNy petaye-
VEOTEPT) EYYPAPT, EVW O EMAVAANTTNG 0TOV AAAO va Unv epthapfavet tn mpo-

YEVEOTEPT).

Eniong, ot emavalnnteg 6ev Aettovpyovv owoTd Katd Tn Stdpketa TnG HeTava-
otevong. Anhadn Ba énpene va AapPdvovy kat and tovg Vo KOUPOVG TIG TIES
yta 1o vntd petavaotevon shard, Sivovrag mpotepatdTnTa 0TOV VEO LITEVOLVO

aAAG kATl TETOLO Oev el akopa vAomotnOel.

Emopévwg, ot emavaAnmteg mpog TO TApOV XPTOLHOTIOLOVVTAL TTIEPLOCOTEPO Ylat
va BonOnoovv otnv anoogalpdtworn (debugging), mapd yia va vAomoioovv

OVTWG autrata yia Afym e0povg kAediwv.

clear: Alaypaget Oha ta kAewdia TG Paong. Anuiovpyei Evav emavaAnmTn Kat
Saypaget o kaBe kAeldi, opadomolwvTag TIG Staypapég oe write batches. Onwg

KA TTpATavw, 1) VTOAN} avTr| TpoopileTal HOVo yLa TELPARATIKT XPHON.

remove: O¢tel To edio remove Tov {nrodpevov kOUPoOL GTIG TANPOPOpieG TOV
etcd, oe true. Pvowkd yla va apxioet va otéAvel Ta shards Tov, mpénel mpwta va
KAnOei | evtoln migrate woTe pe TNV avakaravour, va avatedovv oe Stagope-

TIKOUG KOUPOVG.

info: Tumwvel OAeg TIg TANPOPOpPiEG THG CLOTOLYIAG OF LA EVAVAYVWOTI HOPPT).
Zto akolovBo mapaderypa vINpxe Hia apxikn cvoToLia TEoAPWY KOUPWV Kat
40 shard (10 otov kaBéva). Ztn cvvéxela mpooTéOnKe £vag TEUTTOG OTOV OTIOLO
avatédnkav 8 shards (2 and tov kabéva), kat mpayparomoOnkav ot petava-
otevoelg. Télog mpootébnke vag €xtog kOpPog kat {ntndnke n agaipeon tov
Tpitov, xwpig Opws va {ntndei axodpa va Eekviioovv oL HeTavaoTedoelg.

state: RUNNING

nodes: 6

shards: 40

node 0:

address: 10.94.250.138:50050
shards: 2—9 (8)
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node 1:
address: 10.94.250.138:50051
shards: 12—19 (8)
node 2:
address: 10.94.250.138:50052
shards: 22—29 (8)
remove: true
node 3:
address: 10.94.250.138:50053
shards: 32—39 (8)
node 4:
address: 10.94.250.138:50054
shards: 0—1,10—11,20—21,30—31 (8)
node 5:

address: 10.94.250.138:50055

Listing 4.8: Ilapaderypa e&6dov 16 evrolic crocksctl info
Usage: crocksctl [options] command [args]...
A simple command line client for crocks.
Commands:

get <key> Get key.
put <key> <value> Put key.

del <key> Delete key.
run Change cluster state to RUNNING.
migrate Change cluster state to MIGRATING.
health Check the health of the cluster.
list Print every key.
dump Print every key—value pair.
clear Delete all keys.
remove <id> Remove node from the cluster.
info Print cluster info.

Options:

—e, ——etcd <address> Etcd address [default: localhost:2379].

—h, ——help Show this help message and exit.

Listing 4.9: E{odo¢ 176 evToAfg crocksctl --help
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4.6 Emava@opa amo amotvyieg

H ovotoiyia pnopet va emavépxetal and anotvyieg koppwv, dedopévov 0Tt 0 diokog

elvat otV Katdotaon Tov Tov denoav.’

4.6.1 Evrtomopog amotuxiwv

2e mepintwon anotvxiag kdmolov koppov, To etcd evnuepwveTal oXeTIKA, Kat TO edio
available oTnVv Katayxwpnon yla avtov Tov kKopPo, maipvel nv tipn false. H evnué-
PWOT] AVTH, TPAYHATOTIOLEITAL AT TOV TIPWTO oL Ha To evromioel (meAatn, kKoppo i

SlaxelploTn).

o Av évag mehatng ektedéoel éva aitnpa kat evipepwdei and to gRPC 611 0 koOp-
Bog dev eivau Stabéotpog, eEAéyxet To eted. Av éxet aAlddel o vevBuvog Tov shard,
ovveyiCet kavovikd pe Tov véo vmebBuvo. Av Sev €xet alhdget aAAd gaivetal Sta-
Oéowpog, evnuepwvet to eted OTL MAéov eivar pn Stabéopog. Ze mepintwon mov
yivetat kdmotov eidovg mapakoAovBnon (monitoring) tng ovotokiag and Tov
Slaxelplotn, n evnuépwon avtr eivat kakd va anevepyomownOei yia va punv emt-

Bapvvetat dokoma to eted.

* Avévagkoppog amotvyet katd T Stadikacia TG HETavAoTEVONG (giTe VW OTEN-

vel eite evw hapPavet), evnpepwvet To etcd o aAAog koppog.

O Siaxelplotng pmopei pe Tn Xpron g evtoAng health tov crocksctl, va eAéy-
el v katdotaon Tov k&be kOuPov kat va evipepwoet To eted yia evEexopeveg

anotvxieg (BA. mapaypago 4.5).

4.6.2 ZvuTEPLPOPA TEAATWV KATA TNV ATOTVYIA

A@ov Aaet status UNAVAILABLE amo to gRPC kdmolog meAdtng, eivat avaykaopévog

va mepipével va emavéNBel  ovoTolyia og vy katdotaor. i va o meTOXEL AWVTO,

?Av anothyet OAo To unxavnua kat oxt amhd n Stepyaoia, kou 1o RocksDB Sev éxet puBuotei wote va
ovyxpovilet to apyeio WAL pe to Sioko (fsync) peta and kaBe eyypagr|, evoéxetal LeTd TV emavagopd
va éxovv xaBel eyypagég mov éxovv avakolvwel wg eMTUXEIG 0TOVG TTEAATEG.
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Eekvael va mapakolovBei to eted yia allayég. Kabe gopd mov Aappaver kdmowa evi-
Hépwon, eAéyyet av eivau Stabéotpol oot ot kopBot kat poAlg cupPei avto, emavalap-

Pdvet To apyxikd aitnpa.

Evalaxtikd propei va emAé€et va emOTpEPeL TO status wg EXeL, WOTE VAL XELPLOTEL TNV
Katdotaon onwg embvpei mpotov apyioet Ty mapakolovdnon, xpnoponolwvTag T

HéBodo void WaitUntilHealthy() tng kAdong Cluster.

4.6.3 Emavagopa koppwv

MoAig évag koppog apykomownOei, Aappavel Tig mAnpo@opieg yia T cvoToryia amod
10 etcd. Av oe avtég vItdpyel £vag kataxwpnuévog kopBog pe tn dievBuvon Tov, o
omoiog @aivetat pn Stabéopog, vobétel OTL MpoKetTal yia Tov idto kat ekivdel T
Sadikaciag tnG emavagopds. Agov avoiet t Baon kat To RocksDB ekteléoet Ty
emava@opd tng, eAéyxet 0Tt Ta shards mov Ba €mpeme va Tov avijkovy vIaPXOLV TOTIKA,
KAl ETava@EpeL Tov eavtd Tov o€ Stabéoipo, evnuepwvovtag To eted. Ze StapopeTikn

TEPIMTWOT) TEPHATILEL UE TO AVTIOTOLXO U VVHAL.

2e MePIMTWOoN AmoTvyiag Katd T SLapKeLa HAG HETAVAOTEVOTNG, EITE ATOTVUXEL O KOW-
Bog mov otélvel To shard eite avtog mov To AapPdvel, Oa avadPel va emavagépet T
HeTavaoTevon o SevTepog, (nTwvtag va Eekivioet and to Tehevtaio SSTable mov éAafe.
Enopévwg, wg eicodog 0to RPC NG HeTavAOTEVONG, EKTOG ATIO TO AVAYVWPLOTIKO TOV

shard, Sivetat kat To avayvwplotikd Tov mpwtov SSTable mov mpémet va otalel.

message MigrateRequest {
int32 shard = 1;
// First SST to send. Specify a number higher than @ to resume.
int32 start_from = 2;

Zto ‘default’ column family tov RocksDB (§exwptotd and ta column families twv
shards) amoBnkevetar otidnmote xpetdletal va “Qupdtal” évag kOUPog, woTe o€ Te-
pintwon mov emavérel and anotvyia, va propéoet va ohokAnpwbel n dtadikaoia tng

HETAVAOTEVLONG OHAAGL.

‘Eotw 6t10 kOpPog 2 emavépxetal and kamota anotvxia, eAéyxet To eted kat PAémet OTL

npémnel va AdPet o shard 5 ano tov kopPo 1.
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Av 7o shard 5 aviiket otov 1 (shard.from == shard.master), (ntdet va mpaypoto-
nownOei n petavaotevon kavovikd. To column family evééxetat va vrapyet 1én otnv
TEPIMTWOT) IOV TIPLY ATIO TNV ATOTVYXia, eixe EEKLVIOEL 1] HETAVAGTEVOT) KAt ixe TTPOAAL-

BeL va To @TLaEEL. Av Sev LTIAPYEL TO QTIAYVEL.

Av 70 shard avrkel oTov id10, onpaivel mwg eixe mpoxwproet n Stadikacia kot Tpémet

va ovveyioel and ekel mov eixe peivel, SnAadn and to tedevtaio SSTable mov éAafe.

Mo ptaoet To Tedevtaio koppdtt evog SSTable kat eivat oo oto dioko, amoOnked-
etaL ot Baomn 1o 6vopa Tov apyeiov (shard_5_filename), To peyakvtepo kAetdi mov
nepthapPavel (shard_5_largest_key), kal To avayvwploTiko Tov endpevov SSTable
nov Oa {ntnBei (shard_5_next_num). H eyypa@n avtr mpayUaTomoLEiTaL ATOUIKA, e

T Xprion €vog write batch, kot ot ovvéxela to SSTable mpootiBetat otn Pdon.

Av 1 amotvyia ovpei mpv mpohaPet va ohokAnpwBel avtn n eyypagr, o koupog ov-
HTTEpLQEPETAL oAV Vo UNV EAafPe TOTE TO apyeio, kat oOTtav emavéNOet To {nraet Eavd. Av
ovpPel peTd amd TNV eyypagr], aAAd mpy mpaypatonownei n eloaywyrn Tov apxeiov
oto LSM-8évtpo, Ba det 611 T0 apyeio shard_5_filename Ppioketal akopa otov 8i-
oko, Ba 1o elodyet ko Oa cuvexioet T peTavdoTtevon and to shard_5_next_num. Av
ovpPel petd and Ty eloaywyr, 8¢ Oa Ppet apyeio, Ba vobéoel dti eixe mpoldPet va To

elodyel Tpty Ty anotvyia, kat Oa ovvexioet At and To shard_5_next_num.
[MapaBétovpe ovvomTikd ToV alydpiBpo oe Yyevdokwdika:

for each shard I have to take:
if shard does not belong to me:
EnsureColumnFamily()
RequestMigration(shard, start_from=0)
else:
if shard_5_next_num not found:
RequestMigration(shard, start_from=0)
else:
if FileExists(shard_5_filename):
Ingest(shard_5_filename)

RequestMigration(shard, start_from=shard_5_next_num)

O kopPog mov atédvel To shard, de xpetdletat va Bupdral og mo 0Tddto NG petavd-

0TEVONG PPLOKOTAY TIPLY TNV amoTvyia, agov Ba avaldaPel va ocvvexioet Tn Stadikaoia
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0 dANog kOpPog. AvTtd mov Bupartart eivat av polaPe va etotpdoet Ta SSTables kat av
vat, Tooa fTav Kat oo ivat to peyalvtepo kheldi tov kabevog. Emniong, gpovtilet

va pnv Staypayet kdmoto apyeio mpv otyovpevtel 0Tt Oev Ba xpetaotei va To oteilet

Eavd.
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ITepapatikn arwotiunon

5.1 Avapevopevn anodoon

Adyw g evioxvong eyypagng, To RocksDB dev pnopei va a&lomotr|oet OAn tnv tax0-
TNTA EYYPAPWY TIOL TapéxeL 0 SlOKOG. ZUYKEKPLUEVA, VTIAPYEL (Lo HEYLOTN TaxDTNTA
EYYPAPWYV TIPAYHATIKOV deSOUEVWV TTOV UTTOPOVV va amofnkevTovy, IOV LOOVTAL UE
N péon taxvTnTa Twv akolovBiakwy (sequential) eyypagwv tov diokov ', Tpog v
evioxvon eyypagng.

Ag vroBéoovpe yia mapddetypa 0Tt éxovpe diokovg pe duvatdtnTa eyypagng 400
MB/sec kot pua Baon Sedopévwv peyébovg 2.5 TB. Avtd oe €vav kopPo amattel 6
emineda, kat 1 evioxvon eyypaeng eivau mepimov 32 (BA. mapdypago 2.1.3). Ze av-
THV TNV TEPIMTWON, 1 HEYLOTN TAXVTNTA EYYPAPNG TipaypaTikwy dedopévawv eival
400/32 = 12.5 MB/sec. Av ot koot avénboiv oe 1000, o kabBévag Oa Satnpei Ta
2.5 GB g Paong, katt mov amautei povo 3 emimeda. Apa n evioxvon eyypaeng da
elvat 11, kau ) ovvolwkn taxvtnTa eyypagwy 1000 * (400/11) ~ 36.36 GB/sec.

Ta mapandvw tpoimoBétovv 6Tt 0 k&Be KOUPOG datnpei povo €va shard, dpa xpnot-
porotei €va column family. Me nepioodtepa shards otov kabe kopfo, To kabe column
family Ba katalapPave Aiyotepo xwpo, fe amotéAeopa n) evioxvomn eyypagng va eivat

XaUNAOTEPN Kat N TaxvTnTa avEnuévn.

To RocksDB mpaypatomotel pdvo akolovBlakés eyypagés apov ypaget apyeia kat dev ta enelep-
yaletau Eava, kat ot axohovBiakég eyypagég eival eV YEVEL APKETA TILO YPIIYOPEG ATIO TIG TUXAEG.
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5.2 Benchmarks

[ TV eKTEAEOT) TV PETPTIOEWY XPTOLHOTIOOANE EIKOVIKEG HIXAVEG TIOV TIG TTapEiXE

n vrnpeoia AWS ? (Amazon Web Services) g Amazon.

Apyxikd metpapatioTikape pe V0 UKPEG EIKOVIKEG UNXaVES, pe TaxvTnTa Stktvov 1
Gbps, dnhadr| 128 MB/sec. Ot eikovikég pnyavég Siébetav évav enegepyaotr, 1 GB
RAM, kat dioko 8 GB pe tayvtnta eyypagwv nepimov 65 MB/sec. Emopévwg oe kabe
nepinTwon (akopa kat av v vinpxe kabolov evioxvon eyypaeng), onpeio cLPPOPN-

ong anotehovoe o 8ioKog.

H pia ewcovikn pnxavn avélaBe 1o poAo tov Stakopotn, dnhadn pag cvotoryiag Tov

evog koppov, kat ) devtepn To poro Tov melarn, kabwg kat Tov eted.

XpnotpomoBnkav kAewdid Twv 16 byte kot Tipég Twv 4096 bytes (4 KB). Ta kAedia
1Tav CUYKeKPLEVQ, Kat Tooa oto AN0o¢ wote To péyeBog g fdong va unv Eemepvdet
Ta 2 GB. Avto fitav anapaitnto kabwg o Stabéoipog xwpog frav mepimov 5 GB kat n
evioxvomn xwpov peyalvTepn amo 2, kabwg yla tétola pey£On xpnotpomotovvtat Hovo

dvo enineda 010 LSM-8¢vtpo ta omoia katalappdvovy mepimov Tov idto xwpo.

O xoupog eixe 5 shards, dpa 5 column families, pia oxetikd YaunAn T mov emiAé-
XOnke AOyw NG mepLopLopEVNG uvnung Twv unxavnuatwy. To kabe éva katahapPave 2
GB /5 =410 MB, xat 1 evioxvon eyypaeng petpnonke kovtd oto 3.5. H pétpnon avtn
TpaypatoToLeiTal avtopata oTov kdbe kOpPo xpnoonolwvtag To EventListener
API tov RocksDB °. Zvykekpipéva, o koupog Statnpei dvo petpntég: to mAnbog twv
byte mov {ntNOnke va ypagtovyv, kat To mARBog Twv bytes mov ypagtnkav. Kabe popd
mov petagépetal éva MemTable oto dioko 1 ohokAnpwvetal pia CLUTVKVWOT), KAAEi-
TAL 1 AVTIOTOLYT) CLVAPTNOT] TIOV AVAVEWDVEL AVTOVG TOVG HETPNTEG KAl LTTOAOYICeL Kot

TUTWVEL TO AOYO TOVG, SNAadH TNV evioxvon eyypagr.

TNa kaBe aitnpa emAéyape Evav Toxaio aptOpd ano Tovg Stabéotpovg, Tov omoio kwdt-
Komotovoape o€ pa ovppolooetpd pe ASCII xapaktrpes, kat To katdAAnio mAn0og

undevikav yla mpdBepa. Iia mapaderypo "000000000491827".

Ot Tpég emAéyovtav Tuxaia amo évav mivaka xapaktnpwyv peyédovg 1 MB. (char

blob_[1024 * 1024]). Anladn pe N to péyeBog tng kdbe TIUngG, n yevvhiTpLa TIHLWOV

*https://aws.amazon.com/
*https://github.com/facebook/rocksdb/wiki/EventListener


https://aws.amazon.com/
https://github.com/facebook/rocksdb/wiki/EventListener

5.2. Benchmarks 75

eméleye £va Tuyaio Seiktn 070 e0pog [0, 1024% — N ) xau eméotpege N bytes EgkivarvTag
ano avtov To SeikTn.

std::string NextValue() {
// Random index for blob_ small enough to not overflow
int start = rand() % (kBlobSize — value_size_ );

return std::string(&lob_[start], value_size );

Listing 5.1: Avdxtrnon tvoyaiag Tiung

Extedéoape 4 Stapopetika benchmarks: eyypagéc, avayvwoeig, Tavtdoxpoveg eyypa-

QEG KAL VALY VWOELG KAl EYYPAPES [LE TT) XPTOT) TOL write batch.

« Apywka n Baon yépioe pe T xprion write batch. Avtd xpeidotnke mepimov 70
sec, apa 1 Taxvtnra nrav 2 GB / 70 sec ~ 30 MB/sec. Avto fjtav avapevopevo,
kaBwg Ta apyeia dev eixav emkalvymn, kat de xpetaoTnke va mpaypatomotndel
Kapia ovpmvkvworn. H evioxvon eyypaeng nrav 2 (1 yia to WAL kat éva yia to

SSTable), kat Tapatnpricape Tr Hon TaOTNTA Ao THV TPAYHATIKH Tov Siokov.*

o 2Tn OUVEXELQ, HE YEUATT T BAOT), O TEAATNG TTPAYUATOTIOLOVOE TUXALEG EYYPa-
PEG 1] AVAYVWOELG, TN pio HeTd TNV AAAN yia Atya Aemtd. Apxikd pe 1 vipa Kat
ETMELTA [LE TIEPLOTOTEPA WOTE VAL PAVEL T CUUTIEPLPOPA [E TIEPLOCOTEPOVG TIENA-
TeG. Me éva vipa, katd@epve va mpaypatomnotel mepimov 2000 eyypagég ava
devtepodento (8 MB/sec) evw pe meploodTepa vijpata éptace otig 5200 (20

MB/sec), katt Tov fTav avapevopevo dedopévng Tng evioxvong eyypaens.

o ZTIG AVAYVWOELG OL TIHEG TAV AVTIOTOLXEG, EekivavTag and Ta 5 MB/sec e éva

vipa kat gtdvovtag péxpt ta 26 MB/sec.

o 'Eneita xdmota vripata ektedoboav eyypagés Kat KATOL avayvVwoeL; TavTo-

xpova, 6mov mapatnpndnke anodoon and 3 éwg 9 MB/sec o kabéva.

o« Téhog agrioape va oAokAnpwBovv oL GUUTVKVWOELS, Kal eKTEAECAE TUXALES
eYYPa@EG yia 1 devtepoAento, woTe va unv mpoAdfouvv va xpetaotovv aAleg
OVUTIVKVWOELG, OTIOV OTIWG AVAPEVOTAY, TIpayHaToTodnkav fe Tnv TaxvtnTa

Tov diokov (65 MB/sec).

“Tia va yepiioet i Baon pe /on taévopnuéva dedopéva ypnyopotepa, To RocksDB vrootnpilet
v mpoowptviy anevepyonoinon tov WAL, wate 1 evioyvon eyypagrg va gival 1 kat va aftomotodvton
O\eg ot SuvatotnTeg TOL Siokov.
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2t ovvéxela Sokipdoape Kat pe Evay de0TEPO KOUBO TNV ELKOVIKT HNXOVE TOV TTe-
Adatn. Avto kavovika 8e Oa £8tve axpiPeig petpnoelg kabwg xavetat n kabvotépnon
Tov dikTOOoV, AN dedopévov OTL onpeio oLUPOPNONG TAV O SICKOG, 1| CLUTEPLPOPA
dev emnpedotnke Wiaitepa. To uéyebog tng Paong Sumhaotdotnke, wote va Statnpel
o kaBe kopPog 2 GB, kat mapatnproape Ty anodoon ot OAa Ta benchmarks, va Ot-

mAaotdleTat.
2T ovvéxela TpaypatonomOnkay HeTprioelg He KaADTEpA UnxavipaTa Kot Heyav-
Tepa UeyEdn ovotoiyiag. XpnowomomOnkav dbo €idn elkovikwy pnxavoy, éva yia

TOVG KOPBOVG Kat £Va yia TOUG TIEAATEG e Ta €€NG XAPAKTNPLOTIKA.

CPUs RAM Ebpog {wvng Aioxot

Awxopiotés 4 (2.5GHz) 15GB 1 Gbps 2 x 40 GB SSDs
[TeAditeg 8 16 GB 10 Gbps

Iivakag 5.1: XapaktnpioTikd eLkoVIKWOY Unyevay

Ot dloKol TWV EIKOVIKWYV HNXAVWV TV KOUPWY, eixav péon TaxdTnTa EYYypa@wy mepi-
mov 200 MB/sec kat pvBpiotnkav og RAID 0, emopévwg ovpmepipépovTay oav €vag
diokog xwpntikotnTag 80 GB kat ovvolikng taxvtnTag eyypagwv 400 MB/sec. H
Héon kabvotépnor Toug oe eyypapég twv 4 KB, petpnOnke pe tn xpron tov epyaleiov

ioping® ota 275 psec, evw n péon kabvotépnon tov SikTvoL peTpriBnke ota 460 psec.

Enedn xpetaotnke va mapBoldv mToANEG LeTPROELG Kal dev LTIPXE APKETOG XPOVOG yla
va yepiCet o Siokog mpy and kabe pa, apkeotnkape oe 20 GB ava koppo. O kdbe
KOppog eixe 20 shards, dSnhadrn 20 column families, dpa 1 GB ava column family. H
emhoyn avtr £ywve emeldn ) Stabéapn VITOAOYIOTIKT LOXVG HTAV TOAD UEYAAN Kal TO

ovotnua prnopovoe va avteneéNOet. Emopévwg 1o LSM-8évtpo eixe tnv akohovdn

HopQn.

Eninedo Méyebog Apyeia

0 256 MB 4
1 128 MB 2
2 1 GB 10

*https://github.com/koct9i/ioping
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Ta v evioyvon eyypagng £xovue:

1 yia to WAL.

1 yia 0 eminedo 0.

[a T ovpmvkvwon Twv emmédwv 0 kat 1 oto eninedo 1, avapévovpe 4 + 2 ap-

Xela va mapayovv mepinov 5, dpa n evioxvon eivat kATt Tapanavw amo 1.

Amoé ta 5 apyeia Tov emmédov 1, kamota Ba petaovv oto eminedo 2. To kabéva
Oa éxel emucdAvyn pe 2 apyeia kat n ovumvkvwon Ba mapdyet 2 véa. Apa 1 evi-

oxvon Ba eivat oo 2.

Zuvolikd 1 evioxvon @aivetat va eivat kovtd oto 5. Opwg emeldn) KAMTOLEG TIUEG ava-
VEOVOVTAV TIPLY TIPOAEBOLY va ypagTovy &avd, kat AOyw TnG CLUTIEONG, HETPT|OANE
evioyvon eyypagng nepinov 4. Emopévwg n péylotn taxdtnta o€ GUVEXOUEVEG EYYPOQL-
@& v mepimov 400 / 4 = 100 MB/sec, kat o diokog dev anotedovoe peyalvtepo

OnUEL0 CLUPOPNONG ATIO OTL TO SiKTVO.

O mehdTng OMWG KAl TTPONYOVHEVWG, NTAV £VAG, KAL XPTOLUOTIOLOV0E UETAPANTO TIAT-
Bog vnuatwy, To kabéva and Ta omoia ekTeEAOVOE SLASOYIKA AULTHHATA YL VAL CLYKE-
Kpévo xpoviko didotnua. To péyeBog Tng cvototiag fray emiong uetaPfAnTo kat Kv-
Hatvotav amo 1 éwg 16 kopPovg. XpnotpomotrOnkav khetdid Twv 16 byte, kat 3 Stagpo-

peTIKA peyéOn Tipwv — 128 bytes, 4 KB kat 256 KB.

5.2.1 KaBvotépnon

H kaBvotépnon tov kdBe Eexwptotov autrpatog avnke va eivat aveaptntn Tov pe-
y€0ovg g ovoToryiag. Iapabétovpe evdektikd v kabvotépnon mov petpnOnke
oTIG Tuxaieg eyypagéc. Me Tov 0po “P,” evvoolpe 0Tt To n% TV ATNHATOV glxav

WKpOTEPT KaBvoTépnon and Tnv avaypa@opevn. °

Shttps://en.wikipedia.org/wiki/Percentile


https://en.wikipedia.org/wiki/Percentile
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440
500
550
600
750
3000
25000
100000
200000
530

Mivakag 5.2: KaBvoteproes 011§ Tipés Twv 128 bytes (ysec)

P999

P9999

P99999

max

mean

480
550
610
670
850
3700
40000
140000
200000
580

Iivakag 5.3: KaBvoteproeis otig Tipés twv 4 KB (psec)
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min 1500
Pso 2000
Pyy 2200
Pys 3000
Py 6750
Pygg 23000
Pyggg 250000
max 300000
mean 2200

Iivakag 5.4: KaBvoteprioeis o1ig Tipég Twv 256 KB (usec)

[Tapatnpovpe 6Tt N oLVRONG kKaBvoTEPON HTAV TTOAD XapnAn — XxapnAotepn and to
dBpolopa Twv kabvoTteprioewv TOV SIKTVOL Kat TOV TOV SiOKOV, TOLAAXIOTOV yLa -
KpéG TpéG. YmevOupiCovpe 6Tt To RocksDB dev €xet puBuiotel va ovyxpoviletar pe
10 dioko oe kdOe véa eyypa@r}, aAAd HOVO VA HETAPEPEL TO AUTNHA OTO AEITOVPYIKO
ovotnua. H péyiotn kabvotépnon opw, givat peyohvtepn katd 2 pe 3 taelg peyé-
Bovg. O Adyog eivat 6Tt To RocksDB ypnotpomolei oplopéva kAeldwpata, mov av Kot
TIEPLOPLOUEVA, OPLOPEVESG POPEG KaBvaTepel va Ta mapel, pe anotéeopa va advvartei

va e§UTNPETNHOEL £yKatpa TO aiTna.

‘Evag dAlogAoyog Ba umopovoe va eivat 6Tt gtavovv SSTables oo eninedo 0, pe TéTolo
pLOUO oL N TayvTNTA TOL diokov dev emapkei yla va TpoAdpovv va petapovv oe enod-
peva enineda. To RocksDB avtipetwmiler avtég Tig KataoTaoelg pe tov e€1g Tpomo: Ag
vnoBéoovpe OTL €xel pLOLOTEL Vo EeKIvAeL TIG CUUTVKVWOELG OTav HalevTolV 4 apxeia
oto eninedo 0, kat 6TL VEApPXOLY dVO akodun KatwPAla oTa 8 kat 12 apxeia avriotolya.
Av ta apyeio pTraoovv ta 8, apxiet va pmaivel €va 0plo GTo TOCO YpIyopa YivovTtal ot
eloaywyés, dnAadn mpooTtiBetan pua texvth kabvotépnon. Av map’ OAa avtd e§ako-
AovBnoovv va avéavovtat ta apyeia, ota 12 oTapatave TEAEiwS OL EYYPAPES Kat apyi-
Covv Eava 6tav Atyootéyouv. Ze avtrv Ty nepintwon n kabvotépnon Ba frav akoun
mo avgnuévn, Opwg éxovpe pvBuioet Ty texvnTh kabvotépnon katdAnia, wote va

unv EemepviETat moTe To HEYANO KATW@PAL.
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5.2.2 I0PS

2115 akolovBeg ypagikég mTapaoctdoelg PAémovpe 0Tov aplotepd afova Twv Y To T
00¢ Twv ATty oV oAokAnpwvovTtal avd devtepolenTo, kat otov Segld v Ta-
xvtnTa oe MB/sec oty omoia avTioTotXoOV avTd Ta aUTHHATA, EVOD 1) KAOE KapmvAn

avTioTolxel 010 ekdotote MAN00G VHATWV TOV TTEALTN.

Eyypagés
Random writes performance - 128 bytes per value
250000
—— B8 clients
32 cl!ents |30
—— 64 clients
2000009 —— 128 clients
—— 256 clients - 25
]
]
@
150000 - o]
20 =
o !
o —
o) a
-15 &
100000 - a
=
|_
- 10
50000 +
5

T
2 4 6 8 10 12 14 16
Number of nodes

Edv 6ev vinpxe kaborov kabBvotépnon and to RocksDB, pe kabvotépnon 460 psec
oto SikTvOo, £vag MeENdtng Ba unopoboe va extelel 1 - 10°/460 ~ 2174 Sadoyikd
arTnpata avd SevTepPONENTO. ZTNV TEPIMTWOT TOV EVOG VIUATOG TTOV EKTEAEL AUTAHATA

Twv 128 bytes, petproape 2030 ops/sec mov dev améxel TOAD and To L6avIKO.

AvtioTtolya pe 256 mehdteg, To pEyLoTo eival mepimov 256 - 2174 ~ 550000 arthpata
ava devtepOAento kat mapatnproape 240000, pic apKETA IKAVOTIONTIKT Tur dedoué-

VOV OTL KATola autripata gixav av&nuévn kabvotépnon (tng Tadng twv 0.2 devtepoé-

TV ONWG eidaple TapaATAVW).
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Random writes performance - 4K bytes per value

—— B clients - 500
120000 - 32 clients
—— 64 clients
—— 128 clients
100000 - 400
o
[1F]
Ly
80000 - °
n - 300 £
5 o+
o) a
60000 - =)
3
- 200 £
}_
40000 -
- 100
20000 -
y A
T T T

2 4 6 8 10 12 14 16
Number of nodes

v mepintwon twv 4 KB, n cuunepipopa eivar ) ida. Adyw tng avgnuévng kiviong
o070 dikTvo, avand@evkTa 1 KaBvoTéPnon avéPnke, e amOTEAETHA Ta AUTHHATA OV
devTepONETTO VA TEGOVY TIEPITTOV OTO HLTO, AAAA 1] KAILAKWOT| TTAPEUELVE YPAUHLKT] LE

TN ovvolikn TaxbTnTa va gtavet ta 500 MB/sec ot ovototia twv 16 kOpPwv.
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Random writes performance - 256K bytes per value

32 clients
5000 4 —— 64 clients
—— 128 clients - 1200
4000 - 1000 §
@
=
L
800 +
S 3000 - =
=
(=]
=
-600 2
=
2000 - =
- 400
1000 -
200

2 4 6 8 10 12 14 16
Number of nodes

Télog otnv mepintwon pe Ti§ Tipég Twv 256 KB, paivetat 6Tt onpeio ouugopnong nrav
10 £0pog Lwvng tov Siktvov. Ankadn and 1 €wg 10 kOpPovg eixape TaxdTNTA oM e
T0 €0pog {wvng Twv kOUPwv emi To MARBOG TOVG, Kal amd eKel KAl EMELTA APXLOE Va
amoTENEL OMUELO OLUPOPNONG TO €VPOG {WVNG TOV TTENATT), TO OT0i0 NTav SekamAdoto

(10 évavti 1 Gbps).

To onuavtiko eivat 0Tt og kABe MepinTwon, N anddoon avfdvetat YpapKd (e Ty

avénon tov peyéBovg Tng ovaTolyiag.

Avayvwoelg

AxolovBolv ot ypagikég mapaotdoelg yia ta benchmarks tov Toxaiwv avayvooewv.
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Random reads performance - 128 bytes per value

120000 4 —— 8 clients 6
—— 32 clients i
—— 64 clients 14
100000 1 —— 128 clients i
—— 256 clients
12 =
80000 - 2
o
I 1.0 E
W =
S 60000 - s 2
=
(=]
=
L5 2
40000 - E
-4
20000
-2
0 -0
T T T T T T T T
2 4 6 8 10 12 14 16
Number of nodes
Random reads performance - 4K bytes per value
800004 —— 8 che;nts
—— 32 clients - 300
—— 64 clients
— 128 clients
250
60000 _
(%]
@
- 200 &
£
L =
=
O 40000 150 &
=
[=a}
=
=
- 100 =
20000 A
- 50
0 -0

2 4 6 8 10 12 14 16
Number of nodes
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Random reads performance - 256K bytes per value

6000
— B chgnts L 1400
32 clients
5000 4 —— 64 clients
—— 128 clients 1200
4000 - - 1000 'g
Ll
g
" -800 =
& 3000 =
] o
=
-600 D
=
2000 =
}_
- 400
1000 -
200
04 -0

2 4 6 8 10 12 14 16
Number of nodes

[Tapatnpovpe OTL 0TI AVAYVIDOELG I CUUTIEPLPOPE TG CLOTOLIAG eivatl akpBwg 1 idta
HE QUTH TWV EYYPAPWY, ATAA OTIWG HTAV AVAHEVOUEVO 1) amodoon eival KATWG xapn-

AoTepn.

TavtoXpoves EYYpAPES KAL AVAYVWOELG

AxolovBoDV oL YpaPLKéG TAPACTATELG VLA TIG TAVTOXPOVEG EYYPAPEG KAL AVAYVWOELG.

Yg ONEG TIG HETPOELG, 0 ApLOUOG TWV VIHATWY TTOV TPAYHATOTIOLOVOAY EYYPAPES TAV
0 {8106 He avTWV MOV TTpayHaTOoTTOLOVOAY Avayvwoels. Av kat Oa eixe evilagpépov va
PAEmape TN oVHTEPLPOPA HE SLAPOPETIKO AOYO VIIUATWY, KATL TETOLO OEV NTAV EPIKTO

Aoyw EXAenyng xpovou.
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Random reads while writing performance - 128 bytes per value
. - 10
70000 4 —— 8 clients
—— 32 clients
60000 —— 64 clients
—— 128 clients -8
—— 256 clients
50000 - 9
)
L [aa]
40000 ’ =
& 5
S s
30000 - L4 g
=
[
20000
-2
10000 -
T T T T T T T T
2 4 6 8 10 12 14 16
Number of nodes
Random writes while reading performance - 128 bytes per value
. - 10
Joooo 4+ — 8 clients
—— 32 clients
—— 64 clients
600001 __ 178 clients -8
—— 256 clients
50000 - 9
a0
L [aa]
° =
v 40000 =
o =%
=
g
30000 L4 3
£
[
20000 -
-2
10000

2 4 6 8 10 12 14 16
Number of nodes
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Random reads while writing performance - 4K bytes per value
—— 8 clients L 200
200001 32 clients
—— 64 clients L 175
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Random reads while writing performance - 256K bytes per value
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Random writes while reading performance - 256K bytes per value
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[Mapatnpodue 6Tt TOGO OL eYYPAPEG OCO KAl Ol AVAYVWOELG TTpayHatomotOnkav pe
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v idla mepimov TayvTnTa. ZTNV Mepintwon Twv 128 bytes kou 4 KB, n taxdtnTa frav
XAHNAOTEPT ATIO AUTH TV PEHOVWUEVWY EYYPAPDY 1] AVAYVOOEWY, EVW OTNV TEP-
ntwon twv 256 KB, kat ot §00 katdgepav va aflomooovy 6To HéyLoTo TNy TayvTnTa

Tov SikTOOoVL.

Eyypagég pue tn xprion write batch

Téhog BAémovpe ta benchmarks twv palikdv eyypagav.

Random batch writes performance - 128 bytes per value

160
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L]
(5]
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=
| 100 =
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£
] 2
600000 g0 2
=
- =
—— 8 clients
32 clients |60
400000 1 — 64 clients
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—— 256 clients [ 40

2 4 6 8 10 12 14 16
Number of nodes

v mepintwon Twv Lallkwv eyypagav Twv 128 bytes, @aivetal 0Tt onueio oVpHPo-
pnong anotelei o meEAATNG, 0 onoiog advvatel va mapdyet meploodTepes and 1100000
nepimov TIpEG To Sevteporento. H tiur avtr emtvyxdvetat 0tovg 8 koppovg, kat anod

ekel kat émerta n anddoon mapapével otabepn.
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Random batch writes performance - 4K bytes per value
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Random batch writes performance - 256K bytes per value
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211G VTTOAOLTIEG TIEPIMTWOELG, OTEI0 OLUPOPNONG aTtoTeNEL TO SIKTVO Kat OL EYYPAPES
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Eemepvdve to 1 GB/sec, 1600 0TI TipéG Twv 4 KB 600 kat og avtég Twv 256 KB.



Yvunepacpata - HEAAOVTIKEG

EMEKTACELG

Zta mAaiota NG SIMAWHATIKAG AVTAG epYaciag, VAOTooape £va KATAVEUNUEVO OV-
otnpa anodnkevong kKAelSLoV-TIUNG, TOL TAPoVOLdlet TOAD KaAr anddoon ypaputkd
KAlpakwotun pe v avdnon twv koppwv. H anddoon efaptatat and ta xapaktnpt-
OTIKd TwV KOUPwV, Tov StkTOOV KABWG Kal Tov Xwpov ov KatakapPdavet n faon, kat

elval CVYKEKPLHEVT) Kol EDKOAA VTTOAOYIOLUN €K TWV TPOTEPWY.

Extedwvtag didpopa metpdpata, mapatnproape 0Tt n kabvotépnon ota neplocdtepa
autrpata nTav e§atpeTikd XapunAn, Kat Katapépage va TPAyHATOTO|COV(E TUXAIES
eyypagég pe taxvnta 1.4 GB ava devtepolento (600 dnAadr| emétpene 1o dikTvO),

XPNOLUOTIOLWVTAG [t cuoTotia HOALG 10 kouPwv.

[Tap’ 6Aa avtd, To crocks dev pmopei va OewpnBei ohokAnpwpévo, kat éxet apkeTd mept-
Owpta BeAtiwong. Avagépovpe eVOEIKTIKA KATIOLEG ATIO TIG ONHAVTIKOTEPEG PEATIWOELS

TIOV UToPOVV va paypatonotnfovv oto pEANov:

Ynepenapkeia (redundancy) kat avtoparn petantwon (failover)

Ztnv tpéxovoa vhomoinomn, n anotvxia £vog kKOpPov evw dev odnyel oe anwleta de-
Sopévwy, kaBloTd To CVOTNHA [N ATTOKPIOLHO HEXPL O SLAXELPLOTHG VAL EMAVAPEPEL TOV
koppo. INa va Eemepaotel avtd to mpdPAnpa Ba mpénet va vhomonBei Evag unxaviopog
avtiypagrg (replication), £tot wote To k&Oe shard va Ppioketat avd mdoa oTryun oe

TEPLOGOTEPOVG ATO £vay KOUPOVG, Kal O€ TEPIMTWON amoTvyiag, ot TeAdTES va Tapa-

91
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TEUTOVTAL AVTOUATA 08 KATIOLOV AANO.

ITpoPAeyn yra mepautépw KAPAK@OUOTTA

H e@appoyn pag avtn tn ottypn £xet To mpoPAnua 6Tt To mTAR00g Twv KOpPwv piag
ovoTotyiag, dev pmopel va Eemepdoet To TANB0G Twv apXikd emideypévwy shards. Avto
elvat pa oxedlaoTikn anogaon mov éxel tapbel pe otdX0 TNV PEATIOTN anddoom Tov

OVLOTHHATOG.

[Tap” OAa avtd, avtr n advvapia Oa propovoe va EemepaoTei, [e AVAKATAVOT| TWV
KAewdtwv oe véa, meplocotepa shards. Avtd Ba anartoboe TNV petagopd OAwv oxedov
TV KAEWOLWV 08 VEOVG KOPPOVG, Kal EVOEXOUEVWG T artOSO0T KATA TN HETAVAOTEVOT
vafTav tdo0 XapunAn mov va uny eixe vonua va mpaypatomnoteitat (wvtava. Mia tétota
SdvvatdtnTa opws, eivan eivat avaykaia, kabwg ovyva eivar advvato va mpoPrepBovv
Ol LEANOVTIKEG AVAYKEG LLAG EPAPHOYNG, Kot dev TTpETEL Vo vTIdp)XeL SETHEVOT ATIO TIG

APXIKEG EMAOYEG.

YMomoinon aAlwv Aertovpytwv Tov RocksDB

To RocksDB omwg éxovpe avapépel, mepidapfavel peydAo mAn0og AettovpyLwy, mol-
Aég and Tig omoieg Ba fTav xproipo va vAomonBovv kat and Tn SIKN HAG EPApHOYT.
Towg n xpnowotepn, anod avTég va eival n vhomoinomn Twv ovvalAaywy (transactions),
kaBws Ba popéaovv va eEaopalioovy Ty opOn Aettovpyia twv write batches, Siatn-

pwvtag TapaAAnia tnv emidoor Tovg.

Ot ovvallayég oto RocksDB ' vrootnpilovy 10 mpwtokoAlo déopevong 6vo @d-
oewv [15] (Two-phase commit — 2PC) K&TL TOV pag eMTPEMEL VA TIG VAOTIOOOVE

Kat 0To Stko pag katavepnpévo ovotnua. H §¢opevon dvo pdoewv Aettovpyel wg e&ng:

Kabe avayvwon i eyypaer mov mpaypatonoleitat 0ta mAaiola Tng cuvaAlayng, maip-
vel éva kAeidwpa oto avtiototyo kKAeldi. ATo ekeivn T oTiypr, péxpt va ohokAnpwOei
n Stadikacia Tng déopevong, dev emrpémetal va mpaypatononOei AAAN eyypagn mavw
oe avto 1o kAewdi. Erot e§aoalietal to eminedo anmopdvwong enavalapufavopevoy

avayvwoewv (repeatable reads).

'https://github.com/facebook/rocksdb/wiki/Transactions


https://github.com/facebook/rocksdb/wiki/Transactions
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Emniong vrapyet  Suvatotnta va e§ao@alioTel amopuovwaon oTyoTunov, 6mov On-
LOVPYEITAL EVa OTLYILOTLTIO TNG PAONG KaTa TNV évapén TnG cuvaAlayng kat og kabe
avayvwon 1 eyypaen eréyxetal 0Tt dev éxet Tpomomotnfel To avtiototxo kAetdi anod

™ oTLypn Tne Snpovpyiag.

[Tpwv tn déopevon tng ovvallayng, mpaypatonoteitat n Stadikacio Tng mpoetolpaciag
(prepare), 6mov tonofetovvtat 0o WAL 0Aeg ot eyypagég TnG ovvailayng, alla oxt
kat oto MemTable, pe amotéAeopa va unv eivat akopa 0patég amd Evay TpiTo mov xel

npooPaocn otn Paon.

Otav n mpoetoipacia oAokAnpwdei emrvywg, vITdpxet n eMAOYN €iTE VA TPAYUATOTIOL-
nOei n 8¢opevon, 6mov ot eyypagég mepvave oto MemTable, eite va yivel emavagpopd
(rollback) 6mov n ovvallayr akvpavetat. Kat otig dvo mepimtioeig ta kheldwpata

anodeopebovtal kat TpooTiBetal ) avriotoxn eyypaen oto WAL.

Edv ovppel kamota amotvyia petd To 0TASI0 TG TMpogTolpaciag, n déopevon pmopel

va Tpaypatonoln el Kavovikd HETA TNV EMAVAPOPA TOV GUOTHHATOG,.

Enopévwg Ba vhonoloboape Tig cuvailayég oto Siko pag ovotnua wg e&ng: O meAdtng
Eektvael pa ouvallayn kat apxiet va otéAvel eyypagég atouvg kKopPpovs. Eav amotvyet
Kdmola eyypagn oe évav omotovdnmote kopBo (m.x. emetdn kamota AAAn cvvalayr
éxel mapel kAeidwpa 0To avtioTor o kAeldi), o kKOUPOG akvpwvel TN ovvaAAayn, emL-
OTPEPEL TO aVTIOTOLXO status, Kat 0 TeEAATNG {NTdet TV akOPWOT Kal amd TOuG VITOAOL-
Tovg KOpPovG. Edv metvxovv OAeg ot eyypagég, o mehatng {nraet va yivet n Stadkacia
NG TPoETOLHAoiag. Av OAoL oL KOpBOL AVAKOLVWOOLV OTL 1 TIPOoETOLHATia OAOKANPpW-
Onke emtuxwe, o meharng (nraet va mpaypatonowmndei n déopevon, evw av amoTvxel
€0Tw Kat pia (1.x. emetdr) n Tiun kAmolov kA£G £xet tpomomon el and Tn oTypn TG

Snovpyiag Tov oTypoOTUTIOL), (Tdet TNV EMAvVAPopd.
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