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Abstract

We present the first design and implementation of a Distributed Eventually Durable
transactional system. Durability latency often dominates transaction commit time in dis-
tributed databases, limiting performance for latency-sensitive applications. The Eventual
Durability (ED) model (VLDB’24) addresses this by decoupling durability from commit, al-
lowing transactions to commit quickly and persist in the background. So far, the ED model
has been applied only to centralized databases. Extending ED to distributed, multi-shard
settings introduces new challenges, as each shard persists changes independently poten-
tially making partial changes of a transaction durable while other changes may be lost due
to failures.

This work addresses these challenges effectively by first defining a new correctness
criterion, ED Snapshot Isolation (ED-SI), which ensures that transactions only observe
the effects of non-failed committed transactions. To enforce ED-SI, we develop a distributed
commit protocol that builds on Percolator and adds validation to prevent reads from failed
transactions. Our prototype of this system, called ED Percolator, deployed on AWS,
supports both fast (speculative) and safe (durable) transactions to allow applications a
latency vs. durability trade off while preserving formal correctness. Experiments show
that ED fast transactions offer up to 7.6x speed-up over classical Percolator transactions,
while ED safe transactions incur similar latency but abort significantly fewer transactions.
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Chapter 1

Introduction

Previous work [18] showed how a centralized transactional system could be modified to
support the Eventual Durability (ED) model. However, database sharding — a necessary
feature of scalable data systems — results in a distributed setting with transactions spanning
one or more shards. In this paper, we explore what it means to support the ED model in
distributed databases and propose mechanisms to implement distributed ED transactions.

The distributed, multi-shard setting poses unique challenges for the ED model, partic-
ularly in handling partial failures. A failure of one shard may result in the loss of part,
but not all, of a committed, visible, but not-yet-durable multi-shard transaction. However,
under the ED model, committed but failed transactions must disappear atomically. Hence,
we need a way to coordinate and propagate failure information across shards for a correct
implementation of distributed ED transactions.

1.1 Contributions

In this paper, we explore how to extend the ED model to distributed settings by first
defining a consistency criterion for distributed transactions under the ED model, and then
proposing a distributed commit protocol that satisfies that criterion. Specifically, the paper
makes the following contributions.



1. Correctness definition

We define ED Snapshot Isolation (or ED-SI), which adapts the classical SI definition
for the ED model. Intuitively, ED-SI guarantees that each transaction will see a database
snapshot consisting of the effects of committed transactions that have not failed as of the
transaction’s start time (chapter 2 and chapter 8).

2. Distributed transaction protocol

Because the ED model allows committed transactions to subsequently fail, other trans-
actions must somehow be prevented from reading values that were written by such failed
transactions. We propose a distributed transaction protocol that achieves this. Under
our protocol, remnants of failed committed transactions may remain in the database, but
other transactions that inadvertently see them are prevented from committing by means
of a commit-time validation step (chapter 7).

We base our work on the Percolator protocol [25] (chapter 5). Percolator implements a
client-driven transaction model over a database sharded across BigTable tablet servers. By
starting with an existing protocol designed for the classical transaction model, we aim to
avoid reinventing the wheel and instead focus on what needs to change to implement the
ED model. We expect that adapting other distributed transaction protocols to ED would
require similar modifications.

3. Implementation of a multi-shard ED prototype

We implemented a prototype of a distributed ED transaction system, referred to as ED
Percolator, deployed on AWS [2] (chapter 9). ED Percolator assumes a key-value database
sharded across a set of independent K-V stores that durably store shard data. Stores are
implemented using RocksDB [9] running over a persistent storage tier. The ED proto-
type offers applications two types of transactions: fast and safe. ED fast transactions are
acknowledged at the ED commit point, before they are durable, allowing the application
to progress quickly based on speculative durability. ED safe transactions are not acknowl-
edged until the transaction durability point has been reached. These allow application to
avoid speculation when necessary for critical operations, at the cost of higher latency.

4. Evaluation

Finally, we present an evaluation of ED Percolator and compare it with our implemen-
tation of classical (non-ED) Percolator (chapter 10). We show that ED Percolator is able
to offer an effective latency/durability tradeoff to durability-aware applications. ED safe
transactions offer latency similar to that of the baseline Percolator, while ED fast transac-
tions are much faster because durability latencies are avoided. The experiments also show



that ED Percolator can reduce server contention, because it can release locks and other
resources at the commit point, without waiting for durability.



Chapter 2

ED Model Overview

ED model is an alternative to the classical transaction model. Under ED, transactions may
either abort or commit, as in the classical model. They are isolated prior to commit, and
they become atomically visible at their commit point. Unlike classical transactions, ED
transactions are not guaranteed to be durable at their commit point. Normally, committed
ED transactions harden after commit, and eventually reach a durability point. Once
durable, committed transactions are guaranteed to survive subsequent failures and remain
visible. Alternatively, committed transactions may fail. A failed transaction atomically
ceases to be visible as of some failure point. Thus, a transaction that fails is visible for the
period between its commit point and its failure point, and is not visible after the failure
point. fig. 2.1 illustrates the lifecycle for ED transactions.

Transaction consistency guarantees determine what a transaction ”sees” when it reads
the database. The distributed ED transaction protocol we present in this paper enforces

committed durable

aborted or
failed

Figure 2.1: ED Transaction Lifecycle. Transactions in green states are visible to others,
those in red states are not.



ED snapshot isolation (ED-SI), which is analogous to classical snapshot isolation. We
need to define a modification of classical snapshot isolation for the ED model because ED
introduces the possibility that visible transactions may cease to be visible, in the event of
a failure.

Under classical snapshot isolation, transactions have a start point and a commit point,
which are totally ordered. SI requires that a transaction 7" reads from a database snapshot
that reflects all transactions that committed before T' started, as if by running them in
commit order. Classical SI also requires that concurrent committed transactions have
disjoint write sets.

While section 8.1 defines ED-SI more precisely, intuitively ED-SI relaxes the classical
definition by demanding that each transaction read from a snapshot defined by all trans-
actions that have committed and have not failed prior to the start of the reader. This
implies that if transaction T fails, all transactions that are read-dependent on 7" must also
fail because transactions running after 7’s failure must see a database snapshot without
T’s changes.



Chapter 3

Challenges with Distributed ED

Ensuring correctness as defined by ED-SI in distributed multi-shard settings raises several
challenges, as we discuss in this section.

Challenge 1: Transactions must fail atomically.

ED-SI states that a transaction 7' reads from a snapshot of the database reflecting
changes from committed but not failed transactions prior to T’s starting point. This
implies that if a committed transaction T fails to become durable, its changes must
disappear atomically as of T¢’s failure point. Achieving this in distributed settings is
challenging because of partial failures. As shown in Figure 3.1, a distributed committed
transaction T wrote keys a and « residing in shards 1 and 2 respectively. Shard 2 fails after
the commit point but before making the changes to x durable. A subsequent transaction
Tr reading a should not read the value written by T because half of its changes are lost.
But shard 1, likely hosted on a different machine, might be unaware of this failure.

A simple approach to propagate failures is to have the failing shard notify the other
shards of its failure after it recovers. This solution breaks ED-SI because if the transaction
T, starting after shard 2’s failure, reads a and successful commits before shard 2 propagates
failure, we would have exposed an incorrect snapshot of the database.

To safeguard against this, at commit time, Tk can communicate with all shards in the
system to learn of any failures, and if so, abort Tr. However, this solution is costly, and
also aborts transactions unnecessarily because failure of a shard ¢ unrelated to Tx will
cause its abort. Addressing these challenges requires an efficient way to propagate
failures and a protocol to fail transactions atomically.

Challenge 2: Dependent transactions of a failed transaction must also fail.
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Figure 3.1: An example depicting the challenges with ED

Returning to the example Figure 3.1 consisting of a committed but failed transaction
Te, any committed transactions that are read-dependent of T must also fail (atomically)
when T¢ fails. In some cases, there can be a chain of dependent committed transactions
To < Ty < T2---T; that must all fail upon T¢’s failure. Exposing changes from any such
dependent transaction after T fails breaks ED-SI guarantees.

A naive approach to ensure correct ED-SI behavior is to track transactional dependen-
cies, perhaps in a dependency graph, and associate each transaction with its dependency
graph. When a new transaction 7;,; commits, the system can traverse the dependency
graph to detect whether any of the previous transactions have failed. If so, it can abort
T;. 1. However, the dependency graph may be arbitrarily large, and traversing it may be
expensive. Additionally, the system would also need a carefully devised mechanism to trim
the dependency graph to avoid its perpetual growth.

Addressing this challenge requires a mechanism to compactly track transac-
tional durability dependencies.

Challenge 3: Detecting durable vs. failed transactions correctly.

So far, we have not discussed how to track whether a transaction eventually becomes
durable or fails. This is important because enforcing correctness relies on the ability to
identify a failed transactions and make its changes disappear. In addition, the system
needs a way to identify which committed transactions have become durable so that it can
offer durability-aware applications the ability to wait for durability when necessary, e.g.,
via safe transactions.

Let us say we mark a committed transaction as durable if and when all its writes become
persistent, and otherwise we mark it as failed. This approach works for transaction T in
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Figure 3.1 because a failure of shard 2 before persisting x renders T as failed. However, as
we have already noted, ED-SI requires that a transaction fail if any of its read dependencies
have failed. Thus, a transaction’s durability depends not only on the durability of its own
writes, but also on those it has read.

Addressing this problem requires an approach to track and classify committed
transactions as durable or failed. Note that classical transactional systems also need
to track durability, but only prior to commit since durability is guaranteed at commit time;
ED transactional systems need to track durability after commit.



Chapter 4

System Overview

Our goal in this work is to design a distributed key/value database system that implements
the eventually durable transaction model.

We will assume that the key/value data are sharded across a set of independent stores,
each of which provides a Get/Put/Delete interface to its shard. We use the terms ”store”
and ”shard” interchangeably in this work. To implement transactions, we interpose a
transaction manager between application clients and individual stores, as shown in Fig-
ure 4.1. The transaction manager (or TM) allows applications to execute transactions
involving multiple keys, which may be located in different shards. The transaction man-
ager has both client-side (TM/C) and server-side (TM/S) components, as illustrated in
Figure 4.1. The TM’s client side forwards operations to the appropriate shard, and acts
as the coordinator for transaction commits. The server side of the transaction manager
includes a set of procedures that interact with the local store, triggered by client requests.
It is also responsible for tracking and managing the durability of writes to its shard, as
will be described in section 4.3.

4.1 Durability

Each store is responsible for durably storing the keys in its shard. We are not concerned
here with the strength of the durability guarantee provided by the stores, or the specific
mechanism used by the store to achieve it. For example, stores might make updates durable
by writing them to a local non-volatile storage device, like a disk, or use a replicated
distributed log to provide a stronger durability guarantee. In a cloud setting, a store might
rely on an underlying cloud storage service to provide durability.



Shard 1 Shard 2 Shard N

Figure 4.1: System Architecture

To support the ED model, we assume that stores acknowledge write operations quickly,
without waiting for them to be made durable. The store then makes the writes durable
asynchronously, after they have been acknowledged. To help their clients (TM/S, in our
case) manage durability, stores expose a Sync operation, which blocks until all preceding
writes at that store have been made durable. The store, not the TM/S, determines the
order in which write operations become durable. The only assumption we make about
durability order is that if the TM/S issues two write operations, w; and ws, on the same
key, and wy follows w;, then wy does not become durable before w;.

We use this asynchronous durability model at the store for two reasons. First, we are
trying to implement eventually durable transactions over the stores, and ED transactions
become visible first and durable later. We want to take advantage of visible but not-yet-
durable writes to allow ED transactions to commit quickly. Second, database and storage
systems often work this way. For example, many file systems defer durability guarantees
on write operations until a file is closed or explicitly synced by the application. Similarly,
database storage managers that use logging for durability typically rely on explicit log flush
operations to guarantee the durability of logged updates.
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4.2 Failures

Stores may experience failures. The nature of the failure depends on the implementation
of the store, and we are not concerned here with how the failure happens. Rather, we
simply define a failure as an event at a store that causes the loss of one or more completed
(but not yet durable) write operations. For example, a server might crash and recover,
resulting in the loss of buffered write operations. Under this failure model, a completed
write operation at a store can be in one of three possible states:

in-doubt: In-doubt writes are visible but they are vulnerable to loss during a failure. All
completed writes start in this state.

durable: Durable writes have been hardened and made persistent by the store. They are
visible, and are never lost as a result of subsequent failures.

lost: Writes that have been lost as a result of a failure.

4.3 'Tracking and Managing Durability

The TM’s server side components (TM/S) are responsible for tracking and managing the
durability of writes to their stores. They do this using an epoch-based approach. That is,
at each shard the TM divides time into a sequence of disjoint periods, called epochs. Each
epoch is uniquely identified by a pair (g,e), where g is a generation number and e is an
epoch number. A shard’s generation number is incremented after each failure event at that
shard. Epoch numbers increase monotonically within each generation.

Each TM/S tracks the current epoch at its shard, and associates each new write with
the current epoch. It periodically terminates the current epoch, flushing all the pending
writes, and begins a new one, using the epoch rollover protocol shown in Figure 4.2. Each
TM/S uses its store to maintain a durable generation counter, whose value indicates the
current generation number at that store. It also persistently maintains a durability map,
which maps each generation g to the epoch number of the latest durable epoch for g. When
a store fails, the TM/S at that store recovers the persistent durability map. The TM/S
also increments its generation counter and resets the current epoch number to 1.

Using the generation counter and durability map at its shard, each TM/S can classify
every epoch into one of three durability classes. fig. 4.3 illustrates a series of epochs
spanning two generations. Epoch (g, e) is classified as durable if d[g] >= e, where d[g]

11



// current gen and epoch numbers
int CurGen, CurEpoch
AdvanceEpoch () {

beginCriticalSection()

prevEpoch = CurEpoch

CurEpoch += 1

endCriticalSection()

// wait for writes to complete

Await (prevEpoch)

Synec ()

// update the durability map

Put (DurMap, CurGen , prevEpoch)

Synec ()

Figure 4.2: Epoch Rollover Protocol

represents the current value in the durability map for generation g, for example, epoch
(5,2) in the figure. The epoch is classified as in-doubt if d[g] < e and g is the current
generation, such as epoch (6,2) in the figure. It is classified as lost if d[g] < e and g is
not the current generation, such as epoch (5,3) in fig. 4.3.

TM/S assigns each write to the current epoch and track the durability of writes at
epoch granularity. That is, we say that a write belonging to epoch (g, ) is deemed durable
if epoch (g, e) is durable. Similarly, writes are deemed in-doubt or deemed lost if they
belong to in-doubt or lost epochs. Because the store, and not the TM, controls when
and in what order writes actually become durable, the actual state of a write may differ
from its deemed state. For example, writes belonging to the current epoch at each store
are deemed in-doubt until the epoch is rolled over. However, some of those writes may
have been made durable by the store prior to rollover. Although a write’s deemed state
may not match its actual state, the epoch rollover protocol ensures that two important
relationships hold. We state them here without proof.

Lemma 4.1 All writes that are deemed durable are durable.

Lemma 4.2 All lost writes are deemed lost.

12
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Figure 4.3: Durable, In-Doubt, and Lost Epochs
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Chapter 5

Percolator Overview

Building a distributed ED transaction protocol needs two building blocks: (i) persistent
stores that support fast writes, which we discussed in chapter 4, and (ii) a classical transac-
tion protocol to be used as a starting point for our implementation, which we discuss in this
section. Our ED transaction protocol builds on top of Percolator’s distributed transaction
protocol [24].

Percolator uses a client-driven protocol to coordinate transaction execution. Each trans-
action is managed by a single client (e.g., TM/C in fig. 4.1), and that client buffers trans-
actional writes locally until commit time. At commit time, it orchestrates the commit
protocol by interacting with the underlying shards.

Percolator relies on a centralized timestamp service to generate two timestamps for each
transaction: a start timestamp (7%) and a commit timestamp (7). Percolator assumes a
multi-version key-value storage system with each version of a key indexed by a timestamp.
This multi-versioning using transaction timestamps enables Percolator to provide snapshot
isolation.

To commit a transaction, the Percolator client chooses one of the keys in the transac-
tion’s write set as the primary key for the transactions. It then uses the protocol illustrated
in fig. 5.1, which shows the commit of a transaction with two keys, PK (primary) and SK
(secondary). The client first writes the primary key’s value along with a lock, using the
transaction’s start timestamp, as shown in fig. 5.1a. It then writes each of the secondary
key values, along with a pointer identifying the location of the primary key’s lock, as shown
in fig. 5.1b. At this point the transaction is said to be pre-committed with all keys durably
written to their stores. But the transaction is not yet committed and thus, not yet visible.

14



’ key,ts \ value \ lock \ write
’ PK,T, ‘ PKData ‘ primaryLock ‘
(a) Primary Pre-Commit
’ key,ts ‘ value ‘ lock ‘ write
’ PK.,T; ‘ PKData ‘ primaryLock ‘
’ SK, T ‘ SKData ‘ primary@QPK T} ‘
(b) Secondary Pre-Commit
’ key,ts \ value \ lock \ write
PK.T. data@T
PK.T, PKData
’ SK., T \ SKData \ primary@QPK T} \
(c) Primary Commit
’ key,ts ‘ value ‘ lock ‘ write
PK.T. data@T
PK.,T; PKData
SK,T. data@T
SK, T SKData

Figure 5.1: Commit in Percolator (adapted from |

(d) Secondary Commit (asynchronous)
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Any new transaction trying to update either PK or SK will observe the locks, which is
necessary to detect and resolve conflicts.

To commit the pre-committed transaction, the client atomically removes the lock at
the primary key and writes a new record, data@Tj, to the primary at the acquired commit
timestamp, as shown in fig. 5.1c. The record includes the value at the transaction’s start
timestamp, which serves as a pointer to the previously-written data, PK Data, for the
primary key. At this point, the transaction is committed and can be acknowledged to the
application. It is fully visible, although the secondary key is still locked. Readers that
encounter locks at secondary keys will follow the lock pointer to the primary key to learn
the status of the transaction. The reader will read the secondary key value if the primary
shows that the transaction is committed.

After primary commit, the client asynchronously commits the secondary keys and re-
moves their locks, as shown in fig. 5.1d. These secondary commits do not change the
status of the transaction, but they eliminate the need for subsequent readers to check the
primary key to learn the status of the transaction.

Because the Percolator protocol is client-driven, a client failure during the commit pro-
tocol can leave a partially-committed transaction in the database. Percolator uses a lazy,
reader-driven recovery mechanism to resolve such transactions. If a reading transaction
encounters a locked key (PK or SK), it waits for a preset time for the lock to be released.
After the timeout, it can attempt to abort the writing transaction by removing the writer’s
primary key record. If it finds that the writer transaction committed but the secondary
lock was never removed, it completes the secondary commit on behalf of the original writer
transaction.

In Percolator, the state of a transaction is determined by the state of the primary key.
If the primary key is locked ( fig. 5.1a and fig. 5.1b), the transaction is active. If the
commit record shown in fig. 5.1c is present, the transaction is committed. If the primary
key is neither locked nor committed, the transaction is aborted.

16



Chapter 6

Impact of Not-Yet Durable Writes

Each write in Percolator, including pre-commits and commits, is assumed to be durable
once a store acknowledges it, which introduces potentially expensive durability waits on the
critical path to a transaction’s commit point. In this work, we seek to avoid these delays
by decoupling commitment from durability, as permitted by the ED transaction model
(fig. 2.1). To enable this, we rely on the data stores’ ability to acknowledge writes quickly,
before they are durable, as described in chapter 4. While this eliminates durability waits,
it violates Percolator’s write durability assumption and introduces the risk that completed
writes might eventually fail.

In this section, we present an analysis of the impact of such failures on Percolator. This
analysis shows that simply running the original Percolator protocol over data stores that
acknowledge writes before they are durable does not correctly implement ED transactions.
We then use the results of this analysis to guide the design of our ED Percolator protocol
(chapter 7). We expect that a similar analysis would be the starting point for adapting
other distributed transaction protocols to support ED transactions.

We begin with a few definitions:

Definition 6.1 (Critical Writes) The critical writes of a transaction are those writes
required for the transaction to commit in Percolator. These include (i) the primary pre-
commit (fig. 5.1a), (ii) the secondary pre-commits (fig. 5.1b), and (iii) the primary commit
(fig. 5.1c). In contrast, the secondary commits (fig. 5.1d) are not critical, as they occur
only after the transaction has already committed.

17
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Figure 6.1: Percolator Failure Analysis. Transactions in green states are visible to other
transactions, those in red states are not. Red arrows show state transitions that are
triggered by failures of completed writes.

Definition 6.2 (Read Dependencies) The read dependencies of a transaction T are
those critical writes that T depends on, either directly or indirectly. For example, if trans-
action T reads a key x, written by T', which in turn read key y written by T", then T’s
read dependencies include the writes to both x and y.

Definition 6.3 (Durability State of Committed Transactions) We say that a trans-
action T is durable if all of its critical writes and read dependencies are durable. We say
T is damaged if at least one of its critical writes or read dependencies is lost. Otherwise,
we say that T is in-doubt. An in-doubt committed transaction is intact, but at least one
of its critical writes or read dependencies has not yet become durable.

With these definitions in hand, we analyze failures of not-yet durable writes in Percola-
tor, as illustrated in fig. 6.1. The diagram shows possible transaction states when failures
are considered. This includes three commit states, each representing one of the possible
durability states (definition 6.3) of a committed transaction. It also includes an ”active
(abandoned)” state. This represents active transactions that no longer have a client driving
the transaction to commit (e.g., due to client failure). Percolator handles this with a lazy
mechanism for other clients to drive such transactions to abort, as described in chapter 5.

The state transitions shown in the diagram include those driven by Percolator itself
(in black), as well as those driven by failures of the transaction’s critical writes or read
dependencies (in red). For example, loss of one of a transaction’s secondary pre-commit

18



writes or one of its read dependencies after commit will move the transaction from the
committed/in-doubt state to the committed/damaged state. Loss of such writes prior to
commit will result in the transaction moving directly into the committed/damaged state
when the client commits it. Loss of a transaction’s primary commit write will revert a
committed/in-doubt transaction back to an active state, from which it will ultimately
abort. Loss of both the primary commit and primary pre-commit will move a transaction
directly from committed/in-doubt to aborted.

By juxtaposing fig. 6.1 with the desired ED transaction lifecycle shown in fig. 2.1,
we can see that running the original Percolator protocol with writes potentially failing
after completion comes close to implementing the ED transaction model. Percolator’s
committed/durable and committed/in-doubt states implement the ED model’s durable
and committed states, respectively. Whereas the active and aborted states, in which
a transaction is not visible to readers, implement the model’s active, aborted, and failed
states. Transitions from green (visible) to red (not visible) states in the Percolator diagram
implement the model’s transition from committed to failed state.

However, there is one clear problem, which is the committed/ damaged state in fig. 6.1.
Because a secondary pre-commit loss or a read dependency loss puts a transaction in
committed/damaged, its primary commit record could continue to exist. Thus, Percolator
will treat it as a committed and hence visible transaction. This creates the risk that readers
might see a partial transaction, violating the ED model’s requirement that transactions
that fail must fail atomically (Challenge 1 in chapter 3).

Our ED Percolator protocol addresses this problem by treating committed/damaged
transactions as failed, and hiding their effects from other transactions. To do this, ED
Percolator needs a way to identify committed/damaged transactions, and distinguish them
from other committed transactions. This is done by introducing a new type of metadata,
called durability requirement sets (DRS), which we introduce here before presenting the
ED Percolator protocol itself in chapter 7.

6.1 Durability Requirement Sets

A durability requirement set describes a set of epochs (section 4.3), from one or more
shards. Each element of a DRS is a triple (s, g5, e5), where s identifies a shard, and g;
and e, are its generation and epoch numbers from that shard. This serves to uniquely
identify an epoch across the distributed system. As we will describe in chapter 7, the ED
Percolator protocol constructs a DRS for each transaction, capturing all the epochs of its
critical writes and read dependencies.
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As described in section 4.3, the TM/S at each shard maintains a durability map and
generation counter with which we can deem any epoch as durable, in-doubt, or lost.
We can evaluate a DRS by classifying each individual epoch it represents:

Definition 6.4 (Evaluating a DRS) A DRS D evaluates to durable if every individual
requirement (S, gs, €s) € D is deemed durable at s. D evaluates to damaged if at least one
of its individual requirements is deemed lost. Otherwise, D evaluates to in-doubt.

Since the durability metadata at each shard evolves as the shard advances its current
epoch or experiences a failure, the evaluation of a DRS may change over time. Specifically,
at DRS that evaluates to in-doubt will eventually evaluate to either damaged or durable
as epochs are made durable or are lost at the shards.

ED Percolator associates a DRS with each committed transaction, and evaluates a
transaction’s DRS to distinguish among the three committed transaction states shown
in fig. 6.1. That is, if a committed transaction’s DRS evaluates to durable, ED Per-
colator considers the transaction to be in the committed/durable state. Similarly, if
it evaluates to damaged or in-doubt, the transaction is in the committed/damaged or
committed/in-doubt state, respectively.

Since ED Percolator tracks durability at the epoch granularity, its DRS-based deter-
mination of a committed transaction’s durability state is conservative. In particular, as
noted in section 4.3, not all writes in an epoch that is deemed lost are necessarily lost.
This may cause ED Percolator to conservatively treat an intact transaction as damaged.
However, because of section 4.3, we can be sure that if a transaction has actually lost one
of its critical writes or read-dependencies, its DRS will evaluate to damaged. Conversely,
because some writes in in-doubt epochs might be durable, ED Percolator might conser-
vatively treat a durable transaction as in-doubt. However, because of section 4.3, we
can be sure that if a transaction’s DRS does evaluate to durable, its critical writes and
read-dependencies are actually durable.

We define several additional operations on durability requirement sets, and use them
in designing ED Percolator. Reducing a DRS, written reduce(D), evaluates D and re-
moves from it any epochs that are durable. Minimizing D, written min(D) removes
redundant elements from D. Specifically, if D contains two elements with the same store
ID and the same generation number, minimization removes the element with the smaller
epoch number. Because epochs in each generation are made durable in sequence, and
because lost epochs are always the latest epochs in their generation, it is easy to show
that eval(min(D)) = eval(D). Finally, merging durability requirement sets D; and Ds is
defined as min(D; U Dy).
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Chapter 7

ED Percolator Protocol

Having described the durability requirement set and its operations, we now present the
ED Percolator protocol. figs. 7.1 and 7.2 show the procedures implemented on the client
side (TM/C) and on the server side (TM/S) of the ED Percolator transaction manager
(fig. 4.1). The two procedures are adapted from the original Percolator pseudocode (Figure
6 in [21]).

class Transaction {

struct Write { Key key; Value value };

vector<Write> writes;

int sts; //start timestamp

DRS readDRS; //DRS for read dependencies
}
Transaction () :start_ts (GetTimestamp()){}
void Put(Write w) {writes.push(w}; }
Value Get(Key k)

v,drs = ReadKey(k, sts);

readDRS = merge (readDRS, drs); //section 6.1

return v;
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bool Commit ()

Write p = writes [0]; // primary key
vector<Write> secondaries = writes [1...];
// reduce and evaluate readDRS section 6.1
reducedDRS = {};
for (r € readDRS)

switch Evaluate({r})

case damaged:
return false;
case in-doubt:
reducedDRS=merge (reducedDRS ,{r});

// primary prewrite
res ,d = PreWrite(p,p.key,sts);
if (!res) return false;
finalDRS=merge (reducedDRS ,d) ;
// secondary prewrites
for (w in secondaries)

res ,d = PreWrite(w,p.key));

if (!res) return false;

finalDRS=merge (finalDRS ,d) ;
int cts = GetTimestamp(); //commit ts
// primary commit
res , finalDRS = CommitWrite (p.key,sts ,cts ,finalDRS ,true);
if (!res) return false;
// secondary commits — asynchronous
for (w in secondaries)

CommitWrite (w. key , sts , cts ,finalDRS | false) ;
return true

1

Figure 7.1: ED Percolator Protocol - Client-Side
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// current failure timestamp at this server
int curFailTS // section 4.3

(Value ,DRS) ReadKey(Key k, int ts)

T = StartStoreRowXaction (k) ;

// check for concurrent writes

while T.Read(k,lock ,[0,ts])
// in—flight transaction has a conflicting lock
BackoffAndMaybeCleanupLock (k) ;
continue;

// find latest write below given timestamp

latest = T.Read(k, write ,[0,ts]);

if !latest return nil ;{}; // no data

// read data and DRS of the writer

d = T.Read(k,drs,[0,ts]);

val = T.Read(k,value ,[latest ,latest]);

return val ,d;

(DurEval) Evaluate (DRS d)
// evaluate using store’s durability map
// result is damaged,in-doubt,or durable
return eval(d); //section 6.1

(bool ,DRS) PreWrite(Write w, Key pk, int ts)
// abort cross—failure transactions
if (ts < curFailTS)
return false;
T,dreq = StartStoreRowXact (w.Key) ;
// abort on conflicting write ...
if (T.Read(w.key,write ,[sts, o0])
return false;
// ...or conflicting lock
if (T.Read(w.key,lock,[0,00]) return false;
T. Write (w.key ,data, sts ,w.value) ;
T. Write (w.key ,lock , sts ,pk);
return T.Commit () ,{dreq};
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(bool ,DRS) CommitWrite(Key k,int sts,int cts,
DRS xactDRS,bool isPrimary)
T,dreq = StartStoreRowXact (p.key);
if (isPrimary) {
// must hold lock on primary key
// to commit primary key
if (!T.Read(p.key,lock , [sts,sts]))
return false;
// add this write to transaction’s DRS
xactDRS=merge (xactDRS, dreq) ;

}

T.Write (k, write ,cts ,sts); T.Delete(k,lock,sts);
// write transaction’s DRS to the store

T.Write (k,drs, cts ,xactDRS) ;

return (T.Commit () ,xactDRS);

Figure 7.2: ED Percolator Protocol - Store-Side

The ED client caches the Put requests issued by the application locally (fig. 7.1, chap-
ter 7). It implements Get requests by sending ReadKey requests to the appropriate stores.
We assume that clients understand the database sharding and are able to map keys to the
stores that hold the keys’ shards.

Upon receiving a ReadKey request, the store first checks for a lock on the requested key.
If a lock is present — indicating a concurrent in-flight writer — the server delays and retries
the read, hoping the writer will complete. If this fails, it may attempt to abort the in-flight
writer before retrying (fig. 7.2, chapter 7), as in classical Percolator. Unlike the original
protocol, ED Percolator returns to the client both the requested value and the DRS of the
transaction that wrote that value. The client merges this DRS into readDRS to capture the
durability requirements of all of the transaction’s read dependencies (fig. 7.1, chapter 7).

To commit a transaction, the client first pre-writes the primary key, then pre-writes the
secondary keys, and finally commits the primary key. This is the same general behavior
as the original Percolator protocol, illustrated in fig. 5.1, but there are several important
differences in our ED version.

First, as the commit proceeds, the client builds up a DRS (finalDRS in fig. 7.1) captur-
ing all of the transaction’s durability requirements. Specifically, the client adds to readDRS
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a durability requirement for each of the transaction’s critical Prewrite operations (fig. 7.1:
chapter 7 and chapter 7). The transaction’s final critical write is the primary commit. For
this operation, the primary key’s store appends the write’s epoch to the DRS, which is the
final DRS associated with the transaction (fig. 7.2, chapter 7). That store then returns the
transaction’s final DRS to the client.

Second, ED Percolator confirms, at commit time, that the committing transaction does
not depend on any transaction in the committed/damaged state; if so, it must abort the
committing transaction. To achieve this, ED Percolator reduces and evaluates the com-
mitting transaction’s readDRS, which captures all of that transaction’s read dependencies.
It does this by sending each requirement in readDRS to the appropriate store, as shown in
chapters 7 to 7 of fig. 7.1. Requirements that evaluate to durable are discarded, as they are
already satisfied, while those that are still in-doubt are retained in the reduced readDRS.
If any requirement evaluates to lost, indicating the committing transaction depends on a
damaged transaction, ED Percolator aborts the transaction to ensure ED-SI.

Third, ED Percolator prevents cross-failure transactions from committing (fig. 7.2,
chapter 7). This prevents transactions from committing if they have a start timestamp
before a store’s failure but may have read from the store after the failure. To achieve this,
each store in ED Percolator obtains a failure timestamp from the timestamp service when
it recovers from a failure. As we describe in chapter 8, all transactions that fail due to the
store’s failure will fail atomically at the failure timestamp, necessary to ensure ED-SI.

Fourth, ED Percolator durably stores the transaction’s £inalDRS along with the trans-
action’s commit record (fig. 7.2, chapter 7). fig. 7.3 illustrates the state of a committed
transaction in ED Percolator. The ED protocol adds an extra metadata field, called drs, to
the transaction’s commit record to store its final DRS. This is stored both at the primary
and the secondary keys, during their respective commit phases. When other transactions
subsequently read any of these keys, they read both the values and the associated DRS.

Recall Challenge 2 from chapter 3 which discusses the inefficiency of traditional ap-
proaches such as dependency graphs in tracking read dependencies for durability check.
ED Percolator instead computes and stores a DRS for each transaction to track the dura-
bility of that transaction and its dependencies. Because of the way it is constructed, the
finalDRS stored with each transaction is bounded in size by the number of database shards,
regardless of the transaction’s size or the depth of dependency.

Lemma 7.1 A transaction’s finalDRS has at most one durability requirement per shard.

See appendix A.
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’ key,ts \ value \ lock \ write \ drs ‘

PK,T, data@T finalDRS
PK.T, PKData
SK.T., data@T finalDRS
SK., T, SKData

Figure 7.3: Changes from fig. 5.1d after a transaction commits (at both the primary and
secondary) in ED Percolator.

For the sake of simplicity, fig. 7.1 describes the ED Percolator protocol as if DRS eval-
uations happen one requirement at a time, and pre-write and commit operations happen
one key at a time. However, our prototype actually batches DRS evaluations, pre-writes,
and commits, and piggybacks DRS evaluations onto PreWrite requests when possible. In-
deed, this is the primary reason that the ED Percolator protocol defers checking of read
durability requirements to commit time, instead of performing them at the time of the
read. This is described in more detail in chapter 9.

The net result of these optimizations is that ED Percolator requires, in general, three
synchronous rounds of communication to commit a transaction, like Percolator. The first
round pre-writes and evaluates DRS requirements at the shard holding the transaction’s
primary key. The second round pre-writes keys and evaluates requirements at all remaining
shards touched by the transaction. These shards can be handled in parallel. Finally, the
third round handles the commit of the primary key at its shard. Secondary commits require
fourth round of messages, but, similar to Percolator, this round is asynchronous and does
not impact transaction latency.
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Chapter 8

Correctness

The ED Percolator protocol is designed to enforce ED snapshot isolation (ED-SI). Here,
we define the ED-SI guarantee, and show that ED Percolator correctly enforces it.

Like the original Percolator protocol, ED Percolator relies on a timestamp oracle to
assign timestamps to transaction start and commit events. Timestamps determine the
order of events enforced by the protocol. In particular, a transaction with start timestamp
ts will "see” updates made by transactions with commit timestamps less than ¢,.

For an ED protocol, we also need to order transaction failures with respect to other
transaction events. This is because ED transactions cease to be visible at the point at
which they fail. As described in chapter 4, committed transactions are damaged when one
or more of their critical writes are lost, and writes are lost as a result of store failures. To
order transaction failures, we order the store failures that cause them.

If a shard failure results in the failure of one or more transactions, ED Percolator
ensures that those transactions will appear to fail atomically at the time of the shard
failure. As described in chapter 7, when a shard fails, it obtains a failure timestamp before
resuming handling of transaction requests. If the shard’s failure damaged a transaction,
ED Percolator will place that transaction’s failure point at the shard’s failure timestamp.
That is, ED Percolator will ensure that the transaction appears to fail atomically as of
the failure timestamp. The only exception to this is transactions that are damaged before
they commit, e.g., losing a secondary pre-write before the primary commit. For such
transactions, ED Percolator places the transaction’s failure point at the same time as its
commit point. We call these failed-at-commit transactions. Although they commit, they
are never visible to other transactions.

27



8.1 ED Snapshot Isolation

ED Percolator enforces ED-SI, which is a variant of the classical SI consistency guarantee.
An ED variant is needed because the ED transaction model introduces the possibility of
transactions failing and ceasing to be visible after committing.

Definition 8.1 (ED Snapshot Isolation) An ED transaction execution history is ED
snapshot isolated if both of the following conditions hold for all transactions T':

1. If T commits, it has read from a database snapshot resulting from the execution, in
commit timestamp order, of all transactions whose commit timestamp precedes T s
start timestamp, and whose failure timestamp, if there is one, does not precede T’s
start timestamp.

2. For every transaction T that is concurrent with T and whose write set overlaps with
T’s, at least one of T or T" does not commit, or is failed-at-commit.

Two transactions are considered concurrent if the intervals between their start and
commit timestamps overlap. ED-SI is similar to the classical SI condition, which also
constrains what transactions read, and prohibits write-write conflicts between concurrent
transactions. Together, theorems 8.1 and 8.2, show that ED Percolator guarantees ED
Snapshot Isolation. We state them here without proofs, which can be found in appendix A.

Theorem 8.1 Under ED Percolator, each committed transaction T' reads from a database
snapshot resulting from the execution, in commit timestamp order, of all transactions whose
commit timestamp precedes T'’s start timestamp, and that was not "deemed failed” as of
T'’s start timestamp.

Theorem 8.2 For every pair of concurrent ED Percolator transactions, Ty and Ty, with
overlapping write sets, at least one of T or Ty does not commit, or is failed-at-commit.
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Chapter 9

Implementation

We implemented a prototype system, written in Go, to execute distributed transactions.
The prototype can operate in two modes: baseline and ED. In baseline mode, the pro-
totype executes transactions using the classical Percolator protocol [25]. In ED mode, it
implements our ED Percolator protocol.

The prototype consists of implementations of the client- and server-side components of
the transaction manager (TM/C and TM/S in fig. 4.1). In the ED model, these compo-
nents implement optimized versions of the algorithms shown in figs. 7.1 and 7.2. As was
noted in chapter 7, the optimizations include batching of pre-write and commit operations
and piggybacking of DRS evaluation with pre-write requests. The pre-write and commit
batching optimizations are also applied to the baseline Percolator mode.

The ED model allows the transaction manager to expose a latency vs. durability trade-
off to applications, because of the distinction between transactions’ commit and durability
points. The ED model itself does not prescribe a particular application interface for expos-
ing the tradeoff. In ED mode, our prototype does so by offering two types of transaction
commit operations, ED fast and ED safe, as was done by Kashi et al. [18]. Both fast and
safe transactions commit quickly and release the lock at commit time, the difference lies
in when they acknowledge the commit to the application.

For a fast commit, the TM acknowledges the commit as soon as the transaction com-
mits, without waiting to ensure its durability. Safe commits are only acknowledged after
the transaction reaches its durability point, meaning that all of its critical writes and read
dependencies are durable. Specifically, when a safe transaction’s finalDRS evaluates to
durable, the TM/C acknowledges its commit. The TM/C caches servers’ durability maps
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so it can perform DRS evaluations locally, without additional per-transaction server inter-
actions. The TM/C regularly polls servers to obtain the latest durability map and update
its cache. The application manages the latency vs. durability tradeoff by choosing whether
each transaction will be fast or safe.

On the server side, our prototype uses RocksDB [9] to implement shard storage. RocksDB,
in turn, relies on some underlying storage tier to provide durable storage of its database
and logs. We experimented with two different storage tiers, offering different degrees of
durability, as described in chapter 10.

The prototype uses RocksDB’s pessimistic transactions to enable per-key atomic shard
updates. RocksDB’s transactions support atomic updates across multiple keys, but we rely
only on single-key atomics in the prototype. We configure RocksDB to use manual flush-
ing of its transactional write-ahead log. This means that RocksDB transactions complete
quickly but are not guaranteed to be durable when committed. Instead, the transaction
manager (TM/S) can explicitly issue RocksDB FlushWAL commands to enforce durability
guarantees by forcing synchronization of the RocksDB log. This implements the store Sync
operation expected by our system model (chapter 4). In baseline mode, TM /S issues a Sync
after every request batch at server. Thus, all server requests are durable when acknowl-
edged to the client, as expected by the original Percolator protocol. In ED mode, request
batches are not durable when the server acknowledges them to the client. Instead, each
TM/S uses a dedicated thread to continuously run the EpochRollover protocol (fig. 4.2)
and update durability info. That protocol defines specific storage synchronization points,
which are enforced using Sync.
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Chapter 10

Experimental Evaluation

This section investigates how eventual durability (ED) influences performance of a multi-
shard distributed database compared to its non-ED counterpart. Specifically, we compare
ED Percolator’s fast and safe transactions with classical Percolator, first on a suite of
micro-benchmarks followed by a YCSB benchmark, which generates a richer workload.

Experimental Setup: We conducted experiments on Amazon Web Services (AWS) using
three instances. One t3.large EC2 instance (2 vCPUs, 8 GiB memory) is used as the client
machine, hosting the experiment driver application and the client side of the transaction
manager (TM/C). Two mbad.xlarge instances (4 vCPUs, 16 GiB memory each) are used to
implement stores, each managing a shard of the test database. One of those two instances
also hosts the timestamp oracle.

We experimented with two different storage tiers: Elastic Block Store (EBS) and Elastic
File System (EFS). These provide the durable storage for the shard servers. EBS replicates
the shard within a single AWS Availability Zone (AZ), while EFS replicates across multiple
AZs within an AWS region. Both storage tiers ensure that durable changes will survive a
failure and restart the store’s instance. EFS additionally ensures that the database will be
durable even in the event of the loss of an AZ. Unless otherwise specified, experiments use

EFS.

For all experiments, the transaction manager (TM/S) was configured to use a retry
delay, randomly selected between 0 and 2.5 milliseconds when encountering a lock when
reading, in both ED mode and baseline mode. In ED mode, the client(s) are configured
with a polling interval of 250ms for updating their durability cache.

Each observed data point in this section is an average of three runs to account for
the performance fluctuations incurred in a multi-tenant cloud. The number of keys per
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transaction, the distribution of application workload (i.e., uniform vs. skewed), amount of
read /write-only vs. read-write transactions can all vary per experiment. We state these
for each experiment.

The experiments measure three quantities: (1) end-to-end latency, which is the total
elapsed time between transaction start and commit acknowledgement, as measured at the
client; (2) throughput, which is the number of successfully committed transactions per
second; and (3) abort rates, which is the percentage of transactions started by a client that
are ultimately aborted.

10.1 Write Transaction Latency

The goal of ED Percolator is to offer applications a principled way to trade durability for
reduced transaction latency. The purpose of our first experiment is to test the extent to
which this is achieved, in a simple setting.

In this experiment, a single client issues 10,000 write transactions sequentially against
a database with 100,000 keys, sharded across the two servers. Each transaction consists of
writes to two keys, chosen randomly from the keyspace using a uniform distribution. We
report the mean end-to-end latency of these transactions.

We ran several versions of this experiment: (1) ED Fast, which runs in ED mode with
transactions issued by the client using fast commits; (2) ED Safe, in which all transactions
use safe commits; (3) Baseline (sync=on), which runs in the baseline Percolator mode;
and (4) Baseline (sync=off), which runs in baseline mode, but without issuing any
Sync operations. We ran each version using both storage tiers and summarize the results
in fig. 10.1. The figure also breaks down the reported end-to-end latency to illustrate where
the latency comes from.

We make several observations. First, by comparing ED Fast and ED Safe, we see that
the ED mode is successfully offering a latency tradeoff. Safe transactions require about
9ms on EBS, while fast transactions complete in a little over 3ms. The savings is greater on
EFS, which offers a stronger durability guarantee. The latency breakdowns show that both
fast and safe transactions complete the various phases of the commit protocol in about the
same amount of time, as expected. The higher latency for safe transactions stems from
the client waiting for the committed transactions to become durable before acknowledging
them to the driver application.

Second, we see that ED safe transactions have approximately the same latency as
baseline transactions (with Sync on). Thus, there is little or no latency penalty to be paid
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Figure 10.1: Write Transaction Latency

for the extra flexibility provided by the ED mode. However, the source of the latency
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is very different in the two cases. In the baseline, each phase of the commit protocol is

relatively slow, because it requires a durable Sync after each phase. In ED mode, commit is

reached quickly, without durability delays. Instead, safe transactions wait at TM/C until

their changes have become durable before being acknowledged.

Third, we see that ED fast transactions have about the same latency as the baseline
with Sync=off. Neither configuration experiences any durability-related delays.
comparison indicates that the ED mode is not introducing any significant overheads with

respect to the baseline system.
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10.2 Read Transaction Latency

With our next experiment, we seek to understand the performance of read-only ED trans-
actions. We run an experiment in ED mode in which three concurrent clients issue requests
to a database with 100,000 keys, sharded across two servers as in the previous experiment.
Two clients issue read-only transactions, each of which reads two randomly selected keys
from the database. One reader issues fast commits for its transactions, the other issues
safe commits. The third client issues two-key write transactions, so that the database is
not static while the readers are reading. We tested with both uniform and skewed request
distributions, with the latter following a Zipf=1.05 distribution. We report the mean end-
to-end latency for fast and safe read-only transactions, both with and without client-side
durability map caching. For comparison, we also ran this experiment (two readers, one
writer) in baseline mode.
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Figure 10.2: Read-Only Transaction Latency

The results are shown in Figure 10.2. Our first observation is that under the uniform
request distribution, both fast and safe read-only transactions are slightly slower (about
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0.5ms difference) than those of the baseline. This is the result of the additional commit-
time check that is needed in ED mode to confirm that transactions have not seen the
effects of failed transactions. Since this check is required before commit, it effects the
performance of both fast and safe transactions. The results also show that this penalty
would be substantially higher without client-side durability map caching, as the cache
allows TM/C to evaluate a committing transaction’s DRS locally.

The results are similar under the skewed distribution, except that we see that the
latency for ED safe transactions is now somewhat higher than that of ED fast transactions.
ED safe transactions are not acknowledged to the application until their durability point
has been reached, and a read-only transaction is not durable until its read-dependencies
are durable. Under a skewed distribution, a read-only transaction is more likely to have
seen a recently-written update, which results in a durability wait. This is the source of the
extra latency for the safe transactions. Fast read-only transactions do not make durability
guarantees at commit time, so they do not experience such waits. Note that the increases
contention causes a slight increase in latency for both ED and baseline transactions.

10.3 Resource Contention

ED safe transactions and baseline transactions both offer the same durability guarantee
at commit time, and they have similar end-to-end latency. However, as shown in fig. 10.1,
ED transactions commit quickly and then wait, while baseline transactions commit slowly.
This means that servers can potentially release resources more quickly in ED mode than
in baseline mode. In particular, for ED Percolator, servers release transaction locks at
commit time.

To test this, we repeat the experiment from section 10.1, but with increasing numbers
of concurrent clients, and using both uniform and skewed request distributions. This time,
we measure the transaction abort rate in ED safe and baseline modes, as a function of the
number of concurrent clients. The results are shown in Figure 10.3.

Under the uniform workload, which has little contention, abort rates are low for both
ED safe and baseline transactions. However, under a skewed workload (Zipf 1.05), clients
experience aborts due to lock conflicts, and the lock conflict rate is much higher in the
baseline, because it retains locks much longer. A variety of early lock release techniques
have been proposed for classical transaction systems, so this optimization is not new [7, 17,

, 12]. However, this does show that ED systems will "naturally” obtain the benefits of
early resource release because of the separation of commit and durability in the ED model.
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Figure 10.3: Abort Rates of ED Safe vs. Baseline Write-Only Transactions Across Client
Concurrency under Uniform and Skewed Workloads

10.4 YCSB

We tested ED mode under a YCSB-derived workload to see whether ED Percolator’s
latency /durability tradeoff holds under a richer workload than we have tested so far. In this
experiment, each client runs transactions consisting of five operations. Operations are reads
or writes, chosen according to YCSB [5] Workload A, which includes a 50:50 read/write
mix and a skewed (Zipf 0.99) request distribution. Each client runs for one minute, and
we measure the throughput and latency as a function of the number of concurrent clients.
We used ED mode and ran the experiment once with fast transactions and once with safe
transactions. The results are shown in Figure 10.4.

This experiment shows that ED Percolator continues to offer an effective latency/dura-
bility tradeoff under this workload. Fast YCSB transactions are about 5x faster than safe
ones under low load, and about 2.5x faster under the highest load we tested.

We also tested the baseline system under this workload. Though it is not shown in
fig. 10.4, we found that it had consistently higher latency and lower throughput than ED
safe. However, the baseline’s performance was hurt by the relatively large number of Sync
operations it performs, relative to ED mode. It may be possible to ameliorate this with
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Figure 10.4: Comparison of YCSB Throughput and Latency

careful tuning of the underlying RocksDB system, but the ED system avoids this issue by
syncing much less frequently (only at epoch boundaries).
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Chapter 11

Conclusion

This work presents the design and implementation of a Distributed Eventually Durable
transactional system. Eventual Durability (ED) model, which is an alternative to the clas-
sical transaction model, decouples transaction commitment from its durability and enables
a system to commit fast while making changes durable in the background. This work
extends the ED model (VLDB’24) to distributed, multi-shard databases. A committed
multi-shard transaction, whose changes are visible to others, may fail due to a shard fail-
ure and cease to exist. To accommodate such histories, we propose ED Snapshot Isolation
(ED-SI), which dictates that despite any failures to committed transactions, no transaction
will see partial changes of a transaction. We design and implement ED Percolator that
proposes mechanisms to guarantee ED-SI. Comparing the results of ED Percolator with its
classical, non-ED counterpart, we observe that ED transactions offer up to 7.6x speed-up
while committing transactions. We believe that the building blocks of ED Percolator can
be integrated with other distributed transaction systems.

38



Chapter 12

Related Work and Discussion

To support latency-critical applications, many database systems can be configured to sac-
rifice durability in exchange for lower transaction latencies. For example, PostgreSQL [29]
and Oracle TimesTen [23] can be configured to use asynchronous commit, which acknowl-
edges commit requests before the transaction is durable. These ad hoc techniques are
effective, but their exact behavior and failure semantics are system specific, and it may
be difficult for applications to distinguish which data are durable and which are not. In
contrast, the ED model not only offers a latency/durability trade-off but also a system-
independent basis for defining correctness.

Our ED Percolator system builds on an epoch-based durability model. Several pro-
posals offer different forms of epoch-based group commit [] to improve the efficiency of
transactions. FASTER [20], a centralized transactional K-V store, aims for high transaction
throughput by using epoch-based commit to avoid the serial log bottleneck. In case of fail-
ures, transactions in uncommitted epochs may be lost. FASTER performs concurrent prefix
recovery (CPR), which provides a session-oriented guarantee about the resulting state.
Similarly, COCO [22] implements a form of transactional group commit in a distributed
setting, over shared data. It batches transactions into epochs and commits them all as a
single unit, with the aim of boosting the efficiency of transaction processing. However, like
other group commit implementations, this can come at the expense of increased latency,
since transactions need to be formed into batches. In contrast, ED Percolator’s goal is to
reduce latency.

DPR [20] extends CPR to a distributed setting, over sharded data. Applications estab-
lish sessions and perform sequences of atomic, single-shard operations within each session.
Optionally, operations may be acknowledged once complete, without waiting for durabil-
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ity. In case of failures, recently completed but non-yet-durable operations may be lost, but
the system enforces a consistency guarantee that all dependencies of a surviving operation
will also survive. However, DPR is not designed to provide multi-operation cross-shard
transactions, which are the focus of our work.

In replicated databases, Li et al. [19] introduce RedBlue consistency, allowing applica-
tions to mix fast, locally-executed (blue) operations with slower, strongly consistent (red)
ones, similar to how our APTI exposes fast and safe transactions. Saucr [1] reduces durability
costs by adaptively deciding whether to persist updates in memory or on disk, depending
on system availability, but still requires coordination with a majority of replicas before
acknowledging updates. Whereas, Orca [10] lowers update latency by deferring durability
until updates are read. The ED model adopts a similar idea for transactions, delaying a
transaction’s durability until all its updates and dependencies are durable.

In sharded databases such as CockroachDB [28], Google Spanner [6], TiKV [16], and
PolarDB [3], while implementations vary, commit protocols share foundational similarities
with Percolator, which is based on Two-Phase Commit [11]. While systems like TiKV
have minimal differences with Percolator, Spanner and CockroachDB introduce larger de-
viations. For example, unlike Percolator’s client-driven protocol, Spanner designates one
shard as a transaction coordinator (similar to Percolator’'s TM) to execute various trans-
actional phases. Spanner and CockroachDB replace the centralized timestamp oracle with
TrueTime or Hybrid Logical Clocks, using which, they achieve serializable isolation. Cock-
roachDB introduces parallel commits [1], wherein instead of Percolator’s sequential phases
(primary prewrite, secondary prewrites, and primary commit), it issues writes to shards
in parallel and collects write intents. While these are ongoing, the client sends a com-
mit intent to the primary key’s shard. Once all writes complete, the transaction can be
considered committed.

Despite these variations, many of the techniques in ED Percolator can be adapted to
these protocols. The first change is to add a durability marker (e.g., generation and epoch
numbers) that each shard returns with its write. This marker should encapsulate failure
information (similar to the generation number). The client or coordinator collects these
markers and includes them in the commit request once all writes are complete. Since these
protocols track transaction state at the coordinator or primary key shard, the durability
markers can be stored with the transaction record. Finally, because commitment does not
imply durability, the commit protocol must verify these markers to ensure the transaction
reflects a valid database state. We hope the techniques and correctness arguments in this
paper serve as a starting point for introducing ED to these systems.
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Appendix A

Additional Proofs

This section includes theorem proofs that were removed from the body of the paper because
of length restrictions.

[7.1] A transaction’s £inalDRS has at most one durability requirement per shard.

The reduction of a transaction’s readDRS leaves only durability requirements that eval-
uate to in-doubt. All in-doubt requirements for a given shard refer to that shard’s current
generation number (section 4.3). Thus, merging reduced requirements into reducedReadDRS
leaves at most one requirement per shard, with the shard’s current generation number. To
generate the £inalDRS, the ED Percolator client merges additional requirements into the
reducedReadDRS to enforce the durability of the transaction’s critical writes. However,
if any of these merged requirements are for the same shard as an existing requirement in
the reducedReadDRS, they must also share the same generation number as the existing
requirement. Thus, the merge operation will retain only a single requirement for that
shard.

[8.1] Under ED Percolator, each committed transaction 7" reads from a database snap-
shot resulting from the execution, in commit timestamp order, of all transactions whose
commit timestamp precedes T’s start timestamp, and that was not ”deemed failed” as of
T’s start timestamp.

ED Percolator’s read protocol (fig. 7.2), like Percolator’s, returns the latest wisible
version of a key prior to the reader’s start timestamp. In the absence of store failures,
no committed transactions are deemed failed, and ED-SI’s read condition is equivalent to
that of classical SI. The theorem holds because ED Percolator behaves like Percolator when
there are no failures, and Percolator guarantees classical SI. However, failures introduce
two new risks, which must be handled by ED Percolator:
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Case 1: Reading from a damaged transaction

Consider a transaction T, that is deemed failed before 77s start timestamp. Although
T, must appear to fail atomically at the time of the failure, undamaged parts of T,, may
remain in the database when T starts. Allowing T to read from T, and commit would
violate the theorem.

Suppose this occurs, and T reads a surviving update from a deemed failed transaction
T,. In ED Percolator, T also reads T,,’s DRS. After all of its reads, during T’s prewrite
phase, T evaluates T’s DRS, which incorporates T,,’s. Since T, was already deemed failed
prior to T’s start, T’s DRS must be deemed failed as well when it is evaluated. Since this
will trigger ED Percolator to abort T', the theorem holds in this case.

Case 2: Failing to read from a damaged transaction

Consider a transaction T, that writes x, commits, and does not fail prior to T’s start
timestamp. Suppose T reads x, and T, is the last transaction to update x. If T commits,
the theorem requires that it must have read T,,’s version of x. However, suppose a failure
at x’s shard after T starts causes the loss of T),’s update to x before T issues its read.
T cannot see T,,’s version of x, and will instead read some earlier version. This violates
ED-SI because when T started, T, was a committed and un-failed transaction. Therefore,
ED Percolator prevents T from reading from a shard that has experienced a failure since
T’s start timestamp (fig. 7.2, chapter 7).

[8.2] For every pair of concurrent ED Percolator transactions, 77 and T, with overlap-
ping write sets, at least one of T} or T; does not commit, or is failed-at-commit.

Like Percolator, ED Percolator detects write-write conflicts during the prewrite phase
of commit (fig. 7.2, chapter 7). However, in the ED protocol, it is possible for this check
to fail if a prewrite is lost due to a failure before the check is made. Suppose that both T}
and T update a key x, and, without loss of generality, suppose that T} prewrites x before
T, does. If a failure at z’s shard causes T7’s prewrite to be lost before T5’s prewrite of x,
T, will fail to detect the conflict during its prewrite. However, in this situation, one of two
things must happen. If Ty’s start timestamp is before the failure timestamp at x’s shard,
T, will abort when it attempts to prewrite x, because of the cross-failure timestamp check
(fig. 7.2, chapter 7). If Ty’s start timestamp is after the failure timestamp at z’s shard
and 77 commits, then 77’s commit timestamp must also be after the failure timestamp,
since 77 and Ty are concurrent (by assumption). In this case, 71’s DRS must include a
durability requirement for its prewrite of x, which has failed before T7’s commit. Thus, T}
is failed-at-commit, as it will be deemed failed by its DRS as of its commit point.
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