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Abstract—Emerging applications in the areas of real-time Internet
of Things (IoT) and edge technologies require fast processing and
response times. This motivates the utilization of edge nodes for storing
and processing data close to the user. In settings with a vast number
of edge nodes, the state of the data is distributed across a large
number of edge nodes. This makes it expensive to perform distributed
transactions as these transactions would span edge nodes that are
connected via less reliable and relatively slow network infrastructure.
It is prohibitive to use existing protocols like 2PC that require many
rounds of communication across participants.

In this paper, we propose ImmortalChopper, a distributed trans-
action processing protocol designed for the edge-cloud environment.
The goal of ImmortalChopper is to provide One-Node Response (1n-
Response), a guarantee of transaction commitment by contacting only
one node without waiting for coordination with the other nodes. To
achieve this, we build on and extend the literature of transaction chop-
ping and lazy replication. Transaction chopping breaks transactions
into smaller hops. If the first hop commits, the rest of the transaction is
guaranteed to commit, accomplishing the goal of 1n-Response. Each
hop is replicated to tolerate temporary node failure, and we apply
lazy replication on the first hop to maintain 1n-Response. However,
combining transaction chopping and lazy replication without special
care can lead to transactions operating on a stale state and potentially
violating serializability. We present a new transaction chopping theory
called ChopperGraph that integrates the notion of lazy replication
and speculative execution. It ensures 1n-Response while preserving
serializability. We evaluate ImmortalChopper on three applications and
the result shows that it achieves 1n-Response in real-time and can
quickly recover from node failure.

I. INTRODUCTION

Many emerging edge and Internet of Things (IoT) applications
require fast response. This includes real-time IoT applications in
smart cities and autonomous driving. To enable fast processing, it is
necessary to allow users to store and process data on their own edge
devices. This is already a common practice in many IoT and edge
applications [1]–[4].

The ability of local processing also provides high availability for
edge devices that are vulnerable to network outages. This can happen
due to base station failures — a study [5] monitored around 800 base
stations for 7 days and detected more than 3 thousand outage events.
It is even more susceptible to edge nodes deployed in areas with
poor signal coverage [6]. For example, an electric vehicle charging
company requires real-time processing at all charging stations.
However, some stations deployed in the wild may experience
frequent network disconnections. If a cloud server is used, the driver
cannot complete charging during a network failure and needs to wait
at the station until recovery. Alternatively, deploying the application
on the local edge nodes provides a consistent user experience for all
stations and can tolerate network failures. We further illustrate this
in Sec IV.

However, many edge applications require distributed transactions
to coordinate between edge nodes. For example, the edge node in
the charging station may need to contact other nodes to access user
information. Ensuring the serializability of distributed transactions is
also important for such applications — user information like balance
should be consistent. Traditional distributed transaction protocols
require multiple round-trips between the participants and cannot
enjoy the benefits of local processing. Thus, they are not suitable in
the edge-cloud environment.

To support distributed transactions and provide a user experience
similar to local transactions, we propose our design goal called
One-Node Response (1n-Response). This is to ensure that the user
will receive the transaction commitment guarantee by contacting
a single node only—without that node communicating with other
nodes first (The rest of the transaction and coordination with other
nodes will be performed lazily in the background.) 1n-Response
allows an edge node to respond to client requests in real-time for
both local and distributed transactions, even when it is disconnected
from other edge nodes.

There are two main problems to achieving the goal of 1n-
Response: (1) Distributed transaction coordination. To ensure the
atomic and serializable execution of distributed transactions, existing
protocols like Two-Phase Commit (2PC) [7] require multiple rounds
of synchronous coordination across participants for a transaction to
commit. Traditional protocols cannot decide whether a distributed
transaction can be committed without contacting all the participants.
As a result, achieving 1n-Response is not possible with traditional
protocols. (2) Edge node failure. Edge nodes are more susceptible to
node failures and network disconnection compared to cloud nodes.
Replication [8]–[10] is one of the most commonly used techniques
for fault tolerance in distributed systems. However, replication
violates the goal of 1n-Response since the node has to wait for
the replication response before responding to the user.

In this paper, we propose ImmortalChopper, a distributed trans-
action protocol designed for the edge-cloud environments. It tackles
both problems mentioned above to achieve 1n-Response. This
is achieved by building on two main technologies: transaction
chopping [11] and lazy replication [12]. Simply combining them
will violate serializability, so we propose ChopperGraph to ensure
the correctness of execution.

ImmortalChopper adopts transaction chopping for efficient
distributed transaction processing in the edge-cloud. In the protocol,
transactions are chopped into smaller pieces called hops. Each
hop accesses objects in one edge node and is processed as a
local transaction in that node. Each transaction is executed by
invoking the hops sequentially, and the execution is serializable



even without synchronous coordination across hops. Moreover, a
transaction is guaranteed to be committed after the first hop of the
transaction is executed successfully (i.e., contacting only the first
edge node), which meets our goal of 1n-Response. To support the
above features, the transactional workloads need to satisfy special
theoretical properties (more details in section II).

We also utilize replication for fault tolerance. To maintain 1n-
Response, we apply lazy replication on the first hop of each
transaction. Lazy replication means that the node will send the
replication message but will not wait for the response. As a result,
the commitment guarantee can be sent to the user right after the
first hop is processed in the edge node, and before communicating
with the replication nodes. However, the replicated state in the
backup node can be older than the state in the edge node when lazy
replication is applied. So when an edge node fails, the replicated
state is stale — therefore, reading from the replication nodes may
violate serializability. The impact of stale data can go beyond that
failed edge node since distributed transactions from other nodes may
access the stale data in the replication node. This causes a cascading
impact of stale data. The main challenge faced in this paper is that
transaction chopping is not compatible with lazy replication. This
is because the transaction chopping protocol must access the most
recent state, while lazy replication may lead to reading a stale state.

We propose ChopperGraph, a new transaction chopping theory
that integrates the notion of lazy replication of the first hop. The
main innovation of ChopperGraph is that it models (1) the data
dependencies between hops and (2) the type of hops. The data
dependencies allow us to track the hops that have read stale state
and mark them as “Non-Safe”. Then, based on the dependencies,
the hop types identify which hops can be executed speculatively and
are safe to be performed, and which hops should be delayed (note
that only hops other than the first hop can be delayed to ensure 1n-
Response from first hops.) We integrate the ChopperGraph model
and build the ImmortalChopper’s transaction processing protocol to
ensure that we guarantee 1n-Response and serializability with both
distributed transactions and lazy replication.

In summary, we make the following contributions:
• To the best of our knowledge, ImmortalChopper is the first

distributed transaction protocol for edge-cloud applications that
can achieve 1n-Response while supporting fault-tolerance and
serializability. It enables distributed transactions to respond as
fast as local transactions, even if the edge node is disconnected
from the network.

• We proposed ChopperGraph, an extension of transaction
chopping theory that identifies hops that can be executed
speculatively and that need to be delayed in a failed node.
It ensures 1n-Response when lazy replication is applied.

• We implemented a prototype of ImmortalChopper and con-
ducted a comprehensive evaluation that compares with Transac-
tion Chains, Two-Phase Locking, and Optimistic Concurrency
Control baselines. The results show that 1n-Response has a
significant impact on improving performance in terms of both
latency and throughput. We also show that ImmortalChopper
minimizes the impact of node failures and can recover
efficiently.

II. BACKGROUND

Transaction Chains [13] is a protocol designed to provide
serializability with low latency, inspired by the idea of transaction
chopping [11], [14]. It achieves low distributed transaction coordi-
nation costs and fast response when the workloads in the system
satisfy specific requirements that we discuss later. In Transaction
Chains, data tables are divided into shards by the row key, and
each participant stores one shard. Then, each transaction is split
into a sequence of hops T=[h1, h2...hn] where each hop is a
local transaction that accesses data in one shard. The sequence
of hops is called a chain. Transaction Chains provide two properties:
(1) Executing a distributed transaction in a piece-wise (hop-by-hop)
manner while ensuring serializability. Each hop only holds the locks
of data items during the local (hop) transaction and early releases the
locks before moving to the next hop. (2) Guaranteeing commitment
of the whole transaction after the first hop of the transaction is
processed. There are two stages of commitment: (1) commitment
guarantee, which is a promise to the client that the transaction will
be eventually committed, and (2) commitment completion, which
means that the transaction is committed in all involved shards.
Example. Consider a transaction T = R(X)R(Y )W(Y )W(Z)
which accesses three different objects X, Y, and Z. It can be chopped
into a chain with three hops h1 = R(X), h2 = R(Y )W(Y ) and
h3 = W(Z). Each hop can be executed as a local transaction at the
corresponding shard. To process the chain, the system will first send
h1 to the shard that stores object X. The lock of object X is only
held during the local transaction of hop h1. After h1 is processed,
the commitment guarantee can be sent to the client. h2 and h3 are
then executed one by one in the corresponding shards. The locks
for h2 and h3 are only held during the processing of h2 and h3,
respectively. After the last hop, h3, is processed, the commitment
completion will be sent to the client.

Hop-by-hop execution cannot guarantee serializability with nor-
mal protocols and workloads. To ensure that chains are serializable
as transactions, two types of properties need to be met: properties of
the transaction processing protocol and properties of the transactions
themselves.
• Protocol properties:

– Per-hop isolation. Each hop is serializable with respect to other
hops in all chains. This is achieved efficiently by executing a
hop as a local transaction.

– Inner ordering. Hop hi+1 never executes before hop hi.
– All-or-nothing atomicity. If the first hop of a chain commits,

then the other hops should eventually commit. If the first hop
aborts, then the whole chain should abort. Thus, the first hop
determines the outcome of the chain.

• Transaction properties:
– SC-graph seriablizable. The SC-graph of all involved chains

must have no SC-cycles.
SC-Graph. In an SC-graph (see Figure 1), vertices are the transac-
tion hops, and edges are the relations between hops. The vertices
in the same chain are connected with (sibling) S-edges, while those
in different chains that access the same data item with one of them
being a write operation are connected with (conflict) C-edges. It
has been proven that an SC-graph without SC-cycle (a cycle that
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Fig. 1: SC-Graph analysis example. Graph (a) has a cycle with
C-edge only, which is serializable. Graph (b) contains an SC-cycle
that is not serializable.

includes both S-edges and C-edges) ensures serializability even with
the aforementioned piece-wise execution [11], [14].

In Figure 1, there are three transactions T1, T2 and T3. Assume
that T1 executes two operations, R(X)W(Y ) on two objects X
and Y , which are located in different shards. We can chop T1 into
T1
1 for R(X) and T2

1 for W(Y ), where the two hops are connected
with an S-edge. T2 executes W(X), which has a read-write conflict
with T1

1 , so a C-edge is added. There are two different scenarios for
T3. (a) T3 is R(X)W(X). Since it only operates on one object X,
there is no need to chop T3. T3 has a conflict with T1

1 and T2 which
access object X. As a result, there is a C-cycle between T1

1 , T2
and T3. The chain is serializable because there is no SC-cycle. This
means that any piece-wise execution of these transactions cannot
lead to a serializability violation. (b) T3 is R(X)W(Y ). Now T3
will be chopped into T1

3 and T2
3 like T1. There is no C-edge between

T1
1 and T1

3 since they are both read operations. However, a new C-
edge for T2

1 and T2
3 is added which results in a cycle containing both

C-edges and S-edges. So in this case, the chain is not serializable
with piece-wise execution.

There are three limitations for Transaction Chains: (1) User-
defined abort in the first hop only. (2) The set of chains should be
predefined in order to perform the static SC-graph analysis. (3) The
chains should be SC-Cycle free. ImmortalChopper inherits these
limitations and we will discuss them more in Section III-H.

III. SYSTEM DESIGN

ImmortalChopper is a distributed transaction processing protocol
designed for real-time and resilient distributed transactions in
the edge-cloud environment. It achieves 1n-Response with the
ChopperGraph model that combines transaction chopping and lazy
replication. In this section, we first describe the system model
and provide an overview of the system, then discuss the detailed
protocols and algorithms.

A. System Model
System Components. ImmortalChopper consists of the following
components (Figure 2a):

• (1) Service manager node: There is a single service manager
node to coordinate server nodes. It is responsible for initiating
server nodes when the system starts (Sec III-E) and updating
the transactions chopping graph (Sec III-G). It also serves
as a DNS server to host the addresses of server nodes and
handle node relocation. Note that it does not participate in the
transaction execution, so such a centralized node will not be a
bottleneck of the system.

• (2) Client and Edge nodes: Each client hosts their edge node to
store and process data that is most relevant to the client. Edge
nodes are responsible for processing client requests. Data is
partitioned across edge nodes. Each data item is stored on a
single edge node (shared-nothing partitioning). An edge node
typically stores data about clients who are close to it. The
edge node processes client transactions that can be either local
or they may be distributed and involve communicating with
other edge nodes. ImmortalChopper edge nodes can be geo-
distributed. Therefore, they may incur long wide-area latency
when they communicate.

• (3) Backup nodes: The backup nodes are deployed in a highly
available environment, typically on the cloud or a Paxos-
replicated [10], [15] cluster. Each backup node is responsible
for replicating the state of one of the edge servers. When the
corresponding edge server fails, the backup node is utilized
to process requests on the failed edge node’s behalf until it
recovers. Backup nodes are typically remote. Communication
from a client or an edge server to the backup node would incur
wide-area latency.

Data Model. Each transaction is chopped into smaller pieces called
hops. The sequence of the hops is called a chain of the transaction.
Each hop is executed as a local transaction that accesses data in one
edge node. The piece-wise execution of hops in ImmortalChopper
is only allowed for transactions that satisfy the acyclicity of the
ChopperGraph (Section III-D). Therefore, it is required that the set
of chains is predefined.
Failure Model. Edge nodes are more susceptible to temporary
failure and network disconnection. For node failure, we assume
that each node has a durable log to record all committed hops.
Nodes can use RAID (Redundant Array of Independent Disks) to
replicate logs locally, so the committed data will never be lost,
and the node can recover eventually with the help of the logs.
ImmortalChopper allows hops corresponding to the failed node
to be executed speculatively and quickly recover to the consistent
state after the node recovery. For network failure, it means that an
edge node is disconnected from other edge nodes but it can still get
the request from the clients. When an edge node is disconnected
from the network, ImmortalChopper can still provide 1n-Response
guarantee so that users don’t need to wait for the network recovery.

B. Overview

ImmortalChopper is designed to achieve One-Node Response (1n-
Response) on the edge. It provides a guarantee of transaction
commitment by contacting only one node without waiting for
coordination with the other nodes. There are two main challenges
to achieve 1n-Response: (1) Traditional distributed protocols [16]–
[18] have to communicate with all involved participants before
responding to the client (2) Edge nodes are more vulnerable to
failures compared to cloud nodes. Transactions that are already
committed may be lost when a node fails. Replication is commonly
used to ensure the durability of data and availability of the service,
but it introduces extra latency and also violates 1n-Response.

We build on two pieces of literature to solve the above prob-
lems. Firstly, Transaction Chopping protocols divide distributed
transactions into smaller pieces called hops. If the set of transactions
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Fig. 2: (a) shows an example architecture with three edge areas. There are three backup nodes deployed in the cloud. (b) shows an example
of the message flow with a three-hop transaction running on three edge servers.

satisfies the acyclic SC-graph test [11], transactions can be executed
piece-wise without distributed coordination. It also guarantees the
successful and durable commitment of a transaction when the
first hop is executed successfully, which only involves a single
node. Secondly, we apply lazy replication on the first hops so
that the response can be sent to the client without waiting for the
replication acknowledgment. Note that other hops are still replicated
synchronously to minimize the overhead of failure recovery. While
this design choice slows down the full transaction completion time
in the normal case, the 1n-Response guarantee ensures that users
can still receive a real-time response.

However, transactions might see stale data when lazy replication
is applied on transaction chopping (see details in Section III-C).
Prior Transaction Chopping protocols assume that they access
fresh data in all hops. Therefore, accessing stale data would
violate their correctness. To overcome this challenge, we introduce
ChopperGraph in section III-D, which extends transaction chopping
theory to incorporate lazy replication and ensures 1n-Response.
Normal-Case Processing Overview. Figure 2b shows an example
of ImmortalChopper on three edge servers. The scenario shows the
execution of a transaction containing three hops, where the first
hop data is stored in the closest edge server to the client. The client
first sends a transaction request to the closest node, edge server 1,
which serves as the coordinator of this transaction (step 1 in the
figure). The coordinator drives the commitment of the transaction
by performing the processing of the first hop and then sequentially
coordinating with the other edge servers for the processing of
the other hops. After the first hop is executed successfully, the
coordinator dispatches three events concurrently: (2a) It sends the
commitment guarantee message to the client, identifying that the
request has been processed and that the transaction is guaranteed
to be committed (1n-Response). (2b) It sends a ReplicateHop
message to the corresponding backup node 1 to replicate the first
hop lazily. (2c) It sends the ProcessHop message to edge server 2,
which stores the second hop data of the transaction. The coordinator
then waits for the response of 2c before it proceeds to the next step.

Edge server 2 processes the second hop after receiving the

ProcessHop message. It then sends the ReplicateHop message to
the corresponding backup node 2 and waits for the response (steps
3 and 4). Note that since this is not the first hop of the transaction,
the replication is synchronous. We need to wait for the replication
to be performed because the initial response is already sent to the
client, and there is no need to bypass the synchronous replication
of the later hops. Edge server 2 replies to edge server 1 after the
replication is done. When the coordinator receives the response
from edge server 2 (step 5), it sends the ProcessHop message
to edge server 3 and waits for the response. The following steps
6–9 are the same as steps 2c–5 except for the corresponding nodes.
Finally, the coordinator finds that all hops are processed. It sends
the commitment completion message to the client (step 10).

As shown in the example, ImmortalChopper provides 1n-
Response by sending the commitment guarantee to the client once
the first hop is processed successfully, without waiting for it to
be replicated or the later hops to be processed. In the rest of this
section, we show the details of ImmortalChopper protocol and how
it maintains serializability despite failures.
C. Challenges of Edge Failures
As discussed previously, applying lazy replication on the first hop
can lead to some transactions accessing stale state. We provide the
details of the challenges ensuing from node failures when combining
transaction chopping and lazy replication in this subsection. This
is the motivation of our ChopperGraph and ImmortalChopper
proposals.

To describe the challenges of edge failures, consider the example
in Figure 3. The figure shows a timeline of how logs in each node are
stored and replicated. At step 1, edge node 1 receives a ProcessHop
request for transaction 1 hop 2 (denoted as T1H2) that writes 1 to
x. This request is kept in the local log and is also replicated to
backup node 1. At step 2, node 1 receives a request for T2H1 that
writes 2 to x. Since T2H1 is the first hop of a transaction, the
commitment guarantee is sent to the client concurrently with the
replication message to the backup node. During this step, Node 1
fails, and the replication message is dropped. However, the user may
have received the guarantee (it is important because this transaction



Backup
Node 1

Edge
Node 1

T1H2
W(x)

T1H2
W(x)=1

T1H2
W(x)

T2H1
RW(x)=2 

T1H2
W(x)

T3H2
R(x)

T1H2
W(x)

T2H1
RW(x)

T3H2
R(x)

T1H2
W(x)

T2H1
RW(x)

x = 2

Edge
Node 2

x = 1

T3H3
W(y) = x

T3H3
W(y) = x

T4H1
R(y)

Replicated
Log

Not-Replicated
Log

Not-Safe
Log

1

Replication
Message

Reads
From

4
2

3

c1 c2

Cascding
Effect
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cannot be rolled back if the client received the guarantee). Then at
step 3, a request for T3H2 (T3H1 is already processed in another
node) cannot reach node 1 so it is redirected to backup node 1. T3H2
reads the value of x as 1 because backup node 1 did not receive
the log of T2H1 that modifies x to 2. Finally (c1 and c2 will be
discussed later), at step 4, node 1 recovers and retrieves the new logs
from the backup node. Node 1 appends the new logs to the end of
the local logs and reprocesses the new entries. It finds that the result
of T3H2 is changed from 1 to 2, meaning T3H2 was processed
incorrectly on stale state. We cannot overwrite the local log with
the replicated log because the commitment guarantee of T2 might
have been sent back to the client — i.e., discarding T2H1 violates
1n-Response. As a result, all hops performed on the backup node
are considered Non-Safe because they might see a stale state. They
cannot be committed until the edge node recovers.

Moreover, there can be a cascading effect on the hops that are
processed on the other edge nodes. Suppose that T3H3 is a hop that
depends on the output of T3H2, which is Non-Safe. It is processed
and logged in node 2 at step c1 (before the edge node 1 recovers
at step 4). Consequently, T3H3 is also Non-Safe because it writes
y with stale information about x from T3H2. Later at step c2, a
request for T4H1 comes and reads the value of the stale y. T4H1
cannot be safely committed before the value of y is confirmed —
this violates the 1n-Response. We need to ensure that first hops
always operate on the most recent state. So, Non-Safe hops that
can affect first hops (like T3H3) need to be delayed until they can
be safely committed. To track all Non-Safe hops and delay hops
that can affect first hops, we introduce a new transaction chopping
theory called ChopperGraph in the next section.

Allowing speculative hop execution in the backup node makes
the system design more complicated. We make this decision instead
of pausing a hop when the corresponding node fails based on
two reasons: (1) There can be a large number of paused requests
waiting for the failed node — they will flood into the node once it
recovers, which can lead to overloading the node. It causes further
performance-related failures, such as metastable failures [19], [20].
(2) The number of logs that are processed in the failed node but not
replicated to the backup node (like T2H1) is typically low. Most of
the Non-Safe hops are processed using the correct state. This enables
us to incorporate their changes without the need for reprocessing

them. Therefore, we allow useful work about the failed node to be
performed and then verify their safety after the recovery. This can
significantly reduce the time for system recovery.
D. ChopperGraph
In this section, we describe the proposed transaction chopping theory
called ChopperGraph. It identifies hops that read stale states and
determines if those hops need to be delayed.

Definition 3.1: We define the ChopperGraph (ChG=(V,E)) as
the following: Each vertex v∈V represents a hop of a transaction.
Vertex vji corresponds to the jth hop in transaction ti, denoted hji .
There are the following types of edges:

• Sibling edge (s-edge): Between any two vertices vji and vj
′

i in
the same transaction ti, there exists an s-edge.

• Conflict edge (c-edge): Between any two vertices vji and
vlk, there exists a c-edge if (1) They are from difference
transactions (i.e., i ≠ k), and (2) They access the same data
item, x, and at least one of them performs a write on x.

• Directed Dependency edge (d-edge): Consider a transaction
ti. There exists a directed d-edge from vji to vki if (1) j < k,
(2) hji has a read operation, and (3) hki has a write operation.
This represents that hop hki performs a write that depends on
the output of vji .

Vertices in the ChopperGraph can be classified as one of the
following types (see Figure 4 for examples):

• First-hop (1st-hop): A vertex that represents the first hop of a
transaction. 1st-hop always processes the most recent data on
the edge node. Once a 1st-hop is invoked, it cannot be rolled
back or reordered due to the 1n-Response property.

• Unorderable-hop (u-hop): A u-hop vertex is a hop hji that
(1) has a path of c-edges to a 1st-hop vertex, and (2) is a
destination of a d-edge—meaning there is a d-edge from hki
to hji , where hki is not a 1st-hop vertex. A u-hop cannot be
reordered (i.e., reprocessed) as their processing may potentially
impact a 1st-hop that cannot process on stale state.

• Orderable-hop (o-hop): A hop that is not a 1st-hop nor a u-
hop. An o-hop can be processed speculatively as they do not
influence a 1st-hop.

ChopperGraph extends the original SC-Graph by adding a new
type of edge called the directed dependency edge (d-edge) and by
classifying hops into three categories. D-edge helps analyze data
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Fig. 4: ChopperGraph examples. Graph (a) shows h31 is a u-hop
since it has a c-conflict with a 1st-hop and is the destination of a
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any of the two conditions is not satisfied.

dependencies within a transaction. This type of edge is added when
there is a latter hop (dest) that relies on the reads of the earlier hop
(source). When the corresponding edge server of a source hop fails,
the source hop is processed by the backup node, so it is marked as
Non-Safe. The dest hop of the d-edge will also need to be marked
as Non-Safe since it reads the stale data from the source hop.

ChopperGraph’s three types of hops have different behaviors
when there is a failure. (1) First-hop: 1st-hop always processes
on the most up-to-date state to ensure the correctness of the fast
commitment guarantee. Therefore, it cannot be processed by the
backup node since the most recent state might be in the edge node.
(2) Unorderable-hop: when the source hop of the u-hop is marked
as Non-Safe, it cannot be processed until all its source hops are
committed. This is because the u-hop can affect the first-hop of other
transactions, which breaks the guarantee of 1n-Response when the
u-hop is Non-Safe. (3) Orderable-hop: o-hops are the most common
hops that can be processed speculatively. It helps reduce the recovery
time since most hops don’t need to be reprocessed.
Wait dependencies during failure. As we discussed in Sec-
tion III-C, hops will be marked as Non-Safe if they are processed
by the backup node when the corresponding edge server fails. Other
hops that depend on those hops will also be affected. Thus, they
are also considered Non-Safe and can be committed after all the
dependent hops are committed. We call this type of dependency
during a failure as a wait dependency as follows:

Definition 3.2: In an instance of ChG, there can be two types of
wait dependencies:

1. Intra-shard dependency: this is a dependency from one hop
hki to hlj, where hlj waits for hki to be fully committed. The
dependency exists if hki writes an object x that hlj reads. (Since
there is a c-edge between the two hops, they are both on the
same shard).

2. Inter-shard dependency: this is a dependency from hop hki to
hli of the same transaction, and there exists a d-edge from vki
to vli. Hop hli waits for hki to be fully committed.

Wait dependencies are used to track the cascading Non-Safe hops
during failure. ImmortalChopper can follow the dependencies to

resolve those hops after the failed node recovers.
Correctness Proof Sketch. We show that if there is no SC-cycle
in ChopperGraph, transactions can be executed piece-wise while
ensuring serializability even with edge node failures. We prove this
by contradiction. Assume that there is a serializability conflict in
ImmortalChopper for transactions that form a ChopperGraph with
no SC-Cycles. This means that there is a sequence of transactions
that would lead to a cycle in the serializability graph [7], i.e.,
t1 → t2 → . . . → tn → t1. We expand this cycle into the
hops that form each transaction to be: ha1

c−→ hb2
c−→ . . .

c−→ hb1
s∼ ha1,

which indicates the existence of an SC-Cycle in ChopperGraph. The
symbols s∼ and c−→ indicate sibling and conflict edges, respectively.
Given that ChopperGraph contains no SC-Cycles, it is impossible
that the cycle in the serializability graph can form [11].

The above is guaranteed when execution is carried out by edge
nodes without failures. In the case when a failure of some edge
node exists, there is the additional complexity of hops that are
temporarily impacted by stale states. We need to prove that if
a transaction reaches commit completion, then all its stale reads
are corrected. Assume to the contrary that a hop hji was initially
performed by the backup node and thus has read stale state. The stale
state might impact the hop itself as well as other hops that depend
on it. However, by our tracking of dependencies, we can guarantee
that such stale state is not impacting transactions that reached the
commitment completion state. A stale state of hop hji may impact:
(1) the hop itself: this is rectified by the edge node during recovery
(Section III-F), (2) a hop, H, in the same transaction that reads from
hji : this is rectified by enforcing restarting H after hop hji ’s recovery
with intra-shard dependencies. (3) a hop, H, in another transaction
that depends on hji or its dependents: this is rectified by enforcing
restarting H due to inter-shard dependencies. Finally, it is always
possible to restart any such hop. If there exists a dependent hop H
that cannot be restarted (i.e., a first hop), then hji would be marked
as an Unorderable-hop and would not be executed speculatively on
the backup node. With the conditions above, it is a contradiction
that a serializability conflict may occur or that a transaction that has
reached commitment completion has read from a stale state.

E. System Initiliazation

Chains need to be set up before the system starts operating requests.
Each hop is implemented as a stored procedure. The service manager
node builds the ChopperGraph and performs a static analysis on the
graph. To construct S-edges, we connect the hops in the same chain.
When constructing C-edge, the system cannot know which data
item (row) will be accessed because each hop only defines the table
and column to be operated on. As a result, we add C-edges between
hops from different chains that access the same column, and at least
one of them contains a write operation. There might be some C-
edges that are not necessary, so we allow the programmers to mark
edges as commutative. The system will ignore commutative edges
when checking for SC-cycles. For D-edges, we check the output
of each hop and connect the later hops that use the output as their
input parameters. After the edges are constructed, we iterate through
the vertices to mark their vertex types. A real-world application
example of how to define chains and build ChopperGraph from a
set of transactions is shown in Section IV.



Algorithm 1 Coordinator: BeginTransaction event
1: i := new txnId
2: ti := the received transaction
3: Process and log h1i
4: if h1i aborts then
5: Reply the Abort message to the client
6: else
7: [Async] Send Commitment Guarantee message to the client
8: [Async] Send ReplicateHop message to the backup node
9: waitlist := empty list

10: for j ← 2 to N do ▷ The chain has N hops
11: isSafe := DispatchHop(hji )
12: if !isSafe then
13: for hki in hji .dependents do
14: Add hji to the inter-shard dependency of hki
15: append hji to waitlist
16: while waitlist is not empty do
17: hji := received HopCommitted message
18: remove hji from waitlist
19: for hki in hji .dependents do
20: remove hji from the inter-shard dependency of hki
21: update the input of hki
22: if Inter-shard dependency of hki is empty then
23: [Async] Send RemoveDP to the edge node of hki
24: Reply Commitment Completion message to the client

After the ChopperGraph of the application is built, the service
manager checks whether the graph contains SC-cycles. If there
are no SC-cycles, the chains can be executed piece-wise with
ImmortalChopper algorithms (Section III-F) while ensuring the
serializability of the transactions. Otherwise, they will be executed
as normal distributed transactions that cannot enjoy the benefits
of ImmortalChopper. The service manager then invokes all server
nodes and propagates the ChopperGraph to them.

F. Design Details

In this subsection, we describe ImmortalChopper’s detailed algo-
rithms for each system component.
Coordinator. To initiate a transaction, the client sends a Be-
ginTransaction request with the chainId and the corresponding
parameters of the chain to the edge node that stores the first hop data.
The coordinator assigns a txnId to the request. It starts processing the
first hop of the request by invoking the stored procedure as shown in
Algorithm 1 (lines 1–3). If the first hop aborts due to a user-defined
check, the transaction is aborted. The Abort message is then sent
back to the client (lines 4–5).

If the first hop is processed successfully, two messages will be sent
asynchronously (lines 7–8) and the coordinator will not wait for their
responses: (1) The commitment guarantee message is sent to the
client, indicating the request has been processed and that the other
hops are guaranteed to be committed (thus achieving 1n-Response).
(2) The ReplicateHop message is sent to the backup node of the
coordinator to replicate the state (Note that in all algorithms, we
will not wait for the response of a message if we put [Async]
at the beginning). After sending the messages, the coordinator
starts to sequentially dispatch the other hops of the transaction to
their corresponding edge nodes (lines 9–15). In the DispatchHop
function, messages will be redirected to the backup node if the edge
node fails to respond within a timeout. If the response indicates that
hop hji is Non-Safe, the coordinator adds hji to the inter-shard wait
dependency of its dependent hops (i.e., hops that depend on the

Algorithm 2 Edge Node: ProcessHop event

1: hji := the hop to be processed
2: if hji is a u-hop and hji .interDP is not empty then
3: wait until hji .interDP is empty
4: writeReadDpendencies := Process and log hji
5: for hlk in writeReadDpendencies do
6: if hlk is Non-Safe then
7: append hlk to the intra-shard wait dependency of hji
8: response := send ReplicateHop message to the backup node.
9: isSafe := hji .interDP is empty and hji .intraDP is empty

10: Reply isSafe to the coordinator

Algorithm 3 Edge Node: Recover event
1: Pull the logs from the backup
2: for each new log l do
3: Apply log l
4: if l.hop has no wait dependency then
5: [Async] Send HopCommitted to the coordinator of l
6: Replicate all logs to backup

output of hji ) according to the d-edge. A hop is Non-Safe if it has
any inter/intra-shard wait dependency or when it is processed by the
backup node as discussed in Section III-D. Hops that are Non-Safe
will also be appended to the waitlist.

After all hops are processed, the coordinator waits for hops that
are Non-Safe to be resolved, as shown in Algorithm 1 (lines 16–
23). When a Non-Safe hop is safely committed in the edge node,
a HopCommitted message will be sent to the coordinator. The
coordinator removes the committed hop hji from the waitlist. It also
removes hji from the inter-shard wait dependency of the dependent
hops of hji and updates the input of those hops. If a dependent hop
hki has no other inter-shard wait dependency after the removal, the
coordinator sends a RemoveDP message to the corresponding edge
node to check if the hop can be safely committed. The edge node
will reprocess hop hki if the input has changed and check if the hop
can be safely committed.

Finally, all hops are safely committed when there is no Non-Safe
hop inside the waitlist. The coordinator replies with a transaction
commitment completion message to the client.
Edge Node. There are two types of events for an edge node:
(1) processing a hop and (2) handling recovery.

Algorithm 2 describes the processing of a ProcessHop event.
The Processhop message from the coordinator includes the
information of the hop hji to be processed. The edge node first
checks if hji is a u-hop and if it is waiting for any other hops to
be committed (lines 2–3). A u-hop cannot be executed until its
source hops are all safely committed, as discussed in Section III-D.
This is to ensure that first hops always process on the most up-to-
date state to achieve 1n-Response. Then, the edge node executes
the stored procedure. For each item hji reads, we record the hops
that perform the last write on the items and put them in the list
writeReadDepencies. If any hop in the list is Non-Safe, we add the
hop to the intra-shard wait dependency of hji (lines 5–7). After that,
the edge node sends the ReplicateHop message to the backup node
and waits for hji to be replicated. Finally, it checks if hji has any
wait dependency and replies to the coordinator accordingly.

When an edge node recovers from a failure, it pulls all logs from
the backup node, as shown in Algorithm 3. It then processes the



Algorithm 4 Edge Node: RemoveDP event
1: if Invoked by coordinator then
2: set hji .interDP to empty
3: if hji has no wait-dependency then ▷ hji is safe
4: Reprocess hop hji if input is changed
5: [Async] Send HopCommitted to the coordinator of hji
6: for all hlk that has intra-shard dependency with hji do
7: remove hji from the intra-shard dependency of hlk
8: if hlk has no intra-shard dependency then
9: invoke RemoveDP(hlk)

new logs that are only in the backup node. If the corresponding
hop of a log has no wait dependencies, that hop is now safely
committed. The edge node then sends a HopCommitted message
to the coordinator of the transaction. Finally, the new state of the
edge node is replicated to the backup node.

Note that the system is not fully recovered after the Recover
event of the failed edge node is done. There are still hops in other
edge nodes that are waiting for the recovery of the failed node
(due to inter-shard wait dependency). The coordinator serves as the
bridge to resolve the inter-shard dependency: when the coordinator
receives a HopCommitted message, it removes the committed hop
from the inter-shard dependency list of the dependent hops. It sends
a RemoveDP message to the edge node if any of the dependents
has an empty list (Algorithm 1 lines 16–23).

Algorithm 4 shows the process of removing the wait dependency
of a hop. When the RemoveDP event is invoked by the remote
coordinator, it means that the inter-shard dependency of hji is now
empty so the edge node should also empty the list (lines 1–2).
If hji has no wait-dependency, the edge node will reprocess the
hop only if the input is changed. It then send the HopCommitted
message to the coordinator (lines 4–5). For any hlk that waits for hji ,
it removes hji from the intra-shard dependency of hlk (lines 6–9).
Furthermore, if hlk has no intra-shard dependency after the removal,
the RemoveDP event on hlk will be invoked recursively to resolve
the chain of dependencies (lines 8–9). Note that each hop will be
invoked in RemoveDP at most twice, once from the coordinator
to remove the inter-shard dependency and once from the edge node
itself to indicate the intra-shard dependency is empty.
Backup Node. When the edge node is operational, backup nodes
are only responsible for replicating the logs. However, if an edge
node fails, the backup node will take the responsibility of handling
the ProcessHop messages from the coordinator. The process is
similar to Algorithm 2 in the edge node. The two main changes are:
(1) No need to wait for u-hops since 1st-hop can only be processed
by the edge node. As a result, u-hops processed on the backup
node will not affect 1st-hops. (2) Always reply Non-Safe, since the
backup node might not have the most up-to-date state.
G. Updating ChopperGraph
While the chains of transactions are defined at the start of the system,
ImmortalChopper also allows updating the ChopperGraph on the
fly. The updated transactions are sent to the service manager node,
and it generates the new ChopperGraph. Most transactions are not
affected by the update, which means their hop processing code is
not changed (the transaction itself is not updated), and no new edges
are connected to them (the updated transactions do not violate the
serializability of the transaction). Those transactions can run on

the edge nodes without being interrupted by the update. To ensure
that the updated transactions are consistent across all edge nodes,
the service manager runs a three-phase protocol: 1) Prepare phase:
the service manager broadcasts a prepare message with the list
of the updated transaction IDs. When the edge node receives the
update, it stops accepting new transaction requests that are in the
list of updated transactions. After all existing requests in the list
of updated transactions are finished, the edge node replies with
an ACK (Acknowledgement) to the service manager. This phase
ensures that no request related to the updated transactions remains
in the system. 2) Update Phase: After the service manager receives
ACKs from all edge nodes, it broadcasts the updated ChopperGraph.
Each edge node installs the updated ChopperGraph and replies with
an ACK. This phase ensures that all edge nodes have the latest view
of the ChopperGraph. 3)Complete Phase: After the service manager
receives ACKs from all edge nodes, it broadcasts the completion
message. Once the edge node receives the completion message, it
can start accepting requests for the updated transactions.
H. Limitations
In this subsection, we discuss a few limitations of ImmortalChopper
on the types of applications that can fully utilize the benefits and the
availability of the service.
Limits on the applications. ImmortalChopper supports specific
applications that have a set of predefined transactions. A recent
survey [21] has shown that in real-world applications, many
transactions are predefined where the read/write set can be inferred
by analysing the code in advance or can be converted to such a
format with minimal changes.

To execute the transactions piece-wise, the constructed Chopper-
Graph should not contain any cycles. If an application does not meet
the requirement, ImmortalChopper will execute the transactions
with traditional distributed transaction protocols like two-phase
commit. Also, user-defined abort can only be defined in the first-hop.
Otherwise, we cannot determine if the transaction can be committed
by contacting only the first edge node.

We use TPC-C benchmark as an example: all transactions are
pre-defined and have no user-defined abort. In terms of SC-Cycle,
the new-order transaction consists of multiple updates to the stock
level, which results in a potential conflict when requesting from a
remote stock. The delivery and payment transaction are SC-cycle
free.
Failure of coordinator node. When there is an edge node failure,
clients can not initiate transactions that start from the failed node.
This is because the first hop can not be executed on the backup
node, which doesn’t have the up-to-date states. Typically, this is
not a problem since the client is often co-located with the closest
edge node (the client hosts the edge node itself), and the first hop
is often executed in that node (due to data locality). So when the
edge node fails, the client also fails and cannot send any requests.
Also note that if the edge node is disconnected from the other edge
nodes, instead of failing, all transactions can still be processed with
the 1n-Response guarantee.

IV. USECASE ANALYSIS

In this section, we will discuss how an application can use
ImmortalChopper as the database engine using an example of an
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electric vehicle (EV) charging application.
A large chain EV charging company wants to keep track of the

sales in different regions and from different membership levels of
customers. There are a few charging stations and a head station in
each region. The table schema is shown in Figure 5a, which contains
three tables: User, Charger, and Analytics. The user table stores the
user ID, membership level (user tier), and total charging hours. The
charger table stores the charger ID, hourly rate, and total operating
hours. Lastly, the analytics table stores the total sales and last update
time of each membership level in each region ID.

To ensure the best experience for all users, the company requires
real-time response in any region. Cloud databases are not feasible
because regions far away from the cloud might suffer from high
delays. Meanwhile, some charging stations will be deployed in areas
with poor signal coverage, which means they might be disconnected.
As a result, geo-distributed databases are also not a good fit because
the chargers cannot connect to the database when the network fails.
The customers will need to wait until the network recovers, which
is a bad user experience. Finally, the edge-cloud model is adopted,
where the edge nodes are collocated with the chargers. Even when
the charging station is disconnected from the network, customers
can still get real-time responses from the local edge node. Each
charging station holds an edge node to store part of the data (see
Figure 5b). It serves the requests from the chargers. The charger
table is partitioned so that each edge node stores the information
of chargers in the corresponding charging station. The head station
stores the analytics table of that region, the partition key is RegionId.
Customers will register their accounts at a head station. Their user
records will be stored in the edge node of that head station.

The application supports two types of transactions, Charge and
ReadSales. The charger will initiate the Charge request to the edge
node in the station when a customer finishes charging at that charger.
The input of a Charge transaction is the ChargerId, Hour, UserId,
and RegionId. The transaction first reads the charger table to get the
hourly rate and also increases the total operating hours of the charger.
Then, it accesses the user table to increase the total hours of the user

and read the membership level of the user. Finally, the analytics sales
record of the specific RegionId and membership level is updated.
The charging price is added to the sales, and the last update time will
be recorded. This transaction can be chopped into three hops—hc,
hu, and ha where each hop accesses only one table as shown in
Figure 6. The ReadSales transaction reads the region analytics table
to get the sales record of all membership levels in a certain RegionId.
It accesses multiple records under the same RegionId, so they are all
stored in the same server. As a result, the ReadSales chain doesn’t
need to be chopped, and there is only one hop hr.

The ChopperGraph (ChG) is constructed after defining the chains.
As shown in Figure 6, the graph contains 3 chain instances—2 for
the Charge chain and 1 for the read-only ReadSales chain. S-edges
are added to connect the three hops hc, hu, and ha of the Charge
chain sequentially. Each hop of the Charge chain contains a write
operation, so there are c-conflicts with the same hops of the other
instance. The only hop hr of ReadSales chain is a read-only hop
that reads the Analytics table, so it has c-edges with ha, h

′
a.

The full ChG contains multiple SC-Cycles. However, two pairs
of c-edges can be removed with careful analysis. For the c-edge
between hop hc and h′t, the conflict is caused by the increment
operation on the charger’s total hours, which is a commutative
operation with no conflicts. Similarly, the c-edge between hop hu
and h′u can be removed. By deleting the two removable c-edges, the
ChG has no SC-cycle.

The input of ha relies on the output of hc and hu — the ticket
price and user membership level, so the d-edges from hc and hu
to ha are added. Since ha also has a c-edge with hr which is the
first hop of ReadSales chain, it is marked as an unorderable hop.
As a result, ha won’t be executed until hu has persisted on both the
server and the backup service. It guarantees that hr will never read
data that can be rolled back.

After removing unnecessary c-edges, the application has no SC-
cycle so the transactions can be executed piece-wise with Immor-
talChopper. It allows chargers to get the commitment guarantee of
Charge in real-time. The unorderable hop is identified so the system
can ensure that market analysts always get the correct sales statistics,
even when there are node failures.

V. EVALUATION

To validate the design of ImmortalChopper, our experiments
focus on two key aspects: 1) In terms of performance, can
ImmortalChopper achieve 1n-Response in real-time? How does
ImmortalChopper’s performance compare with existing distributed
transaction commit protocols under different environment settings?
2) In terms of fault tolerance, can ImmortalChopper minimize the
impact of failures and recovers efficiently?

A. Implementation
Communication, Storage, and Transaction Implementation.
The prototype of ImmortalChopper is implemented with the Go
Language. The backup service is implemented as a variant of the
server, and we assume it is highly available during the experiment.
The definition of chains, including the number of hops and the
function of each hop, is written as predefined transaction procedures
and is loaded when the system starts.
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Comparison Baselines. We implement 2PL [22], OCC [23] and
Transaction Chains [13] protocols to serve as comparison baselines
with ImmortalChopper. For the 2PL implementation, we assume
that all items to be locked are known before running the transaction.
The client first runs an execution phase that acquires locks on all
accessed items in the servers. After all the locks are acquired, the
client executes the commit phase to apply the buffered write items
and releases all locks. For OCC, we implement a distributed OCC
protocol. The client first runs a read phase that puts shared locks on
all read items. Then it executes the validation phase, which attempts
to acquire exclusive locks on the write items and checks if all shared
locks are still acquired by the transaction. The exclusive lock can
invalidate the shared lock. The transaction will be rolled back if the
validation phase fails. Otherwise, the write phase will be executed
to release all locks and persist the writes in storage.

Note that for all three baselines, logs in edge servers are replicated
to the backup service. For Transaction Chains, logs are replicated
synchronously per hop (no lazy replication on the first hop). For
2PL and OCC, the replication is performed once per phase, similar
to Paxos commit [24] and Spanner [17]. For example, the lock
information is replicated after the lock phase, and the unlock
(commit) is replicated after the commit phase for 2PL.

B. Experimental Setup
The experiments are conducted on skylake nodes of Chameleon
Cloud [25]. Each machine has 2 Intel Xeon Gold 6126 CPUs at
2.6 GHz with 24 virtual threads. Each node is also equipped with
192GB RAM and 10 Gigabit Ethernet.

Unless otherwise stated, five Docker containers are running to
mimic different geographic areas and services. Each container is
assigned a limited number of virtual threads (i.e., 8 threads) to
simulate edge nodes with limited computing power. The first four
containers represent the application users in four edge areas, where
each edge area has two ImmortalChopper servers and one client
machine that issues transactions representing many clients. The fifth
container is for the backup service, and it runs eight backup nodes,
one for each edge server. The network round-trip time (RTT) is
the following: 1ms for communication within the same edge area,
40ms for communication across edge areas (approximately half of
the US West-to-East average RTT), and 60ms for edge-to-cloud
communication between an edge node and a backup node.

We evaluate three different applications: one application is
evaluated in depth to show the performance of ImmortalChopper,
the other two are discussed briefly in section V-G to show the
applicability. For the first application, we implement and extend
the application described in Section IV. All three tables are evenly
partitioned by rows across the eight servers. Each client service runs
20 concurrent threads for sending requests by default. The request
parameters are distributed such that the ChargerId and RegionId are
always partitioned on the two servers in the same edge area as the
client, which means that the first hop and third hop are executed in
the closest servers (This aims to mimic data locality). The UserIds
are evenly distributed among all servers. The number of membership
levels controls the level of contention in the Charge transaction (i.e.,
the source of conflicts in the third hop). By default, the number
of membership levels is set to 50, so the data contention level is
moderate. We also added local transactions that have no conflicts
with the Charge chain, like modifying the user profile.

In the rest of this section, we present the evaluation results
with different configurations. ImmortalChopper and Transaction
Chains are abbreviated as IC and TC, respectively. The suffix “First”
represents the commitment guarantee latency, and “Full” indicates
the commitment completion latency.

C. Varying Concurrency
In this subsection, we evaluate the performance of ImmortalChopper
under different workloads by varying the number of concurrent
requests in the system. The distributed transactions ratio is set to
50%. Figure 7a shows the average latency, and Figure 7b shows the
average transaction throughput. The x-axis represents the number of
concurrent requests in the whole system, so 100 concurrent requests
mean that each client node maintains 25 concurrent requests.

With a light workload (low number of concurrent requests), all
protocols scale well because the computing and network resources
are not congested. OCC gets its best performance at 60 concurrent
requests with 287.39 txns/sec, while 2PL has a higher peak with
347.05 txns/sec. This means that OCC does not reduce contention
compared to 2PL, but still suffers from the consequences of aborting
due to failed validations.

IC scales up to 80 concurrent requests and reaches the highest
throughput with 765.77 txns/sec. Meanwhile, TC reaches the
peak of 659.91 txns/sec later at 120 concurrent requests. They
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Fig. 7: (a) and (b) show the performance when varying the number of concurrent requests. (c) and (d) vary the data contention levels. First
represents commitment guarantee while Full represents commitment completion.

outperform 2PL and OCC because there are fewer messages and
communications for the distributed transaction state management.
The average first-hop latency of IC is only 10 msec because the
first hop is processed by the closest servers within the same area.
It shows that clients can get the commitment guarantee of the
transaction immediately without waiting for the whole transaction
to be committed (Fast 1n-Response). IC First is also faster than TC
First since the guarantee can be sent before the replication is done.
The difference is much more significant in real applications because
the replication latency is typically much higher than 60 ms.

After the peak performance, TC has a higher throughput than IC.
This is because the bottleneck of the system shifts from the network
to the CPU when the number of concurrent requests grows. While
asynchronous replication helps hide the network latency, it stresses
the CPU more rapidly (hop processing is submitted at a higher rate)
and may lead to lower performance under CPU-intensive workloads.
Note that in terms of user experience, IC still outperforms TC since
the commitment guarantee latency is the lowest.
D. Varying Data Contention
In this subsection, we run experiments to show that ImmortalChop-
per is stable under different levels of data contention. All transactions
are distributed transactions. Figure 7c shows the average latency,
and Figure 7d shows the average transaction throughput. The x-axis
is the number of membership levels per region in the analytics table.
With a lower number of membership levels, there are fewer rows
in the table, and the data contention is higher. Larger values in the
x-axis indicate lower contention levels.

At high data contention with only one membership level per
region, transactions take significantly longer to complete for 2PL and
OCC. Specifically, 2PL experiences a 22% increase in latency, while
OCC experiences a doubling of latency. OCC performs much worse
than 2PL because it needs to abort and rerun transactions that fail the
validation phase. For both IC and TC, the throughput and latency are
not impacted by the change of data contention. This is because the
ChopperGraph analysis guarantees serializable execution without
locking resources across distributed hops (piece-wise execution),
significantly reducing the contention between transactions.
E. Scalability
We evaluate the scalability of ImmortalChopper by increasing the
number of edge areas. Each edge area contains one client and two
servers. Each client sends 20 concurrent requests. With more edge
areas, the number of total concurrent requests in the system will also
increase, meaning the load on the system becomes higher.
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Figure 8 shows that IC scales well when increasing the number
of areas. The throughput is increasing by 1.73x, 2.46x, and 3.06x
for 2, 3, and 4 areas, respectively, compared to the single-area
throughput. TC also shows similar scalability to IC. 2PL and OCC
scale well from 1 area to 2 areas, but the throughput is not increased
by much when there are 3 and 4 areas. The result shows that
ImmortalChopper has better scalability than 2PL and OCC. This
is because the piece-wise execution allows ImmortalChopper to
process transactions with fewer messages between nodes and fewer
operations in each node.

F. Failure and Recovery

We run an experiment to evaluate ImmortalChopper’s tolerance to
two different failures, edge node failure and network disconnection.
Edge node failure means the edge node cannot be accessed by any
other node, while network disconnection means the edge node
is disconnected from other edge nodes and backup nodes but
the clients can still initiate transactions on the edge node. In the
experiment, each client keeps 10 “alive” transactions concurrently
— If a transaction is waiting for the edge node to recover, we put
it to sleep and invoke a new transaction to keep the same number
of “alive” transactions. The local transactions ratio is set to 50%.



TABLE I: Completion Latency of RUBIS and SOCIAL

Transactions IC First IC TC 2PL OOC

PutBid 1ms 94 ms 134ms 237ms 264ms

BeFriend 1ms 279 ms 319ms 319ms 320ms

PostStatus 1ms 94 ms 135ms 134ms 135ms

TABLE II: Throughput of RUBIS and SOCIAL

Transactions IC TC 2PL OOC

PutBid 421 373 213 189

BeFriend 105 92 93 92

PostStatus 110 93 93 93

Figure 9 shows the throughput of the system along a timeline. The x-
axis shows the experiment time, and the y-axis shows the throughput
(sum of the four clients). An edge node experiences one of the above-
mentioned failures at time 20, and it recovers after time 25.

Figure 9a shows the results of edge node failure. For IC, there
is a throughput drop after the node failure at time 20. The reason
is that transactions that access stale data cannot be committed until
the edge node recovers. However, those transactions are already
processed and are pending to be safely committed — the processing
resources from the other edge nodes are not wasted. After time 25,
the failed edge node recovers, and the system starts to resolve the
Non-Safe hops. The throughput of the system quickly grows and has
a higher throughput than the normal-case throughput. The reason
is that after recovery, we can utilize all the work that was done by
the backup node and the other edge nodes during the failure. TC
has a smaller performance drop during the failure. This is because
the backup node has the up-to-date data, so all transactions that
involve the failed node can be executed by the backup node directly.
However, IC has a higher throughput than TC at all times.

Figure 9b shows the result of a network disconnection. Compared
to edge node failure, TC experiences a higher performance drop
because the local transactions at the disconnected edge node need
to wait for the replication response from the backup node, so they
cannot be committed. Meanwhile, IC has a much lower throughput
drop. This is because local transactions can be processed by the
edge node itself, without waiting for replication.

The experiment results show that ImmortalChopper effectively
minimizes the impact of node failure and network disconnection. It
can quickly recover with the help of speculative execution.

G. Performance on Common Applications
We evaluate ImmortalChopper with two common applications: an
auction service application (RUBIS) [26], and a social networking
application (SOCIAL). We run each application with 8 nodes and 80
concurrent requests. The network latency configuration is the same
as in the previous experiments. Due to the space limit, we show part
of the results with ImmortalChopper only.

RUBIS is a web application built on a single-machine database
where most of the operations are OLAP operations. We focus on the
most important transaction of RUBIS, called PutBid. It contains
two hops: the first hop inserts a new bid record (with the bidder’s
id and the bid price), the second hop updates the item’s highest bid
price if the new bid price is greater than the current highest bid price.

SOCIAL contains five tables (Graph, User, Status, Wall, and
Activity). There are two important transactions: (1) BeFriend
transaction, where a user becomes friends with another user. It
consists of 4 hops, two for inserting two edges into the Graph table,
and two for inserting BeFriend logs into the Activity table. (2)
PostStatus transaction, where a user updates their current status.
It consists of 2 hops, one for updating the Status table and one for
inserting a PostStatus activity. In the experiment, we run a mixed
workload with an even distribution of these two transactions.

Table I and II show the performance of the two applications.
ImmortalChopper achieves 1ms first-hop latency on all transactions,
showing that the user can receive a response in real-time. PutBid is
a 2-hop transaction with high data contention. IC outperforms other
baselines since it is not blocked by concurrent data competition.
For BeFriend and PostStatus, which are transactions without
contention (all operations are insertions), IC outperforms 2PL and
OCC by hiding the replication latency.

VI. RELATED WORKS

Edge-Cloud Systems. Edge-cloud systems allows data to be stored
and processed close to the user. Many existing systems focus on
improving the performance of a single edge node where most of the
processing can be done locally [27]–[30]. For example, DuckDb [27]
provides an embeddable database that can run on resource-limited
edge nodes. Another popular direction in edge-cloud systems is
to manage edge-node resources efficiently so user requests can be
delegated to available nearby edge nodes [31]–[35]. There are also
works that discuss how to coordinate data between edge-to-edge,
or edge-to-cloud efficiently [4], [36]–[39]. Providing serializable
distributed transactions in the edge-cloud environment is not well-
studied in previous works due to the high coordination overhead
between the far-away edge nodes. For example. TransEdge [40]
uses traditional 2PC for distributed transaction coordination, which
is much slower compared to our system.
Distributed Transaction Protocols. There are lots of distributed
transaction protocols [11], [16], [41]–[43] designed for different
applications with specific assumptions or varying guarantees. Some
works focus on reducing the number of messages in the protocols.
Primo [41] supports write-conflict-free concurrency control to avoid
conflicts in the commit phase and thus reduces 2PC round-trips.
Other works make use of the semantic knowledge, derived from
the deterministic set of transactions, to remove unnecessary data
conflict with a better execution plan [11], [16], [44]. Advanced
hardware like RDMA is also utilized to accelerate distributed
transactions [43], [45], [46]. To the best of our knowledge, no
distributed transaction protocol can fully utilize the nature of data
locality to achieve 1n-Response while tolerating node failures in the
edge-cloud environment.

VII. CONCLUSION

In this paper, we present ImmortalChopper, a distributed transac-
tion protocol designed for edge-cloud environments. It achieves
1n-Response by extending the transaction chopping theory to
ChopperGraph, which integrates lazy replication of the first hops.
The experiments demonstrate that ImmortalChopper provides 1n-
Response in real-time and can tolerate edge node failure while
providing efficient recovery.
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[42] A. Dragojević, D. Narayanan, E. B. Nightingale, M. Renzelmann, A. Shamis,
A. Badam, and M. Castro, “No compromises: distributed transactions with
consistency, availability, and performance,” in Proceedings of the 25th
symposium on operating systems principles, 2015, pp. 54–70.

[43] A. Kalia, M. Kaminsky, and D. G. Andersen, “Fasst: Fast, scalable and simple
distributed transactions with two-sided (rdma) datagram rpcs,” in 12th USENIX
Symposium on Operating Systems Design and Implementation (OSDI 16),
2016, pp. 185–201.

[44] S. Mu, Y. Cui, Y. Zhang, W. Lloyd, and J. Li, “Extracting more concurrency
from distributed transactions,” in 11th USENIX Symposium on Operating
Systems Design and Implementation (OSDI 14), 2014, pp. 479–494.

[45] H. N. Schuh, W. Liang, M. Liu, J. Nelson, and A. Krishnamurthy, “Xenic:
Smartnic-accelerated distributed transactions,” in Proceedings of the ACM
SIGOPS 28th Symposium on Operating Systems Principles, 2021, pp. 740–
755.

[46] Y. Chen, X. Wei, J. Shi, R. Chen, and H. Chen, “Fast and general distributed
transactions using rdma and htm,” in Proceedings of the Eleventh European
Conference on Computer Systems, 2016, pp. 1–17.


