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Abstract
Communication primitives play a central role in modern comput-
ing. They offer a panel of reliability and ordering guarantees for
messages, enabling the implementation of complex distributed in-
teractions. In particular, atomic broadcast is a pivotal abstraction
for implementing fault-tolerant distributed services. This primitive
allows disseminating messages across the system in a total order.
There are two group communication primitives closely related to
atomic broadcast. Atomic multicast permits targeting a subset of
participants, possibly stricter than the whole system. Generic broad-
cast leverages the semantics of messages to order them only where
necessary (that is when they conflict). In this paper, we propose to
combine all these primitives into a single, more general one, called
generic multicast. We formally specify the guarantees offered by
generic multicast and present efficient algorithms. Compared to
prior works, our solutions offer appealing properties in terms of
time and space complexity. In particular, when a run is conflict-free,
that is no two messages conflict, a message is delivered after at
most three message delays.

CCS Concepts
• Computer systems organization→ Dependable and fault-
tolerant systems and networks; • Theory of computation→
Distributed algorithms.
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1 Introduction
Atomic broadcast is a fundamental building block of modern com-
puting infrastructures. This communication primitive offers strong
properties in the ordering and delivery of messages. Atomic broad-
cast finds usage in many storage systems, from file systems and
relational databases to object stores and blockchains [7, 8, 11, 21, 26].
It ensures the scalability, high availability, and fault tolerance of
these distributed systems. At its core, atomic broadcast guarantees
the reliable delivery of messages in the same total order across the
system. Such guarantees generalize into two natural and related
group communication primitives.

The first primitive is called atomic multicast. Atomic multicast
allows sending a message to a (possibly stricter) subset of the pro-
cesses in the system. In this case, the ordering property becomes
a partial order linking the pairs of messages having a joint desti-
nation (a common process). Atomic multicast helps to distribute
the load and better leverage workload parallelism. It is used in geo-
replicated and partially-replicated systems where data is stored in
multiple partitions [2, 12].

The second common generalization of atomic broadcast is generic
broadcast (aka., generalized consensus). This primitive is introduced
in the work of Pedone and Schiper [30] and Lamport [22]. Here, the
ordering property binds messages that conflict, that is, messages
whose processing does not commute in the upper application layer.
Generic broadcast leverages the semantics of messages to expedite
delivery and improve overall performance [22, 25, 30].
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Latency

Algorithm conflict
-free

collision
-free

failure
-free generic? metadata

per msg.
FastCast [10] 8 4 8 × 𝑂 (1)
White-Box [17] 5+1 3+1 5+1 × 𝑂 (1)
PrimCast [27] 5 3 5 × 𝑂 (1)
Tempo [15] 4 5 13

√
𝑂 (𝑚)

Ahmed et al. [1] † 3 5
√

𝑂 (1)
Algorithm 1 † 3 3 5

√
𝑂 (1)

Algorithm 2 3 5 11
√

𝑂 (1)
Table 1: Atomic multicast algorithms. (+1: additional delay
to non-leader processes; †: not fault-tolerant).

Contributions. In this work, we propose to combine the two
primitives, atomic multicast and generic broadcast, into a new prim-
itive called generic multicast. As atomic multicast, generic multicast
permits sending a message to a subset of the processes in the sys-
tem. Delivery is based on the semantics of messages, as in generic
broadcast. This paper defines generic multicast and proposes two
new solutions.

With more details, we claim the following contributions: (i) the
definition of generic multicast for crash-prone distributed systems,
(ii) a base solution that extends the timestamping approach of Skeen
[4], (iii) building upon this, an understandable fully-fledged fault-
tolerant generic multicast algorithm.

Our algorithms extend well-established mechanisms proposed in
the literature (e.g., [1, 4, 16, 33]). Our base (non fault-tolerant) solu-
tion delivers a message in three communication steps when no two
messages conflict. Tolerating failures attains the same lower bound,
for a total of 3 communication steps. To the best of our knowl-
edge, this is the first time this delivery latency has been attained
in a conflict-free scenario (see Table 1 for a comparison with prior
works). Additionally, by expanding well-established constructs, the
algorithms remain simple and understandable. Furthermore, the
two algorithms are thrifty in the amount of metadata they use.
Regarding standard approaches in the field, they solely need a set
to store non-conflicting messages and a scalar.

Outline. The remaining of this work is organized as follows.
Section 2 reviews existing literature on atomic multicast. Section 3
presents the system model and defines generic multicast as well as
some related properties of interest. Section 4 depicts our base (non-
fault-tolerant) solution. Section 5 extends the base solution into
a fully-fledged fault-tolerant algorithm. Additionally, this section
argues about the performance of the algorithm and its correctness.
We close in Section 6 with a summary of the paper and a prospect
of future works.

2 Background
The literature on atomic multicast is rich, finding its roots in the
early works on group communication primitives. In what follows,
we offer a brief tour of the topic, underlining the key ideas and algo-
rithmic principles. Table 1 lists the most recent solutions and com-
pares them against the two algorithms we cover in Sections 4 and 5.
Figure 1 gives the genealogy of the two algorithms.

Early Solutions. The first solution to atomic multicast appears
in the work of Birman and Joseph [4]. In this work, the authors
describe an unpublished algorithm by Dale Skeen that use prior-
ities to order the delivery of messages. The algorithm employs a
two-phase approach. In the first phase, the sender disseminates the
message to its destination group and awaits their responses. Upon
receiving such a message, an algorithm assigns it a priority greater
than prior messages and sends this priority back to the sender. The
sender collects responses from the destination groups. It computes
the highest priority among all the proposals and informs the desti-
nation group. Each process in the destination group assigns to the
message this new priority. At a process, messages are delivered in
the order of their priority, from lowest to highest.

In modern terms, the solution of Skeen is a timestamping al-
gorithm. This early solution does not tolerate failures: when the
sender fails, the algorithm stalls. Birman and Joseph [4] propose
that another process takes over the role of the sender when it
fails. This requires a synchronous system. However, in general,
distributed systems are partially synchronous. In this context, one
cannot detect accurately if a process in the destination group has
failed. To deal with it, Guerraoui and Schiper [19] propose to parti-
tion the recipients of a message into (disjoint) consensus groups.
Each group maintains a clock that it uses and advances to propose
timestamps. A similar solution is proposed by Fritzke et al. [16] and
Delporte-Gallet and Fauconnier [14]. From a high-level perspective,
all these approaches can be seen as replicating the logic of a Skeen
process over a reliable group of machines.

Message Semantics. In Skeen’s approach, each process main-
tains a logical clock it uses to assign timestamps. Once the final
timestamp of a message is known, the logical clock is bumped to
a higher value. This ensures progress as, otherwise, the message
would stall until enough (prior) messages get timestamped. In this
schema, right before the clock is bumped, another message can
sneak in and retrieve an earlier timestamp. This delays delivery.
Such a situation is due to contention, creating a convoy effect in
the system [1]. To deal with it, Ahmed-Nacer et al. [1] propose
to leverage the semantics of messages. If from the application’s
perspective the two messages commute, they do not need to wait
for each other. Such an idea finds its root in the generalizations
of atomic broadcast [22, 29]. These algorithms use the semantics
of messages to deliver them earlier. Building upon this, Ahmed-
Nacer et al. [1] define generic multicast as a variation of atomic
multicast that understands the message semantics. However, the
definition in [1] only applies to the failure-free case. We extend
it to failure-prone systems in Section 3. Notice that the mention
of a generalized version of atomic multicast can be traced back in
earlier works (e.g., [32]).

Recent Progress. To bump the clock, Guerraoui and Schiper
[19] execute a second agreement per consensus group. Schiper and
Pedone [33] observe that this is not always necessary. In fact, when
a message is addressed to a single consensus group, no timestamp-
ing mechanism is needed. Coelho et al. [10] propose the FastCast
algorithm. This solution delivers messages in fewer communication
steps by leveraging a speculative path to update the logical clock.
The fast path executes concurrently with a slower (conservative)
path. The message is delivered in four message delays when the
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Figure 1: Structured derivations of generic multicast.

Non-leader members need an additional communication step. Prim-
Cast [27] is the best collision-free solution known to date. It cuts the
additional message delay by exchanging commit acknowledgment
messages across consensus groups (and not just at the leaders as in
[17]). The authors also propose a technique of loosely synchronized
logical clocks to reduce the convoy effect.

Whenmultiple messages are addressed concurrently to a process,
the above algorithms are slower (“failure-free” column in Table 1).
To avoid this, Tempo [15] leverages the semantics of messages. Mes-
sages are split into𝑚 classes (see Table 1). Two messages conflict,
i.e., do not commute, only if they are in the same class (identified
with a key). When messages collide, but do not conflict, Tempo
can deliver them in four message delays (“collision-free” column in
Table 1).

The work in [35] characterizes the minimal synchrony assump-
tions to solve atomic multicast. In particular, this work shows that,
in some cases, weaker assumptions than the standard partitioning
into consensus groups is possible. This paper does not investigate
such systems.

3 GENERIC MULTICAST
This work introduces the generic multicast problem in failure-prone
systems. Generic multicast is a flexible group communication prim-
itive that takes the best of two worlds. Like atomic multicast, it
permits addressing a message to a subset of the processes in the
system. Additionally, the semantics of the messages is taken into
account, as in generic broadcast, to order them only where nec-
essary. Both effects contribute to better delivery performance, as
illustrated in Table 1.

This section presents the system model and defines the generic
multicast problem. It then illustrates this primitive in the context of
distributed storage. Further, we discuss how to implement generic
multicast efficiently.

3.1 System Model
The distributed system consists of a set Π = {𝑝1, 𝑝2, . . . , 𝑝𝑛≥2}
of processes. A process may fail by crashing, halting its execu-
tion. When this happens, the process is faulty. Otherwise, it is cor-
rect. Processes do not share a common memory and solely rely on
passing messages through communication channels to exchange
information. Any two processes are connected with a channel.
A call to 𝑆𝑒𝑛𝑑 ⟨𝑚, 𝑝⟩ sends the message 𝑚 to the process 𝑝 . The
event 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 ⟨𝑚, 𝑝⟩ is triggered when message𝑚 is received from
𝑝 . Channels are reliable. This means that if a correct process 𝑝 sends
a message to a correct process 𝑞, then eventually 𝑞 receives this
message.

The system is partially synchronous. Partial synchrony is mod-
eled with the help of failure detectors [9]. For pedagogical purposes,
we first consider a failure-free system in which all processes are cor-
rect (Section 4). Later, we augment the system with failure detectors
and quorums (the details are in Section 5).

3.2 Definition
Generic multicast permits the dissemination of a message across the
system with strong liveness and safety guarantees. In what follows,
we formally define the communication primitive and illustrate its
usage in the context of a storage system.

We noteM the set of messages disseminated with generic multi-
cast. Each such message𝑚 carries its source (𝑚.𝑠𝑟𝑐 ∈ Π), a unique
identifier (𝑚.𝑖𝑑), as well as the destination group (𝑚.𝑑 ⊆ Π). There
are two operations at the interface: GM-Send(𝑚) multicasts some
message𝑚 to its destination group, that is, the processes in𝑚.𝑑 .
GM-Deliver(𝑚) triggers at a process when message𝑚 is delivered
locally. As common, we consider that processes multicast different
messages and that a message is multicast at most once.

In generic multicast, delivery is parameterized with a conflict
relation (∼) that captures the semantics of messages from an appli-
cation perspective [22, 29]. Relation ∼ is irreflexive and symmetric
overM. It is such that if two messages conflict, then they must
have a recipient in common:𝑚 ∼𝑚′ =⇒ 𝑚.𝑑 ∩𝑚.𝑑′ ≠ ∅.

For a process 𝑝 and two conflicting messages𝑚 ∼𝑚′, we note
𝑚 →𝑝 𝑚

′ when 𝑝 delivers message𝑚 before it delivers message𝑚′.
This relation tracks the local delivery order at process 𝑝 . Notice that
𝑚 →𝑝 𝑚

′ holds even if 𝑝 never delivers message𝑚′. Howmessages
are delivered across the system is captured with the global delivery
order. This relation is defined as:→=

⋃
𝑝∈Π →𝑝 .

Generic multicast ensures the following properties on the dis-
semination of messages:

- Integrity: For some message𝑚, every process 𝑝 ∈ 𝑚.𝑑 in-
vokes GM-Deliver(𝑚) at most once and only if some process
invoked GM-Send(𝑚) before.

- Termination: If a correct process 𝑝 invokes GM-Send(𝑚)
or GM-Deliver(𝑚) for some message 𝑚, eventually every
correct process 𝑞 ∈𝑚.𝑑 executes GM-Deliver(𝑚).

- Ordering: Relation→ is acyclic.
Generic multicast establishes a partial order among delivered

messages. In simple terms, it ensures that conflicting messages are
delivered in a total order, while non-conflicting ones are delivered
in any order. In both cases, a message is delivered reliably at all the
processes in its destination group.

Figure 1: Structured derivations of generic multicast.

fast path correctly guesses the final timestamp. An improvement is
made to the above schema by Gotsman et al. [17]. This algorithm
opens the consensus “black box” to make additional optimizations.
In the absence of collisions, the solution in [17] delivers a message
in just three message delays at the leader of a consensus group.
Non-leader members need an additional communication step. Prim-
Cast [27] is the best collision-free solution known to date. It cuts the
additional message delay by exchanging commit acknowledgment
messages across consensus groups (and not just at the leaders as in
[17]). The authors also propose a technique of loosely synchronized
logical clocks to reduce the convoy effect.

Whenmultiple messages are addressed concurrently to a process,
the above algorithms are slower (“failure-free” column in Table 1).
To avoid this, Tempo [15] leverages the semantics of messages. Mes-
sages are split into𝑚 classes (see Table 1). Two messages conflict,
i.e., do not commute, only if they are in the same class (identified
with a key). When messages collide, but do not conflict, Tempo
can deliver them in four message delays (“collision-free” column in
Table 1).

The work in [35] characterizes the minimal synchrony assump-
tions to solve atomic multicast. In particular, this work shows that,
in some cases, weaker assumptions than the standard partitioning
into consensus groups is possible. This paper does not investigate
such systems.

3 Generic Multicast
This work introduces the generic multicast problem in failure-prone
systems. Generic multicast is a flexible group communication prim-
itive that takes the best of two worlds. Like atomic multicast, it
permits addressing a message to a subset of the processes in the
system. Additionally, the semantics of the messages is taken into

account, as in generic broadcast, to order them only where nec-
essary. Both effects contribute to better delivery performance, as
illustrated in Table 1.

This section presents the system model and defines the generic
multicast problem. It then illustrates this primitive in the context of
distributed storage. Further, we discuss how to implement generic
multicast efficiently.

3.1 System Model
The distributed system consists of a set Π = {𝑝1, 𝑝2, . . . , 𝑝𝑛≥2}
of processes. A process may fail by crashing, halting its execu-
tion. When this happens, the process is faulty. Otherwise, it is cor-
rect. Processes do not share a common memory and solely rely on
passing messages through communication channels to exchange
information. Any two processes are connected with a channel.
A call to 𝑆𝑒𝑛𝑑 ⟨𝑚, 𝑝⟩ sends the message 𝑚 to the process 𝑝 . The
event 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 ⟨𝑚, 𝑝⟩ is triggered when message𝑚 is received from
𝑝 . Channels are reliable. This means that if a correct process 𝑝 sends
a message to a correct process 𝑞, then eventually 𝑞 receives this
message.

The system is partially synchronous. Partial synchrony is mod-
eled with the help of failure detectors [9]. For pedagogical purposes,
we first consider a failure-free system in which all processes are cor-
rect (Section 4). Later, we augment the system with failure detectors
and quorums (the details are in Section 5).

3.2 Definition
Generic multicast permits the dissemination of a message across the
system with strong liveness and safety guarantees. In what follows,
we formally define the communication primitive and illustrate its
usage in the context of a storage system.

We noteM the set of messages disseminated with generic multi-
cast. Each such message𝑚 carries its source (𝑚.𝑠𝑟𝑐 ∈ Π), a unique
identifier (𝑚.𝑖𝑑), as well as the destination group (𝑚.𝑑 ⊆ Π). There
are two operations at the interface: GM-Send(𝑚) multicasts some
message𝑚 to its destination group, that is, the processes in𝑚.𝑑 .
GM-Deliver(𝑚) triggers at a process when message𝑚 is delivered
locally. As common, we consider that processes multicast different
messages and that a message is multicast at most once.

In generic multicast, delivery is parameterized with a conflict
relation (∼) that captures the semantics of messages from an appli-
cation perspective [22, 29]. Relation ∼ is irreflexive and symmetric
overM. It is such that if two messages conflict, then they must
have a recipient in common:𝑚 ∼𝑚′ =⇒ 𝑚.𝑑 ∩𝑚.𝑑′ ≠ ∅.

For a process 𝑝 and two conflicting messages𝑚 ∼𝑚′, we note
𝑚 →𝑝 𝑚

′ when 𝑝 delivers message𝑚 before it delivers message𝑚′.
This relation tracks the local delivery order at process 𝑝 . Notice that
𝑚 →𝑝 𝑚

′ holds even if 𝑝 never delivers message𝑚′. Howmessages
are delivered across the system is captured with the global delivery
order. This relation is defined as:→=

⋃
𝑝∈Π →𝑝 .

Generic multicast ensures the following properties on the dis-
semination of messages:

- Integrity: For some message𝑚, every process 𝑝 ∈ 𝑚.𝑑 in-
vokes GM-Deliver(𝑚) at most once and only if some process
invoked GM-Send(𝑚) before.
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- Termination: If a correct process 𝑝 invokes GM-Send(𝑚)
or GM-Deliver(𝑚) for some message 𝑚, eventually every
correct process 𝑞 ∈𝑚.𝑑 executes GM-Deliver(𝑚).

- Ordering: Relation→ is acyclic.
Generic multicast establishes a partial order among delivered

messages. In simple terms, it ensures that conflicting messages are
delivered in a total order, while non-conflicting ones are delivered
in any order. In both cases, a message is delivered reliably at all the
processes in its destination group.

Flexibility. Generic multicast is a flexible communication prim-
itive. If the conflict relation binds any two messages (∼=M ×M),
we obtain atomic multicast. Conversely, if there is no conflict (∼= ∅),
the above definition is the one of reliable multicast. These observa-
tions also extend naturally to the casewheremessages are addressed
to everybody in the system. In such a case, the specification boils
down to the one of generic broadcast [29]. Then, if all messages con-
flict, we obtain atomic broadcast, and when there are no conflicts,
the specification of reliable broadcast.

From what precedes, by adjusting the conflict relation and/or the
destination groups, we can adapt the behavior of generic multicast
to suit an application’s needs. This permits tailoring an implemen-
tation to a specific context, without modifying it. In the following
section, we illustrate such an idea in the context of a storage system.

3.3 Usage: A Key-Value Store
To illustrate the above definitions, let us consider a key-value store.
Such a service is common in cloud infrastructures where it can be
accessed concurrently by multiple remote clients (typically, appli-
cation backends). A key-value store maps a set of keys to a set of
values. In detail, its interface consists of three operations: a call to
read (k) reads the content stored under key 𝑘 , operation write (k,v)
maps key𝑘 to value 𝑣 , and cas (k,u,v) executes a compare-and-swap,
that is it stores 𝑣 under key 𝑘 , provided the associated value was
previously 𝑢. Additionally, the interface includes a batch operator
begin. . .end which permits grouping several of these operations.

Modern key-value stores replicate data across several availability
zones and/or geographical regions. This improves fault tolerance
and data locality. A standard approach to implementing such sys-
tems is to rely on the use of atomic broadcast in conjunction with
atomic commitment. For instance, this is the design of Spanner
[11]. In Spanner, each unit of replication, or tablet, is replicated
across multiple data centers. Operations on a tablet are ordered
with the Paxos consensus algorithm. When a batch of operations
executes over multiple tablets, the replicas run two-phase commit
(2PC) [18, 24] to agree on committing or aborting its changes.

Atomic multicast provides an alternative design [2, 12]. Upon
executing an operation, a message is multicast to the replicas hold-
ing a copy of the corresponding data items. When the message is
delivered, replicas apply the operation locally. (If the message is
a batch, an additional phase is needed, as detailed in [3].) Thanks
to the ordering property of atomic multicast, this approach also
provides strong consistency to the service clients.

In this context, generic multicast can be used as a drop-in replace-
ment to atomic multicast. For this, we need to define the conflict
relation (∼) appropriately. Given an operation 𝑐 , isRead(𝑐) evalu-
ates to true when 𝑐 is a read operation. We write key(𝑐) the key

accessed by 𝑐 . Operations 𝑐 and 𝑑 conflict when they access the
same key and one of them is an update. Formally,

𝑐 ∼ 𝑑
△
= key(𝑐) = key(𝑑) ∧ ¬ (isRead(𝑐) ∧ isRead(𝑑)) (1)

For some message𝑚, we write ops(𝑚) the operations𝑚 dissemi-
nates. Given two distinct messages𝑚 and𝑚′, the conflict relation
is then defined as:

𝑚 ∼ 𝑚′ △= ∃𝑐, 𝑑 ∈ ops(𝑚) × ops(𝑚′) . 𝑐 ∼ 𝑑 (2)

With generic multicast, operations on the key-value store that
do not access the same items commute. Hence, this group commu-
nication primitive permits to order messages only where needed;
this is more flexible and potentially also faster. If the workload is
contended on some specific keys, the system coordinates only the
access to those hot items. If later, the workload becomes uniform,
there is no need to re-visit the architecture, as the same guarantees
still hold.

In the remainder of the paper, we explain how to implement
generic multicast efficiently. Before detailing these solutions, we
first discuss the properties of interest they should have.

3.4 Implementation Properties
Atomic multicast satisfies all the requirements of generic multi-
cast. Unfortunately, it also orders more messages than necessary.
To avoid this, the authors in [29] introduce the notion of strict-
ness. Such a property captures when an implementation permits
non-conflicting messages to be delivered in different orders. The
definition given in [29] is for generic broadcast. It is extended natu-
rally to our context as follows:

(Strictness) Consider two processes 𝑝 and 𝑞 and two non-
conflicting messages 𝑚 and 𝑚′ with {𝑝, 𝑞} ⊆ 𝑚.𝑑 ∩𝑚′ .𝑑 .
There exist an execution 𝜖 during which where 𝑝 delivers𝑚
before𝑚′, while 𝑞 delivers𝑚′ before𝑚.

Another property of interest is with respect to the destination
group. Indeed, it is possible to implement generic multicast by deliv-
ering messages first everywhere, with atomic (or generic) broadcast,
and then filtering them out based on their destinations. However,
this defeats the purpose of targeting a subset of the system. In [20],
the authors introduce a minimality property that rules out such
approaches.

(Minimality) In every run 𝜖 , if some correct process 𝑝 sends
or receives a (non-null) message in 𝜖 , there exists a message
𝑚 multicast in 𝜖 with 𝑝 ∈𝑚.𝑑 .

The two properties above are of interest from an implementation
perspective. They ensure the communication primitive is flexible
enough and appropriately leverages the semantics of messages it
disseminates. In what follows, we complement these with metrics
that capture performance.

3.5 Time Complexity
In [17], the authors define the notions of failure-free and collision-
free latency. These metrics are defined when the system is stable,
that is, when there are no failures and the system behaves syn-
chronously. We now extend such metrics to the context of generic
multicast. At core, we take into account the semantics of messages.
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Runs are classified whether they contain concurrent and conflicting
messages, or not.

The delivery latency of a message is the time interval between the
moment it is multicast and delivered everywhere.1 The conflict-free
latency is the maximum delivery latency for a message when there
are no conflicting messages. A message𝑚 precedes a message𝑚′ if
𝑚 is last delivered before𝑚′ is multicast. 2 Two messages𝑚 and𝑚′
are concurrent when neither𝑚 precedes𝑚′ nor the converse holds.
The collision-free latency is the maximum delivery for a message
when there is no concurrent message with a common destination.
Last, the failure-free latency is the maximum delivery latency for a
message in the presence of concurrent and conflicting messages.

To illustrate the above notions, let us go back to our storage
example (see Section 3.3). The failure-free latency defines an upper
bound on the time an operation takes to return. If the operation
does not encounter a concurrent operation when accessing the
same replicas, it may return earlier; this is the collision-free latency.
Now in case the operation accesses a cold item (or a batch of them),
its response can be even faster: in this situation, data is identical
everywhere, which is similar to running the operation solo from
the initial state. This optimal case is measured with conflict-free
latency.

Lower bounds. As mentioned earlier, atomic broadcast (and
thus consensus) trivially reduces to generic multicast. Hence any
known lower bound on this communication primitive applies to
generic multicast. It is well-known that atomic broadcast can deliver
at best a message after a single round-trip, that is, two message
delays, in a conflict-free (or collision-free) scenario [22]. Now, when
a collision occurs, three message delays are necessary [23].

4 A Base Solution
This section introduces a base solution to generic multicast. This
algorithm follows the standard schema invented by Skeen [4]: For a
message, each process in its destination group proposes a timestamp.
The highest such proposal is the final timestamp of the message.
Message delivery happens in the order of their final timestamps.

In Skeen’s schema, the clock ticks every time a message is re-
ceived. Our key observation is that generic multicast needs only
this to happen when a conflict occurs. Moreover, conflict-free mes-
sages are delivered in parallel without waiting in contrast to vanilla
atomic multicast. Both mechanisms reduce the latency and the
convoy effect in the communication primitive.

Algorithm 1 depicts an implementation of generic multicast. This
algorithm works when processes are all correct. Below, we present
its variables and the overall logic, then detail the internals.

Overview. At a process, Algorithm 1 makes use of the following
four local variables.

- 𝐾 : A logical clock to propose a timestamp for each message.
- 𝑃𝑒𝑛𝑑𝑖𝑛𝑔: The messages that do not have a timestamp as-
signed to them so far.

- 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑖𝑛𝑔: The messages whose timestamp is decided and
that are ready for delivery.

1In [17], the authors consider the moment the message is first delivered. Here, we
follow the definition proposed in [27].
2The term “before” refers here to real-time ordering.

Algorithm 1 Base generic multicast – code at 𝑝 .
1: Variables:
2: 𝐾 ← 0
3: 𝑃𝑒𝑛𝑑𝑖𝑛𝑔← ∅
4: 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑖𝑛𝑔← ∅
5: 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 ← ∅
6: procedure GM-Send(m)
7: for all 𝑞 ∈𝑚.𝑑 do
8: 𝑆𝑒𝑛𝑑 ⟨Begin(𝑚), 𝑝⟩
9: when 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 ⟨Begin(𝑚), 𝑞⟩
10: if ∃𝑚′ ∈ 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠.𝑚 ∼𝑚′ then
11: 𝐾 ← 𝐾 + 1
12: 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 ← ∅
13: 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 ← 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 ∪ {𝑚}
14: 𝑃𝑒𝑛𝑑𝑖𝑛𝑔← 𝑃𝑒𝑛𝑑𝑖𝑛𝑔 ∪ {(𝑚,𝐾)}
15: 𝑆𝑒𝑛𝑑 ⟨Propose(𝑚,𝐾), 𝑞⟩
16: when ∀𝑞 ∈𝑚.𝑑. 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 ⟨Propose(𝑚, 𝑡𝑠), 𝑞⟩
17: 𝑡𝑠𝑓 ← max({𝑡𝑠 : 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 ⟨Propose(𝑚, 𝑡𝑠), 𝑞⟩})
18: for all 𝑞 ∈𝑚.𝑑 do
19: 𝑆𝑒𝑛𝑑 ⟨Deliver(𝑚, 𝑡𝑠𝑓 ), 𝑞⟩

20: when 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 ⟨Deliver(𝑚, 𝑡𝑠𝑓 ), 𝑝⟩
21: if 𝑡𝑠𝑓 > 𝐾 then
22: if ∃𝑚′ ∈ 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠.𝑚 ∼𝑚′ then
23: 𝐾 ← 𝑡𝑠𝑓 + 1
24: 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 ← ∅
25: else
26: 𝐾 ← 𝑡𝑠𝑓

27: 𝑃𝑒𝑛𝑑𝑖𝑛𝑔← 𝑃𝑒𝑛𝑑𝑖𝑛𝑔 \ {(𝑚, _)}
28: 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑖𝑛𝑔← 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑖𝑛𝑔 ∪ {(𝑚, 𝑡𝑠𝑓 )}

29: procedure GM-Deliver(m)
pre: ∧ ∃𝑡 . (𝑚, 𝑡) ∈ 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑖𝑛𝑔

∧ ∀𝑚′, 𝑡 ′ . (𝑚′, 𝑡 ′) ∈ 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑖𝑛𝑔 ∪ 𝑃𝑒𝑛𝑑𝑖𝑛𝑔
=⇒ (𝑚 ≁ 𝑚′ ∨ (𝑚, 𝑡) < (𝑚′, 𝑡 ′))

30: 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑖𝑛𝑔← 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑖𝑛𝑔 \ {(𝑚, 𝑡)}

- 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠: The messages received since a conflict was
detected. By construction, this set only contains messages
that do not conflict with each other.

Using the above variables, Algorithm 1 proposes and decides times-
tamps for the messages submitted to generic multicast. In a nutshell,
each newly submitted message is first disseminated to its destina-
tions. These processes advance their clocks to propose a timestamp
for the message. Such proposals are then gathered, and the highest
one defines the final timestamp. A message is then delivered in the
order of its timestamp.

As mentioned earlier, the logical clock advances only when a
conflict is detected. Namely, when a conflict is detected, the set
𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 is cleared and the clock advances. This mechanism
reduces the convoy effect in the communication primitive. We
further detail this next.
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Internals. To disseminate some message𝑚, a process 𝑝 invokes
at line 6 operation GM-Send(𝑚). The operation sends a message
Begin(𝑚) to all the processes in 𝑚.𝑑 using the underlying 𝑆𝑒𝑛𝑑
communication primitive. When this happens, we say that 𝑝 is the
sender of message𝑚.

At line 9, the handler triggerswhen process𝑝 receives a Begin(𝑚)
message from𝑚’s sender, 𝑞. In such a case, 𝑝 first checks if𝑚 con-
flicts with a previously received message. This computation is at
line 10, using the 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 variable. If the process identifies
a conflict, it increments its clock and clears the 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 set
in lines 11 to 12. Then, the process stores the message𝑚 and its
timestamp proposal, which is the value of its clock. The process
sends to the sender 𝑞 the proposal for𝑚 at line 15 with a Propose
message.

When the sender gathers a proposal from all the processes in
𝑚.𝑑 , it computes the final timestamp of𝑚 by selecting the highest
proposed timestamp. The sender then disseminates the decision to
all the processes with a Deliver message. Such a computation is
in lines 16 to 19.

Upon receiving the final timestamp 𝑡𝑠𝑓 for message𝑚, a process
checks if its clock is lower than 𝑡𝑠𝑓 . If this happens to be the case,
the clock is advanced to 𝑡𝑠𝑓 . In case a conflict is detected, the clock
is also incremented by one and the 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 set is cleared.
This step ensures that no earlier message is missed: when the final
timestamp is known, all the messages before𝑚 and conflicting with
it are stored locally.

Once the above steps are executed, the message is ready to get
delivered at line 29. The precondition in this line ensures that
delivery happens in the order of the final timestamps. In case two
timestamps are tied between conflicting messages, the identifier
of each message provides a deterministic order. This means that
(𝑚, 𝑡) < (𝑚′, 𝑡 ′) reads as 𝑡 < 𝑡 ′ ∨ (𝑡 = 𝑡 ′ ∧𝑚.𝑖𝑑 < 𝑚′ .𝑖𝑑).

Discussion. Variable 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 can grow arbitrarily large
when there is no conflict. This may negatively impact memory
usage. In practice, it suffices to bump the clock and clear the set pe-
riodically. Because processes cannot unilaterally bump their clocks,
such a garbage-collection mechanism ought to be deterministic: it
can happen at a given interval or by broadcasting an appropriate
command across the system.

Algorithm 1 does not restrict the conflict relation. Therefore,
it is possible to build the storage example (Section 3.3) utilizing
the conflict relation of Equation (2). The storage system would be
linearizable taking full advantage of non-conflicting messages.

For Algorithm 1, we do not present correctness arguments. They
are detailed in the next section where we present a complete fault-
tolerant solution.

5 Dealing With Failures
We now present a fault-tolerant algorithm to solve the generic
multicast problem. This solution merges the logic of Algorithm 1
with some of the ideas introduced in earlier works (e.g., [16, 33]).

In what follows, we first detail the necessary additional assump-
tions on the system model to deal with process failures. Then, we
introduce our solution, argue about its correctness, and prove that
its performance matches the results in Table 1.

sender
𝑔1 𝑔2

GM-Send(𝑚)
GB-Send𝑔1
GB-Send𝑔2

GB-Deliver𝑔1
𝐾 ← 42
𝑆𝑒𝑛𝑑

GB-Deliver𝑔2
𝐾 ← 3
𝑆𝑒𝑛𝑑

GM-Deliver(𝑚)
𝐾 ← 42
GM-Deliver(𝑚)

Figure 2: A run of Algorithm 2.

5.1 Additional Assumptions
Fault-tolerance. To be fault-tolerant, we need to strengthen our

computational model. A standard assumption [13] is to assume that
the system is partitionable into groups. Internally, each such group
is robust enough to solve consensus. The destination a message
is then defined as the union of one (or more) of these consensus
groups.

In detail, we assume a partition Γ = {𝑔1, . . . , 𝑔𝑚} into groups of
Π ensuring that:

At the light of the above assumptions, generic broadcast is solv-
able in every group 𝑔 ∈ Γ. In what follows, we consider that such an
instance exists per group. For some group 𝑔, we note GB-Send𝑔 (𝑚)
and GB-Deliver𝑔 (𝑚) respectively the operation to broadcast and
deliver a message𝑚 using generic broadcast in group 𝑔.

Conflict relation. In what follows, we consider that messages
convey a single operation and that they all access the same key.
That is, the conflict relation (∼) abide by Equation (1). Later in the
paper, we discuss this limitation and how it can be lifted.

5.2 Algorithm
Our solution is presented in Algorithm 2. Below, we provide an
overview of the protocol, detail its internals, and later argue about
its correctness.

Overview. Algorithm 2 employs the variables listed in lines 1
to 4. Some of them have the same usage as in Algorithm 1.

- 𝐾 : A logical clock.
- 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠: The messages received since a conflict was
detected.

- 𝑀𝑒𝑚: This map stores the necessary information to pro-
cess each message. It plays the joint roles of 𝑃𝑒𝑛𝑑𝑖𝑛𝑔 and
𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑖𝑛𝑔 in Algorithm 1.

Algorithm 2 follows the standard transformation invented in [19].
Such a transformation makes Skeen’s approach fault-tolerant by
considering subsets of the destination group that are large enough
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to agree on a timestamp proposal. This is the purpose of the as-
sumptions made in Section 5.1.

In detail, for each destination group𝑚.𝑑 , there exists a partition
into a set of groups G such that𝑚.𝑑 = ∪𝑔∈G 𝑔. In each group 𝑔,
processes agree on a timestamp proposal for message 𝑚. Agree-
ment takes place using generic broadcast in group 𝑔. Then, as in
Algorithm 1, the final timestamp 𝑡𝑠𝑓 of message𝑚 is the highest of
such proposals. To deliver message𝑚, it is necessary to know all
the messages with a lower final timestamp than𝑚. For this, each
group 𝑔 bumps its clock using generic broadcast a second time. In
case a group has a clock high enough, it simply does nothing.

Figure 2 illustrates the above logic. In this failure-free scenario,
two groups𝑔1 and𝑔2 partition the destination group ofmessage𝑚.𝑑 .
Each group computes a timestamp proposal using generic broadcast:
group 𝑔1 proposes 42, while 𝑔2 suggests 3. This computation occurs
for 𝑔1 in the blue box. In parallel 𝑔2 also reaches an agreement on
the proposal using the green box. Then, the two groups exchange
their proposal and set the final timestamp of 𝑚 to 42. At group
𝑔2, the clock is lower than 42. Thus, 𝑔1 can immediately deliver
the message. Group 𝑔2 has initially proposed 3. As a consequence,
it needs to bump its clock using generic broadcast a second time
(green box at the bottom of Figure 2).

Internals. A message𝑚 starts its journey once it is multicast at
line 5. When this happens, the sender 𝑝 first computes the partition
G of the destination group 𝑚.𝑑 . Then, for each group 𝑔 ∈ G, 𝑝
broadcasts a Begin(𝑚) message to 𝑔. This disseminates message
𝑚 to its destination group to compute timestamp proposals. If 𝑝
fails in the loop at line 7, a recovery is needed. We will explain the
recovery procedure later in the section.

Upon receiving a Begin(𝑚) message, a process 𝑝 looks for con-
flicts in the 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 set (line 10). If a conflict exists, 𝑝 incre-
ments its clock and clears 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 (lines 11 and 12). Then,
𝑚 is added to 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 (line 13). These steps are similar to
the ones taken in Algorithm 1, and they are needed to ensure that
conflicting messages end up with different final timestamps.

The timestamp proposal for𝑚 is set to the value of the clock
𝐾 . This proposal is then stored at the local process 𝑝 in variable
𝑀𝑒𝑚 (line 14). One can show that the processes in group 𝑔 compute
the exact same proposal for𝑚. As a consequence, there is no need
to disseminate the group’s proposal internally. In lines 15 to 16,
𝑝 sends the proposal to all the other processes in the destination
group. It also sends the proposal to itself to move the message to
the decision phase.

Deciding the final timestamp for message𝑚 happens in the han-
dler at lines 17 to 22. The handler has a precondition that requires
that a timestamp proposal is known for each group in the parti-
tion of the destination group. The final timestamp of𝑚 is stored
in variable 𝑡𝑠𝑓 and set to the highest such proposal (line 18). If a
(consensus) group 𝑔 is in late, that is, its clock is lower than 𝑡𝑠𝑓 , it
must bump its clock. This ensures that all the messages lower than
𝑡𝑠𝑓 are known locally when 𝑚 is ready to be delivered (line 27).
Clock synchronization happens in lines 20 to 26. It broadcasts an
Advance(𝑡𝑠𝑓 ) message within the local group.

Within a group 𝑔, clocks are synchronized using generic broad-
cast. This permits processes to make the same timestamp proposal
for a message addressed to the group. More formally, if 𝑝 and 𝑞 in 𝑔

Algorithm 2 Fault-tolerant generic multicast – code at 𝑝
1: Variables:
2: 𝐾 ← 0
3: 𝑀𝑒𝑚 ← ∅
4: 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 ← ∅
5: procedure GM-Send(m)
6: let G ⊆ Γ such that𝑚.𝑑 = ∪𝑔∈G 𝑔 ⊲ G is unique
7: for all 𝑔 ∈ G do
8: GB-Send𝑔 (Begin(𝑚))
9: when GB-Deliver𝑔(Begin (m))
10: if ∃𝑚′ ∈ 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠.𝑚 ∼𝑚′ then
11: 𝐾 ← 𝐾 + 1
12: 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 ← ∅
13: 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 ← 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 ∪ {𝑚}
14: 𝑀𝑒𝑚 ← 𝑀𝑒𝑚 ∪ Propose(𝑚,𝐾)
15: for all 𝑞 ∈𝑚.𝑑 \ 𝑔 ∪ {𝑝} do
16: 𝑆𝑒𝑛𝑑 ⟨Propose(𝑚,𝐾), 𝑞⟩
17: when 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 ⟨Propose(𝑚, _), _⟩

pre:𝑚.𝑑 = ∪ {𝑔 ∈ Γ : ∃𝑞 ∈ 𝑔. 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 ⟨Propose(𝑚, _), 𝑞⟩}
18: 𝑡𝑠𝑓 ←𝑚𝑎𝑥 ({𝑡 : 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 ⟨Propose(𝑚, 𝑡)⟩})
19: 𝑀𝑒𝑚 ← 𝑀𝑒𝑚 ∪ Deliver(𝑚, 𝑡𝑠𝑓 ) \ Propose(𝑚, _)
20: if 𝐾 < 𝑡𝑠𝑓 then
21: let 𝑔 ∈ Γ such that 𝑝 ∈ 𝑔 ⊲ 𝑔 is unique
22: GB-Send𝑔 (Advance(𝑡𝑠𝑓 ))

23: when GB-Deliver𝑔 (Advance(𝑡))
24: if 𝑡 > 𝐾 then
25: 𝐾 ← 𝑡
26: 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 ← ∅
27: procedure GM-Deliver(m)

pre: ∧ ∃𝑡 ≤ 𝐾. Deliver(𝑚, 𝑡) ∈ 𝑀𝑒𝑚
∧ ∀𝑚′, 𝑡 ′ . Propose|Deliver(𝑚′, 𝑡 ′) ∈ 𝑀𝑒𝑚

=⇒ (𝑚 ≁ 𝑚′ ∨ (𝑚, 𝑡) < (𝑚′, 𝑡 ′))
28: 𝑀𝑒𝑚 ← 𝑀𝑒𝑚 \ Deliver(𝑚, 𝑡)

GB-Deliver𝑔 the samemessages, then variable𝐾 is in the same state.
For this, we need to carefully define conflicts in the generic broad-
cast primitive to ensure the group behaves as a unity. Equation (3)
specifies how this relation (∼𝑔𝑏 ) is set to satisfy the requirements
for two (distinct) messages𝑚 and𝑚′.

𝑚 ∼𝑔𝑏 𝑚′ △= ∨𝑚 = Advance(_)
∨𝑚′ = Advance(_)
∨𝑚 = Begin(𝑥) ∧𝑚′ = Begin(𝑦) ∧ 𝑥 ∼ 𝑦

(3)

Message𝑚 ends its journey when the handler at line 27 triggers.
This happens when the clock is higher than𝑚’s final timestamp.
As in Algorithm 1, such a precondition ensures that every message
with a lower final timestamp is known locally. (This precondition
can be added to Algorithm 1 but it is vacuously true.) The rest of the
handler is identical to the failure-free case, that is message delivery
occurs in the timestamp order.
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Algorithm 3 Recovery mechanism
1: procedure recover(𝑚)

pre: ∧ ∃𝑚. Propose(𝑚, _) ∈ 𝑀𝑒𝑚
∧𝑚.𝑠𝑟𝑐 ∈ D

2: for all 𝑔 ∈ Γ : 𝑔 ⊆ 𝑚.𝑑 do
3: if �𝑝 ∈ 𝑔. 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 ⟨Propose(𝑚, _), 𝑝⟩ then
4: 𝐺𝐵-𝑆𝑒𝑛𝑑𝑔 (Begin(𝑚))

5.3 Failure Recovery
Algorithm 2 is always safe. However, the algorithm would block
when a process fails without a recovery procedure. In detail, if the
sender crashes before it finishes the loop at line 7, some processes
in the destination group may never compute a timestamp proposal.
To avoid this, we need a recovery mechanism. This mechanism is
detailed in Algorithm 3.

Algorithm 3 makes use of an unreliable failure detector, denoted
D. This failure detector returns a list processes that are suspected
to have failed [9]. Failure detection D must ensure that a faulty
process cannot remain unsuspected forever. Notice that this does
not require any assumption on the underlying system. In particular,
returning Π is a valid implementation of failure detector D. Better
failure detection is interesting for performance, but does not impact
correctness nor liveness.

At a process 𝑝 , the recovery mechanism in Algorithm 3 works
as follows: It triggers when for some message 𝑚, 𝑚 is pending
(Propose(𝑚, _) ∈ 𝑀𝑒𝑚) and its sender is suspected (𝑚.𝑠𝑟𝑐 ∈ D).
In such a case, for every group 𝑔 partitioning the destination, if
𝑝 did not receive a timestamp proposal from 𝑔, 𝑝 broadcasts a
Begin(𝑚) message to 𝑔 (lines 2 to 3). When process 𝑝 is correct, the
missing groups deliver a Begin(𝑚) message at line 9, and then send
their timestamp proposals. Otherwise, recovery is attempted again
by another process, until it succeeds eventually (which happens
eventually from the assumptions in Section 5.1).

5.4 Correctness
In what follows, we sketch the correctness of Algorithm 2. A com-
plete proof appears in the long version of this paper [6]. Algorithm 2
was also verified using TLA+. The specification can be found online
[5].

Safety. Integrity follows from the pseudo-code of Algorithm 2.
In detail, a message Begin(𝑚) is delivered from generic broadcast at
most once (line 9). Message𝑚 starts as a Propose(𝑚, _) message in
variable𝑀𝑒𝑚, then it is transformed into a Deliver(𝑚, _) message.
Once𝑚 escapes variable 𝑀𝑒𝑚, it is delivered at the local process
and never re-appears again.

Ordering is proved using the following safety invariant (SAF):
For any two conflicting messages𝑚 and𝑚′ delivered in the run
with respectively timestamps 𝑡 and 𝑡 ′, if𝑚 →𝑝 𝑚

′ then (𝑚, 𝑡) <
(𝑚′, 𝑡 ′). To prove invariant (SAF), two intermediary invariants are
obtained. First, (SAFa) processes in the destination group agree
on the final timestamp of a message. This result is obtained by
using the fact that (consensus) groups agree on the timestamp
proposals. Second, (SAFb) a process delivers a message only if it
has already delivered all the conflicting messages with a lower

timestamp. Such an invariant comes from the fact that the logical
clock is monotonically growing, and that it ticks every time a new
conflict is detected.

Liveness. Consider some message𝑚 that is either multicast by
a correct process, or delivered somewhere. To prove termination
(LIV), we decompose it into three secondary invariants. First, (LIVa)
every correct process in𝑚.𝑑 eventually stores a Deliver(𝑚, _) mes-
sage in variable𝑀𝑒𝑚. Once this holds, invariant (LIVb) establishes
that the clock of a correct process is eventually synchronized to
𝑚’s final timestamp. Invariant (LIVc) states that if a correct process
stores a Deliver(𝑚, _) message in the𝑀𝑒𝑚 set, then it eventually
delivers𝑚. This third invariant is proved with the help of an appro-
priate potential function. The conjunction of LIVa, LIVb, and LIVc
ensures that LIV holds.

5.5 Performance
Algorithm 2 ensures the two implementation properties (strictness
and minimality) listed in Section 3.4. In what follows, we prove
that the algorithm is matching the performance listed in Table 1.
Performance is given for non-faulty runs, that is, runs during which
there are no failures and no failure suspicions. In practice, this cor-
responds to the common case for real systems. Finally, we conclude
the section with a discussion about metadata management.

When measuring latency, we consider that Algorithm 2 makes
use of the fastest generic broadcast known to date (e.g., [28, 31,
36]). Such algorithms ensure that in a failure-free run, a message
is delivered after two message delays if there are no concurrent
conflicting messages, and three otherwise.

Hereafter, we write 𝑅 the set of failure-free runs for Algorithm 2.
Among these runs, 𝑅cf ⊂ 𝑅 (respectively, 𝑅co ⊂ 𝑅) are the conflict-
free (resp., contention-free) ones. Notice that there is no ordering
relation between 𝑅cf and 𝑅co . We examine in order each of these
classes to establish the results in Table 1.

Conflict-free. For starters, we consider the class of conflict-
free runs. This class is illustrated in Figure 2 where 𝑔1 delivers
the message after just 3 message delays: The blue box for generic
broadcast takes 2 message delays. It is followed with the exchange
of timestamp proposals, then delivery of the message at 𝑔1.

For some run 𝑟 , we note 𝑑𝑙𝑟 (𝑚) the delivery latency of a message
𝑚 in 𝑟 . We can establish the following result.

Proposition 5.1. In every run 𝑟 ∈ 𝑅cf , 𝑑𝑙𝑟 (𝑚) ≤ 3 for any𝑚.

Proof. After two message delays, each process in𝑚.𝑑 delivers
Begin(𝑚) at line 9. There is no conflict in run 𝑟 . Hence, variable
𝐾 equals 0 and the condition at line 10 is false. After an additional
message delay, the timestamp proposals are exchanged at lines 15
to 17. Upon collecting such proposals, the final timestamp 𝑡𝑠𝑓 = 0
is known at line 19. Hence, Deliver(𝑚, 0) is added to 𝑀𝑒𝑚. No
message conflicts with𝑚. Thus the precondition at line 27 is valid
and𝑚 is delivered after 3 message delays. □

Collision-free. Recall from Section 3.5 that a collision-free run
is a run in which no two messages are sent concurrently to the
same location. This means that when a message𝑚 is multicast, any
message𝑚′ having a common process 𝑝 ∈𝑚.𝑑∩𝑚′ .𝑑 is delivered at
that process 𝑝 . In [17], the authors introduce the notion of commit
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latency for Skeen-like algorithms. The commit latency measures
the time it takes for a message to get assigned a final timestamp.
For collision-free runs, the commit latency corresponds to the de-
livery latency (Theorem 3 in [17]). Proposition 5.2 establishes that
Algorithm 2 takes five message delays to commit a message in a
collision-free run.

Proposition 5.2. In every run 𝑟 ∈ 𝑅co , 𝑑𝑙𝑟 (𝑚) ≤ 5 for any𝑚.

Proof. The proof starts similarly to the one of Proposition 5.1.
At a process, the final timestamp of a message𝑚 is known after
three message delays: Generic broadcast ensures that Begin(𝑚) is
delivered after two message delays (because the run is collision-
free). Then, we add one more message delay due to the exchange of
timestamp proposals. Let 𝑡 be the final timestamp of𝑚. To deliver𝑚,
the precondition at line 27 must be true. This precondition demands
that the logical clock (𝐾 ) is higher than 𝑡 . Once this holds, message
𝑚 is delivered right away because there are no pending messages
locally (as the run is collision-free). According to the pseudo-code
at line 20, either the precondition is true at the time Deliver(𝑚, 𝑡)
is added to 𝑀𝑒𝑚 (line 19), or an Advance(𝑡) message is generic
broadcast (line 22). In the latter case, after two more message delays,
the code in lines 23 to 26 triggers. This ensures that the precondition
at line 27 is true later on. □

To illustrate the above result, let us go back to Figure 2. This
figure depicts a collision-free scenario for Algorithm 2. In particular,
because 𝑔2 has a clock smaller than the decided timestamp (42), it
needs to bump its clock. This computation happens using generic
broadcast (second green box in Figure 2) and takes two more mes-
sage delays. Once the clock is bumped (bottom of the figure), the
message is delivered. In total, it takes 𝑔2 five message delays to
deliver the message in this scenario.

Failure-free. The failure-free latency is defined as the clock
update latency plus the commit latency in failure-free runs [17].
Lemma 5.3 proves that the commit latency of a message is seven
for this class of runs.

Lemma 5.3. For any 𝑟 ∈ 𝑅, the commit latency in 𝑟 is 7.

Proof. The proof is almost identical to the one used in Proposi-
tion 5.2. The sole difference is the time it takes for generic broadcast
to deliver a message. Here, we count three message delays instead
of two. This comes from the possible contention in the primitive,
leading to an additional message delay in the worst case. □

The clock update latency measures the (worst-case) number of
message delays to wait before all the messages with a lower times-
tamp are known at the destination group once the final timestamp
is computed. Equivalently, using the formulation in [27], this is
the maximum delay after which no (consensus) group will assign
another message a local timestamp smaller than the final timestamp.
For Algorithm 2, Lemma 5.4 tells us that this demands to wait for
four message delays.

Lemma 5.4. For any 𝑟 ∈ 𝑅, the clock-update latency in 𝑟 is 4.

Proof. Consider that some message𝑚 has a final timestamp 𝑡 . If
a message𝑚′ ends upwith a lower timestamp than 𝑡 , this message is
delivered right before the clock is updated to (at least) 𝑡 . In the worst

case,𝑚′ is generic broadcast at this point by another (consensus)
group, say 𝑔. It takes three message delays to get delivered at 𝑔.
Then, the timestamp proposals are computed for𝑚′ and exchanged
among the group partitioning the destination. Hence, four message
delays were needed in total to compute the timestamp of𝑚′ since
the clock was updated. □

In the light of the last two lemmas, we may conclude the follow-
ing about the performance of Algorithm 2 in failure-free runs.

Corollary 5.5. In every run 𝑟 ∈ 𝑅, 𝑑𝑙𝑟 (𝑚) ≤ 11 for any𝑚.

6 Closing Remarks
This section discusses our results and some possible extensions
before closing.

About genericity. Algorithm 2 is limited to read/write conflicts
over a single data item key. Nevertheless, it is possible to leverage
commutativity in other situations. For instance, the very same algo-
rithm works with two additional classes of operations: one in which
operations conflict with nothing, and another where they conflict
with everything. More complex situations demand replicas to store
additional metadata. To track operations over different keys (or seg-
ments of keys), we can de-duplicate variables 𝐾 and 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 ,
using a pair of variables per key. Notice that Algorithm 1 does not
have such a limitation, and it works for any conflict relation. We
believe that this is due to an inherent trade-off between genericity
and fault-tolerance.3

Regarding generic group communication primitives, we note
that they might not always be the best approach. For instance, sim-
pler algorithmic solutions can be more efficient in specific scenarios
(e.g., RDMA networks [37]), or when it could be faster to broad-
cast messages instead of multicasting them [34]. This comes from
the fact that group communication primitives are sensitive to the
considered application usage.

Future work. The definition of generic multicast can be ex-
tended to capture real-time. In this case, an ordering relation binds
two messages𝑚 and𝑚′ in case𝑚 is delivered at a process before
𝑚′ is multicast (even if𝑚 and𝑚′ do not have a common process).
Such a variation makes sense when the communication primitive
is used in the context of data replication [3]. Tempo [15] ensures
such a guarantee. Without it, a message can get delivered earlier in
the algorithm after 3 message delays. We could extend Algorithm 2
to satisfy this additional property. In Algorithm 2, a process must
know that the clock of its consensus group is after its final times-
tamp to deliver it. It suffices to change the precondition into the
clocks of all the consensus groups in the destination.

In Table 1, the space usage of Tempo is higher than with our algo-
rithms. This comes from the fact that this algorithm discriminates
several classes of conflicts (typically using a key per conflict class).
As outlined earlier, one may apply such an idea to Algorithm 2 at
the cost of storing more metadata at each replica.

We conjecture that it is possible to cut one message delay in Al-
gorithm 2. The solution would be similar in spirit to PrimCast [27]:
Each consensus group listens to the decisions taken by the other

3Actually, it is possible to replace variable 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑀𝑠𝑔𝑠 in Algorithm 2 with a
singleton that simply stores the last operation (a read or a write).
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groups at the destination. Upon receiving a quorum of commit
acknowledgments (2B messages in Generalized Paxos [22]), a pro-
cess knows the clock of a remote group right away. This can be
implemented with the notion of witness as found in state-machine
replication algorithms (e.g., [21, 28]). This optimization skips the
need to exchange Propose messages in Algorithm 2.

Conclusion. This work defines generic multicast in crash-prone
distributed systems. It presents two matching solutions that are
variations of the timestamping approach invented by Skeen. The
first solution works in a failure-free environment. It is extended into
a failure-prone algorithm using the standard partitioning assump-
tion over destination groups. By employing techniques from other
well-established works in the literature, the resulting algorithm
(and recovery procedure) are relatively simple and understandable.
The algorithm uses a generic broadcast in each group to compute
timestamp proposals and deliver messages in a consistent order.
When the run is conflict-free, that is, no two messages conflict, the
algorithm delivers each message after three message delays.
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