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Abstract
A modern manycore architecture can be viewed as a distributed sys-
tem with explicit message passing to communicate between cores.
Ensuring the consistency of shared state replicated over several
cores is the key to the well functioning of such a system. Yet,doing
this efficiently is very challenging given the non-uniform latency in
inter-core communication and the unpredicted core response time.

We explore, for the first time, the feasibility of implementing
a (non-blocking)agreement algorithm in a manycore system. We
present PaxosInside, a newconsensus algorithm that takes up the
challenges of manycore environments, such as limited bandwidth
of interconnect network and the consensusleader. A unique charac-
teristic of PaxosInside is the use of a singleacceptor role in steady
state, which in our context, significantly reduces the number of ex-
changed messages between replicas.

We describe the implementation of PaxosInside on a manycore
system and highlight its scalability.

Categories and Subject Descriptors CR-number [subcategory]:
third-level

General Terms term1, term2

Keywords keyword1, keyword2

1. Introduction
The consistency of cached data in manycore systems is usually
guaranteed by the hardware. Although this approach simplifies the
software design, recent studies show that it does not scale to a large
number of cores [2]. An alternative approach has been recently pro-
posed, where the cores are viewed as nodes of a distributed sys-
tem [2] on which critical information isexplicitly replicated. Both
the applications (at the user level) and the kernels (at the operating
system level [2]) ensure the consistency of the replicated data, by
explicitly exchanging messages to implement anagreement algo-
rithm.

Barrelfish pioneered this approach by implementing a multik-
ernel model where the capability service is replicated on several
cores [2]. These cores exchange messages to execute a 2PC (two
phase commit) agreement algorithm [16], which ensure the consis-
tency of the replicated state among the kernels. The advantage of a
2PC is its simplicity. The drawback however is its fragility: 2PC is
blocking in the sense that, to progress, it requires responses from all
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Figure 1. Non-uniform latency in inter-core communication;
CoresC0 andC1 share the same L2 cache and communicate much
faster than CoresC0 andC3 that have to go through the intercon-
nect network.

the nodes. As a consequence, the whole system slows down if even
a single core lags behind, which can easily be caused in a manycore
system by an unpredicted load or consecutive cache misses. Upon
a cache miss, loading the data from the memory takes around 100
ns 1, i.e., ∼10 times longer than loading data from cache. If the
data is swapped out to the hard disk by the virtual memory man-
ager, the core has to wait till the corresponding memory pageis
swapped into the memory, which takes around 8 ms, i.e.,∼800K
slower than a cache access. The process context switch latency is
between 10 and 20µs in average and can take much longer because
of page faults. Moreover, the inter-core latency is sometimes non-
uniform. For example, as depicted in Figure 1, the cores located on
the same CPU share the same L2 cache and hence can communi-
cate much faster than the cores located on different CPUs. Inshort,
a protocol that waits only for the first response is more desirable
than one that waits for all.

Non-blocking agreement protocols, also calledconsensus algo-
rithms, on the other hand, can progress with responses from only a
majority of replicas [7, 19]. The model underlying message pass-
ing consensus usually considers thecrash failure of a minority of
nodes, as well as arbitrary long delays in the communicationbe-
tween the nodes. Suchasynchrony makes it impossible to distin-
guish crashed nodes from delayed responses, and force consensus
algorithms to progress as long as a majority of nodes are respon-
sive. The combination of the very notions of crashes and asyn-
chrony models pretty well the communication scheme underlying
manycore systems with non-uniform communication latency and
unpredictable slow cores.

A family of practical consensus protocols has been recentlyde-
veloped. These include Paxos [14], Multi-Paxos [5, 10], Cheap-
Paxos [21], Fast-Paxos [13] and Mencius [20]. Multi-Paxos [14]
is considered one of the most efficient such protocols; it hasbeen
implemented in a wide variety of IP network settings [3, 5, 8,18].
Although initially designed to be effective in distributedsystems,

1 The memory access time is highly dependent on the memory architecture
and can range from 50 ns to 150 ns.
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none of these algorithms meet the new requirements of a manycore
setting. This is basically because, although it looks alike, a many-
core is not a genuine distributed system in the classical sense. The
major challenges are the bandwidth of the interconnect network
being a scarce resource on the one hand, and the large number of
messages typically exchanged in consensus algorithms on the other
hand. Besides, many such algorithms, e.g., Multi-Paxos, require
that a request goes through a specific node that leads the consensus
execution: thisleader is reportedly a bottleneck [3] that can signifi-
cantly hamper scalability in a manycore setting. Similarly, since the
messages transmitted in a manycore setting are eventually placed
in each core’s cache, a high load on a core will make it run out of
space in cache, inducing frequent cache misses, which in turn neg-
atively impact performance. This is crucial in manycore systems
where the lower latency of inter-core communication, compared to
genuine distributed systems, promises a higher rate of requests to
be received by the cores.

In this paper, we explore, for the first time, the feasibilityof
implementing a consensus algorithm in a manycore system. We
present PaxosInside, a consensus algorithm that takes up the chal-
lenges of the manycore environments. Very intuitively, PaxosInside
was designed with the specific aim to reduce the consensus-related
traffic in general, and more specifically that of a leader. A key in-
sight underlying PaxosInside is the observation that the role of ac-
ceptor in consensus, i.e., to resolve conflicts among possibly mul-
tiple leaders, can be played by a single node.2 Making use of a sin-
gle acceptor introduces some technical challenges that we address
in the paper. This leads to much less traffic, yet with jeopardizing
neither the consistency nor the general availability of thesystem.
By using three cores, the system can progress even with one slow
core, just like in the Paxos-family of protocols. The trade-off with a
higher replication degree is that, to progress, PaxosInside requires
at least one of the leader or the active acceptor to be responding.

We report on the implementation and evaluation of PaxosInside
on four 2.4 GHz Dual-Core AMD Opteron(tm) processors (8 cores
in total). This part was itself technically challenging because of the
lack of any experience on implementing a message passing con-
sensus algorithm in a manycore setting. For instance, the latency of
context switching after receiving a message, which is negligible in
classical distributed systems, becomes a serious overheadin many-
core systems. In our implementation of PaxosInside, we eliminate
the cost of system calls by avoiding lock-based synchronizations as
well as delivering the messages via user-level threads.

We convey the efficiency of PaxosInside by measuring (1) the
scalability of PaxosInside with the number of cores; and (2)the per-
formance of PaxosInside compared to 2PC when a core becomes
slow. PaxosInside is scalable to a maximum number of clientsin
our setting, i.e., five, whereas Multi-Paxos and 2PC are scalable
to only two and one clients, respectively. PaxosInside can progress
with slow cores and in worst case scenario where the leader isslow,
PaxosInside replaces the leader and continues with the samerate,
whereas 2PC blocks as long as even one node is not responding.

The rest of the paper is organized as follows. Section 2 presents
the message passing vision on manycore systems as well as pre-
vious experience of implementing a blocking agreement algorithm
on them. The section also recalls the design of Paxos and dissects
the role of each Paxos participant. Section 3 gives the key insight
underlying PaxosInside and illustrates the differences between Pax-
osInside and the Paxos family of protocols. The detailed design of
PaxosInside is presented in Section 4, and its implementation in
a manycore system in Section 5. We present our experimental re-

2 The presence of multiple leaders can be caused by asynchrony: a new
leader might be elected if the former leader is non-responsive, even only
temporarily.

sults in Section 6. Section 8 concludes the paper with some final
remarks. The pseudo code of PaxosInside as well as its correctness
proofs is covered in a companion technical report [1].

2. Background
We discuss in this section the role of message passing agreement
in manycore systems. We also give a brief overview of 2PC [16],
as an example of a blocking agreement protocol, and Paxos, asan
example of a non-blocking one.

2.1 Manycore Systems

A major scalability bottleneck in manycore systems is induced by
the need to keep the cached data consistent among multiple cores.
The developers expect to have the same view of data, independently
of which core the processes are running on. However, two cores
might have loaded the same data into their caches or local mem-
ory, and changes into one of them, hence, is not by default observ-
able by the others. This gap, between the centralized view ofthe
processor and the distributed implementation inside manycore sys-
tems, is typically filled with hardware techniques, known ascache
coherence protocols. There are different kinds of such protocols
but the bottom line is that, after a change into a memory address
by a core, all cores that have loaded the same address are notified
about the change, before doing any computation on that data.For
a large number of cores, this implies long delays for change prop-
agation and/or a large number of synchronous inter-core message
transmissions. This is because the hardware has to considerthe pos-
sibility that any core might have already loaded the data, while it
cannot make any assumption about the actual time each of the cores
might actually need the updated version of the data. In otherwords,
the hardware does not know preciselywhere andwhen the updates
must be sent and must be general enough to cover all the possible
cases.

An alternative software-based approach has been recently pro-
posed [2]. According to this approach, the software handlesthe
consistency of its own data by viewing the entire machine as a
large distributed system of which nodes represent the actual cores.
If the software assigns two separate cores to process the same data,
each core assumes its own copy of the data, i.e., replica. It is then
the software’s responsibility to maintain the consistencyof the data
by exchanging messages to run an agreement algorithm among the
cores running the replicas. The advantage of this approach is that
messages are transmitted between the cores only when it is neces-
sary for software consistency, and the software, in contrary to the
hardware, has full knowledge about when and to where these mes-
sages are necessary to be sent. This approach can be applied to both
the operating system and the application layers. Recent work [2]
has applied the approach to the kernel layer and showed good scal-
ability.

To ensure the consistency of the state replicated among the
cores, an agreement algorithm needs to be executed among the
cores. In Barrelfish [2], the capability system is replicated on the
cores and a 2PC (two phase commit) algorithm keeps the replicated
state consistent among the kernels. The algorithm does not make
any synchrony assumption about message transmission (theycan
take arbitrarily long) and it guarantees safety even if cores are
arbitrarily slow.

2.2 Blocking Agreement

Similar to common practices in distributed systems, the user can
replicate its data over multiple cores to increase its availability
and scalability. The replicated data can be available through other
replicas if some of the cores are slow. Moreover, the computation
load and access bandwidth can be split among the replicas, making
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the system more scalable. To ensure the consistency of the state
replicated among the cores, these need to execute an agreement
protocol. In Barrelfish [2], the capability system is replicated on
the cores and a 2PC (two phase commit) algorithm [16] keeps the
replicated state consistent among the kernels.

The 2PC algorithm, as its name suggests, has two phases. In the
first phase, the coordinator (the leader) sends a prepare message to
the replicas. Each replica locks its local copy of data and responds
with an ack message if it is not already locked by another coor-
dinator. The coordinator starts the second phase by broadcasting
a commit message to the replicas, only if it receives an ack from
all of them. In this case, each replica executes the command of the
commit message and releases its lock, which is followed by a com-
mit ack message back to the coordinator. Otherwise, the coordina-
tor broadcasts a rollback message to the replicas. Upon receiving
a rollback message, each replica releases its lock if it is already
acquired by the corresponding ack message.

The 2PC algorithm, however, is blocking: it requires responses
from all the nodes to progress. As a result, the whole system slows
down if even a single node lags behind, which is a likely scenario in
manycore systems since a core could be slowed down by an unpre-
dicted load or consecutive cache misses. The computing power of
a core is shared by the operating system among the processes.This
is necessary to make effective use of the computing unit, especially
when the running process does not use the computing unit after a
blocking I/O. An unpredicted load of processes on a core causes
any other replica process running on that core to receive less shares
of the core and consequently to respond later to the messages. Fur-
thermore, the data of a process could be cached by the core, be
located in the memory, or paged out to the hard disk by the virtual
memory manager. The access time to these locations varies from 10
ns up to 8 ms, i.e.∼800K times difference. This time difference can
affect both replica processing time as well as the operatingsystem
context switch time.

All the above factors contribute to the unpredictability ofa
replica processing time. Besides, because of the non-uniform la-
tency of communication between the cores, it is more desirable to
progress after receiving the response from the closer cores. Figure 1
depicts one scenario where a core can communicate faster with the
core with which it is sharing the L2 cache.

2.3 Consensus

Unlike blocking agreement algorithms, (asynchronous crash-
resilient) consensus algorithms require responses from only a ma-
jority of the nodes to progress. Whereas crashes are considered
common in classical distributed systems, in a manycore environ-
ment, these model slow cores. Asynchrony, on the other hand,mod-
els the tolerance to delayed messages. We recall below the cele-
brated Paxos protocol [14] and its Multi-Paxos optimization [5].

The challenge addressed by these consensus algorithms is that
of ensuring the consistency of the replicas, while assumingthat
nodes hosting the replicas can crash (can be arbitrarily slow) and
without making strong assumptions about the synchrony of the net-
work. For instance, two issued commands by the clients couldreach
two nodes in the inverse order and that would cause inconsistency
between the system states in those two nodes. Paxos was proposed
by Lamport [14] to address such challenges. It assumes a shared
service (data and its associated operations) to be implemented as a
state machine, replicated on multiple nodes. It gives an order to the
issued commands by the clients and guarantees that all nodesex-
ecute the commands in the same order. Note that the agreed order
is not necessarily according to the time the commands have been
issued by the clients. In other words, if a client issues a command
C1 before another client a commandC2, the algorithm guarantees

Figure 2. The interaction between nodes in Basic-Paxos. This
example consists of one proposer, three acceptors, and two learners.
In Multi-Paxos, the leader skips the first phase, i.e., prepare request
and prepareresponse.

that they will be applied in the same order on all nodes: either as
C1-C2 or asC2-C1.

2.3.1 Basic-Paxos

We now give a brief description of the original Paxos algo-
rithm [14], which we call Basic-Paxos hereafter in this paper.
Basic-Paxos was first presented in [14] and was further explained
in [11]. The participant nodes in Basic-Paxos implement three dif-
ferent roles:proposer, acceptor, and learner. The proposers ad-
vocate the client commands, the acceptors resolve the contention
between multiple proposers, and the learners learn the chosen val-
ues. Theleader orchestrating the consensus is chosen among the
proposers.

The ultimate goal of Basic-Paxos is to assign orders to client
commands. The order of a client command, which is called a value
in the Paxos terminology, is specified by an instance number.To as-
sign values to instance numbers, Basic-Paxos requires two phases.
In the first phase, a proposer attempts to become leader for a par-
ticular instance number by broadcasting a preparerequest message
to the acceptors. Upon receipt of a prepareresponse message from
a majority of acceptors, the proposer becomes the leader of that in-
stance number. In the second phase, the leader proposes a value to
the acceptors and the acceptors broadcast the corresponding mes-
sage to all the learners. A learner learns the proposal afterreceiving
the message from a majority of acceptors. All message transmis-
sions related to a particular order constitute a separateinstance of
Basic-Paxos. The interaction between nodes is depicted in Figure 2.

Although each role can be implemented by a separate node,
usually a single node implements all the three roles, which is
then called Collapsed-Paxos. The advantage is that the transferred
messages between two roles that are located on the same node do
not cross the node boundary and thus consumes less bandwidth.
According to the liveness property of Basic-Paxos [13] a value will
be eventually chosen, given that enough nodes are running. For
example, in Collapsed-Paxos deployed on three nodes, the liveness
property holds as long as two of the three nodes are running.
Basic-Paxos guarantees the following two safety properties [14]:
(i) non-triviality: only the proposed values can be learned; and
(ii) consistency: two different learners cannot learn two different
values.

2.3.2 Multi-Paxos

After a proposer takes the leadership position for one instancein,
it could be more efficient if it assumes this position for the next
Paxos instancesin′ (in′ > in) as well. The other proposers can
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still try to become leader, when they suspect that the last leader has
failed. Multi-Paxos [11] is the version of Paxos which implements
the mentioned optimization.

The first round is similar to Basic-Paxos. When a ProposerP
becomes leader, it uses the same proposal numberpn for the next
Paxos instances. Hence it can skip the first phase of Basic-Paxos,
i.e. preparerequest, and start directly with the acceptrequest mes-
sage. If in the meanwhile, another ProposerP ′ tries to become the
leader with a higher proposal numberpn′, then the proposal num-
ber ofP will not be the maximum proposal number any longer, and
its acceptrequest messages will be rejected. ProposerP can then
either relinquishes the leadership position to ProposerP ′ or try to
become the leader again by sending a preparerequest message with
a new proposal number.

2.3.3 The Roles in Paxos

To understand the idea underlying our PaxosInside algorithm, it
is important to take a closer look at the different roles in Paxos.
This is essential to understand the rationale behind the design of
the proposed protocol, PaxosInside. As mentioned before, there
are three major roles in Paxos: (i) proposer, (ii) acceptor,and (iii)
learner.

The proposer role is to advocate the client command. This is
essential for the scalability of the system. If the clients have to be
involved in the consensus execution, e.g., by advocating their own
request, the system could not scale with the number of clients. By
relinquishing this task to the proposers, the consensus is required
among only a few nodes and thus it is more scalable with the
number of clients.

The learner is the actual long-term memory of the system. When
a Paxos instance is finished successfully and its value is learned,
this value is kept in the multiple available learners. The clients then
can read this value from each of the learners.

The acceptor is the main role in Paxos that the safety property
of consensus. If multiple proposers want to propose values for the
same Paxos instance, the acceptor is key role to resolve the con-
tention between the competing proposers. Suppose some accep-
tors accept valuev0 from ProposerP0 and, for some reasons, the
Paxos instance does not complete successfully. Now, to finish the
instance, ProposerP1 must first read theaccepted value by the ac-
ceptors (i.e.v0) and propose thesame value. It implies that the
acceptors play the role of the short-term memory for the system;
they must remember a few values during the short period of one
Paxos instance.

2.3.4 Replication in Paxos

At the heart of the efficiency of PaxosInside algorithm, liesthe ob-
servation that replication is used for different purposes.In general,
we have two types of replication: (i) replication of serviceand (ii)
replication of data. Replication of service increases the availabil-
ity of the system. In other words, when a client requests for the
service, we want to make sure that there is at least one respond-
ing node, ready to receive the client commands. The replication
of data, however, is for increasing the reliability of the system. In
other words, it decreases the chance of data loss by missing some
nodes (after permanent failures).

The roles in Paxos are replicated, but each one for a different
purpose. The replication of the proposers is to increase availability,
as the proposers provide a service to the clients, i.e., advocating
their request. In contrast, the learners store the data of the system,
and the purpose of their replication is to enhance reliability. 3

3 From performance perspective, one can take advantage of replication
to increase scalability as well. For example, Mencius [20] uses proposer
replication to enhance the scalability. Moreover, if the application does not

Figure 3. The reduced number of messages in PaxosInside com-
pared to collapsed Multi-Paxos deployed on three nodes. Thedot-
ted box represents the node boundary. The dashed messages, which
do not cross the node boundary, do not consume the node band-
width. P, A, and L represent the proposer, acceptor, and learner
roles, respectively. The grayed acceptors and consequently the
communications to/from them are eliminated in PaxosInside.

The acceptor replication is partly for service availability and
partly for data reliability. The proposers start the consensus process
by contacting the acceptors. Thus, they require the provided service
by the acceptor role to be available. In addition, as mentioned
before, there are a few data kept by the acceptors such as the
accepted value and the promised proposal number, which should
be kept during the Paxos instance. However this data is required
only for the active Paxos instance, and in the case of failure, we
can think of some workaround solutions.

The main insight in design of PaxosInside, which will be ex-
plained later in Section 3, comes from the following observation:
the replication of the acceptor role is mainly for availability, and if
its availability is provided via other mechanisms, then thereplica-
tion of acceptor is no longer necessary.

3. PaxosInside: The Main Insight
Blocking agreement algorithms that have been used so far to ensure
the consistency of replicated data among multiple cores [2]suffer
from the variant response latency of cores, which is unpredictable
in manycore systems. Consensus algorithms, which are originally
designed to tolerate crash failures, can also be employed toeffi-
ciently tolerate cores that do not respond in time. In the manycore
fault model, a faulty core is one from which we have not received
a response in time.

We present a consensus algorithm that meets the requirements
of a manycore system, namely limited bandwidth in the intercon-
nect network and limited cache size of the consensus leader.A
major specificity of our algorithm, PaxosInside, is the use of only
one active acceptor at a time. In the following, by comparingPax-
osInside with Multi-Paxos, which is the most efficient variation of
Paxos used in practical settings [5], we show how this designdeci-
sion reveals appropriate in a manycore system.

Figure 3 depicts message transmission in a collapsed Multi-
Paxos setup that consists of three nodes. The messages that cross
the node boundary must be included in the total number of mes-
sages. The following equation captures Msgmulti−paxos, the total
number of exchanged messages between nodes in a normal Multi-
Paxos instance:

Msgmulti−paxos = (A − 1).(A + 1) (1)

demand the very last state of the system, its read traffic can be directly
serviced from either of the replicated learners.
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Here,A is the number of acceptors. Then, for the usual setup of
three nodes, this value would be equal to eight in Multi-Paxos as
opposed to four in PaxosInside.

The total number of messages affects the overall consumed
bandwidth between nodes. A crucial parameter is the number of
sent/received messages by the leader node, Msgleader

multi−paxos. The
leader exchanges more messages compared to the other nodes and
hence, when it gets saturated, the system cannot process more
client commands. This is reportedly a problem for the scalability
of Multi-Paxos [3]. Typically, each node plays all the Multi-Paxos
roles and hence the leader node is also a learner as well as an
acceptor. Thus, the total number of messages exchanged between
the leader node and the other nodes is:

Msgleader

multi−paxos = 3.(A − 1) (2)

Again, for a setup that includes three nodes, this number is equal
to six. PaxosInside reduces this number to three by using only one
acceptor.

One interesting variation of collapsed Multi-Paxos that we
could have considered uses fewer acceptors. In such a case, fewer
messages would be exchanged since some of the acceptors would
not be active. For example, in the common setup with three nodes,
if Multi-Paxos uses only two of them as acceptors, the numberof
exchanged messages by the leader would be four per command,
as opposed to six, which is less than the improvement by our algo-
rithm. Using fewer proposers and learners will reduce the availabil-
ity and reliability/scalability of the system, respectively. Therefore,
we do not compare PaxosInside with such variations.

As we explained in Section 2, the availability of the acceptor
role can be provided in different ways. One approach, which is
taken by Multi-Paxos, is the replication of the acceptor. A side-
effect of this approach is the increase in the number of exchanged
messages between acceptors and other roles. An alternativeap-
proach is to rely onbackup acceptors, and replace the failed (or
suspected to be failed) acceptor with a new fresh one from them.
The backup acceptors do not participate in the normal execution of
the algorithm and do not, hence, increase the message complexity
of the algorithm. This idea is the main insight underlying PaxosIn-
side, which reduces the number of exchanged messages between
nodes by a factor of two. Although the use of backup acceptorsad-
dresses the problem of the acceptor availability and yet provides
better performance, poses the non-trivial problem of reliability of
acceptor’s data, which we discuss now.

Recall that the acceptors also keep a few data, which is neces-
sary during the short-term period of a single Paxos instanceto ad-
dress the possible contention between multiple proposers.Missing
this data, by switching from the active acceptor to a fresh backup
acceptor in the middle of a Paxos instance, can violate system con-
sistency. For instance, if the active acceptor promises notto take
any proposal number less thanpn, then a fresh new acceptor would
not be aware of this promise and might accept proposal numbers
less thanpn. Nevertheless, if the proposers get properly notified
of this data loss, they can safely restart the Paxos instancewith-
out risking the algorithm integrity. For example, upon receipt of
the failure notification of the active acceptor, the proposers know
that the promised sequence number by the previous acceptor is no
longer held.

We will explain in Section 4 that, if we assume that the leader
and the active acceptor nodes do not fail at the same time, then
there exists a process in which the leader can safely notify the
other proposers of the active acceptor switch. This is the same
assumption that is already made by Paxos in the common setup
that consists of three nodes implementing three proposer, three
learner, and one acceptor roles. By carefully placing the proposer
and acceptor roles among the nodes, in a way that the leader and

the active acceptor are placed in two separate nodes, we can make
the assumption that the leader and the active acceptor do notfail at
the same time. The violation of this assumption cannot occurunless
two of the three physical nodes fail. In this case, we would beleft
with one node which is less than the minimum required nodes for
Multi-Paxos to progress (min > total/2).

4. PaxosInside: The Algorithm
We explain in this section PaxosInside algorithm in detail.As
mentioned in Section 3, the idea is to use only one active acceptor
and ensure availability via some backup acceptors. Care must be
taken to also provide reliability for acceptor’s data when the active
acceptor is replaced. We first start this section by describing the
communication scheme underlying PaxosInside in the failure-free
case where messages are received in a timely fashion. Then we
discuss the backup cases executed when the cores are faulty.In
manycore systems, a faulty core is slow and does not respond in
time. For example, a failed leader does not responding to client
requests in a timely manner.

4.1 The Failure-free Case

The roles in PaxosInside and the interaction between them isde-
picted in Figure 3.

1. ProposerP decides to take the position of the leader. It first
obtains the Id of the active acceptor,A (we will explain the
process of obtaining this Id in the next subsection), and sends a
preparerequest message including a proposal number,pn, to
AcceptorA. By doing so, the proposer asks the acceptor to
recognize it as the leader.

2. If the proposal number,pn, is greater than all the previous
proposal numbers received by the acceptor, it sends a pre-
pareresponse message back to ProposerP . By doing so, the
acceptor promises not to accept any proposal number smaller
thanpn.

Notice that these two steps are necessary only the first time a
proposer contacts the acceptor. After that, the proposer becomes
leader and skips these two steps.

3. ProposerP then sends an acceptrequest message including the
proposal numberpn as well as a proposed value, to Acceptor
A.

4. When AcceptorA receives the acceptrequest message cor-
responding to the proposal number, to which it has given its
promise, it accepts the proposal and broadcasts a learn message
to all the learners.

4.2 Switching Acceptor

Here we consider the scenario in which active AcceptorA fails
(does not respond in a timely manner) and the leader replacesit
with another backup AcceptorA′. It is worth noting that although
PaxosInside is correct with crash faults, in the fault modelof our
manycore setting, a faulty core, although still working, does not
respond in time.

When the active acceptor fails, the leader is the only node that
is allowed to replace it with another backup acceptor. This change,
however, must be confirmed by a majority of nodes. This is neces-
sary to avoid having multiple instances of active acceptorsrunning
in the system, and consequently compromising consistency.The
scenario is illustrated in Figure 4.

Obtaining the confirmation of a majority of the proposers is a
separate consensus problem which can be solved by any Paxos-
like algorithm. Although it is possible to merge this consensus into
the main operation of PaxosInside, for the sake of simplicity of
presentation, we assume that the consensus over the new active
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Figure 4. The interaction between nodes in PaxosInside to replace
failed AcceptorA with another backup AcceptorA′. In Step 1, the
leader makes sure that it is still known as the leader by a majority
of the nodes. Then in Step 2, it announces the change of the active
acceptor. Finally in Step 3, it sends a preparerequest message to
the new active AcceptorA′.

acceptor is achieved by a separate basic implementation of Paxos,
which hereafter is called PaxosUtility. Notice that PaxosUtility
instance which handles consensus over the new active acceptor is
totally separate and independent from PaxosInside algorithm that
we are explaining here. Moreover, running PaxosUtility does not
require any extra nodes; it runs on the same nodes as PaxosInside.

Beside the Id of AcceptorA′, the leader also includes the un-
committed proposed values into the message sent to the PaxosU-
tility. This is to cover the cases where AcceptorA has received an
acceptrequest message with valuevin for instance numberin, but
the corresponding issued learn message is not received by the other
nodes yet. In this way, it guarantees that the next leader will try to
propose the same value asvin for instance numberin.

The leader after finishing the consensus over the active acceptor,
switches from AcceptorA to AcceptorA′, i.e., the new active
acceptor. Because the acceptor node has changed, the leadermust
start over with a preparerequest message to take the leadership of
the new acceptor.

4.3 Switching Leader

In principle, every proposer could spontaneously try to take the
leadership position by sending a preparerequest message to the
acceptors. In practice, this usually happens when the current leader
is non-responsive (i.e., fails). In PaxosInside also, whenthe leader
fails, any proposer can try to take its position by sending a pre-
parerequest message to the active acceptor. Assume that Proposer
P ′ suspects the failure of LeaderP and decides to become the
leader. The active acceptor Id,A, can be obtained by inquiring a
majority of the nodes. This is due to the fact that the last leader does
not use the new active acceptor unless it obtains agreement from a
majority of nodes. The sequence of messages is demonstratedin
Figure 5.

Care must be taken to ensure that, in the meanwhile, the active
AcceptorA is not replaced by the last leader. Otherwise, we end up
with two leaders which use two different active acceptors. To this
aim, ProposerP ′ uses PaxosUtility to start a consensus instance in
which ProposerP ′ announces that it is going to take the leadership
position by assumingA as the active acceptor. Accordingly, every
leader must always check for this announcement before switching
the active acceptor. If the leader observes this announcement, it
must consider its position as relinquished. This step is marked as
Step 1 in Figure 4.

Figure 5. The interaction between nodes in PaxosInside when
ProposerP ′ takes the leadership position from LeaderP . In Step
1, ProposerP ′ inquires for the active acceptor Id. It then announces
itself as leader in Step 2. Finally in Step 3, it sends a prepare request
message to the active acceptor.

4.4 Switching both Leader and Acceptor

If the active acceptor fails, the leader is in charge of replacing it
with a fresh backup acceptor. On the other hand, if the leaderfails,
then any proposer can safely take its position, given that the active
acceptor is still running. The only remaining case to handleis when
both the leader and the active acceptor fail together.

As mentioned in Section 3, to handle this scenario we carefully
assign the PaxosInside roles to the nodes in a way that the leader
and the active acceptor are located in two separate nodes. Assume
that we haveN nodes available and each node implements all the
roles: proposer, acceptor, and learner. In PaxosInside that there
is only one active acceptor, we have the option to pick the node
that will also play the active acceptor role. This deployment is
demonstrated in Figure 3. The idea is to assign the active acceptor
and leader roles to two separate nodes. In this way, the failure of
the leader and the active acceptor cannot occur together, unless two
of N nodes fail at the same time.

Notice that, in the usual setup of consensus, which consistsof
three nodes, this failure scenario implies that two of the three nodes
are failed. On the other hand, consensus algorithms, including
Paxos family, cannot progress with just one running node outof
three. Consequently, we can assume that if the failures of the leader
and the active acceptor occur at the same time, there is only one
node left. In this situation, neither Paxos family of protocols nor
PaxosInside can progress.

It is worth noting that, forN > 3, the failure of the leader
and the active acceptor at the same time does not jeopardize the
consistency of the system. It only slows down the progress of
consensus, as these two cores are slow and hence respond slowly
to the recovery messages. Nevertheless, failure probability of two
particular nodes, i.e. the leader and the acceptor, is much less than
failure probability of two arbitrary nodes, which makes this failure
scenario very rare. For example, if the failure probabilityof a core
is s, then the failure probability of two particular nodes iss2, and
the failure probability of two arbitrary cores is

`

N

2

´

.s2. Then for
N = 7, this failure scenario is 21 times less probable than the
failure of two arbitrary nodes.

The detailed pseudo code of PaxosInside as well as the correct-
ness proof is covered in a companion technical report [1].

5. PaxosInside: A Multicore Implementation
We present in this section our implementation of PaxosInside
among multiple cores. This is based on a message passing frame-
work, which we implemented on top of an inter-process shared
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Figure 6. Two separate queues are used between each pair of
cores.

memory communication. Our framework is implemented effi-
ciently at the user level using standard C++ libraries, and hence is
portable to all the operating systems, including Barrelfish. We ex-
pect to have some standard inter-core channels in upcoming com-
puter architectures. For the purpose of performance evaluation in
this paper, similar to the approach taken by the previous work [2],
we make use of shared memory for message passing. Changes
made by a process into the shared memory address are first ap-
plied to the cache of the core that is running the process. Thanks
to the cache coherence mechanism implemented in hardware, the
changes in the cache of the source core will be propagated into only
the cache of the destination core.

Notice that although our implementation transmits the unicast
messages via a cache coherence mechanism, it is still faithful to
the distributed vision of a manycore system, as there are separate
channels per each pair of cores. In a centralized implementation on
top of a cache coherence mechanism, a message would be written
into the memory and read by all the cores in the system, resembling
a broadcast message. It is demonstrated in the related work [2] that
this approach is not scalable with number of cores, since it induces
a burst of messages, whereas in the distributed implementation, the
software makes use of its knowledge about the application internal
to efficiently decide towhere andwhen each message must be sent.

In the following, we describe our messaging system and its
integration into a user-level thread library for the efficient delivery
of messages.

5.1 Message Queuing

As mentioned above, we make use of the cache coherence mech-
anism by writing/reading to a shared memory address, created by
shm open system call. To implement asynchronous message pass-
ing, we use more than one slot for sending messages. The size of
each slot is 128 bytes, which is twice the cache line size. Matching
the cache line size, allows for the least number of cache misses for
transferring the message.

The multiple slots are wrapped into a queue. As illustrated in
Figure 6, there are two queues between each two Processespi and
pj : one for writing bypi and reading bypj and the other for reading
by pi and writing bypj . Because of separate queues, there is no
need for operating system locks to access the queues, which makes
the design simple as well as efficient. Each queue has a head and
tail pointer. The head pointer is moved by the reader and the tail by
the writer. The reader process verifies the equality of head and tail
pointers to check for new messages.

5.2 Message Delivery

As explained above, a process that communicates withn other pro-
cesses must check for new messages fromn separate read queues.
After reading a message, the corresponding thread must be noti-
fied to process it. To implement this efficiently, we make use of
libtask [17], a user-level thread library. By doing so, we reduce the
cost of delivering the message to that of a lightweight user-level
context switch.

The architecture of our implementation is depicted in Figure 7.
Upon reading a request from each queue, the requested thread

Figure 7. The architecture of our implementation.

blocks and its reading destination will be added to the scheduler
waiting list. The scheduler checks for all waiting reads and, upon
receiving a message, loads the context of the correspondingreading
thread. In other words, the developer will take advantage ofthe
simple blocking read interface, while the back-end benefitsfrom
the asynchronous message passing implementation to gain high
performance.

5.3 Agreement

We have implemented PaxosInside, Multi-Paxos, and 2PC in our
manycore framework. As we explained, PaxosInside also relies
on a PaxosUtility module, which can be any implementation of
a Paxos-like system. We use Multi-Paxos as PaxosUtility. Inthis
case, PaxosInside and Multi-Paxos implementations are collapsed,
i.e., each node implements all three roles of Paxos: proposer, ac-
ceptor, and learner.

Following the messaging standard inlibtask, a replica waits
for the clients to connect (bynetlisten function). Afterwards, the
replica creates the send and the receive queues for future commu-
nications with the node and also creates a thread for readingthe
messages from the open connection. The thread will block by call-
ing fdread on the connection and process the received message after
scheduler wakes it. Note that while a user-level thread is blocked,
the replica could still progress by processing other message in other
threads.

The clients also callnetdial on first call to a replica and after the
queues are created, use thefdwrite function for sending the mes-
sage. Besides, the client creates a thread for receiving messages
from the opened connection, just as replica does. Since we have
implemented standard interfaces provided by the library, the im-
plemented protocols in our framework can be easily ported toa
network system with no change. (The library already supports TCP
and UDP implementation of the messaging interfaces.)

5.4 Actual C++ Code

As shown in the pseudo code of PaxosInside presented in our com-
panion technical report [1], the handlers implementing theacceptor
role are simpler, compared to Multi-Paxos. This is because there is
only one acceptor in PaxosInside, and thus the complexity due to
dealing with a quorum of nodes is eliminated. The handlers ofthe
proposer role, however, implement more logic for the safe recovery
from failures. Overall, the C++ implementation of PaxosInside in
our framework is 490 LoC as opposed to 581 LoC for implemen-
tation of Multi-Paxos, which is also used as PaxosUtility module.
Note that the client code and message passing library are common
in both of the implementations, and thus are not included in the
reported LoC.

5.5 Persistent Storage in Multi-Paxos

Multi-Paxos requires storing the accepted value persistently, before
responding to an accept message. The persistent stored datawill be
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used by the restarted process, in the case of a crash. Typically, a
hard disk is used for persistent storage of data. Inside a computing
unit, however, we can think of cheaper and faster storages such as
shared memory. The data in the shared memory is retrievable by
the restarted process. The challenge here is that to make sure that
the requested data is stored into the main memory before the learn
message is sent by the acceptor. Otherwise, if the data was located
in the cache, a sudden crash failure of the core will lose the data.
We are not aware of a standard interface for explicitly asking this
from the processor. Also, the probable workaround solutions for
flushing the whole cache will not be efficient.

However, in manycore systems a core is considered faulty if
it is slow and does not respond in time. The goal, therefore, is
the continuous progress even with some slow cores. In this fault
model, a simple write into the main memory is enough for a correct
implementation of Multi-Paxos, and we do not have to pay for the
expensive operation of writing into the hard disk.

6. Evaluation
In this section, we report on the evaluation of PaxosInside,Multi-
Paxos, and 2PC.

We basically explore the following aspects: (1) The improved
commit latency and throughput by using PaxosInside; (2) Thescal-
ability of PaxosInside with the number of cores; and (3) The per-
formance of PaxosInside and 2PC when a core becomes slow.

6.1 Experimental Setup

Our experiments make use of a machine with four 2.4 GHz Dual-
Core AMD Opteron(tm) processors (8 cores in total) and 8 GB
of RAM. The L1 cache size is 64 KB and L2 cache size is 1
MB. These machines run GNU/Linux 2.6.16.37. It is shown by
the many years research in state machine replication that tomake
the consensus scalable, it must only be achieved between a few
servers and the other nodes, i.e., clients, make use of that as a
service. We have applied the same lesson by using three replicas
in all the protocols, which are assigned to separate cores of0 to
2, via taskset command. The clients are assigned to cores 3 to 7.
The clients start sending requests to the replicas, after receiving a
message from the load manager which is run on Core 7. There is no
payload added to the requests and responses. In all the experiments,
a client sends a request to Core 0, waits for the commit ACK, and
then sends another request, till it finishes 100 requests. Werun each
experiment for three times and report the average values.

6.2 Workload

In the Paxos family of protocols, the messages are issued as aresult
of each client command, which is the type of traffic targeted by
PaxosInside. In general, the read requests do also cause issuing
Paxos protocol messages. This is because the read requests often
require the last updated data, which is not necessarily updated in
every learner, including the leader node. Thus, the read traffic can
be treated as normal client command traffic.

There are particular usecases that can change the load on
servers. For example, if the read requests do not necessarily ask
for the last updated data, then they can be handled directly by each
learner. Hence, the read traffic will be balanced on all nodes. In
this case, if the proportion of the read traffics is much more than
client command traffic, then PaxosInside’s impact on reducing the
overall load will be less profound. For the sake of generality, we do
not assume the above particular cases for handling the read traffic
in the experimental results, and all the requests in our experiments
are, hence, write requests.
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Figure 8. Throughput achieved by one client.
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Figure 9. Commit latency observed by using one client.

6.3 Micro-benchmarks

In this experiment, only one client is used, which is assigned to
Core 3. Figures 8 and 9 depicts the average throughput and the
average commit latency experienced by the client, respectively.
The commit latency is the delay between the time the request is
sent by the client and the time that the reply is received by it. The
throughput is the number of received replies per unit of time.

PaxosInside has the lowest latency whereas 2PC has the highest.
The latency of Multi-Paxos is only slightly worse than PaxosInside
because of the more message copy operations induced by sending
more messages. 2PC, in particular, has a higher latency since it
requires two phases to commit, versus one phase in failure-free
scenario of PaxosInside and Multi-Paxos. The same pattern applies
to the throughput, since the higher the latency of each commit, the
fewer requests will be sent by the client per unit of time. This also
shows that one client does not saturate the system bandwidth, and
the only major bottleneck in throughput of this micro-benchmark,
thus, is the commit latency.

6.4 Scalability

Here we evaluate the scalability of the protocols by increasing the
number of clients from one to five (we have eight cores in total.)4.
Figure 10 depicts the average commit latency vs. the total achieved
throughput by the clients. PaxosInside is the most scalableproto-
col, as the throughput improves by a factor of three, by usingfour
more clients. Multi-Paxos scales up to only two clients. Afterwards,
by adding more clients, the throughput improves slightly, while the
latency increases with a high steep. This makes its throughput with

4 We avoided using the cores allocated to the replicas for the client pro-
cesses. That would make the analysis of the results more complicated both
because of the added load on the replica cores and the lower latency be-
tween the clients and the replicas.
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Figure 11. The changes in throughput achieved by PaxosInside
when the leader is slow.
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Figure 12. The changes in throughput achieved by 2PC when the
leader is slow.

five clients stops at 42031 op/s, 27% less than throughput of Pax-
osInside, which is still not saturated. 2PC is the least scalable pro-
tocol among them; the throughput increases by 50% after adding
the first client, however, it even drops by adding more clients to
slightly less than the original value. The reason is the numerous
messages transmitted by 2PC. These results show that PaxosInside
achieves the best performance and scalability among all considered
alternatives.

6.5 Throughput in Failure Scenarios

We report on measuring the changes in system throughput when
the leader core becomes slow. In these experiments, all five clients
are sending requests to the replicas. We slow down Core 0 by
running eight CPU-intensive processes on it; each process is a bash

script that continuously multiplies a number by itself. Figure 11
plots the throughput of PaxosInside when the leader becomesslow,
as well as the normal non-faulty case. After the clients detect the
slow leader, they send their requests to other nodes. The non-leader
node after receiving the clients request, try to become the leader
in PaxosUtility. After that, it sends the proposals to the active
acceptor. During the leader change process, the throughputdrops
to zero.

Figure 12 plots the throughput of 2PC for the same experiments.
Since 2PC is a blocking protocol, a few requests can commit after
Core 0 becomes slow and the throughput drops to zero. It is worth
noting that the 2PC throughput would suffer from slow Core 2 in
the same way, but PaxosInside would continue progressing since
Core 2 is neither the leader nor the acceptor.

The experiment results show that by using PaxosInside, not only
the performance of consensus between multiple cores improves, but
also it has the advantage of continuous progress even with some
slow, non-responding cores.

7. Related Work
Barrelfish [2], an implementation of a multikernel model, pio-
neered the idea that a manycore can be viewed as a distributedsys-
tem. Key information of the kernel is replicated on several cores
and a 2PC (a blocking agreement) algorithm ensures the consis-
tency of the replicas. Unlike PaxosInside, 2PC does not ensure
progress with slow, non-responding cores.

Barrelfish exploits the cache hierarchy inside the processors to
efficiently broadcast messages via multicast trees. A slow node in
the multicast tree can delay the propagation of the message to the
rest of the nodes. This approach contrasts with that of PaxosInside,
which is precisely designed to address the problem of slow cores,
and hence does not use any multicast tree to broadcast messages to
the replicas. Otherwise, a faulty, slow core would make all its child
nodes under the multicast tree to be unresponsive as well. This
would reduce the probability of having a majority of responsive
cores, which is the essential assumption for progress of consensus
protocols.

A multicast tree in Barrelfish is created based on the measured
latency of the core-core communications. The actual delay between
two cores depends on the current load of the cores as well as
on the traffic inside the processing unit. It is actually not clear
that a particular created multicast tree remains the most efficient
when the load on the cores changes, which occurs quite often in
a fairly loaded processor. In other words, the performance of a
multicast tree highly depends on the temporary workload. Thus, not
to lose the generality, we avoid multicast trees in benchmarking the
performance of the implemented algorithms.

Mencius [20] was derived from Multi-Paxos to distribute the
load of client commands among multiple leaders [15]. Assuming
a balanced load of client commands received by the leaders, it
partitions the space of Paxos instance numbers among the leaders:
each leader proposes the received client commands only for its
range of instance numbers. By doing so, the leaders can, in total,
process more aggregate commands from clients. Note that each
leader still has to communicate with all the acceptors to make a
proposal. If the load is not balanced on the leaders, the loaded
leader could forward its traffic to the other under-loaded leaders,
which causes higher delays. The under-loaded leaders also have
to skip their share of the instance space, which would not help
the load balancing objective. In contrast, PaxosInside targets the
load on each leader individually, and is not limited by assuming a
balanced load on the leaders.

By reducing the number of messages exchanged between
servers (non-client nodes), each leader in PaxosInside canprocess
more client commands. The main insight of PaxosInside can beap-
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plied to any protocol of the Paxos family. Mencius could alsoben-
efit from the main insight of PaxosInside and increase the system
throughput further. This would enable a Mencius leader to beas-
signed to a single separate acceptor, and indeed increase the overall
throughput.

Some protocols of the Paxos family target the commit latency
of client commands [6, 12, 13]. In Basic-Paxos, each client com-
mand takes four message delays between the servers. Multi-Paxos,
which has been successfully integrated into a number of practi-
cal deployed [3, 5, 18] systems, behaves similarly to Basic-Paxos
for the first command, but requires only two message delays be-
tween servers for the next commands. This does not include the
RTT delay between the client and the leader. Fast Paxos [13],us-
ing more replicas (3f + 1), saves the delay between the leader and
the acceptors by allowing the client to optimistically sendthe ac-
cept request messages directly to the acceptors. Collisions between
commands from different clients can be resolved by spendingmore
steps. The average latency can be lower if the rate of collisions is
low. If collisions are frequent, classic Paxos actually outperforms
Fast Paxos [13].

In scenarios where the throughput of the system is a bottleneck,
the number of client commands is very high, and the probability of
collisions increases accordingly. PaxosInside is designed for high-
throughput systems and reducing the number of consensus phases
is not targeted by the algorithm. Fast Paxos cannot outperform
the throughput of Multi-Paxos, as the number of sent/received
messages to/from each acceptor does not change; although the
leader-to-acceptor messages of Multi-Paxos are eliminated in Fast
Paxos, the messages must be sent to more acceptors,3f + 1. For
f = 1, the message/node is equal to six per command, which is
the same number as Multi-Paxos. So called BFT protocols [4, 9]
tolerate not only crashes but also Byzantine faults: these include
arbitrary faults and malicious behavior. BFT protocols, because of
aiming stronger guarantees, are more expensive than the widely-
deployed consensus algorithms [3, 5, 18] (to which PaxosInside
belongs).

Since Paxos requires only a majority (f + 1) of the replicas
to progress, in failure-free scenarios,f of the nodes can be ex-
cluded from an execution. This observation is leveraged by Cheap
Paxos [21] to improve the throughput. Yet, this optimization comes
with liveness penalties. For example, with three replicasr1, r2, and
r3, if r1 fails and afterwardr2 fails, then the system cannot progress
until r2 recovers. In other words, the recovery ofr1 does not help
sincer2 has the crucial last state of the system. In comparison,
PaxosInside can progress as long as any two of the three replicas
are responding. For example, in the above scenario, PaxosInside
progress as soon as eitherr1 or r2 starts responding. In this sense,
PaxosInside does not jeopardize the liveness of Paxos and yet offers
higher performance.

8. Summary
This paper initiates the study of message passing consensusalgo-
rithms in a manycore system. In short, we show that such a non-
blocking agreement protocol can be efficiently implementedamong
multiple cores to ensure the consistency of replicated data.

We proposed PaxosInside, a Paxos-like consensus protocol that
attains good performance by using only a single acceptor, which
is replaced only in case of non-responsiveness. PaxosInside was
specifically designed with a manycore system in mind: roughly,
it transmits fewer messages than alternative consensus protocols,
which reduces the load both on the core interconnect and the leader
core’s cache.

We showed how to efficiently implement PaxosInside in a
manycore system by using two separate queues between each pair
of cores and cheaply delivering the received messages via libtask,

a user-level thread library. Our experimental results conveyed the
very fact that, on a manycore system, PaxosInside outperforms
Multi-Paxos, the most efficient message passing consensus to date,
and even a classical (blocking) 2PC algorithm. PaxosInsidemight
block if both the leader and the acceptor are not responsive at the
same time. In this scenario, which is arguably very rare, PaxosIn-
side progresses after at least one of them starts responding. For the
setup that uses three cores, PaxosInside and the Paxos family of
algorithms can tolerate the same number of faults, i.e., one.

As we pointed out however, our paper is a first step towards ex-
ploring the implementability and benefits of consensus algorithms
in manycore systems: we believe that the road ahead is full ofin-
teresting discoveries.
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