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ABSTRACT
Designers of scalable high-performance cloud computing ser-
vices make tradeoffs affecting the availability and consis-
tency guarantees of their services. Yet, discussion of consis-
tency models is often surrounded with vagueness and over-
loaded terms.

This position paper is a call to action for a clearer discussion
of consistency. To start things off, we highlight common
mistakes we’ve observed in both industry, and to a lesser
extent, academia. We survey prominent consistency models
from the past three and a half decades of research and pro-
mote clear specification of consistency guarantees in terms
of explicitly stated invariants.

Categories and Subject Descriptors
H.3.4 [Systems and Software]: Distributed Systems

General Terms
Consistency, Specification, System Properties

1. INTRODUCTION
Consistency is a safety property describing an invariant that
the system maintains. Presenting consistency from the per-
spective of systems builders is only half of the equation. One
has to be careful not to fall into the all-too-common trap
of defining the consistency model of a system in a nebulous
fashion with respect to which state the system will find itself
in, and not which properties a client may use when reasoning
about the system.

Consider the presently popular “eventual consistency”; un-
der this model, a storage system guarantees that “if no new
updates are made to the object eventually all replicas will
converge to the same value” [15, 16, 32]. This definition has
become muddled by hand-wavy arguments in which a system
is termed “eventually consistent” when people are unable or
unwilling to better specify its behavior.

There is much confusion about how to properly utilize an
eventually consistent storage backend. In discussing the var-
ious properties of an eventually consistent system, someone
will eventually say something to the effect of, “the system,
if left unperturbed will eventually become consistent and
clients will see the latest values.” This statement may appear
correct at first glance. After all, it attempts to paraphrase
the earlier statement about eventual consistency. However,
there is a deep flaw in this restatement: the original state-
ment says nothing about what a client of the system1 may
expect of the system. A set of replicas in the system may
converge on a common value in the absence of future updates
without the clients necessarily seeing that.

This position paper calls for bringing clarity to discussions
about systems’ consistency. This is necessary to understand
the guarantees that different systems make, especially as
consistency is traded for other properties. As a first step
towards this goal, we advocate expressing consistency guar-
antees in terms of explicit invariants. We address common
mistakes encountered in specifying a system’s consistency
model and survey the most common consistency models in
literature and describe them in terms of their upheld invari-
ants. Finally, we discuss several issues related to system
consistency and conclude.

2. COMMON MISTAKES
In this section, we address common mistakes we have en-
countered in the specification of various popular systems (ex-
amples include but are certainly not limited to [1, 5, 6, 19]),
and to a lesser extent, in academic literature.

2.1 Consistency is a property
When reading the specification of well-known scalable data
storage systems, one comes across discussions of consistency
in terms of internal implementation-specific details, such as
particular data replication, partitioning, request routing, or
failure detection schemes.

However, consistency is a safety property of the system de-
scribing an invariant predicate over a client’s interaction
with the system that holds over all possible execution his-
tories of the system2 [8, 9, chap.1]. This definition does not
dictate the nature of the invariant or how it is implemented;

1Here we say “client”, but it may well be a developer who is
building a system which will itself have clients.
2Invariants don’t necessarily have to define a client, but it
is necessary for consistency properties.



Figure 1: Clients interacting with a Dynamo-like
system can exhibit inconsistencies due to inaccurate
failure detection at some replicas. In this example,
the system had only one update, writing value V to
key K that is homed at node B. Even though all
replicas have the correct version of the data, due
to inaccurate failure detection and sloppy quorums,
clients accessing the system through node A will not
see the update.

it is an application-dependent contract between the system,
as a black-box, and the rest of the world. Essentially, it de-
scribes how the external world sees the system and not how
its internal components operate.

2.2 System consistency is not just replication
consistency

On a somewhat related note, the consistency property of a
system is not limited to the consistency of its replication
scheme, or any other component of the system. Consistency
is not a “drop in component” orthogonal to the rest of the
system, but instead it is a property that is provided as a
result of the interplay between all components of a system.

For example, in a Dynamo-like system the replication scheme
ensures that the primary replicas of a particular key will
eventually have the same state, in the absence of future up-
dates. However, this is not a guarantee that clients will
eventually read the latest version. Consider the example in
figure 1, where the system received only a single put request:
writing the value V to key K which is homed at node B and
replicated to the two virtual nodes after it (N = 3). That
operation completed successfully and all the primary repli-
cas of key K obtain a copy of that pair. However, because of
sloppy quorums and inaccurate failure detection, some client
requests (e.g. coming through node A) might not fetch the
latest version of the data even though all primary replicas
are up-to-date.

This is not to say that the properties of the replication
scheme are unimportant. On the contrary, it is necessary to
analyze the replication scheme in order to justify the consis-

tency properties of the system; however, it is rarely sufficient
to analyze just the replication scheme.

2.3 Weak consistency is not the opposite of
strong consistency

The absence of a strong consistency guarantee does not au-
tomatically imply that a system will exhibit weak consis-
tency. Different consistency models specify invariants to be
maintained by the system. If the system maintains these
invariants then it is consistent, if it doesn’t then it is not
consistent. The different forms of consistency guarantees
differ only in the nature of their invariants, and the absence
of one does not imply the presence of another.

2.4 CAP is not a consistency-waiver
The CAP theorem[17, 31] is often used as an excuse to ne-
glect reasoning about consistency or to automatically resign
oneself to weaker consistency models. In fact, CAP does not
dictate that a system has to give up consistency. Instead, it
implies that developers must carefully specify the invariants
that a system satisfies, and the liveness properties it desires.
CAP stipulates that maintaining strict invariants comes at
the expense of its liveness in the presence of network or ma-
chine failures.

2.5 Atomicity, consistency, and isolation
This mistake stems from the unfortunate overloaded use of
the term“consistent”and the slight difference in the databases
and distributed systems nomenclature. Atomicity specifies
that clients do not see partially mutated data. Isolation
specifies that concurrent operations do not interfere with
one another. In the “distributed systems sense of the word”,
the consistency invariant relates to the freshness of responses
to client read operations.

Even though all three are safety properties, neither of them
implies the other. It is possible for operations to run in
isolation, and produce inconsistent results. As an example,
consider a banking application which debits and credits ac-
counts unevenly, but only allows one operation on any given
pair of accounts at a time. It is similarly possible to con-
struct operations which are atomic but equally inconsistent.
Moreover, it is possible to have arbitrarily many transac-
tions execute in a manner which is consistent so long as the
transactions operate on separate accounts. For instance,
performing n debits followed by n credits can be consistent;
however, it implies no isolation or atomicity.

3. CONSISTENCY INVARIANTS
In this section, we survey various consistency models from
the past 35 years of academic literature in the systems and
databases communities. For each consistency model, we in-
formally describe the invariants maintained by the system
and its behavior as seen by external clients. A formal treat-
ment of these models can be seen in the cited literature.

For the sake of exposition, we use a running example of a
simple key/value store as such systems are increasingly pop-
ular in current data center and cloud-based deployments [3,
5, 10, 18, 19]. We use the notation KVSC to refer to a
key/value store that adheres to the read/write invariants



of consistency model C. The KVSC interface provides two
simple operations:

PUT (k, v) Associate the key k with the value v. Any pre-
vious association k → vold is overwritten.

GET (k) Return the value v associated with k, or a special
⊥ when no value exists.

Note that the following consistency models are not listed
in an “increasingly stronger” manner. There exists a partial
order amongst them in terms of invariants strength, but they
are not totally ordered.

3.1 No invariant
The simplest system maintains no read/write invariants and
client operations may be responded to in any arbitrary way.
Such a system is obviously not useful as clients cannot know
what to expect.

3.2 Simplest invariant
KVSsimple maintains the simplest invariant that would make
it usable. Here a client’s GET (k) operation is responded to
with either a value from some client’s PUT (k, v) operation
or the special ⊥ value. Notice that under this invariant, a
client may see arbitrarily stale values – even after reading
the most recent value previously [4, 14, 16, 21].

3.3 Session consistency
KVSsimple may be augmented to provide session guaran-
tees [15] that specify the structure of a client’s session-oriented
interaction with the system. The four common session guar-
antees are: read your writes, monotonic reads, writes follow
reads, and monotonic writes. The former two guarantees in-
fluence only the users’ sessions. The latter two guarantees
specify that one user’s behavior will be seen by all users in
a predictable manner.

KVSRYW provides read your writes consistency. Specifically,
it maintains the invariant that any execution of the system
will only contain traces in which a client always receives val-
ues at least as new as its most recent PUT (k, v) operation
when it does a GET (k) operation. Read your writes con-
sistency does not specify anything about what the global
execution will do for concurrent users’ sessions.

KVSMR provides monotonic reads consistency. For all exe-
cutions, a system is said to support monotonic reads if it is
the case that a client will never read more-stale data after
observing a version which is less-stale. There is no state-
ment made about the liveness of the system and a client
may forever read the stale data, even if new versions are
written.

KVSWFR provides writes follow reads consistency by pre-
serving dependencies between writes and the data upon which
they depend. The system maintains the invariant that an
execution will only show a client observing a write if the
client also is able to observe all data upon which the write
depends.

KVSMW provides monotonic writes consistency. The sys-
tem maintains the invariant that every client of the system
sees the writes of every other client of the system according
the the partial orders imposed by every other client. The
manner in which clients’ operations are interleaved is left
unspecified by this session guarantee.

3.4 Causal consistency
Causal consistency [24] respects the dependencies between
system events according to a“happens before”relation. Events
internal to processes and the communication between pairs
of processes define the partial ordering over all events (with
inter-process causal dependency being when one process does
a GET (k) that returns the value of the PUT (k, v) of another
process). Valid executions of a causally consistent system
will contain execution traces of each process which show
events that are processed in accordance with the “happens
before” relation. Clients of KVScausal will all observe the
same ordering of dependent events; however, the ordering of
concurrent events is left unspecified.

It is worth noting that causal consistency is most useful
when utilized by a service which exposes information about
the “happens before” relation. For example, KVScausal may
expose a vector of logical clocks to the client on each GET (k)
. Clients may use the returned logical clocks to provide
the system with information about causal dependencies on
PUT (k, v) and operations.

In the absence of an explicit means of handing control over
the “happens before” relation to clients, the server must
manage the “happens before” relation implicitly by tracking
client interactions. A causally consistent scheme in which
clients take no part in explicitly managing the “happens be-
fore” relation is equivalent to the properties provided by se-
quential consistency.

3.5 Sequential consistency
A sequentially consistent system [25] provides a guarantee
that every execution of a sequentially consistent system obeys
the partial order on events imposed by each client’s view.
If several clients of KVSsequential timestamp their interac-
tions with the system, then the resulting realtime order of
all clients’ interactions may not reflect the actual order in
which the system executes the operations.

3.6 Linearizability
Linearizability [26] respects a real time ordering of events. A
linearizable system presents the interface of an object with
associated operations which may be performed. All execu-
tions of a linearizable object are equivalent to a valid se-
quence of operations on the object in which the initiation
and termination of operations happen in lock-step, and the
resulting order of operations does not contradict the origi-
nal order of operations. Linearizability is a local invariant,
and therefore allows for the composition of linearizable ob-
jects into systems which are also linearizable. KVSlinearizable

provides clients with an ideal key-value store. A GET (k)
operation always returns the latest value, and conflicting
PUT (k, v) operations will be observed to be ordered the
same by all clients of the system.



3.7 Serializability
Serializability [11, 23] is the guarantee that the execution
of concurrent transactions is equivalent to some serial exe-
cution of the transactions on the data store. Serializability
differs from linearizability in that the latter is modeled as
a set of operations on linearizable objects, each of which
completes independently of the others, while the former is a
means of coordinating a set of writes across objects such that
they appear to happen as one indivisible action. Intuitively,
serializability specifies a means of altering a set of objects
in arbitrary ways, while linearizability specifies a means of
altering individual objects in ways which are tied to the def-
inition of the objects themselves. As a consequence, the
composition of two serializable schedules is not serializable.

Clients of KVSserializable are able to begin a transaction, per-
form an arbitrary number of GET (k) and PUT (k, v) oper-
ations, and then commit the transaction. The transaction
will commit if and only if it may do so without violating the
serializability invariant.

3.8 Snapshot isolation
Snapshot isolation [7] provides transactions with a consis-
tent view of the data on which all read operations may be
performed. Specifically, all executions of a system which
provides snapshot isolation contain transactions which are
ordered such that all reads of a transaction occur at the same
logical version of the database, and no transaction commits
if another transaction which has written the same values as
the pending transaction has committed between the start
and end times of the pending transaction.

KVSsnapshot provides clients with the ability to read large
volumes of data from the same logical instant in time. Trans-
actions which include PUT (k, v) operations may generate
schedules which are not serializable, and would not be gen-
erated through any serial execution of the transactions.

4. DISCUSSION
We have briefly surveyed common consistency models and
described them in terms of explicitly defined system invari-
ants without any mention of implementation details. Clients
are knowledgeable of the system’s interface and the invari-
ants it maintains, and make no further assumptions of the
it’s implementation or execution details.

The use of explicit invariants helps separates the policy (the
consistency model) from the mechanism (the implementa-
tion details). This separation simplifies reasoning about sys-
tem behavior agnostic to its implementation.

4.1 Strong vs. weak consistency
In our advocacy for clearly defining expectations, we have
deliberately chosen not to use broad terms such as as strong
or weak consistency. Both terms refer to full categories of
consistency models and can result in unwanted confusion if
not used carefully. For example, though both linearizabil-
ity and sequential consistency are classified as strong consis-
tency models, the first is composable and the other is not. If
systems are labeled simply as strongly consistent, the client
is left to wonder which properties it can rely upon. A sim-
ilar argument can be made for the various flavors of weak

consistency. The main point here is that vague or subjec-
tive categorical descriptions leave room for misinterpretation
and confusion, thus we favor abandoning them in favor of ex-
plicit precise definitions that help manage user expectation
and reasoning about the system.

4.2 What about eventual consistency?
Many datacenter and cloud-computing services assert they
provide eventual consistency, which is often defined opera-
tionally such that“if no new updates are made to the object,
eventually all accesses will return the last updated value”.
However this is a liveness property . Alternative, definitions
state that “all replicas converge to the same value in the ab-
sence of further updates”. This also does not define a safety
property invariant that the client can use to reason about
the system. Finally, [8] provides a more formal definition
of eventual consistency.

For these reasons, we suggest that the term“eventual consis-
tency” be used only when coupled with stronger descriptions
of the system which provide quantifiable properties about
what a user may expect from the system.

4.3 Choosing the right invariants
We have advocated the use of explicitly defined invariants
for describing a system’s consistency guarantees. This is not
an independent decision and is largely motivated by prior
work [9], and our experience building systems. Choosing
the right invariants is ultimately a design decision.

4.3.1 Per-client invariants
A system need not provide the same consistency guarantees
for all of its clients; instead it can maintain invariants based
on client “roles”. For example, consider a hospital system;
a physician’s client might require linearizable consistency
guarantees when accessing the list of patients and records
whereas a front-desk client might require weaker guaran-
tees. Thus the system does not need to be monolithic in its
consistency guarantees, but instead can maintain multiple
clearly defined role-based invariants without complicating
reasoning about its operation.

4.3.2 Balancing safety and liveness
The CAP theorem implies that developers must carefully
specify the invariants that a system satisfies. For instance,
there have been recent network redundancy trends [2, 12,
13, 20, 22, 28, 30] that might encourage designers to relax a
system’s invariants as related to partition tolerance in order
to maintain different consistency invariants [27]. This, of
course, is a design decision that depends on the particular
service deployment.

4.3.3 Interface transparency
In single administrative domain settings, it might be ben-
eficiary to have the system’s interface expose more of the
underlying implementation such that clients might take a
more active role in obtaining their desired properties.

For example, in a traditionally constructed RDBMS system
which implements primary/backup [29], it is possible to op-
erate in an asynchronous mode. This system will provide
strong consistency while all components function properly;



however, it may lose recently committed data, or allow stale
reads in the presence of failure of the primary. This sys-
tem can be thought of as having two different consistency
models.

We advocate for describing systems in terms of both the nor-
mal and the failure cases. Ideally, the consistency mode of
the system should be exposed to the client via an observable
interface. Ideally, this interface should be programmatic in
nature so that a system may communicate to all clients that
the invariants it is able to maintain are relaxed or different
from the normal invariants maintained by the system.

For example, a Dynamo-like system which exposes causally
consistent data could inform the client about the impact
of the current replica placement strategy in use. In turn,
clients may adapt their behavior based upon the observed
consistency model of the system.

5. SUMMARY
Consistency is a safety property describing a system invari-
ant. In this paper, we surveyed common consistency models,
describing them in terms of the invariants they maintain.
We also addressed commonly encountered mistakes in spec-
ifying system consistency and advocated the use of clearly
defined invariants instead of vague, or operational, descrip-
tion of what should clients expect from the system. Using
explicit invariants makes it easier for clients to reason about
the behavior of systems.
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