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ABSTRACT

We prove that no fully transactional system can provide fast read
transactions (including read-only ones that are considered the most
frequent in practice). Specifically, to achieve fast read transactions,
the system has to give up support of transactions that write more
than one object. We prove this impossibility result for distributed
storage systems that are causally consistent, i.e., they do not require
to ensure any strong form of consistency. Therefore, our result holds
also for any system that ensures a consistency level stronger than
causal consistency, e.g., strict serializability. The impossibility result
holds even for systems that store only two objects (and support at
least two servers and at least four clients). It also holds for systems
that are partially replicated. Our result justifies the design choices
of state-of-the-art distributed transactional systems and insists
that system designers should not put more effort to design fully-
functional systems that support both fast read transactions and
ensure causal or any stronger form of consistency.
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1 INTRODUCTION

Transactions represent a fundamental abstraction of distributed
storage systems, as they facilitate the task of building correct appli-
cations. For this reason, distributed transactional storage systems
are widely adopted in production environments [10, 33, 45, 48, 51,
54, 57] and actively researched in academia [19, 44, 59, 61, 64]. Be-
cause many applications exhibit read-dominated workloads [6, 17,
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46, 47], read-only transactions are a particularly important build-
ing block of such systems. Hence, improving the performance
of distributed read-only transactions has become a key require-
ment for modern such systems and a much investigated research
topic [19, 40, 41]. To this end, the notion of fast read-only trans-
actions has been introduced in [41] and studied in subsequent
papers [23, 31, 60]. A fast read-only transaction satisfies the follow-
ing three desirable properties [41]: it completes in one round of
communication (one-round), it does not rely on blocking mecha-
nisms (nonblocking), and each server communicates to the client
only one value for each object that it stores locally and is being read
(one-value). Unfortunately, despite the huge effort put on designing
efficient distributed transactional systems, read-only transactions
in existing systems still suffer from performance limitations. For
example, systems like Spanner [19], DrTM [61], RoCoCo [44] im-
plement read-only transactions that may require multiple rounds
of communication, or rely on blocking mechanisms.

In systems that implement strong consistency, e.g., serializabil-
ity [15], transactions facilitate the task of writing distributed ap-
plications by giving the illusion that concurrent operations take
place sequentially. However, strong consistency comes at such a
high cost [11, 36] that, over the last years, a flurry of systems has
abandoned strong consistency in favor of weaker consistency mod-
els [18, 21, 39, 51]. Among them, causal consistency [2] has garnered
much attention, because it was expected to hit a sweet spot in the
performance versus ease-of-programming trade-off. Causal consis-
tency has intuitive semantics and eschews the synchronization that
is needed to achieve strong consistency in the presence of replicas.
It is also the strongest consistency level that can tolerate network
partitions without blocking operations [7, 50].

As expected, existing causally consistent storage systems achieve
higher performance in comparison to strong consistency systems [3,
26, 39, 40]. However, causally consistent read-only transactions
still suffer from latency overheads. In fact, state-of-the-art causally
consistent storage systems either do not support fast read-only
transactions [3, 26, 43, 55] (i.e., they do not exhibit all three desirable
properties) or they are of restricted functionality by not providing
multi-object write transactions [41].

Contributions. In this paper, we present a result proving a fun-
damental limitation of transactional systems. Specifically, our im-
possibility result states that no fully-functional, causally consistent
distributed transactional system can provide fast read-only trans-
actions (and therefore also fast read transactions). Specifically, to
achieve fast read transactions, the system has to give up support
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of multi-object write transactions, i.e., it can only support transac-
tions that write at most one object. This result unveils an important
trade-off between the latency attainable by read-only transactions
and the functionality provided by a distributed storage system. It
also shows that the inefficiency of the existing systems to achieve
all the desirable properties (as described above) is not a coincidence.

Most theoretical results considered so far serializable transac-
tions instead of causally consistent that we consider here, and this
work includes a formalization of causally consistent transactional
systems which is interesting in its own right. Our result holds for
any system that ensures stronger consistency than causal consis-
tency. Moreover, our result is relevant for the broad class of systems
that use causal consistency as a building block to achieve their target
consistency level [13] or that implement hybrid consistency models
which include causal consistency [5, 35, 36, 58]. The impossibility
result holds for any system that supports at least two servers and
at least four clients. It holds even for systems that store only two
objects (each in a different server). We prove that the impossibility
result also holds for systems that are partially replicated.

To prove our impossibility result, we construct a troublesome
infinite execution in which a write-only transaction that is exe-
cuted solo never manages to make the values it writes visible. To
do so, we inductively construct an infinite number of non-empty
prefixes of the troublesome execution and prove that the written
values are not yet visible after each prefix has been executed; specif-
ically, some server has to send at least one more message before
the values become visible. We argue this using indistinguishability
arguments [9, 42]. The fact that, on the one hand, the constructed
execution is infinite, and, on the other, that we focus on causal con-
sistency which is a rather weak consistency condition, introduces
complications that we have to cope with to get the proof.

In the case where the system has more than two servers, an extra
challenge is to cope with the chains of messages through which
information may be disseminated between the servers that store
the written objects. This complicates the construction of the execu-
tions that we prove to be indistinguishable from the troublesome
execution. To get the impossibility result for the case of a partially
replicated system, an additional complication is that we have to
construct an infinite sequence of server ids. These are the servers
that send the necessary messages in each step for the induction to
work. We also have to capture the fact that more than one servers
may now respond to the same read request of a client. Due to lack
of space, the general proof is provided in a technical report [22].

We study the limits of our impossibility result in all different
premises. We show that if we relax any of the considered properties,
then the impossibility result no longer holds.

Our impossibility result sheds light on some of the design deci-
sions of recent systems and provides useful information to system
designers. Specifically, they should not put more effort to devise a
fully-functional system that supports both fast read transactions
and ensures causal consistency (or any stronger consistency level).
Structure of the paper. Section 2 provides the model and useful
definitions. Section 3 presents our impossibility result and discusses
its limits in all different premises. Section 4 discusses related work.
Section 5 provides some conclusions.
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2 MODEL AND DEFINITIONS

Storage system. We consider a distributed storage system which
stores a finite number of objects. There are m > 1 servers in the
system. Each server stores a non-empty set of these objects. For
simplicity, we assume that the set of objects stored in servers are
disjoint. (Our result holds even if the system is partially replicated,
i.e., if these sets are different but not disjoint, and none of them
contains all the objects.)

Transactions. An arbitrarily large number of clients may read
and/or write one or more objects by executing transactions. A trans-
action is a block of code that contains a sequence of read and write
requests on objects. To prove our impossibility results, it is enough
to focus on static transactions whose read-sets and write-sets are
known from the beginning of the execution'. The read-set, R, of
a transaction T contains the objects T reads, whereas its write-set,
Wr, contains the objects T writes. If Wy = 0, T is called a read-only
transaction, whereas if R = 0, T is a write-only transaction. We
denote by r(X)x a read on object X which returns value x and by
w(X)x a write of value x to object X. Also, we denote by r(X)= a
read on object X when the return value is unknown (with symbol
* as a place-holder). Reads and writes on objects are called object
operations.

In typical deployments, there are many more clients than servers.
Hence, allowing server-to-client out-of-band communication would
result in nonnegligible overhead on the servers, which would suffer
from reduced scalability and performance. For this reason, we natu-
rally assume that to execute a transaction, a client can communicate
with the servers (but not with other clients) and a server communi-
cates with a client only to respond to a client’s read or write request.
So, no client-to-client communication is allowed, i.e. no client can
send a message to any other client. We find evidence of the rele-
vance of this assumption in large-scale production systems, such as
Facebook’s data platform [46], and in emerging systems [24, 30, 38]
and architectures [37] for fast query processing, where no per-client
states are maintained to avoid the corresponding overheads and to
achieve the lowest latency.

System model. The system is asynchronous, i.e., the delay on mes-
sage transmission can be arbitrarily large and the processes do not
have access to a global clock. The system is modelled as an undi-
rected graph in the standard way [9, 42]. Each node of the graph
represents a process (i.e., a client or a server) whereas links connect
every pair of processes. Each process is modelled as a state machine
with its state containing a set of income and outcome buffers [9,
Ch. 2]2. Links do not lose, modify, inject, or duplicate messages.

Operation executions. An implementation of a storage system
provides algorithms, for each process, to execute reads and writes
in the context of transactions. A configuration represents an instance
of the system at some point in time. In an initial configuration Q;p,
all processes are in initial states and all buffers are empty (i.e., no
message is in transit). There are two kinds of events in the system:
(1) a computation step taken by a process, in which the process
reads all messages residing in its income buffers, performs some
local computation and may send (at most) one message to each

! It follows that our impossibility result also holds for systems of dynamic transactions.
2 There is one income and one outcome buffer for each link incident to each process.
Income and outcome buffers store the messages that are sent or received through the
corresponding link, respectively.
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of its neighboring processes>, and (2) a delivery event, where a
message is removed from the outcome buffer of the source and is
placed in the income buffer of the destination. An execution is a
sequence of events (we assume that an execution also includes the
invocations and responses of transactions, as well as the invocations
and responses of object operations). An execution « is legal starting
from a configuration C, if, for every process p, every computation
step taken by p in & is compatible to p’s state machine (given p’s
state in C) and all messages sent are eventually received. Since the
system is asynchronous, the order in which the events appear in an
execution is assumed to be controlled by an adversary. A reachable
configuration is a configuration that results from the application of
a legal finite execution starting from an initial configuration. Given
a reachable configuration C, we say that a computation step s by a
process p eventually occurs, if in every legal execution starting from
C (in which p takes a sufficient number of steps), p executes s. For
every reachable configuration C and every legal execution « from
C, we denote by RC(C, @) the configuration that results from the
execution of & starting from C. Two executions are indistinguishable
to a process p, if p executes the same steps in each of them. Two
configurations are indistinguishable to p, if p is in the same state in
both configurations. Given two executions a1 and a2, we denote by
a1 - g the concatenation of @y with ay, i.e., ay - a2 is an execution
consisting of all events of a; followed by all events of ay (in order).

Each client that invokes a transaction T may eventually return
a response. The response consists of a value for each object in R,
and an ack for each write T performs. We say that T has completed
(or is complete), if the client c that invoked T has issued all read or
write requests for T, and has received responses by the servers for
all these requests. Note that for each read or write request that ¢
invokes, it receives an individual response from the corresponding
server. A transaction T is active in some configuration C if it has
been invoked before C and has not yet completed. A client may
have at most one active transaction at each point in time. We say
that a configuration C is quiescent if no transaction is active at C. Let
C be any reachable configuration that is either quiescent or only a
single transaction T, invoked by a client c, is active at C. We say that
T executes solo starting from C, if only ¢ and the servers take steps
after C and ¢ does not invoke any transaction other than T after
C. We say that a value x is written in an execution « if there exists
some transaction T in « that issues w(X)x for some object X. For
convenience, every execution we consider, starts with the execution
of two initial transactions, T(f” = (w(XO)xé") (invoked by a client
c(i)") and Tli" = (w(Xl)x{") (invoked by a client ci”) that write the
initial values x}" and x]" in objects Xy and X, respectively.
Causal Consistency. We consider an implementation of a transac-
tional storage system that is causally consistent [2, 52]. Informally,
causal consistency ensures that causally-related transactions should
appear, to all processes, like if they have been executed in the same
order. The formal definitions below closely follow those presented
for causally consistent transactional memory systems in [27].

The history H(e) of an execution « is the subsequence of « which
contains only the invocations and responses of object operations
(we omit & whenever it is clear from the context). A transaction T

3 Note that a process may output a message to all servers storing objects it wants to
access in the same computation step.

371

SPAA ’19, June 22-24, 2019, Phoenix, AZ, USA

isin H, if H contains at least one invocation of an object operation
by T. A transaction is complete in H if it is complete in a. An
object operation op; precedes another object operation op; in & (or
in H(a)), if the response of op; precedes the invocation of opy. A
transaction T precedes another transaction T3 in & (or in H(«)), if
the last object operation invoked by Tj precedes the first object
operation invoked by T».

For each client ¢, we denote by H, the subsequence of H con-
taining all invocations and responses of object operations issued or
received by c. Given two executions « and &', the histories H(a)
and H(a') are equivalent, if for each client ¢, Ho () = He(a”). For
each client ¢, the program-order, denoted by < Hic» 18 @ relation
on transactions in H such that for any two transactions T1, Ta,
T1 <g|c Tz if and only if Ty precedes T in H,.

We denote by complete(H) the subsequence of all events in
H issued and received by complete transactions*.We denote by
comm(H) a history that extends H: (1) comm(H) = H- H”,ie, H
is a prefix of comm(H), (2) H”" contains only responses for those
write operations in H for which there is no response.

An execution o is sequential if for every two transactions T1,
T, in o, either Ty precedes T or vice versa. We define a sequential
history in a similar way. Consider a sequential execution ¢ (legal
from Q;p) and a transaction T in 0. We say that T is legal in o, if
for every invocation r(X)x of a read operation on any object X that
T performs, the following hold: (1) if there is an invocation of a
write operation by T that precedes r(X)x in o then x is the value
argument of the last such invocation, (2) otherwise, if there are no
transactions preceding T in o which invoke write for object X, then
x is the initial value for X, (3) otherwise, x is the value argument
of the last invocation of a write operation to X, by any transaction
that precedes T in o.

Consider any sequential history S that is equivalent to H. We
define a binary relation with respect to S, called reads-from and
denoted by <7, on transactions in H such that, for any two distinct
transactions T1, T in H, Ty <g T, if and only if: (1) T, executes a
read operation op that reads some object X and returns a value x
for it, and (2) T; is the transaction in S which executes the last write
operation that writes x for X and precedes Tz°. Each sequential
history S that is equivalent to H, induces a reads-from relation for
H. Let Ry be the set of all reads-from relations that can be induced
for H (by considering all equivalent to H sequential histories).

We say that a sequential history S respects some relation < on
the set of transactions in H if it holds that for any two transactions
T, T2 in S, if Ty < Ty, then Ty precedes T in S.

For each <" in Ry, we define the causal relation for <” on trans-
actions in H to be the transitive closure of | . (<H|C) U <". We
denote by Cg the set of all causal relations in H.

Definition 1 (Causal consistency). An execution « is causally
consistent if for history H' = comm(H(«)), there exists a causal
relation < in Ccomplere(r) Such that, for each client c;, there
exists a sequential execution o; such that:

e H(o;) is equivalent to complete(H’),

e H(o;) respects the causality order <€, and
4We assume that in a system that supports causal or any weaker form of consistency,

all transactions commit [12, 40].
Formal definitions for the general case where transactions may abort are in [27].
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e every transaction executed by ¢; in H(o;) is legal.

An implementation is causally consistent if each execution « it
produces is causally consistent.

Intuitively, a causally consistent distributed transactional system
produces executions that respect the causality order. The necessity
to talk about sets of reads-from relations and sets of causal relations
comes from the fact that the values written in an execution « are
not distinct. If we assume that all values written in « are distinct,
some of the above definitions would be simplified. Note that doing
so would be sufficient to prove the impossibility result. However,
we present the general formal definition above, since we believe
that it might be of interest in its own right.

Progress. To avoid trivial implementations where every read-only
transaction invoked by a client always returns L or values written
by the same client, we introduce the concept of value visibility.

Definition 2 (Value visibility). Consider any object X and let C
be any reachable configuration which is either quiescent or just
a write-only transaction (by a client ¢,,) writing a value x into X
(and possibly performing additional writes) is active in C. Value x is
visible in C, if and only if: in every legal execution starting from C
which contains just a read-only transaction T, (invoked by a client
cé{cw, c(i)”, ci"}) that reads X, x is returned as X’s value for T;.
We focus on storage systems that ensure minimal progress for
write-only transactions. This is a weak progress property ensured
even by systems in which write transactions are blocking. So, our
impossibility result holds also for systems that ensure any stronger
progress properties for write-only transactions (and without any
restriction on progress for transactions that both read and write).

Definition 3 (Minimal Progress for write-only transactions). Let
T,y be any write-only transaction which writes a value x into an
object X (T,, may also write other objects). If T,, executes solo,
starting from any reachable quiescent configuration C, then there
exists a later configuration C’ such that x is visible in C’.

We denote by Qp a reachable configuration in which both values
x(’;" and xi”, written by the transactions T(f" and Tli” discussed
earlier, are visible. Definition 3 implies that Qg is well-defined.

We next present the definition of fast read-only transactions.
Definition 4 expresses the exact same properties as in the original
definition which was introduced in [41] and used in [23, 31].
Definition 4 (Fast read-only transaction). We say that an imple-
mentation of a distributed storage system supports fast read-only
transactions, if in each execution « it produces, the following hold
for every read-only transaction T executed in a:

(1) Non-blocking and One-Roundtrip Property. The client
¢ which invoked T sends a message to all servers storing
items that it wants to read and it does so in one compu-
tational step; moreover, each server performs at most one
computational step to serve the request and respond to c.

(2) One-value messages. Each message sent from a server to
a client contains only one value that has been written by
some write transaction in « into an object that is stored in
the server and is read by the client®.

SWe remark that the message may also contain some metadata (e.g., a timestamp), as
long as these metadata do not reveal any information about other transactions and

additional written values to the client. Since no transaction may ever abort, servers do
not respond with an abort indication.
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3 THE IMPOSSIBILITY RESULT

In this section, we prove the impossibility result:

THEOREM 1. No causally consistent implementation of a trans-
actional storage system supports transactions that write to multiple
objects and fast read-only transactions.

The impossibility result holds even for systems that store just two
objects X and X;. For ease of presentation, we prove it for a system
with two servers py and p;. However, it can easily be extended to
hold for the general case, where the system has any number of
servers and is partially-replicated (see [22] for the general proof).
We assume that pg stores Xy and p; stores Xj.

3.1 Outline of the Proof

We prove Theorem 1 by the way of contradiction. Assume that there
exists a causally consistent implementation IT which supports fast
read-only transactions and transactions that write multiple objects.
Assume also that IT guarantees minimal progress for write-only
transactions. We derive a contradiction by showing that there exists
a troublesome execution which breaks minimal progress. Specifi-
cally, we construct an infinite execution a which contains just a
write-only transaction T,, = (w(Xg)xo, w(X1)x1), invoked by some
client ¢y, ¢ { cé", ci" }, and we show that the values xo and x; writ-
ten by T,, never become visible. Intuitively, to do so, we inductively
construct an infinite number of non-empty distinct prefixes of
and prove that the written values are not yet visible after each
prefix has been executed. Specifically, we use indistinguishability
arguments [9, 42] to prove that after the execution of each such
prefix, some server has to still send at least one message before the
values become visible. (In [22], we provide a table that describes
the notation used throughout the proof.)

We now provide an informal, high-level outline of the proof. We
start with two simple lemmas. The first shows that a transaction
which reads Xy and X7 cannot return a subset of the values written
by Ty (i.e., it returns either the new values for both objects or the
initial values for both objects). The second lemma shows that if
one of the values written by Ty, is not visible, then both values
written by T,, are not visible. We use these lemmas to determine
the values read by read-only transactions in the executions that
we use. Specifically, we present two execution constructions that
are useful in the proof of Theorem 1. Construction 1 describes an
execution in which a read-only transaction reads the initial values
for Xy and X7, whereas Construction 2 describes an execution in
which a read-only transaction reads the new values for Xy and Xj.

The two constructions are used to build an execution y which
allows us to derive a contradiction: In y, a read-only transaction
reads a mix of old and new values for X and X;. We use y to prove,
in the induction, that the values written by T, are not yet visible.
We also prove that to make them visible, py and p; have to exchange
more messages. Therefore, after any arbitrary but finite number of
steps, T, has not yet completed and the values written by it has
not yet become visible, which contradicts eventual visibility.

3.2 Useful Constructions and Lemmas
To enforce a causal relation between the values written by c,, in Ty,
and x(’)”, xi”, the troublesome execution starts with the execution of

a read-only transaction T = (r(Xo)*, ¥(X1)*) by ¢y (applied from
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Figure 1: Configurations Q;,, Qo and Cy.

Q). Since T!™ is a fast read-only transaction, T\" completes; since
xé" and x{" are visible in Qg (by definition), c,, returns (xé”,xf")
for T}™. Let Cy be the configuration in which T/" has completed
and no message is in transit. The configurations Q;n, Qo, Co are
shown in Figure 1. All executions we refer to below start from
Co. We now present the two lemmas that will be useful for the
constructions and the proof of Theorem 1. The first states that in an
execution in which a write transaction writes new values to a set
of objects, aread transaction which reads these objects, cannot see
only a subset of the new values. The proof comes as an immediate
consequence of the fact that IT ensures causal consistency.

LEMMA 1. Let v be any legal execution of II starting from Cy
which contains two transactions: client c,, invokes a write-only trans-
action T,, = (w(Xo)x0, w(X1)x1), and a client ¢, # ¢,y invokes a
read-only transaction T, = (r(Xo)*,r(X1)*) which completes in
7. Let vy and vy be the two values which c, returns for Ty, ie.,
T, = (r(Xo)vo,r(X1)v1). Then, either vg = x¢ and v1 = x1, or
vy = xé" andvy = xi".

Proor oF LEMMA 1. To derive a contradiction, assume that there
exists some execution 7 of IT starting from Cp and some i € {0, 1}
for which ¢, returns the values v; = xj,v1—; = x{fi for Ty.

By causal consistency, ¢,’s local history in 7 respects causality.
So, we can totally order Tlifi, T,y and T}, such that (1) Tli fi is the last
transaction which writes to X;—; and precedes T, so T,, (which
also writes X1_;) precedes Tli .5 (2) Ty is the last transaction which
writes on X; and precedes Ty, so T,, is ordered before T,; and (3)
Tli . is ordered before T, because c,, reads the value written in Tli .
before it initiates T,, (as shown in Figure 1). A contradiction. O

The next lemma states that in an execution in which a write
transaction T,, writes new values in a set of objects, if one of the
values written by T, is not visible at some configuration, then both
values written by T,, are not visible in that configuration.

LEMMA 2. Let t be any legal execution starting from Co which
contains just one transaction: client c,, executes a write-only trans-
action Ty, = (w(Xo)x0, w(X1)x1). Let C be any reachable config-
uration when 7 is applied from Cy. If either xo or x1 is not visible
in C, then there exists at least one client ¢, & {cyy, c(i)", ci"} such
that if, starting from C, ¢, executes a fast read-only transaction
T, = (r(Xo)*,r(X1)*), then c, returns (xé”,x{”)for Ty.

ProoOF oF LEMMA 2. To derive a contradiction, consider some
configuration C, reachable when 7 is applied from Cp, in which at
least one of the values x¢ and x; is not visible, and assume that
for every client ¢, ¢ {c, cé”, ci"}, if ¢, invokes T starting from
C, then ¢, does not return (x(’;", x{”) for T,. Notice that since IT
ensures that read-only transactions are fast, T, completes. Then
by Lemma 1, ¢, returns (xo, x1). Since this holds for every client c,
not in {cyy, cé”, ci" }, Definition 2 implies that at C both xp and x;
are visible. This contradicts the hypothesis that at least one of the

two values is not visible in C. O
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Notice that Lemma 2 holds for C = Cy, i.e., when 7 is empty.

We now present Constructions 1 and 2 which are illustrated in
Figure 2. Roughly speaking, the constructions illustrate two execu-
tions in which a write-only transaction T,, writes values xo and x1
to objects X and X7, respectively, and a read-only transaction T,
reads X and X7. The executions are constructed so that T, returns
(xé”, x{") in the first execution, whereas it returns (xg, x1) in the
second. Based on these constructions, we construct, in the proof of
Theorem 1, an execution where T, returns a mix of initial and new
values, allowing us to derive a contradiction. The constructions are
based on a fixed i € {0, 1} and a client ¢, that executes transaction
Tr. Each time the construction is employed in the proof of Theo-
rem 1 these parameters can be different. Although these executions
are similar, we present both of them for ease of presentation.

We start with an intuitive description of Construction 1 which
is depicted in Figure 2(a). Assume, without loss of generality, that
i = 0. (The construction when i = 1 is symmetric.) The construction
produces an execution in which T, starts executing from Cy and
runs solo up to any configuration C in which xp is not yet visible.
Next, T, is initiated from C and takes steps until it sends a message
to both servers. The adversary schedules the receipt of these mes-
sages so that py receives the message first and sends a response.
Then, p; receives the message sent by ¢, and sends back a response.
Finally, ¢, takes steps to collect these responses and return. We call
0,14 the part of the execution starting from C until the point that
po sends a response, and y,;4 the suffix of the execution starting
from C. Lemma 2 allows us to argue that ¢, returns (x!", xi”) in
Yold- We next present the formalism of the construction.

Construction 1 (Construction of execution y,;4(C, pi, ¢r) and ex-
ecution o,74(C, pi,cr)). Let T be any arbitrary legal execution
starting from Cp which contains just one transaction: client c,,
executes a write-only transaction Ty, = (w(Xo)xo, w(X1)x1). Fix
any i € {0,1}. For every configuration C that is reached when 7
is applied from Cy in which the value x; is not visible, Lemma 2
implies that there exists at least one client ¢, ¢ {cyy, cé”, ci"} such
that if, starting from C, ¢, executes a fast read-only transaction
T, = (r(Xo)*,r(X1)*), then ¢, returns (xé",xi") for Ty. For every
such client ¢,, we define y,;4(C, pi,cr) to be the execution con-
taining all of the events described below. In y,;4(C, pi, ¢r), first ¢,
invokes T, starting from C. So, ¢, takes steps and since it reads
Xo and X1, ¢, sends a message mog(C, p;, cr) to po and a message
mo1(C, pi, cr) to p1. Next, the adversary schedules the delivery of
mo; (C, pi, c¢r) and let p; take a step and receive mo; (C, p;, ¢, ). Since
T is a fast transaction, once p; receives mo;(C, p;, ¢y), pi sends a
response moj(C, p;, ¢r) to ¢,. Denote by a44(C, pi, cr) the prefix of
Yo1d(C, pi, ¢r) up until the step in which p; sends the response. Af-
ter 0,74(C, pi, c¢r) has been applied from C, the adversary schedules
the delivery of moi—;(C, pi, ¢r), and lets p;—; take steps to receive
mo1-i(C, pi, cr) and send a response to c,. Finally, ¢, take steps to
receive the responses from py and p; and return a response for 7.

By the way y,;4(C, pi, ¢r) is constructed and by Lemma 2, we
get the following.

OBSERVATION 1. The following claims hold:

(1) Execution y,14(C, pi,cr) is legal from C.
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Figure 2: Illustration of Constructions 1 and 2.

(2) Only processes p; and c, take steps in 6,14(C, pi, cr), S0 con-
figurations C and RC(C, 0,;4(C, pi, cr)) are indistinguishable
to cyy and pi—;.

(3) The return value for Ty in yo14(C, pi, cr) is (x)", x{").

Construction 2 is depicted in Figure 2(b). Again, assume, without
loss of generality, that i = 0. (The construction for the case where
i = 1is symmetric.) The construction produces an execution in
which T,, starts its execution from Cy and runs solo up to any
configuration C in which x; is visible. Then, T, is initiated from C
and ¢, takes steps until it sends a message to each of the servers.
The adversary schedules the delivery of these messages so that
p1 receives the message first and sends back a response. Then, py
receives the message sent by ¢, and sends back a response. Finally,
cr takes steps to collect these responses and return. We call opew
the part of this construction starting from C until the point that
p1 sends a response, and ypew the suffix of this execution starting
from C. We later argue (in Observation 2) that ¢, returns (xg, x1)
in y,14. We next present the formalism of the construction.

Construction 2 (Construction of execution ypew(C, pi,cr) and
execution onew (C, pi, cr)). Let 7 be any legal execution starting
from Cy which contains just one transaction: client c,, executes a
write-only transaction T,, = (w(Xo)xo, w(X1)x1). Fix any i € {0, 1}
and let ¢, be any client not in {c,y, cé", ci" }. For every reachable
configuration C when 7 is applied from Cy in which x; is visible,
we define ypew(C, pi, cr) to be the execution containing all of the
events described below. In yneqy, ¢r invokes T, starting from C
and takes steps until it sends a message mng(C, p;, cr) to po and
a message mny(C, pi,cy) to p1. Let Cpew(C, pi, cr) be the result-
ing configuration. Next, the adversary schedules the delivery of
mni1—;(C,pi,cr) and let p1_; take a step to receive mni—;(C, pj, c).
Since T; is a fast transaction, once pj—_; receives mni—;(C, pi,cr),
it sends a response mn;_;(C,p;,cr) to ¢,. This sequence of steps
starting from Cpew (C, pi, ¢r) to the step in which p;—; sends the re-
sponse is denoted by ¢4y (C, pi, cr). Next, the adversary schedules
the delivery of mn;(C, p;, c,) and lets p; take steps until it receives
mn;(C, pi, c¢,) and sends a response to c,. Finally, ¢, takes steps to
receive the responses from pgy and p; and return a response for T;.

By the way ynew(C, pi, cr) is constructed, by Definition 2 and
by Lemma 1, we get the following.
OBSERVATION 2. The following claims hold for ypew(C, pi, cr):
(1) Execution ynew(C, pi, cr) is legal from C.
(2) ConfigurationsC and RC(C, ynew(C, pi, cr)) are indistinguish-
able to ¢y, and p;.
(3) The return value for Ty in ynew(C, pi, cr) is (x0, x1)-
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3.3 The Infinite Execution

We prove Theorem 1 by constructing an infinite execution & which
contains just one write-only transaction Ty, and by proving that in
a, the values written by T,, never becomes visible. We construct
a using induction. Specifically, Lemma 3 shows that there is an
infinite sequence of executions a1, ag, . . . such that, all of them are
distinct prefixes of a (we let a9 be the empty execution). Lemma
3 is comprised of two claims which hold for every integer k > 0.
The first, shows that ay contains the transmission of at least one
message which is sent after the execution of aj_; from Cy (and
thus, ay_ is a prefix of ay and ag_; # o). The second shows that
after a; has been performed from Cy, the two values written by
T, have not yet become visible. Although the proofs of the two
claims exhibit many similarities, for clarity of presentation, we have
decided not to merge them into one proof.

LEMMA 3. Forany integerk > 1, there exists an execution ay., legal
from Cy, in which only one transaction T,, = (w(Xo)xo, w(X1)x1) is
executed by client c,,. Let Cy. be the configuration that results when
ay is applied from Cy. Then, the following hold:

(1) ax = ag-1 -

occurs:

where in o

. at least one of the following

’
ap,
® a message is sent by pros to p(k-1)%2, OF
® a message is sent by prq to ¢y, and it holds that after c,,
receives this message, ¢,y sends a message to p(_1)z2-
(2) In Cg, xo and x1 are not visible and T,,, is still active.

Proor oF LEMMA 3. By induction on k. We prove the base case
together with the induction step, yet we clearly state the difference
when the proof diverges. To prove the induction step, fix an integer
k > 1 and assume that the claim holds for any j, 1 < j < k.

Proof of claim 1. We start with a high-level description of the
proof which is by contradiction. We come up with two executions
that have the following properties. In the first execution, a read-
only transaction T, = (r(Xo)#, r(X1)+) (initiated by a client c’rC ¢
{cé”, ci”, cw}) is executed starting from Cy_;. Since xp and x; are
not visible neither in Cy (since T,, has not yet started its execution
in Cp), nor in Cy_4 if k > 1 (by induction hypothesis), the response
for Ty in this execution is (xé”,xi'”). This execution is constructed
based on Construction 1. In the second execution, c]f invokes T,
after T,, has executed solo long enough so that both values xq
and xp are visible (minimal progress for write-only transactions
implies that visibility of xo and x; will eventually happen). So, c
returns (xg, x1) for T, in this execution. The second execution is
constructed based on Construction 2. We then combine parts of
these two executions to get a third execution, y. Execution y is
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Figure 3: Executions §§ and y. Execution f consists of the steps taken by c,,, p; and p;—; from configuration Cy, where x; and x;

are not visible yet, to C,, where these two values become visible.

constructed so that we can prove that in it, clf will return the same
value for Xjq, as clf does in the first execution, and the same value
for X(x_1)%2 as c]f does in the second execution. Therefore, in y, cf
e

We continue with the details of the proof of claim 1. To derive
a contradiction, assume that the claim does not hold, i.e., we let

Cw, o, p1 take steps starting from Cj._; and assume the following:

returns (x;7,, X(k—1)%2) for Tr. This contradicts Lemma 1.

® Diyo sends no message to p(r_1)z2;
® proo sends no message to ¢y, for which it holds that after c,,
receives it, pry sends a message to p(x_1)z2-

Since x¢ and x; are not visible neither in Cy nor in Cr._;, Lemma 2
implies that there exists at least one client c]f ¢ {cy, c(i)”, ci”} such
that if, starting from Cy_;, cf executes a read-only transaction
Ty = (r(Xo)*,r(X1)#), then clrC returns (xi",x{") for T,. We derive
the contradiction by constructing the execution y, in which, in
addition to T,,, c],C executes such a read-only transaction T, and by
showing that y contradicts Lemma 1.

To construct y, we need to define an execution f and a subse-
quence fpew of it. Specifically, fnew is utilized as part of execu-
tion y. Roughly speaking, y starts with 0,74 (Cr_1, Prs2- c’f) (see

Construction 1) up to the point that pgs, reports x;cf%z for Xpo
k

* (see Observation 1). Recall that only processes clf and P
take steps in ffald(ck—bpk%z»clrc) (by Observation 1). Then, the
events of ¢4y are executed to take the system in a configuration
where xo and x; are visible. The assumption we made above to
derive a contradiction, allows us to design fpew so that, c’,C and
Prao do not take any steps in it, and the values written by T,, are
visible after fpevw is applied starting from Cp_; (as well as from

toc

RC(Cg—1, Uold(Ck,l,pk%z,clrc))). Afterwards, an execution ypew,
which is derived based on Construction 2, is applied from the re-
sulting configuration. In yne only process p(x_1)s, take steps (see
Observation 2). Execution fnew has been designed so that p(x_1)2
is "unaware" of pr.,5’s decision on what to report to clrc as the current
value of the object that prs,; stores. So, p(x_1)72 Teports x(x_1)%2
for X(x_1)%2 as it does in Construction 2 (Observation 2). The con-
struction of y concludes with clrc taking steps until T, responds. We
argue (below) that c’f receives in y the same message regarding the
value of Xy asin y,14(Cr—1, Pra2- clf), so it returns xi’%z for X0
(by Observation 1). We also argue that clr‘ receives in y the same
message regarding the value of X(x_1)s2 as in ynew, so it returns
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X(k-1)%2 for X(x_1)%2 (by Observation 2). This contradicts Lemma
1.

We first define . For the base case (where k = 1), ¢,, invokes T,
starting from Cy and executes solo (i.e., only ¢, po, p1 take steps)
until xp and x; are visible; since T,, has not yet been invoked in Co,
xo and x; are not visible in Cy. For the induction step, the induction
hypothesis (claim 2) implies that in C_;, xo and x; are not visible.
Again, we let c,, execute solo, starting from Cy_;, until xo and
x1 are visible (minimal progress implies that this will eventually
happen). In either case, let Cy, be the first configuration after Cy._4
in which x and x; are visible. Let 8 be the sequence of steps taken
from Cj._; to Cy, (all of them are by ¢, and the servers).

In this and the next two paragraphs, we define f,¢, and show
that it is legal from Cy._;. Let ﬁ}’, be the shortest prefix of § which
contains all messages sent by cyy to p(x_1)52, and let f be the
remaining suffix of B. Let f, be the subsequence of ﬁl’, in which all
steps taken by pgo, have been removed. Let ¢ be the subsequence
of fi; containing only steps by p(k_1)%2- Let Bnew be B - fs. Note
that e+ does not contain any step by pyq,. Executions §, B and
Ps are illustrated in Figure 3a. In the figure, symbols i, 1 —i € {0, 1}
refer to k%2 and (k — 1)%2 respectively.

To show that fpe is legal from Cy_;, we first argue that f,
is legal from Cy_;. Because B, is a prefix of f, B is legal from
Ck—1- By assumption, pyg, sends no message to p(x_1)%2, S0 if
P(k—1)%2 receives any message from pyq in ﬂ!’,, then the message
must have been sent before C;_; (and must have been received
after it), i.e., the message is not sent in ﬁl’J (For the base case, since
no message is in transit in Co, p(k_1)%2 receives no message from
Pras in ﬁ[’,) Moreover, by assumption, after aj_1, pryo sends no
message to ¢, for which it holds that after c,, receives it, c,, sends
a message to p(x_1)%2- Since, by definition, 'Bl/’ ends with a message
sent by ¢y to p(x_1)z2 (if ‘B!/’ is not empty), it follows that: for
the base case, c,, receives no message from pyq, in ,BI’, for the
induction step, if c,, receives any message from pyq, in ﬂj', then
the message has been sent before C._;. Thus, f,, which results from
the removal of all steps taken by pgo from ﬂl’,, is legal from C._;.
Moreover, RC(Cy_1, ,Bj',) and RC(Cg_1, Bp) (i.e., the configurations
that result when ﬂ‘[', and fp, respectively, are applied from Cy_;)
are indistinguishable to p(x_1)s2 and cyy.

To complete the argument that f¢4y is legal from Cy_;, it re-
mains to prove that f is legal from RC(Ci_1, fp). By definition,
only p(x_1)z2 takes steps in fis. Note that, because RC(Ck,l,ﬂI',)
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and RC(Cg_1, Bp) are indistinguishable to px_1)72, by proving
that fs is legal from RC(Ck_l,ﬂI’J), it follows that f; is legal from
RC(Ck—1, Bp). We next argue that fi; is indeed legal from configura-
tion RC(Cg_1, ,Bj’,) By assumption, if p(x_1)¢ receives any message
from ppq,; in fs, then the message has been sent before Ci_; (i.e.,
the message has not been sent in f). For the base case, since no
message is in transit in Co, p(x_1)72 receives no message from pys,
in fs. Recall that, by definition of ﬁj',, all messages from c,, to
P(k—1)%2 are sent by the end of ﬂ;, Therefore, c,, does not send any
message to p(x_1)%2 in fs. So, any message that p(j_y)42 receives
from ¢y, in fg has been sent by the end of ﬂI’J Thus, s is legal
from RC(Cy—1, Bp), and since RC(Cg_1, ) and RC(Ck—y, fp) are
indistinguishable to p(x_1)s2. fs is also legal from RC(Cy_y, fp)-
Therefore, Bpew = Bp - Bs is legal from Cy_;.

From the arguments above, it also follows that RC(Cy_1, fp - Bs)
and Cy = RC(Cy_1, By B¢) are indistinguishable to p(x_1)52. There-
fore, RC(Ck_1, fnew) and Cy, are indistinguishable to p(x_1ys-

We continue to construct y. To do so, we use 0574 (Cr_1, Pro2s clr‘)
(Construction 1), fnew, and opew(Co, Pra2s clrc) (Construction 2).
We also refer to configuration Ceqy (Co, P2 c]f) (Construction 2).
Figure 3b illustrates the construction of y, where symbols i,1 —i €
{0, 1} refer to k%2 and (k — 1)%2 respectively. (For simplicity, we
omit (Cr_1, P2 c’r‘) and (Co, pro2, c’r‘) from the notations below.)

Recall that in y, a client starts a read-only transaction from Cy._.
One server responds to the client first (i.e., 0,74 is applied from
Ci_1). Then the write-only transaction makes progress and the
values written turn to be visible (specifically, fpnew is applied after
0o14)- Then the other server receives the request of the read-only
transaction and responds to the client (specifically, oj¢4v is applied).
Recall that (as we argue below) to one server, y is indistinguishable
from y,;4 (i-e., the execution illustrated in Figure 3b is indistin-
guishable from that in Figure 2a) and thus the server returns an old
value, while to the other server, y is indistinguishable from ypeqy
(i.e., the execution illustrated in Figure 3b is indistinguishable from
that in Figure 2b) and thus the other server returns a new value.
This then leads to the contradiction.

We are now ready to formally define y. Starting from Cy._, the
adversary applies g1 (Ck—1. Pizs ¢K) - Pew - Oner (Cor pizs k)
(we later prove that the application of these steps from Ci_; is
legal). By Construction 1, in the last step of 0,74, pryo sends a

message mo;w, , to clr‘ . Similarly, by Construction 2, in the last step

of Onews P(k—-1)%2 sends a message mn/

(k-1)%2
Koz a0d m”Ek—n%z’
take steps until T, completes (this will happen because T; is a fast
transaction). This concludes the construction of y.

We argue that y is legal. By construction, only processes c]f
and py.q,, take steps in 0,;4. By Observation 1 (claim 2), Cr._; and
RC(Ck_y, 0014) are indistinguishable to ¢y, and p(g_1)72. Since only
cw and P _1yqo take steps in ey, it follows that fpeqy is legal from
RC(Cr_1,0014)- Since the processes that take steps in 0,74 and
Prew are disjoint, RC(Cr_1, 014 * Pnew) and RC(Cx_1, Pnew - Ooid)
are indistinguishable to all processes. Recall that RC(Cg_1, frnew)
and Cy, are indistinguishable to p(x_1)72. Since 0,4 is composed of

to ck. The adversary

next schedules the delivery of mo and lets clrC

a sequence of steps in which only c]f and py.qo take steps, RC(Cy, 0514)

and Cpew(Co, Pra2, clf) are indistinguishable to p(x_1)42- It follows
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that RC(Ci_1, fnew - 0o14) and Cnew(Cv,pk%z,clr‘) are indistin-
guishable to p(_1)42- Because only p(x_1)s, takes steps in opew
and opeqy is legal from Cpeyy, it follows that oyeqy is legal from
RC(Ck_1, 0014 * Pnew)- Therefore, y is legal.

We now focus on the values returned by c’rC forT, iny.Iny, c’f
executes only transaction T;. Thus, c]f decides the response for T

based solely on the values included in mo;c%2 (sent by pros in o,14)
’
k%2

contains neither x( nor xj.

and mnzk—1)%2 (sent by p(k—1)%2 in Onew). For the base case, mo
’

k%2
is sent in y,;4, by Observation

is sent before c,, takes any step, so mo

. . . ,
For the induction step, since mo}, ,

1 and the one-value messages property, mo’k
’

xo nor x1. Recall that MG 1)

and the one-value messages property, mn

%2 contains neither

is sent in yne4y. By Observation 2
’

(k-1)%2
X(k-1)%2- Recall that (by assumption) c’,C does not receive any other

contains the value

messages from pg and p;. Thus, c’,< receives for Xy, just one value,
namely, the same value it receives for it in y,;4. Similarly, it receives
for X(_1)42 just one value, namely, the same value it receives for it

in ynew-. It follows that in y, the values that cf returns are x]‘;';z for
Xa2 and x(k_1yg2 for X(x_1)%2. This contradicts Lemma 1. (Note
that y is an execution utilized just for proving claim 1; for every
k > 1, we build it from scratch to prove the induction step for k.)
Definition of a; and C. We now define o and Cy. By claim 1, it
follows that in any legal execution starting from Cy_; in which c,,
executes solo, at least one of the following two statements hold: (1)
Pks2 sends a message to px_1)%2; (2) Prs2 sends a message to cyy 50
that after c,, receives this message, c,, sends a message to p(x_1)%2-
Let msy. be the first message that satisfies any of the two statements
above. We construct execution (xl’( as follows. In al’c, T,y executes
solo starting from Cj_; until msy, is sent’. Let ay = ajp_; - al’c, and
let Cy. be the configuration that results when a is applied from Cy.
Proof of claim 2. We use similar arguments as in the proof of
claim 1. We assume that claim 2 does not hold, i.e., we assume that
in Cy, x; is visible for some i € {0,1}. To derive a contradiction,
we construct an execution § (similarly to that the construction of
y) and show that § contradicts Lemma 1. We first define execu-
tions p and ppeyw in a way similar to f and fpey defined in the
proof of claim 1. We finally define § based on 674 (Ci—1. Prs2- cX),
Prew, and onew (Cr, Pro2, c]f), and we argue that in §, ¢y returns a
response for T, that contradicts Lemma 1.

We now present the details of the proof of claim 2. Assume that
in Cy, x; is visible for some i € {0,1}. We construct § by utiliz-
ing executions 0o;q(Ck_1,Prsiz- ¢F ) and Y14 (C—1, prsiz ¢ ) (Con-

struction 1), as well as opev (Cr, Pro2, clr‘) and ynew(Ck, Praos c],‘)
in
(k-1)%2

for Xj.4y for T, in }’old(ck—l,Pk%z’Clrc)- Because by as-

(Construction 2). By Observation 1, ¢y returns x for Xk _1y72

in
and X

sumption, x; is visible at Cy, Observation 2 implies that c’rc returns
X(k—1)2 fOr X (—1)72 and Xz for Xz for Ty in Ynew (Cr Prszzs €F)-
To construct §, we first define an execution p and some subse-
quences of it, and we study their properties. (The construction of p
and its subsequences is similar to that of f and its subsequences. Yet,
the reasoning of why the construction is legal is different.) Let p be

7Clearly, in a;(, Pz must take at least one step. For the case where k > 2, we also
require that in a;(, in the first step which py, takes, message msy_; is delivered at

Pk (in order to comply with our model of finite message delay).
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the sequence of steps which are taken from Cy_; to Cy, i.e, p = a,’c.
Let p;) be the shortest prefix of p which contains all messages sent
by ¢ to p(—1)7%2, and let pg be the remaining suffix of p. Let pp be
the subsequence of pj, in which all steps taken by py.s, have been
removed. Let ps be the subsequence of p/ containing only steps
by p(k—1)%2- Let pnew be pp - ps. We utilize ppesy as part of our
construction of § below (as we did with S, and y). In the next
two paragraphs, we argue that ppe,y is legal from Cp_;.

We first argue that p, is legal from Cy._;. Because pl’, is a prefix
of p, pj’, is legal from C_;. If k = 1 (base case), since no message is
in transit in Co, the definition of ey implies that p(x_1s, receives
no message from pyq,, in pI’J. For the induction step, the definition
of ap implies that if p(x_1)s, receives any message from pyy, in
p;,, then the message has been sent before Cy_1, i.e., the message
is not sent in p}. Also, by definition of al’(, Prao sends no message
to ¢,y for which it holds that after its receipt, c,, sends a message
to p(k—1)%2- By definition, pj', ends with a message sent by c,, to
P(k—1)%2 (f pl') is not empty). It follows that: for the base case, ¢,y
receives no message from pyq, in pj’,; for the induction step, if ¢,y
receives any message from pyq,, in pj’,, then the message has been
sent before Cy_;. Thus, pp, which results from the removal of all
steps taken by px, from py,., is legal from Cy._y. Also, RC(Cg—1. p},)
and RC(Cg_1, pp) are indistinguishable to p(x_1)z2 and cyy.

To complete the argument that pe.y is legal from Cy_, it re-
mains to argue that p; is legal from RC(Cy_1, pp). By definition,
only p(x_1)2 takes steps in ps. note that, because RC(Ck_l,p;,)
and RC(Ck_q, pp) are indistinguishable to p(x_1)s2, by proving
that p; is legal from RC(C_q, pl',), it follows that p; is legal from
RC(Ck—1, pp)- We next argue that p; is indeed legal from configura-
tion RC(Cg_1, pl’,) By the definition of ay, if p(x_1)2 receives any
message from pyq, in ps, then the message has been sent before
Cr_1 (i-e., the message has not been sent in p). For the base case,
since no message is in transit in Cp, the definition of &y implies that
P(k—1)%2 receives no message from py, in ps. Recall that by defini-
tion of pg, all messages from c,y to p(x_1)7 are sent by the end of
pp)- Thus, ps is legal from RC(Ck_1, pp), and since RC(Ck—1, pj)
and RC(Cy_1, pp) are indistinguishable to p(x_1)s2, ps is also legal
from RC(Ck_1, pp). Therefore, pnew = pp - ps is legal from Cy._;.

From the arguments above, it also follows that RC(Cy._1, pp -
ps) and Cy = RC(Cy—1, py, - p¢) are indistinguishable to p(x—1)%2-
Because RC(Cy._1, pj’)) and RC(Ck_1, pp) are indistinguishable to
P(k-1)%2: RC(Ck_1, pnew) and Cy. are indistinguishable to p(x_1)so-

We are now ready to formally define §. To do so, we use exe-
cutions 0474(Cr—1, Pr%2, c]f) (Construction 1), opew(Ck, Pr2s c’,‘)
(Construction 2) and ppey. We also refer to Chevy (Cr, Pro2s clr‘)
(Construction 2). Starting from Cy._1, the adversary applies the step
sequence 0,1 (Ch—1, Pksi2s €5 ) Prew - Onew(Cos Pisia» F )) (we later
prove that the application of these steps from Cy_; is legal). For
simplicity, we omit (Ck_l,pk%z,clr‘) and (Cv,pk%z,clr‘) from the
notations below (thus abusing notations opeyw and Cpeyw which
were also used in the proof of claim 1.) By Construction 1, in the
! to ck. Similarly, by

k%2
Construction 2, in the last step of onew, p(k—1)%2 sends a mes-

last step of 0,14, pro2 sends a message mo

’

sage mn . _,

V%2 to cf, The adversary next schedules the delivery
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of mo’ ., and mn/ and lets c]f take steps until T, completes

k%2 (k-1)%2’
(this will happen because T is a fast transaction). This concludes
the construction of J.

We now argue that § is legal. By construction, only processes c’rC
and pyq,, take steps in 0,;4. By Observation 1 (claim 2), Cr_; and
RC(Ck_y, 0014) are indistinguishable to ¢,y and p(g_1)72. Since only
cw and px_qyq2 take steps in ppew, it follows that ppew is legal
from RC(C_1,0,14)- Since the processes that take steps in 0,4 and
Prew are disjoint, RC(Cr_1, 0o14 ' Prnew) and RC(Cr_1, Prew *Ooid)
are indistinguishable to all processes. Recall that RC(Cg_1, pnew)
and Cy are indistinguishable to p(x_1)s2. Since only c’f and pygo

take steps in 0,74, RC(Ck, 0o14) and Cpew(Ck, Po2s c’f) are indis-
tinguishable to p(x_1ys,. It follows that RC(Cy_y, pnew * 014) and
Cnew(Co, Pro2, clr‘) are indistinguishable to p(j_1)«2. Because only
P(k—1)7%2 takes steps in onew and opew is legal from Cpeq (by def-
inition), it follows that oye.y is legal from RC(Cr_1, 0014 * Prnew)-
Therefore, ¢ is legal.

We now focus on the values returned by cX for T, in 8. In 8, ¢k
executes only transaction Ty.. Thus, ¢k decides the response for T,
based solely on the values included in mo;c%2 (sent by pros in 0o14)

! ’
and M _1)%2 k%2

is sent before c,, takes any step, so mo; , , contains neither xo nor xj.

For the induction step, since mo;w,2
1 and the one-value messages property, mo
’

(k-1)%2
and the one-value messages property, mn

(sent by p(x_1)%2 in Onew). For the base case, mo
’

k%2
is sent in 0,74, by Observation
’

k%2
is sent in opew. By Observation 2

contains neither x(

nor xi. Recall that mn

’
(k-1)%2

X(k-1)%2- Recall that (by assumption) c]f does not receive any other

contains the value

messages from pg and p;. Thus, c’f receives for Xy, just one value,
namely, the same value it receives for it in y, ;4. Similarly, it receives
for X(x_1)%2 just one value, namely, the same value it receives for
it in ynew. It follows that in §, the values that c],c returns are xli’,;uz
for Xggz and x(k_1)52 for X(x_1)52. This contradicts Lemma 1. O

3.4 The Limits of the Impossibility Result

Theorem 1 shows that multi-object write transactions (W) are in-
compatible with nonblocking (N), one-roundtrip (O) and one-value
(V) read-only transactions. In this section, we investigate the limits
of our impossibility result. We show that it is sufficient to relax
any of these properties to obtain a distributed storage system that
satisfies the rest. To this end, we describe possible designs that
achieve combinations of three out of the four properties.

N + R + V. This combination supports fast read-only transactions
and is implemented by COPS-SNOW [41]. When a client ¢ writes a
new value x; of object X3, ¢ piggybacks the information about its
causal dependencies.Before making x; visible, the server p; storing
X1 contacts all servers that store objects listed in such dependency
list. For each such object X, p; collects the identifiers of the read-
only transactions that have read a value of X that is not the last
written. Then p; enforces that x; is invisible to these read-only
transactions. This prevents a read-only transaction from reading
x1 and then x, if in the meanwhile x(’) has been created such that
xo <€ x5 <° x1. Recall that COPS-SNOW does not ensure the W
property, i.e., it does not support multi-object write transactions.

N +V + W. This design is implemented by Wren [55]. In this system,
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the servers periodically exchange information about the minimum
timestamp among those of complete transactions. This cutoff times-
tamp is such that there does not exist any non-complete (or future)
transaction with a lower timestamp. The cutoff timestamp is used
to identify a snapshot of the data storage system from which a read-
only transaction can read without blocking. A new object written
by a client is assigned a timestamp higher than the cutoff timestamp,
so as to reflect the causal dependencies of the object. Therefore,
each client caches locally the values of the objects it writes, as long
as their timestamps are smaller than the cutoff. This mechanism
allows a client to read its own writes that are not included yet in the
snapshot identified by the cutoff timestamp. Thus, each read-only
transaction undergoes a first round of communication to get in-
formed about the cutoff timestamp (we remark that this timestamp
can be provided by any server) and then executes a second round
of communication to actually read the objects.

N + R + W. Although we are not aware of any system that imple-
ments this design, we briefly discuss a modification of the COPS
system [39] to achieve this combination of properties. COPS does
not implement multi-object write transactions and implements
read-only transactions that are nonblocking but may require two
rounds of communication, each communicating just one value of
the object to be read. We can augment COPS to achieve R and W
as follows. Each write operation within a transaction must carry a)
the values of the other objects written in the same transaction and
b) information about all objects on which the transaction causally
depends (including their values). This additional meta-data is stored
with each written object. Hence, ¢ executes a read-only transaction
as follows. First, for each object o to read, c¢ retrieves the value
of 0 and the additional meta-data from the corresponding server.
Then, once c has received a reply from each involved partition, ¢
identifies, for each object, the last written value, which is returned
to the application. This protocol is not efficient, as it requires to
store and communicate a prohibitively big amount of data. It is an
open problem whether a more efficient N+R+W protocol exists.

R + V + W. This design is implemented by RoCoCo-SNOW [41]
and Spanner [19], which achieve strict serializability, and hence
satisfy causal consistency. RoCoCo-SNOW implements a mecha-
nism similar to COPS-SNOW, but assumes the a priori knowledge
of the data accessed by transactions, which are executed as stored
procedures. Spanner assumes tightly synchronized physical clocks
and leverages the known bound on clock drift to order transactions.
It is an open problem whether a R + V + W implementation exists
that does not rely on such assumptions.

4 RELATED WORK

Existing systems. Table 1 characterizes existing systems from the
point of view of the sub-properties of fast read-only transactions
that they achieve, their support for multi-object write transactions,
and their target consistency level. Consistently with our theorem,
none among the systems that target the system model described
in Section 2 implements multi-object write transactions and fast
read-only transactions. Several systems achieve three out of the
four properties we consider, and COPS-SNOW is the only one that
implements fast read-only-transactions while complying with our
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System i Fast\l} or N WTX Consistency
RAMP [12] <2 <2 yes yes Read Atomicity [12]
COPS [39] <2 <2 vyes no Causal Consistency [2]
Orbe [25] 2 1 no no Causal Consistency
GentleRain [26] 2 1 no no Causal Consistency
ChainReaction [4] >1 =1 no no Causal Consistency
POCC [32] 2 1 no no Causal Consistency
Contrarian [23] 2 1 yes no Causal Consistency
COPS-SNOW [41] 1 1 yes no Causal Consistency
Eiger [40] <3 <2 vyes yes Causal Consistency
Wren [55] 2 1 yes yes Causal Consistency
PaRiS [56] 2 1 yes  yes Causal Consistency
SwiftCloud' [63] 1 1 yes yes Causal Consistency
Cure [3] 2 1 no yes Causal Consistency
Yesquel [1] 1 1 no yes Snapshot Isolation [14]
Occult [43] >1 21 vyes yes Per Client Parallel SI [43]
Granola [20] 2 1 yes  yes Serializability [15]
TAPIR [64] <2 1 yes yes Serializability
Eiger-PST [41] 1 1 yes  yes PO-Serializability [41]
Spanner+ [19] 1 1 no yes Strict Serializability [49]
DrTM [61] >1 =21 no yes Strict Serializability
RoCoCo [44] =21 =21 no yes Strict Serializability
RoCoCo-SNOW [41] 1 1 no yes Strict Serializability
Calvin [59] 2 1 no yes Strict Serializability

Table 1: Characterization of existing systems. Systems with
a T rely on a different system model from the one we target.

system model. Our theorem implies that the design of these systems
cannot be improved with respect to the properties we consider.

SwiftCloud and Eiger-PS implement fast read-only transactions
and support multi-object write transactions, but assume a system
model that differs from the one we target. Although they eventually
complete all writes, the values they write may be invisible to some
clients for an indefinitely long time. Hence, read-only transactions
may see very old values of some objects, even the initial ones.
To improve the freshness of the data seen by the clients, servers
can communicate with clients out of the scope of transactional
operations. This requires that the servers maintain a view of the
connected clients. Typically, there are far more clients than servers,
so this design choice results in reduced performance and scalability
and is avoided by state-of-the-art data platforms. Furthermore,
SwiftCloud assumes only a single partition that stores the whole
data set (potentially fully replicated across multiple sites).

Impossibility results. Existing impossibility results on storage
systems typically rely on stronger consistency or progress proper-
ties. Brewer [16] conjectured the CAP theorem, according to which
no implementation guarantees consistency, availability, and network
partition tolerance. Gilbert and Lynch [28] formalized and proved
this conjecture. Specifically, they formalized consistency by using
the notion of atomic objects [34] (i.e., by assuming linearizability
[29], which is stronger than causal consistency). Roohitavaf et al.
[53] considered a replicated storage system implemented using data
centers (i.e., clusters of servers), and a model in which any value
written is immediately visible to the reads initiated in the same
data center. They proved that it is impossible to ensure causal con-
sistency, availability and network partition tolerance across data
centers. Their proof (as well as the proof of the CAP Theorem) rely
on message losses, whereas in our model no message can be lost.
Mahajan et al. [50] proved that no implementation guarantees
one-way convergence (a progress condition stating that if pro-
cesses communicate appropriately, then they eventually converge
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on the values they read for objects), availability, and any consis-
tency stronger than real time causal consistency [50] assuming
that messages may be lost. In their model, communication may
occur among any pair of processes. On the contrary, in our model,
communication cannot occur directly between clients, the progress
property we assume is simpler (and decoupled from the underlying
communication), and no message may be lost.

Variants of causal consistency motivated by replicated systems
have been presented in [8, 62]. Their definitions are based on the
events that are executed at the servers (and not on the histories
of operations executed in the transactions issued by the clients).
Attiya et al. [8] proved that a (non-transactional) replicated storage
system implementing multi-valued registers (i.e., registers for which
aread returns the set of values written by conflicting writes) cannot
satisfy any consistency strictly stronger than observable causal
consistency. Xiang and Vaidya [62] defined the notion of replica-
centric causal consistency, and they proved that (non-transactional)
replicated distributed storage systems ensuring this consistency
property have to track writes. These works are in different avenues
than our work and focus on other models than that in our paper.

Lu et al. [41] proved the SNOW theorem, which shows that no
fully-functional distributed transactional system can support fast
strictly serializable read-only transactions. Lu et al. also showed that
any fully-functional distributed transactional system that achieves
a consistency level weaker than or equal to process-ordered seri-
alizability [41] (hence including causal consistency) can support
fast read-only transactions. Tomsic et al. [60] further showed that
implementing fast read-only transactions with an order-preserving
consistency level (as is the case for causal consistency) is possi-
ble only by allowing read-only transactions to read possibly stale
values of the objects being accessed. These results may seem at
odds with our impossibility result. However, these results rest on
very weak assumptions on the progress guarantees of write opera-
tions. Although they assume that all writes eventually complete,
the values they write may be invisible to clients for an indefinitely
long time. Such a weak assumption allows the design of trivial
algorithms in which read-only transactions can return arbitrarily
old values —even the initial ones— for the objects they read.

Recently, Didona et. al [23] showed a lower bound on the number
of bits that must be communicated in order to support fast causally
consistent read-only transactions in distributed storage systems. On
the contrary, this paper focuses on the design implications of fast
read transactions in distributed transactional such systems, showing
that they are incompatible with multi-object write transactions.

Since the introduction of causal consistency by Ahamad et al.
[2] for a shared memory system, other versions of causal consis-
tency has been studied [39, 52]. Our result holds if we replace our
definition of causal consistency with those provided in these papers.

5 CONCLUSION

We present an impossibility result that establishes a fundamental
trade-off in the design of distributed transactional storage systems:
fast read transactions cannot be achieved by fully-functional trans-
actional storage systems. The design of such systems must either
sacrifice fast read transactions, or must settle for reduced function-
ality, i.e., support only single-object write transactions.
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Unlike most previous work on distributed transactional systems,
which target strong consistency, our result assumes only causal
consistency. This broadens the scope of our result which applies
also to systems that implement any consistency level stronger than
causal consistency, or a hybrid consistency level that includes causal
consistency. Proving our result under such weak consistency model
is nontrivial and required us to devise a complex proof.

Our result sheds light on the design choices of state-of-the-art
distributed transactional storage systems, and is useful for the ar-
chitects of such systems because it identifies impossible designs.

Our result also opens several interesting research questions,
such as investigating which is the weakest consistency condition
for which our impossibility result holds. In addition, it is interesting
to further investigate the design of systems that provide some of the
combinations of the studied properties, as discussed in Section 3.4.
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