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Optimistic replication of objects avoids coordination and brings higher responsiveness and availability.
However, when clients issue concurrent operations, conflicts naturally arise which can lead the replicated
states to diverge or lose integrity. When conflicts occur, existing approaches resort to pessimism or abortion.
This paper characterizes ORDTs (Optimistically Replicated Data Types), objects that can be optimistically
replicated with convergence and integrity, and without aborting calls. It shows that ORDTs subsume CRDTs
and transformed relational schema, and presents techniques to convert objects to ORDTs. It further proves that
optimistic replication for objects that fall out of ORDTs is aborting and NP-Complete. Further, it presents an
optimistic replication protocol for ORDTs called FRASHOKERETI. It uses a statically decided order to efficiently
order calls. The paper proves that FRASHOKERETI is sound for every ORDT, i.e., FRASHOKERETI is optimistic
and non-aborting, and preserves convergence, integrity, and liveness properties. Experimental results show
that FRASHOKERET!I significantly outperforms previous optimistic protocols.
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1 Introduction

Background. Distributed replication of objects brings multiple desirable properties including
availability and fault-tolerance. The well-known classical technique for replication is state-machine
replication (or total-order broadcast), which has the same computational power as consensus.
Systems use this abstraction to provide strong consistency [22, 38, 50, 52]. Replicas pessimistically
synchronize every operation to maintain the same order of operations across replicas. Thus, replicas
preserve convergence and integrity (e.g., uniqueness in a list of elements). However, repeated
synchronization results in limited scalability, throughput and responsiveness, and is susceptible to
network partitions [1, 18, 19, 27, 28].

To yield higher performance, a replicated system can be optimistic. Optimistic replication avoids
synchronization (i.e., expensive coordination). Optimistic replication protocols try to tentatively
execute requested operations at the local replica [59]. The operation is then propagated throughout
the system when possible. When replicas issue concurrent requests, conflicts naturally arise:
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operations can cross each other and make the replicated state diverge or lose integrity, affecting
the client [66]. Thus, optimistic replication techniques have to resolve these conflicts to preserve
convergence and integrity.

Related Works. A prominent class of optimistic replication is Conflict-free Replicated Data
Types (CRDTs) [60, 61] (and similar notions [4, 5, 57]), which formally characterize a class of objects
that always converge without ever coordinating. An example is the grow-only set which only allows
adding elements. However, CRDTs require every pair of calls on the object to be commutative,
limiting their applicability. Further, they are concerned with convergence, but not integrity [7]. On
the other hand, a few works capture the conditions under which replicated data types can preserve
integrity without coordination [6, 49].

However, convergence and integrity of many common objects cannot be preserved without
synchronization, and synchronization dominates performance. Thus, so-called “hybrid” solutions
such as IPA [8], Sieve [40-42], Indigo [9, 10], CISE [29], Quelea [62], Carol [39] Hamsaz [32, 43], and
Q9 [33] perform synchronization judiciously. They categorize operations based on whether they
may violate convergence or integrity without synchronization. They accordingly decide whether
to execute an operation with synchronization. However, they perform pessimistic coordination:
an operation is synchronized if it can likely (even if not certainly) violate integrity. For example,
consider the referential integrity of a database schema. Adding a foreign key and concurrently
deleting the primary key it refers to would violate integrity, thus add and delete operations must
synchronize. Since adds and deletes are generally abundant, the cost of synchronization accrues,
hindering performance.

Optimism can accelerate performance, but how can we preserve both convergence and integrity?
Bayou [65] attaches preconditions to each operation, and a resolver for when the preconditions
are not met; however, they have been shown to be highly application-specific [64]. ECRO [23]
presents optimistically replicated objects that preserve convergence and integrity, although for
certain invariants, it resorts to synchronization and locking. It performs operations optimistically
and later reorders or aborts them if needed. ECRO invited further research by pointing out the
abortion issue: “discarding the operation ... may cause an anomaly observed by a client. Future
work could explore alternative ways ..”. Aborting calls can affect clients. Further, ECRO keeps a
runtime graph of calls and their relationships, resorting to solving non-polynomial graph problems
to abort some of the calls, and order the rest for re-execution.

This Paper. The facts that ECRO is an aborting protocol and has non-polynomiallocal complexity
pose the following two questions about optimistic protocols that replicate general objects, and
preserve convergence and integrity. Are there non-aborting protocols? Are there protocols with
polynomial-time local complexity? This paper responds negatively to both. We present example
objects and executions that warrant abortion. Further, we show that optimistic replication for
general objects is NP-Complete. We remember that CRDTs are non-aborting but preserve only
convergence for a limited set of objects. This poses the following questions about optimistic
protocols that preserve convergence and integrity. Which objects can have non-aborting protocols?
Can we design such protocols with polynomial-time local complexity? This paper responds to both.
It characterizes a superset of CRDTs called ORDTs (Optimistically Replicated Data Types). It shows
that ORDTs subsume CRDTs and transformed relational schema, and presents abstraction and
transformation techniques to convert objects to ORDTs. Further, the paper presents a protocol
called FRaAsHOKERETI' for ORDTs. We prove that FRASHOKERETI is optimistic and non-aborting,
and preserves convergence, integrity, and liveness properties. It avoids maintaining a call graph at

!FRASHOKERETI is the Zoroastrian worldview where despite current challenges, the world will eventually return to its
perfect state.
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runtime, and has polynomial-time local complexity. Further, we implemented FRASHOKERETI, and
empirically evaluated it on several non-conflicting and conflicting objects. Experimental results
show that FRASHOKERETI significantly outperforms ECRO and scales. Further, it exhibits comparable
performance to CRDTs for conflict-free objects.

We organize this paper as follows. In § 2, we present an overview. In § 3, we present the replication
model, objects, histories, protocol specifications, and conflict relations on methods. In § 4, we define
the ORDT class of objects, and present intuitions and observations to be used by the protocol. In
§ 5, we present the FRASHOKERETI protocol and in § 6 prove its correctness. In § 7, we show that
ORDTs subsumes CRDTs and transformed relational schema. Further, we show how abstraction
and transformation can yield acyclic conflict graphs. In § 8, we prove the NP-Completeness of
optimistic protocols for general objects. In § 9, we present the experimental results.

2 Overview

In this section, we introduce ORDTs (Optimistically Replicated Data Types) with a relational schema
example. We show how a static order of its methods can be defined, and further present example
executions and an overview of the optimistic protocol FRASHOKERETI.

Conflicting calls can violate convergence and integrity. In order to preserve these properties,
processes must agree on the execution order of concurrent conflicting calls. Pessimistic replication
protocols either coordinate to order them, or temporarily lock each other from executing them.
On the other hand, optimistic protocols allow processes to avoid coordination and make local
decisions. However, in order to resolve conflicts, optimistic protocols sometimes resort to aborting
calls that have already been executed, which is generally undesirable for users. The most common
strategy is to combine pessimism and optimism into a hybrid approach: be optimistic and avoid
coordination when possible, and otherwise be pessimistic and coordinate. In this work, we are
interested in non-aborting, optimistically replicated objects: objects for which processes can always
optimistically execute calls, never abort any call, and still preserve convergence and integrity.

We characterize these objects (in § 4) and present the optimistic protocol FRASHOKERET! for
them (in § 5). The idea is to statically find a partial order over the object methods and use it at
runtime. Processes then (locally) consult the partial order to order concurrent conflicting calls,
rather than coordinating with each other. The partial order is chosen in such a way that when
processes execute concurrent calls accordingly, no conflicts occur, thereby preserving convergence
and integrity. Respecting the partial order entails subtle treatment of calls including the order of
tentative calls, and waiting for stability of certain calls before executing others.

Project Management Relational Schema. We build the intuition with a project management
database schema. The database state is defined by three sets: EMPLOYEES, PROJECTS, and WORKS,
where EMPLOYEES is the set of employees, PROJECTS is the set of projects, and WORKs is the set of
employee-project pairs representing which employees are working on which projects. The invariant
T is the referential integrity from Works to both EMPLOYEES and PRoOJECTS: every employee/project
identifier from a tuple in Works must refer to an existing employee/project in EMPLOYEES/PROJECTS.
More formally, V(e, p) € WORKS. e € EMPLOYEES A p € PROJECTS.

The object has five methods: add-employee, add-project, delete-employee, delete-project, and
works-on. The add-employee(e) and add-project(p) methods add e and p to EMPLOYEES and
PROJECTS, respectively. The delete-employee(e) method removes e from EMPLOYEES, and cascades
delete to every tuple in WoRKs that refers to e. Similarly, delete-project(p) deletes p from ProjECTS,
and every tuple in WoRrks that refers to p. Lastly, the works-on(e, p) method adds the pair (e, p) to
Works. All methods are idempotent. We implicitly assume every object in this paper has a query
(read) method that accesses, but does not mutate the state.
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Ordering State Conflicts. Consider two concurrent calls g,
on add-project(p) and delete-project(p). These two calls state-

» Gp
. . . add- delete-
conflict: processes must agree on their order to determine whether | employee| = |employee ‘\

p € ProjecTs at the end. As Fig. 1 (top, undirected red edges)

shows, state conflicts between pairs of methods can be represented — /
project project
u]

as an undirected graph Gs. We can statically order add-project
before delete-project within our partial order. This denotes that G
when a process receives concurrent calls on these methods, calls = e
on the foprmer should be executed before calls on the latter (i.e., the =’ \
“delete-wins” semantics). Processes locally order the calls so that
add-project(p) is first and delete-project(p) is second, resulting in =
p & PROJECTs. We note that the partial order can pick the opposite
ordering of the methods as well, hence the undirected edge. Fig. 1. Top: the state graph Gs and
Ordering Permissibility Conflicts. Consider two concurrent permissibility graph Gp for the
calls on works-on(Alice, p) and delete-project(p), and the two employee-project schema: Gs is
orders they can be executed in. If project p is first deleted, and induced by the undirected (red)
Alice is assigned to work on p after, then integrity is violated. edges and Gy is induced by the
We say that the call works-on(Alice, p) Pg-conflicts (permissible- directed (blue) edges. Bottom: one
right conflicts) with delete-project(p). As Fig. 1 (top, directed blue ~Possible conflict graph G".
edges) shows, permissible conflicts can be represented as a directed
graph Gp. On the other hand though, if Alice is assigned p first, and p is deleted second, then
both calls are permissible. We say the call delete-project(p) Pr-commutes with works-on(Alice, p).
The partial order can also be used to prevent permissibility conflicts. The key observation is to
respect the Pr-commutativity of calls. Unlike state-commutativity, the “direction” matters, hence
the directed edge; the delete-project method Pr-commutes with the works-on method, but not
vice-versa. Therefore, works-on should appear before delete-project in our partial order.
Partial Order and ORDTSs. Generalizing the two examples above, we want to statically define
a partial order over all the methods. For two methods m and m’, if m and m’ state-conflict, then
they should be ordered, though it does not matter which precedes the other. On the other hand, if
m Pr-conflicts with m’, then m should be ordered before m’. In order to define the partial order, we
aggregate Gs and Gy into a single, directed conflict graph G° (where O denotes static). Given Gs
and Gy of an object, G” must satisfy the following properties. The vertex set of G" is the same as
Gs and Gp. Every (directed) edge in Gp is in G7. At least one directed variant of every (undirected)
edge in Gs is in G". Thus, an object can have multiple conflict graphs. Fig. 1 (bottom) shows one
such conflict graph G for our running example. If a conflict graph G" is acyclic and loop-free,
reachability induces a (strict) partial order, <. We consider a new class of objects: an Optimistically
Replicated Data Type (ORDT) is an object with an acyclic and loop-free conflict graph.
Intuitively, ORDTs enjoy the optimistic features of CRDTs while accommodating many application-
specific integrity properties. As a formal comparison, an object is a CRDT only if its conflict graph
is empty. In turn, many data structures and applications that are not CRDTs, such as (sequential)
sets and stacks, are indeed ORDTs. Further, readers may most be interested to find that general
relational database schema can be transformed into ORDTs, which we discuss in detail in § 7.3.
Replication Protocol. This paper presents a non-aborting, optimistic protocol for ORDTs. We
give the intuition for our protocol here, and formally present it in § 5. A process executes a sequence
of calls, which we refer to as the log of the process. The idea is for the log to mimic a (repeating)
sequence of buckets along <g, where each bucket corresponds to a specific method. When a process
receives a remote call, it inserts the call into its corresponding bucket in the tentative suffix of
the log. By design, the buckets are arranged so that methods of later buckets are permissible after
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methods of earlier buckets. That is, calls on methods later in < are guaranteed to Pgr-commute
with all calls on methods earlier in <g, preserving the integrity of each call. Additionally, since

every process sequences their buckets with the same partial order, convergence is preserved.

For example, consider the execution
in Fig. 2. Processes p; and p, con-
currently execute add-project(q;) and
add-employee(Alice), respectively, and
propagate these calls. Then, p; exe-
cutes works-on(Alice, q1), while p, con-
currently executes add-employee(Bob)
and delete-project(g;). When p, receives
works-on(Alice, q1), since works-on <g
delete-project, p, inserts works-on(Alice,
q1) before delete-project(q;), preserving
integrity.

Since local calls are always executed
at the latest state of the replica, in order

AP(g1)  AE(Alice) WO(Alice, ¢1)
p1
(request)
X \ AP(T2)
P2
AE(Alice AP AE(Bot DP
(Alice) (1) (Bob) WO(Alice, 1) (11’1)
@ 0 —
<. - 0y

Fig. 2. An example execution on our employee-project
schema using <g defined by the G" in Fig. 1. We ab-
breviate the method names for brevity. When p, receives
works-on(Alice, q1), since works-on <g delete-project, p; in-
serts works-on(Alice, 1) before delete-project(q;), thereby
preserving integrity. We return to this figure in § 5 when the
notions of stable state o, log splits #; and £, and split location

to respect the order of <, once a call ¢ ¢* are defined.

is executed, only local calls that do not

precede ¢ in <g can be accepted. In other words, when a call is executed, it closes the buckets of
all methods that precede it in <. For example, upon executing a call on delete-project, local calls
on add-project and works-on are temporarily not accepted at that process. In Fig. 2, this happens
when p, receives the local request add-project(r).

We need a way to open buckets again. To re-open them, i.e., make their calls available again,
calls later in the partial order must first be stabilized. A call is stabilized at a process when that
process learns that there are no remote calls that will need to be inserted before it. (We elaborate on
stability in § 5.) In Fig. 2, when the call on delete-project is stabilized, the buckets for add-project
and works-on open again, resetting the sequence. We note that whether a bucket is open or closed
is only relevant to local calls; remote calls are always executed at their designated bucket regardless.

However, receiving and executing remote concur-
rent calls in the <g order is non-trivial. For exam- ” m

AE(Alice) O(Alice, \
P2

ple, consider the execution in Fig. 3. In this execution,
ps3 receives the calls add-employee and works-on on
from p,. Then, p; receives delete-employee from py,

NS

which notably is concurrent to both calls from p,. To re- AB(Alict) WO(Aliceng1) [ pe@goh)
spect (the new) <, delete-employee should come after  P3 AE(Alics) WO(ATioo, 71
works-on, but also before add-employee, which is im- DE(BVOI’) ! 3

possible. The solution is to first stabilize add-employee
at p,, so that p; receives delete-employee before exe-
cuting works-on. Then, delete-employee will no longer
be concurrent with works-on and ps; does not need to
execute delete-employee after works-on to respect <.
(We return to this example in § 4 and elaborate the solution.)

Fig. 3. The paradox of <g order for concurrent
calls. Let works-on <g delete-employee <z
add-employee.

3 Replication Model

We now define objects, the interface and specification of replication protocols, and conflict relations.
Objects. An object is specified by a triple O = {0y, I, M), where oy is the initial state of the
object, 7 is the invariant (or integrity property), and M is the set of methods executable on the
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object. The integrity predicate 7 is an invariant on the state. We saw an example invariant in the
form of referential integrity in the schema above: every project identifier in WoRrks must refer to
a project in ProjecTs. The initial state satisfies the invariant 7. A method m € M is a function
from a parameter and pre-state, to a post-state and a return value. A call ¢ = m(v) on method m is
the application of m to argument o. For two calls ¢; and ¢z, if ¢;(0) = (0’, v), then the composition
c1 © ¢y is defined as c;(0”). Composition is naturally lifted to a sequence of calls. A complete call
(c : v) is a pair of a call ¢ and a return value v. The sequential specification of an object O is the set
of all sequences of complete calls that are generated by the composition of any sequence of calls on
O. More precisely, the sequential specification of an object O is the set of sequences of complete
calls {c; : v;) such that for all i > 0, the pre-state of ¢; is o; and ¢;(0;) = (0141, 0;)-

Replicated System. A protocol replicates the object across a set of processes P. Each process
stores a concrete state X that represents a state o of the object. When clear from the context, we
simply call the object state o that the concrete state ¥ of a process represents, the state of that
process. We consider a fail-stop model. Processes can arbitrarily crash without recovery. A correct
process does not crash. We use a failure detector that guarantees that a process is suspected by
correct processes if and only if it has crashed.

Protocol Interface. A client can send a request call(c) at any process p € P to execute the call
c. We use home(c) to denote the process where call c is requested. Calls are propagated from the
home to other processes. We refer to calls whose home is the current process as local calls, and to
calls whose home is a different process as remote calls.

Upon receiving a request for a call ¢, a process responds with either tentative-return(c : v) or
not-accept(c). If the process responds with the former, it also (later) issues a commit(c) response
for the same call. If the process cannot accept c, it issues the not-accept(c) response. (For example, if
the call violates the integrity property, it cannot be accepted.) Otherwise, the process accepts ¢ and
executes it. A process may re-execute c until it eventually commits c. Thus, the protocol issues the
responses tentative-return(c : v) and commit(c) to return the value v when it tentatively executes,
and finally commits c¢ respectively. We say that a process has executed a call c if it has issued
tentative-return(c : v). We say that a process has committed a call c if it has issued commit(c).
We note that a return response induces a complete call {c : v). The history of an execution is the
sequence of all requests and responses to and from all processes. The history of a process is the
sequence of requests and responses to and from that process.

Protocol Specifications. A replication protocol must satisfy certain safety and liveness
specifications: namely, well-formedness, object compliance, convergence and integrity for safety,
and acceptance and propagation for liveness, which we define in turn.

Response Well-formedness. The following three properties enforce the semantics of responses.

DEFINITION 1 (RESPONSE-MATCHED). A protocol is response-matched if no process issues a response
for a call unless a process previously received a request for that call. Further, no process issues both a
not-accept, and a tentative-return response for a call. Moreover, no process issues a commit before a
tentative-return response for a call.

DEFINITION 2 (COMMIT-FINAL). A protocol is commit-final if no process issues tentative-return for
a call it has previously issued commit for.

DEFINITION 3 (COMMIT-UNIQUE). A protocol is commit-unique if no process issues two commit
responses for a call.

Object Compliance. The protocol replicates a given object O. When a process executes a call ¢
and returns a response, it is expected that the process updates its local state to represent the state
change by ¢ on O. As a process executes a sequence of calls, the return values of the responses
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should match the return values of the corresponding sequence within the sequential specification
of O. Even if processes re-execute calls, this correspondence should hold with the most recent
response for each call. We formalize this property as the notion of compliance. We first establish
a few definitions. The recent history h, of a history h is the sub-history of h composed of the
last tentative-return response of every call that appears in h. For example, consider the history
h = call(cy), tentative-return(c; : v}), call(cy), tentative-return(c; : v?), tentative-return(c, : v3),
call(cs), not-accept(cs). Then, h, = tentative-return(c; : v%), tentative-return(c, : v2). Notice that
h, induces a sequence of complete calls: (c; : v%), (c; : v2). A history complies with an object O if
the sequence of complete calls induced by its recent history is in the sequential specification of O.

DErFINITION 4 (OBJECT COMPLIANCE). A protocol complies with an object O if the history of every
process complies with O.

Convergence. Out-of-order execution of calls at different processes can lead to divergence in
their states. A replication protocol should have processes converge to the same state.

DEFINITION 5 (CONVERGENCE). A protocol is convergent if every pair of processes that execute the
same set of calls have the same final state.

Integrity. In addition to convergence, the protocol must maintain the integrity 7 of the object.
The implementation of the body of each method assumes and relies on the invariant 7 in the
pre-state. The post-state of a call is the pre-state of the next call. Therefore, a call should preserve
the invariant in its post-state. A call ¢ has integrity if its post-state satisfies the invariant 7, in
which we say c is permissible. A sequence of calls has integrity if starting from the initial state, any
prefix of the sequence results in a post-state that satisfies 7. An execution history of a process has
integrity if the sequence of calls induced by its recent history has integrity.

DEFINITION 6 (INTEGRITY). A protocol has integrity if the execution history of every process has
integrity.

Liveness. In addition to the above safety properties, there are liveness properties. The first is to
respond to every requested call.

DEFINITION 7 (TERMINATION). A protocol is terminating if every correct process eventually issues
a response to every request.

The second is to accept requested calls into the system when possible. If the requested call is not
permissible in the local state of the process, the process is expected not to accept the call as it would
violate integrity. For example, the call WorksOn(Alice, x) cannot be accepted if Alice ¢ EMPLOYEES.
However, a process should eventually accept and execute a requested call if the call remains
permissible.

DEFINITION 8 (ACCEPTANCE). A protocol is accepting if every call that is requested infinitely often
at a correct process where the call is permissible, then that process eventually accepts the call.

This property can also be understood as the non-triviality condition as the other properties are
trivially satisfiable by not executing any calls. The third liveness property guarantees that if a
correct process executes a call, then the call is eventually replicated throughout the system, i.e., all
correct processes eventually execute that call.

DEFINITION 9 (PROPAGATION). A protocol is propagating if every call accepted by a correct process
is eventually executed by every correct process.
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We say a replication protocol is proper if every execution history of the protocol satisfies the
above safety and liveness properties. This paper is interested in two additional properties: non-
abortion and optimism. It adversely affects the client if a protocol executes a call and responds with
a return value, but later aborts the call. In contrast to previous works, the non-abortion property
requires that once a call is executed, it is eventually committed.

DEFINITION 10 (NON-ABORTING). A protocol is non-aborting if every correct process eventually
commits every call that it executes.

We note that in the non-aborting property, the condition for a call is execution not acceptance.
Only the home process of a call accepts it, but any process (including remote processes) can execute
it (i.e,, issue a tentative-return event for it).

In pessimistic protocols, upon receiving a call request, a process synchronizes with other processes
before issuing a response. In contrast, optimistic protocols require a process to decide whether to
accept a call based on its local state, without communicating with other processes.

DErFINITION 11 (OPTIMISM). A protocol is optimistic if in every execution when only a single process
takes steps, then that process eventually issues a response to every request it receives.

Commutativity and Conflicts. With convergence and permissibility defined, two types
of conflicts can occur between two calls: state-conflicts and permissibility-conflicts. We capture
both conflict types as the negation of their commutativity counterparts. (Some basic definitions of
commutativity are adopted from CRDTs [60] and well-coordination [32].)

State Commutativity and Conflict. Two calls state-commute if swapping their execution order
does not affect the resulting post-state. That is, ¢; and c; state-commute if ¢; o c;(0) = ¢z o ¢1(0),
for every pre-state 0. Otherwise, the two calls state-conflict. This can be lifted to methods. Two
methods m; and m; state-conflict if there are any two calls on m; and m; that state-conflict. We
represent state-conflicting methods as an undirected graph, possibly with loops, Gs: the vertex set
is M and (m, m’) is an edge if m and m’ state-conflict. We call Gs the state-conflict graph (or state
graph for short). The next theorem [32] about state-conflicts and convergence will be useful later.

THEOREM 1. If two sequences of a set of calls have the same order for every pair of state-conflicting
calls then their execution from the same pre-state results in the same post-state.

Permissible Commutativity and Conflict. The state-commutativity relation allows calls to change
in their order without altering their post-state, thereby preserving convergence. We define a
similar relation for permissibility, allowing calls to change in their order without violating their
permissibility, thereby preserving integrity.

A call permissible-right-commutes (Pr-commutes) with another call if the former call retains its
permissibility if moved after the latter call. Formally, ¢, Pgr-commutes with ¢; if for every state
o, if ¢; and ¢, are both permissible in o, then ¢, is permissible in ¢; (o). Otherwise, we say c;
permissible-right-conflicts (Pr-conflicts) with c;. Note that, unlike state-conflicts, the Pr-conflict
relation is not symmetric. Similar to state-commutativity, we can lift this to methods. Further, we
can represent Pr-conflicting methods as a directed graph, possibly with loops, Gp: the vertex set
is M, and (m, m’) is an edge if m Pg-conflicts with m’. We call Gp the permissibility-conflict graph
(or permissibility graph for short).

4 ORDTs

In this section, we define ORDTs (Optimistically Replicated Data Types). Then, we define the static
partial order of their methods, its properties, and make observations that inform the design of the
upcoming protocol.
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We remember that given the Gs and Gy of an object O, a conflict graph G" of O is a graph with
the following properties. The vertex set of G is M, the same as Gs and Gp. Every (directed) edge
in Gp is in G". At least one directed variant of every (undirected) edge in Gs is in G".

DEerINITION 12 (ORDT). An Optimistically Replicated Data Type (ORDT) is an object with an
acyclic and loop-free conflict graph.

For brevity, we say acyclic instead of both acyclic and loop-free. Going forward, we assume we
have an acyclic G7, from which we can define the desired partial order <g. Define < to be a
partial order over M where m <g m’ if m can reach m’ in G°, excluding trivial self-reachability.
Note then, < is irreflexive, asymmetric, and transitive, since G is acyclic. Thus, < is a strict
partial order over methods. We write m =g m’ if two methods are comparable under <, i.e., either
m <g m’ or m’ <g m holds, and we wite m <~ m’ if they are incomparable. Additionally, we say
m is prior-or-incomparable with m’ if m precedes or is incomparable to m’, i.e., if either m <g m’ or
m <-g m’, which we write as m <~ m’. The order can be simply lifted from methods to calls: for
any pair of calls ¢ and ¢’ on methods m and m’, ¢ <g ¢’ if m <g m’.

We will now make informal observations about the replicated execution of ORDTs which will
inform the design and formal reasoning for the protocol FRASHOKERETI.

LEMMA 1. For any state o and pair of calls ¢c; and c;, if c; and c; are permissible in o, and ¢c; <>-g cz,
then c; is permissible in ¢1(0).

PRroOF. Since ¢; <~g ¢z, by definition, c; Pr-commutes with c¢;. Using the assumption that ¢, is
permissible in o, by commuting c;, after c¢;, we get that c; is permissible in ¢; (o). O

Intuitively, this means that so long as ¢; <>~g ¢z, we can

. . . .. AE(Alice
insert c; before ¢y, and ¢, will remain permissible. We can ~ p, 2P (Alicc)

generalize ¢, to any sequence s of calls: if ¢; is permissible in | DE(Alice) \ |AP(q1)

o, and for every call ¢; in s, ¢c; <>~ c2, then c; is permissible \ \
. p3

in s(o). AP(q1)] DP(q)) AE(Alice), DE(Alice)

For the second observation, say a sequence of calls s re- - C \ N\,

spects < if for every pair of calls ¢y, ¢z in s, if ¢; precedes DE(Alice) ~ AP(q1) DP(g1)
¢y in s, then ¢; is prior-or-incomparable with c;. Rt

LEMMA 2. For every set of calls C where every call is per- Fig. 4. Observation 1: Order-
missible in a pre-state o, all permutations of C that respect<g ing concurrent calls by <z . Let
executed upon o converge to the same post-state and preserve add-employee <g delete-employee and
permissibility for each call. add-project <g delete-project.

Proor. (Convergence) Let 7; and 7, be two permutations
of C that respect <g. By Theorem 1, it is sufficient to show every pair of state-conflicting calls
appear in the same order in both ; and 7. If two calls ¢ and ¢’ in C state-conflict, then either
¢ <g ¢’ or ¢’ <g ¢ holds. Since m; and 7, respect <g, the calls ¢ and ¢’ must appear in the same
order across sr; and 5.

(Permissibility) Let 7 be a permutation of C that respects <. Consider some call ¢; in 7 and the
sequence s of calls that precedes it. Since c; is permissible in ¢, and for every call ¢; in s, ¢; <>g c2,
by the generalization of Lemma 1 above, ¢, is permissible in s(o). O

Intuitively, this means that if processes that share a common pre-state execute a set of concurrent
calls, they can order the calls according to <g to preserve both convergence and permissibility.

Thus, the protocol FRASHOKERETI will order concurrent calls by the <g order. For example, let
add-employee <% delete-employee, and add-project <& delete-project, and consider Fig. 4. Pro-
cess p; executes delete-project and then add-employee, and process p; executes delete-employee
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and then add-project. Then, these calls are sent to process ps. First, the two calls delete-project
and add-employee from p;, then the call delete-employee from p, are received and executed. We
note that delete-employee is concurrent with the two previous calls, and within the order <g we
have add-employee < delete-employee which is respected in ps. Finally, the call add-project is
received which is also concurrent to the two first two calls, and within the order <%, we have
add-project <g delete-project. Therefore, in order to respect <g in ps, we find the first call in
p3 which is concurrent to add-project, and succeeds it in <g to be delete-project, and insert
add-project before it. Now consider the process p4. The calls from p; and then the calls from p; are
received by p4. Similar to ps, in order to respect < in py, the final call add-employee is inserted
before delete-employee. We note that although ps; and p4 execute calls in different orders, since
they preserve the order <, they converge to the same state. We also note that although calls are
delivered in the causal order, they are not necessarily executed in that order.

OBSERVATION 1. In order to locally execute a remote call c, we should insert ¢ before the first call c*
which is concurrent to ¢, and succeeds c in <g. (If there is no such c*, append c at the end.)

However, the fact that concurrency is not a transitive

relation brings forth challenges for the strategy above. DE(Bob)

For example, consider again the execution in Fig. 3. In P - (request) \
this execution, the calls add-employee and works-on P2 é_E_(?hCO) WD(Alice, g1 —=
from p,, and then the call delete-employee from p; DE(-13-0—17—)___A-E-(;;1;C—) _____

are received by ps. The last call delete-employee is D2

concurrent to both add-employee and works-on, but DE(Bob) AE(Alice) WO(Alice, q1)

P2

those two are not concurrent to each other. In order

to respect <, delete-employee should execute before Fig. 5. Observation 2: Already executed calls
add-employee, but also after works-on, which is impos-  that precede the requested call in < should
sible. If the two calls add-employee and works-on are pe stable.

reordered, delete-employee can be inserted in the mid-

dle, and < is respected. However, the permissibility of works-on is dependent on add-employee,
and the reordering makes it impermissible. As Fig. 5 shows, the solution is to make p, receive the
concurrent call delete-employee before executing works-on so that the two are not concurrent
anymore. When the call works-on is requested at p, after add-employee, which succeeds works-on
in <g, we should first make add-employee stable. The call add-employee is stable at p, when
every process receives add-employee, and p, receives the concurrent call delete-employee. (We
will elaborate stability and how it is implemented in the next section.) Thus, now when works-on
is delivered to ps, delete-employee is only concurrent to add-employee, and can be inserted before
it. Thus, the order < is respected for concurrent calls.

OBSERVATION 2. In order to execute a local call ¢, the calls that are already executed and succeed ¢
in <g should be stable.

5 Optimistic Protocol FRASHOKERETI

In this section, we present our optimistic replication protocol, FRASHOKERETI. It optimistically
replicates objects with an acyclic conflict graph G". We split the presentation of our protocol into
two parts. In the first part, we assume every process has access to a local oracle O, which we
call the stabilizer. We will construct our protocol using this oracle. In the second part, we explain
how to implement the stabilizer. As the name suggests, processes will use O to stabilize calls, i.e.,
commit them. When a process invokes O on a call c, the stabilizer responds YEs if every process
has executed ¢ and the current process self has received all calls concurrent with c. Otherwise, the
stabilizer responds No.
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Logs. Every process p maintains a log ¢, of the calls it has executed to induce its current state
on. We write ¢ € £ to denote that call ¢ is in log ¢. A log induces a total precede order <, on its
calls: ¢ <, ¢’ if ¢ precedes ¢’ in £. A log ¢ also induces a sequence of states by executing the call
sequence on the initial state y. Additionally, a log ¢ is split into a prefix of committed calls and a
postfix of tentative calls. Recall that tentative calls are subject to rollbacks (as a process can issue
multiple tentative-return responses for the same call), whereas committed calls are not (a process
cannot issue another response for a call that it has issued commit for).

Causal Ordering. The protocol uses causal broadcast to communicate between processes. We
use the classical definition of the causal or happens-before relation [37]. For two calls ¢; and ¢, ¢;
is causally before c¢q, written ¢; —, ¢z, if (1) the home of ¢; and c; is the same process p, and ¢;
is executed before ¢, at p, (2) c; is executed at home(c,) before ¢, is executed at home(cy), or (3)
there is a call c; where c; is causally before c3, and c3 is causally before c,. We say ¢; and ¢, are
concurrent if they are not related by the causal order, written c; ||, c2.

The causal relation can be captured using standard vector clocks [26]. Each process p; € P
maintains a local vector of integers of size |P|, initialized to the zero vector. Upon executing a
local call, process p; increments index i of its local vector clock. It then attaches this clock to the
call before propagating it. Upon executing a remote call whose home process is p;, the receiving
process increments index j of its local vector clock. A vector clock v is less than another v’ (v < v”),
ifVi.o; <o] Adj.o; < U}. For two calls ¢ and ¢’ with vector clocks v and ¢’, ¢ is causally before ¢’
iff v < v’. Thus, if neither v < v’ nor v’ < v, then ¢ and ¢’ are concurrent. For the remainder of this
paper, we assume messages are broadcast using reliable causal broadcast: if ¢ —, ¢’ (based on the
vector clocks of ¢ and ¢’ at the time of local execution), then every process receives ¢ before ¢’.

Replication Protocol. FRASHOKERETI is presented in Alg. 1. Every process is initialized with
the statically computed partial order <g. Rather than storing the entire log, each process only
stores three salient variables: (1) the stable (committed) state o, (2) the tentative postfix of the
log ¢, written of and (3) the current state o,,. The stable state o is the post-state of executing the
committed prefix of the log on the initial state oy. The sequence 7 is the postfix of tentative calls in
the log (hence the symbol). When a tentative calls in 7 becomes stable, its effects are applied to o
and removed from ¢. Lastly, the current state o, is the post-state of executing the tentative log 7
on the stable state oy, i.e., the post-state of the entire log £. The current state is the most up-to-date
state, although it contains tentative calls. Both o5 and o, are initialized to oy, and 7 is initialized to
the empty sequence.

A client can issue a request to execute a call at any process as its home process. FRASHOKERETI
issues a response back to the client when the call is (re-)executed. The protocol consists of four
handlers: two handlers for the local and remote calls, and two handlers for stabilizing calls.
LocaL HANDLER. Upon receiving a local call ¢ from a client, if the following two conditions hold
then execute ¢ on the current state o, to update it, append c to the tentative log 7, and issue a
tentative-return response for c.

(LH.1) c is permissible at the stable state o5, and
(LH.2) for every call ¢’ in ¢, ¢’ <> c.

Otherwise, the protocol issues a not-accept response for the call. The client can explicitly request
the call again if needed. We note that the client discretion is needed since some calls never become
permissible. We note that the local handler aligns with Lemma 1 and Observation 2.

REMOTE HANDLER. Upon receiving a remote call ¢ from another process,

(RH.1) Find the index i of the first call ¢* € ¢ such that ¢ I, ¢* and ¢ <g c*, if there is such a call.
Otherwise, let i be | ¢ |.
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Algorithm 1: Protocol FRASHOKERETI

1 Implements: Optimistic Replication 21 upon rcb response deliver(c) > Remote Handler

2 request: Call(c), response : not-accept(c), 22 i — index of first ¢* € 7 such that
tentative-return(c : v), commit(c) 23 cllec® Ac =g c* > (RH.1)

3 Vars: <g > Partial order 54 otherwise, | 7|

4 Os < 0y > Stable state 25 f — ? [0, ...,1) > (RH.2)

5 t—o > Sequence of tentative calls 2 by — 7 [i,...]

6 Op — 0y > Current (latest) state 27 ? « concatenate (£, c, f2)

7 Uses: rcb: ReliableCausalBroadcast 28 Op — Os > (RH.3)

8 request : broadcast(c), response : deliver(c) 29 foreach ¢’ in f; do

9 O : Stabilizer 30 L (on,_) « c'(on)

10 request : is-stable(c), response : YEs, No 31 (on,_) « c(on)

11 upon request Call(c) > Local Handler 32 foreach ¢’ in ¢, do

12 if ¢ permissible in o5 and > (LH.1) 33 (on,v) « ¢’ (on)

13 Ve €7.¢ g > (LH.2) 34 L response tentative-return(c : v)

14 then 35 uf)on periodically

15 (01, 0) — (o) % | O request is-stable(7 [0])

16 append c to 7 37 upon O response YES

17 rcb request broadcast (c) 38 response commit( 7 [0])

18 response tentative-return(c : v) 39 Os 7 [0](os)

19 else 40 7<—°€_[1...]

20 L response not-accept(c)

(RH.2) Split 7 atiintoa prefix £, and suffix £ such that #; is the subsequence preceding i, and ¢,
is the subsequence containing and following i.
(RH.3) (Re-)execute calls in order of #, the call ¢, and then £ on oy to calculate the new state o,.2

When re-executing the calls of 4, in (RH.3), issue a new tentative-return response for that call.

Intuitively, the call ¢ is placed amongst the calls in ¢ that are concurrent to c. The exact position
of ¢ between these calls is decided by the order <g. We note that the remote handler aligns with
Observation 1.

STABILIZER. Periodically invoke O on the first call ¢ in the tentative log 7. As previously mentioned,
O is a local oracle and processes invoke it asynchronously. If O returns YEs, apply c to the stable
state, and remove it from 7. After doing so, issue a commit response for c.

In Fig. 2, we saw an example of the protocol for the employee-project schema where process p;
inserts the remote call works-on(Alice, q;) before delete-project(q,).

Stabilization. The replication protocol uses a local oracle, the stabilizer O, to commit calls.
We present an implementation of O. The stabilizer tracks causal stability [12, 37]. A process p
learns that a call ¢ is causally stable upon receiving from every process a call whose vector clock
is larger than the vector clock of c. The stabilizer O responds YEs for the stability of the call ¢
when this condition holds, and No otherwise. By causal delivery, this condition implies that every
process must have (received and) executed c as well. Additionally, it implies that there are no
calls concurrent to ¢ that are in-transit to p. Consider some call ¢’ that is concurrent to c. Thus,
at home(c’), ¢’ is executed before c. The process p has received a call that is causally after ¢ from
home(c”). Thus, p also received all calls executed before ¢ at home(c’). Therefore, p must have

%In fact, it is enough to re-execute calls after £;. However, we do not assume the post-state of # is stored. In settings where
states are small and enough memory is available, re-execution can be avoided by storing this state.
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received ¢’. We note that the causal stability of a call is a process-local property, meaning that at
any given time, a call may be causally stable at some process, but not another.

Importantly, a process must hear from every process to stabilize a call, bringing forth two points.
First, if a process is never the home process of any call, it never shares its local vector clock with
other processes. This is resolved by having processes periodically execute a proxy call to broadcast
their local vector clock, if they have not executed a local request for some time. Proxy calls are
not real calls, i.e, they do not change the state, and are always executable under the local handler
conditions, but the corresponding vector clock index is incremented when delivered. Second, a
process stabilizes a call after hearing from every correct process (rather than every process). Thus,
processes use the failure detector to determine which processes it must hear from to stabilize a call.

6 Correctness of FRASHOKERETI

In this section, we prove the correctness .

f FRASHOKERETI i in th a

O FRASHOKER as described the AP(q1)  AE(Alice) @ AP(r2) WO(Alice, ¢1)
ap

previous section. The intuition and full Pro—
proofs for each specification property » N \

are available in the Appendix ?? and ??. AE(Alice)  AP(r2)  AP(q1)  AE(Bob) | WO(Alice, ¢1)
Ch ¢ S
At the end of this section, we consider Sl -
the message and local time complexity f "
Ts I 3]

of FRASHOKERETI. »
AE(Alice) AP(q1) AP (1) AE(Bob)
THEOREM 2. Every ORDT has a Wt p, (WOGee @)

proper, non-aborting, optimistic protocol. et

We illustrate one of our proofs here, Fig. 6. An example execution of the employee-project

specifically the proof of the integrity schema illustrating how permissibility of a remote call is
property, with an example in Fig. 6. derived from permissibility in its home process, as explained
Whenever a process executes a call, it in the proof of integrity, ??. We use <g defined by the G" in

adds that call to its log. Thus, to show Fig. 1.

FRASHOKERETI preserves integrity, we

consider any log that it can generate. The argument is inductive on an incoming call c: after
inserting c into the local log, we argue that every call is permissible in its (new) pre-state. For this
sketch, we consider only when ¢ is a remote call (i.e., works-on(Alice, q;) from p;). The remote
handler splits the tentative log of the current process p into two parts, #; and £, and c is inserted
between. We show (1) ¢ is permissible in the post-state of ¢ (called oy,), and (2) every call in ¢, is
permissible in its new pre-state.

The proof of (1) is done in two steps. First, we derive permissibility for ¢ from its local execution
at home(c), that is, p;. We reconstruct the stable state /7 of p; (at the time of executing c) at the
current process p, without altering oy,, the pre-state of c. To argue this, let H be the set of calls
stable for p; (i.e., add-project(q;) and add-employee(Alice)). We show for every call ¢, in H, and
every call ¢, in p but not in H (i.e., add-project(rz)), if ¢, <t, Chs then ¢, and ¢, state-commute.
This allows us to state-commute every call ¢, before every c,, call without changing oy,. We can
re-arrange the calls so that the first |H| calls of p are the calls of H resulting in a state O'Z By
convergence, which we prove later, crg is equal to of’. By (LH.1), ¢ must be permissible in this state
chH and thus, in crfl

The second step is to show ¢ Pr-commutes with every call between this state and o,. These
calls are one of two types: (1) calls causally before ¢ (i.e., add-project(ry)) or (¢2) calls concurrent
to ¢ (i.e, add-employee(Bob)). Calls of type t; are in the tentative log of p;, and by (LH.2), ¢ must
Pr-commute with them. By (RH.1), every t, call preceding o,, must be prior-or-incomparable with
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c. Thus, c is permissible in oy, . To show (2), we repeat a similar argument to the one above for each
call in . The part £, is empty in this example.

Complexity. To complete this section, we consider both the message complexity and local time
complexity of FRASHOKERETI. The latter is especially relevant as existing protocols have exponential-
time local complexity. Additionally, we show later in § 8 that proper, optimistic protocols for general
replicated objects must (repeatedly) solve an NP-Complete problem.

Message Complexity. Our protocol relies on reliable causal broadcast to propagate messages
between processes. In the worst case, this yields O(n®) messages per call, where n is the number of
processes. For stability, if calls are issued across processes uniformly (and often), then proxy calls
are never issued. In comparison, in the worst case, all requests are made at a single process, resulting
in an additional O(n?) messages for each of n — 1 proxy calls. The entire execution exchanges
O(k - n®) messages where k is the total number of calls. Reliable broadcast takes O( f) rounds when
f processes crash and 2 rounds otherwise. The execution takes O (k + n) rounds.

Local Complexity. Inspection of our protocol handlers shows FRASHOKERETI has linear time
complexity with respect to the length of the tentative log, per call. Assume executing a given call
takes O(1) time. Let | be the maximum length of any tentative log; in the worst case, this is k.
The local handler runs in O(I) time, as checking permissibility of the local request in (LH.1) takes
constant time, and checking prior-or-incomparability across the entire tentative log in (LH.2) takes
O(l) time. The remote handler also runs in O(!I) time: finding ¢* in (RH.1) and re-executing the
tentative log in (RH.2) both take O(I) time. Therefore, FRASHOKERETI runs in O(!) local time per
call and O(I - k) time over the entire execution.

7 The ORDT Class of Objects

In this section, we show that ORDTs subsume CRDTs. We further present method abstraction
and transformation techniques to extend the applicability of ORDTs. We apply them to show that
(abstracted) and transformed relational schema fall under the ORDT class. As relational schemata
are the prevalent approach for data representation and manipulation, this shows the general
applicability of ORDTs.

7.1 Subsuming CRDTs

In this subsection, we show the ORDT class indeed generalizes Conflict-free Replicated Data Types
(CRDTs). Additionally, we show that if an object qualifies as a CRDT, the execution of FRASHOKERETI
is indistinguishable from its CRDT execution, in its properties and order of calls. Recall that CRDTs
characterize the class of replicated objects with neither state nor permissibility conflicts. Formally,
an object can be cast as a CRDT if (c.1) all methods state-commute® and (c.2) it has no invariant.

THEOREM 3. Every CRDT is an ORDT.

An object is a CRDT only if it has an empty (edgeless) conflict graph G". This is because by (c.1),
the state graph Gs of O is empty. Further, by (c.2), every call is permissible in every state, and thus
Gy is also empty. Therefore, G” is empty and thus acyclic, meaning O is also an ORDT.

Since every CRDT is also an ORDT, every CRDT admits FRASHOKERETI. We compare the ex-
ecution of the object as a CRDT versus FRASHOKERETI, and show they are indistinguishable in
their guarantees and order of calls. CRDTs guarantee the properties of strong eventual consistency:
convergence and propagation. We prove FRASHOKERETI guarantees both of these properties in
Lemmas ?? and ??. We turn our attention to the order of calls in a CRDT: (1) a CRDT can execute any

3In this paper, we consider operation-based CRDTs. In its original presentation, CRDTs require calls that may be issued
concurrent to (state-)commute. However, in this work, we are interested in general clients.
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local request and (2) all calls are executed at the current (latest) state. We show that both of these
hold under FRASHOKERETI as well. Semantically, this means if an object is a CRDT, FRASHOKERETI
never re-executes calls. Note that since G" is empty, all methods are incomparable under <.

First, every process executes every local request. Consider some local call ¢, and the conditions
of the local handler. By (c.2), the object has no invariants. Therefore, every call is permissible in
every state, notably the stable state, i.e., (LH.1) holds for c. Further, for every call ¢’ in the tentative
log, we have ¢’ <-g c since no methods are related under <, implying (LH.2) also holds.

Second, we show every call is executed at the current state. This trivially holds for local calls,
so we only need to consider remote calls. Consider some remote call ¢ under the execution of
the remote handler. The handler executes c right before the c¢* call found by (RH.1), if it exists;
otherwise it executes c at the current state. Since all methods are incomparable under <g, there
cannot be a ¢* such that ¢ <¢ c¢*. Therefore, ¢ is executed at the current state.

Remark: By showing all calls are executed at the current state (2), we actually show the stabilizer
is unnecessary in the case the object is a CRDT. A call will never be inserted before another call,
therefore no call is tentative and thus immediately stable upon execution.

7.2 Abstraction and Transformation

We remember that ORDTs are defined as objects with an acyclic
and loop-free conflict graph G". In this subsection, we discuss two ~
techniques that allow us to remove conflicts and make conflict :
graphs acyclic and loop-free. Intuitively, the first technique, that we G4

call abstraction, can take an object O with a cyclic conflict graph and
construct a new object O with an acyclic conflict graph, such that
04 can simulate the behavior of O. Then, 04 enjoys the benefits
of being an ORDT, while behaving as O. The second technique \\ / /
transforms the implementation of methods to repair integrity in the

post-state when the original methods are impermissible. Thus, it

reduces permissible conflicts. We describe each technique in turn,

with examples. =,=....=,

push e push

Abstraction. We define abstraction between sets of methods
and between objects.

DEFINITION 13 (ABSTRACTION). For two sets of methods M and
MA on some object, M? abstracts M if for every pre-state o, for

every call ¢ on some method m € M, there exists a call c? on some

method m* € MA, such that c(c) = cA(0). graph for a stack object. Mid-
dle: the loop on the push

This can be lifted to objects: object O abstracts object O if they method is split into n ver-

Fig. 7. Top: the state-conflict

have the same initial state oy, the same invariant J, and the set of tices as described by our pro-
methods for O4 abstracts the set of methods for O. In this paper, cedure. Bottom: one possible
to derive abstract method sets, we split a method into multiple construction of G°.

methods without changing the method body, which can redirect
edges and remove cycles. This splitting can remove superfluous conflicts. We showcase the idea in
the proof of the following lemma.

LEmMMA 3. Let object O = {0y, I, M) have a state graph Gs that contains loops. There exists an
object 04 = {0y, I, M) that abstracts O and has a loop-free state graph Qg‘.

Proor. Consider some method m € M with a loop in Gs. The object that we construct is
parametric with the number of processes. We split m into per-process methods: replace m with
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n-many methods m,,, ..., m,, where n is the number of processes in the system. Every m,, has the
same method body as m. A call on m at the home process p; is mapped to m,,,. We recompute Qg\
with the split methods: edges that were not incident to m are the same; edges that were incident
to m are now incident to each m,,; every pair of newly added vertices share an edge. Importantly
though, no m,,, has a loop. We verify that M4 abstracts M. First, M4 = M\ {m} U {mpl, . }
For any call ¢ on a method in M \ {m}, that method still exists in M*. For any call ¢ on m at p;,
my, yields the same post-state as m since m and m,, have the same method body. We note that the
size of the graph does not necessarily translate to more or less behaviors. O

As an example, Fig. 7 shows Gs and its split version. Let us consider how this per-process
abstraction affects the permissibility graph Gp. In the resulting permissibility graph g;‘;, since my,
has the same method body as m: any edge not incident to m are as before; edges that were incident
to m are now incident to each m,,, in the same direction. We observe that if m does not have a loop
in Gp, newly added vertices do not have edges to each other. (On the other hand, if m had a loop,
every newly added vertex has an edge to and from every other newly added vertex.) Thus, if Gp is
acyclic and loop-free, Q;‘i is acyclic and loop-free as well. This observation together with Lemma 3
will help to prove the following lemma.

LEMMA 4. If an object O has an acyclic and loop-free permissibility graph, then there exists an
ORDT that abstracts O.

Proor. Let O be an object with an acyclic and loop-free Gp. By the per-process method splitting
procedure of Lemma 3, we have an object O4 such that (1) O* abstracts O, (2) the state graph Q;‘
of O is loop-free, and by the observation above, (3) the permissibility graph Q;‘; is acyclic and
loop-free. We construct an acyclic and loop-free conflict graph G for O4. First, set G to Q;ﬁ. By
(3), compute a topological sort T over Q;}. For every edge between m and m’ in G2, let m precede
m’ in T; add directed edge (m, m’) to G© (if it does not already exist). By (2) and the fact that edges
are added along T, then G is acyclic and loop-free. Thus, O* is an ORDT. O

In addition to splitting methods by process identifiers, we can split methods by their parameter
domains. The idea is to split a method into multiple methods according to the sub-domains of the
input parameters. To showcase this, consider again the employee-project schema object we saw in
§ 2. Suppose we introduce a new method called replace(S, ey, e2), where S is a set in {EMPLOYEES,
ProjECTS, WORKS}, €; is an element in S, and e; is the element that will replace e;. The replace
method shares the cascade behavior of delete: if replacing an employee or project (as primary key),
all tuples in works-on adopt the change as well (as foreign key). We observe that replace Pr-conflicts
with itself by considering the two following calls on replace: r; = (works-on, (Alice, q,), (Alice, q2))
and r, = (PROJECTS, q2, ¢3). Semantically, r is re-assigning Alice to work on project g instead of
q1, while r; is renaming project g, to gs. Replacement r; Pg-conflicts with r: since g, no longer
exists in the post-state of ry, if ry is executed after r, referential integrity is violated.

Let us refer to the employee-project schema equipped with replace as O. We construct an object
O’ that has an acyclic and loop-free permissibility graph which abstracts O. Object O’ is the same as
O, except we split the replace method into three methods, depending on the set being modified. That
is, we split replace into replace-employee, replace-project, and replace-works. Each new method
is executed if the specified set S matches its name. If we check again, replace-works Pr-conflicts
with replace-employee and replace-project, but not vice-versa. The permissibility graph of the split
object is acyclic and loop-free. Further, since the union of the domains for the new replace methods
covers the entire domain of the original replace method, we see that O’ indeed abstracts O. Thereby
Lemma 4, there exists an ORDT that abstracts O’, and further, abstracts O.
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Transformations. The tenet of abstraction is that the semantic behavior of the methods do
not change. However, abstraction is sometimes not sufficient to convert an object into an ORDT.
We further present another technique, called transformation, in which the semantic behavior of the
methods are transformed. In order to resolve conflicts, i.e., remove edges from the conflict graphs,
the idea is to incorporate additional behavior to “repair” the invariant when conflicts do occur.

We introduce two types of transformations that can generally be applied to any method: yield
and force. If a call on the original method is permissible, then the yield/force method executes the
original method normally. Otherwise, if a call on the original method is impermissible, then the yield
call ends with no effect. On the other hand, when a call on the original method is impermissible, a
force call will go ahead and execute the method body. It will then take necessary steps to repair the
invariant by further modifying the state. Since invariants are application-specific, the repair is also
application-specific. More importantly, it is up to the programmer to deem whether a specific repair
procedure reflects the intended semantics of the object. As a trivial example, one can always repair
the invariant by setting the post-state to the initial state. This will always satisfy the invariant,
but is generally semantically an unacceptable solution. If there are multiple ways to repair the
invariant, these can be offered in the form of multiple force methods.

For instance, consider a set S of pairs (x, y). The invariant is uniqueness over the the first element
of pairs in S: V(x1,y1), (x2,42) € S. (x1 = x2) = (x1,y1) = (x2,y2). Now consider the add(x, y)
method that adds the pair (x,y) to S. This method clearly conflicts with itself for two calls that
have the same first element. Suppose we replace add with add-yield and add-force. The former
adds (x,y) to S, unless there already exists a pair whose first element is x; the latter adds (x, y) to
S and additionally removes any pair whose first element is x. Note that for a pair (xy, y), if there
does not already exist a pair whose first element is x; in S, then the execution of add, add-yield,
and add-force on (x;, x;) are indistinguishable.

We confirm these methods do not Pg-conflict with themselves, nor each other. For two calls on
add-yield with the same first element, only the pair of the first call ends up in S (first write wins).
For two calls on add-force with the same first element, only the pair of the second call ends up in S
(last write wins). For two calls on add-yield and add-force with the same first element, only the
pair of add-force ends up in S (force wins).

7.3 Abstracting and Transforming Relational Schema into ORDTs

In this section, we show how relational database schema can be abstracted and transformed into
ORDTs. A relational database schema is an object S = (D, I, M), where the database state D is a
set of tables, the integrity property I is the conjunction of a set of SQL constraints on the tables,
and the methods M are SQL commands. A table t is specified by its rows and columns. When
referring to a row (column), we mean the set of values in that row (column). We assume there are
no duplicate rows within a table, and a row and a column uniquely identify one value in the table
which we call a cell (i.e., first normal form).

We consider four types of SQL constraints. (a) The NOT_NULL constraint on a column c stipulates
that the values of ¢ are not the null value. (b) The UNIQUE constraint on a column c stipulates that
the values of ¢ are unique. (c) The PRIMARY_KEY (PK) constraint on a set of columns ¢ of a table ¢
stipulates that the rows of ¢ have unique values over c. A table has at most one primary key which
is used to index and uniquely identify rows from other tables. (d) The FOREIGN_KEY (FK) constraint
from a set of columns ¢ of a table to the primary key ¢’ of another table stipulates that every value
in ¢ is in ¢’ as well. This constraint is commonly known as referential integrity.

Methods. We define the set of methods M available to the schema as SQL commands which
can update and query the database. The client can add and delete row and columns, and update
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existing values. (a) add-row(t, r): add row r to the table ¢. This method represents the SQL command
INSERT INTO. (b) delete-row(t, ¢): delete the rows that satisfy the condition ¢ from table ¢. This
method represents the SQL command DELETE FROM WHERE. (c) update(t, ¢, {c,v)): for each row
r in table ¢ that satisfies condition ¢, the columns ¢ are set to values v. This method represents the
SQL command UPDATE SET WHERE. (d) add-column(t, ¢, v): add column ¢ with value v (defaults
to null) to each row of table . This method represents the SQL command ALTER TABLE ADD. (e)
delete-column(t, c): delete column ¢ (which is not in the primary key or a foreign key of t) from all
rows of t. It represents the SQL command ALTER TABLE DROP COLUMN.

The client can add new tables and delete existing tables. (a) create-table(t, I): add table ¢ to the
database and constraints J onto its columns. This method represents the SQL command CREATE
TABLE. (b) delete-table(t): delete table ¢t from the database. This method represents the SQL
command DROP TABLE. Lastly, the client can execute arbitrary queries on the database that we
capture as the query method. This method represents the SQL command SELECT FROM. Queries
access, but do not mutate the database.

Conflict Relations. For brevity, as allowed by Lemma 4, we only concern ourselves with the
permissibility graph of relational schema. Fig. 8 shows this graph. The cycles and loops represent two
scenarios where permissible-conflicts happen: (c.1) cells of UNIQUE or PK columns are concurrently
added or updated with the same value(s), or (c.2) a foreign key is added or updated to refer to some
primary key while concurrently that particular primary key is deleted or updated to a different
value. We refer to (c.1) conflicts as uniqueness conflicts and (c.2) conflicts as referential integrity
conflicts. We note that (c.1) is an intra-table conflict and (c.2) is an inter-table conflict.

Consider the following schema:

EmployeeID (PK) | Name | Department
ty:| 001 Alice | Sales fy:
002 Bob Marketing

EmployeelD (FK) | Salary
001 1000

An example of a (c.1) conflict is the calls add-row(t;, (003, Carol, Sales)) and add-row (¢, (003,
Charlotte, Management)). Since the EmployeelD column has the PK constraint, its values must
be unique; thus these two calls violate uniqueness. As an example of a (c.2) conflict, consider the
calls add-row(ts, (002, 300)) and delete-row(t;, (EmployeeID = 002)). The former adds a row to ¢,
with a foreign key that refers to the primary key 002 of ¢;, while the latter deletes the row with
that specific primary key from t;; thus, these two calls violate referential integrity. Notice that this
happens independent of their order, hence both methods have an edge to the other.

Transformation and Abstraction. Now, we use a
combination of abstractions and transformations to derive
an object which is an ORDT that functions as a relational ﬁ M ﬂ
schema. We extend the abstraction and transformation e column
examples from the previous section to general relational
schema. First, we capture transformations that the SQL [g:l')elée] [de'ete ] [update] [‘C’E:ﬁtrﬁn]
standard provides to resolve conflicts. In order to comply
with referential integrity, we adopt the two referential
actions: cascading or no-action. To preserve uniqueness,
we similarly adopt yield and force semantics. In both cases,
the transformed operation is semantically equivalent to the original operation when there is no
conflict, but includes additional behavior when conflicts occur. We present a high-level sketch here;
a comprehensive list of methods and analysis is available in the Appendix ??. The conflict graph of
the transformed and abstract object is shown in Fig. 9.

Fig. 8. Relational schema permissibility
conflict graph.
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Uniqueness. We resolve (c.1) conflicts by employing the yield and force transformations we saw
in the previous subsection. More specifically, we transform the add-row method (by splitting it)
into add-row-yield and add-row-force: (1) add-row-yield(t,r): add row r to table ¢, unless there
exists another row in ¢ that has the same values as r for a UNIQUE column or PK columns. (2)
add-row-force(t, r): add row r to table t. Further, remove any rows in ¢ that have the same values
as r for a UNIQUE or PK columns. These methods do not Pg-conflict with themselves or each other,
using the same reasoning as before. The add-row-yield method does not add its specified row
if it violates uniqueness. The add-row-force method adds its specified row, but also removes any
rows that are not distinct from the specified row at UNIQUE or PK columns. Thus, uniqueness is
preserved in the post-state. Since update also suffers from (c.1) conflicts, this transformation should
be applied to update as well, giving us update-yield and update-force. (Note that this does not
remove any edges incident to the update methods in Gp, as updates still suffer from (c.2) conflicts.)

Referential Integrity. In SQL, yield and force
transformations are manifested as the CAS- de'e‘”‘"b'e] [de'e‘e“ab'e] [de'e‘”"w ] [de'e‘e'm‘" ] [i;‘ﬁj;e']

-cascade -no-action -cascade -no-action

CADE and NO ACTION referential actions. £ . S— >

To resolve (c.2) conflicts, we transform the I I I I

delete-row method with CASCADE and NO AC- [ a ] [ s ] [;iz?:—t:(;nPK] [?oprgi.tﬁ;nw] [igfﬁmn]
TION. In order to maintain referential integrity, L 1 !

when designating a foreign key in SQL, the user [up da:-yiel d] [up datt—yiel d] {up da::_force] {up da:_forc e] [delete_]
must specify the adaptation to the foreign key if noactPK ) [easePK el (Seil el
the corresponding primary key is deleted (or up-

dated). If a foreign key is set to CASCADE, then Fig. 9. Permissibility graph of the transformed and
if a referent primary key is deleted/updated, all refined schema. Each of the (ﬁrst fOLll’) methods in
rows containing a foreign key that refers to that the middle row have an outgoing edge to each of
primary key are also deleted/updated. On the the (first four) methods in the top and bottom rows.
other hand, if the foreign key is set to NO AC-

TION, then the primary key cannot be deleted nor updated unless there are no rows whose foreign
keys refer to that primary key. Accordingly, we specialize each method into two versions: cascade or
no-action. (1) delete-row-cascade(t, ¢): delete the rows that satisfy the condition ¢ from ¢. Further,
if a deleted row contains a primary key k, then for all tables, delete all rows with a foreign key that
refer to k. (2) delete-row-no-action(t, ¢): delete the rows that satisfy the condition ¢ from ¢, unless
a target row contains a primary key that is referred to by some foreign key.

We observe that although add-row-yield (and add-row-force) (still) Pr-conflicts with delete-row-
cascade (and delete-row-no-action), the opposite is not true. The delete method (either cascade or
no-action) preserves referential integrity in the post-state. As before, since update (update-yield
and update-force) has (c.2) conflicts, this transformation is applied to both update methods. This
gives us cascade and no-action versions for each.

Primary Key Updates. On close inspection, each update method still conflicts with itself and
every other update method. Consider two calls ¢; and ¢, on update-yield-cascade, for example.
Let c¢; update some foreign key to refer to some primary key k, while ¢, updates k to a different
value. Then, ¢; Pr-conflicts with c;; the cascade does not delete the new foreign key that is set to
k afterwards. The solution to this problem is abstraction. More specifically, we split the update
methods into two types, one for primary keys and one for everything else. Updates to primary
keys always Pr-commute with updates to non-primary key values, specifically foreign keys (but
not the opposite). We split the update methods for PKs and non-PKs which are called when all, and
respectively none, of the targeted columns are in the primary key of the table. Thus, we split each
of the update variants further into two versions that end in PK and NonPK. The resulting object
has a acyclic and loop-free permissibility graph and abstracts relational schema by construction.
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THEOREM 4. There is an ORDT that abstracts the transformed relational schema.

Proor. Immediate from Lemma 4, Fig. 9, and Definition 12. O

8 NP-Completeness

In § 5, we presented FRASHOKERETI, an optimistic replication protocol for ORDTs, i.e., objects
with an acyclic conflict graph. As we saw in § 6, FRASHOKERETI has two favorable properties: it is
non-aborting and has polynomial-time local complexity. What about general objects; in particular,
objects without acyclic conflict graphs? This set of objects is the complement of ORDTs, which
we denote as ORDT. Previous work presented optimistic protocols for ORDT; however, they are
aborting and have exponential-time local complexity. Two immediate questions are whether there
are proper, non-aborting, optimistic protocols for ORDT, and whether they can have polynomial-
time local complexity. In this section, we first show that ORDT cannot have a proper, non-aborting,
optimistic protocol. Any proper, optimistic protocol for ORDT must be aborting. Further, we
formulate a decision version of the replication problem under aborting specifications and show it
is NP-Complete.

Intuitively, a protocol cannot behave optimistically if there is a set of calls that cannot be reordered
to preserve integrity. We formalize this intuition as follows.

DEFINITION 14 (TANGLED SET). A set of calls s is tangled for a state o if every call is permissible in
o, and the execution of every permutation of s from o has at least one impermissible call.

LEMMA 5. No object with a tangled set of calls for a state reachable from o, permits a proper,
non-aborting, optimistic protocol.

Proor. Consider an object with a tangled set of calls s for state . Let some correct process
p reach o. By propagation, every correct process eventually executes the same set of calls as p;
thereby, by convergence, eventually the (current) state of every correct process is o. Further, by
non-abortion, all calls up to ¢ are eventually committed, i.e., cannot be reordered. At this point, let
the calls of s be concurrently requested (infinitely often) by |s| correct processes. By definition, every
call in s is permissible at 0. By acceptance and optimism, each of these processes must eventually
choose to execute their respective local request, without communicating with other processes.
Then, let all of these calls, i.e., calls of s, propagate between the processes. By propagation, the
correct process p eventually executes every call in s. However, since s is tangled, p cannot arrange
the calls in a way that every call is permissible, thus violating integrity. O

CoROLLARY 5. There is no proper, non-aborting, and optimistic protocol for general objects.

Proor. Consider a bank account with non-negative balance as integrity. It provides withdraw
and deposit methods. In the permissibility graph, the withdraw method has a loop. (This object is
in ORDT.) Two withdraw calls where their combined sum exceeds the balance form a tangled set.
By Lemma 5, there is no proper, non-aborting, optimistic protocol for this object. O

According to Lemma 5, when an object has a tangled set of calls, any proper, optimistic protocol
must abort a call to preserve integrity. For the remainder of this section, we consider protocols that
may abort calls. Specifically, we weaken the non-abortion property to allow for the abortion of
tentative calls under certain conditions. This must be done carefully to prevent the trivial solution
of aborting every call. Thus, we allow a process to abort a call only when necessary, i.e., encounters
a tangled set. (In fact, the process must abort one of the calls.)
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DEFINITION 15 (AS-NECESSARY-ABORTING). If a correct process executes a call c, then it eventually
commits c, unless c is a member of a tangled set s for the committed state, and all calls in s other than
¢ eventually commit.

This property stipulates that a call can only be aborted only if it is part of a tangled set. We now
consider replacing the non-aborting property with the as-necessary-aborting property: we consider
proper, as-necessary-aborting, optimistic protocols. Any such protocol must be able to determine
whether a given set of calls is tangled for a given state. Specifically, if the set is tangled, then the
protocol must choose to abort a call, since by definition, at least one call of every tangled set is
impermissible. On the other hand, if the set is not tangled, the protocol must execute every call
in the set, since the as-necessary-abortion property allows for the abortion of a call only if it is a
member of a tangled set.

We abstractly capture this problem, determining whether a given set of calls is tangled for a
given state, as the co-Tangled decision problem: given an object O = {0y, Z, M) and a set of calls s
on O where every call ¢ € s is permissible in oy, the objective is to decide if s is not tangled for oy,
i.e., there exists a permutation 7 of s such that every call in 7 is permissible upon executing 7 on
0o In fact, such a protocol would need to repeatedly decide instances of co-Tangled throughout its
execution (on different starting states o). We prove co-Tangled is NP-Complete. Thus, any proper,
as-necessary-aborting, optimistic protocol has non-polynomial time complexity (unless P = NP).

THEOREM 6. co-Tangled is NP-Complete.

The full reduction and proof can be found in the Appendix ??; we provide a sketch here. The
reduction is from the 3COLORING problem: given a graph G = (V, E), the objective is to decide if
there exists a coloring F : V. — {red, blue, green} such that no two adjacent vertices share a color.
Given an instance of 3COLORING, we reduce it to an instance of co-Tangled as follows: the object
state is graph G; the initial state oy has every vertex colorless; the invariant 7 is that no two adjacent
vertices share a color; there are four methods in M : red, blue, green, which set the input vertex to
the corresponding color, and clear, which removes the color of every vertex only if every vertex
has a color, and does nothing otherwise. Lastly, let set s = {red(v;), blue(v;), green(v;), clear, clear},
for every vertex v; in G.

Next, we show G has a 3-coloring F iff s is not tangled for gy. (=) We use F to construct
permutation 7 of s where every call in 7 is permissible. The idea is to color the object graph three
times, using clear in between each time. That is, place the calls as follows: calls corresponding
to F first, a clear call, calls corresponding to a rotation of F, the second clear, then the remaining
calls. (&) We use the permissible permutation 7 to construct a coloring F. We claim that for some
post-state in 7, every vertex in the graph has a color. Since every call in 7 is permissible, then no
adjacent vertices share a color. We define F by observing the color of the vertices in that post-state.

9 Experimental Results

We implemented FRASHOKERETI in C++14. In this section, we present our experimental results
for FRASHOKERETI. We first compare FRASHOKERETI with conflict-free objects, i.e., objects with no
conflicts. The experiments exhibit that FRASHOKERETI has comparable results to CRDTs [60]: on
average, FRASHOKERETT s latency and throughput are worse but within 1.9% and 4.7% margin of
CRDTs. We then use FRASHOKERET! to replicate object use-cases with conflicting methods including
the Project, Movie and Courseware usecases that we adopted from previous work [32, 43]. We
adopt ECRO as the baseline as it is the most recent optimistic replication system. We compare
FrasHOKERETI with ECRO for both latency and throughput. Experiments show that as the number
of replicas increases, FRASHOKERETI scales: its throughput increases while its latency slightly
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increases. Additionally, FRASHOKERETI provides significantly higher throughput and lower latency
compared to ECRO. On average, FRASHOKERETI's latency is 47.77x lower and FRASHOKERETI's
throughput is 66.45x higher than ECRO. The throughput is calculated by dividing the total number
of calls by the time it takes for all calls to be replicated on all replicas. The latency (or response
time) is calculated as the average duration between the request and the response over all the calls.
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Questions. The experiments seek to answer the following questions: Is FRASHOKERETI compet-
itive to CRDTs? Is FRASHOKERETT s throughput scalable as the number of replicas increase? How
does increasing the number of replicas affect FRASHOKERETI’s latency? How does FRASHOKERETI
compare to other optimistic replication protocols like ECRO? Can FRASHOKERETI gracefully tolerate
failures?

Conflict-Free Objects. Platform and Setup. To evaluate CRDTs, we deployed our optimistically
replicated objects on NSF HPRC ACES cluster, using the Sapphire Rapids nodes, which run Intel
Xeon 8468 (Sapphire Rapids) with 512 GB DDR5 memory, networked with NVIDIA Mellanox
NDR200 (200Gbps), and connected with NDR400 network switches (400Gbps). We performed
the experiments on a 7-node cluster. We compared FRASHOKERETI on three CRDTs: Counter,
Grow-Only-Set (GSet), and Last-Write-Wins register (LWW). In each run, we issued a workload
of 12k operations. We experimented with 5%, 10%, and 15% write (versus reads). We randomly
generated method calls and uniformly distributed update calls over methods.

Evaluation. Fig. 10 presents the throughput and latency results for CRDTs and FRASHOKERETI
with both increasing number of replicas, and varying workloads. As the number of replicas increase,
the throughput goes up, showing that FRASHOKERET!I is scalable. Further, as the number of replicas
increases, the latency goes up, which is expected since more packets need to be sent. We observe
that FRASHOKERETI stays in the same ballpark as the CRDTs within a margin of 4.7% for throughput,
and 1.9% for latency. In order to handle conflicting calls, FRASHOKERETI maintains a sequence of
tentative calls that CRDTs don’t. However, for conflict-free objects, FRASHOKERETI can tailor a
particular path that skips maintaining the tentative calls. Then, our additional experiments showed
that there will be minor difference in the performance of CRDTs and FRASHOKERETI. Since the
difference is only statistical sampling error, we avoid presenting plots for it.

Objects With Conflicts. Platform and Setup. To evaluate conflicting use cases and to scale
our experiments up to 32 nodes, we deployed FRASHOKERETI on a paid Google Cloud Platform
service using e2-highcpu-8 instances with AMD EPYC 7B12 processors, 8 GB of ECC RAM, and
virtual NICs supporting up to 16 Gbps bandwidth. It runs Red Hat Enterprise 8 with gcc 8.5. Similar
to the previous experiment, in each run, we issued a workload of 12k operations, with 5%, 10%, and
15% write (versus reads), and randomly generated calls uniformly distributed over methods.

We evaluated FRASHOKERETI on 5 conflicting use-cases: Set, Stack, Project, Movie, and Courseware.
Set has two methods: add and remove. Stack has two methods: push and pop. Project has five
methods: add-project, delete-project, works-on, add-employee, and delete-employee. Movie has
four methods: add-movie, delete-movie, add-customer, and delete-customer. Finally, Courseware
has five methods: add-course, delete-course, enroll, add-student, and delete-student.

Evaluation. Fig. 11 presents the throughput and latency FRASHOKERETI and ECRO for the above
use cases, as we change the number of nodes and read versus write ratio in the workload. We first
tried to use an implementation from ECRO’s repository, but only JAR files and not the source codes
were publicly available. Thus, we re-implemented the ECRO protocol in C++. As the number of
replicas increases, FRASHOKERETT s throughput scales across use cases and workloads. At the same
time, its latency only slightly increases. In comparison with ECRO, optimistic replication provides
on average 66.45x higher throughput, and 47.77x lower latency. Both FRAsHOKERETI and ECRO are
optimistic protocols. However, FRASHOKERETI executes calls by efficient handlers with polynomial
time complexity, which enhances its performance. In contrast, ECRO maintains a graph during
runtime which can grow large, and further performs an exponential time computation on the graph
to decide which calls to abort, and how to order the rest.

Workload Ratios. In this experiment, we measure performance for different workloads: 25, 50,
75 and 100% writes. We replicated the five objects we considered above on 4 GCP ec2-highcpu-8
nodes, and issued 12k operations. Figure 12(a) and 12(b) show that as the write percentage increases,
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the throughput decreases, and the latency increases. This trend is expected as more writes generally
incur more conflicts.
Larger Benchmarks. In ad-

dition’ we evaluate FRASHOKERETI Throughput vs Write Percentage s Latency vs Write Percentage
on two larger benchmarks: YCSB e S
[24], and extended courseware.
We extended the courseware ex-
ample into a larger relational
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are explained in the appendix. We
continuously issue operations, and
measure the throughput and la-
tency in 50 seconds after 2 minutes —
of warm up. The throughput and
latency of FRASHOKERETI for YCSB () (f)
are presented in Figure 12(c), and
12(d), and for extended courseware
are presented in Figure 12(e), and
12(f). As expected, as the number
of nodes increases, the latency generally increases, and the throughput increases in YCSB. Further,
the workloads with higher read loads gain higher performance.

Fault-Tolerance. Platform and Setup. The platform is eight 4-core machines (Google Cloud
e2-highcpu-4 instances). We run the stack use-case for 3 minutes with a 50% write ratio, and inject
0 to 2 node failures.

Evaluation. Fig. 13 shows the throughput over time under 0, 1 and 2 failing processes. We
observe that FRASHOKERETI can gracefully tolerate failures and continue the execution of requests.
Further, as the number of nodes is decreased, the stabilization cost decreases and the throughput
increases.
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Fig. 12. (a) and (b) Different workload ratios. (c) and (d) YCSB. (e)
and (f) Extended courseware.

10 Related Works

Conlflict-free Replicated Data Types (CRDTs) [2, 60, 61] characterize a class of objects that converge
without coordination. They have been a subject of specification [16, 17, 44, 67], verification [13,
33, 48, 53], synthesis [3, 15, 36], and incorporation into programming models [47]. They were later
followed by more expressive convergent data types such as cloud, mergeable types [20, 21, 34, 39]
that reconcile calls into a convergent state. Compared to convergent data types, ORDTSs supports
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a larger class of objects: objects with acyclic, rather than empty, conflict graphs, and further
accommodates application invariants.

Unfortunately, CRDTs require every pair of calls
on the object to be commutative, limiting their ap- a0
plicability. Further, they are primarily concerned
with convergence, but not integrity [7]. This in-
spired the development of hybrid solutions, which
fundamentally behave optimistically when possible
and default to coordination when necessary. Works -
like IPA [8], RedBlue [40-42], Quelea [55], Indigo
(9], CISE [29] Hamsaz [32], Hampa [43], and LoRe Fig. 13. Fault tolerance. Throughput over time.
[30] statically analyze the object for invariant con-  The vertical lines show the time of fault injec-
flicts. IPA suggests modifications to the methods to tion.
avoid conflicts at runtime. Indigo offers the choice
between avoidance, e.g., reservations, and repair subroutines to patch the invariant after violations.
RedBlue, Hamsaz, and ECROs categorize methods that require coordination and enforce strong
consistency only on those calls. Quelea takes operation contracts, and determines the weakest
consistency model that preserve invariants for each operation. CISE provides a proof rule to verify
integrity of a replicated object under chosen consistency conditions for its methods. LoRe injects
coordination into reactive local-first programs to provably preserve user-defined invariants. Escrow
mechanisms and its generalizations [9, 11, 31, 35, 45, 46, 51, 54, 56, 58, 68—70] are also hybrid in
principle; they perform operations locally when they do not risk integrity, but ultimately resort
to global synchronization for redistribution and reconfiguration. In contrast, the FRASHOKERETI
protocol operates on ORDTs in a fully optimistic manner, never resorting to coordination.

Motivated by coordination-freedom of CRDTs to preserve convergence, 7 -confluence [6] and
Soteria [49] capture the conditions under which replicated objects can preserve integrity without
coordination. However, similar to CRDTs, these classes don’t include general objects. ECRO [23]
presents a mostly-optimistic protocol for general objects. It statically analyzes methods to determine
those that require coordination, and performs coordination for them. It optimistically executes the
other methods, and dynamically resolves conflicts by searching for an ordering that preserves the
integrity for every call. However, this comes at the expense of (1) potentially aborting calls and (2)
solving an exponential-time graph problem (per call). On the other hand, FRASHOKERETI avoids
both: it never aborts calls and has polynomial-time local complexity.

In order to preserve convergence and integrity, several works proposed modifications to conflict-
ing methods. Operational transformations [25, 63] modify the parameters of concurrent conflicting
calls, but not the method bodies. As mentioned, IPA [8] suggests modifications to methods when
its static analysis discovers conflicts. No-Op [14] considers priorities for methods, and executes
a low priority call as a no-op when a conflict occurs. Instead, Bayou [65] and Indigo [9] attach
additional behavior to calls to repair the invariant. Similarly, this paper presents the yield semantics
to neutralize the call, and the force semantics to repair the integrity. Further, this paper introduces
the refinement technique: splitting methods into refined methods that can reduce conflicts.

Throughput vs Time

Throughput (ops/sec)

120
Time (seconds)

11 Conclusion

This paper proves that optimistic replication for general objects is aborting and NP-Complete. It char-
acterizes ORDTs, objects that can be optimistically replicated with convergence and integrity, and
particularly without aborting calls. It shows that ORDTs subsume CRDTs and transformed relational
schema. Further, it presents an efficient and provably sound replication protocol FRASHOKERETI for
ORDTs.

Proc. ACM Program. Lang., Vol. 10, No. OOPSLA1, Article 161. Publication date: April 2026.



161:26 Eric Man Chan, Javad Saberlatibari, and Mohsen Lesani

12 Data-Availability Statement

We will submit all the development framework including the code, use-cases and experiments to
the artifact evaluation track, and further we will release them as open source software at the time
the paper is presented.
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