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Abstract
Information has become a key commodity for most service
providers. Analyzing streams of data efficiently, in real time,
has become increasingly more important for supporting new
products and applications.

This paper outlines a novel abstraction for perform-
ing incremental stream processing based on Computational
Conflict-free Replicated Data Types. C-CRDTs are repli-
cated objects that can be updated concurrently without co-
ordination to perform a computation and still converge to a
consistent state that reflects all contributions.

Results obtained with a preliminary prototype show that
C-CRDTs have the potential to match and improve compu-
tational throughput when compared with a state of the art
stream processing system.

Categories and Subject Descriptors D.1.3 [Concurrent
Programming]: Distributed programming, Parallel program-
ming; E.1 [Data Structures]: Distributed data structures

Keywords Stream Processing, Distributed Processing, In-
cremental Computation, Real Time

1. Introduction
Information has become a key commodity for all major In-
ternet players providing core services, such as search, social
networking or e-commerce. Analyzing personal and busi-
ness data is now common practice; doing so efficiently, in
real time, is increasingly more important for supporting new
products and applications.

Data processing solutions for cloud computing infrastruc-
tures, such as Map-Reduce [10] and DryadLINQ [20], have
been designed for batch processing of bulk data. Effective
for their primary goal, they proved inadequate for real-time
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processing. Latency can be improved by extending batch
processing systems, by exposing partial computations and
early results, as in (e.g. Map-Reduce Online [8]) or pursu-
ing incremental models [4]. However, pitfalls remain that
stem from operating over persisted bulk data and the penalty
inherent to secondary storage.

In this paper we outline the foundations of Titan, a sys-
tem for real-time, incremental data processing that we are
currently building. Titan aims to tightly integrate computa-
tions with a decentralized storage system, striving for both
performance and resilience, to ensure deterministic compu-
tations.We expect to achieve the low latency benefits of soft
state based computations, with the fault tolerance guarantees
of a backing store.

Titan is built on top of the Conflict-free Replicated Data
Type (CRDT) abstraction [19]. CRDTs allow multiple repli-
cas of the same data (structure) to be modified without co-
ordination, guaranteeing that replicas can be merged later
without need for any conflict resolution policy. This al-
lows Titan to aggressively cache data in memory in mul-
tiple nodes for achieving high throughput, while resorting to
secondary storage as a fallback for long term persistence.

Performing computations over soft state is one of the
advantages of stream processing systems (e.g., Yahoo’s
S4 [15]), but resilience to faults becomes a major concern, as
they impact consistency and determinism of ongoing com-
putations. The use of CRDTs may help with providing de-
terministic and consistent fault tolerance.

Unlike existing alternatives, such as stream process-
ing, that favor the execution of arbitrary application code,
we want to capture much of the processing logic as a
set of known operations over specialized Computational
CRDTs, with particular semantics and invariants, such as
min/max/average/median registers, accumulators, top-N sets,
sorted sets/maps, and so on. Keeping state also allows the
system to decrease the amount of propagated information.

Preliminary results obtained in a single example show
that Titan has an higher throughput when compared with
state of the art stream processing systems.

The remainder of this paper is organized as follows. Sec-
tion 2 discusses related work. Section 3 introduces compu-



tational CRDTs, while Section 4 present Titan’s program-
ming model. Section 5 overviews the system design. Sec-
tion 6 presents a preliminary evaluation of the system and
Section 7 concludes the paper with some final remarks.

2. Related work
Our work has been influenced by research from several ar-
eas, which we briefly survey.

MapReduce [10] is actively used by researchers and com-
panies alike, in order to provide computation of massive
amounts of data, with a simple programming model. In re-
cent years, it became clear this model was insufficient for
the increasing needs of social applications, improved user
interactivity, or simply response time.

Many improvements to MapReduce have been proposed
as a response, but one or more of the key problems usu-
ally remain: computations have to start and stop with a set
amount of data, changes require recomputing everything
again [21]; jobs are based on batches with a certain size,
and even for incremental computation, one small change on
a chunk of data requires recomputing the whole chunk and
whatever chunks are associated with it [4]; in all cases, com-
putations are intended as, at most, a single pipeline of trans-
formations over a dataset [4, 8, 10, 21] and do not allow
reuse of partial computations by multiple data flows; linking
several computations requires work; adding more resources
or simply new data or computations after being launched
is impractical or impossible; and usually it requires some
amount of complexity from the programmer to offer incre-
mental computations [4].

More recently, some stream-based systems have been
introduced in order to tackle the processing of always-
incoming data. Systems such as Yahoo’s S4 [15], Twitter’s
Storm [1] and StreamMine [5] present good approaches for
stream-based computing at the large scale, although they
each lack in important areas in order to provide scalable
systems for true real-time computations.

None of the systems allow adding more nodes or re-
sources after launch, which is a problem, especially when
it is expected that participatory sensing systems are able to
scale on demand (i.e., elastic). Additionally, we identify that
some computations require faster response times, while oth-
ers can work more similarly to a MapReduce computation,
taking their time and less resources. S4 provides mecha-
nisms for periodic messaging, instead of immediate. Storm
doesn’t take such an approach into account, and adding that
functionality can only be done partially, and with effort.

Regarding failure recovery, none of the approaches are
very good. Storm guarantees that messages are delivered at
least once, but the user has to take that into account on his
code - this can be very hard. In the case of S4, the solutions
are to either keep going and assume data was lost, or fail
the forward Nodes gracefully, and recompute every partial
computation again (similar to Incoop [4]). StreamMine [5]

presents a checkpoint-based approach for fault-tolerance,
although it is unclear how it affects computation latency.

All of the approaches are stuck with the logical notion
of a single computational flow, even if they allow multiple
applications running in parallel on the system. We think
there is a lot of repeated information and computation that
may be interesting to reuse for other workflows.

Various solutions for handling concurrent updates have
been previously used in storage systems [17]. With Titan, we
intend to explore methods of using commutativity for paral-
lel computation. We will take advantage of the novel con-
cept of Conflict-free Replicated Data Types(CRDTs) [19].
CRDTs can guarantee that replicas converge without addi-
tional concurrency control, as long as all replicas receive all
updates (either by receiving the operations or synchronizing
state). Section 3 expands on this concept.

One of S4’s intended objectives is to be science friendly:
easy to program. We agree with this statement. We have re-
cently taken an interest on social-scale computations (e.g,
Participatory Sensing). There has been increasing research
into what can be obtained and processed from sensor data,
such as building location-based systems in the absence of
GPS [3], road conservation and traffic monitoring [11, 12,
14], to extracting and interpreting information from user
generated input, such as [6]. Not only that, but there has
been increased interest in crossing information from mul-
tiple sources, in order to provide richer visualizations and
information, that would otherwise not be possible [9].

In order to provide a framework that allows individuals
from different backgrounds to create and test topologies at
will, building applications that manage to feed off of each
other, and where adding just an additional computational
step is easy, some more work and engineering is necessary
to eventually achieve this.

3. Computational CRDTs
Conflict-free replicated data types (CRDTs) [19] are data
types that allow replicas to be modified without coordina-
tion, while guaranteeing that upon synchronization all repli-
cas converge to the same state that considers all concurrently
executed updates. There are two flavours of CRDTs, with
different sufficient conditions for ensuring final consistency.
In an operation-based model, all concurrent operations must
commute. In a state-based model, the successive states must
form a partial order, updates must always advance in the par-
tial order, and merging states must compute a least-upper-
bound. A large number of CRDTs have been designed in the
past [18], including sets, maps, sequences, graphs, etc.

Computational CRDTs (C-CRDTs) are CRDTs that per-
form the result of a computation. Figure 1 presents a simple
example: the state-based implementation of an object that
keeps the result of computing a sequence of add and sub-
tracts to the initial state of 0. The sum CRDT has a payload
with two vectors, one for elements with positive value and



1: payload number[n] P , number[n] N -- One entry per
replica

2: initial [0, 0, . . . , 0], [0, 0, . . . , 0]
3: update add (N)
4: let g = myID() -- g: source replica
5: P [g] := P [g] +N

6: update subtract (N)
7: let g = myID()
8: N [g] := N [g] +N

9: query value () : number v
10: let v =

∑
i P [i]−

∑
i N [i]

11: compare (X, Y) : boolean b
12: let b = (∀i ∈ [0, n − 1] : X.P [i] ≤ Y.P [i] ∧ ∀i ∈

[0, n− 1] : X.N [i] ≤ Y.N [i])
13: merge (X , Y ) : payload Z
14: let ∀i ∈ [0, n− 1] : Z.P [i] = max(X.P [i], Y.P [i])
15: let ∀i ∈ [0, n− 1] : Z.N [i] = max(X.N [i], Y.N [i])

16: merge delta (X , Y ) : payload Z
17: let ∀i ∈ [0, n− 1] : Z.P [i] = X.P [i] + Y.P [i]
18: let ∀i ∈ [0, n− 1] : Z.N [i] = X.N [i] + Y.N [i]

Figure 1. Sum CRDT (state-based)

the other one for elements with negative value. Each replica
can independently modify its entry in the vectors, as add and
subtract operations are executed. The result of the compu-
tation is the difference between the sum of add entries and
the sum of subtract entries. On merge, the resulting state will
include the maximum for each entry in both vectors.

This guarantees that the state of all replicas will evolve
to the same state. The state of each replica includes the
computed result of a sequence of updates, thus efficiently
propagating the contributions of a a potentially large number
of operations in a single synchronization operation.

Although the previous example is very simple, it is clear
that the same approach could be used for a large number of
other computations -e.g., a counter would include only the
vector with positive values; for computing the average, the
sum of elements and the number of elements would be kept;
for computing top-N, the subset of top-N elements is kept;
etc. For example, C-CRDTs can be created by leveraging
previous work on the definition of decentralized algorithms
for computing aggregation functions [2, 7, 8, 10, 13].

3.1 Hollow replicas
In the context of C-CRDTs, for efficiency purposes, it is of-
ten interesting to instantiate pristine replicas of C-CRDTs
lacking remote state - we call these replicas hollow replicas.
For example, while counting the number of words in a text
stream, the application code that processes the stream wants
to increase the sum of words whenever a new word appears.
In this case, it is only necessary to accumulate the incre-
mental part of the sum computation, without need of having
access to the current value.

To this end, we use hollow replicas - a replica with no
initial state. In this example, we would instantiate a hollow
replica of the sum CRDT. Thus, a hollow replica accumu-
lates and later transports the contribution of the stream pro-
cessed by the application to the overall result. Merging a hol-
low replica with a full replica is done by a new merge func-
tion defined in C-CRDTs: the merge delta function. The
merge delta for the sum C-CRDT defined in Figure1 con-
sists in adding the value of each entry in the vectors. For a
map, it would consist in: for new keys, adding them to the
full replica; for existing keys, merging the sum CRDTs.

The state of a hollow replica can be synchronized with
a full replica, thus being promoted to a full replica and
maintaining the complete state of the object. In this case, it
is still possible to accumulate and propagate the delta of the
state to the other replicas (in Figure 1 we omit this code for
simplicity). While hollow replicas perform a task similar to
combiners in Map-reduce systems [10], keeping the full state
of the replica can reduce the information that needs to be
further propagated - e.g. in a top-N object, it is not necessary
to propagate the local top-N elements that will not feature
the global top-N.

In the next section we discuss how Titan combines C-
CRDTs to express computations.

4. Programming model
The Titan programming model involves two main levels of
algorithmic abstraction. One concerns the assembly of a
pipeline of C-CRDTs that transforms the input data into the
desired result, in as many intermediate steps as needed. The
other pertains to selecting appropriate partitioning strategies
for those C-CRDTs to lead to an efficient and balanced use
of the available computational resources and potentiate the
desired level of performance.

Titan is geared towards continuous, incremental process-
ing, where intermediate results can be exposed to feed other
computations or external consumer applications. Sharing
common parts of computational pipeline and partial results
among applications is transparent to Titan applications. To
that end, Titan allows a new computation to reference the
output of any pipeline stage of other instantiated computa-
tions as one of its inputs.

Chaining C-CRDTs to produce a complex computation in
Titan is, first and foremost, centered on exploiting the spe-
cific computational semantics and invariants that are embod-
ied in each C-CRDT type. For instance, a set besides storing
values, also filters duplicates; whereas, a sorted set will ex-
tend that contract with an ordering invariant. As such, typical
Titan application code will not explicitly perform operations
such as testing for duplicates or sort data; likewise, if a com-
putation step consists in a sum of numerical values, that re-
sult will be achieved via the inclusion of a sum C-CRDT in
the computation pipeline, rather than explicitly resorting to
the addition operator of the programming language.



In general, complex computations will be decomposed
into a series of processing steps, where a partial result will
feed the next stage of a processing pipeline, incrementally.
The glue that connects the pipeline stages together and car-
ries data from beginning to the end can be abstracted, as it is
transparently provided at the system level. However, in most
cases, the application is expected to provide the code that
takes the output of a C-CRDT of a given type and adapts it
to the input type of the next computation stage, such as split-
ting a sentence into its words before they can be individually
added to the hollow replica of a set that is computing the
unique words of a text stream in the next pipeline stage.

Decentralized and parallel processing is vital for speed-
ing up Titan computations. The distributed nature of Titan
computations arises lenghtwise in the processing pipelines,
but also at each pipeline processing stage via partitioning
of C-CRDTs. For C-CRDT types that support partitioning,
typically containers such as sets and maps, partitioning is
achieved by pairing each C-CRDT instance with a map func-
tion that projects its domain (e.g., the elements of a set)
into one of several logical partitions. Via partitioning it is
possible, for instance, to exploit spatial or temporal coher-
ence to group and process logically related data in the the
same node, when each logical partition is mapped to the ac-
tual physical partitions supported by the available computing
nodes. Note that, unlike logical partitioning, mapping logical
to physical partitions is automatic by default.

One important aspect that is reflected in the overall al-
gorithmic logic of Titan computations is that C-CRDT par-
titioning embodies the map-reduce mechanism that is also
found in other stream processing architectures. Partitioning
implies a reduce step that in C-CRDT nomenclature is cap-
tured in the merge operation specific to each C-CRDT type.
The C-CRDT merge operation is fundamental for combining
the partial computations performed in the hollow replicas in-
duced by C-CRDT partitioning and, in general, for pushing
forth incremental updates through the computation pipeline.
As such, when reasoning about the chained effects of the
semantics of several C-CRDTs, the particular behaviour of
merge operations involved merits close attention. The gen-
eral rule is that the merge operation preserves the C-CRDT
invariants, if needed via some built-in compensation logic.
However, for more complex C-CRDTs, such as containers
of C-CRDTs, merging may have far reaching side-effects as
part of the invariant preservation, possibly producing cascad-
ing merge of other C-CRDTs. For instance, when instances
of a C-CRDT map are merged, any colliding keys will cause
their respective values to be merged. If those values are
themselves C-CRDTs then another merge operation will be
involved, and so forth. This behaviour can be exploited to
perform complex computations, especially when matched
with judicious partitioning of the computation pipeline C-
CRDTs. To further illustrate the programming model, we
next describe a couple of simple computation examples.

TweetSet TotalWords
Counter

TweetSetTweetSetTweetSetTweetSet

MapOfWord
OcurrencesMapOfWord
OcurrencesMapOfWord
OcurrencesMapOfWord
Occurrences

TopN
Words

Twitter
Stream

computation flow
input output

Figure 2. Example of two computations sharing part of the
processing pipeline

4.1 Examples
Our two examples consist, respectively, in counting the total
of words arriving in a Twitter stream and computing the
top N most popular words, as determined by the number
of occurrences. For this purpose, consider each individual
tweet as message payload comprising a piece of text, made
of words, accompanied by some metadata that includes an
unique identifier. The computation is incremental and in
realtime, meaning the values computed represent the results
obtained so far. They will be continuously updated until
the source stream runs out. A diagram representing the two
computations is presented in Figure 2.

Counting Words Computing the total number of words
in the stream begins with storing incoming tweets in a set
(TweetSet). Any duplicates will be filtered out by the set
semantics. To allow the computation to run in parallel, the
TweetSet will be partitioned into a K fixed number of logi-
cal partitions. The partition function in this case simply maps
the tweet identifier present in the metadata to a numerical
value between 0 and K. Using hashing and modular arith-
metic, we can expect to distribute tweets uniformly across
the K partitions. The total number of words seen so far is
produced in the next stage of the computation, which con-
sists of a C-CRDT counter (TotalWords). As such, each of
the TweetSet’s K partitions will compute (independently) a
subtotal from the tweets it stores; that subtotal will be ac-
cumulated in a local hollow replica of TotalWords. As the
computation progresses TotalWords’ hollow replicas are pe-
riodically merged with the primary, allowing the TotalWords
C-CRDT to converge to the global total count.

TopN Words The most frequent words in a Twitter stream
are found by counting the number of occurrences of each
word. That is accomplished with a map, whose keys are
words and its values C-CRDT counters (MapOfWordOccur-
rences). Just as before, this C-CRDT will be fed, indepen-
dently, by the K partitions of TweetSet C-CRDT to populate
local hollow replicas of MapOfWordOccurrences. Periodic
merging of these hollow replicas will update the counters
in the primary, taking advantage of the semantics of the map
merge operation, which merges values of colliding keys. The
next step in the computation is sorting the words and retain-



ing the top N with highest frequencies. This is done by the
topN CRDT (TopNWords) - a sorted (value) map of a max-
imum fixed size, storing words as its keys and counters for
values. However, computing a top requires sorting - an ex-
pensive operation best performed in parallel. To achieve that,
MapOfWordOccurrences needs to be partitioned. Since up-
dating or merging topN C-CRDT replicas (hollow or other-
wise) can discard excess elements, it mandates that the parti-
tioning scheme must not scatter words across different parti-
tions, otherwise the global top-N computed from the partials
produced at each MapOfWordOccurrences partition would
not be correct. Partitioning MapOfWordOccurrences based
on its keys (i.e., words) avoids the problem. As tweets enter
the pipeline, they produce a cascading effect that eventually
gets to the TopNWords hollow replicas and, consequently
via periodic merge, update the primary.

5. Titan Overview
In this section, we briefly present an overview of the current
Titan design. Titan is designed to run in a set of nodes in a
single cluster. The nodes are organised in a one-hop DHT,
which allows any pair of nodes to communicate directly.

Each physical node manages and stores and provides ex-
ecution for a collection of C-CRDTs or C-CRDT partitions.
The C-CRDT storage is versioned, maintaining for each C-
CRDT, a sequence of versions. C-CRDT are partitioned ac-
cording to the partition scheme defined by the programmer,
upon instantiation. Logical C-CRDT partitions are mapped
automatically to their physical counterparts, by hashing log-
ical partition keys to DHT keys and selecting a node accord-
ingly. Physical partitions are created or loaded on demand,
as data arrives and hollow replicas perform their first merge
with the primary C-CRDT.

An application installs a computation pipeline by creating
and naming the desired C-CRDTs and providing the neces-
sary gluing code. Typically, there will also be some client
code that receives the data stream from an external source
and starts the computation pipeline. As a means to consume
computation results, client applications can request to have
C-CRDT update notifications to be streamed to them, or per-
form an explicit read. In the example of Figure 2, this appli-
cation would consist in consuming the Twitter stream and
adding the new tweets to the TweetSet object, itself exposed
as an hollow replica.

At system level, the programmer supplied code that glues
C-CRDTs together and populates hollow replicas are used in
triggers, associated with each C-CRDT instance. As in Per-
colator [16], triggers are the basis for incremental process-
ing. They can run according to multiple policies, depending
on how the C-CRDT was instantiated: whenever new data
exists; whenever some condition on the data is true; or pe-
riodically. Each C-CRDT can have multiple triggers associ-
ated if it is involved in multiple computation pipelines. In
the example of Figure 2, the TweetSet partitions have an un-

derlying trigger that runs whenever a new tweet is available,
which feeds the C-CRDTs that follow in the computational
pipeline, by populating their respective hollow replicas.

6. Evaluation
In this section, we present a few experimental results with
our preliminary and incomplete Titan prototype. We de-
ployed a similar setup using Storm [1] to have some mea-
sure of comparability. We chose Storm instead of S4 [15]
because it seems to have a very active user community, with
much more frequent fixes and updates.

In the following sections, we will describe our example
application and it’s deployment strategy on both Titan and
Storm. We then describe our testing environment and finally
present our initial results using both systems.

Example Application: Word Count Our test application
consists in counting the total words found in a Twitter
stream, as outlined in Section 4.1. The Storm implementa-
tion followed its programming model. We used an initial set
of bolts (Logical Nodes) for receiving and splitting Tweet-
Messages; followed by several Spouts (Logical Nodes) to
gather these words and count them. Finally, one last Spout
gathers the word counts into a total word count. To provide
a fair comparison, we made an effort to optimize the Storm
application, by implementing bulk processing and finding
the best deployment topology in our testbed.

Testing and Configurations We ran the experiments pre-
sented in this section in a cluster of 8 nodes, each one
equipped with a Quad-Core AMD Opteron 2376 at 2.3Ghz,
4x512KB cache L2, and 8GB of RAM. The operating sys-
tem is Debian 5.0.8, running Linux 2.6.26-2-amd64 kernel,
and the nodes are interconnected via a private gigabit ether-
net. The installed Java Platform was version 6 (OpenJDK,
IcedTea6 1.8.10, 6b18-1.8.10-0 lenny2). For serving Twitter
data, we had several clients preload Tweets into memory on
three of the cluster computers. The remaining five were used
to gather and process the data according to the configurations
explained next.
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22540056 102071 22540056 102029 22538667 102037 102015 22540056 102016 22540056 102025 22540056 102015 22540056 102017 22540056 102015 5301246 57884 5283724 37604 6380762 30208 5255371 9163 1502607.4074074 5250773 8197 1295350.3184713 1.36008E+12 5249322 9781 1043906.25 9781 521953.125
22540056 104071 22540056 104029 22538667 104037 104015 22540056 104016 22540056 104025 22540056 104016 22540056 104017 22540056 104015 5401489 63160 5384102 38314 6488084 32394 5356488 9360 1026568.5279188 5351200 8311 1761877.1929825 1.36008E+12 5350218 9995 942953.27102804 9995 471476.63551402
22540056 106072 22540056 106030 22538667 106038 106016 22540056 106017 22540056 106026 22540056 106016 22540056 106017 22540056 106015 5504581 63955 6625946 32998 5457159 9734 538347.59358289 5452515 8547 858601.69491525 1.36008E+12 5450493 10138 1402447.5524476 10138 701223.77622378
22540056 108072 22540056 108030 22538667 108038 108016 22540056 108017 22540056 108026 22540056 108016 22540056 108018 22540056 108016 5605086 69211 6750673 35329 5557733 9842 1862481.4814815 5554322 8735 1083053.1914894 1.36008E+12 5551485 10395 785929.96108949 10395 392964.98054475
22540056 110072 22540056 110030 22538667 110038 110016 22540056 110017 22540056 110026 22540056 110017 22540056 110018 22540056 110016 5705239 74519 6895139 37887 5658122 10014 1167313.9534884 5655774 8921 1090881.7204301 1.36008E+12 5653271 10613 933816.51376147 10613 466908.25688073
22540056 112072 22540056 112031 22538667 112038 112016 22540056 112018 22540056 112026 22540056 112017 22540056 112018 22540056 112016 5805366 80459 6997249 38049 5758753 10222 967605.76923077 5755923 9027 1889603.7735849 1.36008E+12 5753734 10740 1582094.488189 10740 791047.24409449
22540056 114073 22540056 114031 22538667 114039 114017 22540056 114018 22540056 114026 22540056 114017 22540056 114019 22540056 114017 5905564 81149 7125792 41527 5859811 10448 894318.5840708 5856063 9194 1199281.4371258 1.36008E+12 5855042 10951 960265.4028436 10951 480132.7014218
22540056 116073 22540056 116031 22538667 116039 116017 22540056 116019 22540056 116026 22540056 116018 22540056 116019 22540056 116017 6005793 91591 7231206 41714 5959865 10642 1031484.5360825 5956846 9305 1815909.9099099 1.36008E+12 5956673 11132 1122994.4751381 11132 561497.23756906
22540056 118073 22540056 118032 22538667 118039 118017 22540056 118019 22540056 118027 22540056 118018 22540056 118019 22540056 118017 6107176 102582 7410258 47245 6060953 10786 1404000 6057192 9472 1201748.502994 1.36008E+12 6058262 11328 1036622.4489796 11328 518311.2244898
22540056 120073 22540056 120032 22538667 120040 120018 22540056 120019 22540056 120027 22540056 120019 22540056 120019 22540056 120018 6207405 107829 7547235 49659 6162022 10961 1155074.2857143 6157910 9653 1112906.0773481 1.36008E+12 6158842 11487 1265157.2327044 11487 632578.6163522
22540056 122073 22540056 122033 22538667 122040 122018 22540056 122019 22540056 122027 22540056 122019 22540056 122020 22540056 122018 6308284 123995 7702060 49769 6262581 11095 1500880.5970149 6257918 9722 2898782.6086957 1.36008E+12 6259886 11722 859948.93617021 11722 429974.46808511
22540056 124073 22540056 124033 22538667 124040 124018 22540056 124020 22540056 124027 22540056 124019 22540056 124020 22540056 124019 7926502 49854 6364109 11234 1460834.5323741 6359334 9835 1794973.4513274 1.36008E+12 6360698 11874 1326473.6842105 11874 663236.84210526
22540056 126073 22540056 126033 22538667 126041 126019 22540056 126020 22540056 126027 22540056 126020 22540056 126020 22540056 126019 6465046 11463 881545.85152838 6460236 9999 1230512.195122 1.36008E+12 6461537 12070 1028969.3877551 12070 514484.69387755
22540056 128074 22540056 128033 22538667 128041 128019 22540056 128020 22540056 128027 22540056 128020 22540056 128021 22540056 128019 6566239 11634 1183543.8596491 6560551 10330 606132.9305136 1.36008E+12 6562995 12228 1284278.4810127 12228 642139.24050633
22540056 130074 22540056 130034 22538667 130041 130019 22540056 130021 22540056 130028 22540056 130020 22540056 130021 22540056 130019 6666700 11779 1385668.9655172 6661792 10426 2109187.5 1.36008E+12 6663088 12464 848245.76271186 12464 424122.88135593
22540056 132074 22540056 132034 22538667 132042 132019 22540056 132021 22540056 132028 22540056 132021 22540056 132021 22540056 132020 6768940 12021 844958.67768595 6762608 10534 1866962.962963 1.36008E+12 6764061 12584 1682883.3333333 12584 841441.66666667
22540056 134075 22540056 134034 22538667 134042 134020 22540056 134021 22540056 134028 22540056 134021 22540056 134022 22540056 134020 6870457 12156 1503955.5555556 6863694 10682 1366027.027027 1.36008E+12 6864855 12751 1207113.7724551 12751 603556.88622755
22540056 136075 22540056 136035 22538667 136043 136020 22540056 136022 22540056 136028 22540056 136021 22540056 136022 22540056 136021 6972338 12429 746380.95238095 6964379 10842 1258562.5 1.36008E+12 6965272 12934 1097453.5519126 12934 548726.77595628
22540056 138075 22540056 138035 22538667 138043 138021 22540056 138022 22540056 138028 22540056 138022 22540056 138022 22540056 138021 7072741 12480 3937372.5490196 7064806 10954 1793339.2857143 1.36008E+12 7067987 13123 1086931.2169312 13123 543465.60846561
22540056 140076 22540056 140035 22538667 140043 140021 22540056 140022 22540056 140028 22540056 140022 22540056 140023 22540056 140021 7174104 12620 1448042.8571429 7165823 11058 1942634.6153846 1.36008E+12 7168183 13309 1077376.344086 13309 538688.17204301
22540056 142076 22540056 142036 22538667 142044 142021 22540056 142023 22540056 142028 22540056 142022 22540056 142023 22540056 142021 7275115 12863 831366.25514403 7266284 11234 1141602.2727273 1.36008E+12 7269568 13512 998866.99507389 13512 499433.49753695
22540056 144076 22540056 144036 22538667 144044 144022 22540056 144023 22540056 144029 22540056 144023 22540056 144023 22540056 144022 7377089 12988 1631584 7367769 11439 990097.56097561 1.36008E+12 7369611 13692 1111588.8888889 13692 555794.44444444
22540056 146076 22540056 146036 22538667 146044 146022 22540056 146024 22540056 146029 22540056 146023 22540056 146024 22540056 146022 7478645 13120 1538727.2727273 7469379 11746 661954.39739414 1.36008E+12 7470847 13951 781745.17374517 13951 390872.58687259
22540056 148077 22540056 148037 22538667 148045 148022 22540056 148024 22540056 148029 22540056 148023 22540056 148024 22540056 148022 7580091 13383 771452.47148289 7570747 11864 1718101.6949153 1.36008E+12 7571355 14112 1248546.5838509 14112 624273.29192547
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22540056 162079 22540056 162039 22538667 162047 162025 22540056 162026 22540056 162030 22540056 162026 22540056 162026 22540056 162025 8287709 14724 1465474.4525547 8277332 12676 1050420.5128205 1.36008E+12 8276023 15301 1394708.3333333 15301 697354.16666667
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22540056 192044 22538667 192052 192030 22540056 192031 22540056 192032 22540056 192031 22540056 192032 22540056 192030 9789083 15170 1845527.2727273 1.36008E+12 9790195 18236 1062263.1578947 18236 531131.57894737
22540056 194044 22538667 194052 194030 22540056 194032 22540056 194032 22540056 194031 22540056 194032 22540056 194030 9889197 15355 1082313.5135135 1.36008E+12 9892020 18429 1055181.3471503 18429 527590.67357513
22540056 196044 22538667 196053 196031 22540056 196032 9991054 15494 1465568.3453237 1.36008E+12 9993020 18642 948356.80751174 18642 474178.40375587
22540056 198045 22538667 198053 198031 22540056 198033 10091966 15722 885192.98245614 1.36008E+12 10093201 18793 1326900.6622517 18793 663450.33112583
22540056 200045 22538667 200053 200031 22540056 200033 1.36008E+12 10193823 18995 996257.42574257 18995 498128.71287129
22540056 202045 22538667 202053 202032 22540056 202033 1.36008E+12 10294842 19148 1320509.8039216 19148 660254.90196078
22540056 204046 22538667 204054 204032 22540056 204034 1.36008E+12 10395815 19385 852092.82700422 19385 426046.41350211

22538667 206054 1.36008E+12 10496296 19654 747070.63197026 19654 373535.31598513
22538667 208055 1.36008E+12 10597352 19871 931391.70506912 19871 465695.85253456
22538667 210055 1.36008E+12 10698365 20060 1068920.6349206 20060 534460.31746032
22538667 212055 1.36008E+12 10798602 20223 1229901.8404908 20223 614950.9202454
22538667 214055 1.36008E+12 10898943 20377 1303129.8701299 20377 651564.93506494
22538667 216056 1.36008E+12 10999139 20612 852731.91489362 20612 426365.95744681
22538667 218056 1.36008E+12 11099285 20821 958334.92822967 20821 479167.46411483
22538667 220056 1.36008E+12 11200835 20988 1216167.6646707 20988 608083.83233533
22538667 222057 1.36008E+12 11301612 21154 1214180.7228916 21154 607090.36144578
22538667 224057 1.36008E+12 11403376 21329 1163017.1428571 21329 581508.57142857
22538667 226057 1.36008E+12 11504748 21523 1045072.1649485 21523 522536.08247423
22538667 228058 1.36008E+12 11604888 21745 902162.16216216 21745 451081.08108108
22538667 230058 1.36008E+12 11706653 21917 1183313.9534884 21917 591656.97674419
22538667 232058 1.36008E+12 11807082 22021 1931326.9230769 22021 965663.46153846
22538667 234059 1.36008E+12 11907435 22190 1187609.4674556 22190 593804.73372781
22538667 236059 1.36008E+12 12007625 22360 1178705.8823529 22360 589352.94117647
22538667 238059 1.36008E+12 12108824 22660 674660 22660 337330
22538667 240060 1.36008E+12 12209710 22832 1173093.0232558 22832 586546.51162791
22538667 242060 1.36008E+12 12310251 22946 1763877.1929825 22946 881938.59649123
22538667 244060 1.36008E+12 12411553 23058 1808964.2857143 23058 904482.14285714
22538667 246061 1.36008E+12 12513047 23256 1025191.9191919 23256 512595.95959596
22538667 248061 1.36008E+12 12614300 23427 1184245.6140351 23427 592122.80701754
22538667 250061 1.36008E+12 12714361 23649 901450.45045045 23649 450725.22522523
22538667 252062 1.36008E+12 12814660 23822 1159526.0115607 23822 579763.00578035
22538667 254062 1.36008E+12 12915318 23977 1298812.9032258 23977 649406.4516129
22538667 256062 1.36008E+12 13015424 24137 1251325 24137 625662.5
22538667 258063 1.36008E+12 13116274 24233 2101041.6666667 24233 1050520.8333333
22538667 260063 1.36008E+12 13217620 24392 1274792.4528302 24392 637396.22641509
22538667 262063 1.36008E+12 13318670 24628 856355.93220339 24628 428177.9661017
22538667 264063 1.36008E+12 13420353 24786 1287126.5822785 24786 643563.29113924
22538667 266064 1.36008E+12 13520867 24955 1189514.7928994 24955 594757.3964497
22538667 268064 1.36008E+12 13621547 25115 1258500 25115 629250
22538667 270065 1.36008E+12 13722435 25264 1354201.3422819 25264 677100.67114094
22538667 272065 1.36008E+12 13823828 25522 785992.24806202 25522 392996.12403101
22538667 274065 1.36008E+12 13923843 25644 1639590.1639344 25644 819795.08196721
22538667 276066 1.36008E+12 14025142 25820 1151125 25820 575562.5
22538667 278066 1.36008E+12 14126733 25972 1336723.6842105 25972 668361.84210526
22538667 280066 1.36008E+12 14227920 26127 1305638.7096774 26127 652819.35483871
22538667 282067 1.36008E+12 14328010 26298 1170643.2748538 26298 585321.6374269
22538667 284067 1.36008E+12 14428754 26568 746251.85185185 26568 373125.92592593
22538667 286067 1.36008E+12 14529913 26730 1248876.5432099 26730 624438.27160494
22538667 288068 1.36008E+12 14630834 26967 851654.00843882 26967 425827.00421941
22538667 290068 1.36008E+12 14731085 27699 273909.83606557 27699 136954.91803279
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Chart 1

12_1000_10_1_4_50_count 12_100_1_4_10_4_count
12_100_1_4_4_10_count Storm_count
Storm_old Storm_old
12_100_1_4_4_50_count 12_1000_1_1_4_4_count
12_1000_1_4_10_4_count 12_1000_1_4_4_10_count
12_1000_1_4_4_50_count

time time time time time time time time time
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
1.35929E+12 1.35929E+12 1.35929E+12 1.35929E+12 1.35973E+12 1.35973E+12 1.35973E+12 1.36008E+12 1.36008E+12
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Figure 3. Counting Words experimental results



We ran several Storm topologies, with varying configu-
rations. For the purpose of this article, we present the best
configuration we found for running the Storm topology, with
4 initial nodes (spouts) for splitting the incoming tweets into
words, 4 nodes (bolts) counting word occurrences, and a fi-
nal node (bolt) that summed everything. Under this setup,
Storm was gathering 100 Tweets per read from the clients.

Regarding the Titan experiment, we present two different
runs: one similar to Storm, as described before, using the
5 machines for running Titan computations, and a second
configuration using a single machine for Titan computations.

The results from these experiments are found in Figure 3.
Despite the preliminary nature of our results and the simplic-
ity of the example, the outlook is promising. Parallel Titan’s
throughput is both higher and more consistent than Storm’s,
reaching its maximum performance much earlier. Parallel
Titan finishes first and compares well to the single-machine
execution, taking advantage of decentralized processing.
7. Conclusions
This paper outlined Titan, a system aiming for real-time,
incremental data processing, whose main abstraction, intro-
duced in this paper, is the Computational CRDT.

C-CRDTs perform elementary computations and main-
tain specific invariants. As any other CRDT, they can be
replicated in any number of nodes and modified without
coordination, while being guaranteed that replicas can be
merged automatically with all updates being considered.

Titan can be seen as a decentralized storage and execu-
tion environment for C-CRDTs, supporting computations
defined as a graph of C-CRDT nodes interfaced through
small pieces of application code. Results obtained with our
preliminary prototype are encouraging, showing an improve-
ment in throughput when compared to Storm.

Titan is still under active development. Our future work
will focus on dynamic and multi-partitioning of C-CRDTs,
resilience to faults and improving persistent storage integra-
tion in the system.
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