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Motivation 

 
New enterprise applications .. 

□  Growing number of users 

□  Increasingly complex queries 

□  Interactive data exploration 

.. require scalability 

            [1] 

Scale-up vs. scale-out 
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Figure 10: Read-Only Replication.

tions such as open invoices or open customer orders. Since it
is often desirable to compare the current year with the last
year, we apply the same logic to last years data. All other
transactional data can be considered as cold. Master data
and configuration data always remains hot as it is frequently
requested and only consumes little main memory capacity.
If we want to access historic data, we simply access both hot
and cold data partitions. On the other hand we can concen-
trate all business activities, including monthly, quarterly, or
yearly reports on the hot data partition only. Our analy-
sis shows that the hot data volume is typically between two
and ten percent of the data volume of a traditional database.
This is even less than a traditional database typically uses
for its in-memory cache.

5.5 Read-only Replication
Despite the aggregate cache, the increasing demand of

new applications, more users and more complex queries can
eventually saturate a single-node in-memory database sys-
tem.

To keep up with the growing demand for flexible reports,
we propose a read-only replication of the transactional schema.
The scale-out is performed by shipping the redo log of the
master node to replications that replay transactions in batches
to move from one consistent state to the next [14]. Figure 10
provides an overview of this design. The need for real-time
information depends on the underlying business function-
ality. While many applications of the day-to-day business
such as stock level or available-to-promise checks need to run
on the latest data to produce meaningful results, others can
work with relaxed isolation levels. I propose that a powerful
master node handles transactions and OLXP workload with
strong transactional constraints.

Modern IT solutions create business value through ana-
lytical applications on top of the transactional data. Cus-
tomers can access the system to track the status of their
orders, sales managers are enabled to analyze the customers
profile and use analytical applications such as recommenda-
tions and managers access run decision support queries.

These applications create the majority of the system load,
but they have relaxed real time constraints. The queries can
work on snapshots and evaluated on read-only replicas of
the same transactional schema. Contrary to existing data
warehousing solutions with an ETL process, the applications
can be created with all flexibility, as all data is accessible up
to the finest level of granularity.

These read-only replicas can be scaled out and perform

the share of the read-only workload that has relaxed trans-
actional constraints. Since there is no logic to transform
data into a different representation, the replication for typ-
ical enterprise workloads can be performed with a delay of
less than a second. In turn, the transactional workload is
not hindered and all applications can use the same transac-
tional schema, without the need for complex and error-prone
ETL processes.

6. FUTURE RESEARCH
Our ongoing research efforts are concentrated on workload

management features for the proposed database architec-
ture [26], lightweight index structures for column stores [4]
and optimized transaction handling for highly contentious
workloads. For future work, we foresee several areas of re-
search for further investigation.

Although hierarchies can be modeled in the data schema
by using techniques as adjacency lists, path enumeration
models and nested set models, querying complex hierarchies
expressed in standard SQL can be cumbersome and very ex-
pensive. Consequently, we plan to further investigate new
ways of calculating and maintaining hierarchies of dynamic
aggregates. Additionally, applications need to be redesigned
in order to allow users to define new hierarchies. Intuitive
mechanism for describing and modeling hierarchies are nec-
essary. This can be beneficial for both, the caching of dy-
namic aggregates and for new applications including enter-
prise simulations and ’what-if’ scenarios.

The availability of large capacities of main memory has
been one of the hardware trends that make the proposed
database architecture a viable solution. New changes to
the commodity hardware stack, such as non-volatile memory
and hardware transactional memory are on the horizon and
the database architecture will be adapted to leverage these
technologies. In a first step, non-volatile memory can easily
be used as a fast storage medium for the database log. In
the future, the primary persistence might be stored on non-
volatile memory allowing to significantly decrease recovery
times, introducing the new challenge of directly updating
the durable data using a consistent and safe mechanism.

The new provided flexibility in maintaining multiple re-
porting hierarchies or analyzing recent business data in near
real-time will lead to completely new types of applications.
The possibility of predicting future trends or quickly react-
ing on changing trends by running complex enterprise simu-
lations directly on the actual transactional data will change
the way businesses are organized and managed.

7. CONCLUSION
In 2009, I proposed a column-based system architecture

for databases that keeps data permanently resident in main
memory and predicted that this database design will replace
traditional row-based databases [16]. Today, we can see
this happening in the market as all major database ven-
dors follow this trend. In the past 5 years, we have proven
the feasibility of this approach and many companies have
this database architecture already in productive use. The
experiences gained by rewriting existing applications and
writing new applications, which I have not even dreamed
that they are possible ten years ago, have confirmed that
column-based systems without any transaction-maintained
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Related Work 

 
 
Theoretical replication models and comparison    [2] 

□  Eager vs. lazy 

□  Group vs. master 

 

Implementations 

□  Postgres-R – Eager group replication based on shadow copies  [3] 

□  ScyPer – Lazy master replication with row layout for master node  [4] 

□  .. 
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Hyrise 

 
Storage engine developed at HPI for research and prototyping, 
initially focused on main memory processing and 
hybrid storage layouts of tables 

□  Dictionary and bit-vector compression 

□  Main/delta architecture with merge process 

□  Hybrid row and column layouts of tables 

□  Supports vertical and horizontal partitioning  
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Dispatcher 

Redirect queries to cluster nodes 

□  Transactional workload -> master node 

□  Reads -> all cluster nodes 
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Replication Mechanism 

Logs are written to file system + send to cluster interface 
Cluster interface sends (dictionary encoded) log information to replicas 
Frequency is configurable and based on 

□  Number of calls 

□  Exceeding buffer size 

□  Time since last transmission 

 

TCP with nanomsg 

□  Survey pattern allows replicas 

to acknowledge reception 

□  Heartbeat protocol for failover 
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Why Hyrise-R is a good fit for Enterprise Applications 
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tions such as open invoices or open customer orders. Since it
is often desirable to compare the current year with the last
year, we apply the same logic to last years data. All other
transactional data can be considered as cold. Master data
and configuration data always remains hot as it is frequently
requested and only consumes little main memory capacity.
If we want to access historic data, we simply access both hot
and cold data partitions. On the other hand we can concen-
trate all business activities, including monthly, quarterly, or
yearly reports on the hot data partition only. Our analy-
sis shows that the hot data volume is typically between two
and ten percent of the data volume of a traditional database.
This is even less than a traditional database typically uses
for its in-memory cache.

5.5 Read-only Replication
Despite the aggregate cache, the increasing demand of

new applications, more users and more complex queries can
eventually saturate a single-node in-memory database sys-
tem.

To keep up with the growing demand for flexible reports,
we propose a read-only replication of the transactional schema.
The scale-out is performed by shipping the redo log of the
master node to replications that replay transactions in batches
to move from one consistent state to the next [14]. Figure 10
provides an overview of this design. The need for real-time
information depends on the underlying business function-
ality. While many applications of the day-to-day business
such as stock level or available-to-promise checks need to run
on the latest data to produce meaningful results, others can
work with relaxed isolation levels. I propose that a powerful
master node handles transactions and OLXP workload with
strong transactional constraints.

Modern IT solutions create business value through ana-
lytical applications on top of the transactional data. Cus-
tomers can access the system to track the status of their
orders, sales managers are enabled to analyze the customers
profile and use analytical applications such as recommenda-
tions and managers access run decision support queries.

These applications create the majority of the system load,
but they have relaxed real time constraints. The queries can
work on snapshots and evaluated on read-only replicas of
the same transactional schema. Contrary to existing data
warehousing solutions with an ETL process, the applications
can be created with all flexibility, as all data is accessible up
to the finest level of granularity.

These read-only replicas can be scaled out and perform

the share of the read-only workload that has relaxed trans-
actional constraints. Since there is no logic to transform
data into a different representation, the replication for typ-
ical enterprise workloads can be performed with a delay of
less than a second. In turn, the transactional workload is
not hindered and all applications can use the same transac-
tional schema, without the need for complex and error-prone
ETL processes.

6. FUTURE RESEARCH
Our ongoing research efforts are concentrated on workload

management features for the proposed database architec-
ture [26], lightweight index structures for column stores [4]
and optimized transaction handling for highly contentious
workloads. For future work, we foresee several areas of re-
search for further investigation.

Although hierarchies can be modeled in the data schema
by using techniques as adjacency lists, path enumeration
models and nested set models, querying complex hierarchies
expressed in standard SQL can be cumbersome and very ex-
pensive. Consequently, we plan to further investigate new
ways of calculating and maintaining hierarchies of dynamic
aggregates. Additionally, applications need to be redesigned
in order to allow users to define new hierarchies. Intuitive
mechanism for describing and modeling hierarchies are nec-
essary. This can be beneficial for both, the caching of dy-
namic aggregates and for new applications including enter-
prise simulations and ’what-if’ scenarios.

The availability of large capacities of main memory has
been one of the hardware trends that make the proposed
database architecture a viable solution. New changes to
the commodity hardware stack, such as non-volatile memory
and hardware transactional memory are on the horizon and
the database architecture will be adapted to leverage these
technologies. In a first step, non-volatile memory can easily
be used as a fast storage medium for the database log. In
the future, the primary persistence might be stored on non-
volatile memory allowing to significantly decrease recovery
times, introducing the new challenge of directly updating
the durable data using a consistent and safe mechanism.

The new provided flexibility in maintaining multiple re-
porting hierarchies or analyzing recent business data in near
real-time will lead to completely new types of applications.
The possibility of predicting future trends or quickly react-
ing on changing trends by running complex enterprise simu-
lations directly on the actual transactional data will change
the way businesses are organized and managed.

7. CONCLUSION
In 2009, I proposed a column-based system architecture

for databases that keeps data permanently resident in main
memory and predicted that this database design will replace
traditional row-based databases [16]. Today, we can see
this happening in the market as all major database ven-
dors follow this trend. In the past 5 years, we have proven
the feasibility of this approach and many companies have
this database architecture already in productive use. The
experiences gained by rewriting existing applications and
writing new applications, which I have not even dreamed
that they are possible ten years ago, have confirmed that
column-based systems without any transaction-maintained
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Evaluation 
on Amazon EC2 cluster 

5 machines with 

□  Intel Xeon E5-2666 v3 (36cCPUs; 10 cores @ 2.9GHz) 

□  60 GiB main memory 
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e�cient to promote a replica node to the new primary node.
In order to be able to do this a failure in the primary

node has to be detected. There are three main objectives
for algorithms that detect failures: a low message frequency
to reduce overhead, a small timespan between the occur-
rence of a failure and its detection to increase availability
and a small probability of premature failure detection to
avoid misplaced failover handling [8]. These objectives in-
terfere with each other. Hence, failure detection protocols
should be tuned for the specific use case to set focus on those
objectives. The probability of premature failure detection is
mainly influenced by package loss and delay and not avoid-
able if the probability of package loss and delay are greater
zero.

In our implementation replica nodes detect a failure of
the master node. After one of them becomes the new pri-
mary node it informs the dispatcher about its new role. The
detection is performed by a heartbeat protocol. The pri-
mary node sends periodically messages of the type HEART-
BEAT_REQUEST to all replica nodes. They reply with a mes-
sage of type HEARTBEAT_REPLY and their current commitId.
The current commitId is necessary for delivering statistics
and to monitor how much the commitIds of all nodes dif-
fer. The replica nodes check periodically if they received a
HEARTBEAT_REQUEST from the primary node. If the amount
of time they have not received such a message exceeds a
certain threshold (TH ), the primary node is considered to
have failed and the first replica node which subscribed to the
cluster will replace it. The threshold, the heartbeat inter-
val (HI ) and the check interval (CI ) are configurable. The
maximum (1), average if CI < HI (2) and average if CI >=
HI (3) time our algorithm takes to detect a failed primary
node are:

Worst Case = dTH/CIe ⇤ CI (1)

Avg Case = round((TH �HI/2)/CI) ⇤ CI + CI/2 (2)

Avg Case = b(TH �HI/2)/CIc ⇤ CI + CI/2 (3)

The reason for letting the primary node request a reply from
the replica nodes and not just letting the replica nodes send
their commitId and wait for a response of the primary node
is due to the fact that all replica nodes should send their
status roughly at the same time without a complicated syn-
chronization mechanism. If the information would not be
pulled from but pushed by the replica nodes, they would
either send it at possibly di↵erent times or would have to
synchronize between each other.

If transactions are committed on the primary node and
it fails before those commits were sent to the replica nodes,
they are still saved to a log file on the primary node’s persis-
tent storage. After a failover the new primary node will use
this information to recover as explained in Section 3.1. The
recovering primary node needs access to the failed primary
node’s log file, which can be quite complicated. Another ap-
proach to solve this problem would be to implement eager
replication as presented in Section 2.

4. EVALUATION
In order to evaluate Hyrise-R we conducted a series of

measurements for di↵erent scenarios. The measurements
were taken with five instances of Amazon’s EC2 c4.8xLarge 7.

7https://aws.amazon.com/ec2/instance-types/

They ran a specifically optimized Intel Xeon E5-2666 v3 with
36 vCPUs or 132 so-called EC2 Compute Units (ECU). An
ECU“provides the equivalent CPU capacity of a 1.0-1.2 GHz
2007 Opteron or 2007 Xeon processor” [1]. The main mem-
ory measured 60 GiB and their persistent storage devices
were SSDs. Of special interest is their Enhanced Network-
ing feature, which claims to deliver improved network per-
formance by a new network virtualization stack and a higher
guaranteed bandwidth. Amazon o↵ers so-called placement
groups for clusters. The instances in a placement group ben-
efit from lower latencies and higher throughput.
In the actual setup up four instances were running Hyrise-

R and one instance was running the dispatcher and our
benchmark tool. We used the Apache HTTP server bench-
marking tool8 for sending and measuring requests concur-
rently. For read workloads we executed a GroupByScan on
a table with one million rows and for write workloads we
inserted in a table with twenty thousand records. The fol-
lowing subsections present the conducted measurements and
results.

4.1 Scale-Out

Figure 2: Increasing number of replicas with read-only work-
load.

One of the main targets of Hyrise-R is to improve the
performance of Hyrise by a scale-out approach. In this ex-
periment we send only read requests to the cluster and in-
creased the number of replica nodes from none to three. As
we can see in Figure 2 our solution scales really well. The
linear performance improvement can result from caching ef-
fects [2] and less overhead through context switching. The
first target, to improve the performance by scaling out was
achieved.

4.2 Availability
The second main target of our implementation was to in-

crease availability, which is achieved by the implementation
of a failover and heartbeat protocol as described in Sec-
tion 3.3. A couple of test cases showed that our failover
mechanism works and is completed in the boundaries calcu-
lated above.

8http://httpd.apache.org/docs/2.2/programs/ab.html

4.3 Mixed Workload Performance

Figure 3: Increasing number of replicas with mixed workload
(except first measurement).

The idea behind this experiment was to find out if an in-
creasing number of replica nodes can also enhance the write
performance in mixed workload scenarios. This is reason-
able because by adding replica nodes, the primary node has
fewer read queries to handle. Thus, there is more time to
process write queries. Figure 3 verifies this hypothesis and
shows that even though our implementation generates over-
head for data exchange and cluster maintenance, it still in-
creases the performance significantly. The diagram shows a
huge drop in performance for mixed workloads compared to
a write-only workload. This has been observed before and
can be explained by a queueing delay as described in [25].

4.4 Replication Delay

Figure 4: Average commit divergence with increasing num-
ber of concurrent write requests.

There is a certain delay between the committing of trans-
actions on the primary node and on replica nodes. This
experiment should tackle the question how large this delay
is. The commit divergence describes the di↵erence of the

last commitId of the primary node and the last commitId
of a replica node at a specific point in time. The average
commit divergence is the average of the sampling of com-
mit divergences of all nodes. The sampling frequency was
50ms. Figure 4 shows that with an increasing number of
concurrent write queries the average commit divergence in-
creases as well. Important to mention is the fact that there
was almost no commit divergence between the replica nodes
in our test scenario. They diverged by a maximum of two
commits.

Figure 5: Commit delay in ms with increasing number of
concurrent write requests.

More significant than the average commit divergence is
the commit delay in relation to time. If we take the number
of commits per millisecond and set this in relation to the
commit divergence, we will get the commit delay measured
in milliseconds, naively said: the time it takes until a commit
which was completed on the primary node is completed on
a replica node. Figure 5 shows the results of this calculation
and in contrast to Figure 4 the values are almost stagnating
independent of the concurrency level. Commits take roughly
between 108ms and 120ms to get from primary to replica
node. The results of these measurements depend a lot on
the used hardware and network infrastructure.
If we imagine a burst of write queries and afterwards no

requests at all, the cluster will be in a stale state for around
120ms. This is acceptable for our enterprise use case as a
replication approach like this would not be used for critical
infrastructure like transportation or power supply.

4.5 Impact of Exchanging Replication Data
To propagate the commits throughout the cluster, the ex-

change of data is necessary as explained in Section 3.2. This
data exchange is considered as overhead and it increases
with an increasing number of replica nodes. The experiment
shown in Figure 6 was supposed to find out the impact of
the communication overhead. As we can see, there is no im-
pact of the communication overhead. The small fluctuations
could be explainable by network and computation perfor-
mance variations. At least in our test scenario the overhead
of communication is apparently too small to degrade perfor-
mance. In another environment where nodes would not be
that closely connected we would expect overhead caused by
network communication.



Conclusion 

Hyrise-R – a system to cluster Hyrise instances using lazy master replication 

□  Dictionary compressed logs for updating replicas 

□  Heartbeat protocol for failover 

□  Benchmarks on Amazon EC2 cluster 

Future Work 

□  Extend query dispatching and distribution 

□  Extend mixed workload measurements (ch-beCHmark)  
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