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ABSTRACT KEYWORDS

Wide-area stream analytics is commonly being used to extract
operational or business insights from the data issued from multi-
ple distant datacenters. However, timely processing of such data
streams is challenging because wide-area network (WAN) band-
width is scarce and varies widely across both different geo-locations
(i.e., spatially) and points of time (i.e., temporally). Stream analytics
desirable under a WAN setup requires the consideration of path di-
versity and the associated bandwidth from data source to sink when
performing operator task placement for the query execution plan.
It also has to enable fast adaptation to dynamic resource conditions,
e.g., changes in network bandwidth, to keep the query execution
stable.

We present SWAN, a WAN stream analytics engine that incorpo-
rates two key techniques to meet the aforementioned requirements.
First, SWAN provides a fast heuristic model that captures WAN
characteristics at runtime and evenly distributes tasks to nodes
while maximizing the network bandwidth for intermediate data.
Second, SWAN exploits a stream relaying operator (or RO) to extend
a query plan for better facilitating path diversity. This is driven by
our observation that oftentimes, a longer path with more communi-
cation hops provides higher bandwidth to reach the data sink than
a shorter path, allowing us to trade-off query latency for higher
query throughput. SWAN stretches a given query plan by adding
ROs at compile time to opportunistically place it over such a longer
path. In practice, throughput gains do not necessarily lead to signifi-
cant latency increases, due to higher network bandwidth providing
more in-flight data transfers. Our prototype improves the latency
and the throughput of stream analytics performances by 77.6% and
5.64X, respectively, compared to existing approaches, and performs
query adaptations within seconds.

CCS CONCEPTS

« Computer systems organization — Distributed architec-
tures; - Software and its engineering — Distributed systems
organizing principles; - Information systems — Data man-
agement systems; « Networks — Network reliability.

*Corresponding authors

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.

APSys °22, August 23-24, 2022, Virtual Event, Singapore

© 2022 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-1-4503-9441-3/22/08...$15.00
https://doi.org/10.1145/3546591.3547524

Data Processing, Distributed Systems, Networks

ACM Reference Format:

Won Wook SONG, Myeongjae Jeon, and Byung-Gon Chun. 2022. SWAN:
WAN-aware Stream Processing on Geographically-distributed Clusters. In
13th ACM SIGOPS Asia-Pacific Workshop on Systems (APSys °22), August
23-24, 2022, Virtual Event, Singapore. ACM, New York, NY, USA, 7 pages.
https://doi.org/10.1145/3546591.3547524

1 INTRODUCTION

With the surging demand for global services, service providers are
increasingly demanding wide-area stream data analytics in order to
extract information from the global data generated from multiple
distant datacenters [11]. For example, global services need a real-
time log processing system for monitoring systems from thousands
of distant servers to ensure their SLOs [9, 13]. Also, global services
like Twitter [11] need to process distant data in real-time to keep
track of global news and social media. Many of such applications
often require processing the data with high throughput and low
latency as extracting timely information means more value for
service providers.

A wide-area analytics system is typically composed of multi-
ple geo-distributed edge clusters and datacenters connected by
wide-area networks (WAN) [6, 8, 19, 28]. In this setup, the vari-
ability and unpredictable nature of WAN bandwidths make it chal-
lenging to achieve both high throughput and low latency. WAN
exhibits diverse levels of peer-to-peer (P2P) bandwidths depend-
ing on the geo-location, each of which can change in the order of
minutes [25, 28]. Essentially, a streaming engine for WAN analyt-
ics should be adaptive to these spatial and temporal variability of
network bandwidths.

Prior works that consider the spatial variability of networks
under wide-area data analytics often focus on short-lived batch
processing while reducing network data transfers to lower the
network budget and assume that network bandwidth is relatively
stable throughout the query execution [17, 22, 24]. On the other
hand, existing WAN-aware stream processing systems that run
long-running streaming queries try to perform centralized process-
ing after adaptively collecting data to a single data center. Such
an approach requires users to trade-off the query output accu-
racy for performance through pre-aggregation, degradation, and
statistical approximation [7, 19, 28], especially when transmitting
a large volume of raw data under limited network bandwidths.
Despite their great effectiveness, these approaches are frequently
application-dependent and may not apply generally. For queries
that require high accuracies, such as fraud detection and billing
queries, any loss in the query output accuracy may result in un-
desirable reliability or additional costs. Moreover, determining the
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right accuracy-performance trade-off typically relies heavily on the
expertise of the analyst and requires parameter tuning for each of
the different workloads, which may be cumbersome.

To overcome the shortcomings of prior approaches, we investi-
gate a solution that can effectively distribute the query workload
over the nodes without loss of query accuracy. In particular, there
are multiple ways to distribute the tasks of an analytics workload
over geo-distributed computing resources. Our approach for WAN
analytics seeks to avoid exercising a path from data source to sink
that provides poor bandwidth that comes from very different P2P
bandwidths. Moreover, the system aims to adapt the task placement
quickly to keep task executions stable despite changing network
bandwidths [2, 3, 16]. To achieve the goals, we profile networks
to obtain a holistic view on the network path diversity, and keep
monitoring the network usage so that more resources could be
spent on the networks that need more attention and the system
can rapidly adapt to the abrupt changes in resource conditions.

In this paper, we propose SWAN, a new WAN stream analytics
engine that achieves the goals by incorporating two key techniques.
First, instead of trying to make an ultimate task scheduling solution,
SWAN aims to alter the focus on providing a fast solution to keep
the latency low, by providing a speed-oriented solution based on
a fast heuristic model. Next, SWAN improves the quality of the
generated solution by providing more flexibility to task placements
through leveraging longer network paths that exhibit higher band-
widths. We have implemented SWAN on Apache Nemo [20, 27] and
evaluated it with the NEXMark benchmark suite [21], a popular
benchmark suite including multiple queries focusing on different
areas of stream analytics. Within seconds, SWAN reduces the aver-
age job latency of the queries by 77.6% and increases the throughput
rate by 5.64X over using the state-of-the-art distributed query exe-
cution.

2 BACKGROUND AND RELATED WORK

2.1 Distributed Streaming Analytics

Query model. We adopt the Apache Beam [1] dataflow program-
ming model to define a query. On our system, a query is expressed
as a directed acyclic graph (DAG), where each vertex represents
a stream operation, and edges represent the dataflow dependency
between the operations. Stream operations that simply process an
input record and emit its result to downstream operations (e.g.,
map, filter) are connected with one-to-one dependencies, while
operations that accumulate data from multiple source tasks (e.g.,
groupByKey, join) require shuffle dependencies ahead of perform-
ing the transform. Systems often group the operations connected
with one-to-one dependencies as a stage, to pipeline the operations
of a task together on a particular machine to reduce the data trans-
fer. These stages are split into parallel tasks to distribute the job
to a cluster of multiple machines. Unlike one-to-one dependencies,
shuffle dependencies require data transfers over the network from
multiple upstream tasks placed on different machines. In an envi-
ronment with limited network resources, shuffle operations have
to occur on the right network in order to prevent the query from
suffering network bottlenecks.
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Figure 1: A CDF of networks showing the spatial variation
of a geo-distributed cluster.

Stream operator placement. In conventional stream processing
systems [4, 5, 12, 18, 26], tasks are generally scheduled in a round-
robin fashion for an even distribution of tasks across executors.
In order to perform custom task placements on such systems, one
must annotate node names on the individual tasks, with the features
supported by resource managers. Since existing stream processing
systems generally run on local clusters equipped with an excess
amount of network resources, they focus on optimizing CPU and
memory resources. In order to implement custom scheduling poli-
cies, existing systems require modifications on the scheduling layer,
as they are often designed with simple support for batch and stream
modes for scheduling.

2.2 Streaming on WAN

Existing policies designed for local clusters result in significant per-
formance loss and inefficient resource utilization under WAN, due
to the fundamental differences in network environments [17, 22, 24].
While the superfluous network infrastructure on local clusters en-
ables datacenters to reserve network resources for network traffics
from particular machines, long-distance cables installed across con-
tinents must be shared by multiple different network traffics due to
the limited infrastructure. Due to such nature of WAN networks, it
exhibits unpredictable variability in both space and time. We char-
acterize the network with two aspects, into spatial and temporal
variations, to gain insights on how to optimize streaming engines
for WAN environments.

Spatial variability. Spatial variations are caused by the distances
and the different network infra connecting the clusters. The infras-
tructures (e.g., cables, satellites) are usually managed by the internet
service providers (ISPs) to connect different LAN networks together.
As the infrastructures are each designed with different technologies
and budgets, a large diversity exists among the different paths over
the WAN. Figure 1 shows the diversity of network bandwidths in a
geo-distributed cluster of 16 nodes (i.e., 16C2 = 120 connections),
scattered around 8 different sites over 3 continents (details in § 4.1).
Here, we can witness varying average bandwidths as low as about
500KB/s up to 900MB/s, depending on the different locations and
distance between the sites, while most network connections show
average bandwidths below 100MB/s.

When suggesting a network path between two sites, the ISPs
usually provide the path with the lowest latency, but this does not
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Figure 2: A graph showing the temporal variation of a net-
work through time.

necessarily have the highest bandwidth. If the size of the data to
be transferred is larger than the provided bandwidth, it results in
network congestion, which causes the latency to rise, as the large
traffic has to wait in the queue before being processed. Therefore, it
is important to find a network connection that has sufficient band-
width to accommodate the expected traffic. Subsequently, operator
placement decisions need to appropriately made to effectively har-
vest the available bandwidth across the globe.

Temporal variability. Temporal variations are caused by the high
concentration of network traffics through the limited bandwidths
of WAN settings. Due to the large number of network users shar-
ing the provided WAN bandwidths, network patterns are highly
unpredictable and display diverse patterns over time. Also, the long
distance within the WAN adds other physical factors that contribute
to the instability of the network. While WAN networks over longer
distances often show more instability compared to the ones that are
relatively shorter, there also exists heterogeneous variability among
the participating regions. WAN network bandwidth patterns can
be transient or permanent, and steep or gradual, depending on the
cause of the effect, and can occur in bandwidth rises or drops, as
shown in Figure 2. Our observations on a geo-distributed cluster
show that over half of WAN networks suffer from bandwidth drops
of over 20% every 6 minutes on average.

While bandwidth rises do not directly affect the stream analytics
performance, bandwidth drops result in increased latency and lower
throughput if not handled appropriately. Permanent changes or
significant bandwidth drops are particularly considered detrimental
and require the system to adapt the task placement to mitigate
potential network bottlenecks.

Prior approaches and limitations. Existing data processing sys-
tems designed for WAN environments focus on a single type of
variation depending on the type of data that they target. Existing
systems that target short-lived batch processing jobs [17, 22, 23]
focus on the spatial variability to reduce the network data transfers
for lower network budget and assume stable network throughout
the job.

Regardless, the question of how to perfectly schedule tasks to
the geo-distributed nodes while considering all network conditions
and task dependencies altogether is known to be NP-hard [14, 15].
Existing works often depend on ILP solvers to schedule tasks in
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a way that minimizes the longest link transfer finish time of the
reduce tasks [17, 22]. Specifically, they optimize the job by observ-
ing each stages one after another, to find the right proportion of
tasks to place for each node of the geo-distributed cluster. Never-
theless, scheduling tasks using ILP solvers are still significantly
slow compared to other conventional scheduling methods despite
their simplicity of illustrating the problem [17]. The optimization
overhead depends on the length of the query execution plan, but
on average, it is 25X slower than conventional scheduling for NEX-
Mark streaming benchmark queries (§ 4.3). Since stream processing
has strict latency requirements, it is difficult to adopt an ILP model
to effectively handle the temporal variation.

On the other hand, existing systems that target WAN-aware
stream processing [8, 19, 28] describe methods to adaptively col-
lect data to a single data center. In order to do so, such systems
propose effective ways to pre-aggregate, degrade, and statistically
estimate the raw data and trade the output quality for better perfor-
mance over limited bandwidths. However, while such optimizations
are very effective in specific applications (e.g., video processing),
accuracy-sensitive applications, such as fraud detection, billing
queries, and global stock or transactional analysis, cannot adapt
such methods, as lower accuracy can often lead to undesirable relia-
bility and additional problems for such queries [6, 8, 19, 28]. In order
to bypass such problems, it is required for the WAN-aware stream
processing systems to be designed to run on tasks distributed across
a geo-distributed cluster, in a way that can rapidly adapt to the
altering conditions.

3 SWAN
3.1 Insights

Good heuristics over an expensive solver. While ILPs provide effi-
cient simple abstractions for materializing the optimization problem
of distributing tasks to geo-distributed nodes of a cluster to solve
the spatial variability, ILP solvers are too slow to be dynamically
used for stream processing systems. ILP could be a good solution
if WAN networks do not possess temporal variability and the opti-
mization occurs just a single time. However the 25X overhead is not
trivial with job latency if the optimization is to occur repeatedly. In
order to mitigate the optimization overhead, we propose using a
fast heuristic model that effectively captures WAN characteristics.
In building the heuristic model, we aim to put our focus on two pri-
mary aspects. First, we aim to find a model that accurately captures
the network costs, based on the number of upstream and down-
stream tasks and the measured network bandwidths, and minimize
the network cost throughout the stream analytics job. Second, we
try to distribute an even number of tasks to each nodes if possible,
in order to prevent computational bottlenecks that can occur when
the distribution of tasks are too concentrated on a specific set of
nodes.

Query rewriting to fully cover promising longer paths. Wide-area
networks are usually managed by ISPs, who, by default, provide the
network with the minimum latency upon each request. However,
this does not relate to higher bandwidth. Figure 4 shows an example
of a network connection between Seoul and Paris that exhibits
more network bandwidth if travelled through New York, instead
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Figure 3: An overall architecture of the SWAN system.

of travelling directly to each other. When provided with a low-
latency network with limited bandwidths, the data transfer can
suffer from even more latency due to the congestion caused by
excess network traffics. Moreover, limited bandwidths lead to full
usage of the bandwidth, leaving less room to act as a buffer upon
sudden small bandwidth drops with temporal variations. In order
to prevent such cases and leverage the network connections with
more bandwidths, we perform query rewriting to cover longer paths
that are more promising for our workload. In order to capture such
network connections, we enable our system to extend the query
execution plan with relay operators that simply pass on the data
from the uplinks to the downlinks.

3.2 Design Overview

We capture these insights in our system, SWAN, which uses a
fast and effective heuristic model for placing tasks on the geo-
distributed cluster, with extended optimization techniques to rewrite
queries and expand the query execution plan to capture promising
longer paths with more bandwidths. Figure 3 shows the key system
components involved in the scheduling and optimization of the
query execution plan. Once a dataflow application is submitted to
SWAN, the compiler performs basic optimizations, such as stage
partitioning and determining the number of tasks for the workload,
and builds the application into a physical execution plan, which is
composed of a group of tasks. With the query execution plan, the
SWAN planner collects network metrics and the total number of
tasks and their dependencies, to calculate the predicted network
cost, and determines where to place each of the tasks. The sched-
uler takes the physical plan with the placement information and
distributes them to the geo-distributed cluster in the way specified
by the plan.

When the latency increases in the workload, the metric monitor
triggers dynamic optimization, which submits a modified physical
plan with the new placement specification to the scheduler. The
scheduler fires an optimization mark, which is a special implemen-
tation of a watermark that triggers each tasks to checkpoint their
data to be migrated according to the new placement specification.
Each tasks are sequentially migrated to replay the data from the
point of the optimization mark.

3.3 Operator Placement Algorithm

A stream processing application typically has source tasks fixed on
specific sites. The tasks of children stages can predict the potential
network cost that it incurs if placed on a specific site s € S among all
sites S, based on the number of upstream tasks on the upstream site
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New York

Figure 4: An example of a geo-distributed cluster setup.

u € S and the given bandwidth between the sites bandwidths,. We
also find the appropriate number of task slots for each site to evenly
distribute tasks among the multiple sites. Based on the calculation
of these two values, we distribute tasks according to the ratio of
the number of remaining slots divided by the expected network
cost of a site. This way, we distribute more tasks to the sites where
the network cost is smaller, while also distributing tasks to sites
that have more task slots left. We describe the logic above with the
following equations:

task_slotsg — tasks_counts

(Y

Distribution_ratio_factors =
- f s network_costs

upstream_tasks_countu
bandwidths,

s.t. network_costs = Z
ues

@)

> tasks_count 1
and task_slotsg = HO;ES[W + 5] (3)

To understand the scheduling algorithm, we use an example on a
WAN setting illustrated on Figure 4, where three nodes are allocated
on each of the three sites, making it a cluster of )} node_count =9
nodes. Let us assume a case of executing a three-stage application,
where 8 tasks are generating source data in stage 0, followed by
5 tasks in stage 1, and 3 tasks in stage 2. Since the application
consists of a total of 16 tasks to be placed on a total of 9 nodes,

we set the upper limit for the number of tasks on each node to

[% + %] = [% + %] = 3, which results in a total of
3 X 3 = 9 slots for each site. Specifying task slots enables us to
prevent tasks from being too crowded on a specific site.

Let us assume a case where 3 data source tasks are placed in
Seoul and NY, while 2 data source tasks are placed in Paris. In order
to schedule the following 5 tasks in stage 1, we first observe the
remaining slots for each site, where a total of 9 — 3 = 6 slots are left
in Seoul and NY and 9 — 2 = 7 slots in Paris. We next calculate the
network cost for a potential individual task if it was to be placed on
a specific site, described in Equation 2. By this calculation, NY, Paris,
and Seoul has the cost of % +% ~ 0.5, 13—8 +% ~ 1.7,and %+% ~ 1.4,
respectively. With these numbers, we find the target ratio of task
distribution as described in Equation 1. This way, NY, Paris, and
Seoul has the target distribution ratio of % : 17—7 : ﬁ ~3:1:1
Consequently, 3 tasks of Stage 1 are scheduled on NY, and Seoul
and Paris are each scheduled with a single task.

The remaining 3 tasks of stage 2 are scheduled by repeating the
steps above. The remaining slots are 3, 6, 5, respectively for NY,
Paris, and Seoul. Network costs are 11—8 + % ~ 0.2, % + % ~ 0.7, and
% + % ~ 0.9 for NY, Paris, and Seoul. According to the logic above,

6 .5

the target distribution ratio is % t97 09 ¥6:3:2~2:1:0,
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and hence 2 tasks are scheduled on NY and a single task is scheduled
in Paris.

Our operator placement algorithm can be generally applied to
any physical plan consisting of multiple tasks, to place them on an
arbitrary number of nodes placed on different sites. In our example,
we can observe that NY has the best network conditions among
the three sites, and our scheduling algorithm places a total of 8
tasks on NY, while placing 4 tasks each in Paris and Seoul. This
way, data can flow into the direction of the site with the most
available bandwidths, while preventing a specific site from having
too many tasks. While our example illustrates a small example,
the slot allocation comes into great usage when the scale of the
physical plan grows to hundreds of tasks.

3.4 OQuery Rewriting

Now that we have a query execution plan with annotations spec-
ifying the nodes to place each of the tasks on, we can do further
optimizations on the scheduling. On the setting illustrated in Fig-
ure 4, we can see that the network between Seoul and Paris exhibit
a much narrower bandwidth compared to the bandwidth between
two areas through New York. Although we try to use the high
bandwidths as much as possible with our operator placement al-
gorithm, a few tasks inevitably have to transfer data through the
low bandwidth between Seoul and Paris. In such cases, we provide
an extra option to insert a relay task between the tasks in order to
be able to send the data through the network going through New
York, instead of using the original option.

Nevertheless, if too many tasks transfer data over the high band-
width, that bandwidth can also be congested due to the large number
of traffic. Therefore, we choose to insert the relay task only if the
average bandwidth among the tasks transferring data through the
network becomes higher with the new option:

ba”dWidthrelayinetwork bandWidthoriginal

©

2 tasks_countyeiqy nerwork X tasks_countoriginal

Since the major problems in WAN-based analytics occur with
lower bandwidths that are intolerable with temporal fluctuations,
inserting relay tasks do not significantly increase the latency, as
with higher bandwidth, we can allow higher degree of concurrent
stream data transfers.

4 EVALUATION

4.1 Methodology

Testbed setup. We deploy our system on 16 GCP Compute Engine
e2-standard-4 nodes, each equipped with 4vCPUs and 16GB of
memory. We launch 2 nodes on each of the 8 regions on three
continents: Taiwan, Mumbai (Asia), Finland, Belgium, Netherlands
(Europe), Iowa, South Carolina, and Oregon (America). All nodes
run Ubuntu 18.04.

Workloads. We measure the performance of queries from the
NEXMark Benchmark Suite [21], a popular benchmark containing a
large variation of stream processing queries representing an online
auction system. Among the different queries, we spotlight query 4,
which calculates for the average price for each category, illustrating
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Figure 5: A graph of the 95th percentile latency of the work-
load after triggering optimization at time = 0 of execution of
NEXMark benchmark query 4.

an example of using join and aggregation, which involves shuffle
operations.

Prior approaches in comparison. In addition to our implementa-
tion of the scheduling policy for operator placement and query
rewriting, we also implement prototypes of existing ILP-based so-
lutions described in both Clarinet [22] and WASP [10]. Among
the ILP solutions, I have included the ILP solutions that perform
better among the two solutions for the results. In order to com-
pare the effectiveness of the heuristic model, we also run the con-
ventional computation-oriented scheduling algorithm for compari-
son [4, 20, 27].

Performance metrics. We measure the latency and the throughput
of the stream analytics for different queries. For measuring latency,
we fix the throughput at a fixed input rate and observe the 95th
percentile latency changing over time. For measuring throughput,
we maximize the input rate, and observe the system performance
under the given conditions.

4.2 Throughput and Latency

Figure 5 shows a 95th percentile latency graph comparing the
heuristic model with ILP-based model and the conventional sched-
uling policy over time. In this workload, we set the input rate to
100K events per second, which is about 10MB/s in its actual size. On
the graphs, we can see that ILP-based models exhibit the slowest
starting time, displaying high latency at the beginning of the work-
load. As the time goes on, it performs better than the conventional
approach, which gradually degrades over time, as it is designed
without the consideration of WAN networks. The heuristic model
on SWAN exhibits some latency at the beginning of the job com-
pared to the conventional approach, but the latency is negligible
compared to ILP solvers. Among the different solutions, SWAN
shows the most stable overall latency throughout the workload,
displaying its effectiveness for optimizing operator placement on
appropriate WAN.

4.3 Query Placement Speed

Figure 6 displays a graph comparing the different approaches of the
scheduling algorithms. As described earlier, we can witness a huge
overhead, ranging from 20X up to 32X overhead in both ILP cases,
compared to the simple heuristic algorithm described in § 3.3. We
can witness ILPs suffering from higher overheads with larger query
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Figure 6: A graph comparing the scheduling overhead of the
different approaches.
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Figure 7: A graph of the throughput of the data transfer
rate with and without the relay task insertion in NEXMark
benchmark query 4.

execution plans for queries 4, 13, and 14, with ¢ = 1747ms and
o = 1824ms each, while the heuristic model exhibits o = 46.2ms
throughout the list of different queries.

4.4 Effect of Query Rewriting

In order to spotlight the effect of relay tasks upon query rewriting,
we measure the data transfer rate of the workload over time for a
workload with inserted relay tasks, and another without the opti-
mization, as shown in Figure 7. We launch the job with maximum
input rate, and observe the data transfer rate for the workload. On
the graph, we can see that the throughput with the insertion of
the relay task shows much better performance compared to the
original option. While the throughput rate gradually decreases with
the network bottleneck for both options, the relay-inserted work-
load always displays superior performance for the data transfer
compared to the original approach.

5 CONCLUSION

In this paper, we present SWAN, a stream processing system tai-
lored for distributed stream analytics on geo-distributed environ-
ments. We point out the problems of spatial and temporal varia-
tions that co-exist in WAN settings, and discuss a fast and effective
heuristic-based model to solve the problem of scheduling tasks on
the different nodes with heterogeneous network conditions in a
geo-distributed cluster. In addition, we also discuss a way to opti-
mize the solution further, to add relay tasks appropriately at points
where the network can be further optimized by utilizing longer
network paths that exhibit more bandwidths, to bypass original
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supplies of low-bandwidth networks. Our experimental evaluations
on latency and throughput show a 77.6% reduction in the average
job latency and a 5.64X increase in the throughput rate within
seconds.
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