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Abstract

In this paper, we study how to optimize the data shuffle phase by leveraging the flow
relationship in datacenter networks (DCNs). In most of the clustering computer frameworks,
the completion of a transfer (a group of flows that can enable a computation stage to start or
complete) is determined by the flow completing last, so that limiting the rate of other flows
(not the last one) appropriately can save bandwidth without impacting the performance of any
transfer. Furthermore, for the flows enter network late, more bandwidth can be assigned to
them to accelerate the completion of the entire transfer. Based on these characteristics, we
propose the flow chasing algorithm (FCA) to optimize the completion of the entire transfer.
We implement FCA on a real testbed. By evaluation, we find that FCA can not only reduce the
completion time of data transfer by 6.24% on average, but also accelerate the completion of
data shuffle phase and entire job.
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1. Introduction

Recent years, increasingly suppliers of processing virtualization and storage virtualization

software have begun to flog “Big Data” in their presentations. These data sets are so large that
it becomes difficult to process using on-hand database management tools or traditional data
processing applications. Accordingly, more and more enterprises deploy clustering
computation framework (e.g. MapReduce [1], Dryad [2], CIEL [3], and Spark [4]) in
datacenter networks (DCNs) to deal with such a massive amounts of data.

Due to the high cost of datacenter operation, enterprise datacenter operators aim to
maximize the network utilization and complete more jobs in a given time. To achieve this goal,
several solutions have been proposed to reduce the job completion time (JCT) [5], [6], [7].
Most of these works focus on optimizing the computation and storage resource utilization, but
ignoring the network resource, though the data transmission is still not a negligible part during
a job execution. Some real traces show that transferring data between successive stages
accounts for 33% of the running times of jobs with the reduce phase [8].

In clustering computation frameworks like MapRedcue [1] and BSP [9] (see detail in
Section 3.1), a stage cannot complete (or sometimes even start) before all the date from the
previous stage are received. Accordingly, we should minimize the completion time of the
entire transfer, which is defined as a group of flows that can enable a computation stage to
start/finish [8]. In the network's point of view, the minimal average transfer completion time
(TCT) is the objective to pursue. To achieve this objective, we can limit the rate of a flow if its
completion does not result in the completion of its transfer. The remaining network resources
can be used to accelerate other flows without increasing the completion time of this transfer
though the flow completion time (FCT) is prolonged. Furthermore, the bottleneck flow of a
transfer, i.e. the flow completing last in a transfer, should have the priority to get more
bandwidth if it does not impact the performance of other transfers. This is another way to
reduce the average TCT in the network.

Though the flow relationship is referred by many works [8], [10], [11], [12], to the best of
our knowledge, Orchestra [8] is the only existing work concretely focusing on optimizing the
transfer completion time. It designs scheduling schemes to control the rate of each flow to
minimize the TCT. However, it assumes that all the flows belonging to a transfer are sent out
simultaneously, which is an impractical assumption in real-world (see Section 3.3 for details).
Therefore, it is difficult to work in practice. Furthermore, it pursues the fair sharing among
different transfers. In an enterprise datacenter, the operator should focuse on maximizing the
job throughput, i.e. the number of jobs completed in a given time period, to reduce the
operation cost. To this end, we should forget the fairness among jobs/transfers (see Section 3
for details). In this case, the algorithms proposed in [8] does not work any more. In this paper,
we are to design a practical flow scheduling mechanism to minimize the average transfer
completion time, and further reduce the job completion time in the enterprise datacenter
networks. As far as we know, we are among the first to optimize the average TCT in enterprise
datacenter networks.

The main contributions of this work are

® \We study the flow characteristics in DCNs through real traces and analyze the properties
that an algorithm should have in order to pursue the minimal average TCT in the network.
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® \We propose the flow chasing algorithm (FCA) which is practical in real-word DCNs to
pursue the minimal average TCT.

® \We implement FCA on a 36-node testbed. The evaluation results show that FCA reduces the
average TCT in the network by about 6.24%.

This paper is organized as follows. In Section 2, we first briefly review previous works on
traffic optimization in DCNs. After that, we present some statistic results which guide our
work and analyze the algorithm requirements to pursue a good performance in Section 3,
which is followed by the flow chasing algorithm in Section 4. The implementation and
evaluation results are presented in Section 5. Finally, we conclude this paper in Section 6.

2. Related Work

Our work is to optimize the data transfer in the network to minimize the average TCT. To
achieve this goal, there are largely three ways. The first one is controlling the flow routing to
pursue load balance and fully utilize the network resource. The representatives adopting this
way are Hedera [13], SWAN [14] and MicroTE [15]. Hedera proposed an algorithm to
estimate the traffic matrix and use the Simulated Annealing algorithm to find the near optimal
routing solution. SWAN and MicroTE leveraged the short term traffic forecasting to optimize
the traffic routing.

The second way to optimize the flow transmission in the network is flow scheduling, which
controls the flow sending sequence and minimize the average flow completion time (FCT).
The representatives of this method are pFabric [16] and PDQ [10]. The main idea of both
works is sending out the flow with the minimal remaining size first, which can get the minial
average FCT theoretically. Unfortunately, both pFabric and PDQ require some switch
modifications and hence they are not easy to deploy in the network. More importantly, neither
of them consider the relationship among different flows. Only optimizing the average FCT
may incur an even larger average TCT in some cases.

The last way to optimize the transfers in DCNs is controlling the available bandwidth of
each flow. This is the easiest way to take the flow relationships into account. Orchestra [8] is
the representative of this solution. It guarantees that at least one link is fully utilized among all
the used links of a transfer and limits the rates of flows that will finish earlier than the last flow
in the transfer. Orchestra is the most relative work to our study, however, it assumes that all the
flows belonging to a transfer are arriving/sent out at the same time. This assumption is
impractical in real networks. On the other hand, Orchestra pursues the fairness among
different transfers, and hence it cannot minimize the average transfer completion time in the
network, which is a more reasonable objective in enterprise networks. Due to the different
objectives to pursue, Orchestra cannot be transplanted into enterprise datacenter networks
where the minimal TCT is objective, with a simple modification. FCA proposed in this paper
will remove the impactical assumption and utilize the minimal remaining time first principle
to reduce the average TCT in the enterpirse datacenter networks.

3. Problem Analysis

In this section, we deeply analyze the problem to optimize the data transfer in DCNs. At first,
we briefly discuss two popular cluster computing frameworks, MapReduce and Bulk
Synchronous Parallel (BSP) in Section 3.1. Based on these computing framework discussions,
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we formulate the problem to solve in this paper and discuss the challenges to solve this
problem in Section 3.2. Then some statistic results that motivate our study are shown in
Section 3.3. After that we analyze the main properties a practical algorithm should have in
order to minimize average TCT in Section 3.4.

3.1 Common Cluster Computing Framework

In this section, we briefly review the most common cluster computing frameworks
MapReduce and Bulk Synchronous Parallel (BSP). Based on the characteristics of these
cluster computing frameworks, we will propose the problem we should optimize in cluster
computing. These two computing frameworks are shown in Fig. 1.

Superstep(i)

...... Mappers

~~~~~~ Reducers

Superstep(i+1)

...... Write

Barrier Barrier

(a) MapReduce (b) Bulk Synchronous Parallel (BSP)

Fig. 1. Common cluster computing frameworks

Fig. 1(a) shows MapReduce framework. In this framework, each mapper reads its input
from the Distributed File System (DFS), and performs user-defined computations. When a
mapper finishes the computation, it asks the central controller to inform the corresponding
reducers to pull intermediate data from itself. After collecting all the required data, a reducer
merges the data from mappers and writes its output to the DFS. In this framework, there are
two explicit barriers. One is at each reducer: it starts merging data when all the required data
are collected. And the other one is at the end of the job: only when all the reducers finish their
data merging and write the outputs to the DFS, the job is completed. When focusing on the
data transfer, we should pay attention to the barrier at each reducer.

Bulk Synchronous Parallel (BSP) shown in Fig. 1(b) is another well-known framework in
cluster computing. In this framework, a job is executed in a serial of supersteps. Each
superstep contains three ordered stages: concurrent computation, communication between
VMs and barrier synchronization. In concurrent computation stage, the input of each
processor is stored in the local memory of this processor and the computations are independent
with other processors. Then the processors exchange data between themselves in the
communication stage. When a process arrives at the barrier synchronization stage, it waits
until all other processors have finished their communication actions. The start of next
superstep is determined by the finish of the last flow in the communication stage.

3.2 Problem Formulation and Discussion

Based on above discussion, we know that the flows in the computation cluster are
dependent on each other and the completion of a single flow does not make too much sense.
Accordingly, we should try to speed up the completion of the entire group of flows that
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determines the start/finish of its next computation stage, i.e. to speed up the completion of a
transfer. In the network wide, we should minimize the average TCT. Formally, the problem
can be formulated as following optimization problem:

minimize D> (R -5) 1)
Tell
Subjectto: 8, <5, VT,feT (2)
Fo>t, VT, feT @3)
["b dt=v, Vit @)
u®= > b () VleEt (5)
f:leP;
u)<c VleELt (6)

In above formulation, I"is the set of all the transfers in the enterprise datacenter networks, Fr
and Sy are the finish time and start time of transfer T, respectively. Hereby, (Fr- Sy) is the
completion time of transfer T. The objective (1) is to minimize the average completion time
(i.e. minimize the sum of completion time of all the transfers) of all the transfers in the network.
In (2) and (3), s and t; are the start and finish time of flow f, respectively. These two constraints
say that a transfer starts before all the flows in it begin, while finishes after all the flows in it
complete. In (4), by(t) is the bandwidth assigned to flow f at time t and v; is the volume of flow
f. This constraint is used to ensue all the flow data is served during s¢ to t;. In (5) and (6), uy(t) is
the total traffic rate on link I, ¢, is the capacity of link I, and Ps is the set of link on the path that
traversed by flow f. (5) calculates the traffic rate on link I, while (6) indicates that the traffic
rate on each link cannot exceed the link capacity.

This problem is difficult to solve, since () the arriving time and volume of each flow are
random variables in real system, and the programming constraint is for infinite time instants.
Therefore, we cannot really get above programming problem even for analysis purpose; (1)
the flows in each transfer may not arrive simultaneously. Therefore, we cannot optimize the
completion time for each single transfer; (111) even the completion time of each transfer is
obtained, how to scheduling these transfer in an online system is still an NP-hard problem [17];
(1V) we do not know the number of transfers in the network. Due to these challenges, we only
try to design an online heuristic to optimize the average TCT in the network.

3.3 Statistic Results

In this section, we present some statistic results based on the real trace by running a terasort
job (with size 200G) in our Hadoop system. The testbed to generate this trace uses the same
configuration detailed in Section 5.1.

3.3.1 Flow Arriving Interval
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Fig. 2. Statistic results of flow arriving interval

Ideally, all the flows belonging to a transfer are arriving simultaneously. In this case, we can
easily calculate the bandwidth assigned to each flow to optimize the TCT. Unfortunately, this
is not the case. Fig. 2 shows the CDF of flow arriving intervals in a transfer. If we treat all the
flows to a reducer as a transfer (see Fig. 2(a)), about half of the flow arriving intervals are
larger than 200 ms, which is a large time interval and cannot be ignored in a high throughput
low latency network (the RTT is usually less than 400 as in [18]). If we treat all the flows from
a mapper as a transfer (see Fig. 2(b)), 20% of the flow arriving intervals are larger than 2 s.
Even worse, some flow arriving intervals are more than 30 s. To hold flows in the network for
such a long time is impractical, though the last flow blocks the completion of the whole
transfer.

3.3.2 Flow Completion Time
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Flow completion time (s)

Fig. 3. CDF of flow completion time

Fig. 3 shows the CDF of the flow completion time. From this figure we see that about 60%
of the flows finish in 2 s. In other words, most of the flows in DCNs complete very quickly. If
we hold a flow to wait for the coming of next flow in the same transfer, in 30% of the cases,
about 10% of the flow completion time (say half of the flows wait for at least 200 ms) is
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wasted on waiting, which is non-ignorable for a flow, let alone the case that every flow waits
for all the flows in the same transfer.

3.3.3 Traffic Volume for a Transfer
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Fig. 4. CDF of total flow volume of a reducer

Fig. 4 shows the CDF of the total traffic volume that a reducer receives before it starts its
computation. It implies that most of the reducers receive more than 900 MB before they start
working. When all the mappers are evenly distributed in the datacenter, it costs at least 24 s to
transfer the data for a reducer even if all the bandwidth is occupied by the flows to this reducer.
If we run a larger job, the condition will be even worse. Accordingly, if we collect all the flows
belonging to a transfer and send them out simultaneously, it would bring network congestions
and incur TCP retransmissions.

3.4 Optimality Analysis

Based on the discussion above, we identify the necessary characteristics of an algorithm to
optimize the data transfer phase:

e Necessity to be an online algorithm. In DCNs, most of the flows are bursting and the
traffic rate on a link is only relatively stable in 1 s scale [14]. As the decomposition of the
traffic rate on each link, the traffic matrix is more dynamic. Therefore, it is difficult to forecast
the traffic matrix in DCNs. On the other hand, as shown in Fig. 2, even the arriving intervals of
flows from the same mapper or to the same reducer are distributed in a large range.
Accordingly, we cannot assume that we have all the flow information of every transfer before
its flows enter the network, in which case we can optimize the data transfer statically.

e Work conserving property. There is idle bandwidth only when there is no traffic to send.
For any flow, without degrading the performance of other flows, it should send out bytes as
fast as possible. This is a way to fully utilize the network resource and reserve more resource
for the further flows.

eocus on the bottleneck flow in a transfer. As discussed in Section 3.1, in those cluster
computing frameworks with explicit barriers, the start of some computing stage is determined
by the completion of the bottleneck flow in the transfer. Without any information in the
transfer level, we can only treat the coming flow as the last flow of a transfer. Under this
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assumption, more bandwidth should be assigned to the bottleneck flow to accelerate the
transfer completion.

eMinimal remaining transfer first principle. As studied in [8, 10, 16, 19], the minimal
remaining flow first achieves the minimal average flow completion time. This conclusion is
easily extended to the transfer level, i.e. the minimal remaining transfer first principle would
achieve the minimal average TCT. In other words, if all the flows belonging to a transfer arrive
at the same time, the transfer with the minimal remaining traffic volume should have the
higher priority to preempt the network resource.

4. Algorithm Design

In this section, we present Flow Chasing Algorithm (FCA) to optimize the data transfer in
detail. In Section 4.1, we first identify the key idea of FCA and show the algorithm framework.
After that, the rate control algorithms for intra- and inter- transfer flows are introduced in
Section 4.2 and Section 4.3, respectively. At last, we present some discussions on how to
implement our framework in the real system in Section 4.4.

4.1 Flow Chasing Framework

The main idea of FCA is to limit the rate of flows that are not bottleneck flows, while assign
more bandwidth to the bottleneck flows. Fig. 5 shows why this method works. In this example,
there are two transfers (say T, and Tp) and each of them has two flows. All the flows have 30
Mbit to transmit and the route of each flow is as shown in the figure. Suppose all the flows
enter in a very short time slot and all the link capacity is 30 Mbps except (s;, d;) whose
capacity is 5 Mbps, (s,, dy) is 10 Mbps and (Ss, d3) is 15 Mbps. On the common link (s3, dg), if
these two flows share the bandwidth fairly, the completion time of the two transfers is 6 s (Ty)
and 4 s (Ty), respectively. However, if the traffic rate of f,, is limited to 5 Mbps, and the
remaining bandwidth is assigned to flow fy,, the completion time of two transfers are 6 s and 3
s, respectively, which is better than that uner the fair sharing policy.

Sl ﬁ}l > dl
a?
53 >
/ - fb2
/

S$2 R ———
o)
Fig. 5. Why rate control works

The performance improvement originates from the fact that the bottleneck of transfer T, is
fa1, complete 4, earlier cannot improve the performance of the entire transfer. Accordingly, we
can limit its rate and leave more bandwidth to fy,, the bottleneck of transfer Ty, to speed up the
transfer. Therefore, limit the rate of flows that are not bottleneck flows and assign more
bandwidth to the bottleneck flows can reduce the average TCT in the network.
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In addition, consider another case that transfer T, arrives at time 0 s, while transfer T, arrives
at time 2 s, and the capacity of link (s, dy) is 15 Mbps. When transfer T, arrives, fy; is the
bottleneck of transfer T,. We can myopically limit the traffic rate of flow f,, to be 5 Mpbs. If
so, when the transfer T, arrives, there are only 10 Mbps capacity leaving to flow f,, on link (ss,
ds) and flow f,, becomes the bottleneck of transfer Ty,. In this case, the completion time of two
transfers are 6 s and 3 s, respectively. If we let f;; to monopolize all the capacity on link (s, ds)
fromtime 0 sto 2 s, it can finish at time 2 s. Though this scheme cannot reduce the completion
time of transfer T,, f,, monopolizes link (ss, d3) when tranfer T, arrives, which speed up the
completion of transfer T,. By this method, the completion time of two transfers are 6 sand 2 s,
respectively. The performance improvement is due to the fact that the second scheme pursues
work conserving when assigning the network bandwidth, which can bring benefit to the
flows/transfers that will come later.

Based on these discussions, the key points of FCA are:

e \When a flow enters, try to assign enough bandwidth to it with the purpose to catch up with
the completion of the bottleneck flow in its transfer. (This is why we call the algorithm as flow
chasing.)

e |If the new coming flow cannot catch up with the bottleneck flow in its transfer, limit the
rates of other flows that are not transfer bottleneck flows in the transfer to save bandwidth.

e Flows should compete for the residual bandwidth. It is to pursue the work conserving
property and further optimize the average TCT in the network by bringing benefit to the
flows/transfer coming later.

Intra-transfer control
1) Determine bottleneck flow
2) Determine worst performance

l

Flow completes Inter—tra‘ns?er control
——p| 1) Further optimize TCT
2) Pursue work conserving

New flow arrives

lRatc of flows

Fig. 6. Framework of FCA

The first two bullets are for the intra-transfer rate control while the last bullet is for the
inter-transfer scheduling. Therefore, the framework of FCA can be shown as in Fig. 6. When a
flow enters, FCA first does the intra-transfer control to determine the worst completion time of
its transfer and to shrink traffic rates to save bandwidth. After that, inter-transfer control is
triggered to assign the residual bandwidth to different transfers/flows and further optimize
average TCT in the network. When a flow completes, only the inter-transfer control should be
triggered to fully utilize the bandwidth released by the completed flow. In the next two
subsections, we introduce intra- and inter- transfer rate control of FCA in detail.
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4.2 Intra-transfer Flow Rate Control

Algorithm 1: Intra-transfer rate control

Require: Coming flow £, all flows in the network { f} and transfers {T°}
Ensure: Flow rate of all flows in the network {rs}

I: for all transfer 1" in the network do

2 g=argmaxper h.completionTime

3:  for all flows hin T do

h.remainingVolume

S opletion Time — 5V STETTTIIE h.completionTime = g.completionTime

4 rp =

5 end for

6: end for

7. Caleulate reduce bandwidth on each link {;}
8 bfmaz = miniep, b

9: if g.completionTime < SYSTEMTIME + f;r"w—f:c then

1:  //gis aflow in the same transfer as f.

1: vy =bfmaz, f.eompletionTime = SYSTEMTIME + ';‘T:‘e

X T . _ gremainingVolumexhs, o . o T _ T . P
122 Update ry = T oTumz mez g.completionTime = f.completionTimeforallg € T

13: else

14: - fvolume
: f g.completionTime=SY STEMTIME

15: end if
16: Update residual bandwidth on each link

17: return {rs}

The algorithm to control the rates of flows in a transfer when a flow enters is shown in
Algorithm 1. The key sprite of this algorithm is: (I) first minimize the completion time of the
transfer of the coming flow with the assumption that the coming flow is the last flow of its
transfer, and (11) then minimize the bandwidth consumption without enlarging the TCT. Line 1
to Line 6 are used to shrink the flow bandwidth to leave more bandwidth for the coming flow.
After the operations in Line 1-6, all the flows in a transfer should get the bandwidth that makes
them complete simultaneously, i.e. the bandwidth of all the flows that will complete before the
bottleneck flow is shrank. The “if” expression from line 9 to line 15 is the core of Algorithm 1.
If the coming flow is the bottleneck (as the “if” expression shows, it cannot complete before its
transfer), it gets as much residual bandwidth as possible without impacting the performance of
other flows. In this case, we further shrink the bandwidth of other flows in the same transfer to
match the completion time of the coming flow (Line 12). Otherwise, the coming flow only
gets the appropriate bandwidth to chase the bottleneck flow of its transfer (Line 13). It is worth
noting that after intra-transfer rate control, the transfer containing the coming flow achieves
the minimal TCT under current network utilization condition, while other transfers hold their
performance.

4.3 Inter-transfer Flow Rate Control

Intra-transfer flow rate control determines the lower bound of the completion time of each
transfer, however, such a performance can be further improved since there is residual
bandwidth, especially when some flow completes and release its network resources.
Furthermore, pursuing the work conserving property could speed up the completion of some
flows and benefit the later flows.
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There are two steps to pursue the work conserving. The first step is to check whether any
transfer's completion can be sped up by utilizing the residual bandwidth, while the second step
is to speed up flows to fully utilize the network resource. Due to the minimal remaining
transfer first principle, the transfer with the smaller remaining size has the higher priority to
preempt the residual bandwidth in both steps.

In the first step, we pick out the unchecked transfer with the minimal remaining volume, say
transfer T, to calculate its minimal completion time by preempting residual bandwidth. To this
end, we solve the following programming:

Objective: minimize t (7
r
Subject to: u= Y (—-b) VIeE (8)
feT:leP;
u <c VleE 9

where P is the set of links on f’s path, r¢ is the remaining volume of f, by is the bandwidth of f
determined by the intra-transfer rate control and c; is the residual bandwidth on link |. Though
this is not a standard convex optimization problem, it can be solved by water filling algorithm

[20] easily. Then the rate of each flow f belonging to transfer T can be increased by r, /t—b, .

In the second step, we allocate the residual bandwidth to the flows in the network though it
cannot reduce the TCT further, however, it guarantees that the network resource is fully
utilized and benefits the flows coming later. Accordingly, we check each flow, say flow f, in
the network if there is any residual bandwidth for it to complete earlier by calculating

BF = rlniljn b (10)
If BF>0, we increase f's rate by BF. All the flows are checked in the order of the minimal
remaining transfer first, and the minimal remaining volume flow first in each transfer.

Whenever a flow completes, more residual bandwidth is released and we assign it to other
online flows in the network for the work conserving purpose. To this end, only the
inter-transfer rate control needs to be triggered. To reduce the computation complexity, we
only consider the transfers that have common links with the completed flow (an alternative
improvement is recalling the inter-transfer rate control in batch).

4.4 Discussions

Toimplement FCA in areal system, there are remaining some issues. The first one is on the
flow volume. Since in real system, some of the flows are sent out while part of the data are still
being generated. In other words, we cannot get the flow volume information exactly. To solve
this problem, we assume the flow volume is only as large as the amount that is already
generated. When there are new data generated, we treat the new generated data as a new
arriving flow and trigger FCA to update the bandwidth allocation.

Another issue is that there are too many mice flows (usually less than 50 KB) in the network.
If we trigger FCA whenever such flows arrive, it may be a too large system overhead.
Consider that most of these flows are delay sensitive, we can only set a higher priority to these
mice flows and let them be served first. Only when the volume of arriving flow is larger than a
predefined threshold, we use FCA to optimize the average TCT in the network.
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5. Implementation and Evaluation

In this section, we evaluate FCA by implementing it on our testbed. In Section 5.1, we first
show the configuration of our testbed. Then, we present the technical details of FCA's
implementation in Section 5.2. In the end, we evaluate FCA in Section 5.3.

5.1 Testbed

Aggregate lan.r .
= Data Plane

*

Control Plane

C‘cmml Controller

Fig. 7. Simulation and implementation topology

Our testbed is formed by 37 servers and 7 switches as Fig. 7 shows. In the data plane, 6 of
the switches form a leaf-spine topology (2 spine switches and 4 leaf/ToR switches), while
there are 9 servers connected to each leaf/ToR switch. The remaining server and switch are
used to form the control plane to run FCA. All the 37 servers are HP PowerEdge R320 with a
quad core Intel Xeon E5-1410 2.80GHz CPU and 8GB memory and are running Debian
GNU/Linux 6.0. To collaborate with our low-throughput HDDs, the bandwidth capacity of
each link is limited to 300Mbps. All the switches are Pronto 3295 switches, which run PicOS
2.0.4 in OpenFlow mode. All the evaluations are based on the results of real job executions in
a 0.20.2 Hadoop system.

5.2 Implementation

Anplication Enforcement
User pp ) ate Daemon
________ _;____________n________
Kernel TC PJ,'"') ioctl

r

Epforcement Kernel Modlhlc

Y Flow table
Netfilter Hook

'}
Packet modifier

Linux TC (HTB)

NIC driver

Fig. 8. Software stack of FCT’s bandwidth enforcement
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For load banlancing purpose, we randomly select a route for each flow in the testbed and use
Openflow based explict routing to control the traffic. With this method, the routing result will
be similar to the ECMP. The architecture of FCT's bandwidth enforcement is shown in Fig. 8.
The enforcement daemon at the user space communicates with the kernel module via ioctl to
manage the flow table. The kernel module, locating between TCP/IP stack and TC, intercepts
all outgoing packets and modifies nfmark field of socket buffer based on the rules in flow table.
The modified packets are then delivered to TC for rate limiting. We leverage two-level
Hierarchical Token Bucket (HTB) in TC: the root node classifies packets to their
corresponding leaf nodes based on nfmark field and the leaf nodes enforce per-flow rates.

Whenever a flow enters, its source host sends its flow information to the central controller.
During the three-way handshaking of each flow, central controller can execute FCA and
update the rate of all the flows in the network. Unfortunately, due to the enforcement delay and
flow rate unstablity, we cannot exactly maintain the remaining volume of each flow. To
simplify the implementation, we use the total volume of a transfer/flow to determine which
transfer/flow has the higher priority to preempt the bandwidth instead of their estimated
remaining volumes, when executing the inter-transfer rate control. Similarly, when a flow
completes, its source host should report its finish to the central controller to trigger the
inter-transfer rate control procedure.
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Fig. 9. CDF of TCT

5.3 Performance Evaluation

In this subsection, we evaluate the flow chasing algorithm (FCA) in three ways by running a
200G terasort job on our testbed: to speed up the reducer completion, to speed up the shuffle
phase and to speed up the job completion.

5.3.1 Reducer Completion

In our evaluation, a transfer is defined as all the flows to a reducer since a reducer cannot
enable its merging operation before all the data it requires are collected. Accordingly, the
reducer completion time directly reflects the performance of FCA. Since we cannot guarantee
a reducer executing the same computation have the same ID even if we run the same job twice,
we only count the CDF of the transfer completion time before and after FCA is enabled in the
network. Fig. 9 shows the performance of FCA. From the figure we see that the CDF curve of
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TCT in the FCA-enabled network is on the left of that without FCA, it implies that FCA
reduces the average TCT in the network. The reason is that FCA can save bandwidth without
degrading the performance of any transfer. Actually, the average TCT in the network with
FCA implemented is 217.52s, while the baseline is 232.00s. About 6.24% performance
improvement is brought by FCA.

5.3.2 Shuffle Completion
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Fig. 10. Shuffle Completion Time

Intuitively, optimizing the completion of each transfer further shrinks the shuffle phase of a
job. Fig. 10 shows the shuffle completion time of a job with and without FCA. It implies that
FCA saves about 4.8% (about 38 s) of the shuffle phase.

5.3.3 Job Completion
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Fig. 11. Job Completion Time
Fig. 11 shows the benefit FCA brought to the job completion time (JCT). From the figure,

we find that our algorithm can improve the job completion time by 2.00% (about 21 s). It is
very strange that the absolute time saved in a job is even less than that saved in the shuffle
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phase. This is because that the CPU is not powerful enough to deal with the data as soon as
possible though the data transfer is completed.

6. Conclusion

We studied the flow transfer management problem in datacenter networks in this paper. An
efficient flow chasing algorithm (FCA) is proposed to optimize the flow transfer. Since the
completion of the flow transfer is limited to the completion of the bottleneck flow, we shrink
the rates of non-bottleneck flows to save bandwidth and accelerate the transmission of the
latter flow of a transfer to reduce its transfer completion time. We also implement FCA on a
real testbed. By evaluation, we find that FCA can not only reduce the average transfer
completion time (TCT) in the network, but also further reduce the shuffle phase and speed up
the job completion.
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