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7.3 APPLYING MERGE NETWORK WITHIN A POD

The k = 12 fat-tree network consits of 180 12-port switches, organized in 12 pods
and each of which has six edge switches and six aggregation switches. Every
switch in the edge layer and aggregation layer, there are six uplink ports and six
downlink ports. So within each pod, there are total 36 servers connected with six
edge switches, and the number of links between edge layer and aggregation layer
is 36. In this experiment, within each pod, we apply one 36 x 36 merge network
between servers and edge switches, and another 36 x 36 merge network between
edge switches and aggregation switches. The merge network switches traffic flows

to the left switches. Flow splitting is allowed for simplicity.

7.3.1 Number of active switches

Figure 7.5 compares the number of active switches at each level before and after
applying traffic merging. As we can find, for all traffic suites, the number of active
switches at edge level reduces significantly after applying merge networks. For
aggregation-level switches, we observe obvious reduction for Stride(6), Staggered(2)
and Staggered(3). We notice from table 7.1 that these three traffic suites have
higher po, and as we discussed in Section 6.2, a amount of Apy of traffic is switched
away from aggregation level after traffic merging, which means a substantial part of
the traffic originally going to aggregation layer has been cut short to be transferred
directly through edge switches with merge networks.

Figure 7.6 illustrates the fraction of total active switches of the DCNs before
and after using merge networks. The fraction of active switches reduced from

40% — 60% to 10% — 35% for light traffic loadings (0.1 — 0.2).
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Figure 7.6. Fraction of active switches before using traffic merging (left) and after using traffic

merging (right).

7.3.2 Energy cost

The above discussions focused on reducing the number of active switches. The
overall energy cost a DCN consists of the cost incurred by switches and links.
However, cost incurred by links is negligible and can be incorporated within the
cost of interfaces of switches. Generally speaking, the energy cost of a switch can
be roughly partitioned into the cost of chassis and the interfaces. As described in

[82][34], a reasonable approximation to the cost of a k-port switch is:
Switch Cost = C + klogk + k

The constant C' accounts for static costs of the switch such as fan etc. The second
term corresponds to the cost of the interconnection fabric within the switch, which
is a significant contributor to energy consumption (typically 30% — 40%). This
cost scales as klogk for a k-port switch. The last term is the contribution to the
cost from the active interfaces. This term folds into itself the cost of the linecards
that the interfaces are on. For the purposes of comparing the overall cost reduction

of traffic merging, we set C' to 50% of the maximum switch cost. That is:

C=klogk+k
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Figure 7.7. Reduction in total cost after using traffic merging.

If the traffic load fraction going to a switch is A, the merge network will switch
the traffic to the leftmost m = [Ak| interfaces. The cost of a switch with merge
networks is thus:

Switch Cost = C +mlogm +m

Figure 7.7 shows the overall cost improvement over approaches without merge
networks. It demonstrates that our traffic merging method can save up to 90%
of energy cost when the traffic load is low. Figure 7.8 shows that the traffic
merging can achieve better energy efficiency that is closer to the ideal energy

proportionality.

7.4 SUMMARY

We examine the approach of merging traffic by simulating a large-size fat-tree
datacenter network and applying merge network at each switch and at a whole
pod, and finding the lower bound of the minimum number of network switches

and links that satisfies a variety of traffic patterns and loads similar to those from
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Figure 7.8. Fraction of total cost without traffic merging vs. using traffic merging.

actual datacenters.

Simulation results show that our approach can substantially reduce the number
of active switches and lower the energy consumption of a fat-tree datacenter net-
works when the load is light. We show that our solution achieves up to 70% — 90%
total energy savings through traffic merging and achieves almost perfect energy

proportionality.
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Chapter 8

PROTOTYPE OF MERGE NETWORKS

In previous chapters, we have studied the idea of merging traffic at a switch to
consolidate traffic flows to minimize the number of active switch ports. In this
chapter, we describe the implementation of a prototype of a simple 2 x 2 merge
network built for optical switches. We use optical networks and devices for two
reasons: 1) fiber optic cables are the fastest-growing transmission medium used in
data centers today since they provide high bandwidth communication and reliable
high-speed data transmission, and 2) passive optical networks (PON) can be used
in the enterprise as point-to-multipoint solutions because passive optical splitters
can distribute data, voice, and video signals throughout a network with greatly
improved cost efficiency than Ethernet switches. Thus our work on merging traffic

is related to the enterprise networks as well.

8.1 2x2 MERGE NETWORK ARCHITECTURE DESIGN

We utilize three Linux workstations to build a test-bed for a 2 x 2 merge network.
Figure 8.1 shows the architecture of the test environment. We configure the top
Linux machine named PACLABI11 as a virtual Linux bridge to simulate an L3 net-
work switch with two interfaces with IP addresses, 192.168.0.11 and 192.168.0.14.
The bottom two Linux machines, PACLAB12 and PACLAB13, work as two servers
connected to the simulated network switch, PACLAB11. The network addresses of

these two hosts are 192.168.0.12 and 192.168.0.13, respectively. We build a merge
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network to merge traffic to the left port of the network switch. In other words, the
hosts always choose to connect to port 192.168.0.14 if it is available. Otherwise,
the right-side port (192.168.0.11) will be used.

We implement the 2 x 2 merge network using two 2 x 2 optical switches, shown
as the two beige boxes in Figure 8.1. To communicate with the optical switches,
we install two Gigabit multimode SC fiber optic network adapters in PACLABI11,
to act as two ports of the network switch. Each SC fiber optic network adapter
provides a Transmitter (Tx) and a Receiver (Rx). We install one multimode SC
fiber optic network adapter each in host PABLAB12 and PACLAB13. The left-
side optical switch is the uplink switch, which connects the Transmitters of the two
servers to the Receivers of the network switch. The optical switch on the right is
the downlink switch, connecting the Receivers of the two hosts to the Transmitters
of the network switch.

Figure 8.2 is the picture of the two 2 optomechanical optical switches used in
our prototype [3]. A 2 x 2 optical switch has two states: Inserted State (A) and
Bypass State (B) (Figure 8.3). The state of the optical switch is controlled by
electric signals applied to the latches on the outer side the switch. For instance,
when the uplink switch and downlink switch are both configured as in Bypass
state, host PACLAC12 is connected to the switch port 192.168.0.11 and host PA-
CLAB13 is connected to port 192.168.0.14. If both optical switches are in Insert
state, PACLAB12 and PACLABI13 are connected to 192.168.0.14 and 192.168.0.11,
respectively.

To implement priority on the left port, the controller has to decide which port is
the left-most available port. Since it is not possible to detect whether the network
switch port is busy or not when the host is disconnected from the ports of network

switch, we use a variable named STATE to keep the status of the optical switches
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Figure 8.2. Optical switches
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Figure 8.3. Two states of the optical switch.

and store it on the Arduino board. In our 2 X 2 merge network, the STATE

corresponding to different scenarios is listed as follows:

1. STATE = 0: idle state - no port is in use
2. STATE = 1: both uplink and downlink switches are in Bypass state
3. STATE = 2: both uplink and downlink switches are in Insert state

4. STATE = 8: conflict state - two hosts send contradictory states

We implemente a communication protocol between the hosts and Arduino to
negotiate the merge network state. Before a host starts to transfer data, it reads
the current STATE from Arduino. If the Arduino is already set to one of the active
states (STATE = 1 or STATE = 2), the host will update its own state variable,
myState, as the same value of the STATE of merge network and starts to send data
using the current setting. If STATE = 0, the host will set mySTATE to a value
that can make the merge network connect the host to the left port of the network
switch. The host sends myState, as a STATE update request, to the Arduino. The
host will check STATE again and start to send data if STATE is set to 1 or 2. If
STATE = 8, it means that the other host was trying to set up merge network to
the opposite state at the same time, in other words, competing for the left port.
In this case, the host will back off for some random time and set myState to 0 and

restart.
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Figure 8.4 shows the flowchart of the logic to determine myState implemented
on host PACLAB12. When current STATE is 0, there is no active data transmis-
sion. Host PACLABI12 needs to set the merge network to STATE = 1 in order to
be connected to the left-side port. If the current STATE is 2, which means host
PACLABI13 is connected to the left port, PACLABI12 can only use the right port
and keep STATE = 2. For host PACLABI13, its preferred STATE is 2 and will set
up myState to 2 when the board STATE is 0. We implement the state-determine
logic in the socket connection function at each host as part of the application-level
protocol.

We use a 5V Arduino Uno board as the controller to negotiate STATE with
hosts and to send control signals to optical switches and to coordinate them to
provide connection channels between the hosts and network switch (Figure 8.5).
Arduino Uno consumes only 232mW power when it is active. The two optical
switches are passive optical devices with no power requirement. As such, the
power consumption of the 2 x 2 merge network is negligible. In addition, the
optical switch requires minimum management and it is highly reliable. It supports
multimode optic fiber operating at a wavelength from 650nm to 1310 nm.

The architecture design of the merge network is illustrated in Figure 8.6. The
Arduino board works as a micro-controller, receiving state inquiries and state up-
dating requests from hosts, and controls optical switches by outputting control
signals to the latches of optical switches. The Arduino board communicates with
the hosts through serial ports. Given there is only one hardware serial port in
Arduino Uno, we use two pins on Arduino to work as Tx and Rx of a serial port
and simulate a software serial port to communicate with the second host.

The Arduino reads myState values from the two hosts and sets up new STATE,

which is sent to the optical switches to change the switching states. The new value
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Figure 8.4. Controlling the state of merge networks: state-transferring logic implemented at

PACLABI12.
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Figure 8.5. Arduino board to control the states of the two optical switches.
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Figure 8.6. Architecture design of a 2 x 2 merge network.
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Table 8.1. Arduino board STATE values

myState2
0[1]2
myStatel
0 0[1]2
1 111]8
2 2182

of the STATE variable is determined according to the values of the state request
variables received from the two hosts, myStatel and myState2. The logic is shown
in Table 8.1. If the new STATE is 1 or 2, the Arduino board will send control
signals to the uplink and downlink optical switches to turn them into Bypass or
Insert state. If the new STATE is 0, Arduino will turn both optical switches off. It
is possible for the two hosts to send contradictory myState values (e.g. one sends
1 and the other sends 2). This situation happens when the current STATE is 0
and both hosts have data to transfer at the same time, and each of the two hosts
considers itself the only sender and can use the left port to transfer data. As a
result, one host sets myState to 1 and the other host sets myState to 2. When
Arduino receives two different myState, the new STATE will be set to 8. When
the hosts detect this situation, they will reset myState to 0, wait some random

time, and try again.

8.2 MEASUREMENT RESULTS

We test the utilization of the two ports in a switch (implemented at workstation
PACLABI11). We use Iperf to send packets from hostl and host2 and customize

the traffic flows with log-normal distribution of flow length and inter-arrival time
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to generate traffic with different loadings. We measure the active time periods of
the two ports and compare the throughputs with that of a switch without a merge
network.

We use the Iperf application to send traffic packet flows to the switch, with
overall loadings from about 10% to 75%. The two ports of the switch are named
Port 1 (left) and Port 2 (right) for simplicity. When there is no merge network
used, Port 1 and Port 2 are connected to Host A and Host B respectively, and they
are always in an active mode. With the merge network at the switch, the available
left-most port is chosen first. That means, in our test case with the switch having
two ports, the left port (Port 1) always has higher priority than Port 2 (on the
right).

We use green color to represent the traffic flows going to the left port (Port 1)
and red color for the flows to Port 2. Figure 8.7 illustrates the ten-hour record of
the traffic flows from Host A and Host B. Host A sends most of the traffic flows to
Port 1. Host B also uses Port 1 when loading is low, and uses Port 2 more when
loading increases to 75%.

In our experiment, the two hosts’ software settings are exactly the same. The
reason that Host A can seize more time of the Port 1 is that we use Arduino UNO
as the state control circuit of the merge network. Each of the two hosts sends its
state control signal to the Arduino through a serial port. Since Arduino UNO has
only one built-in hardware serial port, we use a software serial port to simulate
a hardware serial port and let Arduino receive the signal from the second host.
Although we set the two serial ports with the same transfer baud rate, it appears
that the host using the hardware serial port can always get connected to Port 1
faster and more frequently.

In this first experiment, Host A is connected to the hardware serial port and
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Host B is linked to the software serial port. The assumption above explains why
Host A sends most of the traffic flows using Port 1. Figure 8.8 shows the total
percentage of traffic flows that is sent to each of the ports from Host A and Host
B, with loadings increase from 10% to 75%. In this figure, the green line represents
the usage of Port 1, and the red line represents the usage of Port 2. It is obvious
that Port 1 is the dominant port used by Host A. For Host B, when loading is
approximately below 45%, the traffic flows from Host B can still squeeze into Port
1. As a result, more traffic is going to Port 1 than going to Port 2. When loading
is above 45%, the total traffic from the two hosts will approach the capacity of
each port. As a result, Host A occupies Port 1 most of the time, and Host B
increasingly sends traffic to Port 2.

To verify our assumption that the different performance results of Host A and
B are caused by the difference of the Arduino hardware serial port and software
serial port, we switch the hardware and software serial ports between Host A and
B in the second set of experiments. Figure 8.9 shows the reverse results from that,
as shown in Figure 8.7, which verify that the host connected with hardware serial
port of the Arduino (i.e. Host B) uses Port 1 more. The total port utilization

shown in Figure 8.10 also proves that Host B sends significantly more traffic to
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Port 1 after we switch the serial port connections.

To show the results without the influence of Arduino serial port, we sum the
two experiment results and calculate the average. The results shown in Figure 8.11
illustrate very similar performance of Host A and Host B, and indicates that more
traffic goes to Port 1 for both Host A and Host B. It is also possible to achieve this
result by using a control circuit with two hardware ports. For example, Arduino
Mega provides 3 extra built-in serial ports on board.

We calculate the overall utilization of the two ports by adding the traffic from
Host A and Host B. The result is shown in Figure 8.12. The x-axis represents
loading increase. The y-axis represents the percentage of the active time of the
port. We can see that Port 1 is used much more than Port 2, especially when the
loading is smaller. When the loading is about 75%, Port 1 is used close to the line
capacity and Port 2 is active half of the time. This proves that the merge network
perfectly consolidates the traffic to the left port, which is Port 1.

We extract the state switching data from the Arduino board in order to under-
stand how frequently the merge network changes its switching state and illustrate
the result in Figure 8.13. The x-axis is the workload. The y-axis is the number of
times that the state switching command is received from each host. We find that
the host connected with the software serial port of the Arduino board switches
state more. The host connected with the hardware serial port maintains a much
lower and more stable number of state switching.

We add the state switching number of Host A and Host B and compare the total
numbers of state switching in experiments 1 and 2, we find very similar curves of
the two, Figure 8.14. Both curves start to climb from abut 300 first when loading
increases, and they peak when loading reaches about 30%. After that, the curves

start to descend, totaling lower than 100 when the loading increases to 75%.
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For controlling state switching, there are two possible strategies. One is non-
blocking transfer: when a host’s preferred port is busy, the host can connect to
the other port immediately. The other strategy is blocking transfer: when a host’s
preferred port is busy, the host can wait some time to see if the preferred ports can
be available soon. In our experiments, we use non-blocking strategy to guarantee
that all traffic load is sent immediately without delay, thus to ensure the network
performance. In future work, we can experiment with the blocking strategy and
find the threshold of the waiting time that can guarantee reasonable throughput

and latency.

8.3 HIGHER-ORDER MERGE NETWORKS

When we apply a merge network to all ports of a ToR switch, or several ToR
switches within a datacenter pod, we need merge networks with more inputs/out-

puts. If we have a N x N optical switch like Figure 8.2, we can use a pair of
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Figure 8.15. Example of a 16 x 16 MEMS matrix optical switch.

these optical switches to work as uplink and downlink switches to build a N x N
merge network that connects N hosts to a N-port network switch, similar to the
architecture described in Figure 8.6.

An example of such a switch is a MEMS matrix optical switch [4] that support
all-optical cross connections in a fully non-blocking manner, allowing simultaneous
connection between a number of input and output fibers. Figure 8.15 is a 16 x 16
matrix switch. Any of the 16 input fibers can be connected to any of the 16 output
fibers.

The MEMS matrix optical switch is based on the micro-electro-mechanical
system (MEMS) mirror technology, which uses a MEMS chip to rotate a matrix
of movable silicon mirrors to change the coupling of light between input fibers and
output fibers (Figure 8.16 left). The use of MEMS technology offers low cost and
excellent optical performance of high reliability and fast switching time of less than
< 40ms. Currently, the MEMS matrix switch is available in sizes up to 32 x 32
(Figure 8.16 right). Using a modular design, it is also possible to customize the
optical switch to larger-size N x N configurations.

The MEMS matrix optical switch is controlled through a RS232 interface or

I2C. We generalize the algorithm we used for the 2 x 2 optical switch to the N x N
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Figure 8.16. MEMS 3D matrix optical switch.

optical switch. We use an array to keep the STATE of the current switching state
of optical switches. The array’s size is equal to the dimension of the matrix optical
switch. The value of the ith item of the array stores the name of the host whose
connection is switched to the ith output port. For example, consider four hosts
named A,B,C and D. Assume the STATE array of the 4 x 4 matrix switch shown
in Figure 8.17 is CADB. This means host C is connected to port 1 (leftmost), host
A is connected to port 2, and so on. When there is no traffic from a host, the
value of corresponding item of STATE is set to 0. From the example shown in
Figure 8.17, if at this time the packet flow from Host A is completed, the STATE
array will be changed from CADB to CODB. Following that, if Host C is done, the
STATE changes to 00DB. The STATE array records which ports are available for
the following traffic flows, and the algorithm can use the value of STATE giving
the leftmost available port highest priority. For example, if the next traffic flow is
from Host A again, the STATE will change from 00DB to AODB.

The STATE array keeps the current outputs of the matrix optical switches.
It contains information for two types of ports: for active ports that have data
flows, it represents current switching logic of those ports. For output ports that

are currently idle, it stores 0 in those corresponding positions. The Os in the
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A A A A

Matrix Switch STATE = CADB

Host A Host B Host C Host D

Figure 8.17. STATE of a 4 x 4 matrix switch.

STATE array are used to determine whether there is a further-left port available
when new traffic arrives, thus to consolidate traffic to the left side of datacenter
switches. However, since the matrix optical switch is non-blocking, the control
signal sent to the optical switch has to specify the switching path of every port,
even if there is no packet go through it. Since the STATE array may contain many
Os for idle ports, it cannot be used to control the switch state transfer. Therefore,
we use another array, SIGNAL, to store the control signals for the optical switches.

We take a 4 x 4 optical switch as an example. The STATE array is of size 4
to store the output port states. It is initialized as 0000 since all the four ports are
idle at the beginning. We set up SIGNAL = ABCD to start the optical switch
in the bypass state initially. For the traffic flows, we use '+A’ to represent that
Host A starts sending data, and -C’ to describe that Host C’s data transmission is
completed. Ans we use a string to represent a sequence of starts and ends of data
transmission from specified hosts. For example, “+A+B-B-A” means a sequence of
events - “Host A starts data transmission; then Host B starts data transmission;
Host B data-transmission ends; and then Host A data-transmission ends”. We

illustrate the changing values of STATE and SIGNAL arraies when we have the
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Sequence = +B+C+A-C+D-B+C-A-D

STATE[o|o|o|o| s [Bojofo| .« [B|C|o]0]| w |BfC|A]O
SIGNAL|A|B|C|D B|A|C|D B[c|A|D Blc|A
c |BloJAjo]| w [B|D|Af0o| s |0|D]|A]O
B/C|A B|D|A B|D|A

« |CID|A|O}| Ao |C|D|O|JO| o |C|jO|O]O

Figure 8.18. A 4 x 4 matrix switch: STATE and SIGNAL.

sequence of data flows shown in Figure 8.18.

For this 4 x 4 case, the STATE array starts from 0000, and changes every time
when a new data flow starts and an old data flow completes. When a new data flow
starts, the algorithm finds the first available port (first zero) from STATE array
and updates that item to the name of the host that sends the data flow. When
a host completes its data transmission, the algorithm traverses the STATE array
again, finds the item with the host name and changes it to 0. The algorithm needs
to traverse the STATE array twice for each data flow, so the time complexity is
O(2n). The SIGNAL array starts from ABCD and updates simultaneously with the
STATE array. For example, when a new data flow starts, the algorithm changes the
1th item of STATE array to Host . Also, it checks the value of 7th item of SIGNAL.
If it is not equal to Host x, the algorithm finds Host x at jth position of SIGNAL,
and switches the ith item and jth item. The time complexity of updating SIGNAL
array is O(n). Therefore, the overall complexity of this algorithm is O(3n). The
pseudo-code of the algorithm is described in Algorithm 2. The SIGNAL array is
used to control the matrix switches. It only needs to be updated when there is a
new data flow coming in. However, the STATE array needs to be updated when a
data flow starts and completes to store the real status of each ports of the merge

network.
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Algorithm 2 Algorithm to update state and control the matrix switch

1: function SWITCHCONTROL(host)

2:

3:

4.

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

STATE «+ {0};
SIGNAL + {A,B,C, D},
loop
if Host x has data to transfer then
for i + 0;i < SwitchDimension;i < i+ 1 do
if STATE[i] == 0 then
STATEIi| + x;
if SIGNALIi] <> z then
for j < 0;j < SwitchDimension;j <— j+ 1 do
if SIGNAL[j] == = then
swap(SIGNALIi], SIGNAL[j));
break;
break;
Send SIGNAL to matrix switch;

if Host = complete data transferring then
for ¢ < 0;1 < SwitchDimension;i < 1+ 1 do
if STATE[i]| == x then
STATEi| «+ 0;
break;
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When there are more than one hosts requesting to send data within a short
period of time, it is more efficient to change STATE and SIGNAL for all host
requests and send the final SIGNAL to the switch, considering the switching time
required for each state change of the matrix optical switches.

In the prototype of 2 x 2 merge network, we implemented the control algorithm
in the software running on the Arduino board, which receives inputs from the two
hosts through serial ports. For the general implementation of a N x N merge
network, we can use optical detectors to collect the data input fiber from each
host. DiCon optical detector [5] provides in-line power monitoring by utilizing
fused couplers on every input, which taps off a portion (1% ~ 10%)of the signal
and delivers it to the output (Figure 8.19). We propose to integrate the optical
switch, the micro-controller and the optical detectors as an integrated merge net-
work module. The architecture design of the functional module is shown in Figure
8.20. We have found some successful examples of customized function modules.
Figure 8.21 is an example of a module integrated by Dicon [6] with MEMS VOAs,
tap-detectors, control electronics, and firmware, for optical power balancing and
management. With our control algorithm, the micro-controller can be integrated
with the tap-detectors, and the matrix switch, to make a functional module of an

N x N merge network.

8.4 SUMMARY

This chapter describes the implementation of a 2 x 2 merge network using optical
switches. Hosts that have data to transfer send a request to an Arduino controller,
which calculates the control signal and sends it to the optical switch. The 2 x 2

merge network successfully consolidates the data to the left port of the network
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Figure 8.19. DiCon Tap/Detector module.

Tap/Detectors

N OUTPUTS

Figure 8.20. Customized functional module of merge networks.
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Figure 8.21. DiCon customized module.

switch. We extend the algorithm to a general N x N case and discuss the ar-
chitecture design of integrating optical tap-detector, optical switches, electronic
controller and firmware to form a functional N x N merge network that can be
used to consolidate traffic to leftmost ports of edge switches within a datacenter

pod.
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Chapter 9

CONCLUSIONS

9.1 SUMMARY

In this research, we consider the energy efficiency problem of datacenter networks.
Since fat-tree topologies are the predominant choice for datacenter networks, lot of
our work was based on this topology. While fat-trees provide full bisection band-
width, which minimizes latency and boosts throughput, the energy consumption
of this network, and other datacenter networks, is not proportional to the network
load. We find that the usage of the network devices in a fat-tree network is greatly
dependent on the type of traffic, the traffic load, and the selected routing algo-
rithm. For instance, if most of the traffic is between servers located in the same
pod, the core switches are never used, even at high loads. On the other hand,
if most of the traffic is between servers in different pods, the better part of the
network switches will be in active states even at low loads since more switches in
the network need to be utilized for routing.

We first analyze the problem of energy consumption in fat-tree networks by
deriving expressions for the fraction of active switches and traffic losses for arbi-
trary traffic loads and traffic losses. The developed analytical models for energy
consumption enable us to study fat-tree DCNs theoretically. We show that there
is a base cost of approximately 45% (due to edge switches), but after that point

energy consumption can scale linearly by appropriately consolidating traffic flows.



138

A practical application of the models is to jointly optimize task scheduling and
flow assignment so as to maximize the traffic consolidation for given job loads.

Based on the energy consumption model, we investigate skinnier network topolo-
gies that meet performance requirements of realistic loads, thus saving not only
energy but capital cost as well. Through a comprehensive study of the sub-graphs
of fat-trees for different traffic characteristics, we conclude that it is possible to
further reduce the number of active switches by up to 10% by consolidating cor-
responding jobs to fewer servers, particularly at low loads. Furthermore, we find
that edge switches account for a large portion of the energy cost even at very low
loads. We propose to replace the edge switches with high cardinality switches and
build energy proportional DCN. We evaluate the DCN power consumption using
the power data of Cisco modular switches. We find that the overall power con-
sumption is significantly reduced by using high-radix edge switches in the edge
layer of fat-tree DCNs.

In order to find the minimum subset of a network, we formulate an optimization
model for computing routes with the goal of minimizing energy consumption and
use Cplex solver to find optimal solutions for a small fat-tree network. Routing
plays an important part in the potential for energy savings. Compared to routing
algorithms that seek to balance load, our routing algorithm consolidates traffic
into a few paths to save energy at the idle switches. We use a universal greedy
flow assignment algorithm, which is proved to be able to find flow assignments
close to that achieved from the optimization solver for a variety of loading scenar-
ios. Although the greedy bin-packing algorithm used in ElasticTree also finds the
shortest route using the left-most heuristics, it leverages the regularity of hierar-
chical DCNs. Our greedy algorithm can find flow assignments close to the MIP

model, for not just hierarchical network topologies, but also random or irregular
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DCN topologies.

Many approaches that address the DCN energy efficiency problems can hardly
achieve the goal of energy proportionality. There is still considerable amount of
energy waste especially when the network is very lightly loaded during off-peak
hours. For example, in ElasticTree, the edge switches are always fully powered
on, even during the idle hours, because they are connected to servers. At the
aggregation layer, switches that are powered on do not fully load their interfaces
facing the edge switches. Our proposed merging approach explores additional
savings made possible by use of a hardware device called a merge network, which
further consolidates the traffic to fewer switches and enables powering off a subset
of interfaces in active switches, thus to manage the power at a finer granularity.

We attach merge networks to each switch of the network, and alternatively, to
all switches of the same layer within a pod, so as to scale the network energy cost
to the number of busy interfaces. We customize the analytical model to include the
merge networks by including the number of active interfaces as a parameter in the
minimization function. The model shows that, in addition to the savings obtain
by forcing traffic to the left, as shown in ElasticTree, we can achieve significantly
additional savings by powering off unused interfaces in active switches, which is
made possible by merge networks. Simulation results prove that the merge net-
works can reduce the energy consumption by around 50% at light loads, and the
DCN energy consumption can scale linearly by appropriately consolidating traffic
flows.

In simulation of larger fat-tree networks, we analyze the energy savings obtained
when using merge networks. With very light load, our approach reduces 20% to
40% energy cost compared with ElasticTree by applying merge networks to each

switch, depending on the traffic types. Localized traffic can benefit even more from
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traffic merging. When deploying merge network at edge-layer and aggregation-
layer switches within the same pod, the traffic merging achieves up to 70% — 90%
total energy savings and the network exhibits power-usage behavior close to that
of an energy-proportional system.

As a proof of concept, we design and build a hardware prototype of a 2 x 2
merge network using fiber links and passive optical devices. We experiment with
the merge network in a small test bed built on Linux boxes and Arduino. The
merge network consolidates data to one interface, with a slight time delay due to
switching time of the optical switches. The energy cost of the prototype is minimal.
We extend the prototype to larger-size merge networks by generalizing the control
algorithm and hardware design. The system can be built with reasonable expense
compared with the cost of datacenter network devices. The time and space com-
plexity of the control algorithm is linear and the system requires minimal change

at the end hosts.

9.2 CONCLUSIONS

An important conclusion of this research is that the type of traffic has a close cor-
relation with the potential energy savings for datacenter networks. This is clearly
demonstrated in the simulations as well as in the analytical models developed in
this thesis. The key thought is to keep traffic local as much as possible in order to
save energy. Another conclusion is that the symmetric design and homogeneous
network equipment is not generally energy-efficient. Topology enhancement for
providing external connectivity and heterogeneous deployment of network devices

has an impact on the overall energy consumption.
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