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Abstract

RACNet is a monitoring sensor network to provide high-
fidelity visibility, in terms of spatial and temporal resolu-
tion, of data center environmental conditions for energy
efficiency improvement. RACNet overcomes the high
node density and harsh RF environment challenges in
data centers to achieve over 99% reliable data yield and
short data collection latency. It does so through a novel
network architecture that decouples data collection from
the construction of the routing tree. This design, cou-
pled with the use of different frequencies along neigh-
boring data collection trees, enables RACNet to sup-
port large-scale, dense networks while maintaining per-
fect data reliability. Results from simulations, testbed,
and real world deployments indicate that RACNet out-
performs previous data collection systems, especially as
node density increases.

1 Introduction

Data center energy consumption has attracted global at-
tention due to the fast growth of the IT industry and in-
creasing concerns about carbon footprints and global cli-
mate change. While advances in component design con-
tinue to decrease the compute servers’ power consump-
tion, the energy consumed by the hosting facilities can-
not be overlooked. In a typical data center, only 30% to
60% of the total energy consumption is used to power its
IT equipment, such as servers and networking devices.
The rest is either lost during the power delivery and con-
version process, or used by environmental control sys-
tems such as Computer Room Air Conditioning (CRAC)
units, water chillers, and (de)humidifiers [1, 32]. A root
cause for this low energy efficiency is the lack of visibil-
ity in the data center’s operating conditions. Specifically,
as conventional wisdom dictates that IT equipment need
abundant cooling to operate reliably, the CRAC systems
in many data centers use very low setpoints, to reduce the
danger of creating any potential hotspots. Furthermore,
when servers issue thermal alarms, data center operators

have limited means to diagnose the problem and to make
informed decisions. Thus, they tend to further decrease
the CRAC’s temperature settings.

It should be evident, based on this example, that his-
torical and up-to-date information about the fine-grain
environmental conditions inside a data center is invalu-
able to operators. They can be used to troubleshoot ther-
mal alarms, make intelligent decisions on rack layout
and server deployments, and innovate on facility man-
agement. More importantly, such data can be particularly
useful as data centers start to employ sophisticated cool-
ing controls to accommodate environmental and work-
load changes [23]. For example, air-side economizers
bring in outside air for cooling, while dynamic server
provisioning strategies turn on or shut down a large num-
ber of servers following load fluctuations [4]. While both
techniques can reduce a data center’s total energy con-
sumption, the variations in the resulting spatial and tem-
poral heat distributions can also cause thermal instability,
leading to server shutdowns and catastrophic failures.

Traditional solutions for dense (i.e., rack-level) en-
vironmental monitoring use wired sensors, connected
through 1-wire [25], or Ethernet interfaces [23]. How-
ever, those approaches suffer from high installation and
configuration costs. Furthermore, sensor locations are
constrained by the availability of network connections.
The alternative of using the motherboards’ temperature
sensors to estimate data center environmental conditions
is also challenging, because these sensors are affected by
the servers’ CPU and disk activities.

On the other hand, wireless sensor network (WSN)
technology offers many advantages for these monitoring
and control tasks. It is low-cost, non-intrusive, can pro-
vide wide coverage, and can be easily re-purposed. Fur-
thermore, WSNs require no additional network and fa-
cility infrastructure, simplifying their deployment in the
already complex data center IT environment.

At the same time, the data center monitoring applica-
tion imposes severe constraints in terms of data deliv-



ery reliability and latency, which we will further elabo-
rate in section 2. High data reliability has been a long
standing challenge for wireless sensor networks. Past
real world WSN deployments exhibited data yields of
20 — 60% [9, 30, 34], which are unacceptable for data
center control and scheduling purposes. The size and
density of data center sensor networks also make current
data gathering protocols such as CTP [8] and Koala [22]
not suitable, as the results from Section 4 indicate.

This paper presents our design and implementation of
RACNet, a large-scale sensor network for high-fidelity
data center environmental monitoring. By high-fidelity,
we expect RACNet to reliably deliver environmental data
at rack-level spatial resolution and sub-minute-level time
resolution.

RACNet uses the custom-made Genomote sensor node
and utilizes a combination of wired and wireless commu-
nications to scale. While our previous work focused on
the problem description and the hardware we built [17],
this paper focuses on rDCP, the reliable data collection
protocol that RACNet uses. To tackle the network den-
sity and scalability challenges, rDCP uses multiple wire-
less channels concurrently!. Although a Genomote can
be on a single channel at any particular time, rDCP dy-
namically balances the number of nodes on each channel
to adapt to link quality changes. Furthermore, to achieve
reliable and real-time data collection, rDCP separates the
tasks of tree generation, performed by a distributed pro-
tocol in the network, and data retrieval, initiated by the
roots of those trees. This separation achieves low inter-
node contention, even in dense networks.

Contrary to the common belief that WSN cannot main-
tain high data yield, results from our simulations and
a 696 Genomote deployment at a production data cen-
ter (including 174 wireless nodes), show that rDCP can
achieve over 99% data reliability, while delivering over
90% of the data under the current soft real-time require-
ment of 30 seconds, in a challenging RF environment.

The technical contributions of this paper are on the
design and implementation of rDCP, including:

e Data center RF environment characterization We
quantify the distinct challenges that the data center en-
vironment brings to sensor networks, through measure-
ments of RF signal strength, signal quality, packet loss
rate, and communication range in actual data centers.

e Distributed, multi-channel and multi-hop topology
control. We present an efficient and distributed proto-
col for creating and maintaining multi-hop bi-directional
data collection trees leveraging multiple frequency chan-
nels. Membership in individual trees dynamically adapts
to the number of gateways in the network as well as link
qualities on each channel.

IThe IEEE 802.15.4 standard defines 16 channels in the 2.4 GHz
frequency range.

o Coordinated data retrieval. We show that using the
gateways to coordinate the sequence of data downloads,
significantly improves data yields in dense sensor net-
works that generate large number of measurements.

Although the RACNet design is driven by the concrete
data center monitoring requirements, the resulting proto-
col and experiences should apply broadly to WSN ap-
plications in scientific, industrial, and environmental do-
mains.

In the remainder of the paper, we first present the high-
level requirements for data center monitoring and outline
the challenges of using IEEE 802.15.4 wireless commu-
nications in these environments through a site survey in
Section 2. Section 3 elaborates on the design of the RAC-
Net reliable data collection system. We present our eval-
uation results in Section 4, while Section 5 outlines re-
sults from a production data center deployment of RAC-
Net. Section 6 reviews related work and we conclude in
Section 7 with a summary and discussion about future
work.

2 System Design Challenges

A data center monitoring and control system requires a
low cost data acquisition system that offers wide cov-
erage and is easy to install and maintain, which dic-
tates the use of wireless sensors. Furthermore, wire-
less sensor networks can be easily re-purposed and are
not constrained by network availability or administra-
tive domains. To achieve low cost and ease of main-
tenance, we chose a radio based on the IEEE 802.15.4
standard [10], rather than Bluetooth or WiFi. Although
they use the same 2.4GHz ISM band, IEEE 802.15.4 ra-
dios consume less power, have simpler network stacks,
and require fewer processing cycles, thereby reducing
the overall hardware cost. On the other hand, 802.15.4
radios can support data rates of only up to 250 Kbps
(effective data rates are usually much less due to MAC
overhead and multi-hop transmissions) and their lower
transmission power? can lead to higher bit error rates,
especially in RF-challenging environments such as data
centers (see Section 2.2). The combined constraints of
low data rates and high loss rates underlie the technical
challenges that RACNet must resolve.

2.1 Application Requirements

In order to support cooling control and dynamic work-
load distribution, RACNet must provide data yields of
95%, or higher. Furthermore, the sampling frequency
depends on the rate of change of the underlying physi-
cal phenomena. In the case of temperature, we recorded
temperature changes of 10°C' within 5 minutes in re-
sponse to server and CRAC operations. Based on these

2The CC2420 802.15.4 radio we use, transmits at 0 dBm, or 1
mW [31].
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Figure 1: Temperature distribution over the front (cold aisle)
and back (hot aisle) of a row of 10 racks. Significant spacial
variation demands dense sensor networks.

observations, we use 30 second sampling rate in RAC-
Net in order to promptly detect abnormal thermal condi-
tions. The sampling rate can be even higher when trou-
bleshooting hot spots or when sampling different sensors
(e.g., monitoring the server’s power consumption). Ide-
ally, these measurements need to be collected before the
next samples are generated. When this is not achievable,
we still want to collect the data for archiving and long
term decision making purpose.

The challenge of reliable and prompt data delivery is
exacerbated by RACNet’s expected scale and density.
For a sense of this scale, consider that a data center can
have several adjacent server colocation rooms (colos for
short). Each colo can have several hundred server racks.
Moreover, because there is significant spacial variations
in air temperature (as much as 5°C over 10 feet), illus-
trated in Figure 1, we need at least 12 sensors to be de-
ployed over each side (air intake or exhaust) of a row
of 10 racks to create a heat map of acceptable granular-
ity [18]. This implies that thousands of sensing points
are required within a colo.

Some of these challenges are partially addressed by
RACNet’s hardware design. Figure 2 presents a pair
of Genomotes, which are sensor devices we specifically
designed for RACNet [18]. One wireless master node
(left) and several wired sensors (right) form a daisy chain
to cover one side of a rack and collect data at differ-
ent heights. This design increases sensing coverage and
reduces the number of contending radios in the same
space, without sacrificing deployment flexibility. How-
ever, even with the chain design, there are easily several
hundred wireless master nodes in a colo.

The master node also has a flash memory chip that
caches data locally to mitigate temporary connectivity
variations. The whole chain is powered by a USB port
connected to a server or a wall charger. Using a USB
connection to power the whole mote chain means that
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Figure 2: Two types of Genomotes designed for RACNet. The
wireless node (on the left) controls several wired nodes (on the
right) to reduce the number of wireless sensors within the same
broadcast domain.

unlike many previous sensor networks, power availabil-
ity is not a critical concern in RACNet. On the other
hand, using that USB port to carry measurements is not
an option because it requires the installation of additional
software on the servers, something that is not adminis-
tratively possible in our environment. For the rest of the
paper, we only consider the network among the wireless
master nodes, treating the whole chain as a single node
with multiple sensors.

2.2 Data Center RF Environment Survey

Data centers present a radio environment that is differ-
ent from the ones that past sensor network deployments
faced. This is intuitively true as metals are the domi-
nant materials in a data center. In addition to switches,
servers, racks, and cables, other metallic obstacles in-
clude the cooling ducts, power distribution systems, and
cable rails. Given the departure from RF environments
studied in the past (e.g., [26, 38]), characterizing the data
center environment is crucial to understanding the chal-
lenges it poses to reliable data collection protocols.

For this reason we performed a site survey by dis-
tributing 32 wireless Genomotes in a 12,000 square-foot
colo at a production data center. The motes were placed
at the top of the racks, following a regular grid pattern,
with adjacent nodes approximately 35 feet from each
other. During the experiment, nodes took turns broad-
casting 200 128-byte packets with an inter-packet inter-
val of 50 msec. Upon the successful reception of each
packet, receivers logged the Receive Signal Strength In-
dicator (RSSI), the Link Quality Indicator (LQI), and a
sequence number.

Our findings from this survey are summarized below:

Neighborhood Size. The average inbound and out-
bound node degrees in the network were 26. In other
words, 82% of the nodes are within a node’s communi-
cation range, which potentially leads to high interference
among nodes. The number of neighboring nodes is likely
to increase significantly as production deployments con-
sist of a couple hundreds of wireless nodes in the same
space. Thereby, data collection protocols must coordi-
nate node transmissions to avoid packets losses due to
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Figure 3: Average link packet loss rate from a 32-node data
center site survey.

interference.

Packet Loss Rate. Figure 3 illustrates the distribution
of link packet loss rates, which indicates that while the
majority of the network links have low loss rate (i.e.,
< 10%), there is still a significant percentage of links ex-
periencing high number of losses. This further suggests
that in order to build low loss end-to-end paths, routing
protocols need to estimate the packet delivery ratios of
available links and select the low loss ones.

Link Quality. Both RSSI and LQI have been used to
estimate link quality [27, 33]. RSSI is an estimate of
the signal power for received packets, while LQI can be
viewed as the chip error rate over the packet’s first 8 bits
(802.15.4 radios use a Direct Sequence Spread Spectrum
encoding scheme). Indeed, the results shown in Figure 4
indicate that there is a correlation between RSSI/LQI and
packet reception rates. Based on these results, rDCP uses
an RSSI threshold of -75 dBm as a first filter of poten-
tial weak links. Selecting this conservative threshold re-
moves a large number of links. Fortunately, since each
node has many neighbors some of which have low loss
rates, the network remains connected.

3 Reliable Data Collection Protocol

We present rDCP, a Reliable Data Collection Protocol
that dynamically constructs spanning trees rooted at one
or more network gateways. These trees form the paths
along which data from the nodes arrive at the gateways.
The architectural design of the protocol centers around
the balance between distributed and centralized deci-
sions, especially when performing routing and data re-
trieval operations. At one extreme, one can implement
both inside the network. In this case, motes implement
a distributed protocol that constructs a common routing
tree and independently forward data as soon as they gen-
erate them [8, 35]. This approach adapts well to network
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Figure 4: Packet reception rates of directional node pairs for
different RSSI and LQI.

and node failures, due to its distributed nature. On the
other hand, the lack of coordination can lead to chan-
nel contention and eventually packet losses, especially
towards the root of the tree. At the other extreme lies
the centralized approach, in which the gateway controls
the entire network operation [22, 28], leveraging its am-
ple computational resources and knowledge of the com-
plete network topology. Nodes simply report their local
channel conditions to the gateways, which in turn deter-
mine the routing trees and request data downloads. This
approach usually achieves high reliability and flexibil-
ity as gateways orchestrate the downloads. On the other
hand, collecting neighborhood information scales with
the number of network links, which for dense networks
can grow with the square of the number of nodes.

Based on these observations, rDCP employs a hybrid
approach in which nodes cooperatively determine the
routing topology while the gateways initiate data down-
loads from individual nodes. This division of responsi-
bilities ensures timely and reliable delivery of data, while
reducing contention during data downloads.

Pictorially shown in Figure 5, rDCP has two lay-
ers: the topology control layer (TCL), which builds bi-
directional collection tree in the network and the data
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Figure 5: Architecture of rDCP, including the mechanisms to
generate and maintain the tree topology and the mechanisms to
reliably download data from individual Genomotes.

download layer, which reliably retrieves data from in-
dividual nodes. Next, we elaborate on each of rDCP’s
components.

3.1 Topology Control

Topology control maintains robust data collection trees
rooted at the network’s gateways. The mechanism’s dis-
tributed nature allows nodes to independently react to
network changes, including degraded link qualities and
node failures. Although there are multiple examples of
tree-building algorithms in the sensor networks litera-
ture (e.g., [8, 35]), most of them focus on delivering
data in the upstream direction, whereas rDCP builds bi-
directional trees (BiTrees).
Basic Protocol

Gateways initiate BiTree construction by broadcast-
ing HEARTBEAT messages. Upon receiving a HEART-
BEAT message, non-tree nodes compete to join the tree.
Once on the tree they generate their own HEARTBEAT
messages to recruit more nodes. HEARTBEATS include
fields that represent the node’s status, including its hop
distance from the root, its parent node ID, and a children
list. This children list is used to coordinate the transmis-
sion of HEARTBEAT messages as explained below.

Figure 6 represents a node’s state transition diagram.
A non-tree node stays initially in the SCAN state and
actively listens for HEARTBEAT messages from tree
nodes. The node then selects a parent based on the fol-
lowing process: first, the node makes sure that the incom-
ing HEARTBEAT has a Receive Signal Strength Indica-
tor (RSSI) above a threshold. Section 2.2 shows the rela-
tionship between the link packet delivery rate and RSSIL.
Then, the node checks the children list and determines
whether the potential parent has already reached its max-
imum number of children. If not, it evaluates the path
quality to the gateway via this upstream node by com-
puting the expected total transmission count (ETTC) as
follows:

1

= ETTCz + WRqJ

ETTC; =)

Py ELDR,

Receive JOIN_REQ/
Reply JOIN_GRANT
Receive JOIN_GRANT / -

Timeout / -

Receive HEARTBEAT / -
Timeout /
Send JOIN_REQ

Timeout / -

Receive HEARTBEAT from parent/
Broadcast HEARTBEAT

Figure 6: State transition diagram of a sensor node. State tran-
sitions are marked using the condition/action notation in which
a transition occurs when a condition is met and results in an
action (or no action in case of “-”).

where j is the current node; ¢ is its potential parent; P
is the path from j to the gateway via 7, and ELDR,
is the estimated link delivery ratio of link /. To com-
pute ETTC; recursively, the ETT'C} is included in the
HEARTBEAT message. However, estimating ELDR; ;
directly from HEARTBEATs would require multiple
message rounds. To reduce control message overhead,
we take advantage of the Link Quality Indicator (LQI)
available from modern radio chips such as TI/Chipcon
CC2420 [31]. We use a piece-wise linear approximation
to estimate a link’s ELDR based on its LQI, similar to
the approximation used in [3].

The ETTC metric essentially represents the expected
number of radio transmissions necessary to reliably de-
liver one message along a specific end-to-end path. We
choose this metric to align with the system goal of reli-
able and timely data collection.

At the end of the SCAN state, the node selects the
upstream node with the smallest ETTC as its potential
parent and initiates a tree join request. The parent also
estimates the link quality from this potential child in the
upstream direction before replying with a JOIN_.GRANT
message. Otherwise, the tree join operation times out.
This two-way handshake brings about two benefits. First,
it serves as an explicit agreement between the parent and
the child node that both have the resources to relay mes-
sages for each other. Second, since we require a BiTree
for data downloading, it is important to ensure the link
quality in both directions, as wireless links are some-
times asymmetric [38].

Note that the gateway sends periodic HEARTBEAT
messages. A node that has just joined the tree waits
for the second HEARTBEAT message from its parent,
which triggers the node to broadcast its own HEART-
BEAT message. The HEARTBEAT message is an ex-
plicit indication to a node’s parent and children that the
node is still alive. If a node stops hearing from its parent
for too long (i.e., three times the HEARTBEAT interval),
it assumes that the parent is unavailable and transits back
to the SCAN state. Similarly, the parent abandons a child
if the timer expires.

Coordinated Beaconing
As described above, nodes broadcast HEARTBEAT



messages to construct and maintain the BiTree. It is
therefore desirable to transmit multiple HEARTBEATSs
in a short amount of time, to accelerate the tree con-
struction process. However, in large and dense networks,
this can lead to broadcast storms and severe collisions,
eventually affecting the quality and stability of the result-
ing tree. Thereby, efficiently broadcasting HEARTBEAT
messages is a crucial requirement.

A simple and low-maintenance approach would be to
adopt a contention-based approach, in which nodes con-
tend for the radio medium. However, this approach is
unsuitable for dense networks because the large number
of HEARTBEATSs would most likely cause collisions and
unbounded delays. Instead, a TDMA-based protocol that
assigns exclusive time slots to each node within the same
interference range could be used. However, maintain-
ing such TDMA schedules is cumbersome as it requires
tight time synchronization and control traffic to set up the
schedule.

For this reason, we propose a hybrid mechanism for
broadcasting HEARTBEATS Specifically, a fixed-length
time frame 7' is assigned to a node’s children. As
mentioned earlier, a HEARTBEAT message carries the
node’s complete list of its children. This list serves as
a local TDMA schedule. The i child uses time slot
[anw i, ngam (i 4+ 1)), where 1,4, represents the maxi-
mum number of children that a node can have. The re-
maining time slots in 7" are used by non-tree nodes to
initiate the two-way handshake.

Grand children start sending HEARTBEATS after T'
expires, thereby ensuring that nodes of different genera-
tions receive exclusive time slots. While this mechanism
reduces contention, it does not guarantee a collision-
free network. Specifically, we do not coordinate among
nodes within the same broadcast domain that connect to
different parents. Instead, we avoid collisions by having
nodes randomly pick a time within their allocated time
slots and let them contend for the radio.

Because tree nodes initiate their HEARTBEATS only
after they hear from their parents, it is possible for the
gateway to pace the generation of HEARTBEATSs de-
pending on the number of tree nodes.

3.2 Channel Diversity

A RACNet may consist of thousands of nodes within one
data center. One way to increase data throughput, and
thus reduce data latency, is by using multiple gateways
at different locations. Furthermore, we take advantage of
channel diversity to build multiple BiTrees rooted at dif-
ferent gateways, each on a different RF frequency. Previ-
ous work has shown that simultaneous communications
over different 802.15.4 channels do not interfere with
each other [36]. This section addresses the challenges
of building multi-hop BiTrees over multiple channels in
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Figure 7: Tree construction with channel diversity. During the
channel scanning phase, node N1 joined two trees. Finally it
decided to stay at channel C2. Its old parent N2 at channel C'1
eventually removed N1 from the children list.

a distributed way.
Construction of Multiple BiTrees

In RACNet, every gateway has a fixed channel as-
signed by the operator. Non-gateway nodes start by
scanning channels sequentially and looking for trees to
join. Since gateways periodically initiate new rounds
of HEARTBEAT messages, a node can bound its wait
time on each channel to (little over) one HEARTBEAT
time interval. A node joins the first tree using the two-
way handshake mechanism described above. However
for subsequent channels, the node joins the tree only if
the estimated quality of the new path is better than the
one on the current tree.

rDCP follows a transaction model when constructing
BiTrees across different channels. As Figure 7 suggests,
it is possible that a node (temporarily) joins multiple
trees. However, nodes that actively scan channels do
not broadcast HEARTBEAT messages to recruit chil-
dren. This is to bound further disturbance in the can-
didate trees that the node decides not to join. When the
scanning phase ends, the node switches to the last tree
it joined. The candidate parents (other than the last one)
eventually time out and remove the node from their chil-
dren lists.

Nodes can significantly reduce their channel scanning
time with the gateways’ help. Specifically, gateways
maintain the list of all channels they collectively occupy
and include this information in their HEARTBEAT mes-
sages. Therefore, after receiving one HEARTBEAT mes-
sage, nodes immediately know all available channels.
Balancing Multiple BiTrees

As nodes join and leave the network, the sizes of the
network’s BiTrees change. Since gateways coordinate
data collections, the number of nodes does not signifi-
cantly affect the download time from individual nodes.
However, it implies that the sum of hops, or the total dis-
tance from each node to the gateway, can become unbal-
anced across channels. As we will show in Section 4,
the sum of hops largely determines the overall time A
to finish one round of data collection from all the nodes,
thereby affecting application-level performance.

rDCP implements a distributed algorithm for balanc-



ing BiTrees. Once a gateway observes large differences
across the A’s of different trees, it initiates the channel-
balancing process by sending a START_BAL message
that propagates through the tree. To avoid network in-
stability, rDCP utilizes two mechanisms: (i) it restricts
the channel-balancing process to the gateway with the
largest data collection delay, and (ii) it tolerates certain

amount of imbalance in A. Let Ayyg = % be the
average delay among all trees. A gateway b* starts the
channel-balancing process only if the following condi-

tion is met:

Ap» — Agyg > 0,and

b* = argmazyeg(Ayp)

where B is the set of all gateways and ¢ is a threshold pa-
rameter that controls the amount of tolerable imbalance.
The START_BAL message contains the probabilities for
switching to each of the different channels. Switching
probabilities are defined to be higher for more under-
utilized channels.

Specifically, a node connected to the tree rooted at b*
will decide to switch to the tree rooted at gateway b; with
probability P; = AA“—b“j. The probability P; to switch
to the channel of basestation B; # b* is calculated as
follows:

P, = O, 1fA1 > Aavg
Ab* - Aavg Aavg - A’L
Ay S (Bug— Ay
beB and Ap<Aaug
if A; < Aavg

P, =

Intuitively, we attempt to migrate the extra nodes at gate-
way b* to underloaded gateways, based on their degrees
of under-utilization. After receiving a START_BAL mes-
sage, a node calculates the target channel based on the
switching probabilities. More nodes will attempt to join
the tree with fewer nodes. Finally, if the node can not
find a parent in the target channel, it returns to its origi-
nal channel.

3.3 Data Download

This section discusses the Data Download Layer, which
reliably collects data to RACNet gateways along the Bi-
Trees. Rather than having nodes initiate data upload
asynchronously, which as we later show causes severe
collisions and hence low data reliability in dense net-
works, rDCP uses a centralized pull-based approach.
Gateways in this model sequentially poll each node in the
constructed tree to download the measurements the node

has collected since the last download. Note that down-
loading data from a single network path at any point in
time is not inefficient for data center networks, due to
their dense nature that limits the benefits of spatial reuse
(cf. Sec.2.2).

Downstream Route Construction

As we mentioned earlier, BiTree nodes know only
their parent and their children on the tree. However, in
order for the gateway to iterate over all tree nodes, it
needs to have an end-to-end route to every node. Gate-
ways construct these downstream routes by merging all
the children lists. List collection is a recursive process.
A gateway first queries sequentially its own children.
These nodes respond with their own children lists. The
gateway then queries the nodes from the newly received
children lists. This process continues until the gateway
traverses all tree nodes. Since HEARTBEATS trigger
BiTree topology changes, to minimize the overhead of
route construction, gateways can cache the routes by re-
ducing the HEARTBEAT frequency.

Self-Paced Data Streaming

After constructing downstream routes, the base station
initiates data streaming by sequentially sending requests
to each tree node. Each request carries a source route
to the node the gateway wants to download data from
and the range of data the gateway wants to download.
The target node responds by streaming the requested data
along the reverse path.

To stream efficiently, the source node must deter-
mine the inter-packet transmission interval that mini-
mizes self-interference and end-to-end delay as these
packets traverse the multi-hop path toward the gateway.
rDCP adapts a technique proposed in [11] to estimate the
required delay. A nodes estimates the inter-packet de-
lay by overhearing the children list messages it sends to
the gateway. Specifically, each node measures the time
from the moment the message leaves until the last time it
can overhear the same message from nodes upstream. To
take into account the whole path, such local estimates are
relayed downstream via the data request message. Each
node updates its local inter-packet value to the maximum
of the previous local value and the one carried in the
message. The node also updated the inter-packet value
before forwarding the message downstream.

Data Reliability and Integrity

To achieve end-to-end reliability, rDCP employs both
link-level and end-to-end retransmissions. Modern ra-
dios, such as the TI/Chipcon CC2420, can automatically
generate 802.15.4 acknowledgments for each success-
fully received packet. However, such hardware acknowl-
edgments can cause false positives because the system
can drop acknowledged packets before they reach the ap-
plication. TinyOS 2.x, the software platform that rDCP is
developed on, has a feature called software ACKs that al-



lows instead the application to trigger 802.15.4 acknowl-
edgments. Therefore, software ACKs achieve equiva-
lent functionality but with higher confidence. In addi-
tion to using hop-by-hop software ACKs, rDCP also im-
plements end-to-end negative acknowledgments. Specif-
ically, after a node finishes streaming the requested data
block, the gateway scans the received data stream for
missing records and sends retransmission requests.

To ensure data integrity, rDCP performs Cyclic Re-
dundancy Checks (CRC) at both the packet and the appli-
cation level. We decided to add a CRC check on applica-
tion payloads, because the 16-bit CRC used in 802.15.4
provides limited protection against corrupted packets. A
data message is discarded if either CRC fails.

Data Time Stamping

RACNet relies on a large number of sensors to per-
form high fidelity data center sensing. To better cor-
relate the measurements at different locations and gen-
erate heat maps, nodes must be synchronized and sam-
ple their sensors at the same time. rDCP synchronizes
the nodes’ clocks through a mechanism that adapts tech-
niques proposed in the Flooding Time-Synchronization
Protocol (FTSP) [21].

In more detail, rDCP assumes that the gateways main-
tain globally synchronized clocks. This is a reason-
able assumption as protocols such as the Network Time
Protocol (NTP) are readily available in the data center.
Gateways timestamp each HEARTBEAT message with
the current global time immediately before they trans-
mit them. Upon receiving a HEARTBEAT message,
a node creates a synchronization point (i.e., a pair of
global and local timestamps). If clock frequencies and
drifts were identical across nodes, a single synchroniza-
tion point would suffice to translate local to global times-
tamp. However, [21] points out that this is not true in
practice. Instead, rDCP takes multiple synchronization
points and applies a linear interpolation to find the rela-
tion between the local and the global clock.

4 Protocol Design Evaluation

This section evaluates the design of rDCP using re-
sults from simulations and a prototype implementation
in TinyOS 2.x [15], deployed to a lab testbed. We first
present micro-benchmarks of the different rDCP compo-
nents and then we compare rDCP to CTP [8], using data
latency and reliability as two application-driven metrics.

All simulations use TOSSIM [16], a discrete event-
based simulator for TinyOS. We selected TOSSIM be-
cause it uses the same application codebase as the one
running on the motes, thereby reducing any discrepan-
cies introduced from running different versions of the
code. While TOSSIM can simulate arbitrary topologies,
it requires the user to supply the signal attenuation levels
for every network link. We use the Log Distance Path
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Figure 8: Tree settling time for a simulated 10 x 10 grid topol-
ogy as a function of the HEARTBEAT interval.

Loss model to calculate these attenuations [24]. Specif-
ically, PL(d)[dB] = PL(do)[dB] + 10nlog(d/dy),
where d is the distance between transmitted and receiver,
n is the path loss exponent, and PL(dy) is the attenuation
at reference distance dy. A path loss exponent of n = 2
corresponds to free space propagation, while n = 3,4
correspond to environments with reflections and refrac-
tions. All of our simulations use n = 4.

While simulations allow us to vary experiment param-
eters, such as the network density, the lab testbed pro-
vides realistic radio channels. Furthermore, the heavily
instrumented lab testbed allows the collection of latency
and radio quality statistics through a wired back channel.
The testbed network consists of 50 nodes, arranged in
a grid topology that closely resembles the data center’s
physical layout. Nodes are divided into four columns to
simulate the hot/cold server aisles and most nodes are
within the same broadcast domain to simulate the data
center RF environment (see Sec.2.2).

4.1 Micro-Benchmarks

Topology Maintenance

A node needs to join a BiTree before gateways can
download data from it. Since nodes can dynamically join
and leave BiTrees, especially during the network initial-
ization and channel-balancing phases, the nodes’ settling
time, defined as the time necessary for a node to select
its stable parent, affects data latency. In turn, the set-
tling time depends on the HEARTBEAT frequency and
the local TDMA time slot size 7. We vary these two
parameters in two simulated networks deployed over a
100ft x 100t grid.

Figure 8 presents the tree settling time, defined as the
time until all the nodes join the tree, as a function of the
HEARTBEAT beaconing intervals. The stair-like pat-
terns correspond to nodes at different tree depths join-
ing the tree. The figure also validates the intuition that



1000

100 nodes -

900 | i 146 nodes e ]

800 |
700
600
500

400-L

300

Tree Settling Time (sec)

0 5 10 15 20 25 30 35 40
Local TDMA Slot Size (ms)

Figure 9: Tree settling time for two simulated grid topologies
as a function of the local TDMA time frames.

increasing the HEARTBEAT frequency reduces the tree
settling time.

Figure 9 presents the settling time as a function of
the TDMA slot size. Since the slot size relates to the
HEARTBEAT beaconing back-off time, the smaller it is,
the shorter tree nodes wait on average before broadcast-
ing their HEARTBEAT messages. However, because lo-
cal TDMA schedules do not guarantee that transmissions
from nodes in two adjacent tree branches do not collide,
a smaller slot size increases the probability of collisions.
Figure 9 validates this intuition, showing that the tree set-
tling time starts to degrade when ' < 10 msec. This
effect is more visible in dense networks. On the other
hand, increasing 7" does not necessarily increase the tree
settling time because non-tree nodes try to survey differ-
ent potential parents before committing to one. In other
words, as long as the HEARTBEAT message arrives be-
fore a node’s scanning timer expires (see Fig.6), the tree
settling time will not be affected.

While Figures 8 and 9 show the time necessary to con-
struct the whole tree from scratch, RACNet will incur
this overhead only infrequently. Instead, once the net-
work stabilizes, the time for a new node to join a BiTree
is N, x T, where N, is equal to the number of gateway
channels and 7 is the time necessary to scan a single
channel. The same formula provides the time necessary
for a node to switch to a new parent after the existing
parent becomes unfavorable or leaves the network.

Data Collection

Gateways sequentially collect data from every node in
their BiTrees, so the worst case data latency is equal to
the time necessary to finish one data collection round.

To estimate the duration of the data collection round,
we ran rDCP on the lab testbed, while varying the num-
ber of nodes from 10 to 50. Each node sampled its sen-
sors and generated 32-byte log entries once every 30 sec-
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Figure 10: Average one-round collection time and the collec-
tion tree’s sum of hops as a function of the testbed network
size.

onds. Figure 10 illustrates the network size, defined as
sum of all tree hops, and the average data collection time
for a single data collection round across the whole net-
work. Because the average collection time does not ex-
ceed the sampling interval of 30 seconds, the gateway is
able to keep up with the sampling rate. The other obser-
vation from Figure 10 is that the collection time closely
follows the sum of tree hops. This result validates our de-
cision to use the sum of hops as the metric for balancing
the different BiTrees in the network.

4.2 Application-Level Performance

Data center monitoring and control impose data yield
and latency requirements on the data collection process.
In this section, we evaluate how well rDCP meets these
requirements. Furthermore, we use the Collection Tree
Protocol (CTP) [8], the standard data collection proto-
col in TinyOS, as a comparison base line. To do so, we
have implemented a sensing application on top of rDCP
and CTP that periodically samples two on-board sensors.
All comparisons use a single frequency channel because
CTP does not have a channel balancing capability. In the
case of rDCP we use at most three hop-by-hop and three
end-to-end retransmissions, while for CTP we use the de-
fault number (30) of hop-by-hop retransmissions. Note
that CTP does not support end-to-end retransmissions as
it provides only upstream network paths towards the net-
work’s gateway(s).

We experiment with different network densities in
TOSSIM and study data yield and latency on the lab
testbed under different sampling frequencies.

Network Densities

Depending on the application requirements, nodes can

be deployed under different network densities. To test
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Figure 11: Loss rate and sensor data latency for simulated
grids of N x N nodes deployed over an 100/t x 100 ft area.
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the effect of density on application performance we sim-
ulated networks of different size deployed over the same
100ft x 100 ft area. Specifically, nodes were arranged
ina N x N grid, where N = 5,7,10, 12, and 14. Since
TOSSIM does not simulate all aspects of the environ-
ment such as the processing delay, we do not intend to di-
rectly compare simulation and testbed results, but rather
to observe growth trends.

It is evident from Figure 11 that rDCP is immune to
increases in network density, while the loss rate for CTP
increases as the network becomes more dense. On the
other hand, the latency of the data that CTP delivers is
lower than rDCP for smaller network densities. How-
ever, the latency of rDCP stays effectively constant (and
equal to the data collection round), while CTP’s latency
deteriorates as network congestion levels increase.
Sampling Intervals

Different phenomena require different sampling inter-
vals to capture changes in the state of the underlying en-
vironment. For example, server energy meters must be
sampled more frequently than temperature sensors. Data
collection protocols however should offer consistent per-
formance across different sampling rates.
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Figure 12: Data latency and loss rate on the 50-node lab
testbed with different sampling intervals.

To evaluate how rDCP and CTP react to sampling rate
changes, we ran one-hour experiments on the 50-node
lab testbed, setting the sampling interval to 10, 15, 20,
30, and 60 seconds, and measured both data latency and
yield. Figure 12 presents the behavior of CTP and rDCP
as the sampling interval changes. Compared to CTP,
rDCP maintains negligible data loss rates across all sam-
pling intervals. Furthermore, although CTP offers lower
latency when the network is not congested, latency and
loss increase dramatically as network load increases. Fi-
nally, the higher data latency variation in the case of
rDCP can be attributed to the decoupling of the times that
data are collected by a node and retrieved by the gateway.

5 Data Center Deployment Results

To further evaluate rDCP under realistic conditions, we
present results from a 100-node experimental deploy-
ment and then a 174-node production deployment in data
centers. We present comparison results between rDCP
and CTP and describe data yield and latency results from
our production network.

5.1 Data Center Experiments

We further compare rDCP and CTP in a data center
experimental deployment, using 100 Genomotes evenly
distributed over a 12,000 sq-ft server room. Each mote
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Figure 13: Distribution of data yield on the 100-node data cen-
ter experimental deployment. Each node generates five samples
every 30 seconds.

generates five samples every 30 seconds to emulate the
conditions where each wireless node is also responsible
for relaying the measurements of the other nodes in its
sensor chain.

Figure 13 presents the data yield distribution for rDCP
and CTP. Specifically, rDCP achieves both higher data
yields and lower variation across the network’s nodes.
On the other hand, CTP losses are not evenly distributed
among nodes, complicating the analysis of the environ-
mental results. There are several causes for the low data
yields in CTP. First, nodes produce five packets bursts
during each sampling period, temporarily congesting the
network. Second, because the 802.15.4 radio is faster
than the serial port, the gateway dropped packets due to
overflows in its serial queue. rDCP solves both problems
by coordinating node transmissions and introducing end-
to-end flow and rate control.

5.2 Production Deployment Results

Results presented in this section are from a production
RACNet deployment consisting of 694 Genomotes, in-
cluding 174 wireless master nodes, in a 12,000 sq-ft colo.
The network uses up to four wireless channels. The sys-
tem has been running for more than 3 months, collect-
ing more than 2.5 million measurement records per day,
consisting of four sensor types: two temperature sensors,
one humidity sensor, and the USB power status.
Channel balancing

Figure 14 illustrates rDCP’s channel-balancing behav-
ior, using the sum of hops metric during the first five
days of the deployment. The early part of the figure
(t < 1,000 min) shows significant fluctuations as the
network is incrementally deployed and tested. The sud-
den drop in hop count is due to a controlled shutdown
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Figure 15: Total data yield over a 72-hour period from the 694
sensors in the production deployment.

of all the gateways after all the nodes were deployed.
The second part of the figure (1,000 < ¢ < 3,000 min)
corresponds to the phase during which the gateways bal-
ance the load across all four available channels. This
phase ends when the difference between the expected
load across all channels and the actual load on each chan-
nel is within 20% (cf. Sec.3.2). The last part of the figure
(t > 3,000 min) shows that the network quickly reaches
an equilibrium.

Total Data Yield

Figure 15 shows the per-sensor data yield distribution
over a period of 72 hours in the production network. The
percentage on the Y-axis is the ratio between the actual
data received at the gateway during that hour and the ex-
pected amount of data, based on the sampling rate (i.e.,
120 records per hour). The graph plots the min, 5¢"-
percentile, median, 95" -percentile, and max data yields.
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Figure 16: Data collection delay distribution for production deployment.

One can see that more than 95% of the sensors have data
yields of 98% or higher. Note that the > 100% data
yields are an artifact of network time re-synchronization.
Specifically, nodes occasionally get out of sync. When
they subsequently re-synchronize to the global time, they
may have to turn their local clocks back in time, result-
ing in a seemingly higher number of samples during that
hour.

Data Collection Latency

To evaluate how the number of channels that rDCP
uses affect data collection latency, we varied the number
of frequency channels in the production network from
one to three. We then computed the end-to-end latency
as the difference between the time the data were times-
tamped by the node and the time they were inserted into
the back-end database.

Figure 16 presents the distribution of data collection
delay of 10,000 records after the network stabilizes. As
the number of channels increase, the data collection la-
tency drastically decreases from an average of 385 sec-
onds when a single channel is used, to an average of 30
seconds for 2 channels, and an average of 16 seconds for
three channels. Despite the difference in data collection
latency, rDCP was able to maintain close to 100% data
yield by caching sensor data on the external flash.

6 Related Work

Data Gathering Sensor Networks

Sensor networks have been used in several data gather-
ing applications, including environmental [9, 34], habi-
tat [19, 30], and structural monitoring [12, 37], just to
name a few. However, most prior work focuses on out-
door deployments, in which sensors are sparsely de-
ployed and power is the primary concern. On the other
hand, RACNet, as a sensor network for a data center, has
distinctly different trade-offs. First, power consumption
is no longer a determining factor. Instead, performance
issues such as delivery ratios and scalability are critical.
Second, to monitor large data centers at fine spatial gran-
ularities, a large and dense network is necessary. In turn,

12

this dramatic increase in scale leads to solutions that are
qualitatively different from those employed in previous
small-scale, sparse deployments.

Despite previous wired sensors for data center moni-
toring, Livelmaging from SynapSense is a similar wire-
less sensor network for measuring temperature, humid-
ity, and air pressure inside data centers [29]. However,
no quantitative results about the data yield of Livelmag-
ing are publicly available. Furthermore, to the best of our
knowledge, Livelmaging supports only five minute sam-
pling intervals (i.e. ten times slower data rate) and does
not support multiple frequency channels.

Data Collection Protocols

Data collection has been addressed at length in the
sensor network literature. A large portion of the existing
work focuses on the power aspect of the problem, aiming
at minimizing energy consumption through data aggre-
gation (e.g., [20]), ultra-low duty cycles (e.g., [2, 22]),
or optimal sensor placement (e.g., [7]). In general, these
systems are designed for low data rate applications with
no delay requirements. On the other hand, rDCP faces
new challenges from the large and dense network con-
figuration and the stringent reliability requirements. The
work closest to ours is the Collection Tree Protocol [8].
However, as the results in Section 4 suggest, CTP’s best-
effort nature prevents it from addressing the require-
ments of data center sensing.

A number of multi-channel protocols have been pro-
posed to address the challenges associated with high den-
sities in sensor networks. First, several general multi-
channel MAC protocols [14, 39] assign nearby nodes
to different channels to improve spatial reuse. The fre-
quent channel switching required in such node-based
channel assignment protocols usually entails large over-
head. Considering the data collection traffic pattern in
our application, we decide to adopt the more lightweight
alternative: tree-based channel assignment. Instead of
assigning different channels to individual nodes, we as-
sign one channel to each spanning tree rooted at a sink
node. Channel switches occur only occasionally when



new sink nodes join the network.

Recent work from Le et al. [13] and Wu et al. [36],
uses channel assignment strategies that are similar to
ours. However, one relies on a centralized algorithm
to assign channels [36], while the other achieves load
balance among different trees based on a control theory
approach [13]. Both mechanisms do not offer reliable
data delivery. Comparatively, our approach is both dis-
tributed and reliable. Finally, Dust Networks Incincor-
porates a frequency-hopping protocol called Time Syn-
chronized Mesh Protocol (TSMP) [6] for data gathering.
TSMP nodes that belong to the same network are time-
synchronized and share the same frequency-hopping se-
quence. Unfortunately, no results on the performance of
TSMP are publicly available.

7 Conclusions and Future Work

The RACNet presented in this paper is among the first at-
tempts to provide high-fidelity visibility into data center
cooling behaviors, which is of increasing importance as
cooling contributes to roughly half of total data center en-
ergy consumptions. This practical application challenges
existing sensor network technologies in terms of relia-
bility and scalability. The rDCP protocol tackles these
challenges with three key ideas: channel diversity, bi-
directional collection trees, and coordinated data down-
loading.

Comparing to existing data collection protocols such
as CTP, rDCP is more flexible and scalable. When the
network is congested, Genomotes store data locally for
future retrieval. When more communication channels are
available, the system adapts to it and the total through-
put improves. As empirical results from a deployment of
174 sensors in a real data center suggest, rDCP achieves
over 99% data yield for over 95% of the sensors, despite
limiting factors including temporary disconnections and
a harsh RF environment.

The combination of BiTrees and coordinated data re-
trieval mechanisms is powerful. Since the gateway dic-
tates the data downloading order, it is now possible to
achieve multi-resolution sensing or model-driven acqui-
sition [5] over large networks. The gateway can prioritize
which sensors to contact to create a coarse view of the
environment first, and then selectively refine the views
when resources allow. In data centers, since tempera-
tures and humidities can be highly correlated over space
and time, multi-resolution sensing may help reduce data
redundancy and improve acquisition latency.

RACNet is a core component of the Data Center
Genome project at Microsoft Research. Collecting cool-
ing data is a first step towards understanding the condi-
tions and resource usage in data centers. To reduce the
total data center energy consumption without sacrificing
user performance or device lifetime, we need a holistic
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understanding of key operation and performance param-
eters, such as power consumptions, device utilizations,
network traffic, and application behaviors at fine granu-
larities. With that knowledge, we will be able to close
the loop between physical resources and application per-
formance.
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