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Source: Power Management in the Cisco Unified Computing System: An Integrated Approach, Dec. 2013
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DC	Solution	market	worth	30.30	Billion	USD	by	2020



McMaster	Data	Center	Infrastructure	
Management	(DCIM)	Solution

• Rack	side	Wireless	Sensor	
Networks	(WSN)

• Wireless-Ethernet	gateway	
node	for	battery	distribution	
fuse	bay

• On-board	hardware	&	software	
sensors

Computational	
models

CRAC	controller

Real-time	measurement	data

Model-driven	sensor	
placement,	selection
&	data	acquisition

Heat	&	cooling	load	estimation

DCIM	Services

W
ha
t-i
f	A

na
ly
sis

Th
er
m
al
-m

ap
	

Vi
su
al
iza

tio
n

KP
I	T
re
nd

in
g

Fa
ul
t	D

et
ec
tio

n	
&
	P
re
di
ct
io
n

Model-predictive
Control,	optimization

Ca
pa
cit
y	

Pl
an
ni
ng

IT	job	scheduler	&	
workflow	manager

4



LEMoNet:	Low	Energy	Wireless	Monitoring	
Network		
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LEMoNet hardware

Sensor	battery	lifetime

Packet	reception	rate



How	to	minimize	power	consumption?
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Topology	construction	and	maintenance	for	
multi-hop	networks

Sensor Gateway Controller

Relay	of	upstream	traffic



How	to	minimize	power	consumption?
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Coordination	of	transmission	schedule

Sensor Gateway

Sensor Gateway

Normal	connectionless	(NC)	mode

Connection-oriented	mode	for
command	control	and	program
update



How	to	minimize	power	consumption?
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Reliable	data	transfer

Sensor Gateway

Multi-packet	reception



Better	Reliability
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Sensor Gateway

Broadcast urgent message

Scan request

Broadcast connectable 
message

Transmit data

Broadcast connectable 
message

Send connection request

Send connection response

Terminate

Sensor Gateway

Paring

ACK

Scannable connectionless	(SC)	mode	

reliable	connection	(RC)	mode



Research	Questions

• Myth	1:	On-board	sensors	on	IT	and	cooling	equipment	are	sufficient	
for	thermal	management	in	DCs	
• Myth	2:	cooling	configurations	are	homogeneous	in	DCs
• Myth	3:	energy	efficiency	is	the	#1	concern	of	DC	managers
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Testbed	1:	High	Performance	DC
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Overhead	cooling Top	containment Perforated	tiles	with	
Different	openings



HPC	DC
• 54	sensors		in	cold	
aisle	along	18	
racks:	top,	middle,	
bottom
• Conducted	
interviews	with	DC	
manager
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Figure 4: Inlet temperature readings of 9 racks at the HPC
DC

resulting in energy savings. Another interesting observation is that
the two cooling units appear to operate out of phase from the “peak
shedding" e�ects. Secondly, the variation of the inlet temperature
in the with cold aisle with top containment is less than the other
two aisles. This can be attributed to the low heat generated from the
servers and possibly the e�ect of containment. Thirdly, comparing
the temperature readings of the top, middle and bottom locations,
there are no obvious locations that have consistently lowest tem-
perature. Though heterogeneous workload on the servers may play
a role here, we believe the phenomenon is caused by non-trivial
interactions among cold air from the cooling unit(s) and the server
fans.

3.2 Measurements in the modular DC
For the remaining of the section, we conduct experiments in the
modular DC. First, we evaluate the correlation between the inlet
temperature of readings from on-board sensors and LEMoNET
sensors deployed in the modular DC. We instrumented 6 sensors at
the top, middle and bottom of each rack in both cold and hot aisles.
Table 5 shows the number of servers reporting inlet temperature
reading and we �nd that there is at least one server providing inlet
temperature in each zone. Measurements are collected over a two-
hour period. Table 6 summarizes the utilization of all servers, the
set points of the two cooling units and the state (“on" or “o�") of
the cooling unit next to rack 5 at di�erent time intervals during the
two-hour evaluation.

Table 5: The Number of Servers Provides Inlet Temperature
at Di�erent Zone of modular DC

Rack 1 Rack 2 Rack 3 Rack 4 Rack 5
Top 1 3 2 3 4

Middle 4 1 2 2 4
Bottom 4 4 5 3 1

Table 6: Settings at Di�erent Time Interval During the Cor-
relation Experiment at modular DC

1 2 3 4 5 6 7
Cooling Unit 20 20 15 15 20 20 20
Set Point( oC )
Utilization of 70% 0% 0% 70% 0% 70% 70%
All Servers

Cooling Unit 2 ON ON ON OFF ON ON OFF

(a) Top of Rack 1 (b) Top of Rack 4 (c) Top of Rack 5

(d) Middle of Rack 1 (e) Middle of Rack 4 (f) Middle of Rack 5

(g) Bottom of Rack 1 (h) Bottom of Rack 4 (i) Bottom of Rack 5

Figure 5: Inlet temperature readings reported by deployed
sensors and servers. The vertical red lines indicates the
starts and ends of evaluation periods with di�erent con�gu-
rations (Table 6).

In most cases of Fig. 5, the inlet temperatures reported by the
deployed sensors and the the on-board sensors follow a similar
trend, except for some o�sets between the readings. Fig. 6 shows the
CDF of the correlation coe�cients between the inlet temperature
reported by the server and deployed sensors in the same zone. The
lowest correlation is 0.68 and is at the bottom of rack 5. The o�set

Overcooling

Low	
utilization

Complex	interaction	
between	IT	load	
and	cooling



HPC	DC	(continued)

• Over	the	6-month	deployment	of	LEMoNet,	there	are	two	two	
cooling	failures	
• a	broken	chill	water	supply	pipe	
• insufficient	cleaning	of	the	AV	condenser	fins		à excessive	coolant	pressure	
increase	and	system	shutdown	
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Failures	are	#1	concern	in	HPC	DCs



Testbed	2:	Modular	DC	with	in-row	cooling
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Rack 5 Rack 4 Rack 3 Rack 2 Rack 1



Modular	DC

• 6	sensors	per	rack	(top/middle/bottom;	cold	+	hot	aisles)
• 61	servers
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resulting in energy savings. Another interesting observation is that
the two cooling units appear to operate out of phase from the “peak
shedding" e�ects. Secondly, the variation of the inlet temperature
in the with cold aisle with top containment is less than the other
two aisles. This can be attributed to the low heat generated from the
servers and possibly the e�ect of containment. Thirdly, comparing
the temperature readings of the top, middle and bottom locations,
there are no obvious locations that have consistently lowest tem-
perature. Though heterogeneous workload on the servers may play
a role here, we believe the phenomenon is caused by non-trivial
interactions among cold air from the cooling unit(s) and the server
fans.

3.2 Measurements in the modular DC
For the remaining of the section, we conduct experiments in the
modular DC. First, we evaluate the correlation between the inlet
temperature of readings from on-board sensors and LEMoNET
sensors deployed in the modular DC. We instrumented 6 sensors at
the top, middle and bottom of each rack in both cold and hot aisles.
Table 5 shows the number of servers reporting inlet temperature
reading and we �nd that there is at least one server providing inlet
temperature in each zone. Measurements are collected over a two-
hour period. Table 6 summarizes the utilization of all servers, the
set points of the two cooling units and the state (“on" or “o�") of
the cooling unit next to rack 5 at di�erent time intervals during the
two-hour evaluation.

Table 5: The Number of Servers Provides Inlet Temperature
at Di�erent Zone of modular DC

Rack 1 Rack 2 Rack 3 Rack 4 Rack 5
Top 1 3 2 3 4

Middle 4 1 2 2 4
Bottom 4 4 5 3 1

Table 6: Settings at Di�erent Time Interval During the Cor-
relation Experiment at modular DC

1 2 3 4 5 6 7
Cooling Unit 20 20 15 15 20 20 20
Set Point( oC )
Utilization of 70% 0% 0% 70% 0% 70% 70%
All Servers

Cooling Unit 2 ON ON ON OFF ON ON OFF

(a) Top of Rack 1 (b) Top of Rack 4 (c) Top of Rack 5

(d) Middle of Rack 1 (e) Middle of Rack 4 (f) Middle of Rack 5

(g) Bottom of Rack 1 (h) Bottom of Rack 4 (i) Bottom of Rack 5

Figure 5: Inlet temperature readings reported by deployed
sensors and servers. The vertical red lines indicates the
starts and ends of evaluation periods with di�erent con�gu-
rations (Table 6).

In most cases of Fig. 5, the inlet temperatures reported by the
deployed sensors and the the on-board sensors follow a similar
trend, except for some o�sets between the readings. Fig. 6 shows the
CDF of the correlation coe�cients between the inlet temperature
reported by the server and deployed sensors in the same zone. The
lowest correlation is 0.68 and is at the bottom of rack 5. The o�set

#	of	servers	with	inlet	temp	readings
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resulting in energy savings. Another interesting observation is that
the two cooling units appear to operate out of phase from the “peak
shedding" e�ects. Secondly, the variation of the inlet temperature
in the with cold aisle with top containment is less than the other
two aisles. This can be attributed to the low heat generated from the
servers and possibly the e�ect of containment. Thirdly, comparing
the temperature readings of the top, middle and bottom locations,
there are no obvious locations that have consistently lowest tem-
perature. Though heterogeneous workload on the servers may play
a role here, we believe the phenomenon is caused by non-trivial
interactions among cold air from the cooling unit(s) and the server
fans.

3.2 Measurements in the modular DC
For the remaining of the section, we conduct experiments in the
modular DC. First, we evaluate the correlation between the inlet
temperature of readings from on-board sensors and LEMoNET
sensors deployed in the modular DC. We instrumented 6 sensors at
the top, middle and bottom of each rack in both cold and hot aisles.
Table 5 shows the number of servers reporting inlet temperature
reading and we �nd that there is at least one server providing inlet
temperature in each zone. Measurements are collected over a two-
hour period. Table 6 summarizes the utilization of all servers, the
set points of the two cooling units and the state (“on" or “o�") of
the cooling unit next to rack 5 at di�erent time intervals during the
two-hour evaluation.

Table 5: The Number of Servers Provides Inlet Temperature
at Di�erent Zone of modular DC

Rack 1 Rack 2 Rack 3 Rack 4 Rack 5
Top 1 3 2 3 4

Middle 4 1 2 2 4
Bottom 4 4 5 3 1

Table 6: Settings at Di�erent Time Interval During the Cor-
relation Experiment at modular DC

1 2 3 4 5 6 7
Cooling Unit 20 20 15 15 20 20 20
Set Point( oC )
Utilization of 70% 0% 0% 70% 0% 70% 70%
All Servers

Cooling Unit 2 ON ON ON OFF ON ON OFF

(a) Top of Rack 1 (b) Top of Rack 4 (c) Top of Rack 5

(d) Middle of Rack 1 (e) Middle of Rack 4 (f) Middle of Rack 5

(g) Bottom of Rack 1 (h) Bottom of Rack 4 (i) Bottom of Rack 5

Figure 5: Inlet temperature readings reported by deployed
sensors and servers. The vertical red lines indicates the
starts and ends of evaluation periods with di�erent con�gu-
rations (Table 6).

In most cases of Fig. 5, the inlet temperatures reported by the
deployed sensors and the the on-board sensors follow a similar
trend, except for some o�sets between the readings. Fig. 6 shows the
CDF of the correlation coe�cients between the inlet temperature
reported by the server and deployed sensors in the same zone. The
lowest correlation is 0.68 and is at the bottom of rack 5. The o�set

Experiment	settings



16

RealWSN’18, November 4, 2018, Shenzhen, China Chenhe Li, Jun Li, Mehdi Jafarizadeh, Ghada Badawy, and Rong Zheng

(a) Cold Aisle 1, Rack
1

(b) Cold Aisle 1, Rack
2

(c) Cold Aisle 1, Rack
3

(d) Cold Aisle 2, Rack
1

(e) Cold Aisle 2, Rack
2

(f) Cold Aisle 2, Rack
3

(g) Cold Aisle 3, Rack
1

(h) Cold Aisle 3, Rack
2

(i) Cold Aisle 3, Rack
3

Figure 4: Inlet temperature readings of 9 racks at the HPC
DC

resulting in energy savings. Another interesting observation is that
the two cooling units appear to operate out of phase from the “peak
shedding" e�ects. Secondly, the variation of the inlet temperature
in the with cold aisle with top containment is less than the other
two aisles. This can be attributed to the low heat generated from the
servers and possibly the e�ect of containment. Thirdly, comparing
the temperature readings of the top, middle and bottom locations,
there are no obvious locations that have consistently lowest tem-
perature. Though heterogeneous workload on the servers may play
a role here, we believe the phenomenon is caused by non-trivial
interactions among cold air from the cooling unit(s) and the server
fans.

3.2 Measurements in the modular DC
For the remaining of the section, we conduct experiments in the
modular DC. First, we evaluate the correlation between the inlet
temperature of readings from on-board sensors and LEMoNET
sensors deployed in the modular DC. We instrumented 6 sensors at
the top, middle and bottom of each rack in both cold and hot aisles.
Table 5 shows the number of servers reporting inlet temperature
reading and we �nd that there is at least one server providing inlet
temperature in each zone. Measurements are collected over a two-
hour period. Table 6 summarizes the utilization of all servers, the
set points of the two cooling units and the state (“on" or “o�") of
the cooling unit next to rack 5 at di�erent time intervals during the
two-hour evaluation.

Table 5: The Number of Servers Provides Inlet Temperature
at Di�erent Zone of modular DC
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Top 1 3 2 3 4

Middle 4 1 2 2 4
Bottom 4 4 5 3 1
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Figure 5: Inlet temperature readings reported by deployed
sensors and servers. The vertical red lines indicates the
starts and ends of evaluation periods with di�erent con�gu-
rations (Table 6).

In most cases of Fig. 5, the inlet temperatures reported by the
deployed sensors and the the on-board sensors follow a similar
trend, except for some o�sets between the readings. Fig. 6 shows the
CDF of the correlation coe�cients between the inlet temperature
reported by the server and deployed sensors in the same zone. The
lowest correlation is 0.68 and is at the bottom of rack 5. The o�set
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resulting in energy savings. Another interesting observation is that
the two cooling units appear to operate out of phase from the “peak
shedding" e�ects. Secondly, the variation of the inlet temperature
in the with cold aisle with top containment is less than the other
two aisles. This can be attributed to the low heat generated from the
servers and possibly the e�ect of containment. Thirdly, comparing
the temperature readings of the top, middle and bottom locations,
there are no obvious locations that have consistently lowest tem-
perature. Though heterogeneous workload on the servers may play
a role here, we believe the phenomenon is caused by non-trivial
interactions among cold air from the cooling unit(s) and the server
fans.

3.2 Measurements in the modular DC
For the remaining of the section, we conduct experiments in the
modular DC. First, we evaluate the correlation between the inlet
temperature of readings from on-board sensors and LEMoNET
sensors deployed in the modular DC. We instrumented 6 sensors at
the top, middle and bottom of each rack in both cold and hot aisles.
Table 5 shows the number of servers reporting inlet temperature
reading and we �nd that there is at least one server providing inlet
temperature in each zone. Measurements are collected over a two-
hour period. Table 6 summarizes the utilization of all servers, the
set points of the two cooling units and the state (“on" or “o�") of
the cooling unit next to rack 5 at di�erent time intervals during the
two-hour evaluation.

Table 5: The Number of Servers Provides Inlet Temperature
at Di�erent Zone of modular DC

Rack 1 Rack 2 Rack 3 Rack 4 Rack 5
Top 1 3 2 3 4

Middle 4 1 2 2 4
Bottom 4 4 5 3 1

Table 6: Settings at Di�erent Time Interval During the Cor-
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Figure 5: Inlet temperature readings reported by deployed
sensors and servers. The vertical red lines indicates the
starts and ends of evaluation periods with di�erent con�gu-
rations (Table 6).

In most cases of Fig. 5, the inlet temperatures reported by the
deployed sensors and the the on-board sensors follow a similar
trend, except for some o�sets between the readings. Fig. 6 shows the
CDF of the correlation coe�cients between the inlet temperature
reported by the server and deployed sensors in the same zone. The
lowest correlation is 0.68 and is at the bottom of rack 5. The o�set

To Monitor or Not: Lessons from Deploying Wireless Sensor Networks in Data Centers RealWSN’18, November 4, 2018, Shenzhen, China

Figure 6: The CCDF of the correlation coe�cients between
the inlet temperature of the server and the deployed sensor
in the same zone at the modular DC.

(a) Top of Rack 4 (b) Top of Rack 5

Figure 7: Inlet temperature timelines at top of rack 4,5. The
set point is 20 oC. Cooling unit next to rack 5 is turned o�.
The utilization of all servers is 70%.

between the readings from the deployed sensor and HP server
49 at the bottom of rack 5 is around 5 oC . HP server 49 takes
longer time to heat up when the cooling unit was o� (see Fig. 5i).
Overall, we observe good agreement between the inlet temperature
readings reported by the deployed sensors and the servers. This
con�rms the �delity and utility of LEMoNet for co-location data
centers, where on-board sensor readings are not available. However,
some discrepancy does exist. There are a number of contributing
factors. First, the sensors are instrumented at the center of each
zone and slightly away from the rack. The thermal conditions are
di�erent from those inside the server. Second, some of the servers
are relatively old (up to 10 years). It is possible the �delity of their
on-board sensors degrade over time or they may need to be re-
calibrated. Third, the resolution of on-board sensors is quite low
1 oC .

3.2.1 E�ects of a single cooling unit. During the evaluation in the
HPC DC, the cooling units were o� several times due to power
outage and broken pipes. To protect IT equipments, sensors should
report temperature hot spots in time. After one cooling unit is
turned o� in the modular DC, the temperature reported by both

types of sensors rise quickly. However, it is interesting to see that the
readings from deployed sensors have a large gradient. For example,
readings from the deployed sensor reached 28 oC in 3 minutes while
that of the on-bard sensors reached 28 oC in 5 minutes at the top
of rack 4 (see Fig. 7a).

3.2.2 E�ects of server utilization. In this subsection, We evaluate
server utilization impacts inlet temperature in the modular DC.
We set the set points for the two cooling units at 20 oC and vary
the utilization of all servers. The fan speed and chiller of cooling
units are set to automatic. Table 7 shows the inlet temperature
reported by the deployed sensors when the servers are idle and
at 70% utilization, respectively. Somewhat counter-intuitively, the
inlet temperature is higher. This is because the cooling units in fact
are on more often to remove the heat generated by servers.

Table 7: Temperature at Di�erent Zones of the modular DC.
The set point for the two cooling units are both at 20 oC.

All servers are idle
Rack 1 Rack 2 Rack 3 Rack 4 Rack 5

Top 20.19 oC 22.19 oC 22.13 oC 21.06 oC 20.75 oC
Middle 20.56 oC 20.69 oC 21.06 oC 20.50 oC 21.31 oC
Bottom 19.38 oC 19.88 oC 21.25 oC 22.25 oC 20.24 oC

Servers are at 70% utilitzation
Rack 1 Rack 2 Rack 3 Rack 4 Rack 5

Top 19.63 oC 20.19 oC 20.75 oC 20.31 oC 20.25 oC
Middle 20.19 oC 19.88 oC 20.38 oC 20.19 oC 20.63 oC
Bottom 19.06 oC 19.50 oC 20.56 oC 21.75 oC 20.13 oC

3.2.3 E�ects of blanking panel. Blanking panels are used to block
openings on server racks to reduce local air recirculation. In this set
of experiments, we evaluate the temperature changes with/without
blanking panel in the modular DC. The set point for the two cooling
units are both at 20 oC . Only the blanking panels between the
middle and top servers on are removed rack 5. Table 8 shows the
temperature in steady state before and removed the blanking panels
are removed. The results shows that temperature increases more
than 1 oC at the top of the rack 5 and more than 0.5 oC at the
middle of the rack. It is the blanking panel eliminates the local
recirculation.

Table 8: Rack 5, Inlet Temperature With/Without Blanking
Panel at Middle up of Rack 5. The Set point is 20 oC and
servers are at 70% utilization.

With Blanking Panel Without Blanking Panel
Top 20.25 oC 21.81 oC

Middle 20.63 oC 21.16 oC
Bottom 20.13 oC 20.28 oC

4 LESSONS LEARNED
Data collected from the three types of cooling con�gurations in the
HPCDC reveal distinctive thermal pro�les. In all cases, we observed
over-cooling and identi�ed opportunities to conserve energy by
raising the set point temperature. During the 6-month deployment

CCDF of the correlation coefficient
between on-board sensor &  LeMoNet
Sensor readings



Modular	DC	(cont’d)
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Figure 6: The CCDF of the correlation coe�cients between
the inlet temperature of the server and the deployed sensor
in the same zone at the modular DC.

(a) Top of Rack 4 (b) Top of Rack 5

Figure 7: Inlet temperature timelines at top of rack 4,5. The
set point is 20 oC. Cooling unit next to rack 5 is turned o�.
The utilization of all servers is 70%.

between the readings from the deployed sensor and HP server
49 at the bottom of rack 5 is around 5 oC . HP server 49 takes
longer time to heat up when the cooling unit was o� (see Fig. 5i).
Overall, we observe good agreement between the inlet temperature
readings reported by the deployed sensors and the servers. This
con�rms the �delity and utility of LEMoNet for co-location data
centers, where on-board sensor readings are not available. However,
some discrepancy does exist. There are a number of contributing
factors. First, the sensors are instrumented at the center of each
zone and slightly away from the rack. The thermal conditions are
di�erent from those inside the server. Second, some of the servers
are relatively old (up to 10 years). It is possible the �delity of their
on-board sensors degrade over time or they may need to be re-
calibrated. Third, the resolution of on-board sensors is quite low
1 oC .

3.2.1 E�ects of a single cooling unit. During the evaluation in the
HPC DC, the cooling units were o� several times due to power
outage and broken pipes. To protect IT equipments, sensors should
report temperature hot spots in time. After one cooling unit is
turned o� in the modular DC, the temperature reported by both

types of sensors rise quickly. However, it is interesting to see that the
readings from deployed sensors have a large gradient. For example,
readings from the deployed sensor reached 28 oC in 3 minutes while
that of the on-bard sensors reached 28 oC in 5 minutes at the top
of rack 4 (see Fig. 7a).

3.2.2 E�ects of server utilization. In this subsection, We evaluate
server utilization impacts inlet temperature in the modular DC.
We set the set points for the two cooling units at 20 oC and vary
the utilization of all servers. The fan speed and chiller of cooling
units are set to automatic. Table 7 shows the inlet temperature
reported by the deployed sensors when the servers are idle and
at 70% utilization, respectively. Somewhat counter-intuitively, the
inlet temperature is higher. This is because the cooling units in fact
are on more often to remove the heat generated by servers.

Table 7: Temperature at Di�erent Zones of the modular DC.
The set point for the two cooling units are both at 20 oC.

All servers are idle
Rack 1 Rack 2 Rack 3 Rack 4 Rack 5

Top 20.19 oC 22.19 oC 22.13 oC 21.06 oC 20.75 oC
Middle 20.56 oC 20.69 oC 21.06 oC 20.50 oC 21.31 oC
Bottom 19.38 oC 19.88 oC 21.25 oC 22.25 oC 20.24 oC

Servers are at 70% utilitzation
Rack 1 Rack 2 Rack 3 Rack 4 Rack 5

Top 19.63 oC 20.19 oC 20.75 oC 20.31 oC 20.25 oC
Middle 20.19 oC 19.88 oC 20.38 oC 20.19 oC 20.63 oC
Bottom 19.06 oC 19.50 oC 20.56 oC 21.75 oC 20.13 oC

3.2.3 E�ects of blanking panel. Blanking panels are used to block
openings on server racks to reduce local air recirculation. In this set
of experiments, we evaluate the temperature changes with/without
blanking panel in the modular DC. The set point for the two cooling
units are both at 20 oC . Only the blanking panels between the
middle and top servers on are removed rack 5. Table 8 shows the
temperature in steady state before and removed the blanking panels
are removed. The results shows that temperature increases more
than 1 oC at the top of the rack 5 and more than 0.5 oC at the
middle of the rack. It is the blanking panel eliminates the local
recirculation.

Table 8: Rack 5, Inlet Temperature With/Without Blanking
Panel at Middle up of Rack 5. The Set point is 20 oC and
servers are at 70% utilization.

With Blanking Panel Without Blanking Panel
Top 20.25 oC 21.81 oC

Middle 20.63 oC 21.16 oC
Bottom 20.13 oC 20.28 oC

4 LESSONS LEARNED
Data collected from the three types of cooling con�gurations in the
HPCDC reveal distinctive thermal pro�les. In all cases, we observed
over-cooling and identi�ed opportunities to conserve energy by
raising the set point temperature. During the 6-month deployment
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Figure 6: The CCDF of the correlation coe�cients between
the inlet temperature of the server and the deployed sensor
in the same zone at the modular DC.

(a) Top of Rack 4 (b) Top of Rack 5

Figure 7: Inlet temperature timelines at top of rack 4,5. The
set point is 20 oC. Cooling unit next to rack 5 is turned o�.
The utilization of all servers is 70%.

between the readings from the deployed sensor and HP server
49 at the bottom of rack 5 is around 5 oC . HP server 49 takes
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readings reported by the deployed sensors and the servers. This
con�rms the �delity and utility of LEMoNet for co-location data
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Table 7: Temperature at Di�erent Zones of the modular DC.
The set point for the two cooling units are both at 20 oC.

All servers are idle
Rack 1 Rack 2 Rack 3 Rack 4 Rack 5

Top 20.19 oC 22.19 oC 22.13 oC 21.06 oC 20.75 oC
Middle 20.56 oC 20.69 oC 21.06 oC 20.50 oC 21.31 oC
Bottom 19.38 oC 19.88 oC 21.25 oC 22.25 oC 20.24 oC

Servers are at 70% utilitzation
Rack 1 Rack 2 Rack 3 Rack 4 Rack 5

Top 19.63 oC 20.19 oC 20.75 oC 20.31 oC 20.25 oC
Middle 20.19 oC 19.88 oC 20.38 oC 20.19 oC 20.63 oC
Bottom 19.06 oC 19.50 oC 20.56 oC 21.75 oC 20.13 oC

3.2.3 E�ects of blanking panel. Blanking panels are used to block
openings on server racks to reduce local air recirculation. In this set
of experiments, we evaluate the temperature changes with/without
blanking panel in the modular DC. The set point for the two cooling
units are both at 20 oC . Only the blanking panels between the
middle and top servers on are removed rack 5. Table 8 shows the
temperature in steady state before and removed the blanking panels
are removed. The results shows that temperature increases more
than 1 oC at the top of the rack 5 and more than 0.5 oC at the
middle of the rack. It is the blanking panel eliminates the local
recirculation.

Table 8: Rack 5, Inlet Temperature With/Without Blanking
Panel at Middle up of Rack 5. The Set point is 20 oC and
servers are at 70% utilization.

With Blanking Panel Without Blanking Panel
Top 20.25 oC 21.81 oC

Middle 20.63 oC 21.16 oC
Bottom 20.13 oC 20.28 oC

4 LESSONS LEARNED
Data collected from the three types of cooling con�gurations in the
HPCDC reveal distinctive thermal pro�les. In all cases, we observed
over-cooling and identi�ed opportunities to conserve energy by
raising the set point temperature. During the 6-month deployment
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Take-aways

• On-board	sensor	readings	
• highly	correlated	with	hot	aisle	temperature	but	not	that	of	cold	aisle
• aging	with	equipment	or	requiring	calibration
• Not	always	available	or	Inaccessible	in	co-location	DCs

• Not	all	DCs	are	created	equal
• Difference	concerns
• Availability	and	controllability

• Energy	saving	opportunities	abundant
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Q	&	A

http://www.cas.mcmaster.ca/~rzheng
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