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Abstract — Data center modeling and simulation help to estimate
and predict key parameters under certain a-priori known
conditions. Data center systems must adopt end-to-end resource
management, covering both cyber and physical components. This
paper describes a systematic, easy-to-follow approach for data
center modeling and simulation using a cyber-physical systems
lens. The methodology is aimed to facilitate the estimation of
quality of service, airflow and power requirements, and key
indicators to assess data centers, and to then compare them to one
another, or compare different scenarios under which data centers
operate. The results contribute to communicate and better
understand data center behavior and areas of improvement.
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[. INTRODUCTION

Data centers are comprised of information technology
equipment (ITE) and supporting infrastructure (e.g., power,
environmental control, telecommunications, fire protection,
security, and automation). With today’s increasing reliance on
digital information, data centers’ main task is to process and
store information securely, and to provide users uninterrupted
access to it.

Data centers must satisfy legislation, standards, best
practices, and stringent technical requirements in order to
guarantee reliability, availability, performance, security, and
manage risks. They are frequently provisioned with additional
resources to ensure operation under different scenarios. In a data
center, numerous threats can cause failures, including human
error and technical issues. The impact of failure on a data center
is often significant, as lack of access to information entails high
costs [1]. Intangible losses, such as business confidence, lost
opportunities, and reputation are difficult to quantify.

Data centers are evolving from traditional projects to
‘software-defined data centers’ (SDDC), where ITE services are
delivered as a service, enabled mainly by virtualization and the
commoditization of ITE [2]. Another new trend includes
‘software-defined power (SDP)’ strategies to deliver a power-
aware, optimized data center [3]. Modeling and simulation
results provide a quantitative explanation of tradeoffs among the
different data center components.

The motivation of this paper is to describe a comprehensive
data center model, validate the model, and show simulations
using a cyber-physical systems perspective, meaning the
integration of computational and physical components,
potentially including human interaction [4]. This approach is an
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iterative process, since equipment may be upgraded, added, or
removed. Legacy and current generation systems may be in use
simultaneously throughout the data center life cycle. A cyber
physical system approach for data center modeling and
simulation was introduced in papers originally presented at the
IEEE CCWC 2019, the 9th IEEE Annual Computing and
Communication Workshop and Conference [5] [6], for which
this work is an extension. The theoretical model serves as the
foundation for simulations, to predict the behavior of a
hypothetical system, or one where physical measurement and
experimentation is not feasible. Results help to assess strategies
for end-to-end resource management and key performance
indicators improvement.

II. BACKGROUND

Since the deregulation of telecommunications in the U.S.
(Telecommunications Act of 1996 [7]), a number of standards
and best practices related to telecommunications, and more
recently to the data center industry have emerged to make
general recommendations when designing, building or
operating a data center. Numerous organizations worldwide
have contributed to the creation of standards, white papers, best
practices and other documents related to the data centers.

Some of the main publications include the ANSI/TIA 942-A
“Telecommunications Infrastructure Standard for Data
Centers” [8], the ANSI/BICSI-002 “Data Center Design and
Implementation Best Practices” [9], the “Data Center Site
Infrastructure Standard” [10] [11], the standard ANSI/ASHRAE
90.4 “Energy Standard for Data Centers” [12], the “Data
Center Site Infrastructure Tier Standard: Operational
Sustainability” [13], the “Data Centre Operations Standard”
(DCOS) [14], the BICSI-009 “Data Center Operations and
Maintenance Best Practices’’[15], the Singapore Standard SS
564 (Green Data Centers) [16], and the ISO/IEC 22237
“Information technology - Data Centre facilities and
infrastructures” [17] [18] [19] [20] [21] [22] [23].

Previous work on data center modeling includes work on
specific areas. Work focused on cooling system components
include thermal properties [24], heat transfer [25], air
temperature [26], air cooling with chillers [27], air conditioning
systems [28], and transient thermal behavior [29]. The work in
[30] shows a cyber-physical systems approach used for energy
efficiency. The work in [31] and [32] present different
formulation for energy consumption, and in [33] a feedback
control scheduling is explained. The work in [34] and [35]
analyze workloads using dynamic resource prediction and
allocation, and in [36] workload scheduling with distributed
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energy is examined. While the related work is of great
relevance, it is very specific and does not study the data center’s
overall behavior. In addition, it does not reflect in the same
model a comprehensive understanding of the data centers from
workload through the prediction of different parameters (e.g.,
quality of service, power, airflow, and key indicators).

III. DATA CENTER MODELING

To model a data center it is common practice to fragment it
into numerous subsystems, given its complexity. The
performance analysis should start with the analysis of each
subsystem, and later evaluate the overall behavior of the
complete system.

ITE requires power. It consumes energy and generates heat,
both of which vary depending on the workload required to be
processed. The cooling system cools the facility and extracts the
heat. IT resource management systems actively manage the
workloads. ITE, power, and cooling systems interact and are
controlled by dynamic management of ITE resources.

The approach is comprised of three easy-to-follow steps: (1)
modeling the cyber components, (2) modeling the physical
components, and (3) identifying data center key indicators.

1. Modeling the cyber components

The first step consists of identifying and modeling the
components responsible for processing the workloads. These
components are defined as ‘cyber’ components or ITE. The
workload is the rate and type of jobs processed by the data center
as a whole, or by a given piece of ITE. The performance or
processing rate of ITE is often given in terms of floating-point
operations per second (FLOPS), and represents the maximum
throughput or the maximum number of jobs that can be
processed by the ITE in a unit of time [37].

Workload processed affects energy consumption, which
directly impacts the physical environment. A data center that is
not processing workload will still consume a fixed amount of
energy to maintain the availability of all the resources. As
workload increases, energy consumption increases, reaching a
maximum where processing time may also rise. Parameters such
as workload and ITE specifications can be used to estimate
quality of service, power, airflow, energy, and key performance
indicators.

1.1. Quality of service.

Quality of service includes variables such as queue length,
waiting time, and processing time. The power required by the
ITE depends on the workload and the quality of service. A data
center with poor quality of service indicators may be unsuitable
for the desired purpose.

The workload arrival rate (W;,) can be interpreted as the
number of jobs or instructions arriving to the data center during
a given period. Let nodes (N) be the total number of
computational nodes. Only the active nodes (n) are available at
a given time for processing a workload. The idle nodes (n;4;.)
represent the ITE which are not processing workload. ITE
occupy physical space, require power and airflow, consume
energy, generate heat, and require software and maintenance to
operate, even when in idle mode.
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The total workload arriving at the data center varies with
time j and is represented by Wi, pc(j). The total workload is
distributed among the active nodes through a distribution factor
represented by S(i, j). An idle node is represented as a node with
no workload to be processed, in other words S(i,j) = 0.

The workload arrival rate at any active node is the product
of Wi pc(j) and S(i, j). The workload departure rate depends
on the processing rate PR(i) and the workload waiting to be
processed or queue length L(i,J).

The workload evolution at an active node i at time j is shown
in Figure 1 and can be described as follows in terms of workload
arrival rate Wi, (i, j), workload departure rate W,,;(i,j), and
queue L(i,J).

Workload arrival

Win (i) )y

Workload departure
> WOllt (l’])

Queue

L@ J)

Node i

Fig. 1 Workload flow at an ITE node

The workload arrival rate at node i at time j considers the
total workload arriving at the data center distributed among
nodes:

Win(i,)) = Winpc () * SC, ) (M

If the ITE capacity is large enough to process the incoming
workload all transactions are processed in real-time, then:

(Wi (i, j) + L(i,j — 1)) < PR(D) )
Wout(i'j) = Win(i'j) + L(i:j - 1) (3)
L(i,j)=0 “)

Otherwise, if the system is receiving more workload that it
can process in real-time, the system is overloaded, and a queue
is formed, generating congestion for the jobs to be processed,
then:

(Win(i,)) + L(,j — 1)) > PR(D) (5)
Wout(i'j) = PR(i) (6)
L(i,J) = Wi (i, /) + L(i,j — 1) — PR(D) (7)

The formulation represents the relationships among the
workload departure rate, the state variable (queue length), and
the controllable variables (processing rate and workload
allocation) at node i at time j.

In summary, input workload arrives to the data center
entering the queue, waits for service from a computational node,
and eventually receives the service and then leaves, as shown in
Figure 2. Quality of service variables are estimated
permanently. The model considers open queuing and first-
come-first-serve (FCFS) scheduling to simulate data center
behavior, allowing external arrivals and departures of
workloads.
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Fig. 2 Workload flow at the data center

Data center analysis is concerned with the way ITE capacity
is managed over time. ITE resource utilization U (i, j) represents
the portion of ITE capacity used to process workload requests.
It is estimated as the ratio of the workload processed to the
processing rate, expressed in percentage, taking values between
0% and 100%:

U(l!]) = Wout(l!])/PR(l) (8)

The average utilization at time j considers utilization across
all nodes.

Uavg,N (]) = (Zliv=1 U(i,j))/N (9)

The idle nodes affect average utilization since they are not
processing workloads. The average utilization considers only
active nodes at time j:

Uavg,n(j) = (Z?:l Ui, j))/n (10)

Likewise, the maximum utilization at time j considers
utilization across all nodes:

Umax(j) = max(U(i, ) (11)

The waiting time or queuing time is a measurement of the
workload remaining to be processed, and is estimated as the
ratio of the length of the workload queue to the processing rate.

tw(i,j) = L@, ))/PR@) (12)

The average and maximum waiting time are often related to
the quality of service offered to the user. The average waiting
time at time j across all active nodes is defined as:

tWavg(j) = (Zznzl tw(i, j))/n (13)

The maximum waiting time at time j across all active nodes
is defined as:

thax(j) = max(tw(i,j)) (14)

Response time may also be estimated, which is the total time
that a workload spends in the system from arrival to service
completion. Criteria may be established for workload migration,
considering types of workloads, ITE requirements, migration
policies, scheduling disciplines, and others. Further, migration
of workloads to different data center sites may be considered.

Table 1 summarizes parameters for the cyber components of
the model used to estimate quality of service parameters.
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TABLE 1. PARAMETERS FOR CYBER COMPONENTS: QUALITY OF SERVICE

Parameter Description
N Number of ITE nodes available.
n Number of active nodes available.
Nidle Number of idle nodes.
Winpc () Workload arrival rate at the data center at timej.
S@,j) Relative amount of workload allocated to the active node i
at time j.
Wi (i, J) Workload arrival rate at the active node i at time j.
Wit (i, ) Workload departure rate at the active node i at time j.
PR(i) Processing rate of node i.
L(i,)) Queue length at node i at time j.
U(i,j) Utilization of node i at time j.
Ugwgn () Average utilization across all nodes at time j.
Uggn () Average utilization across all active nodes at time j.
Upax () Maximum utilization of node i at time j.
ty(i,)) Waiting time at node i at time j.
tWapg () Average waiting time at time j.
tWinax () Maximum waiting time at time j.
1.2. Power

In general, processors and memory are the main power
consumers for a data center server, followed by power supply
loss, storage, PCI (peripheral component interconnect),
motherboard, fans, and networking interconnects [38].
Processor power consumption varies by processor, workload,
and power management technologies [38].

Most server workloads scale linearly from idle to maximum
power. CPU power consumption can be estimated based on
processor utilization. This approximation has shown to be true
within a 5% margin of error [38].

Pepy(i,)) = (PCPU_max(i) — Pcpu idte (1)) *
Ucpu (i, ) + Pepy_iate (1)

Memory-related power consumption depends on the specific
technology, the idle and active states, as wells as the
workloads[38]. Processor and memory cooling is challenging,
requiring thermal analysis, which includes power, airflow,
temperature, and humidity.

15

Storage power consumption can be significant, depending
on the quantity and technology of drives present. Average hard
disk power consumption can be estimated as the weighted sum
of the power required in idle, write, read, and seck states [38].
The variables wy;, w,, w;, and w, represent the respective
weights, with values ranging between 0 and 1. The weights
depend on the specific use, such as average office work or
intensive storage operations (e.g., defragmentation, scanning the
surface, copying).

Ps(i,j) = wygjy * Ps,,,, (D) + wyg jy * Ps,,, (D) +
W3(i,j) * Psyp0q (1) + Wagi jy * P, (1)

(16)

Power supply efficiency depends on the current load. The
optimal load is around 50% to 75%, efficiency drops
dramatically for loads below 50%, and it does not really improve
for loads higher than 75%. Power supply efficiency is typically
profiled with high load factors (e.g., 80% to 90%), which may
not be realistic. In a data center, power supply efficiency loss is
considerable, since server workloads fluctuate, and servers do
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not perform at full capacity most of the time [38].

Power consumption characterization for various workloads
can be valuable. Studies with different servers and workloads
have concluded that ITE power consumption closely follows
processor utilization [38]. The ITE power requirement over time
can be assumed linear from idle (P;g;.) to maximum (P,qy)
power as workload increases. ITE power depends on the
workload, and therefore is estimated based on its utilization (U):

PITE(i'j) = (Pmax(i) - Pidle(i)) * U(i'j) +

. a7
Pigie (i)
The power required P,y (j) by all nodes at time j is:
Pre(j) = Zévﬂ Prre(i) (18)

The formulation supports the development of energy
management strategies for various ITE. The energy
consumption E (i, j) at node i at time j is described in a discrete
or continuous system as:

E(i,j) = ¥J_y Pirs(i,t) * At and (19)

E(@,)) = fOJ Py (i, t) * dt , respectively. (20)

The energy consumption E (j) by all nodes at time j is:
E() =XL: EGD 1)

Previously, maximum power consumption was around two
times idle consumption. Newer technologies for processor
designs improve this measurement to a factor of five, and are
fast approaching ten, with further expected improvements [39].
This is a great achievement in terms of ITE energy efficiency,
since less energy is consumed in the idle state.

Table 2 summarizes parameters for the power model
required for the cyber components of a data center.

TABLE 2. PARAMETERS FOR CYBER COMPONENTS: POWER

Parameter | Description
Pepy (i, ) Power required by the CPU at node i at time j.
Pcpy iae (1) | Power required by the CPU at node i for the idle state.
Pcpy max (i) | Maximum power required by the CPU at node i.
Ucpy (i, )) Utilization of the CPU at node i at time j.
Ps(i, ) Power required by storage at node i at time j.
Ps. . (D) Power required by storage at node i for the idle state.
P, (D) Power required by storage for writing tasks at node i.
Ps_...(D) Power required by storage for reading tasks at node i.
Ps,..(D) Power required by storage for seeking tasks at node i.
wy (i, ) Weight at node i at time j for the idle state.
w, (i, )) Weight at node i at time j for writing tasks.
ws (i, j) Weight at node i at time j for reading tasks.
w, (i, ) Weight at node i at time j for seeking tasks.
Prre(i, ) Power required by node i at time j.
P10 (D) Power required by node i for the idle state.
Prax(0) Maximum power required by node i.
U(i,j) Utilization of node i at time j.
Erre(i,)) Energy consumption at node i until time j.

Variation in ITE power requirements related to the
temperature of the air intake may be considered. Based on
experimental results in [40], it is shown that power requirement
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of the server increases if the temperature of the air intake is
increased. As an example, if the server inlet temperature is
increased from 15 °C to 35 °C, an increase of the power required
by the server is expected in a range of 7% to 20%.

2. Modeling the physical components

The second step consists of modeling the physical, mainly
known as thermal components, including airflow and power
requirements. ‘Cyber’ and thermal components are coupled
through the energy consumption of ITE. Thermal behavior is
affected by the power required by ITE, which depends on the
workload processed and quality of service.

2.1. Airflow

ITE must satisfy operating conditions to guarantee their
desired performance, reliability, and life expectancy. Airflow
predictions involve thermodynamics concepts [41]. Most of the
power drawn by ITE is dissipated as heat. In data centers, cold
air from the cooling system absorbs heat generated mainly by
ITE, and the warm air returns to the cooling system. The heat is
then dissipated outside the facility. Figure 3 shows an airflow
example, considering a data center with a raised floor and a
cold/hot aisle configuration (cold air inlets of the cabinets face
the same side, and hot air exhaust faces the same side).

Return air (hot) Data Center Return air (hot)
- — ’
[ Eh . ‘1 r.A/'r inlet ]
Heat | Exhaust air -
dissipated to
outside air * ‘1 r‘ *
- m 5
‘ g Equipment‘ 'Equipment a
= 1 r [ =%
Cooling .| Cooling
system |, system o ‘1 r Ly o
‘ = ' ™
Supply air (cold) Supply air (cold)

Fig. 3 Example of airflow management

The cooling system inside the data center (CRAC -computer
room air conditioner- or CRAH -computer room air handler-)
supplies cold air to the air inlets of the ITE cabinets through the
raised floor. Exhaust (hot) air is returned to the cooling system
unit for further heat exchange through the outside unit (e.g.,
condenser or chiller plant).

The airflow rate supplied by the cooling system usually
exceeds the total airflow required by ITE. However,
understanding airflow requirements for the ITE may optimize
the airflow management from the cooling system. The airflow
travels through the air inlet of the ITE to cool it down via
convection and is exhausted as hot air. The convective heat
transfer at the ITE can be described as [41]:

q=Cp+W xAT (22)

The amount of heat transferred (q) is estimated as the power
drawn by the ITE. The mass flow (W) is the airflow rate (Af)
multiplied by the density of air (p). The specific heat (Cp) and
density of air (p) are dependents of the temperature. The
temperature rise (AT) is the difference between the intake air
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and exhaust air temperatures. The previous equation can then be
expressed at node i at time j as:

Pirg(i,)) = Cp x Af (i,)) x p * AT (i, )

Therefore, manipulating
estimated airflow required is:

Af(,)) = Prrg(i,j)/ (Cp % p * AT (1, /)

Considering a temperature of 25 °C (or 77 °F) and standard
atmospheric pressure (1 atm.), the specific heat (Cp) is 1005
Joule/ (Kg-°C) and the density of air (p) is 1.184 Kg/m’.

(23)

the previous equation, the

(24)

The airflow requirement (in cfm -cubic feet per minute-) is
estimated as a constant multiplied by the ratio of the power of
ITE and the temperature rise:

Af(, e = 1.78 * P (i, ) / AT(, j)oc
=3.20 * Prp(i,j) / AT(i, j)op

If the temperature rise is unknown, it may be estimated at 20
°C, to guarantee the reliable performance of the components
[42], which results in approximately 9 cfm per 100 W of heat
generated. The best practice to estimate the airflow is using real-
time measurements for power and temperature rise.

(25)

The total airflow required by ITE in a data center must
include all the nodes, and can be described as:

Af() = X, Pirg(i, )/ (Cp * p * AT (i, )
Af (etm = ?’:1 1.78 * Pirg (i,j)/ AT (i, )¢
= Xit13.20 * Prg(i,))/ AT (i, )-p

Table 3 summarizes the model parameters for airflow of the
cooling system.

(26)
27)

TABLE 3. PARAMETERS FOR THERMAL COMPONENTS: AIRFLOW

Parameter | Description

q Amount of heat transferred (W).

Cp Specific heat of air (Joule/ (Kg * °C)).

D Density of air (Kg / m®).

w Mass flow (Kg / min).

AT Temperature rise of air (°C or °F).
AT (i,)) Temperature rise of air at node i at time j (°C or °F).
Prre(i,)) Power required (W) by node i at time ;.

.. Airflow (cfm) through the air inlet of the ITE at node i at
AfCJ) time j.
Af(j) Airflow (cfm) required by all ITE at time j.

The formulation helps to identify opportunities to optimize
airflow management and the cooling system. As the heat
generated by ITE increases, the airflow rate may also increase
to maintain temperature requirements. Most new ITE have
variable-speed fans with control algorithms dependent on the
utilization of the resource [43].

For the purpose of the model, it is assumed that there is no
mixing between cold air and hot air, or that the mixing can be
neglected, as it will not affect the temperature of the return air
to the cooling system. In case the previous assumption does not
hold, the temperature of the return air may be estimated
considering the airflow management through computational
fluid dynamics with the desired simplifications.
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2.2. Power

The total cooling capacity of a cooling system can be
expressed as the sum of sensible and latent heat removed. The
cooling load in data centers is mainly sensible heat, generated
by ITE, lights, and motors. Latent heat can be dismissed, as there
are few people inside the data center and limited outside air. The
sensible heat ratio is the ratio of sensible cooling to total cooling.
On a scale from 0 to 1, it usually takes high values, ranging
between 0.9 and 1. This is one of the main reasons for using
precision cooling systems, designed for highly sensible heat
ratios, as opposed to comfort cooling systems. In addition,
precision cooling systems operate at higher airflow, satisfy strict
temperature and humidity controls, and run continuously
[44][45].

The majority of the power consumption in the cooling
system stems from compressors (in the chillers or CRAC units),
chilled and cooling tower water pumps, cooling tower or heat
exchange blowers, and air handling unit blowers [46].

The sensible coefficient of performance (SCOP) is used to
estimate the power requirements of the cooling system. The
SCOP is the ratio of net sensible cooling capacity to the power
required to produce that cooling (excluding reheat and
humidifier) [47] [48]. The SCOP values for commercial
precision cooling systems without economizers usually range
from 1.8 to 3.8 [49].

The SCOP is also dependent on the technical characteristics
of the cooling system and the temperature of the cold air
supplied. For example, for a specific water chilled CRAC unit
where T is the temperature of the supplied air [50], it can be
modeled as:

SCOP = 0.0068 * T* + 0.0008 * T, + 0.458 (28)

The amount of power required by the cooling system (Py)
is the ratio of total heat loads to SCOP. The total heat loads are
the sum of all power delivered to the ITE, lighting, and electrical
distribution losses. For the sake of explanation, since power
needs are time-dependent, we assume time j, although it is not
indicated for each one of the terms in the following equations.

Pyc=QPrg+2 PLighting + X Prosses)/SCOP (29)

Lighting power (Piignting) is dependent on the lighting
power density, technology, and controls. It can be assumed as
1% of the total power required by the ITE (P;rg) [S1] [52].

2 Prignting = 0.01 % X Pirg (30)

Electrical distribution systems are assumed to have a
constant loss of 2% of the fotal power required by ITE (P;rg). If
a UPS is present, 2% is added to UPS losses [51]. The UPS
losses are one minus the UPS efficiency (Myps), and depend on
factors such as the UPS technology type, size, voltage, and load
factor. UPS efficiency usually ranges from 65% to 97% [52].
Electrical distribution system losses (Pp,sse5) are defined as:

2 Prosses = (0.02 + (1 — nyps)) * X Prrg 3D

Therefore, considering ITE, lighting, and electrical
distribution losses, the amount of power required by the cooling
system can be estimated as:
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Pyc = (2.03 —nyps) * X, Pirg / SCOP (32)

As a simplification, if the total heat load is considered only
as the sum of all power required for the ITE, then:

PAC = ZPITE / SCOP or (33)
Pac() = ZiL1 Prre(i j) / SCOP (34)

In addition, the cooling system must consider the amount of
airflow required by ITE based on workloads, utilization, and
power requirements. The affinity laws for fans are used to
estimate the power required by similar fans in relation to airflow
[53]. The first one states that the airflow is proportional to fan
speed:

AfFAN_l/AfFAN_Z = NFAN_l/NFAN_Z

And the second states that the power is proportional to the
cube of the fan speed:

3
PFAN_l/PFAN_Z = (NFAN_l/NFAN_Z)

Then, the fan power requirement is proportional to the cube
of the airflow supplied:

3
PFAN_l/PFAN_Z = (AfFAN_l/AfFAN_Z)

These estimations lead to energy management strategies
when various fans are present in the data center. Consider a data
center with just one CRAH unit. If the airflow required by the
ITE is reduced by half, the power required by the CRAH unit is
reduced by a factor of 8. Further, the data center usually has
more than one CRAH unit, and the airflow required by the ITE
may be supplied by multiple units, instead of just one unit.

(35)

(36)

(37)

Data center layout, cooling system, and ITE must be
considered to understand airflow management requirements.
Different strategies such as air economizers or free cooling may
be implemented to reduce the power required for the cooling
system [43].

Table 4 summarizes the model parameters for the cooling
systems.

TABLE 4. PARAMETERS FOR THERMAL COMPONENTS: POWER

Parameter Description
SCoP Sensible Coefficient of Performance for the cooling
system.
T Temperature of the supplied air (or cold air) by the
c cooling system (°C).
Pac Power required by the cooling system (W).
Prre Power required by ITE(W).
Plighting Power required by lighting (W).
PLosses Electrical distribution system losses (W).
Nups Efficiency of the UPS.
Afpan Airflow capacity of the fan (cfm).
Nean Speed of the fan (rpm).
Pean Power required by the fan (W).

3. Identifying data center key indicators.

The last step consists of recognizing key indicators for the
data center. Several metrics can help to examine efficiency,
productivity, sustainability, operations, and risk, indicators for
which the user must determine an acceptable level [54] [S5]. For
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the sake of the explanation, the Power Usage Effectiveness
(PUE) metric is used as an example of key indicator, since it is
one of the most widely used energy efficiency metrics. Figure 4
shows the energy flow in a data center.

s N
s DATA CENTER [
/ ITE: |\
I‘ - Servers \I
I ’ - Storage |
| - |
| | Power delivery: M |
| | - Switchgear |
I - Generator :
Energy | | - Electrical panel Non-ITE: |
I'| - ups [
I e - HVAC I
(N - Lighting |
: - Security :
| - Automation |
I‘ - Fire system 'l
\ - Plug loads ... /
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N s
. -

s s i i s ) e e s

Fig. 4 Data center energy flow diagram

Right-sizing the data center based on modeling, simulation
and projections of ITE utilization may not be accurate. Also,
specific needs may change rapidly. Real-time monitoring of the
data center may help to calibrate and validate models and
simulations. This is made possible given that data center
monitoring and management systems collect data (e.g., power
delivered for ITE, power required by the total facility, airflow,
ITE utilization) in real-time [56] [57]. Gathering the relevant
data and understanding its nature is more important than simply
collecting more data [58].

One of the most widely used energy efficiency metrics is
Power Usage Effectiveness (PUE) [59], defined as the ratio of
energy used in a facility to energy delivered to ITE. The ideal
PUE is one. In terms of the average power required by the data
center (Ppc) and the ITE (P;rg), using the same measurement
period, it can be expressed as:

PUE = Ppc / X Prre (38)

The power required to operate a data center can be simplified
as the summation of the power required by the ITE and the
cooling system. Electrical distribution system losses and other
systems (e.g., lighting) are neglected.

The DCiE metric can be expressed in terms of power
required by the ITE (P;rz) and the cooling system (P,¢) as:

PUE:(ZPITE+ZPAC)/ZPITE (39

Considering a cooling system comprising CRAC units, the
DCiE metric can be expressed as a function of the sensible
coefficient of performance (SCOP) of the cooling system
(CRAC), the power required by the ITE P and the cooling
system Pcrac:

PUE = (¥ Pirg + X Pcrac) / X Prre
=1+1/ScoP

(40)
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Another scenario may consider a cooling system comprising
a chiller water plant and CRAH units, the PUE metric can be
expressed as as a function of the sensible coefficient of
performance (SCOP) of the cooling system (chiller), the power
required by the ITE P, the chiller water plan Pgp;;;., and the
CRAH units (fans) Pggp:

DCiE = ¥ Pirg /(X Prre + X Pchitter + 2 Pran)
=Y Pirg /(X Prrg + X Prrg /SCOP + ¥ Pray)

The behavior of the SCOP is nonlinear and usually decreases
with lower temperatures. To supply colder air, the cooling
system consumes more energy. Therefore, as we increase the
temperature of the cold air supplied by the cooling system, the
SCOP increases, and the PUE decreases. There are limits
imposed by climate analysis, cooling system type, ITE
requirements (e.g., ASHRAE temperature range and maximum
rate of change recommendations [40] [60] [61]), and airflow
management.

(41)

IV. MODEL VALIDATION

It is important to validate and understand the accuracy of the
formulation for power and airflow requirements, which are
relevant for data center design. Information from a computer
manufacturer was used to validate the model formulation. It is
worth noting that this information may not be available for all
ITE from all manufacturers, in which case proper experiments
should be developed if needed.

Two different rack servers are selected for comparison, the
DELL PowerEdge R740 [62] with maximum power of 271 W
and idle power of 104 W, and the DELL PowerEdge R940xa
[63] with maximum power of 563 W and idle power of 165 W,
both with the temperature set to 25 °C. Data from the
manufacturer for these rack servers was gathered through an
infrastructure planning tool [64] [65].

Information provided by the manufacturer for the ITE
includes maximum power (Pqy), idle power (P;q;,), ambient
temperature, and for different values of utilization (U) the input
power and airflow requirements, and the temperature rise (AT).
The input power (P;rg) and airflow (Af) requirements are also
estimated at different values of utilization (U) using model
formulation (equations 17 and 27).

Figures 5 and 6 show the different parameters from the
manufacturer and the formulation model. Data from the
manufacturer is compared against the results from the
formulation model, and their respective absolute margin of error
is calculated. For the ITE mentioned, the model is accurate
within a 20% margin of error, and with greater precision (less
than 7% margin of error) if the utilization is greater than 50%.
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Rack Server from DELL: PowerEdge R740

P max (W): 271 Pidle (W): 104
Temp (oC): 25
Data from maufacturer Formulation from model
% Utilization Input Airflow [Temp. rise Input Error Airflow Error
Power (W) (CFM) (oC) Power (W) (CFM)
0% 104.00 33.10 5.7 104.00 0.0% 32.48 1.9%
10% 143.00 39.90 6.5 120.70 15.6% 33.05 17.2%
20% 166.00 43.00 7.0 137.40 17.2% 34.94 18.7%
30% 177.00 44.30 7.2 154.10 12.9% 38.10 14.0%
40% 190.00 45.80 7.5 170.80 10.1% 40.54 11.5%
50% 199.00 46.80 7.6 187.50 5.8% 43.91 6.2%
60% 207.00 47.80 7.8 204.20 1.4% 46.60 2.5%
70% 222.00 49.50 8.1 220.90 0.5% 48.54 1.9%
80% 237.00 51.10 8.3 237.60 0.3% 50.96 0.3%
90% 254.00 53.40 8.6 254.30 0.1% 52.63 1.4%
100% 271.00 55.30 8.8 271.00 0.0% 54.82 0.9%

Fig. 5 Parameters for DELL PowerEdge R740

Rack Server from DELL: PowerEdge R940xa

P max (W): 563 Pidle (W): 165
Temp (oC): 25
Data from maufacturer Formulation from model
% Utilization Input Airflow [Temp. rise Input Error Airflow Error
Power (W) | (CFM) (oC) Power (W) (CFM)
0% 165.00 106.10 2.8 165.00 0.0% 104.89 1.1%
10% 230.00 109.80 3.8 204.80 11.0% 95.93 12.6%
20% 288.00 122.30 4.2 244.60 15.1% 103.66 15.2%
30% 313.00 127.10 4.4 284.40 9.1% 115.05 9.5%
40% 344.00 132.50 4.7 324.20 5.8% 122.78 7.3%
50% 363.00 136.00 4.8 364.00 0.3% 134.98 0.7%
60% 383.00 139.20 5.0 403.80 5.4% 143.75 3.3%
70% 418.00 144.50 5.2 443.60 6.1% 151.85 5.1%
80% 453.00 149.40 25 483.40 6.7% 156.45 4.7%
90% 503.00 155.70 5.8 523.20 4.0% 160.57 3.1%
100% 563.00 162.30 6.2 563.00 0.0% 161.64 0.4%

Fig. 6 Parameters for DELL PowerEdge R940xa

V.DATA CENTER SIMULATION

Simulation models help predict the behavior of the different
components of a data center, and may assist operators to attain
the desired data center performance. Simulations help understand
tradeoffs between the data center’s performance and costs.

After the formulation and implementation of the simulation
model (e.g., MATLAB or Simulink tools) [6], the next steps
include the design of experiments and analysis of simulation
results. Simulations show the diverse quality of service
parameters, utilization of ITE, power and airflow requirements,
energy consumption, and as well other values as needed. The
quality of service shows how the workload is being processed.
In general, lower values represent higher performance. ITE
specifications such as processing rate, power idle and power
maximum, are usually related to the generation and the cost of
ITE. The power requirements of ITE and airflow affect the
cooling system performance. The energy consumption is mainly
related to the operational expenses.

Depending on the needs, different hypothetical data center
scenarios may be considered including various workload and
ITE. The first challenge is to understand the type and the
duration of the workload. Figure 7 shows examples of three
different input signal types (normal, constant or random) to
simulate the workload behavior.
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Fig. 7 Workload input signal types

The parameters of the workload input signal following a
normal or Gaussian function are defined as:

1

2n

f®) = (42)

Where 1/ (O'\/ 2m) represents the height of the curve’s peak,
u is the position of the center of the peak, and ¢ controls the
width of the curve. The parameters p and ¢ are user-defined. For
the simulations values of p = Ty /2 and 0 = T /8 are assumed,
where Tr represents the duration of the workload input.

For the constant signal, the constant function with a value of
1/T; can be used. And for the random signal, a uniform random
number function between 0 and 2 /T can be used.

The different coefficients for the workload input signals are
established so the integral of these functions between 0 and T'f
is approximately one. This is multiplied by a scale factor to
achieve the desired total workload input. Consequently, the
simulations can consider the same total workload for different
workload input signal types.

As an example; consider a simulation with the following
parameters: two nodes, workload input signal as a Gaussian
function for one hour, sampling rate of one second, input scaler
equal to 250, and uneven relative amount of workload among
nodes (S = 30% , 70%). Identical power specifications for ITE
resources (P;g;0= 50 W , B, 0= 200 W), but different processing
rates (PR = 50 , 80 jobs/s). Different graphs can be obtained
through the simulations to understand the behavior. Figure 8
shows the behavior of workload input versus workload output
and queues. At the beginning, the ITE are able to process all the
workload input in real-time, so the workload output follows the
workload input. After, the system is overloaded, the ITE is
receiving more workload than it can process in real-time,
generating congestion for the jobs to be processed, and a queue
is formed. The queue is different for each ITE, since they are
processing 30% and 70% of the workload input respectively,
and at different processing rates. Figure 9 shows the workload
output and utilization per computational node. Figure 10 shows
the waiting time per computational node, and the average and
maximum waiting time system-wide. Lastly, Figure 11 shows
the overall power and airflow requirements for ITE, and the
energy consumption by ITE.
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To better understand the behavior of the data center under
different conditions, multiple scenarios may be generated using
the simulation model. For example, different number of nodes
(1 to 50), different total workload input (103 to 107 jobs/s) can
be considered, a workload input with the Gaussian function for
one hour, and equal node distribution. Identical specifications
for ITE resources: P;g.= 50 W, Bpax= 200 W, and PR= 50
jobs/s. Figure 12 shows the results through 3D graphs. The
different scenarios consider the total workload, the number of
nodes, and the other axis, which is the total run time, the total
energy consumption or the maximum waiting time.

Run Time

Total Energy Consumed

30

40 < Work
Number of Nodes 50 0 Workload Total Workload Total

Workload vs. # nodes vs. Run time Workload vs. # nodes vs. Energy

- B 3

Max Wait Time

Number of Nodes

50 0 Workload Total

Workload vs. # nodes vs. Max wait time

Fig. 12 Power, airflow and energy graphs.

High workloads with high number of ITE, result in good
values for quality of service (e.g., low values for run time and
maximum waiting time) but at higher costs (e.g., more ITE, as
well as greater power and airflow requirements). High
workloads and low number of ITE result in worse values for the
quality of service parameters (e.g., high values for run time and
maximum waiting time), at around the same operational costs
(e.g., energy consumption) but with fewer ITE (lower capital
expenditures).

The simulations described for the different hypothetical
scenarios shows quantitatively that a data center at a certain time
may be ideal given some premises, such as workloads, node
distribution and ITE; however, when conditions change,
performance is affected and the same data center may not be
optimal.

VI. CONCLUSIONS

Modeling contributes to better understanding data center
behavior, tradeoffs and impacts of under different assumptions.
The model and simulations described, using a cyber-physical
systems lens, involves a comprehensive view of a data center.
Depending on each specific data center configuration and
operations, the model assumptions may need to be revised.
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Results help to identify strategies to improve end-to-end
resource management and key performance indicators.

Since right-sizing the data center based on modeling and
simulations may not be accurate, and specific needs may change
rapidly, real-time monitoring of the data center may help to
calibrate and validate models.

VII. FUTURE RESEARCH

Future work may consider calibrating and validating the
theoretical model with real data from different manufacturers
and experiments, for numerous ITE. It may also reflect different
assumptions for the model.

Data center systems must include end-to-end resource
management, covering both the cyber and the physical
components. Multi-objective optimization, including quality of
service and energy consumption is a desirable goal, since the
requirements of data center components change continuously
with time. There are currently no simulation solutions available
that consider a cyber-physical approach, which also include
security and risk assessment. New simulation tools are needed
to support these capabilities.
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