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MODELING AND MONITORING

OF INFORMATION SYSTEM INFRASTRUCTURE

Development of power and temperature monitoring system is a key aspect of ensuring of data

centers performance. It is important to build accurate model of the scalable server room power
consumption system and cost-effective cooling facility. Systematic analysis demonstrates that the
servers’ power consumption is always correlated with key workload parameters of shared storage,
memory, computational capability and network bandwidth. It was considered that for management of
temporal and spatial temperature variations of servers’stability it is necessary to develop accurate
temperature map modeling algorithm. It was shown that computational fluid dynamics simulation is
most effective instrument of analysis while it uses mathematical methods for development of precise
fluid flow model. Though, it was proved to be a very complex model because it based on differential
equation with no analytical solution so resource-intensive numerical procedures have to be used in
this case. It was proposed to use algorithm which allows decreasing complexity of computational

fluid dynamics simulation and building accurate temperature map.
Key words: data center, temperature map, power consumption, cooling facility, servers’ room,
computational fluid dynamics simulation, RC network.

Introduction. Modern scalable data centers plat-
forms performance is one of the most important task
of [T-area development. Building of power and tem-
perature facilities models isproved to be effective
instrument of data centers servers’ room stability
ensuring. Assigned task could be solved by develop-
ment ofmathematical model of server room power
consumption system.

To identify the main aspects of the problem, sys-
tematic analysis of recent studies and publications was
done. There were analyzed aspects high-level power
data center servers’ models to estimate key work-
load parameters [1-3]. To solve problem of electrical
cooling complex organization based of fan’s system
works [4; 14] which demonstrate that the system sets
significant amount of data center infrastructure power
utilization were studied. Computational fluid dynam-
ics simulation as effective instrument of development
of servers’ thermal map [5; 14] was analyzed; as well

as methods which allows decreasing complexity of
this simulation [6—8]. Comparative analysis of cool-
ing power as varying processor utilization process
which leads to adjusting the server room tempera-
ture change [10—14] was also considered. Systematic
analysis shows possibility to develop effective model
based on heat recirculation scheme of datacenter plat-
form.

Data center power system modeling. Develop-
ment of efficient power and temperature monitoring
system is a key aspect of ensuring of datacenters per-
formance. It is necessary to build accurate model of
the data center server room power consumption and
cooling facility and thenwork on scalable and cost-
effective power with temperature monitoring systems.

Most accurate power models usuallysimulate and
analyze individual components of servers, but for
large-scale data centers these algorithmswould be
resource-intensive and speed of such a simulation
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proves to be low enough. Thereby our goal is to sim-
ulate the large clusters of servers in datacenters’ infra-
structure network (Figure 1).
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Fig. 1. Data center power system modeling scheme

It was demonstrated [1-3], that power models are
widely used to monitor and estimate the power con-
sumption of servers, analysis shows that the power
consumption for a given server is always correlated
with key workload parameters: shared storage, mem-
ory (RAM and cash-memory), computational capa-
bility (CPU) and network bandwidth (Figure 1).

To estimate this connection various experimental
studies of high-level power data center servers’ mod-
els were to be done [1-3]. Basically model should use
simplified simulation equation of linear or nonlinear
regression power model which estimates the server
power consumption up to service resource occupancy
level:

Pg=P +Y;P-U"
r, > 1;U; € [0..100%]
U. is

where P, is server power consumption, U,
physical resources utilization level and P is a set
of fitting parameters, which varies according to the
physical resource’s type of analyzed data center
server system.

Evaluations for developing the high-level server
power model could be conducted by comparing dif-
ferent forms of power models which refers to differ-
ent values of i and 7. Most simplified model one
could set i=1 and analyzes only computational
capability of data center’s servers (7, =1 is used for

(1),
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linear model and 7, >1 is for nonlinear one). For
accurate simulation it is better to set i =1 and ana-
lyze all servers’ physical resources occupancy (CPU,
RAM and storage workload intensity, as well as net-
work bandwidth).

Electrical cooling complex based of fan’s system-
stands significant amount of data center infrastruc-
ture power utilization. Fan power consumption has a
cubic relationship with fan speed [4], as follows:

PF=PO‘|‘PF'51~§ (2),

where F, and P, are fitting parameters and S}, is
a fan speed. Thus, lowering of the fan speed lets us to
significantly reduce power consumption (Figure 1).
Data center temperature control system mode-
ling. To manage temporal and spatial temperature
variations stability it is necessary to develop accu-
rate temperature model. It allows to significantly
save expenses on placing of thermal sensors a high
area data center server room and prevent problems
caused by its’ frequent failures. Computational fluid
dynamics (CFD) simulation is proved to be effective
instrument of development of servers’ thermal map.
It uses mathematical methods and algorithms for pre-
cise analysis of fluid flow model. CFD-based thermal
modeling [5] is based following equation:
a(pp) , 0(Vpy) a(#i’y";z) S 3
at dxdydz  0xdydz +5(@),

where p is a air fluid density, x, y,z are coordi-
nates, V' is velocity for each of x,y,z direction, S
is the source for each ¢ variable and ¢ is a variable
that can be used for following properties:

— mass;

— velocity;

— temperature;

— turbulence.

D is the diffusion coefficient which could be esti-
mated as

3
7 |
M1 M3

AT

D= (4),

2-ppo

where A is coefficient, M, are molar masses of
molecules in the gaseous mixture, T is the absolute
temperature, p , is the pressure, o is the average col-
lision diameter, Q is a temperature-dependent colli-
sion integral.

It should be noticed that four components in Eq.
(3) refers to main parts of air fluid transport process
model:

— transient: M ;
ot
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— convection: 6(I7p(p)'
v * oxdyor
)
— diffusion: —9x9y9z,
0x0yoz

— source: S(¢).

CFD-simulation shows high accuracy, but this
kind of simulation is a very complex one because
there is noanalytical solution for differential equation
so it has to be solved by numerical procedures which
prove to be resource-intensive.

At this study is presented solution based on the
works [6; 8; 14] which allows to decrease complexity
of CFD-simulation and build accurate temperature map.
The algorithm is based on building of heat- and air-flow
graphs. Simplified temperature model for servers is ori-
ented on the CPU- and RAM-blocks of servers, as well
as on heat removal capability referring to the fan speed
changes. Model includes building of thermal RCnet-
work scheme of the system (Figure 2) based on connec-
tion between thermal and electrical losses [7].
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Fig. 2. RC network based temperature model which
includes CPU and memory sockets

Figure 2 demonstrates that CPU socket RC net-
work scheme includes:

— power consumption of each core in a socket
CPU
P

— lateral thermal resistance R ;

— vertical thermal resistance R ;

— thermal resistance of heat spreader RSC P

— case-to-ambient thermal resistance of heat sink
RCPU.

ca o

— thermal capacitances of die CS™;

— thermal capacitances of heat spreader Cy = ;

— thermal capacitances of heat sink C/V;

— junction temperature 7, .

It has to be noticed that R is usually neglected
while RV < R and RS could be obtained as
a sum of the thermal resistances of heat sink Rj.”
and convective resistance R, as function of the
fan speed S,

REZ” = Rg” + RGony (Sr)

REPU ~(EA- S8

Conv

a € [80..100%]

(),

where RSY estimation is based on parameters of
effective area E4 and factor o .

In other hand, memory socket RC network scheme
also includes further components and definitions
(Figure 2):

— power consumption of each RAM chip P53 ;

— thermal resistance of each RAM chip R ;

— thermal capacitance of each RAM chip C&™";

— junction temperature of each RAM chip 7*";

— thermal resistance of the case to ambient of the
memory RYM;

— number of ranks of each RAM chip N .

Temperature of memory socket is correlated
with the temperature of CPU socket due to air
flows inside a server. Thereby, air absorbing heat
in CPU socket affects to the temperature of RAM
socket as it is equivalent to raising temperature at
memory socket. Thermal coupling should be mod-
eled as follows:

TCPU
~ i (6),
A
where H is the dependent coupling heat source
of the memory; 75! " is CPU heat sink temperature,
of the CPU.

Data center computing facility and cooling
facility modeling. For precise estimation of data
center servers temperature map, it is necessary to
analyze account interactions of multiple servers’
heat and hot air flows from bottom to top of the
servers room. This procedure allows to develop
heat recirculation scheme of datacenter. The model
of recirculation can be built by a cross-interference
matrix represented by
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b, ?; 4

(pi—j (7)3

(pNxN :
G Py-n

where ¢, ; parameter refers to the outlet heat
rate of thei -th serverin the inlet heat rate of the j -th
server of data center, N is the number of servers in
a servers room.

Let us suppose that " is outlet heat of i -th server
and H ;" is inlet heat of j-th server. H ;" can be cal-
culated on server room environment heat /7, , power
consumed by j -th server and H™ value (Figure 3):

in _ \'N out ,
Hj - i=1Hi (pi—j + Henv + P] (8),
Heat rate allows estimating the temperature at

each server within a serverroom by temperature map
models described at previous chapter.
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Fig. 3. Scheme of estimatio
of data center server temperature level

Cooling facility model usually includes following
functional components:

— cooling tower;

— chiller;

— server room air conditioning (SRAC);

— server room air handling (SRAH).

Thereby, the heat generated by data center’s serv-
ers is absorbed by SRAC conditioned air provided
from CRAH, and then it has to be drawn by SRAH
system. SRAH exchanges the heat with cold air (or
water) provided from a chiller based on refrigeration
cycle. Comparative analysis of cooling power should
be provided as varying processor utilization process
which leads to adjusting the server room temperature
change [10-14].

Up to this model power usage effectiveness (PUE)
as a comparison of total power utilized by data center
and power utilized by servers can be evaluated on
server temperature set-point (Figure 4) which depends
on CRAH efficiency [13; 14]:

air
E — TSRAH — 7:’oom (9)
CRAH Tair _ Twater ’
SRAH SRAH
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where T, 5“1;; y refers to the temperatures of air
exhausted from server room and 7Ty, is the temper-
ature of chilled water flowing into the SRAH.
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Fig. 4. Power usage effectiveness of data center
server room in electrical and free cooling

Therefore, those parameters can be calculated by
server power consumption, outside temperature esti-
mation. While E,, <1 it should be noticed 7,
has to be always higher than Ty .

Conclusions. It was shown that development of
power and temperature monitoring system is a key
aspect of ensuring of data centers performance. Thereby
it is important to build accurate model of the scalable
server room power consumption system and cost-ef-
fective cooling facility. Analysis demonstrates that the
servers’ power consumption is always correlated with
key workload parameters of shared storage, memory,
computational capability and network bandwidth.

It was considered that for management of temporal
and spatial temperature variations of servers’ stability
it is necessary to develop accurate temperature map
simulation algorithm. Computational fluid dynamics
simulation is proved to be effective instrument of anal-
ysis while it uses mathematical methods for develop-
ment of precise fluid flow model. Though, it is a very
complex model because it based on differential equa-
tion with no analytical solution so resource-intensive
numerical procedures have to be used in this case. It
was proposed to use algorithm which allows decreas-
ing complexity of computational fluid dynamics sim-
ulation and building accurate temperature map. The
algorithm is based on building of heat- and air-flow
graphs. Simplified temperature model for servers is
oriented on the computational and memory-sock-
ets of servers, as well as on heat removal capability
referring to the fan speed changes. Model includes
building of thermal RC network scheme of the sys-
tem which is based on connection between thermal
and electrical losses
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Cooling facility model included cooling tower, to analyze account interactions of multiple servers’
chiller, server room air conditioning and server room heat and air flows within the bounds of the server’s
air handling. It was mentioned that for estimation of room. This procedure alloweddeveloping preciseheat
data center servers temperature map, it is necessary recirculation scheme of datacenter.
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MOJIEJTFOBAHHSI TA MOHITOPAHI IH®PACTPYKTYPU IHOOPMAIIMHUX CUCTEM

Pospodra cucmemu KOHMpONo NOMYNCHOCMI Ma MeMNepamypu € KIou08UM ACHeKmoM 3abe3nedents
ehexmusrocmi pobomu yeHmpie 0opobKu danux. Basiciuso nobyodysamu mouny mooens macuimabo8anoi cep-
BEPHOL cUCMeMU eHEPeOCNONCUBANHSL Tl eKOHOMIUHO020 0X0N00xdceHHs:. CucmemMamuyHuil ananiz 0emMoHCmpye,
WO eHeP2OCNOJNICUBAHHSL CEPBEPIB 3ABIICOU KOPETIOE 3 KIIOHOBUMU NAPAMEMPAMU POOOYO2O HABAHMANCEHHS
0715 3A2anbHO20 THHOPMAYITHO20 CXOBUWLA, NAM SIMI, OOUUCTIOBATLHUX NOMYICHOCMEN I Mepedicegoi ingpa-
cmpykmypu. Tloxkazano, wo 0ns Ynpagninus memMnepamypHumu 3MIHaMU, SKI 6RIUGAIOMb HA CMABIILHICID
pobomu cepgepis, HeOOXIOHO pO3pOOUMU MOYHULL AN2OPUMM MOOeTO8ants memnepamypuux kapm. byno
NOKA3AHO, WO MOOeNO8aH S OUHAMIKU NOMOKY € HAUOLIbW eheKmueHUM IHCMPYMEHmoM ananisy, OCKilbKu
BUKOPUCIOBYIOMbCSL MOYHT MamemamuyHi memoou. [Ipome npaxmuxka npooemMoHcmpysana, wo maxa Mooein
€ HA0MOo CKIAOHOI0, A0JIce BOHA 3ACHOBANHA HA OUDePeHYIATbHUX PIBHAHHAX, OJIA AKUX He ICHYE AHANTMUYHO20
pluiennss, momy HeoOXiOHO GUKOPUCMOBYEAMU PeCYPCOMICIMKI wucenbHi memoou. byno zanpononosano pos-
pooumu aneopumm, KUt 00360JIAE 3MEHUUMU CKAAOHICIb MOOETI08ARHL | N0OYOyeamu Mo4Hy Kapmy mem-
nepamyp.

Knwouosi cnosa: yenmp o6podKu Oanux, xapma memnepamyp, eHepeoCHONCUBAHHS, CUCTHeMd OXO10-
00ICen s, Cep8epHUlL 341, MOOeNt08anHs OuHamixu nomoky, RC-konmyp.
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MOAEJUPOBAHUE U MOHUTOPUHI' UHO®PACTPYKTYPBI
NH®OPMALIUOHHbBIX CUCTEM

Paspabomra cucmemvl KOHMPOISL MOWHOCU U MEMNEPAMYPbL AGTISLEMCSL KIIOYEGbLM ACHeKMOoM obecneye-
HUs 3¢hhexmusrHocmu pabomul yeHMpos 0opabomku danHvIX. Basicho nocmpoums mounyro modenv macuma-
bUpyemotl cepeepHoll cucmeMmvl IHepPonompedienus u IKOHOMUUH020 oxaaxcoenus. Cucmemamuyeckuil ana-
U3 OEMOHCMPUPYem, Ymo dHepeonompediierue cepeepos 6ce20a KOppenupyem ¢ KiouesblMu napamempamu
paboueil naepy3Ku 05 00Uje20 XPAHUTUWA, NAMIMU, BbIYUCTUNETbHIX MOWHOCMEN U CEMeBOU UHPPACMPYK-
mypul. Tlokazano, umo 051 ynpagnenus memMnepamypHuiMu USMEHEHUsIMU, KOMOopble GIUSION HA CMAaOulb-
HOCMb pabomul cepgepos, HeoOX00UMO paspadbomantv MOYHbLIL AICOPUMM MOOETUPOBAHUSL MEMNEPANTYPHBIX
kapm. bvino nokazano, umo Mooenuposanue OUHAMUKU ROMOKA S8TSemcst Hauboee 3(hhexmueHblM uHcmpy-
MEHMOM AHATU3A, NOCKONLKY UCNOAL3YIOMCS MOYHbLE MameMamuyeckue memoovl. Tem He MeHee, npakmuka
NPOOEMOHCIMPUPOBAILA, YMO OAHHAA MOOEb AGIAENICS YPEIMEPHO CILONHCHOU, NOCKONbKY OCHOBAHA HA Oude-
PEHYUATLHBIX YPAGHEHUSX, OJI1 KOMOPBIX He CYUeCmEyem AHATUMULecKo20 PeuweHusl, NOIMOMY HeoOX00UMo
UCNONB308AMb PeCYPCOEMKUe YUCTeHHble Memoobl. Bulio npednodiceno papabomams anzopumm, KOmopulil
NO380J15em YMEHbUUMD CLOACHOCHb MOOCTUPOBANUS U NOCIPOUNTb MOYHYIO KAPIY memMnepamyp.

Knrwuesvie cnosa: yenmp oo6pabomxu OAHHLIX, Kapma meMnepamyp, SHepeonompedietue, oxuancoaro-
wWas yCmaHosKa, cepeepHulil 341, MOOenuposanue ounamuxu nomoxa, RC-xonmyp.
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