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-

(57) Abstract: Method for regulating in rea time the clock frequencies of &t least one cluster of electronic machines, characterized
in that it provides for carrying out the following steps: a) defining a finite number of discrete virtual capacity values f[l], f[2],....
f[K], as global performance indices, of said cluster of machines; b) calculating by means of a randomized optimization procedure,
for each value of said virtual capacity, a set of 1vectors containing clock frequency values for each machine in said cluster; c) defin-
ing areference queue value, related to the number of processing requests received by said cluster; and provides for iteratively carry-
ing out the following steps: d) measuring the deviation between a current queue value, related to the number of processing requests
in said current queue, and said reference queue value; €) selecting one of said discrete virtual capacity values on the basis of said
measured deviation, said selection occurring on the basis of a procedure that, at each iteration, analyzes said measured deviation,
compares it with the measured deviation value obtained at the previous iteration, and chooses whether to keep the current virtual ca-
pacity value or to adopt one of the two adjacent or non-adjacent admissible virtual capacity values of said finite number of discrete
values; f) selecting, based on said selected virtual capacity value, avector of clock frequency values for each machine from said set
of 1vectors, so as to optimize a multi-target performance index (J), and then setting the clock frequency of each machine in the
cluster.
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METHOD AND SYSTEM FOR REAL-TIME ADJUSTMENT OF THE
CLOCK FREQUENCIES OF AT LEAST ONE CLUSTER OF
ELECTRONI C MACHI NES

DESCRI PTI ON

Field of the invention.

The present invention relates to a nethod and a
system for regul ating in real time the clock

frequencies of at |l|east one cluster of electronic
machi nes operating under a variable |[oad.

State of the art.

Net wor k accessible services have becone increasingly
conplex and are simultaneously wused by mllions of
people (e.g. online social netwrks, data storage and
cloud conputing systems) , thus requiring the use of
Internet-scale infrastructures.

The latter are characterized by a large nunber of
machi nes, whi ch may al so have het er ogeneous or
speci ali zed har dwar e and functionalities (e.g.
entities for database nmanagenent o entities offering
routing services).

As a consequence, the energy requirenents of these
installations is critical, since they also inply high
running and accessory costs (e.g. for dissipating the
generated heat) . It should also be pointed out that
such installations operate under vari abl e | oads
(since the load is determned by the instantaneous
requests comng from the service wusers) , and it is
therefore possible to adopt energy saving policies
that deactivate a part of the host conputers or
reduce the operating frequency and/or the power
voltage of the CPU under Ilowload conditions. In
parallel, the current consunmer technology inplenents
the Advanced Configuration and Power Interface (ACPI)

st andard, which allows changi ng the consunption

SUBSTITUTE SHEET (RULE 26)
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profile of the host conputers, mainly by acting upon
the operating frequency and/or the power voltage of
the CPU (and of some peripherals)

However, the ACPI interface only offers a managenent
mechanism w thout providing any control algorithm
The lowlevel control nmechanisns for energy saving
purposes currently known in the art act wupon the
operating frequency and/or the power voltage (Dynanmic
Vol tage Frequency Scaling - DVFS technique) , wthout

however taking into account any global performance

i ndex .
Mor eover, t he nmanagenent of a conplex system at
i ndi vidual machine level is not scalable, and makes

the control problem difficult to be solved in real

time.
The wuse of a distributed approach is a known
pal liative; however, since it acts locally, this

cannot take into account the delays introduced both
by the turning on/off of the nachines and by the
changes in the operating frequency. This also inplies
the inmpossibility of ensuring global optimzation
i ndi ces .

The invention has been developed wthin the frame of
a research activity on the reduction of the energy
consunption of ICT infrastructures responsible for
provi di ng conplex services.

From a technical viewpoint, the follow ng aspects or
probl ens of the prior art are of fundanental
i mportance :

i) presence of a standard (whether de-jure or de-
facto) for controlling the frequency of commerci al
CPUs and peripherals, i.e. the ACPI standard;

ii) wide literature on the use of DVFS techniques for
consunption optimzation and for adapting the hosts’

clock frequencies to the workload;

PCT/IB2015/054835
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iii) numerous cases of use of feedback-based control
techniques for optimzing nulti-CPU systens;

iv) absence of a two-layer system that allows control
at individual machine Ilevel in inst aI‘I ations equipped
with a large number of hosts;

v) absence of an architecture where nmachines are
partitioned into virtual clusters (also referred to
as groups or agglonerates), consi dering concurrence
in a comopn purpose as a joining elenment;

vi) diffusion of the "Openconpute" standard.
US-8,301,925-B2 describes a nethod for regulating in
real time the operating frequencies of at |east one
cluster or group of machines, V\/nere‘i n frequencies are
considered on two abstraction |layers, . é. an upper
| ayer and a | ower Iay'er.

The upper layer is inplenented by direct mneasurenent
of instantaneous power consunption, and therefore it
does not take into account the workload of groups or
clusters of machines.

In addition, the lower |ayer (i.e. the one that
manages i ndi vi dual machi nes, as opposed to
"aggregates” of the sanme) has not been developed wth
characteristics that ensure system scalability.

US- 2009/ 328055- Al describes a logic for inproving the
energetic efficiency of Milti-Processor-Systens-On-
Chi ps ( MPSPQC) architectures through a shut-down
logic for the individual cores and a thread re-
allocation strategy. The nethod proposed therein uses
a netrics that also takes into account the nunber of
threads in the queues, but does not provide a "fine"
adjustment of the operating frequencies of the single
CPUs nor any scalability nechanism for managing
| arge-scale architectures.

Summary of the invention

It is therefore the object of the present invention

PCT/IB2015/054835
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to propose a nethod and a system for regulating in
real time the clock frequencies of at least one
cluster of electronic machines, which can overcone
t he above-nentioned problens .

The nmethod of the invention solves the above-
described problenms of the nmethods currently known in
the art, by ensuring a scalable inplenentation and
real -time operation.

The present invention ains at overcom ng the above-
nmenti oned drawbacks of the nmethods currently known in
the art by providing a nmethod for regulating in real
time the clock frequencies of at |east one cluster of
el ectronic machines, which provides for the execution
of the follow ng steps:

a) defining a finite nunber of discrete virtual
capacity values f[I], f[2], .y f[K], as gl obal
per f or mance i ndi ces in terns of conput at i onal
capacity, of said cluster of machines;

b) calculating by neans of a random zed optimzation
procedure, for each value of said virtual capacity, a
set of 1 vectors containing clock frequency values
for each machine in said cluster;

c) defining a reference queue value, related to the
nunber of processing requests received by said
cl uster;

and provides for iteratively carrying out t he
foll ow ng steps:

d) neasuring the deviation between a current queue
value, related to the nunber of processing requests
in said current queue, and said reference queue
val ue; |

e) selecting one of said discrete virtual capacity
values on the basis of said neasured deviation, said
selection occurring on the basis of a procedure that,

at each iteration, analyzes said neasured deviation,

PCT/IB2015/054835
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whet her to keep the current virtual capacity value or
to adopt one of the tw directly or non-directly

adj acent adm ssible virtual capacity values of said
finite nunber of discrete values;

f) selecting, based on said selected virtual capacity
value, a vector of clock frequency values for each
machine from said set of 1 vectors, so as to optinze
a multi-target per f or mance i ndex (3 , and then
setting the clock frequency of each machine of the
cluster .

Preferably, said nmulti-target performance index (J)
t akes into account the characteristics of the
frequencies to be associated wth the individual

machines, and in particular it allows reducing the
nunber of frequency changes for each machine while
avoi ding an excessive nunmber of on/off operations for
the machi nes that nake up the cluster.

Advant ageousl vy, the cal cul ation, for each virtual

capacity value, of the set of vectors of operating
frequency values for each nachine (step b), from
which the optimal one wll be chosen from tine to
tinme, is mde during an offline step that precedes
the online step conprising the iterative execution of
steps d) to f).

The invention allows:

i) defining a specific performance index to be
optimzed for the service being provided, thanks to
the possibility of ad-hoc paranetrization of said
i ndex; '

ii) wusing a high-Ievel control scheme for defining
"virtual " capacities (i.e. i ndependent of t he
underlying technol ogy) ;

iii) dynamically changing in real time the operating
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frequencies of each physical entity (host) in use,
for the purpose of reducing the energy consunption.
The present invention also relates to a system for
regulating in real tinme the clock frequencies of at
5 least one cluster of electronic machines, conprising:

a unit for defining a finite nunber of discrete

vi rtual capacity values fJ[Il], f[2], e FIK], as
i ndices of global perfornmance, of said cluster of
machi nes;

10 a unit for calculating, by means of a random zed
optim zation procedur e, for each value of said

virtual capacity, a set of 1 vectors containing clock
frequency values for each machine in said cluster;
a unit for defining a reference queue value, related
15 to the nunber of processing requests received by said
cluster;
a neasurer for nmeasuring a reference queue value
related to the nunber of processing requests received
by said cluster, adapted to iteratively neasure a
20 deviation between a current queue value, related to
the nunber of requests in said current queue, and
said reference queue val ue;
a non-linear controller adapt ed to iteratively
determne- a current virtual —capacity value, anong
25 said finite nunber of discrete values, on the basis
of said neasured deviation, wherein at each iteration
it analyzes said neasured deviation, conpares it wth
the neasured deviation value obtained at the previous
iteration, and chooses whether to keep the current
30 virtual capacity value or to adopt one of the two
directly or non-directly adjacent adm ssible virtua
capacity values of said finite nunmber of discrete
val ues ;-
a mpping unit adapted to select, based on said

35 selected virtual capacity value, a vector of clock
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7
frequency values for each machine from said set of 1
vectors, choosi ng from a set of adm ssi bl e
configurations for said operating frequencies so as
to optimze said nulti-target performance index (J) ,
and then setting the clock frequency of each machine
in the cluster.
The machines are operating units cooperating wth one
another to form one or nore virtual clusters,
considering concurrence in a comDn purpose as a
j oi ni ng el enent.
The cluster is inputted a queue of operation
requests, which nust be processed by the nachines
that make up the cluster.
The method and the system of the invention allow
mnimzing the energy consunmed by the cluster for
processing the requested operations.
The request queue is dynamc, i.e. it changes over
tinme, and t he nmet hod al | ows over com ng t he
limtations of sinply acting upon every individual
machi ne, by considering the cluster as a whole.
The iterative part of the nmethod uses a feedback
algorithm which, by controlling the request queue,
dynamcally regulates first the virtual capacity of
the cluster of machines, and then the clock frequency
of the individual machines in the cluster in such a
way as to mnimze the absorbed energy.
A publication entitled: "A Control Theoretic Approach
for Energy-Efficient Managenent of Online Social
Net work Services" by L. Caviglione, A. Pisano, 978-1-
4799- 0756- 4/ 13, | EEE, 2013, [ TYRRENI AN2013 ] is known
whi ch descri bes a method for regul ating t he
frequencies of a set of machines, which is only
l[imted to the upper |ayer of the two-layer schene of
the present invention, and which is specialized for

use as a tool for controlling a hardware installation

PCT/IB2015/054835
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intended for providing an Online Social Net wor k
service. Unlike the present invention, which uses a
nore general concept of "virtual capacity" in order
to make the schene applicable to broader contexts,
said method uses, as a reference variable, a "virtual
frequency”. According to such a nethod, the algorithm
for wvirtual capacity sel ection operates with a
const ant timng (every T seconds) , whereas t he
present invention offers the possibility of adaptive
timng of said algorithm Furthernore, said nethod
does not include any nechanism for allocating the
i ndi vidual clock frequencies of the individual hosts
that make wup the various aggregates (clusters) of
machi nes .

It is a particular object of the present invention to
provide a nethod and a system for regulating in real
time the clock frequencies of at |east one cluster of
electronic machines as set out in the clainms, which
are an integral part of the present description.

Brief description of the draw ngs

Furt her obj ects and advant ages of the present
invention wll becone apparent from the follow ng
detailed description of a preferred enbodi nent (and
variants) thereof referring to the annexed draw ngs,
which are only supplied by way of non-limting
exanpl e, wherein:

Fig. 1 is a block diagram of the system according to

the invention;

Fig. 2 illustrates the nanagenent of a plurality of
gueues, in accordance wth an aspect of the present
i nvention .

In the drawings, the sane reference nunerals and
letters identify the sane itenms or conponents.

Detail ed descripti on of enbodi nents of the invention.

At each activation instant Ti, i=1,2 ..., to be sized
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according to the required reactivity of the system

the non-Ilinear controller CNL receives from the
nmeasur er M the deviation, nmeasur ed at point d),
between the current queue value and the reference

gqueue val ue.

Then the non-linear controller calculates a reference

vi rtual capacity value f, as a global per f or mance

i ndex, for the cluster of nachines, as per the above
step e). The virtual capacity 1is chosen from a set of
adm ssible values f[I], f[2], .., f[K].

Based on the calculated reference vi rtual capacity

val ue f, t he mappi ng uni t sel ect s, anong t he
adm ssi bl e . vectors, t he "best " vect or (whi ch
optimzes a nulti-target performance index, hereafter

referred to as J) containing the frequencies f;,

i=l,..., N, to be assigned to each machine, as per step

At each activation instant T;, i=l,2,..., t he nmeasurer
acquires the difference bet ween the current gueue
val ue and the reference queue val ue, and a new
deviation is calcul ated, which is then provided again
to the non-Ilinear controller CNL in order to carry
out a subsequent iterative step.

One option regarding the choice of the activation

instants T; is to choose them equally spaced in tine

(Ti=i T), de facto activating the algorithm OCNL every
T seconds.

According to one possible alternative, the algorithm
uses an adaptive timng which is |oad-dependent, i.e.

dependent on the neasured value of the request queue.
In this case, in addition to detecting the deviation
€ (defined below) from the reference queue value, the
non-1i near controller CNL  nust also evaluate t he
entire contents of the queue.

To this end, it is possible to define a nunmber Q of
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operations, such that the non-linear controller wll
only be activated and will only execute the algorithm
when the queue increases or decreases by the value Q
of requests.

5 The cluster of machines s the abstraction of N
entities, each operating at an operating frequency f;
of its own.

The operating frequency "status" of the cluster is
thus described by a frequency vector f; having the

10 following structure: vector=[fi, f,, .., fy]

Due to technologic constraints, the frequency £f; can
take a limted nunber of values. For exanple, when
using the ACPI st andard, the frequency f; can
typically take three/four val ues. Cenerally  such

15 values are equally distributed wthin the ranges
[frax/ 2, fmax] OF [fmax/3, fmx] -

By convention, a turned-off or in-idle machine has fi
= 0.
Then the non-linear controller CNL produces, as a

20 reference value, a "virtual" capacity f, neaning that

it abstracts the single allocations into a single

value not bound to the underlying technology, i.e.

the vector that contains the operating frequencies f=z

of the individual machines.

25 Of course, f must nmeet the constraint f < faaxs

however, the presence of idle machines also allows f

< fgax/2 or f < fg/3. In this case, it wll be

necessary to turn off an appropriate nunber of
machi nes for reaching such a value. Note that this

30 innovative approach allows condensing into a single

paranmeter also the presence of inactive nodes.

In one exanple of enbodinment, the calculation of the

virtual capacity value on the basis of the neasured

deviation provides for conparing the current neasured

35 deviation with the deviation neasured at the previous
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step.
If the current neasured deviation <corresponds to a

| onger queue conpared to the previously detected

val ue, then the virtual capacity value wll be
5 increased to the imediately higher adjacent value.
On the contrary, if the current neasured deviation

corresponds to a shorter queue, then the virtual
capacity value wll be decreased to the inmediately
| ower adjacent val ue.

10 In this nmanner, the non-1linear controller w ||
consider the reference queue value and, if the queue
is longer than the reference queue value and the
variation trend goes towards a further increase in
the queue Vval ue, it wll calculate an increased

15 virtual capacity val ue, so as td increase the

comput at i onal capacity of the <cluster of nachines.

This indicates, in fact, that the queue is. grow ng

and that the machines are not <carrying out the

requests quickly enough. 1f, on the contrary, the

20 queue is shorter than the reference value, and is

progressively getting even shorter, indicating an

oversi zed operating frequency for t he current
wor k| oad, t hen t he non- | i near controller Wil |
cal cul ate a | ower vi rtual capacity val ue,

25 corresponding to a |lower speed of the nachines.

In an inproved enbodinent, the «calculation of the

vi rtual capacity val ue based on the neasured

deviation provides for conparing the current neasured

deviation with a hysteresis paraneter.

30 The hysteresis parameter is introduced in order to

reduce the nunber of variations of f to be made, in

that it allows changing the virtual capacity value f

only when significant wvariations of the neasured

deviation occur. This neans that the non-linear

35 controller is prevented from changing the virtual
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capacity f upon any small variation of the neasured
devi ation .

The hysteresis parameter can be sized at will on the
basis of the <characteristics of the cluster of
machi nes.

Let A be the hysteresis paraneter. Let e[j] be the
error or deviation neasured at the j-th step. Let f
be the virtual capacity that one w shes to set for
the cluster of machi nes, through the allocation
calculated by the mapping unit. Let f be in the range
of f where f

< f < f represents the mninum

min max 1 min
virtual capacity to be inposed on the cluster W (e.g.
such value may represent a mx of turned-off nachines
and active nmachines operating at the mninmm ACPI
frequency) . The maxi mum nunber of adm ssible turned-
off (idle) machines is a design paraneter, and f. ,=0
will correspond, at nmost, to a fully deactivated
cluster (i.e. with all nachines in idle condition) . f
is assumed to be discrete, i.e. selectable anmong K
possi bl e val ues fl1], f[2], ey f[ K] equal |y
distributed wthin the range [fgin fmax] - For finer
control, the nunmber K is advantageously greater than
the nunber of frequency steps allowed by the ACPI
st andar d. Let the operations of "increasing" and
"decreasing" the virtual capacity f be forced to use
only the previous/next stéps of f.

In one exanple of enmbodi ment , t he non-1i near
controller CNL uses, for the calculation of the
reference frequency value based on the neasured
deviation, the following algorithm

At each activation instance it executes;

if [(e[j] < - A) AND (e[j] < e[j-1]) then f is
increased to the adjacent adm ssible value

if [(s[j] > A) AND (e[j] > e[j-1]) then f is

decreased to the adjacent adm ssible value

PCT/IB2015/054835
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It is however possible to adopt different forns of
the non-linear controller algorithm provided that it

i npl enments a negative feedback logic on the deviation

€ (e.g. a P.1.D. algorithm or variants thereof). It
is also possible, in the presence of very fast
vari ations of the deviation z, to nodify t he

algorithm in such a way as to increase or decrease f
towards adm ssible values not imediately adjacent to
the current val ue.

In a preferred enbodinment, the mapping unit or mapper
also acts as a conputing unit for calculating, for
each reference virtual capacity val ue, a set of

vectors of operating frequency val ues for each

machi ne. However, these nmay also be tw separate
units. '
The rmapping unit is responsible for finding an

allocation vector that reflects, as accurately as
possi ble, the current virtual capacity value f.
However, this rrappivng problem is conputationally
exacting for the follow ng reasons:

1) the nunber of machines that make up the cluster
may be high, e.g. nore than 10,000 units;

2) the standard nechanism for energetic managenent of
consuner machines is based on ACPI, which provides a
limted and discrete nunber of operating frequencies:
nunerically, this inmplies t he use of i nt eger
vari abl es ;

3) the on/off <condition of a machine is also an
i nteger (binary) variable.

4) at the sanme time, it is desirable to mnimze the
nunber ofb machines that need to be turned on/off and
for which the operating frequency needs to be
changed, since such operations introduce delays.

To this end, the nmapping wunit wuses an algorithm

di vi ded into two parts: an offline step for

PCT/IB2015/054835
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cal cul ati ng, for each admssible virtual capacity
value, a set of vectors of operating frequency values
for each machine, to be carried out only once at the
system design stage (or in the event of significant

structural changes) , and an online step for selecting
the vector of operating frequency values for each
machi ne on the basis of the calculated vi rtual

capacity val ue, whi ch is carried out at every

variation of f.

However, also the offline process may require high
comput at i onal resources. Therefore, in order to nake
the proposed method w dely accessible, i nexpensi ve,

and executable on sinmple hardware, a randomi zed
procedure is introduced for sanpling all ©possible

al l ocation vectors. v
Accor di ng to one exanpl e of enbodi ment , t he
cal cul ation of a set of vectors of operating
frequency values for each nmachine (offline step) for
each virtual capacity value includes:

i) defining a nunber of turned-off machi nes  M,J[i],
i=l,2,..., K for each admssible virtual capacity value
fli], and an additional par amet er My [ K+1] t hat
defines the mninmum adm ssible nunber of turned-off
machi nes

ii) randomy generating, for each admssible virtual

capacity val ue, a set of vectors of operating
frequenci es for t he i ndi vi dual machi nes. The
random zed generation procedure is <carried out by

taking into account the variation of the nunber of
t ur ned- of f nmachi nes bet ween the adjacent virtual
capacity val ues. In particular, a sub-set of the
calculated vectors nust have a nunber of turned-off
machines equal to the nunber of turned-off nachines
associated with the adjacent virtual capacity val ues.

In this nmanner, constraints are inposed on the

PCT/IB2015/054835
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variation of the nunber of turned-on or turned-off
machi nes anong the adm ssible configuration vectors
related to adjacent values of virtual capacity f by
entering appropriate "link" values, for the purpose

5 of reducing the nunber of nmachines wth alternating
on and off states.

The 1link is advantageously effected for both the
| oner adjacent virtual capacity value and the upper
adj acent virtual capacity val ue.

10 If the nodified version of the virtual capacity
calculation algorithm is adopted, which can increase
or decrease f t owar ds adm ssi bl e val ues not
i medi ately adjacent to the current value, then the
random zed generation of the adm ssible configuration

15 vectors related to the discrete virtual capacity
values wll have to provide a Iink, in ternms of
nunber of turned-off machi nes, also to wvirtua
capacity values that are not directly adjacent
Advant ageously, the nunber of turned-off machines for

20 each virtual capacity value nmay decrease Ilinearly as
the virtual capacity values grow, thus following a
sinple proportionality constant wth a subsequent
roundi ng off.

Thi s reflects t he fact t hat greater virtua

25 capacities require smaller nunbers of turned-off
machi nes .

The nmethod then provides a random procedure for
sanpling all possible allocation vectors.
A random generation is followed by a selection of the

30 vectors conposed of values that generate a nean . as
close as possible to the virtual capacity value taken
into account.

This dramatically reduces the tinme required for
calculating the set of vectors of operating frequency

35 values for each machine for each virtual capacity



WO 2015/198286

10

15

20

25

30

16

val ue: sai d cal cul ati on, in fact, woul d be
excessively <costly in conputational terms for very
large clusters, if the vectors had to be cal cul ated,
starting from the virtual capacity val ues, as a
[inear conbination of frequency values the nean of
which corresponds to the virtual capacity under
consi deration .

One exanple of enbodinment of the algorithm for the
randomi zed selection of +the configuration vectors
includes the follow ng operations:

Let the adm ssible values f[I], f[2], .., f[K] for f
be sorted in increasing order. Let L be the nunber of
attenpts, and let 1 be the nunber of values to be
considered for the next online procedure. Let 1 << L.
For the offline step, the vector calculation uses the
followng algorithm (executed by the mpping unit

(mapper) M):

Let My=[My[1], Mo[2], .., My[KI] be the vector that
contains the nunber of turned-off machines for each
value f[I], f[2], .., f[Kl of f, and let My[K+l] be

the m ninum adm ssible nunber of turned-off machines.
Cal cul ati on of the wvectors associated wth the
frequency f [1]:
set the nunber of turned-off machines to My[l]
generate in a random nmanner L/2 adm ssible

values for the remaining MM[I] nachines

M —MOE)
,f M—MO[1] £ ¢
calculate err = | =

choose the 1/2 values that have a mninmm er
set the nunber of turned-off machines to My[2]
generate in a random manner L/2 adm ssible

values for the remaining M My[2] machines

. M-MO[Z]
‘/_ M — MO[2] Z; i

calculate err =

PCT/IB2015/054835
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choose the 1/2 values that have a mninum err
Calculation of the vectors associat ed with the
frequency f[i] (i=2, s..., K-1)
set the nunber of turned-off machines to Mo[i-1]
5 generate in a random nmanner L/2 adm ssible

values for the remaining MMy[i-1] nachines

1 M—AMOE-1T
I’“M—Mon;—l] Z s
calculate err = =

=

choose the 1/2 values that have a mininmum er
set the nunmber of turned-off machines to MyJi]
10 generate in a random nanner L/2 adm ssible

values for the remaining M-My[i] machines

1 A~ MOEY
|’“ " = MOL] Z fi
i=1

choose the 1/2 values that have a mni num er

calculateerr =

Calculation of the vectors associated wth the
15 frequency f [k :
set the nunber of turned-off machines to MK
generate in a random nmanner L/2 adm ssible

values for the remamining M M,[K machines

1 M—MOEK]
lf_M — MO[K] 2_:1 fi

i=

calculateerr =
20 choose the 1/2 values that have a mninum err

set the nunmber of turned-off machines to My[K+1]

generate in a random nmanner L/2 adm ssible

values for the remaining M-M,[K+1] nachines

] . M—MOIR+1]
l/—M—MO[H+1]’ Y. &
calculateerr = =1
25 choose the 1/2 values that have a mnimum er

The procedure returns 1*K vectors. As L grows, the
error err decreases at the cost of a higher
conmput ati onal | oad.

The output of this procedure is indicated in the



WO 2015/198286 PCT/IB2015/054835

18
follow ng table:
Values of £ Offline pre-allocation
calculated by CNL
1] Vectory; of values f; for f[1]

Vector, of values f; for f[1]

Vector; of values f; for f[1]

(2] Vector; of values f; for f[2]

Vector, of values f; for f[2]

Vector; of values f; for £[2]

f[K] Vector; of values f; for f[K]
Vector; of values f; for f[K]

Vector; of values f; for f[K]

where Vectori is a vector of operating frequency
5 values t; for each nmchine.

At each value of f calculated by CNL, there are 1

vectors available. The mapper M chooses the optinal

one to be used. The vector also contains the

information about the connection between a single
10 'frequency and the machine involved that will have to

use it, also in the case of f=0, which neans that the

machine is off.

The output of the offline procedure is then stored

into a nenory unit of the mapping wunit, e.g. a flash
15 -menory or the like.
For this reason, M nmay be a very sinple device, since
there is a tradeoff between conputational power and
storage capacity (for storing the 1*K val ues).
According to a further enbodinent, the setting of the

20 operating frequency of each nmachine (online step) is
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performed by selecting, anong the vectors related to
the calculated virtual <capacity value, the vector
that provides the nunber of turned-off machi nes
closest to the nunber of turned-off machines of the
vector selected at the previous iterative step, or
that provides the snallest nunber of changes to the
operating frequencies of the individual machines wth
respect to the vector selected at the previous
iterative step.

According to a further and nore general enbodinent,
the setting of the operating frequency of each
machine (online step) is mde in such a way as to
optimze a multi-target per f or mance index (3 by
choosing, anong the vectors related to the virtual
capacity value, the one that mnimzes a cost index
that "weighs", wth arbitrary coefficients (hereafter
referred to as al, a2, a3), the deviation between the
mean value of the vector and the virtual capacity f,
the nunber of machines in the cluster that need to be
turned on/off, and the nunber of machines in the
cluster for which the operating frequency needs to be
changed. Of course, these requests are in conflict
with each other, and the weights can be chosen
according to the case, in such a way as to obtain the
desired tradeoff (e.g. to give priority to mnimzing
the nunber of machines to be turned on/off over the
necessary nunber of frequency changes)

The vector selection procedure, which is the online

part (executed by the mapper) , uses the follow ng
al gorithm _ _ v

Let Vector be the current allocation, and let f[i] be
the virtual capacity chosen by the algorithm

(executed by CNL) :
- Calcul ate, for each Vect or (3=1,2,..,1)

associated wth f[i], the difference between

PCT/IB2015/054835
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t he nunber of idle machi nes in t he
configuration Vectorj and the nunber of idle
machines in the current configuration Vector.
Let Dy be such quantities.

- Cal cul ate, for each Vector; associated wth
f[i], the nunmber of machines the frequency of

whi ch should be changed in order to bring the

cl uster or worker into the configuration

Vector | starting from t he current

configuration Vect or. Let Vj be such
gquantities

- Cal cul at e, for each Vectorj associ at ed w th

fli], the difference between f[i] and the

N
1
w2
=2

contained in the vector Vector ;. Siano S; tali

al gebraic mean of the frequencies

guantita. Let sj be such quantities .Calculate,

for each Vector]j associated wth f[i], the
index J=al Ipj|+ a2 |vj|+ a3 lIsj|, where al,
az, a3 are non-negative "wei ght s" chosen

arbitrarily.
- Choose the Vectorj correspondi ng to the

m ni rum value of J.
The control nmethod proposed herein is based on the
architecture shown in Figure 1. For sinplicity, the
followng wIll describe the case wherein there is
only one group of machines to be controll ed.
However, the nechanism is designed for working in a
scal able manner wth nultiple groups.
The non-linear controller 1 (CNL) is responsible for
cal cul ati ng the virtual or high-1evel capacity,
designated as f. This value is the reference for the
cluster of machines 3, the consunption of which needs

be optim zed.

PCT/IB2015/054835
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The mapping unit 2, or Mapper (M, is the entity
responsi bl e for converting the value f into a
frequency al l ocation for an individual nmachi ne,
designated as f;.

5 The cluster 3, or Wrker (W, is a honbgeneous group
of machi nes 5 concurring in a comon target. The
cl uster 3 is therefore popul at ed by individual
host s/ machi nes 5 (H . For exanple, the cluster 3 my
consi st of N nodes responsible for providing a

10 database service, or N devices inplenmenting net wor k
functionalities
The queue 4 of the requests [/ processing load offered
to W is essentially wvirtual, nmeaning that it is a
neasur e of the volunme of requests, or it is

15 quantified by nonitoring the queuing in the buffers
of a controller/dispatcher. By way of exanple, in the
case wherein W abstracts a Wb Farm the queue 4 will
be represented by the backlog of the requests of the
Web front-ends.

20 REF designates a value of the queue 4 that needs to
be mai nt ai ned.
€ designates the error, i.e. the deviation between
the current value of the queue 4 and the desired
val ue REF. .

25 Said value is then returned to the CNL 1, which wll
use it to nmake the appropriate decision.

The architecture of Figure 1 can be extended to the
case of nultiple <clusters 3, as showmn in Figure 2.
Due to the separate nmapping wunits 4, the CNL 1 can

30 consistently nanage a variety. .. of het er ogeneous

machi nes.
The invention pur sues the idea of abstracting a
conpl ex system as a chain of \Wrkers (w W,
V1. ... \We4) i nt erconnect ed by neans of queues (Q,
35 @L1....Q4, @1...Q@B4), by using non- | i near control
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techniques for the energetic optimzation of nulti-
CPU syst ens.

In view of a possible inplenmentation of the system
the "Openconpute" standard has also been taken into
account, whi ch offers al | t he functionalities
necessary for collecting data for building the
reference queues and the renote interfaces for
managi ng the servers (hence effectively applying the
control results to the hardware) .

Furt her nor e, " OQpenconput e” enphasi zes the use of
unified hardware also for the creation of network
devices, thus making the "partitioning into workers"
mechani sm excellent for the integrated mnmanagenent of
green- conputi ng/ networking policies .

The pr esent i nvention can advant ageousl y be
i npl emented through a conmputer program e.g. witten
in C or Java |anguage, which conprises coding neans
for inplementing one or nore steps of the nmethod when
said program is executed by a conputer. It is
therefore under st ood t hat the protection scope
extends to said conputer program as well as to
comput er - r eadabl e means that conprise a recorded
nessage, said conputer-readabl e nmeans conpri si ng
program coding mneans for inplenmenting one or nore
steps of the nmethod when said program is executed by
a conputer.

The above-descri bed non-limting exanples nmay Dbe
subject to further variations wthout departing from
the protection scope of the present i nventi on,
including all equivalent enbodinents known to a nman
skilled in the art.

The elenments and features shown in the - various
preferred enbodi nent s may be conbined t oget her
W t hout however departing from the protection scope

of the present invention.

PCT/IB2015/054835
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The advantages deriving from the application of the
present invention are apparent.
i) Avail ability of a scalable and runtine-
i mpl enentable architecture which allows real-
5 time dynam c vari ations of t he operating
frequencies of each physical entity (host) in
one or nore agglonerates or groups or clusters,
for t he pur pose of reduci ng t he ener gy
consunption and the delays due to the turning
10 on/off of the hosts and to the variations of
their clock frequencies.
i) Possibility of defining performance indices
which are specific for the service bei ng
provided, thanks to the possibility of ad-hoc
15 paranetrization of said indices.
From the above description, those skilled in the art
will be able to produce the object of the invention

wi thout introducing any further details.
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CLAI M5

1. Method for regulating in real tine the clock
frequencies of at Ileast one cluster of electronic
nmachi nes, characterized in that it provides for
carrying out the follow ng steps:

a) defining a finite nunber of discrete virtua

capacity values f[I], f[2], .r f[K], as gl obal
performance indices, of said cluster of machines;

b) calculating by means of a random zed optim zation
procedure, for each one of said virtual capacity
values, a set of 1 vectors containing clock frequency
val ues for each machine in said cluster;

c) defining a reference queue value, related to the
nunber of processing requests received by said
cl uster;

and provides for iteratively carrying out t he
foll owi ng steps:

d) measuring the deviation between a current queue
value, related to the nunber of processing requests
in said current queue, and said reference queue
val ue;

e) selecting one of said discrete virtual capacity
val ues on the basis of said nmeasured deviation, said
sel ection occurring on the basis of a procedure that,

at each iteration, analyzes said neasured deviation,

compar es it wth the neasured devi ation val ue
obtained at the previous iteration, and chooses
whether to keep the current virtual capacity value or
to adopt one of the two directly or non-directly
adj acent adm ssible virtual capacity values of said
finite nunber of discrete values;

f) selecting, based on said selected virtual capacity
value, a vector of clock frequency values for each
machine from said set of 1 vectors, so as to optimze

a mlti-target per f or mance i ndex () , and then

PCT/IB2015/054835
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setting the clock frequency of each machine in the
cluster .

2. Met hod accordi ng to claim 1, wher ein t he
calculation of the virtual capacity value based on
the neasured deviation provides for conparing the
current nmeasur ed devi ati on with t he devi ati on
nmeasured at the previous step, and, if the current
nmeasured deviation corresponds to an increase in said
current queue value, then the virtual capacity value
is increased to the next discrete value, or, if the
current neasured deviation corresponds to a decrease
in said current queue val ue, then the wvirtual
capacity value is decreased to the previous discrete
val ue .

3. Met hod accordi ng to claim 2, wher ein t he
calculation of the virtual capacity value based on
the neasured deviation provides for conparing the
current nmeasur ed devi ati on with a hysteresis
par anet er '
4. Method according to one or nore of the preceding
clainms, wherein said calculation, for each virtual
capacity val ue, of a set of vectors of clock
frequency for each machine provides for defining a
nunber of  turned- of f machi nes for each virtual
capacity value and a mninmum admssible nunber of
turned-of f  machi nes, and for generating a set of
vectors such that a predetermined nunber of vectors
provide a nunber of turned-off machines corresponding
to the nunber of turned-off machines related to the
adj acent virtual capacity val ues. |

5. Method according to one or nore of the preceding
clainms, wherein the setting of the clock frequency of
each machine is perforned by selecting, anong the
vectors related to the calculated virtual capacity

val ue, the vector that provides the nunber of turned-
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off machines <closest to the nunber of turned-off
machines of +the vector selected at the previous
iterative step, or that provides the smallest nunber
of changes to the operating frequencies of the
5 individual machines with respect to the vector
sel ected at the previous iterative step.
6. Method according to one or nore of the preceding
clains, wherein the step of optimzing a nulti-target
performance index is carried out by selecting, anong
10 said vectors related to the virtual capacity value,
the one that mnimzes a cost index that weighs, wth
arbitrary coefficients, the deviation between the
mean vector value and said virtual capacity f, the
nunber of machines in the cluster that need to be
15 turned on/off, and the nunmber of machines in the
cluster for which the clock frequency needs to be
changed .
7. System for regulating in real time the clock
frequencies of at Ileast one cluster of electronic
20 machines, characterized in that it conprises:
a unit for defining a finite nunber of discrete
vi rtual capacity values fJ[I], f[2], -, f[K], as
indices of global performance, of said cluster of
machi nes ;
25 a wunit for <calculating by neans of a random zed
optim zation pr ocedur e, for each value of said
virtual capacity, a set of 1 vectors containing clock
frequency values for each machine in said cluster;
a unit for defining a reference queue value, related
30 to the nunber of processing requests received by said
cluster;
a measurer for mnmeasuring a reference queue value
related to the nunber of processing requests received
by said cluster, adapted to iteratively neasure a

35 deviation between a current queue value, related to
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the nunber of requests in said current queue, and
said reference queue value

a non-linear controller (CNL) adapted to iteratively

deternmine a current virtual capacity value, from said
finite nunmber of discrete values, on the basis of
said neasured deviation, wherein at each iteration it
anal yzes said neasured deviation, conpares it wth
the nmeasured deviation value obtained at the previous

iteration, and chooses whether to keep the current

virtual capacity value or to adopt one of the two
directly or non-directly adjacent admissible virtual

capacity values of said finite nunber of discrete

val ues ;

a mapping unit (M adapted to select, based on said
selected wvirtual capacity value, a vector of clock
frequency values for each machine from said set of 1
vectors, choosi ng anong a set of adm ssi bl e

configurations for said operating frequencies so as
to optimze said multi-target performance index (J) ,
and then setting the clock frequency of each machine
in the cluster.

8. System according to claim 8, characterized in that

it conprises neans for operating according to the
met hod according to one or nore of clains 1 to 6.

9. Conputer program conprising program coding nmeans
adapted to inplenment the steps of clains 1 to 6 when
said program is executed on a conputer.

10. Comput er - r eadabl e means  conpri sing a recorded
pr ogr am said conputer-readabl e means conpri si ng

program coding neans adapted to inplenent the steps
of claine 1 to 6 when said program is executed on a

conput er
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